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A three-year summary of the Diagnostic and Interventional 
Radiology Journal.

You may cite this article as: Onur MR. Summary of the last three years in Diagnostic and Interventional Radiology. Diagn Interv Radiol. 2026;32(2):132.

More than three years ago, at the end of 2022, the executive committee of the Turkish So-
ciety of Radiology appointed me as the Chief Editor of Diagnostic and Interventional Radiology 
(DIR). I felt this was the most gratifying offer for my academic career. Then, starting in early 
2023, I began my duties alongside my esteemed colleagues in the editorial board.

The performance of a scientific journal can generally be evaluated under four criteria: the 
number of articles submitted, the time taken to review articles, the publication time after 
acceptance, and the journal’s citation status. When evaluating the number of submissions to 
our journal, we observed a decrease in 2023 compared to 2022, likely due to the introduction 
of the article processing charge (APC) at the end of 2022. However, we anticipate a gradual 
increase in submissions for 2024 and 2025. Regarding article review times, we achieved the 
fastest review time in 2025, compared to the previous three years.

As for the journal’s citation factor, like many scientific journals post-pandemic, we experi-
enced a decrease; in 2023, our citation factor was 1.4. As the editorial board, we assessed this 
situation and focused on publishing articles that contribute to the literature, possess high 
scientific quality, and address current topics. This strategy yielded results: the journal’s impact 
factor for publications in 2025 was 1.7, and it is expected to reach 2.6 by June 2026. The rising 
immediacy index values in recent years (2024 - 2.1; 2025 - 2.5) indicate the potential for an 
increased impact factor in the coming years.

Beyond numerical data representing submission criteria, evaluation processes, publica-
tion periods, and impact factors, perhaps the most crucial determinant of a scientific journal’s 
place in international literature is its adherence to scientific principles in article evaluation 
and publication. Over the past three years, DIR has consistently upheld its scientific publish-
ing principles, maintaining a self-citation rate of between 0.9% and 2%, thereby preventing 
artificial inflation of its impact factor.

I owe a debt of gratitude to the Turkish Society of Radiology, the owner of DIR, for allowing 
the journal’s editorial board to operate with complete scientific freedom. I would also like 
to thank our section editors, who meticulously reviewed the articles submitted during my 
tenure as Editor-in-Chief, as well as our reviewers, the authors, and our readers, whose feed-
back has contributed to the journal’s development. My thanks extend to Galenos Publishing 
House, which successfully managed all publishing processes for our journal.

It is a great honor for me to hand over the editorship of DIR to Dr. Şükrü Mehmet Ertürk, 
who has successfully represented our country in the international radiology community and 
has published numerous scientific articles and book chapters while also serving as a book 
editor. I am confident that Dr. Ertürk, who previously served as our journal’s publication co-
ordinator, will lead the journal towards achieving its goals with his vision and leadership. I 
congratulate him and wish the new editorial board every success.

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

 Mehmet Ruhi Onur
	 Editor-in-Chief

E D I T O R I A L

https://orcid.org/0000-0003-1732-7862
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Multiparametric magnetic resonance imaging, diffusion-weighted 
magnetic resonance imaging, and magnetic resonance elastography: 
differentiating benign and malignant liver lesions 

PURPOSE
This study investigates the accuracy of multiparametric magnetic resonance imaging (mpMRI), 
diffusion-weighted imaging (DWI), and magnetic resonance elastography (MRE) in differentiating 
benign and malignant liver lesions.

METHODS
This retrospective study included patients with focal liver lesions who underwent MRI and MRE 
between 2018 and 2022. Based on histopathologic analyses or follow-up imaging findings, 70 solid 
liver lesions were retrospectively evaluated as benign (n = 20) or malignant (n = 50).

RESULTS
There was no statistically significant difference between the benign and malignant liver lesions 
in pre-contrast T1 relaxation times (P > 0.05). Malignant liver lesions had a significantly lower T2 
value, contrast-enhancement ratio (CER), T1 relaxation time reduction (T1D), T1D percentage [T1D 
(%)], and apparent diffusion coefficient (ADC), along with a significantly higher stiffness value (P 
< 0.05). In receiver operating characteristic analysis, the following cut-off values were determined 
for differentiating malignant from benign lesions: a CER of 1.99 [area under the curve (AUC): 0.828, 
sensitivity 78.6%, specificity 73.2%], a T1D of 749.5 ms (AUC: 0.817, sensitivity 71.4%, specificity 
78%), a T1D (%) reduction of 49.71% (AUC: 0.831, sensitivity 78.6%, specificity 73.2%), a T2 relax-
ation time of 74 ms (AUC: 0.705, sensitivity 65%, specificity 76.6%), an ADC of 1.275 × 10-3 mm2/s 
(AUC: 0.861, sensitivity 89.5%, specificity 81.2%), and a stiffness of 3.77 kPa (AUC: 0.848, sensitivity 
85%, specificity 75%).

CONCLUSION
Combined mpMRI, DWI, and MRE provide high diagnostic accuracy, with ADC and MRE offering 
superior performance in differentiating malignant from benign liver lesions.

CLINICAL SIGNIFICANCE
This article highlights the accuracy of mpMRI, MRE, and DWI in distinguishing between malignant 
and benign liver lesions. These findings support the integration of mpMRI, DWI, and MRE into clini-
cal practice for non-invasive liver lesion characterization.

KEYWORDS
Multiparametric magnetic resonance imaging, liver, diffusion-weighted imaging, magnetic reso-
nance elastography, focal lesion
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The detection of focal liver lesions (FLLs) 
is one of the most commonly encoun-
tered findings in abdominal imaging 

in clinical practice. Although the majority of 
liver lesions in non-cirrhotic livers are benign, 
an FLL can sometimes represent the first in-
dication of metastatic liver disease from an 
unknown primary malignancy. Since man-
agement strategies differ substantially based 
on the lesion’s nature, it is crucial to differ-
entiate malignant lesions from benign ones. 
Although specific imaging characteristics are 
associated with typical benign and malig-
nant FLLs, atypical findings may complicate 
diagnoses and cause unnecessary anxiety for 
both patients and physicians.

Magnetic resonance imaging (MRI) is 
recognized as the most accurate radiologi-
cal method for characterizing liver lesions.1 
MRI examinations routinely incorporate 
diffusion-weighted imaging (DWI) along 
with conventional sequences, using gado-
linium-based extracellular or hepatospecific 
contrast agents in post-contrast multiphase 
studies to evaluate FLLs. Although hepa-
tospecific contrast agents share properties 
with extracellular agents in dynamic imag-
ing, the additional diagnostic information 
obtained during the hepatospecific phase 
enhances the differential diagnosis of liver 
lesions and improves the detection of small 
FLLs.2 The combination of apparent diffusion 
coefficient (ADC) values, which decrease in 
malignancy, further improves the accuracy 
of MRI in characterizing FLLs.3 Emerging MRI 
techniques in liver imaging, such as multi-
parametric MRI (mpMRI)–including T1, T2, 
and T2* mapping–and magnetic resonance 
elastography (MRE), have proven effective in 
imaging diffuse liver diseases.4-6 However, the 
literature includes limited studies evaluating 
the characteristics of MRE and mpMRI and 
their roles in differentiating FLLs.7-9 In this ret-
rospective study, we aimed to demonstrate 
the mpMRI, MRE, and DWI characteristics of 

FLLs and evaluate the role of these quantita-
tive measures in their characterization.

Methods
This retrospective study received ap-

proval from the Hacettepe University Ethics 
Committee on July 26, 2022 (GO 22/380). A 
total of 50 patients with 70 lesions who un-
derwent liver MRI, MRE, and mpMRI between 
January 1, 2018, and February 21, 2022, were 
included. Indications for MRI included suspi-
cion of an FLL on ultrasound or computed 
tomography, follow-up imaging for chronic 
liver disease, and preoperative or follow-up 
imaging in patients with primary tumors out-
side the liver. Patients under 18 years of age; 
those who had undergone chemoemboliza-
tion, radioembolization, or radiofrequency 
ablation; and those with lesions smaller than 
1 cm (to avoid partial volume artifacts) were 
excluded from the study (Figure 1). 

Magnetic resonance imaging examinations

All MRI examinations were performed on 
a 1.5-T system (Magnetom Aera, Siemens 
Healthcare, Erlangen, Germany). A 30-chan-
nel phased-array body coil was used, and pa-
tients were scanned in the supine position. 
All patients underwent MRI after a fasting pe-
riod of 4–6 hours. A 3-plane localization gra-
dient echo sequence was performed at the 
beginning of the examination. The standard 
liver MRI protocol included in-phase and out-
of-phase sequences, coronal T2 HASTE, axial 
fat-suppressed T2, DWI, axial 3D dynamic T1, 
and axial and coronal hepatobiliary phase 
images obtained at the 20th minute after ad-

ministration of Gd-EOB-DTPA (Primovist; Bay-
er-Schering Pharma AG, Berlin, Germany).

DWI and ADC mapping were performed 
at b-values of 50, 400, and 800 s/mm2. The se-
quence parameters were as follows: a repeti-
tion time (TR) of 6200 ms, an echo time (TE) 
of 54 ms, a flip angle of 60°, a field of view 
(FOV) of 380 × 300 mm2, a slice thickness of 8 
mm, a matrix size of 192 × 144, a number of 
excitations (NEX) of 3, and a total acquisition 
time of 3 minutes.

Furthermore, T1 mapping was conducted 
using a B1 inhomogeneity-corrected meth-
od with variable flip angles. The sequence 
parameters were as follows: a TR of 4.4 ms, a 
TE of 2.1 ms, flip angles of 3° and 15°, a matrix 
size of 256 × 156, a FOV of 380 × 300 mm, 
a slice thickness of 4 mm, and an acquisition 
time of 1.5 minutes. For T2 mapping, various 
TEs were used with an SSFP-based true fast 
imaging with steady precession sequence 
and an exponential signal decay model. The 
parameters were as follows: a TR of 166 ms; 
TEs of 0, 25, and 55 ms; a flip angle of 70°; an 
FOV of 420 × 260 mm; a slice thickness of 10 
mm; a matrix size of 192 × 192; a NEX of 1; 
and an acquisition time of 1.2 minutes. In ad-
dition, T2* mapping, used to evaluate hepat-
ic iron load, was performed with the follow-
ing parameters: a TR of 200 ms; TEs of 0.93, 
2.1, 3.35, 4, 4.56, 5.77, 6.98, 8.19, 9.4, 10.61, 
11.82, 13.03, and 14.24 ms; a flip angle of 20°; 
a slice thickness of 10 mm; an FOV of 400 × 
300 mm; and a matrix size of 160 × 85.

MRE was performed using an active driver 
that generated mechanical waves at 60 Hz 
and a modified 2D gradient-recalled echo 

Figure 1. Study flowchart. MRI, magnetic resonance imaging; MRE, magnetic resonance elastography; 
mpMRI, multiparametric magnetic resonance imaging.

Main points

•	 Emerging magnetic resonance imaging 
techniques can effectively aid in distin-
guishing between malignant and benign 
liver lesions.

•	 Malignant liver lesions exhibit significantly 
lower T2, contrast-enhancement ratio, T1 
relaxation time reduction (T1D), T1D per-
centage, and apparent diffusion coefficient 
(ADC) values while showing notably higher 
stiffness values.

•	 ADC values and lesion stiffness demonstrate 
slightly better performance in differentiat-
ing malignant from benign liver lesions.
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sequence. The sequence parameters were 
as follows: a TR of 50 ms, a TE of 21 ms, a flip 
angle of 25°, a bandwidth of 31.25 kHz, a 
matrix size of 256 × 128, and an acquisition 
time of 2.5 minutes. Depending on liver size, 
four slices, each 10-mm thick, were obtained 
from the largest portion of the liver during a 
breath-hold. All MRI, mpMRI, MRE, and DWI 
sequences were performed during the same 
imaging session. 

Imaging analysis

All data were transferred to a workstation 
(Syngo.via Siemens, Erlangen, Germany) for 
analysis. The MR images were reviewed by 
one radiologist (A.J., with 5 years of experi-
ence) under the supervision of a senior ra-
diologist with 16 years of experience (I.S.I.). 
Lesion measurements were performed using 
a free-hand region of interest (ROI) that in-
cluded a sufficiently large portion of the le-
sion while maintaining a thin margin outside 
the lesion’s periphery to avoid partial volume 
artifacts. Free-hand ROIs were also drawn on 
the magnitude images to include FLLs and 
were copied onto the stiffness map, which 
provided liver stiffness values in kPa.

The average T1 relaxation time values be-
fore and after contrast–pre-contrast (pre-T1 
value) and at 20 minutes post-contrast on 
hepatobiliary phase images (post-T1 value)–
were used to calculate the contrast-enhance-
ment ratio (CER), as previously described by 
Yoshimura et al.10 Additionally, the decrease 
in T1 relaxation time [T1 relaxation time re-
duction (T1D)] and the percentage reduction 
in T1 relaxation time [T1D (%)] were calcu-
lated from these measurements, as outlined 
by Peng et al.11 Subsequently, ADC values 
were calculated for the lesions using diffu-
sion-weighted images. This measurement 
was performed using an ROI that included a 
sufficiently large portion of the lesion while 
preserving a thin margin outside the lesion’s 
periphery on the ADC mapping images, in 
consensus with two experienced readers 
(A.J. and İ.S.İ.).

Statistical analysis

Statistical analysis was performed using 
SPSS version 23.0 (IBM Inc., Armonk, NY, USA) 
and Microsoft Excel (Microsoft Corporation, 
2018). Categorical variables were summa-
rized as counts and percentages, whereas 
continuous variables were expressed as 
means and standard deviations (minimum–
maximum). The Student’s t-test was used 
to compare normally distributed numerical 
variables between two independent groups, 

and the Mann–Whitney U test was used for 
non-normally distributed variables. Receiver 
operating characteristic (ROC) curves were 
used to assess the diagnostic performance 
of the MRI parameters, and the optimal 
threshold value was identified to maximize 
sensitivity and specificity in distinguishing 
malignant from benign lesions. The areas 
under the ROC (AUROC) curves were calcu-
lated, and the difference between two inde-
pendent AUROC curves was evaluated using 
z statistics (http://vassarstats.net/roc_comp.
html). For all tests, a two-tailed P value of less 
than 0.05 was considered statistically signif-
icant.

Results
A total of 70 solid lesions from 50 patients 

(mean age: 54.3 ± 13.7 years) were included 
in the evaluation. Of the patients, 16 (32%) 
were women and 34 (68%) were men. Sev-
enteen patients had multiple lesions (14 
had two lesions, and 3 had three lesions) 
assessed simultaneously. The lesions were 
classified as benign or malignant based on 
the histopathology (30%) or typical imaging 
characteristics and follow-up findings (70%). 
In total, 20 lesions (28.6%) were classified as 
benign and 50 lesions (71.4%) as malignant.

Among the benign lesions, 16 (80%) were 
hemangiomas, 3 (15%) were focal nodular 
hyperplasia, and 1 (5%) was a hepatocellular 
adenoma. Among the malignant lesions, 30 
(60%) were metastases, 15 (30%) were he-
patocellular carcinoma (HCC), 3 (6%) were 
lymphoma, and 2 (4%) were cholangiocarci-

noma. All patients with HCC had chronic liver 
disease, with 14 diagnosed with cirrhosis.

The mean pre-T1 and post-T1 values 
were 1,338.8 ± 393.9 and 719.5 ± 260.1 ms, 
respectively. The mean T2 value was 70.5 ± 
19.8 ms. The mean CER was 2.02 ± 0.7, the 
mean T1D was 634.45 ± 367.44 ms, and 
the mean percentage T1D was 44.77% ± 
17.30%. The mean ADC value was 1.23 ± 
0.46 × 10-3 mm2/s, and the mean lesion stiff-
ness was 4.6 ± 1.6 kPa. Malignant lesions 
had significantly lower T2 , CER, T1D, T1D 
(%), and ADC values and significantly higher 
stiffness values (P < 0.05). The characteristics 
of the patient population are summarized in 
Table 1 and Figure 2.

ROC analysis for the differentiation of ma-
lignant versus benign lesions demonstrated 
that the mean T2, CER, T1D, T1D (%), ADC, 
and lesion stiffness values all had an AUROC 
curve greater than 0.6 (Table 2, Figure 3). The 
mean ADC and lesion stiffness performed 
slightly better [area under the curve (AUC): 
0.861 and 0.848, respectively] than CER, T1D, 
and T1D (%) (AUC: 0.828, 0.817, and 0.831, re-
spectively) in differentiating malignant from 
benign lesions. There was no statistically 
significant difference between the ADC and 
MRE AUCs for differentiating malignant from 
benign lesions (z = 0.12, P = 0.904).

Discussion
In this study, we evaluated the character-

istics of FLLs using mpMRI, DWI, and MRE. 
We highlighted the effectiveness of these 

Table 1. Magnetic resonance imaging characteristics of liver lesions

Parameter All lesions (n = 70) Benign lesions 
(n = 20)

Malignant 
lesions (n = 50)

P value

Pre-T1 value (ms) 
(n = 70) 1,338.8 ± 393.9 (674–2484) 1,474.9 ± 465.4 1,284.3 ± 351.9 0.110

Post-T1 value (ms) 
(n = 55) 719.5 ± 260.1 (284–1611) 629.6 ± 230.9 750.2 ± 265.0 0.135

T2 value (ms) 
(n = 64) 70.5 ± 19.8 (42–122) 82.5 ± 23.3 65.0 ± 15.4 0.005

CER 
(n = 55) 2.02 ± 0.7 (1.04–4.32) 2.71 ± 0.86 1.79 ± 0.52 0.002

T1D (ms) 
(n = 55) 634.5 ± 367.4 (52–1586) 964.0 ± 379.6 521.9 ± 290.6 <0.001

T1D (%) 
(n = 55) 44.8 ± 17.3 (3.96–77.12) 59.4 ± 13.3 39.8 ± 15.7 <0.001

ADC (×10-3 mm2/s) 
(n = 67) 1.23 ± 0.46 (0.290–2.271) 1.60 ± 0.29 1.10 ± 0.43 <0.001

MR elastography (kPa) 
(n = 25) 4.6 ± 1.6 (2.3–8.9) 3.6 ± 1.2 5.4 ± 1.6 0.004

Values are presented as mean ± standard deviation, with ranges in parentheses. CER, contrast-enhancement ratio; 
T1D, T1 relaxation time reduction; T1D (%), T1 relaxation time reduction percentage; ADC, apparent diffusion 
coefficient.

http://vassarstats.net/roc_comp.html
http://vassarstats.net/roc_comp.html
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imaging techniques in distinguishing be-
tween malignant and benign liver lesions. 
Our findings indicated that malignant lesions 
had significantly lower T2, CER, T1D, T1D (%), 
and ADC values while exhibiting significantly 
higher stiffness values (P < 0.05). Notably, the 
mean ADC and lesion stiffness performed 
slightly better, with AUC values of 0.861 and 

0.848, respectively, compared with T2, CER, 
T1D, and T1D (%), which had AUC values of 
0.705, 0.828, 0.817, and 0.831, respectively, in 
differentiating malignant from benign liver 
lesions.

Several studies have investigated the role 
of mpMRI in differentiating various FLLs. In 
a previous study, Mio et al.12 demonstrated 

that T1 mapping using the phase-sensitive 
inversion recovery technique was useful for 
the differential diagnosis of hemangiomas, 
liver parenchymal cysts, HCC, and metas-
tases. They found that T1D (%) values were 
high in hemangiomas, similar to our findings, 
whereas lower values were observed in HCC 
and metastases. A threshold value >50 was 

Figure 2. Bar graphs comparing mpMRI, ADC, and MRE measurements between benign and malignant lesions: (a) pre-T1 value, (b) post-T1 value, (c) T2 value, (d) 
CER, (e) T1D, (f ) T1D (%), (g) ADC, (h) MRE. mpMRI, multiparametric magnetic resonance imaging, ADC, apparent diffusion coefficient; MRE, magnetic resonance 
elastography; CER, contrast-enhancement ratio; T1D, T1 relaxation time reduction; T1D (%), T1 relaxation time reduction percentage; ADC, apparent diffusion 
coefficient.

Figure 3. ROC curves for the differentiation of malignant versus benign focal liver lesions: (a) T2 relaxation time, (b) CER, (c) T1D, (d) T1D (%), (e) ADC, (f) MRE. 
ROC, receiver operating characteristic; CER, contrast-enhancement ratio; T1D, T1 relaxation time reduction; T1D (%), T1 relaxation time reduction percentage; ADC, 
apparent diffusion coefficient; MRE, magnetic resonance elastography.
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established for differentiating hemangiomas 
from HCC, achieving 78.8% sensitivity and 
100% specificity. A threshold >39 was found 
to distinguish hemangiomas from metasta-
ses, with 60% sensitivity and 97% specificity.

Yoshimura et al.10 evaluated the role of CER 
in differentiating metastases from hemangi-
omas, reporting a threshold value of 1.6, with 
100% sensitivity and 95% specificity. Peng et 
al.11 assessed the role of T1D and T1D (%) us-
ing a dual flip angle VIBE 3D gradient echo 
sequence for differentiating HCC, focal nod-
ular hyperplasia, and hemangiomas, finding 
that T1D and T1D (%) were significantly low-
er in HCC than in hemangiomas, consistent 
with our study. Wang et al.13 compared the 
diagnostic value of T1 mapping and DWI for 
distinguishing benign and malignant FLLs. 
Significant differences were observed in na-
tive T1, enhanced T1, the percentage change 
in T1 relaxation time (ΔT1%), and ADC be-
tween benign and malignant FLLs. They also 
reported a similar ADC cut-off value (1.25 × 
10-3 mm2/s) for differentiating malignant le-
sions. Furthermore, they demonstrated that 
ADC was significantly positively correlated 
with T1 and ΔT1% and negatively correlated 
with enhanced T1.

Only one study has directly compared T2 
values between malignant and benign FLLs, 
reporting significantly lower T2 and ADC 
values in malignant lesions. The researchers 
found a higher AUC for T2 (0.932), with a cut-
off value of 107 ms, compared with an AUC 
of 0.874 for ADC with a cut-off of 1.25 × 10-3 
mm2/s.14 In our study, however, the AUC for 
ADC was higher than in that report.

In our study, the threshold stiffness val-
ue for differentiating benign and malignant 
lesions was found to be 3.77 kPa or higher, 
with a sensitivity of 85% and specificity of 
75%. Previous studies have reported simi-
lar findings regarding the differentiation of 

malignant and benign FLLs using MRE. Ven-
katesh et al.7 conducted a preliminary study, 
revealing that malignant lesions had higher 
stiffness values, with a threshold of 5 kPa and 
100% accuracy. Dominguez et al.15 reported 
that benign and malignant liver lesions could 
be distinguished using a threshold value of 
5.78–5.82 kPa, achieving 75%–85% accuracy, 
64.7%–82.8% sensitivity, and 88% specificity.
Another study by Hennedige et al.8 evaluat-
ed 124 FLLs with MRE and DWI and observed 
significantly higher accuracy for MRE than for 
DWI (0.986 vs. 0.82, P = 0.0016). Abdelgawad 
et al.16 also evaluated 124 FLLs using MRE 
and DWI. They found a strong negative cor-
relation between the ADC of FLLs and MRE 
stiffness and reported a cut-off value of 4.23 
kPa, with an AUC of 0.991 for MRE and a cut-
off value of 1.43 × 10-3 mm2/s with an AUC of 
0.894 for DWI. Our study, based on a limited 
number of patients, observed similar AUCs 
for ADC and MRE, with no statistically signif-
icant difference.

The current study has several strengths 
and limitations. This is the first study to eval-
uate mpMRI, DWI, and MRE for differentiat-
ing malignant versus benign liver lesions, 
demonstrating various AUCs and enabling 
comparisons within the same population. 
The number of included lesions was limited, 
with most diagnosed based on follow-up 
rather than histopathologic evaluation. The 
retrospective nature of the study also led to 
restricted availability of MRE data for some 
lesions. However, the statistically significant 
findings, consistent with previous studies, 
underscore the importance of MRE in the dif-
ferential diagnosis of benign and malignant 
FLLs. Additionally, subgroup analyses were 
not performed due to the limited sample 
size in each group. This highlights the need 
for more comprehensive prospective studies 
with a homogeneous distribution of lesion 
types to further clarify the role of mpMRI, 
DWI, and MRE in the characterization of FLLs.

In conclusion, mpMRI, DWI, and MRE can 
be used for the differentiation of solid liver 
lesions, with ADC and lesion stiffness per-
forming slightly better than CER, T1D, and 
T1D (%). Comprehensive future studies in-
volving a larger number of patients and le-
sions will enable the comparison of different 
techniques and demonstrate the impact of 
their combined application on diagnostic 
accuracy.
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PURPOSE
Urolithiasis is a common health problem with a high recurrence rate, and effectively balancing fol-
low-up with intervention is important for patient safety. In this context, our study aims to identify 
criteria that can predict the likelihood of spontaneous passage (SP) of ureteral stones.

METHODS
A retrospective analysis was performed on 2,773 patients who presented to our hospital with renal 
colic over a 4-year period. The study included 897 patients with unilateral ureteral stones measuring 
≤10 mm, identified using non-contrast computed tomography, and inflammatory serum markers 
assessed through biochemical testing. Variables analyzed to predict the likelihood of SP included 
stone size, lateralization and location, ureteral wall thickness (UWT) at the stone site, stone density, 
degree of hydronephrosis (HN), ureteral length, parenchymal thickness and density, and various 
biochemical parameters.

RESULTS
It was determined that the SP of ureteral stones was considerably affected by larger stone size (right 
>6.5 mm, left >6 mm), higher stone density (>957 Hounsfield units), increased UWT (>1.7 mm), 
presence of high-grade HN (grade ≥2), and elevated neutrophil-lymphocyte ratio (NLR) (>2.15) and 
platelet-lymphocyte ratio (PLR) (>10.28) values in blood. No statistically significant relationship was 
observed between SP and ureteral length, renal parenchymal thickness, or renal parenchymal den-
sity. It was found that when the UWT at the level of the ureteral stone exceeded 1.7 mm, the risk 
of the stone not passing spontaneously increased by 706.5 times in univariate logistic regression 
(LR) analysis and by 337.9 times in multivariate LR analysis compared with individuals with a wall 
thickness below this threshold.

CONCLUSION
 

Our study demonstrated that, in addition to stone size and location, increased UWT at the stone 
level, higher stone density, the presence of concomitant high-grade HN, and elevated NLR and PLR 
values in the blood could be used as criteria to determine the likelihood of SP of ureteral stones. 
According to our results, UWT was shown to be a stronger risk factor for failure of SP than stone size.

CLINICAL SIGNIFICANCE
The findings indicate that wall thickness around ureteral stones is a risk factor with a higher nega-
tive predictive value for SP than the stone size and location.

KEYWORDS
Ureteral stone, spontaneous passage, ureteral wall thickness, stone density, neutrophil-lymphocyte 
ratio, platelet-lymphocyte ratio, computed tomography, hydronephrosis
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Ureteral stones account for approxi-
mately 20% of all urinary tract stones. 
If stones formed in the kidney pass 

into the ureter, they may cause severe, sud-
den pain known as renal colic.1 It has been 
reported that 5%–12% of individuals in de-
veloped countries present to the emergency 
department with renal colic at least once in 
their lifetime.2-4 Urinary tract infection and 
sudden deterioration in renal function can 
also occur in the setting of urolithiasis.1 In 
such cases, prompt identification of an ap-
propriate treatment regimen based on the 
likelihood of spontaneous passage (SP) is 
crucial to prevent the potential development 
of urosepsis. 

According to current guidelines, for pa-
tients with uncomplicated distal ureteral 
stones ≤10 mm, a period of observation or 
medical expulsive therapy (MET) is recom-
mended. However, in some cases of urolithi-
asis, individualized treatment may be neces-
sary.5 This is because long-term observation, 
based on parameters such as stone size and 
location, may not be sufficient; if the stone 
does not pass spontaneously, patients may 
continue to experience severe colic pain, 
urosepsis, impaired renal function, or re-
duced quality of life due to the obstructing 
stone. To reduce the risk of non-passage and 
associated complications, additional pre-
dictive parameters and multicenter studies 
are needed to better assess the likelihood 
of SP.1,6,7 For example, impacted ureteral 
stones–regardless of their size or location–
may lead to increased ureteral wall thickness 
(UWT) at the site due to local inflammation, 

hypertrophy, and edema, thereby preventing 
SP. Moreover, these changes can increase the 
risk of acute complications during minimally 
invasive procedures, such as intraoperative 
bleeding and ureteral perforation, and may 
also prolong operative time.8,9 In this context, 
informing the operating surgeon of these 
findings may reduce treatment failure, help 
better prepare for potential intraoperative 
complications, and support consideration 
of alternative treatment protocols. Although 
there are limited studies investigating the re-
lationship between UWT around the stone, 
SP, and treatment success using non-contrast 
computed tomography (CT), the sample siz-
es in these studies are relatively small, indi-
cating the need for further research in this 
area.10-16 Additionally, although some studies 
examine serum inflammation markers in SP 
of ureteral calculi, exclusion criteria have not 
been standardized, particularly regarding 
the effects of concurrent diseases. In cases 
where the effects of other variables are as-
sessed simultaneously with MET, the impact 
of the MET agent on markers used to predict 
SP remains unclear. 

Detecting the probability of SP of a uret-
eral stone allows for selecting the most ap-
propriate treatment method more quickly, 
limiting delays in patient management and 
reducing the risk of complications. Numer-
ous studies in the literature focus on stone 
size and location to predict the likelihood of 
SP. In addition to these established param-
eters, only a few studies have attempted to 
predict SP based on biochemical indicators 
and other urinary system factors. However, 
these studies are insufficient to establish 
standardized values. Therefore, we aim to 
identify useful imaging and laboratory pa-
rameters that could enhance the predictive 
accuracy for SP of ureteral stones.

Methods

Ethics committee approval

The study was carried out with the per-
mission of Erzincan Binali Yıldırım University 
Clinical Ethics Committee (decision number: 
2023-15/8, date: 07/09/2023). This study was 
conducted in accordance with the Declaration 
of Helsinki. Due to its retrospective design, in-
formed consent forms were not acquired as 
the data collected from patients did not con-
tain any identifiable information.

Scope of the study

Between January 1, 2019, and December 
31, 2023, patients with unilateral ureteral 

stones ≤10 mm who were admitted to our 
hospital’s emergency department and/or 
urology clinic after their first renal colic ep-
isode, underwent non-contrast CT with a 
stone protocol, and had inflammatory serum 
markers assessed by biochemical tests were 
retrospectively screened without age restric-
tion and included in the study. The exclusion 
criteria are presented in the diagram illustrat-
ing the study population (Figure 1). Data on 
patients’ gender, age, treatment protocols, 
and biochemical test results were obtained 
from medical records.

Radiological assessment

All participants underwent CT scans using 
a 128-slice multi-detector CT scanner (Sie-
mens Somatom, Siemens Healthcare, Forch-
heim, Germany) following a non-contrast 
stone protocol (kV: 120, mAs: automated cur-
rent modulation; slice thickness: 1.5 mm). Im-
age assessments were performed using the 
picture archiving and communication sys-
tem (PACS) archive with Syngo.via software 
(Siemens Somatom, Siemens Healthcare, 
Forchheim, Germany). Soft tissue window 
settings (width 300; level 40) were applied to 
axial, coronal, and sagittal plane images.

The ureteral stone’s lateralization (right/
left), location, maximum axial diameter (mm), 
average density [Hounsfield units (HU)], UWT 
(mm), degree of hydronephrosis (HN) (grade 
0–4), average renal parenchymal density 
(HU), and ureter length were assessed by a 
radiologist with 4 years of experience based 
on the non-contrast CT scans performed at 
the time of patients’ admission. 

The diameter and density of the ureteral 
stone were measured at the level of its great-
est transverse dimension using the freehand 
region of interest (ROI) method (Figure 2a, 
b). The location of the ureteral stone was 
categorized as proximal, mid, or distal by 
dividing the ureteral length into three equal 
segments. UWT was determined by mea-
suring the soft tissue density, including the 
ureteral wall and periureteral edema, at the 
level where this density was most prominent 
(Figure 2c). Renal parenchymal thickness 
was measured at the upper, mid, and lower 
poles on sagittal plane scans, avoiding areas 
with space-occupying lesions. The thickest 
area in each section was measured, and the 
average of these three measurements was 
used to determine the parenchymal thick-
ness (Figure 3a). Renal parenchymal density 
was assessed by obtaining three measure-
ments from the most homogeneous and 
thickest areas without space-occupying le-

Main points

•	 Urolithiasis is a common cause of emergen-
cy room visits due to renal colic. In the ab-
sence of spontaneous passage (SP), urosep-
sis and sudden loss of renal function may 
occur. Therefore, appropriate management 
of the balance between follow-up and inter-
vention is crucial for patient safety.

•	 The predictive value of the criteria regarding 
stone size and location, which are frequent-
ly used in SP of ureteral stones, is limited in 
some cases.

•	 Our study shows that the wall thickness 
around the ureteral stone is a risk factor with 
a higher negative predictive rate for the ab-
sence of SP than the stone size and location.

•	 Stone density, increasing degree of hydro-
nephrosis, and elevated platelet-lympho-
cyte ratio and neutrophil-lymphocyte ratio 
values can also serve as additional parame-
ters to enhance the predictive accuracy for 
SP of stones.
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sions at the upper, mid, and lower pole levels 
using the freehand ROI method. The average 
of these values was recorded (Figure 3b). Ure-
teral length was measured using reformatted 
CT images, with the ureteropelvic junction and 
ureterovesical junction as the starting and end-
ing points, respectively. The measurement was 
based on the number of transverse slices, each 
represented by a single axial line, multiplied by 
the slice thickness parameter (Figure 4). The 
presence and grading of HN in the collecting 
system, secondary to the ureteral stone, were 
evaluated based on a commonly used CT grad-
ing classification system (Figure 5). 

Biochemical assessment

Based on the biochemical tests conducted 
at the time of the patient’s initial presentation, 
the neutrophil-lymphocyte ratio (NLR) and 
platelet-lymphocyte ratio (PLR) values were 
determined.

After applying the exclusion criteria, the SP 
status of ureteral stones was evaluated using 
non-contrast CT images accessed via the PACS 
system, and the mean follow-up durations 
were recorded based on patient follow-up re-
cords. Following the assessment of SP status, 
the effects of patients’ demographic character-
istics, initial findings on non-contrast CT, and 
biochemical test results on SP were analyzed.

Statistical Analysis

The conformity of the data to a normal dis-
tribution was verified using the Shapiro–Wilk 
test and Q–Q plot. Accordingly, parametric 
tests were used for inferential statistics. The 
Student’s t-test was applied to compare param-
eters between two independent groups. The 
Mann–Whitney U test was used to compare 
median values of parameters that did not fol-
low a normal distribution between two groups, 
and the chi-square test was employed to eval-
uate categorical variables expressed as per-
centages. Descriptive statistics were present-
ed as mean ± standard deviation for normally 
distributed numerical variables and as number 
and percentage for categorical variables. In the 
study, the effects of age, gender, and selected 
clinical and laboratory characteristics on the 
risk of spontaneous stone passage were first 
analyzed using univariate logistic regression 
(LR). Variables found to be significant were 
then analyzed using stepwise multivariate LR 
(enter method). Optimum cut-off values were 
determined by receiver operating characteris-
tic analysis. Statistical analyses were performed 
using SPSS version 25.0 (IBM Corporation, Ar-
monk, NY, United States), and P values less than 
0.05 were considered statistically significant.

Figure 1. Scheme showing the study population. MET, medical expulsive therapy; CT, computed tomography.

Figure 2. Non-contrast axial plane CT images: the diameter (a) and density (b) of the ureteral stone are 
measured at a single level where the stone’s diameter is widest. Ureteral wall thickness (c) is measured at 
the level where the soft tissue density, consisting of the ureter wall and periureteral edema surrounding the 
stone, is highest, using the freehand ROI option. CT, computed tomography; ROI, region of interest.

a

b

c
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Results
A total of 897 patients who presented 

to our hospital’s emergency department 
or urology outpatient clinic with renal col-
ic attacks over a 4-year period and met the 
inclusion criteria were included in the study 
without any age restriction. The median 
follow-up duration for SP was 4 weeks (±2 
weeks) according to patient medical re-
cords.

The study population consisted of 72.9% 
(n = 654) male and 27.1% (n = 243) female 
participants, with a mean age of 46.05 ± 
13.84 years. Among the 897 cases included, 
384 (42.8%) showed SP of the ureteral stone 
during follow-up, whereas 513 (57.2%) did 
not experience SP (Table 1). Of the 513 pa-
tients without SP of ureteral stones, 88 were 
managed using extracorporeal shock wave 
lithotripsy (ESWL), whereas the remaining 
425 cases were treated by ureterorenoscopy 
and ureteroscopic laser lithotripsy. 

The clinical parameters of the cases were 
compared based on SP status. It was found 
that the average UWT at the stone level in 
cases without SP (2.41 ± 0.48 mm) was sub-
stantially higher than in cases with SP (1.41 
± 0.27 mm). In addition, the mean ureter-
al stone sizes and stone densities in cases 
without SP were considerably greater than 
those in cases with SP. Furthermore, the 
incidence of SP was substantially higher in 
distal ureteral stones (n = 195, 50.78%) than 
in proximal stones (n = 66, 17.18%) based on 
stone location. The study also observed that 
PLR and NLR values were considerably high-
er in cases without SP than in those with SP. 
Among the cases studied, the frequency of 
stone SP was substantially higher in patients 
without HN or with grade 1 HN (14.6% and 
57.3%, respectively), and the likelihood of 
SP decreased considerably as the degree of 
HN increased (Table 2).

It was also found that mean values of ure-
ter length, renal parenchymal density, and pa-

renchymal thickness were considerably high-
er in male patients than in female patients. No 
significant differences between genders were 
observed for other parameters, including SP 
(Tables 3, 4).

According to the LR analysis of factors as-
sociated with the absence of SP in ureteral 
stones, UWT, left/right ureteral stone sizes, 
stone densities, renal parenchymal densities, 
and the presence of HN were identified as sta-
tistically significant risk factors. Patients with 
UWT values greater than 1.7 mm at the stone 
level had a 706.5-fold higher risk of absence of 
SP than those with UWT values less than 1.7 
mm (Table 5).

According to the multivariate LR analysis 
of variables found significant in the univari-
ate analysis, UWT at the stone level, left/right 
ureter stone size, stone density, PLR, and NLR 
values were identified as statistically signifi-
cant risk factors for the absence of stone SP. 
When all these factors were present simul-
taneously, patients with UWT values greater 
than 1.7 mm at the stone level had a 337.98-
fold higher risk of not passing stones spon-
taneously than those with UWT less than 1.7 
mm (Table 6).

Discussion
The prevalence of ureteral stones and the 

frequency of related hospital admissions are 
increasing. Therefore, to avoid adding to the 
healthcare burden, conservative treatment 
should not be overlooked in cases with a 
likelihood of SP. However, early planning of 
invasive treatment is crucial in cases with-
out SP probability, as delayed intervention 
may lead to acute renal failure. In such cases, 
ureteral stones can be managed using mini-
mally invasive methods, thanks to advances 
in ESWL and endourological techniques.17,18 
Depending on the location and size of the 
stone, treatment success rates of 68%–90% 
have been reported for ESWL and 80%–97% 
for endourological methods.5,19

Despite these high success and stone-free 
rates, minimally invasive treatments are cost-
ly and carry potential risks, including hema-
toma formation, urinary tract infections, and 
urinary extravasation. Therefore, accurately 
predicting the likelihood of SP and avoiding 
overtreatment remains critical.20-22 In this 
context, we aimed to identify certain indi-
cators–and their standardized values–that 
have not been sufficiently investigated in the 
literature but may help predict SP of ureteral 
stones and guide clinical decision-making.

Figure 3. Sagittal non-contrast CT scan: (a) parenchymal thickness (mm) and (b) parenchymal density (HU) 
were measured using the freehand ROI option at the three thickest and most homogeneous levels without 
space-occupying lesions at the upper, middle, and lower poles of the kidney. The mean values of these 
measurements were calculated. CT, computed tomography; HU, Hounsfield units.

a b

Figure 4. Measurement of ureteral length: The ureteropelvic junction (a, transverse; b, coronal; c, sagittal; blue 
arrow) and ureterovesical junction (d, transverse; e, coronal; f, sagittal; orange arrow) levels were identified 
on reformatted CT images. Ureteral length was determined by counting the number of transverse lines (red 
stars) between the two levels based on the section thickness parameter. CT, computed tomography.

a

d
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c
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In our study, we demonstrated a statis-
tically significant relationship between SP 
and several variables: UWT at the stone level, 
stone size, stone density, stone location, HN 
grade, PLR, and NLR. Stones located in the 
upper ureter were less likely to pass spon-
taneously than those in lower positions. 
Similarly, high-density stones, low-density 
stones, and stones accompanied by high-
grade HN exhibited a lower rate of SP than 
stones in patients without HN or with low-
grade HN. The likelihood of SP decreased 
as UWT, stone size, PLR, and NLR increased. 
No statistically significant relationship was 
found between SP and age or gender.

Statistically significant predictive values 
were identified through univariate and mul-
tivariate LR analyses for the following vari-
ables: UWT >1.7 mm at the stone level, ure-
teral stone dimensions (right >6.5 mm, left 
>6 mm), stone density >957 HU, PLR >10.28, 
NLR >2.15, and high-grade HN (≥ grade 2). 
These results indicate that the predictive val-
ue of UWT at the ureteral stone level may of-
fer a stronger prediction of SP than stone size 
alone, which is a key factor in the formation 
of various clinical guidelines.

Stone size and location

Various studies in the literature have ex-
amined the effect of ureteral stone size and 
location on SP.7,23,24 These studies generally 
show a positive correlation between small-
er, distally located stones and higher SP 
rates.25-28 Reported SP rates based on ureteral 
stone location range from 45%–79% for the 
lower ureter to 22%–60% for the middle and 
12–48% for the upper level.29,30 In our study 
group, SP was more likely in lower ureteral 
calculi and decreased progressively at higher 
levels (distal: 50.78%, middle: 32.03%, upper: 
17.18%), consistent with findings in the liter-
ature. Although our SP percentages fall with-
in the reported ranges, they are lower than 
the average values. This may be attributed 
to the relatively larger average stone sizes 
in our cohort (right: 6.29 mm; left: 6.4 mm). 
Stone size is another key factor often used 
to predict the SP of ureteral stones. The lit-
erature indicates that SP occurs in 68%–98% 
of ureteral stones ≤4 mm and in 25%–67% of 
5–10 mm stones. With MET, SP rates for 5–10 
mm stones can reach up to 83%.30-37 Consis-
tent with these findings, our study showed 
that the probability of SP decreased as stone 
size increased. Specifically, stone sizes of 
6–6.5 mm in the ureter were identified as 
statistically significant risk factors for spon-
taneous non-passage in both univariate and 
multivariate regression analyses. However, 

the literature lacks standardization regarding 
the imaging plane used to measure stone 
size. One study reported that axial plane 
measurements–commonly used–can under-
estimate the actual stone burden by up to 
20%.38,39 

Yoshida et al.1 and Lee et al.6 have reported 
that measuring stone size in the longitudinal 
plane is more valuable, as it reflects a larger 
contact surface with the ureteral mucosa. A 
greater contact area is associated with in-
creased mucosal inflammation and edema, 
thereby reducing the likelihood of secondary 
SP. In our study, stone size was defined as the 
larger of the measurements obtained in the 
transverse and longitudinal planes; however, 
a direct comparison between measurements 
from different planes was not performed. 
Therefore, although our study incorporates 
dimensional data in line with previous work, 
it may be considered relatively limited due to 
the lack of direct comparison between imag-
ing planes.

Ureteral wall thickness around the ureteral 
stone

When a ureteral stone is impacted, an 
increase in UWT develops due to inflamma-
tion, periureteral edema, hypertrophy, and 
fibrosis resulting from stone irritation at the 

site of impaction.1,10,16,40 Studies have also 
shown that increased UWT is associated with 
higher intraoperative complication rates and 
lower stone-free rates during ureteroscopic 
procedures.11,41 

The effect of UWT at the level of the ure-
teral stone on SP is controversial, and few 
studies have investigated this issue. Ac-
cording to the study by Yoshida et al.1, the 
probability of a 4-week SP in patients with 
low UWT at the ureteral stone level (76.4%) 
was considerably higher than in those with 
high UWT (14.7%). This research identified 
a threshold value of 2.71 mm for predicting 
SP and showed that when UWT is evaluated 
alongside established parameters such as 
stone size and location, the accuracy of SP 
prediction approaches 90%.1 In our study, the 
mean UWT at the stone level in cases without 
SP was found to be 2.41 mm, which was simi-
lar to the mean thickness of 2.4 mm reported 
by Coşkun and Can42 and lower than the 2.78 
mm reported by Selvi et al.43 This difference 
may be related to variations in the exclusion 
criteria and the inclusion of patients with 
metabolic syndrome who exhibited more 
heterogeneous characteristics in the study 
by Selvi et al.43 However, the common find-
ing across all these studies is that lower UWT 
values are associated with a higher likelihood 
of SP at the ureteral stone level. 

Table 1. Distribution of socio-demographic and clinical characteristics of all cases

Variables Mean ± SD M (min-max)

Age 46.05 ± 13.84 45 (11–81)

Men/women n (%) 654 (72.9%)/243 (27.1%)

Ureteral wall thickness at stone level (mm) 1.84 ± 0.62 1.7 (0.51–5.12)

Left ureteral stone size (mm) 6.4 ± 1.7 6.5 (3–10)

Right ureteral stone size (mm) 6.29 ± 1.7 6 (3–10)

Stone density (HU) 1,023.04 ± 471.64 957 (235–2068)

Ureteral length (mm) 223.81 ± 15.21 225 (172–264)

Kidney parenchymal density (HU) 38.08 ± 3.81 39 (25–47)

Kidney parenchymal thickness (mm) 18.21 ± 2.75 18 (6–28.77)

PLR 10.09 ± 3.8

NLR  2.05 ± 0.5

Accompanying hydronephrosis

Grade 1 348 (38.8%)

Grade 2 321 (35.8%)

Grade 3 138 (15.4%)

Grade 4 9 (1%)

No 81 (9%)

Spontaneous passage

No 513 (57.2%)

Yes 384 (42.8%)

SD, standard deviation; M, median; HU, Hounsfield units; PLR, platelet-lymphocyte ratio; NLR, neutrophil-lymphocyte 
ratio; min-max, minimum-maximum.



 

144 • March 2026 • Diagnostic and Interventional Radiology Kadırhan et al. 

Table 2. Comparison of the quantitative clinical characteristics of cases according to spontaneous stone passage status

Spontaneous stone passage

Variables No (n = 513)
Mean ± SD

Yes (n = 384)
Mean ± SD

P

Age 46.51 ± 13,53 45.71 ± 14.09 0.620*

Ureteral wall thickness at stone level (mm) 2.41 ± 0.48 1.41 ± 0.27 <0.001*

Left ureteral stone size (mm) 7.64 ± 1.29 5.44 ± 1.32 <0.001*

Right ureteral stone size (mm) 7.66 ± 1.39 5.3 ± 1.12 <0.001*

Stone density (HU) 1,355.29 ± 418.91 774.34 ± 336.89 <0.001*

Ureteral length (mm) 224.44 ± 17.98 223.35 ± 12.79 0.541*

Kidney parenchymal density (HU) 37.63 ± 4.14 38.42 ± 3.52 0.083*

Kidney parenchymal thickness (mm) 18.14 ± 2.95 18.25 ± 2.60 0.730*

Stone location (%) <0.001*

Upper 255 (49.70%) 66 (17.18%)

Middle 140 (27.29%) 123 (32.03%)

Lower 118 (23%) 195 (50.78%)

Accompanying hydronephrosis

No 6 (1.6%) 75 (14.6%) <0.001+

Grade 1 48 (14.1%) 294 (57.3%)

Grade 2 195 (50.8%) 126 (24.6%)

Grade 3 or above 129 (33.6%) 18 (3.5%)

PLR 11.51 ± 4.79 9.06 ± 2.29 <0.001**

NLR 2.35 ± 0.53 1.65 ± 0.47 <0.001**

SD, standard deviation; *P value obtained from the Student’s t-test; +P value was obtained from the chi-square test; **Mann–Whitney U test; HU, Hounsfield units; PLR, platelet-
lymphocyte ratio; NLR, neutrophil-lymphocyte ratio.

Table 3. Comparison of the quantitative clinical characteristics between female and male patients

Variables Men (n = 654)
Mean ± SD

Women (n = 243)
Mean ± SD

P

Age 45.5 ± 13.27 47.53 ± 15.24  0.260

Ureteral wall thickness at stone level (mm) 1.83 ± 0.6 1.88 ± 0.67  0.507

Left ureteral stone size (mm) 6.29 ± 1.7 6.67 ± 1.69  0.224

Right ureteral stone size (mm) 6.35 ± 1.74 6.11 ± 1.57  0.466

Stone density (HU) 1,043.85 ± 485.88 967.02 ± 428.82  0.211

Ureteral length (mm) 225.38 ± 14.88 219.59 ± 15.38  0.003

Kidney parenchymal density (HU) 38.46 ± 3.64 37.07 ± 4.09  0.005

Kidney parenchymal thickness (mm) 18.48 ± 2.73 17.46 ± 2.68  0.004

SD: standard deviation; P value obtained from the Student’s t-test; HU, Hounsfield units.

Table 4. Comparison of the presence of hydronephrosis and spontaneous passage between female and male patients

Men (n = 654) Women (n = 243) P

Accompanying hydronephrosis

No 44 (10.1%) 10 (6.2%) 0.772

Grade 1 164 (37.6%) 68 (42%)

Grade 2 160 (36.7%) 54 (33.3%)

Grade 3 or above 66 (15.6%) 30 (18.5%)

Spontaneous passage

No 372 (56.9%) 141 (58%) 0.859

Yes 282 (43.1%) 102 (42%)

The P value was obtained from the chi-square test.
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In addition, our study demonstrated 
that a UWT greater than 1.7 mm was a risk 
factor for non-SP of ureteral stones, with an 
odds ratio of 706.5 in univariate LR analysis 
and 337.9 in multivariate LR analysis when 
combined with other parameters (stone size, 
density, NLR, and PLR). In light of these find-
ings, UWT appears to offer considerable su-
periority as a risk factor compared with stone 
size, which remains an important parameter 
in current clinical practice. In the study by 
Yoshida et al.1, although UWT was an import-
ant predictor of non-SP in LR analyses, its risk 
ratio was low compared with stone size and 
stone location.1 In the study by Cumpanas 
et al.44, UWT was a considerable risk factor 
in univariate LR analysis but lost its impor-
tance in multivariate analysis, where linear 
stone dimensions emerged as the strongest 
predictor of non-SP. Conversely, in studies 

by Coşkun and Can42 and Selvi et al.43, after 
standardizing stone sizes between SP and 
non-SP groups, UWT was shown to be the 
most important predictor of non-SP in both 
univariate and multivariate LR analyses, out-
performing other parameters.42,43 A review 
of the current literature reveals that studies 
exploring the role of UWT in predicting the 
SP of ureteral stones remain limited, and no 
standardized criteria have yet been estab-
lished for patient management. Therefore, 
further research is warranted to validate our 
findings and support the development of 
standardized predictive tools.

Degree of hydronephrosis

When examining the relationship be-
tween HN, which can develop due to ob-
structive ureteral stones, and the SP of the 
stone, studies have reported that the likeli-

hood of SP decreases as the degree of HN in-
creases.43 Consistent with the literature, our 
study observed that the SP rates of ureteral 
stones decreased in proportion to the de-
gree of HN.

Stone density

In the literature, various studies have in-
vestigated the effect of stone density (HU) on 
SP and the success of ESWL using non-con-
trast CT.45 In a study by Coşkun and Can42, 
the probability of SP was reported to be high 
in cases with stones of lower density. In our 
study group, the mean stone density in cases 
without SP (1,355.29 ± 418.91 HU) was statis-
tically significantly higher than in those with 
SP (774.34 ± 336.89 HU). Furthermore, our re-
sults showed that a stone density above 957 
HU was a statistically significant risk factor for 
non-SP in both univariate and multivariate 

Table 5. Examination of factors associated with the absence of spontaneous stone passage using univariate logistic regression analysis 

Variables Odds (95% CI) P

Age > 45 1,193 (0.754–1,888) 0.452

Women 0.954 (0.569–1,599) 0.859

Ureteral wall thickness at stone level (mm) > 1.7 706.500 (157.638–3166.395) <0.001

Left ureteral stone size (mm) > 6.5 6.061 (3,386–10,850) <0.001

Right ureteral stone size (mm) > 6 7,046 (3,826–12,975) <0.001

Stone density (HU) > 957 13,907 (7,841–24,667) <0.001

Ureteral length (mm) > 225 1,375 (0.867–2,179) 0.176

Kidney parenchymal density (HU) < 39 1,646 (1,037–2,661) 0.034

Kidney parenchymal thickness (mm) > 18 1,197 (0.753–1,904) 0.447

Accompanying hydronephrosis

Grade 1 2,296 (0.499–10,555) 0.286

Grade 2 19,345 (4,353–85,976) <0.001

Grade 3 or above 89,583 (16,788–478.030) <0.001

PLR > 10.28 3.99 (1,317–10,358) <0.001

NLR > 2.15 3,746 (2,473–5,642) <0.001

CI, confidence interval; Odds, odds ratio; PLR, platelet-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; HU, Hounsfield units. 

Table 6. Examination of factors associated with the absence of spontaneous stone passage using multivariate logistic regression analysis

Variables Odds (95% CI) P

Ureteral wall thickness at stone level (mm) > 1.7 337.977 (58.270–1960.337) <0.001

Left ureteral stone size (mm) > 6.5 5,429 (1,319–22,343) 0.019

Right ureteral stone size (mm) > 6 20,657 (3,170–134.609) 0.002

Stone density (HU) > 957 4,349 (1,170–16,165) 0.028

Kidney parenchymal density (HU) < 39 1,603 (0.452–5,688) 0.465

Accompanying hydronephrosis ref: none 1 0.399

Grade 1 0.536 (0.008–36,147) 0.772

Grade 2 1,858 (0.027–127.253) 0.774

Grade 3 or above 1,536 (0.021–110.372) 0.844

PLR > 10.28 7.49 (4,192–11,983) 0.004

NLR > 2.15 2,072 (1,127–3,219) <0.001

CI, confidence interval; Odds, odds ratio; PLR, platelet-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; HU, Hounsfield units.
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LR analyses. In contrast, Balci et al.46 reported 
no statistically significant difference in stone 
density between cases with and without SP. 

Ureter length

To our knowledge, only one study in the 
literature has investigated the effect of uret-
eral stone presence on ureter length in rela-
tion to SP. In a randomized study by Coşkun 
and Can42, which compared groups with and 
without SP in 50 ureteral stones, the aver-
age ureter length in the non-SP group was 
199 mm, and the presence of the stone was 
found to have no statistically significant ef-
fect on SP. Our study is the second in the liter-
ature to examine the impact of ureter length 
on the SP of ureteral stones and features a 
larger sample size than the previously re-
ported study. In our cohort of 897 cases–513 
of which did not experience SP–there was no 
statistically significant difference in ureter 
length between the SP and non-SP groups. 
The average ureter length in the non-SP 
group was 225 mm. In both studies, no statis-
tically significant association between ureter 
length and SP was found in either univariate 
or multivariate regression analyses.42 

Renal parenchymal thickness and density

When evaluating the potential for pre-
dicting SP based on renal parenchymal thick-
ness and density, which may be affected by 
HN secondary to ureteral stones, no statisti-
cally significant differences were observed. 
In cases without SP, the mean parenchymal 
thickness was 18.14 mm and the mean pa-
renchymal density was 37.63 HU, whereas in 
cases with SP, these values were 18.25 mm 
and 38.42 HU, respectively. Our study is the 
second in the literature to examine the effect 
of parenchymal thickness and density on the 
likelihood of SP in ureteral stones and in-
cludes the largest sample size to date. In the 
first published study on this topic, the mean 
parenchymal thickness in cases without SP 
was reported as 21.6 mm and the parenchy-
mal density as 33.9 HU.42 That study included 
100 patients with equal gender distribution 
and SP status. Although it had a smaller sam-
ple size than our study, the results were also 
not statistically significant, consistent with 
our findings.

Inflammatory serum markers 

In the literature, it has been reported that 
impacted ureteral stones cause a systemic 
inflammatory response due to obstruction 
and ureteral trauma, leading to elevated lev-
els of certain blood markers such as white 
blood cell (WBC) count, neutrophil count, 

C-reactive protein (CRP), and procalcitonin. 
Conversely, some studies on similar param-
eters have shown a statistically significant 
relationship between these markers and a 
decreased probability of SP.7-13,47,48 However, 
the study by Sfoungaristos suggested that 
increased WBC and neutrophil levels may 
stimulate ureteral peristalsis, thereby facili-
tating SP.15 In contrast, a study by Cilesiz et 
al.49 reported no statistically significant dif-
ference between SP and WBC or CRP values.

In contrast to the previously discussed in-
flammatory serum indicators, the association 
between NLR and PLR markers and the SP of 
ureteral stones has been examined in only a 
limited number of studies.39,50 In the study 
by Abou Heidar et al.48, it was shown that in-
creased NLR (>2.87) and PLR (>10.42) values 
were associated with decreased SP rates in 
both univariate and multivariate analyses. In 
a recent study by Aghaways et al.51, the NLR 
and PLR values were measured as 2.63 ± 1.35 
and 11.47 ± 4.86, respectively, in patients 
without SP, and a statistically significant rela-
tionship was found between elevated values 
and a lower probability of SP. In our study, 
the NLR (2.35 ± 0.53) and PLR (11.51 ± 4.79) 
values in cases without SP were statistically 
significantly higher than in those with SP, 
with cutoff values of 2.15 for NLR and 10.28 
for PLR. These results indicate a relationship 
between high NLR and PLR values and un-
successful SP of ureteral stones. However, 
studies by Coşkun and Can42, Ahmed et al.52, 
and Senel et al.53 reported no statistically sig-
nificant relationship between SP of ureteral 
stones and NLR or PLR values. 

The incidence of ureteral stones has been 
reported to be approximately 12% in adult 
men and 6% in adult women. 33 In our study, 
a male predominance (n = 654, 72.9%) was 
observed among patients with ureteral 
stones, consistent with the literature. Howev-
er, no statistically significant association was 
found between the SP of ureteral stones and 
gender.

The limitations of this study include its 
retrospective design and single-center set-
ting. Another limitation is that all imaging 
measurements were performed by a single 
radiologist; therefore, interobserver vari-
ability was not assessed. In addition, stone 
composition was not determined in this 
study. Patients who received MET, known to 
facilitate SP, and those who received recent 
anti-inflammatory treatment, which could 
affect biochemical results, were excluded 
from the study. However, more useful results 
could be obtained from randomized studies 
comparing the data we obtained regarding 
SP of ureteral stones with cases who received 
MET or anti-inflammatory treatment. Among 
the parameters analyzed in this study, none 
can be considered entirely novel compared 
with the existing literature, which may be 
regarded as a limitation. Nevertheless, the 
comprehensive evaluation of these param-
eters within a relatively broad population 
contributes to the literature by providing a 
more holistic perspective. Furthermore, by 
confirming the diagnostic value of UWT, the 
study offers a distinctive and noteworthy 
finding.

In conclusion, the accurate prediction of 
the probability of SP remains debated, and 
additional criteria are needed for person-
alized patient-specific follow-up and treat-
ment management. The results of our study 
indicate that, alongside large stone size and 
proximal stone location, high stone densi-
ty, increased UWT, considerable HN at the 
stone’s proximal site, and elevated NLR and 
PLR values in the blood are statistically sig-
nificantly and negatively associated with SP.
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Abbreviated liver magnetic resonance imaging with a second-shot 
arterial phase image to assess the viability of treated hepatocellular 
carcinoma after non-radiation locoregional therapy

PURPOSE
To evaluate the feasibility of abbreviated liver magnetic resonance imaging (AMRI) with a sec-
ond-shot arterial phase (SSAP) image for the viability of treated hepatocellular carcinoma (HCC) 
after non-radiation locoregional therapy (LRT).

METHODS
We retrospectively enrolled patients with non-radiation LRT for HCC who underwent the modified 
gadoxetic acid-enhanced liver MRI protocol, which includes routine dynamic and SSAP imaging 
after the first and second injection of gadoxetic acid, respectively (6 mL and 4 mL, respectively), 
and an available reference standard for tumor viability in the treated HCC between March 2021 and 
February 2022. Two radiologists independently reviewed the full-protocol MRI (FP-MRI) and AMRI 
with SSAP. For the FP-MRI, observations were assigned using the Liver Imaging Reporting and Data 
System treatment response (LR-TR) algorithm v.2024. In the AMRI with SSAP, the observations were 
assigned using the abbreviated LR-TR category according to the arterial mass-like enhancement in 
SSAP. Ancillary features, such as diffusion restriction and T2-weighted mild-to-moderate hyperin-
tensity, were also optionally used. 

RESULTS
Of the 95 patients (70 men and 25 women; mean age, 68.7 years), 42 (44.2%) had viable lesions and 
53 (55.8%) had non-viable lesions. The scan time of the simulated AMRI was significantly shorter 
than the FP-MRI (7.6±0.49 and 23.6±0.50 min, respectively; p<0.001). For evaluating the viability 
of treated HCC, there were no significant differences in the sensitivity and specificity between the 
FP-MRI and AMRI with SSAP (sensitivity, 85.7% vs. 80.1%, P = 0.500; specificity, 96.2% vs. 96.2%,  
P = 1.000).

CONCLUSION
The abbreviated LR-TR score in AMRI with SSAP showed non-inferior diagnostic performance to FP-
MRI in terms of evaluating the viability for the treated HCC, which may be helpful in clinical practice 
alongside a decreased scan time.

CLINICAL SIGNIFICANCE
Abbreviated liver MRI with SSAP may be helpful for evaluating the viability of treated HCC in prac-
tice, while also providing a decreased scan time.

KEYWORDS
Hepatocellular carcinoma, Liver Imaging Reporting and Data System, treatment response, magnet-
ic resonance imaging, gadoxetic acid 
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Hepatocellular carcinoma (HCC) is the 
fourth leading cause of cancer-relat-
ed deaths and the sixth most com-

mon cancer in the world.1 Dynamic con-
trast-enhanced computed tomography (CT) 
and magnetic resonance imaging (MRI) are 
imaging modalities broadly used to assess 
the response of HCC to locoregional therapy 
(LRT). Because of the significant correlation 
between treatment response and patient 
prognosis, the precise and reliable evalua-
tion of treatment response using imaging 
tests is crucial.2

The Liver Imaging Reporting and Data 
System (LI-RADS) introduced a treatment 
response algorithm, wherein, after LRT, the 
standardized approach can be applied to 
evaluate the treatment response using con-
trast-enhanced CT or MRI.3 Unlike the mod-
ified response evaluation criteria for solid 
tumors, per-lesion treatment response is 
assessed using the LI-RADS treatment re-
sponse (LR-TR) algorithm. Treated lesions can 
be categorized into three LR-TR categories, 
namely viable, non-viable, and equivocal.4 
In 2024, a revised version of the LR-TR algo-
rithm, divided into categories for post-radia-
tion therapy and non-radiation LRT groups, 
was released. The LI-RADS non-radiation TR 
algorithm v.2024 adopts a single major fea-
ture, “mass-like enhancement (any degree, 
any phase)” for assessing viability of treated 
HCC on CT or MRI. Additionally, for a treated 
lesion with uncertain mass-like enhance-
ment, two MRI-based ancillary features, such 
as “diffusion restriction (any degree)” or “mild 
to moderate T2 hyperintensity”, can option-
ally be used to upgrade from LR-TR equivocal 
to LR-TR viable.5

Gadoxetic acid (Primovist; Bayer Pharma, 
Berlin, Germany) is a hepatocyte-specific 
contrast agent in liver MRI, used to identi-
fy and characterize various hepatic lesions 
because it provides the additional benefit 

of delayed hepatobiliary phase (HBP) im-
aging.6-8 Although gadoxetic acid liver MRI 
provides the aforementioned advantage, 
arterial phase (AP) images are more fre-
quently degraded than those of other gad-
olinium-based contrast agents because of 
contrast-related transient severe motion 
(TSM).9 To date, various strategies, such as 
advanced motion-insensitive MRI sequences, 
modifications to the injection protocol, and 
multiple APs, have been reported.10-17 Several 
studies reported the usefulness of second- 
shot arterial phase (SSAP) images in gadox-
etic acid-enhanced liver MRI.17-19 Park et al.17 
reported that SSAP images showed signifi-
cantly fewer motion artifacts compared with 
the original AP images. 

Several studies on SSAP have demon-
strated the potential of abbreviated liver 
MRI (AMRI) with preserved diagnostic per-
formance, compared with full-protocol MRI 
(FP-MRI). For evaluating hepatic metastasis, 
AMRI had a significantly shorter acquisition 
time compared to FP-MRI, while maintaining 
image quality, diagnostic performance, and 
visual vascularity.18 To assess HCC using AMRI 
with SSAP, the modified LI-RADS category 
incorporating HBP hypointensity as a major 
feature demonstrated a high concordance 
rate (97.4%) with the standard LI-RADS cate-
gory. In addition, the recall rate was reduced 
not only in the surveillance but also diagno-
sis of HCC with AMRI using the SSAP proto-
col.19

Although several studies have investigat-
ed SSAP,17-19 further validation is required to 
establish the usefulness of the SSAP proto-
col in evaluating the viability of HCC after 
LRT. Therefore, we investigated the efficacy 

of AMRI with SSAP in determining the LR-
TR category in patients with HCC following 
non-radiation LRT.

Methods
This retrospective study was approved by 

the Ethics Committee: Institutional Review 
Board of Pusan National University Hospital 
(approval number: 22504-018-150; approval 
date: May 9, 2025). Due to the retrospective 
nature of the study, the requirement for in-
formed consent was waived. 

Patients

At our institution, liver MRI was performed 
between March 2021 and February 2022 us-
ing a modified injection protocol that includ-
ed routine dynamic and SSAP imaging after 
the first (6 mL) and second (4 mL) injections, 
respectively. The excellence of the modified 
injection protocol has been reported in pre-
vious studies.17-19

We used our institute’s electronic data-
base to identify eligible patients. The inclu-
sion criteria were as follows: 1) patients with 
non-radiation LRT for HCC who underwent 
the modified liver MRI protocol, and 2) an 
available reference standard for tumor via-
bility in the treated observation. Before LRT, 
the diagnosis of HCC was made using the ref-
erence standard defined by LI-RADS v.20183 
or pathologic results. The exclusion criteria 
included: 1) misregistration of subtraction 
images and 2) diffuse infiltrative HCC. For 
patients with multiple lesions, the largest 
targeted lesion per patient was selected for 
analysis. A flow diagram of our study is pro-
vided in Figure 1.

Main points

•	 The abbreviated Liver Imaging Reporting 
and Data System treatment response score 
in abbreviated liver magnetic resonance 
imaging (AMRI) with second-shot arterial 
phase (SSAP) showed non-inferior diagnos-
tic performance compared with full-proto-
col MRI (FP-MRI) in evaluating the viability 
for the treatment of hepatocellular carci-
noma.

•	 The scan time of the AMRI can be signifi-
cantly shorter compared with FP-MRI.

•	 The mean motion score of the original AP 
was significantly higher than that of the 
three SSAPs.

Figure 1. Flow diagram of the study. HCC, hepatocellular carcinoma.



 

Abbreviated MRI for HCC viability after LRT • 151

Reference standard

Reference standards for viable tumors in 
the treated observations were as follows: 1) 
pathological confirmation (interval between 
MRI and operation <4 weeks) or 2) tumor 
staining in transcatheter arterial chemoem-
bolization. Digital subtraction angiography 
(DSA) images were reviewed to evaluate the 
tumor staining. Non-viable tumors were con-
sidered based on the following: 1) pathologic 
confirmation (total necrosis) or 2) stability or 
a decrease in the size of the targeted lesion 
on follow-up images (at least a 6-month in-
terval from MRI) with no evidence of treat-
ment. 

Magnetic resonance imaging techniques

All eligible patients had MRI examina-
tions using a 3.0 T MR scanner (Magne-
tom Skyra; Siemens Healthineers, Erlagen, 
Germany) with a 32-element spine matrix 
coil and a 30-element body matrix coil. 
Non-contrast-enhanced sequences, such as 
T1-weighted dual-gradient echo in/out-of-
phase sequences, T2-weighted breath-hold 
half-Fourier acquisition single shot turbo 
spin echo images, T2-weighted respirato-
ry-triggered single shot images, and diffu-
sion-weighted echo planar images with three 
b-values (0, 500, and 1,000 s/mm2). For liver 
MRI, all patients received 10 mL of gadoxetic 
acid (Primovist; Bayer Schering Pharma) at a 
rate of 1 mL/s. Routine AP images (15–20 sec-
onds after gadoxetic acid injection), portal 
venous (60–90 seconds after gadoxetic acid 
injection), transitional (180 seconds after ga-
doxetic acid injection), and HBP (20 minutes 
after gadoxetic acid injection) images were 
acquired. After the end of the routine MRI, 4 
mL of gadoxetic acid was administered. SSAP 
images were subsequently acquired in the 
same manner (Figure 2). 

Routine AP and SSAP images were ac-
quired in one and three-phased, respectively. 

Subtracted images were acquired from the 
SSAP images. Details of the MRI sequence 
parameters are provided in Table 1.

Image analysis

One of the radiologists with 22 years of 
experience in abdominal radiology collected 
the MRI images and information on the size 
and location of the target lesions before the 
review process.

Two radiologists, with 13 and 11 years of 
experience in liver MRI, respectively, inde-
pendently and randomly reviewed the FP-
MRI and simulated AMRI sets, while being 
unaware of the clinical data and reference 
standard. During the review, the reviewers 
analysed two separate MRI sessions with a 
4-week interval to reduce recall bias.

First review session

For FP-MRI, both reviewers classified ob-
servations based on the LR-TR algorithms 
(LR-TR viable, LR-TR equivocal, or LR-TR non-
viable). Considering both routine AP and 
SSAP, the “viable” category was considered 
for mass-like enhancement (any degree, any 

phase) within or along the targeted lesion. In 
addition, ancillary features, such as diffusion 
restriction and T2-weighted mild-to-moder-
ate hyperintensity, were optionally used.5 

During the first session, the degree of mo-
tion artifact in routine AP, and first, second, 
and third-phase SSAP was recorded using 
the following scoring scale:9 1) no motion 
artifact; 2) minimal degree; 3) moderate de-
gree, not significantly affecting diagnosis; 4) 
severe degree, degraded but interpretable 
images; and 5) extensive degree, non-diag-
nostic images. 

Second review session

The simulated AMRI set comprised diffu-
sion-weighted images, T2-weighted images, 
HBP images, and SSAP images (Figure 2). 
Both reviewers analyzed the arterial hyper-
enhancement using the SSAP image and its 
subtraction image. Accordingly, a modified 
version of the LR-TR algorithm using the 
abbreviated LR-TR (abbLR-TR) categories 
(abbLR-TR viable, abbLR-TR equivocal, or 
abbLR-TR non-viable) was devised. Both re-
viewers assigned the abbLR-TR classification 
according to the mass-like enhancement us-

Figure 2. Liver magnetic resonance imaging with modified injection protocol. MRI, magnetic resonance imaging; AMRI, abbreviated liver magnetic resonance 
imaging.

Table 1. Details of the MRI sequence parameters

Sequence

T1 VIBE (routine)* T1 VIBE (SSAP)

Repetition time, ms 4.0 4.0

Echo time, ms 1.9 1.9

Flip angle, ° 13 13

Field of view 380 x 285 380 x 285

Matrix 384 x 202 320 x 144

Section thickness, mm 3.5 3.5

Acquisition time (sec) 15 15

No. of phases acquired 1 3

Parallel acceleration factor† 2 x 2 2 x 2

*Data for the pre-contrast, arterial, portal venous, transitional, and hepatobiliary phases.
†Data are shown as phase direction acceleration factor × partition direction acceleration factor.
MRI, magnetic resonance imaging; SSAP, second-shot arterial phase.
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ing a modified version of the LI-RADS treat-
ment response algorithm. Ancillary features, 
such as diffusion restriction and T2-weighted 
mild to moderate hyperintensity, were also 
optionally used. 

Disagreements during the review sessions 
regarding the motion artifact score and cate-
gorizations using LR-TR and abbLR-TR in the 
targeted lesions were resolved by consensus.

Scan time

For the patients included in the study, 
one board-certified radiologist compared 
the scan time between the FP-MRI and sim-
ulated AMRI.

Statistical analysis

The scan time between the two protocols 
(FP-MRI and simulated AMRI) was compared 
using the Student’s t-test. Per-lesion sensitiv-
ity and specificity were compared between 
the two imaging sessions using McNemar’s 
test. The Wilcoxon rank-sum test was used to 
compare the motion scores between routine 
AP and each phase of the SSAP in the FP-MRI. 
We evaluated the inter-observer agreement 
for the viability evaluation of treated lesions 
and motion artifact scores using Cohen’s 
kappa. Agreement was defined as poor 
(kappa=0–0.20), fair (0.21–0.40), moderate 
(0.41–0.60), good (0.61–0.80), or excellent 
(0.81–1.00). Statistical significance was set 
at P < 0.05. All statistical analyses were con-
ducted using the SPSS software for Windows 
(v.27.0; IBM Corp., Armonk, NY, USA).

Result

Patient demographics

A total of 132 patients underwent ga-
doxetic acid-enhanced MRI with modified 
injection after LRT for HCC. After exclusion, 
95 patients with treated observations and 
their reference standards (95 observations 
of the largest target for each patient) were 
included in the study (Figure 1). The causes 
of chronic liver disease in the patients were 
chronic hepatitis B (n = 59), chronic hepatitis 
C (n = 22), alcohol (n = 13), and others (n = 1). 
Of the 95 patients, 42 (44.2%) had viable le-
sions and 53 (55.8%) had non-viable lesions. 
Tumor viability was assessed using histopa-
thology and DSA. Only three viable lesions 
and one non-viable lesion were confirmed 
surgically. Other lesions were confirmed us-
ing DSA (Table 2).

Scan time

The scan time of the simulated AMRI was 
significantly shorter compared with the FP-
MRI (7.6 ± 0.49 and 23.6 ± 0.50 minutes, re-
spectively; P < 0.001).

Diagnostic performance for evaluating vi-
ability of treated HCC in the abbreviated 
liver and full-protocol magnetic resonance 
imaging

Using the FP-MRI, 36, 5, and 1 lesions were 
assigned to the LR-TR viable, LR-TR equivocal, 
and LR-TR non-viable categories, respective-
ly, among 42 viable lesions. Using the AMRI 
with SSAP, 34, 6, and 2 lesions were assigned 
to the abbLR-TR viable, abbLR-TR equivocal, 
and abbLR-TR non-viable categories, respec-
tively, among 42 viable lesions. For evaluat-
ing the viability of treated HCC, no significant 
differences were observed in the sensitivity 
and specificity between the FP-MRI and 
AMRI with SSAP [sensitivity, 85.7% (36/42) vs. 
80.1% (34/42), respectively, P = 0.500; speci-

ficity, 96.2% (51/53) vs. 96.2% (51/53), respec-
tively, P = 1.000] (Table 3, Figures 3, and 4).

Comparison of the respiratory motion ar-
tifacts between the original arterial phase 
and the second-shot arterial phase

The mean motion score of the original AP 
was significantly higher compared with the 
three SSAPs (1.25 vs. 1.04, 1.02, and 1.01; all 
P < 0.001) (Table 4). TSM was not observed in 
the original AP and SSAP.

Inter-observer agreement

Inter-observer agreement was good for 
the viability of the target lesion using the 
LR-TR algorithm in the FP-MRI and the ab-
bLR-TR category in the AMRI with SSAP (k = 
0.79 and k = 0.79, respectively). The inter-ob-
server agreements were good for the mo-
tion scores on the original AP and the three 
SSAPs (k = 0.76 and k = 0.65, 0.66, and 0.66, 
respectively).

Table 2. Patient demographics

Characteristics Patients

Age 68.7 years old

Male: female 70: 25

Etiology

Chronic hepatitis B 59

Chronic hepatitis C 22

Alcohol 13

Others 1

Child-Pugh classification

Previous locoregional treatment

	 RFA 22

	 TACE 73

Reference standards for tumor viability

 Viable 42 

	 Pathologically confirmed 3

	 Confirmed with DSA 39

 Non-viable 53

	 Pathologically confirmed 1

	 Clinically confirmed 52

Previous gadoxetic acid-enhanced MRI 88

RFA, radiofrequency ablation; TACE, transcatheter arterial chemoembolization; MRI, magnetic resonance imaging; 
DSA, digital subtraction angiography.

Table 3. Diagnostic performance for the full-protocol MRI and AMRI with SSAP

Full protocol MRI AMRI with SSAP P value

Sensitivity 36/42 34/42 0.500

Specificity 51/53 51/53 1.000

MRI, magnetic resonance imaging; AMRI, abbreviated liver magnetic resonance imaging; SSAP, second-shot arterial 
phase.
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Discussion
In this study, the scan time of the simulat-

ed AMRI was significantly shorter compared 
with the FP-MRI. Contrastingly, the abbLR-TR 
category in the AMRI with SSAP showed di-
agnostic performance comparable to that of 
the LR-TR algorithm in the FP-MRI. In addi-
tion, the mean motion score of the original 
AP was significantly higher than that of SSAP. 

In previous studies on SSAP, the image 
acquisition times for AMRI were significant-
ly shorter; they also demonstrated no sig-
nificant difference between the FP-MRI and 
AMRI with SSAP in the diagnosis of HCC or 
hepatic metastasis,18,19 which are consistent 
with our results. However, our study focused 
on the viability of HCC after LRT. 

In the current study, the reference stan-
dards for tumor viability included only a 
few pathologically confirmed results [viable, 
7.1% (3/42); non-viable, 1.9% (1/53)]. In a pre-
vious meta-analysis for the LR-TR algorithm, 
the pooled specificity and sensitivity of the 
LR-TR viable category were 96% [95% confi-
dence interval (CI): 91%–99%] and 63% (95% 
CI: 39%–81%), respectively.20 The same study 
also conducted a meta-regression study for 
the reference standard. The researchers re-
ported that studies using reference standard 
to imaging findings (imaging follow-up or 
imaging/pathologic results) demonstrated 
significantly higher sensitivity compared to 
those using pathology alone (81% vs. 48%, 
respectively). However, LR-TR v2024 was not 
adopted in the studies included in the me-
ta-analysis. Recently, Zhou et al.21 reported 
that LI-RADS non-radiation TRA v.2024 im-
proved the sensitivity (85.5% and 87.2%) of 
assessing the viability of treated HCC, using 
ancillary features with reference to the only 
pathologic results. The sensitivity of our 
study for treated lesions with FP-MRI and 
AMRI with SSAP was 85.7% and 80.9%, re-
spectively. In addition, the specificities were 
96.2% for both protocols. Accordingly, our re-
sults showed a diagnostic performance com-
parable to those of previous studies. Howev-
er, further studies evaluating the diagnostic 
performance of LR-TR A v.2024 are required.

Hepatobiliary-specific MR contrast agents 
(e.g., gadoxetic acid, gadobenate dimeglu-
mine, mangafodipir trisodium) have pre-
viously been used in the diagnosis of HCC. 
These contrast agents, taken up by hepato-
cytes, can provide the T1 shortening effect 
of normal liver parenchyma, resulting in 
high signal intensity on HBP. For gadoxetic 
acid, 50% of the injected contrast media is 

Figure 3. Hepatocellular carcinoma treated with transcatheter arterial chemoembolization (TACE) in a 
60-year-old male. On gadoxetic acid-enhanced liver magnetic resonance imaging, a TACE-treated lesion 
(arrow) in segment II shows mass-like arterial enhancement and washout in the original arterial phase image 
(a) and portal venous phase (b), respectively. In the hepatobiliary phase, it shows hypointensity (arrow) 
(c). The second-shot arterial phase images, with or without subtraction, demonstrate mass-like arterial 
enhancement on the treated lesion (d and e). This treated lesion is assigned as Liver Imaging Reporting 
and Data System treatment response (LR-TR)-viable. When applying the abbreviated LR-TR (abbLR-TR) 
category, it is assigned as abbLR-TR-viable. The digital subtraction angiography examination demonstrates 
the presence of the tumor stain (arrow) in the subsequent TACE session (f).
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Figure 4. Hepatocellular carcinoma treated with transcatheter arterial chemoembolization (TACE) in a 
63-year-old male. On gadoxetic acid-enhanced liver magnetic resonance imaging, a TACE-treated lesion 
(arrow) in the liver dome shows mass-like arterial enhancement and no washout in the original arterial 
phase image (a) and portal venous phase (b), respectively. In the hepatobiliary phase, it shows hypointensity 
(arrow) (c). The second- shot arterial phase images, with or without subtraction, demonstrate no mass-
like arterial enhancement on the treated lesion (d and e). This treated lesion is assigned as Liver Imaging 
Reporting and Data System treatment response (LR-TR)-viable. When applying the abbreviated LR-TR 
(abbLR-TR) category, it is assigned as abbLR-TR non-viable. The digital subtraction angiography examination 
demonstrates the presence of the tumor stain (arrow) in the subsequent TACE session (f).
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Table 4. Mean motion scores

Mean motion score P value (vs. original AP)

Original AP 1.25

SSAP1 1.04 <0.001

SSAP2 1.02 <0.001

SSAP3 1.01 <0.001

AP, arterial phase; SSAP, second-shot arterial phase.
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transported to hepatocytes. Gadoxetic acid 
acts as an extracellular contrast agent in the 
arterial and portal venous phases. In addi-
tion, an HBP image can be obtained with a 
relatively short delay of 10–20 minutes after 
injection.22 Therefore, gadoxetic acid is useful 
for the detection of HCC.23,24 In evaluating 
the viability of treated HCC using gadoxetic 
acid-enhanced liver MRI, the HBP image can 
aid in the detection of a lesion treated with 
LRT. However, according to LR-TR v.2024, HBP 
hypointensity is not accepted as an ancillary 
feature for assessing the viability of treated 
HCC. Accordingly, it was not applied in either 
the FP-MRI or AMRI in this study. Although 
the presence of HBP hypointensity is not a 
major or ancillary feature in the LR-TR v.2024, 
the inclusion of an HBP image may be nec-
essary for the AMRI protocol for assessing 
the viability of treated HCC after LRT. This is 
because the detection of newly developed 
HCC is also clinically important for patients 
with a history of LRT. For treatment-naïve 
lesions, HBP hypointensity was reported as a 
useful feature for the detection of HCC. Kim 
et al.23 reported that the extension of wash-
out to the transitional phase or HBP allowed 
for higher sensitivity without a reduction in 
specificity, rather than restricting it to the 
PVP after excluding typical hemangiomas 
and nodules with a targetoid appearance. 
In another study by Joo and colleagues, the 
diagnostic criteria extending washout to the 
HBP demonstrated higher sensitivity than 
those limiting washout to the PVP, with little 
loss of specificity.24 

Recently, LR-TR v.2024 adopted a single 
major feature, “mass-like enhancement (any 
degree, any phase)” for assessing the viabil-
ity of treated HCC on CT or MRI.5 After LRT 
of the hypervascular HCC, the representa-
tive imaging finding suggesting viable HCC 
is “mass-like enhancement (any degree, any 
phase)”. Zhou et al.21 reported that LI-RADS 
non-radiation TRA v.2024 without ancillary 
features, using a single major feature, “mass-
like enhancement (any degree, any phase)” 
for assessing the viability of treated HCC, 
demonstrated higher sensitivity than LI-
RADS TRA v.2017 (80.3% and 81.1% vs. 79.1% 
and 79.9%, respectively). This result supports 
the diagnostic value of “mass-like enhance-
ment (any degree, any phase)” as represen-
tative imaging findings, suggesting viable 
HCC. Zhou et al.21 also reported that LI-RADS 
non-radiation TRA v.2024 with ancillary fea-
tures provided significantly higher sensitivity 
than LI-RADS TRA v.2017 (85.5% and 87.2% 
vs. 79.9% and 79.1%; all P < 0.001). This re-

sult emphasized the importance of the an-
cillary features, such as diffusion restriction 
and mild-to-moderate T2 hyperintensity, in 
evaluating the viability of treated HCC after 
radiation-free LRT. In addition, this result 
supports the inclusion of diffusion-weight-
ed imaging and T2-weighted imaging in the 
AMRI protocol for assessing the viability of 
treated HCC after LRT.

The mean motion score of the original 
AP was significantly higher than that of the 
three SSAPs. These results are consistent with 
those of Park et al.17 However, TSM was not 
observed in our group. A previous study in-
cluding a large number of patients demon-
strated that the presence of hepatitis B and 
previous experience with gadoxetic acid-en-
hanced MRI were negative risk factors for 
TSM.25 Our study also included a large por-
tion of patients with previous experience 
with gadoxetic acid-enhanced MRI (88/95) 
and chronic hepatitis B (59/95). These factors 
are believed to be the reasons for the lack of 
TSM. In addition to the relative motion in-
sensitivity of SSAP, the multiple APs (three-
phase, in our study) of SSAP may also be one 
of the reasons for the non-inferior sensitivity 
to FP-MRI in our study. In a previous study 
conducted by Hong et al.15, multiple APs had 
a lower incidence of TSM than single AP and 
significantly improved sensitivity for diag-
nosing HCC (≤3 cm), without a significant 
decrease in specificity.

This study has some limitations. First, it 
was a retrospective study that included a rel-
atively small number of patients; thus, there 
may have been selection bias. However, the 
data collection was performed consecutive-
ly. A prospective study is required to eval-
uate the diagnostic performance of AMRI 
using SSAP. Second, reference standards for 
tumor viability included few pathologically 
confirmed results [viable, 7.1% (3/42); non-vi-
able, 1.9% (1/53)], and our study included 
patients treated with only non-radiation LRT. 
However, the diagnostic performance of the 
abbLR-TR category for AMRI with SSAP was 
not significantly different from that reported 
in previous studies.20,21

In conclusion, the abbLR-TR category in 
the AMRI with SSAP showed non-inferior 
diagnostic performance compared to FP-
MRI in evaluating the viability of the treat-
ed HCC after non-radiation LRT. Therefore, 
this abbreviated protocol may serve as a 
faster and more convenient alternative 
for post-treatment surveillance following 
non-radiation LRT. 
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Texture analysis enhances diagnostic accuracy of lesions scored as 
5 in the Prostate Imaging Reporting and Data System in magnetic 
resonance imaging

PURPOSE
Prostatitis is frequently observed in false-positive lesions scored as 5 in the Prostate Imaging Re-
porting and Data System (PI-RADS), necessitating improved diagnostic tools. This study investi-
gated the potential of magnetic resonance imaging (MRI) texture analysis of apparent diffusion 
coefficient (ADC) sequences to enhance the differentiation of prostatitis from prostate cancer (PCa) 
in PI-RADS 5 lesions.

METHODS
 

This retrospective study enrolled patients undergoing 3.0-T MRI with lesions scored as PI-RADS 5. 
Lesions were manually delineated on ADC maps, and texture features were extracted using FireV-
oxel. Clinical data and ADC texture parameters were collected. The diagnostic performance [area 
under the curve (AUC), sensitivity (SEN), specificity (SPE), positive predictive value (PPV), negative 
predictive value (NPV)] of the clinical data, ADC texture, and a combined model were calculated 
and compared using the DeLong test.

RESULTS
 

The final cohort included 189 patients with 189 PI-RADS 5 lesions (164 PCa, 25 prostatitis). The 
combined model, incorporating clinical indicators (age, prostate-specific antigen density) and ADC 
texture parameters (signal coefficient of variation, ADC percentile), revealed the optimal diagnostic 
performance: SEN 98.7%, SPE 60.0%, PPV 97.9%, NPV 71.6%, and AUC 93.1%. Bootstrap resampling 
verified the robustness of the model. Decision curve analysis indicated an improved net benefit 
with the combined model for guiding biopsy decisions.

CONCLUSION
 

ADC imaging texture parameters are valuable for the differential diagnosis of prostatitis from le-
sions scored as PI-RADS 5. Their combination with clinical indicators substantially improves diag-
nostic performance, providing valuable information to facilitate surgical decision-making and po-
tentially reduce unnecessary biopsies.

CLINICAL SIGNIFICANCE
This study addresses a critical limitation of the current PI-RADS system, which exhibits a notable 
rate of false positives in high-risk PI-RADS 5 lesions. By demonstrating the added value of quanti-
tative ADC texture analysis in this specific diagnostic challenge, this research offers a practical and 
potentially translatable approach to reducing the number of unnecessary biopsies for PI-RADS 5 
lesions.

KEYWORDS
Prostate cancer, prostatitis, PI-RADS 5, magnetic resonance imaging, diffusion-weighted imaging, 
apparent diffusion coefficient, texture analysis, differential diagnosis
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Advances in magnetic resonance im-
aging (MRI) have substantially en-
hanced the detection and diagnosis 

of prostate cancer (PCa).1-4 The introduction 
of the Prostate Imaging Reporting and Data 
System (PI-RADS)5 has established a crucial 
communication bridge between radiolo-
gists and clinicians. However, a notable issue 
with PI-RADS scores of 4 and 5 (considered 
high-risk lesions) is the high rate of false 
positives.6,7 Notably, 15%–35% of these high-
risk lesions are histologically benign,8 and 
false-positive results lead to unnecessary bi-
opsies,9,10 which are invasive procedures that 
carry risks of complications and can erode 
the trust between clinicians and radiolo-
gists. The PI-RADS scoring system,11,12 mainly 
based on signal intensity, may not fully cap-
ture the pathological changes in lesions. 

Previous studies have revealed that 
among lesions with a PI-RADS score of 4 or 
5 in the prostate, 14.8% (27/182) are benign, 
with 81.5% (22/27) of these benign cases di-
agnosed as prostatitis.13 Studies have identi-
fied that apparent diffusion coefficient (ADC) 
values ​​can help reduce false positives in PI-
RADS 4 and 5 lesions.14 However, research 
has not fully explored the imaging data, and 
the effectiveness of reducing false positives 
is limited. The development of radiomics has 
brought new advancements to the diagno-
sis of PCa.15 Studies have demonstrated that 
radiomics can be used to differentiate the 
malignancy of PCa and distinguish clinically 
significant PCa with PI-RADS scores of 4 and 
5.16 However, radiomics faces several chal-
lenges, such as poor model generalizability, 
lack of biological interpretability, and high 
computational costs. Texture analysis is an 
essential component of radiomics and plays 

a crucial role in medical image analysis. By 
quantifying grayscale patterns and intensity 
variations in images, texture analysis pro-
vides deep insights into tissue heterogeneity 
and pathological features. This method has 
demonstrated substantial diagnostic efficacy 
in various medical applications, particularly 
in tumor detection and grading.17 Research 
has indicated that texture analysis can be 
used to distinguish between benign and 
malignant diseases and to assess the malig-
nancy of PCa.18 However, this approach has 
not been applied to detecting lesions with 
PI-RADS scores of 5. This study aims to use 
quantitative imaging biomarkers to differen-
tiate between cancerous and non-cancerous 
lesions with PI-RADS 5 scores, exploring their 
diagnostic accuracy. 

Methods

Patient selection 

This study was approved by the Ethics 
Committee of The First Affiliated Hospital of 
Nanjing Medical University (protocol num-
ber: 2023-SRFA-467, date: 03.14.2023), with 
informed consent waived due to the retro-
spective nature of the study. We identified 
consecutive patients who underwent stan-
dard pelvic MRI examination before treat-
ment by reviewing the department database 
for records from the period of January 2021 
to July 2024. Clinical characteristics were ob-
tained from the patient records in our hos-
pital. Histopathological results were verified 
through cognitive fusion biopsies, transure-
thral resection of the prostate, and radical 
prostatectomy. Patients with the following 
criteria were included: (a) no prior hormonal 
or radiation treatment; (b) diffusion-weight-
ed imaging (DWI) performed on a 3.0-T MRI 
scanner and with unified sequence parame-
ters; and (c) lesions with pathologically con-
firmed PCa or prostatitis, with MRI demon-
strating at least one lesion with a diameter 
≥1.5 cm.

Clinical and laboratory data

Demographic data included age, and clin-
ical data included the prostate-specific anti-
gen (PSA) level and serum white blood cell 
count. The prostate volume was calculated 
using the following formula: (maximum an-
teroposterior diameter) × (maximum trans-
verse diameter) × (maximum longitudinal 
diameter) × 0.52. PSA density (PSAD) was 
calculated by dividing the PSA level by the 
prostate volume. 

Magnetic resonance imaging acquisition 

All patients underwent a standardized 
prostate examination using 3.0-T MRI (Verio/
Skyra, Siemens, Erlangen, Germany; u770, 
United Imaging, Shanghai, China) related to 
the probability of subsequent PSA progres-
sion (26), which complied with the PI-RADS 
guidelines. The multi-parametric MRI proto-
col included the following: (1) T2-weighted 
images on axial, sagittal, and coronal planes; 
(2) DWI on the axial plane with automatically 
generated ADC maps; and (3) T1-weighted 
sequences on axial planes with and without 
fat saturation. The MRI protocol technical de-
tails are listed in Table 1.

Imaging and histological correlation 

The pathological results were taken as the 
“gold standard.” The biopsy method used was 
transperineal prostate biopsy guided by the 
fusion of ultrasound and MR, and the biopsy 
was completed by experienced urologists. 
The surgical methods included transurethral 
prostatectomy and radical prostatectomy. 
The prostate samples obtained through the 
above methods were uniformly processed 
and sent to the pathology department for 
diagnosis. A genitourinary pathologist with 
10 years of experience in genitourinary his-
topathology reviewed all the sample sec-
tions. Pathological diagnosis was divided 
into benign and malignant. Benign lesions 
included benign prostatic hyperplasia, pros-
tatitis, abscess, and normal prostate tissue. 
Cases of PCa were graded according to the 
2005 International Society of Urological Pa-
thology Modified Gleason Grading System. 
Malignant lesions were further classified into 
Gleason score (GS) pathological grades: GS = 
3 + 3, 3 + 4, and 4 + 3 and GS ≥ 4 + 4. 

Texture analysis

All data were transferred in Digital Imaging 
and Communications in Medicine format. The 
region of interest (ROI) was manually delin-
eated slice by slice along the boundaries of 
the tumor by one radiologist (8 years of clin-
ical experience in prostate imaging), and the 
segmentations were cross-checked by anoth-
er two experienced genitourinary specialist 
radiologists. FireVoxel (CAI2R, New York, NY, 
USA),19 was used for the three-dimensional 
segmentation of the prostate lesions. Since 
PI-RADS 5 lesions all have a diameter >1.5 cm, 
we only selected the largest main lesion for 
each patient. First order and geometrical fea-
tures were automatically extracted by FireV-
oxel. Based on histogram analysis, the follow-
ing parameters were derived from the ADC 

Main points

•	 Texture analysis of apparent diffusion coef-
ficient (ADC) maps enhances differentiation 
of prostate cancer (PCa) from benign pros-
tatitis in lesions scored as 5 in the Prostate 
Imaging Reporting and Data System (PI-
RADS), reducing false positives and unnec-
essary biopsies.

•	 Age, prostate-specific antigen density, and 
ADC texture parameters (signal coefficient 
of variation, ADC percentile) are indepen-
dent predictors for distinguishing prostatitis 
from PCa in PI-RADS 5 lesions.

•	 A combined model integrating clinical and 
ADC texture parameters achieves superior 
diagnostic accuracy (area under the curve 
93.1%) and clinical utility for improved pa-
tient management.
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map: (a) minimum; (b) maximum; (c) mean; 
(d) kurtosis, which is the degree of peaked-
ness of a distribution; (e) skewness, which 
is a measure of the degree of asymmetry of 
a distribution; (f ) entropy, which quantifies 
the randomness of the gray-level distribution 
in an image, with higher values indicating a 
more dispersed and complex distribution of 
gray-level values; (g) coefficient of variation 
(COV), which quantifies the relative variability 
of pixel values, normalized by the mean inten-
sity, making it useful for comparing hetero-
geneity across different images or ROIs; and 
(h) variance, which quantifies the dispersion 
of pixel values around the mean in the ADC, 
with greater variance reflecting increased tis-
sue heterogeneity. For the cumulative histo-
gram, the 25th, 50th, and 75th percentiles of the 
tumor ADC were derived (the nth percentile is 
the point at which n% of the voxel values that 
form the histogram are found to the left).

Statistical analysis

MedCalc Statistical Software, version 
23.0.8 (MedCalc Software Ltd, Ostend, Bel-
gium) was used for statistical analysis, with 
P < 0.05 considered statistically significant. 
The PI-RADS 5 lesions were divided into a 
PCa group and an inflammation group based 
on the pathological results. The Shapiro–Wilk 
and Kolmogorov–Smirnov tests were used to 
test the normal distribution of measurement 
data, and the Levene test was used to test 
the homogeneity of variance of measure-
ment data. According to the test results, the 
normal distribution data were expressed as 
mean ± standard deviation (SD), the skewed 
distribution data were expressed as the me-
dian [upper and lower quartile (M (Q1, Q3))], 
and the measurement data were expressed 
as n (%). 

Univariate and multivariate analyses were 
used to screen the independent risk factors 
for identifying inflammation and PCa in pa-
tients with PI-RADS 5 scores. If two param-
eters were highly correlated (e.g., PSA and 
PSAD, |r| > 0.7), the variable with greater clini-
cal significance or a smaller P value in the uni-
variate analysis was retained. The indepen-
dent risk factors were combined to establish 
clinical ADC texture and combined models; 
the receiver operating characteristic (ROC) 
curve was drawn for the different screened 
models. The efficacy of different factors and 
models in differentiating PCa from inflamma-
tion in PI-RADS 5 lesions was evaluated. The 
area under the ROC curve (AUC) was used for 
quantification. Diagnostic sensitivity (SEN), 
specificity (SPE), positive predictive value 
(PPV), and negative predictive value (NPV) 
were calculated at the cut-off point with the 
largest Youden index. To perform decision 
curve analysis, R version 3.5.1 was used; this 
evaluates the clinical utility of the diagnostic 
models by assessing the net benefit of using 
the models to guide clinical decisions. 

To evaluate the internal validity and pre-
dictive performance of the combined model, 
bootstrap resampling was used to generate 
1,000 random samples with replacements 
(Python 3.13, with the sklearn.metrics and 
matplotlib.pyplot libraries). The ROC curve 
and its confidence interval (CI) were gener-
ated by calculating the mean and 95% CI of 
the bootstrap sample area under the curve 
(AUC) as well as the mean and 95% CI (SD 
multiplied by 1.96) of the interpolated true 
positive rate. This method provides a robust 
estimate of model performance and quanti-
fies the uncertainty from the limited sample. 

Results

Patient and lesion characteristics

The process of patient exclusion and in-
clusion is shown in Figure 1. A total of 189 
patients were finally included, with a total of 
189 tumor foci with a diameter > 1.5 cm de-
tected in histological findings. Of the included 
lesions, 108 (57.1%) originated in the periph-
eral zone (PZ), 54 (28.5%) in the transition zone 
(TZ), and the remaining 27 (14.3%)in both the 
PZ and TZ. The median prostate volume was 
27.5 mL (33.5–49.2 mL). The clinical character-
istics of the patients and the tumor foci ROIs 
are summarized in Table 2. Representative MRI 
images and ADC histograms of the PCa and 
prostatitis cases are shown in Figures 2 and 3.

Clinical apparent diffusion coefficient tex-
ture parameters for predicting prostatitis 
from PI-RADS 5 lesions

Univariate and multivariate analyses were 
conducted to identify independent risk fac-
tors for differentiating inflammation in PI-
RADS 5 lesions. Based on the clinical data, 
the results showed that age [odds ratio (OR): 
1.081 (95% CI: 1.017–1.149)] and PSAD [OR: 
35.540 (95% CI: 3.534–357.449)] are indepen-
dent risk factors for diagnosing prostatitis. 
Based on texture feature data from whole-tu-
mor ADC image analysis, ADC percentage 
values are independent risk factors for pre-
dicting prostatitis in PI-RADS 5 lesions (OR: 
0.983–0.998), and signal COV has the highest 
OR value [OR: 1.587.241.411 (95% CI: 3.431–
7.342 E + 11)] (Table 3). In these predictive 
parameters, age, PSAD, and signal COV are 
positively correlated with the prediction out-
come, whereas the other variables show a 
negative correlation.

Table 1. Prostatic magnetic resonance imaging parameters of the 3.0-T scanner
Parameters Imaging sequence 

T2WI T1WI DWI

Repetition time (msec) 6.000 600 6.000

Echo time 105 24 82

Field of view (cm²) 22 22 22

Matrix 384 × 384 384 × 384 128 × 128

Section thickness (mm) 3.5 3.5 3.5

Flip angle (degree) 110 90 90

b value (sec/mm²) … … 0, 500, 1,000, and 1,500

Number of slices 25 23 23

Number of averages 2 2 2

Bandwidth/pixel 180 180 2.060

Parallel factors 2 2 2

Acquisition time (min) 3:46 3:30 3:48

T2WI, T2-weighted imaging; T1WI, T1-weighted imaging; DWI, diffusion-weighted imaging.
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Model diagnostic performance 

Table 4 and Figure 4A demonstrate the 
diagnostic efficacy of different diagnostic 
models. Age and PSAD were integrated into 
the clinical model with diagnostic efficacy as 
follows: AUC of 84.6%, SEN of 97.4%, SPE of 
16.0%, PPV of 95.7%, and NPV of 25.1%. The 
ADC texture model includes two parameters: 
the ADC median and signal COV. The diag-
nostic efficacy of this model is as follows: AUC 
of 86.5%, SEN of 88.1%, SPE of 44.4%, PPV 
of 96.8%, and NPV of 16.4%. The combined 
model shows a significant improvement in 
diagnostic performance compared with the 
two models mentioned above. The diagnos-
tic efficacy is as follows: AUC of 93.1%, SEN 
of 98.7%, SPE of 60.0%, PPV of 97.9%, and 
NPV of 71.6%. There was no significant dif-
ference in diagnostic performance between 
the ADC texture model and clinical model (P 
= 0.7697). The decision curve showed that 
when the threshold was between 0.1 and 0.8 
(Figure 4B), the combined model obtained 
significant clinical benefits when deciding 
whether to perform a biopsy. The bootstrap 
results showed that the performance of the 
combined model was robust [93.2% (95% CI: 
85.6%–98.6%); Figure 5] in internal validation 
and superior to either the clinical model or 
the ADC texture model. 

Discussion
The present study determined that tex-

ture analysis of ADC MRI combined with 

clinical parameters significantly improved 
the differentiation of prostatitis from PCa in 
PI-RADS 5 lesions. Improving the PPV of PI-
RADS 5 lesions can potentially reduce unnec-
essary biopsies and the associated patient 
anxiety and morbidity. It might also lead to 
more appropriate treatment strategies based 
on a more accurate diagnosis.

Previous studies have demonstrated that 
PSAD identifies significant differences be-
tween prostatitis and PCa20 and is significant-
ly more effective than PSA in differentiating 
between benign and malignant histology. 
Integration of PSAD into decision-making 
for prostate biopsy may facilitate improved 
risk-adjusted care.21-23 These findings are con-
sistent with those of the present study. How-
ever, after using simple clinical parameters to 
build a prediction model, the AUC of the clin-
ical model was significantly lower than that 
of the model constructed using ADC texture 
analysis, demonstrating the limitations of 
PSAD in identification. In addition, MRI not 
only measures prostate volume but also ex-
tracts texture features from ADC maps, mak-
ing it a key supplementary source of data 
beyond clinical indicators. We found that in 
PI-RADS 5 lesions, the ADC parameters of the 
tumor were significantly lower than those of 
the inflammation group, which is consistent 
with previous studies.24,25 However, our study 
only focused on PI-RADS 5 lesions, where-
as other studies did not differentiate lesion 
PI-RADS scores; therefore, the numerical 
differences were greater than in this study. 

The narrowed data difference reflects the dif-
ficulty of the accurate diagnosis of PI-RADS 
5 lesions and reflects the inadequacy of the 
PI-RADS scoring system, which is based on 
subjective qualitative evaluation of MRI. 
This reflects the importance of quantitative 
indicators for accurate diagnosis of prostate 
lesions, which may be of reference value for 
the future development of PI-RADS. In our 
study, there was no significant difference in 
histogram skewness, histogram kurtosis, or 
histogram entropy. This is inconsistent with 
previous findings and may be related to the 
small number of samples we included, espe-
cially the small number of prostate inflam-
mation cases.

The study by Cheng et al.26 found that 
combining clinical parameters and ADC val-
ues​​ improved the PPV of PI-RADS 5 lesions, 
which is similar to our results, but they used 
the ADC mean and minimum without tex-
ture analysis to fully explore the possible 
morphological differences between PCa 
and inflammation. The study by Bonaffini et 
al.16 used radiomics to distinguish PCa from 
non-cancer cases. However, with the deep-
ening of radiomics research, it was found that 
the spatial resolution of MRI is still far behind 
that of computed tomography, and prostate 
lesions are usually small. Smaller ROIs may 
not fully utilize the advantages of radiomics, 
which, in turn, affects repeatability and lim-
its interpretability. Texture analysis goes be-
yond simple visual inspection and provides 
objective measures of tissue heterogeneity. 
Therefore, our expectation is that texture 
analysis can help distinguish between tumor 
and non-tumor PI-RADS 5 lesions. The results 
of our study validate our assumptions.

Based on previous research evidence, 
the findings of this study may be associated 
with the corresponding pathophysiologi-
cal changes. Although PCa and prostate in-
flammation show a decrease in ADC signal, 
the mechanisms of the two are significantly 
different. The mechanism of ADC decrease in 
PCa is mainly caused by the increase in cell 
density per unit of volume caused by abnor-
mal tumor proliferation,27-29 which restricts 
the diffusion of water molecules between 
cells. Inflammation is related to cell infiltra-
tion in the acute phase and fibrous repair in 
the chronic phase.28 Compared with the sig-
nificant decrease in tumor ADC value, the de-
crease in inflammation ADC value is relative-
ly mild. Histogram analysis of texture analysis 
can detect the above changes well on MRI.

The study’s strengths include the use 
of appropriate, reasonable, and interpre-
table methods to perform texture analysis 

Figure 1. Flowchart of patient exclusion and inclusion. PI-RADS, Prostate Imaging Reporting and Data 
System; MRI, magnetic resonance imaging; PCa, prostate cancer.
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Table 2. Patient and lesion characteristics

Lesions (n = 189) Prostatitis (n = 25) Prostate cancer (n = 164) P value

Clinical features

Age (years) 67.7 ± 7.2 72.0 ± 8.1 0.010

PSA (ng/mL) 8.6 (5.9–17.8) 15.1 (9.8–30.2) 0.002

PSAD (ng/mL2) 0.18 (0.12–0.39) 0.48 (0.25–0.88) < 0.001

Prostate volume (mL) 49.8 (35.0–60.5) 32.0 (26.5–42.9) < 0.001

WBC (×109/L) 6.8 (5.5–8.6) 5.9 (5.2–7.3) 0.136

Location

PZ (n, %) 12 (11.2) 96 (88.8)

TZ (n, %) 10 (18.9) 44 (81.1)

PZ + TZ (n, %) 3 (12.0) 24 (88.0)

ISUP grade group (n/%)

1 (GS: 3 + 3) 4 (2.4)

2 (GS: 3 + 4) 34 (20.7)

3 (GS: 4 + 3) 70 (42.6)

4 (GS: 8) 3 (20.7)

5 (GS ≥ 9) 22 (13.4)

Specimen types (n/%)

Biopsy 16 (64.0) 34 (20.7)

TURP 1 (4.0) 7 (4.3)

Radical surgery + biopsy 2 (8.0) 74 (45.1)

TURP + biopsy 6 (24.0) 21 (12.8)

Radical surgery 28 (17.0)

PSA, prostate-specific antigen; PSAD, prostate-specific antigen density; WBC, white blood cell; GS, Gleason score; ISUP, International Society of Urological Pathology; TURP, 
transurethral resection of the prostate; PZ, peripheral zone; TZ, transition zone.

Figure 2. Magnetic resonance imaging (MRI) of prostate cancer (PCa) and prostatitis: (a-c) MRI images of patients with PCa; (d-f) MRI images of patients with 
prostatitis; (a, d) focal, low-signal lesions in the peripheral zone on T2-weighted imaging; (b, e) significant low signal on the apparent diffusion coefficient (ADC); (c, 
f) segmentation images on the ADC; both scored as Prostate Imaging Reporting and Data System 5.

a

d

b

e

c

f
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Figure 3. Comparison of whole-tumor histogram analysis of apparent diffusion coefficients (ADCs) between prostate cancer (PCa) and prostatitis: PCa foci (a) 
showing a higher relative frequency at low ADCs than (b) prostatitis foci, resulting in significant divergence between prostatitis and PCa at the high end of the 
cumulative ADC histogram. This suggests that PCa contained more pixels with low ADCs, indicating high cellularity. Std. Dev., Standard deviation. 

a b

Table 3. Clinical and apparent diffusion coefficient texture univariate and multivariate analyses

Univariate analysis Multivariate analysis

Clinical OR (95% CI) P value OR (95% CI) P value

Age (years) 1.069 (1.013–1.128) 0.015 1.081 (1.017–1.149) 0.012

PSA (ng/mL) 1.053 (1.009–1.098) 0.017

Prostate volume (mL) 0.986 (0.961–0.991) 0.002 0.990 (0.971–1.009) 0.291

WBC (×109/L) 0.776 (0.619–0.972) 0.028

PSAD (ng/mL2) 68.469 (6.074–771.759) 0.001 35.540 (3.534–357.449) 0.002

ADC texture

Histogram skewness 1.787 (0.617–5.177) 0.457

Histogram kurtosis 1.050 (0.701–1.570) 0.971

Histogram entropy 0.213 (0.012–3.743) 0.246

ADC minimum 0.990 (0.986–0.995) < 0.001

ADC 5% 0.983 (0.977–0.989) < 0.001

ADC 25% 0.986 (0.981–0.991) < 0.001

ADC median 0.987 (0.982–0.992) < 0.001 0.990 (0.985–0.995) <0.001

ADC 75% 0.989 (0.984–0.993) < 0.001

ADC 95% 0.992 (0.988–0.996) < 0.001

ADC maximum 0.998 (0.995–1.000) 0.063

ADC mean 0.986 (0.981–0.991) < 0.001

Signal COV 1.520 E+11 (1,674,931.931–1.379 E + 16) < 0.001 1,587,241.411 (3.431–7.342 E + 11) 0.032

Signal SD 1.012 (0.997–1.026) 0.084

PSA, prostate-specific antigen; PSAD, prostate-specific antigen density; WBC, white blood cell; ADC, apparent diffusion coefficient; COV, coefficient of variation; SD, standard 
deviation; CI, confidence interval; OR, odds ratio.

Table 4. Diagnostic performance of different diagnostic models

AUC (%) SEN (%) SPE (%) PPV (%) NPV (95%) ACC

Clinical modelab 84.6 (78.5–89.4) 97.4 (93.6–99.3) 16.0 (4.5–36.1) 95.7 (94.8–96.3) 25.1 (8.2–55.6) 93.4 (88.8–96.5)

ADC texture modelac 86.5 (80.7–91.1) 88.1 (82.3–92.4) 44.4 (13.7–78.8) 96.8 (94.3–98.1) 16.4 (7.8–31.0) 85.9 (80.0–90.6)

Combined modelbc 93.1 (88.4–96.3) 98.7 (95.5–99.8) 60.0 (38.6–78.8) 97.9 (96.6–98.7) 71.6 (38.0–91.2) 96.8 (93.1–98.8)
a: Clinical model vs. ADC texture model: P = 0.7697.
b: Clinical model vs. combined model: P = 0.0038.
c: ADC texture model vs. combined model: P = 0.0812. 
AUC, area under the curve; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value; ADC, apparent diffusion coefficient; ACC, accuracy. 
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for accurate diagnosis of MRI-visible lesions 
assigned a score of PI-RADS 5. The volume 
of the prostate and the lesions within it are 
small, the ADC spatial resolution is not high, 
and the organs and lesions themselves and 
the scanning sequence parameters limit the 
full play of high-throughput, multi-dimen-
sional image analysis methods such as ra-
diomics. The combination of texture analysis 
parameters and clinical indicators for predic-
tion improves the accuracy of the diagnosis 
of lesions classified as PI-RADS 5. This diag-
nostic model not only further distinguishes 
the nature of lesions based on the existing 
PI-RADS but also serves as a supplement and 
improvement to PI-RADS.

From a total of 829 consecutive cases 
screened as PI-RADS 5 in a single center, we 
selected 189 cases that had complete clinical, 
imaging, and pathological data. These cases 
were closer to real-world cases. The sample 
size of prostatitis cases in this study is limited, 
which may lead to potential overfitting in the 
constructed model. To address this issue, the 
bootstrap method was employed for internal 
validation, ultimately verifying the diagnos-
tic accuracy of the newly developed model.

Our study is subject to certain limita-
tions. It is a single-center investigation with 
a limited sample size of prostatitis cases, 
and external validation has not been con-
ducted. We plan to conduct a multi-center, 

large-sample study in the future. Inter-read-
er variability in ROI drawing, although min-
imized by training, is still a potential factor 
influencing the model’s accuracy. Although 
the machine scanning parameters are the 
same, we used three different machine mod-
els from two manufacturers. Existing studies 
have verified that different equipment mod-
els can lead to significant inconsistencies 
in radiomic feature extraction; for instance, 
Tocilă-Mătășel et al.30 reported that texture 
features varied when acquired from differ-
ent MRI scanners with different parameters. 
Hajianfar et al.31 further verified that such 
equipment-induced variability could reduce 
the robustness of radiomics models in clini-
cal applications. The impact of different ma-
chine models on texture analysis needs to be 
further studied, especially regarding how to 
mitigate its interference with the robustness 
of results.

In conclusion, ADC texture parameters 
(signal COV, ADC median), PSAD, and age 
are independent risk factors for distinguish-
ing PCa and prostatitis in PI-RADS 5 lesions. 
The ADC texture analysis of lesions with a 
PI-RADS score of 5 combined with clinical 
parameters can effectively improve the ac-
curacy of diagnosis to reduce unnecessary 
biopsies and improve patient management. 

Footnotes 

Conflict of interest disclosure
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Figure 4. Receiver operating characteristic curve (ROC) and decision curve of different models: (a) ROC analysis demonstrates superior performance of the combined 
model (area under the curve: 0.931, sensitivity: 0.987, specificity: 0.600, positive predictive value: 0.979, negative predictive value: 0.716) to the apparent diffusion 
coefficient (ADC) texture and clinical models (P < 0.05). (b) Decision curve analysis reveals the combined model provides greater clinical net benefit across risk 
thresholds (0.1–0.8) than individual models. 

a b

Figure 5. Internal validation. The bootstrap results demonstrated that the performance of the combined 
model was robust [93.2% (95% CI: 85.6%–98.6%)] in internal validation. ROC, receiver operating 
characteristic; AUC, area under the curve; CI, confidence interval. 
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ABSTRACT
This article explores the characteristics and scope of artificial intelligence (AI) competitions in medi-
cal imaging. A retrospective evaluation of AI competitions related to medical imaging was conduct-
ed between 2017 and 2023. Relevant terms associated with AI and competitions were searched 
using the PubMed database and the grand-challenge website, and applicable studies were includ-
ed in the review. The 26 AI competitions included in the review covered a wide range of topics, 
from brain imaging to extremities and from stroke detection to bone age estimation, with many 
organized through international collaborations between engineering and medical professionals. 
Various national screening and teleradiology databases, as well as university databases, were used. 
Teams from different regions worldwide participated in these competitions. These initiatives con-
tribute to the global adoption of AI technologies in healthcare. Moreover, they help raise awareness 
among high school students, medical students, radiology trainees, and young radiologists of the 
intersection between AI and medical imaging. AI competitions play a crucial role in fostering col-
laboration between the medical field and AI, driving innovation, and increasing societal awareness 
of AI applications in healthcare.

KEYWORDS
Artificial intelligence, radiology, imaging, healthcare, competition

Artificial intelligence (AI) in healthcare is evolving through human–machine collabo-
ration, with innovation driven by partnerships between academic healthcare institu-
tions and industry. The proper validation of AI algorithms, effective data sharing, and 

training for radiologists is essential.1 Fundamental requirements and quality standards appli-
cable to all AI-related organizations have begun to be established.2

A study examining the impact of AI on radiology and medical imaging through web 
searches revealed a prevailing positive outlook, highlighting the leading role of radiologists 
in this discourse.3 Radiology department chairs tend to be optimistic, believing that AI will be 
beneficial in areas such as quality, efficiency, healthcare costs, and interpretation workflow.4 
Although radiologists support the idea that AI will streamline workflow, medical students and 
surgeons approach it more cautiously.5

Despite potential biases and pitfalls in the use of AI technologies in medical imaging, their 
development and advancement are achievable through grand challenges. The expected ben-
efits include creating code and trained datasets, openly sharing them, generating new work 
areas, and directly involving AI in patient care.6

With the widespread use of AI in the medical field, this systematic review aims to investi-
gate the effectiveness of recently organized and popular radiological imaging competitions 
worldwide.

Methods
Ethical committee approval and patient consent are not required for this type of article. 

A search was conducted on the PubMed database using the terms “competition” or “contest” 
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added to the phrase “AI.” The focus was on 
articles containing result reports of imag-
ing-related competitions between 2019 
and 2023. Completed competitions were 
identified using the “completed” filter on the 
grand-challenge website. Versions of identi-
fied competitions held in previous or subse-
quent years were also considered. A total of 
26 competitions that provided sufficient in-
formation and had a substantial impact were 
included in the review (Figure 1).

Information recorded for each competi-
tion included the competition’s name, year 
held, imaging modality, target region, search 
field, dataset source, dataset sample size, 
dataset accessibility, diversity of contributing 
institutions, derived academic publications 
(as of January 2024), citation count accord-
ing to the Web of Science criteria (as of Jan-
uary 2024), competition location, evaluation 
criteria, and the number of participating in-
dividuals or teams. 

Results
This review presents the characteristics of 

26 AI and medical imaging-related competi-
tions and datasets between 2017 and 2023 
(Tables 1 and 2). These competitions were 
hosted by organizations such as the Annual 
Aviation, Space, and Technology Festival (TE-
KNOFEST), the Radiological Society of North 
America (RSNA), and the International Con-
ference on Medical Image Computing and 
Computer-Assisted Intervention (MICCAI), ei-
ther individually or collectively. Final compe-
titions or winner announcements were held 
either onsite or online.

Various imaging modalities, including 
magnetic resonance imaging, computed to-
mography, ultrasound, mammography, and 
digital breast tomosynthesis, were utilized. 
Competition themes covered different body 
regions, ranging from the head to the lower 
limb, with a focus on segmentation, cancer 
detection, and disease diagnosis. Most com-
petitions used datasets from universities, but 

some also incorporated data from national 
teleradiology systems or screening pro-
grams. Although the majority of competition 
datasets were openly accessible, some re-
quired approval for access. One competition 
was conducted exclusively online, whereas 
others took place both online and onsite.

In the TEKNOFEST competitions, high 
school students competed in a separate 
category, distinguishing them from other 
competitions. Studies derived from these 
competition datasets were predominantly 
published in high-impact journals.

Discussion
The current review aims to evaluate AI ap-

plications in medical imaging competitions, 
which are rapidly increasing in today’s med-
ical imaging landscape. High-participation 
competitions are organized online or onsite 
in different parts of the world. Collaboration 
in dataset preparation involves radiologists, 
clinicians, engineers, and data scientists from 
different countries and institutions. Studies 
produced after competitions are published 
in high-quality journals, and their citation 
potential is relatively high. Competitions 
play an effective role in increasing the pos-
itive impact and benefits of AI in medical 
imaging and in generating greater interest 
in this field.

Organizations such as RSNA, MICCAI, and 
TEKNOFEST, or online platforms such as the 
grand-challenge website, host these compe-
titions.7-35 Dataset organization teams have 
sometimes come together as multinational 
teams and are generally multi-institutional. 

AI competitions in medical imaging lead to 
the establishment of collaborations not only 
between interdisciplinary teams but also 
between institutions and countries, both 
for competition teams and data preparation 
teams. The robust infrastructure of national 
teleradiology systems and the strict preser-
vation of imaging data enable the prepara-
tion of competition datasets and the genera-
tion of results closest to real-world data.

A study examining 2,517 clinical trials 
related to AI-associated medical devices re-
vealed that research is generally conducted 
in specific countries at the national level, 
with studied populations limited to certain 
regions. In the last few decades, the devel-
opment of AI technologies in the medical 
field has turned into a global competition 
led by China and the United States.36 Allow-
ing free participation from around the world 
in AI competitions in the health sector is in-
creasing the momentum of innovation. The 
expansion of competitions to low-income 
countries will diversify the data population 
and facilitate the availability of developed 
software for the benefit of these countries. 

In 2023, a competition format involving 
young radiologists and radiology trainees 
was first organized at the European Soci-
ety of Medical Imaging Informatics Annual 
Meeting in Pisa, Italy; this marked a mile-
stone in radiologists’ orientation toward AI.37 
Participating in such competitions during 
the radiology training period can contribute 
to radiology education in the current era of 
strong momentum in AI and radiology col-
laboration.

Main points

•	 In recent years, artificial intelligence (AI) 
competitions have become widespread in 
the field of medical imaging.

•	 Datasets are commonly shared openly, and 
competition results are published in pres-
tigious journals, receiving substantial cita-
tions.

•	 AI competitions help shape perspectives on 
AI in radiology education and among aspir-
ing radiologists.

Figure 1. Flowchart of the selection process for AI competitions in medical imaging. AI, artificial intelligence.
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Table 1. Features of the competitions and datasets

Competition Date Modality Target 
structure

Search field Dataset source Sample size Dataset 
access

TEKNOFEST 2021 artificial 
intelligence in health competition 
(stroke dataset)7

2021 CT Brain Stroke National Teleradiology 
System, Türkiye 877 CT Open

TEKNOFEST 2022 artificial 
intelligence in health competition8 2022 CT Abdomen Abdominal 

emergencies
National Teleradiology 

System, Türkiye 1,517 CT Open

TEKNOFEST 2023 artificial 
intelligence in health competition9 2023 MG Breast Breast cancer National Teleradiology 

System, Türkiye N/A Restricted

RSNA pediatric bone age 
challenge10-12 2017 X-ray Hand Bone age

Stanford University 
and University of 

Colorado

14,236 hand 
radiographs Open

RSNA pneumonia detection 
challenge13,14 2018 X-ray Lung Pneumonia Public NIH 26,684 

radiographs Open

RSNA intracranial hemorrhage 
detection challenge15,16 2019 CT Head Intracranial 

hemorrhage

Stanford University, 
Thomas Jefferson 
University, Unity 
Health Toronto, 

Universidade Federal 
de São Paulo, The 

American Society of 
Neuroradiology

27,861 unique 
CT Open

RSNA pulmonary embolism 
challenge17,18 2020 CT Lung Pulmonary 

embolism Multi-institutional 12,195 CT Open

RSNA brain tumor AI challenge19 2021 MRI Brain

Brain tumor 
segmentation/
radiogenomic 
classification

Multinational 8,000 MRI Restricted

RSNA COVID-19 AI detection 
challenge (SIIM conference on 
machine intelligence in medical 
imaging)20

2021 X-ray Lung COVID-19 
pneumonia Multi-database 10,178 chest 

radiographs Open

RSNA cervical spine fracture AI 
challenge21 2022 CT Neck Cervical spine 

fracture Multinational 3,112 CT Open

RSNA screening mammography 
breast cancer detection AI 
challenge22

2023 MG Breast Breast cancer
Mammography 

screening programs in 
Australia and the U.S.

8,000 MG Open

RSNA abdominal trauma detection 
AI challenge22 2023 CT Abdomen Abdominal 

traumas Multinational >4,000 CT Open

CHAOS - Combined (CT-MR) healthy 
abdominal organ segmentation23 2019 CT/MRI Abdomen Abdominal organ 

segmentation Dokuz Eylül University 40 MRI and 
40 CT Open

Tumor detection, segmentation, 
and classification challenge on 
automated 3D breast ultrasound24

2023 Ultrasound Breast Breast cancer
Harbin Medical 

University Cancer 
Hospital

200 
ultrasound

Upon 
request

KNee OsteoArthritis Prediction 
Challenge 25 2020 X-ray/MRI Knee Knee 

osteoarthritis Previous study data 423 X-ray/MRI Open

Surface learning for clinical 
neuroimaging (MLCN workshop 
challenge, MICCAI)24

2022 MRI Brain Cortical 
development Previous study data 514 MRI Upon 

request

K2S: from undersampled k-space to 
automatic segmentation (MICCAI)26 2022 MRI Knee Knee joint 

degeneration University of California 816 MRI Upon 
request

1st Boston neonatal brain 
injury dataset for hypoxic 
ischemic encephalopathy lesion 
segmentation challenge (MICCAI)27

2023 MRI Brain Hypoxic ischemic 
encephalopathy

Massachusetts General 
Hospital 133 MRI Open

DBTex Challenge28 2021 Digital breast 
tomosynthesis Breast Breast cancer Duke University

22,032 
digital breast 

tomosynthesis
Open
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In a survey conducted among medical 
students in Canada, it was observed that al-
though radiology specialization was among 
the top choices, there were widespread 
concerns about the negative effects of AI 
on radiologists. Information meetings are 
suggested to address these concerns.38 The 
negative effects of AI on radiology career 
development have also been noted among 
US medical students.39 Public competitions 
involving medical students will contribute 
to a more realistic understanding of the rela-
tionship between AI and radiology expertise. 
Encouraging high school students to par-
ticipate in some competitions strategically 
promotes AI development and raises social 
awareness among young individuals who 
have not yet made career choices. Technolo-
gy teachers at the high school and even mid-
dle school levels can take the lead in encour-
aging participation in such activities during 
their training.

Additionally, such competitions can lead 
to the generation of new study topics on 
emerging issues and the establishment of 
new networks, facilitating the creation of 
start-ups. AI summer schools in medicine for 
high school students have begun to be es-
tablished at universities.40 Ethical dilemmas 
such as bias risk and data security, along with 

AI’s potential to assist medical profession-
als, cannot be overlooked in the realm of AI 
in healthcare.41 AI training programs should 
comprehensively address all these aspects.

The impact of AI-related medical imaging 
competitions on scientific publication con-
version, citation potential, and integration 
into the literature was investigated. Howev-
er, another crucial aspect—their clinical ap-
plication and commercial utilization—lacks 
sufficient and effective information based 
on available datasets and publications. To 
bridge the gap between scientific innovation 
and clinical practice, it may be beneficial to 
increase awareness of these competitions 
among healthcare institutions, AI-related 
public organizations, and commercial enti-
ties while also expanding networking oppor-
tunities for competition participants.

Efforts have been made to standardize 
and enhance transparency in the evalua-
tion of medical imaging competitions, from 
defining the competition’s mission to data-
set preparation methodologies and partici-
pant ranking metrics and criteria. However, 
substantial variations have been observed 
across these stages.42 Proper competition de-
sign and interpretation can facilitate the val-
idation of AI algorithms and promote their 

translation into clinical applications.43 Sever-
al factors influence the outcomes of AI-relat-
ed medical imaging competitions, including 
the dataset used, the reference annotations 
determined by annotators, and the scoring 
system applied for ranking.44 Quality control 
at all stages of a competition enhances the 
validity and reliability of its results. In our re-
view, a comprehensive framework has been 
established, detailing the design, execution, 
and outcomes of current AI-related medical 
imaging competitions.

This review has some limitations. Not all 
the databases where competitions could be 
included were examined for all dates. Howev-
er, by focusing on recent competitions in the 
most well-known databases and platforms, 
an attempt was made to minimize selection 
bias. There are only a few studies in the lit-
erature examining competitions related to 
AI and radiology.6,45 However, our review is 
the first to address the dataset, organization 
teams, and competition features.

In conclusion, as AI continues to play an 
increasing role in radiology, competitions 
related to AI and medical imaging contrib-
ute to quality dataset sharing, collaboration 
among experts, and increased awareness in 
this field.

Table 1. Continued

Competition Date Modality Target 
structure

Search field Dataset source Sample size Dataset 
access

COVID-19 lung CT lesion 
segmentation challenge29 2020 CT Lung COVID-19 

pneumonia

Previous study data 
from the Cancer 
Imaging Archive

295 CT Partial

Kidney tumor segmentation 
challenge (MICCAI)30 2019 CT Kidney Kidney tumor

University of 
Minnesota Medical 

Center
300 CT Partial

Kidney tumor segmentation 
challenge (MICCAI)24 2021 CT Kidney Kidney tumor/

cyst

M Health Fairview 
or Cleveland Clinic 

Medical Center
300 CT Open

Kidney tumor segmentation 
challenge (MICCAI)24 2023 CT Kidney Kidney tumor/

cyst
M Health Fairview 

Medical Center 599 CT Open

French Society of Radiology data 
challenge31-33 2018 MRI/CT/

Ultrasound

Knee/
Kidney/

Liver/
Breast

Meniscal tear, 
renal cortex 

segmentation, 
lesions of the 

liver, breast, and 
thyroid cartilage

Multi-institutional 5,170 images N/A

French Society of Radiology data 
challenge34 2019 MRI/CT

Lung/
Brain/

Muscles

Pulmonary 
nodule, multiple 

sclerosis, 
sarcopenia

Multi-institutional 4,347 
examinations N/A

French Society of Radiology data 
challenge35 2020 CT/Ultrasound

Breast/
Neck/
Heart

Breast nodule, 
neck lymph node, 
coronary calcium 

score

Multi-institutional 2,076 
examinations N/A

TEKNOFEST, Annual Aviation, Space and Technology Festival; CT, computed tomography; MG, mammography; RSNA, Radiological Society of North America; NIH, National 
Institutes of Health; AI, artificial intelligence; MRI, magnetic resonance imaging; COVID-19, coronavirus disease 2019; MLCN, Machine Learning in Clinical Neuroimaging; MICCAI, 
International Conference on Medical Image Computing and Computer-Assisted Intervention.
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Table 2. Characteristics of the competitions and publications

Competition Studies derived 
from dataset

Citations Dataset experts Country Number of 
individual 
participants or 
teams in the first 
application

Evaluation criteria

TEKNOFEST 2021 artificial 
intelligence in health 
competition

1 1
Multi-institutional 
radiologists and 
engineers

Türkiye 570 participants F1 score, IoU

TEKNOFEST 2022 artificial 
intelligence in health 
competition

1 None
Multi-institutional 
radiologists and 
engineers

Türkiye 213 teams
Mean F1 scores computed 
across distinct threshold 
values for IoU

TEKNOFEST 2023 artificial 
intelligence in health 
competition

None None
Multi-institutional 
radiologists and 
engineers

Türkiye 409 teams F1 score

RSNA pediatric bone age 
challenge 3 271 Multi-institutional 

radiologists U.S. 260 participants Mean absolute distance in 
months

RSNA pneumonia detection 
challenge 2 39

Society for Thoracic 
radiology members 
and software

U.S. 1,400 teams Mean average precision at 
different IoU thresholds

RSNA intracranial hemorrhage 
detection challenge 2 110 Multinational via 

commercial software U.S. 1,345 teams Weighted multi-label 
logarithmic loss

RSNA pulmonary embolism 
detection challenge 2 32 Society of Thoracic 

Radiology members U.S. 784 teams Weighted log loss

RSNA brain tumor AI 
challenge 1 1 Multinational U.S. 1,555 teams

Dice similarity coefficient, 
Hausdorff distance (95%), 
AUC, accuracy, FScore 
(Beta), and Matthew’s 
correlation coefficient

RSNA COVID-19 AI detection 
challenge 1 6 Multinational U.S. 1,305 teams

Standard PASCAL VOC 
2010 mean average 
precision at IoU >0.5

RSNA cervical spine fracture AI 
challenge 1 None

Spine radiology 
specialists from the 
American Society 
of Neuroradiology 
and the American 
Society of Spine 
Radiology

U.S. 883 teams Weighted multi-label 
logarithmic loss

RSNA screening 
mammography breast cancer 
detection AI challenge

None None Via commercial 
software tools U.S. 1,687 teams Probabilistic F1 score

RSNA abdominal trauma 
detection AI challenge None None

Society of 
Abdominal 
Radiology and the 
American Society 
of Emergency 
Radiology members

U.S. 1,123 teams

Average of the sample 
weighted log losses from 
each injury type and an 
any-injury prediction 
generated by the metric

CHAOS - Combined (CT-MR) 
healthy abdominal organ 
segmentation

1 195

Engineers, 
radiologists, and 
PhD/MSc/BSc 
students from 
Türkiye

Italy 1,500 participants Intra- and inter-annotator 
scores

Tumor detection, 
segmentation, and 
classification challenge 
on automated 3D breast 
ultrasound

None None Engineer/radiologist 
from China

Canada 
(MICCAI 
2023)

503 participants

Dice similarity coefficient, 
Hausdorff distance, 
accuracy, AUC, free-
response ROC

KNee OsteoArthritis Prediction 
Challenge 1 6 N/A Netherlands/

Online 20 participants ROC AUC and balanced 
accuracy

Surface learning for clinical 
neuroimaging (MLCN 
workshop challenge, MICCAI)

None None
Engineers and 
radiologists from 
the U.K.

Singapore 91 participants Mean absolute error
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Artificial intelligence (AI) methods have attracted widespread interest in the field of 
medical imaging, and the increasing number of AI publications in radiological journals 
reflects this growing attention from researchers and journals alike. As the old saying 

goes, “interest is the best teacher,” yet interest in AI does not automatically translate into prop-
er use and adequate reporting of AI methods. Promising results in published articles do not 
necessarily ensure high methodological quality. More often than not, incomplete reporting of 
methodology and the lack of data and code sharing hinder study evaluation and model repli-
cation. To address this issue, the Checklist for AI in Medical Imaging (CLAIM) was developed as 
a guide for the complete reporting of AI studies in medical imaging.1 CLAIM has been widely 
adopted, with more than 800 articles citing the guideline as of March 14, 2025, and has also 
been used as a tool for quality assessment in systematic reviews of AI studies.2 However, these 
systematic reviews, which typically focus on medical imaging studies using AI, highlight the 
limited quality of current studies. This raises the question of whether CLAIM has been used 
appropriately and how the reporting and methodological quality of AI studies in medical im-
aging can be improved.

In this issue of Diagnostic and Interventional Radiology, the study by Koçak et al.3 not only 
reveals a substantial gap between the current state of reporting and the ideal reporting of 
AI studies in medical imaging but also identifies factors influencing adherence to CLAIM. The 
study finds that CLAIM adherence is associated with the journal impact factor quartile, publi-
cation year, and specific radiology subfields. Not surprisingly, CLAIM adherence improved af-
ter CLAIM’s publication, likely because authors became more familiar with standard practices. 
Higher adherence to CLAIM was observed in cardiovascular studies, suggesting a more mature 
use of AI methods in this subfield, from automated reconstruction tools for coronary comput-
ed tomography angiography to analysis software for cardiac magnetic resonance. Despite this 
progress, improving CLAIM adherence remains more important than identifying the sources 
of high adherence. High-impact journals might promote more transparent reporting practices 
through more rigorous peer review processes and encourage authors to follow AI guidelines 
and include them in submission requirements.4 As the mandatory use of reporting guidelines 
has been shown to improve study quality,5 the current study provides a clear and actionable 
recommendation to enhance the quality of AI studies: increase journal support for CLAIM use.6

In this study, Koçak et al.3 follow a two-level analysis to address concerns regarding com-
mon CLAIM critiques. The study summarizes comments from systematic reviews and identifies 
two main critiques: concerns about the inapplicability of certain items to all study types and 
the subjective nature of reporting decisions. The concern regarding inapplicability has been 
addressed with the update of CLAIM 2024, which includes a “not applicable” option for item 
evaluation,7 but the issue of subjectivity remains. These factors may all contribute to the un-
reliability of CLAIM evaluation, such as unclear item descriptions, subjective comprehension, 
and the complexity of AI methods.8 When researchers use CLAIM for future systematic reviews, 
a greater focus on reproducibility may be necessary. CLAIM still needs updates, including more 
explanations and elaborations with examples, so that users can apply the tool with a better 
understanding.9 Additionally, developing user-friendly online tools would enhance conve-
nience.10 The introduction of automatic tools, such as large language models, may also aid in 
optimizing the reproducibility of CLAIM evaluation. Furthermore, translated versions of the 
tools endorsed by the original authors may increase visibility and adaptability to local cultures.
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Beyond the CLAIM tool itself, the qual-
ity of individual studies remains crucial. A 
previous study by Kocak et al.9 investigated 
the use of CLAIM in individual studies. The 
study found that only a small percentage of 
publications used CLAIM along with a sup-
plementary filled-out checklist, and many of 
the completed checklists contained errors. 
CLAIM is a useful tool for post-publication 
evaluation,2 but it is not currently required 
before submission. It remains unclear wheth-
er the endorsement of CLAIM and other 
AI-specific guidelines can improve reporting 
and methodological quality. Furthermore, it 
is uncertain whether and how these AI-spe-
cific guidelines are used during the editorial 
process, as only a limited number of journals 
practice open peer review or publish articles 
with filled-out checklists. Instead of solely 
critiquing the adherence of published stud-
ies to CLAIM, it would be more valuable to in-
vestigate the influence of CLAIM on scientific 
publication practices. The primary intention 
of developing a checklist is not to evaluate 
existing studies retrospectively with strict 
standards but to guide ongoing research. 
The checklist can also serve as guidance for 
peer review before publication and as a tool 
for study design prior to submission.

In conclusion, the work by Koçak et al.3 
draws the community’s attention to the lack 
of quality in reporting and methodology in AI 
studies in medical imaging. Although check-
lists may not resolve this problem overnight, 
they pave the way for a future of transparent 
reporting and high-quality methodology. 
Therefore, the use of reporting checklists is 
recommended before submission, during 
evaluation, and after publication.

Footnotes
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PURPOSE
This study aimed to compare six large language models (LLMs) [Chat Generative Pre-trained Trans-
former (ChatGPT)o1-preview, ChatGPT-4o, ChatGPT-4o with canvas, Google Gemini 1.5 Pro, Claude 
3.5 Sonnet, and Claude 3 Opus] in generating radiology references, assessing accuracy, fabrication, 
and bibliographic completeness.

METHODS
In this cross-sectional observational study, 120 open-ended questions were administered across 
eight radiology subspecialties (neuroradiology, abdominal, musculoskeletal, thoracic, pediatric, 
cardiac, head and neck, and interventional radiology), with 15 questions per subspecialty. Each 
question prompted the LLMs to provide responses containing four references with in-text citations 
and complete bibliographic details (authors, title, journal, publication year/month, volume, issue, 
page numbers, and PubMed Identifier). References were verified using Medline, Google Scholar, 
the Directory of Open Access Journals, and web searches. Each bibliographic element was scored 
for correctness, and a composite final score [(FS): 0-36] was calculated by summing the correct el-
ements and multiplying this by a 5-point verification score for content relevance. The FS values 
were then categorized into a 5-point Likert scale reference accuracy score (RAS: 0 = fabricated; 4 = 
fully accurate). Non-parametric tests (Kruskal–Wallis, Tamhane’s T2, Wilcoxon signed-rank test with 
Bonferroni correction) were used for statistical comparisons.

RESULTS
Claude 3.5 Sonnet demonstrated the highest reference accuracy, with 80.8% fully accurate referenc-
es (RAS 4) and a fabrication rate of 3.1%, significantly outperforming all other models (P < 0.001). 
Claude 3 Opus ranked second, achieving 59.6% fully accurate references and a fabrication rate of 
18.3% (P < 0.001). ChatGPT-based models (ChatGPT-4o, ChatGPT-4o with canvas, and ChatGPT 
o1-preview) exhibited moderate accuracy, with fabrication rates ranging from 27.7% to 52.9% and 
<8% fully accurate references. Google Gemini 1.5 Pro had the lowest performance, achieving only 
2.7% fully accurate references and the highest fabrication rate of 60.6% (P < 0.001). Reference accu-
racy also varied by subspecialty, with neuroradiology and cardiac radiology outperforming pediat-
ric and head and neck radiology.

CONCLUSION
Claude 3.5 Sonnet significantly outperformed all other models in generating verifiable radiology 
references, and Claude 3 Opus showed moderate performance. In contrast, ChatGPT models and 
Google Gemini 1.5 Pro delivered substantially lower accuracy with higher rates of fabricated refer-
ences, highlighting current limitations in automated academic citation generation.

CLINICAL SIGNIFICANCE
The high accuracy of Claude 3.5 Sonnet can improve radiology literature reviews, research, and ed-
ucation with dependable references. The poor performance of other models, with high fabrication 
rates, risks misinformation in clinical and academic settings and highlights the need for refinement 
to ensure safe and effective use.
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Reference, citation, ChatGPT o1-preview, Claude 3.5 Sonnet, large language models
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The rapid advancement of large lan-
guage models (LLMs) represents a 
key milestone in artificial intelligence 

(AI), offering unprecedented capabilities in 
text generation and comprehension.1 These 
models, trained on extensive datasets, have 
shown promise in medical applications such 
as literature summarization, manuscript ed-
iting, and reference generation.2,3 However, 
their reliability in reference generation re-
mains a critical concern, particularly in ra-
diology, where evidence-based practice de-
pends on accurate and verifiable sources.4,5 A 
key challenge is their tendency to generate 
“hallucinations” (fabricated or inaccurate 
references), which undermine their utility in 
clinical and academic settings.5

The issue of hallucinated references in 
LLMs is well documented in the literature.6-16 
Chelli et al.7 reported hallucination rates of 
39.6% for Chat Generative Pre-trained Trans-
former (ChatGPT)-3.5, 28.6% for ChatGPT-4, 
and an alarming 91.4% for Bard when gen-
erating references for systematic reviews. 
Walters and Wilder8 found that although 
ChatGPT-4 exhibited a lower hallucination 
rate (18%) than ChatGPT-3.5 (55%), both 
models produced considerable inaccuracies, 
even among seemingly valid references. In 
radiology, Wagner et al.9 observed that 63.8% 
of references generated by ChatGPT-3 were 
fabricated, with only 37.9% offering ade-
quate support. These findings are particular-

ly concerning in radiology, where inaccurate 
references could contribute to misinforma-
tion, potentially affecting clinical research, 
educational materials, and evidence-based 
decision-making.9

Retrieval-augmented LLMs combine tra-
ditional language models with external data 
retrieval mechanisms, grounding responses 
in current, domain-specific information.17 
Emerging solutions, such as retrieval-aug-
mented LLMs and platforms like OpenEv-
idence, aim to address these limitations 
by integrating real-time access to credible 
sources.18 OpenEvidence, for instance, de-
livers up-to-date, evidence-based answers 
with clearly labeled references, reducing 
the risk of misinformation.18 However, its 
accessibility remains restricted, requiring a 
National Provider Identifier number, which 
is issued to U.S. healthcare providers, for un-
limited access and is available only in certain 
regions. In contrast, advanced LLMs such as 
ChatGPT-4o with canvas, ChatGPT o1-pre-
view, and Claude 3.5 Sonnet offer worldwide 
accessibility, making them versatile and in-
clusive tools for users across diverse geog-
raphies.19 These models have the potential 
to overcome prior limitations by leveraging 
enhanced natural language processing ca-
pabilities and expanded datasets, ensuring 
broader applicability and impact.20

Despite the rapid advancements in LLMs, 
no systematic evaluation has been con-
ducted to assess the accuracy of references 
generated by state-of-the-art LLMs across 
radiology subspecialties. To address this gap, 
this study aims to provide the first system-
atic evaluation of the reference-generation 
accuracy of advanced LLMs, with a focus 
on identifying the most reliable model and 
characterizing variability across eight ra-
diology subspecialties. By highlighting their 
strengths and limitations, this research seeks 
to clarify the potential roles of LLMs in radiol-
ogy and provide actionable guidance for im-
proving AI-driven reference generation.

Methods

Study design

This cross-sectional observational study 
evaluated the performance of six LLMs—
ChatGPT o1-preview, ChatGPT-4o, ChatGPT-
4o with canvas, Google Gemini 1.5 Pro, 
Claude 3.5 Sonnet, and Claude 3 Opus—in 
generating medical references for radiology 
questions across eight subspecialties. The 
study exclusively used publicly available, in-
ternet-based data without any identifiable 

patient information, eliminating the need for 
ethics committee approval. It was conducted 
in accordance with the Minimum Reporting 
Items for Clear Evaluation of Accuracy Re-
ports of LLMs in Healthcare guidelines.21 An 
overview of the workflow is presented in Fig-
ure 1. 

Question preparation

Eight radiology subspecialties—neurora-
diology, abdominal imaging, musculoskel-
etal radiology, thoracic imaging, pediatric 
radiology, cardiac imaging, head and neck 
radiology, and interventional radiology—
were selected to represent a broad range of 
clinical domains. For each subspecialty, 15 
questions were developed, yielding a total 
of 120 questions. This sample size not only 
balances comprehensive coverage with the 
feasibility of manual reference verification 
but also exceeds the minimum requirement 
of approximately 96 questions—calculated 
using a standard sample size formula for esti-
mating a 50% proportion with a 10% margin 
of error at the 95% confidence level—thus 
ensuring robust statistical power and en-
hancing the precision of our findings. 

All questions were independently created 
by Radiologist 1 (Y.C.G.) without the use of 
any LLMs, thereby preventing any influence 
from the models’ internal training data and 
minimizing potential bias from “leaked” con-
text. All questions are provided in Supple-
mentary Material 1.

Design of input–output procedures and 
performance evaluation for large language 
models

The input prompt was initiated as follows: 
“I am solving a radiology quiz and will pro-
vide you with open-ended, text-based ques-
tions. Please act as a radiology professor with 
30 years of experience. Provide clear, com-
prehensive, and detailed answers to each 
question. Each answer must include four 
references to papers indexed in Medline. The 
references should include in-text citations as 
well as complete details, including the au-
thors’ names, title, journal, publication year, 
month, volume, issue, page numbers, and 
PubMed identifier (PMID)” (Figure 2). This 
prompt was presented in December 2024 on 
six distinct platforms with default parame-
ters: OpenAI’s ChatGPT o1-preview, ChatGPT-
4o, ChatGPT-4o with canvas (https://chat.
openai.com), Google Gemini 1.5 Pro (https://
gemini.google.com), Claude 3.5 Sonnet, and 
Claude 3 Opus (https://claude.ai).

Main points

•	 Claude 3.5 Sonnet demonstrated the high-
est reference accuracy, significantly out-
performing other large language models 
(LLMs) across all radiology subspecialties, 
making it the most reliable tool for generat-
ing medical references.

•	 Chat Generative Pre-trained Transformer 
(ChatGPT)-4o, ChatGPT-4o with canvas, and 
Google Gemini 1.5 Pro exhibited lower ref-
erence accuracy, with considerable incon-
sistencies in generating accurate references, 
highlighting the need for further improve-
ments in these models for use in clinical 
settings.

•	 Accurate reference generation by Claude 
3.5 Sonnet supports its potential to enhance 
literature reviews, research preparation, and 
educational content creation in radiology, 
improving the efficiency and quality of work 
in both clinical and academic domains.

•	 The study emphasizes the necessity of val-
idating LLM-generated references, as er-
rors and inconsistencies in models such as 
ChatGPT and Google Gemini could lead to 
serious risks in clinical decision-making and 
academic integrity.

https://claude.ai
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The allocation of tasks among the radiolo-
gists was as follows:

• Radiologist 2 (T.C.) conducted the ques-
tioning of ChatGPT-4o with canvas, Google 
Gemini 1.5 Pro, and ChatGPT o1-preview and 
recorded the responses.

• Radiologist 3 (E.Ç.) conducted the ques-
tioning of ChatGPT-4o, Claude 3.5 Sonnet, 
and Claude 3 Opus.

Due to resource limitations, the exper-
iments were conducted with a single re-
sponse per model per question to establish 
a standardized baseline. All LLMs were oper-
ated using their default parameters; only the 
first complete response generated by each 
model for each question was recorded. No-
tably, the LLMs were not pre-trained on any 
specific prompts, data, or question set prior 
to this study.

Reference evaluation

Validation of reference authenticity

Although the query requested Med-
line-indexed references, multiple databases 
were used for verification to account for pos-
sible indexing inconsistencies and to ensure 
a comprehensive assessment of reference 
accuracy. Each reference was verified across 

Figure 1. Overview of the study workflow.

Figure 2. Illustration of the prompts given to large language models and the corresponding responses they generated. MRI, magnetic resonance imaging;  
CT, computed tomography.
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three databases—Medline, Google Scholar, 
and the Directory of Open Access Journals—
and an internet search. If a reference could 
not be located in any of these databases, it 
was classified as fabricated.

Stylistic and bibliographic accuracy check

Although references were ultimately 
scored using a composite measure, each bib-
liographic element was explicitly examined:

• Authors’ names (A), article title (T), jour-
nal name (J), publication year (Y), publication 
month (M), journal volume (V), issue number 
(I), page numbers (P), PMID number (PM).

Verification score

The verification score (VS) evaluates the 
accuracy and relevance of references gener-
ated by LLMs. Although LLMs may cite sourc-
es from the literature, it is crucial for authors 
to verify that the cited material precisely 
matches the phrase or statement being refer-
enced. This ensures the accuracy and validity 
of the reference. To facilitate this evaluation, 
references are scored using a 5-point Likert 
scale:

• 0: Reference is fabricated (not indexed).

• 1: No pertinent information found in the 
source.

• 2: Some pertinent information present.

• 3: Largely pertinent information.

• 4: Entirely pertinent information.

Reference accuracy score

The reference accuracy score (RAS) pro-
vides a unified metric for evaluating the bib-
liographic and verification accuracy of ref-
erences. It is calculated using the following 
formula:

RAS = (A + T + J + Y + M +V + I + P + PM) × VS

Each bibliographic element (A, T, etc.) is 
assigned 1 for a match or 0 for a mismatch. 
The VS, which reflects the alignment be-
tween the content and the cited source, is 
added to the total. This approach ensures a 
comprehensive evaluation, with scores rang-
ing from 0 (fabricated) to 36 (fully accurate).

To facilitate interpretation, the RAS is cat-
egorized into a 5-point Likert scale:

• RAS 0: final score (FS) = 0 (fabricated)

• RAS 1: FS = 1–11 (weak accuracy)

• RAS 2: FS = 12–23 (moderate accuracy)

• RAS 3: FS = 24–35 (near accuracy)

• RAS 4: FS = 36 (fully accurate)

This categorization simplifies interpreta-
tion, offering a clear understanding of ref-
erence accuracy, from entirely fabricated to 
fully verified. Figure 3 provides a visual repre-
sentation of the calculation and classification 
methods.

Radiologists’ background

Three board-certified radiologists, each 
with 6 years of radiology experience, par-
ticipated in this study. Radiologist 2 and 
radiologist 3 asked the questions to LLMs 
and recorded all answers. Radiologist 1 then 
evaluated all references and assessed the ac-
curacy of the responses in a blinded manner, 
thereby minimizing the risk of bias.

Statistical analysis

Descriptive statistics, including medians, 
interquartile ranges (IQR), frequencies, and 
percentages, were calculated. The normality 
of variable distributions was assessed using 
the Kolmogorov–Smirnov test. 

Due to the non-parametric distribution 
of the data, the Kruskal–Wallis test was em-
ployed to compare quantitative data across 
multiple groups (different LLMs). Following 
the Kruskal–Wallis test, Tamhane’s T2 test 
was used for multiple post-hoc comparisons 
to identify specific group differences. Addi-
tionally, the Wilcoxon signed-rank test with 
a Bonferroni correction was applied to com-
pare paired samples of RASs between LLMs. 
Statistical significance was set at P < 0.003 
after applying the Bonferroni correction for 
15 pairwise comparisons across six LLMs; 
otherwise, a P value < 0.05 was considered 
statistically significant. All statistical analyses 

were performed using SPSS version 28.0 (IBM 
Corp., Armonk, NY, USA).

Results

Reference accuracy by large language 
models

A total of 480 references were analyzed 
to compare the performance of the six LLMs. 
The evaluation focused on overall fabrication 
rates as well as stylistic and bibliographic ac-
curacy across nine core components of each 
reference.

Stylistic and bibliographic  
accuracy

Authors’ names and titles

Claude 3.5 Sonnet showed the highest ac-
curacy for A (96.5%) and T (96.5%), followed 
by Claude 3 Opus at 81.7% for A and 81.3% 
for T. The ChatGPT-based models—ChatGPT-
4o, ChatGPT-4o with canvas, and ChatGPT 
o1-preview—generally fell in the mid-range, 
with accuracies between 44.8% and 58.5% 
for A and between 46.0% and 53.5% for T. 
Gemini 1.5 Pro performed the worst in both 
categories, reaching 38.5% for A and 40.2% 
for T.

Journal name, year and month

An analogous hierarchy appeared when 
evaluating J. Here, Claude 3.5 Sonnet again 
led at 95.6%, followed by Claude 3 Opus at 
79.2%. The ChatGPT models ranged from 
45.6% to 53.1%, and Gemini 1.5 Pro achieved 
38.3%. For Y, Claude 3.5 Sonnet and Claude 
3 Opus scored 95.6% and 77.7%, respec-

Figure 3. The example showcases the formatting of a reference generated by ChatGPT-4o, followed by its 
verification on PubMed. Each reference component, including author names, article title, journal name, 
publication year, month, volume, issue number, page numbers, and PMID, contributes to the final reference 
accuracy score. ChatGPT, Chat Generative Pre-trained Transformer; PMID, PubMed identifier.
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tively, whereas the ChatGPT group landed 
between 41.9% and 53.1%. Gemini 1.5 Pro 
showed a low 26.7%. In M, Claude 3.5 Son-
net recorded 95.6% versus Claude 3 Opus at 
77.3%, with the ChatGPT models coming in 
between 13.8% and 23.1% and Gemini 1.5 
Pro at 31.7%.

Journal volume, issue number, and page 
number

Performance remained consistent for V, 
where Claude 3.5 Sonnet reached 95.2% and 
Claude 3 Opus 78.1%. The ChatGPT series 
ranged from 40.0% to 44.4%, and Gemini 
1.5 Pro again dipped to 8.8%. Assessing I re-
vealed 94.6% accuracy for Claude 3.5 Sonnet 
and 77.7% for Claude 3 Opus, with ChatGPT-
4o, ChatGPT-4o with canvas, and ChatGPT 
o1-preview spanning 29.8% to 42.7% and 
Gemini 1.5 Pro at 18.5%. For P, Claude 3.5 
Sonnet and Claude 3 Opus recorded 93.8% 
and 77.5%, respectively, whereas ChatGPT-
based models came in between 26.3% and 
44.0%. Gemini 1.5 Pro once more ranked 
lowest at 16.5%.

PubMed identifier number

A similar pattern was seen in the PM 
category. Claude 3.5 Sonnet scored 94.0%, 
followed by Claude 3 Opus at 77.5%. The 
ChatGPT-4o model reached 23.1%, ChatGPT-
4o with canvas 9.8%, ChatGPT o1-preview 
10.8%, and Gemini 1.5 Pro was placed last at 
3.3%.

Verification scores

VS showed a clear ranking among the 
LLMs. Claude 3.5 Sonnet and Claude 3 Opus 
both achieved the highest median verifica-
tion Likert score of 4, with an IQR of 4–4 for 
each. In contrast, ChatGPT-4o recorded a me-
dian score of 3 (IQR: 0–4). ChatGPT-4o with 
canvas, ChatGPT o1-preview, and Gemini 1.5 
Pro all had lower VSs, each reporting a medi-
an of 0 (IQR: 0–4).

Final scores of large language models

Final scores, presented as median and IQR, 
confirmed the leading positions of Claude 
3.5 Sonnet and Claude 3 Opus. Claude 3.5 
Sonnet ranked first with a median score of 
36 (IQR: 36–36), followed by Claude 3 Opus 
at 36 (IQR: 36–18). ChatGPT o1-preview and 
ChatGPT-4o recorded median scores of 16 
(IQR: 28–0) and 8 (IQR: 28–0), respectively. 
The lowest-ranked models were ChatGPT-4o 
with canvas with 0 (IQR: 28–0) and Gemini 1.5 
Pro with 0 (IQR: 16–0).

All scores and reference component accu-
racies are summarized in Table 1.

Comparison of reference accuracy score by 
large language models

Claude 3.5 Sonnet exhibited the smallest 
fabrication rate at 3.1% while also achieving 
the highest proportion of fully accurate ref-
erences (80.8%). Although Claude 3 Opus 
showed a higher fabrication rate of 18.3%, it 
still produced 59.6% fully accurate referenc-
es. In comparison, the ChatGPT-based mod-
els all generated significantly more fabricat-

ed references (27.7%–52.9%) and fewer fully 
accurate ones (5.6%–7.3%). Gemini 1.5 Pro 
stood out with the highest fabrication rate 
of 60.6% and the lowest rate of fully accurate 
references at 2.7% (Table 2) (Figure 4).

Claude 3.5 Sonnet emerged as the 
top-performing model, significantly outper-
forming all others, including Claude 3 Opus 
(P < 0.001). Claude 3 Opus demonstrated 
strong performance, ranking second, with 
significant differences observed against 
all other models (P < 0.001). No signifi-
cant differences were observed among the 
ChatGPT models. Specifically, comparisons 
of ChatGPT o1-preview and ChatGPT-o4 
against ChatGPT-4o with canvas yielded Bon-
ferroni-corrected P values of 0.019 and 0.037, 
respectively—both above the significance 
threshold of 0.003. Additionally, the differ-
ence between ChatGPT-4o and ChatGPT 
o1-preview was not significant (P = 0.456). In 
contrast, Google Gemini 1.5 Pro recorded the 
lowest accuracy, significantly underperform-
ing compared with the Claude and ChatGPT 
models (P < 0.001) (Table 3).

Performance analysis by subspecialty

In a performance analysis of reference ac-
curacy across multiple radiology subspecial-
ties, several LLMs demonstrated distinct pat-
terns of variability. Claude 3.5 Sonnet, Claude 
3 Opus, ChatGPT-4o, ChatGPT o1-preview, and 
ChatGPT-4o with canvas each showed notable 
fluctuations (P < 0.05), whereas Google Gemini 
1.5 Pro exhibited uniformly lower performance 
across all subspecialties without any statistical-
ly significant differences (P > 0.05) (Table 4).

Table 1. Comparative performance of large language models in reference component accuracy and overall scores

Reference (n = 480)

Claude 3.5 
Sonnet

Claude 3 Opus ChatGPT-4o ChatGPT o1-
preview

ChatGPT-4o 
with canvas

Gemini 1.5 
Pro

Authors’ names 463 (96.5%) 392 (81.7%) 281 (58.5%) 251 (52.3%) 215 (44.8%) 185 (38.5%)

Title name 463 (96.5%) 390 (81.3%) 257 (53.5%) 250 (52.1%) 221 (46.0%) 193 (40.2%)

Journal name 459 (95.6%) 380 (79.2%) 219 (45.6%) 255 (53.1%) 220 (45.8%) 184 (38.3%)

Journal year 459 (95.6%) 373 (77.7%) 201 (41.9%) 248 (51.7%) 212 (44.2%) 128 (26.7%)

Journal month 459 (95.6%) 371 (77.3%) 66 (13.8%) 111 (23.1%) 68 (14.2%) 152 (31.7%)

Journal volume 457 (95.2%) 375 (78.1%) 204 (42.5%) 213 (44.4%) 192 (40.0%) 42 (8.8%)

Issue number 454 (94.6%) 373 (77.7%) 183 (38.1%) 205 (42.7%) 143 (29.8%) 89 (18.5%)

Page number 450 (93.8%) 372 (77.5%) 126 (26.3%) 211 (44.0%) 172 (35.8%) 79 (16.5%)

PMID number 451 (94.0%) 372 (77.5%) 111 (23.1%) 52 (10.8%) 47 (9.8%) 16 (3.3%)

Verification Likert score* [median, IQR (Q3-Q1)] 4 (4–4) 4 (4–2) 3 (4–0) 3 (4–0) 0 (4–0) 0 (4–0)

Final score** [median, IQR (Q3-Q1)] 36 (36–36) 36 (36–18) 8 (28–0) 16 (28–0) 16 (0–0) 0 (32–0)

IQR: interquartile range, Q1: 25% quantile, Q3: 75% quantile.
*Verification Likert score: this is categorized into a 5-point Likert scale reference accuracy score (0 = fabricated; 4 = fully accurate).
**Final score: the final score provides an integrated metric that combines the bibliographic accuracy of references with their verification score (VS). For each bibliographic 
element—such as authors’ names, article title, journal name, and others—a match was scored as 1, and a mismatch was scored as 0. The VS, which measures how well the content 
aligns with the cited source, was then multiplied by the sum of the matched elements. PMID, PubMed identifier; ChatGPT, Chat Generative Pre-trained Transformer.
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The post-hoc Tamhane test revealed that 
the Claude 3.5 Sonnet model showed no 
significant differences in reference accuracy 
across subspecialties, indicating uniformly 
consistent performance without any spe-
cific category demonstrating clear outper-
formance or underperformance. Similarly, 
Google Gemini 1.5 Pro performed uniformly 
across all subspecialties but with overall low-
er accuracy than other models. 

Within Claude 3 Opus, neuroradiology 
demonstrated consistent superiority over 
most categories (P < 0.05), except for abdom-
inal, cardiac, and head and neck radiology, 
where no significant differences were ob-
served. Additionally, cardiac radiology out-
performed the pediatric radiology group (P = 
0.020). No other significant differences were 
found among the remaining subgroups.

For ChatGPT-4o, cardiac radiology con-
sistently emerged as the best-performing 
category (P < 0.05), except when compared 
with abdominal and interventional radiol-
ogy, where performance was comparable. 
Conversely, pediatric radiology showed the 
weakest results, being significantly outper-
formed by other subspecialties, except for 
head and neck and musculoskeletal radiolo-
gy (P < 0.05). No additional significant differ-
ences were detected.

In the case of ChatGPT-4o with canvas, 
thoracic radiology emerged as the high-
est-performing category, achieving signifi-
cantly greater accuracy than most other 
subspecialties (P < 0.05), except for neurora-
diology, cardiac, and musculoskeletal radiol-
ogy. Conversely, head and neck radiology 
showed the weakest performance, being 
significantly outperformed by both thoracic 
radiology and cardiac radiology (P < 0.05). 
Additionally, cardiac radiology demonstrat-
ed superior performance to abdominal, 
pediatric, and interventional radiology (P < 
0.05). No further significant differences were 
observed among the subgroups.

As for ChatGPT o1-preview, head and 
neck radiology exhibited the lowest perfor-
mance, being significantly outperformed by 
all other categories (P < 0.05) except for in-
terventional and pediatric radiology, where 
no significant differences were observed. No 
further significant differences were identified 
among the subgroups.

Discussion
The most striking finding of our study is 

the consistent superiority of the Claude 3.5 
Sonnet model in generating accurate and reli-
able medical references across diverse radiol-
ogy subspecialties. With a significantly higher 
RAS (P < 0.001), a notably low fabrication rate 
(3.1%), and 80.8% of its references being fully 
accurate, Claude 3.5 Sonnet demonstrates a 
remarkable ability to integrate comprehen-
sive radiological literature into its outputs. 
Given the critical importance of accuracy in 
reference generation, where even minor er-
rors can have serious implications, Claude 
3.5 Sonnet’s ability to produce such a high 
percentage of fully accurate references un-
derscores its potential as a reliable reference 
generator compared with other advanced 
LLMs. This superior performance likely stems 
from several factors, including a broader 
and more specialized training dataset and 
algorithmic refinements aimed at reducing 
hallucination rates—a common limitation in 
other models.20 The Claude models leverage 
constitutional AI, a framework that prioritizes 
accuracy, ethical reasoning, and factual integ-
rity, which may contribute to its minimized 
hallucination rates and enhanced reliability.22

In contrast, the Claude 3 Opus model, 
although ranking second overall, displayed 
a higher fabrication rate (18.3%) and a re-
duced proportion of fully accurate references 
(59.6%). This difference suggests that the un-
derlying architecture of the Claude models is 
promising, especially in subspecialties where 
the training data may be less robust, such as 
pediatric or interventional radiology.

The ChatGPT models (ChatGPT-4o, 
ChatGPT-4o with canvas, and ChatGPT 
o1-preview) exhibited only moderate per-
formance. Their elevated rates of fabricated 
references—ranging from 27.7% to 52.9%—
and recurrent inaccuracies in critical bib-
liographic components (such as PMID num-
bers and page details) indicate that these 
models have not yet achieved the precision 
required for reliable academic referencing. 
This result is consistent with prior studies 
on ChatGPT-generated medical content.6-16 
For instance, Bhattacharyya et al.6 reported 
that nearly half the references produced by 
ChatGPT-3.5 were fabricated, with 47% be-
ing non-authentic and only 7% being both 
authentic and accurate. Similarly, Walters 
and Wilder8 found that 55% of references 
from ChatGPT-3.5 were fabricated, and even 
in ChatGPT-4, the fabrication rate remained 
concerning at 18%, with 43% of authentic 
references from ChatGPT-3.5 and 24% from 
ChatGPT-4o containing substantive errors. 
Wagner et al.9 evaluated ChatGPT-3’s accura-
cy in answering 88 radiology questions and 
verifying references. Correct answers were 
provided for 67% of questions, and 33% con-
tained errors. Of 343 references, 63.8% were 
fabricated, and only 37.9% of the verified ref-
erences offered sufficient information.9 

Gravel et al.16 further observed that 69% 
of the 59 references generated by ChatGPT 
for medical questions were fabricated. In our 
study, ChatGPT-4o produced only 31 correct 
references out of 480, and ChatGPT o1-pre-
view improved only modestly to 35 correct 
references, underscoring the persistent chal-
lenges in achieving accurate citation gener-
ation. These specific findings, along with the 
reported fabrication rates in our models, mir-
ror the issues highlighted in the previous lit-
erature and indicate that even the upgraded 
versions of ChatGPT continue to fall short in 
reliably generating complete and verifiable 
academic references.

Table 2. Comparative evaluation of large language models based on reference accuracy score

Reference (n = 480)

RAS Claude 3.5 Sonnet Claude 3 Opus ChatGPT-4o ChatGPT-4o with canvas ChatGPT o1-preview Gemini 1.5 Pro

0 (fabrication) 15 (3.1%) 88 (18.3%) 133 (27.7%) 254 (52.9%) 226 (47.1%) 291 (60.6%)

1 (weak) 7 (1.5%) 18 (3.8%) 142 (29.6%) 22 (4.6%) 5 (1.0%) 21 (4.4%)

2 (moderate) 4 (0.8%) 21 (4.4%) 62 (12.9%) 32 (6.7%) 41 (8.5%) 74 (15.4%)

3 (near accurate) 66 (13.8%) 67 (14.0%) 112 (23.3%) 145 (30.2%) 173 (36.0%) 81 (16.9%)

4 (accurate) 388 (80.8%) 286 (59.6%) 31 (6.5%) 27 (5.6%) 35 (7.3%) 13 (2.7%)

Reference accuracy score: this evaluates the accuracy and relevance of references generated by large language models (LLMs). Although LLMs may cite sources from the literature, 
it is crucial for authors to verify that the cited material precisely matches the phrase or statement being referenced. This ensures the accuracy and validity of the reference. To 
facilitate this evaluation, references are scored using a 5-point Likert scale. ChatGPT, Chat Generative Pre-trained Transformer. 
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Google Gemini 1.5 Pro’s performance was 
the poorest among the evaluated models, 
with a fabrication rate of 60.6% and only 
2.7% of its references being fully accurate. 

The uniform underperformance of Google 
Gemini 1.5 Pro across all radiology subspe-
cialties implies potential fundamental lim-
itations—possibly stemming from a training 

dataset that underrepresents or insufficient-
ly emphasizes medical literature or from an 
algorithmic framework that is less suited to 
the nuances of academic citation generation.

In our performance analysis by subspe-
cialty, we highlighted that although Claude 
3.5 Sonnet maintained uniformly high refer-
ence accuracy across all subspecialties, other 
models exhibited substantial variability. For 
example, Claude 3 Opus demonstrated supe-
rior performance in neuroradiology, whereas 
ChatGPT-4o achieved remarkable results in 
cardiac radiology and ChatGPT-4o with can-
vas showed exceptional performance in tho-
racic radiology. In contrast, Google Gemini 
1.5 Pro consistently exhibited low accuracy 
across all subspecialties. These findings sug-
gest that differences in data complexity and 
training representation may account for the 
inter-model and inter-subspecialty perfor-
mance variations.

Table 3. Comparison of accuracy of large language models with P values from the Wilcoxon test

ChatGPT-4o ChatGPT-4o with 
canvas

ChatGPT o1-preview Google Gemini 
1.5 Pro

Claude 3.5 
Sonnet

Claude 3 
Opus

ChatGPT-4o - 0.037 0.456 <0.001 <0.001 <0.001

ChatGPT-4o with canvas 0.037 - 0.019 <0.001 <0.001 <0.001

ChatGPT o1-preview 0.456 0.019 - <0.001 <0.001 <0.001

Google Gemini 1.5 Pro <0.001 <0.001 <0.001 - <0.001 <0.001

Claude 3.5 Sonnet <0.001 <0.001 <0.001 <0.001 - <0.001

Claude 3 Opus <0.001 <0.001 <0.001 <0.001 <0.001 -

ChatGPT, Chat Generative Pre-trained Transformer.

Table 4. Reference accuracy score of large language models and classification by subspecialities

  Neuro Abdomen Musculoskeletal Thorax Cardiac Head and 
Neck

Pediatric Interventional P value

Claude 3 Opus 
Median 4 4 4  3 4  4 3  4 <0.001 K*

IQR (Q3–Q1) (4–4) (4–3.25) (4–1) (4–2) (4–4) (4–3) (4–0) (4–1)

Claude 3.5 
Sonnet Median 4 4 4 4 4 4 4 4 0.008 K*

IQR (Q3–Q1) (4–4) (4–4) (4–4) (4–3) (4–4) (4–3) (4–4) (4–3.25)

ChatGPT-4o Median 1 2 1 1 1 1 1 1 <0.001 K*

IQR (Q3–Q1) (2.75–0) (3–0) (2–0) (3–1) (3–1) (3–0) (1–0) (3–1)

ChatGPT-4o 
with canvas Median 2 0 0 3 3 0 0 0 <0.001 K*

IQR (Q3–Q1) (3–0) (3–0) (3–0) (3–0) (3–0) (2–0) (2.75–0) (2–0)

ChatGPT o1-
preview Median 2 3 2.5 3 3 0 0.5 0 <0.001 K*

IQR (Q3–Q1) (3–0) (3–0) (3–0) (3–0) (3–0) (1.5–0) (3–0) (3–0)

Google Gemini 
1.5 Pro Median 0.5 0 0 0 0 0 0 0 0.244 K

IQR (Q3–Q1) (2.75–0) (2–0) (2–0) (2–0) (3–0) (2–0) (2–0) (2.75–0)

IQR, interquartile range; Q1, 25% quantile; Q3, 75% quantile; Neuro, neuroradiology; K, Kruskal–Wallis; *Tamhane’s T2 test was used as a post-hoc comparison between each 
group, and the results of these comparisons are discussed in the results section. ChatGPT, Chat Generative Pre-trained Transformer.

Figure 4. Distribution of Likert scale ratings for large language model reference accuracy scores. LLM, large 
language model. 
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Accurate reference generation is crucial in 
radiology, as evidence-based decision-mak-
ing and scientific communication depend on 
verifiable and precise citations.9 Inaccurate 
or fabricated references can lead to serious 
repercussions. For instance, misleading cita-
tions may result in clinicians basing diagnos-
tic or treatment decisions on non-existent 
or irrelevant studies, ultimately affecting 
patient outcomes; in academic settings, reli-
ance on erroneous citations can erode trust 
in literature reviews, undermine scholarly 
debates, and propagate errors in subsequent 
research.23,24 Given these risks, the marked 
superiority of Claude 3.5 Sonnet has consid-
erable practical implications, as this model 
could be integrated into workflows for man-
uscript preparation, automated literature 
retrieval, or even serve as an adjunct tool 
in clinical guideline development, provided 
that human experts continue to verify its 
outputs.

Additionally, our study observed that 
all the LLMs evaluated tend to favor refer-
ences from the most well-known radiology 
papers. This tendency to prioritize widely 
cited papers can reinforce the “Matthew Ef-
fect,” which refers to the phenomenon where 
frequently cited papers continue to gain ref-
erences, overshadowing lesser-known but 
potentially important studies, in literature 
review processes.25 This inclination of LLMs 
to rely on popular sources could narrow the 
scope of the literature being considered, lim-
iting the diversity and range of research ref-
erences. As a result, the use of these models 
may unintentionally contribute to reinforc-
ing a limited set of references, reducing the 
overall richness of the academic discussion.

Although this study offers valuable in-
sights into the capabilities of LLMs in gener-
ating medical references in radiology, several 
limitations must be noted. The dataset was 
relatively small, potentially limiting the gen-
eralizability of the findings across various ra-
diological subspecialties and medical topics. 
Moreover, the use of a single standardized 
prompt may not capture the full variability of 
LLM responses arising from different prompt-
ing strategies or settings (e.g., temperature, 
top-K, top-P, and token limits). In addition, 
model performance was not assessed across 
multiple citation styles (e.g., AMA, Chicago), 
which restricts understanding of the broad-
er applicability of these models in academic 
and clinical settings. The absence of repeat-
ed measurements for each LLM could intro-
duce stochastic variability into the results, 
and the study evaluated only specific ver-
sions of LLMs available at the time, potential-

ly misrepresenting the evolving capabilities 
of newer models. Future work may explore 
response consistency through multiple iter-
ations per query.

In conclusion, Claude 3.5 Sonnet outper-
formed all other LLMs, demonstrating high 
accuracy and reliability in generating radiol-
ogy references, making it well suited for tasks 
such as literature retrieval and manuscript 
preparation. This model holds great poten-
tial as a supportive tool for radiologic refer-
ence generation, offering a valuable resource 
to complement evidence-based practice. In 
contrast, other models exhibited higher 
fabrication rates and inconsistent accuracy, 
underscoring the need for substantial im-
provements. Future efforts should focus on 
enhancing performance in underperforming 
subspecialties and refining bibliographic ac-
curacy to meet the rigorous demands of evi-
dence-based radiology.
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Findings of suspicious calcifications on contrast-enhanced 
mammography and their pathological correlation

PURPOSE
This study aimed to determine the performance of contrast-enhanced mammography (CEM) in 
evaluating suspicious calcifications not associated with a mass.

METHODS
Patients with suspicious calcifications detected on CEM performed at our center between February 
2021 and December 2023 were included in the study. Retrospectively, the morphology, distribu-
tion, and longest axis length of the calcifications were assessed on low-energy images, whereas 
contrast enhancement intensity, pattern, longest axis length, and enhancement curves were an-
alyzed on recombined images. The pathological diagnosis, grade, Ki-67 index, and (if available) 
the longest lesion length in the surgical specimen were recorded. Using pathology as the gold 
standard, various CEM parameters were evaluated for their performance in assessing this group 
of calcifications. Primary and secondary analyses were performed based on combined low or no 
enhancement and no enhancement alone, respectively.

RESULTS
Our study includes 132 lesions in 114 patients,18 of whom had bilateral calcifications. Of the 132 
lesions included in the study, 78 were benign, and 54 were malignant. Sensitivity, specificity, pos-
itive predictive value, and negative predictive value were determined as follows: 72.2%, 62.8%, 
57.3%, and 76% in low-energy images; 79.6%, 80.8%, 74.1%, and 85.1% in the primary analysis of 
recombined images; and 98.2%, 47.4%, 56.4%, and 97.4% in the secondary analysis. Contrast en-
hancement intensity was identified as a significant parameter influencing malignancy risk. A strong 
statistical correlation was observed between lesion length measurements in both low-energy and 
recombined images compared with pathology (r = 0.733 and r = 0.879, P < 0.001 for both), with 
mean differences of -4.75 mm and +4.45 mm. No statistically significant relationship was found 
between contrast enhancement intensity and the distinction between invasive and in situ carci-
noma (P = 0.698) or the differentiation of ductal carcinoma in situ grade (P = 0.336). A significant 
correlation was detected between pathology and dynamic contrast enhancement types adapted 
from magnetic resonance imaging (MRI) (P = 0.019). Although no statistically significant linear cor-
relation was found between the Ki-67 index and contrast enhancement intensity, the P value was 
close to significance (P = 0.057).

CONCLUSION
CEM demonstrates strong performance in the assessment of suspicious calcifications by combining 
the morphological and distributional features of digital mammography with enhancement charac-
teristics similar to MRI.

CLINICAL SIGNIFICANCE
The findings support that CEM exhibits effective performance in evaluating suspicious calcifica-
tions not associated with a mass and may have a potential role in routine clinical practice.
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Breast cancer is the most common can-
cer among women, and mammogra-
phy is the primary screening method.1 

Calcifications are frequently observed find-
ings on mammograms.2 According to the 
Breast Imaging Reporting and Data System 
(BI-RADS) atlas, based on their morphology 
and distribution, calcifications are typically 
classified as benign or suspicious.3 Some sus-
picious calcifications may represent invasive 
cancer or ductal carcinoma in situ (DCIS), the 
earliest stage of breast cancer. Approximate-
ly one-third of breast cancers present solely 
as calcifications on mammography.4 Histo-
pathological sampling is recommended for 
BI-RADS 4 and BI-RADS 5 calcifications.3

In the diagnosis of breast cancer, ultra-
sonography (USG) and magnetic resonance 
imaging (MRI), which are used in addition to 
mammography, detect calcifications at a low 
rate or may not detect them at all. In recent 
years, contrast-enhanced mammography 
(CEM) has become increasingly utilized as 
an imaging technique that, comparable with 
MRI, demonstrates neovascularization in the 
breast through the use of iodinated contrast 
agents. In malignant lesions, vascular struc-
tures formed during angiogenesis exhibit in-
creased permeability, allowing intravenously 
administered contrast agents to penetrate 
the tumor, resulting in enhancement.5,6 In 
CEM, two image types are acquired: low-en-
ergy and high-energy. Low-energy images 
are considered equivalent to digital mam-
mography and are suitable for the evalua-
tion of calcifications.7 Recombined images, 
generated using both low-and high-energy 
images, demonstrate enhancement. In CEM, 
although the morphology and distribution 
of calcifications are assessed in low-energy 
images, the functional characteristics of the 
same tissue can also be evaluated using re-
combined images.

Our study aims to investigate the utility 
of CEM, a relatively new and increasingly ad-
opted technique, in the characterization of 
suspicious calcifications not associated with 
a mass. Additionally, we aim to evaluate our 
hypothesis that CEM may help reduce unnec-
essary biopsies, contribute to determining 
the extent of disease in patients undergoing 
breast-conserving surgery, and decrease the 
rate of positive surgical margins.

Methods
Approval was obtained from Manisa Ce-

lal Bayar University Clinical Research Eth-
ics Committee for this retrospective study 
(decision number: 20.478.486/2230, date: 
31/01/2024). Between February 2021 and 
December 2023, CEM images of 910 patients 
with clinically suspected malignancy and/or 
suspicious findings detected by other imag-
ing modalities were reviewed. Patients with 
suspicious calcifications not associated with 
a mass were selected. Patients without sus-
picious calcifications, those with suspicious 
calcifications associated with a mass, those 
with suspicious calcifications but accompa-
nied by a mass in another focus, and those 
who had received neoadjuvant therapy be-
fore imaging were excluded from the study. 
With 96 patients having lesions (calcification 
focus) in a single breast and 18 patients hav-
ing lesions in both breasts, in 114 patients a 
total of 132 lesions were included in this ret-
rospective study (Figure 1).

Contrast-enhanced mammography exam-
inations

All lesions included in this study were 
imaged using a digital mammography sys-

tem with dual-energy capability (Pristina, 
GE, Rue De La Minière, Buc, France) avail-
able in the clinic. A low-osmolar, nonionic 
contrast agent (Opaxol 350 mg/mL, Kopaq 
350 mg/mL) was administered at a dose of 1.5 
mL/kg, with a maximum volume of 100 mL, 
using an automatic injector system (Medrad) 
at a rate of 3 mL/s. Imaging commenced 1.5–
2 minutes after the start of contrast injec-
tion. Craniocaudal and mediolateral oblique 
(MLO) images were acquired in both breasts, 
starting with the target breast. Additionally, 
in cases suspicious for malignancy, around 
the 8th minute, a second MLO image (delayed 
phase) of the pathological breast was ob-
tained after the MLO image of the non-target 
breast. The total procedure lasted approxi-
mately 8–9 minutes, depending on patient 
compliance. Low-energy images were ac-
quired at 28–32 kVp, and high-energy imag-
es were obtained at 45–49 kVp. The filtration 
material and kVp values were automatically 
determined by the system. Recombined im-
ages were automatically generated from the 
low-and high-energy images. 

Image analysis

The images were evaluated in consensus 
by two observers: one radiologist with 34 
years of experience in breast imaging and a 
fourth-year radiology resident. During the 
assessment of the CEM images, the BI-RADS 
CEM lexicon published by the American Col-
lege of Radiology in 2022 was used. Suspi-
cious calcifications were classified based on 
their morphology and distribution using the 
low-energy images, which are equivalent to 
standard mammography. According to the 
BI-RADS atlas, calcifications with a morphol-

Main points

•	 Contrast-enhanced mammography (CEM) 
is an imaging technique based on the du-
al-energy method and provides information 
on tissue function in addition to the struc-
tural evaluation of calcifications.

•	 According to our study, the presence of en-
hancement in the calcification region exhib-
ited a sensitivity of 98.2% for malignancy.

•	 Recombined images demonstrating en-
hancement provided more accurate results 
in determining tumor length compared 
with low-energy mammographic equiva-
lent images. This suggests that CEM may 
reduce the positive surgical margin rate in 
calcifications.

Figure 1. Flowchart of the study.
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ogy or distribution associated with <50% 
malignancy were categorized as low-sus-
picion (amorphous, coarse heterogeneous, 
fine pleomorphic and diffuse, regional, 
grouped), and those associated with ≥50% 
malignancy were classified as high-suspicion 
(fine linear/fine linear branching and linear, 
segmental). Cases were categorized into 
three risk groups: low-risk if both morphol-
ogy and distribution were low-suspicion, 
intermediate-risk if one was high-suspicion, 
and high-risk if both were high-suspicion. In 
the analysis of low-energy images, the low-
risk group was considered benign, whereas 
the intermediate-and high-risk groups were 
classified as malignant. On the recombined 
images, the relationship between the suspi-
cious calcification area and the enhancing 
tissue was assessed in four categories: no en-
hancement observed, partial enhancement 
of the tissue, complete enhancement with 
overlapping characteristics, or enhancement 
extending beyond the calcification area. The 
enhancement pattern was classified as ho-
mogeneous, heterogeneous, or clumped. 
The intensity of enhancement was qualita-
tively graded as high, moderate, low, or ab-
sent. If delayed-phase images were available, 
the enhancement intensity was compared 
qualitatively between the early and delayed 
phases, and inspired by the dynamic contrast 
enhancement curves used in MRI, enhance-
ment patterns were classified as type 1 (per-
sistent) if there was an increase between the 
two phases, type 2 (plateau) if the signal re-
mained stable, and type 3 (washout) if there 
was a decrease. The longest length of the 
calcifications and enhancing area was mea-
sured in a single plane using the projection 
where they appeared largest. For patients 
who did not undergo pathological sampling 
and/or were placed under follow-up, partic-
ularly those in whom the level of suspicion 
was lowered based on other imaging mo-
dalities (USG or MRI) and who declined his-
topathological sampling, prior and follow-up 
examinations were reviewed for dimensional 
changes. Cases classified as benign were re-
quired to demonstrate stability for ≥2 years.

Pathological analysis

The pathology reports of patients who 
underwent sampling were reviewed, and 
detailed pathological diagnosis was record-
ed. All sampled patients underwent tru-cut 
biopsy, and surgical specimen data were also 
available for a subset of these patients. The 
histopathological grades of in situ lesions 
were documented. In cases with surgical 
specimens, the longest tumor dimension 

and pathological diagnosis were included in 
the dataset. Additionally, the Ki-67 index was 
recorded for invasive carcinomas.

Statistical analysis

Statistical analyses were conducted using 
IBM Corp., Armonk, NY, USA SPSS Statistics 
version 27.0. Frequency tables and descrip-
tive statistics were used for data interpreta-
tion. Parametric methods were applied for 
measurement values that followed a normal 
distribution. Specifically, analysis of variance 
(F-test) was used to compare measurement 
values among three or more independent 
groups, whereas the paired sample t-test 
(t-value) was used for comparisons between 
two dependent groups. For measurement val-
ues that did not follow a normal distribution, 
non-parametric methods were applied. In 
this context, the Wilcoxon test (Z-value) was 
used to compare two dependent groups. The 
Pearson chi-squared (χ2) test was employed to 
assess relationships between two categorical 
variables. For correlations between two nor-
mally distributed quantitative variables, Pear-
son correlation and Bland–Altman plots were 
used, whereas Spearman’s correlation coeffi-
cient was applied if at least one variable did 
not follow a normal distribution. To determine 

risk factors influencing malignancy risk, bina-
ry logistic regression analysis using the back-
ward likelihood ratio model was performed. A 
P value of <0.05 was considered indicative of 
a statistically significant relationship.

Results
The study included a total of 132 lesions. 

All 114 patients were women (age range, 
25–79 years, average 48.4 years). A total of 36 
lesions were considered benign due to their 
stability for at least 2 years and the absence 
of additional malignant features. A total of 
42 lesions were pathologically benign, and 
54 were malignant. Among the malignant 
lesions, 25 were invasive carcinomas, and 29 
were in situ (Table 1).

In low-energy images, where morpholo-
gy and distribution were evaluated together, 
sensitivity was found to be 72.2%, specificity 
62.8%, positive predictive value (PPV) 57.3%, 
negative predictive value (NPV) 76.5%, and 
accuracy 66.7%; 23.4% of the low-, 52.5% of 
the intermediate-, and 88.9% of the high-risk 
group were malignant.

In the evaluation based on contrast en-
hancement intensity in recombined images, 
of the lesions without contrast enhance-

Table 1. Pathological distributions

n Total

Pathologically malignant

54

Invasive ductal carcinoma 22

Invasive lobular carcinoma 3

Ductal carcinoma in situ 27

Lobular carcinoma in situ 2

Pathologically benign

42

Benign with atypia

Atypical ductal hyperplasia 3

Flat epithelial atypia 1

Apocrine atypia 1

Benign without atypia

Papilloma 4

Fibrocystic changes 4

Fat necrosis 3

Fibroadenomatous changes 2

Ductal hyperplasia without atypia 9

Apocrine metaplasia 4

Adenosis 5

Non-specific connective tissue 2

Inflammatory process 3

Ductal ectasia 1

Classified as benign 36

132
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ment, 97.4% (37/38) were benign. In cas-
es with low contrast enhancement, 72.2% 
(26/36) were benign. As an example, Figure 
2 illustrates this finding. In contrast, moder-
ate and high enhancement intensities were 
more frequently associated with malignan-
cy, with 61.9% (13/21) and 81.1% (30/37) of 
the lesions being malignant, respectively. 
Among the non-enhancing lesions, only 
one was malignant. In the primary analysis, 
where non-enhancing and low-intensity 
enhancing lesions were grouped as benign 
and moderate and high-intensity enhancing 
lesions were grouped as malignant, a sta-
tistically significant relationship was found 
between pathology and contrast enhance-
ment intensity categories (P < 0.001). In the 
secondary analysis, where non-enhancing 
lesions were classified as benign and any de-
gree of contrast enhancement was classified 
as malignant, a statistically significant rela-
tionship was found between the categories 
(P < 0.001) (Table 2).

In the primary analysis, the sensitivity 
was 79.6%, specificity was 80.8%, PPV was 
74.1%, NPV was 85.1%, and accuracy was 
80.3%. In the secondary analysis, the sensi-
tivity increased to 98.2%, but the specificity 
decreased to 47.4%. The PPV was 56.4%, NPV 
was 97.4%, and accuracy was 68.2%. In the 
receiver operating characteristics analysis, 
the area under the curve (AUC) for low-en-
ergy images was 0.67, whereas the AUC for 
recombined images was 0.80 in the primary 
analysis and 0.73 in the secondary analysis 
(Figure 3). According to regression analysis, 
malignancy risk is 14 times higher for low-
60 times for moderate-, and 159 times for 
high-intensity contrast than for non-enhanc-
ing lesions.

In the analysis evaluating the relationship 
between contrast enhancement intensity 
and invasiveness, 25 lesions (46.3%) were 
invasive, and 29 (53.7%) were in situ carci-
noma. No statistically significant association 
was found between these two parameters (P 
= 0.698). Of the 29 in situ carcinomas, 2 were 
lobular carcinoma in situ and 27 were DCIS. 
All but one DCIS showed enhancement. 
Among the 26 DCIS lesions, 5 were low-
grade (2 low, 2 moderate, 1 high enhance-
ment intensity), 9 intermediate-grade (1 low, 
4 moderate, 4 high enhancement intensity), 
and 12 high-grade (2 low, 2 moderate, 8 high 
enhancement intensity). No statistically sig-
nificant association was found between the 
histopathological grade of DCIS and contrast 
enhancement intensity (P = 0.336).

Out of 132 lesions, 17 (12.9%) exhibit-
ed a homogeneous contrast enhancement 
pattern (10 benign, 7 malignant), 70 (53%) 
showed a heterogeneous pattern (25 benign, 

45 malignant), and 7 (5.3%) demonstrated a 
clumped pattern (6 benign, 1 malignant). 
In 38 lesions (28.8%), no contrast enhance-
ment was observed. Among the 54 malig-

Figure 2. In the low-energy mediolateral oblique image (a) of a 53-year-old female patient, suspicious 
calcifications with a fine pleomorphic morphology and linear distribution are observed. In the recombined 
image (b), low-intensity enhancement extending beyond the calcification site is noted. The pathological 
diagnosis was benign.

Table 2. Primary and secondary analyses of contrast enhancement intensities and 
pathological outcomes

Contrast enhancement intensity Benign  
(n = 78)

Malignant (n = 54) Pearson’s chi-squared 
(χ2) test
P valuen % n %

Primary analysis

χ2 = 47,256
P < 0.001

Favoring benign  
(no + low enhancement) 63 80.8 11 20.4

Favoring malignancy  
(moderate + high enhancement) 15 19.2 43 79.6

Secondary analysis

χ2 = 32,343
P < 0.001

Favoring benign  
(no enhancement) 37 47.4 1 1.9

Favoring malignancy  
(all types of enhancement) 41 52.6 53 98.1

Pearson’s chi-squared (χ2) test with cross-tabulations was used to evaluate the association between two categorical 
variables.

Figure 3. Receiver operating characteristic curves for both images and analyses. AUC, area under the curve.
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nant lesions, 83% exhibited heterogeneous 
enhancement, whereas only 13% showed 
homogeneous enhancement. The statistical 
analysis yielded P = 0.018, indicating that 
heterogeneous contrast enhancement is sig-
nificantly associated with malignancy.

In 22 cases (16.6%), partial contrast en-
hancement was observed in the calcification 
region, and in another 22 cases (16.6%), en-
hancement completely overlapped with this 
tissue. In 50 cases (37.9%), contrast enhance-
ment extended beyond the calcified tissue. 
Among the 21 lesions that underwent exci-
sion in the center and did not receive neoad-
juvant therapy before surgery, with surgical 
specimen data, 13 showed enhancement 
extending beyond the calcification, 4 had 
partial enhancement, and 3 exhibited com-
plete overlap. One non-enhancing case was 
excluded. Figure 4 presents a malignant case 
with contrast enhancement extending be-
yond the calcifications; in this case, the lesion 
length measured on the recombined image 
closely matched the pathological excision 
size. Correlation analysis revealed a strong 
and statistically significant relationship be-
tween lesion length in both low-energy (r = 
0.733, P < 0.001) and recombined images (r 
= 0.879, P < 0.001) and pathological length. 
The Wilcoxon signed-rank test revealed no 
statistically significant difference between 
the methods (Table 3). Bland–Altman anal-
ysis showed that recombined images tend 
to overestimate lesion length by 4.45 mm, 
whereas low-energy images tend to under-
estimate it by 4.75 mm (Figure 5). 

In the 13 patients who exhibited contrast 
enhancement extending beyond the calcifi-
cations and constituted the majority of the 
pathologically sampled group, correlation 
analysis showed a strong positive and sta-
tistically significant relationship between 
pathological length and both calcification 
(r = 0.822, P < 0.001) and contrast-enhanced 
area length (r = 0.825, P < 0.001), similar to 
the overall group. This group was import-
ant for addressing the question of whether 
the pathological extent exceeded what was 
observed on low-energy images. The paired 
sample test revealed a significant differ-
ence between pathological and calcification 
length (P = 0.012), indicating that calcifica-
tion length alone may underestimate the 
true extent of the lesion.

In the analysis of dynamic contrast-en-
hancement types, 8 lesions were ex-
cluded due to the absence of late-phase 
images, and 28 lesions were exclud-
ed due to a lack of contrast enhance-
ment. Among the 46 benign lesions, 38 
(82.6%) exhibited a type 1 enhancement. 

Among the 50 malignant lesions, 28 (56%) 
showed a type 1, 16 (32%) exhibited a type 
2, and 6 (12%) demonstrated a type 3. Figure 
6 presents a case demonstrating high-in-
tensity contrast enhancement with a type 1 
dynamic enhancement pattern, which was 
ultimately diagnosed as benign. The majori-
ty of lesions with type 2 (72.7%) and type 3 
(75%) enhancement were malignant. Figure 
7 illustrates an example of type 3 contrast 
enhancement with a washout pattern, corre-
sponding to a malignant case. A statistically 
significant association was found between 
type and malignancy/benignity (P = 0.019). 

However, no statistically significant associa-
tion was found between enhancement types 
and the distinction between invasive and in 
situ carcinoma (P = 0.331) (Table 4).

In the 25 invasive carcinoma cases with 
available Ki-67 index data, no statistical-
ly significant linear relationship was found 
between Ki-67 (%) values and contrast en-
hancement intensity (P = 0.057). The median 
(interquartile range) Ki-67 values were 20.0 
(12.3), 8.5 (19.5), and 45.0 (60.0) for lesions 
with low-, moderate-, and high-intensity en-
hancement, respectively.

Figure 4. In the low-energy mediolateral oblique image (a) of a 42-year-old female patient, suspicious 
calcifications with a fine pleomorphic morphology and segmental distribution are observed. In the 
recombined image (b), high-intensity heterogeneous enhancement extends beyond the calcification site, 
reaching the nipple. The pathological diagnosis was ductal carcinoma in situ, and the measured pathological 
length closely matched the lesion length observed in the recombined images.

Figure 5. Bland–Altman plots visualizing the discrepancies between the pathological and imaging length. 
The left one shows results for low-energy images, and the right one is for recombined images.

Table 3. Comparison of pathological excision size and imaging-based lesion size (Wilcoxon 
and Spearman Analyses)

Length (mm) Wilcoxon 
signed-rank test  

P value

Spearman’s ρ (rho)
P valueMedian 

(IQR)

Pathological length 49.15 ± 33.22 36.0 (50.5)

Microcalcification length 44.40 ± 32.31 40.0 (39.0) Z = −0.880 
P = 0.379

r = 0.733
P < 0.001

Enhancement length 53.60 ± 33.39 47.5 (48.8) Z = 1.084 
P = 0.278

r = 0.879
P < 0.001

The Wilcoxon signed-rank test was used to assess paired differences between measurements. Spearman’s correlation 
coefficient (ρ) was calculated to evaluate the relationship between imaging and pathological sizes. IQR, interquartile 
range; SD, standard deviation.
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Discussion
In the analysis of groups categorized 

based on morphology and distribution, the 
findings indicate that although low-energy 
images (i.e., mammography) demonstrate 
good performance according to our clas-
sification, they may still lead to missed ma-
lignancy in 23.4% of patients with low-sus-
picion features. Therefore, according to 
the BI-RADS atlas, pathological sampling is 
recommended, even for patients we classi-
fied as having low suspicion. However, this 
approach resulted in unnecessary biopsy 
recommendations in 47.5% of the interme-
diate suspicion group and 11.1% of the high 
suspicion group. These findings on standard 
mammography support the need for func-
tional assessment of the tissue using CEM, an 
alternative imaging modality.

Our study identified only one malignant 
case that did not exhibit contrast enhance-
ment that was diagnosed as intermedi-
ate-grade DCIS. We attributed the absence of 
enhancement to the in situ nature and a low 
Ki-67 of only 1%. As the contrast enhance-
ment intensity increased, the malignancy 
rate was observed to rise across groups. In 
the secondary analysis, a much higher sen-
sitivity was achieved than with the primary 
analysis and low-energy images. If contrast 
enhancement presence alone is considered 
a malignancy indicator, CEM achieves 98.2% 
sensitivity, almost eliminating the risk of 
missing malignant cases. However, in the 
secondary analysis, specificity decreased, 
leading to a higher false-positive rate. On 
the other hand, the increase in NPV indicates 
that in the absence of enhancement, CEM 
can rule out malignancy with 97.4% accu-
racy. The primary analysis provided a more 
balanced and consistent performance, albeit 
with slightly lower sensitivity. From a breast 
cancer diagnostic perspective, missing a 
diagnosis can have fatal consequences, so 
avoiding false negatives should be priori-
tized. Although false positives may lead to 
unnecessary biopsies, the high NPV suggests 
that some unnecessary procedures can be 
avoided. Low-intensity contrast enhance-
ment may have been confused with back-
ground enhancement in some cases, poten-
tially affecting our findings. Additionally, the 
qualitative nature of our study presents an-
other limitation: the lack of sharply defined 
classification boundaries.

Among various studies, where the pres-
ence of enhancement is considered a malig-
nant feature, our secondary analysis demon-
strated the highest sensitivity and NPV.8-11  

Figure 7. In the low-energy mediolateral oblique (MLO) image (a) and its magnified view (b) of a 48-year-
old female patient, suspicious calcifications with a coarse heterogeneous morphology and grouped 
distribution are observed. In the recombined early-phase MLO image (c) and late-phase MLO image (d), 
high-intensity heterogeneous enhancement extending beyond the calcification site is noted, with more 
intense enhancement in the early phase, followed by a decrease in the late phase, which was a type 3 
(washout) pattern. The pathological diagnosis was intermediate-grade ductal carcinoma in situ.

Figure 6. In the low-energy mediolateral oblique (MLO) image of a 44-year-old female patient (a) and the 
corresponding magnified view (b), suspicious calcifications with coarse heterogeneous morphology and 
segmental distribution are observed. In the recombined early-phase (c) and recombined delayed-phase 
(d) MLO images, heterogeneous, high-intensity contrast enhancement overlapping the calcification area is 
noted, with an increase in intensity from the early to the delayed phase, consistent with a type 1 (persistent) 
enhancement pattern. The pathological diagnosis was papillomatous changes with benign characteristics.
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In the majority of studies, NPV was consis-
tently found to be high. This supports the 
role of CEM as a valuable imaging tool in re-
ducing unnecessary biopsies for suspicious 
calcifications, which are relatively more chal-
lenging to sample than mass lesions.

In the study by Nicosia et al.11, a primary 
analysis similar to ours was also conducted. 
Their findings reported a sensitivity of 53.3%, 
specificity of 95.8%, PPV of 84.2%, NPV of 
82.9%, and an accuracy of 83.2%. Similar to 
our study, in the secondary analysis, sensi-
tivity increased but specificity decreased. In 
another study among 24 cases, all malignant 
lesions exhibited contrast enhancement at 
varying intensities. All in situ carcinomas and 
one benign lesion showed low-intensity en-
hancement, whereas the remaining benign 
lesions showed no enhancement.12 Quanti-
tative studies that include various breast le-
sions, rather than being specific to suspicious 
calcifications, have also identified a trend of 
lower contrast enhancement intensity in 
benign lesions and higher in malignant le-
sions.13-17

In studies evaluating suspicious calcifica-
tions not associated with a mass with MRI, 
a 2016 meta-analysis reported that studies 
assessing the presence of enhancement 
found MRI to have an average sensitivity 
of 92%, specificity of 75%, PPV of 78%, and 
NPV of 93%.18 In a study by Taskin et al.19, 
which included 444 cases of suspicious cal-
cifications detected on mammography, MRI 
demonstrated a sensitivity of 95.2%, specific-
ity of 40.2%, PPV of 49.2%, and NPV of 93.3%. 

These findings are highly comparable with 
our secondary analysis. The effectiveness of 
MRI in assessing tissue function is undeni-
able, but the primary advantage of CEM over 
MRI is its ability to overlay functional infor-

mation directly onto the low-energy image, 
which already provides a detailed assess-
ment of calcification morphology and distri-
bution. MRI does not visualize calcifications 
and only allows for the interpretation of tis-
sue function. As a result, evaluation requires 
additional digital mammography, necessitat-
ing the integration of two separate imaging 
modalities. Moreover, differences in patient 
positioning–prone for MRI and upright for 
mammography–can make three-dimension-
al localization and anatomical correlation 
between calcifications and enhancement 
more challenging. Additionally, MRI’s longer 
acquisition time, limited accessibility, low-
er patient tolerance, and high cost further 
highlight the need for an alternative imaging 
method in this patient group.20

In the comparison of both images, the 
sensitivity, NPV, accuracy, and AUC of recom-
bined images alone were found to be high-
er than those of low-energy images in both 
analyses. Although these values were com-
pared separately in our study, CEM inherent-
ly combines both imaging types. Therefore, 
it can be anticipated that assessing findings 
together would significantly enhance the 
overall diagnostic performance.

Studies in the literature evaluating specif-
ically suspicious calcifications have typically 
assessed the distinction between invasive 
and in situ carcinoma or the grading of DCIS 
based solely on the presence or absence of 
contrast enhancement.9,10,21,22 In our study, 
however, all but 1 malignant lesion exhibit-
ed contrast enhancement. In one study in-
cluding 15 lesions, all DCIS cases exhibited 
low contrast enhancement; however, the 
variation in enhancement intensity among 
invasive ductal carcinoma cases introduces 
inconsistency, limiting its reliability in clearly 

differentiating these two entities.12 Our re-
sults suggest that there is a predominance 
of high-intensity contrast enhancement in 
invasive carcinomas; however, since half of 
the in situ cases also exhibited high-intensity 
enhancement, this prevented us from ob-
taining a statistically significant distinction. 
Similarly, although no statistically significant 
relationship was found between contrast 
enhancement intensity and the histopatho-
logical grade of DCIS, 66.6% of high-grade 
cases demonstrated high-intensity enhance-
ment. Although the relationship was not 
statistically significant, a trend toward high-
er enhancement in high-grade lesions was 
observed. Larger-scale studies are needed to 
obtain more definitive conclusions.

When evaluating contrast enhancement 
patterns, it was observed that heteroge-
neous enhancement was more prominent in 
malignant cases, whereas more than half of 
the homogeneously enhancing lesions were 
benign. These results are consistent with the 
existing literature.16,17 Clumped enhance-
ment did not provide meaningful data due 
to the limited number of cases in this group.

Recombined images outperformed 
low-energy images, exhibiting a smaller 
mean difference and a higher correlation co-
efficient. The group with contrast enhance-
ment extending beyond the calcification 
area was particularly important in evaluat-
ing our hypothesis: “Could the pathological 
tissue be larger than what is observed in 
low-energy images?” In this subgroup, the 
correlation coefficient for recombined imag-
es was higher than for low-energy images, 
indicating a stronger association. Addition-
ally, a statistically significant difference was 
observed between low-energy images and 
pathological length. In the study by Cheung 
et al.8, low-energy images overestimated 
pathological length by an average of 4.2 
mm, whereas recombined images showed 
a smaller mean difference of 0.5 mm, indi-
cating a more accurate length estimation. 
However, Houben et al.9 reported a mean 
difference of 0.3 mm for low-energy and 4.5 
mm for recombined images, although the 
correlation coefficients in their study were 
comparable with those in our study. To our 
knowledge, there is no other study specifi-
cally comparing the lesion length between 
CEM and pathology in this group. Most of 
the studies mentioned above, as well as oth-
er studies including various breast lesions 
in the literature, share a common finding: 
contrast-enhanced images tend to overesti-
mate lesion length, which is consistent with 
our study’s results.12,23-25 In some studies, the 

Table 4. Distribution of dynamic enhancement types in benign and malignant and invasive 
and in situ Lesions

Dynamic 
enhancement 
type

Benign (n = 46) Malignant (n = 50) Pearson’s chi-
squared (χ2) test

P value
n % n %

1 38 82.6 28 56.0
χ2 = 7,907
P = 0.0192 6 13 16 32.0

3 2 4.4 6 12.0

Invasive malignant (n = 24) In situ malignant (n = 26)

n % n %

1 11 45.8 17 65.4
χ2 = 2,210
P = 0.3312 10 41.7 6 23.1

3 3 12.5 3 11.5

Pearson’s chi-squared (χ2) test with cross-tabulations was used to evaluate the association between two categorical 
variables.
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mean difference between pathology and 
low-energy images was smaller, but in all 
cases, recombined images exhibited a high-
er correlation coefficient, indicating a stron-
ger association between recombined images 
and pathological length. The overestimation 
in CEM can be attributed to contrast agent 
extravasation into the surrounding tissue 
due to increased vascular permeability and 
compression applied during imaging, which 
may further disperse tissues and enhance 
lesion dimensions. Some studies have iden-
tified that low-energy images may also over-
estimate lesion length, which could be at-
tributed to breast compression.8,9,23 However, 
contrary to this, in our study, low-energy im-
ages tended to underestimate lesion length. 
This finding supports our hypothesis that 
relying solely on mammographic images in 
breast-conserving surgery may increase the 
risk of positive surgical margins.

To our knowledge, no prior study has 
specifically analyzed dynamic enhancement 
patterns in suspicious calcifications without 
a mass. A significant association was found 
between enhancement types and malig-
nancy. Compared with a previous study that 
evaluated various breast lesions, the main 
difference in our findings is that approxi-
mately half of our malignant lesions also 
exhibited a type 1 enhancement.15 We attri-
bute this difference to the higher metabolic 
activity of mass-forming lesions in previous 
studies compared with the suspicious calci-
fications not associated with a mass in our 
study, which may result in faster contrast up-
take and washout kinetics.

The other parameter we evaluated was 
the Ki-67 index, a marker of tumor cell pro-
liferation, which has been associated with 
higher relapse rates and lower survival.26 
In recent years, the potential impact of 
pre-treatment prognosis prediction on ther-
apy selection has led to increasing interest in 
assessing whether Ki-67 levels–and conse-
quently prognosis–can be inferred from im-
aging findings. To our knowledge, the only 
two studies in the literature investigating 
CEM and Ki-67 were conducted by Depret-
to et al.27 Their findings showed that most 
non-enhancing lesions had a Ki-67 index 
<20%, whereas more than half of the malig-
nant, contrast-enhancing calcifications had a 
Ki-67 index >20%.10 In our study, only inva-
sive carcinomas were analyzed. Although the 
median Ki-67 index in moderately enhanc-
ing lesions was unexpectedly lower than in 
low-enhancing lesions, disrupting a clear 
linear relationship, the P value was very close 

to statistical significance (0.05). The high-in-
tensity enhancement group had the highest 
median Ki-67 values. Although answering 
the question of whether higher contrast en-
hancement at diagnosis could indirectly indi-
cate a worse prognostic factor requires larg-
er studies with broader patient populations, 
our findings suggest promising potential for 
further investigation in this area.

Our study was conducted retrospective-
ly, which presents certain limitations. Some 
benign lesions were considered benign with-
out histopathological confirmation. Even 
if stability is observed over a 2-year period, 
considering such lesions as benign–particu-
larly in cases of in situ carcinomas, which may 
progress slowly–may not be a controversial 
approach in clinical practice. Retrospective 
evaluation reveals that in the majority of 
these patients, the suspicion of malignancy 
was significantly reduced through addition-
al imaging methods and clinical experience, 
and the decision for follow-up without biop-
sy was made in accordance with patient pref-
erence. Additionally, surgical tumor length 
data of some patients were not available. 
For comparisons with pathology, only the 
longest dimension in a single imaging plane 
was used. Other measurements in our study 
were qualitative. Furthermore, this was a sin-
gle-center study, which may limit the gener-
alizability of the findings.

In conclusion, CEM offers a significant 
advantage over MRI in the evaluation of 
suspicious calcifications, as it allows for the 
simultaneous assessment of both calcifica-
tion morphology and distribution as well 
as tissue functionality. This dual capabil-
ity, which combines the mammographic 
equivalent low-energy images with MRI-like 
recombined images, enhances diagnostic 
accuracy beyond mammography alone and 
provides valuable insights into tumor extent, 
potentially aiding surgical decision-making. 
Through various analyses, we found that 
the presence of enhancement demonstrat-
ed high sensitivity for malignancy, and in-
creasing enhancement intensity correlated 
with a higher malignancy risk. Additionally, 
CEM outperformed mammography alone 
in detecting malignancy and could assist in 
surgical planning by better reflecting disease 
extent. However, despite its potential, con-
trast enhancement intensity did not achieve 
statistical significance for distinguishing 
invasive from in situ carcinoma or for grad-
ing DCIS. Dynamic time-intensity analysis, 
similar to MRI kinetics, may aid lesion char-
acterization, and the potential role of en-

hancement intensity as a prognostic factor 
warrants further investigation. Given the 
limited number of studies focusing on this 
subgroup, larger-scale, multicenter research 
is needed for more robust conclusions. CEM 
remains a promising imaging modality for 
suspicious calcifications, a category where 
radiologists have yet to reach a consensus on 
standard practice, routine approaches vary, 
and pathological sampling remains relatively 
challenging. It has the potential to provide 
more reliable and clinically useful results, 
making it a valuable candidate for wider im-
plementation.

Footnotes
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Magnetic resonance imaging-based artificial intelligence model predicts 
neoadjuvant therapy response in triple-negative breast cancer 

PURPOSE
Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer with limited treat-
ment options and poorer overall survival than other subtypes. Neoadjuvant chemotherapy (NACT) 
is often used to reduce tumor size and improve surgical outcomes. However, predicting patients’ 
response to NACT remains challenging, and non-responding patients risk unnecessary chemo-
toxicity. This study aimed to develop a deep learning-based artificial intelligence (AI) model using 
pre-treatment magnetic resonance imaging (MRI) to predict pathological complete response (pCR) 
in patients with TNBC undergoing NACT.

METHODS
This retrospective, double-centered study included 49 lesions from 43 patients with TNBC. Data 
from MRI, including T2-weighted, T1-weighted, and diffusion-weighted imaging, were segmented 
and processed to train a residual convolutional neural network model.

RESULTS
The AI model achieved an accuracy of 0.82 and an area under the receiver operating characteristic 
curve of 0.75 in differentiating pCR from non-pCR cases. The model’s performance was validated 
through intra- and inter-reader agreement metrics, with Dice similarity coefficients ranging from 
0.821 to 0.915. 

CONCLUSION
Our results demonstrate that AI models can effectively predict NACT responses in patients with 
TNBC using only pre-treatment MRI data.

CLINICAL SIGNIFICANCE
This proof-of-concept study supports the potential for AI-based tools to aid clinical decision-mak-
ing and reduce the risks associated with ineffective therapies. Future research with larger datasets 
and additional imaging modalities is needed to improve model generalizability and clinical appli-
cability. 

KEYWORDS
Breast cancer, artificial intelligence, neoadjuvant chemotherapy, magnetic resonance imaging, re-
sidual convolutional neural network

You may cite this article as: Büyüktoka RE, Adıbelli ZH, Sürücü M, et al. Magnetic resonance imaging-based artificial intelligence model predicts neoadjuvant 
therapy response in triple-negative breast cancer. Diagn Interv Radiol. 2026;32(2):191-199.

Breast cancer (BC) is a common health problem worldwide and remains the most com-
mon cancer type among women. Despite its high incidence, mortality rates have 
consistently decreased over the last decades due to technological advancements in 

imaging and novel therapeutic options.1 BC has different subtypes, and each subtype has 
a different prognosis. It is crucial to evaluate the tumor molecularly to assess the patient’s 
treatment options and clinical outcomes.2

Triple-negative BC (TNBC) is characterized by the lack of estrogen receptors, progester-
one receptors, and expression of human epidermal growth factor receptor 2. It is the most 
aggressive subtype and has the least favorable overall survival (OS); it is diagnosed in almost 
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15%–20% of all patients with BC. In contrast 
to other subtypes, TNBC has limited hormo-
nal and target-specific treatment options.2-4

Neoadjuvant chemotherapy (NACT) for 
BC is increasingly used to decrease the tu-
mor volume and to downstage the disease 
to create a bridge to surgery.5 Early TNBC is 
commonly treated with surgery and adjuvant 
chemotherapy.6 Furthermore, unresectable 
and locally advanced TNBC treatment is main-
ly based on NACT.6,7 Compared with adjuvant 
chemotherapy, preoperative systemic thera-
py for BC has no advantages in disease-free 
survival or OS.8,9 However, there is a survival 
advantage in patients who achieve pathologi-
cal complete response (pCR) after NACT com-
pared with those with residual disease.10,11 
With NACT becoming the standard treatment, 
clinicians have focused on patients who do 
not achieve pCR. This is because patients 
without pCR show poorer survival outcomes 
than those with pCR, and post-NACT has been 
applied to patients without pCR to achieve 
long-term survival outcomes.11 Imaging stud-
ies and physical exams have provided early 
response assessments, helping distinguish 
non-responders. This allows for alternative 
treatments to overcome resistance, aiming to 
improve pCR rates and forming the basis for 
post-neoadjuvant treatment strategies.12-14 

Assessment of disease stage is mainly 
based on radiological examinations. Imag-
ing modalities include mammography, ul-
trasound (US), magnetic resonance imaging 
(MRI) of the breast, and positron emission 
tomography/computed tomography.15 Eval-
uation of the response after completion of 
NACT is based on radiological examinations. 
Mammography and US are routinely used 
to assess the response to NACT.16 However, 
after the initiation of NACT, it is impossible 
to predict the patient’s response status with 
conventional radiological methods.17,18

In this proof-of-concept study, we intro-
duce a deep learning-based artificial intelli-
gence (AI) model using pre-treatment MRIs 
to predict the NACT response status before 
the initialization of NACT. Convolutional 
neural networks (CNNs) are artificial neural 
networks composed of multiple layers, spe-
cifically designed to evaluate datasets that 
contain grid-like (coordinate-based) infor-
mation such as radiological images.19-21 We 
hypothesized that tumor appearances in dif-
ferent MRI sequences, as reflected by differ-
ent gray-level pixel presentations and tumor 
features, can be deciphered by a residual 
CNN-based AI model using pre-treatment 
MRIs.

Methods 

Study design and patient population

Our study was a retrospective dou-
ble-center study conducted in accord-
ance with the Declaration of Helsinki, and 
this retrospective study was approved by 
the University of Health Sciences Türkiye, İz-
mir Bozyaka Training and Research Hospital 
Clinical Research Ethics Committee (decision 
number: 2023/19, date: 08.02.2023). Due 
to the retrospective design of the study, in-
formed consent was waived by the local eth-
ics committee. 

Patients with biopsy-proven TNBC under-
went and completed NACT between 2018 
and 2023. These patients had pathology data 
at the time of initial diagnosis and under-
went breast MRI before NACT. A flowchart 
of the patient selection, inclusion, and exclu-
sion criteria is presented in Figure 1.

Magnetic resonance imaging acquisition 

MRIs of the patients were acquired at 
two different centers using 1.5 Tesla MRI 
units (Magnetom Amira and Symphony, 
Siemens Healthineers, Erlangen, Germany 
/ Philips Achieva, Philips Medical Systems, 
Drachten, Netherlands) and a 3-Tesla MRI 
unit (Magnetom Verio, Siemens Health-
ineers, Erlangen, Germany). All patients 
were imaged in the prone position using 
a breast coil. The MRI sequences included 
fast spin echo (FSE) T2-weighted images 
(T2WIs), b800 diffusion-weighted imag-
es (DWIs), and fat-suppressed pre- and 
post-contrast images at 180 seconds, 
which were used for segmentation. For 
contrast-enhanced images, 0.1 mmoL/kg 
of gadobutrol (Gadovist®, Bayer, Germany) 
or gadoteric acid (Clariscan®, GE Health-
care, Norway) was injected as a rapid bolus, 
followed by a 10-mL saline flush at 2-mL/s. 

The 180-second post-contrast images were 
used to feed the AI algorithm.

Definition of pathological complete re-
sponse

After completion of NACT, pathological 
response data from surgical specimens were 
classified as pCR and non-pCR. Pathological 
classifications were made according to the 
Miller-Payne grading system, with Grade 5 
classified as a complete response and Grade 
4 or below classified as no pCR.22 

Lesion segmentation

During data collection, the leading re-
searcher (R.E.B.) included 49 lesions from 43 
patients based on the inclusion and exclu-
sion criteria. The images were anonymized 
using local software, all image labels were 
removed, and new patient numbers were as-
signed post-anonymization. After anonymi-
zation, the FSE-T2WIs, DWIs, and pre- and 
post-contrast fat-suppressed T1-weighted 
images (T1WIs) were selected for annotation. 
The researcher evaluated the images along 
with pathological data. The lesions were seg-
mented volumetrically in three-dimension-
al (3D) polygon mode using ITK-SNAP 4.x 
open-source software in FSE-T2WIs, DWIs, 
and post-contrast images.  

After the initial segmentation, following 
an interval of at least 1 month, the research-
er randomly selected 20% of the lesions from 
each sequence for re-segmentation to calcu-
late intra-observer agreement using different 
metrics. Moreover, 20% of the lesions in each 
sequence were re-segmented by a second ra-
diologist (A.D.B.) with similar experience, and 
inter-observer agreement was calculated. 

Artificial intelligence model

Data preprocessing 

Before entering the data into the deep 
learning network, several preprocessing 
steps were applied. 

•	 Segmentation: Lesions identified by ra-
diologists were annotated on the imaging 
sequences. 

•	 Image cropping: Images were cropped 
to include only the annotated lesions. 

•	 Image scaling: Lesions were resized to a 
fixed 50 × 50 × 50 scale, with zero padding 
used for any gaps. 

•	 Normalization: The pixel values of the 
3D tumor slices were normalized between 0 
and 1. 

Main points

•	 Triple-negative breast cancer (TNBC) is the 
most aggressive and least common breast 
cancer subtype. 

•	 Pre-treatment magnetic resonance imaging 
(MRI) may contain helpful information for 
artificial intelligence (AI) models to predict 
neoadjuvant chemotherapy response in ad-
vance to individualize treatment.

•	 Our AI model predicts therapy response in 
TNBC using pre-treatment MRI data and 
achieved accuracy of 0.82 and area under 
the curve of 0.75 in predicting pathological 
complete response (pCR) compared with 
non-pCR. 
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•	 Data splitting: The normalized tumor 
slices were randomly split into “Training,” 
“Validation,” and “Test” sets (random state: 
42). After splitting, 30 tumor slices were se-
lected for training, 8 for validation, and 11 for 
testing. 

Data augmentation

Due to the relatively small dataset and 
imbalanced data distribution, data augmen-

tation was applied to the training set. There 
were 13 lesions in the “pCR” class and 17 in 
the “non-pCR” class. To address this imbal-
ance, data augmentation was first applied 
to underrepresented classes. Each class was 
then further augmented by randomly rotat-
ing the 3D MRI slices on the two-dimensional 
(2D; x, y) axis.

Deep learning model 

Residual CNNs were used for their ad-
vantages in processing limited data and 
achieving better generalization. A residu-
al CNN layer was designed in accordance 
with the ResNet architecture (Figure 2). The 
network input consisted of a 50  × 50 × 50 
lesion image. A 2D CNN layer with 64 chan-
nels, followed by batch normalization and 
MaxPooling (MP) layers, reduced the data to 
25 × 25 × 64. After two residual blocks and 
a 128-channel 2D CNN layer, the data were 
further reduced to 12 × 12 × 128 through 
another MP layer. Finally, a flattening layer 
produced a feature pool of 18,432 attrib-
utes. Similar processes were applied to other 
imaging sequences, and the features were 
combined after they had passed through the 
residual CNN layers. Although lesions were 
segmented volumetrically, the implemented 
architecture functions as a 2D CNN, operat-
ing on individual axial slices. 

Due to their low count, T2WI sequenc-
es were excluded from the study. The fea-
tures extracted from the pre-contrast T1WI, 
post-contrast T1WI, and DWI sequences were 
combined for each lesion, and classification 
was performed through a fully connected 
network with 1,792,896, and 256 neurons, 
respectively, in three dense layers (Figure 
3). However, we evaluated multiple input 
configurations: (i) post-contrast T1WIs alone 
and (ii) multi-sequence inputs (pre-contrast 
T1WIs, post-contrast T1WIs, DWIs) using the 
same backbone. Due to sequence availabili-
ty and performance on the test set, the final 
model reported in the Results section utilizes 
post-contrast T1WIs only. Despite the limited 
training data, accuracy values comparable to 
those in the literature were achieved. Residu-
al CNNs offer key advantages, such as easier 
learning, robustness to model complexity, 
and training efficiency. 

Statistical analysis

All statistical analyses were performed us-
ing R statistical software (version 3.6.0, Posit 
Software, PBC). Descriptive statistics were 
calculated to summarize patient and lesion 
characteristics. Continuous variables were 
expressed as mean ± standard deviation (SD) 
for normally distributed data and median 
with quartile values (Q1, Q3) for non-normal-
ly distributed data. Categorical variables were 
presented as absolute frequencies and per-
centages. Between-group comparisons for 
continuous variables were conducted using 
the Student’s t-test or the Mann–Whitney U 
test according to distributional assumptions, 

Figure 1. Flowchart of patient selection. TNBC, triple-negative breast cancer; NACT, neoadjuvant 
chemotherapy; MRI, magnetic resonance imaging; AI, artifical intelligence. 
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whereas categorical variables were com-
pared using the Fisher–Freeman–Halton test, 
as appropriate. It was considered statistically 
significant when P < 0.05. Variables found to 
be statistically significant in univariable anal-
yses were included in a multivariable logistic 
regression model to identify independent 
predictors of pCR following NACT. The results 
were expressed as odds ratios (ORs) with 95% 
confidence intervals (CIs). The overall model 
fit was assessed using the likelihood ratio 
test, and predictive performance was eval-
uated with Nagelkerke’s pseudo R². Model 
calibration was tested using the Hosmer–Le-
meshow goodness-of-fit test. Model perfor-
mance on the test set was evaluated by cal-
culating accuracy from the confusion matrix 
(true-positive, true-negative, false-positive, 
and false-negative counts). Receiver oper-
ating characteristic (ROC) curves were plot-
ted, and the area under the curve (AUC) was 
computed directly from the classification 
results. Intra-reader agreement was assessed 
by comparing repeated segmentations from 
the same reader on the same dataset using 
the Dice similarity coefficient formula. Pair-
wise Dice values were computed between all 
readers, and the mean (± SD) Dice value was 
reported to summarize inter- and intra-read-
er agreement. 

All analyses were performed using 
functions from the readxl, dplyr, compar-
eGroups, broom, and ResourceSelection 
packages in R. 

Results 

Descriptive results

The patient and lesion characteristics 
of the 43 patients included in the study are 
summarized in Table 1.

The study includes a total of 49 lesions, 
with 20 (40.82%) achieving pCR and 29 
(59.18%) not achieving pCR. The mean age 
of patients in the pCR group was 50.1 ± 
10.9 years, slightly older than the non-pCR 
group, which had a mean age of 48.9 ± 
13.3 years. Patients who achieved pCR had 
significantly smaller median tumor sizes at 
baseline (P = 0.034), with a median of 28.5 
mm (Q1 –Q3: 22.5–32.0), than those who 
did not achieve pCR, who had a median tu-
mor size of 35.5 mm (Q1–Q3: 24.25–56.5). 
The median tumor volume on post-contrast 
T1WIs was significantly less (P = 0.045) in 
the pCR group [median 9,243 mm³ (Q1–Q3 
3,714–13,665 mm³)] than in the non-pCR 
group [median 19,453 mm³ (Q1–Q3: 5,029–
58,595 mm³)].

In the multivariable logistic regres-
sion analysis, tumor volume measured on 
post-contrast T1WIs and the Ki-67 prolifer-
ation index were found to be independent 
predictors of achieving pCR after NACT. Tu-
mor volume was associated with pCR (ad-
justed OR: 1.00; 95% CI: 1.00–1.00; P = 0.040), 
and higher Ki-67 levels were significantly 
associated with increased odds of pCR (ad-

justed OR: 1.04; 95% CI: 1.01–1.07; P = 0.018). 
Tumor size did not reach statistical signifi-
cance (adjusted OR: 1.05; 95% CI: 0.96–1.17; 
P = 0.299). The overall model demonstrated 
a good fit (Nagelkerke’s pseudo R² = 0.422, 
Hosmer–Lemeshow test P = 0.702) and was 
statistically significant according to the like-
lihood ratio test (P < 0.001). These results are 
summarized in Table 2. 

Intra-reader and inter-reader agreement 
results 

The AI algorithm was fed with 3D vol-
umetric segmentations, and its reliability 
was evaluated by assessing intra-reader 
agreement using different scores for each 
sequence. Accordingly, the average Dice 
coefficient for segmentations performed on 
DWIs was 0.841 ± 0.075, and for segmenta-
tions performed on post-contrast T1WI se-
quences, the average Dice coefficient was 
0.915 ± 0.046. Considering the inter-reader 
agreement between the radiologists based 
on different segmentations, the average Dice 
coefficient was 0.821 ± 0.050 for segmenta-
tions performed on DWIs and 0.890 ± 0.059 
for segmentations performed on post-con-
trast T1WI sequences. These data demon-
strate that the segmentations performed by 
the primary researcher at different times and 
those performed by the second researcher 
were highly consistent. 

Figure 2. Residual convolutional neural network (CNN) layers. The network input consisted of a 50 × 50 × 50 lesion image. A two-dimensional (2D) CNN layer with 64 
channels, followed by batch normalization and MaxPooling (MP) layers, reduced the data to 25 × 25 × 64. After two residual blocks and a 128-channel 2D CNN layer, 
the data were further reduced to 12 × 12 × 128 through further MP layer. Finally, a flattening layer produced a feature pool of 18,432 attributes.
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Artificial intelligence model results

The best AI model for differentiating pCRs 
from non-pCRs on the test set revealed an ac-
curacy of 0.82 (95% CI: 0.545–1.000) and AUC 
ROC of 0.75 (Figure 4). The best-performing 
model used only post-contrast T1WI data. 
These results demonstrate that the CNN-
based AI model can predict response status 
with high performance. True-positive and 
true-negative examples predicted by the 
model are presented in Figure 5.

Discussion
TNBC is a rare but aggressive subtype of 

BC with a higher risk of metastasis than other 

subtypes.2-4 Neoadjuvant therapy improves 
surgical outcomes, but its success is still un-
predictable. If patients do not respond to 
this therapy, they face unnecessary toxicities. 
Therefore, predicting NACT response would 
help optimize treatment, reduce chemotox-
icity risks, and improve clinical decision-mak-
ing. 

Despite advances in radiology, there is still 
a lack of data for accurately predicting NACT 
outcomes. Although AI is increasingly ap-
plied in radiology, few studies have focused 
on predicting NACT response in BC, especial-
ly for the TNBC subtype. This study aims to 
fill this gap by using only pre-treatment MRIs 

to predict responses in patients with TNBC. 
Our AI model, based on a CNN, achieved an 
accuracy of 0.82 in distinguishing patients 
who achieved pCR. Our model has several 
advantages over the previous studies that 
tried to predict or detect the response status 
of NACT in patients with BC. First, our model 
used only pre-treatment MRIs to classify pa-
tients as pCR or non-pCR. This extends the 
period for clinicians to modify the treatment 
plan and enhances their decision-making 
when concluding NACT early. Second, our 
model tried to predict responses using more 
sequences than previously used, which may 
add additional value to the AI model by using 
the different features of the various sequenc-
es. However, the best-performing model was 
identified as that using only post-contrast 
T1WI data to predict NACT response status. 
This might be because tumor heterogeneity 
is best determined in this sequence, and oth-
er sequences, such as DWIs and pre-contrast 
T1WIs, might lack sufficient data for the AI 
model to extract. Therefore, we also segment-
ed the tumors in 3D volumetrically, enhanc-
ing the information that is acquired from the 
tumors. Moreover, selecting only a few slices 
of the tumor might create selection bias. Fi-
nally, unlike in earlier studies,23-26 our model 
is based on the biopsy-proven TNBC subtype. 
This is because different types of BC behave 
differently to NACT, and studies including 
various types of BC might have heterogene-
ity that influences the results of the AI model 
in the future.

In terms of conventional analysis, after 
logistic regression analysis, we found that 
the parameters that might help identify 
NACT predictors in TNBC were the tumor 
proliferation index (Ki-67) and volume. Pre-
vious studies have shown that tumor Ki-67 
values can predict response to NACT.27 In a 
study by Penault-Llorca et al.,28 which exam-
ined the predictive performance of various 
pathological markers for NACT in different 
types of BC with 710 patients, high Ki-67 val-
ues were found to be significant in predicting 
complete response, consistent with our find-
ings. Similarly, MacGrogan et al.29 identified 
high Ki-67 as an independent predictor of 
NACT response in patients with BC (n = 128). 
By contrast, Petit et al.30 observed higher Ki-
67 values in the complete response group 
but reported that the difference was not 
statistically significant. Additionally, studies 
by Bottini et al.31 and Estévez et al.32 found 
that Ki-67 was not a key predictor of NACT 
response. These different results are thought 
to arise from variations in patient groups and 
treatment protocols.

Figure 3. Deep learning model. The features extracted from the pre-contrast T1-weighted image (T1WI), 
post-contrast T1WI, and diffusion-weighted image (DWI) sequences were combined for each lesion, 
and classification was performed through a fully connected network with 1,792,896, and 256 neurons, 
respectively, in three dense layers. 

*Note: We tested alternative model configurations using multiple sequences (pre-T1WI, post-T1WI, DWI); 
however, the final reported model uses post-contrast T1WI only. CNN, convolutional neural network.
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Besides conventional analysis, several 
studies support the potential of AI in predict-
ing NACT outcomes. However, most of these 

studies used either one imaging method 
or one sequence, both pre-treatment and 
post-treatment images in combination, or 

all subtypes of the BC for the dataset. For 
instance, Herrero Vicent et al.24 combined 
multiparametric MRIs and clinical data to 
create a machine learning model. This study, 
conducted on a small group of 58 patients, 
achieved an accuracy of 0.87 using only ra-
diological imaging features.24 Similarly, our 
study achieved high accuracy despite using 
a small patient group, demonstrating that AI 
models can perform well even with limited 
data. 

Skarping et al.23 developed an AI model 
using pre-treatment digital mammograms 
to predict pCR in all BC subtypes. This mod-
el was applied to 453 lesions, and an AUC 
score of 0.7123  was achieved. Although their 
model used pre-treatment mammographic 
data, ours focused on MRI, demonstrating 
the versatility of imaging modalities in AI 
applications. In addition, we used different 
sequences to better understand the informa-
tion in each sequence. In another study, Qu 
et al.26 tested deep learning models on differ-
ent imaging sets, including pre- and post-ne-
oadjuvant T1WIs. Their model using only 
pre-treatment images had a lower AUC score 
of 0.55, but the combined model achieved a 
high AUC of 0.97.26 This suggests that com-
bining imaging datasets could substantially 
improve prediction accuracy; however, our 
study achieved stronger performance by only 
using pre-treatment images. Ha et al.25 devel-
oped a CNN using pre-neoadjuvant MRI data 
from 141 patients, achieving an impressive 
AUC score of 0.98. This high accuracy high-
lights the potential of deep learning meth-
ods in predicting therapy responses. These 
findings suggest that with more data and re-

Table 1. Descriptive results of the dataset indicate that tumor size (mm), tumor volume (mm3), and proliferation index (Ki67-) are significantly 
different between pCR and non-pCR groups

pCR Non-pCR

Total 20 29

Age (years) mean (± SD) 50.1 (10.9) 48.9 (13.3) P = 0.732

Mammographic density BIRADS

A (%) 2 (50%) 2 (50%) P = 0.556

B (%) 10 (50%) 10 (50%)

C (%) 5 (27.7%) 13 (72.3%)

D (%) 3 (42.8%) 4 (57.2%)

Tumor size (mm) median (Q1; Q3) 28.5 (22.5; 32.0) 35.5 (24.25; 56.5) P = 0.041

Tumor volume post-contrast T1WI (mm3) median 
(Q1; Q3) 9,243 (3,714; 13,665) 19,453 (5,029; 58,595) P = 0.030

Background parenchymal enhancement BIRADS

Minimal (%) 13 (44.8%) 16 (55.2%) P = 0.782

Mild (%) 5 (38.5%) 8 (61.5%)

Moderate (%) 2 (40%) 3 (60%)

Marked (%) 0 (0%) 2 (100%)

Proliferation (Ki-67) median (Q1; Q3) 80 (50; 80) 50 (30; 77.5) P = 0.027

SD, standard deviation; pCR, pathological complete response; T1WI, T1-weighted image.

Table 2. Multivariable logistic regression analysis of predictors for pathological complete 
response

Adjusted OR (95% Cl) P

Tumor size (mm) 1.05 (0.96–1.17) 0.299

Tumor volume, post-contrast T1WI (mm3) 1.00 (1.00–1.00) 0.040

Proliferation (Ki-67) 1.04 (1.01–1.07) 0.018

Pseudo R² (Nagelkerke): 0.422, Hosmer–Lemeshow P = 0.702, likelihood ratio test P < 0.001; OR, odds ratio; CI, 
confidence interval; T1WI, T1-weighted image.

Figure 4. Receiver operating characteristic curve for the best-performing convolutional neural network 
model using post-contrast T1-weighted imaging to differentiate pathological complete response (pCR) 
from non-pCR in the test set (n = 11). 
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fined methodologies, the performance of AI 
models such as that presented in this study 
could be further enhanced. Zhou et al.33 de-
veloped an AI model focusing solely on TNBC, 
using MRI datasets collected before and after 
four cycles of NACT. This study achieved an 
accuracy of 0.77, and using open-source data 
allowed them to expand their patient group 
to 162. Furthermore, this study used both 
pre-treatment and post-treatment images to 
increase the performance, but they failed to 
note whether they tried only pre-treatment 
images for any model.33 Previous studies are 
summarized in Table 3.

Overall, these studies highlight the prom-
ise of AI-based models in predicting NACT 
responses. As seen in the literature and our 
study, AI can provide high accuracy in pre-
dicting therapy outcomes, although larger 
patient groups and refined methodologies 
are necessary to enhance performance. Inte-
grating clinical and radiological data and AI 
can substantially aid clinical decision-making 
processes. 

This study has several limitations. First, 
the cohort size and small test set constrain 
statistical power and widen uncertainty 
around performance estimates. Second, clin-

ical staging at diagnosis was not consistently 
available across centers, which precluded 
stage-stratified analyses and may introduce 
clinical heterogeneity. Third, although we 
initially evaluated multiple MRI sequences, 
T2WIs were excluded because complete, 
high-quality series were insufficiently availa-
ble across patient cohorts and centers; more-
over, in other models within our sample, add-
ing DWIs and/or pre-contrast T1WIs did not 
improve discrimination over post-contrast 
T1WIs alone. These factors may limit gener-
alizability and should be addressed in larger, 
prospectively curated, multi-institutional co-
horts. Moreover, patients with non-mass en-
hancement were excluded due to difficulties 
in tumor segmentation. Although rare, this 
exclusion limits the model’s applicability to 
specific patient subgroups. Finally, this study 
evaluates a single residual CNN backbone 
without head-to-head comparisons against 
alternative deep learning architectures or 
classic machine learning approaches using 
hand-crafted radiomics, which restricts the 
scope for architectural comparison. 

Future research focusing on external 
validation across multiple institutions and 
scanners, prospective enrollment to ensure 

complete clinical staging and acquisition 
protocols, and development of multimod-
al models that fuse imaging-derived rep-
resentations with clinical biomarkers (e.g., 
Ki-67) might improve discrimination, calibra-
tion, and decision utility. With larger datasets 
and more complete sequence availability, 
we will revisit multi-sequence inputs and ex-
plore end-to-end 3D architectures and other 
architectural designs to test whether addi-
tional sequences and different architectures 
(e.g., T2WIs, DWIs) provide incremental value 
beyond post-contrast T1WIs.  

In conclusion, AI-based models hold con-
siderable potential in predicting NACT re-
sponses, particularly for aggressive subtypes 
such as TNBC. These models can improve 
clinical outcomes by optimizing treatment 
plans and personalizing care. However, ex-
panding research with larger, multicenter 
datasets is necessary to enhance the models’ 
generalizability and ensure broader clinical 
application. With continued advancements, 
AI can play a crucial role in the future of per-
sonalized BC treatment. 

Figure 5. Examples of the artificial intelligence (AI) model’s prediction. The upper-left tumor has a median size of 70 mm, a volume of 68,870 mm3, and a Ki-67 value 
of 35, with no response. By contrast, the upper-right tumor has a median size of 25 mm, a volume of 3,714 mm3, and a Ki-67 value of 50, with a complete response. 
pCR, pathological complete response.
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PURPOSE
This study investigates the competence of a newly certified radiologist in reporting hydrops imag-
ing and examines the role of magnetic resonance imaging (MRI) findings in diagnosing definite and 
probable Ménière’s disease (MD).

METHODS
Sixty-four cases were retrospectively evaluated–blinded to clinical data–by a senior radiologist (O-
1) and a newly certified radiologist (O-2) using 3D heavily T2-weighted and delayed contrast-en-
hanced three-dimensional fluid-attenuated inversion recovery sequences. The posterior fossa–pos-
terior semicircular canal (P–P) distance, endolymphatic hydrops (EH), perilymphatic enhancement 
(PE), and the round window sign (RWS) were assessed.

RESULTS
Interobserver agreement was moderate for cochlear (κ = 0.591) and vestibular hydrops (κ = 0.566), 
good for PE (κ = 0.663), and excellent for the RWS (κ = 0.817). O-1 demonstrated good intraobserver 
agreement for the RWS (κ = 0.787) and excellent agreement for the other parameters. O-2 showed 
lower intraobserver agreement for cochlear hydrops, vestibular hydrops, and the RWS (κ = 0.366, 
κ = 0.332, and κ = 0.398, respectively). The P–P distance showed excellent interobserver [intraclass 
correlation coefficient (ICC) = 0.932] and intraobserver agreement (ICC = 0.978 for O-1; ICC = 0.886 
for O-2). The P–P distance was significantly shorter in definite MD (dMD) than in probable MD (pMD) 
(1.23 ± 1.07 mm vs. 2.17 ± 1.79 mm, P = 0.021). The rate and grade of hydrops were higher in dMD  
(P < 0.050), whereas the RWS was more frequent in pMD. Hydrops and PE were more often observed 
on the symptomatic side (P < 0.001). Cochlear hydrops was identified in 14.3% and vestibular hy-
drops in 31.2% of asymptomatic sides.

CONCLUSION
The newly certified radiologist’s intraobserver agreement for hydrops imaging was insufficient. In 
dMD, the retrolabyrinthine bone is thinner, hydrops is more frequent and advanced, and the RWS is 
less common. Approximately one in five patients with MD may have a perilymphatic fistula. Close 
monitoring of asymptomatic contralateral ears is essential.

CLINICAL SIGNIFICANCE
Accurate MRI evaluation of EH in MD strongly depends on the radiologist’s expertise. This study 
highlights that newly certified radiologists may show lower reliability in assessing hydrops imaging, 
underscoring the need for targeted training programs. 

KEYWORDS
Endolymphatic hydrops, magnetic resonance imaging , Meniere’s disease, perilymphatic enhance-
ment, perilymphatic fistula, round window sign
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 Ménière’s disease (MD) is a clinical syn-
drome characterized by spontaneous verti-
go, fluctuating low-frequency sensorineural 
hearing loss, tinnitus, and aural fullness.1 The 
2015 diagnostic criteria classify MD into two 
categories: definite MD (dMD) and probable 
MD (pMD), based on the duration of vertigo 
attacks and the presence of low- to mid-fre-
quency hearing loss.1 However, in the early 
stages of the disease, key symptoms–such 
as vertigo, tinnitus, and hearing loss–may 
not occur simultaneously, complicating di-
agnosis.2 The etiopathogenesis of MD is not 
fully understood, but it is associated with an 
excessive accumulation of endolymph, re-
sulting in endolymphatic hydrops (EH). Due 
to overlapping clinical features, MD is often 
misdiagnosed as other conditions, such as 
vestibular migraine or vestibular schwanno-
ma.3-6

Advancements in endolymphatic imag-
ing have been made possible by 3 Tesla (3T) 
magnetic resonance imaging (MRI) systems. 
Nakashima et al.7 conducted the first nota-
ble study in 2007, using intratympanic ad-
ministration of a contrast agent. In 2010, the 
same group introduced intravenous contrast 
administration for endolymphatic imaging.8 
Imaging is typically performed approximate-
ly 4 hours after intravenous contrast injec-
tion, when the agent reaches peak concen-
tration in the perilymph but does not enter 

the endolymph, allowing the endolymph to 
appear as negative contrast.8

Since Nakashima’s pioneering studies, nu-
merous investigations have focused on EH 
imaging. However, most rely on subjective 
visual assessments, raising concerns about 
reliability and reproducibility. A review of 
the literature shows few studies examining 
interobserver agreement and even fewer 
evaluating intraobserver agreement. These 
studies typically involve neuroradiologists or 
head and neck radiologists, often senior-lev-
el experts.9-12 At our institution, hydrops im-
aging has been integrated into routine MRI 
scans for head and neck radiology since 
2019. However, it is not yet standard practice 
in many countries, including ours, where it 
remains primarily a research topic. This study 
aims to evaluate the competence of a newly 
certified radiologist in hydrops imaging and 
to assess the diagnostic role of MRI findings 
in dMD and pMD.

Methods
Approval was obtained from the Eskişe-

hir Osmangazi University Non-Interven-
tional Clinical Research Ethics Committee 
(16.05.2023/58). As this was a retrospective 
study, the ethics committee waived the re-
quirement for informed consent from the 
patients.

Magnetic resonance imaging protocol 

MRI scans were performed using a 3T 
scanner (GE Discovery 750W, General Elec-
tric, Milwaukee, WI, USA) equipped with a 
32-channel head coil. Fifty-four cases were 
scanned using the older version of the scan-
ner, and 10 cases were scanned using the 
upgraded version. For the older version, 
0.2 mmol/kg of a gadolinium-based con-
trast agent was administered intravenously, 
whereas 0.1 mmol/kg was used for the up-
graded version.

The protocol for the delayed contrast-en-
hanced CUBE three-dimensional fluid-at-
tenuated inversion recovery (3D-FLAIR) se-
quence on the older version was as follows: 
field of view (FOV) 260 mm, slice thickness 
0.8 mm, repetition time (TR) 6,800 ms, echo 
time (TE) 115 ms, number of excitations 
(NEX) 1, inversion time (TI) 1,769 ms, matrix 
320 × 288, bandwidth 42 Hz/pixel, echo train 
length (ETL) 200, voxel size 0.8 × 0.8 × 0.8 
mm, and scan time 8 minutes. The protocol 
for the upgraded version was as follows: FOV 
160 mm, slice thickness 0.4 mm, TR 8,500 ms, 
TE 168 ms, NEX 2, TI 2,185 ms, flip angle 142°, 

matrix 224 × 224, bandwidth 50 Hz/pixel, ETL 
220, voxel size 0.7 × 0.7 × 0.8 mm, and scan 
time 6 minutes. The protocol for the heavily 
T2-weighted fast imaging employing steady-
state acquisition (FIESTA) sequence was as 
follows: FOV 220 mm, slice thickness 0.8 mm, 
TR 5.4 ms, TE 2.1 ms, NEX 2, flip angle 55°, 
matrix 320 × 320, and scan time 5 minutes. 
This 3D-FLAIR sequence is T1-weighted and 
optimized for delayed post-contrast imaging 
to assess inner ear fluid compartments.

Patient selection 

Between September 2019 and April 2023, 
MRI scans were performed. Patients were 
excluded from the study due to images of 
insufficient quality (motion artifacts, low 
contrast-to-noise ratio) or clinical diagnoses 
of vertigo or hearing loss (sensorineural and 
sudden sensorineural), leaving 86 patients 
with MD. Among these, 22 cases with a clin-
ical diagnosis of bilateral MD were included 
in the radiological evaluation but excluded 
from statistical analysis to avoid bias related 
to disease laterality. Finally, 64 patients were 
included in the study (Figure 1).

The following patient characteristics were 
recorded: age, sex, symptomatic side (right 
or left), diagnostic classification (pMD or 
dMD), and history of intratympanic therapy 
(e.g., gentamicin). MRI evaluations included 
cochlear and vestibular hydrops grading, 
presence of perilymphatic enhancement 
(PE), the round window sign (RWS), and mea-
surement of the posterior fossa–posterior 
semicircular canal (P–P) distance.

Interobserver and intraobserver agree-
ment

The 64 patients included in the study were 
evaluated independently, twice each, by a ra-
diologist with 20 years of experience in head 
and neck radiology and 5 years of experience 
in EH imaging (XX, O-1), and a newly certified 
radiologist with 5 years of general radiology 
experience (XX, O-2). During residency, O-2 
completed three separate 3-month head 
and neck radiology rotations, during each of 
which they reviewed approximately 30 cas-
es involving EH imaging. The observers were 
blinded to clinical findings, disease laterality, 
and whether symptoms were unilateral or bi-
lateral. Each patient was evaluated twice by 
each observer, with a 2–4-week interval be-
tween the two evaluations. The assessments 
were performed using the GE Advantage 
Workstation VolumeShare 5 (General Electric, 
Milwaukee, WI, USA).

Main points

•	 Magnetic resonance imaging (MRI) eval-
uation of endolymphatic hydrops (EH) in 
Ménière’s disease (MD) is highly dependent 
on the radiologist’s experience; newly cer-
tified radiologists may require additional 
training to achieve adequate diagnostic 
consistency.

•	 EH and perilymphatic enhancement on MRI 
are considerably more common and ad-
vanced on the symptomatic side in patients 
with definite MD (dMD) than in those with 
probable MD (pMD).

•	 Reduced retrolabyrinthine bone thickness 
(i.e., shorter posterior fossa–semicircular ca-
nal distance) measured by MRI may serve as 
a supportive imaging marker for dMD.

•	 The round window sign, suggestive of peri-
lymphatic fistula, can mimic symptoms of 
MD–particularly in pMD cases–and was ob-
served in approximately one-fifth of symp-
tomatic patients.

•	 MRI may detect EH even on clinically asymp-
tomatic sides, emphasizing the importance 
of bilateral evaluation and long-term fol-
low-up.
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Image evaluation

Vestibular hydrops was evaluated on de-
layed contrast-enhanced 3D-FLAIR series 
using the Bernaerts classification (grade 
0: normal-sized saccule and utricle; grade 
1: the saccule is equal in size to or larger 
than the utricle; grade 2: confluence of sac-
cule and utricle encompassing >50% of the 
vestibule; grade 3: total effacement of the 
perilymphatic space) (Figure 2). Cochlear hy-
drops (Figure 3 and 4) was evaluated using 
the Baráth classification (grade 1: mild dila-
tation of the non-enhancing cochlear duct; 
grade 2: uniform obstruction of the scala 
vestibuli by the severely distended cochlear 
duct).13,14 Asymmetric PE (Figure 5)15 and the 
presence of the RWS16 were also investigat-
ed (Figure 6). In heavily T2-weighted images, 
the P–P distance (Figure 7) was measured 
as the distance from the posterior border of 
the vertical part of the posterior semicircular 
canal to the posterior cortex of the petrous 
bone, used as the reference.10,17 In cases of 
discrepancy between the two evaluations, 
the radiologists jointly re-evaluated the im-
aging findings in a consensus session, during 
which both examiners reviewed the imag-
es together on the same workstation and 
reached an agreement through discussion. 
If disagreement persisted, the finding was 
recorded as “non-consensus” and excluded 
from the final agreement analysis.

Statistical analysis 

Data were analyzed using (IBM, Armonk, 
NY, USA). A value of P < 0.05 was considered 
statistically significant. The Shapiro–Wilk test 
was used to assess the normality of continu-
ous variables. McNemar’s test was applied to 
compare findings between symptomatic and 
asymptomatic sides. The Wilcoxon test was 
used to compare P–P distances, whereas the 
Mann–Whitney U test compared the dMD 
and pMD groups. Chi-square and Fisher’s ex-
act tests were used for categorical compari-
sons. Interobserver and intraobserver agree-
ment for P–P measurements was assessed 
using the intraclass correlation coefficient 
(ICC), and Cohen’s kappa was used to analyze 
agreement for categorical variables.

Results

Interobserver and intraobserver agree-
ment

The mean age of the 64 cases was 45.49 ± 
10.81 years, with 35 women (54.7%) and 29 
men (45.3%). A total of 43 cases (67.2%) were 
classified as pMD and 21 cases as dMD. 

Figure 1. Patient selection flowchart. MRI, magnetic resonance imaging; MD, Ménière’s disease.

Figure 2. Axial delayed contrast-enhanced 3D-FLAIR images showing vestibular hydrops evaluation. On the 
right side, the saccule and utricle (long arrows) are normal in size and well separated (grade 0, Bernaerts 
classification).19 On the left side, the saccule and utricle are confluent (short arrows), but the perilymphatic 
space remains partially visible, consistent with grade 2. Bilateral cochleae are marked with arrowheads. 
3D-FLAIR, three-dimensional fluid-attenuated inversion recovery.

Figure 3. Axial delayed contrast-enhanced 3D-FLAIR image showing cochlear hydrops evaluation. On 
the left side, punctate non-enhancing areas within the cochlear duct (arrows) indicate grade 1 hydrops, 
according to the Baráth classification.13 The right cochlea appears normal. 3D-FLAIR, three-dimensional 
fluid-attenuated inversion recovery.
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In 36 patients (56.3%), the right side was 
symptomatic, whereas in 28 (43.8%), the left 
side was symptomatic.

Interobserver agreement was moderate 
for cochlear and vestibular hydrops, good 
for PE, and very good for the RWS (Table 1). 

O-1’s intraobserver agreement was good for 
the RWS and very good for the other crite-
ria. O-2’s intraobserver agreement was low 
(Table 2). For the P–P distance (n = 128), O-1 
measured a mean of 1.87 ± 1.57 mm, where-
as O-2 measured 1.67 ± 1.55 mm, with very 
good agreement [interobserver agreement: 
ICC = 0.932 (95% confidence interval; CI: 
0.905–0.952), P < 0.001; intraobserver agree-
ment: ICC = 0.978 for O-1 (95% CI: 0.960–
0.989), ICC = 0.886 for O-2 (95% CI: 0.796–
0.938), P < 0.001]. The P–P distance was 
shorter in cases of dMD than in pMD (1.23 ± 
1.07 mm vs. 2.17 ± 1.79 mm, P = 0.021), but 
the difference between the normal sides was 
not significant (1.36 ± 1.14 mm vs. 2.13 ± 1.61 
mm, P = 0.056).

Radiologic evaluation

On the asymptomatic side, grade 1 co-
chlear hydrops was observed in 5/64 cases 
(7.8%) and grade 2 in 4/64 cases (6.3%). Ves-
tibular hydrops was grade 1 in 7/64 cases 
(10.9%) and grade 2 in 13/64 cases (20.3%). 
No grade 3 vestibular hydrops was observed 
on the asymptomatic side. PE was observed 
in 2/64 cases (3.1%), and the RWS was seen in 
8/64 cases (12.5%), equal to the symptomatic 
side.

The comparison of radiological findings 
between the symptomatic and asymptom-
atic sides is presented in Table 3. On the 
symptomatic side, cochlear hydrops, vestib-
ular hydrops, and PE were significantly more 
frequent than on the asymptomatic side (P < 
0.001). The presence of the RWS was similar 
on both sides (P > 0.05).

On the symptomatic side, in cases of dMD, 
the rate of grade 2 cochlear hydrops (7/21 vs. 
3/43; P = 0.032) and grade 3 vestibular hy-
drops (10/21 vs. 3/43; P < 0.001) was higher 
than in pMD. The rates of the RWS (3/21 vs. 
5/43; P = 1) and PE (9/21 vs. 12/43; P = 0.232) 
were similar between the groups.

In 15 symptomatic ears (13 pMD, 2 dMD), 
neither EH nor PE was observed. In 3 of these 
15 cases, the RWS was present (2 pMD, 1 
dMD). In total, the RWS was detected in 8 
symptomatic ears (5 pMD, 3 dMD) and on the 
asymptomatic side, including 6 cases of bilat-
eral MD. On the symptomatic side, PE accom-
panied the RWS in 3 out of 8 ears. Among the 
8 symptomatic ears with the RWS, EH (3 co-
chlear, 5 vestibular) was observed in 3 cases, 
along with PE. On the asymptomatic side, EH 
was observed in 4 cases (1 cochlear, 3 vestib-
ular), but no PE was detected. No soft tissue 

Figure 4. Axial delayed contrast-enhanced 3D-FLAIR image demonstrating bilateral grade 2 cochlear 
hydrops. Uniform dilation of the cochlear ducts (arrows) causes linear filling defects within the scala vestibuli, 
as defined by the Baráth classification.13 3D-FLAIR, three-dimensional fluid-attenuated inversion recovery.

Figure 5. Axial delayed contrast-enhanced 3D-FLAIR image showing asymmetric perilymphatic 
enhancement. Increased contrast uptake is noted in the cochlear basal turn on the right side (arrows), 
compared with the left, consistent with asymmetric PE as described by Bernaerts et al.19 3D-FLAIR, three-
dimensional fluid-attenuated inversion recovery; PE, perilymphatic enhancement.

Figure 6. Axial delayed contrast-enhanced 3D-FLAIR image demonstrating high signal intensity in the left 
round window niche (arrow) in a patient with probable left-sided Ménière’s disease, consistent with the 
round window sign suggestive of perilymphatic fistula, as described by Dubrulle et al.16 The right round 
window niche appears normal (arrow). 3D-FLAIR, three-dimensional fluid-attenuated inversion recovery.
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or effusion indicating hyperintensity in the 
area corresponding to the RWS was observed 
on the heavily T2-weighted sequences.

Bilateral RWS was observed in one patient 
with dMD who had undergone intratym-
panic gentamicin therapy, whereas bilateral 

grade 1 vestibular hydrops was noted in an-
other patient. None of the other patients in-
cluded in the study had a history of intratym-
panic therapy.

Discussion
In our study, interobserver agreement 

was moderate for cochlear and vestibular 
hydrops and good for visual PE evaluation. 
The 2022 study by Bernaerts et al.18 report-
ed similar agreement rates among senior 
neuroradiologists for cochlear and vestib-
ular hydrops, as well as for visual PE eval-
uation using turbo spin-echo (TSE) FLAIR 
sequences. However, agreement was con-
siderably higher in their study when using 
SPACE FLAIR sequences for hydrops and PE 
assessment. Their 2019 study also reported 
higher interobserver agreement, reaching a 
good level.19 In the 2022 study by Deng et 
al.20, interobserver agreement for vestibu-
lar hydrops using TSE FLAIR was good, and 
for cochlear hydrops, it was very good. That 
study also demonstrated even higher agree-
ment when using real inversion recovery (IR) 
sequences. As previously noted, IR sequenc-
es developed after TSE FLAIR improved geo-
metrical resolution, resulting in higher agree-
ment rates. Studies using these sequences 
have reported near-perfect agreement 
among senior researchers.9-12

Figure 7. Coronal heavily T2-weighted FIESTA image showing measurement of the posterior fossa–posterior 
semicircular canal distance. The line indicates the shortest distance between the posterior border of the 
vertical limb of the posterior semicircular canal and the posterior cortical surface of the petrous temporal 
bone, used as an indicator of retrolabyrinthine bone thickness, as described by Lei et al.10 FIESTA, fast 
imaging employing steady-state acquisition.

Table 1. Interobserver agreement for categorical data

Observer 1\observer 2 None Present/grade 1 Grade 2 Grade 3 Kappa P

Vestibular hydrops

None 53 5 6 0

0.566 <0.001
Grade 1 8 7 4 0

Grade 2 4 4 23 1

Grade 3 0 0 4 9

Cochlear hydrops

None 83 7 5

0.591 <0.001Grade 1 7 11 1

Grade 2 0 3 11

Perilymphatic enhancement
None 95 10

0.663 <0.001
Present/grade 1 4 19

Round window sign
None 110 2

0.817 <0.001
Present/grade 1 3 13

Table 2. Intraobserver agreement for categorical data

Observer-1 Observer-2

Kappa P Kappa P

Cochlear hydrops 851 <0.001 366 0.001

Vestibular hydrops 964 <0.001 332 <0.001

Perilymphatic enhancement 908 <0.001 590 <0.001

Round window sign 787 <0.001 398 0.002
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Good agreement was achieved for the 
RWS, which had not been evaluated for in-
terobserver agreement in previous studies. 
The acceptable level of agreement in identi-
fying the RWS–a clinically important abnor-
mality that can mimic MD and is treatable 
through surgery–is noteworthy. Since the 
measurement site is defined and quantita-
tive, P–P measurements also demonstrated 
very good agreement.

The experienced radiologist’s intraob-
server agreement for EH and PE was higher 
in our study than in the study by Bernaerts 
et al.18, which used the TSE FLAIR sequence, 
achieving very good agreement. Agreement 
for the RWS was good. In contrast, the gener-
al radiologist’s intraobserver agreement was 
low for EH and the RWS and moderate for PE, 
indicating that MR evaluation of hydrops in 
general radiology practice–without more 
quantitative criteria or higher-resolution se-
quences–remains a challenge.

Generally, kappa values above 0.60 are 
considered sufficient, but ideally, a value 
above 0.70 is targeted, as this indicates “good 
agreement” in medical studies.21-23 When 
good agreement is considered the accept-
able threshold, the values obtained in this 
study are insufficient. The low intraobserver 
agreement for hydrops imaging by the newly 
certified radiologist (O-2) suggests that limit-
ed experience in diagnosing MD may lead to 
clinically important discrepancies. Since hy-
drops imaging is not yet routinely integrated 
into clinical practice, the need for special-
ized training to ensure accurate application 
of this technique becomes apparent. In this 
context, structured training or mentorship 
programs led by experienced radiologists in 
centers that perform hydrops assessments, 
along with technological solutions to en-
hance reliability–such as automatic classi-
fication algorithms or artificial intelligence 
(AI)-supported analysis systems–should be 
developed. These findings highlight the im-
portance of targeted education and struc-

tured training for radiologists, particularly in 
interpreting EH imaging. The relatively low 
intraobserver agreement observed in the 
newly certified radiologist underscores a gap 
that could be addressed through formalized 
curricula. Recent national-level data also in-
dicate that radiology residents, despite hav-
ing high awareness of technological terms 
such as AI and advanced imaging methods, 
often lack formal training and hands-on ex-
perience.24 International standards–such as 
the European Training Curriculum devel-
oped by the European Society of Radiology 
and the curriculum of the European Society 
of Head and Neck Radiology–advocate for 
subspecialty-level training in head and neck 
imaging. Incorporating EH imaging into 
such curricula, particularly with standard-
ized assessment protocols and hands-on 
case review, could enhance diagnostic re-
producibility and clinical confidence among 
radiologists at various stages of training. This 
approach would support the routine use of 
hydrops imaging by improving diagnostic 
accuracy and reliability. 

In this study, cochlear and vestibular hy-
drops and PE were considerably more fre-
quent on the symptomatic side than on the 
asymptomatic side. Bernaerts et al.19 demon-
strated that cochlear PE and vestibular EH 
are the two most distinguishing features for 
differentiating symptomatic ears from as-
ymptomatic ones. This finding is confirmed 
by the study of Van Steekelenburg et al.25 In 
cases of dMD, the rate of grade 2 cochlear hy-
drops was higher on the affected side than 
in cases of pMD. Similarly, the rate of grade 
3 vestibular hydrops was higher in dMD than 
in pMD, consistent with previous studies.9

EH does not always cause MD symptoms, 
and not all patients diagnosed with MD have 
EH.16 In this study, 15 of 64 (23.4%) symptom-
atic ears (13 pMD, 2 dMD) had neither EH nor 
PE. Previous studies also failed to detect EH 
by MRI in 10%–33% of patients with MD.13,26,27 

Of these cases, 3 of 15 (20%) had the RWS (2 
pMD, 1 dMD). On the asymptomatic side, 
14.3% had cochlear hydrops, and 31.2% had 
saccular hydrops. These rates are higher than 
those reported in previous studies, which 
showed a maximum of 6.7% and 8.3%, re-
spectively.9,28 Differences in grading systems, 
such as those used by Ito et al.28, may explain 
this discrepancy. The relatively high rate of 
hydrops detected on asymptomatic sides in 
our study, compared with previous reports, 
may also be explained by differences in pa-
tient selection criteria, sample composition, 
or hydrops grading systems. Nevertheless, it 
is notable that no cases of grade 3 hydrops 
were identified on the asymptomatic side in 
our cohort.

Perilymphatic fistula (PLF) can mimic MD 
symptoms, and it is extremely difficult to 
differentiate it from MD clinically, especially 
in the case of pMD.29 The RWS has been pre-
viously described as a localized high signal 
covering the round window on 3D-FLAIR, in-
dicating PLF.16,30 PLF’s clinical symptoms are 
highly variable and non-specific. Motion in-
tolerance, fluctuating hearing loss, dizziness 
with or without true vertigo, tinnitus, and 
aural fullness are the most common symp-
toms. Symptoms can worsen with changes 
in pressure (such as during air travel, moun-
tain climbing, rapid elevator rides, bending, 
lifting heavy objects, coughing, or sneezing) 
due to increased cerebrospinal fluid pressure. 
Although initial symptoms may be either en-
tirely auditory or vestibular, many patients 
develop both types of symptoms over time.16 
Unlike most other causes of sensorineural 
hearing loss and dizziness, PLF can be cor-
rected surgically by repairing the fistula.31,32 
Based on the results of this study, the RWS, 
potentially representing PLF, was recorded 
in 8/64 (12.5%) cases, mostly in pMD cases 
(11.6%, 5/43). The majority of RWS findings in 
the study by Dubrulle et al.16 were also seen 
in patients with pMD.

In this study, the RWS was also observed 
in 8 asymptomatic sides (6 bilateral MD cas-
es). However, EH accompanied the RWS in 4 
asymptomatic sides (3 vestibular), with no PE 
in any of them. In the study by Attyé et al.30, 
2/30 healthy volunteers also had the RWS.29 
Our study lacked a healthy volunteer group, 
so asymptomatic sides were used as controls, 
and EH was observed in 34% of asymptom-
atic sides, mostly low-grade. No soft tissue 
or hyperintensity suggesting inflammation 
in the round window niche was observed on 
the FIESTA sequence corresponding to the 
RWS in any case. 

Table 3. Comparison of magnetic resonance imaging findings between symptomatic and 
asymptomatic sides of the cases

Symptomatic side/asymptomatic side None Present P

Cochlear hydrops
None 38 (59.4) 2 (3.0)

<0.001
Present 17 (26.6) 7 (11.0)

Vestibular hydrops
None 18 (28.1) 2 (3.0)

<0.001
Present 26 (40.7) 18 (28.2)

Perilymphatic enhancement
None 41 (64.2) 2 (3.0)

<0.001
Present 21 (32.8) 0

Round window sign
None 54 (84.6) 2 (3.0)

0.001
Present 2 (3.0) 6 (9.4)
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Unilateral defunction therapy is increas-
ingly being used in patients requiring deep 
vestibular deafferentation to effectively con-
trol vertigo symptoms.33 In our study, two pa-
tients with dMD had a history of intratympan-
ic gentamicin application. One patient had 
bilateral RWS (on both the symptomatic side 
where the application was performed and 
the asymptomatic side), whereas the oth-
er had bilateral grade 1 vestibular hydrops. 
Attyé et al.30 reported a correlation between 
the presence of PLF and a history of intratym-
panic gentamicin application. However, in 
our case, the RWS was observed on the as-
ymptomatic side where no injection had 
been administered. Additionally, their study 
reported that three patients with vestibular 
hydrops also had PLF, and all had a history of 
intratympanic gentamicin application. In our 
second case, a similar vestibular hydrops was 
observed, but it was also present on the as-
ymptomatic side. Therefore, contrary to the 
findings of their study, in both of our cases, 
the RWS and hydrops were detected on the 
asymptomatic side. Further studies with larg-
er patient and control groups are needed on 
this topic.

In MD, aside from EH, retrolabyrinthine 
bone thickness has also been investigated. 
One study found that the distance between 
the vertical portion of the posterior semi-
circular canal and the posterior fossa was 
shorter in patients with unilateral MD than 
in patients with ipsilateral delayed EH and 
healthy controls.10 In our study, in contrast to 
the study by Lei et al.10, hydrops imaging was 
performed alongside heavily T2-weighted 
anatomical sequences, and dMD and pMD 
were compared rather than delayed EH cases 
and healthy controls. The P–P distance was 
found to be considerably shorter in dMD than 
in pMD. Recent literature has shown that this 
distance is associated with the hypoplastic 
MD endotype.34,35 This finding supports the 
role of the hypoplastic endolymphatic sac in 
the pathogenesis of MD. Hypoplastic retro-
labyrinthine bone thickness is proposed as a 
radiological marker with the potential to spe-
cifically identify the hypoplastic endotype of 
MD. Given the high interobserver agreement 
rates, incorporating retrolabyrinthine bone 
thickness measurement into the routine 
radiological evaluation for diagnosing the 
hypoplastic endotype of MD may enhance 
diagnostic accuracy.

There are several limitations to this study. 
First, the number of patients with dMD was 
relatively small. Second, the use of differ-
ent imaging parameters may have compli-

cated the evaluation. Third, the absence of 
sequences other than 3D-FLAIR may have 
limited interobserver agreement for hy-
drops evaluation. However, acquiring addi-
tional sequences involves higher costs, and 
such sequences are not yet widely available. 
Fourth, this study used clinically normal con-
tralateral ears as the control group, and these 
control ears showed cochlear hydrops in 9 
cases and vestibular hydrops in 20 cases (a 
total of 22 cases, 34.3%). Given that the 2015 
criteria of the Bárány Society1 still regard clin-
ical, auditory, and vestibular function tests as 
the gold standard for diagnosing MD–and 
that MD is clinically limited to 1 ear in most 
cases–we used normal-appearing contra-
lateral ears as controls. In addition, we em-
ployed two different classification systems: 
the Baráth classification for cochlear hydrops 
and the Bernaerts classification for vestibular 
hydrops. Although this approach is consis-
tent with the existing literature and allows 
for structure-specific grading, it may reduce 
interpretive consistency and complicate re-
producibility.

Lastly, the specificity of the RWS on de-
layed post-contrast 3D-FLAIR imaging re-
mains a concern. Although the RWS has 
been proposed as a radiologic indicator of 
PLF, similar signal enhancement may occur in 
other inner ear conditions due to alterations 
in the blood–labyrinth barrier, particularly 
near the basal turn of the cochlea. As surgical 
confirmation was not available in our cas-
es, definitive correlation with PLF could not 
be established. Therefore, the RWS findings 
should be interpreted with caution and al-
ways in the context of clinical data.

In conclusion, the agreement coefficients 
of the newly certified radiologist trained in 
hydrops imaging using current criteria were 
insufficient for evaluating hydrops MRI scans. 
When considered alongside existing litera-
ture, the findings suggest that higher-res-
olution sequences and more quantitative 
diagnostic criteria may improve evaluation 
accuracy. In dMD, the retrolabyrinthine bone 
is thinner, hydrops is more frequent and ad-
vanced, and the RWS is less common. One 
in five patients clinically diagnosed with MD 
may have PLF. Asymptomatic contralateral 
ears, which may also be hydropic, should be 
closely monitored.

Footnotes
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PURPOSE
To assess the potential use of resting distal pressure/aortic pressure (Pd/Pa) and constant resistance 
ratio (cRR) physiological indices in the treatment of tibial artery lesions with balloon angioplasty in 
patients with chronic limb-threatening ischemia (CLTI).

METHODS
In this single-center retrospective study, resting Pd/Pa and cRR measurements were performed us-
ing a pressure microcatheter after balloon angioplasty. Procedures were conducted using balloons 
with diameters of 3 and/or 3.5 mm. The optimal group was defined as patients with either resting 
Pd/Pa or cRR ≥0.9, whereas the acceptable group included those with both values between 0.8 and 
0.9. Clinical improvement in patients with rest pain (Rutherford 4) was defined as at least a 1-point 
category improvement, indicating a reduction or resolution of rest pain.

RESULTS
The study population consisted of 40 patients (75% men; mean age 64 ± 11.2 years), with a fol-
low-up duration of 92 ± 40.5 days. Foot ulcers were present in 90% of the patients. During fol-
low-up, wound healing was observed in 69.7% of patients. The optimal group exhibited higher 
rates of wound healing and clinical improvement than the acceptable group, although the differ-
ence was not statistically significant (80% vs. 50%, P = 0.151). No patient required target vessel 
revascularization. The overall limb salvage rate during follow-up was 94.6%.

CONCLUSION
Short-term follow-up demonstrated favorable rates of wound healing, patency, and limb salvage. 
The optimal group showed a trend toward improved wound healing and clinical improvement.

CLINICAL SIGNIFICANCE
This study highlights the utility of resting Pd/Pa and cRR as reproducible physiological indices for 
objectively evaluating the success of balloon angioplasty in below-the-knee arteries in patients 
with CLTI. Physiological assessment can guide procedural decisions, contributing to improved limb 
salvage and high patency rates.

KEYWORDS
Below-the-knee, artery, balloon angioplasty, physiological index, constant resistance ratio

Peripheral artery disease (PAD), observed in nearly 30% of the elderly population, includes 
a severe form characterized by ischemic rest pain and tissue loss, known as chronic 
limb-threatening ischemia (CLTI), which carries high risks of mortality and major am-

putation. In a considerable proportion of these cases, below-the-knee (BTK) arteries are the 
primary culprit.1 The predominant treatment approach for BTK artery disease is percutaneous 
transluminal angioplasty alone.2 Although technical success in BTK interventions has tradi-
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tionally been assessed using conventional 
angiography, recent studies have demon-
strated the potential utility of evaluating lu-
men patency with intravascular ultrasound 
(IVUS).3,4 The search for new methods to im-
prove the efficacy of endovascular treatment 
and to enhance patency and limb salvage 
rates in BTK artery disease remains ongoing.

In coronary interventions, anatomical 
optimization methods such as IVUS and 
functional optimization methods such as 
fractional flow reserve (FFR) are successfully 
used for post-procedural assessment. Pa-
tients with optimal angiographic results and 
high FFR values tend to experience better 
clinical outcomes.5 In the physiological eval-
uation of stenoses, the gold-standard FFR–
obtained under hyperemia induced by vaso-
dilator agents such as adenosine–has shown 
good correlation with non-hyperemic pa-
rameters such as resting distal pressure/aor-
tic pressure (Pd/Pa), which can be measured 
without pharmacological agents.6 Addition-
ally, a novel resting physiological index, the 
constant resistance ratio (cRR), has shown 
high diagnostic consistency. It is calculated 
as the average Pd/Pa value measured during 
constant-resistance periods across five con-
secutive resting cardiac cycles.7

There are only a few studies related to 
PAD. Physiological indices obtained after en-
dovascular treatment of iliac and superficial 
femoral artery stenoses have been found to 
correlate with clinical improvement.8 Fur-
thermore, in BTK arteries, physiological pa-
rameters have been reported to align with 
standard morphological parameters.9

The present study investigates the po-
tential of resting Pd/Pa and cRR measure-

ments in BTK arteries as effective criteria for 
assessing the success of balloon angioplasty 
procedures. We hypothesized that the phys-
iological indices resting Pd/Pa and cRR can 
objectively reflect the functional assessment 
of post-procedural vessel patency in the BTK 
arteries of patients with CLTI, thereby indicat-
ing procedural success.

Methods

Study design

This single-center, retrospective study was 
approved by the Ankara Bilkent City Hospital 
Medical Research Scientific Ethics Review 
Board (decision number: TABED 2-25-841, 
date: 22/01/2025) and conducted in accor-
dance with the principles of the Declaration 
of Helsinki. Due to its retrospective nature, 
the requirement for written informed con-
sent was waived by the Institutional Review 
Board. Patients with CLTI (Rutherford catego-
ry 4–6) who underwent balloon angioplasty 
for ≥70% stenosis in BTK tibial arteries, with 
resting Pd/Pa and cRR measurements be-
tween June 2024 and November 2024, were 
included in the study. Two patients were ex-
cluded because they were lost to follow-up. 
During the same period, participants who 
underwent digital subtraction angiography 
(DSA) with resting Pd/Pa and cRR measure-
ments for claudication or foot ulcers but had 
no major BTK artery stenosis were included 
in the healthy tibial arteries group (Figure 1).

Procedural steps

A 5F sheath was inserted into the ipsi-
lateral common femoral artery using an 
antegrade approach, followed by the ad-
ministration of 70 IU/kg of heparin through 
the sheath. In patients with an estimated 
glomerular filtration rate of <60 mL/min/1.73 
m2, imaging from the groin to the ankle was 
performed using carbon dioxide (CO2). Ste-
noses or occlusions in the BTK arteries were 
crossed using a 0.018-inch guidewire (Gladi-
us, Asahi Intecc, Aichi, Japan). Balloon angio-
plasty was performed using semi-compliant 
balloons with diameters of 3 and/or 3.5 mm 
and lengths of 150 or 200 mm, inflated at 
pressures ranging from 6 to 12 mmHg for 
30 seconds (Minerva, Guangdong, China). In 
patients with lower body habitus, 3 mm bal-
loons were initially preferred.

In all patients, following pressure micro-
catheter equalization, the microcatheter was 
advanced to the ankle over the same guide-
wire and then slowly pulled back at a con-
stant speed to the tibial artery origin. Phys-
iological indices were measured during this 
process (TruePhysio pressure microcatheter, 
Insight Lifetech, Shenzhen, China). No va-
sodilator agents were administered, and all 
data were obtained under resting conditions.

Study parameters and follow-up examina-
tion

In BTK arteries, the resting Pd/Pa was de-
fined as the ratio of the lowest pressure value 

Main points

•	 Resting distal pressure/aortic pressure and 
constant resistance ratio measurements 
appear to be feasible and potentially effec-
tive physiological indices for assessing pro-
cedural success following below-the-knee 
(BTK) artery balloon angioplasty in patients 
with chronic limb-threatening ischemia.

•	 Optimal post-procedural values (≥0.9) of ei-
ther physiological index may be associated 
with improved wound healing and clinical 
outcomes.

•	 Performing effective balloon angioplasty 
with the guidance and support of function-
al assessment may have contributed to im-
proved wound healing in the present study 
population, which predominantly consisted 
of severely calcified and complex BTK artery 
lesions.

Figure 1. Patient selection flowchart for the study group and the healthy tibial arteries group. DSA, digital 
subtraction angiography; BTK, below-the-knee.
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obtained while the pressure microcatheter 
was pulled back from the distal tibial artery 
to its origin, relative to the popliteal artery 
pressure. A post-procedural resting Pd/Pa 
and cRR value of >0.8 was targeted. The op-
timal group was defined as patients with at 
least one index (resting Pd/Pa or cRR) with a 
value ≥0.9. A failed procedure was defined 
as the presence of at least one value ≤0.8. 
The acceptable group included patients with 
both resting Pd/Pa and cRR values between 
0.8 and 0.9.

The primary endpoint was a composite 
of complete wound healing in patients with 
foot ulcers (Rutherford category 5–6) and 
clinical improvement in patients with rest 
pain (Rutherford category 4), defined as at 
least a 1-point improvement in Rutherford 
category. The secondary endpoint was ves-
sel patency, assessed by Doppler ultrasound 
during follow-up. At 1st-and 3rd-month fol-
low-up examinations, a peak systolic veloci-
ty of <200 cm/s on Doppler ultrasound was 
considered indicative of no substantial rest-
enosis.

Statistical analysis

Continuous variables were expressed 
as mean ± standard deviation or median 
(range). Normality was assessed using the 

Shapiro–Wilk test. Comparisons of physio-
logical index values in tibial arteries between 
the study group and the healthy group were 
performed using the Student’s t-test. Wound 
healing and clinical improvement between 
patients with optimal and acceptable out-
comes were compared using the chi-square 
test or Fisher’s exact test, as appropriate. Stu-
dent’s t-test, Mann–Whitney U test, the chi-
square test, or Fisher’s exact test was applied, 
depending on the type and distribution of 
each variable, to compare baseline charac-
teristics between the optimal and accept-
able groups. Three patients who underwent 
planned amputation and one patient who 
died before the 1-month follow-up examina-
tion were excluded from follow-up analyses. 
Statistical analyses were performed using 
SPSS version 26.0 (BM, Armonk, NY, USA), and 
a P value of <0.05 was considered statistically 
significant.

Results
The study population consisted of 40 pa-

tients (75% men; mean age 64 ± 11.2 years), 
with a mean follow-up duration of 92 ± 40.5 
days (Table 1). The healthy tibial arteries 
group included 14 participants, comprising 
18 arteries (85.7% men; mean age 55.5 ± 9.9 
years), with 66.7% involving the anterior tib-

ial artery (ATA) and 33.3% the posterior tibial 
artery (PTA). Foot ulcers were present in 90% 
of the study patients.

Baseline characteristics were similar be-
tween the optimal and acceptable groups 
(Table 2). At least acceptable outcome values 
were achieved in all treated cases. Optimal 
results could not be obtained in 16.3% of the 
treated arteries due to patients experiencing 
intolerable pain during balloon angioplasty, 
which limited the use of larger balloon diam-
eters or higher inflation pressures. A 3.5 mm 
balloon was directly used in 53.5% of the 
target vessels, whereas only a 3 mm balloon 
was used in 14%. In the remaining cases, bal-
loon angioplasty was performed sequential-
ly with 3 mm and then 3.5 mm balloons.

Following balloon angioplasty, resting 
Pd/Pa and cRR values reached levels compa-
rable to those observed in the healthy tibial 
arteries group (Table 3). No procedure-relat-
ed access complications, vascular rupture, 
flow-limiting dissection, or distal emboli-
zation were observed. Final DSA confirmed 
full patency of the pedal arch in all cases. In 
47.5% of the study population, CO2 angiogra-
phy was utilized, and only 2 mL of iodinated 
contrast material–diluted at a 1:4 ratio with 
saline–was administered for final pedal arch 
imaging.

Among patients with foot ulcers, com-
plete wound healing was observed in 69.7% 
during short-term follow-up. The median 
time to complete wound healing was 45 days 
(range: 20–150 days). In patients classified 
as Rutherford category 4, clinical improve-
ment was observed. Although higher rates 
of wound healing and clinical improvement 
were noted in the optimal group than in the 
acceptable group, the difference was not sta-
tistically significant (80% vs. 50%, P = 0.151).

In three patients, both the ATA and PTA 
were treated with balloon angioplasty. In 
one of these patients, the physiological out-
come was classified as acceptable, where-
as optimal outcomes were achieved in the 
remaining two. In all cases, the strategy of 
maintaining at least one straight flow was 
applied, toward the wound area in patients 
with ulcers, and toward the foot in those with 
rest pain.

No substantial restenosis was detected 
on follow-up Doppler ultrasound, and no 
patient required target vessel revascular-
ization. The overall limb salvage rate during 
follow-up was 94.6%. One patient died of a 
myocardial infarction unrelated to the proce-
dure 3 weeks after discharge.

Table 1. Baseline characteristics of the study population (n = 40)

Characteristic Value

Age, years 64 ± 11.2

Gender, male 30 (75%)

Hypertension 27 (67.5%)

Diabetes mellitus 35 (87.5%)

Chronic kidney disease 18 (45%)

Dialysis 4 (10%)

Coronary artery disease 19 (47.5%)

Cerebrovascular ischemic event 2 (5%)

Dyslipidemia 19 (47.5%)

Smoking, pack × years 20 (range: 0–50)

Current smoker 6 (15%)

Chronic total occlusion 27 (62.8%)

Lesion length, mm 270 (51–335)

Lesion location (PTA/ATA) 17/26

TASC C–D lesions 39 (90.7%)

PACSS 3–4 lesions 30 (69.8%)

Procedure time, min 57.4 ± 15.6

Adjunctive femoropopliteal artery balloon angioplasty 6 (15%)

Iliac artery balloon angioplasty 0 (0%)

Data are presented as mean ± standard deviation, median (range), or number (percentage). PTA, posterior tibial 
artery; ATA, anterior tibial artery; TASC, Trans-Atlantic Inter-Society Consensus; PACSS, peripheral artery calcification 
scoring system.
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Discussion
The assessment of procedural success 

following balloon angioplasty for BTK artery 
lesions is critical for evaluating clinical out-
comes. The present study population primar-
ily consisted of patients with CLTI, more than 
60% of whom had chronic total occlusions. 
Over 90% were classified as Trans-Atlantic 
Inter-Society Consensus C–D, and approxi-
mately 70% had peripheral artery calcifica-
tion scoring system 3–4 complex BTK artery 
lesions. The majority presented with foot 
ulcers. Baseline characteristics were compa-
rable between the optimal and acceptable 
groups. During short-term follow-up, high 
rates of wound healing, patency, and limb 
salvage were observed. Efforts were made to 
achieve optimal resting Pd/Pa and cRR val-
ues through balloon angioplasty using high 

inflation pressures and larger balloon diam-
eters when necessary. The findings suggest 
that optimizing physiological indices–which 
enable hemodynamic functional assess-
ment–may contribute to improved wound 
healing and clinical outcomes.

Physiological index measurements serve 
as quantitative parameters that eliminate 
inconsistencies often associated with the 
visual assessment of angiography in eval-
uating vessel patency and stenosis.10 In the 
TARGET-FFR study, a final FFR value of ≤0.8 
was considered indicative of an inadequate 
procedure, whereas a value ≥0.9 signified 
an optimal outcome in coronary artery dis-
ease.11 Similarly, in a study on coronary artery 
lesions, Li et al.7 reported a cRR threshold of 
0.89 as indicative of physiologically relevant 
stenosis. Lei et al.12 demonstrated a consider-

able correlation between resting Pd/Pa and 
gold-standard FFR measurements in coro-
nary artery evaluations. Another coronary 
artery study found that resting Pd/Pa inde-
pendently predicted long-term clinical out-
comes.13 Although standard cut-off values 
have not yet been established for PAD, the 
present study adopted cut-off values derived 
from coronary literature to define optimal 
and acceptable outcomes.

Adenosine, which induces maximal hy-
peremia and allows for optimal pressure 
measurements, is considered the gold stan-
dard for FFR assessment. However, it may 
cause side effects such as bradycardia and 
hypotension, and it can prolong procedure 
time.14 In this study, resting pressure mea-
surements were preferred as they provided 
effective and appropriate assessments while 

Table 2. Comparison of baseline characteristics between the optimal and acceptable groups 

Characteristic Optimal group (n = 34) Acceptable group (n = 6) P value

Age, years 63.9 ± 11.3 64 ± 11.5 0.991

Gender, male 25 (73.5%) 5 (83.3%) 1.000

Hypertension 23 (67.6%) 4 (66.7%) 1.000

Diabetes mellitus 29 (85.3%) 6 (100%) 1.000

Chronic kidney disease 15 (44.1%) 3 (50%) 1.000

Dialysis 2 (5.9%) 2 (33.3%) 0.100

Coronary artery disease 15 (44.1%) 4 (66.7%) 0.398

Cerebrovascular ischemic event 1 (2.9%) 1 (16.7%) 0.281

Dyslipidemia 15 (44.1%) 4 (66.7%) 0.398

Smoking, pack × years 20 (0–50) 10 (0–36) 0.532

Current smoker 4 (11.8%) 2 (33.3%) 0.215

Chronic total occlusion 23 (63.9%) 4 (57.1%) 1.000

Lesion length, mm 270 (51–335) 290 (85–322) 0.964

TASC C–D lesions 33 (91.7%) 6 (85.7%) 0.523

PACSS 3–4 lesions 23 (63.9%) 6 (100%) 0.082

Data are presented as mean ± standard deviation, median (range), or number (percentage). TASC, Trans-Atlantic Inter-Society Consensus; PACSS, peripheral artery calcification 
scoring system.

Table 3. Comparison of resting Pd/Pa and cRR measurements after balloon angioplasty between the study group and the healthy tibial 
arteries group

Study group (n = 40) Healthy tibial arteries group (n = 14) P value

ATA

Resting Pd/Pa 0.92 ± 0.04 (n = 26) 0.93 ± 0.04 (n = 12) 0.429

cRR 0.90 ± 0.06 (n = 26) 0.93 ± 0.04 (n = 12) 0.130

PTA

Resting Pd/Pa 0.94 ± 0.04 (n = 17) 0.95 ± 0.06 (n = 6) 0.828

cRR 0.92 ± 0.05 (n = 17) 0.92 ± 0.03 (n = 6) 0.834

Total

Resting Pd/Pa 0.93 ± 0.04 (n = 43) 0.94 ± 0.05 (n = 18) 0.524

cRR 0.90 ± 0.06 (n = 43) 0.93 ± 0.03 (n = 18) 0.165

Data are presented as mean ± standard deviation. ATA, anterior tibial artery; Pd/Pa, distal pressure/aortic pressure; PTA, posterior tibial artery; cRR, constant-resistance ratio.
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avoiding potential side effects and procedur-
al delays.

Recent studies have begun to explore FFR 
measurements in PAD. However, due to the 
limited number of studies, no standardiza-
tion or consensus has yet been established 
regarding hemodynamic physiological as-
sessment in PAD.15 Kobayashi et al.16 used 
FFR to grade residual dissections following 
balloon angioplasty in the superficial fem-
oral artery, identifying patients who did not 
require bailout stenting. In a study on the ili-
ac and superficial femoral arteries, FFR values 
were shown to strongly correlate with calf 
oxygenation, with high FFR values associat-
ed with successful revascularization.8 Ruzsa 
et al.9 reported that high final FFR values in 
BTK arteries were associated with freedom 
from re-intervention, major amputation, and 
mortality. In the present study, the principle 
of achieving better outcomes with high Pd/
Pa and cRR values was adopted, and pro-
cedural success was determined based on 
physiological indices. 

In BTK artery angioplasties, approach-
es involving oversized balloon use–up to 4 
mm based on angiographic assessment–and 
gradual balloon diameter escalation up to 
3.5 mm under IVUS guidance have yielded 
effective outcomes.3,17 In a vascular reference 
diameter study conducted in older men, sim-
ilar to the present study population, tibial 
artery diameters were reported as 3.8–4.2 
mm.18 In this study, optimal vessel patency in 
BTK arteries was evaluated using final physi-
ological index measurements. Balloon infla-
tion pressure and diameter were increased 
until the optimal threshold was achieved. In 
all patients without small body habitus, di-
rect angioplasty with a 3.5 mm balloon was 
performed, achieving physiological values 
comparable to those in healthy tibial arteries 
for both the anterior and PTAs, without any 
vascular complications.

Following BTK angioplasty, complete 
wound healing within 3–4 months has been 
reported in approximately 60% of cases.4,19 
In the present study, nearly 70% complete 
wound healing was observed by the mean 
3-month follow-up, suggesting that high 
wound healing rates may reflect the effec-
tiveness of physiological vessel patency 
assessment. A meta-analysis of BTK lesions 
reported a 1-year major amputation rate of 
5.5% and a 1-year primary patency rate of 
50.6% in the balloon angioplasty group.20 
In the present study, despite the majority of 
lesions being anatomically complex and se-

verely calcified, no target vessel revascular-
ization was required during the short-term 
(mean 3-month) follow-up after achieving 
optimal resting Pd/Pa and cRR values.

Despite successful revascularization of 
large vessels, the presence of residual mi-
crovascular disease is known to increase the 
risk of amputation.21 In two patients, major 
amputation was required due to worsening 
wound progression before the first follow-up 
examination, which may indicate that re-
vascularization alone was insufficient for 
wound healing. During follow-up, mortality 
occurred in only one patient, who suffered a 
myocardial infarction after discharge, unre-
lated to the procedure.

In coronary artery disease, microcathe-
ter-derived FFR measurements have been 
associated with better post-procedural 
outcomes than conventional angiography. 
Given the need for repeated pullbacks, mi-
crocatheter-based pressure measurements 
are considered safer than wire-based sys-
tems.22 Unlike other PAD studies, in this 
study, measurements were performed using 
a pressure microcatheter advanced over the 
existing guidewire rather than a pressure 
wire.8,9 In nearly half of the study popula-
tion, the initial assessment was conducted 
using CO2 angiography, followed by pres-
sure measurements for procedural success 
determination and pedal arch imaging with 
iodinated contrast material. In BTK artery 
endovascular interventions, iodinated con-
trast volumes exceeding 100 mL may be 
required.4 IVUS-guided anatomical imaging 
has enabled a near-zero contrast approach 
in BTK artery balloon angioplasties.3 The 
present study demonstrated that pressure 
measurements contributed to a reduction in 
iodinated contrast material usage as a sec-
ondary outcome.

This study had several limitations. As a 
single-center, retrospective study, the fol-
low-up period was relatively short. Wound, 
ischemia, foot infection classification, and 
body mass index were not included due to 
incomplete documentation in the retrospec-
tive records, which may limit the assessment 
of wound severity and nutritional status. The 
identification of constant-resistance periods 
used in the calculation of cRR is based on he-
modynamic assumptions that have not yet 
been specifically validated in tibial arteries, 
potentially limiting its physiological applica-
bility in this vascular territory. Because only 
patients with Rutherford category 4–6 were 
included, and lower categories were exclud-

ed, selection bias was unavoidable. Vasodila-
tor agents were not used to avoid potential 
side effects; however, future studies incorpo-
rating FFR measurements with vasodilator 
agents may yield more definitive results.

Among the strengths of this study are the 
inclusion of healthy tibial arteries as a ref-
erence group, the determination of normal 
physiological values, and the objective eval-
uation of procedural success through classifi-
cation based on physiological indices. Future 
multicenter, prospective, randomized con-
trolled trials with long-term follow-up will be 
essential to further validate these findings. 
To the best of our knowledge, this is the first 
study to physiologically evaluate the efficacy 
and follow-up clinical outcomes of endovas-
cular treatment in BTK arteries using resting 
Pd/Pa and cRR measurements.

In conclusion, high rates of wound heal-
ing and clinical improvement were observed 
in the optimal group. These findings suggest 
that high physiological index values may be 
associated with favorable clinical outcomes, 
although additional studies are necessary to 
confirm this association. Resting Pd/Pa and 
cRR may serve as objective parameters for 
evaluating the outcomes of endovascular 
treatment in BTK arteries.
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ABSTRACT
This meta-analysis evaluates the clinical and angiographic outcomes of the flow re-direction endo-
luminal device X (FREDTM X) in treating intracranial aneurysms. A systematic review was performed 
across Medline, Scopus, and Web of Science databases from inception to March 2025. Eligible stud-
ies included those reporting clinical and angiographic results of FRED X treatment. Favorable out-
comes were defined as those stated explicitly in the studies or a modified Rankin scale score of 0–2. 
Pooled estimates were calculated using a random-effects model in R. A total of nine studies encom-
passing 780 patients with 869 aneurysms were included. The weighted mean age was 56.28 years, 
with 19.1% of patients being men. Most aneurysms were saccular (85.7%), unruptured (92.52%), 
and located in the anterior circulation (73.6%), primarily in the internal carotid artery. The average 
aneurysm size was 13.12 mm. All studies employed dual antiplatelet therapy, with antiplatelet re-
sponse testing performed in eight studies. The mean clinical follow-up period was 9.27 months. 
The meta-analysis demonstrated favorable neurological outcomes in 97.71% of cases and complete 
or near-complete occlusion in 86.9%. Procedure-related complications were reported in 9.28% of 
cases, while in-stent thrombosis or intimal hyperplasia occurred in 4.29%. Overall mortality was 
low at 0.60%. Subgroup analysis revealed that unruptured aneurysms had a 100% rate of favorable 
neurological outcomes and an 84.76% rate of complete or near-complete occlusion. Complication 
and mortality rates were 7.76% and 0.25%, respectively. In addition, favorable outcomes were seen 
in 100% of ruptured aneurysm cases; however, complete occlusion was achieved in only 59.65%, 
and the mortality rate was higher at 9.19%. Therefore, FRED X demonstrated high efficacy and pro-
cedural safety in the treatment of intracranial aneurysms, offering improved outcomes compared 
with earlier-generation flow diverters.

KEYWORDS
Intracranial aneurysms, flow re-direction endoluminal device X (FRED X), flow diverter, X technol-
ogy
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In 2011, the approval of a pipeline embolization device by the United States (US) Food and 
Drug Administration (FDA) marked a significant milestone in the treatment of intracranial 
aneurysms. Following the success of the pipeline embolization device, flow diverter (FD) 

stents have become an increasingly integral part of clinical practice. The flow re-direction en-
doluminal device (FREDTM) and its smaller counterpart, FRED junior (FRED Jr), manufactured 
by MicroVention, now Terumo Neuro (Aliso Viejo, CA, USA), are notable examples of these 
devices. Designed with a dual-layer construction, they employ a self-expanding braided niti-
nol mesh to ensure superior wall apposition and facilitate safe delivery to distal aneurysms.1,2

An important advancement in flow-diversion technology has been the development of an-
tithrombotic coatings, which aim to reduce the risk of thrombus-related complications. Build-
ing on this trend and the original FRED system, FRED X represents the latest generation of FDs. 
While retaining the structural design of its uncoated predecessor, the FRED X incorporates in-
novative X technology surface coating. This coating consists of an amphiphilic polymer, poly 
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(2-methoxyethyl acrylate), which features 
a hydrophobic segment facing the device’s 
surface and a hydrophilic segment oriented 
toward the vascular lumen.3,4 This unique de-
sign creates a boundary layer along the stent 
struts, minimizing protein denaturation and 
subsequent platelet adhesion. These attri-
butes suggest a potentially improved safety 
profile for the device. The FRED X received 
FDA premarket approval in September 2021, 
and the first clinical use was reported in Feb-
ruary 2022. However, while preliminary stud-
ies suggest high procedural safety with the 
FRED X, the clinical benefits of these surface 
coatings remain uncertain and warrant fur-
ther investigation.5

To address this gap, this study provides a 
comprehensive systematic review and me-
ta-analysis of the existing literature on the 
clinical outcomes of using FRED X in the 
treatment of intracranial aneurysms. This me-
ta-analysis aims to identify knowledge gaps 
and offer valuable insights to inform clinical 
decision-making regarding this novel thera-
peutic approach by synthesizing the current 
evidence and critically analyzing the findings.

Methods
This systematic review and meta-anal-

ysis followed the recommendations of the 
Cochrane Collaboration Handbook for Sys-
tematic Review of Interventions6 and the 
Preferred Reporting Items for Systematic 
reviews and Meta-Analysis (PRISMA) 2020 
statement guidelines.7 The NeuroComp Me-
ta-Analysis Checklist was adopted to assess 
the outcomes related to complications.8 

Eligibility criteria

This meta-analysis included studies that 
met the following criteria: (1) case series, 
prospective, or retrospective cohort studies, 

or randomized controlled trials; (2) studies 
providing follow-up data on clinical and an-
giographic outcomes; and (3) studies spe-
cifically involving the FRED X. Studies using 
other FRED stents (e.g., FRED, FRED Jr) were 
excluded from this analysis. There were no 
restrictions regarding aneurysm type, loca-
tion, rupture status, or other related factors.

Search strategy, data extraction, and qual-
ity assessment

A comprehensive literature search was 
conducted in the Medline, Scopus, and 
Web of Science databases from inception 
to March 8, 2025. The search strategy em-
ployed keywords such as “FRED X,” “FREDX,” 
and “FREDTM” in various combinations using 
“AND” and “OR” to ensure a broad capture of 
relevant studies.

Two independent researchers performed 
the data extraction and quality assessment; 
any discrepancies were resolved through 
consensus with two of the study’s research-
ers. The risk of bias was evaluated using a 
modified Newcastle–Ottawa Scale.9-11 Stud-
ies were classified as having a “low risk of 
bias” if they provided satisfactory angio-
graphic and clinical follow-up data together 
with clear outcome reporting. Studies with 
unsatisfactory follow-up were categorized 
as “medium risk of bias,” while those lacking 
satisfactory follow-up and clear outcome re-
porting were deemed to have a “high risk of 
bias” (Supplementary Table 1).

Endpoints, subanalysis, and definitions

Clinical and angiographic outcomes as-
sessed included the following: (1) favorable 
neurological outcomes; (2) minor and major 
complications; (3) occlusion rate; (4) adjunc-
tive coiling; (5) aneurysm presentation (rup-
tured or unruptured); (6) technical success; 
and (7) mortality. Additional subanalyses 
examined outcomes specifically for ruptured 
and unruptured aneurysms. Favorable neu-
rological outcomes were defined as either 
those reported directly or as a modified 
Rankin scale score of 0–2 for aneurysms. 
Complete occlusion was directly reported 
or, if not, classified as Raymond–Roy class 1 
(indicating complete obliteration) or O’Kel-
ly–Morata grade D. Near-complete occlu-
sions were defined as Raymond–Roy class 2 
or O’Kelly–Morata grade C, with other out-
comes classified as incomplete occlusions.

Statistical Analysis

Analyses were conducted using pooled 
estimates with a 95% confidence interval 

(CI) under a random-effects model. Hetero-
geneity was assessed using the I2 statistic, 
with values above 50% indicating substan-
tial heterogeneity. To explore the robustness 
of the pooled estimates and identify poten-
tial sources of heterogeneity, leave-one-out 
sensitivity analyses were performed. Assess-
ment of publication bias was not performed 
using funnel plots or Egger’s regression tests 
because the meta-analysis comprised fewer 
than 10 studies, as these methods are con-
sidered unreliable with a small sample size. 
Pearson’s χ2 test examined the relationship 
between aneurysm localizations. A P value 
<0.05 was considered statistically significant. 
All statistical analyses were performed using 
R (version 4.2.3, R Foundation for Statistical 
Computing, Vienna, Austria), applying in-
verse variance and restricted maximum like-
lihood methods.

Results

Literature review

Nine studies were included in the final 
analysis.1-5,12-15 The search process is illustrat-
ed in Figure 1. Two studies employed a pro-
spective design,2,12 whereas the remaining 
seven were conducted retrospectively. Ad-
ditionally, two studies were conducted at a 
single center,12,13 while the other seven were 
multicenter studies.

Patient population and study characteristics

The nine studies included in the final 
analysis represented 780 patients with a 
weighted mean age of 56.28 years and en-
compassed 869 aneurysms. Among the 780 
patients with reported sex information, 149 
(19.1%) were men.

Morphologically, saccular aneurysms 
were the most common type, comprising 
680 of 793 aneurysms (85.7%). The mean 
aneurysm size across the studies was 13.12 
mm. Analysis of the rupture status of the 869 
aneurysms evaluated determined that 65 
(7.4%) were ruptured and 804 (92.5%) were 
unruptured. The mean clinical follow-up du-
ration of the nine studies included was 9.27 
months (Table 1). Detailed information for 
each study is provided in Table 2.

Aneurysms were predominantly located 
in the anterior circulation (n = 640, P < 0.001), 
with the internal carotid artery (n = 542) being 
the most common site. Among posterior cir-
culation aneurysms (n = 103), the vertebral (n 
= 42) and basilar (n = 26) arteries were the pri-
mary locations. Additionally, 126 aneurysms 
lacked specific location information (Table 3).

Main points

•	 The flow re-direction endoluminal device X 
(FREDTM X) device demonstrated favorable 
neurological outcomes in 97.71% of cases, 
with a low overall mortality and complica-
tion rate of 0.6% and 9.28%, respectively, 
highlighting its safety and efficacy in treat-
ing intracranial aneurysms.

•	 Complete or near-complete aneurysm oc-
clusion was achieved in 86.9% of cases, in-
dicating strong angiographic efficacy, even 
with relatively short follow-up periods.

•	 The study highlights the potential benefits 
of FRED X’s surface-modifying X technology 
coating in reducing platelet adhesion and 
thrombogenicity, although its direct clinical 
impact remains under investigation.
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Antiplatelet regiment

Dual antiplatelet therapy was utilized in 
all nine studies. The antiplatelet response 
was assessed in eight studies, with five using 
the VerifyNowTM system (Werfen, Bedford, 
MA, USA), while the method of assessment 
was not specified in three studies (Supple-
mentary Table 2). 

Angiographic, clinical outcomes, and com-
plications

The meta-analysis of the nine studies 
demonstrated favorable neurological out-
comes in 97.7% of cases (95% CI 95.42–100). 
Complete or near-complete occlusion was 
achieved in 86.9% of aneurysms (95% CI 
79.84–93.60), based on the data reported 
in eight studies. Complications occurred in 

9.2% of cases (95% CI 4.94–13.61), based on 
the data derived from nine studies. In-stent 
thrombosis or intimal hyperplasia was ob-
served in 4.2% of cases (95% CI 1.16–7.42) 
in eight of the studies. Mortality was low, 
at 0.60% (95% CI 0.00–1.31), based on nine 
studies (Figure 2).

Subanalysis of ruptured and unruptured 
aneurysms

For unruptured aneurysms, five studies 
representing 379 patients reported favor-
able neurological outcomes in 100% of cases 
(95% CI 99.31–100) (Supplementary Figure 
1). Complete or near-complete occlusion was 
achieved in 84.7% of cases (95% CI 78.81–
90.71), based on five studies representing 
331 patients. Complications occurred in 7.7% 
of cases (95% CI 4.09–11.43), derived from 
seven studies involving 581 patients. In-stent 
thrombosis or intimal hyperplasia occurred 
in 2.1% of cases (95% CI 0–4.21), based on 
five studies. Mortality was 0.25% (95% CI 
0–0.85), based on data from eight studies 
(Table 4).

For ruptured aneurysms, two studies with 
13 patients reported favorable neurological 
outcomes in 100% of cases (95% CI 87.61–
100) (Supplementary Figure 2). Complete 
or near-complete occlusion was observed 
in 59.6% of cases (95% CI 25.17–94.13), 
based on two studies with 23 patients. Pro-
cedure-related complications occurred in 
0.52% of cases (95% CI 0–6.18), based on four 
studies involving 41 patients. Mortality was 
9.19% (95% CI 0–25.95), based on five studies 
(Table 4). Details of complications and their 

Figure 1. Prisma flow diagram.

Table 1. Baseline clinical and aneurysm characteristics*

Variable Raw number (%)* Number of 
studies

Number of patients 780 9

Number of aneurysms 869 9

Mean age† 56.28 9

Proportion of men 149/780 (19.1%) 9

Previous treatment history 125/772 (16.1%) 7

Mortality 11/780 (1.4%) 9

Clinical status at presentation   

mRS ≤2/good neurologic 594/780 (76.1%) 6

mRS >2/bad neurologic 14/780 (1.79%) 6

NA 87 3

Morphology

Saccular 680/793 (85.7%) 9

Fusiform 40/793 (5%) 8

Other 73/793 (9.2%) 8

Mean aneurysm size (mm) 13.12 9

Ruptured 65/869 (7.4%) 6

Unruptured 804/869 (92.5%) 9

Mean follow-up (in months)†† 9.27 9

*Reported as pooled aggregate data and not based on random-effects inverse-variance meta-analysis. †Represents 
weighted average. ††Based on the last longitudinal clinical follow-up scan. mRS, modified Rankin scale. 



 

FRED X in the management of intracranial aneurysms: a meta-analysis • 217

Table 2. Summary of included studies

Study and patient characteristics Aneurysm characteristics Follow-up

Study Design Patients/
aneurysms 
(n)

Sex 
(M/W)

Aneurysm 
location (n)

Covered 
branches 
(n)

Type (n) Mean 
diameter 
(range), 
mm

Mean 
neck 
width 
(range), 
mm

Parent 
vessel 
diameter 
(range), 
mm

Clinical 
mean 
(range), 
months

Radiological 
mean 
(range), 
months

Abbas et al.3 RMC 44/44 7/37

ICA (34), 
MCA (2), ACA 
(6), PCOM 
(2), AICA (1)

15, arising 
from SAC/
neck of 
aneurysm 

SAC (41)
Blister (2)
DIS (2)

5.6 ± 4.6 5.6 ± 4.6 NA 6 (1–12) 6 (1–12)

Goertz et al.1 RMC 156/156 31/125

ICA (121), 
ACOM (3), 
ACA (2), MCA 
(9), VA (10), 
BA (7), PICA 
(3), PCA (1)

4 

SAC (138)
FU (10)
DIS (3)
Blister (5)

8.1*5.0 5.0 ± 3.8

Proximal 
3.6 ± 0.7 
Distal 
3.2 ± 0.7

6 (1–12) 6 (1–12)

Hendrix et al.4 RMC 101/117 21/90
ICA (102), 
MCA (3), ACA 
(8), VA (4)

NA
SAC (112)
FU (3)
DIS (2)

4.6*3.5 3.5 3.3 6 (1–12) 6 (1–12)

Wen et al.15 RMC 22/24 2/20

ICA (10), 
PCOM (5), 
ACOM (3), 
MCA (2),
others (4)

NA SAC (24) 5.7 3.6 NA 21.5 
(18–30)

21.5 
(18–30)

Clausen et al.13 RSC 77/85 21/56

VA (19), ICA 
(24), BA (3), 
SHA (5), 
PCOM (18), 
Opht (7), 
ACOM (4), 
ACA (1) MCA 
(1), PICA (2), 
PCA (1)

NA

Saccular (42)
Side wall (16)
FU (8)
DIS (6)
Pseudoaneurysm 
(4)
Blister (2)
Multiple (2)

0–5 (28) 
5–1 (26)
>10 (19)
 

NA NA 6 (1–6) 6 (1–6)

Roy et al.14 RMC 154/162 28/126

ICA (122), 
MCA (5), ACA 
(17)
V4 (5), basilar 
(3), P1 (4), 
AICA (1), SCA 
(1)

38, arising 
from SAC/
neck of 
aneurysm

SAC (140)
FU (6)
Blister (8)
DIS (8)

5.9 3.8

Proximal 
3.5 ± 0.9 
Distal
3.1 ± 0.7

6 (1–12) 6 (1–12)

Vollherbst et al.5 RMC 161/184 36/125

ICA (117), BA 
(13), MCA 
(10), VA (9), 
other (12)

NA

SAC (131)
Blister (14)
FU (11)
DIS (5)

7.8 × 4.7 
× 1.7 4.7

Proximal 
3.5 ± 0.8 
(1.5–7.0)
Distal
3.1 ± 0.7
(1.2–5.2)

7 (1–2) 7 (1–12)

Cherednychenko 
et al.12 PSC 7/12 3/4 ICA (12) NA

SAC (2)
Blister (2)
FU (1)
NS (7)

6 × 8 × 5 NA NA 7 (1–12) 7 (1–12)

Guimaraens et al.2 PMC 58/85 10/48

Carotid 
artery (44), 
ACA (5), MCA 
(13), PCA (3), 
choroidal 
artery (6),
posterior 
(14)

NA

Blister (6)
DIS (4)
FU (2)
SAC (60)
Pre-treated (13)

7 × 13 × 
52 NA NA 6 (1–12) 6 (1–12)

ACA, anterior cerebral artery; ACOM, anterior communicating artery; BA, basilar artery; CMA, callosal marginal artery; DACA, distal anterior cerebral artery; DIS, dissecting; FU, fusiform; 
ICA, internal carotid artery; Inf, inferior; IQR, interquartile range; MCA, middle cerebral artery; PCA, posterior cerebral artery; PCOM, posterior communicating artery; PICA, posterior 
inferior cerebellar artery; M, men; NA, not available; NS, not specified; Opht, ophthalmic artery; RMC, retrospective multicenter; RSC, retrospective single-center; PSC, primary sclerosing 
cholangitis; SAC, saccular; SHA, superior hypophyseal artery; Sup, superior; VA, vertebral artery; W, women.
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management are presented in Supplemen-
tary Tables 3, 4. Leave-one-out results are 
presented in Supplementary Figures 3-5.

Discussion
This meta-analysis, encompassing data 

for 780 patients with 869 aneurysms report-
ed in nine studies, underscores several key 
findings. Favorable neurological outcomes 
were achieved in 97.71% of cases, with a low 
overall mortality rate of 0.60%. Most aneu-
rysms were unruptured (92.52%) and pre-
dominantly located in the anterior circula-
tion, especially in the internal carotid artery. 
Complete or near-complete occlusion was 
achieved in 86.9% of aneurysms, while com-
plications occurred in only 9.28% of cases. 
Although outcomes for ruptured and unrup-
tured aneurysms were generally compara-
ble, unruptured aneurysms exhibited signifi-
cantly lower complication rates. Despite the 
relatively short follow-up periods reported in 
the nine studies, their findings highlight the 
efficacy and safety of the FRED X device, par-
ticularly in achieving high rates of complete 
occlusion.

While FD technology has revolutionized 
the treatment of intracranial aneurysms, its 
use is not without limitations and potential 
complications. Since FDA approval, multiple 
studies have assessed the safety and efficacy 

of FDs, frequently reporting high occlusion 
rates. However, the overall complication rate, 
including major and minor events, has been 
reported to reach up to 17%, with ischemic 
complications being the most prevalent.16 

Notably, compared with the pipeline embo-
lization device, the FRED device has been as-
sociated with higher rates of in-stent steno-
sis, potentially elevating the risk of ischemic 
events.17

To address these concerns, MicroVen-
tion, now Terumo Neuro, developed the 
next-generation FRED X, incorporating ad-
vanced X technology. This technology in-

troduces a protective hydration layer across 
the stent’s surface, aiming to reduce platelet 
adhesion and enhance endothelialization. By 
minimizing thrombogenicity and promoting 
natural vascular healing, the FRED X endeav-
ors to improve safety and clinical outcomes. 
Furthermore, the novel surface coating fa-
cilitates improved device delivery without 
altering the core stent design. Important-
ly, the FRED X retains the same dual-layer 
design as the FRED, which features 16 + 48 
wires, achieving 35%–40% metal coverage. 
In contrast, the FRED Jr, another variant, uses 
16 + 36 wires with approximately 30% metal 

Figure 2. Overall outcomes of the meta-analysis of single-arm studies. Forest plots present pooled event proportions per 100 observations with 95% confidence 
intervals (CI) using a random-effects model (inverse variance). (a) Adequate occlusion. (b) Favorable neurological outcomes. (c) Procedure-related complication. (d) 
In-stent thrombosis and/or intimal hyperplasia. (e) Mortality. Heterogeneity was assessed using Tau², Chi², and I² statistics. IV, inverse variance.

Table 3. Distribution of aneurysms by location

Location P value

Anterior 
circulation
(n = 640)

Middle cerebral artery (MCA) (n = 44)

< 0.001*

Internal carotid artery (ICA) (n = 542)

Choroidal artery (n = 6)

Anterior cerebral artery (ACA) (n = 38)

Anterior communicating artery (AcomA) (n = 10)

Posterior cerebral artery (PCA) (n = 5)

Posterior 
circulation
(n = 103)

Basilar artery (n = 26)

< 0.001**
Vertebral artery (n = 42)

Posterior inferior cerebellar artery (PICA) (n = 5)

Posterior communicating artery (PcomA) (n = 25)

*Within the anterior circulation, the number of internal carotid artery aneurysms is significantly higher. **Within the 
posterior circulation, the number of vertebral artery aneurysms is significantly higher.
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coverage. The specific impact of the surface 
coating, however, remains a subject of ongo-
ing investigation.

Retrospective analyses, such as that by 
Cortez et al.,18 comparing the PipelineTM Flex 
with and without Shield TechnologyTM, found 
no significant differences in diffusion-weight-
ed imaging lesions. However, the study’s 
small sample size and retrospective design 
limit the generalizability of these findings, 
emphasizing the need for further research. An 
in vitro blood loop model study by Yoshizawa 
et al.19 demonstrated reduced platelet adhe-
sion on the FRED X surface compared with 
the uncoated FRED. Additionally, multicenter 
trials suggest that the FRED X may have a 
lower complication rate than the uncoated 
FRED. For example, the SAFE study20 reported 
thromboembolic events in 4.9% of cases and a 
morbidity rate of 3.0%. Moreover, Guimaraens 
et al.2 highlighted that the FRED X achieved 
higher medium-term occlusion rates while 
maintaining a favorable safety profile.

Despite the widely accepted necessity of 
dual antiplatelet therapy (typically aspirin 
and clopidogrel/prasugrel/ticagrelor) fol-
lowing FD implantation, the optimal dosage 
and duration of post-treatment antiplatelet 
therapy remain unstandardized when using 
surface-modified FDs. The reduced throm-
bogenicity of surface-modified FDs com-
pared with uncoated FDs raises the question 
of whether adjustments to antiplatelet reg-
imens are warranted. The study by Goertz 

et al.21 investigated single therapy following 
surface-modified FD implantation; aspirin, 
ticagrelor, and prasugrel were utilized as 
monotherapies, with prasugrel being the 
most frequently chosen agent. Evidence 
suggests that prasugrel and ticagrelor have 
a superior safety profile for ischemic events 
compared with aspirin in single antiplatelet 
therapy (SAPT) regimens. According to a me-
ta-analysis by Ma et al.,22 the rate of throm-
boembolic complications following sur-
face-modified FD implantation was reported 
as 20% for aspirin, compared with 2% and 
4% for prasugrel and ticagrelor monother-
apies, respectively. These findings suggest 
that SAPT with prasugrel or ticagrelor is fa-
vored over aspirin in specific clinical scenari-
os when using surface-modified FDs.

Current evidence supports the reasonable 
safety and efficacy of SAPT in treating aneu-
rysms with modified FDs; however, the lack 
of studies directly comparing modified FDs 
with dual antiplatelet therapy and uncoated 
FDs with SAPT, coupled with the scarcity of 
large, prospective trials, precludes definitive 
conclusions. The studies included in this me-
ta-analysis reveal a persistent tendency to 
favor dual therapy. Results from registries 
and trials investigating new-generation FDs, 
such as the coating study,23 have aimed to 
optimize aneurysm treatment and contrib-
ute valuable insights to refine treatment 
strategies. Notably, most studies included in 
this meta-analysis assessed platelet function 
before the procedure. However, no consen-

sus exists on whether such evaluations are 
necessary for modified FDs. Further research 
is required to address this uncertainty.

Despite the short follow-up periods, the 
meta-analysis established that the FRED 
X had a satisfactory occlusion rate, with a 
combined major and minor complication 
rate of 9.2%. The average aneurysm size was 
13.12 mm, a noteworthy finding given that 
the FRED X was used in small parent vessels 
and more proximal aneurysms, achieving 
relatively low complication rates. Larger an-
eurysms are generally associated with higher 
complication risks, as demonstrated by the 
study from Sweid et al.,24 which identified 
aneurysm size >10–15 mm as a statistically 
significantly independent predictor of major 
ischemic stroke. Additionally, Sweid et al.24 
reported a statistically significant association 
between the time from treatment and the 
development of in-stent stenosis.

This meta-analysis did not include sufficient 
data to directly compare outcomes between 
FRED X with and without adjunctive coiling. 
However, Goertz et al.25 investigated the im-
pact of coiling in their study and found no sig-
nificant differences in clinical or angiographic 
outcomes between coiled and non-coiled cas-
es. In the studies included in this meta-analysis, 
only one patient experienced technical failure.

Although the preliminary safety and effi-
cacy results for FRED X are promising, long-
term follow-up studies, particularly those 
comparing coated and uncoated FDs, are 

Table 4. Meta-analysis outcome findings

Overall

Outcomes Proportion 
(95% CI)

I2 (%) Q statistic, P value Number of 
studies

Events/total

Adequate occlusion 86.90 (79.84–93.60) 92 97.38, P < 0.001 8 478/574

Favorable neurological outcomes 97.71 (95.42–100) 69.2 19.48, P = 0.003 7 608/628

Procedure-related complications 9.28 (4.94–13.61) 78.8 37.66, P < 0.001 9 92/844

In-stent thrombosis/intimal hyperplasia 4.29 (1.16–7.42) 76.3 29.48, P < 0.001 8 39/739

Mortality 0.60 (0.00–1.31) 10.4 8.93, P = 0.348 9 11/812

Adequate occlusion 84.76 (78.81–90.71) 51.6 8.27, P = 0.082 5 273/331

Favorable neurological outcomes 100 (99.31–100) 0 0, P = 1 5 379/379

Procedure-related complications 7.76 (4.09–11.43) 67.9 18.70, P = 0.005 7 49/581

In-stent thrombosis/intimal hyperplasia 2.10 (0–4.21) 44 7.14, P = 0.129 5 11/387

Mortality 0.25 (0–0.85) 0 2.36, P = 0.937 8 3/633

Subanalysis of ruptured aneurysms 

Adequate occlusion 59.65 (25.17–94.13) 63.8 2.17, P = 0.096 2 12/23

Favorable neurologic outcomes 100 (87.61–100) 0 0, P = 1 2 13/13

Procedure related complications 0.52 (0–6.18) 0 1.22, P = 0.748 4 1/41

Mortality 9.19 (0–25.95) 69.4 13.07, P = 0.012 5 6/56

CI, confidence interval.
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needed to further evaluate its clinical perfor-
mance. 

This meta-analysis has several limitations, 
despite efforts to address heterogeneity and 
publication bias. The retrospective design 
of the included studies introduces inherent 
constraints, such as selection bias, missing 
data, and variability in reporting practices, 
which may affect the reliability and gen-
eralizability of the findings. In comparing 
ruptured and unruptured aneurysms, differ-
ences in aneurysm characteristics, such as 
location and morphology, and variations in 
treatment approaches, including the use of 
adjunctive coiling, may further complicate 
interpretations and reduce comparability. 
Additionally, the short- to mid-term fol-
low-up periods in most of the included stud-
ies may not sufficiently capture long-term 
treatment outcomes. These factors should 
be carefully considered when interpreting 
the conclusions of this analysis.

In conclusion, this study demonstrates 
that the FRED X offers high feasibility and 
procedural safety, surpassing the perfor-
mance of first-generation devices. While the 
short-term occlusion rates appear satisfac-
tory, long-term and comparative studies are 
needed to fully evaluate the potential of the 
FRED X and other coated FDs.
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Efficacy and safety of ultrasound-guided bedside percutaneous 
cholecystostomy using the transhepatic approach and trocar technique 
in patients with acute cholecystitis

PURPOSE
Despite the large number of patients requiring percutaneous cholecystostomy (PC) for acute cho-
lecystitis (AC), no definitive results exist on the optimal imaging guidance modality, technique 
(Seldinger vs. trocar), or approach [transhepatic (TH) vs. transperitoneal]. This study evaluates the 
outcomes of ultrasound (US)-guided bedside PC using solely the TH approach and trocar technique 
in patients with AC.

METHODS
 

A single-center retrospective study was conducted at a tertiary university hospital between 2018 
and September 2023. The study included 81 patients with AC treated with US-guided bedside PC 
using the TH approach and trocar technique alone. Patients were diagnosed through clinical, labo-
ratory, and radiological examinations, and an experienced interventional radiologist performed the 
procedures. Outcomes and complication rates were then evaluated. 

RESULTS
Technical and clinical success rates were 100% and 93%, respectively. No procedure-related com-
plications occurred. Catheter dislodgement occurred in 4.9% (4/81). The catheter sizes used were 
6 F (12.3%), 7 F (40.7%), 8 F (37%), and 10 F (9.9%). The median catheter dwell time was 42 days. 
Catheters were successfully removed in the majority of surviving patients following resolution of 
cholecystitis. At the end of the follow-up, 10 patients (12.3%) underwent elective cholecystectomy, 
and 12 patients (14.8%) died due to comorbidities with the catheter in place.

CONCLUSION
US-guided bedside PC using the TH approach and trocar technique is safe and effective for man-
aging AC in high-risk patients. The study found no significant complications, highlighting the im-
portance of thorough preprocedural evaluation and technique optimization. Further studies with 
larger, homogeneous patient groups are needed to compare outcomes across different PC tech-
niques and approaches.

CLINICAL SIGNIFICANCE
Despite the growing adoption of PC in the management of AC, the definitive optimal access route 
and procedural technique remain unresolved. The current body of literature is limited by consider-
able heterogeneity across studies, including variability in technical approach, operator experience, 
patient coagulation profiles, and outcome definitions. This study exclusively employed bedside 
US-guided PC using the TH approach and trocar technique, and observed no procedure-related 
complications, including hemorrhage, bile leakage, infection, or abscess formation.
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Acute cholecystitis (AC) is one of the 
most common causes of emergency 
department admissions and carries 

high morbidity and mortality.1,2 Although 
the standard treatment for AC is laparoscop-
ic cholecystectomy, surgery carries a high-
risk in patients with advanced age or with 
existing comorbidities. In the advanced age 
patient group, the surgical complication and 
mortality rates increase to 14%–30%.3 Percu-
taneous cholecystostomy (PC) provides cath-
eter-assisted gallbladder decompression un-
der imaging guidance in high-risk patients. 
This approach can be used as a temporary or 
definitive treatment alternative to surgery in 
a bedside setting, is safe and rapid, and does 
not require general anesthesia.3,4

Ultrasonography, computed tomography 
(CT), fluoroscopy, or a combination of these 
modalities can provide the imaging guidance 
needed in PC procedures. Catheter insertion 
into the gallbladder lumen can be achieved 
using the trocar or Seldinger technique. The 
trocar technique involves directly placing a 
drainage catheter into the gallbladder cav-
ity under imaging guidance. The Seldinger 
technique consists of initially accessing the 

gallbladder lumen with a thin needle and 
advancing a guidewire through the needle. 
The access route is dilated using consecutive 
dilators, and a larger PC drainage catheter 
is finally placed into the gallbladder lumen. 
The Seldinger technique is considered more 
reliable for initial access to the gallbladder 
because a fine needle is used. However, since 
this technique requires multiple dilations 
and over-the-wire exchanges, it is more time 
consuming than the one-step trocar tech-
nique.5 The technique has also been deemed 
to carry a higher risk of bile leak and perito-
nitis.6-9 The trocar technique, mainly when 
guided by ultrasound (US), is more operator 
dependent. It is a single-step, simpler, and 
quicker technique; however, it uses a larger 
diameter PC drainage catheter for the initial 
puncture of the gallbladder, which means it 
is believed to carry a greater risk.5,8

The gallbladder lumen can be accessed 
using a transhepatic (TH) or transperitoneal 
approach (TP).10 Of the two methods, the TH 
approach is considered to have a lower like-
lihood of bile leakage, a lower risk of cathe-
ter dislodgement, and a quicker maturation 
of the drainage route. Traversing the liver 
parenchyma in the TH approach has been 
reported to be associated with a higher risk 
of bleeding, especially when an underlying 
hepatic pathology is present.6-9 However, no 
consensus exists on the optimal PC route. A 
recent meta-analysis of retrospective studies 
comparing TH and TP routes in PC in terms 
of complications concluded that there were 
confounding factors between these studies, 
such as the use of both Seldinger and trocar 
techniques, the variations in the catheter 
sizes, and the variations in definitions of out-
comes and of complications.6

Despite the increasing use of PC as a tem-
porary or definitive treatment method for 
AC, there is a paucity of literature on the op-
timal approach and technique.5,6 The choice 
of PC access route has traditionally depend-
ed on operator preference and anatomical 
considerations; two recent Delphi consensus 
studies have addressed this issue. The 2024 
international Delphi study led by Ramia et 
al.11 recommended the TH route as the pre-
ferred approach. However, the 2025 Delphi 
consensus by Pesce et al.12 accepted both 
TH and TP routes as viable, emphasizing the 
role of center-specific expertise and patient 
anatomy in decision-making. Despite these 
efforts, no definitive agreement has been 
reached, and access route selection remains 
controversial, as highlighted in a recent com-
mentary calling for stronger leadership from 
interventional radiologists in resolving this 

debate.13 Considering the ongoing debate 
surrounding the optimal access route for PC, 
this study aimed to contribute to the litera-
ture by evaluating the outcomes of US-guid-
ed bedside PC performed exclusively using 
the TH approach and the trocar technique in 
patients with AC, focusing on technical suc-
cess, clinical efficacy, complication rates, and 
clinical and laboratory findings.

Methods
This single-center retrospective study was 

conducted at Eskişehir Osmangazi University 
Hospital, a tertiary care university hospital, 
between 2018 and September 2023. The 
Eskişehir Osmangazi University Ethics Com-
mittee approved the study on June 20, 2023, 
with decision no.: 24. Written informed con-
sent was obtained from all patients included 
in the study.

The study included patients with AC 
treated with US-guided bedside PC using 
the trocar technique and the TH approach. 
All patients included were consecutive cas-
es meeting the inclusion criteria during 
the study period. All patients presented to 
the emergency department with signs and 
symptoms of AC. The diagnosis was made 
through clinical, laboratory, and radiological 
examinations. Each patient had American So-
ciety of Anesthesiology (ASA) scores of 3 or 4, 
and the consultant general surgeon decided 
the indication for PC. Patients undergoing 
PC procedures performed for reasons oth-
er than AC (performed during transarterial 
chemoembolization or ablation procedures) 
were excluded from the study, as were indi-
viduals aged under 18 and pregnant women. 

Preprocedural diagnostic abdominal US 
and CT were performed on all patients includ-
ed in the study. Volumetric measurements 
of the gallbladder were obtained through 
CT and US. For the definition of gallbladder 
hydrops, a criterion of a transverse diam-
eter greater than 4 cm and a longitudinal 
diameter greater than 9 cm was used.14 The 
presence or absence of gallbladder stones 
was noted. Procalcitonin, leukocyte, alanine 
transaminase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), and 
gamma-glutamyl transferase (GGT) values 
were recorded. Anticoagulant and antiplate-
let use was determined in all patients be-
fore the procedure. A hemostasis panel was 
obtained, which included activated partial 
thromboplastin time (aPTT), international 
normalized ratio (INR), and platelet count. 
Care was taken to ensure the platelet count 
was over 50,000, the INR value was below 1.5, 

Main points

•	 The optimal access route for percutaneous 
cholecystostomy (PC) remains a subject of 
ongoing debate. This study contributes to 
the literature by providing outcome data 
from the exclusive use of the transhepatic 
(TH) approach and trocar technique in bed-
side ultrasound (US)-guided PC procedures.

•	 Bedside US-guided PC using the TH ap-
proach and the trocar technique alone is 
a safe procedure; the study found no pro-
cedure-related complications, including 
bleeding, bile leakage, infection, or abscess 
formation.

•	 The technical and clinical success rates of 
bedside US-guided PC using the TH ap-
proach and the trocar technique were 100% 
and 93%, respectively. 

•	 A thorough preprocedural evaluation of 
the liver parenchyma and the hemostasis 
status of the patient, choosing the optimal 
TH route and the gallbladder puncture site, 
avoiding re-entries, and using small-caliber 
catheters may decrease the complication 
rates when performing US-guided PC using 
the TH approach and the trocar technique. 

•	 Studies with large sample sizes involving 
homogeneous study groups regarding the 
operator experience level, PC technique 
and approach, patient coagulation status, 
and catheter sizes are needed to compare 
well-defined outcomes between different 
PC procedures.

Main points
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and the aPTT value was within normal limits. 
Anticoagulant and antiplatelet drugs were 
discontinued at appropriate intervals accord-
ing to the Society of Interventional Radiolo-
gy (SIR) guidelines if suitable.15,16 In patients 
with unsuitable hemostasis panels, abnormal 
coagulation parameters were corrected with 
fresh frozen plasma and thrombocyte sus-
pension infusion. 

Procedures

A single interventional radiologist with 25 
years of experience in interventional radiolo-
gy performed all the procedures, which were 
conducted at the bedside with US guidance. 
All PC procedures at our institution are rou-
tinely performed using the trocar technique 
via the TH route, regardless of anatomical 
variation or complexity. The TH route and 
trocar technique were deliberately selected 
based on the interventional radiologist’s ex-
perience and preference at our institution. 
To date, the Seldinger technique and the 
TP approach have not been utilized as part 
of institutional practice in conjunction with 
US-guided bedside interventions. Accord-
ingly, all cases included in this study repre-
sent the total population of PC procedures 
performed at our center during the study 
period. No cases were excluded based on ac-
cess route or technique.

The patient was placed in a supine or 
semi-decubitus position. After applying 
10 mL of prilocaine to the skin and the liv-
er capsule, access to the gallbladder was 
achieved transhepatically using an intercos-
tal approach. This approach was specifically 
chosen to access the gallbladder because all 
patients in the study were monitored in the 
intensive care unit (ICU) and used abdominal 
muscle support during breathing, which may 
increase the risk of catheter dislodgement. 
Additionally, this approach is considered by 
the operator to provide a more appropriate 
intraparenchymal course, thereby improving 

catheter stability and decreasing the risk of 
dislodgement.

A convex US probe (Samsung HS 50™, 
Samsung Medison Co., ,Seoul, South Korea) 
was used for imaging guidance, and an out-
of-plane freehand technique was used for 
the access. A 6–10-F trocar-locked pigtail 
catheter (SKATERTM, Argon Medical Devic-
esTM, Frisco, TX, USA) was placed into the gall-
bladder lumen. Catheter caliber was selected 
at the discretion of the interventional radiol-
ogist, considering gallbladder distension, the 
composition of biliary contents, and catheter 
availability at the time of the procedure. A 
10-F catheter was specifically reserved for 
cases with an anticipated risk of clogging 
due to the presence of thick, viscous, or tu-
mefactive content-sludge.

Following confirmation of the pigtail 
shape of the catheter within the lumen 
with US guidance, the catheter was locked 
(Figure 1). A 5-mL lumen sample was ob-
tained for bacterial culture, and the catheter 
was secured to the skin. Spontaneous cath-
eter drainage was allowed following active 
aspiration of the lumen contents. 

No sedation other than local anesthesia 
(prilocaine, CİTANEST®, AstraZeneca PLC, 
İstanbul, Türkiye) was administered during 
the procedures. Intravenous analgesics were 
administered for post-procedural pain man-
agement in all patients, who were monitored 
in the ICU throughout the post-intervention 
period.

Follow-up 

All patients were followed up for bleeding 
by monitoring hemoglobin levels. Procalci-
tonin, leukocyte, ALT, AST, ALP, and GGT val-
ues were obtained at least weekly in all pa-
tients following the procedure. The catheter 
was removed in all patients after 4–6 weeks 
to allow the inflammation to subside and for 
the catheter tract to mature. This waiting pe-

riod was necessary for the safe withdrawal of 
the catheter.6 The exceptions were patients 
who underwent cholecystectomy, in whom 
the catheter was removed intraoperatively, 
and those who died before catheter removal. 
Abdominal US was performed in all patients 
before the removal of the catheter. The cath-
eter removal was only performed if the im-
aging findings of AC were no longer present, 
the catheter flow was less than 10 mL per 
24 hours, and the patient’s clinical and lab-
oratory inflammation findings had subsided. 
Decisions to remove the catheter were based 
solely on clinical and imaging criteria, and a 
clamping test or fistulography was not per-
formed before removing the catheter.

Definitions of outcomes

Technical success was defined as ultraso-
nography verification of correct PC catheter 
placement within the gallbladder lumen with 
subsequent bile aspiration.17 Clinical success 
was defined as the gradual subsidence of 
signs, symptoms, and inflammatory markers 
during the first 72-hour post-procedural fol-
low-up.17 Based on the SIR classification, the 
complications were categorized as minor or 
major.18 Tube dislodgement was defined as 
the dislodgement of the pigtail catheter from 
the gallbladder lumen, whether or not remain-
ing in the patient. Catheter removal caused 
by the patient pulling it out was not included 
in the definition of catheter dislodgement.6 
Bleeding was defined as fluid or hematoma in 
the extracapsular, subcapsular, or subcutane-
ous area at the level of the insertion or in the 
gallbladder bed in immediate post-procedur-
al ultrasonography. Bile leakage was defined 
as fluid around the catheter, gallbladder, or 
liver on immediate or any follow-up post-pro-
cedural ultrasonography. A wound infection 
was defined as a skin infection of the PC in-
sertion site, and an abscess was defined as a 
localized skin infection requiring incision and 
drainage. Mild skin erythema at the PC inser-
tion site was not defined as a skin infection.6

Figure 1. Representative grayscale ultrasonographic images showing the transhepatic route of the catheter during trocar technique-based percutaneous 
cholecystostomy. (a) Hyperechoic focus with posterior acoustic shadowing is visible within the gallbladder lumen, consistent with a gallstone (white arrow). (b) The 
echogenic catheter (white arrows) is seen traversing the liver parenchyma toward the gallbladder, confirming the transhepatic access. (c) The pig-tail catheter tip 
(arrow) is visualized within the gallbladder lumen, indicating successful placement.

a b c 
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Statistical analysis

The data was analyzed using IBM SPSS 
for Windows 11 (IBM, Armonk, NY, USA). The 
Shapiro–Wilk test was used to determine the 
variables’ suitability for normal distribution. 
In summarizing the data, number and per-
centage statistics were used for qualitative 
data and the median for quantitative data. 

Results
The study included 81 patients (40 wom-

en and 41 men) treated with US-guided PC 
using the TH approach and trocar technique 
alone (mean age: 75.3). Table 1 summarizes 
the demographic characteristics, preproce-
dural laboratory findings, catheter specifi-
cations, microbiological culture results, clin-
ical outcomes, and complication rates of the 
study population.

The technical and clinical success rates for 
the PC procedures in the study were 100% 
and 93%, respectively. No procedure-relat-
ed complications—including bleeding, bile 
leak, skin infection, or abscess formation—
occurred during the immediate post-proce-
dural period or the patients’ follow-up. In 4 
patients (4.9%), dislodgement of the chole-
cystostomy catheter was observed. The 30-
day and 90-day mortality rates in the study 
population were 9.8% (8/81) and 14.8% 
(12/81), respectively. 

Fifty-five patients had calculous AC, 
whereas 26 had acalculous AC. Notably, all of 
our patients were hospitalized in the ICU at 
the time of PC, a condition known to increase 
the risk of developing acalculous AC.

Seventy-four patients had a hydropic gall-
bladder at the time of admission. The median 
gallbladder volume was 165 mL. The micro-
biological culture results for the gallbladder 
aspiration material were available for 60 of 
81 patients. The results showed Escherichia 
coli in 20 of 60 patients and bacteria other 
than E. coli in 26. In 16 of 60 patients, cultures 
of the aspiration material did not show any 
microbiological agent. 

A 6-F catheter was used in 10 patients, a 
7-F catheter in 33 patients, an 8-F catheter in 
30 patients, and a 10-F catheter in 8 patients. 
In patients discharged and followed up in 
outpatient clinics, the median duration of 
the catheter stay was 42 days. 

The median time between the emergency 
department admission and the PC procedure 
was 2 days (min: 1 day; max: 34 days). In 10 pa-
tients, the PC procedure was used as a bridge 
treatment before cholecystectomy. The aver-
age time between PC and cholecystectomy 
was 30.5 days (min: 1 day; max: 52 days). 

Twelve patients (14.8%) died during the 
ward follow-up period. The median post-pro-
cedural survival of the patient group who 
died during this period was 13.5 days. Six-
ty-nine patients (79.2%) were discharged af-
ter a ward stay period and were followed up 
in outpatient clinics. 

Table 1. Patient demographics and laboratory findings

Age 77 (19–94)

Sex

Male (%) 41 (50.6%)

Female (%) 40 (49.6%)

Median catheter dwell time 42 (1–86)

Mean gallbladder volume (mL) 130 (37–625)

Preprocedural laboratory (mean)

CRP value (mg/L) 150.5 (0.5–512)

Procalcitonin value (ng/mL) 1.885 (0.04–60.53)

Leucocyte count (103/uL) 12.900 (4.200–32.600)

ALT value (U/L) 20.5 (3–3.250)

AST value (U/L) 34 (7–9.560)

ALP value (U/L) 111.5 (51–1.379)

GGT value (U/L) 62 (8–1.799)

Median days of treatment before PC 1 (1–34)

American Society of Anesthesiology grade (median) 3

Catheter diameter frequencies

6 F 10 (12.3%)

7 F 33 (40.7%)

8 F 30 (37%)

10 F 8 (9.9%)

Microbiological culture results

Microbiological culture data not available 21 (26%)

Sterile microbiological culture 17 (21%)

Escherichia coli 15 (19%)

Bacterial growth other than E. coli 28 (35%)

Cholecystitis

Calculus 55 (67%)

Acalculous 26 (32%)

Perforation 4 (5%)

Ascites 0 (0%)

Clinical success

Yes 76 (94%)

No 5 (6%)

Complications

Total 4 (4.9%)

Catheter dislodgement 4 (4.9%)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; CRP, C-reactive protein; 
GGT, gamma-glutamyl transferase; PC, percutaneous cholecystostomy.
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Discussion
PC for calculous or acalculous AC has 

proven effective and safe in patients with 
old age or multiple and significant comor-
bidities.5,6,8 The procedure’s technical and 
clinical success rates range between 98.9% 
and 100%, and 85.6% and 97.5%, respective-
ly,17,19-22 and its complications are minor, with 
low occurrence rates.5,6 Despite the large 
number of patients requiring PC for AC and 
the increasing use of PC in these patients, no 
definitive results exist regarding the optimal 
imaging guidance modality (US, CT, or fluo-
roscopy), technique (Seldinger vs. trocar), or 
approach (TH vs. TP).

In the PC procedures in the present study, 
ultrasonography was preferred as the sole 
imaging guidance modality because it allows 
for the procedure to be performed entirely at 
the bedside and provides urgent and quick-
er treatment without patient transportation 
and mobilization issues. 

Although both the trocar and the Selding-
er techniques are widely used for PC, recent 
prospective randomized trials have demon-
strated that the former is at least non-inferior, 
and in some outcomes possibly superior, to 
the latter technique in terms of complica-
tion rates, procedure time, and bile leakage 
risk.5,6,23 In the present study, the trocar tech-
nique was deliberately selected due to its 
compatibility with US-only guidance, which 
allows for bedside application without the 
need for patient transport or fluoroscopy. 
Additionally, in the setting of AC, where in-
flammation and wall necrosis increase vul-
nerability to injury, avoiding multiple tract 
dilations—as required in the Seldinger meth-
od—may offer a technical advantage. There-
fore, this study aimed to further evaluate the 
safety and efficacy of the US-guided bedside 
trocar technique combined with the TH ap-
proach, without comparison to the Seldinger 
method.

Despite the larger diameter of the initial 
puncture in the trocar technique, we did not 
observe any minor or major bleeding com-
plications in any PC procedures. This was 
in accordance with one prospective study 
comparing the complication rates between 
US-guided trocar and US-guided Seldinger 
PC techniques.5 The study found the minor 
bleeding (bile mixed with blood) rate to be 
as low as 2% (1 out of 50 patients) in each 
technique, and there was no statistically sig-
nificant difference in the occurrence of mi-
nor bleeding events between the two tech-
niques.5 The size of the drainage catheter 

used may be a factor affecting the bleeding 
complication rates in PC.24 Using a small-cal-
iber 6-F or 7-F catheter in more than half of 
the patients in the present study (6 F in 10 
patients and 7 F in 33 patients) may have 
contributed to the lack of bleeding complica-
tions. However, the approach (TH vs. TP) used 
in PC procedures and the operator experi-
ence may also affect the bleeding complica-
tion rates.5,6 In PC procedures performed via 
the TH route, choosing the optimal tract—
such that the tract is short enough to avoid 
bleeding and long enough to allow for tract 
maturation—may depend on the operator’s 
experience. 

Several retrospective observational stud-
ies have reported the effect of the approach 
(TH vs. TP) on the complication rates in 
PC procedures.7,25,26 A recent meta-analy-
sis found that although the overall rate of 
bleeding complications was higher in the 
TH approach, the studies included in the 
analysis had significant differences in the 
technique used (trocar vs. Seldinger), the 
catheter size used, the number of patients, 
the number and the experience of the oper-
ators, and the definition of the bleeding (e.g., 
bleeding as visible hemorrhage at the tube 
site occurring following discharge, bleeding 
requiring immediate intervention, bleeding 
as gallbladder hemorrhage occurring in the 
immediate periprocedural period).6 A recent 
multicenter retrospective study, the MACAFI 
study, comparing the results of the TH and TP 
approaches in PC in a total of 913 patients, 
found a significantly greater rate of intrapro-
cedural bleeding in the TH approach than in 
the TP approach (2.6% vs. 0.3%).8 However, 
the MACAFI study also had a heterogeneous 
study population regarding the technique 
used; most cases were performed using the 
Seldinger technique due to safety preferenc-
es. The study did not find a significant associ-
ation between tube size and intraprocedural 
bleeding rates; however, most cases in both 
TH and TP groups were performed using an 
8 F or larger catheter, with the catheter size 
ranging between 6 and 12 F. Moreover, no 
records were available on the risk factors for 
bleeding (e.g., underlying liver disease, ab-
normal hemostasis panel, anticoagulant use, 
decision or not to correct periprocedural co-
agulopathy). The periprocedural coagulation 
status of the patients, the presence of any 
underlying liver disease, and the number of 
re-entries may significantly affect the bleed-
ing outcome when performing PC via the TH 
approach. Therefore, the present study’s lack 
of bleeding complications may be related to 
the fact that there were no patients with un-

derlying liver disease, abnormal coagulation 
parameters were corrected pre-procedurally 
in all patients, and no re-entries were per-
formed during the procedures. 

Regarding the risk of bile leakage, the 
TH approach has been associated with less 
risk than the TP approach, mainly due to the 
tampon effect exerted by the liver paren-
chyma.25 However, the retrospective studies 
comparing the bile leakage rates between 
the TH and TP approaches were not homo-
geneous in the technique used. In Beland 
et al.’s7 study, the trocar technique was used 
in 69.5% and 34.9% of the cases performed 
via the TP and TH approaches, respectively. 
In Bennett et al.’s9 study, 79 of the 165 cases 
were performed using the trocar technique; 
however, no information was given on how 
many of the cases were managed with the 
trocar technique in conjunction with the TH 
approach. The MACAFI study reported us-
ing the Seldinger technique in “most” cases.8 
Although confounded by using two differ-
ent techniques and different operators with 
varying levels of experience, previous retro-
spective studies found no statistically signifi-
cant difference in bile leakage rates between 
the TH and TP approaches.6,8

Two prospective studies compared the 
bile leakage rates between the trocar and 
the Seldinger techniques in PC. Reppas et 
al.23 found a higher rate of bile leakage in 
US- and fluoroscopy-guided PC procedures 
performed with the use of the Seldinger 
technique than in US-guided PC procedures 
performed with the use of the trocar tech-
nique (bile leakage occurred in 4 of 52 cases 
performed using the Seldinger technique 
vs. 0 of 53 cases performed using the trocar 
technique). Arkoudis et al.5 reported one bi-
loma in 50 patients who underwent US-guid-
ed PC using the Seldinger technique. In con-
trast, no cases of bile leakage were observed 
in the 50 patients who underwent US-guid-
ed PC using the trocar technique.5 The au-
thors of the two studies concluded that the 
US-guided trocar technique in PC is as safe 
as the Seldinger technique, if not safer.24 It 
is worth noting that in PC procedures per-
formed via the TH approach using the trocar 
technique, the gallbladder puncture site can 
also affect the risk of bile leakage. To use the 
tamponage effect of the liver parenchyma, 
puncturing the gallbladder wall at its corpus 
rather than at its fundus or infundibulum 
may reduce the risk of bile leakage. 

The TH approach in PC has been consid-
ered less prone to catheter dislodgement 
than the TP approach due to the liver’s sup-
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port and traction effect.8 Few studies evalu-
ating the outcome of catheter dislodgement 
varied in their definitions of “dislodgement,” 
and some included pulled-out catheters in 
the category of dislodgement. Excluding 
the pulled-out catheters, a meta-analysis of 
four studies on the incidence of catheter dis-
lodgement in PC procedures found no statis-
tically significant difference in catheter dis-
lodgement rates between the TH and the TP 
approaches. Dislodgement was reported in a 
total of 15 of 361 cases performed using the 
TH approach (4.1%) compared with a total 
of 17 of 311 cases performed via the TP ap-
proach (5.4%).6 The catheter dislodgement 
rate in the present study was 4.9%.

The present study found the 30-day and 
90-day mortality rates following PC to be 
9.8% and 14.8%, respectively. The MACAFI 
study also reported similar outcomes, with 
a 30-day mortality rate of 8.7% and a 90-day 
mortality rate of 13.8% for the TH group.8 It 
is important to note that the mortality rate 
observed should not be directly attributed 
to PC but rather to the patient’s pre-exist-
ing health conditions, morbid conditions, 
advanced age, and the presence of associat-
ed sepsis. Additionally, the presence of a PC 
catheter during the patients’ ward follow-ups 
or at the time of death should not be consid-
ered a complication of PC or indicative of 
treatment failure. These patients, classified 
as ASA 3 and 4, are not typically planned for 
surgery, and the PC catheter is present as a 
definitive treatment at the time of death.5

Gandhi et al.27 conducted a retrospective 
study involving ICU patients who underwent 
bedside PC under US guidance. In their co-
hort, all procedures were performed via the 
TH route using the Seldinger technique, in 
contrast to our study, where the trocar tech-
nique was employed. Smaller-caliber pigtail 
catheters (7–8 F) were utilized, and tract dil-
atation due to the catheter size was omitted. 
The authors reported a technical success rate 
of 100% and a clinical success rate of 92.1%, 
closely aligning with our outcomes. However, 
1 patient (1.9%) developed a bile leak, likely 
due to multiple puncture attempts, and re-
quired surgical intervention. Importantly, 
no major complications were observed. The 
mean catheter dwell time in Gandhi et al.’s27 
study was 13 days (range: 3–45), which was 
shorter than in our series. A clamping trial 
was performed in 3 patients before elective 
tube removal. These findings underscore no-
table procedural differences—particularly 
the choice of access method and catheter 
management strategies—which may influ-

ence complication profiles and clinical out-
comes. Comparative studies are warranted 
to evaluate further the impact of trocar ver-
sus Seldinger techniques in critically ill pa-
tients requiring bedside PC.27

Based on previous experience, the oper-
ator in the present study did not perform a 
clamping test or fistulography before cath-
eter removal, and no recurrent AC cases 
were detected in any patients. However, the 
authors of this study consider the clamping 
test and fistulography to be safer and more 
objective procedures compared with clinical 
and imaging findings, and they suggest us-
ing them to confirm bile flow before catheter 
removal.

The main limitations of the present study 
are its retrospective nature and single-center 
design with a limited number of patients. All 
PC procedures at our center are performed 
using the same approach and technique; 
thus, a comparative outcome analysis of dif-
ferent approaches or techniques could not 
be presented. Most of the patients involved 
in the study had impaired consciousness 
due to their systemic severe illnesses. Conse-
quently, obtaining valid and objective visual 
analog scores for pain assessment was im-
possible, meaning no pain-related data were 
collected.

In this study, the technical and clinical suc-
cess rates of US-guided PC were 100% and 
93%, respectively, which are at the higher 
end of the ranges reported in the literature. 
Differences in clinical success rates across 
studies may result from how clinical success 
is defined (e.g., subsidence of imaging and/
or laboratory parameters), the timing of the 
assessments, the interval from patient ad-
mission to PC procedure, and the antibiotic 
regimens used. Additionally, comorbidities 
and the overall condition of the patients 
included in the study can influence clinical 
success rates. However, this study was not 
designed to assess the factors that could im-
pact clinical success.

In conclusion, despite the increasing use 
of PC for the treatment of AC, current liter-
ature data on the optimal PC technique and 
the approach are indefinite; most retrospec-
tive studies on the subject are heteroge-
neous in terms of technique and approach, 
the number and experience level of the op-
erator(s), and the coagulation status of the 
patients, and have variations in their defini-
tions of outcomes. Therefore, the choice of 
the PC technique and the approach remains 
at the operator’s discretion on a case-by-case 

basis.5,6 The present study on 81 consecutive 
patients with AC treated by a single opera-
tor with bedside US-guided PC using the TH 
approach and the trocar technique alone 
found no procedure-related complications, 
including bleeding, bile leakage, infection, 
or abscess formation. A thorough preproce-
dural evaluation of the liver parenchyma and 
the hemostasis status of the patient, choos-
ing the optimal TH route and the gallblad-
der puncture site, avoiding re-entries, and 
using small-caliber catheters may decrease 
the complication rates when performing 
US-guided PC using the TH approach and 
the trocar technique. Further studies with 
large sample sizes involving homogeneous 
study groups regarding operator experience 
level, PC technique and approach, patient 
coagulation status, and catheter sizes are 
needed to compare well-defined outcomes 
between different PC procedures. 

Footnotes
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PURPOSE
Pneumothorax is the most common complication following computed tomography (CT)-guided 
percutaneous transthoracic needle biopsy. In severe cases, it may require chest tube placement, 
which is associated with increased morbidity. The aim of this study was to evaluate the prognostic 
value of the pleural tail sign (PTS) as an imaging marker for predicting pneumothorax incidence and 
severity after lung biopsy. 

METHODS
 								      

A total of 477 patients (mean age 65 ± 11.7 years, 37.2% women) undergoing CT-guided lung biop-
sies between 2012 and 2021 were retrospectively analyzed in this study. The presence and morpho-
logical subtype of PTS-classified as thin PTS or triangular PTS-were assessed on pre-interventional 
CT imaging. Associations between PTS and pneumothorax outcomes were evaluated using univar-
iate and multivariate binary logistic regression analyses. 

RESULTS
 

No statistically significant association was found between the overall presence of PTS and the inci-
dence of pneumothorax (P = 0.052). However, patients with a triangular PTS showed a significantly 
increased risk of severe pneumothorax requiring chest tube placement (odds ratio: 2.092, 95% con-
fidence interval: 1.097–3.990, P = 0.025), whereas a thin PTS did not show a statistically significant 
effect (P = 0.456).

CONCLUSION
Although PTS does not reliably predict overall pneumothorax risk after CT‑guided lung biopsy, its 
triangular subtype may serve as a prognostic imaging marker for identifying patients at increased 
risk of severe pneumothorax requiring chest tube placement.

CLINICAL SIGNIFICANCE
 

The identification of a triangular PTS on pre-interventional CT imaging may help to stratify patients 
at higher risk of severe pneumothorax following CT-guided lung biopsy. This could enable more 
informed procedural planning, potentially leading to improved patient outcomes.
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CT, image-guided biopsy, lung biopsy, pleural tail sign, pneumothorax 
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Computed tomography (CT)-guided percutaneous transthoracic needle biopsy 
(PTNB) is a well-established and minimally invasive procedure for acquiring tissue 
samples for the histopathologic evaluation of pulmonary lesions.1 This procedure 

is especially suitable for peripheral lung lesions that are challenging to access via bron-
choscopy.2 It offers high diagnostic reliability, with a sensitivity ranging from 85.7% to 
97.4% and a specificity from 88.6% to 100%, for correct histology tissue sampling.3	   
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Despite its clinical value, PTNB is associated 
with various procedure-related complica-
tions, of which pneumothorax is the most 
frequent.4 A recent meta-analysis reported 
an average pneumothorax rate of 25.9% 
following CT-guided lung needle biopsy, 
with a range between 4.3% and 52.4%.5 Al-
though many cases of pneumothorax are 
self-limiting, a subset of patients requires 
chest tube placement, which can lead to in-
creased morbidity, prolonged hospital stays, 
and additional healthcare costs. The inci-
dence of post procedural chest tube place-
ments ranges from 2% to 15%.6 	  
Various risk factors have been associated 
with an increased incidence of pneumotho-
rax following CT-guided biopsies, includ-
ing lesion depth, lesion size, the presence 
and severity of emphysema, the number of 
pleural punctures, and patient positioning, 
as well as lesion heterogeneity described by 
CT texture analysis.7-10 Recent investigations 
have proposed the pleural tail sign (PTS) as 
a potential predictor of pneumothorax fol-
lowing PTNB.11,12 The PTS is defined as a lin-
ear extension of a pulmonary lesion toward 
the visceral pleura and is histopathologically 
associated with interlobular septal thicken-
ing caused by tumor infiltration, fibrosis, or 
desmoplastic reaction.13,14 It has been hy-
pothesized that lesions with a PTS are more 
likely to exert traction on the pleural sur-
face or form tethered points between the 
tumor and pleura.11,12 During biopsy, this 
may increase susceptibility to pleural tears 
or air leakage due to mechanical distortion 
or reduced pleural compliance.	  
The aim of this study is to evaluate wheth-
er the PTS is associated with the overall risk 
of pneumothorax and, specifically, with the 
risk of severe pneumothorax requiring chest 
tube placement after PTNB. We hypothesized 
that the PTS represents a high-risk imaging 
biomarker for clinically significant post-bi-
opsy pneumothorax.

Methods

Patient selection

This retrospective analysis was approved 
by the Ethics Committee of the University 
of Leipzig, Germany (register number: 344, 
approval date: 01.11.2007). A total of 487 
patients who underwent CT-guided lung 
biopsies at our institution between January 
2012 and November 2021 were screened for 
inclusion in the study. Of these, 10 patients 
were excluded, 8 because the intervention 
was stopped prior to lung puncture and 2 
because of insufficient image quality. A total 
of 477 patients (37.2% women) with a mean 
age of 65 ± 11.7 years were included in the 
final analysis. A flowchart illustrating the pa-
tient screening and exclusion for the CT-guid-
ed lung biopsies is presented in Figure 1. 
All CT scans of patients who underwent 
CT-guided PTNB for pulmonary lesions were 
systematically reviewed to assess the pres-
ence or absence of a PTS. A PTS was defined 
as an extension from the lung lesion toward 
the visceral pleura. For cases in which a PTS 
was identified, further classification was 
performed based on morphological charac-
teristics. Although various PTS classification 
systems have been described in the litera-
ture,15-17 we adopted a simplified, clinically 
applicable two-tier model: a thin PTS, char-
acterized by a linear tail without associated 
pleural retraction, and a triangular PTS, with 
pleural retraction at the attachment site. 
Image evaluation was performed by expe-
rienced radiologists with 4 years of general 
experience, blinded to the clinical outcomes. 
In addition, lesion size, lesion depth, the 
number of biopsy samples, and whether 
the biopsy tract passed through the PTS line 
were assessed. In a random selection of 30 
patients, a senior radiologist with 10 years’ 
experience in radiology and a board-certifi-

cation in interventional radiology performed 
a second reading for interreader variability 
assessment of the PTS classification. Figure 
2 provides representative images from the 
patient cohort.	  

Computed tomography-guided biopsy 
procedure

Written informed consent was obtained 
from all patients at least 1 day prior to 
CT-guided biopsy. Biopsies were only per-
formed when there was no elevated risk of 
hemorrhage, as indicated by a platelet count 
of at least 50,000/mm³, a partial thrombo-
plastin time of ≤1.5 times the normal value, 
and a prothrombin time >50%.

Interventions were all performed using 
the same CT scanner (16-slice CT scanner, 
Brilliance Big Bore, Philips, Hamburg, Ger-
many). Typical CT parameters were set as 
follows: 100 kVp; 125 mAs; slice thickness, 1 
mm; pitch, 0.9).

Biopsies and chest tube placements, 
where necessary, were performed by radiolo-
gists with at least 2 years’ experience in inter-
ventional radiology. The procedures, name-
ly positioning and needle pathway, were 
planned using the latest available CT images. 
For the biopsies, a needle was inserted in the 
upper part of the ribs to minimize the risk of 
hematoma at an angle vertical to the pari-
etal pleura, avoiding lung fissures and large 
bronchovascular structures, with the needle 
pathway minimized. 

Prior to the biopsies, the skin was dis-
infected and local anesthesia (10 mL of li-
docaine 1%; Xylocitin, Jenapharm, Jena, 
Germany) was applied. In all cases included 
in this study, a coaxial 18-gauge biopsy sys-
tem with a 2-cm-long needle was used (Bard 
Mission, Bard Medical, Covington, GA, USA, 

Main points

•	 The presence of a pleural tail sign (PTS) is 
not significantly associated with the overall 
risk of pneumothorax after computed to-
mography-guided lung biopsy.

•	 The triangular PTS subtype is significantly 
associated with an increased risk of severe 
pneumothorax requiring chest tube place-
ment, whereas the thin subtype is not.

•	 One in three patients exhibited a PTS 
(33.3%). Postinterventional pneumothorax 
occurred in 47.2% of cases, and 11.5% re-
quired chest tube placement.

Figure 1. Flowchart illustrating the screening and exclusion criteria for patients undergoing computed 
tomography (CT)-guided lung biopsies between January 2012 and November 2021.



 

230 • March 2026 • Diagnostic and Interventional Radiology Hassan et al.

or Biopince, Argon Medical Devices, Athens, 
TX, USA). During the procedures, CT images 
were retrieved to validate accurate localiza-
tion of the needle tip. After removal of the 
biopsy needle, CT images of the whole lung 
parenchyma were acquired to detect post-in-
terventional complications. To minimize the 
occurrence of post-biopsy pneumothorax, 
patients were left to rest without eating or 
drinking for 2 hours after the procedure. In 
addition, a plain chest radiograph was ob-
tained 2 hours after the biopsy to detect 
complications, particularly pneumothorax. 
Patients with pneumothorax on immediate 
post-biopsy CT images were labeled as “in-
stant pneumothorax.” Cases were classified 
as “delayed pneumothorax” when a new 
pneumothorax was identified on the follow-
ing radiograph. Patients with a pneumotho-
rax >10 mm in width and/or newly occurring 
symptoms, such as shortness of breath, an 
increased heart rate, and declining oxygen 
saturation, received chest tube placement.

Statistical analysis

Statistical analysis was performed using 
SPSS software (version 29.0; IBM, Armonk, 
NY, USA). Demographical statistics were pro-
vided by mean values with standard devia-
tion. Group differences were analyzed using 
the Mann–Whitney U test and analysis of 
variance (ANOVA). Interreader variability was 
assessed using Cohen’s kappa. Univariate 
and multivariate logistic regression analy-
ses were performed to evaluate the associa-
tion between the PTS and the occurrence of 
pneumothorax and pneumothorax requir-
ing chest tube placement. The multivariate 
analysis included lesion size, lesion depth 
(distance to pleura), and the number of bi-
opsies as covariates. In a separate univariate 
analysis limited to patients with a visible PTS, 
we also tested whether crossing through the 
PTS with the biopsy needle was associated 
with pneumothorax severity. The results are 
reported as odds ratios (ORs) with corre-

sponding 95% confidence intervals (CIs). In 
all instances, P values <0.05 were interpreted 
as statistically significant.

Results

Prevalence and distribution of the pleural 
tail sign

A total of 159 out of all 477 cases (33.3%) 
were classified as PTS positive. Among these, 
64 cases (13.4%) exhibited a thin PTS, and 95 
cases (19.9%) had a triangular PTS. 

Pleural tail sign and pneumothorax

Of all the cases (n = 477), 47.2% (n = 
225) developed a pneumothorax following 
CT-guided PTNB. Of the 159 cases with a PTS, 
53.5% (n = 85) developed a pneumothorax. 
In the 64 cases classified as having a thin PTS, 
51.6% (n = 33) developed a pneumothorax. 
In the 95 cases with a triangular PTS, 54.7% 
(n = 52) developed a pneumothorax. In cas-
es without a PTS (n = 318), 44.0% (n = 140) 
developed a pneumothorax. A Mann–Whit-
ney U test was performed to compare the 
occurrence of pneumothorax between cases 
with a PTS and those without. The analysis 
revealed no statistically significant difference 
between the two groups (OR: 1.20, 95% CI: 
0.99–1.46, P = 0.052). Moreover, ANOVA re-
vealed no statistically significant difference 
in the PTS grading scale (0–2) between no 
pneumothorax and pneumothorax (P = 
0.067). 

Pleural tail sign and instant pneumothorax

For patients with an instant occurrence 
of pneumothorax (n = 154, of which n = 101 
with no PTS, n = 23 with a thin PTS, and n = 30 
with a triangular PTS), there was no statisti-
cally significant difference between “no PTS” 
and “any PTS” (OR: 0.93, 95% CI: 0.62–1.40, P 
= 0.73). Moreover, there was no significant 
difference in the distribution of the different 
PTS subcategories among cases with instant 
pneumothorax occurrence and those with-
out instant pneumothorax (P = 0.82). Anal-
ysis of interreader reliability demonstrated 
good reliability, with Cohen’s kappa of 0.617 
(P < 0.001).	

Pleural tail sign and pneumothorax with 
necessity of chest tube placement

Of all the cases, 11.5% (n = 55) devel-
oped a pneumothorax requiring chest tube 
placement following CT-guided PTNB. In the 
PTS group, 15.7% (n = 25) of patients devel-
oped a pneumothorax requiring chest tube 
placement, with 12.5% (n = 8) in the thin PTS 

Figure 2. Representative computed tomography (CT) images of patients with pulmonary nodules and an 
associated thin or triangular pleural tail sign (PTS) undergoing CT-guided lung biopsy. On the left, a patient 
with primary lung cancer and a thin PTS without postinterventional pneumothorax (a1-a3). On the right, 
a patient with primary lung cancer and a triangular PTS with a severe postinterventional pneumothorax 
requiring chest tube placement (b1-b3). The red arrows indicate the PTS. The red line demarcates the 
pneumothorax contour.

a3 b3

a2 b2

a1 b1
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subgroup and 17.9% (n = 17) in the triangu-
lar subgroup, compared with 9.4% (n = 30) 
in cases without a PTS. Univariate logistic 
regression revealed a statistically significant 
association between the presence of any PTS 
and the need for chest tube placement (OR: 
1.791, 95% CI: 1.014–3.164, P = 0.043). Sub-
group analysis showed no significant asso-
ciation between chest tube placement and 
a thin PTS (OR: 1.371, 95% CI: 0.598–3.148, 
P = 0.456), whereas a triangular PTS was 
significantly associated with an increased 
risk of requiring a chest tube (OR: 2.092, 
95% CI: 1.097–3.990, P = 0.025). 	  
In multivariate logistic regression, the 
presence of a triangular PTS remained 
an independent predictor of pneu-
mothorax requiring chest tube place-
ment after adjustment for lesion size, 
depth, and the number of biopsies (OR: 
2.02, 95% CI: 1.08–3.79, P = 0.029).	   
In a subgroup analysis of patients with a 
visible PTS, no significant association was 
found between the biopsy needle pass-
ing through the PTS and the risk of ei-
ther general pneumothorax (OR: 0.55, P = 
0.159) or pneumothorax requiring chest 
tube placement (OR: 0.40, P = 0.230). 
Figure 3 provides an overview of the inci-
dence of pneumothorax with the necessity 
of chest tube placement stratified by the PTS 
subgroups, along with the corresponding 
ORs.

Histopathological entities and pneumo-
thorax and pleural tail sign 

Among the histopathological catego-
ries, ANOVA revealed significant differ-
ences in the rate of PTS positive cases: 
primary lung cancer (n = 214), metastasis 
(n = 121), benign lesions (n = 76), and cas-
es with no or an indeterminate histologi-
cal outcome (n = 66) (P = 0.005).	  

In univariate logistic regression analysis, 
primary lung cancer was significantly as-
sociated with higher odds of exhibiting a 
PTS than all other histopathological groups 
combined (metastases, benign lesions, and 
non-diagnostic cases), with an OR of 1.53 
(95% CI: 1.04–2.25, P = 0.031).	  
To assess whether the underlying pathology 
was associated with the occurrence of pneu-
mothorax, patients were categorized into 
the same four groups. The ANOVA results re-
vealed no statistically significant differences 
in the overall pneumothorax rate (P = 0.646) 
or in the rate of severe pneumothorax requir-
ing chest tube placement (P = 0.192).

Discussion
Multiple studies have been conducted to 

identify key risk factors for postintervention-
al pneumothorax after CT-guided lung biop-
sy.18 These studies have consistently identi-
fied smaller lesion size, greater distance from 
the lesion to the pleura, needle paths pass-
ing through pulmonary fissures, and emphy-
sema adjacent to the target lesion as factors 
associated with an increased pneumothorax 
risk.10,19 Moreover, our previous investiga-
tion identified CT radiomics features of the 
target lesion and the lung-lobe CT-emphy-
sema score as predictive biomarkers for the 
occurrence of pneumothorax and the need 
for chest tube placement after CT-guided 
PTNB.10 Technical factors such as patient po-
sitioning, entry point relative to gravity, and 
needle angulation also play a key role and 
have been shown to significantly influence 
the risk of pneumothorax.20-22 Two recent 
studies identified the PTS as a novel imag-
ing marker associated with an increased risk 
of pneumothorax following CT-guided lung 
biopsy.11,12 One study, based on 311 proce-
dures, reported that the presence of a PTS 

was an independent risk factor for immedi-
ate pneumothorax,11 whereas another, an-
alyzing 775 cases, found that needle paths 
passing through the pleural tail significantly 
increased the pneumothorax rate.12 How-
ever, neither study distinguished between 
morphological subtypes of the PTS or eval-
uated complication severity. By contrast, our 
study applied a two-tier PTS classification 
(thin vs. triangular) and specifically assessed 
the severity of pneumothorax, defined by 
the need for chest tube placement.	  
The PTS itself is referred to as a strip con-
nected to a lung lesion, propagating to 
the pleura.18 Histological analysis revealed 
that pleural tails are caused by interlob-
ular thickening caused by lymphatic ob-
struction, inflammation, desmoplastic re-
action, or tumor infiltration.18,19	   
In the current study, no statistically signifi-
cant difference was found in the distribution 
of lesions with a PTS and those without a 
PTS regarding the occurrence of pneumo-
thorax in CT-guided biopsies, although the 
significance level was close to the threshold 
of 0.05. In addition, differences in the prom-
inence of PTS (classified as either thin or tri-
angular) and in the timing of pneumothorax 
occurrence (immediate vs. delayed) did not 
reach statistical significance. These results 
differ from those of earlier studies.11,12	   
Nonetheless, we observed statistically signif-
icant differences in the occurrence of severe 
pneumothorax, as defined by the necessity 
of chest tube placement, both for the mere 
presence of a PTS and for the triangular sub-
type. Notably, in our multivariate logistic re-
gression analysis, the presence of a triangular 
PTS remained an independent predictor for 
pneumothorax requiring chest tube place-
ment after adjustment for lesion size, depth, 
and the number of biopsies. To our knowl-
edge, this is the first study demonstrating the 
clinical significance of the PTS in the context 
of interventional risk stratification.	  
In contrast to previous reports, our subgroup 
analysis among patients with a visible PTS 
did not demonstrate a significant association 
between the biopsy needle passing through 
the PTS and the risk of pneumothorax or the 
need for chest tube placement.11 Our study 
suggests that the pleural vulnerability asso-
ciated with the PTS may primarily result from 
intrinsic fibrotic or infiltrative changes rather 
than from mechanical disruption caused by 
traversing the PTS.

Notably, the PTS was significantly more 
common in primary lung cancer than in 
metastatic or benign nodules. However, 
neither the overall pneumothorax rate nor 

Figure 3. (a) Bar chart showing the percentage of patients who developed a severe pneumothorax requiring 
chest tube placement, presented for the total cohort as well as stratified by pleural tail sign (PTS) subgroups: 
no PTS, any PTS, thin PTS, and triangular PTS. (b) Forest plot illustrating the corresponding odds ratios for 
each group. Error bars represent 95% confidence intervals.

a b
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the rate of severe, chest tube-requiring 
pneumothorax differed significantly across 
histopathological categories, indicating 
that the histopathological subtype is un-
likely to be a major confounder.	  
The present study has several limitations. 
First, it is a retrospective study, which poses 
the risk of a possible known inherent bias. 
However, the imaging analysis was per-
formed in a blinded fashion to the clinical 
outcome to reduce possible bias. Second, the 
identification of a pleural tail and the grading 
of its features may impose some interreader 
variability. Third, clinical indications for chest 
tube placement can vary, as decisions often 
hinge on the patient’s symptoms, the pneu-
mothorax size, and the operator’s personal 
preference. 

In conclusion, in this study, we found 
that the triangular PTS is an independent 
prognostic imaging marker for identifying 
patients at higher risk of clinically significant 
pneumothorax, defined by the need for chest 
tube placement. Additionally, in our cohort, 
the PTS was significantly more likely to occur 
in lesions reflecting primary lung cancer than 
in other histopathological entities. 
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Diagnostic accuracy of convolutional neural network algorithms to 
distinguish gastrointestinal obstruction on conventional radiographs in 
a pediatric population 

PURPOSE
 

Gastrointestinal (GI) dilatations are frequently observed in radiographs of pediatric patients who 
visit emergency departments with acute symptoms such as vomiting, pain, constipation, or diar-
rhea. Timely and accurate differentiation of whether there is an obstruction requiring surgery in 
these patients is crucial to prevent complications such as necrosis and perforation, which can lead 
to death. In this study, we aimed to use convolutional neural network (CNN) models to differentiate 
healthy children with normal intestinal gas distribution in abdominal radiographs from those with 
GI dilatation or obstruction. We also aimed to distinguish patients with obstruction requiring sur-
gery and those with other GI dilatation or ileus. 

METHODS
 

Abdominal radiographs of patients with a surgical, clinical, and/or laboratory diagnosis of GI diseas-
es with GI dilatation were retrieved from our institution’s Picture Archiving and Communication Sys-
tem archive. Additionally, abdominal radiographs performed to detect abnormalities other than GI 
disorders were collected to form a control group. The images were labeled with three tags accord-
ing to their groups: surgically-corrected dilatation (SD), inflammatory/infectious dilatation (ID), and 
normal. To determine the impact of standardizing the imaging area on the model’s performance, 
an additional dataset was created by applying an automated cropping process. Five CNN models 
with proven success in image analysis (ResNet50, InceptionResNetV2, Xception, EfficientNetV2L, 
and ConvNeXtXLarge) were trained, validated, and tested using transfer learning. 

RESULTS
 

A total of 540 normal, 298 SD, and 314 ID were used in this study. In the differentiation between 
normal and abnormal images, the highest accuracy rates were achieved with ResNet50 (93.3%) and 
InceptionResNetV2 (90.6%) CNN models. Then, after using automated cropping preprocessing, the 
highest accuracy rates were achieved with ConvNeXtXLarge (96.9%), ResNet50 (95.5%), and Incep-
tionResNetV2 (95.5%). The highest accuracy in the differentiation between SD and ID was achieved 
with EfficientNetV2L (94.6%). 

CONCLUSION
 

Deep learning models can be integrated into radiographs located in the emergency departments 
as a decision support system with high accuracy rates in pediatric GI obstructions by immediately 
alerting the physicians about abnormal radiographs and possible etiologies. 

CLINICAL SIGNIFICANCE
 

This paper describes a novel area of utilization of well-known deep learning algorithm models. Al-
though some studies in the literature have shown the efficiency of CNN models in identifying small 
bowel obstruction with high accuracy for the adult population or some specific diseases, our study 
is unique for the pediatric population and for evaluating the requirement of surgical versus medical 
treatment. 
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The imaging of the gastrointestinal (GI) 
system is challenging in children, and 
often, the initial modality of choice is 

either an abdominal radiograph or ultra-
sound, both in the emergency and outpa-
tient settings. Abdominal radiography is 
cheap, widely available, exposes less radia-
tion compared with computed tomography 
(CT), and provides specific appearances for 
some pediatric conditions such as duodenal 
atresia and necrotizing enterocolitis (NEC).1 
The common causes of GI obstructions in 
pediatric patients are more varied and dif-
ferent than in adults and often require ded-
icated radiological evaluation to recognize 
peculiar imaging features.2 The bowel can be 
obstructed or dilated by a wide range of dis-
eases classified as congenital, developmen-
tal, inflammatory, infectious, and neoplastic 
lesions.3 Delay in the diagnosis and surgical 
management of such pediatric acute bowel 
obstruction increases the risk of bowel ne-
crosis, perforation, and death. Therefore, ac-
curate diagnostic management is crucial to 
improve patient outcomes.4 Previous studies 
in adult populations have revealed that the 3 
most sensitive radiographic signs for bowel 
obstruction are air-fluid levels in loops of the 
bowel wider than 2.5 cm, 2 or more air-fluid 
levels, and multiple air-fluid levels within 1 
loop of the bowel differing 5 mm.2 

In recent years, there has been a grow-
ing number of studies on integrating artifi-
cial intelligence (AI) as a diagnostic support 
model into image-based medical fields such 
as radiology and pathology. Artificial neural 
networks have become the most preferred 
models for image classification among the 
subfields of AI due to their high accuracy 
rates.5

Convolutional neural network (CNN), a 
deep artificial neural network, possesses the 
ability to distinguish and classify images by 
extracting and comparing specific features 

from them. However, the main limitation of 
CNNs is their need for large datasets for train-
ing. The capacity of a CNN trained on a large 
dataset can be transferred to differentiate 
similar images.6 With the proliferation of dig-
ital radiography and Picture Archiving and 
Communication Systems (PACS), significant 
advancements have been made in acquiring 
radiographic data in recent years. Although 
radiography involves single-section and 
two-dimensional imaging, CT and magnetic 
resonance imaging provide multi-sectional 
and three-dimensional imaging. Therefore, 
radiographs can be processed with simpler 
deep-learning models. 

In daily practice, many abdominal ra-
diographs are performed on children in 
emergency rooms and outpatient clinics. In 
Turkey, most of these are not evaluated by 
radiologists but by emergency or outpatient 
physicians under time constraints. According 
to a report prepared by the Turkish Society 
of Radiology instead of Radiology Associa-
tion in 2018, the number of radiologists per 
100,000 people in Türkiye was 5, whereas 
this number was 2–3 times higher in Orga-
nization for Economic Co-operation and 
Development countries.7 Due to the lack of 
sufficient time for evaluating radiographs or 
the inexperience of the evaluating physician, 
additional tests may be unnecessarily re-
quested for patients with false-negative eval-
uations, or patients with a condition may be 
incorrectly deemed normal and sent home. 
Conversely, unnecessary treatments or surgi-
cal interventions may be performed on pa-
tients with false-positive evaluations. Since 
children often cannot accurately express 
their complaints and because laboratory 
findings can change rapidly, radiological ex-
aminations hold even greater importance.4

Therefore, if the radiographs taken in the 
emergency room are classified by a CNN 
model integrated into the PACS system and 
presented to the relevant physician, it can 
enable more careful evaluation by the phy-
sician. 

This study aims to retrain current CNN 
models on abdominal radiographs and as-
sess which models are more successful in 
classifying normal and pathological radio-
graphs. It also proposes differentiating be-
tween pathological radiographs that resolve 
with medical treatment (infectious) and 
those requiring surgical intervention.

Methods
Institutional review board approval was 

obtained from the Diyarbakır Gazi Yaşargil 

Training and Research Hospital Non-Inter-
ventional Clinical Research Ethics Commit-
tee (decision no: 2022/108, decision date: 
10.06.2022) for this study’s retrospective data 
collection and analysis. Informed consent 
was waived because of the retrospective na-
ture of the study.

Image acquisition 

After obtaining the approval of the ethical 
committee, abdominal radiographs taken in 
the outpatient clinic and emergency depart-
ment between January 1, 2019, and June 1, 
2022, were reviewed using the radiology 
PACS archive of our institution. They were 
included if the patients had multiple images 
within the same disease course and before 
the surgery. X-ray devices used in the outpa-
tient clinic and emergency department were 
single-tube Jumong model digital X-ray im-
aging systems (SG Healthcare Co, Gyeong-
gi-Do, South Korea). Automatic exposure 
control (AEC) sensors were used during 
imaging, and dose parameters for each im-
aging were adjusted accordingly. Shielding 
was not used to avoid overexposure due to 
AEC measurements. Peak tube voltage (kVp), 
tube current (mA), exposure time (msec), and 
dose area product (DAP) were recorded for 
each examination. Due to vast body size vari-
ations in the study cohort (0–18 years), peak 
tube voltage was changed between 80,100 
and 120 kVp according to tissue thickness, 
requiring more photon penetration. For the 
routine posteroanterior erect abdominal 
radiograph performed in the outpatient 
clinic and emergency department, the pa-
tient-tube distance was 110 cm.

The images were retrieved for the study 
using JPEG compression. For comparison, 
a control group was formed from patients 
with normal GI findings on abdominal radio-
graphs, who were imaged for other reasons, 
such as kidney stones, with a balanced age 
distribution from 0 to 18 years. The dataset 
consisted of three main groups: (1) patients 
with GI obstruction requiring surgical inter-
vention [surgically-corrected dilatation (SD)], 
(2) patients with bowel dilatation/ileus treat-
ed without surgery [inflammatory/infectious 
dilatation (ID)], and (3) a normal control 
group. The age and sex characteristics of the 
patients and the diagnoses of the diseases 
for groups with pathological findings were 
recorded. The first group requiring surgery 
was diagnosed surgically. While labeling the 
second group, if examinations remained in-
determinate, the cases were discussed by 
an experienced pediatric radiologist (with 7 
years of experience) and the referring pedi-

Main points

•	 Pre-trained convolutional neural network 
models can be accurately used in abdomi-
nal radiographs with the transfer learning 
method.

•	 Fine-tuning should be performed to im-
prove the performance of the model and to 
decrease the validation and training loss.

•	 The automated cropping process signifi-
cantly improves the performance of all 
models, probably due to factors such as the 
non-standard nature of the radiographs tak-
en under emergency and outpatient condi-
tions, improper positioning, and inappropri-
ate adjustment of the imaging area. 
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atrician. Six cases that remained indetermi-
nate after enhanced clinical-radiological re-
view were excluded, as no meaningful label 
could be assigned. 

Consequently, a total of 612 radiographs 
with the findings of bowel dilatation or ob-
struction were included. For the first group 
(patients who underwent surgery), 298 im-
ages from 107 patients were obtained from 
the archive, and for the second group (pa-
tients who did not require surgery), 314 im-
ages from 189 patients were obtained. For 
comparison, a control group of 540 normal 
abdominal radiographs, 1 for each case, was 
created, considering a balanced age distribu-
tion between 0 and 18 years. The flowchart 
of the study is presented in Figure 1. 

Training, testing dataset, and preprocess-
ing 

Images were retrieved from the PACS sta-
tion with a resolution of 1,040 × 624 pixels 
and down-sampled by bicubic interpolation 
automatically in the CNN to match the input 
layers. Afterward, 32 batches, each including 
36 images, were composed of 1,152 images. 
Each batch was split into training, validation, 
and test sets using a ratio of 28:3:5, respec-
tively. This ratio was designed to maintain a 
sufficient training dataset while providing 
adequate statistical power for the testing 
dataset. A test set sample size of 160 en-
abled a statistical power of 0.8 for detecting 
an area under the curve (AUC) of 0.65 with 
a type 1 error of 0.025.8 Data augmentation 
was performed on the training dataset with 
horizontal flipping and rotation by Keras li-
brary. The images formed with data augmen-
tation would be similar to those not taken in 
the correct position due to patient rotation 
during the shooting or sent incorrectly to the 
PACS system. This approach aims to provide 
flexibility for the model to evaluate images 
that are not properly positioned (Supple-
mentary Figure 1). 

To determine the impact of standardiz-
ing the imaging area on the model’s perfor-
mance, an additional dataset was created by 
applying an automated cropping process to 
the data using a cropping code set to remove 
rows or columns from all edges until a white-
toned pixel was found. During the automat-
ed cropping process, some images had data 
labels on the edges of the image, causing the 
cropping to stop before the model reached 
the image (Figures 2a-d). This situation rep-
resented a limitation of the model compared 
with manual cropping. Since this study 
aimed to provide the classification result di-

rectly to the physician via automated prepro-
cessing and model analysis of the image ob-
tained from X-ray imaging, manual cropping 
was not preferred. 

Neural networks training and testing 

All CNN training, testing, and other pro-
cesses were performed using the Keras 2.1.5 
library with TensorFlow 1.7 as the backend 
framework in Python (version 3.7.3), and 
Google Colab was used as a notebook ser-
vice provider with its integrated graphics 
processing units.9-11

Five CNNs used in this study were public-
ly available and pre-trained on the ImageN-
et data set: ResNet50, InceptionResNetV2, 
Xception, EfficientNet, and ConvNeXt.12-17 

The architecture of the models is briefly 
described in Supplementary Figure 2. The 
background of the networks was developed 
to detect everyday objects such as vehicles, 
flowers, or animals, but the top layers were 
completely new and acquired their param-
eters based on the radiographs used in the 
training database, called the transfer learn-
ing method. Since the datasets on which 
CNN models were pre-trained contained a 
large amount of data, during training with 
our smaller dataset, the process of determin-
ing the filter weights for feature extraction 
was limited to the first few convolutional lay-
ers (usually the first three), and the training 
of the last layers did not occur.18 To overcome 
this, a particular process called fine-tuning 
was applied, and the layers close to the input 

Figure 1. Flow diagram of the study. CNN, convolutional neural network; PACS: Picture Archiving and 
Communication Systems.

Figure 2. Example of before (a) and after (b) successful automated cropping to remove unnecessary parts 
and suboptimal cropping (c, d) due to white pixels of a label at the right lower corner of the image. 

a

c

b

d



 

236 • March 2026 • Diagnostic and Interventional Radiology Ayaz et al.

were frozen to ensure that the weights for 
feature extraction in the subsequent layers 
were determined. Fine-tuning was routinely 
applied, especially in transfer learning meth-
ods used in image analysis, and it improved 
the model’s performance. Although epoch 
durations were longer compared with the 
standard training process, a significant de-
crease in training and validation errors was 
achieved with fewer epochs (Supplementary 
Figure 3). 

The five models used in the experiments 
were trained for 100 epochs during the train-
ing phase. To enhance performance during 
transfer learning and to allow the models 
trained on another dataset to adapt to the 
features of our data, an additional 20 epochs 
were run for fine-tuning. In this study, the 
models were first presented with original 
data and then cropped data from the nor-
mal control and abnormal patient groups. 
All models were tested on 224 images after 
training, and their success was evaluated 
using performance metrics. Finally, to de-
termine which diseases, ages, and sexes the 
misdiagnosed cases (false positives or false 
negatives) belonged to, the dataset was ana-
lyzed using the most successful model. 

Statistical analysis 

The mean and standard deviation (SD) 
values for age and the median and quartiles 
were presented. The descriptive statistics 
of the pathological groups were calculated. 
Pearson’s chi-squared test was used to com-
pare gender data. Kolmogorov–Smirnov test 
showed that the age data did not follow a 
normal distribution (P < 0.001 for all groups). 
The median and interquartile ranges (IQRs) 
were presented for non-normally distrib-
uted dose parameters. A non-parametric 
Mann–Whitney U test was applied since the 
pathological groups did not show a nor-
mal distribution. Statistical analyses were 
performed using the IBM SPSS version 23.0 
software package (IBM Corporation, Armonk, 
NY, USA). A single receiver operating charac-
teristic (ROC) curve and cut-off analysis were 
used for the internal test, whereas two ROC 
curves with independent groups were de-
signed to compare the external and internal 
validation tests. Two-tailed P values < 0.05 
were considered statistically significant. Af-
ter completing the training phase, the mod-
els were tested using the dataset created for 
testing. The performance of the models was 
measured by metrics such as accuracy, preci-
sion, sensitivity, specificity, F1 score, and the 
AUC. 

Results 
The age and sex distribution of the three 

groups within the dataset are presented in 
Table 1. No significant difference was found 
between the two patient groups regarding 
age (P = 0.928). However, there were more 
boys in the SD group than in the ID group (P 
< 0.001). Regarding dose parameters, 725 ex-
aminations were performed with 80 kVp, 338 
with 100 kVp, and 89 with 120 kVp. The me-
dian tube current was 320 mA (IQR: 80). The 
mean (± SD) exposure time was 37.22 ± 7.51 
milliseconds, and the median DAP was 165 
mGy·cm2 (IQR: 349). In the SD group, a total of 
16 different causes of obstruction were iden-
tified. The most prevalent cause, ileus due to 
postoperative adhesions, was observed in 83 
radiographs of 27 patients (27.9%). This was 
followed by complicated appendicitis, seen 
in 67 radiographs of 30 patients (22.5%), and 
NEC, found in 35 radiographs of 11 patients 
(11.7%). It is worth noting that some cases of 
ileus due to postoperative adhesions were 
observed during follow-up after surgeries 

of patients with other etiologies, which is 
why the total number of cases appears high-
er than the total number of patients in this 
group when the cases from both groups are 
combined. The age and sex distribution ac-
cording to the types of diseases is presented 
in Table 2. 

NEC, hypertrophic pyloric stenosis, meco-
nium ileus, Hirschsprung’s disease, duodenal 
atresia/stenosis, and inguinal hernia cases 
are observed in the neonatal and infant pe-
riods, whereas abscess/peritonitis secondary 
to intraperitoneal catheter and intussuscep-
tion cases occur in early childhood. Compli-
cated appendicitis and Crohn’s disease are 
predominantly seen in the group aged over 
10 years. The disease groups with the broad-
est age distribution are also the two most 
common diseases: ileus due to postoperative 
adhesions and complicated appendicitis. 
Among the common diseases, groups with 
similar ages were compared statistically us-
ing the Student’s t-test. The ages of patients 
with complicated appendicitis were found to 

Table 1. Age and sex distribution of the study groups and the control group

Healthy control group SD group ID group

Sex [male (%)/female (%)] 262 (48.5)/278 (51.5) 232 (77.5)/66 (22.1) 180 (57.3)/134 (42.7) 

Age (mean ± standard 
deviation), years 7.29 ± 5.05 5.47 ± 5.82 4.22 ± 4.44

Age [median (interquartile 
ranges)], years 6.5 (3.1–11.3) 3 (0.3–10.0) 2.1 (1.3–6.0)

SD, surgically-corrected dilatation; ID, inflammatory/infectious dilatation.

Table 2. Number, age, and sex features of patients within the surgically corrected 
obstruction group

Diagnosis Number of cases/
number of images

Sex: male (%)/
female (%) 

Age: mean ± standard 
deviation in years

Ileus due to postoperative 
adhesion 27/83 22 (81.5)/5 (18.5) 6.48 ± 5.32

Complicated acute appendicitis 30/67 22 (73.3)/8 (26.7) 11.33 ± 4.75

Necrotizing enterocolitis 11/35 5(45.5)/6 (54.5) 0.39 ± 0.53

Hypertrophic pyloric stenosis 12/19 12 (100)/0 0.11 ± 0.06

Hirschsprung’s disease 7/15 6 (85.7)/1 (14.3) 1.02 ± 1.38

Abscess/peritonitis secondary to 
intraabdominal catheter 5/15 4 (80)/1 (20) 5.13 ± 6.08

Meconium ileus or meconium plug 
syndrome 5/12 4 (80)/1 (20) 0.34 ± 0.27

Duodenal atresia or stenosis 2/11 1 (50)/1 (50) 1.15 ± 0.10

Intussusception 9/9 5 (55.6)/4 (44.4) 3.18 ± 4.41

Complicated inguinal hernia 4/8 4 (100)/0 0.95 ± 0.78

Complicated Crohn’s disease 2/8 2 (100)/0 11.89 ± 1.48

Midgut volvulus 3/6 3 (100)/0 1.80 ± 2.26

Other 4/9 4 (100)/0 6.87 ± 4.79
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be significantly higher than those with ileus 
due to postoperative adhesions (P < 0.001), 
and the ages of patients with NEC were sig-
nificantly higher than those with hypertro-
phic pyloric stenosis (P = 0.003). No signifi-
cant difference was found between cases of 
postoperative adhesions and catheter infec-
tions (P = 0.379) or between Hirschsprung’s 
disease and duodenal atresia/stenosis (P = 
0.719). 

In the third group, which included cases 
of non-ileus, no infectious agent was detect-
ed in 142 patients, from whom 231 (73.6%) 
radiographs were obtained. In 41 patients 
(68 radiographs, 21.7%), rotavirus was de-
tected in 2 patients (3 radiographs, 1%), 
adenovirus antigen in 2 patients (6 radio-
graphs, 1.9%), and amoeba in the stool of 2 
patients (6 radiographs, 1.9%). In 2 patients 
with 6 radiographs (1.9%), GI involvement 
due to multisystem inflammatory syndrome 
secondary to coronavirus disease-2019 was 
diagnosed. When comparing the ages of the 
rotavirus cases and other cases, it was found 
that rotavirus cases were significantly higher 
in the younger age groups (P < 0.001). 

All models were tested separately on 224 
images using both the original and cropped 
datasets after training. The confusion matri-
ces of the models are presented in Table 3, 
and the performance metrics are present-
ed in Table 4. Although the highest perfor-
mance metrics of the models were observed 
in different rankings across different data-
sets, they were generally achieved with Res-
Net50 on raw data, EfficientNetV2L between 
pathological groups, and ConvNeXtXLarge 
on cropped data and overall. The pixels with 
the most weight in classification, as indicat-
ed by the gradient-weighted class activation 
map applied to some data in the analysis of 
the Xception model, are shown in Figure 3. 

Finally, to determine which diseases and 
ages the misclassified cases (false positives 
or false negatives) belonged to, our dataset 
was analyzed using the ConvNeXtXLarge 
model, which had the highest F1 score. The 
model was run 3 times using 224 images 
randomly distributed across 7 packages in 
each analysis. Four images with SD and six 
with ID were labeled as false negatives in 
the three-model analyses. In the normal con-
trol group, 33 images were classified as false 
positives across the 3 analyses. Examples of 
patients who were classified as abnormal but 
were healthy, according to the model analy-
sis, are presented with their ages and sexes 
in Supplementary Figure 4. The cases labeled 
as normal despite being in the SD group are 

presented in Figure 4. Since the false nega-
tive cases occurred in three different disease 
groups and involved common diseases in the 
dataset, we could not conclude that a specif-
ic disease group was undetectable. 

Discussion 
Very few studies utilize deep learning ap-

plications on abdominal radiographs, and 
there is even less literature regarding the 
pediatric population.4,19-21 Studies on X-rays 
in the literature primarily focus on chest ra-
diography, mainly due to the large volume 
of accessible data.22-25 Our study demon-
strated that in classifying normal and abnor-
mal radiographs, an accuracy above 90% 

was achieved with the ResNet50 (93.3%) 
and InceptionResNetV2 (90.6%) CNN mod-
els. After applying the cropping prepro-
cessing step to the same data groups, an 
accuracy above 90% was achieved with 
EfficientNetV2L (94.6%), and an accuracy 
above 95% was reached with ResNet50 
(95.5%), InceptionResNetV2 (95.5%), and 
ConvNeXtXLarge (96.9%). In the analysis 
conducted on cropped images to distin-
guish surgically corrected GI obstruction 
from other GI dilations, an accuracy above 
90% was achieved with InceptionResNetV2 
(90.2%), EfficientNetV2L (94.6%), and Con-
vNeXtXLarge (91.1%). It is evident that the 
cropping preprocessing step significantly 
impacts the performance of all models. This 

Table 3. Confusion matrices of the convolutional neural networks’ test results used in the 
study

CNN model Data type Labels
Actual

Normal (or 
SD group)

Abnormal (or ID 
group)

Classification results 
with ResNet50 CNN 
model

Raw images

Predicted

Normal 109 15

Abnormal 0 100

Cropped images
Normal 109 7

Abnormal 3 105

Cropped images
SD group 117 4

ID group 21 82

Classification 
results with 
InceptionResNetV2 
CNN model

Raw images 

Predicted

Normal 103 3

Abnormal 18 100

Cropped images
Normal 119 1

Abnormal 9 95

Cropped images
SD group 106 6

ID group 16 96

Classification results 
with Xception CNN 
model

Raw images

Predicted

Normal 120 10

Abnormal 28 66

Cropped images
Normal 100 17

Abnormal 13 94

Cropped images
SD group 104 21

ID group 7 92

Classification results 
with EfficientNetV2L 
CNN model

Raw images

Predicted

Normal 84 28

Abnormal 0 112

Cropped images
Normal 118 0

Abnormal 12 94

Cropped images
SD group 108 5

ID group 7 104

Classification 
results with 
ConvNeXtXLarge 
CNN model

Raw images

Predicted

Normal 102 6

Abnormal 17 99

Cropped images
Normal 121 3

Abnormal 4 96

Cropped images
SD group 107 7

ID group 13 97

CNN, convolutional neural network; SD, surgically-corrected dilatation; ID, inflammatory/infectious dilatation.
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improvement is likely due to factors such as 
the non-standard nature of radiographs tak-
en under emergency and outpatient condi-
tions, improper positioning, inappropriate 
adjustment of the imaging area, and the 
failure to remove contrast-inducing items 
from patients during imaging. 

Abdominal radiographs are generally 
the first preferred method for GI diseases 
due to their affordability, widespread avail-
ability, rapid application and interpretation 
(especially with digital radiographs), and 
ability to comprehensively show intestinal 
gas distribution. Radiography is superior to 
ultrasound, particularly for diagnosing GI ob-
structions.26 Typical imaging findings are ob-
served in diseases such as NEC and duodenal 
atresia, which are seen in the neonatal and 
infant periods. Additionally, in patients with 
acute severe clinical symptoms where bow-
el perforation (rupture) is suspected, radio-
graphs can reveal free air in the abdominal 
cavity. However, the sensitivity of abdominal 
radiographs in children with abdominal pain 
is relatively low, with the rate of pathological 
findings reported between 2% and 20%.26 
Abdominal radiographs in newborns and 
young children are usually taken while the 
patient is lying down. In older children, an 
upright abdominal radiograph may better 
display air-fluid levels and bowel loop disten-
tion, especially in conditions where peristal-
sis is impaired. In some cases, lateral decubi-
tus radiographs are taken by positioning the 
patient on their side to show air-fluid levels, 
free fluid, or free air in the abdomen. 

The following studies stood out when re-
viewing previous deep-learning research in 
the literature on diagnosing GI diseases us-
ing abdominal radiographs. In the study by 
Kwon et al.21, 11,384 abdominal radiographs 
(1,449 with intussusception and 9,935 with-
out) were retrieved from three hospitals to 
detect intussusception. Diagnosing intus-
susception from abdominal radiographs is 
challenging and requires expertise. There-
fore, the diagnosis is typically made by 
ultrasound. The interobserver agreement 
among radiologists with limited experience 
in abdominal radiographs is less than 50%.27 
In the study by Kwon et al.21, for binary clas-
sification, the CNN model used was ResNet. 
The average sensitivity achieved was 81.6%, 
with a specificity of 92.5%. The highest ac-
curacy reported was 76%, the lowest was 
73%, and the average was 74%. In our study, 
an analysis of the SD cases classified as false 
negatives revealed that two of the four cas-
es were complicated appendicitis, one was 
bowel obstruction (ileus due to postopera-

tive adhesions), and one was Hirschsprung’s 
disease. Notably, no misclassification was de-
tected in intussusception cases. Additionally, 
an accuracy rate of 93.3% was achieved with 
the ResNet50 model in our study, making it 

the model with the highest accuracy on raw 
data. 

In another study on small bowel obstruc-
tion, a total of 3,663 upright abdominal ra-

Table 4. Performance metrics of the convolutional neural network models according to 
datasets 

CNN model Dataset Accuracy Specificity Sensitivity F1 score

ResNet50

Normal vs. abnormal (raw 
data) 0.933 1.000 0.869 0.930

Normal vs. abnormal 
(cropped data) 0.955 0.973 0.938 0.955

SD vs. ID group 0.889 0.848 0.953 0.868

InceptionResNetV2

Normal vs. abnormal (raw 
data) 0.906 0.851 0.970 0.905

Normal vs. abnormal 
(cropped data) 0.955 0.930 0.990 0.950

SD vs. ID group 0.902 0.869 0.941 0.897

Xception

Normal vs. abnormal (raw 
data) 0.839 0.811 0.868 0.776

Normal vs. abnormal 
(cropped data) 0.866 0.885 0.847 0.862

SD vs. ID group 0.875 0.937 0.814 0.868

EfficientNetV2L

Normal vs. abnormal (raw 
data) 0.875 1.000 0.800 0.889

Normal vs. abnormal 
(cropped data) 0.946 0.908 1.000 0.940

SD vs. ID group 0.946 0.939 0.954 0.945

ConvNeXtXLarge

Normal vs. abnormal (raw 
data) 0.897 0.857 0.943 0.896

Normal vs. abnormal 
(cropped data) 0.969 0.968 0.970 0.965

SD vs. ID group 0.911 0.892 0.933 0.907

CNN, convolutional neural network; SD, surgically-corrected dilatation; ID, inflammatory/infectious dilatation.

Figure 3. In the gradient-weighted class activation map (Grad-CAM) heatmap, the location of the findings 
was correctly identified for patients with gastrointestinal dilatation requiring surgery with diagnoses of 
duodenal atresia (a), midgut volvulus (b), meconium ileus (c), and perforated appendicitis (d). However, 
in two patients diagnosed with intestinal malrotation/midgut volvulus (e, f), the weight of the Grad-CAM 
heatmap was incorrectly identified. 

a

d

b c

e f
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diographs (2,210 for training and 1,453 for 
testing) were used, with 74 showing signs of 
obstruction.19 In this study, the pre-trained 
InceptionV3 CNN model was fine-tuned us-
ing the transfer learning method, trained 
with their dataset, and then tested. The AUC 
was calculated as 0.84, the sensitivity as 
83.8%, and the specificity as 68.1%.

In a subsequent study conducted by 
the same team, a new dataset consisting of 
5,558 radiographs was created using images 
obtained from their hospital and a second 
hospital.20 The average age of the patients in 
this dataset was 59.1 and 59.9 years, which 
differed significantly from the causes of ob-
struction in our patient group. Again, using 
InceptionV3, the researchers trained and 
tested the model with the second dataset.

For comparison, 1,453 test images were in-
dependently evaluated by three radiologists. 
The sensitivity of the radiologists ranged from 
28.5% to 65.5% (average 44%), whereas the 
CNN model achieved 82.9%. The specificity of 
the radiologists ranged from 96.4% to 99.6% 
(average 98.4%), whereas the CNN model 
achieved 92.5%. The radiologists’ positive pre-
dictive value (PPV) ranged from 43% to 78% 
(average 62%), whereas the CNN model’s PPV 
was 28%. The low PPV in the CNN model was 
due to a high number of false positives.

Upon examining these false positives, it 
was found that while the intestinal segments 
were within physiological limits and consid-
ered normal clinically and radiologically, the 
CNN model identified them as positive. In-
creasing the number of similar images in the 
training set could potentially improve the 
model’s performance and address this issue. 

In another UK-based study on the same 
subject, a dataset of abdominal radiographs 
(445 normal and 445 with GI obstructions) 
from 990 adult patients was classified using 
transfer learning and ensemble modeling 
with five pre-trained CNN models: VGG16, 
DenseNet121, NasNetLarge, InceptionV3, 
and Xception.4 Of the dataset, 800 images 
were used for training, 80 for validation, and 
110 for testing. Among the 110 test imag-
es, there were 5 false negatives and 4 false 
positives. Among the models, DenseNet121 
was trained using CheXNet, which consist-
ed of chest radiograph images, whereas the 
other models were trained with ImageNet. 
The validation loss rate of the DenseNet121 
model was significantly lower than that of 
the other models, at 43%. In previous studies 
where CNN models were applied to abdom-
inal radiographs, the highest accuracy rate 
achieved was 92%. Although similar or slight-

ly better performance metrics were achieved 
in our study, ours is the first to reach these 
levels in a pediatric patient group. Addition-
ally, upon examining the image samples 
from the aforementioned study, it is evident 
that the images were standardized in size 
and cropped to include only the abdomen. In 
our study, automatic cropping was applied, 
but the cropping process only sometimes 
achieved the desired level in every dataset. 
This may have caused a decrease in perfor-
mance metrics. The performance metrics of 
our study and the aforementioned studies 
are presented in the Supplementary Table 1. 

In all three test runs of the model on 
our dataset, false-positive results were 
more frequent than false negatives. At first 
glance, this could potentially lead to un-
necessary surgical or medical treatment. 
However, since patients with positive re-
sults will also be evaluated through lab-
oratory data, clinical examinations, and 
symptoms, the likelihood of unnecessary 
surgery due to false positives is very low. It 
could, however, result in a loss of time and 
resources due to additional tests and ex-
aminations. However, false-negative cases 
are more dangerous, as they could lead to 
the oversight of positive cases in the busy 
working environment of emergency rooms 

or outpatient clinics. In the model analy-
sis, false negatives were about one-third 
as frequent as false positives, with 60% of 
these being patients within the ID group. 
The false-negative rate was relatively low 
for more critical SD cases. When examining 
sensitivity, the performance metric most 
affected by false-negative data, the sensi-
tivity in the InceptionResNetV2, Efficient-
NetV2L, and ConvNeXtXLarge models was 
above 95%. 

The main limitation of the study is the 
small sample size. In CNN models, the 
amount of data is one of the most important 
factors for performance improvement. For 
radiographic studies, there are open-access 
chest radiograph datasets provided by dif-
ferent institutions, with the number of im-
ages approaching 225,000.28 However, to our 
knowledge, no such dataset currently exists 
for abdominal radiographs. In children, ra-
diographs are used far less frequently than in 
adults due to the potential harm of ionizing 
radiation. Therefore, multicenter studies are 
needed to reach sufficient sample sizes. To 
mitigate this limitation, data augmentation 
was applied during the training phase. How-
ever, data augmentation could result in high-
er performance metrics than what might be 
achieved in practical applications. 

Figure 4. Surgical diagnosis, age, sex, and radiographs of abnormal cases classified as normal (false negatives) 
when tested with ConvNeXtXLarge are shown. The name labels on images were manually cropped before 
presenting in the figure. (a) An 11-year-old boy with situs inversus and perforated appendicitis; (b) a 
16-year-old-boy with perforated appendicitis; (c) a 2-year-old boy with postoperative adhesions and Ladd 
band excision; (d) a 2-month-old boy with Hirschsprung’s disease.
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The SD group in the study included 16 
different etiologies, and since the number 
of cases for each disease was too small when 
evaluated individually, performance metrics 
for specific disease groups could not be as-
sessed separately. Another limitation of our 
study is that some patients had multiple 
radiographs taken on different days during 
their illness, and radiographs taken during 
follow-up after a diagnosis was made were 
also included in the study to increase the 
sample size. As the diagnostic process pro-
gresses, signs of GI obstruction become 
more pronounced in radiographs taken later. 
Therefore, if only radiographs from the initial 
visit had been used, performance metrics 
might have been lower. 

When creating the control dataset, the 
aim was to include images representing all 
age groups between 0 and 18 years to en-
sure balanced representation during model 
training. However, patients with abnormal 
findings were mostly infants and young 
children. As a result, the average age of the 
control group (7.29 ± 5.05 years) was higher 
than that of the patient groups (SD: 5.47 ± 
5.82 and ID: 4.22 ± 4.44 years). It is general-
ly expected that there should be no signifi-
cant difference in the age and sex distribu-
tion between the study and control groups, 
which may have introduced bias in our study. 
However, we intentionally chose to create a 
balanced control group for ages 0–18, as we 
believe our model can be applied across all 
stages of childhood. In the future, if large 
open-access datasets are made available, it 
would be beneficial to use age filters when 
selecting data for such studies. 

In conclusion, this study has verified that 
training with transfer learning can be used 
in deep learning to identify GI obstruction in 
children with high accuracy. The appropriate 
preprocessing steps and fine-tuning signifi-
cantly improve the performance of all mod-
els. Although there are inconsistent features 
in the heat map of some correctly labeled 
cases, these models can also be useful for de-
picting the location of obstruction requiring 
surgery and for monitoring dilatation requir-
ing medical treatment. 
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