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PURPOSE
This study aims to detect common bile duct (CBD) dilatation using deep learning methods from 
artificial intelligence algorithms.

METHODS
To create a convolutional neural network (CNN) model, 77 magnetic resonance cholangiopan-
creatography (MRCP) images without CBD dilatation and 70 MRCP images with CBD dilatation 
were used. The system was developed using coronal maximum intensity projection reformatted 
3D-MRCP images. The ResNet50, DenseNet121, and visual geometry group models were selected 
for training, and detailed training was performed on each model.

RESULTS
In the study, the DenseNet121 model showed the best performance, with a 97% accuracy rate. The 
ResNet50 model ranked second, with a 96% accuracy rate.

CONCLUSION
CBD dilatation was detected with high performance using the DenseNet CNN model. Once validat-
ed in multicenter studies with larger datasets, this method may help in diagnosis and treatment 
decision-making.

CLINICAL SIGNIFICANCE
Deep learning algorithms can aid clinicians and radiologists in the diagnostic process once techni-
cal, ethical, and financial limitations are addressed. Fast and accurate diagnosis is crucial for acceler-
ating treatment, reducing complications, and shortening hospital stays.

KEYWORDS
Artificial intelligence, bile duct dilatation, choledocholithiasis, convolutional neural network, mag-
netic resonance cholangiopancreatography

The common bile duct (CBD) is approximately 7–10 cm long and 3–6 mm in diameter, 
and its diameter increases slightly with age. The CBD functions as a duct that stores bile 
produced in the liver and empties it into the small intestine. Bile, a digestive fluid, plays 

an important role in breaking down fats during the digestive process. CBD dilation refers to 
a condition in which the bile ducts dilate beyond the normal range. This condition can be 
caused by a variety of factors, including bile duct obstruction, the presence of gallstones, 
infections affecting the bile ducts, or other diseases that block the flow of bile, causing the 
bile ducts to dilate.1 CBD dilatation is a common clinical symptom that can result from var-
ious conditions, including pancreatobiliary tumors, choledocholithiasis, and periampullary 
diverticula.2,3 Non-pathological causes of bile duct dilatation, such as advanced age, previ-
ous surgical interventions, and chronic narcotic use, are also widely recognized.4 Although 
patients with CBD dilatation may present with colicky pain, fever, jaundice, and other clinical 
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symptoms, a considerable proportion of pa-
tients remain asymptomatic. Nevertheless, 
the degree of dilation in the bile duct often 
serves as an essential indicator for assess-
ing disease severity and guiding treatment 
selection.5 Bile duct dilatation is a condition 
that can negatively affect the digestive sys-
tem and can cause greater health problems if 
left untreated. Early diagnosis and appropri-
ate treatment are important for preventing 
this problem and maintaining health.6

Diagnostic modalities for CBD dilatation 
include transabdominal ultrasonography 
(US), computed tomography (CT), magnet-
ic resonance cholangiopancreatography 
(MRCP), and endoscopic retrograde cholan-
giopancreatography (ERCP). Among these, 
MRCP plays a well-established role in in-
vestigating biliary disorders and serves as a 
non-invasive alternative to ERCP.7

Treatment often becomes necessary in 
cases of CBD dilatation caused by stones. 
Early detection of CBD dilatation is crucial for 
enabling the timely initiation of treatment 
modalities. Artificial intelligence applications 
(AIAs) are increasingly utilized across various 
domains and are gradually being integrated 
into healthcare.7 They facilitate disease di-
agnosis for physicians and shorten the time 
to treatment initiation. This can provide op-
portunities for early treatment and improve 
treatment success rates.8

In the healthcare industry, machine learn-
ing techniques are becoming increasingly 
common. As the term suggests, machine 
learning allows algorithms to learn and ex-
tract meaningful representations from data 
in a semi-automatic manner. Early diagnosis 
and treatment of biliary dilatation enable the 
detection of abnormalities in the biliary tract 
in a shorter time and shorten the treatment 
period.

Deep learning is one of the artificial learn-
ing approaches based on convolutional neu-
ral network (CNN) models, also known as 
multi-layer neural networks. These models 

are advanced feedforward neural networks 
widely used in image analysis, natural lan-
guage processing, and other complex image 
classification problems. They are uniquely 
capable of identifying and interpreting pat-
terns from images and text.9,10

Deep learning is widely used in automat-
ic image segmentation and also in medical 
image processing. Due to its superior per-
formance, deep learning has emerged as the 
most popular technology.11,12 Considering 
the importance of deep learning, this paper 
aims to analyze bile duct dilatation using 
ResNet50, DenseNet121, and visual geome-
try group (VGG) models.

This study aims to determine the diagnos-
tic performance of deep learning algorithms 
in detecting CBD dilatation caused by bile 
duct stones using MRCP images.

Methods
This was a retrospective study, and ethi-

cal approval was obtained from Gaziantep 
Islam Science and Technology University 
in 2024 with decision number 2024/465. In 
this study, MRCP images of individuals aged 
18–65 years were retrospectively analyzed. 
The images were obtained using a 1.5 Tesla 
magnetic resonance imaging system (Sie-
mens Vision-Symphony Upgrade, Erlangen, 
Germany) and reviewed by a radiologist with 
approximately 13 years of clinical experi-
ence. The presence of stone-associated CBD 
dilatation was evaluated using coronal max-
imum intensity projection (MIP) reformatted 
3D-MRCP images. A total of 147 MRCP imag-
es were included in this study, comprising 77 
images from the normal group and 70 from 
patients with bile duct dilatation caused by 
choledocholithiasis. The dataset consisted 
of 147 MRCP images collected from [source]. 
The images were categorized based on the 
presence of stone-associated bile duct dila-
tation. Preprocessing steps included contrast 
enhancement, normalization, and resizing 
to 224 × 224 pixels. The exclusion criteria 
included individuals with cholecystectomy, 
images with artifacts in which the CBD was 
not visible, patients with tumors in the bile 
ducts, and those without a confirmed diag-
nosis of choledocholithiasis through clinical 
evaluation or ERCP.

MRCP artifacts, technical and reconstruc-
tion-related artifacts, gas-related artifacts, 
and other fixed fluids (such as those in the 
duodenum or ascites) may result from the 
overlap of the CBD. Poor spatial resolution 
may also limit interpretation due to artifacts. 
Examination of thin sections and multiple 

planes reduces these issues. However, coro-
nal MIP reformatted 3D-MRCP images were 
used. Therefore, if the CBD was not visible in 
coronal MIP reformatted 3D-MRCP images, 
those images were excluded.

Patients with detected stones and dilata-
tion on MRCP along with a confirmed diag-
nosis of stones via ERCP were assigned to the 
CBD dilatation group. Patients with normal 
bile ducts on MRCP who clinically improved 
without requiring ERCP or were found to 
have no stones on ERCP were assigned to the 
normal group.

To enhance generalization, five-fold 
cross-validation was employed. In this ap-
proach, the dataset was divided into five sub-
sets, with four subsets used for training and 
one for validation in each iteration. This en-
sured that the model learned from different 
portions of the data, enhancing robustness. 
To mitigate overfitting, dropout layers (rate: 
0.3) were applied, and L2 weight regulariza-
tion was used. Additionally, early stopping 
was employed to prevent excessive training 
on the same patterns.

Study design

The images, stored in Digital Imaging and 
Communications in Medicine format, were 
transferred to a personal workstation using 
the Horos Medical Image Viewer (Version 
3.0; Horos Project, Annapolis, MD, USA). The 
images were analyzed using a deep learning 
approach, a subset of AI. Initially, all imag-
es underwent preprocessing steps such as 
cropping, padding, smoothing, and resizing 
to fit the input layer of the deep learning ar-
chitecture. The processed images were then 
fed into the input layer of the architecture. In 
the subsequent step, features were extracted 
from the fully connected layers of the archi-
tecture. These features were saved in a file 
and used as training and test data for classi-
fier methods.13

Pre-trained CNN models were employed 
as feature extractors. The features were ob-
tained from the fully connected layers of 
each model, with a total of 1,000 features 
per model. Training and testing processes 
were conducted using all features, as well as 
subsets selected through feature selection, 
to analyze the impact of feature selection 
on system performance. Various numbers of 
features were tested to assess their effect on 
system success.

CNNs operate on specific-sized patches 
of images, processing them piece by piece 
through comparison. Filters are spatially 

Main points

•	 Common bile duct (CBD) dilation was de-
tected with high performance from mag-
netic resonance cholangiopancreatography 
images.

•	 CBD dilation was also detected with high 
accuracy using the DenseNet deep learning 
algorithm.

•	 Artificial intelligence can assist clinicians 
and radiologists in the early and accurate 
diagnosis of bile duct dilation.
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small along the width and height but ex-
tend through the entire depth of the input 
image. They are designed to detect specific 
feature types in the input image. In the con-
volutional layer, the filter/kernel is moved to 
every possible position over the input matrix. 
Element-wise multiplication is performed 
between the filter and the patch of the input 
image, followed by summation. This process 
is repeated for every possible position of the 
filter on the input image matrix, enabling fea-
ture detection at any location in the image.14

Deep learning algorithms

This study employed a deep learn-
ing-based process to classify images into 
normal and choledocholithiasis-associated 
CBD dilatation groups. In the initial stage, 
raw datasets were prepared, consisting of 
normal and CBD dilatation images. During 
the data preprocessing phase, the images 
were resized, and data augmentation tech-
niques were applied. The ResNet50, DenseN-
et121, and VGG models were selected for the 
training process, with detailed training con-
ducted on each model. The models’ perfor-
mance was evaluated using metrics such as 
accuracy, F1 score, and the confusion matrix. 
Finally, the results were compared, and the 
model with the best performance was iden-
tified. The process flowchart is presented in 
Figure 1.

Dataset

This study utilized a dataset comprising 
a total of 147 images categorized into two 
classes: normal and stone-associated CBD 
dilatation. Of these, 77 images belonged to 
the normal group, and 70 images were classi-
fied as CBD dilatation. The images were sub-
jected to various preprocessing techniques 
to prepare them for deep learning models. 
During preprocessing, all images were re-
sized to 224 × 224 pixels, and pixel values 
were normalized between 0 and 1. The 
dataset was split into two subsets: 80% for 
training and 20% for testing. Additionally, to 
enhance model generalization and mitigate 
overfitting, five-fold cross-validation was ap-
plied, ensuring that different subsets of the 
data were used for training and validation in 
each iteration.

Data augmentation

To increase the diversity of the dataset 
and prevent model overfitting during train-
ing, data augmentation techniques were 
applied. Data augmentation techniques in-
cluded rotation (−20° to +20°), horizontal 
and vertical flipping, zoom (0–10%), bright-

ness adjustment, and contrast normalization. 
These transformations improved model ro-
bustness. The following data augmentation 
methods were used:

1. Horizontal flipping: Random flipping 
of images along the horizontal axis.

2. Rotation: Random rotation of images 
between 0° and 30°.

3. Brightness adjustment: Random mod-
ification of image brightness levels.

4. Random cropping: Cropping specific 
portions of the images.

These data augmentation techniques 
were dynamically applied during each ep-
och to enhance variability during training. By 
applying augmentation, the total number of 
images increased to 735.

Image examples with data augmentation

Figure 2 presents examples of images pro-
cessed with data augmentation techniques. 

1. Original image: This represents the raw 
image with no data augmentation applied.

2. Horizontal flipping: The image is 
flipped along the horizontal axis, swapping 
the left and right sides.

3. Rotation: The image is rotated random-
ly between 0° and 30°.

4. Brightness adjustment: The brightness 
level of the image is either increased or de-
creased.

5. Random cropping: A random portion 
of the image is cropped and then resized to 
the original dimensions.

Models

In this study, we selected three widely 
used CNN architectures—ResNet50, DenseN-
et121, and VGG16—to evaluate their effec-
tiveness in detecting stone-associated CBD 
dilatation. Each model was chosen based on 
its specific strengths in feature extraction, 
classification accuracy, and computational 
efficiency.

• ResNet50: This model was selected for 
its residual learning framework, which effec-
tively addresses the vanishing gradient prob-
lem in deep networks. The use of residual 
connections allows for deeper architectures 
while maintaining efficient feature propaga-
tion, making it well-suited for complex medi-
cal image classification.

• DenseNet121: This model was incorpo-
rated due to its dense connectivity mech-
anism, which enables improved gradient 
flow and feature reuse, leading to enhanced 
model efficiency. Compared with ResNet50, 
DenseNet121 requires fewer parameters 
while maintaining high classification accura-
cy, making it advantageous for medical im-
aging tasks where computational efficiency 
is crucial.

• VGG16: VGG16 was included as a base-
line model, as it has been extensively used in 
medical image analysis studies. Its simple yet 
effective architecture allows for a controlled 
comparison against more advanced CNNs 
while providing insights into the relative 
advantages of deep feature extraction tech-
niques.

By selecting these three architectures, this 
study provided a comprehensive evaluation 
of different deep learning models, ensuring 
a balanced comparison of accuracy, compu-
tational cost, and real-world applicability for 
CBD dilatation detection.

Figure 1. Flux diagram. VGG, visual geometry group.
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Training process

The models were trained for a total of 100 
epochs, with training and validation losses 
monitored during each epoch. The Adam 
optimization algorithm was used to update 
model weights. The cross-entropy loss func-
tion, suitable for multi-class classification 
problems, was employed for loss calculation. 
The learning rate was set at 0.001, and the 
mini-batch size was chosen as 32. To ensure 
optimal model performance, key hyperpa-
rameters were carefully selected and fine-
tuned during the training phase. The mod-
els were trained using the Adam optimizer 
with a learning rate of 0.0001, where beta1: 
0.9 and beta2: 0.999. The batch size was set 
to 16, balancing computational efficiency 
with stable convergence. The models were 
trained for 50 epochs, applying categorical 
cross-entropy as the loss function due to 
its effectiveness in multi-class classification 
problems.

Additionally, learning rate decay was in-
corporated using a step decay strategy, grad-
ually reducing the learning rate to prevent 
the model from getting stuck in local minima 
and to enhance convergence stability. These 
hyperparameter choices were made based 
on preliminary experiments to optimize 
model accuracy while preventing overfitting. 
The detailed tuning of these parameters con-
tributed to the improved generalizability of 
the deep learning models for detecting CBD 
dilatation.

Performance evaluation

The models’ performance was evaluated 
using metrics commonly employed in clas-
sification problems, such as precision, recall, 
and F1 score. These metrics analyze the pre-
diction success of the model from different 
perspectives:

• Precision: This is the ratio of true positive 
(TP) predictions to the total positive predic-
tions. It measures the impact of false positive 
(FP) predictions.

• Recall: This is the ratio of correctly classi-
fied positive samples to the total actual pos-

itive samples. It measures the impact of false 
negative (FN) predictions.

• F1 Score: This metric aims to balance 
precision and recall, representing their har-
monic mean. It is particularly useful when 
there is an imbalance in data distribution be-
tween classes.

The formulas for these metrics are pro-
vided in Equations 1–5, and the evaluation 
results are presented in Table 1.

 	 (1)

 		 (2)

 			   (3) 

 		 (4)

 	 (5)

In Formulas 1–5, the following abbrevia-
tions are used:

• TP: The number of correctly predicted 
positive cases.

• FP: The number of cases incorrectly pre-
dicted as positive.

• FN: The number of cases incorrectly pre-
dicted as negative.

• TN (true negatives): The number of cor-
rectly predicted negative cases.

These formulas are derived from standard 
classification metric definitions and are wide-
ly used in deep learning-based medical im-
age classification.14

Results
To address learning challenges in deep 

networks, this model was evaluated using 
the 50-layer ResNet50 architecture, which 
employs residual connections. The ResNet 
model achieved high performance with a 

minimum loss value of 0.0926, precision 
of 0.9642, recall of 0.9705, and F1 score of 
0.9663.

The VGG16 architecture, characterized by 
a fixed structure of 3 × 3 filters, was also eval-
uated. Its minimum loss value was measured 
at 0.6752. However, it demonstrated lower 
performance than the other models, with a 
precision of 0.2166, recall of 0.5102, and F1 
score of 0.3023.

The DenseNet121 model, which connects 
each layer to all preceding layers to enhance 
learning efficiency, achieved a minimum 
loss value of 0.1384. Its performance metrics 
were a precision of 0.9722, recall of 0.9615, 
and F1 score of 0.9657.

The loss values throughout the training 
process are presented in Figure 3, and the 
changes in precision, recall, and F1 score are 
illustrated in Figure 4.

The analysis revealed that the deep learn-
ing-based ResNet, VGG, and DenseNet mod-
els demonstrated high performance in clas-
sifying normal and dilated images, with the 
ResNet and DenseNet models showing low 
loss values and high precision, recall, and F1 
scores. Specifically, DenseNet emerged as an 
effective model in terms of learning efficien-
cy. In contrast, the VGG model performed rel-
atively poorly compared with the others. The 
data augmentation techniques and training 
processes used in this study supported the 
models’ general feature learning and en-
hanced classification success.

Discussion
In this study, which aimed to determine 

the diagnostic performance of CBD dilation 
in patients with choledocholithiasis from 
MRCP images using the CNN method, the 
highest accuracy was achieved with the 
DenseNet algorithm at 97%. MRCP can effec-
tively show changes in the bile ducts; how-
ever, MRCP images can have many artifacts 
and low resolution, which may complicate di-
agnosis. In contrast, deep learning methods 

Figure 2. Augmented MRCP images.



 

536 • November 2025 • Diagnostic and Interventional Radiology Er Ulubaba et al.

can assist clinicians and radiologists quickly 
and independently in the diagnostic process. 
Our study also included images with artifacts 
and low resolution in which the CBD could 
be seen. These images can help the clinician 
determine the indication for ERCP treatment. 
Early detection of stone-related CBD dilation 
is crucial in accelerating treatment, prevent-
ing complications related to stones, and re-
ducing hospitalization and intensive care unit 
stay times. This also reduces complications 
that may arise from prolonged hospital stays.

To better contextualize the effective-
ness of deep learning models in detecting 
stone-associated CBD dilatation, we conduct-

ed a comparative analysis with existing non-
deep learning diagnostic techniques. Tradi-
tional methods, such as radiologist-based 
manual assessment, have long been the gold 
standard in clinical practice due to their high 
accuracy and interpretability. However, these 
assessments are highly dependent on the ra-
diologist’s expertise and experience, making 
them prone to inter-observer variability and 
subjective interpretation.

Another conventional approach involves 
feature engineering-based machine learning 
models, such as support vector machines 
and random forest classifiers, which extract 
handcrafted features from MRCP images. 

Although these methods can improve classi-
fication accuracy, their reliance on manually 
selected features limits their ability to gen-
eralize across different datasets and imaging 
conditions. Additionally, conventional image 
processing techniques, such as thresholding 
and edge detection, have been explored for 
bile duct segmentation and anomaly detec-
tion but often struggle with complex varia-
tions in anatomy and image artifacts.

In contrast, our proposed deep learning 
approach leverages CNNs to automatically 
extract high-level features, eliminating the 
need for manual feature selection and mini-
mizing human bias. Unlike traditional meth-
ods, CNN-based models can learn hierarchi-
cal representations of CBD dilatation patterns 
directly from raw images, leading to superior 
classification accuracy and robustness. Fur-
thermore, deep learning models have the 
potential for real-time application, enabling 
automated and consistent diagnoses with-
out requiring extensive human intervention. 
Although CNN models may lack the inher-
ent interpretability of traditional techniques, 
methods such as gradient-weighted class 
activation mapping (Grad-CAM) visualization 
can enhance explainability by highlighting 
the regions of interest in MRCP images.

Overall, our comparative analysis high-
lights the advantages of deep learning 
models in terms of automation, scalability, 
and reproducibility while recognizing the 
strengths of traditional diagnostic approach-
es in interpretability and clinical trustworthi-
ness. Future research could explore hybrid 
approaches that combine deep learning 
with traditional radiology methods to further 
enhance diagnostic performance. As AI rap-
idly advances and integrates into the health-
care field, this high-performing method can 
help reduce the workload of radiologists and 
improve diagnostic accuracy in collaboration 
with clinicians. Despite the high diagnostic 
value of the current model, a small margin 
of error remains. This is because the deep 
learning model evaluates based on a single, 
predetermined image, unlike radiologists.9,15

There are several studies in the literature 
that use AIAs to analyze bile duct pathologies 
from MRCP images. Ringe et al.16 detected 
primary sclerosing cholangitis with 95% sen-
sitivity using machine learning algorithms 
on coronal MIP 3D-MRCP images. Hou et al.17 
detected choledocholithiasis with 95% ac-
curacy from thick-section 2D MRCP images. 
Sun et al.18 also detected choledocholithiasis 
with 93.48% accuracy using 3D-MRCP imag-
es. In our study, a CNN model was developed 

Table 1. Performance evaluation metrics

Model Accuracy Precision Recall Specificity F1-score

ResNet ResNet50 0.9682 0.9642 0.9705 0.9661 0.9663

VGG VGG16 0.3923 0.2166 0.5102 0.3513 0.3023

DenseNet DenseNet121 0.9701 0.9722 0.9615 0.9772 0.9657

VGG, visual geometry group.

Figure 3. Loss changes during the training process of models.

Figure 4. Performance evaluation metrics of the models.
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for the diagnosis of stone-related CBD dila-
tion using 3D-MRCP images, achieving high 
precision, recall, and F1 score. Among the 
three models used, DenseNet demonstrat-
ed the highest performance, with precision, 
recall, and F1 score values of 0.9722, 0.9615, 
and 0.9657, respectively.

There are some limitations in our study. 
The first is that it only includes patients with 
stone-related CBD dilation and a normal 
group. Including patients with CBD dilation 
due to other pathologies, such as tumors and 
strictures, would have made the detection of 
stone-related dilation more valuable. Anoth-
er limitation is that it is a single-center study 
and includes a small number of patients. 
Additionally, we did not differentiate CBD 
dilatation according to severity, so we did 
not specifically determine the accuracy rate 
for patients with a borderline CBD diameter. 
Therefore, we do not know if our method 
will perform well on MRCP images obtained 
from different centers with various devices 
and parameters. These limitations should be 
addressed, and larger studies should be con-
ducted with this method.

Although we think that deep learning will 
be useful in diagnosis, there are many techni-
cal, ethical, and financial challenges to over-
come. For example, incorrect predictions can 
be made due to image artifacts and noise. 
Deep learning practitioners need to manual-
ly correct image noise to create an effective 
dataset. This process is both time-consuming 
and costly. Another challenge is the require-
ment for large datasets to build an effective 
deep learning system. This is both costly and 
may raise ethical concerns. Additionally, it 
may not be possible to create large datasets 
for infrequent diseases.19

In conclusion, a high-performance meth-
od for diagnosing CBD dilatation in patients 
with choledocholithiasis using the DenseNet 
CNN model from MRCP images has been de-
scribed. However, the number of patients in 
our study was small, and only patients with 
choledocholithiasis were included. We hope 
to validate this method with a larger multi-
center dataset in future studies. Additionally, 
future studies could include images of other 
pathologies, such as tumors, stenosis, and in-
flammation, that cause biliary tract dilatation 
to examine whether differential diagnosis 
can be made in addition to dilatation de-
tection using this method. After addressing 
these deficiencies, the DenseNet CNN model 
may become a valuable tool for detecting 
CBD dilatation and determining its patho-
genesis in the future.

To evaluate the impact of artifacts on 
model performance, we analyzed images 
with varying levels of noise and low resolu-
tion. The results indicate that although the 
model performed well on high-quality imag-
es, accuracy was slightly reduced in images 
with major artifacts. This finding highlights 
the need for artifact-specific preprocessing 
methods.

To further evaluate the reliability of our 
model, we calculated confidence intervals 
for the reported performance metrics and 
conducted statistical analyses using the 
bootstrap method. Additionally, five-fold 
cross-validation was applied to assess the 
model’s generalizability across different data 
partitions. These analyses confirmed the 
robustness and consistency of our model, 
strengthening its potential for clinical appli-
cations.

Performance comparisons among Res-
Net50, DenseNet121, and VGG16 revealed 
that DenseNet121 exhibited superior sen-
sitivity and classification accuracy. DenseN-
et121 consistently outperformed the other 
models, particularly in sensitivity, indicating 
a higher ability to correctly identify stone-as-
sociated CBD dilatation.

This study highlights the potential of 
deep learning in detecting stone-associat-
ed CBD dilatation but has limitations. The 
single-center dataset limits generalizability, 
requiring multicenter validation. Future re-
search should include other etiologies, such 
as tumors and strictures, for broader clinical 
use. Image artifacts and MRCP variations 
remain challenges, necessitating improved 
preprocessing. Additionally, explainability 
methods such as Grad-CAM and multi-modal 
imaging integration (CT, US) could enhance 
diagnostic accuracy and clinical applicability.

Ethical considerations

The integration of deep learning models 
into clinical decision-making raises import-
ant ethical considerations, particularly re-
garding bias, human–AI collaboration, and 
regulatory challenges. One of the primary 
concerns in AI-driven diagnostics is algo-
rithmic bias, which may arise if the training 
dataset is not sufficiently diverse or repre-
sentative of different patient populations. A 
biased dataset can lead to disparities in diag-
nostic accuracy, particularly among under-
represented demographic groups. Therefore, 
future studies should prioritize multicenter 
and demographically diverse datasets to en-
sure fair and unbiased AI decision-making.

As for human–AI collaboration, although 
deep learning models demonstrate high 
accuracy in detecting CBD dilatation, they 
should be regarded as assistive tools rather 
than replacements for radiologists. The final 
clinical decision should always involve ex-
pert verification, ensuring that AI-generat-
ed diagnoses are contextualized within the 
broader clinical picture. Methods such as 
Grad-CAM visualization and other explain-
ability techniques can enhance trust in AI 
models by providing interpretable insights 
into the decision-making process.

Additionally, the deployment of AI in 
medical imaging is subject to regulatory and 
transparency challenges. Ensuring compli-
ance with healthcare standards and AI gov-
ernance frameworks is essential for wide-
spread clinical adoption. Future research 
should focus on developing transparent, 
explainable AI models that align with ethi-
cal and legal standards, thereby increasing 
both clinician and patient trust in automat-
ed diagnostic systems. By addressing these 
ethical concerns, we aim to contribute to the 
responsible development and implementa-
tion of AI-driven radiology applications, en-
suring that deep learning models are used in 
a manner that prioritizes fairness, safety, and 
clinical efficacy.
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PURPOSE
Diffusion-weighted imaging (DWI) using single-shot echo-planar imaging (ss-EPI) is prone to ar-
tifacts, geometric distortion, and T2* blurring. Readout-segmented echo-planar imaging (rs-EPI) 
may improve image quality in the DWI of cervical cancer (CC). This study aimed to compare the 
image quality between rs-EPI and ss-EPI DWI in CC and to evaluate whether the apparent diffusion 
coefficient (ADC) values of ss-EPI (ssADC) and rs-EPI (rsADC) can differentiate the status of lympho-
vascular space invasion (LVSI) and lymph node metastasis (LNM).

METHODS
This prospective study included 69 patients with CC who underwent ss-EPI and rs-EPI DWI before 
surgery. Qualitative reader scores, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and 
ADC values derived from ss-EPI and rs-EPI were compared. The differences in ADC values were an-
alyzed in patients who were (a) LNM-positive (LNM+, n = 17) and LNM-negative (LNM−, n = 52); (b) 
LVSI-positive (LVSI+, n = 33) and LVSI-negative (LVSI−, n = 36).

RESULTS
The rs-EPIs of CC had higher subjective image quality scores and a lower SNR than ss-EPI (all P < 
0.001); no significant differences existed between rs-EPI and ss-EPI for either CNR or ADC (CNR, P = 
0.313; ADC, P = 0.949; P > 0.05 for all). The rsADC and ssADC of the LNM+ group were substantially 
lower than those of the LNM− group (rsADC, P = 0.000; ssADC, P = 0.000; P < 0.001 for all); the ar-
eas under the receiver operating characteristic curve were 0.855 and 0.851, respectively. However, 
there were no differences in ADC values between the LVSI+ and LVSI− groups (rsADC, P = 0.271; 
ssADC, P = 0.200; P > 0.05 for all). 

CONCLUSION
Over a similar scan time, rs-EPI improves the qualitative image quality of DWI significantly more 
than ss-EPI and has good diagnostic accuracy for LNM status in CC. However, neither could predict 
the LVSI status.

CLINICAL SIGNIFICANCE
Readout-segmented EPI improves the qualitative image quality of DWI and has good diagnostic 
accuracy for LNM status in CC, compared with conventional ss-EPI. It is more inclined to qualitative 
analysis of CC foci and provides a better scheme when choosing the DWI sequence scanning strat-
egy for CC. 
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Echo-planar imaging, cervical cancer, signal-to-noise ratio, diffusion-weighted imaging, lympho-
vascular space invasion, lymph node metastasis
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Despite its extensive screening pro-
grams, cervical cancer (CC) remains 
the fourth most common cancer 

among women worldwide.1 Lymphovascular 
space invasion (LVSI) refers to the presence 
of tumor cells in the lymphatic vessels and/
or within the blood vessels. Although not 
involved in CC staging, it can predict lymph 
node metastasis (LNM) and is used as an in-
dependent prognostic factor for recurrence 
and survival.2,3 The latest International Fed-
eration of Gynecology and Obstetrics 2018 
staging system noted that the treatment effi-
cacy of stage IB2 and stage IIA1 early CC sur-
gery and chemoradiation is consistent, and 
the National Comprehensive Cancer Net-
work Clinical Practice Guidelines in Oncology 
recommends that patients with LNM classi-
fied as stage IIIC cancer, who are candidates 
for external beam radiation therapy, undergo 
brachytherapy and chemotherapy instead of 
surgical procedures.3,4 If the risk factors for 
LNM and LVSI are identified after surgery, 
adjuvant chemoradiotherapy needs to be 
further strengthened. However, combined 
surgery and chemoradiotherapy is associat-
ed with increased adverse effects and great-
er complications.5 Accurate evaluation of the 
LVSI and LNM before surgery can reduce the 
complications of both surgery and chemora-
diation, avoid excessive surgery, and prevent 
depriving young women of childbirth.

Around the edges of the tumor focus are 
functional lymphatic channels, along which 
the primary tumor spreads to the regional 
lymph nodes.6 The peripheral tumor tissue 
between the tumor and normal tissues is rich 
in tumor stem cells and likely to determine 

tumor invasiveness.7 However, the anterior 
bladder and posterior gas-containing rectum 
are challenging anatomical regions, making 
cervical diffusion-weighted imaging (DWI) at 
3.0T magnetic resonance (MR) susceptible to 
artifacts and geometric distortion, especially 
in these tumor marginal areas. The conven-
tional sequence used for DWI–single-shot 
echo-planar imaging (ss-EPI)–has various 
limitations that may induce geometric dis-
tortion, T2 blurring effect, and susceptibility 
to artifacts.8 Through shortening the echo 
time (TE) and echo spacing along the k-space 
readout trajectory, readout-segmented 
echo-planar imaging (rs-EPI) DWI sequences 
may overcome these shortcomings.9,10 

This study compares the subjective and 
objective image quality of rs-EPI and ss-EPI in 
CC and determines the feasibility and effec-
tiveness of the marginal area apparent diffu-
sion coefficient (ADC) values from ss-EPI and/
or rs-EPI for evaluating the invasive status of 
the tumor into the lymphovascular space 
and lymph nodes in patients with CC.

Methods

Patients

This study was approved by the Institu-
tional Ethics Committee of The Affiliated 
Hospital of Southwest Medical University, 
and informed consent was obtained from 
all the patients (May 2021; decision number 
of the ethics committee approval: KY2021-
04101). A total of 130 consecutive female pa-
tients with pathologically diagnosed CC un-
derwent an MR examination and subsequent 
surgery as primary surgery at the hospital 
between June 2021 and March 2023. The MR 

imaging (MRI) examination included ss-EPI 
DWI and rs-EPI DWI. Of the patients initially 
included in the study, 46 were excluded due 
to the following criteria: 1) history of preop-
erative therapy (neoadjuvant chemothera-
py, radiotherapy, or conization) (n = 36); 2) 
incomplete histopathological data (n = 7); 
3) the diameter of each lesion was <1 cm on 
the MRI (n = 15); 4) rare histological types of 
CC (big cell neuroendocrine carcinoma, clear 
cell carcinoma) (n = 3). The remaining 69 cas-
es were finally divided into an LVSI+ versus 
LVSI- patients’ group and an LNM+ versus 
LNM- patients’ group, respectively. The inclu-
sion and exclusion criteria are summarized in 
Figure 1.

Magnetic resonance imaging protocols

The MR examinations were performed on 
a 3T MR scanner (MAGNETOM Prisma, Sie-
mens Healthineers, Forchheim, Germany). 
Conventional MRI was acquired, including 
the following sequences: axial and sagit-
tal T2W imaging [repetition time (TR)/TE, 
4,000/89 ms]; axial contrast-enhanced T1W 
imaging with fat saturation (TR/TE, 600/10 
ms). Before injecting the contrast agent, 
ss-EPI and rs-EPI DWI were performed with 
comparable imaging parameters (Table 1). 
Patients who were menstruating or had an 
intrauterine device in the uterine cavity at 
the time of MRI acquisition were excluded.

Qualitative evaluation of image quality

All database analyses were performed on 
a workstation (Syngo.via; Siemens Health-
ineers). Qualitative image evaluation was 
performed by two independent radiologists 
(reader 1: BZ, with 8 years of experience; 

Main points

•	 The anterior bladder and posterior gas-con-
taining rectum are challenging anatomical 
regions, making cervical diffusion-weighted 
imaging (DWI) at 3.0T magnetic resonance 
susceptible to artifacts, geometric distor-
tion, and T2* blurring, especially in cervical 
cancer (CC) marginal areas. 

•	 Readout-segmented echo-planar imaging 
(rs-EPI) DWI can produce clear anatomic de-
tails and reduce ghost artifacts and distor-
tion in DWI of CC, achieving higher subjec-
tive and qualitative diagnostic value.

•	 No difference was found between rs-EPI and 
single-shot echo-planar imaging (ss-EPI) 
with respect to apparent diffusion coeffi-
cient values pertaining to the edges of CC 
lesions.

•	 rs-EPI and ss-EPI had similar good diagnos-
tic accuracy in the prediction of lymph node 
metastasis status in CC. Figure 1. Flowchart showing the inclusion and exclusion criteria for patient selection. LVSI, lymphovascular 

space invasion; LNM, lymph node metastasis; MRI, magnetic resonance imaging.
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reader 2: JC, with 15 years of experience) 
who were blinded to the corresponding DWI 
scanning sequence parameters. The two ob-
servers anonymized and randomly distribut-
ed all DWI parameters. Taking axial and sagit-
tal T2W images and axial contrast-enhanced 
T1W images as a reference, the image an-
atomical details, geometric distortion and 
ghosting artifacts, lesion conspicuity, and 
overall image quality were assessed using a 
5-point scale (1 = non-diagnostic, 2 = poor, 3 
= general, 4 = good, 5 = excellent) according 
to the research by Zhang et al.11 

Quantitative evaluation of images

The quantitative analysis included the 
measurement of the signal-to-noise ratio 
(SNR), CNR, and ADC values. All regions of 
interest (ROIs) were manually delineated by 
a radiologist (FW) who had 20 years of expe-
rience involving pelvic MRI. Lesion ROIs were 
placed on axial oblique DWIs with a b-value 
of 800 s/mm2 guided by T2W images and 
contrast-enhanced T1W images. An irregular 
lesion ROI included the tumor edge on the 
biggest image slice, which encompassed the 
peripheral area within a 5-10-mm radius of 
the edge of high-intensity tumors and avoid-
ed obvious necrotic, higher signal artifacts 
and deformation areas. Background and tis-
sue ROIs were selected as a circular drawing 
with an area of approximately 5 mm2. All ROIs 

were measured twice, and the average was 
calculated. In the results, signal (S)lesion is the 
mean signal intensity inside the lesion ROI, 
standard deviation (SD)background is the stan-
dard deviation of the background noise ROI, 
Stissue depicts the mean signal intensity of the 
musculus glutaeus medius tissue ROI, and 
SDlesion and SDtissue represent the standard de-
viation of the lesion ROI and musculus glu-
taeus medius tissue ROI, respectively. 

Next, a well-matched copy of the cervi-
cal lesion ROI was generated automatically 
at the corresponding location of each ADC 
image. An example of a cervical lesion ROI 
acquired on rs-EPI is shown in Figure 2 (b = 
800 s/mm2). 

Statistical analysis

Statistical analysis was performed using 
SPSS, version 25.0 and MedCalc, version 
15.2.2. A two-tailed P value of <0.05 was con-
sidered statistically significant for all analy-
ses. Regarding subjective image quality, in-
tra-observer agreement was assessed using 
kappa statistics. The kappa values were in the 
range of 0–1.00 and interpreted as follows: 
0.40 = poor; 0.41–0.60 = moderate; 0.61–0.80 
= good; >0.81 = excellent.12 The qualitative 
parameters (reader score) between the two 
DWI protocols were compared using the 
Wilcoxon signed-rank test. The Shapiro–Wilk 
test was conducted to assess the normal 

distribution of all continuous variables. The 
quantitative parameters (SNR, CNR, ADC) 
were compared between ss-EPI and rs-EPI 
using the paired Student’s t-test (when con-
forming to a normal distribution) or the Wil-
coxon signed rank test. The consistency of 
ADC values between ss-EPI and rs-EPI was 
estimated using the intraclass correlation 
(ICC) coefficient with a two-way analysis of 
variance with a random-effects model. An 
ICC of 0.75–1.00 indicated excellent agree-
ment, 0.60–0.74 good agreement, 0.40–0.59 
fair agreement, and <0.4 poor agreement.13 

For further analysis, differences in ADC 
values were analyzed between (a) the LNM+ 
and LNM− groups and (b) LVSI+ and LVSI− 
using Student’s t-test (when data were nor-
mally distributed) or the Mann–Whitney test. 
The diagnostic performance of the two ADC 
values was described by receiver operating 
characteristic (ROC) analysis. The area under 
the ROC curve (AUC) values were also calcu-
lated, and the DeLong test was used to com-
pare the differences among the AUCs.

Results

Patient characteristics

A total of 69 patients (mean age: 47.5 
years; age range: 31–66 years) with CC were 
enrolled in this retrospective study. Of these, 
17/52 patients were staged as LNM+/LNM−; 
in the LNM+ group, the lymph node size was 
<10 mm for all patients. Among all patients, 
33/36 patients were staged as LVSI+/LVSI− 
according to the pathological findings. Table 
2 shows the demographic characteristics of 
patients recruited in this study.

Comparison of subjective visual scores

Comparisons of the rs-EPI and ss-EPI qual-
ity based on a 5-point scoring system are 
shown in Table 3. Intra-observer agreement 
of the anatomic  structure, artifacts  and  dis-
tortion, lesion  conspicuity, and overall  im-
aging quality were good or excellent in two 
DWI sequences (kappa statistics: ss-EPI 0.777, 
0.726, 0.883, 0.787; rs-EPI 0.731, 0.879, 0.692, 
0.705). For both readers, the rs-EPI group 
achieved significantly better scores in each 
aspect than the ss-EPI group (all P < 0.001, 
Table 3). Examples of rs-EPI advantages are 
presented in Figure 3.

Comparison of quantitative image quality

The mean and standard deviation of CNR 
and SNR are listed in Table 4. The SNR value 
of the rs-EPI was lower than that of the ss-EPI 
DWI (445.28 ± 107.33 vs. 138.60 ± 47.80, P < 

Table 1. Imaging parameters for ss-EPI and rs-EPI sequences

Parameters ss-EPI rs-EPI

Diffusion mode Three-scan trace Three-scan trace 

Parallel imaging GRAPPA GRAPPA

Fat-suppressed Fat sat; strong Fat sat; strong

TR (ms) 6,400 6,400

TE (ms) 65 53

Partial fourier 0.625 0.625

Field of view (mm × mm) 320 × 320 320 × 320

Matrix 160 × 160 160 × 160

Number of slices 25 25

Slice thickness (mm) 3 3

Intersection gap (%) 20 20

Phase-encoding direction Anteroposterior Anteroposterior

Echo spacing (ms) 0.64 0.32

Bandwidth (Hz/Px) 2,840 925

EPI factor 136 113

Number of readout segments 1 5

b-value (s/mm2) 50, 800 50, 800

Average 1, 5 1, 1

Scan time (min:sec) 2:20 2:18

ss-EPI, single-shot echo-planar imaging; rs-EPI, readout-segmented echo-planar imaging; GRAPPA, generalized 
autocalibrating partially parallel acquisition; TR, repetition time; TE, echo time.
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0.001). In terms of CNR, there was no signifi-
cant difference between the ss-EPI and rs-EPI 
(5.11 ± 1.55 vs. 4.89 ± 1.60, P = 0.313). 

Diffusion-weighted imaging quantita-
tive parameters

There was no significant difference be-
tween the ADC values for ss-EPI and rs-EPI 
DWI (P = 0.949, Table 4). The consistencies of 

ADC values between ss-EPI and rs-EPI were in 
complete agreement (ICC: 0.886, P < 0.001). 
Table 5 shows the ADC values corresponding 
to LVSI and LNM. In both ss-EPI and rs-EPI 
DWI, the ADC value of ss-EPI (ssADC) and 
that of rs-EPI (rsADC) were significantly lower 
in the LNM+ group than in the LNM- group (P 
= 0.000, 0.000, respectively), and there were 
no significant differences in the ssADC and 
rsADC values between the LVSI+ and LVSI- 
groups (P = 0.271, 0.200, respectively). 

The results of the ROC analyses for ADC 
values used to distinguish LNM+ from LNM− 
are shown in Figure 4 and Table 5. The mean 
AUCs were 0.851 for ssADC and 0.855 for 
rsADC, and there was no significant differ-
ence between the two AUCs (DeLong test: Z 
= 0.871, P = 0.163). 

Discussion

Comparison of image quality between 
readout-segmented echo-planar imaging 
and single-shot echo-planar imaging

The echo spacing of rs-EPI was reduced 
to 0.32 ms compared with 0.64 ms for ss-
EPI in this study. Intra-reader agreement of 
subjective visual estimation evaluated using 
kappa was good or excellent, which con-
firmed the reliability of the investigation, 
and we demonstrated that the anatomic de-
tail, ghosting artifacts, geometric distortion, 
and lesion conspicuity of CC DWI based on 
rs-EPI were significantly superior to ss-EPI. 
This is consistent with previous findings from 
abdomen  pelvic research, which confirmed 
improved subjective visual assessments of 
image quality in rs-EPI for CC, endometrial 
carcinoma, rectal cancer, renal cancer, pelvic 
cancer, and sacroiliitis.10,11,14-17 However, the 
quantitative image quality (SNR, CNR) of rs-
EPI was not satisfactory. We found that the 
SNR on rs-EPI was significantly lower than 
on ss-EPI, which is consistent with previous 
studies.18-22 No significant difference in the 
CNR of rs-EPI and ss-EPI was observed, which 
agrees with previous studies.18,20-22 

The evaluation of the objective image 
quality between rs-EPI and ss-EPI continues 
to be a controversial topic. As the SNR de-
pends to a large extent on the specific pro-
tocol followed, we adjusted the two DWI 
technique parameters of TR values, fields of 
view, matrices, slice thicknesses, and gaps 
to coincide for the facilitation of the quan-
titative comparison. Theoretically, a shorter 
TE results in an increased SNR. In principle, 
the shortened TE of rs-EPI was not enough 
to offset the increase in the SNR caused by 

Table 2. Patient characteristics

Characteristics Patients

Total number 69

Age (years) 47.5 (31–66)

Histological subtype n %

Squamous cell carcinoma 62 89.86

Adenocarcinoma 7 10.14

FIGO stage (2018)

IB 32 46.38

IIA 20 28.99

°C 17 24.64

LNM status

LNM+ 17 24.64

LNM- 52 75.36

LVSI status

LVSI+ 33 47.83

LVSI- 36 52.17

FIGO, International Federation of Gynecology and Obstetrics 2018; LNM, lymph node metastasis; LVSI, 
lymphovascular space invasion.

Figure 2. Plots (a-d) show the schematic of drawing a CC lesion region of interest (ROI). (a) In the sagittal 
T2W image, the red dashed line region is the biggest image slice depicting cancer foci; (b) single-shot 
echo-planar imaging diffusion-weighted image with b-values of 800 s/mm2 with an irregular ROI; (c) the 
corresponding apparent diffusion coefficient image with the ROI from (b); (d) the corresponding axial 
contrast-enhanced T1W image. CC, cervical cancer.

a

c

b

d
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the increase in the ss-EPI average number to 
5. Through setting the scanning parameters, 
we contribute to the similar scanning time 
of the two techniques (2 min 20 s vs. 2 min 
18 s). We found that such imaging parameter 
settings and the results reached were similar 
to previous studies.18-22 Recently, most imag-
es from rs-EPI tend to have higher SNRs and 
CNRs than the images from ss-EPI but with 
the expense of a comparatively longer scan 
time. However, in clinical practice, saving 
scanning time is an important task consid-
ering the numerous MR examinations per-
formed daily. In the present study, the similar 
short scanning time of the two techniques (2 
min 20 s vs. 2 min 18 s), under the premise of 
reasonable lower SNR of rs-EPI, was not rep-
resentative of decreased definition or image 
quality; the SNR and CNR only refer to a part 
of the quantitative index of the image qual-
ity. rs-EPI technology mainly helps achieve 
higher resolution and reduces susceptibility 
artifacts and T2* blurring compared with ss-
EPI technology. Under the premise of reason-
able SNR and CNR, we need rs-EPI DWIs with 
these visual advantages to improve the accu-
racy of the early assessment of CC lesions. 

In addition, the simultaneous multi-slice 
(SMS) acquisition scheme may be a poten-
tial solution to ensure a higher SNR and CNR 
while taking a shorter scan time. Instead of 
a consecutive excitation, the SMS technique 
concurrently excites multiple slices to de-
crease scan time.23 This method has been 
successfully applied to MRI scanning of 
the kidney, liver, pancreas, breast, and rec-
tum.24-28 In the future, we will investigate the 
combination of SMS and readout-segment-
ed techniques for cervix uteri DWI.

Application of apparent diffusion coeffi-
cient in the study of cervical cancer 

In this study, rs-EPI showed clearer ana-
tomical details, fewer artifacts and deforma-
tion, and higher lesion conspicuity; further-
more, the focal edge ROI outlined on the 
corresponding DWI truly reflected the tumor 
edge. We found that the ADC values obtained 
using ss-EPI and rs-EPI were not significantly 

different. As previously reported, the new 
DWI technique did not affect ADC quantifi-
cation; the ADC values of rs-EPI DWI were as 
reliable as conventional ss-EPI but with bet-
ter image quality.14,17,29,30 Only a few studies 
found the opposite result; Wisner’s study on 
breast tumors revealed that within benign 
lesions, malignant lesions, and normal tissue, 
the mean ADC measurements were lower 
with rs-EPI than with ss-EPI.14 According to 
the authors, this was due to T2* blurring on 
rs-EPI. However, Xu et al.21 and Zhao et al.22 
considered the distortion and artifacts of ss-
EPIs to be a more reasonable explanation, 

as no adjacent normal tissue with high ADC 
value could be found in the sinonasal or or-
bital region. In the present study, drawing an 
irregular ROI avoided obvious necrotic, high-
er signal artifacts and deformation areas on 
ADC maps of CC, which may explain the lack 
of differences in ADC values between rs-EPI 
and ss-EPI DWI sequences.

This study also found that 17 cases 
eventually developed lymph node metas-
tases and were finally classified as stage °C, 
and their lymph node size was <10 mm. In 
general, node size is the MRI criterion in 

Table 3. Comparison of qualitative parameters between ss-EPI and rs-EPI

Parameters Reader 1 Reader 2

ss-EPI
mean ± SD

rs-EPI
mean ± SD

P value ss-EPI
mean ± SD

rs-EPI
mean ± SD

P value

Anatomic structure 3.12 ± 0.54 4.43 ± 0.58 <0.001 3.33 ± 0.63 4.47 ± 0.61 <0.001

Artifacts and distortion 3.06 ± 0.38 4.65 ± 0.48 <0.001 3.08 ± 0.34 4.61 ± 0.57 <0.001

Lesion conspicuity 3.71 ± 0.50 4.22 ± 0.77 <0.001 3.73 ± 0.53 4.27 ± 0.76 <0.001

Overall imaging quality 3.45 ± 0.50 4.41 ± 0.64 <0.001 3.35 ± 0.48 4.45 ± 0.50 <0.001

ss-EPI, single-shot echo-planar imaging; rs-EPI, readout-segmented echo-planar imaging; SD, standard deviation.

Table 4. Comparison of quantitative parameters between ss-EPI and rs-EPI

Parameter ss-EPI
mean ± SD

rs-EPI
mean ± SD

t value P value

SNR 445.28 ± 107.33 138.60 ± 47.80 22.749 <0.001

CNR 5.11 ± 1.55 4.89 ± 1.60 1.016 0.313

ADC (×10-3 mm2/s) 1.01 ± 0.17 1.02 ± 0.17 -0.064 0.949

SNR, signal to noise ratio; CNR, contrast to noise ratio; ADC, apparent diffusion coefficient; ss-EPI, single-shot echo-
planar imaging; rs-EPI, readout-segmented echo-planar imaging; SD, standard deviation.

Figure 3. Plots (a, b) show a 51-year-old woman with cervical cancer (CC); (a) the single-shot echo-planar 
imaging (ss-EPI) shows blurred anatomical details and a diffusion-restricted lesion with blurred edges, 
making it unclear whether the lesion broke the outer edge of the cervical wall; (b) distinct boundary 
between the rectum, uterus, and diffusion-restricted lesion in readout-segmented echo-planar imaging (rs-
EPIs). Plots (c, d) show a 54-year-old woman with CC; (c) ss-EPI demonstrating obvious artifacts shown as 
significantly enhanced local signal and evident distortion between the rectum and lesion; (d) minor artifacts 
and distortion in rs-EPIs. 
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distinguishing lymphatic metastasis from 
non-lymphatic metastasis; the threshold di-
ameter is 10 mm in the short axis.31 However, 
the size of metastatic, hyperplastic, and nor-
mal lymph nodes can overlap, and the small 
lymph nodes could undergo micro-metasta-
ses.32 Williams et al.33 verified via histological 
analysis that 54.5% of metastatic nodes were 
<10 mm in patients with gynecologic ma-
lignancy. Clearly, the assessment of lymph 
node size alone increased the false-negative 
rate of LNM. In the present study, the inclu-
sion criteria included surgical radical treat-
ment that was abandoned due to suspected 
LNM based on imaging findings. Specifically, 
cases with irregular lymph node morphology 
or a short axis diameter >10 mm on MRI were 
excluded. In essence, the 17 cases of lymph 
node metastases that were missed by MRI 
and not confirmed as positive by LNM exhib-
ited more subtle pathological significance 
that is not readily apparent to the naked eye. 
The measured ADC values in these cases can 
more accurately reflect the internal tumor 
cell proliferation and tumor aggressiveness 
within the lesion. This suggests potential val-
ue in differentiating ADC values between the 
LNM+ and LNM- cases. Although the number 
of lymph node-positive cases was limited to 
17, this sample size remains statistically ac-
ceptable for analysis.

We validated that both marginal region 
rsADC and ssADC values of CC could predict 
lymph node metastatic status (P = 0.000, 

0.000, respectively), in agreement with a pre-
vious study;34 both rsADC and ssADC values 
had a good diagnostic efficacy (AUC: 0.855, 
0.851, respectively). In addition, neither of 
these two ADC values could distinguish the 
LVSI status of CC, in agreement with previ-
ous studies.35,36 LVSI-positive lesion tumors 
are characterized by their high invasiveness 
and a complex microenvironment, which in-
cludes an increased density of cancer cells, 
a high nuclear-cytoplasmic ratio, and re-
duced extracellular space. Additionally, the 
vascular blood flow within these tumors is 
marked by high perfusion. These features 
collectively illustrate the biological charac-
teristics of tumor heterogeneity. The ADC 
value serves as a quantifier for the degree 
of diffusion movement of water molecules, 
which correlates with cell density in biolog-
ical tissues. However, it is important to note 
that, in contrast to cell density, the vascular 
properties of tumors exert an opposing influ-
ence on ADC values, highlighting the distinct 
physical and biological differences between 
diffusion and perfusion in tumor tissues;37 in 
other words, the heterogeneous ADC values 
are insufficient for evaluating the LVSI+ sta-
tus in CC. Even with the higher image quality 
of rs-EPI, identifying the LVSI status using the 
ADC from the tumor edge region remains 
challenging. Nevertheless, a study by Yang 
et al.38 concluded that minimum-ADC values 
could predict LVSI in CC; the ROI of the tumor 
location was plotted layer by layer on DWIs, 
with a total of 20–30 ROIs placed (40–50 

mm2), ultimately selecting the ROI with the 
smallest ADC value. Yang et al.38 explained 
that minimum-ADC values reflect a higher 
density of tumor cells, which may be more 
sensitive to tumor proliferation. Therefore, 
minimum ADC values could serve as a feasi-
ble and objective parameter to reduce ADC 
variability. In contrast, Cheng et al.39 investi-
gated the value of ADC histogram analysis 
based on whole tumor volume for the pre-
operative prediction of LVSI. The conclusion 
drawn is that ADCmax, ADCrange, ADC90, 
ADC95, and ADC99 were significantly lower 
in the LVSI+ group than in the LVSI− group 
(all P values <0.05). This finding may be relat-
ed to the inclusion of hemorrhagic, necrotic, 
and cystic regions in the volume of interest 
(VOI). It is evident that different ADC-derived 
parameters exhibit variations in their ability 
to identify LVSI, which depend on the hetero-
geneity represented in the measured ADCs 
and are closely related to the ROI or VOI. The 
original intention of our study was to use the 
tumor margin area, which is prone to arti-
facts, as the monitoring reference point. The 
obtained value represented an average ADC 
value of the margin area, differing from the 
ADC measurement values of various regions 
within the tumor or the ADC histogram of 
the entire tumor volume.

DWI improves uterine tumor detection 
and characterization and the visualization 
of small implants in peritoneal carcinomato-
sis.40 To improve the accuracy of a qualitative 
assessment of CC, such as judging parame-
trial invasion, DWIs should be included.41 On 
this basis, the present study found that ad-
vantage should be taken of the higher image 
quality of rs-EPI, as it is, to some extent, more 
inclined to the subjective and qualitative 
judgment of CC, providing a better choice for 
making DWI sequences in the future.

This study has several limitations. First, 
some cervical tumors with small lesion di-
ameters (<10 mm) were excluded because of 
insufficient image pixels for analysis. Analy-
ses of advanced CC (stages IIB–IVA) were also 
limited because most patients with advanced 
CC were excluded from concurrent chemo-Figure 4. Plots (a, b) show boxplots of apparent diffusion coefficient values and receiver operating 

characteristic curves, respectively. ADC, apparent diffusion coefficient; LNM, lymph node metastasis.

Table 5. Diagnostic efficiency of apparent diffusion coefficient values in ss-EPI and rs-EPI with respect to LNM and LVSI status

ADC value 
(×10-3 mm2/s)

LNM status P value AUC 95% CI LVSI status P value

LNM+
mean ± SD

LNM-
mean ± SD

LVSI+
mean ± SD

LVSI-
mean ± SD

ssADC 0.87 ± 0.11 1.07 ± 0.16 0.000 0.851 0.744–0.925 0.99 ± 0.20 1.04 ± 0.13 0.271

rsADC 0.86 ± 0.14 1.07 ± 0.15 0.000 0.855 0.754–0.956 0.99 ± 0.21 1.05 ± 0.13 0.200

ADC, apparent diffusion coefficient; ssADC, apparent diffusion coefficient value of ss-EPI; rsADC, apparent diffusion coefficient value of rs-EPI; AUC, area under the receiver 
operating characteristic curve; LNM, lymph node metastasis; LVSI, lymphovascular space invasion; ss-EPI, single-shot echo-planar imaging; rs-EPI, readout-segmented echo-planar 
imaging; SD, standard deviation; CI, confidence interval.

a b
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radiotherapy without surgery or receiving 
neoadjuvant chemoradiotherapy prior to 
the surgery. Therefore, there were potential 
selection biases intrinsic to this retrospec-
tive single-center study. Second, the ROI in 
this study was delineated manually along 
the tumor margins on diffusion-weighted 
images. This approach may inadvertently 
introduce errors and deviations in determin-
ing tumor boundaries, and it is also notably 
time-consuming. Therefore, automated or 
semi-automated segmentation methods 
may represent a more efficient alternative. 
Future research should focus on enhancing 
comparative studies of these methods to 
develop a more effective research strategy. 
Third, although the evaluation of LVSI status 
in our study cohort was negative, we need 
to measure different ADCs (including tumor 
ADC, mini-ADC, and mini-ADC ratio) (32) and 
further estimate the relationship between 
ADC and LVSI status in large-cohort multi-
center studies. 

In conclusion, Over a similar scan time, 
rs-EPI significantly improves the qualitative 
image quality of DWI and has good diagnos-
tic accuracy for LNM status in CC compared 
with conventional ss-EPI DWI, especially for 
the margin of CC lesions. However, neither 
could predict the LVSI status. Including rs-EPI 
DWI in routine clinical protocols for MRI may 
be a better choice.
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PURPOSE
To assess the performance and feasibility of generative deep learning in enhancing the image qual-
ity of T2-weighted (T2W) prostate magnetic resonance imaging (MRI).

METHODS
Axial T2W images from the prostate imaging: cancer artificial intelligence dataset (n = 1,476, bi-
ologically males; n = 1,500 scans) were used, partitioned into training (n = 1300), validation (n = 
100), and testing (n = 100) sets. A Pix2Pix model was trained on original and synthetically degraded 
images, generated using operations such as motion, Gaussian noise, blur, ghosting, spikes, and bias 
field inhomogeneities to enhance image quality. The efficacy of the model was evaluated by seven 
radiologists using the prostate imaging quality criteria to assess original, degraded, and improved 
images. The evaluation also included tests to determine whether the images were original or syn-
thetically improved. Additionally, the model’s performance was tested on the in-house external 
testing dataset of 33 patients. The statistical significance was assessed using the Wilcoxon signed-
rank test.

RESULTS
Results showed that synthetically improved images [median score (interquartile range) 4.71 (1)] 
were of higher quality than degraded images [3.36 (3), P = 0.0001], with no significant difference 
from original images [5 (1.14), P > 0.05]. Observers equally identified original and synthetically im-
proved images as original (52% and 53%), proving the model’s ability to retain realistic attributes. 
External testing on a dataset of 33 patients confirmed a significant improvement (P = 0.001) in 
image quality, from a median score of 4 (2.286)–4.71 (1.715).

CONCLUSION
The Pix2Pix model, trained on synthetically degraded data, effectively improved prostate MRI im-
age quality while maintaining realism and demonstrating both applicability to real data and gener-
alizability across various datasets.

CLINICAL SIGNIFICANCE
This study critically assesses the efficacy of the Pix2Pix generative-adversarial network in enhanc-
ing T2W prostate MRI quality, demonstrating its potential to produce high-quality, realistic images 
indistinguishable from originals, thereby potentially advancing radiology practice by improving 
diagnostic accuracy and image reliability.
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The prostate imaging reporting and 
data system (PI-RADS) and its updates 
prescribe best practices for the acquisi-

tion and interpretation of prostate magnetic 
resonance imaging (MRI) scans,1 empha-
sizing minimum technical requirements to 
ensure scan quality, which is crucial for the 
accurate detection of clinically significant 
prostate cancer. However, adherence to PI-
RADS guidelines does not invariably guaran-
tee high-quality MRI scans, as evidenced by 
various studies.2-4 

Deep learning (DL)-based reconstruction 
techniques can speed up image acquisition 
and improve quality beyond traditional MRI 
methods.5-8 Nonetheless, variables such as 
patient characteristics, equipment quality, 
and the expertise of the radiology team can 
still result in suboptimal images.3,9 Moreover, 
DL-based reconstruction typically requires 
newer scanner models and significant initial 
investments, limiting its accessibility. Howev-
er, limited research has been conducted on 
applying DL techniques to enhance prostate 
MRI quality. Existing studies are often con-
strained by the use of single-center datasets 
and proprietary scoring systems, which can 
affect the reproducibility of their outcomes.10

In this study, we employed a gener-
ative-adversarial network (GAN) model, 
Pix2Pix, to enhance the quality of axial 
T2-weighted (T2W) prostate MRI. We used a 
large-scale, multi-center, and publicly avail-
able dataset, prostate imaging: cancer arti-
ficial intelligence (PI-CAI),11 allowing us to 
overcome some of the limitations noted in 
previous studies. Image quality was evaluat-
ed by multiple readers from different centers 
using a scoring system adopted from the 
newly introduced Prostate imaging quality 
(PI-QUAL):12 which provided a standardized 
assessment method. We also examined the 

realism of the generated images and tested 
the model’s performance on the in-house 
external testing dataset to evaluate its gen-
eralizability.

Methods

Study sample

The Acıbadem University and Healthcare 
Institution’s Medical Research Ethics Com-
mittee approved this retrospective study 
and waived the requirement for informed 
consent for the retrospective collection, 
analysis, and presentation of anonymized 
medical data (date: 11.02.2021, decision no: 
2021-03/12).

This study utilized the publicly available 
PI-CAI training dataset, which consisted of 
1,500 bi-parametric prostate MRI scans ob-
tained from 1,476 biologically male individu-
als at 4 tertiary academic centers in the Neth-
erlands and Norway between March 2015 
and January 2018. The data from these four 
centers were stratified across the training, 
validation, and internal testing sets to ensure 
representation from each center in all data 
partitions. The examinations were stratified 
into three distinct groups: a development set 
(1400 scans, 1300 training, and 100 valida-
tion) and a testing set (100 exams). This strat-
ification was done with careful consideration 
to ensure that scans from the same patient 
were not included across the development 
and testing sets. The flowchart of the study is 
given in Figure 1.

We also included the in-house dataset 
of 33 bi-parametric MRI examinations from 
33 biologically male individuals as an exter-
nal testing dataset in this study. The overall 
workflow of the study is shown in Figure 2.

Bi-parametric magnetic resonance imaging 
examinations

All bi-parametric MRI scans of the PI-CAI 
dataset were conducted using 1.5T units (n = 
82) from Siemens (Aera and Avanto models, 

Siemens Healthcare, Erlangen, Germany) and 
Philips (Achieva and Intera models, Philips 
Healthcare, Eindhoven, the Netherlands), 
as well as 3T units (n = 1418) from Siemens 
(Skyra, TrioTim, and Prisma models, Siemens 
Healthcare, Erlangen, Germany) and Philips 
(Ingenia model, Philips Healthcare, Eind-
hoven, the Netherlands). These scans utilized 
surface coils and adhered to the PI-RADS V2 
guidelines. Additional specifications regard-
ing the MRI protocols used for the study sam-
ple are detailed in.11

The examinations of the in-house test-
ing dataset were performed using 1.5T units 
from Siemens (Avanto-fit, Siemens Health-
care, Erlangen, Germany). These scans were 
also performed with surface coils. For this 
study, only axial T2W images were used for 
further analysis. Table 1 shows the imaging 
protocol for the in-house testing dataset.

Synthetic data creation

In this study, a crucial step involved the 
creation of a robust training dataset by ap-
plying clinically relevant MRI artifacts to cre-
ate realistic low-quality T2W images. For this 
purpose, TorchIO library13 was used: a pow-
erful tool specifically designed for data aug-
mentation in medical imaging. A variety of 
techniques were employed to simulate com-
monly encountered artifacts, including mo-
tion, Gaussian noise, blur, ghosting, spikes, 
and bias field inhomogeneities (detailed in 
Supplementary S1).

All images were normalized and resized 
to uniform dimensions to facilitate consis-
tent neural network training, ensuring each 
image had intensity values within a specific 
range for optimal input standardization. 

The training set included images manip-
ulated with each artifact individually, as well 
as in specific combinations, enabling the 
Pix2Pix model to learn from a wide variety 
of possible artifact scenarios and improve 
its ability to generalize across different im-
age quality corruption. Internal testing was 

Main points

•	 The Pix2Pix generative-adversarial network 
(GAN) significantly improved T2-weighted 
prostate magnetic resonance imaging (MRI) 
quality while maintaining realism.

•	 Synthetically improved images scored high-
er than degraded ones when compared 
with the original images.

•	 External testing confirmed significant im-
age quality improvement.

•	 Radiologists could not distinguish between 
original and synthetically improved images.

•	 The study demonstrated GANs’ potential for 
realistic, high-quality prostate MRI enhance-
ment. Figure 1. Flowchart of the study. PI-CAI, prostate imaging: cancer artificial intelligence.



 

Enhancing T2-weighted prostate magnetic resonance imaging with Pix2Pix generative-adversarial network • 549

created using either a single artifact or a pre-
defined combination of multiple artifacts. 
This setup allowed for a controlled evaluation 
of the model’s performance in enhancing 
images with known quality issues. Detailed 
descriptions of the data pre-processing are 
given in Supplementary Document S1.

Pix2Pix model

The Pix2pix model, a conditional GAN, 
was utilized for image-to-image translation 
using paired images to improve accuracy. It 

consisted of a generator, employing a U-Net 
architecture to maintain anatomical fea-
tures in medical images, and a discriminator, 
which used a PatchGAN classifier to focus on 
high-frequency details and realism by evalu-
ating small patches within the images.14,15

The training involved an adversarial pro-
cess where the generator tried to create 
increasingly realistic images, whereas the 
discriminator improved at detecting syn-
thetically improved images. The process was 
governed by a combined loss function: ad-

versarial loss ensured the images were visu-
ally indistinguishable from the original ones, 
and L1 loss maintained structural integrity, 
reducing blurring and preserving crucial de-
tails. This setup enhanced the model’s ability 
to produce clinically useful MRI images while 
retaining essential diagnostic features.

The Pix2pix model was trained using 
the Adam optimizer with a learning rate of 
0.0002, focusing on 200 epochs where the L1 
loss was emphasized initially to enhance ac-
curacy. The training involved an adversarial 
setup where the generator aimed to produce 
images close to the original ones by mini-
mizing both L1 and adversarial loss, whereas 
the discriminator sought to identify whether 
the image patches were original or synthet-
ic, aiming to maximize the adversarial loss. A 
detailed description of the model is given in 
Supplementary Document S1.

The model’s performance during train-
ing was monitored using the mean absolute 
error (MAE) calculated between the recon-
structed images and the original high-qual-
ity images. The model with the lowest MAE 
on the validation data was selected as the 
best-performing model for subsequent eval-
uation and application to the test set.

The best-performing model was then ap-
plied to synthetically degraded internal test-
ing data (n = 100) and original images from 
the in-house external testing dataset (n = 33) 
to assess performance, as detailed in the sub-
sequent sections.

Study readers

Seven readers participated in the anal-
ysis of the scans for this study. Reader 1, an 
expert prostate radiologist, interpreted over 
300 cases annually for more than 10 years. 
Readers 2–7 were basic prostate readers, 
each handling 150–200 cases per year for 
2–7 years. The classification of the readers 
adhered to the consensus statement of the 
European Society of Urogenital Radiology.16 
Readers one and three were from the same 
center, whereas the others were based in var-
ious other hospitals, ranging from academic 
to non-academic settings.

Assessment criteria 

The evaluation by the readers was ad-
opted from the visual assessment criteria 
proposed in the PI-QUAL for T2W imag-
ing.12 Specifically, the readers assessed the 
clarity with which they could delineate the 
capsule, seminal vesicles, ejaculatory ducts, 
neurovascular bundle, and sphincter mus-

Table 1. Prostate T2-WI acquisition parameters of the in-house external testing dataset

Parameters Values

TR (ms) 5454

TE (ms) 101

FOV (mm) 268 × 400

Matrix size 206 × 512

Slice thickness (mm) 4

Slice gap (mm) 0.6

Flip angle 150°

Temporal resolution (s) -

T2WI, T2-weighted imaging; TR, repetition time; TE, echo time; FOV, field of view.

Figure 2. This figure illustrates the three main stages of the study. First, during data pre-processing, 
synthetically degraded T2-weighted images were created to mimic real-world artifacts, then normalized 
and resized along with the original images before being split into training and testing sets. Next, in the 
model training and inference stage, the Pix2Pix model was trained on paired original and synthetically 
degraded images (2a), with the generator learning to produce improved images from degraded inputs 
while the discriminator differentiated between original and synthetically improved images. The trained 
model was then applied to an external in-house testing dataset, generating improved versions of the 
original images (2b). Finally, radiologists visually assessed a set of images, including original, synthetically 
degraded, synthetically improved, and improved images from the external in-house testing dataset, 
evaluating them based on predefined criteria encompassing anatomical delineation, artifact presence, and 
perceived realism.
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cle, awarding one point for each positively 
identified structure (i.e., if the structure could 
be seen clearly). Additionally, they awarded 
one point in the absence of artifacts and zero 
points if artifacts were present. Thus, the to-
tal score for each examination ranged from 
zero (the worst quality) to six points (the best 
quality). 

Before the reading sessions, several on-
line meetings were conducted to familiarize 
the readers with the PI-QUAL criteria through 
examples from published papers17 and to ac-
quaint them with the reading platform. The 
primary aim of these sessions was to en-
hance their understanding of the PI-QUAL.

We used only axial T2W images for the 
reading sessions, as the model employed in 
the current study was designed to work with 
axial T2W images. Although this may be con-
sidered a limitation, it was consistent with 
earlier work, which primarily focused on axial 
images as they were the primary sequence 
used in PI-RADS assessments.

Case reading sessions

The readers used a dedicated worksta-
tion equipped with a 6-megapixel diagnostic 
color monitor (Radiforce RX 660, EIZO) and a 
dedicated browser-based platform (https://
matrix.md.ai). All reviewed images were in 
the Digital Imaging and Communications in 
Medicine format.

Initially, 7 readers evaluated 300 T2W se-
ries in the internal testing set of 100 patients, 
consisting of 100 original, 100 synthetically 
degraded, and 100 synthetically improved 
series. The readers independently assessed 
the cases in a random order to minimize bias, 
not knowing which images were original, de-
graded, or improved. They assigned points 
to each examination based on the previously 
described criteria and judged whether the 
images were original or synthesized.

Subsequently, to further evaluate the 
model’s performance and its ability to en-
hance image quality on real data, the readers 
assessed the scans in the in-house external 
testing dataset of 33 patients, which includ-
ed 33 original and 33 synthetically improved 
T2W series.

Statistical analysis

Statistical analyses were performed using 
the SciPy library in Python version 3. Contin-
uous variables were presented using medi-
ans and interquartile ranges, whereas cate-
gorical and ordinal variables were presented 
with frequencies and percentages.

The structural similarity index measure 
(SSIM) and peak signal-to-noise ratio (PSNR) 
were used as quantitative metrics to assess 
image quality. The SSIM evaluated perceptu-
al similarity by comparing luminance, con-
trast, and structure between images, with a 
range from −1 to 1, where 1 indicated per-
fect similarity. The PSNR measured the ratio 
between the maximum possible signal value 
and the distortion introduced, expressed in 
decibels, where higher values indicated bet-
ter quality.

For comparing image quality assessments 
across original, synthetically degraded, and 
synthetically improved images, pairwise 
comparisons were conducted using the 
Friedman test and post-hoc Durbin-Con-
over test due to the matched nature of the 
data. For the pairwise comparison of the in-
house external testing dataset, the Wilcoxon 
signed-rank test was used. 

To evaluate the performance of radiolo-
gists in correctly identifying original versus 
synthetically improved images, accuracy 
was calculated. To analyze the differences 
in radiologists’ ability to detect synthetically 
improved versus original images, McNemar’s 
test was used. A P value less than 0.05 was 
considered statistically significant.

Results 

Image quality assessment

We included 100 examinations in the test-
ing set, each paired with their synthetically 
degraded and improved versions from the 
PI-CAI testing set. The PSNR and SSIM val-
ues of synthetically improved images [PSNR: 
28.79 (32.54), SSIM: 0.92 (0.16)] were statis-
tically significantly higher than those of the 
degraded image forms [PSNR: 24.87 (15.27), 
SSIM: 0.78 (0.13)] (PSNR: P < 0.001, SSIM: P < 
0.001). 

During the random blinded assessment, 
the observers gave median scores of 5 (1.14) 
to the original images, 3.36 (3) to the synthet-
ically degraded images, and 4.71 (1) to the 
synthetically improved images (P = 0.0001). 
Pair-wise comparisons revealed that original 
images had a significantly higher median 
quality score than the synthetically degrad-
ed images (P < 0.0001). Likewise, synthetical-
ly improved images also had a higher image 
quality than synthetically degraded images 
(P < 0.0001). No statistically significant dif-
ference was found between the median im-
age quality of the original and synthetically 
improved images (P = 0.37) (Figure 3a). A 
detailed breakdown of each reader’s median 

scores for original, synthetically degraded, 
and synthetically improved images is given 
in Supplementary Document S2.

Figure 4 shows a representative example 
of original, synthetically degraded, and syn-
thetically improved images. More represen-
tative examples can be found in Supplemen-
tary Document 2.

Original vs. synthetic assessment

We evaluated whether the observers 
could discriminate between original and syn-
thetically improved T2W images using a ma-
jority voting scheme from the PI-CAI testing 
set. In this test, the observers identified 52% 
of the original and 53% of the synthetically 
improved images as original, with no statis-
tical difference, indicating that the observers 
could not reliably discriminate between orig-
inal and synthetically improved images (P = 
0.62). A detailed breakdown of each reader’s 
assessments on whether the images are orig-
inal or synthetic is provided in Supplementa-
ry Document S2.

External testing

We evaluated whether the proposed 
model could also improve original images 
from the in-house external testing dataset. 
This set consisted of T2W images of 33 pa-
tients from the in-house center, where pros-
tate images were obtained using a 1.5T scan-
ner. The observers gave a median score of 4 
(2.286) for the original images in the in-house 
external testing dataset. The median image 
quality score for this dataset was statistically 
lower than that for the original T2W images 
from the PI-CAI testing set (P = 0.009). 

The proposed model improved the im-
age quality of the original images from 4 
(2.2) to 4.71 (1.7), demonstrating a statis-
tically significant improvement (P = 0.001) 
(Figure 3b). Notably, after the improvement, 
we found no statistical difference in median 
image quality between the original images 
from the PI-CAI dataset [median: 5 (1.14)] 
and the synthetically improved images from 
the in-house dataset [median: 4.71 (1.7)] (P = 
0.16). A detailed breakdown of each reader’s 
median scores for original and synthetically 
improved images for the in-house external 
testing dataset is given in Supplementary 
Document S2.

Figure 5 shows representative examples 
of original and synthetically improved imag-
es of a patient along with observers’ ratings 
from the in-house external testing dataset. 
More representative examples can be found 
in Supplementary Document S2.
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Discussion
We found that the Pix2Pix model signifi-

cantly improved the quality of synthetically 
degraded images evidenced by quantitative 
metrics and assessments of multiple readers 
with different experience levels from differ-
ent institutions following the criteria adopt-
ed from the PI-QUAL. Notably, the syntheti-
cally improved images showed no statistical 
difference in image quality compared with 
the original images. 

We further tested the performance of the 
proposed model on an external testing data-
set, where it substantially increased the im-
age quality. This demonstrates that the mod-
el not only works across different datasets 
but is also effective in improving image qual-
ity for original images that have not been 
synthetically manipulated. This finding is 
promising as it suggests that DL models can 
be trained on available datasets without the 
need for actual poor-quality prostate MRIs. It 
is important to note that the PI-CAI dataset is 
derived from centers in the Netherlands and 
Norway. This geographical restriction could 
limit the generalizability of our findings to 
other populations. Future studies should in-
clude data from more diverse geographical 
regions.

Another important finding was that the 
readers were not unambiguously able to 
discriminate original from synthetically im-
proved images regardless of their experience 
levels, showing the proposed model did not 
only improve image quality but was also able 
to generate realistic looking images without 
introducing over-smoothness or plastic ap-
pearance. 

Our findings diverge from those of the 
study by Belue et al.10, where the authors ob-
served no qualitative improvement and the 
readers mostly opted for original images over 
synthetically improved images evidenced by 
expert radiologists. Belue et al.10 utilized a 
Cycle-GAN model and tested it using paired 
original images of both poor and good 
quality from the same patients. Moreover, 
they employed bespoke qualitative criteria, 
which they acknowledged as a significant 
limitation of their study.10 We propose that 
by systematically incorporating a variety of 
artifacts, our model may better learn the rep-
resentations of both poor- and good-quali-
ty images, thereby effectively transforming 
poor-quality images into good-quality ones 
in a realistic manner.

The tendency of DL methods in 
over-smoothing diagnostic images has 
also been documented in studies using 

Figure 3. Comparison of the radiologists’ scores for original, synthetically degraded, and synthetically 
improved T2-weighted images (a). Comparison of the radiologists’ average score for original and synthetically 
improved prostate magnetic resonance imaging scans from the in-house external testing dataset (b).

a

b

Figure 4. A representative prostate magnetic resonance imaging scan (a) original image with the average 
score of 5.43, (b) synthetically degraded image with the average score of 4.43, and (c) a synthetically 
improved image with the average score of 5.29. 

a b c
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DL-based reconstruction methods.18 This 
smoothness can cause radiologists to feel 
uncertain about their interpretations, fear-
ing potential loss of diagnostic information, 
such as the disruption of lesion appearance 
or visibility.18,19 In contrast, our Pix2Pix mod-
el, trained on a meticulously prepared data-
set, successfully generated realistic images, 
addressing these concerns by maintaining 
critical image details essential for accurate 
diagnosis. The training data included various 
levels of corruption for each augmentation 
as well as a combination of these augmen-
tations with the corresponding good quality 
data. Including a combination of ghosting, 
spike artifacts, and bias field inhomogene-
ities with general Gaussian blur and noise in 
the training regime of the Pix2Pix model in-
creased the robustness of our model against 
over-smoothing. However, our study did not 
explicitly evaluate the impact of image en-
hancement on lesion detection or character-
ization, which represented an essential area 
for future investigation.

In reflecting on the methods and results 
of our study, particularly in terms of experts 
identifying whether the images were origi-
nal or synthetic, it is crucial to acknowledge 
the potential impact of bias. To minimize 
bias, we did not show the readers both the 
original and synthetic images simultaneous-
ly. Instead, the images were presented in a 
random order, and the readers were asked 
to determine their authenticity. A potential 
limitation is that readers one and three were 
from the same institution. Although this 
could introduce bias, the inclusion of readers 
from other centers helped mitigate this po-
tential issue. Future work could incorporate 
strategies such as stratified sampling based 

on institutional affiliation to further address 
this. Intriguingly, the results suggested that 
the readers were essentially guessing, in-
dicating no clear distinction between the 
original and synthetically improved images. 
However, this design may have inadvertently 
introduced another form of bias.

Knowing the study’s objective—to as-
sess the realism of synthetically generated 
images—likely predisposed the readers to 
scrutinize each image more critically. This 
awareness could have heightened sensitivi-
ty to any minor imperfections, predisposing 
the readers to identify these as indicators 
of synthetic origin. Admittedly, it is virtually 
impossible to completely isolate this infor-
mation from the readers since the core of our 
evaluation involved discerning the nature 
of the images, thus directly revealing the 
study’s design.

We openly acknowledge that the design 
of our study might have influenced the read-
ers’ judgments. Recognizing this does not di-
minish the validity of our findings but rather 
enhances the transparency and integrity of 
our analysis. This situation underscores the 
need for further research to quantify and 
adjust for such bias, ensuring that the con-
clusions drawn are robust and applicable in 
real-world diagnostic settings. This will help 
in developing methodologies that better 
emulate the blind assessments typically con-
ducted in clinical practice.

Several other limitations to our study war-
rant acknowledgment. First, our model was 
limited to axial T2W images and excluded 
other crucial sequences. Future studies could 
explore enhancing image quality across all 
sequences and integrating them into a sin-

gle DL pipeline for more effective improve-
ments.20 Although our study employed 
PI-QUAL V1, we acknowledge that V2.0 was 
released during our study period. Future 
studies should utilize the updated version 
for assessment.

Second, we used Pix2Pix due to its estab-
lished use and relatively lower computation-
al demands compared with the state-of-the-
art diffusion denoising probabilistic models, 
which required significantly more resources. 
Future work will include applying advanced 
architectures, including transformers and dif-
fusion models for image enhancement.      

In conclusion, we demonstrated that a 
GAN model, Pix2Pix, trained on syntheti-
cally degraded axial T2W prostate MRI, can 
substantially improve image quality as evi-
denced by quantitative metrics and assess-
ments from multiple readers with varying 
levels of experience following PI-QUAL crite-
ria, showing no statistical difference in image 
quality compared with the original images. 
Additionally, the readers were unable to 
distinguish between original and synthetic 
images, indicating that the model did not in-
troduce any unnatural appearance. Further-
more, the same model was able to improve 
image quality in an external testing dataset 
of original images, demonstrating its gener-
alizability across datasets and its capability 
to improve both original and synthetically 
degraded images. 
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Supplementary Document S1

1. data pre-processing: creating a robust 
training set for prostate MRI enhancement

A crucial step in this study involved the 
creation of a robust training dataset com-
prised of T2W images realistically mimicking 
various MRI artifacts. This approach, utilizing 
the TorchIO library for medical image aug-
mentation, aimed to enhance the robustness 
and generalizability of the trained model by 
exposing it to a wide range of image degra-
dations commonly encountered in clinical 
practice.1

1.1. Motion artifacts: simulating the impact 
of patient movement

Motion artifacts leads to blurring or 
ghosting that can obscure anatomical de-
tails.2 To make our deep learning model more 
robust to these artifacts, we simulated realis-
tic motion during the MRI scan. This simula-
tion involves randomly generating a series of 
small movements, representing the kind of 
positional shifts a patient might make.

Each simulated movement is mathemat-
ically represented as a 3D transformation. 
These transformations include both rotation 
(turning) and translation (shifting) compo-
nents, and their parameters are randomly 
varied to create a diverse range of plausi-
ble motions. To ensure that these simulated 
movements don’t unrealistically displace 
the prostate from its average position with-
in the image, each movement is adjusted 
using a “de-meaning” process. This process 
ensures that the simulated motion primarily 
degrades image quality through blurring or 
ghosting, rather than causing a significant 
shift in the prostate’s overall location.

The simulated movements are then ap-
plied to the original image data, which is re-
sampled to maintain smooth image features 
despite the introduced motion. Finally, the 
motion-corrupted image is synthesized by 
processing the image data in k-space, the 
frequency domain representation of the MRI 
signal. This process incorporates the tempo-
ral dynamics of the simulated movements, 
resulting in a realistic depiction of a mo-
tion-affected T2-weighted prostate MRI.

1.2. Gaussian noise: simulating inherent ac-
quisition noise

Inherent noise is an unavoidable part 
of MRI acquisition, creating random fluctu-
ations in signal intensity that can obscure 
subtle details within prostate images. To 

make our synthetically degraded prostate 
images more realistic, we incorporated ran-
dom Gaussian noise, simulating this inherent 
noise.

Instead of using fixed noise levels, we 
varied the amount of noise added to each 
image. This mimics the range of noise lev-
els encountered in real-world prostate MRI 
scans. For each image, the parameters con-
trolling the noise distribution were randomly 
selected, ensuring our model is exposed to a 
variety of noise profiles during training.

This random noise is added to each indi-
vidual voxel within the image. The amount 
of noise added is determined by scaling a 
random value with a randomly chosen stan-
dard deviation and shifting it by a randomly 
selected mean. This process creates realistic 
noise patterns, reflecting the noise charac-
teristics inherent to real-world prostate MRI.

1.3. Gaussian blur: simulating loss of sharp-
ness in prostate MRI

Blurring is often caused by factors like 
imperfect scanner focus or slight patient 
movements. This loss of sharpness can make 
it difficult to see fine anatomical details, 
potentially affecting diagnosis. To prepare 
our model for this real-world challenge, we 
introduced Gaussian blur into our synthetic 
image degradation process.

We didn’t apply the same amount of blur-
ring to each image. Instead, we randomly 
varied the degree of blurring, mimicking the 
range of sharpness variations seen in real 
prostate MRIs. This exposes our model to a 
wider range of blurring artifacts during train-
ing, making it more robust to blurry images 
in real-world scenarios.

The blurring is implemented by convolv-
ing each image with a Gaussian filter. The 
size of this filter, which controls how much 
blurring is applied, is randomly chosen and 
scaled based on the resolution of each im-
age. This ensures the blurring effect is ap-
propriately applied relative to the size of the 
details in the prostate image.

1.4. Ghosting artifacts: simulating periodic 
motion effects

Ghosting artifacts are often caused by 
rhythmic motions like blood flow or bowel 
movement. These artifacts appear as faint 
copies or “ghosts” of anatomical structures, 
shifted along a specific direction in the im-
age. To simulate ghosting artifacts, we ma-
nipulate the image data in its frequency do-
main representation, known as k-space.

In k-space, periodic motions like those 
causing ghosting affect specific frequency 
bands. We simulate this by selectively sup-
pressing the strength of certain frequencies 
in k-space. The amount of suppression con-
trols the intensity of the ghosting effect, 
while the spacing between the suppressed 
frequencies determines how often the 
ghosting pattern repeats. By adjusting these 
parameters, we can create a wide range of 
ghosting artifacts with varying appearances.

Once the k-space data has been modi-
fied to include the simulated ghosting, we 
transform the data back to its original spatial 
representation, resulting in a prostate MRI 
image containing realistic ghosting artifacts.

1.5. Spike artifacts: simulating radio-fre-
quency interference

Spike artifacts, often called herringbone 
or corduroy artifacts, can create unwanted 
stripes in MRI images. These artifacts are 
caused by radio-frequency interference 
during the scan, which introduces spikes in 
the k-space representation of the image.

To simulate these artifacts, we directly 
add spikes to the k-space data of the pros-
tate MRI. Each spike’s location in k-space 
determines the direction and frequency of 
the stripe pattern that will appear in the final 
image.

We randomize both the number and lo-
cation of these spikes to simulate the unpre-
dictable nature of real-world spike artifacts. 
The number of spikes controls how severe 
the artifact is, while their random locations 
create stripes in various directions and posi-
tions within the image. The intensity of each 
spike is also randomized, resulting in stripes 
with varying prominence. After adding the 
spikes to the k-space data, we transform the 
data back to its normal spatial representa-
tion, creating a prostate MRI image with re-
alistic spike artifacts.

1.6. Bias field inhomogeneities: simulating 
magnetic field imperfections

Bias field inhomogeneity is a common ar-
tifact in MRI, caused by imperfections in the 
scanner’s magnetic field.3 This artifact creates 
gradual changes in image brightness across 
the prostate, making some areas appear 
brighter or darker than others, even if the 
tissues are the same. This can make it harder 
to distinguish between different tissues and 
interpret the image accurately.

We simulated this artifact using a math-
ematical model based on polynomials. This 
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model can create smooth, gradual changes 
in image brightness similar to those seen in 
real bias field artifacts. The model uses a set 
of coefficients to control the intensity vari-
ations, and by randomly generating these 
coefficients, we create a variety of bias field 
patterns.

The complexity of these patterns can be 
adjusted by changing the order of the poly-
nomial used in the model. A higher-order 
polynomial allows for more intricate and spa-
tially varying intensity changes. The generat-
ed bias field pattern is then applied to the 
original prostate MRI image, simulating the 
effect of magnetic field imperfections.

1.7. Combining noise types: enhancing 
training realism

To create a more challenging and realistic 
training scenario, each image in the training 
and validation sets was augmented with ev-
ery type of synthetic degradation individu-
ally (motion, Gaussian noise, blur, ghosting, 
spike artifacts, bias field inhomogeneity). 
This ensured the model learned to handle 
each artifact in isolation.

In addition to individual augmentations, 
combined noise augmentations were also 
applied to enhance the model’s robustness 
and generalizability. For 20% of the images in 
the training and validation sets, we random-
ly selected a combination of two or more of 
the aforementioned noise types and applied 
them together to the same image.  This ap-
proach aimed to simulate the more complex 

and diverse noise profiles that are represen-
tative of real-world clinical scenarios where 
multiple artifacts can co-occur. The specific 
combinations of noise types were random-
ly selected for each image, ensuring a wide 
variety of combined degradations within the 
training data.

For the test set, to evaluate the model’s 
ability to generalize to unseen combinations 
of artifacts, these noise types were combined 
randomly with varying ratios. This rigorous 
testing procedure helped assess the model’s 
performance under conditions that more 
closely reflect real-world clinical prostate 
MRI.

2. The Pix2Pix model: image-to-image 
translation for prostate MRI enhancement

To address the challenge of improving 
the quality of degraded T2-weighted pros-
tate MRI images, we employed the Pix2Pix 
model, a conditional Generative Adversarial 
Network (cGAN) renowned for its efficacy 
in image-to-image translation tasks.4 Unlike 
Cycle-GAN, which relies on unpaired data 
from two different domains, Pix2Pix leverag-
es paired images for training. This makes it 
particularly suitable for our study, where we 
have access to ground truth data in the form 
of original, high-quality images correspond-
ing to the synthetically degraded images.

The Pix2Pix architecture comprises two 
key components: a generator and a discrimi-
nator, which are simultaneously trained in an 
adversarial manner. The generator, structured 

as a U-Net,5 takes the degraded T2-weighted 
image as input and endeavors to generate 
a high-quality image that closely resembles 
the original, artifact-free image. The U-Net 
architecture, with its encoder-decoder struc-
ture and skip connections, is particularly 
advantageous in medical image processing. 
The encoder progressively downsamples the 
input image, extracting features at multiple 
scales, while the decoder upsamples the 
encoded representation, reconstructing the 
output image. The skip connections, linking 
corresponding encoder and decoder layers, 
facilitate the direct flow of low-level informa-
tion across the network, preserving crucial 
anatomical details and preventing excessive 
blurring often associated with traditional en-
coder-decoder networks.

The discriminator, on the other hand, em-
ploys a PatchGAN classifier,4 which evaluates 
individual N x N image patches rather than 
the entire image at once. This patch-based 
approach encourages the generator to focus 
on generating realistic high-frequency de-
tails crucial for maintaining the clarity and re-
alism of medical images. During training, the 
generator and discriminator are engaged in 
a continuous adversarial loop. The generator 
strives to produce increasingly realistic im-
ages to deceive the discriminator, while the 
discriminator becomes more adept at dis-
cerning real images from the synthetic imag-
es generated by the generator. The proposed 
Pix2Pix architecture is given in Figure 1. 

Figure 1. The proposed Pix2Pix architecture in current work.
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A U-Net architecture represented by gray 
and blue blocks generate a synthetically im-
proved image in generator. PatchGAN archi-
tecture shown in green blocks evaluate im-
age patches to differentiate between original 
and synthetic images in discriminator and 
promotes high-frequency detail generation 
in the synthetic images. The image examples 
at the bottom of Figure 1.  showcase (1) the 
original image, (2) the synthetically degrad-
ed image, and (3) the synthetically improved 
image respectively. Moreover, the numbers 
on the blocks denote the number of feature 
maps at each layer, and the image dimen-
sions are displayed above each block. Each 
convolution operations, skip connections, 
down and up sampling operations are at-
tended to corresponding arrows and blocks 
with specified colors under legend section in 
Figure 1. 

This adversarial process is guided by a 
combined loss function encompassing both 
an adversarial loss and an L1 loss. The adver-
sarial loss, determined by the discriminator’s 
ability to classify image patches as real or 

fake, ensures that the generated images are 
visually indistinguishable from the real im-
ages in the training dataset. The L1 loss, cal-
culated as the mean absolute error between 
the generated image and the ground truth 
target image, promotes structural similarity, 
preventing excessive blurring and preserv-
ing the anatomical integrity crucial for accu-
rate diagnosis. 

We optimized the Pix2Pix model using 
the Adam optimizer with a learning rate of 
0.0002 for both the generator and the dis-
criminator. The model was trained for 200 
epochs, with a heavier emphasis placed on 
the L1 loss during the early stages of training. 
This prioritizes the generation of structurally 
accurate images over purely visually realistic 
ones, particularly crucial in the context of 
medical imaging, where diagnostic accuracy 
is paramount.
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Supplementary Document S2

Comparison of radiologists’ score for original, synthetic degraded, and synthetic improved prostate MRI images.
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A B C

Average Score: 3.43 Average Score: 3 Average Score: 3.43

A representative prostate MRI scan (A) original image, (B) 
synthetic degraded image, (C) synthetic improved image.

A B C

Average Score: 2.57 Average Score: 2.43 Average Score: 3.14

A representative prostate MRI scan (A) original image, (B) 
synthetic degraded image, (C) synthetic improved image.

A B C

Average Score: 4.57 Average Score: 4.14 Average Score: 4.57

A representative prostate MRI scan (A) original image, (B) 
synthetic degraded image, (C) synthetic improved image.
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A B C

Average Score: 5.57 Average Score: 1.14 Average Score: 5.43

A representative prostate MRI scan (A) original image, (B) 
synthetic degraded image, (C) synthetic improved image.

A B C

Average Score: 5.43 Average Score: 4.29 Average Score: 5.29

A representative prostate MRI scan (A) original image, (B) 
synthetic degraded image, (C) synthetic improved image.

A B

Average Score: 2.14 Average Score: 2

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 2.14 Average Score: 2

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.
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A B

Average Score: 5 Average Score: 5

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 5 Average Score: 5

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 5 Average Score: 5.43

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 5 Average Score: 5.43

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.
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A B

Average Score: 3.14 Average Score: 3.57

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 3.14 Average Score: 3.57

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 3.29 Average Score: 4.71

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.

A B

Average Score: 3.29 Average Score: 4.71

A representative prostate MRI scan from external test set (A) original image, (B) synthetic improved image.
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Retrieval-augmented generation for answering Breast Imaging Reporting 
and Data System (BI-RADS)-related questions with large language models

You may cite this article as: Kaba E. Retrieval-augmented generation for answering Breast Imaging Reporting and Data System (BI-RADS)-related questions 
with large language models. Diagn Interv Radiol. 2025;31(6):566-567.

Dear Editor,

I read with great interest the article titled “Evaluating text and visual diagnostic capabilities 
of large language models on questions related to the Breast Imaging Reporting and Data 
System Atlas 5th edition” published in Diagnostic and Interventional Radiology.1 The study ex-
plores how large language models (LLMs) respond to multiple-choice and some image-based 
questions based on the Breast Imaging Reporting and Data System (BI-RADS) 5th edition and 
presents the impressive results achieved by these models. Research of this kind is crucial to 
understanding the growing potential role of artificial intelligence technologies, particular-
ly LLMs, in radiology decision-making processes. As a contribution to the valuable findings 
of this study, I believe that considering the retrieval-augmented generation (RAG) approach 
could be beneficial for more effectively combining information retrieval and text generation 
in such scenarios.

Retrieval-augmented generation enables language models to address existing knowledge 
gaps by accessing external information sources, allowing them to generate more accurate, 
up-to-date, and contextually appropriate text.2 It consists of two main components: retriev-
al and generation. In the retrieval phase, queries are converted into vector format (e.g., us-
ing OpenAI embeddings) to create text embeddings. These vectors are then compared with 
pre-indexed documents using similarity search algorithms to retrieve the most relevant con-
tent (top-k retrieval). In the generation phase, the retrieved information is added to the input 
of the LLM, which then generates text based on this context.3,4 This method holds strong po-
tential, especially in fields that require complex information processing, such as radiology and 
detailed analyses based on BI-RADS.

In a study highlighting the effectiveness of this method in radiology, Tozuka et al.5 per-
formed tumor, node, metastasis staging of lung cancer using LLMs with and without RAG. In 
this study, Google’s NotebookLM, a system incorporating RAG, achieved the highest perfor-
mance in lung cancer staging. GPT-4o was also tested with and without RAG, and the use of 
RAG resulted in more successful outcomes across all stages of staging.5 Given the limitations 
of current static models–such as knowledge gaps and the risk of generating misleading con-
tent (hallucinations)–RAG offers a promising approach to mitigate these issues and provide a 
more practical solution in both radiology education and clinical practice.

I would like to express my gratitude once again for your study’s contribution to the field. 
I believe that incorporating RAG in future research, particularly in studies evaluating the 
knowledge level of LLMs on radiology guidelines, as in this case, could further enhance mod-
el accuracy and reliability. 

Recep Tayyip Erdoğan University Training and 
Research Hospital, Department of Radiology, Rize, 
Türkiye
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Early prediction of neoadjuvant chemotherapy efficacy among patients 
with triple-negative breast cancer using an ultrasound-based radiomics 
nomogram

PURPOSE
To develop and validate a radiomics nomogram based on early ultrasound (US) imaging for pre-
dicting pathologic complete response (pCR) in patients with triple-negative breast cancer (TNBC) 
receiving neoadjuvant chemotherapy (NAC).

METHODS
This retrospective study included 328 patients with TNBC treated between September 2019 and 
January 2024, divided into a training cohort (n = 230) and a validation cohort (n = 98). Clinicopath-
ologic data, US features before NAC, tumor volume reduction (TVR) after two cycles of NAC, and 
radiomics features were collected. Multiple logistic regression was applied to identify the potential 
predictors of pCR. The efficacy of the nomogram was evaluated through the receiver operating 
characteristic, calibration, and decision curve analyses. The study was approved by the ethics com-
mittee on February 28, 2024, with approval number 2023-SR-799, and the requirement for informed 
consent was waived.

RESULTS
Twelve features were selected to construct the radiomics signature (RS). The nomogram, incorpo-
rating tumor histologic grade, TVR, and RS, yielded an area under the curve of 0.856 [95% confi-
dence interval (CI), 0.807–0.905] in the training cohort and 0.836 (95% CI, 0.749–0.923) in the valida-
tion cohort, outperforming both the clinico-ultrasonic and RS models. The calibration and decision 
curves confirmed the nomogram’s excellent calibration and clinical utility.

CONCLUSION
The nomogram, which includes US characteristics, clinical variables, and radiomics features, exhib-
ited satisfactory performance in predicting NAC efficacy in patients with TNBC.

CLINICAL SIGNIFICANCE
The US-based radiomics nomogram, incorporating histologic grade, TVR, and RS, shows prelimi-
nary clinical application potential for predicting NAC efficacy in patients with TNBC.

KEYWORDS
Triple-negative breast cancer, neoadjuvant chemotherapy, pathologic complete response, radiom-
ics, ultrasonography

You may cite this article as: Lin MJ, Zha HL, Zhang MQ, Du Y, Zong M, Li CY. Early prediction of neoadjuvant chemotherapy efficacy among patients with 
triple-negative breast cancer using an ultrasound-based radiomics nomogram. Diagn Interv Radiol. 2025;31(6):568-575.

Breast cancer has become the most prevalent malignancy in women worldwide and the 
leading cause of cancer-related mortality, according to the latest global cancer statistics 
from 2022.1 Triple-negative breast cancer (TNBC), which is characterized by the absence 

of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 
(HER-2), is more likely to involve lymph nodes and has an early tendency toward recurrence.2,3 
Its heterogeneity and lack of specific molecular targets contribute to its higher likelihood of 
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early recurrence and poorer prognosis com-
pared with other breast cancer subtypes.4-7 

Neoadjuvant chemotherapy (NAC) has 
shown promising results for patients with 
TNBC by decreasing the tumor burden, in-
creasing the breast-conserving rate, de-es-
calating axillary surgery, and allowing treat-
ment reorientation in patients with tumor 
progression.8 Pathologic complete response 
(pCR) after NAC has become a surrogate 
marker for both disease-free survival and 
long-term overall survival.9,10 However, his-
tological analysis of surgical specimens, the 
gold standard for response evaluation, is only 
accessible following the completion of NAC 
treatment.11 Thus, evaluating the response to 
chemotherapy early in the treatment course 
to more accurately forecast the likelihood of 
achieving pCR in patients with TNBC could 
help clinicians modify ineffective treatments 
or avoid unnecessary treatment escalation.12 
Imaging methods for predicting the re-
sponse to NAC include ultrasound (US), mag-
netic resonance imaging (MRI), and positron 
emission tomography (PET).13,14 Compared 
with MRI and PET, US is more cost-effective 
and suitable for repeated evaluation during 
NAC, playing a pivotal role in detecting treat-
ment response.15 Nevertheless, few studies 
have examined the correlation between pCR 
in TNBC and US features, highlighting the 
need for further investigation into US as an 
early predictor of NAC response.

Radiomics is a new field of computer-aid-
ed technology that extracts and analyzes a 
large number of quantitative medical image 
features that are difficult for the human eye 
to detect, applying these features for clini-
cal decision-making  to enhance diagnostic 
accuracy.16,17 Previous studies have shown 
that radiomics can be used to detect dis-
ease status, evaluate the response to NAC, 
and provide valuable information on cancer 

aggressiveness.18-20 For the assessment and 
prediction of early NAC response, radiomics 
nomograms based on MRI are most wide-
ly used, with limited studies utilizing US for 
therapeutic evaluation.21 We hypothesized 
that an early radiomics nomogram combin-
ing US features, clinical findings, and a radio-
mics signature (RS) could provide additional 
information to estimate the pCR in patients 
with TNBC.

Therefore, this study aimed to develop an 
early US-based radiomics nomogram to pre-
dict pCR after NAC in patients with TNBC. 

Methods

Patients in this study

The retrospective study was approved by 
the Ethics Committee of The First Affiliated 
Hospital of Nanjing Medical University, and 
the requirement for informed consent was 
waived. The approval number was 2023-
SR-799 and approval date was 28 February 
2024. A total of 412 consecutive patients 
with pathologically confirmed TNBC who 
underwent NAC at our institution between 
September 2019 and January 2024 were 
considered, and 84 were excluded. All pa-
tients received eight cycles of NAC (taxane- 
and anthracycline-based chemotherapy 
regimens) followed by surgery. The inclusion 

criteria were (i) biopsy-confirmed TNBC with-
out distant metastasis, (ii) US examination 
performed prior to NAC, (iii) US examination 
performed after two cycles of NAC, (iv) avail-
ability of complete clinicopathologic and US 
data, and (v) surgery performed after com-
pletion of NAC. The exclusion criteria were 
(i) a history of other tumors, (ii) incomplete 
NAC or surgery performed at an external 
institution, (iii) lack of pre-NAC or post-two-
cycle NAC US data, (iv) poor-quality US imag-
es, and (v) presence of multiple or non-mass 
lesions. Ultimately, 328 eligible patients (age 
range: 20–82 years; mean age: 49.4 years) 
were included and randomly assigned to 
training and validation cohorts at a ratio of 
7:3. The training cohort consisted of 230 pa-
tients (pCR: 82, non-pCR: 148), and the vali-
dation cohort consisted of 98 patients (pCR: 
32, non-pCR: 66). The study flowchart is pre-
sented in Figure 1.

Ultrasound imaging acquisition and anal-
ysis

All breast US examinations were per-
formed at two time points: before NAC and 
after two cycles of NAC, using either MyLab 
Twice (Esaote S.P.A., Italy) or Samsung RS80A 
(Samsung Medison Co. Ltd., Seoul, South Ko-
rea) equipment. The US features collected 
included the three largest tumor dimensions 
(length, width, and height) in transverse and 

Main points

•	 A clinico-ultrasonic model combining his-
tologic grade and tumor volume reduction 
after two cycles of neoadjuvant chemother-
apy (NAC) is associated with treatment effi-
cacy in patients with triple-negative breast 
cancer (TNBC).

•	 A radiomics signature derived from ultra-
sound (US) features shows excellent po-
tential for predicting pathologic complete 
response in patients with TNBC.

•	 An early US-based radiomics nomogram 
demonstrates favorable performance in 
predicting NAC efficacy and may assist cli-
nicians in identifying potential poor patho-
logical responders. Figure 1. Flowchart showing the study exclusion criteria. TNBC, triple-negative breast cancer; NAC, 

neoadjuvant chemotherapy; US, ultrasound.
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longitudinal views, calcification, posterior 
echo, blood flow, and axillary lymph node 
status. Measurements were obtained by 
two experienced breast sonographers (each 
with >5 years of work experience) who were 
blinded to the clinical information. 

The tumor volume reduction (TVR) per-
centage between the pre-NAC and after two 
cycles of NAC was calculated using the for-
mula:12

where V0 is the pre-NAC tumor volume 
and V2 is the tumor volume after two cycles 
of NAC.

Clinicopathologic data acquisition and 
analysis

Clinical and pathological information, 
including age, menstrual status, and histo-
logic grade, was collected from institutional 
archives. TNBC was defined by negative ex-
pression of the estrogen receptor, progester-
one receptor, and HER-2. For HER-2 assess-
ment, immunohistochemistry scores of 0 or 
1+ were classified as HER-2 negative, and 
tumors with immunohistochemical staining 
of 2+ that lacked HER-2 amplification by flu-
orescence in situ hybridization were also de-
fined as HER-2 negative.22

Chemotherapy and pathologic response 
evaluation

All included patients received four cycles 
of epirubicin and cyclophosphamide once 
every 2 weeks, followed by four additional 
cycles of either the same regimen or tax-
ane-based treatment. In this study, the US 
response was evaluated after the first two 
cycles of epirubicin and cyclophosphamide. 
Surgical specimens were assessed by pathol-
ogists. pCR was defined as the absence of 
invasive carcinoma in the breast and axillary 
lymph nodes, with ductal carcinoma in situ 
permitted (ypT0/is ypN0). 

Radiomics signature construction

The radiomics workflow is illustrated in 
Figures 2a and 2b. Pre-treatment US data 
were collected for the region of interest (ROI) 
segmentation and feature extraction for all 
included patients. An experienced breast so-
nographer manually defined the ROI at the 
maximal diameter plane along the tumor 
contour on the US images using ITK-SNAP 
Version 3.6.0 (www.itksnap.org). Feature 
stability was assessed by calculating the 
intraclass correlation coefficient (ICC), and 

features with an ICC <0.80 were eliminated. 
To avoid overfitting in reducing the redun-
dancy and dimensionality process, the least 
absolute shrinkage and selection operator 
(LASSO) regression algorithm was used to 
screen for features associated with pCR pre-
diction. The development of the RS involved 
the linear combination of the corresponding 
coefficients from the validation and training 
cohorts. 

Development and validation of the nomo-
gram

Clinical data and US features that could 
indicate candidate risk factors for pCR were 
identified using univariate analysis, and 
those with P < 0.05 were subsequently in-
corporated into multiple logistic regression. 
Features with P < 0.05 were considered sta-
tistically significant. The clinical and US risk 
factors were then used to build a clinico-ul-
trasonic model. 

The early US-based radiomic nomogram 
was created based on the RS and the clini-
co-ultrasonic characteristics. Therefore, 
three preoperative prediction models were 
fitted in the training cohort: (i) RS model, (ii) 
clinico-ultrasonic model (clinical factors plus 
US features), and (iii) early US-based radio-
mics nomogram (RS plus clinico-ultrasonic 
model).

Receiver operating characteristic (ROC) 
curve analysis and the area under the curve 
(AUC) were used to evaluate the three mod-

els’ diagnostic performance. Delong’s valida-
tion was then applied to compare the AUCs 
between models and ascertain whether 
there were any notable variations in their 
diagnostic performance. The concordance 
index (C-index) was used to evaluate nomo-
gram performance, where a C-index value of 
0.5 denoted a random chance and 1.0 denot-
ed an exact differentiation of the outcome. 
The Hosmer–Lemeshow test was used to 
evaluate differences between the anticipat-
ed and actual data. The calibration curve of 
the nomogram was plotted for the training 
and validation groups to assess the consis-
tency of the predicted probabilities of pCR 
with the actual results. Ultimately, by calcu-
lating the net benefit at various threshold 
probabilities, a decision curve analysis was 
conducted to evaluate the clinical validity of 
the radiomics nomogram model.

Statistical analysis

All statistical tests were performed using 
SPSS software (version 26.0; IBM, Armonk, 
NY, USA) and R software (version 4.1.2), and a 
two-tailed P < 0.05 was deemed statistically 
significant. Quantitative variables were com-
pared between the training and validation 
cohorts using the t-test. Categorical variables 
were compared using Fisher’s exact test or 
the chi-square test. Continuous variables 
were presented as mean ± standard devia-
tion. The LASSO logistic regression analysis 
was performed using the glmnet package. 
The ROC curve was plotted using the pROC 

Figure 2. (a) Radiomics workflow and (b) study flowchart. US, ultrasound; ROI, region of interest.

a

b
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package. The nomogram, calibration curves, 
and decision curve were created using the 
rms and rmda software packages. The Hmisc 
package was used to calculate the C-index.

Results

Patient characteristics and clinico-ultrason-
ic model

A total of 328 patients meeting the eligi-
bility criteria between September 2019 and 
January 2024 were included. The overall pCR 
rate was 34.76% (114 of 328). There was no 

significant difference in pCR rates between 
the training and validation cohorts [35.7% 
(82/230) and 32.7% (32/98), respectively, P 
= 0.602; Table 1]. Histologic grade and TVR 
were significantly associated with pCR rate 
(both P < 0.05), and multiple logistic regres-
sion analysis revealed that both variables 
were independent clinical risk predictors for 

Table 1. Clinical, histopathological, and US characteristics of the patients in the training and validation cohorts

Characteristics Training cohort (n = 230) P Validation cohort (n = 98) P

pCR (n = 148) non-pCR (n = 82) pCR (n = 66) non-pCR (n = 32)

Age (years, mean ± SD) 49.2 ± 11.8 49.8 ± 9.7 0.692 49.9 ± 9.2 48.4 ± 10.0 0.471

Histologic grade

I–II 42 (28.4%) 40 (48.8%)
0.002

15 (22.7%) 21 (65.6%)
<0.001

III 106 (71.6%) 42 (51.2%) 51 (77.3%) 11 (34.4%)

Menopausal status

Premenopausal 76 (51.4%) 55 (60.4%)
0.008

34 (51.5%) 12 (37.5%)
0.192

Postmenopausal 72 (48.6%) 36 (39.6%) 32 (48.5%) 20 (62.5%)

US-reported tumor size (mm)

≤20 18 (12.2%) 14 (17.1%)

0.284

3 (4.5%) 3 (9.4%)

0.64620–50 106 (71.6%) 60 (73.2%) 52 (78.8%) 24 (75%)

>50 24 (16.2%) 8 (9.7%) 11 (16.7%) 5 (15.6%)

Calcification

Non-calcification 86 (58.1%) 44 (53.7%)
0.514

33 (50%) 21 (65.6%)
0.145

Calcification 62 (41.9%) 38 (46.3%) 33 (50%) 11 (34.4%)

Posterior echo

No change 59 (39.9%) 36 (43.9%)

0.591

33 (50%) 17 (53.1%)

0.964
Enhancement 24 (16.2%) 17 (20.7%) 18 (27.3%) 9 (28.1%)

Shadowing 41 (27.7%) 17 (20.7%) 9 (13.6%) 4 (12.5%)

Mixed 24 (16.2%) 12 (14.7%) 6 (9.1%) 2 (6.3%)

Blood flow grade

0–I 25 (16.9%) 16 (19.5%)
0.619

7 (10.6%) 4 (12.5%)
0.781

II–III 123 (83.1%) 66 (80.5%) 59 (89.4%) 28 (87.5%)

Resistant index

≤0.7 53 (35.8%) 39 (47.6%)
0.081

22 (33.3%) 11 (34.4%)
0.918

>0.7 95 (64.2%) 43 (52.4%) 44 (66.7%) 21 (65.6%)

The number of US-reported abnormal lymph nodes

None 20 (13.5%) 13 (15.9%)

0.157

5 (7.6%) 2 (6.3%)

0.835
≤3 34 (23%) 27 (32.9%) 24 (36.4%) 9 (28.1%)

3–9 71 (48%) 27 (32.9%) 29 (43.9%) 16 (50%)

>9 23 (15.5%) 15 (18.3%) 8 (12.1%) 5 (15.6%)

Lymph node short/long axis ratio

≤0.5 82 (55.4%) 48 (58.5%)
0.646

34 (51.5%) 16 (50%)
0.888

>0.5 66 (44.6%) 34 (41.5%) 32 (48.5%) 16 (50%)

Lymph node type

Presence of lymphatic gates 85 (57.4%) 58 (70.7%)
0.046

43 (65.2%) 15 (46.9%)
0.084

Disappearance of the lymphatic portal 63 (42.6%) 24 (29.3%) 23 (34.8%) 17 (53.1%)

TVR

<80% 138 (93.2%) 43 (52.4%)
<0.001

56 (84.8%) 19 (59.4%)
0.007

≥80% 10 (6.8%) 39 (47.6%) 10 (15.2%) 13 (40.6%)

SD, standard deviation; pCR, pathologic complete response; US, ultrasound; TVR, tumor volume reduction.
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pCR (both P < 0.05; Table 2). The clinico-ul-
trasonic model developed from these two 
variables performed well in both the training 
cohort [AUC: 0.773; 95% confidence interval 
(CI): 0.711–0.835] and the validation cohort 
(AUC: 0.77; 95% CI: 0.674–0.866). Typical US 
images from patients with pCR and non-pCR 
are presented in Figure 3.

Development and validation of the radiom-
ics signature model

From the pre-NAC US images, 766 radio-
mics features were initially extracted. Using 
LASSO regression, these were reduced to 12 
features with non-zero coefficients. The ICC 
showed good reproducibility for selected ra-
diomics feature extraction. A heatmap (Fig-
ure 4a) illustrates the pairwise correlations 
between the selected radiomics features. 
The formula for the final imaging omics score 
is as follows: 

The specific coefficient (α) and charac-
teristics (F) are shown in Figure  4c. Patients 
achieving pCR had significantly higher Rad-
scores than those without pCR in both co-
horts (all P < 0.01, Figure 4b). The RS model 
exhibited good predictive performance with 
an AUC of 0.742 (95% CI: 0.678–0.806) in the 
training cohort and 0.758 (95% CI: 0.646–
0.870) in the validation cohort.

Development and performance of the ra-
diomics nomogram

Histologic grade, TVR, and RS were used 
to construct the early US-based radiomics 
nomogram (Figure  5), which showed excel-
lent discriminatory power with an AUC of 
0.836 (95% CI, 0.807–0.905) in the training 
cohort and 0.856 (95% CI, 0.749–0.923) in the 
validation cohort (Figures  6a and 6b). The 
radiomics nomogram outperformed both 
the clinico-ultrasonic model (AUC: 0.773, P < 
0.05) and the RS model (AUC values of 0.742, 

P < 0.05) in the training cohort (Table 3). The 
nomogram also performed well in the vali-
dation cohort (AUC: 0.856 vs. 0.770, 0.758; P 
< 0.05). The C-index value for predicting pCR 

was 0.85 in the training cohort and 0.81 in 
the validation cohort. Calibration curves for 
both cohorts showed good alignment with 
the ideal curve (Figures 6c and 6d), and the 

Figure 3. Grey-scale US images. (a, b) The three largest tumor dimensions in the transverse and longitudinal 
images before NAC. (c, d) The three largest tumor dimensions in the transverse and longitudinal images 
after two cycles of NAC. The patient completed neoadjuvant systemic therapy, and surgical pathology 
confirmed a pCR. (e, f) The three largest tumor dimensions in the transverse and longitudinal images before 
NAC. (g, h) The three largest tumor dimensions in the transverse and longitudinal images after two cycles of 
NAC. The patient completed neoadjuvant systemic therapy, and surgical pathology confirmed a non-pCR. 
US, ultrasound; NAC, neoadjuvant chemotherapy; pCR, pathologic complete response.

Figure 4. (a) Heatmap of selected radiomics features from the training cohort (GLSZM, grey level size zone 
matrix; NGTDM, neighboring gray tone difference matrix). (b) Comparison of Radscores between the pCR 
and non-pCR groups in the training and validation cohorts. (c) Features selected using LASSO regression. 
pCR, pathologic complete response; LASSO, least absolute shrinkage and selection operator.

a b

c

Table 2. Multiple logistic regression analysis of risk factors for pCR

Characteristics Training cohort (n = 230) Validation cohort (n = 98)

β Odds ratio (95% CI) P β Odds ratio (95% CI) P

Intercept −0.546 −0.022

Histologic grade

I–II 1 (ref ) 1 (ref )

III −1.050 0.350 (0.183 to 0.668) 0.001 −1.855 0.156 (0.059 to 0.411) <0.001

TVR

<80% 1 (ref ) 1 (ref )

≥80% 2.626 13.821 (6.195 to 30.837) < 0.001 1.318 3.734 (1.270 to 10.977) 0.017

pCR, pathologic complete response; CI, confidence interval; TVR, tumor volume reduction.
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Hosmer–Lemeshow test indicated no sig-
nificant differences (P = 0.470 and 0.623). 
Decision curve analysis (Figure  6e) demon-
strated that the early US-based radiomics 
nomogram enhanced the prediction of pCR 
in breast cancer across a wide range of risk 
threshold probabilities. 

Discussion
In this study, we developed and validat-

ed an early US-based radiomics nomogram 
that integrates clinical data, US features, and 
RS derived from grayscale US images. The 
nomogram yielded satisfactory predictions, 
with an AUC of 0.856 in the training cohort 
and 0.836 in the validation cohort, outper-
forming both the clinico-ultrasonic and RS 
models. 

Previous studies have shown that over-
estimating the extent of residual disease in-
volvement can lead to unnecessary surgical 
expansion, whereas underestimating the re-
sidual cancerous area may result in positive 
margins and tumor recurrence after NAC in 
TNBC.8,10,23,24 However, pathological findings 
from surgical specimens, considered the 
gold standard for evaluating NAC effective-
ness, are only available after completing che-
motherapy. Early prediction of NAC efficacy 
is therefore essential to allow appropriate 
therapy adjustments for potentially poor 
NAC responders. US, MRI, and PET have been 
investigated in several recent trials to track 
NAC efficacy, but US, being non-invasive and 
easily accessible, has an edge over other im-
aging modalities in predicting early tumor 
response.25 A recent study confirmed that 
combining US features with clinicopatholog-
ic factors can accurately predict pCR preop-
eratively in breast cancer.15,26 Therefore, we 
combined clinical prediction factors and US 
features to develop a clinico-ultrasonic mod-
el to predict pCR in patients with TNBC. 

Our findings demonstrated a strong 
correlation between histologic grade and 
pCR rate in tumors, consistent with recent 
studies.27,28 Jung et al.29 demonstrated that 
tumors with high histologic grade are asso-
ciated with improved pCR rates in patients 
with breast cancer due to their elevated mi-
totic index, supporting our findings. Ni et al.30 
showed that the changes in maximum tumor 
diameter after two cycles of NAC, four cycles 
of NAC, and six cycles of NAC were all inde-
pendent predictors of pCR (P = 0.017, 0.005 
and 0.009), though they did not evaluate TVR 
across the three largest tumor dimensions, 
which may be more accurate than predicting 
NAC efficacy from a single dimension. Adra-

da et al.12 reported that a reduction of 80% or 
more in tumor volume after two NAC cycles 
predicted pCR in patients with TNBC. Gu et 
al.31 also stated that the percentage reduc-
tion in tumor volume after four cycles was 
associated with early NAC response in breast 
cancer patients. 

In our study, the optimum cut-off point 
on the ROC curve was based on the maximal 
value of the Youden index, and we set the 
TVR cut-off point to 80%. In the training co-
hort, the pCR rate was 69.2% (36 of 52) in pa-
tients with TVR ≥80% and 25.8% (46 of 178) 

Figure 6. (a, b) ROC comparisons of the clinico-ultrasonic model, RS model, and radiomics nomogram in 
the training and validation cohorts. (c, d) Calibration curves of the radiomics nomogram in the training and 
validation cohorts. (e) Decision curve of the RS model, clinico-ultrasonic model, and radiomics nomogram. 
ROC, receiver operating characteristic; RS, radiomics signature; pCR, pathologic complete response.     

a

c

b

d

e

Figure 5. Development of the US-based radiomics nomogram for predicting pCR in TNBC. The nomogram 
integrates histologic grade, TVR, and RS. US, ultrasound; TNBC, triple-negative breast cancer; TVR, tumor 
volume reduction; RS, radiomics signature.
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in patients with TVR <80%. Multiple logistic 
regression analysis confirmed TVR as an inde-
pendent risk factor (P < 0.001). Thus, clinical 
and US features can serve as excellent low-
cost predictors in estimating early response 
in patients with TNBC. No other clinico- 
ultrasonic factors related to pCR in TNBC 
were found in this study, possibly due to the 
low number of patients enrolled.

Radiomics, a computer-aided technolo-
gy, uses digital medical images to quantify 
tumor heterogeneity, converting those fea-
tures into a series of mathematical data.16,32 
Recent studies have shown that radiomics 
analysis can be used for breast cancer sub-
type differentiation, therapeutic decision 
making, and axillary lymph node metastasis 
prediction.33-36 Compared with MRI, US im-
ages are less expensive, simpler, and easier 
to obtain for preoperative pCR evaluation, 
offering substantial potential clinical and fi-
nancial advantages. In this study, the final RS 
calculation formula was constructed based 
on twelve selected radiomics features to 
predict pCR before surgery in patients with 
TNBC, revealing excellent predictive perfor-
mance with an AUC of 0.742 in the training 
cohort and 0.758 in the validation cohort.

The final twelve radiomics features in-
cluded one shape-based, four first-order 
statistical, and seven texture-based features. 
Among them, the three most valuable were 
the neighboring gray tone difference matrix 
(NGTDM) coarseness and first-order mean 
and energy. First-order mean and energy 
measured the frequency distribution of the 
pixel intensity for the zones.37 In our study, 
the mammary gland signal intensity cor-
related with the pCR rate among patients 
with TNBC. Higher mean and energy may be 
observed in TNBC non-pCR compared with 
pCR. The NGTDM coarseness is determined 
by the variations between voxels in adjacent 
image planes.38 Current research indicates bi-
ological differences between responsive and 

non-responsive tumors, as evidenced by the 
decreased NGTDM coarseness in pCR com-
pared with non-pCR. In addition, nine other 
features provided crucial insights into tumor 
physiology and the microenvironment of 
pCR, with its multiple tissue components.

Recent advances in radiomics nomo-
grams emphasize the prognostic value of 
tumor and axillary lymph node status as-
sessment following NAC, thereby informing 
treatment strategy decisions and avoiding 
unnecessary surgery.39 Consequently, to pro-
vide an accurate individualized prediction 
of pCR, we developed a clinically applicable 
nomogram that integrates clinical data, US 
features, and RS. Our early US-based radio-
mics nomogram demonstrated appropriate 
calibration and excellent discrimination. It 
outperformed the RS and clinic-ultrasonic 
models, exhibiting superior predictive per-
formance and net benefit in both the train-
ing and validation datasets. Therefore, the 
nomogram serves as a non-invasive preop-
erative predictive tool for pCR, helping clini-
cians identify patients with poor response to 
NAC and enabling consideration of alterna-
tive therapies for chemotherapy-insensitive 
patients with TNBC. These findings highlight 
the clinical value of the nomogram. 

However, several limitations of this study 
should be acknowledged. First, this was a 
retrospective, single-center study, and fu-
ture studies should involve larger sample 
sizes and multicenter data. Second, manual 
ROI segmentation is time-consuming; a fully 
automatic tool to encourage the clinical ap-
plication of a nomogram should be explored. 
Third, elastography and contrast-enhanced 
US examinations were not included, poten-
tially limiting lesion information and affect-
ing the accuracy of the clinico-ultrasonic 
model for predicting pCR in TNBC.40 Fourth, 
due to the exclusion criteria, patients with 
multiple cancers or non-mass lesions, and 
those who lacked pre-NAC or post-two-cy-

cle NAC US data were excluded, potentially 
resulting in selection bias. Future studies 
should address these limitations to further 
refine the current model.

In conclusion, we developed and validat-
ed an early US-based radiomics nomogram 
to predict the likelihood of pCR in patients 
with TNBC. This tool may assist clinicians in 
formulating personalized treatment and 
identifying patients with a high probability 
of achieving pCR.
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ABSTRACT
Cardiothoracic surgery, including coronary artery bypass grafting, valve replacement, and trans-
plantation, has considerably advanced, improving patient survival and outcomes. However, 
non-pulmonary postoperative complications remain a major concern, contributing to morbidity 
and mortality. These complications encompass cardiovascular events, vascular injuries, infections, 
and device-related issues that can severely impact recovery. Early diagnosis and timely interven-
tion are crucial to mitigating risks and improving patient outcomes. Advanced imaging modalities 
such as computed tomography, magnetic resonance imaging, and echocardiography play a pivotal 
role in identifying and characterizing complications before clinical deterioration occurs. This review 
highlights the spectrum of acute non-pulmonary complications following cardiothoracic surgery, 
emphasizing the diagnostic value of imaging in guiding clinical decision-making. By improving 
the awareness of imaging findings associated with postoperative complications, radiologists and 
clinicians can facilitate early detection, enabling prompt surgical or medical interventions. A multi-
disciplinary approach that integrates imaging surveillance with clinical assessment is essential for 
optimizing patient care and reducing long-term morbidity.

KEYWORDS
Abscess, aorta, bypass, cardiac, cardiac catheterization, complications, computed tomography, dis-
section, endocarditis, hemorrhage, infection, mediastinum, surgery

Cardiothoracic surgery–such as coronary artery bypass grafting (CABG), valve replace-
ment, and transplantation–has greatly evolved in both technique and perioperative 
care.1,2 Despite being lifesaving, these complex procedures carry risks, especially when 

comorbidities are present.2 Non-pulmonary postoperative complications–including vascular, 
infectious, and structural problems–can considerably affect recovery, morbidity, and mortal-
ity. Early detection and prompt management are critical. Imaging techniques such as chest 
radiography, computed tomography (CT), and magnetic resonance imaging (MRI) are vital 
for identifying complications, often before clinical symptoms arise.3-6 Radiologists play a key 
role by enabling timely interventions such as surgical revisions or targeted therapies (Table 1). 
This review examines acute non-pulmonary complications following cardiothoracic surgery, 
highlights the diagnostic value of imaging, and explores strategies for improving outcomes 
through interdisciplinary collaboration.

2. Non-pulmonary complications 

2.1. Cardiovascular complications

Cardiovascular complications considerably contribute to morbidity and mortality after 
cardiothoracic surgery. Key concerns include myocardial infarction (MI), cardiac tamponade, 
graft stenosis or occlusion, and pseudoaneurysms. Early detection with advanced imaging 
and prompt intervention are critical for optimal patient outcomes.
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a. Hemopericardium and cardiac tamponade

Cardiac tamponade is a life-threatening 
complication of cardiovascular surgery, com-
monly caused by surgical trauma, vascular 
injury, or anticoagulation.3,5 Blood or fluid ac-
cumulates in the pericardial space, raising in-
trapericardial pressure and compressing the 
heart, thereby compromising cardiac output. 
Prompt recognition is essential to avert circu-
latory collapse, and imaging findings are cru-
cial in detecting and assessing the severity of 
tamponade.7,8 On chest radiography, a mark-
edly enlarged, globular (water bottle) car-
diac silhouette suggests considerable peri-
cardial effusion.8,9 Echocardiography is vital 
for identifying pericardial fluid and signs of 
cardiac chamber compression, such as right 
ventricular or right atrial collapse.7 CT can 
delineate hyperattenuating or complex fluid 
collections indicative of hemopericardium, 
locate potential bleeding sources, and reveal 
secondary signs of tamponade, including 
inferior vena cava distension (Figure 1).5 MRI 
further characterizes fluid composition and 
evaluates myocardial function.10 Urgent peri-
cardiocentesis is the primary intervention 
to evacuate the effusion and relieve cardiac 
compression. If substantial hemorrhage per-

sists or the source of bleeding is unclear, sur-
gical exploration may be needed.7

b. Myocardial infarction

MI is an uncommon but serious complica-
tion of cardiothoracic surgery. Postoperative 
MI can complicate not only CABG but also 
other cardiac operations–including valve 
replacement/repair, resection of intracardi-
ac masses, and complex congenital or aortic 
procedures–due to ischemia–reperfusion in-
jury, graft or native‑vessel occlusion, or em-
bolization.5 Perioperative MI occurs in about 
2%–10% of patients undergoing CABG, 
underscoring the importance of early and 
accurate detection.11 Recent diagnostic algo-
rithms highlight postoperative troponin el-
evation as a crucial prognostic marker, even 
without overt ischemic symptoms.12 Echocar-
diography is the first-line imaging modality, 
offering rapid assessment of cardiac function 
and wall motion. Coronary CT angiography 
(CTA) provides rapid, non‑invasive evaluation 
of native coronary arteries, assesses bypass 
graft and stent patency, and demonstrates 
low‑attenuation subendocardial perfusion 
defects or hypo‑enhancement indicative of 
acute or evolving MI (Figure 2 and Supple-
mentary Figure 1). Cardiac MRI quantifies in-
farct size, transmurality, and location; detects 
microvascular obstruction and hemorrhage; 
visualizes edema and acute injury; differen-
tiates viable from non‑viable myocardium 
for revascularization decisions; and flags 
early complications such as thrombus, papil-
lary‑muscle infarction, septal defect, and ad-
verse remodeling when performed in hemo-
dynamically stable patients.13,14 Treatment 
focuses on prompt revascularization with 
percutaneous coronary intervention or reop-
erative CABG, supplemented by antiplatelet 
therapy, anticoagulants, beta-blockers, and 
other medical support.12 A multidisciplinary 
approach that integrates advanced imaging 
with timely intervention is vital for optimal 
patient outcomes.

c. Cardiac thrombus

Cardiac thrombus is a serious postoper-
ative complication, occurring in 1%–6% of 
cardiothoracic surgeries, particularly in valve 
replacements or procedures involving pros-
thetic devices.15 Thrombi often form due to 
intraoperative endothelial injury, blood sta-
sis, or hypercoagulability and carry a high 
risk of embolic events such as stroke or pul-
monary embolism.5,15 Echocardiography is 
the primary imaging method for detecting 
these thrombi, with transesophageal echo-

cardiography (TEE) considered the gold 
standard, because it can reveal hyperecho-
ic masses attached to cardiac structures or 
prosthetic valves.16 Cardiac CT effectively 
identifies filling defects within heart cham-
bers, especially in the left atrial append-
age (Figure 3 and Supplementary Figure 2), 
whereas cardiac MRI uses late gadolinium 
enhancement (LGE) with extended inversion 
times (TI approximately 600 ms at 1.5T) to 
improve thrombus detection and assess its 
composition and surrounding flow dynam-
ics.14,16 Management typically involves an-
ticoagulation therapy to prevent thrombus 
growth and embolization, although surgical 
removal may be necessary if there is consid-
erable hemodynamic risk or embolic poten-
tial.16 Timely imaging and diagnosis are es-
sential for guiding intervention and reducing 
life-threatening complications.

d. Coronary artery bypass grafting compli-
cations

CABG complications include graft oc-
clusion, which affects 10%–15% of patients 
within the first month (Figure 2). Early oc-
clusion often arises from endothelial injury, 
platelet dysfunction, or hypercoagulability, 
whereas late occlusion is largely driven by 
atherosclerosis. Venous grafts are especially 
prone to failure, with more than half occlud-
ing within 15 years.17 Recent studies show 
dual antiplatelet therapy can lower early 
occlusion risk, emphasizing the importance 
of optimal postoperative medical manage-
ment.12,17 Graft stenosis, often localized to 
anastomotic sites, compromises perfusion. 
However, refined surgical techniques and 
intraoperative imaging have reduced its in-
cidence, prolonging graft durability.18 Less 
frequently, pseudoaneurysms (occurring 
early from suture line disruption or infection) 
and true aneurysms (developing later from 
atherosclerosis) can arise (Figure 4). Both 
carry risks of rupture, thrombosis, or fistula 
formation and require urgent intervention.19 
Advances in surveillance imaging, including 
CTA and Doppler ultrasound, allow early de-
tection and guide timely surgical or endovas-
cular repair.

2.2. Vascular and hemorrhagic complica-
tions 

Vascular and hemorrhagic complications 
are critical events that can have severe con-
sequences in the postoperative period fol-
lowing cardiothoracic surgery. Prompt iden-
tification and management are essential to 
avoid catastrophic outcomes. 

Main points

•	 Non-pulmonary complications after cardio-
thoracic surgery, including cardiovascular, 
vascular, infectious, and device-related is-
sues, substantially impact patient recovery 
and outcomes. Early diagnosis and inter-
vention are crucial to reducing morbidity 
and mortality.

•	 Cardiovascular issues such as myocardial 
infarction, cardiac tamponade, and throm-
bus formation, as well as vascular problems 
such as hemothorax and aortic dissection, 
require prompt detection through imag-
ing techniques such as echocardiography, 
computed tomography (CT), and magnetic 
resonance imaging (MRI) to prevent severe 
outcomes.

•	 Postoperative infections, including medi-
astinitis, surgical site infections, and endo-
carditis, pose considerable risks. Sternoto-
my-related complications, such as sternal 
dehiscence and osteomyelitis, necessitate 
early recognition using CT and MRI for effec-
tive management.

•	 Prosthetic valves, pacemakers, and left 
ventricular assist devices (LVADs) can de-
velop dysfunction, infections, or mechan-
ical failures. Imaging plays a crucial role in 
detecting issues such as valve thrombosis, 
pacemaker lead displacement, and LVAD-as-
sociated thrombi.
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Table 1. Non-pulmonary postoperative complications following cardiothoracic surgery and imaging findings

Complication category Complication Imaging findings

Cardiovascular Hemopericardium and cardiac 
tamponade

Radiograph: Globular (water bottle) silhouette 
Echo: Pericardial effusion with chamber collapse 
CT: Hyperattenuating pericardial fluid, active bleeding 
MRI: Hemorrhagic vs. serous characterization

Cardiovascular Myocardial infarction
Echo: Wall motion abnormalities 
CT: Graft occlusion, myocardial hypoenhancement 
MRI: Infarct size, edema, hemorrhage, MVO

Cardiovascular Cardiac thrombus
TEE: Hyperechoic mass on valve/chamber 
CT: In-chamber filling defect 
MRI: Thrombus vs. tumor with LGE

Cardiovascular CABG complications CT: Graft stenosis, pseudoaneurysm 
Doppler US: Turbulent or absent graft flow

Vascular and hemorrhagic Hemothorax
Radiograph: Opacification, effusion 
US: Hyperechoic pleural fluid 
CT: Hyperdense pleural fluid, active extravasation

Vascular and hemorrhagic Mediastinal hemorrhage Radiograph: Mediastinal widening 
CT: High-density mediastinal fluid, active extravasation (multiphase imaging)

Vascular and hemorrhagic Aortic dissection CT: Intimal flap, double lumen 
MRI: Intimal flap, thrombus, late-stage complications

Vascular and hemorrhagic Aortic graft complications CT: Pseudoaneurysm, endoleak, thrombosis 
Doppler US: Graft stenosis

Infectious Mediastinitis Radiograph: Mediastinal widening, gas 
CT: Rim-enhancing abscess, wire displacement, osteomyelitis

Infectious Surgical site infections US: Fluid collection 
CT: Abscess, deep tissue gas

Infectious Endocarditis and bloodstream 
infections

TEE: Vegetations, abscesses 
CT: Septic emboli, vegetations, pseudoaneurysm 
PET-CT: Prosthetic valve infection, emboli

Sternotomy Sternal dehiscence Radiograph: Wire displacement, sternal gap 
CT: Malalignment, hardware failure

Sternotomy Sternal wound infection CT: Bone destruction, abscess 
MRI: Marrow edema, early osteomyelitis

Sternotomy Hardware failure Radiograph: Wire fracture/migration 
CT: Displacement, associated infection

Device-related Valve prosthesis dysfunction
TEE: Leak, dehiscence 
CT: Thrombosis, pannus, calcification 
MRI: Leak quantification, inflammation

Device-related Pacemaker/ICD malfunction
Radiograph: Lead migration 
Echo: Pericardial effusion 
CT: Lead/device malposition, hemorrhage

Device-related LVAD related complications Echo: Thrombus, flow obstruction 
CT: Device thrombosis, debris, kinking, infection

Postoperative syndromes Post-pericardiotomy syndrome
Radiograph: Enlarged silhouette, effusion 
Echo: Pericardial effusion 
MRI: Pericardial edema, effusion, inflammation

Postoperative syndromes Post-sternotomy syndrome CT: Chronic Bone changes 
MRI: Edema, infection, dehiscence

Neurological Phrenic nerve injury
Radiograph: Elevated hemidiaphragm 
Fluoroscopy: Paradoxical motion 
MRI: Diaphragm atrophy

Neurological Recurrent laryngeal nerve injury Laryngoscopy: Vocal cord paralysis 
CT/MRI: Nerve compression, edema

Neurological Brachial plexus injury MRI: Plexus thickening, T2 hyperintensity, avulsion, pseudomeningocele

CT, computed tomography; MRI, magnetic resonance imaging; US, ultrasonography; TEE, transesophageal echocardiography; PET, positron emission tomography; ICD, 
implantable cardioverter defibrillator; LVAD, left ventricular assist devicess; MVO, microvascular obstruction.
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a. Hemothorax (non-pulmonary origin)

Hemothorax is a serious postoperative 
complication of cardiothoracic surgery, of-
ten resulting from iatrogenic vessel injury, 

vascular graft failure, or bleeding from car-
diac structures, with anticoagulation further 
heightening the hemorrhage risk.1-3 Patients 
commonly present with acute hemoglobin 
decline, respiratory distress, hypotension, 

and diminished breath sounds, requiring 
prompt intervention to avoid hypovolemic 
shock or respiratory failure. Although most 
cases occur early in the postoperative period, 
delayed hemothorax can develop weeks lat-
er, emphasizing the importance of extended 
monitoring in high-risk patients.3,4 Imaging is 
pivotal for diagnosis. A chest radiograph may 
show rapid, diffuse opacification of the hemi-
thorax, whereas ultrasound offers a valuable 
bedside tool, revealing fluid collections of 
varying echogenicity. On non‑contrast tho-
racic CT, hemothorax is characterized by 
hyperattenuating pleural collections–typi-
cally 30–60 Hounsfield units (HU)–that layer 
dependently and may demonstrate internal 
septations or fluid–fluid levels (Figure 5). 
When CTA is performed, active extravasation 
appears as a focal contrast blush within the 
pleural space, and injured thoracic aortic 
branches or intercostal vessels can often be 
localized to the site of vascular leak. In de-
layed cases, it can also characterize hemato-
ma progression and identify complications 
such as infection or loculated collections.3-6 
Management typically involves thoracosto-
my drainage, surgical exploration if ongoing 
bleeding is suspected, and supportive mea-
sures such as blood transfusion and correc-
tion of coagulopathies.20

b. Mediastinal hemorrhage

Mediastinal hemorrhage is a life-threat-
ening complication of cardiac surgery, 
occurring in approximately 3.8% of cases 
requiring re-sternotomy for bleeding.1,21 It 
typically results from intraoperative vascular 
injury involving the pulmonary arteries, in-
ternal thoracic arteries, or azygos vein, as well 
as postoperative coagulopathy.3-5,21 Clinically, 
patients may present with hemodynamic 
instability, chest pain, and radiographic me-
diastinal widening, all of which necessitate 
urgent intervention to prevent progressive 
blood accumulation that can lead to cardiac 
tamponade, respiratory compromise, or fatal 
compression of mediastinal structures. De-
layed diagnosis is associated with increased 
mortality, emphasizing the critical need for 
prompt imaging and treatment. Chest radi-
ography may reveal mediastinal widening 
but lacks specificity. CT provides a more de-
finitive evaluation, demonstrating high-den-
sity mediastinal fluid and identifying poten-
tial bleeding sources. Multiphase CT with 
non-contrast, arterial, and venous phase 
imaging is particularly useful for localizing 
active bleeding, assessing compression of 
adjacent structures, and guiding therapeutic 
decisions (Figure 6).3-7 Management requires 

Figure 1. A 62-year-old male status post-robotic coronary artery bypass surgery. (a) Axial and (b) sagittal 
CT images demonstrate a loculated right pericardial hematoma (arrows; attenuation of 37 HU) causing 
considerable compression of the right ventricle, concerning for tamponade. LV, left ventricle; RVOT, right 
ventricular outflow tract; RA, right atrium; CT, computed tomography; HU, Hounsfield units.

a b

Figure 3. A 74-year-old female status post-mitral valve replacement. Axial and coronal CT images 
demonstrate an intermediate attenuated lesion most consistent with thrombus along the interatrial 
septum (solid arrows) and a prosthetic mitral valve, consistent with thrombus (dashed arrows) within the left 
atrium, as well as a left atrial appendage thrombus (red arrow). Follow-up echocardiography demonstrated 
complete resolution of the thrombus. CT, computed tomography.

a b

Figure 2. A 66-year-old male status post-coronary artery bypass surgery. (a, b) Axial and (c) coronal CT 
images demonstrate an anterior (prevascular) mediastinal postoperative changes with areas of fat stranding 
(*) and thrombotic occlusion (white arrows) of the aorto-obtuse marginal coronary artery bypass grafting 
(red arrows). CT, computed tomography.

a b c
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immediate surgical exploration to control 
hemorrhage, with interventional radiolo-
gy techniques such as vessel embolization 
serving as a less invasive alternative in select 

cases. Hemodynamic stabilization through 
volume resuscitation and blood product ad-
ministration is essential to support circula-
tion and prevent further deterioration.21 

c. Aortic dissection and pseudoaneurysms

Aortic dissection and pseudoaneurysms 
are rare but severe complications following 
cardiac or aortic surgery, each carrying high 
morbidity and mortality. Aortic dissection, 
occurring in 0.06%–0.23% of procedures, 
typically arises from intraoperative aortic wall 
trauma during cannulation, cross-clamping, 
or graft anastomosis (Figure 7 and Supple-
mentary Figure 3). Chest pain is common but 
may be overshadowed by nonspecific symp-
toms such as hypertension or vague discom-
fort, making early detection challenging; in-
traoperative TEE can help identify dissections 
promptly.22 

Pseudoaneurysms, affecting 2%–3% of 
aortic repairs, often form at anastomotic sites 
due to technical imperfections, infection, or 
graft dehiscence, posing risks of rupture, 
thrombosis, or compression. On CTA, true 
aneurysms are broad-necked dilations of all 
three vessel layers with smooth or scalloped 
walls and peripheral calcifications, whereas 
pseudoaneurysms are narrow-necked, irreg-
ular saccular outpouchings with wall disrup-
tion, periaortic hematoma, and lobulated 
margins. CTA is the preferred diagnostic tool 
for both conditions, distinguishing pseudo-
aneurysms from true aneurysms and delin-
eating dissection flaps, lumina, and branch 
vessel involvement (Figure 8). Cardiac MRI 
improves the evaluation of chronic aortic 
disease by providing cine images for precise 
measurement of lumen and flap motion; 
phase‑contrast flow quantification to de-
tect false lumen thrombosis or branch com-
promise; T1/T2 black‑blood and mapping 
sequences to distinguish thrombus or he-
matoma; LGE to identify wall inflammation, 
fibrosis, or pseudoaneurysm integrity; and 
simultaneous assessment of aortic regurgi-
tation and ventricular function.3-5,10 Manage-
ment involves urgent surgical repair or endo-
vascular stenting, combined with stringent 
blood pressure control to prevent progres-
sion. Early imaging and timely intervention 
are critical to avert hemodynamic instability 
and life-threatening hemorrhage.23

d. Aortic vascular graft complications

Aortic vascular graft complications–graft 
rupture, thrombosis, pseudoaneurysms, 
infection, and endoleaks–pose major risks 
after aortic aneurysm repair or dissection 
surgery.3,5,24-26 Though rare, graft rupture 
can trigger sudden hemodynamic collapse, 
requiring emergency surgery. Thrombosis, 
presenting as limb pain, pulse deficits, or 
organ dysfunction from distal ischemia, is 

Figure 4. A 48-year-old female status post-robotic coronary artery bypass surgery. (a) Axial and 
(b) multiplanar reformat coronary CT angiography images demonstrate a partially thrombosed (*) 
pseudoaneurysm of the aorto-left circumflex coronary artery bypass grafting (white arrows). Wall 
irregularities of the bypass graft are also noted (red arrows). CT, computed tomography.

a b

Figure 5. A 66-year-old male status post-heart transplant presenting with hemoptysis. (a) The immediate 
postoperative chest radiograph shows expected post-surgical findings. (b) Chest radiograph obtained 24 
hours after surgery demonstrates a new broad-based density in the right upper hemithorax (circle). (c) 
Chest CT angiography reveals the opacity corresponding to a loculated hemothorax. A bronchial occluder 
extends into the left mainstem bronchus (arrowhead), which is filled with hemorrhagic debris (arrows). The 
left lung is entirely consolidated. CT, computed tomography.

a b c

Figure 6. A 79-year-old female status post-transcatheter aortic valve replacement (red arrow). (a) Non-
contrast, (b) arterial, and (c) venous phase chest CT images demonstrate arterial contrast extravasation 
within a periaortic collection, with contrast pooling on the venous phase (yellow arrows), consistent with 
aortic rupture. The collection contains areas of hyperdensity on the non-contrast image, suggestive of acute 
blood products/thrombus. CT, computed tomography.

a b c
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tempered by improved anticoagulation and 
endovascular thrombectomy. Pseudoaneu-
rysms often arise from anastomotic leaks or 
graft degradation and carry a high rupture 
risk, but endovascular stent-graft placement 
offers a minimally invasive alternative to 
open repair.26 Graft infections, frequently in-
volving Staphylococcus species, require com-
bined medical and surgical management, 
including antibiotics, debridement, and pos-
sible graft replacement (Figure 9).24,25

Endoleaks–a unique complication of en-
dovascular aneurysm repair–persist in 20%–
30% of cases and are classified into 5 types 
based on etiology: type I (inadequate proxi-
mal/distal seal), type II (collateral retrograde 
flow), type III (graft junction failure), type IV 
(graft material porosity), and type V (endoten-
sion with sac expansion).27 Unaddressed 
endoleaks risk aneurysm sac enlargement 
and rupture, necessitating vigilant surveil-
lance. CTA is pivotal for diagnosis, offering 
high-resolution visualization of graft integ-
rity, thrombus formation, pseudoaneurysm 
morphology, and endoleak flow dynamics. 
Endoleak evaluation requires a three‑phase 
CTA protocol: an unenhanced scan to distin-
guish calcifications or thrombus from con-
trast, an arterial‑phase acquisition at 30–40 s 
post-injection to detect high‑flow (type  I/
III) endoleaks and active contrast blush, 
and a delayed (venous) phase at 60–120  s 
to identify low‑flow (type  II) endoleaks that 
may only opacify on later images (Figure 10). 
Early imaging-guided intervention–whether 
endovascular coil embolization for type II en-
doleaks, stent relining for pseudoaneurysms, 
or antimicrobial therapy for infections–is 
critical to avert life-threatening sequelae. 
Structured postoperative surveillance proto-
cols, including serial CTA, ensure timely iden-
tification of complications, underscoring the 
synergy between radiologists and surgeons 
in optimizing patient outcomes.26,27

2.3. Infectious complications 

Non-pulmonary infectious complications 
pose critical threats to recovery after cardio-
thoracic surgery, driving morbidity and mor-
tality through conditions such as mediastini-
tis, surgical site infections (SSIs), bloodstream 
infections (BSIs), and device-associated in-
fections (e.g., prosthetic valve endocarditis). 
Risk factors span preoperative (e.g., diabe-
tes, obesity), intraoperative (e.g., prolonged 
surgery duration, immunosuppression), and 
postoperative (e.g., inadequate wound care) 
variables. 

Figure 7. A 57-year-old male status post-left ventricular assist device placement (white arrow). (a) Aortic 
multiplanar reformatted chest CT angiography and (b) three-dimensional volume-rendered CT image 
demonstrate a dissection flap extending through the upper ascending aorta and descending thoracic aorta 
(red arrows). CT, computed tomography.

a b

Figure 8. A 63-year-old man with a history of infective endocarditis and composite aortic valve graft 
with aortic root replacement (Bentall procedure). (a) Chest CT angiography images in a left ventricular 
outflow tract view and corresponding axial view through the aortic valve demonstrate multiple aortic 
pseudoaneurysms (arrowheads). (b) A three-dimensional volume-rendered thoracic CT angiography image 
also highlights the aortic pseudoaneurysms (arrowheads). CT, computed tomography.

a b

Figure 9. A 73-year-old male status post-aortic endovascular repair. (a, b) Axial and (c) sagittal CT 
angiography images demonstrate air surrounding the endograft (white arrows) within the excluded lumen, 
which exhibits an irregular thickened wall and pathological contrast-enhancement (black arrows). (d, e) 
Axial FDG-PET/CT images show corresponding FDG uptake (arrowheads), consistent with endovascular 
graft infection. CT, computed tomography; FDG-PET, fluorodeoxyglucose positron emission tomography.
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a. Mediastinitis

Mediastinitis is a rare but life-threaten-
ing complication of cardiothoracic surgery, 
affecting 0.4%–5% of cases and occurring 
more frequently after median sternotomy, 
such as in CABG or valve replacement. Risk 
factors include diabetes, obesity, prolonged 
mechanical ventilation, and Staphylococcus 
aureus colonization.28 Clinical signs often ap-
pear 2–4 weeks postoperatively, featuring fe-
ver, sternal instability, purulent drainage, and 
chest pain. Delayed diagnosis increases mor-
tality beyond 20%.29 Imaging is key for early 
detection, and chest radiography can show 
mediastinal widening, air–fluid levels, or new 
air collections, but it lacks specificity. CT is 
preferred, revealing mediastinal fluid collec-
tions, gas bubbles, soft tissue fat stranding, 
rim-enhancing abscesses, and possible ster-
nal wire displacement or osteomyelitis (Fig-
ure 11).3,5,28 Management requires prompt 
intravenous broad-spectrum antibiotics, sur-
gical debridement, and drainage of any ab-
scesses. Negative-pressure wound therapy 
aids in wound management, and early diag-
nosis and aggressive treatment are essential 
to lower mortality.

b. Surgical site infections

SSIs arise in 1%–8% of cardiothoracic sur-
geries, with rates influenced by procedure 
complexity and patient risk factors. They 
range from superficial infections–limited to 
skin and subcutaneous tissue–to deep in-
fections involving muscle, fascia, or internal 
structures. Superficial SSIs typically present 
with localized redness, pain, swelling, and 
purulent discharge, whereas deep SSIs may 
exhibit systemic signs such as fever, leukocy-
tosis, and hemodynamic instability.29 Imag-
ing is critical in identifying deep infections. 
Ultrasound effectively detects fluid collec-
tions suggestive of abscesses, whereas CT 
scans provide detailed views of deep-seated 
infections, including fluid collections, gas, 
and inflammatory changes (Supplementary 
Figure 4).3,5 Treatment depends on infection 
severity: superficial infections often respond 
to local wound care and targeted antibiotics, 
whereas deep infections usually require sur-
gical debridement, drainage, and systemic 
antimicrobial therapy.29

c. Endocarditis and bloodstream infections

Endocarditis is a serious complication 
of BSIs, especially in patients who undergo 
cardiothoracic surgery with extended hos-
pital stays or invasive procedures.30,31 The 
risk of infective endocarditis (IE) differs by 

pathogen, with certain Streptococcus species 
(e.g., S. sanguinis, S. mutans) linked to higher 
susceptibility. BSIs affect 2%–5% of postop-
erative patients, commonly stemming from 
catheter-related infections or mediastinitis, 
with S. aureus, coagulase-negative staphylo-
cocci, and gram-negative bacilli as frequent 
culprits. Clinically, IE may present with new 
murmurs, embolic events, or heart failure, re-
quiring swift recognition and management.30 

TEE is the gold standard for diagnosing IE, 
providing high-resolution visualization of 
vegetations, abscesses, and prosthetic valve 
involvement. When echocardiography is 
inconclusive, cardiac MRI serves as the sec-
ond-line test, particularly valuable in native 
valve IE or suspected myocardial/septic 
embolic extension. Guideline-endorsed flu-
orodeoxyglucose positron emission tomog-

raphy/CT is preferred for prosthetic valve 
or device-related IE, culture-negative cas-
es, and whole-body embolic surveys, with 
peri-annular hyperuptake beyond 3 months 
post-surgery confirming infection and extra-
cardiac foci guiding antibiotic duration.30,31 
Cardiac CT–beyond identifying extracardiac 
septic emboli–directly visualizes perivalvu-
lar complications (abscesses, pseudoaneu-
rysms, fistulae) and valve vegetations on 
both native and prosthetic valves, thereby 
enhancing diagnostic confidence when 
echocardiography is inconclusive (Figure 
12).31 Treatment involves a prolonged course 
of pathogen-targeted intravenous antibiot-
ics. Surgical intervention may be necessary 
for prosthetic valve endocarditis, substantial 
valvular dysfunction, or abscess formation to 
avert further complications.30,31 

Figure 10. The images illustrate the common types of endoleaks and their corresponding CT findings.

• Type I (inadequate proximal/distal seal): Contrast extravasation into the excluded lumen at the proximal 
(red arrows) and distal (white arrow) stent margins. A residual dissection flap is noted in the distal descending 
segment (arrowheads).

• Type II (collateral retrograde flow): Retrograde contrast flow from the proximal left subclavian artery (white 
arrow) into the excluded false lumen (red arrows) with layering of bright contrast.

• Type III (graft junction failure): Outpouching of contrast (asterisk) extending into the excluded lumen 
across angulated and separated stent components (arrowhead).

• Type V (endotension with sac expansion): Mildly increased cross-sectional stent dimensions on follow-up.
CTA (bottom right image), consistent with progressive sac expansion. CT, computed tomography; CTA, CT 
angiography.

Figure 11. A 62-year-old male status post-coronary artery bypass grafting. (a) Chest radiograph demonstrates 
misaligned sternotomy hardware (arrows), fractured wires (short arrow), and dislodged screws (circle). (b, c) 
Coronal and sagittal chest CT images show a thick-walled air and fluid collection (asterisk) centered on the 
diastatic sternotomy (double arrow), consistent with an abscess. Associated inflammatory changes in the 
overlying anterior chest wall are also noted (dotted circle). CT, computed tomography.

a b c
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2.4. Sternotomy complications

Sternotomy complications considerably 
affect patient recovery and pose a challenge 
due to their potential to cause severe mor-
bidity and prolong hospital stay.

a. Sternal dehiscence

Sternal dehiscence, seen in 1%–3% of 
cardiothoracic surgeries, involves partial or 
complete separation of the sternum.32 Com-
mon causes include inadequate fixation, in-
fection (e.g., mediastinitis), or poor wound 
healing, and it often arises within weeks of 
surgery, presenting with instability, crepitus, 
pain, or swelling. Untreated cases can prog-
ress to mediastinitis, sepsis, or respiratory 
compromise. Imaging is crucial for early de-
tection. Chest radiographs may show wire or 
plate displacement, sternal malalignment, or 
widening between sternal edges. CT offers 
a more detailed assessment of sternal align-
ment, wire integrity, and complications such 
as soft tissue edema, fluid collections, or ab-
scesses (Figure 11 and Supplementary Figure 
5).32,33 Treatment depends on severity. Mild 
dehiscence may be managed conservative-
ly with chest binders and physical therapy, 
whereas severe cases often require surgical 
re-closure with reinforced fixation, vacu-
um-assisted closure, and targeted antibiotic 
therapy.32 

b. Sternal wound infection and osteomyelitis

Sternal osteomyelitis, a serious complica-
tion occurring in 0.5%–1% of median ster-
notomies, typically arises from deep sternal 
wound infections or mediastinitis.29,32,34 Risk 
factors include prolonged operative times, 
diabetes, obesity, immunosuppression, and 
bilateral internal mammary artery grafting. 
Patients may present with persistent chest 
pain, localized erythema, swelling, purulent 
discharge, and systemic signs such as fever 
or leukocytosis. In advanced cases, sternal in-
stability and fistula formation can lead to sys-
temic sepsis or chronic osteomyelitis.34 Early 
imaging is essential. Chest radiography may 
reveal sternal separation, and ultrasound 
can detect fluid collections or abscesses. CT 
provides detailed views of bone destruction, 
periosteal reactions, and soft tissue involve-
ment, whereas MRI is highly sensitive for 
early marrow edema (Figure 11 and Sup-
plementary Figure 6). Nuclear imaging, in-
cluding bone scintigraphy, helps clarify am-
biguous findings.32,33 Management involves 
prolonged, culture-targeted intravenous an-
tibiotics and extensive surgical debridement 

to remove necrotic tissue and infected bone. 
In cases of considerable bone loss or non-
union, reconstructive surgery with muscle 
or omental flaps may be necessary to restore 
stability.35

c. Hardware failure (wire, plates, and 
screws) and malposition

Hardware failure and malposition of 
sternal fixation devices occur in 1%–5% of 
post-sternotomy cases, often caused by 
mechanical stress, improper placement, or 
patient-related factors such as osteoporo-
sis, obesity, infection, or inadequate surgical 
technique.32,33 Fractured or displaced wires, 
loose screws, or misaligned plates can weak-
en sternal stability, increasing the risk of car-
diac injury, sternal dehiscence, poor healing, 
chronic pain, or soft tissue irritation. Chest 
radiography helps identify broken or migrat-
ed wires, whereas CT offers a more detailed 
view of wire placement and related com-
plications such as dehiscence or infection 
(Figure 11 and Supplementary Figure 5).32,33 
Management varies according to severity. 
Symptomatic broken or migrated wires may 
need removal, and substantial sternal insta-
bility may require re-wiring or alternative 
fixation to restore structural integrity and 
support healing.35 

2.5. Device-related complications

Device-related complications can occur 
due to malfunction, migration, infection, or 
mechanical issues associated with medical 
devices utilized during or after cardiotho-
racic surgery. Early identification and appro-
priate management are crucial to ensuring 
patient safety and recovery.

a. Valve prosthesis complications

Prosthetic valve dysfunction, which may 
present as stenosis, paravalvular leaks, or 
dehiscence, can arise from mechanical fail-
ure, thrombosis, pannus formation, or IE. 
Mechanical valves are particularly prone to 
thrombosis if anticoagulation is subopti-
mal, whereas bioprosthetic valves are more 
susceptible to structural deterioration (e.g., 
leaflet tearing, calcification) and non-struc-
tural issues (e.g., paravalvular leaks from tis-
sue ingrowth).31,36 Distinguishing between 
structural and non-structural dysfunction 
via imaging is critical to prevent heart fail-
ure or thromboembolic events. Echocardi-
ography is the primary diagnostic tool, with 
TEE offering enhanced visualization of small 
thrombi and leaks. CT cine reconstructions 
depict leaflet excursion, opening angle, and 
restricted mobility, enabling the detection 
of structural degeneration, flail segments, or 
stuck leaflets. Density analysis further differ-
entiates pannus (mixed tissue >145 HU) from 
thrombus (low attenuation <90 HU), where-
as high-resolution 3D maps reveal paraval-
vular abscesses, pseudoaneurysms, fistulae, 
and dehiscence and quantify cusp, leaflet, 
and annular calcification–an early marker of 
bioprosthetic failure (Figures 8, 9).31 Cardiac 
MRI offers a radiation‑free problem‑solving 
tool that can accurately measure paraval-
vular leak regurgitant volume and jet direc-
tion when echocardiography is equivocal, 
and LGE with T1/T2 mapping characterizes 
peri‑annular inflammation or abscess when 
CT findings are indeterminate.31,36,37 Treat-
ment depends on the underlying problem: 
anticoagulation for thrombosis, targeted an-
tibiotics for IE, and surgical revision or valve 

Figure 12. A 54-year-old female status post-surgical aortic valve repair. (a, b) Multiplanar reformatted CT 
angiography images demonstrate a sizeable filling defect (black arrows) adjacent to the metallic aortic valve 
(red arrow), consistent with a vegetation and perivalvular density and indicative of infective endocarditis. 
CT, computed tomography.

a b
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replacement for severe dysfunction, substan-
tial leaks, or ongoing infection.36

b. Pacemaker or implantable cardioverter 
defibrillator complications

Pacemaker or implantable cardioverter 
defibrillator malfunction poses considerable 
risks for patients who rely on these devices 
for arrhythmia management. Common caus-
es include lead displacement, battery deple-
tion, infection, and pulse generator failure. 
Lead displacement may cause syncope, 
dizziness, or heart block, and infections typ-
ically present with local erythema, swelling, 
or fever. Battery depletion, often identified 
during routine device interrogation, can lead 
to sudden pacing or defibrillation failure if 
left unresolved.37,38 Prompt recognition and 
intervention are vital to avert life-threaten-
ing arrhythmias, sepsis, or total device failure. 
Chest radiography is the first-line imaging 
modality to assess lead positioning, detect 
fractures, and identify generator or lead mi-
gration. Echocardiography helps evaluate 
intracardiac lead placement and potential 
complications such as pericardial effusion or 
hemopericardium. CT provides a more de-
tailed view of device and lead placement, as 
well as related issues such as hematomas or 
infections (Figure 13).37,38 Management de-
pends on the underlying problem. Displaced 
or fractured leads often need repositioning 
or replacement, whereas infections require 
antibiotic therapy and, in severe cases, de-
vice removal.38 

c. Left ventricular assist device complica-
tions

Acute complications, including bleed-
ing, infection, right ventricular failure, or 
thrombosis, following left ventricular assist 
device (LVAD) implantation can affect up to 
15%–30% of patients within the first month. 
Thrombosis is a key concern, often triggered 

by biodebris–microscopic particles from 
mechanical components–that cause micro-
emboli, endothelial damage, and clot forma-
tion. These factors increase the risk of throm-
boembolic events, pump thrombosis, and 
device malfunction.39 Clinically, patients may 
present with hemodynamic instability, wors-
ening heart failure, or neurologic deficits. 
Sudden power surges or suction alarms often 
suggest pump thrombosis or biodebris accu-
mulation; elevated D-dimer further supports 
the diagnosis. Although aortic root thrombi 
usually appear later, they can emerge early, 
warranting vigilant monitoring.39,40 

Imaging is crucial for diagnosing LVAD-re-
lated complications. Echocardiography eval-
uates device flow, detects thrombus forma-
tion, and assesses ventricular function and 
pump integrity in real time. Although CT 
offers a detailed view of device positioning, 
structural connections, and associated issues 
such as biodebris, thrombosis, infection, or 
mechanical failure, CT images are often lim-
ited by beam‑hardening and streak artifacts 
from the device components (Figure 14 and 
Supplementary Figures 7, 8).39 Management 
depends on the underlying cause: anticoag-
ulation therapy for pump thrombosis, target-
ed antibiotics (and possible device removal) 
for infection, and transfusion or surgical in-
tervention for bleeding. Device exchange or 
repair may be necessary for mechanical fail-
ures. Current protocols emphasize a multidis-
ciplinary approach–optimizing anticoagula-
tion, employing endovascular interventions, 
and conducting structured imaging surveil-
lance–ensuring close collaboration between 
radiologists and cardiologists for timely diag-
nosis and treatment.39

2.6. Postoperative syndromes

Postoperative syndromes encompass var-
ious symptoms and conditions following car-
diothoracic surgery, affecting recovery and 

quality of life. Early recognition and manage-
ment are crucial for optimizing outcomes.

a. Post-pericardiotomy syndrome

Post-pericardiotomy syndrome (PPS) 
typically develops days to weeks after car-
diothoracic surgery involving pericardial ma-
nipulation, triggered by an autoimmune or 
inflammatory response. Affecting 9%–29% 
of adult patients, PPS presents with fever, 
pleuritic chest pain, pericardial or pleural 
effusions, and elevated inflammatory mark-
ers.41 Imaging is key, and chest radiographs 
may reveal an enlarged cardiac silhouette or 
pleural effusions, whereas echocardiography 
confirms effusions and rules out tamponade. 
CT and MRI can further detail pericardial 
edema and complex fluid collections (Figure 
15).42 Management centers on reducing in-
flammation and symptoms, with non-steroi-
dal anti-inflammatory drugs (NSAIDs) as the 
first-line therapy and colchicine often added 
to prevent recurrence. Corticosteroids may 
be used in refractory cases, and pericardio-
centesis is indicated for large or symptomatic 
effusions.41 

Figure 13. A 66-year-old man with a history of type B aortic dissection, status post-implantable cardioverter-
defibrillator placement. (a, b) Axial and (c) coronal CT images demonstrate right atrial perforation by 
the pacer lead (red arrow) with associated peri-atrial hemorrhage and fat stranding (*). CT, computed 
tomography.

a b c

Figure 14. A 65-year-old man with left ventricular 
assist device (LVAD)-specific infection. (a, b) Axial 
chest CT images demonstrate irregular wall 
thickening of the LVAD outflow cannula with 
surrounding fat stranding (white arrows), ill-defined 
fluid collection (black arrows), and overlying skin 
thickening (arrowheads), consistent with an LVAD-
related infection. (c) Status post-LVAD explant 
and heart transplant, with recurrent air and fluid 
collections in the mediastinum and chest wall 
(asterisk), compatible with an abscess. CT, computed 
tomography.

a b
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b. Post-sternotomy syndrome

Post-sternotomy syndrome is a com-
plex complication after median sternotomy, 
marked by chronic pain, inflammation, and 
delayed wound healing that impair recov-
ery and quality of life. It affects about 30% 
of patients, with chronic pain often stem-
ming from surgical trauma to the sternum, 
intercostal nerves, or soft tissues, whereas in-
flammation may result from tissue irritation, 
infection, or reactions to sternal hardware.43 
Imaging–using chest radiography, CT, bone 
scans, or MRI–is essential for assessing ster-
nal integrity and detecting issues such as 
fractures, hardware loosening, dehiscence, 
osteomyelitis, or mediastinitis.32 Treatment 
focuses on pain control and functional recov-
ery through medications (NSAIDs, opioids, 
gabapentin, or pregabalin), physical therapy, 
rehabilitation, and psychological support.43 

2.7. Neurological complications

Neurological complications after cardio-
thoracic surgery, including stroke, transient 
ischemic attacks, cognitive dysfunction, sei-
zures, and nerve injuries, can severely affect 
recovery and quality of life. Early detection 
and prompt management are crucial for op-
timal outcomes.

a. Phrenic nerve injury

Phrenic nerve palsy complicates 1%–5% 
of cardiothoracic surgeries, especially those 
with extensive pericardial manipulation. 
It typically results from direct nerve inju-
ry, thermal damage, or traction, leading to 
diaphragmatic dysfunction. Patients may 
experience dyspnea, orthopnea, or re-
duced exercise tolerance, especially if they 
have underlying cardiopulmonary issues.44 

Chest radiographs usually show an elevated 
hemidiaphragm, and a fluoroscopic sniff test 
reveals paradoxical movement. Ultrasound 
provides real-time evaluation of diaphragm 
motion, whereas CT can detect secondary 
effects such as atelectasis or reduced lung 
volume, and MRI offers detailed soft tissue 
assessment in complex cases.3 Most patients 
benefit from conservative measures such 
as breathing exercises and physical thera-
py, though non-invasive ventilation may be 
needed for considerable respiratory com-
promise. Surgical diaphragmatic plication is 
reserved for refractory cases to improve re-
spiratory mechanics and quality of life.44

b. Recurrent laryngeal nerve injury

Recurrent laryngeal nerve injury compli-
cates 3%–10% of neck and upper mediasti-
nal surgeries, especially in oncologic and re-
operative cases.45 It most commonly occurs 
during thyroidectomy, parathyroidectomy, 
esophagectomy, or thoracic aortic proce-
dures. Unilateral injury leads to hoarseness, 
vocal fatigue, and aspiration, whereas bilat-
eral damage can cause severe airway ob-
struction requiring urgent care. Diagnosis is 
based on clinical evaluation and direct vocal 
cord visualization via flexible laryngoscopy, 
with CT and MRI used to detect compres-
sive lesions. Management ranges from voice 
therapy and speech rehabilitation to injec-
tion laryngoplasty, and in persistent cases, 
advanced surgical options such as medial-
ization thyroplasty, arytenoid adduction, or 
reinnervation may be necessary.45

c. Brachial plexus injury

Brachial plexus injury is a rare but seri-
ous complication of cardiothoracic surgery, 

often due to excessive arm traction, poor 
positioning, or direct trauma during sternal 
retraction. Prolonged hyperextension or ag-
gressive retraction increases the risk.46 Pa-
tients may experience weakness, paresthe-
sia, or pain in the shoulder, arm, or hand, and 
severe cases can lead to paralysis, muscle 
atrophy, and limited motion. Diagnosis re-
lies on electromyography, nerve conduction 
studies, and MRI–the gold standard for de-
tecting nerve damage. CT myelography and 
ultrasound can also be useful. Preganglionic 
(root-level) injury manifests as root avulsion, 
empty nerve root sleeves, or pseudomenin-
gocele; post-ganglionic injury shows nerve 
thickening, discontinuity, or neuroma with 
focal T2 hyperintensity. Chronic denervation 
is reflected by muscle edema progressing to 
fatty atrophy of the paraspinal and shoulder 
girdle muscles.46,47 Treatment includes physi-
cal therapy, pain management, and surgery 
for severe cases, with orthotic devices pro-
viding additional support.46

In conclusion, non-pulmonary postop-
erative complications after cardiothoracic 
surgery can considerably affect recovery 
and morbidity if not identified and treated 
promptly. Imaging is essential for detecting 
and monitoring these conditions, including 
cardiovascular issues (e.g., graft failure, peri-
cardial effusions), infections (e.g., mediasti-
nitis, sternal osteomyelitis), and device-re-
lated complications (e.g., lead displacement, 
anastomotic leaks) (Table 1). Advanced 
techniques such as cardiac MRI and CTA 
have transformed non-invasive evaluation, 
enabling precise anatomical and functional 
assessments of vascular conduit stenosis and 
prosthetic valve dysfunction. These insights 
facilitate timely, targeted interventions.
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Supplementary Figure 1. A 73-year-old male status post-coronary artery bypass grafting. (a) Coronal three-
dimensional (3D) and (b) axial computed tomography angiography images demonstrate a completely 
thrombosed saphenous vein graft (SVG) (white arrows), with only the residual most proximal portion of the 
graft remaining (black arrow). A patent SVG graft to the right coronary artery is seen arising from the right 
side of the ascending aorta (white arrows), along with a partially imaged left internal mammary artery graft 
(red arrows).

a b

Supplementary Figure 2. A 55-year-old male status post-left ventricular assist device placement. (a) Axial, 
(b) sagittal, and (c) coronal CT angiography images demonstrate a hypodense lesion within the left sinus of 
Valsalva, consistent with thrombus (red arrows). CT, computed tomography.

a b c

Supplementary Figure 3. A 65-year-old female status post-intra-aortic balloon pump placement. (a) Axial 
non-contrast, (b) axial arterial phase, and (c) aortic multiplanar computed tomography angiography images 
demonstrate an intimal defect within the left aortic arch, consistent with a mural hematoma (red arrows).

a b c
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Supplementary Figure 4. A 65-year-old female status post-left ventricular assist device (LVAD) placement. 
(a) The initial axial chest computed tomography (CT) image demonstrates an unremarkable appearance 
of the LVAD driveline. (b) Follow-up axial chest CT image reveals increased soft tissue density (arrows) 
surrounding the LVAD driveline in the anterior abdominal wall, and (c) corresponding ultrasound image 
shows a fluid collection with surrounding echogenic fat and hyperemia, consistent with an abscess.

a b c

Supplementary Figure 5. A 79-year-old male status post-coronary artery bypass grafting. (a) Early 
postoperative chest radiograph demonstrates aligned sternotomy wires and plates (arrows) with expected 
postoperative changes and devices. (b) Chest radiograph obtained 1 day postoperatively shows marked 
rightward displacement of the sternal wires and plates (white arrows), representing a change from the 
initial postoperative radiograph. A fractured lower wire is also noted (black arrow). (c) Axial chest computed 
tomography (CT) image reveals bilateral pleural effusion, sternal dehiscence, and a peristernal fluid 
collection. (d) A three-dimensional (3D) volume-rendered chest CT image demonstrates sternal dehiscence 
with displaced sternal wires and plates (arrows).

a

c

b

d
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Supplementary Figure 6. A 49-year-old male status post-heart transplantation. (a) Axial chest computed 
tomography image with mediastinal window and (b) bone window settings demonstrates a localized 
abscess surrounding the sternal manubrium, with an anterior sinus tract extending to the skin (thin blue 
arrows). Sclerosis and erosive changes involving the right clavicular head (red arrow), and to a lesser extent, 
the sternal manubrium, are better visualized on the bone window image, suggesting osteomyelitis.

a

b

Supplementary Figure 7. A 61-year-old man with left ventricular assist device (LVAD) outflow cannula 
stenosis due to biodebris. (a, b) Axial and (c) coronal computed tomography images demonstrate 
considerable luminal stenosis of the LVAD outflow cannula caused by large biodebris (arrows).

a b c
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Supplementary Figure 8. A 63-year-old woman with left ventricular assist device (LVAD) outflow cannula 
stenosis due to kinking. (a) Axial computed tomography (CT) angiography and (b) three-dimensional 
volume-rendered CT angiography images demonstrate luminal stenosis of the LVAD outflow cannula 
caused by kinking (arrows). Surrounding fluid around the outflow cannula is also noted (arrowheads), which 
may suggest associated inflammation or serous collection.

a b
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Peripheral artery disease affects >200 million people globally.1 The incidence of chronic 
limb-threatening ischemia, the severe stage of the disease, is approximately 0.3% and 
can result in high rates of limb loss and mortality.2 In the treatment of below-the-knee 

(BTK) lesions, which are commonly seen in chronic limb-threatening ischemia cases, the pri-
mary goals are wound healing, pain relief, and limb salvage. The success of balloon angioplas-
ty -the first-line standard treatment method for BTK lesions- is adversely affected by flow-lim-
iting dissection and severe calcification. New methods continue to be investigated to improve 
the outcomes of balloon angioplasty.3
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PURPOSE
This study aimed to assess the optimal balloon diameter for intravascular ultrasound (IVUS)-guided 
balloon angioplasty in calcified below-the-knee (BTK) tibial artery lesions.

METHODS
Between February 2024 and April 2024, a retrospective review was conducted on 17 patients with 
Rutherford category 4-6 severely calcified tibial arteries with >70% stenosis, treated with IVUS-guid-
ed balloon angioplasty. Sequentially, 3 mm and then 3.5 mm diameter balloons were inflated. The 
minimum lumen diameter and area were measured before and after the procedure in the proximal, 
mid, and distal segments of the tibial arteries. One- and three-month follow-ups were conducted 
using Doppler ultrasound.

RESULTS
Significant increases in lumen diameter (P < 0.001 for all) and lumen area (P < 0.001, P = 0.003,  
P = 0.002, respectively) were observed in the proximal, mid, and distal segments of the BTK arteries 
following IVUS-guided 3.5 mm balloon angioplasty. Ultra-low iodinated contrast media was used 
[median 2 mL (range, 1–4 mL)]. Lumen area increase ratios were similar among the proximal, mid, 
and distal segments (P = 0.905). No target vessel revascularization, major amputation, or mortality 
was observed during follow-up. Wound healing was seen in 62.5% of the cases with foot ulcers.

CONCLUSION
In the treatment of calcified BTK tibial arteries, a gradual balloon diameter increase up to 3.5 mm in 
IVUS-guided balloon angioplasty is safe and effective.

CLINICAL SIGNIFICANCE
Gradual balloon diameter increase up to 3.5 mm under IVUS guidance in calcified BTK lesions 
demonstrates significant potential. It enables ultra-low contrast usage, provides low complication 
rates, and achieves high patency and limb salvage, along with satisfactory wound healing in the 
short term.
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The use of intravascular ultrasound (IVUS) 
has been deemed appropriate for all stages 
of endovascular procedures in tibial arter-
ies, including vessel sizing, stenosis severity, 
and occlusion assessment.4 Adding IVUS as 
an adjunct to conventional angiography in 
lower limb endovascular interventions im-
proves 1-year patency rates5 independently. 
Although the use of IVUS results in larger lu-
men measurements and consequently larger 
balloon sizes compared with angiography 
alone, balloons ranging from 2 to 3 mm in 
diameter are still preferred in tibial arteries 
to avoid vessel injury.6,7 In BTK lesions, calci-
fication surrounding the vessel wall is com-
mon. Although adjunctive treatments, such 
as atherectomy, intravascular lithotripsy, and 
specialty balloons, in addition to balloon an-
gioplasty, can reduce complications and im-
prove outcomes, they also result in increased 
costs and heterogeneous efficacy.8 Although 
some adjunctive methods to balloon angio-
plasty in BTK lesions may increase limb sal-
vage, 1-year patency rates remain similar.9 It 
has been noted that increasing balloon lu-
men size in circumferentially calcified lesions 
may not carry a high risk of vessel injury.10 
The use of IVUS in lower extremity endovas-
cular interventions significantly reduces the 
amount of contrast material required.11 In 
tibial arteries, the use of IVUS is recommend-
ed to minimize contrast material usage.4

The optimal treatment for calcified BTK 
lesions remains unclear. In the present study, 
we aim to achieve effective treatment of 
challenging calcified BTK lesions by using 
IVUS to facilitate safe and incremental appro-
priate balloon sizing, elucidate angioplasty 
efficacy through changes in lumen area, and 
minimize contrast material usage. Based on 
the hypothesis that larger balloons can be 
used safely and effectively for the endovas-
cular treatment of severely calcified BTK le-

sions with stand-alone balloon angioplasty, 
the study aims to determine the optimal bal-
loon diameter.

Methods

Study design

This single-center, retrospective study 
was conducted in accordance with the Dec-
laration of Helsinki after obtaining approval 
from the Ankara Bilkent City Hospital Insti-
tutional Review Board (decision number: 
TABED 2-24-224, date of approval: May 29, 
2024), and informed consent was waived due 
to the study’s retrospective nature. All con-
secutive patients who underwent IVUS-guid-
ed conventional balloon angioplasty for the 
treatment of severely calcified anterior tibial 
artery and posterior tibial artery lesions be-
tween February 2024 and April 2024 were 
reviewed. The study population comprised 
patients presenting with Rutherford catego-
ry 4–6 and severely calcified lesions causing 
>70% stenosis on digital subtraction angiog-
raphy (n = 17) (Figure 1).12

Intravascular ultrasound-guided balloon 
angioplasty procedure

After placing a 5F sheath in the ipsilat-
eral common femoral artery, 70 IU/kg of 
heparin was injected intra-arterially. A CO2 
angiography from the groin to the ankle 
was performed. Lesions were crossed using 
a 0.018-inch guidewire (Gladius; Asahi In-

tecc, Aichi, Japan). The nominal pressure of 
the 3 and 3.5 mm diameter semi-compliant 
balloons used over a 0.014-inch guidewire 
is 6 atm (Minerva, Guangdong, China). The 
balloons were selected to be 150 or 200 mm 
in length to cover the target lesions. A 3 mm 
diameter balloon was inflated at 6–8 atm 
pressure for 30 seconds in the target tibial 
artery. In all patients, including those with 
chronic total occlusion, the first IVUS proce-
dure was performed after 3 mm balloon di-
lation. Intraluminal imaging was conducted 
using a 20 MHz Eagle Eye Platinum ST cath-
eter (Philips Volcano, San Diego, USA). Sub-
sequently, a 3.5 mm diameter balloon was 
inflated at 4–6 atm pressure for 30 seconds. 
Afterward, intraluminal imaging was repeat-
ed with IVUS. At the end of the procedure, 
pedal arch patency was visualized using io-
dinated contrast material diluted with saline 
in a 1:4 ratio. No additional endovascular 
treatment methods were applied. Patients 
with wounds continued their medical treat-
ment with a wound care specialist team. In 
IVUS frames, the minimum lumen area was 
defined as the area measured in the section 
with the smallest lumen area in the proximal, 
mid, and distal segments separately, and the 
mean diameter in this section was defined 
as the minimum lumen diameter. IVUS mea-
surements were manually performed on the 
IVUS device by two radiologists with 20 years 
and 5 years of experience in consensus. The 
minimum lumen area and minimum lumen 

Main points

•	 This is the first report demonstrating the ef-
fectiveness of gradually increasing balloon 
size up to 3.5 mm in calcified tibial arteries 
by measuring the vessel lumen area with 
intravascular ultrasound (IVUS) before and 
after the procedure.

•	 The use of IVUS guidance in this approach 
almost eliminates the need for contrast ma-
terial, increasing the safety of the procedure.

•	 Balloon diameters larger than standard 
were successfully applied under IVUS guid-
ance, treating tibial arteries effectively from 
proximal to distal.

Figure 1. Flowchart of study population selection.
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diameter were measured with IVUS before 
and after 3.5 mm balloon angioplasty in the 
proximal, mid, and distal segments. Due to 
the posterior acoustic shadowing created by 
severe calcifications surrounding the vessel 
wall, the lumen area was measured by trac-

ing the inner boundary of the calcifications. 
When manual boundary drawing was per-
formed, the area and diameter values were 
automatically provided as output (Figures 
2-4). The severe calcification prevented the 
assessment of the internal and external elas-

tic lamina; therefore, the lumen area and di-
ameters were measured based on the inner 
border of the calcification. The lumen area 
measured before and after the procedure for 
the proximal, mid, and distal segments were 
compared to determine the lumen increase 
ratio. Thus, the efficacy of the 3.5 mm balloon 
angioplasty was assessed. In the IVUS imag-
es, vessel wall calcification was classified as 
≥180°–<270° or ≥270° degrees circumferen-
tial. In the one- and three-month follow-up 
imaging, a peak systolic velocity of <200 
cm/s in Doppler ultrasound was considered 
indicative of no significant restenosis.

Statistical analysis

Statistical analyses were performed using 
SPSS version 26.0 (IBM, IL, USA). The Shap-
iro–Wilk test was used to determine whether 
the data followed a normal distribution. Con-
tinuous variables were expressed as mean 
± standard deviation and median (range). 
Comparisons of pre- and post-procedure 
minimum lumen area and minimum lumen 
diameter in the proximal, mid, and distal tib-
ial artery segments were performed using 
Student’s t-test. The Kruskal–Wallis test was 
used to compare the increase in minimum 
lumen area post-procedure among these 
three segments. A P value of <0.05 was con-
sidered statistically significant.

Results

Baseline characteristics

In the study population of 17 patients 
(88.2% male, mean age 67.9 ± 8 years), the 
mean follow-up duration was 134.1 ± 12 
days (Table 1). All lesions were classified as 
category D according to the Trans-Atlantic 
Inter-Society Consensus classification. 

Procedural details

No complications, such as flow-limiting 
dissection, distal embolization, or vascular 
perforation, were observed during the pro-
cedure. IVUS revealed that 61.9% of the arter-
ies had circumferential calcification of ≥270°. 
Significant increases in lumen diameter (P < 
0.001 for all) and lumen area (P < 0.001, P = 
0.003, P = 0.002, respectively) were observed 
in the proximal, mid, and distal segments 
of the BTK arteries following IVUS-guided 
3.5 mm balloon angioplasty (Table 2). Mean 
lumen diameters of the BTK arteries in the 
proximal, mid, and distal segments following 
IVUS-guided 3.5 mm balloon angioplasty in-
creased by 0.47 mm, 0.53 mm, and 0.45 mm, 
respectively. However, there were no signif-

Figure 2. Measurement of minimum lumen diameter and area in intravascular ultrasound analysis of the 
calcified lesion in the proximal segment of the posterior tibial artery before (a) and after (b) 3.5 mm balloon 
angioplasty.

a b

Figure 3. Measurement of minimum lumen diameter and area in intravascular ultrasound analysis of the 
calcified lesion in the mid segment of the posterior tibial artery before (a) and after (b) 3.5 mm balloon 
angioplasty.

a b

Figure 4. Measurement of minimum lumen diameter and area in intravascular ultrasound analysis of the 
calcified lesion in the distal segment of the posterior tibial artery before (a) and after (b) 3.5 mm balloon 
angioplasty.

a b
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icant differences in the lumen area increase 
ratios among the proximal, mid, and distal 
segments (P = 0.905). Iodinated contrast ma-
terial was only used for visualizing the pedal 
arch at the end of the procedure (median 2 
mL; range 1–4 mL). The pedal arch was pat-
ent in all patients. 

Follow-up outcomes

Foot ulcers were present in 47.1% of 
the patients, and 62.5% of these wounds 
healed completely during the short-term fol-
low-up. All patients in Rutherford category 4 
showed an improvement of ≥1 point. At the 
4th month post-procedure, in a patient who 
experienced an increase in wound severity, 
the target vessel remained patent, but the 
occluded stents in the superficial femoral 
artery and external iliac artery were recan-

alized endovascularly. During the follow-up 
period, no restenosis, target vessel revascu-
larization, or amputation was observed. Fol-
low-up Doppler ultrasounds confirmed that 
all target vessels remained patent. No cases 
of contrast-induced nephropathy were ob-
served.

Discussion
In the endovascular treatment of calci-

fied BTK lesions with balloon angioplasty, 
determining the optimal balloon diameter 
to prevent vascular complications is a pri-
mary focus. In severely calcified lesions of 
the anterior tibial artery and posterior tibial 
artery, sequential balloon angioplasty with 3 
mm and then 3.5 mm diameters under IVUS 
guidance achieved better lumen expansion 
without vascular complications. Short-term 

follow-up showed high patency rates, sat-
isfactory wound healing, and effective limb 
salvage.

In studies investigating the efficacy of bal-
loon angioplasty in BTK lesions under IVUS 
guidance, the rate of severe calcification 
in tibial arteries ranges from 60% to 90%.6,7  
Fujihara et al.13 defined severe calcification as 
≥180° in the superficial femoral artery using 
IVUS. In this study, all selected lesions were 
already severely calcified according to digital 
subtraction angiography, and all had ≥180° 
calcification on IVUS. Moreover, vessel wall 
calcification was more severe in three out of 
five patients, reaching ≥270°. The increased 
complexity of calcified lesions has led to the 
use of various methods, such as atherecto-
my, intravascular lithotripsy, and specialty 
balloons; however, study results are highly 
heterogeneous, and there is no demon-
strated superiority over stand-alone balloon 
angioplasty.9,14 Modifications to balloon an-
gioplasty techniques, including incremental 
balloon oversizing, are also being explored. 
If balloon diameter oversizing is to be per-
formed, a gradual approach is recommend-
ed to avoid flow-limiting dissection due to 
excessive stretching.8 Balloon oversizing 
can lead to significant dissection in lesions 
with spotty calcification, whereas in circum-
ferentially calcified lesions, it shows limited 
dissection and maximizes lumen gain.10 Pe-
ripheral vascular procedures are safer with 
IVUS use and reduce the risk of vascular 
complications.15 IVUS has shown that tibial 
artery diameters are larger compared with 
angiographic assessment, thus avoiding the 
use of undersized balloons and suboptimal 
lumen gain.16 However, even in IVUS-guid-
ed studies, balloons typically in the 2–3 mm 
diameter range are preferred due to the risk 
of vessel injury.6,7 Normal tibial artery diam-
eters in men aged >60 years are approxi-
mately 3–3.5 mm and can exceed 4 mm.17 
In an IVUS study, the mean diameter of the 
proximal and distal segments of BTK arteries 
was found to be 4 ± 1 mm.16 In light of these 
findings, a luminal diameter of ≥3 mm was 
targeted, aiming for resolution by increasing 
the balloon diameter. In the current study, 
the mean lumen diameter did not reach 3 
mm with 3 mm balloon angioplasty, but sig-
nificant lumen area expansion was achieved 
without complications after 3.5 mm balloon 
angioplasty. Following 3 mm balloon angio-
plasty, an IVUS assessment revealed that the 
minimum luminal diameters in all segments 
remained below even the targeted minimum 
value of 3 mm, leading to the use of a 3.5 mm 

Table 1. Basic characteristics of the study population (17 patients and 21 lesions)

Age (years) 67.9 ± 8

Gender (male) 15 (88.2)

Hypertension 9 (52.9)

Diabetes mellitus 13 (76.5)

Chronic kidney disease 2 (11.8)

Coronary artery disease 9 (52.9)

Cerebrovascular ischemic event 2 (11.8)

Dyslipidemia 9 (52.9)

Smoking history (pack-years) 30 (range, 0–70)

Current smoker 5 (29.4)

Rutherford category 5/6 8 (47.1)

Chronic total occlusion 9 (42.9)

Lesion length (mm) 209 ± 44

Lesion location

   Posterior tibial artery 9 (42.9)

   Anterior tibial artery 12 (57.1)

Procedure time (min) 44.1 ± 11.5

Variables are presented as mean ± standard deviation and number (percentage).

Table 2. Pre- and post-procedure intravascular ultrasound measurements

Pre-procedure Post-procedure P value

Proximal

Minimum lumen diameter (mm) 2.78 ± 0.42 3.25 ± 0.34 <0.001

Minimum lumen area (mm2) 5.99 ± 1.79 8.16 ± 1.59 <0.001

Mid

Minimum lumen diameter (mm) 2.32 ± 0.29 2.85 ± 0.40 <0.001

Minimum lumen area (mm2) 4.21 ± 1.06 6.39 ± 1.87 0.003

Distal

Minimum lumen diameter (mm) 2.16 ± 0.24 2.61 ± 0.37 <0.001

Minimum lumen area (mm2) 3.56 ± 0.83 5.26 ± 1.46 0.002

Values are presented as mean ± standard deviation.
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balloon. Significant lumen enlargement was 
achieved in all segments of calcified tibial ar-
teries with IVUS-guided incremental balloon 
oversizing. Effective and safe treatment was 
provided with balloon angioplasty as the 
primary treatment method without the need 
for additional cost-incurring methods. The 
rate of lumen enlargement provided by bal-
loon angioplasty was similar in the proximal, 
mid, and distal segments. This indicates the 
applicability of the 3.5 mm oversized balloon 
to all segments and is beneficial for proce-
dural simplicity by using the same balloon.

In the clinical research conducted by 
Brahmandam et al.5, the 1-year patency rate 
in lower limb peripheral artery interven-
tions, particularly in groups with chronic 
limb-threatening ischemia, long segment 
lesions, multiple stenoses/occlusions, or se-
vere calcification, was positively impacted by 
IVUS assistance, exceeding 97%. In a similar 
current study population with severely cal-
cified lesions, characterized by an average 
lesion length >20 cm and nearly half having 
chronic total occlusions, all target vessels re-
mained patent at the short-term follow-up. 
A meta-analysis examining the mid-term 
effects of IVUS guidance in lower extrem-
ity peripheral artery disease endovascular 
interventions demonstrated a reduction in 
major amputation rates. However, it did not 
show a significant reduction in target lesion 
revascularization and mortality.18 IVUS-guid-
ed endovascular intervention for BTK lesions 
positively influences wound healing and can 
reduce the healing period from 4–5 months 
to 3 months. The wound healing rate was 
observed to be approximately 60% by the 
3rd–4th month of follow-up.6,7 In this study, no 
mortality was observed in the short-term fol-
low-up, and there was no need for target ves-
sel revascularization or major amputation. 
Similarly, wound healing of >60% was ob-
served during a mean follow-up of 4 months. 
Although short-term results are favorable, 
mid- and long-term follow-up is necessary.

Stenotic and occlusive disease of the tibial 
arteries is frequently seen in patients who are 
diabetic, and renal dysfunction is among the 
relative contraindications for endovascular 
procedures.19 Although CO2 angiography is 
successfully applied in above-the-knee ar-
teries, it is not sufficient alone at the BTK lev-
el due to fragmentation and overestimation 
of stenosis degree.20 Studies on BTK balloon 
angioplasty treatments have reported the 
use of an average of 60–130 mL of iodinated 
contrast material.7,21 The use of IVUS can help 

mitigate these issues by reducing iodinated 
contrast material usage. In the current study 
population, where three out of four patients 
were diabetic, the use of IVUS-guided ul-
tra-low contrast material (median 2 mL) com-
pletely avoided the risk of contrast nephrop-
athy and preserved renal function, which is 
of great value.

The study has some limitations. It is a sin-
gle-center, retrospective study with a small 
population size. Furthermore, there was no 
control group. Nominal pressure was used 
for inflation in all balloon angioplasties; 
therefore, the impact of high-pressure infla-
tion on the outcomes could not be assessed. 
Due to the relatively short follow-up period, 
mid- and long-term follow-up results could 
not be presented; however, this does not af-
fect the reporting of the primary outcomes 
of the study, such as complications and lu-
men gain. Selection bias is inevitable as the 
approach targets the severely calcified lesion 
group. Advancing the IVUS catheter in nar-
row lumens can be challenging; however, as 
the initial IVUS imaging in all cases was per-
formed after 3 mm balloon angioplasty, no 
such issue was encountered. Although IVUS 
imaging inevitably extends the procedure 
time, no specific duration was measured for 
this in the study. To the best of our knowl-
edge, this study is the first report to demon-
strate the effectiveness of a gradual balloon 
size increase up to 3.5 mm in diameter by 
measuring the vessel lumen area before and 
after the procedure in calcified tibial arteries, 
almost eliminating the use of contrast mate-
rial with IVUS guidance. Balloon diameters 
above the standard were used effectively 
and successfully with IVUS guidance from 
the proximal to the distal tibial arteries. In the 
future, randomized controlled multicenter 
prospective long-term follow-up studies will 
be beneficial for determining the optimal 
lumen diameter increase in IVUS-guided in-
terventions for calcified BTK lesions and for 
standardizing the appropriate treatment ap-
proach.

In conclusion, the search for the optimal 
treatment of calcified BTK lesions is ongo-
ing. Gradual balloon diameter increase up 
to 3.5 mm under IVUS guidance in calcified 
BTK lesions has demonstrated effectiveness 
and success by providing ultra-low contrast 
usage, low complication rates, high patency, 
and high limb salvage rates in short-term fol-
low-up, along with satisfactory wound heal-
ing.
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PURPOSE
To evaluate and compare the in-plane and novel biplane imaging techniques in ultrasound-guided 
biopsies (USBx). USBx are effective for obtaining tissue samples in suspected malignancy or infec-
tion. The in-plane technique is the gold standard, offering continuous needle visualization. The bi-
plane technique enables simultaneous in-plane and out-of-plane visualization, potentially improv-
ing biopsy outcomes. A study was conducted using gel phantoms to simulate USBx, with the goal 
of determining whether one technique offers distinct advantages over the other.

METHODS
A total of 30 participants (mean age: 30 ± 7 years; 20 men) were recruited, primarily consisting of 
physicians in training with varying levels of experience. Each participant performed biopsies on gel 
phantoms using both the in-plane and biplane techniques in a randomized order after watching 
a standardized tutorial video. Procedure-related parameters were analyzed, and post-intervention 
questionnaires, including the NASA task load index (NASA-TLX), were collected to assess cognitive 
workload and personal preferences.

RESULTS
All participants achieved successful biopsies with both techniques. The first-puncture success rate 
was significantly higher with the biplane technique (83% vs. 63%; P = 0.01). The biplane technique 
required significantly fewer biopsy attempts than the in-plane approach (37 vs. 43; P = 0.03). Al-
though the biplane technique had a longer “mean time to first successful biopsy” (120 seconds vs. 
72 seconds), this difference was not statistically significant (P = 0.09), likely due to high variability. 
No significant differences were found in safety-related parameters, including the number of skin 
punctures, needle retractions, percentage of time the needle tip was visible, and the number of 
biopsy attempts without needle tip visualization. The NASA-TLX indicated higher mental demand 
with the biplane technique (P = 0.013), but other dimensions showed no significant differences. 
Overall, 83% of participants, including 88% of more experienced operators, preferred the biplane 
technique, citing enhanced visualization and perceived safety.

CONCLUSION
In this study, the biplane technique in USBx was substantially superior in terms of total biopsy at-
tempts and first-puncture success rate compared with the in-plane approach. It may offer safety 
and efficiency advantages, particularly for less-experienced operators. Further studies with larger 
sample sizes and experienced operators, especially in clinical settings, are needed to determine 
clear superiority.

CLINICAL SIGNIFICANCE
These findings suggest that biplane imaging may be especially beneficial for training less-experi-
enced operators and in cases with elevated complication risk.

KEYWORDS
Biplane imaging, handheld ultrasound device, in-plane vs biplane, phantom study, ultrasound, ul-
trasound guided biopsy

1Klinik Ottakring - Wiener Gesundheitsverbund, 
Medical Department II, Division of Pneumology, 
Vienna, Austria

2Karl-Landsteiner-Institute, Department of Lung 
Research and Pulmonary Oncology, St. Pölten, Austria

3University of Zurich Faculty of Medicine, Department 
of Epidemiology, Biostatistics and Prevention, Zurich, 
Switzerland

 Baki Akca1,2

 Florian Vafai-Tabrizi1,2

 Michel Bielecki3
 Georg-Christian Funk1,2

Diagn Interv Radiol 2025; DOI: 10.4274/dir.2025.253191

Comparison of the novel simultaneous biplane versus in-plane imaging 
technique in ultrasound-guided biopsy: a prospective randomized 
multi-operator cross-over phantom study

https://orcid.org/0009-0002-3730-0261
https://orcid.org/0000-0001-5872-1140
https://orcid.org/0000-0002-7360-4521
https://orcid.org/0000-0002-2891-0271


 

598 • November 2025 • Diagnostic and Interventional Radiology Akca et al.

Ultrasound is an easily available and 
safe imaging modality, offering a wide 
range of applications in daily clinical 

practice. While depicting the anatomical 
structures of the examined area for diag-
nostic purposes, it can also provide reliable 
guidance in procedures such as vascular 
punctures or biopsies.1-4

Ultrasound-guided biopsy (USBx) allows 
for minimally invasive diagnosis with high 
success rates and a favorable safety profile. 
It can be used to diagnose thoracic, abdom-
inal, neck, and musculoskeletal patholo-
gies.2-5 In cases of malignancy, molecular pro-
filing can also be easily achieved, supporting 
the modern era of targeted therapy.4,6,7 The 
diagnostic yields for tissue identification and 
molecular profiling are comparable to those 
reported for computed tomography-guided 
biopsy methods.7 In addition to its high suc-
cess rate and safety, USBx offers several oth-
er advantages: it does not require sedation, 
involves no radiation exposure for patients 
and staff, can be safely performed in patients 
with poor performance status, and presents 
economic benefits over other diagnostic pro-
cedures.7-10

In standard ultrasound devices, depend-
ing on the specific case and preferred ap-
proach, the operator can choose between 
the in-plane and out-of-plane techniques. In 
the context of vascular access, the in-plane 
approach aligns with the long axis of the ves-
sel, while the out-of-plane approach corre-
sponds to the short axis. The probe is parallel 
to the needle in the in-plane technique and 
perpendicular to it in the out-of-plane tech-
nique.11 Despite its widespread use, the in-
plane approach requires precise alignment, 
which can be challenging in anatomically 
complex regions or for less-experienced op-
erators.

A novel option is biplane imaging, which 
allows for simultaneous visualization of both 
axes in real-time, combining the advantag-
es of both imaging techniques without the 
need to rotate the probe. By simultaneous-
ly displaying the needle trajectory and the 
lesion with its surrounding structures, the 
biplane approach appears to offer clear ad-
vantages over other well-established imag-
ing techniques. The ability to visualize both 
in-plane and out-of-plane views at once may 
reduce complications, improve accuracy, and 
enhance operator confidence.

Although previous studies have explored 
biplane imaging for vascular catheterization 
and other specific interventions, its utility in 
USBx remains underexplored.12,13 Research 
into vascular access suggests that the multi-
plane—or biplane—approach may be a saf-
er and more reliable technique, particularly 
for less-experienced operators.

This study compares the biplane and 
in-plane techniques in simulated USBx per-
formed on phantoms, evaluating differences 
and potential superiority between the two 
techniques.

Methods
This randomized, multi-operator, cross-

over study was conducted in the Department 
of Pulmonology at the [Klinik Ottakring, Vi-
enna]. Operators from different departments 
with varying levels of experience in ultra-
sound-guided diagnostics and interventions 
were included in the study: medical students, 
trainee doctors, physicians, radiologists, and 
specialists. Each participant went through 
four steps. 

Pre-intervention phase (steps 1 and 2)

First, participants completed a pre-inter-
vention questionnaire regarding their basic 
characteristics and level of experience. Op-
erators with prior experience using the But-
terfly ultrasound device or the biplane tech-
nique were excluded to ensure unbiased skill 
evaluation.

In step 2, participants were asked to watch 
a standardized 10-minute educational tutori-
al video. The video introduced the objectives 
of the study, presented relevant background 
information, and lastly, explained the key 
steps for performing successful USBx us-
ing either technique. The video could be 
watched more than once, and there was no 
time limit for this phase. Afterward, partic-
ipants were allowed to ask questions; how-
ever, study assistants were only permitted to 

answer questions addressed in the tutorial 
video. 

Intervention phase (step 3)

In this phase, the actual procedures were 
performed. It consisted of two intervention 
sessions, in which the operator had to suc-
cessfully perform a biopsy using one of the 
two techniques—biplane or in-plane—at a 
time. Both interventions were performed in 
succession. To minimize learning effects, the 
sequence of techniques was randomized for 
each participant using an online randomiza-
tion tool.

Each intervention phase ended when 
the operator successfully obtained a biopsy 
using the assigned technique. After com-
pleting the first intervention, the operator 
performed the procedure using the other 
technique. The entire intervention phase 
was recorded on camera, allowing for precise 
analysis and measurement of the relevant 
parameters using a video editor. 

Post-intervention phase (step 4)

After both interventions, participants 
were asked to complete a post-intervention 
questionnaire, including the modified NASA 
task load index (NASA-TLX) protocol14, to 
assess personal preferences and experienc-
es. Using the NASA-TLX, the workload for 
both intervention phases was quantified on 
a scale from 0 (low) to 20 (high) across six 
categories: mental, physical, and temporal 
demand, performance, effort, and level of 
frustration.

Ultrasound device, biopsy needle system 
and phantom

The novel Butterfly iQ3 (Butterfly Net-
work, Inc., Burlington, MA, USA) device with 
its standard probe was used for both imaging 
techniques: in-plane and biplane. In biplane 
mode, the needle is visible in-plane on one 
half of the screen, while the altitude can be 
adjusted simultaneously in the perpendic-
ular (out-of-plane) view on the other half of 
the screen (Figures 1 and 2). The biopsy itself 
was performed using a semi-automatic firing 
core biopsy needle (BARD Mission®, Dispos-
able Core Biopsy Instrument, 18 G × 10 cm, 
adjustable throw of 10 or 20 mm). All partici-
pants were instructed to use a 20 mm throw.

The phantom models used in this study 
were self-made, composed of gelatine, and 
constructed similarly to those used in sev-
eral other studies.15-17 The gelatine solution 
was standardized across batches to ensure 

Main points

•	 While the in-plane approach remains the 
gold standard in ultrasound-guided biop-
sies (USBx), the novel biplane technique—
which provides simultaneous in-plane and 
out-of-plane views in real time—was sub-
stantially superior in terms of total attempts 
and first-time success rate, potentially offer-
ing safety and efficiency advantages.

•	 According to the post-intervention ques-
tionnaire, the majority of participants ex-
pressed a preference for the biplane tech-
nique over the in-plane approach.

•	 Based on these results, biplane imaging ap-
pears to be the method of choice not only 
for less-experienced operators but also for 
USBx procedures with a higher expected 
risk of complications.
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uniform consistency, and lesions were uni-
formly embedded at a depth of 5 cm. The 
lesions within the phantom were made from 
Play-Doh, a modeling compound for children 
(Figure 2). The diameter of each lesion was 
approximately 1 cm. Soluble food coloring 
was added to the gelatine solution to pre-
vent target visualization without ultrasound 
(Figures 2 and 3).

The transducer of the Butterfly iQ3 ul-
trasound device enables the combination 
of phased, curved, and linear arrays within 
a single probe, using Ultrasound-on-Chip™ 
technology to acquire images at a frequen-
cy range of 1–12 MHz. Unlike traditional ul-
trasound devices that rely on piezoelectric 
crystals, Ultrasound-on-Chip™ integrates 
thousands of transducer elements directly 
onto a semiconductor-based micro-elec-
tro-mechanical systems array, replacing 
bulky piezoelectric transducers with a more 
compact, software-driven solution.

Outcome variables

During the intervention phase, several 
parameters were measured and assessed to 
compare both techniques. The primary out-
comes were: “time to first successful biopsy,” 
defined as the time from when the probe was 
first placed on the phantom until the biopsy 
needle was triggered and a sample success-
fully obtained; “number of biopsy attempts”; 
and “first puncture success rate.”

To evaluate the safety profile and poten-
tial complications, several surrogate param-
eters were also considered: “percentage of 
time with needle tip visualization,” “number 
of biopsy attempts,” “number of skin punc-
tures,” “number of biopsy attempts without 
needle tip visualization,” and “number of 
times the cutting biopsy needle was retract-
ed within each attempt.”

The post-intervention questionnaire was 
used to assess the preferred technique for 
USBx and to evaluate workload differences 
across all six NASA-TLX categories: mental, 
physical, and temporal demand; perfor-
mance; effort; and frustration.

Statistical analysis

All statistical analyses were performed us-
ing Stata (version 17.0). Data processing and 
analysis scripts (.do files), along with the data-
set, are available at the GitHub repository: 
https://github.com/kushiel42/butterfly_paper

Figure 2. Both techniques illustrated. Left: in-plane mode. Right: biplane mode. The probe and needle are 
simultaneously displayed in both axes in real time.

Figure 1. Operator recruitment and randomization.
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Descriptive statistics were used to sum-
marize participant characteristics and pro-
cedural parameters. Categorical variables 
were presented as counts and percentages, 
as shown in Tables 1 and 2. Continuous vari-
ables were reported as medians with inter-
quartile ranges (IQRs) or means with stan-
dard deviations (SDs), depending on data 
distribution assessed via visual inspection.

The primary exposure variable was the 
biopsy technique used—either in-plane or 
biplane. Outcome variables included time to 
first successful biopsy, total number of biop-
sy attempts, first puncture success rate, and 
NASA-TLX scores.

Given the paired nature of the data and 
the sample size, non-parametric statistical 
tests were applied. The Wilcoxon signed-rank 
test was used to compare paired continuous 
or ordinal variables between the two tech-
niques. This test was appropriate due to the 
small sample size and the ordinal or non-nor-
mally distributed nature of several variables. 
Variables analyzed with the Wilcoxon signed-
rank test included time to first successful bi-
opsy, the total number of biopsy attempts, 
percentage of time the needle tip was visible, 
percentage of time the needle was partially 
visible, number of skin punctures, number of 
needle retractions and number of biopsy at-
tempts without needle tip visualization.

McNemar’s test was used to compare 
paired categorical data—specifically, first 
puncture success rates between the in-plane 
and biplane techniques. This test is suitable 
for analyzing dichotomous outcomes in 
paired samples.

Mixed-effects linear regression models 
were employed to account for repeated mea-
surements and intra-participant variability in 
NASA-TLX scores. Each NASA-TLX dimension 
(mental demand, physical demand, temporal 
demand, performance, effort, and frustra-
tion) was modeled separately, with the biop-
sy technique as a fixed effect and participant 
ID as a random effect. No additional covari-
ates were included, as the randomized cross-
over design inherently controlled for poten-
tial confounders. A two-tailed P value < 0.05 
was considered statistically significant for all 
analyses. Effect sizes and 95% confidence in-
tervals (CIs) were reported where applicable 
to enhance result interpretation.

Ethics approval 

The institutional review board waived the 
need for formal approval. Informed consent 
was obtained from all participants.

Results
A total of 30 participants (Table 1) were in-

cluded in the study, with a mean age of 30.3 
years (± 7 years). The cohort comprised 20 
men (67%) and 10 women (33%). The major-
ity were trainees, including medical students 
and junior doctors, each group representing 
20% of the participants. Only 13% (n = 4) 
were specialists; 80% (n = 24) of participants 
had advanced training in ultrasound diag-
nostics.

Analysis of procedural metrics (Table 2) 
revealed no significant differences between 
the in-plane and biplane techniques across 
several parameters. Although the time to 
first successful biopsy was longer with the 

biplane technique (120 seconds vs. 72 sec-
onds, P = 0.096), this difference was not sta-
tistically significant, likely due to variability 
among participants. The percentage of time 
the needle tip was visible was similar be-
tween the two techniques (59% for in-plane 
vs. 61% for biplane; P = 0.909). Likewise, the 
percentage of time the needle was partially 
visible showed no significant difference (P 
= 0.885). Safety-related measures, including 
the number of skin punctures (P = 0.833), 
needle retractions (P = 0.563), and biopsy at-
tempts without needle tip visualization (P = 
0.433), were also comparable. These findings 
suggest that both techniques demonstrate 
similar profiles in terms of procedural and 
safety parameters.

The median time to first successful biopsy 
was comparable between the in-plane (69.5 
seconds; IQR: 44–109 seconds) and biplane 
techniques (73.5 seconds; IQR: 50–128 sec-
onds). Mean times were 84.07 seconds (SD: 
50.62) for in-plane and 107.8 seconds (SD: 
86.69) for biplane. Although the biplane 
technique exhibited a higher mean time, the 
difference was not statistically significant (P 
= 0.096; Wilcoxon signed-rank test), likely 
due to substantial variability in the data. The 
Bland–Altman plot (Figure 4) highlights this 
variability, showing considerable overlap in 
times between the two techniques.

Efficacy of biopsy techniques

Despite the absence of significant differ-
ences in the previously mentioned param-
eters, the biplane technique demonstrated 
superior efficacy in key outcome measures 
(Figure 5). The total number of biopsy at-
tempts required was significantly lower with 
the biplane technique compared with the in-
plane technique. Participants required fewer 
attempts to achieve a successful biopsy us-
ing the biplane method, indicating greater 
procedural efficiency (P = 0.030).

Moreover, the biplane technique achieved 
a significantly higher first puncture success 
rate (83%) compared with the in-plane tech-
nique (63%, P = 0.01). McNemar’s test con-
firmed the statistical significance of this dif-
ference (P = 0.01), supporting the rejection 
of the null hypothesis that there is no differ-
ence in first puncture success rates between 
the techniques. These results highlight the 
enhanced efficacy of the biplane technique 
in achieving successful biopsies on the initial 
attempt (Figure 6).

Although the biplane technique proved 
more effective, it was associated with in-
creased mental workload for practitioners. 

Figure 3. Intervention setting. The tablet screen displays the biplane mode. The top half of the screen shows 
the short-axis (out-of-plane) view, while the bottom half depicts the long-axis view. The operator uses the 
biplane mode to perform an ultrasound-guided biopsy in the presented gel phantom.
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The NASA-TLX revealed that mental demand 
was significantly higher for the biplane tech-
nique than for the in-plane technique. Mean 
mental demand scores were 10.8 for the bi-
plane and 9.1 for the in-plane. A mixed-ef-
fects linear regression model, accounting 
for repeated measures within participants, 
demonstrated that this difference was sta-
tistically significant (95% CI: 0.357–3.043, P 
= 0.013), indicating lower mental demand 
scores with the in-plane technique. The high-
er NASA-TLX mental demand scores for the 
biplane technique suggest a steeper learn-
ing curve, which may lessen with experience.

Discussion
The simultaneous display of both axes in 

real time may inherently suggest the superi-
ority of the novel biplane approach over the 
gold standard in-plane technique in USBx. 
Although this study appears to be unique 
in investigating the role of biplane imaging 
in USBx, several studies have explored its 
application in other interventions. In ultra-
sound-guided regional anesthesia, biplane 
imaging has been reported to decrease pro-
cedure time and the number of attempts and 
needle passes, improve block success, and 
enhance safety by reducing the risk of unin-
tended intraneural, intrapleural, or intravas-
cular injection.18 More commonly, studies ex-
amining the biplane technique in the context 
of vascular access have reported improved 
performance and feasibility, fewer puncture 
attempts and needle redirections, and a low-
er incidence of complications.12,13,18-20 Similar 
findings have also been observed in other, 
more specific ultrasound-guided interven-
tions.21,22

To confidently claim the superiority of 
one technique over the other, it is essential 
first to identify the factors that determine 
a technique’s effectiveness. A technique is 
considered superior based on three key cri-
teria: efficiency, safety, patient comfort and 
convenience, and the difficulty of execution. 
While all participants successfully conducted 
biopsies using both techniques, it is import-
ant to note that the biopsies were performed 
on phantoms with no pre-specified limit on 
attempts. Each operator was allowed to take 
their time until one biopsy was successfully 
secured in each intervention phase. There-
fore, the total number of biopsy attempts 
stands out as a potential indicator of superi-
ority. The biplane technique performed sub-
stantially better in this regard. This may also 
suggest a safer approach, as fewer biopsy 
attempts reduce the likelihood of complica-
tions. The first puncture success rate was also 

Table 1. Baseline characteristics of all participants

Characteristics Number of participants (n = 30)

Age 30.3 ± 7

Sex

 Men 20 (67%)

 Women 10 (33%)

Field of practice

 Medical student 7 (23.3%)

 Junior doctors 6 (20%)

 Trainee doctors 13 (43.3%)

 Specialists 4 (13.3%)

Field of expertise

 Students 7 (23.3%)

 Physicians 6 (20%)

 Radiologists 2 (6.7%)

 Internal medicine (various specialties) 13 (43.3%)

 Anesthesiologists 1 (3.3%)

 Surgeons 1 (3.3%)

Advanced training in ultrasound diagnostics 24 (80%)

Number of diagnostic ultrasound examinations performed

 Never 2 (6.7%)

 <25 times 7 (23.3%)

 <50 times 5 (16.7%)

 <100 times 5 (16.7%)

 >100 times 11 (36.7%)

Subjectively estimated level of ultrasound diagnostic skills

 Not confident 9 (30%)

 Little confident 10 (33.3%)

 Confident 9 (30%)

 Very confident 2 (6.7%) 

Advanced training in USBx 4 (13.3%)

Number of USBx performed

 Never 17 (56.7%)

 <25 times 9 (30%)

 <50 times 3 (10%)

 >50 times 1 (3.3%)

Subjectively estimated level of USBx

 Not confident 20 (66.7%)

 Little confident 5 (16.7%)

 Confident 5 (16.7%)

 Very confident 0 (0 %)

Subjectively estimated level of ultrasound Overall ultrasound skill level (1 = high, 5 = low)

 1 2 (7%)

 2 6 (20%)

 3 6 (20%)

 4 14 (47%)

 5 2 (7%)

USBx, ultrasound-guided biopsy.
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statistically significant, indicating a higher 
safety profile, greater ease of execution, and 
improved patient comfort. This provides 
further support in favor of the biplane tech-
nique.

While there was no significant difference 
in the time to achieve the first successful bi-
opsy individually, the mean total time nota-

bly favored the in-plane technique, possibly 
indicating greater efficiency and a less com-
plex procedure overall. A faster method could 
be particularly relevant for unstable patients 
or those with poor performance status. How-
ever, as indicated by the post-intervention 
questionnaire, this result may be influenced 
by limited operator experience with the bi-

plane technique. The additional out-of-plane 
axis in biplane mode introduces a mental 
challenge, requiring extra time for optimal 
needle placement and increasing procedural 
complexity compared with the in-plane ap-
proach. The post-intervention questionnaire 
further supports this, showing a statistically 
significant increase in mental demand for the 
biplane mode. These findings may, therefore, 
be misleading, as increased practice and fa-
miliarity with the biplane approach could 
yield different results.

In fact, another study comparing in-plane 
and biplane ultrasound-guided central ve-
nous catheterization found that participants 
who had considerably more training and 
were familiar with the biplane technique 
achieved shorter times to first successful 
catheterization using the biplane mode.13 
This suggests that the biplane mode does 
not, in fact, complicate USBx. Therefore, giv-
en the limitations of the study, the difference 
in “time to achieve the first successful biopsy” 
should be considered neither significant nor 
meaningful.

If taken into account, one could argue 
that a shorter time to first successful biopsy 
with the in-plane approach might imply a 
higher safety profile due to the reduced in 
situ duration of the biopsy needle. Howev-
er, this, too, can be reasonably dismissed, as 
the additional axis view in the biplane mode 
arguably reduces the risk of complications—
even with longer procedure times.

Based on the points made thus far, it can 
be concluded that the biplane mode not only 
seems to be superior in terms of safety but 
also appears to be at least as efficient as, if 
not more efficient than the in-plane mode—
especially with more experience, consider-
ing the results of the other biplane study.13 
Interestingly, other surrogate parameters for 
patient safety, such as the percentage of time 
the needle tip is visualized or the number of 
retractions during biopsy, showed no signifi-
cant differences. However, these results may 
vary in real-life settings.

The additional out-of-plane axis view, 
often cited as the main argument for a 
higher safety profile, can be disputed, as ex-
perienced operators are able to assess the 
perpendicular axis (out-of-plane) while re-
maining in-plane, using basic probe-tilting 
motions and adjusting the angle during the 
biopsy. Some of the more experienced par-
ticipants cited this as the main reason why 
they saw no additional benefit in the biplane 
technique and, therefore, preferred the in-
plane approach. However, there may be a 

Figure 4. Bland-Altman plot of time differences between in-plane and biplane techniques.

Table 2. Procedural parameters and outcomes for in-plane and biplane techniques

Parameters In-plane Biplane P value

Time to first successful biopsy 72 sec 120 sec 0.09

First puncture success rate 19/30 (63%) 25/30 (83%) 0.01

Percentage of time with needle tip 
(mean) 59% 61% 0.43

Number of biopsy attempts (in total) 43 37 0.03

Number of skin punctures 52 52 0.83

Number of biopsy attempts without 
needle tip visualization (in total) 13 10 0.89

Number of retractions of the cutting 
biopsy needle (total) 88 108 0.56

Preferred technique 5/30 (17%) 25/30 (83%)

NASA-TLX (0 = low, 20 = high)

 Mental demand 9.1 10.8 0.013

 Physical demand 4.0 4.2 >0.05

 Temporal demand 5.7 5.9 >0.05

 Performance 6.2 6.5 >0.05

 Effort 6.6 7.2 >0.05

 Frustration 5.6 5.6 >0.05

NASA-TLX, NASA task load index.
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status quo bias and a potential benefit even 
for highly experienced operators due to the 
continuous perpendicular axis view without 
requiring additional maneuvers—particular-

ly in complicated biopsy cases. Nevertheless, 
this argument remains inconclusive in this 
study, as the number of very experienced 
operators was limited. It also remains un-

clear whether experienced radiologists with 
advanced manual skills would find the extra 
axis view distracting. However, it is likely that 
this factor would become increasingly irrele-
vant with more practice.

One could argue that there might have 
been a learning effect or that the randomized 
order of execution methods— in-plane then 
biplane versus biplane then in-plane—may 
have influenced the outcome of this study. 
However, this assumption was disproven sta-
tistically. No significant differences based on 
the order of intervention were observed.

In terms of subjective impressions, the 
post-intervention questionnaire revealed 
that the majority favored the biplane ap-
proach for USBx. They reported that although 
the biplane technique felt more mentally 
demanding—due to lack of experience and 
unfamiliarity with three-dimensional think-
ing—they also felt safer and substantially 
more confident compared with the in-plane 
technique, due to the additional information 
provided. While very experienced operators 
may argue that the simultaneous additional 
axis is unnecessary, the biplane technique 
appears to be the method of choice for less 
experienced users. This conclusion was also 
drawn in the previously mentioned study 
comparing single-plane and biplane ultra-
sound-guided central venous catheteriza-
tion.13

Another key criterion is patient comfort. 
Although the study was conducted on phan-
toms and definitive conclusions cannot be 
drawn, it is likely that with sufficient practice 
and experience using the biplane technique, 
patient comfort would be comparable to that 
of biopsies performed using the in-plane 
approach. In fact, given the expected lower 
complication rates and higher first-puncture 
success rate associated with the biplane ap-
proach, patient comfort may even be sub-
stantially improved by comparison.

In addition to the arguments above, it is 
also important to consider the limitations 
of the present study. First and foremost, the 
sample size and the lack of experienced ultra-
sound operators substantially limit the abili-
ty to determine clear superiority between 
the two techniques. The study’s generaliz-
ability is restricted by the high proportion of 
trainee doctors, as only 13% of participants 
were specialists with extensive experience. 
The biopsies were conducted on phantoms 
and did not fully replicate real-life settings 
or actual patients. It should also be empha-
sized that only the biopsy of solid lesions was 
simulated; non-mass or partly solid lesions 

Figure 5. Distribution of biopsy attempts by technique. This figure shows the number of biopsy attempts 
required for both the in-plane and biplane techniques. The majority of participants in the biplane group (n = 
21) required only one attempt, compared with the in-plane group, where 17 participants succeeded on the 
first attempt. A higher proportion of in-plane participants required two or more attempts, indicating greater 
variability in success rates with this method.

Figure 6. First puncture success rate by technique. This figure compares the first puncture success rates 
between the in-plane and biplane techniques. The biplane technique demonstrated a significantly higher 
first puncture success rate (83%) compared with the in-plane technique (63%), as confirmed by McNemar’s 
test (P = 0.01).
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were not examined, which further limits the 
generalizability of the findings. However, it 
is reasonable to assume that real-time imag-
ing of both short- and long-axis views may 
aid in navigating around and avoiding the 
puncture of critical structures such as nerves, 
vessels, bones, muscles, and fascial planes, 
potentially reducing complication rates even 
in non-mass biopsies.18

Future studies should consider incorpo-
rating tissue models or clinical trials to better 
validate these findings. Another limitation of 
the current study is that only the freehand 
technique was used. Consequently, the po-
tential drawbacks or advantages of the bi-
plane approach in procedures where ultra-
sound imaging is performed separately from 
the biopsy have not been explored.

Overall, considering the results of this 
study and those of the other referenced in-
plane versus biplane study, there appears to 
be a clear trend favoring the biplane tech-
nique—at least in the hands of less-experi-
enced operators. Nevertheless, due to the 
limitations and objections outlined above, 
absolute superiority cannot be asserted with 
certainty. However, it can be reasonably ar-
gued that while experienced operators may 
benefit only marginally from the additional 
axis, the biplane approach appears to be the 
method of choice for beginners and interme-
diate users. Incorporating biplane imaging 
into training programs for less-experienced 
operators could enhance procedural suc-
cess rates and safety. Although the increased 
cognitive effort required for biplane imaging 
may initially discourage adoption, this chal-
lenge could be mitigated through targeted 
training and continued practice.

In conclusion, in this study, the biplane 
technique in USBx was substantially supe-
rior in terms of total biopsy attempts and 
first-puncture success rate when compared 
with the in-plane approach, potentially of-
fering safety and efficiency advantages—
particularly in the hands of less-experienced 
operators. Further research involving larger 
sample sizes, varying levels of operator ex-
perience, and real-world clinical settings is 
essential to confirm the potential superiority 
of biplane imaging in USBx.
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Efficacy and safety of percutaneous thermal ablation in Bosniak III and 
IV cystic renal masses: a systematic review and meta-analysis

PURPOSE
Local thermal ablation is considered a standard treatment for small kidney masses. However, few 
studies have investigated the efficacy and safety of thermal ablation for cystic kidney masses.

METHODS
The MEDLINE library, Cochrane, and SCOPUS databases were screened for studies investigating the 
efficacy of thermal ablation for cystic renal masses, comprising studies between 1995 and February 
2024. In total, seven studies were deemed suitable and included in the present analysis.

RESULTS
The studies included a total of 113 participants with 134 cystic renal masses. The sample sizes 
ranged from 5 to 38 participants. There were 76 men (67.2%) and 37 women (32.8%), with a mean 
age of 64.7 years (range: 50 to 75.4 years). Overall, 55 cystic masses were classified as Bosniak III 
(41%) and 79 as Bosniak IV (59%). Technical success of local thermal ablation was reported in 133 
cystic masses (99.2%). The pooled meta-analytic technical success rate was 100% [95% confidence 
interval (CI): 96%–100%, I2 = 0.0%]. Complications were reported in 9 cases (6.7%). According to the 
Society of Interventional Radiology classification system, there were 3 major complications (2.6%) 
and 6 minor complications (5.3%). The pooled meta-analytic complication rate was 10% (95% CI: 
5%–20%, I2 = 40%). No tumor recurrence was reported during follow-up.

CONCLUSION
Local thermal ablation can be considered a highly effective and safe procedure for cystic kidney 
masses. Most studies were performed using radiofrequency ablation, underscoring the need for 
further studies on alternative ablation techniques such as microwave ablation and cryoablation.

CLINICAL SIGNIFICANCE
Local thermal ablation is an effective and safe procedure for treating cystic kidney masses.
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Meta-analysis, systematic review, percutaneous thermal ablation, renal cell carcinoma

You may cite this article as: Meyer HJ, Meine TC, Struck MF, Zimmermann S. Efficacy and safety of percutaneous thermal ablation in Bosniak III and IV cystic 
renal masses: a systematic review and meta-analysis. Diagn Interv Radiol. 2025;31(6):605-611.

Renal cell carcinoma (RCC) is the most common malignant renal tumor, representing 
over 30,000 cases every year in the United States of America (USA).1 Besides surgical 
resection, a promising treatment option for small RCCs (stage 1) is percutaneous ther-

mal ablation, most commonly performed with radiofrequency ablation (RFA) and microwave 
ablation (MWA).2-6

Percutaneous thermal ablation is a widely accepted minimally invasive treatment for sur-
gically unresectable RCC, with good published results in small solid renal tumors and a high 
reported efficacy, with complete ablation rates ranging from 90% to 100%.4,7 However, not all 
malignant renal tumors are solid masses, as cystic renal masses can also harbor malignancy.8,9
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According to the renal cyst classification, 
Bosniak III or IV cystic lesions may carry a 
particular risk for malignancy, even if some 
of these lesions (particularly Bosniak III) are 
proven to be benign after biopsy or sur-
gery.8-10 Based on the Bosniak category, the 
risks of malignancy for Bosniak III and IV le-
sions were 16%–100% and 90%–100%, re-
spectively.8,11

Due to the high risk of malignant trans-
formation in Bosniak III and IV cysts, ther-
mal ablation has been utilized as a possible 
treatment option instead of surgery.12 Partial 
nephrectomy remains the most commonly 
used treatment for Bosniak III and IV cysts. In 
some cases with high perioperative morbid-
ity, active imaging-based surveillance can be 
justified.

Yet, the cyst composition, particularly the 
presence of a solid tumor component, could 
influence the outcome of thermal ablation.13 
One can assume that the differing tissue 
composition of cystic renal masses induces 
variable heating effects during local thermal 
ablation and may also impact the outcome 
of this treatment modality. However, reliable 
systematic data comparing these aspects 
between cystic and solid renal masses have 
not yet been published. Moreover, although 
thermal ablation is included in guidelines for 
the treatment of solid renal masses, these 
recommendations cannot yet be translated 
to cystic renal masses.3

It is noteworthy that only a few retro-
spective studies have investigated the effi-
cacy and safety of thermal ablation in cystic 
renal masses, and a recent overview of the 
published literature is needed. Notably, no 
previous systematic review and meta-analy-
sis have been conducted to investigate the 
outcomes of thermal ablation in cystic renal 
masses. Therefore, the purpose of the pres-
ent systematic review and meta-analysis was 
to elucidate the efficacy and safety of local 
thermal ablation in participants with cystic 
kidney masses.

Methods 

The institutional review board approved 
the meta-analysis.

The present analysis is an analysis of pub-
lished results for which no ethics approval 
and informed consent is required

Data acquisition 

The MEDLINE library, Cochrane, and SCO-
PUS databases were screened for studies in-
vestigating local thermal ablation of cystic 
renal masses. No other sources were used for 
data acquisition. The timeframe of the study 
search included studies between 1995 and 
February 2024. The paper acquisition process 
is summarized in Figure 1.

The Preferred Reporting Items for System-
atic Reviews and Meta-Analyses statement 
(2020) was used for the analysis.14 The follow-
ing search words were used: “radiofrequency 
ablation” OR “microwave ablation” OR “local 
thermal ablation” AND “renal mass” OR “cystic 
renal mass” OR “renal cyst.”

The primary endpoints of the systematic 
review were the technical success rate of ther-
mal ablation and the complication rate. Stud-

ies (or subsets of studies) were included if they 
satisfied the following criteria: (1) cystic renal 
mass, (2) treatment by local thermal ablation 
with RFA or MWA, and (3) reported technical 
success rate defined by complete coverage of 
the ablation zone of the cystic renal mass. The 
exclusion criteria were as follows: (1) systemat-
ic reviews, (2) case reports, (3) non-English lan-
guage, and (4) solid renal mass. In total, seven 
studies were included in this analysis.12,15-20

Data extraction

Data extraction was performed by two 
authors (HJM and SZ), followed by an inde-
pendent evaluation of the extracted data 
for correctness (MFS). For each study, details 
regarding study design, year of publication, 
country of origin, participant number, partici-
pant characteristics (age and sex), histopatho-
logical diagnosis, ablation type, ablation time, 
and Bosniak category8 were extracted.

Quality assessment

The quality of the included studies was 
assessed using the Newcastle–Ottawa Scale 
(NOS).21 Study quality assessment was con-
ducted by two authors (SZ and HJM). In cases 

Main points

•	 Local thermal ablation of cystic renal masses 
is an effective and safe procedure.

•	 The data is mainly comprised for radiofre-
quency ablation and few microwave abla-
tion ablations, whereas there is no data for 
cryoablation.

•	 Prospective evaluations are needed.

Figure 1. PRISMA flow chart (2020) providing an overview of the paper acquisition process. Overall, seven 
studies with 113 participants and 134 treated cystic masses were included in the analysis. PRISMA, The 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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of disagreement, consensus was reached by 
a third author. The NOS assesses the quality 
of studies based on the selection of cases, 
comparability of the cohort, and outcome 
assessment of exposure to risks. A score of 
0–9 was assigned to each study, and a score 
≥6 was considered indicative of high quality.

Statistical analysis

The meta-analysis was performed using 
RevMan 5.3 (2014; Cochrane Collaboration, 
Copenhagen, Denmark). Heterogeneity 
was assessed using the inconsistency in-
dex I2.22,23 The proposed thresholds for I2 
according to the Cochrane Handbook are 
as follows: 0% to 40%: might not be im-
portant; 30% to 60%: may represent mod-
erate heterogeneity; 50% to 90%: may 
represent substantial heterogeneity; 75% 
to 100%: considerable heterogeneity.24 
DerSimonian and Laird25 random-effects 
models with inverse variance weights were 
applied without further correction.

Results 

Quality of the included studies

All included studies had a retrospective 
design. Table 1 provides an overview of the 
included studies. The overall risk of bias for 
the current research question can be con-
sidered low, indicated by high NOS values 
among the studies, with scores of 8 points 
(Table 2). However, there is a lack of informa-
tion regarding long-term oncological out-
comes in the included studies.

Participants

The included studies comprised a total of 
113 participants with 134 cystic masses. The 
sample sizes ranged from 5 to 38 participants. 
There were 76 men (67.2%) and 37 women 
(32.8%), with a mean age of 64.7 years (range: 
50 to 75.4 years). Three studies (42.7%) were 
conducted in North America (USA), two stud-
ies (28.5%) in Asia (South Korea), one study 
(14.4%) in South America (Brazil), and one 
study (14.4%) in Europe (Italy).

In total, 55 cystic masses (41.0%) were 
classified as Bosniak III and 79 cystic masses 
(59.0%) as Bosniak IV. The mean lesion size 
was 2.5 cm, ranging from 1.1 to 10.1 cm. In 
five studies (71.4%), RFA was used to treat 
122 cystic masses (91.0%), whereas in two 
studies (28.6%), MWA was used to treat 12 
cystic masses (9.0%).

Only one study,20 involving 5 cystic mass-
es, employed an aspiration technique prior 

to ablation; all other studies inserted the 
needle directly into the cystic mass. Three 
studies did not perform a pre-ablation bi-
opsy.15,18,19 Regarding histopathological con-
firmation, 60 of the 134 masses (44.4%) had 
a definitive diagnosis. Clear-cell carcinoma 
was diagnosed in 44 cystic masses, papillary 
carcinoma in 6 masses, and 10 lesions were 
diagnosed as undifferentiated carcinoma. 
The remaining 75 cystic masses (55.6%) had 
no definitive tumor diagnosis.

Technical success

Technical success of local thermal abla-
tion was reported in 133 of 134 cystic masses 
(99.2%). The pooled meta-analytic technical 
success rate was 100% [95% confidence in-
terval (CI): 96%–100%, I2 = 0%; Figure 2]. No 
tumor recurrence was reported after abla-
tion in the included studies. A potential se-
lection bias should be acknowledged when 
interpreting the technical success rate.

Complication rate

Complications were reported in 9 cases 
(6.7% of ablations). The pooled meta-analytic 
complication rate was 10% (95% CI: 0.05%–
20%, I2 = 40%; Figure 3). Park et al.19 reported 
two iatrogenic pneumothoraces requiring 
chest tube placement. In a previous study by 
Park et al.18, four complications were reported: 
one arteriovenous fistula, one case of ingui-
nal paresthesia, and two pneumothoraces. 
Allen et al.12 reported three complications: 
one major case of flash pulmonary edema re-
quiring emergency department transfer, and 
two minor complications–dysuria and mild 
hydronephrosis due to a blood clot in the 
ureter, both managed conservatively.

Using the classification system of the Soci-
ety of Interventional Radiology,26 there were 
3 major complications (2.6% of all cases) and 
6 minor complications (5.3% of all cases).

Discussion
This study is the first systematic review 

and meta-analysis on the success and com-
plication rates of treating cystic renal masses 
with thermal ablation techniques. As shown, 
the technical success rate can be considered 
very high, with a reported rate of 100%. More-
over, the procedure can be considered safe, 
with a complication rate of 10% and no ma-
jor events. In two cases, iatrogenic chest tube 
placement was needed due to pneumothora-
ces. No major bleeding events or cyst ruptures 
were reported in the included studies. The 
present results are therefore well comparable 
to published results in solid renal masses.4,6

However, a possible selection bias should 
be acknowledged for the very high success 
rate, as potential negative cases may not have 
been published in the literature. There will be 
cases in clinical routine with cystic compo-
nents that are too large, and without full abla-
tion coverage of the lesion. This should be kept 
in mind when interpreting the present results.

Notably, the studies included in this analy-
sis did not report the size limits for which lo-
cal ablation can still be considered treatable, 
raising further concerns about selection bias.

In a large recent meta-analysis, outcomes 
of RFA and MWA were reported for 2,258 ab-
lations.27 As in the present analysis, all stud-
ies were retrospective in nature. The primary 
technical efficacy rate of MWA was compara-
ble to RFA, with a reported odds ratio = 0.89 
(95% CI: 0.52%–1.51; I2 = 0%).26 The complica-
tion rate was also not substantially different 
between the two methods.

In a meta-analysis by Choi et al.7, the effica-
cy and safety of MWA for malignant renal tu-
mors were analyzed. Overall, 13 articles with 
616 renal masses were included. A very high 
efficacy rate of 97.3% (95% CI: 94.3%–99.4%; 
I2 = 0%) was reported, in line with our pres-
ent results. The reported major complication 
rate was lower, at 1.8% (95% CI: 0.6%–3.3%; I2 
= 0%).7 Notably, the differences in complica-
tion rates should be discussed, as the report-
ed complications of bleeding, hematoma, and 
pseudoaneurysm in the analysis by Choi et al.7 
were of a more severe quality compared with 
those reported in the present analysis. This 
likely explains the differences. Similar safety 
and efficacy results were reported in RFA anal-
yses,28 supporting the conclusion that both 
ablation methods can be considered equally 
effective and safe.

One important aspect of the current me-
ta-analysis is that there were not enough 
cases to compare the treatment outcomes 
between RFA and MWA specifically for cystic 
renal masses, as only a few cases were treat-
ed with MWA. There is a definite need to fur-
ther investigate the differences between the 
methods in cystic renal masses.

Another important technique for local 
thermal ablation is cryoablation, which has 
shown promising results for small renal mass-
es.29 However, no studies to date have report-
ed on its use for cystic renal masses, which 
needs to be investigated in the future.

Notably, there are also no reports regard-
ing long-term oncological outcomes for local 
thermal ablation.30 Moreover, the cooling dy-
namics of cystic areas in the kidney may differ 
substantially from the heating mechanisms of 
RFA and MWA.
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Not every included study performed a 
biopsy prior to ablation. It therefore remains 
unclear whether every Bosniak III cyst treated 
was indeed a malignant mass. In a large me-
ta-analysis, the malignancy rate of Bosniak 
III cysts was 55.1% (95% CI: 45.7%–64.5%), 
and for Bosniak IV cysts, 91% (95% CI: 87.7%–
94.2%).8 This raises the question of whether 
some Bosniak III cysts might be better suited 
for imaging surveillance rather than immedi-
ate definitive treatment with surgery or abla-
tion.31 However, treatment for both Bosniak 

III and IV cysts is currently recommended in 
the guidelines.3

The outcome of local thermal ablation is 
affected by factors such as lesion location, 
lesion size, ablation time, tissue impedance, 
and electrode surface area.17,31 There may 
also be differences between MWA and RFA, 
especially regarding the heat sink effect, to 
which RFA is more susceptible.5,6 Hypothet-
ically, this is particularly relevant in cystic 
masses, as their fluid content may lead to a 
substantial heat sink effect. This could favor 

MWA in achieving full ablation of the mass. 
However, no direct comparison between RFA 
and MWA has been published to date, and 
such a comparison was not possible in the 
current meta-analysis.

One important aspect is also that the le-
sion composition and complexity–due to 
multilobulations and septae–could have an 
important impact on the treatment result. 
However, there is no reliable information in 
the included studies regarding the complexi-
ty of the cystic masses, and it remains unclear 

Table 2. Quality of the included studies based on the Newcastle-Ottawa Scale

Study Case 
definition 
adequate

Representativeness 
of cases

Selection 
of 
controls

Definition of 
controls

Comparability 
of cases and 
controls

Ascertainment 
of exposure

Same 
method of 
ascertainment

Non-
response 
rate

Quality 
score

Allen et al.12 * * * * * * * * 8

Carrafiello 
et al.15 * * * * * * * * 8

Menezes et 
al.16 * * * * * * * * 8

Felker et 
al.17 * * * * * * * * 8

Park et al.18 * * * * * * * * 8

Park et al.19 * * * * * * * * 8

Zhou et 
al.20 * * * * * * * * 8

Figure 2. Forest plot of the technical success rate of thermal ablation. The pooled technical success rate was 100% (95% CI: 96%–100%, I2 = 0%). CI, confidence 
interval.

Figure 3. Forest plot of the complication rate of thermal ablation. The pooled complication rate was 10% (95% CI: 0.05%–20%, I2 = 40%). CI, confidence interval.
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which imaging features of cystic renal mass-
es have a clinically relevant impact on the 
outcome of ablation.

There is no systematic data or guideline on 
how to follow up with patients after local ab-
lation treatment for cystic renal masses. One 
can only assume that follow-up for patients 
with cystic renal masses should be similar to 
that for solid renal masses. According to this, 
follow-up is recommended during the first 
year at 1, 3, 6, and 12 months, and thereaf-
ter every 12 months with contrast-enhanced 
cross-sectional imaging.32,33 Presumably, re-
growth of the cystic component alone should 
be considered tumor recurrence. However, as 
mentioned above, there is no data or pub-
lished experience regarding tumor recur-
rence after ablation for cystic renal masses.

Notably, there are also no reports regard-
ing long-term oncological outcomes after 
local ablation of cystic renal masses. One can 
only assume that outcomes should not differ 
from those of solid renal masses, provided 
full ablation of the lesion is achieved.

The present meta-analysis has several lim-
itations to address. First, it is based on small 
published participant cohorts. Moreover, the 
included studies were retrospective case se-
ries without control groups, resulting in a low 
level of evidence. In addition, there was no 
direct comparison with surgical procedures 
in a randomized controlled trial. The overall 
level of evidence for these studies is consid-
ered level 5. Second, the analysis was restrict-
ed to English-language publications. Third, 
no long-term oncological outcomes were 
reported in the included studies. However, 
it seems plausible that no substantial recur-
rence occurred when the ablation zone cov-
ered the entire cystic mass with a safety mar-
gin. Fourth, comparisons between RFA and 
MWA were not possible, as only two studies 
investigated MWA. Fifth, the included stud-
ies used the older version of the Bosniak cyst 
classification, which was updated in 2019 
to include more sophisticated assessments 
of septa and solid components.10 However, 
there may be no substantial changes to the 
classification of Bosniak III and IV cysts.32 
Sixth, only one study reported aspiration of 
the cyst content prior to ablation. It remains 
unclear whether aspiration was performed in 
the other studies but not reported, or wheth-
er it was not performed at all. This should be 
addressed in future research. Seventh, there 
may be a publication bias in the analysis; 
however, we could not assess this, as tests 
for publication bias are recommended only 
when more than 10 studies are included.24

In conclusion, local thermal ablation can 
be considered a highly effective and safe pro-
cedure for cystic kidney masses. Most studies 
were performed using RFA, highlighting the 
need for new studies investigating MWA and 
cryoablation.

Footnotes
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PURPOSE
We investigated the diagnostic accuracy of simplified intravoxel incoherent motion (IVIM) imaging 
for detecting synovial inflammation in the sacroiliac joint (SIJ) in a population with active sacroiliitis.

METHODS
In accordance with the Assessment of Spondyloarthritis International Society criteria, 86 SIJs of 
46 patients with active sacroiliitis were included in this retrospective study conducted between 
November 2020 and January 2022. Based on T1-weighted post-gadolinium images, the SIJs were 
divided into two groups: synovial inflammation positive (SIP) (n = 28) and synovial inflammation 
negative (SIN) (n = 58). Synovial areas in the SIJ space were independently and blindly reviewed 
for the presence of inflammation by two radiologists with differing levels of expertise in radiology. 
Using four b values, apparent diffusion coefficient (ADC)= ADC (0, 800) and the simplified 3T IVIM 
method parameters true diffusion coefficient (D1)= ADC (50, 800), D= ADC (400, 800), f1= f (0, 50, 
800), f2= f (0, 400, 800), pseudodiffusion coefficient (D*)= D* (0, 50, 400, 800), ADClow = ADC (0, 50), 
and ADCdiff= ADClow – D were generated voxel by voxel for each patient. The IVIM and ADC parame-
ters at the SIN and SIP joints were compared.

RESULTS
The D parameter was significantly increased in SIP areas (1.23 ± 0.34 × 10-3 mm2/s) compared with 
SIN areas (1.02 ± 0.16 × 10-3 mm2/s) (P = 0.004). Conversely, the D* parameter was significantly de-
creased in SIP areas (21.78 ± 3.77 × 10-3 mm2/s) compared with SIN areas (16.19 ± 4.58 × 10-3 mm2/s) 
(P < 0.001). When the optimal cut-off value of 1.11 × 10-3 mm2/s was selected, the sensitivity for 
the D value was 71% and the specificity was 72% [area under the curve (AUC): 0.716)]. When the 
optimal cut-off value of 21.06 × 10-3 mm2/s was selected, the sensitivity for the D* value was 78.6%, 
and the specificity was 79.3% (AUC: 0.829). The interclass correlation coefficient was excellent for f1, 
f2 D*, D, and ADCdiff, good for ADClow and D1, but reasonable for ADC.

CONCLUSION
The presence of synovial inflammation in the SIJ can be evaluated with high sensitivity and speci-
ficity using only four b values through the simplified IVIM method without the need for a contrast 
agent.

CLINICAL SIGNIFICANCE
IVIM imaging is a technique that allows us to gain insights into tissue perfusion without the admin-
istration of contrast agents, utilizing diffusion-weighted images. In this study, for the first time, we 
demonstrated the potential of detecting synovial inflammation in the SIJ using IVIM, specifically 
through the pseudodiffusion (D*) parameter, without the need for contrast agents.

KEYWORDS
Diffusion magnetic resonance imaging, intravoxel incoherent motion, perfusion fraction, pseudo-
diffusion, sacroilitiis, synovial inflammation
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Synovial inflammation in the sacroiliac 
joint (SIJ) space can be evaluated using 
T1-weighted (T1w) post-gadolinium 

(Gd) images through magnetic resonance 
imaging (MRI). An assessment of the SIJ is 
commonly performed in cases of spondy-
loarthritis (SpA), which is a chronic inflam-
matory arthritis that can affect both axial and 
peripheral joints.1 The most common clinical 
finding in patients affected by axial SpA (ax-
SpA) is inflammatory low back pain (ILBP), 
and the frequency of radiological sacroiliitis 
is increasing.2 In this context, the clinical val-
ue of MRI of the SIJ has increased since the 
presence of sacroiliitis in MRI was accepted 
as a diagnostic criterion by the Assessment 
of Spondyloarthritis International Society 
(ASAS).3

In studies conducted with patients with 
ankylosing spondylitis (AS), synovial inflam-
mation has been demonstrated to predict 
disease activity and is associated with the 
degree of pain.4 In 2019, the ASAS-MRI work-
ing group stated that increased contrast 
enhancement in the cartilaginous compo-
nent of the SIJ reflects inflammation at the 
osteochondral interface, consistent with the 
early histopathological features of AS. Syno-
vial inflammation may be associated with 
microenvironmental permeability chang-
es in the joint space before bone marrow 
edema (BME) becomes apparent.5 In recent 
years, concerns have emerged regarding the 
accumulation of Gd in the brain and the risk 
of nephrogenic systemic fibrosis associated 
with its use.6,7 In this context, we believe that 
the simplified intravoxel incoherent motion 
(IVIM) technique could be a useful and effec-
tive method for quantitatively monitoring 
early inflammatory progression in axSpA cas-
es without the need for Gd administration. 
The concept of IVIM, as defined by LeBihan, 
allows the separation of molecular diffusion 
and capillary perfusion using a biexponential 
model and helps calculate tissue perfusion 
without contrast agent administration.8 The 
biexponential model calculates the true dif-
fusion coefficient (D), pseudodiffusion coeffi-

cient (D*), and perfusion fraction (f ). Notably, 
D* refers to blood velocity and the length of 
microvessel segments, whereas f signifies 
the microvascular blood flow.8 The simplified 
IVIM model, developed recently using fewer 
b values, yielded more consistent and accu-
rate results compared with the biexponential 
IVIM model.9,10

The detection of synovial inflammation, 
which emerges in the early stages of axSpA, 
using quantitative methods such as IVIM, is 
likely to contribute to early diagnosis and 
treatment monitoring. In our literature re-
view, we found that IVIM studies related to 
sacroiliac (SI) MRI have focused primarily on 
BME.11-13 An IVIM study evaluating synovial 
inflammation in the SIJ is not yet available in 
the literature. The aim of this study is to de-
tect the presence of synovial inflammation in 
SI MRI using the simplified IVIM model and 
compare its effectiveness with T1w post-Gd 
imaging in cases diagnosed with axSpA.

Methods

Study design and participants

The current study was designed retro-
spectively and approved by the Ondokuz 

Mayıs University Institutional Ethics Com-
mittee (decision no: 2021/206, decision date: 
06.04.2021), along with a waiver for informed 
consent. This paper was drafted according to 
the guidelines laid down by the Standards 
for Reporting of Diagnostic Accuracy Stud-
ies.14 Written consent was obtained from the 
patients to participate in the study.

Between November 2020 and January 
2022, a total of 519 patients who underwent 
SIJ MRI examination on a 3Tesla (Philips, In-
genia, Best, the Netherlands) instead of 3T 
Philips Ingenia device with diffusion-weight-
ed imaging at b values of 0, 50, 400, and 800 
and T1w post-Gd images for ILBP were retro-
spectively screened. In total, 46 individuals 
aged between 18 and 45 years, without a 
history of malignancy, and with active sac-
roiliitis in accordance with the ASAS MRI cri-
teria [the presence of BME larger than 1 cm 
in coronal oblique plane short tau inversion 
recovery (STIR) sequence], were included 
in the study (14 men and 32 women; mean 
age: 34.4 ± 7.9). Cases with chronic sacroiliitis 
were excluded, and all included patients had 
active sacroiliitis. The inclusion and exclusion 
criteria for this study are listed in Figure 1. 

To detect inflammation in the joint space 

Main points

•	 Intravoxel incoherent motion (IVIM) imag-
ing may serve as an alternative method to 
contrast agents for the detection of synovial 
inflammation in the sacroiliac joint. 

•	 The most valuable parameter in the detec-
tion of synovial inflammation with simpli-
fied IVIM is pseudodiffusion coefficient.

•	 Using simplified IVIM with only four b values 
can shorten sequence time and yield results 
with high specificity and sensitivity. Figure 1. Study flowchart. Gd, gadolinium; MRI, magnetic resonance imaging.
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of the selected patients, T1w post-Gd imag-
es were used as the gold standard test. The 
synovial areas in the lower third of the SIJ 
space were reviewed for the presence of con-
trast enhancement by two radiologists with 
2 (M.A.) and 13 (A.B.Ö.) years of experience 
in musculoskeletal radiology following their 
radiology residency. Joints with contrast 
enhancement in the synovium were catego-
rized as synovial inflammation positive (SIP), 
whereas those without contrast enhance-
ment were categorized as synovial inflam-
mation negative (SIN). Subsequently, a con-
sensus was reached regarding the patients 
where a common opinion was not achieved 
to reach a final decision. Among the 17 pa-
tients with synovial enhancement, 11 dis-
played bilateral synovial involvement and 6 
showed unilateral synovial involvement. The 
SIN group comprised 58 SIJs belonging to 29 
patients for whom contrast enhancement in 
the joint space could not be detected, and 
28 joints belonging to 17 patients exhibiting 
synovial enhancement formed the SIP group 
(Figure 1). Both radiologists were blinded 
to all clinical patient data and each other’s 
findings. The clinical and laboratory param-
eters [sedimentation and C-reactive protein 
(CRP)] of the patients were obtained from 
the hospital information system 1 month 
before and after the MRI examination date. 
We confirmed from the hospital system that 
all patients included in the study received 
anti-inflammatory treatment. However, we 
were unable to standardize or compare their 
treatment protocols and follow-ups.

Magnetic resonance imaging technique

All examinations were performed on a 3.0 
T Philips Ingenia MR (Philips, Netherlands) 
using a torso coil. The standard sequences in-
cluded coronal oblique T1w, coronal oblique 
T2-weighted (T2w), coronal oblique T2w-fat 
suppressed (FS), coronal oblique STIR, axial 
oblique T2w-FS, axial oblique precontrast 

T1w-FS, coronal T1w-FS with IV contrast, and 
axial T1w-FS with IV contrast. The details of 
the MRI protocol are provided in Table 1. The 
diffusion MRI protocol is shown in Table 2.

Image analyses

Postprocessing image analysis

In the simplified IVIM method, IVIM pa-
rameters are calculated using the following 
equation, as stated in previous research:8,9,15

Using this equation, various ADC values 
were obtained from b0= 0, b1= 50, b2= 400, 
and b3= 800 s/mm2, such as D1= ADC (50, 
800), D2= D = ADC (400, 800), ADClow= ADC 
(0, 50), and ADC= ADC (0, 800). Using these 
ADC values, f1 and f2 values were obtained:

Furthermore, D* was obtained based on 
the above parameters using the following 
equation:

Subsequently, the perfusion-sensitive 
diffusion parameter corresponding to the 
difference between D2 and ADClow was cal-
culated.

All images were generated in a Bash envi-
ronment on macOS using a script developed 
in our radiology department. The Functional 
Magnetic Resonance Imaging of the Brain 
Software Library was employed as the im-
age processing algorithm, and dcm2niix was 
used for DICOM-to-NIfTI conversion.16,17 Fur-
thermore, all voxels with a perfusion fraction 
below 0% and above 100% were removed 

from the image to avoid miscalculations.

Volume of interest definition

The entire synovium located in the lower 
third of the SIJ was segmented using ITK-
SNAP (http://www.itksnap.org) with diffu-
sion-weighted b = 0 images in the SIN group.8 
In the SIP group, subtracted images were cre-
ated from the T1w-FS post-Gd and precon-
trast T1w-FS images. In these subtracted im-
ages, the entire contrast-enhanced synovial 
component was revealed. Subsequently, the 
subtracted images were fused with the diffu-
sion-weighted b = 0 images on ITK-SNAP, and 
all areas exhibiting contrast enhancement in 
the synovial area were segmented. The seg-
mented images in both groups were then 
extracted as mask images (Figure 2). Finally, 
the mean value of the intensities in the ADC, 
f1, f2, D, D1, D*, ADClow, and ADCdiff mask im-
ages was automatically calculated using the 
fslstats command.16

Statistical analysis

Statistical analyses were performed us-
ing SPSS software version 22.0. The variables 
were investigated by conducting a Shap-
iro–Wilk test to determine whether they 
exhibited a normal distribution. Descriptive 
analyses were performed using the means 
and standard deviations for the normally dis-
tributed variables. Additionally, the Student’s 
t-test was employed to compare the normal-
ly distributed variables, and the Mann–Whit-
ney U test was used to compare the non-nor-
mally distributed variables. Non-parametric 
variables were presented with standard devi-
ation and median (min–max) or interquartile 
range (IQR) values. Furthermore, Pearson’s χ² 
test was implemented to compare the gen-
ders of the two groups. The intraclass cor-
relation coefficient (ICC) statistic was used to 
assess intraobserver agreement for the IVIM 
parameters. The diagnostic performance of 

Table 1. Magnetic resonance imaging protocol

T1W T2W T2W-FS STIR T2W-FS T1W-FS
(precontrast)

T1W-FS
(post iv contrast)

T1W-FS
(post iv contrast)

Plane Coronal 
oblique

Coronal 
oblique

Coronal 
oblique

Coronal 
oblique

Axial 
oblique

Axial 
oblique Coronal Axial

Repetition time (ms) 500 4000 4000 shortest 4000 500 500 500

Echo time (ms) 8 80 80 80 80 8 8 8

FOV (RL × AP) 210 × 210 210 × 210 210 × 210 250 × 250 240 × 240 240 × 240 210 × 210 240 × 240

Number of excitations 1 1 1 1 1 1 1 1

Matrix size 264 × 279 212 × 199 212 × 199 256 × 204 268 × 264 344 × 294 264 × 279 344 × 294

Slice thickness (mm) 3 3 3 3 3.5 4 3 4

Gap (mm) 0.3 0.3 0.3 0.6 0.35 0.8 0.3 0.8

T1W, T1-weighted; T2W, T2-weighted; FS, fat-suppressed; STIR; short tau inversion recovery; iv, intravenous; FOV, field of view; RL, right-left; AP, anterior-posterior.
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the IVIM parameters to detect synovial in-
flammation in the SIJ was calculated by con-
ducting a receiver operating characteristic 
(ROC) curve analysis. The Youden index was 
used to determine the cut-off value in the 
ROC analysis.

Results

Patient and clinical characteristics

The results of the analyses revealed no 
significant difference between the age distri-
butions of the two groups (P = 0.11). Notably, 
the number of women was significantly high-
er in the SIP group (22% vs. 78%) (P = 0.007). 
Although no statistically significant difference 
was observed between the CRP values of the 
groups, the sedimentation rate was signifi-

cantly higher in the SIP group (SIN median: 13, 
IQR: 17; SIP median: 23, IQR: 20; P = 0.027). The 
clinical and demographic data of the patients 
are summarized in Table 3.

Intravoxel incoherent motion analyses of 
the sacroiliac joints in the study groups

The ADC, D1, D, f1, f2, D*, ADClow, and AD-
Cdiff values of the joint spaces in the SIN and 
SIP groups are summarized in Table 4. No-
tably, although the means of ADC and D1 
were higher in the SIP areas than in the SIN 
areas, the differences were not statistically 
significant (P = 0.057, P = 0.053). However, D 
was significantly higher in the SIP group (P 
= 0.004). Furthermore, although f1, ADClow, 
and ADCdiff were higher in the SIP areas, the 
differences were not statistically significant 
(P = 0.143, P = 0.131, P = 0.153). In the SIP ar-

eas, D* was observed to be significantly de-
creased (P < 0.001).

The diagnostic performance of D* and D 
in detecting synovial enhancement in pa-
tients with active sacroiliitis is shown in Fig-
ure 3. The best D cut-off value for diagnosing 
synovial enhancement in patients with active 
sacroiliitis was 1.11 × 10-3 mm2/s, for which 
the sensitivity of D was 71% and specificity 
was 72% [area under the curve (AUC): 0.716, 
95% confidence interval (CI): 0.574–0.857, P 
= 0.001]. Moreover, the best D* cut-off value 
for the diagnosis of synovial enhancement 
in patients with active sacroiliitis was 21.06 
× 10-3 mm2/s, with the sensitivity of D* be-
ing 78.6% and specificity being 79.3% (AUC: 
0.829, 95% CI: 0.723–0.936, P < 0.001).

Interobserver agreement assessment

The interobserver agreement for f1, f2, D*, 
D, and ADCdiff were excellent, with the ICC 
being 0.793 for f1, 0.802 for f2, 0.978 for D*, 
0.772 for D, and 0.774 for ADCdiff (P < 0.001). 
Furthermore, interobserver agreement for 
ADClow and D1 was good, with the ICC being 
0.727 for ADClow and 0.625 for D1 (P < 0.001). 
Interobserver agreement for ADC was reli-
able, with an ICC of 0.535 (P < 0.001).

Discussion
In this study, simplified IVIM parameters 

were examined to quantitatively determine 
synovial inflammation in patients with axSpA 

Table 2. Diffusion magnetic resonance imaging protocol details

Name Value

FOV (RL × AP) 250 × 250 mm

Slice thickness 4 mm

Spacing between slices 5

Slice number 39

Echo time 0.08 s

Repetition time 1.5 s

Diffusion gradients 3 orthogonal directions

b values 0, 50, 400, 800 (NEX: 4)

Acquisition time 4:30 min

NEX, number of excitation.

Figure 2. Sacroiliac magnetic resonance imaging (MRI) examination performed on a 40-year-old female patient diagnosed with axial spondyloarthritis reflecting 
active sacroiliitis in line with the Assessment of Spondyloarthritis International Society MRI criteria, with findings of bone marrow edema indicated by arrowheads on 
the short tau inversion recovery (STIR) series and synovial inflammation indicated by arrows on the fat-suppressed (FS) contrast-enhanced and diffusion-weighted 
imagining (DWI) series. (a) FS axial T1 postcontrast series and (b) subtracted images demonstrating enhancement in the joint space in the posteroinferior parts of 
both sacroiliac joints (SIJs). (c) Axial reformatted STIR images, (d) b = 0 DWI indicating fluid values in the joint space. (e-l) apparent diffusion coefficient (ADC), D, D1, 
ADClow, ADCdiff, D*, f1, and f2 maps with synovial enhanced areas marked with volume of interest in the right SIJ space indicated by arrows. At the marked volume, the 
following estimates were calculated: ADC = 1.9 × 10-3 mm2/s, D = 1.22 × 10-3 mm2/s, D1 = 1.43 × 10-3 mm2/s, ADClow = 1.76 × 10-3 mm2/s, ADCdiff = 16.02 × 10-3 mm2/s, 
D* = 16.58 × 10-3 mm2/s, f1 = 7%, and f2 = 20%.
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accompanied by active sacroiliitis without 
using a contrast agent. The study results indi-
cate that in areas where synovial contrast en-
hancement is detected in the SIJ and defined 
as SIP, the pseudodiffusion coefficient D* de-
creases, whereas the diffusion coefficient D, 
indicating pure diffusion in the extracellular 
space, increases. There was no significant dif-
ference between SIN and SIP areas in terms 
of ADC, f1, f2, D1, ADClow, or ADCdiff.

According to the study results, the de-
crease in the D* value in SIP areas indicates 
a reduction in intravascular blood flow and 
capillary network length. However, an in-
crease in the D value suggests an increase 
in extracellular pure diffusion in SIP areas. 
Although f1 and f2 were affected by the 
amount of fluid in the extracellular space 
and intravascular compartment, ADClow, D1, 
ADCdiff, and ADC were impacted by both dif-
fusion and perfusion. These findings indicate 
that, although an increase is observed in the 
amount of fluid in the extracellular space in 
areas of synovial inflammation, it is accom-
panied by a decrease in blood flow in the 
capillary bed in the SIP areas compared with 
the SIN areas. Furthermore, no significant 
change was observed in the value of f1, which 
was affected by fluid areas in the extracellu-
lar space and the intravascular compartment. 
There was no significant difference in the AD-
Clow, D1, and ADC values with regard to both 
diffusion and perfusion, or the ADCdiff value, 
which represents the diffusion parameter as-
sociated with perfusion. These findings high-
light that an increase in the amount of fluid 
in the extracellular space in areas of synovial 
inflammation is accompanied by a decrease 
in blood flow in the capillary bed.

Zhao et al.13, who compared the param-
eters of the IVIM method with those of dy-
namic contrast-enhanced (DCE) MRI in the 
SIJ, found D to be moderately correlated 
with relative enhancement and maximum 
enhancement (ME). In the same study, D* 
was observed to have a moderate negative 
correlation with ME. The current study iden-
tified a decrease in D* and an increase in D 
in areas characterized by Gd uptake. Notably, 
a decrease in the D* of the areas marked by 
contrast enhancement is consistent with the 
results of the current study. In a similar study, 
Guo et al.1 investigated the correlation be-
tween DCE-MRI and IVIM DWI parameters in 
patients with axSpA, finding that D correlat-
ed with perfusion parameters derived from 
DCE-MRI. This finding is consistent with the 
observed increase in D in the areas of syno-
vial inflammation in the present study. Liu et 
al.18 found a higher true diffusion coefficient 

Table 3. Demographic and clinical characteristics

Characteristic SIP SIN P value

Female gender ratio (%) 78 22 0.007

Age (year) (mean ± SD) 30.88 ± 7.67 34.48 ± 8.10 0.85

CRP (mg/dL) (median, IQR) 3 (3) 3 (2) 0.659

ESR (mm/L) (median, IQR) 23 (20) 13 (17) 0.027

SIP, synovial inflammation positive; SIN, synovial inflammation negative; SD, standard deviation; CRP, C-reactive 
protein; IQR, interquartile range; ESR, erythrocyte sedimentation rate.

Table 4. Mean values of groups with and without synovial enhancement

Parameter SIN (n = 58)
Mean ± SD
Median (min-max)

SIP (n = 28)
Mean ± SD
Median (min-max)

P

ADC (×10-3 mm2/s) 1.39 ± 0.16
1.38 (0.99–1.90)

1.48 ± 0.21
1.52 (1.07–1.87) 0.057

D1 (×10-3 mm2/s) 1.25 ± 0.13
1.24 (0.92–1.71)

1.36 ± 0.26
1.38 (0.69–1.87) 0.053

D (×10-3 mm2/s) 1.02 ± 0.16
1.01 (0.62–1.42)

1.23 ± 0.34
1.24 (0.46–1.87) 0.004

f1%a 16.85 ± 4.04
15.88 (9.30–25.98)

18.81 ± 5.52
16.71 (11.42–31.53) 0.143

f2% 31.23 ± 6,34
30.90 (17.88–49.39)

31.68 ± 6.12
32.15 (20.47–43.74) 0.752

D* (×10-3 mm2/s) 21.78 ± 3.77
21.86 (14.77–32.33)

16.19 ± 4.58
15.11 (8.16–26.22) <0.001

ADClow (×10-3 mm2/s)a 4.59 ± 1.16
4.47 (2.35–7.69)

5.21 ± 1.55
4.54 (2.94–9.25) 0.131

ADCdiff (×10-3 mm2/s)a 4.09 ± 1.17
3.77 (2.09–6.91)

4.62 ± 0.16
4.13 (2.40–8.92) 0.153

Mann–Whitney U test was performed for parameters denoted with a due to non-normal distribution according to 
the Shapiro–Wilk test. The Student’s t-test was performed for the other parameters.
Significant test results are noted in bold. SIN, synovial inflammation negative; SD, standard deviation; min, minimum; 
max, maximum; ADC, apparent diffusion coefficient; D, true diffusion coefficient; D*, pseudodiffusion coefficient.

Figure 3. Receiver operating characteristic curve analysis of D* and D with regard to the diagnosis of synovial 
enhancement in active sacroiliitis cases. D, true diffusion coefficient; D*, pseudodiffusion coefficient.
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(Dslow) in the IVIM DWI study examining BME 
areas in cases of active sacroiliitis; however, 
this difference was not statistically significant. 
Guo et al.19 correlated IVIM MRI parameters 
with the clinical activity index for BME areas 
in axSpA cases, identifying a correlation be-
tween D and D* with the clinical activity index. 
Although our study addressed a different top-
ic, two of the most valuable IVIM parameters 
were found to be consistent with our study.

In our literature review, we identified two 
IVIM studies focusing on synovial inflamma-
tion that were also conducted on the knee 
joint. In the first study, an increase in f and 
D values was detected in inflamed synovial 
areas.20 However, in the present study, al-
though the f value registered an increase, it 
was not statistically significant. As noted by 
Andreou et al.21, the decrease in D*, which 
was evident in the case of the patients par-
ticipating in this study, may have prevent-
ed the f value from achieving a substantial 
increase. In their more recent pilot study, 
Huch et al.22 compared the results obtained 
from the knee joint with detected synovitis 
in pediatric and young adult patients with 
data from healthy volunteers. This ongoing 
study has demonstrated that the D value 
is low and the f value is high based on data 
from eight patients.22 Furthermore, the only 
study that compared the diffusion properties 
of inflamed and non-inflamed synovial fluid 
using contrast-enhanced MRI was conduct-
ed with a focus on the knee joints of children 
diagnosed with juvenile idiopathic arthritis, 
revealing that ADC values increase in the 
case of active disease.23 In the present study, 
however, no significant change in ADC val-
ues was observed. Notably, the b values used 
to calculate the ADC in the aforementioned 
study were 50 and 600, as a result of which 
the tissue perfusion effect on the ADC was 
subtracted. This may be accepted as a pa-
rameter similar to the perfusion-free D value 
used in the present study. Therefore, in the 
present study, the D value exhibiting a mini-
mal perfusion effect was significantly higher 
in the inflamed areas. 

Notably, pathology studies have indicat-
ed that patients with AS experience exten-
sive vascular congestion and obliteration, 
accompanied by an increase in lining cells, 
lymphocytes, and plasma cells in the SIJ.24 
Furthermore, histological studies have re-
vealed increased mast cells, CD163 macro-
phages, and neutrophils in areas of synovial 
inflammation.25 The mediators secreted from 
these cells can increase capillary permeabili-
ty and the amount of extracellular fluid. This 
pathophysiological mechanism may explain 

the increase in D observed in this study, 
which reflects free diffusion in the extracel-
lular space. In addition, vascular congestion 
and obliteration may have contributed to 
the decrease in D* values, which is associat-
ed with intravascular blood flow and overall 
decreased perfusion.

It should be noted that there is ongoing 
debate regarding the necessity of contrast 
application in SI MRI. According to the ASAS 
criteria, the administration of a contrast 
agent is primarily recommended to detect 
joint space enhancement rather than syno-
vitis. Current guidelines suggest using the 
term “joint space enhancement” instead of 
synovitis.26 In this context, this study is the 
first to investigate the performance of the 
simplified IVIM method in detecting synovi-
al inflammation in SI MRI and its diagnostic 
superiority over using a contrast agent. In 
line with ASAS-EULAR recommendations, 
T1w post-Gd images are typically used to 
detect synovial inflammation.27 However, the 
current study demonstrated the presence of 
synovial inflammation in patients with SpA 
with high specificity and sensitivity, without 
the need for T1w post-Gd images. Although 
previous IVIM studies on the SIJ have focused 
on BME areas detectable on STIR sequenc-
es, this pioneering study revealed synovial 
inflammation areas, traditionally requiring 
contrast agents, using the IVIM method. 
This approach not only demonstrated high 
specificity and sensitivity but also excellent 
interobserver agreement using only four b 
values.

Nonetheless, this study has several lim-
itations. First, the patients’ Bath Ankylosing 
Spondylitis Disease Activity Index scores 
and clinical follow-ups were not available 
for analysis; these data could enhance the 
reliability of results in future studies. Second, 
although pioneering, the study analyzed a 
relatively small number of patients. Third, al-
though T1w post-Gd images were the gold 
standard for evaluating synovial inflamma-
tion, no evaluation based on histopatholog-
ical data was conducted. Histopathological 
assessments were impractical because of 
the anatomical complexities of the SIJs and 
ethical considerations. Finally, as a cross-sec-
tional study, it does not provide insights into 
longitudinal changes in the synovium over 
time. Future research should consider longi-
tudinal studies to address these limitations 
comprehensively.

In conclusion, the results of this study in-
dicate that in patients with axSpA and inflam-
mation in the SIJ, there is an increase in fluid 

within the extracellular space accompanied 
by decreased blood flow. The simplified IVIM 
method, which involves a short sequence 
time and demonstrates high specificity and 
sensitivity using only four b values, allows for 
the detection of synovial inflammation with-
out the need for any contrast material.
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Clival and paraclival pathologies: imaging features and differential 
diagnosis

ABSTRACT
Clival and paraclival pathologies encompass a broad spectrum of benign and malignant lesions, ne-
cessitating accurate imaging for precise diagnosis and management. Magnetic resonance imaging 
and computed tomography are pivotal in evaluating these lesions, facilitating differentiation, and 
guiding therapeutic decisions. This study reviews the imaging characteristics, differential diagno-
ses, and clinical significance of clival and paraclival pathologies.
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The clivus, a sloping skull base bone, supports the brainstem and separates the posterior 
cranial fossa from the sphenoid sinus. It comprises the basisphenoid and basiocciput, 
which fuse in adulthood. In children, the spheno-occipital synchondrosis, a joint aiding 

skull base growth, separates these structures and fuses by the late teens to mid-twenties.1 The 
central location of the clivus and its proximity to critical neurovascular structures make it vital 
in both normal and pathological conditions, especially in trauma or skull base lesions.

Clival and paraclival pathologies encompass a wide range of benign and malignant lesions 
(Table 1). Due to the proximity of the clivus to the brainstem, cranial nerves, and major vessels, 
a precise imaging diagnosis is essential. Magnetic resonance imaging (MRI) and computed 
tomography (CT) are essential for localizing, assessing, and differentiating pathologies such 
as neoplasms, inflammation, and congenital abnormalities, guiding targeted treatment. This 
essay highlights the imaging features and diagnostic approaches for clival and paraclival le-
sions. Informed consent was obtained from the patients for the use of the clinical and imaging 
data included in this review.
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Table 1. Classification of clival and paraclival pathologies

Category Subtype Pathologies

Primary clival lesions

Benign lesions Benign bone lesions, benign-
appearing notochordal lesions

Malignant lesions
Chordoma, chondrosarcoma, 
plasmacytoma/multiple myeloma, 
metastasis

Paraclival pathologies Infectious and inflammatory 
lesions

Skull base osteomyelitis, IgG4-related 
disease

Secondary clival lesions: 
pathologies extending 
to the clivus

Head and neck pathologies Nasopharyngeal carcinoma, sinonasal 
malignancies

Intracranial pathologies Meningioma, pituitary neuroendocrine 
tumor
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Imaging techniques
CT and MRI serve as complementary tech-

niques in evaluating clival and paraclival 
pathologies. CT is superior for the detailed 
analysis of bony structures, the identification 
of calcifications, and the evaluation of their 
patterns. Thin-slice axial and coronal recon-
structions are particularly valuable for as-
sessing bone erosion and destruction.

MRI offers superior soft tissue contrast 
and is essential for evaluating intracranial 
extensions and bone marrow signal abnor-
malities. It also plays a critical role in assess-
ing the treatment response and follow-up. 
Standard multiplanar T1-weighted (T1W) 
and T2-weighted (T2W) sequences are used 
alongside post-contrast T1W sequences 
to evaluate lesion enhancement. Diffu-
sion-weighted imaging and apparent diffu-
sion coefficient (ADC) mapping assist in the 
differential diagnosis.

Advanced sequences such as fast imaging 
employing steady-state acquisition (FIESTA) 
and  constructive interference in steady state 
(CISS) provide high spatial resolution with 
submillimeter section thickness. These se-
quences enhance the visualization of small 
lesions and structures, especially those with 
high T2 signal intensity, such as cerebrospinal 
fluid (CSF). Their multiplanar reconstruction 
capabilities are valuable for the detailed im-
aging of the brainstem, small cystic lesions, 
and the surrounding neural structures. These 
sequences may also be used with contrast, 
which is useful for the differential diagnosis 

and the further evaluation of the details and 
extension of the lesions. The integration of 
CT and MRI with these advanced imaging 
techniques enables a comprehensive eval-
uation of clival and paraclival pathologies. 
Additionally, fluorodeoxyglucose positron 
emission tomography (FDG PET)/CT can 
complement CT and MRI, particularly for 
staging purposes and the assessment of the 
treatment response.

Normal anatomy of the clivus
The clivus is bordered superiorly by the 

dorsum sellae and sella, inferiorly by the 
foramen magnum, and laterally by the pet-
roclival fissure, which includes the petro-oc-
cipital synchondrosis, petrous temporal 
bone, and internal carotid artery. Anteriorly, 
it adjoins the sphenoid sinus and nasophar-
ynx, and posteriorly, the prepontine and pre-
medullary cisterns, containing the brainstem 
(Figure 1).

The clivus is best visualized on a sagittal 
T1W MRI. It shows age-related changes in 
the bone marrow signal caused by the in-
creasingly yellow (fatty) marrow, leading to 
T1W hyperintensity. A normal clival signal is 
typically isointense or hyperintense relative 
to the pons, and T1W hypointensity warrants 
suspicion. Clival marrow heterogeneity may 
manifest as hypointense foci. The T1W signal 
is categorized as follows: grade 1 indicates a 
low signal, occupying >50%; grade 2 covers 
20%–50%; and grade 3 exhibits a high signal, 
with a low signal occupying <20% (Figure 2). 
Mild enhancement is often noted in grade 1 
T1W signals.2

Primary clival lesions

Benign lesions

Fibrous dysplasia

Fibrous dysplasia is a benign fibro-osseous 
condition, in which normal bone is replaced 
with fibrous tissue. It affects all ages but is 
commonly diagnosed in childhood or early 
adulthood, with no gender predilection. Al-
though usually sporadic, it can be linked to 
syndromes such as McCune–Albright and 
Mazabraud or isolated endocrinopathies.3

Most cases (70%–80%) are monostotic, 
commonly involving craniofacial bones, long 
bones, and the spine.4 Clival involvement is 
rare, with only 44 cases reported in a 2023 
review.5 Diagnosis is primarily radiological, 
with histopathology reserved for sympto-
matic or atypical monostotic cases.

On imaging, CT typically reveals an ex-
pansile, ground-glass intramedullary lesion 
diagnostic of fibrous dysplasia. On MRI, it 
appears hypointense on T1W signals and 
exhibits a variable T2W signal with moder-
ate-to-marked post-contrast enhancement 
(Figure 3).

Management typically involves observa-
tion and bone quality maintenance. Imaging 
should evaluate benign matrix transforma-
tion (e.g., aneurysmal bone cyst-like chang-
es, myxoid degeneration) and malignant fea-
tures, such as fractures, cortical destruction, 
aggressive periosteal reactions, marrow ede-
ma, solid masses, or soft tissue components.

Differential diagnoses include other fi-
bro-osseous lesions, Paget’s disease, and 
primary clivus lesions such as intraosseous 

Main points

•	 Clival and paraclival pathologies, which ex-
tend into the clivus, are categorized into pri-
mary clival lesions (benign and malignant), 
paraclival infectious/inflammatory condi-
tions, and secondary clival lesions.

•	 High-resolution sequences, such as con-
structive interference in steady state/fast 
imaging employing steady-state acqui-
sition, diffusion-weighted imaging, and 
post-contrast sequences, are valuable for 
the differential diagnosis of clival lesions.

•	 Although chordomas and chondrosarco-
mas have overlapping imaging features, 
higher apparent diffusion coefficient values 
in chondrosarcomas may aid in their differ-
entiation.

•	 The radiological and pathological features 
of benign notochordal cell tumors overlap 
with those of clival chordomas, justifying 
the use of the term “benign-appearing no-
tochordal lesions,” which should be moni-
tored with imaging every 6 months.

Figure 1. Magnetic resonance imaging anatomy of the clivus in a 4-year-old male pediatric patient. Sagittal 
T2-weighted (T2W) image (a) and axial heavily T2W image (b), demonstrating the key anatomical structures. 
The spheno-occipital synchondrosis (arrow), located between the basisphenoid and basiocciput, is clearly 
visible. The key adjacent structures are labeled: 1. Sphenoid sinus, 2. pituitary gland, 3. dorsum sella, 4. 
basilar artery, 5. pons, 6. nasopharynx, 7. abducens nerve.

a b
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meningioma and chordoma. Paget’s disease 
may appear radiologically similar to fibrous 
dysplasia, but it primarily occurs in older in-
dividuals, whereas fibrous dysplasia can be 
seen across a broader range of age groups. 
Intraosseous meningiomas tend to be less 
extensive than fibrous dysplasia, with less 
bony remodeling. Chordoma can be easily 
distinguished from fibrous dysplasia because 
of its lytic destructive appearance, possible 
expansile solid component, and more pro-
nounced contrast enhancement.

Benign-appearing notochordal 
lesions

Ecchordosis physaliphora and benign 
notochordal cell tumors 

Ecchordosis physaliphora is a benign 
hamartomatous lesion from ectopic noto-
chordal remnants. It is non-proliferative, 
non-invasive, and asymptomatic but can 
present with symptoms such as headache, 
CSF leaks, or diplopia. Ecchordosis phy-
saliphora is classified as a benign notochord-
al cell tumor in current pathology systems.6

The radiological and pathological features 
of BNCT overlap with those of clival chordo-

ma, making the term “benign-appearing no-
tochordal lesions” preferable for EP/BNCT.7 
MRI reveals T1-hypointense and T2-hyper-
intense lesions, similar to chordomas, al-
though chordomas are often enhanced with 
contrast. The FIESTA and CISS sequences are 
valuable for identifying small intracranial le-
sions, providing high-resolution images for 
multiplanar reconstruction. These sequences 
are recommended for diagnosing and classi-
fying clival lesions.8

Benign notochordal cell tumors remain 
stable during follow-up, whereas low-grade 
chordomas exhibit slow growth, although 
differentiation remains challenging. These 
lesions can be defined as “benign-appearing 
notochordal lesions” and should be moni-
tored through imaging at 6-month intervals.7

Surgical considerations include tumor 
size (<3 cm), growth, local invasion, bony 
erosion, patient age (<30 years), symptoms, 
and patient preference (Figure 4).

Malignant lesions

Chordomas

Chordomas, arising from notochord rem-
nants, account for 1%–4% of bone malignan-

cies and 0.5% of primary intracranial central 
nervous system tumors.9 Cranial chordomas 
represent approximately 40% of cases, with 
sacral and spinal forms being less common. 
They predominantly affect adults, especially 
men, with peak incidence in the 70–80-years 
age range.10

Radiologically, CT shows a lytic, expansile 
mass with secondary calcifications caused 
by sequestration. On MRI, chordomas ap-
pear hyperintense on T2W images and hy-
pointense on T1W images, occasionally with 
hemorrhagic foci. Post-contrast imaging of-
ten reveals a honeycomb pattern (Figures 5 
and 6).

Despite their slow growth and low-grade 
histology, chordomas are locally invasive, 
recur frequently, and are classified as malig-
nant. Treatment typically involves surgery 
with adjuvant radiotherapy. Surgical resec-
tion is critical for progression-free and overall 
survival.

Differential diagnoses include chondro-
sarcoma, metastasis, plasmacytoma, and, 
rarely, jugular paraganglioma. No conven-
tional CT or MRI feature reliably distinguish-
es chordomas from chondrosarcomas; how-

Figure 2. Signal changes in clival bone marrow on non-fat-suppressed T1-weighted (T1W) magnetic resonance imaging. Sagittal T1W images (a-d) without fat 
suppression from patients at 6 months (a), 4 years (b), 14 years (c), and adulthood (d) are shown. The images demonstrate the gradual replacement of red bone 
marrow (hypointense) by fatty bone marrow. The signal intensity changes are graded as grade 1 (a), grade 2 (b), and grade 3 (c, d), as indicated by the arrows.

Figure 3. Imaging features of a lesion consistent with monostotic fibrous dysplasia in the clivus in a 31-year-old male patient. An incidental lesion in the clivus, 
appearing hypointense on T2-weighted (a) and T1-weighted (T1W) (b) sequences. The lesion is intramedullary in location and mildly expansile (arrow). On 
post-contrast T1W imaging (c), the lesion exhibits moderate enhancement, raising suspicion for fibrous dysplasia, and a computed tomography (CT) scan was 
recommended. The CT scan (d) confirms a well-defined, mildly expansile lesion with ground-glass density, supporting the diagnosis of fibrous dysplasia (arrow).
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ever, ADC values, enhancement patterns, 
and bone changes may help differentiate 
the two, as they often share overlapping im-
aging features. Chondrosarcomas typically 
exhibit higher ADC values than chordomas.11 
The high T2 signal intensity of chondroid le-
sions helps differentiate them from metas-
tases and plasmacytomas, whereas poorly 
differentiated chordomas may exhibit a low 
T2 signal. Paragangliomas have a distinct 
salt-and-pepper appearance, flow voids, and 
moth-eaten bone destruction.

Chondrosarcomas

Skull base chondrosarcomas are rare tu-
mors that typically arise from the petro-oc-
cipital synchondrosis, which is believed to 
explain their usual off-midline location. How-
ever, 10%–30% may occur at the midline.12 
These slow-growing tumors often present 
with brainstem or cranial nerve compression 
symptoms.

On CT, these tumors may exhibit typical 
chondroid calcifications (popcorn-like or 
ring-and-arc patterns) and appear as de-
structive, heterogeneous masses. On MRI, 
they are hypointense on T1W images, hyper-
intense on T2W images, and demonstrate 

Figure 4. Benign-appearing notochordal lesion causing cerebrospinal fluid rhinorrhea and follow-up 
imaging in a 45-year-old female patient. Initial evaluation with computed tomography (CT) (a) reveals a 
clival defect (arrowhead) and a hyperintense focal clival lesion (arrow) on constructive interference in 
steady-state (CISS) imaging (b). The patient declined surgical intervention and, after 4 years, presented 
with exacerbated symptoms. Follow-up CT (c) and CISS imaging (d) demonstrate fluid accumulation in the 
sphenoid sinus (asterisk) and an increase in the size of the clival lesion (arrow).

Figure 5. Imaging findings from a 60-year-old male patient who presented with hearing loss and sudden-onset diplopia, subsequently diagnosed with clival 
chordoma. Axial computed tomography image (a) reveals a lytic, destructive mass containing sequestered bone tissue (arrow). The T2-weighted magnetic 
resonance images (b, c) reveal a hyperintense lesion. The T1-weighted (T1W) image (d) demonstrates a hypointense lesion with hyperintense foci suggestive of 
hemorrhage. A post-contrast T1W image (e) displays moderate heterogeneous enhancement with a honeycomb-like pattern. On the apparent diffusion coefficient 
(ADC) map (f), the ADC value is measured at 1.595 × 10-3 mm2/sec. The patient received external beam radiotherapy following the surgical diagnosis of chordoma.
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post-contrast heterogeneous enhancement 
with a ring-and-arc pattern (Figure 7). Chor-
domas should be considered in the differ-
ential diagnosis. Differentiation from chor-
domas is best made based on location, as 
chordomas arise from notochordal remnants 
and typically occur along the midline, where-
as chondrosarcomas are typically centered 
on the petro-occipital fissure. Additionally, 
ADC values can help distinguish between 
the two, as chondrosarcomas generally have 
higher ADC values.

Treatment involves maximal safe resec-
tion followed by adjuvant radiotherapy. 

Multiple myeloma

One of the diagnostic criteria for multi-
ple myeloma is bone involvement. The most 
commonly affected region is the axial skele-
ton, particularly the vertebrae. Radiological 

evaluation plays a crucial role in supporting 
the diagnosis, excluding other causes, and 
identifying potential complications.

Typically, well-defined lytic bone lesions 
are observed in the commonly affected axial 
skeleton. However, one of the bone marrow 
involvement patterns may also present as 
entirely normal-appearing bone marrow.

On MRI, five active bone marrow in-
volvement patterns have been described, 
including normal-appearing marrow, a focal 
pattern, a diffuse pattern, a salt-and-pepper 
(micronodular) pattern, and a combination 
of focal lesions within a diffuse pattern.

Active lesions are hyperintense on T2W 
images, hypointense on T1W images, and 
demonstrate enhancement on post-contrast 
T1W images. These lesions also demonstrate 
diffusion restriction (Figure 8).

The differential diagnosis includes lytic 
bone metastases.

Metastasis

Prostate, breast, and lung cancers account 
for most bone metastases. Lesions may ap-
pear as lytic, sclerotic, or mixed patterns on 
imaging and are often associated with bone 
marrow signal changes on MRI (Figure 9). 
Clival metastases can cause cranial nerve 
deficits or skull base compression symptoms, 
necessitating thorough radiological evalua-
tion for an accurate diagnosis and treatment 
planning.

In elderly patients without a known ma-
lignancy, multiple lytic lesions raise suspicion 
for multiple myeloma as a key differential 
diagnosis. Features favoring metastases in-
clude the involvement of vertebral pedicles 
rather than vertebral bodies and distal ap-

Figure 6. Magnetic resonance images of a 62-year-old male patient with a clival chordoma. The lesion appears hypointense on the T1-weighted (T1W) imaging (a), 
with punctate hyperintense foci, hyperintense on T2-weighted imaging (b), and demonstrates a honeycomb-like enhancement on post-contrast T1W imaging (c), 
consistent with a diagnosis of clival chordoma (arrow).

Figure 7. Magnetic resonance images of a 52-year-old male patient with chondrosarcoma. The lesion is hypointense on the T1-weighted (T1W) imaging (a), 
hyperintense on the T2-weighted imaging (b), and demonstrates septal enhancement on the post-contrast T1W imaging (c). The apparent diffusion coefficient 
(ADC) map (d) reveals high ADC values (1.955 × 10-3 mm2/sec) in this expansile mass arising from the petro-occipital synchondrosis, extending posteriorly toward 
the brainstem and anteriorly into the temporal region (arrow). The histopathological diagnosis confirmed chondrosarcoma. 

a

a b c d

b c



 

624 • November 2025 • Diagnostic and Interventional Radiology Bozer and Pekçevik.

Figure 8. A 71-year-old female patient diagnosed with multiple myeloma. Computed tomography scan (a) reveals a lytic, destructive lesion in the clivus (black 
arrowhead). Axial T1-weighted (T1W) magnetic resonance imaging (MRI) (b) reveals the lesion as hypointense, whereas the sagittal T2-weighted MRI (c) 
demonstrates it as hyperintense (long white arrow). Post-contrast sagittal T1W MRI (d) reveals multiple lesions in the calvarium (short white arrows), clivus, and 
cervical vertebrae (white arrowheads). Sagittal T1W thoracic MRI (e) reveals diffuse bone marrow signal reduction with multiple focal hypointense lesions (black 
arrows). The combination of focal lesions within a diffuse pattern, along with bone marrow involvement, older age, and clinical-laboratory findings, supports the 
diagnosis of multiple myeloma.

Figure 9. Images of a 60-year-old female patient diagnosed with breast cancer revealing clivus metastasis. Computed tomography (CT) scan (a) demonstrates a 
lytic lesion (black arrow). Axial T1-weighted (T1W) magnetic resonance imaging (MRI) (b) and T2-weighted MRI (c) reveal hypointense lesions (white arrows). Axial 
(d) and sagittal (e) post-contrast T1W images demonstrate homogeneously enhancing lesions (arrowhead). Sagittal CT image (f) revealing mixed lytic and sclerotic 
lesions consistent with mixed-type bone metastasis.
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pendicular skeleton involvement. Although 
both conditions may exhibit variable bone 
scan findings on bone scintigraphy, includ-
ing areas of increased (hot) or decreased 
(cold) uptake, extensive bone metastases 
rarely present with a normal scan appear-
ance, unlike multiple myeloma.

Paraclival pathologies

Infectious and inflammatory le-
sions

Skull base osteomyelitis

Skull base osteomyelitis (SBO), often linked 
to necrotizing external otitis, is classified as lat-
eral or central based on the infection source. 
Lateral SBO arises from otogenic or odonto-
genic infections, affecting the temporal bone 
and nearby structures, whereas central SBO 
originates from sinus infections, involving the 
clivus and sphenoid bones. It has an insidious 
onset, often presenting with delayed symp-
toms, such as persistent headaches and neu-
rological deficits, after the apparent improve-
ment of the initial otogenic infection.

CT and MRI are vital for diagnosing SBO, 
although imaging findings may lag behind 
clinical symptoms. Early bone destruc-
tion is often missed on CT, which primarily 
identifies skull base extension and tempo-
romandibular joint involvement in chron-
ic necrotizing otitis externa. MRI shows a 
decreased T1W signal, T2W hypointensity 
caused by necrosis, and diffuse post-con-
trast enhancement indicating extension of 
the infection (Figure 10). Diffusion-weighted 
imaging reveals higher ADC values than for 
malignancies (e.g., nasopharyngeal cancer, 
lymphoma, metastases).13 Imaging is crucial 
for tracking infection spread, abscesses, and 
intracranial and vascular complications such 
as stroke, venous sinus thrombosis, or pseu-
doaneurysms.14

Differential diagnoses include naso-
pharyngeal carcinoma (NPC), which appears 
isointense to muscle on T1W images and 
iso- to hyperintense on T2W images, often 
revealing a mass with diffusion restriction, 
heterogeneous post-contrast enhancement, 
and potential perineural spread. Metastases 
typically exhibit variable, heterogeneous 
signal intensity on T1W and T2W images, 
with irregular post-contrast enhancement 
on T1W images. Lymphoma is characterized 
by mild hypointensity on T1W images, ho-
mogeneous hyperintensity on T2W images, 
and uniform post-contrast enhancement. 
Minor salivary gland tumors, such as in mu-

cin-producing areas, display variable T2W 
signal intensity and are iso- to hypointense 
on T1W images with gradual post-contrast 
enhancement. Key MRI features, including a 
mass with low ADC values and cervical lym-
phadenopathy, assist in distinguishing ma-
lignancies; however, surgical biopsy remains 
essential for a definitive diagnosis.

SBO is most commonly caused by Pseu-
domonas aeruginosa in patients with dia-
betes and those who are immunocompro-
mised, with Aspergillus as the leading fungal 
pathogen. Treatment involves prolonged 
intravenous antibiotics or antifungal therapy. 
Surgery is rarely performed because of the in-
accessible location. Imaging may lag behind 
clinical recovery; therefore, treatment efficacy 
is primarily assessed by the resolution of the 
symptoms and inflammatory markers rather 
than imaging findings. Moreover, 18F-FDG 
PET imaging may be used for the treatment 
response assessment and management guid-
ance, especially in patients with SBO who ex-
perience treatment side effects.15

Secondary clival lesions: pathol-
ogies extending to the clivus

Head and neck pathologies 

Nasopharyngeal carcinoma

Radiology is critical for NPC staging, treat-
ment planning, and response monitoring, 
with MRI being the modality of choice be-
cause of its superior soft tissue resolution 
and sensitivity to perineural spread and in-
tracranial extension. According to the Ameri-
can Joint Committee on Cancer tumor, node, 
and metastasis cancer staging system (8th 
edition), the involvement of bony structures 
(skull base, cervical vertebrae) and/or para-
nasal sinuses is classified as T3, with clival 
involvement also categorized as T3.16 

On MRI, NPC appears isointense to muscle 
on T1W images and iso- to hyperintense on 
T2W images, with diffusion restriction, heter-
ogeneous post-contrast enhancement, and 
perineural spread (Figure 11). In cases of skull 
base invasion, differential diagnoses include 
plasmacytoma, lymphoma, metastases, and 
other malignancies. 

Sinonasal malignancies

CT is more effective for bone invasion, 
whereas MRI is more effective for tumor 
spread, dural invasion, and perineural spread, 
which is vital for pre-treatment staging. The 
T2W signal intensity varies—mucin-pro-
ducing adenocarcinomas are hyperintense, 

whereas non-mucin tumors are iso-hy-
pointense. On T1W images, tumors appear 
iso-hypointense with gradual post-contrast 
enhancement.

Differentiating sinonasal carcinoma from 
adenocarcinoma radiologically can be diffi-
cult. Sinonasal lymphoma and extramedul-
lary plasmacytoma should be considered in 
the differential diagnosis. Lymphoma exhib-
its homogeneous enhancement, causes bone 
remodeling, lacks necrosis, and has a low ADC 
value. In our case, the differential diagnoses 
include sinonasal malignancy, lymphoma, 
and metastasis. The heterogeneous signal 
and enhancement, along with the lack of sig-
nificant diffusion restriction, favor sinonasal 
malignancies over lymphoma (Figure 12).

Sinonasal carcinomas, which are locally 
invasive and prone to recurrence, are treated 
with surgery followed by adjuvant chemo-
radiotherapy. By contrast, lymphomas are 
primarily treated with chemotherapy and/or 
radiation therapy.

Intracranial pathologies 

Pituitary neuroendocrine tumor/
pituitary adenoma

Pituitary adenomas are now classified as 
pituitary neuroendocrine tumors (PitNETs) in 
the revised fifth edition of the World Health 
Organization classification. Their behavior 
code has changed from “0” (benign) to “3” 
(malignant). Most PitNETs are benign, with a 
recurrence rate of less than 5% after surgery, 
requiring minimal further treatment. Aggres-
sive PitNETs are rare, accounting for less than 
1% of cases.17

Clival invasion by PitNETs occurs in 8.2% 
of cases, usually by direct extension, where-
as extrasellar PitNETs, originating from the 
clivus, account for 7.2%.18,19 PitNETs should 
be considered in the differential diagnosis of 
clival masses.

The MRI signal intensity of PitNETs varies 
depending on degeneration, hemorrhage, 
or infarction. Moreover, T1W images exhibit 
mild hypointensity or isointensity, whereas 
T2W images exhibit variable signal intensi-
ties. On contrast-enhanced MRI, PitNETs are 
typically hypointense or isointense com-
pared with the pituitary gland (Figure 13). 
Imaging strategies depend on tumor size 
and hormonal activity.

Meningiomas

Bone involvement may result from hy-
perostosis, neoplastic infiltration, or prima-
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Figure 10. Imaging findings consistent with necrotizing otitis externa and skull base osteomyelitis in a 67-year-old female patient with a history of diabetes 
mellitus, presenting with prolonged severe ear pain. Computed tomography (a) reveals opacification in the mastoid and middle ear, along with erosion of the 
clivus, mandibular condyle, and temporal bone (black arrows). Axial heavily T2-weighted image (b) demonstrates slight hyperintensity, and non-fat-saturated T1-
weighted (T1W) images (c) reveal reduced bone marrow signal (white arrow). Post-contrast fat-saturated T1W images (d, e) reveal clival invasion with extension into 
the pharyngeal mucosal area, parapharyngeal, and carotid space (arrowheads). The apparent diffusion coefficient (ADC) map (f) demonstrates hyperintensity and 
high ADC values (small arrow). The patient’s ear culture grew Pseudomonas aeruginosa, and intravenous treatment is ongoing.

Figure 11. Imaging findings in a 14-year-old male patient diagnosed with T4 stage nasopharyngeal carcinoma. Magnetic resonance imaging reveals a mass that 
is isointense on T1-weighted images (a), iso-hyperintense on T2-weighted images (b), and has heterogeneous, marked contrast enhancement on post-contrast 
axial (c) and sagittal (d) images. It has low apparent diffusion coefficient values (e). The histopathological diagnosis was nasopharyngeal carcinoma, classified as 
T4 stage nasopharyngeal carcinoma according to the American Joint Committee on Cancer tumor, node, metastasis classification system (8th edition). Computed 
tomography imaging (f) reveals extensive erosion of bony structures and skull base invasion.
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ry intraosseous meningioma, which is rare, 
comprising 2%–2.4% of all meningiomas.20 
It typically affects the frontal and parietal 
bones, with clival involvement being uncom-
mon.

Most intraosseous meningiomas are os-
teoblastic, causing hyperostosis and occa-
sionally mimicking fibrous dysplasia. In rare 
cases, they present as osteolytic lesions. CT 
typically reveals hyperostosis, with occasion-
al lytic lesions. On MRI, the lesion is hypoin-
tense on T1W images, isointense with the 
cortex on T2W images, and demonstrates 
homogeneous enhancement on post-con-
trast images (Figures 14 and 15).

Differential diagnoses include Paget’s 
disease, fibrous dysplasia, osteoma for os-
teoblastic forms, and metastasis and plas-
macytoma for osteolytic forms. Skull base 
meningiomas should also be differentiated 
from perineural spread in head and neck ma-
lignancies.

Meningiomas grow slowly, with surgery 
as the primary treatment, using approaches 
such as endoscopic endonasal, middle fossa, 
or posterior fossa surgery. Radiation therapy 
is added for partial or subtotal resection.

Figure 12. Imaging findings in a 72-year-old male patient presenting with strabismus and diplopia diagnosed with sinonasal mucoepidermoid carcinoma. Computed 
tomography images (a) reveal sclerosis and a lytic destructive appearance extending to the clivus in the sphenoid bone (black arrows). Magnetic resonance imaging 
reveals the lesion as iso-hypointense on T1-weighted (T1W) (b) and slightly hyperintense signal on T2-weighted (c) sequences (white arrows). Post-contrast T1W 
axial (d) and sagittal (e) images demonstrate invasion from the sphenoid sinus to the sphenoid wing, nasal cavity, cavernous sinuses, and skull base (short arrows). 
The apparent diffusion coefficient (ADC) map (f) reveals hypointensity and low ADC values (arrowheads). Histopathological examination confirmed high-grade 
mucoepidermoid carcinoma. The patient is undergoing concurrent chemoradiotherapy after surgery.

Figure 13. Magnetic resonance images (MRI) of a 43-year-old male patient presenting with headache 
and dizziness, revealing a pituitary neuroendocrine tumor (macroadenoma) invading the clivus. On MRIs, 
the lesion appears hypointense on T1-weighted (T1W) (a) and hyperintense on T2-weighted (b) images, 
invading the clivus (long arrow). The post-contrast T1W coronal image (c) demonstrates invasion of the 
cavernous sinuses (arrowhead), and the sagittal image (d) reveals indentation into the sphenoid sinus (short 
arrow) with mild contrast enhancement of the sellar mass. The lesion was histopathologically diagnosed as 
a pituitary neuroendocrine tumor.
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Figure 14. Magnetic resonance images of a 57-year-old male patient presenting with headache and restricted gaze, diagnosed with clival meningioma. The lesion 
(arrows) appears iso-hypointense on axial (a) and sagittal (b) T1-weighted (T1W) images and isointense on axial (c) and sagittal (d) T2-weighted images. Post-
contrast T1W axial (e) and sagittal (f) images demonstrate homogeneous contrast enhancement of the clival mass, which extends laterally to the left cavernous 
sinus, anteriorly to the sphenoid sinus, and posteriorly to the prepontine cistern. Following the diagnosis of meningioma, the patient underwent radiotherapy.

Figure 15. Radiological images of a 74-year-old male patient presenting with nausea, vomiting, and left eyelid ptosis, diagnosed with atypical meningioma (World 
Health Organization grade 2) invading the clivus. The computed tomography scan (a) reveals a lytic expansile lesion, whereas the lesion appears isointense on 
T1-weighted (b) and T2-weighted (c) images, with low apparent diffusion coefficient (ADC) values on the ADC map (d). Post-contrast images (e, f) demonstrate 
homogeneous contrast enhancement of the expansile clival lesion (arrow). The lesion invades the right sphenoid sinus, extends bilaterally into the parasellar region, 
reaches the masticator space on the left, and posteriorly extends into the prepontine cistern.
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Conclusion
This pictorial essay underscores the criti-

cal role of imaging in diagnosing and differ-
entiating clival and paraclival pathologies. 
Comprehensive radiologic evaluation using 
advanced MRI and CT techniques facilitates 
accurate characterization, aiding in optimal 
management strategies. Understanding the 
imaging features and their clinical correla-
tions is essential for diagnosing these com-
plex conditions.
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A comparison of two artificial intelligence-based methods for assessing 
bone age in Turkish children: BoneXpert and VUNO Med-Bone Age

PURPOSE
This study aimed to evaluate the validity of two artificial intelligence (AI)-based bone age assess-
ment programs, BoneXpert and VUNO Med-Bone Age (VUNO), compared with manual assessments 
using the Greulich–Pyle method in Turkish children.

METHODS
This study included a cohort of 292 pediatric cases, ranging in age from 1 to 15 years with an equal 
gender and number distribution in each age group. Two radiologists, who were unaware of the 
bone age determined by AI, independently evaluated the bone age. The statistical study involved 
using the intraclass correlation coefficient (ICC) to measure the level of agreement between the 
manual and AI-based assessments.

RESULTS
The ICC coefficients for the agreement between the manual measurements of two radiologists indi-
cate almost perfect agreement. When all cases, regardless of gender and age group, were analyzed, 
an almost perfect positive agreement was observed between the manual and software measure-
ments. When bone age calculations were analyzed separately for boys and girls, no statistically 
significant differences were found between the two AI-based methods in any subgroup. For boys 
regardless of age, the ICCs were 0.995 for VUNO and 0.994 for BoneXpert (z = 1.597, P = 0.110), while 
for girls, the ICCs were 0.994 and 0.995, respectively (z = -1.303, P = 0.193).  The overall agreement 
with manual measurements was high for both VUNO and BoneXpert. In both boys and girls, the 
agreement remained consistent across different age groups. These findings indicate that both AI-
based bone age assessment tools have a high degree of agreement with manual measurements 
across all age and gender groups, with no significant superiority of one method over the other.

CONCLUSION
Both BoneXpert and VUNO demonstrated high validity in assessing bone age, with no statistically 
significant differences between the two methods across gender or pubertal status groups. Notably, 
this study represents the first evaluation of both BoneXpert and VUNO for bone age assessment in 
Turkish children, highlighting their potential as reliable and clinically relevant tools for this popu-
lation.

CLINICAL SIGNIFICANCE
Investigating the most suitable AI program for the Turkish population could be clinically significant.
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Bone age is a marker of skeletal maturation and is measured routinely by pediatricians, 
radiologists, and pediatric endocrinologists for the assessment of the maturation prog-
ress of children.1 The most commonly used manual method for bone age measurement 

is the Greulich–Pyle (GP) method.2 According to this method, the determination of bone age 
is based on the similarity between the image in the GP atlas and the patient’s left-hand wrist 
radiography. Thus, the GP method is very subjective and has higher inter and intraobserver 
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variability in addition to inter and intrainsti-
tutional variability.3 Besides, there is no stan-
dardized protocol for assessing bones, and it 
is unclear which bones should be included 
in the assessment.4 With the development of 
deep learning, which is a subclass of artificial 
intelligence (AI) that exploits artificial neural 
networks, several software programs have 
been developed to automate and standard-
ize bone age assessment, thereby reducing 
interobserver variability. It has been report-
ed previously that AI-based assessment 
methods have high accuracy, reproducibili-
ty, and time efficiency when compared with 
manual methods.4 Although BoneXpert 
version 2.4.5.1 and 3.0.3 (Visiana, Denmark) 
is one of the most frequently used methods 
of these, there are other AI-based bone age 
calculation software packages, including 
VUNO Med-Bone Age version 1.0.3 (VUNO) 
(VUNO, Seoul, Korea). The Turkish popula-
tion is composed of various ethnic groups. 
As far as we know, no data compares these 
software packages, and no published report 
compares the manual method with these 
AI-based bone age assessment methods in 
Turkish children. This study aims to analyze 
the accuracy of two AI-based bone age as-
sessment programs, namely BoneXpert and 
VUNO, in comparison with manual assess-
ments using the GP bone age atlas.

Methods

Study design and population

This retrospective cohort study was ap-
proved by the Ethics Committee of Koç 
University Faculty of Medicine (2024.050.
IRB2.023) and conducted in accordance with 
the Declaration of Helsinki’s ethical princi-
ples. Informed consent was not obtained 
from the participants due to retrospective 
design of the study.

Pediatric cases who underwent left-hand 
X-ray imaging between January 2016 and 
December 2023 in the hospital due to sus-
picion of an endocrinological pathology and 
whose left-hand X-ray evaluation revealed 
that their chronological age and bone age 
were compatible were determined. Pa-
tients whose bone age was compatible with 
chronological age but who had known en-
docrinologic genetic or orthopedic disorders 
were excluded from the study list. Cases were 
also excluded if the radiological images were 
of poor quality, as this could make bone age 
estimation difficult. 

After that, these cases were anonymized 
and grouped according to their age and 
gender, and the groups were randomized 
within themselves. Due to the limited num-
ber of male and female cases in the 1-year 
age group (aged 1–2 years), 6 cases for each 
gender were selected from this group. In the 
evaluation made for the other age groups, it 
was determined that the group of 15-year-
old girls had the fewest case numbers, and 
there were 10 cases in this group. For this 
reason, in the other groups, the first 10 cas-
es from the randomized list for both genders 
were selected. The specific age distribution 
included 6 boys and 6 girls aged 1–2 years, 
and 10 boys and 10 girls were included for 
each subsequent age group (aged 2–16 
years). 

Radiological assessment

Left-hand wrist posterior to anterior X-ray 
images were used for the evaluation of bone 
age. Two radiologists with 15 and 5 years of 
experience and unaware of the results deter-
mined by AI independently evaluated bone 
ages according to the GP bone age atlas. 
Bone age was determined to be the midpoint 
when a case exhibited some, but not all, of 
the typical bone characteristics of a partic-
ular age (e.g., aged 8 years) and had all the 
characteristics of the previous age (e.g., aged 
7 years). This approach was adopted to pro-
vide a more detailed and precise assessment 
of bone maturity. A third radiologist, aware 
of the cases’ clinical details but blind to the 
manual bone age assessments, documented 
the AI assessments using BoneXpert version 
3.0.3 and VUNO version 1.0.3  (Figure 1).

Statistical analysis

Correlation analysis was performed using 
the Statistical Package for the Social Scienc-
es, version 28.0 (IBM SPSS Statistics, Armonk, 
NY, USA).5 Comparing correlation coefficients 
was done by the MedCalc Statistical Soft-
ware version 12.7.7 (MedCalc Software bvba, 
Ostend, Belgium; http://www.medcalc.org; 
2013). The test used by MedCalc is a z-test 
on Fisher’s z-transformed correlation coeffi-
cients.6 The inter-reader agreement between 
the manual evaluations of two radiologists 
was measured to ensure consistency in the 

Main points

•	 Our study reveals that both VUNO Med-
Bone Age (VUNO) and BoneXpert correlated 
well with the manual assessment and Greu-
lich–Pyle atlas. 

•	 Neither VUNO nor BoneXpert showed a 
statistically significant difference in per-
formance across gender or pubertal status 
groups, indicating similar effectiveness for 
bone age assessment in Turkish children.

•	 The results of our study are particularly im-
portant as they represent the first evaluation 
of both VUNO and BoneXpert in the Turkish 
pediatric population, addressing the gap 
in research on the applicability of AI-based 
bone age calculations for this demographic.

Figure 1. BoneXpert and VUNO images of a patient. In the 7.4-year-old female case, BoneXpert showed the 
bone age as 7.54 years (a) and VUNO indicated the bone age as 7 years 2 months (b). As illustrated in the 
accompanying image, the BoneXpert version 3.0.3 system additionally evaluates carpal bones and provides 
separate carpal bone age, whereas the VUNO system assesses carpal bones as well as tubular bones and 
provides one bone age accordingly.  Upon receipt of the image to be analysed, VUNO Med-Bone Age 
suggests three probable estimated bone ages (i.e., first- and second-rank artificial intelligence bone ages) 
based on probabilities, accompanied by similar images for comparison, while BoneXpert provides standard 
deviation information.

a b
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manual evaluation process. Intraclass cor-
relation coefficients (ICC) were calculated 
for agreement between two radiologists 
using a two-way random-effects model, as-
sessing absolute agreement. According to 
Shrout and Fleiss7 (1979), this corresponds 
to ICC (2,1) for single measures and ICC (2,2) 
for average measures. Since the agreement 
was very high, manual evaluation was calcu-
lated with the arithmetic mean of these two 
measurements. The ICC values were used for 
assessing the agreement between software 
measurements and the mean radiologist 
measurements using a two-way random-ef-
fects model. According to Shrout and Fleiss7 
(1979), this corresponds to ICC (2,1) for sin-
gle measures. To test the difference between 
two dependent correlations, the online tool 
“calculation for testing the difference be-
tween two dependent correlations” by Lee 
and Preacher (2013; https://quantpsy.org/
corrtest/corrtest2.htm) was used. Bland–Al-
tman analysis was used to further evaluate 
the agreement between manual and AI-
based assessments. To also see the effect of 
gender and age on the measurements, all 
analyses were repeated for all combinations 
of subgroups: girls, boys, and different age 
groups. Boys over the age of 9 years and girls 
over the age of 8 years were considered to be 
pubescent.8 The statistical significance level 
was accepted as 0.05.

Results
All pediatric patients aged 1–15 years 

with left-hand X-ray images generated in our 
institution were included in the study. Thir-
ty-six patients with poor-quality radiological 
images and 54 patients with known endo-
crinologic genetic or orthopedic disorders 
were excluded from the study. The final study 
cohort included 292 cases with an equal dis-
tribution of genders across all age groups, 
ranging from 1 to 15 years (Figure 2). The ICC 
coefficients for the agreement between the 
manual measurements of two radiologists 
were calculated as 0.990 for ICC (2,1) and 
0.995 for ICC (2,2) (Table 1). These values in-
dicate almost perfect agreement. Based on 
these measurements, the average of the two 
observer values was taken and accepted as 
the manual measurement.

For the manual vs. software comparison, 
the ICC (2,1) values were calculated for single 
measurements. When all cases, regardless 
of gender and age group, were analyzed, 
an almost perfect agreement was observed 
between the manual and software measure-

Table 1. Correlations for agreement between two radiologists

Intraclass correlationb

Single measures ICC (2,1) 0.990a

Average measures ICC (2,2) 0.995

Two-way random effects model where both people effects and measures effects are random. a, the estimator is the 
same, whether the interaction effect is present or not; b, type A intraclass correlation coefficients using an absolute 
agreement definition; ICC, intraclass correlation coefficient.

Figure 2. Flowchart of the study. 

Table 2. Intraclass Correlations for Agreement Between Software and Manual Measurements

ICC (2,1)a Difference between 2 
correlation coefficientsb

Group Vuno BoneXpert z 2-tailed P

Overall
ICC 0.995 0.995

0.000 1.000
95% CI 0.993–0.996 0.991–0.997

Males
ICC 0.995 0.994

1.597 0.110
95% CI 0.989–0.997 0.970–0.998

Females
ICC 0.994 0.995

–1.303 0.193
95% CI 0.992–0.996 0.993–0.997

≤9 years males  
&  
≤8 years females

ICC 0.990 0.988
1.294 0.196

95% CI 0.985–0.992 0.975–0.993

>9 years males 
&  
>8 years females

ICC 0.977 0.978

–0.382 0.703
95% CI 0.968–0.984 0.964–0.986

≤9 years males
ICC 0.990 0.986

1.86 0.063
95% CI 0.983–0.994 0.903–0.995

>9 years males
ICC 0.977 0.976

0.262 0.793
95% CI 0.902–0.991 0.906–0.99

≤8 years females
ICC 0.988 0.992

–1.748 0.080
95% CI 0.980–0.993 0.987–0.995

>8 years females
ICC 0.977 0.980

–0.800 0.423
95% CI 0.965–0.985 0.969–0.987

aICC estimates and their 95% confident intervals based on a single measures, absolute-agreement, 2-way random 
effects model. bTest of the difference between two dependent correlations with one variable in common. ICC, 
intraclass correlation coefficient; CI, confidence interval.
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ments. When all cases, regardless of gender 
and age groups, were analyzed, an almost 
perfect positive agreement was observed 
between the manual and software measure-
ments. The ICC was calculated as 0.995 for 
both VUNO and BoneXpert. No statistical 
difference was found between two AI-based 
methods.

When bone age calculations were ana-
lyzed separately for girls and boys, an ICC 
coefficient of 0.995 and 0.994 was calculated 
for VUNO and BoneXpert, respectively, for 
boys, and this difference was not significant 
(z = 1.597, P = 0.110). For girls, ICC coeffi-
cients of 0.994 and 0.995 were calculated for 
VUNO and BoneXpert, respectively, and this 
difference was not significant (z = -1.303, P = 
0.193).

Upon categorization of all cases by age, 
a slight decrease in the software–manual 
agreement was observed for measurements 
of the older group. While the ICC coefficient 
was 0.990 for VUNO, it was calculated as 0.988 
for BoneXpert in the younger age group (≤9 
years for boys, ≤8 years for girls). Accordingly, 
it was evaluated that, in the measurements 
of prepubescent children, no significant dif-
ference was detected between two AI-based 
tools (z = 1,294, P = 0,196). After the age of 8 

years for girls and 9 years for boys, the com-
pliance of both software and manual mea-
surements was calculated as 0.977 for VUNO 
and 0.978 for BoneXpert, and no significant 
difference was detected between the soft-
ware (z = -0,382, P = 0,703) (Table 2).

Although there was no statistical signif-
icance between VUNO and BoneXpert, the 
difference between the agreements demon-
strated by the two software packages with 
manual measurements in the prepubescent 
group was much more pronounced than old-
er age group. The ICC values in prepubescent 
girls were calculated as 0.988 for VUNO and 
0.992 for BoneXpert, and the difference was 
not significant (z =-1,748, P =0,080). In pre-
pubescent boys, the ICC value was 0.990 for 
VUNO and 0.986 for BoneXpert; the differ-
ence was not statistically significant (z = 1.86, 
P = 0.063).

For girls aged >8 years and boys aged >9 
years, the agreement between manual mea-
surements and both AI software packages 
was similar. While the ICC values were 0.977 
for VUNO, 0.976 for BoneXpert in boys aged 
>9 years, these values were 0.977 for VUNO 
and 0.980 for BoneXpert in girls aged >8 
years (Table 2).

When examining Bland–Altman plot 
graphs, higher variability is observed on 
the left side of the graphs. Therefore, it can 
be seen that both AI-based bone age calcu-
lations tend to diverge more from manual 
measurements in the older group.

Discussion
This study represents the inaugural in-

vestigation into the comparative efficacy of 
AI-based systems, namely BoneXpert and 
VUNO, in the determination of bone age 
among a Turkish pediatric population. The 
results of our study indicate that both AI-
based systems demonstrated a high level of 
agreement with each other and with manual 
methods in all our subgroups, including both 
genders and age groups. This is consistent 
with the findings of previous studies in the 
field. This highlights the potential for inte-
grating AI-based bone age calculation into 
clinical practice, with the aim of enhancing 
the effectiveness of bone age assessment.

The GP method is the most widely used 
and well-known manual method, and ac-
cording to Martin et al.9, it is the method pre-
ferred by 76% of pediatric endocrinologists 
and radiologists.10 The GP method is based 

Figure 3. Bland–Altman plot. Difference between radiological bone age and automated bone age in boys and girls.

Figure 4. Bland–Altman plot. Difference between radiological bone age and automated bone age in BoneXpert and VUNO.
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on the comparison of the cases’ hand and 
wrist X-rays, with a standardized radiograph-
ic atlas compiled and standardized accord-
ing to age and gender from birth to 18 years 
of age for girls and 19 years of age for boys.10 

However, bone age is influenced by ethnicity, 
gender, genetic factors, socioeconomic level, 
nutritional metabolic status, and bone dis-
orders.9-12 The standardized radiographic im-
ages of the atlas were derived from healthy 
North American and Western European-orig-
inated children.13 They had good reliability in 
Australian and Middle Eastern ethnicity but 
were less reliable in Asian people. In addition 
to this, the evaluation of bone age with the 
GP method is also time-consuming; it takes 
a lot of time to evaluate the age of the bones 
individually with high accuracy when per-
formed manually.14 Furthermore, one of the 
major disadvantages of manual bone age as-
sessment with the GP method is the possible 
risk of high inter and intraobserver error.15 

Therefore, before the comparison of manual 
bone age assessment with an AI-based sys-
tem, the interobserver agreement between 
manual assessments performed by two ra-
diologists was calculated and yielded an ICC 
of 0.990, thus establishing a solid basis for 
comparison of the AI-based measurements. 

AI-based bone age calculation systems, 
developed to overcome all these disadvan-
tages of manual calculation, can identify the 
morphological features of bone ossification 
automatically and provide rapid information 
about the patient’s bone age. Therefore, this 
has resulted in a more objective and efficient 
method for assessing bone age.16

Numerous studies have demonstrated 
that newly developed AI technologies and 
software can accurately perform bone age 
assessments, surpassing the accuracy of the 
GP method.1,4,9,15 Furthermore, these studies 
have shown that AI-based assessments ex-
hibit excellent agreement with assessments 
made by experienced human observers.1 In 
their study to compare deep learning sys-
tems, including AlexNet, GoogleNet and 
Vogg19, in performing age estimation with 
the Turkish population, Senel et al.17 reported 
a success rate of 98.39%.

Similarly, we found a high level of agree-
ment between manual assessments (using 
GP) and both AI-based systems, with an ICC 
of 0.995 for both VUNO and BoneXpert when 
the entire cohort was considered. This high 
correlation is particularly important given 
the lack of existing research on the applica-

bility of AI-based bone age calculations in 
the Turkish pediatric population.

BoneXpert is an AI-based automated 
bone age assessment system and is known 
as the first AI radiology system.13 This meth-
od, which is based on traditional machine 
learning methodology, predicts bone age by 
considering bone shape, density, and the de-
gree of epiphyseal fusion.18,19 Image analysis 
predicts bone age by measuring shape, den-
sity, and texture scores at specific locations.14 
If a bone’s appearance falls outside the range 
covered by the machine learning process 
or if its bone age value deviates above the 
threshold value compared with the average 
of all tubular bones, it will not be included in 
the calculation. The final bone age is calculat-
ed using the evaluated bones. If fewer than 
eight bones are evaluated, the X-ray is not 
assessed due to possible inaccurate calcula-
tions, which is a major disadvantage of Bon-
eXpert version 2.4.5.120 However, BoneXpert 
version 3.0 introduced several significant 
advancements over its predecessor. These 
features improves accuracy. Additionally, 
version 3.0 also provides carpal bone age 
determination which is typically determined 
for boys up to 11.5 years and girls up to 9.5 
years for additional information about skele-
tal maturity in younger children. In addition 
to that, new version reduces image rejection 
rates by improving adaptability to variations 
in image post-processing and achieving 
more precise bone localization. Both ver-
sions of BoneXpert have been validated for 
bone age calculation in North American, 
Caucasian, African American, Hispanic, and 
Asian children and has also been reported to 
be applicable in various ethnic groups.19,21,22 
Many published reports show a notable dis-
tinction between bone ages determined by 
the GP method and chronological ages in 
Asian children.23,24 Similarly, Ontell et al.25 re-
ported delayed bone age in preadolescence 
and increased bone age in adolescence in 
Asian boys. The process of skeletal matura-
tion in Korean children is initiated at a later 
age and completed at an earlier age than in 
Caucasian children. The VUNO Korean bone 
age assessment method, which is based on 
deep learning, has demonstrated superior 
performance compared with the manual as-
sessment from the GP atlas. Compared with 
the manual assessment with the GP atlas, the 
Korean model has a lower root mean square 
error and lower mean absolute error. VUNO is 
the first AI-based bone age assessment sys-
tem approved by the Korean Food and Drug 

Administration. The system was developed 
by analyzing 18,940 left-hand wrist radio-
graphs using the GP method.25,26 VUNO pro-
vides the most likely estimated bone ages 
based on the examined wrist radiography. 

A subgroup analysis of the data revealed 
subtle differences between the calculated 
bone ages by BoneXpert and VUNO, particu-
larly when examining data based on gender 
and age subgroups. Both VUNO and BoneX-
pert demonstrated a high level of agreement 
with manual assessments in boys and girls, 
with no statistically significant differences 
observed between the two methods across 
any subgroup. This suggests that both tools 
are equally effective in bone age assessment 
regardless of gender or pubertal status. The 
analysis provided valuable insights into the 
applicability of AI-based bone age programs, 
showing that BoneXpert and VUNO maintain 
high reliability across different age and gen-
der groups, even among prepubertal individ-
uals in contrast to previous version of Bon-
eXpert. In a comprehensive validation study 
comparing previous and latest versions of 
BoneXpert revealed that previous version 
had a tendency to underestimate bone age 
in girls aged 6–7 years and 12–15 years, but 
the latest version showed significant im-
provements in this regard, highlighting the 
importance of usage most updated version 
of bone age softwares.27

Our study had some limitations, including 
a small sample size and the fact that it fo-
cused on a single, heterogeneous ethnicity. 
Additionally, the study did not include par-
ticipants aged <2 years or >15 years due to 
the unsuitability of the GP manual method 
for evaluating bone age in these age groups. 

In conclusion, our study confirms that 
BoneXpert and VUNO are reliable AI-based 
systems for assessing bone age in the Turkish 
pediatric population. Both methods demon-
strated comparable agreement with manual 
assessments across all gender and pubertal 
status groups, marking this study as a sig-
nificant contribution to evaluating AI-based 
bone age assessment tools in this demo-
graphic.
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Institutional clinical indication-based typical dose values of multiphasic 
abdominopelvic computed tomography examinations

PURPOSE
Our study aimed to obtain clinical indication-based typical dose values and size-specific dose es-
timates (SSDEs) for multiphasic abdominopelvic computed tomography (CT) examinations and to 
review our data with published diagnostic reference levels (DRLs). 

METHODS
In this retrospective study, multiphasic liver, kidney, pancreas, and mesenteric ischemia protocol 
CT scans performed at our center between January 2018 and December 2021 were analyzed. The 
clinical indications were hepatocellular carcinoma, renal cell carcinoma, pancreas adenocarcinoma, 
and mesenteric ischemia. The computed tomography dose index volume (CTDIvol) and dose-length 
product (DLP) values were recorded, and the SSDE and effective dose (ED) values were calculated. 
The water-equivalent diameter (Dw) value required for the SSDE calculation was measured using 
the automated calculation of the Dw program. 

RESULTS
The total number of patients was 514, with 86 patients excluded from this study. The dose values 
were calculated for 426 patients (183 female and 243 male; 111 liver, 120 kidney, 85 pancreas, and 
110 mesenteric). The median values for the CTDIvol, DLP, SSDE, and ED were 6.86 mGy, 683.02 mGy.
cm, 8.75 mGy, and 10.45 mSv for the liver CT; 8.37 mGy, 908.37 mGy.cm, 10.37 mGy, and 13.89 mSv 
for the kidney CT; 7.82 mGy, 517.98 mGy.cm, 10.01 mGy, and 7.92 mSv for the pancreas CT; and 9.48 
mGy, 983.68 mGy.cm, 12.78 mGy, and 13.86 mSv for the mesenteric CT, respectively. All dose values 
were lower than the published DRLs.

CONCLUSION
The literature reveals large differences in the multiphasic abdominopelvic CT protocols, especially 
in the number of phases and scan length. This situation makes comparing dose values difficult. 
Dose studies revealing the protocol parameters in detail are needed so that institutions can com-
pare and optimize their own protocols. Additionally, users should periodically check the dose val-
ues in their own institutions.

KEYWORDS
Clinical indication, computed tomography, diagnostic reference levels, multi-phase scan, size-spe-
cific dose estimate, water-equivalent diameter

You may cite this article as: Filiz S, Gürel S, Gürel K. Institutional clinical indication-based typical dose values of multiphasic abdominopelvic computed 
tomography examinations. Diagn Interv Radiol. 2025;31(6):636-640.

The frequency of computed tomography (CT) use and its contributions to diagnostic ra-
diology have increased since the early 1970s. CT now constitutes a large part of the arti-
ficial radiation originating from medicine due to its increased prevalence and frequency 

of use.1 This situation increases the cancer risk, and the optimization principle in radiation 
safety has become much more important. The diagnostic reference level (DRL) is used for 
diagnostic and interventional procedures to help optimize a patient’s exposure to ionizing 
radiation. It is produced from radiation data collected locally, nationally, or regionally.2 The 
use of CT scans should be reassessed and optimized when the patient’s doses exceed the 
available DRLs.
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The computed tomography dose index 
volume (CTDIvol) and dose-length product 
(DLP) are used to determine the DRL for CT 
examinations. These parameters are only an 
approximate estimate of the patient’s dose. 
The CTDIvol is a dose index specific to phan-
tom sizes and does not consider the patient’s 
size, thickness, and length of the scanned 
volume. 

The size-specific dose estimate (SSDE) has 
been proposed by the American Association 
of Physicists in Medicine (AAPM) to give the 
CTDIvol a more realistic dose value for the 
patient, considering the patient’s size. In this 
method, the water-equivalent diameter (Dw) 
is calculated, and then the CTDIvol value is 
multiplied by the corresponding conversion 
factor to the Dw in the AAPM Report 220.3

In 2015, Ataç et al.4 reported the first 
Turkish national DRLs for single-phase head, 
chest, abdominal, and pelvic CT examina-
tions of adults and children. In the following 
years, Atlı et al.5 reported institutional typi-
cal dose values for single-phase head, neck, 
thorax, and abdomen CT examinations. In 
these dose studies in Turkey, data from sin-
gle-phase CT examinations were collected, 
but there have been no national patient dose 
studies for multiphasic CTs so far. Recent DRL 
studies for multiphasic abdominopelvic CTs 
exist in other countries.6-11 The dose values 
for liver CT were given in all of these studies, 
and the dose values for kidney and pancreas 
CTs were given in a few. However, there is no 
dose data for mesenteric ischemia protocol 
CTs. Additionally, the SSDE was not evaluat-
ed in any of these studies. Some studies did 
not include information such as the CTDIvol, 
effective dose (ED), scan length, and phase 
number.

Most existing DRLs report dose values 
based on anatomical regions, such as head, 
chest, and abdomen CTs. However, the pro-
tocols to be selected in CT examinations 
are determined according to the clinical 
preliminary diagnosis or clinical indication. 

Different imaging protocols are used for 
varying clinical indications in the same an-
atomical region. For example, in our clinic, 
a non-contrast single-phase abdominopel-
vic CT protocol is used for a patient being 
investigated for kidney stones. However, if 
the patient is suspected of having renal cell 
carcinoma (RCC), the kidney is scanned four 
times (a precontrast phase followed by post-
contrast corticomedullary, nephrogram, and 
urogram phases) for lesion characterization. 
This reveals that one of the most important 
things affecting dose values is clinical indica-
tion. The clinical indication-based approach 
to DRLs was mentioned by the International 
Commission on Radiological Protection in 
2017.2

In our study, we aimed to evaluate the 
clinical indication-based typical dose values 
and SSDEs for multiphasic abdominopelvic 
CTs and review our data with published DRLs.

Methods
In this retrospective study, after obtaining 

approval from the Bolu Abant İzzet Baysal 
University Clinical Research Ethics Commit-
tee (decision number: 2022/81), multipha-
sic liver, kidney, pancreas, and mesenteric 
CT scans taken at the İzzet Baysal Training 
and Research Hospital between January 
2018 and December 2021 were examined. 
Informed consent was waived by the ethics 
committee. The clinical indications were he-
patocellular carcinoma (HCC), RCC, pancre-
atic adenocarcinoma, and mesenteric isch-
emia. The examinations were obtained with 
a 64-detector CT device (2017 GE Revolution 
EVO 128 slice, China). Table 1 summarizes the 
CT input parameters for each protocol. Auto-
matic tube current modulation was used in 
all protocols.

The patient’s age, gender, and indication 
for the CT examination were obtained from 
the hospital’s information archive system. 
The CTDIvol and DLP values ​​were recorded 
from the picture archiving and communica-
tion system. The automated calculation of 
the Dw program was obtained from a free 
website (http://ctdose-iqurad.med.uoc.gr/) 
was used to calculate the Dw. For this, CT 
images of the patient were loaded into the 
program in the Digital Imaging and Commu-
nications in Medicine format, and then the 
program calculated the mean and median 
Dw values ​​for each section (Figure 1). The Dw 
values ​​were calculated from the median im-
age, according to the AAPM Report 220, for 
each phase for each patient using this pro-
gram. Afterward, the Dw value of that exam-
ination was calculated by taking the average 
of the Dw values obtained from each phase. 
For the SSDE calculation, the CTDIvol val-
ues ​​were multiplied by the Dw-appropriate 
conversion factors in the AAPM Report 220. 
While calculating the total DLP, the DLP val-
ues ​​of all phases and the DLP value of bolus 
tracking were added. The scan lengths were 
calculated separately for each phase with the 
DLP/CTDIvol ratio.

The ED was calculated by multiplying the 
DLP value with the conversion coefficients 
published in the International Commission 
on Radiological Protection (ICRP) 103. These 
coefficients were given as 0.0153 in an ab-
dominal CT and 0.0141 in an abdominopel-
vic CT for a 120 kV tube current.12 The aver-
age of the CTDIvol and SSDE values of each 
phase and the sum of the DLP and ED values 
were taken.

Statistical analysis

The mean, standard deviation (SD), medi-
an, and the first, second, and third quartiles 

Main points

•	 The protocols used in multiphasic abdom-
inopelvic computed tomography (CT) vary 
significantly between institutions. This 
makes it difficult to compare institutional 
dose values to diagnostic reference levels.

•	 The number of phases and scan length are 
the most important parameters that cause 
differences in multiphasic abdominopelvic 
CT protocols.

•	 Institutions must determine their own dose 
values and check them at regular intervals.

Table 1. Input parameters for each CT protocol

CT protocol Phase Slice 
thickness 
(mm)

Tube current 
(min–max 
mAs)

Tube 
voltage 
(kV)

Gantry 
rotation 
time (sec)

Pitch

Liver
Late arterial
Portal venous
Late

2.5
2.5
2.5

80–450
80–450
80–450

120 0.6 1.375

Kidney

Non-contrast
Corticomedullary
Nephrogram
Urogram

5
2.5
2.5
2.5

100–350
140–450
140–450
140–450

120 0.6 1.375

Pancreas Pancreatic
Portal venous

2.5
2.5

100–400
100–400 120 0.6 1.375

Mesenteric Arterial
Portal venous

0.625
0.625

80–440
80–440 120 0.5 0.984

CT, computed tomography; kV, kilovoltage; mm, millimeter; mAs, milliampere-seconds; sec, second.
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were calculated for the CTDIvol, SSDE, DLP, 
and EDs using the Statistical Package for the 
Social Sciences (SPSS) for Windows (SPSS 
Inc., Chicago, Illinois, USA) version 26.0.

Results 
The total number of patients was 514. 

Excluded from the study were 23 patients 
because their arms were in the imaging field, 
16 patients who could not be positioned ap-
propriately on the CT table, 6 patients who 
had metallic prostheses from lumbar stabili-
zation surgery, and 1 patient who had a total 
hip prosthesis. Since the height and weight 
information of all the patients was not avail-
able, patients with the CTDIvol and DLP values 
between the minimum and maximum 5% for 
each protocol were not included in the cal-
culation of the dose values, as recommended 
in the ICRP 135, to increase compliance with 

the standard patient definition.2 As a result, 
111 patients for liver CT [58 males (52%) and 
53 females (48%)], 120 patients for kidney CT 
[81 males (67.5%) and 39 females (32.5%)], 
85 patients for pancreas CT [46 males (54%) 
and 39 females (46%)], and 110 patients for 
mesenteric ischemia protocol CT [58 males 
(53%) and 52 females (47%)] were included in 
the study for the dose calculation. The mean 
± SD age was 55.79 ± 14.76 years in liver CT 
patients, 62.35 ± 14.01 years in kidney CT pa-
tients, 62.74 ± 15.33 years in pancreatic CT 
patients, and 64.58 ± 14.14 years in mesen-
teric CT patients (Table 2). 

The mean ± SD scan length was 32.3 ± 3.3 
cm in liver CTs, 31.4 ± 4.8 cm in pancreas CTs, 
51.8 ± 3.8 cm in mesenteric CTs, and equal 
for all phases in each protocol. The mean 
± SD scan lengths in kidney CTs were 27.2 
± 4.4 cm in the non-contrast phase, 30.5 ± 

2.8 cm in the corticomedullary and nephro-
gram phases, and 22.9 ± 3 cm in the urogram 
phase.

The mean ± SD and median values of the 
Dws were 29.63 ± 2.77 cm and 29 cm in the 
liver CT, 28.83 ± 2.44 cm and 29.51 cm in the 
kidney CT, 28.8 ± 2.25 cm and 28.85 cm in the 
pancreas CT, and 26.7 ± 2.32 cm and 26.75 
cm in the mesenteric CT, respectively.

The median values for the CTDIvol, DLP, 
SSDE, and ED were 6.86 mGy, 683.02 mGy.
cm, 8.75 mGy, and 10.45 mSv for the liver 
CT; 8.37 mGy, 908.37 mGy.cm, 10.37 mGy, 
and 13.89 mSv for the kidney CT; 7.82 mGy, 
517.98 mGy.cm, 10.01 mGy, and 7.92 mSv for 
the pancreas CT; 9.48 mGy, 983.68 mGy.cm, 
12.78 mGy, and 13.86 mSv for the mesenteric 
CT, respectively. Tables 3, 4, and 5 detail the 
first, second, and third quartile values for the 
CTDIvol, SSDE, DLP, and ED.

Discussion 
In our study, we found clinical indica-

tion-based typical dose values and SSDEs 
for multiphasic liver, kidney, pancreatic, and 
mesenteric CTs in 426 adult patients. Among 
the four indications we examined, the low-
est ED value belonged to pancreatic ade-
nocarcinoma. Our expectation was also in 
this direction because the scan length was 
shorter, and the number of phases was less 
compared with other protocols. We found 
that the clinical indication with the highest 
ED value was RCC. This was immediately fol-
lowed by mesenteric ischemia. Although the 
highest DLP value was in mesenteric isch-
emia, the highest ED value was in RCC. This 
is because the conversion coefficient used 
in the ED calculation differs for these two in-
dications (0.0153 in kidney CT and 0.0141 in 
mesenteric CT).12

Only a few dose studies have been con-
ducted in Turkey.4,5 In these studies, data for 
single-phase CT examinations were used. No 
studies in Turkey have been carried out with 
which we could compare our dose values for 
multiphasic abdominopelvic CTs.

Internationally, there are few DRL stud-
ies with which we could compare our data. 
van der Molen et al.6 used data from 186 
standard-sized patients for the DRLs of the 
21 most frequently taken CT protocols in 
the Netherlands. The DRLs were only given 
for the DLP and ED, and the 75th percentile 
dose values of liver, kidney, and pancreatic 
CTs were higher than ours. The fact that the 
phase numbers and scan lengths of the CT 
protocols used in this study are higher than 

Figure 1. Water-equivalent diameter (Dw) measurement using the automated calculation of the Dw.

Table 2. Demographic data of the patients

Patient numbers (percentage)
Age (mean years ± SD)

Male Female

Liver CT 58 (52.3%) 53 (47.7%) 55.79 ± 14.76

Kidney CT 81 (67.5%) 39 (32.5%) 62.35 ± 14.01

Pancreas CT 46 (54.1%) 39 (45.9%) 62.74 ± 15.33

Mesenteric CT 58 (52.7%) 52 (47.3%) 64.58 ± 14.14

CT, computed tomography; SD, standard deviation.
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ours may explain the higher dose values. In 
the national DRL study of Kim et al.7 in South 
Korea, the data of 14,620 adult patients were 
used. In the study, the 75th percentile CTDIvol, 
DLP, and ED values were higher than ours for 
liver, kidney, and pancreas CTs. In this study, 
these CTs were defined as “2–4 phase,” and 
data such as phase and scan length of the 
protocols are unknown.7 Tsapaki et al.8 used 
data obtained from 14 European countries, 
and 10 clinical indications were given in the 
European Study on Clinical Diagnostic Refer-
ence Levels for X-ray Medical Imaging (EU-

CLID). The DRL values varied significantly be-
tween hospitals. This was mainly due to the 
technical protocol and variable phase num-
ber/scan lengths.8 In the study of the DRL by 
Salama et al.9 in Egypt, the CTDIvol value was 
the highest in the literature. This may be due 
to the high body weights of the patients, the 
low pitch values, and the fact that the auto-
matic tube current was not used in all pa-
tients.9 In the DRL study by Aberle et al.10 in 
Switzerland, the CT scans for HCC were taken 
in 2–4 phases, and our dose values were low-
er than in this study. In the study by Bos et 

al.11, the DRLs were calculated for 10 clinical 
indications (EUCLID) from the CT scans of 3.7 
million adult patients from seven countries. 
The dose values of CTs taken with the indica-
tion of HCC are higher than ours.

Our study has some limitations. The first 
is that the study was made from the data of 
a single CT device in a single center, and the 
number of patients was relatively small. Sec-
ond, the height and weight information of 
all patients is not known. Third, multiphasic 
abdominopelvic CT protocols vary in differ-
ent institutions due to specific parameters, 
such as phase numbers and the scan length 
on the z-axis. This situation causes difficulties 
in comparing the obtained data with the lit-
erature.

In our study, we reported the clinical indi-
cation-based typical dose values and SSDE’s ​​
of multiphasic abdominopelvic CT protocols 
and compared our results with the published 
international data (Table 6). There are very 
few DRL studies of multiphasic abdomi-
nopelvic CTs in the literature, and none of 
these studies presented the SSDE data that 
would help us understand the impact of pa-
tient size on radiation dose.

In conclusion, additionally, until our 
study, no dose data for mesenteric isch-
emia protocol CTs were published. The DRL 
is a recommendation, and the purpose is to 
detect unusually high and low levels and to 
provide the necessary optimizations. Stan-
dard protocols are not used for multiphasic 
CTs, resulting in large differences in dose val-
ues between different devices, institutions, 
and countries. Studies that reveal the proto-
col parameters in detail are needed so that 
institutions can compare and optimize their 
protocols. Users should periodically evaluate 
dose values in their institutions to detect un-
foreseen deviations in doses in routine clini-
cal practices and to take measures to correct 
them. The adequacy of the diagnostic image 
quality should be considered if the dose val-
ues are lower than the available DRLs. More 
studies are needed to evaluate clinical in-
dication-based dose values in multiphasic 
abdominopelvic CTs. In our country, DRLs of 
single-phase CT examinations have been re-
ported in pioneering studies, and similar DRL 
studies should be performed for multiphasic 
CTs. 

Table 3. The first, second, and third quartile values for the CTDIvol and SSDE (mGy)

Protocol Phase 1st quartile 2nd quartile (median) 3rd quartile

Liver

Late arterial 4.82 (6.49) 7.00 (8.77) 11.09 (12.75)

Portal venous 4.89 (6.52) 6.96 (8.80) 11.44 (13.22)

Late 4.90 (6.44) 6.94 (8.74) 10.99 (13.04)

Average 4.88 (6.48) 6.86 (8.75) 11.19 (12.94)

Kidney

Non-contrast 5.28 (7.25) 7.71 (9.48) 9.23 (11.12)

Corticomedullary 6.25 (8.50) 8.33 (10.27) 10.25 (12.16)

Nephrogram 6.25 (8.52) 8.47 (10.48) 10.16 (12.11)

Urogram 6.24 (8.77) 8.84 (10.92) 10.67 (12.99)

Average 6.03 (8.25) 8.37 (10.37) 10.12 (12.14)

Pancreas

Pancreatic 6.64 (9.16) 7.67 (10.01) 10.23 (12.09)

Portal venous 6.77 (9.11) 7.71 (10.01) 10.00 (12.00)

Average 6.70 (9.17) 7.82 (10.01) 10.07 (12.09)

Mesenteric

Arterial 6.56 (9.88) 9.49 (12.73) 11.26 (15.17)

Portal venous 6.59 (9.86) 9.47 (12.75) 11.28 (15.09)

Average 6.57 (9.85) 9.48 (12.78) 11.27 (15.10)

Values in the parentheses represent the SSDEs. CTDIvol, computed tomography dose index volume; mGy, milligray; 
SSDE, size-specific dose estimate.

Table 4. The first, second, and third quartile values for the DLP (mGy.cm)

Protocol 1st quartile 2nd quartile (median) 3rd quartile

Liver 493.45 683.02 1074.31

Kidney 681.02 908.37 1163.16

Pancreas 418.11 517.98 701.26

Mesenteric 681.24 983.68 1212.62

DLP, dose length product; mGy, milligray.

Table 5. The first, second, and third quartile values for the ED (mSv)

Protocol 1st quartile 2nd quartile (median) 3rd quartile

Liver 7.54 10.45 16.43

Kidney 10.41 13.89 17.79

Pancreas 6.39 7.92 10.72

Mesenteric 9.60 13.86 17.09

ED, effective dose; mSv, millisievert.
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Table 6. Comparison of the dose values (median) with the diagnostic reference values

Protocols The 
authors’ 
institution

van der 
Molen et al.6 

Kim et 
al.7

Tsapaki et 
al.8

Salama et 
al.9

Aberle 
et al.10

Bos et 
al.11

Liver

Number of phases 3 4 2–4* 4** 3 3.2*** -

Indication HCC Tx - HCC Metastasis HCC HCC

CTDIvol 6.86 - 14.70 9 31 11 14.60

DLP 683.02 1496.6 1693 1327 1425 1170 2032

ED 10.45 22.40 25.40 - - - -

SSDE 8.75 - - - - - -

SL (mean) 32.30 41.90 - 37 - - -

Kidney

Number of phases 4 4 2–4* - - - -

Indication RCC RCC - - - - -

CTDIvol 8.37 - 14.20 - - - -

DLP 908.37 1371.20 2100 - - - -

ED 13.89 20.20 31.50 - - - -

SSDE 10.37 - - - - - -

SL (mean) 27.70 38.10 - - - - -

Pancreas

Number of phases 2 3 2–4* - - - -

Indication Adenoca Adenoca - - - - -

CTDIvol 7.82 - 14 - - - -

DLP 517.98 1000 1531 - - - -

ED 7.92 14.70 23 - - - -

SSDE 10.01 - - - - - -

SL (mean) 31.4 40.90 - - - - -

Mesenteric

Number of phases 2 - - - - - -

Indication Ischemia - - - - - -

CTDIvol 9.48 - - - - - -

DLP 983.68 - - - - - -

ED 13.86 - - - - - -

SSDE 12.78 - - - - - -

SL (mean) 51.80 - - - - - -

*Phase numbers not specified; **the number of phases was given as “4” most frequently; ***average number of 
phases. Adenoca, adenocarcinoma; CTDIvol, computed tomography dose index volume; DLP, dose length product; 
ED, effective dose; HCC, hepatocellular carcinoma; RCC, renal cell carcinoma; SL, scan length (cm); SSDE, size-specific 
dose estimate; Tx, transplantation.
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