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Diagnostic and Interventional Radiology (Diagn Interv Radiol) is a medium for 
disseminating scientific information based on research, clinical experience, 
and observations pertaining to diagnostic and interventional radiology. 
The journal is the double-blind peer-reviewed, bimonthly, open-access 
publication organ of the Turkish Society of Radiology and its publication 
language is English. Diagnostic and Interventional Radiology is currently 
indexed by Science Citation Index Expanded, PubMed MEDLINE, PubMed 
Central, TUBITAK ULAKBIM TR Index, HINARI, EMBASE, CINAHL, Scopus, Gale 
and CNKI.

The journal is a medium for original articles, reviews, pictorial essays, technical 
notes related to all fields of diagnostic and interventional radiology.

The editorial and publication process of the Diagnostic and Interventional 
Radiology are shaped in accordance with the guidelines of the International 
Committee of Medical Journal Editors (ICMJE), World Association of Medical 
Editors (WAME), Council of Science Editors (CSE), Committee on Publication 
Ethics (COPE), European Association of Science Editors (EASE), and National 
Information Standards Organization (NISO). The journal is in conformity with 
the Principles of Transparency and Best Practice in Scholarly Publishing.

Authorship

Each individual listed as an author should fulfill the authorship criteria 
recommended by the International Committee of Medical Journal Editors 
(ICMJE - www.icmje.org). To be listed as an author, an individual should 
have made substantial contributions to all four categories established by 
the ICMJE: (a) conception and design, or acquisition of data, or analysis 
and interpretation of data, (b) drafting the article or revising it critically 
for important intellectual content, (c) final approval of the version to be 
published, and (d) agreement to be accountable for all aspects of the 
work in ensuring that questions related to the accuracy or integrity of any 
part of the work are appropriately investigated and resolved. Individuals 
who contributed to the preparation of the manuscript but do not fulfill 
the authorship criteria should be acknowledged in an acknowledgements 
section, which should be included in the title page of the manuscript. If the 
editorial board suspects a case of “gift authorship”, the submission will be 
rejected without further review.

Ethical standards

For studies involving human or animal participants, the authors should 
indicate whether the procedures followed were in accordance with the 
ethical standards of the responsible committee on human and animal 
experimentation (institutional or regional) and with the Helsinki Declaration). 
Application or approval number/year of the study should also be provided. 
The editorial board will act in accordance with COPE guidelines if an ethical 
misconduct is suspected.

It is the authors’ responsibility to carefully protect the patients’ anonymity 
and to verify that any experimental investigation with human subjects 
reported in the submission was performed with informed consent and 
following all the guidelines for experimental investigation with human 
subjects required by the institution(s) with which all the authors are affiliated 
with. For photographs that may reveal the identity of the patients, signed 
releases of the patient or of his/her legal representative should be enclosed.

Prospective human studies require both an ethics committee approval and 
informed consent by participants. Retrospective studies require an ethics 
committee approval with waiver of informed consent. Authors may be 
required to document such approval.

All submissions are screened by a similarity detection software (iThenticate 
by CrossCheck). Manuscripts with an overall similarity index of greater than 
20%, or duplication rate at or higher than 5% with a single source are returned 
back to authors without further evaluation along with the similarity report.

In the event of alleged or suspected research misconduct, e.g., plagiarism, 
citation manipulation, and data falsification/fabrication, the Editorial Board 
will follow and act in accordance with COPE guidelines.

Withdrawal Policy

Articles may be withdrawn under certain circumstances.

The article will be withdrawn if it;

-	 violates professional ethical codes,

-	 is subject to a legal dispute,

-	 has multiple submissions,

-	 includes fake claims of authorship, plagiarism, misleading data, and false  
	 data that may pose a severe health risk.

The editorial board will follow the principles set by COPE (Committee on 
Publication Ethics) in case of an article withdrawal.

Manuscript Preparation

The manuscripts should be prepared in accordance with ICMJE-
Recommendations for the Conduct, Reporting, Editing, and Publication of 
Scholarly Work in Medical Journals (updated in May 2022 - https://www.
icmje.org/recommendations/).

Original Investigations and Reviews should be presented in accordance 
with the following guidelines: randomized study – CONSORT, observational 
study – STROBE, study on diagnostic accuracy – STARD, systematic reviews 
and meta-analysis PRISMA, nonrandomized behavioral and public health 
intervention studies – TREND.

Diagnostic and Interventional Radiology will only evaluate manuscripts 
submitted via the journal’s self-explanatory online manuscript submission 
and evaluation system available at mc04.manuscriptcentral.com/dir. 
Evaluation process of submitted manuscripts takes 4 weeks on average.

Manuscripts are evaluated and published on the understanding that they 
are original contributions, and do not contain data that have been published 
elsewhere or are under consideration by another journal. Authors are 
required to make a full statement at the time of submission about all prior 
reports and submissions that might be considered duplicate or redundant 
publication, and mention any previously published abstracts for meeting 
presentations that contain partial or similar material in the cover letter. They 
must reference any similar previous publications in the manuscript.

Authors must obtain written permission from the copyright owner to 
reproduce previously published figures, tables, or any other material in both 
print and electronic formats and present it during submission. The original 
source should be cited within the references and below the reprinted 
material.

Cover letter: A cover letter must be provided with all manuscripts. This 
letter may be used to emphasize the importance of the study. The authors 
should briefly state the existing knowledge relevant to the study and the 
contributions their study make to the existing knowledge. The correspondent 
author should also include a statement in the cover letter declaring that he/
she accepts to undertake all the responsibility for authorship during the 
submission and review stages of the manuscript.
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Title page: A separate title page should be submitted with all manuscripts 
and should include the title of the manuscript, name(s), affiliation(s), and 
major degree(s) of the author(s). The name, address, telephone (including 
the mobile phone number) and fax numbers and e-mail address of the 
corresponding author should be clearly listed. Grant information and other 
sources of support should also be included. Individuals who contributed to 
the preparation of the manuscript but do not fulfill the authorship criteria 
should also be acknowledged in the title page. Manuscripts should not be 
signed by more than 6 authors unless they are multicenter or multidisciplinary 
studies.

Main document

Abstract: All submissions (except for Letters to the Editor) should be 
accompanied by an abstract limited to 400 words. A structured abstract 
is only required with original articles and it should include the following 
subheadings: PURPOSE, METHODS, RESULTS, CONCLUSION.

Main points: Each submission should be accompanied by 3 to 5 “main points”, 
which should emphasize the most striking results of the study and highlight 
the message that is intended to be conveyed to the readers. As these main 
points would be targeting radiology residents, experts and residents of other 
fields of medicine, as well as radiology experts, they should be kept as plain 
and simple as possible. These points should be constructed in a way that 
provides the readers with a general overview of the article and enables them 
to have a general idea about the article.

The main points should be listed at the end of the main text, above the 
reference list.

Example: Liu S, Xu X, Cheng Q, et al. Simple quantitative measurement based 
on DWI to objectively judge DWI-FLAIR mismatch in a canine stroke model. 
Diagn Interv Radiol 2015; 21:348–354.

• The relative diffusion-weighted imaging signal intensity (rDWI) of ischemic 
lesions might be helpful to identify the status of fluid attenuated inversion 
recovery (FLAIR) imaging in acute ischemic stroke.

• The relative apparent diffusion coefficient (rADC) value appears not useful 
to identify the status of FLAIR imaging in the acute period.

• Based on our embolic canine model, rDWI increased gradually in the acute 
period, while the rADC kept stable, which might explain why rDWI is helpful 
to identify the status of FLAIR imaging, while rADC is not.

Main text

Original Articles

Original articles should provide new information based on original research. 
The main text should be structured with Introduction, Methods, Results, 
and Discussion subheadings. The number of cited references should not 
exceed 50 and the main text should be limited to 4500 words. Number of 
tables included in an original article should be limited to 4 and the number 
of figures should be limited to 7 (or a total of 15 figure parts).

Introduction

State briefly the nature and purpose of the work, quoting the relevant 
literature.

Methods

Include the details of clinical and technical procedures.

Research ethics standards compliance

All manuscripts dealing with human subjects must contain a statement 
indicating that the study was approved by the Institutional Review Board or 
a comparable formal research ethics review committee. If none is present at 
your institution, there should be a statement that the research was performed 
according to the Declaration of Helsinki principles (www.wma.net/e/policy/
b3.htm). There should also be a statement about whether informed consent 
was obtained from research subjects.

Results

Present these clearly, concisely, and without comment. Statistical analysis 
results should also be provided in this section to support conclusions when 
available.

Discussion

Explain your results and relate them to those of other authors; define their 
significance for clinical practice. Limitations, drawbacks, or shortcomings 
of the study should also be stated in the discussion section before the 
conclusion paragraph. In the last paragraph, a strong conclusion should be 
written.

Review Articles

Review articles are scientific analyses of recent developments on a specific 
topic as reported in the literature. No new information is described, and no 
opinions or personal experiences are expressed. Reviews include only the 
highlights on a subject. Main text should be limited to 4000 words and the 
number of cited references should not exceed 75. Number of tables included 
in a review article should be limited to 4 and the number of figures should be 
limited to 15 (or a total of 30 figure parts).

Pictorial Essay

This is a continuing medical education exercise with the teaching message 
in the figures and their legends. Text should include a brief abstract; there 
may be as many as 30 figure parts. No new information is included. The value 
of the paper turns on the quality of the illustrations. Authors can submit 
dynamic images (e.g. video files) or include supplemental image files for 
online presentation that further illustrate the educational purpose of the 
essay. Maximums: Pages of text – 4 (1,500 words); References – 20; Figures – 
15 or total of 30 images; No table Main text should be limited to 1500 words 
and the number of cited references should not exceed 15.

Technical Notes

Technical note is a brief description of a specific technique, procedure, 
modification of a technique, or new equipment of interest to radiologists. 
It should include a brief introduction followed by Technique section for 
case reports or Methods section for case series, and Discussion is limited 
to the specific message, including the uses of the technique, equipment, 
or software. Literature reviews and lengthy descriptions of cases are not 
appropriate.

Main text should be limited to 1500 words and the number of cited references 
should not exceed 8. Number of tables included in a technical note should be 
limited to 4 and the number of figures should be limited to 3 (or a total of 6 
figure parts).
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Letter to the Editor and Reply

Letters to the Editor and Replies should offer objective and constructive 
criticism of published articles within last 6 months. Letters may also discuss 
matters of general interest to radiologists and may include images. Material 
being submitted or published elsewhere should not be duplicated in letters.

Main text should be limited to 500 words and the number of cited references 
should not exceed 6. No tables should be included and the number of figures 
should be limited to 2 (or a total of 4 figure parts).

Recommendations for Manuscripts:

Type of 
manuscript

Word 
limit

Abstract 
word limit

Reference 
limit

Author 
limit

Table 
limit

Figure limit

Original 
Article

4500 400 
(Structured)

50 6* 4 7 or total of 
15 images

Review 
Article

4000 200 75 5 4 15 or 
total of 24 
images

Pictorial 
Essay

1500 400 20 5 1 15 figures or 
total of 30 
figure parts

Technical 
Note

1500 200 8 5 2 3 figures or 
total of 6 
figure parts

Letter 500 N/A 6 4 No 
tables

2 figures or 
total of 4 
figure parts

*Manuscripts should not be signed by more than 6 authors unless they are 
multicenter or multidisciplinary studies.
**Considering the specific condition of the manuscript, minor flexibilites may be 
applied for the recommendations upon the decision of Editor-in-Chief or the Section 
Editors.

References

Both in-text citations and the references must be prepared according to the 
AMA Manual of style.

While citing publications, preference should be given to the latest, most up-
to-date publications. Authors are responsible for the accuracy of references 
If an ahead-of-print publication is cited, the DOI number should be provided. 
Journal titles should be abbreviated in accordance with the journal 
abbreviations in Index Medicus/MEDLINE/PubMed. When there are six or 
fewer authors, all authors should be listed. If there are seven or more authors, 
the first three authors should be listed followed by “et al.” In the main text of 
the manuscript, references should be cited in superscript after punctuation. 
The reference styles for different types of publications are presented in the 
following examples.

Journal Article: Economopoulos KJ, Brockmeier SF. Rotator cuff tears in 
overhead athletes. Clin Sports Med. 2012;31(4):675-692.

Book Section: Fikremariam D, Serafini M. Multidisciplinary approach to pain 
management. In: Vadivelu N, Urman RD, Hines RL, eds. Essentials of Pain 
Management. New York, NY: Springer New York; 2011:17-28.

Books with a Single Author: Patterson JW. Weedon’s Skin Pahology. 4th ed. 
Churchill Livingstone; 2016.

Editor(s) as Author: Etzel RA, Balk SJ, eds. Pediatric Environmental Health. 
American Academy of Pediatrics; 2011.

Conference Proceedings: Morales M, Zhou X. Health practices of immigrant 
women: indigenous knowledge in an urban environment. Paper presented 
at: 78th Association for Information Science and Technology Annual Meeting; 
November 6-10; 2015; St Louis, MO. Accessed March 15, 2016. https://www.
asist.org/files/meetings/am15/proceedings/openpage15.html

Thesis: Maiti N. Association Between Behaviours, Health Charactetistics and 
Injuries Among Adolescents in the United States. Dissertation. Palo Alto 
University; 2010.

Online Journal Articles: Tamburini S, Shen N, Chih Wu H, Clemente KC. 
The microbiome in early life: implications for health outcometes. Nat Med. 
Published online July 7, 2016. doi:10.1038/nm4142

Epub Ahead of Print Articles: Websites: International Society for Infectious 
Diseases. ProMed-mail. Accessed February 10, 2016. http://www.promedmail.
org

Tables

Tables should be included in the main document and should be presented 
after the reference list. Tables should be numbered consecutively in the 
order they are referred to within the main text. A descriptive title should 
be provided for all tables and the titles should be placed above the tables. 
Abbreviations used in the tables should be defined below by footnotes (even 
if they are defined within the main text). Tables should be created using the 
“insert table” command of the word processing software and they should 
be arranged clearly to provide an easy reading. Data presented in the tables 
should not be a repetition of the data presented within the main text but 
should be supporting the main text.

Figures and figure legends

Figures, graphics, and photographs should be submitted as separate files 
(in TIFF or JPEG format) through the submission system. The files should not 
be embedded in a Word document or the main document. When there are 
figure subunits, the subunits should not be merged to form a single image. 
Each subunit should be submitted separately through the submission 
system. Images should not be labelled (a, b, c, etc.) to indicate figure subunits. 
Thick and thin arrows, arrowheads, stars, asterisks, abbreviations and similar 
marks can be used on the images to support figure legends. Like the rest of 
the submission, the figures too should be blind. Any information within the 
images that may indicate the institution or the patient should be removed.

Figure legends should be listed at the end of the main document.

General

All acronyms and abbreviations used in the manuscript should be defined at 
first use, both in the abstract and in the main text. The abbreviation should be 
provided in parenthesis following the definition.

Statistical analysis should be performed in accordance with guidelines on 
reporting statistics in medical journals (Altman DG, Gore SM, Gardner MJ, 
Pocock SJ. Statistical guidelines for contributors to medical journals. Br Med 
J 1983: 7; 1489–1493.). Information on the statistical analysis process of the 
study should be provided within the main text.

When a drug, product, hardware, or software mentioned within the main 
text product information, the name and producer of the product should be 
provided in parenthesis in the following format: “Discovery St PET/CT scanner 
(GE Healthcare).”
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All references, tables, and figures should be referred to within the main text 
and they should be numbered consecutively in the order they are referred to 
within the main text.

Initial evaluation and Peer review process

Manuscripts submitted to Diagnostic and Interventional Radiology will first 
go through a technical evaluation process where the editorial office staff will 
ensure that the manuscript is prepared and submitted in accordance with the 
journal’s guidelines. Submissions that do not conform the journal’s guidelines 
will be returned to the submitting author with technical correction requests.

All submissions are screened by a similarity detection software (iThenticate 
by CrossCheck), and those with an overall similarity index of greater than 
20%, or duplication rate at or higher than 5% with a single source are returned 
back to authors without further evaluation along with the similarity report.

Manuscripts meeting the requirements mentioned in journal’s guideline will 
go under the review process. The initial review will be performed by Editor-in-
Chief and the Section Editor, which include the evaluation of the manuscript 
for its originality, importance of the findings, scientific merit, interest to 
readers and compliance with the policy of the journal in force. Manuscripts 
with insufficient priority for publication are not sent out for further review 
and rejected promptly at this level to allow the authors to submit their work 
elsewhere without delay. 

Manuscripts that pass through the initial review are sent to peer review, which 
is performed in a blinded manner by least two external and independent 
reviewers. During the review process, all original articles are evaluated by at 
least one senior consultant of statistics for proper handling and consistency 
of data, and use of correct statistical method. The Section Editor and / or 
Editor-n-Chief are the final authority in the decision-making process for all 
submissions.

Revisions

When submitting a revised version of a paper, the author must submit a 
detailed “Response to reviewers” that states point by point how each issue 
raised by the reviewers has been covered and where it can be found (each 
reviewer’s comment followed by the author’s reply and line numbers where 
the changes have been made) as well as an annotated copy, and a clear copy 
of the main document.

Revised manuscripts must be submitted within 30 days from the date of 
the decision letter. If the revised version of the manuscript is not submitted 
within the allocated time, the revision option will be automatically cancelled 
by the submission system. If the submitting author(s) believe that additional 
time is required, they should request an extension before the initial 30-day 
period is over.

Proofs and DOI Number

Accepted manuscripts are copy-edited for grammar, punctuation, and format 
by professional language editors. Following the copyediting process, the 
authors will be asked to review and approve the changes made during the 

process. Authors will be contacted for a second time after the layout process 
and will be asked to review and approve the PDF proof of their article for 
publication. Once the production process of a manuscript is completed it is 
published online on the journal’s webpage as an ahead-of-print publication 
before it is included in its scheduled issue.

Publication Fee Policy

Diagnostic and Interventional Radiology (DIR) applies an Article Processing 
Charge (APCs) for only accepted articles. No fees are requested from the 
authors during submission and evaluation process. All manuscripts must be 
submitted via Manuscript Manager.

An APC fee of and local taxes will be applied depending on the article type 
(see Table 1)

Review $ 1250

Original Article $ 1000
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Letter from the New Editor-in-Chief

Mehmet Ruhi Onur 
Editor-in-Chief It is a great honor and privilege for me to be appointed the editor-in-chief of our Diagnostic 

and Interventional Radiology, following my service as the section editor of abdominal radiol-
ogy for 6 years. I want to express my heartfelt gratitude to all the members of the Board of 

Directors of the Turkish Society of Radiology. 

Diagnostic and Interventional Radiology is a highly reputable scientific journal in our field 
and distinguished itself with its high scientific and quality standards. The key factor for this 
distinction is the careful evaluation process of the submitted articles. Applying the highest 
scientific and ethical standards is elemental in every step of this process, ensuring the main-
tenance of the high quality of our journal. Our priorities in the upcoming editorial period are 
to at least preserve and possibly improve the best practices pertaining to the scientific and 
stylistic evaluation of the submitted manuscripts, closely follow the innovations in the field of 
radiology, and further our publication standards. 

The impact factor of Diagnostic and Interventional Radiology is 3.132 for the last five years, 
3.346 for 2021 and an estimated 2.43 for 2022. The Scopus Cite Scores of our journal in 2021 
and 2022 are 3.9 and 3.8, respectively. Although variable JCI scores are recorded, the rank 
of Diagnostic and Interventional Radiology among 200 journals in “Radiology, Nuclear Medi-
cine and Medical Imaging” is 85 (70/136 among SCI-Expanded journals) (Table 1). Despite an 
abundance of manuscript submissions to all scientific journals during COVID-19 pandemic, 
evaluation processes were generally expedited, leading to a steep rise in the impact factor 
of many journals, including ours.1 However, during the current normalization period which 
ensued the heyday of the pandemic, a decrease is expected with regard to the impact fac-
tor of our journal. Since we have a large backlog of accepted manuscripts that are pending 
publication, maintaining–let alone improving–our impact factor will be quite challenging. As 
of December 2022, there were around 80 accepted articles waiting to be published in our 
journal. This translated into a significant gap between the number of accepted and published 
manuscripts (Table 2). The first thing that we did following the most recent reshaping of our 
editorial board was to publish all these articles online in the first week of January 2023. We as-
pire to work hard for improving and streamlining this process of publishing already accepted 
articles as we move further along the way. 

I would like to share several important changes that have been recently implemented in 
our journal as well as our future projections: first, the editorial board of Diagnostic and In-
terventional Radiology has been extensively changed in accordance with our societal bylaws 
with the addition of new colleagues who are, as have been the ones they have replaced, all 
reputable experts in their subspecialties. Second, an article publication fee has been started 
to be charged for articles accepted to be published in Diagnostic and Interventional Radiolo-
gy as of October 2022. Details of this newly implemented policy are available in the author 
instruction section of our journal’s website. Open-access peer-review policy of the journal 
will be continued. Third, we are working on changes in the article submission and review-
ing system of our journal which will facilitate the submission process of manuscripts and will 
allow reviewers to evaluate the manuscripts in a more efficient way. These changes will be 
implemented into our system in a short period of time. With these changes, submission of 
manuscripts will be easier and publication of accepted manuscripts will be faster. The editorial 
board of Diagnostic and Interventional Radiology will be more than happy to hear opinions, 
suggestions and criticisms about the journal’s publication policy, article evaluation and pub-
lishing processes from all our readers. 

https://orcid.org/0000-0003-1732-7862
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In conclusion, I would like to thank all our 
previous chief editors and section editors 
as well as all our colleagues who have gen-
erously donated their time as reviewers, as 
well as all the authors who contributed with 

their scientific papers to our journal. Now is 
the time to work together to further improve 
the hard-earned reputation of Diagnostic 
and Interventional Radiology in the field of 
radiology. 

Reference
1.	 Delardas O, Giannos P. How COVID-19 Affected 

the Journal Impact Factor of High Impact 
Medical Journals: Bibliometric Analysis. J Med 
Internet Res. 2022;24(12):e43089. [CrossRef] 

Table 1. Journal citation and index ranking results of Diagnostic and Interventional Radiology between 2017 and 2021

JCR year JIF JCI JIF rank JCI rank JIF quartile JCI quartile

2017 1.618 0.63 85/129 85/181 Q3 Q2

2018 1.464 0.60 97/129 93/182 Q4 Q3

2019 1.871 0.59 85/134 98/184 Q3 Q3

2020 2.630 0.65 77/133 83/186 Q3 Q2

2021 3.346 0.69 70/136 85/206 Q3 Q2

JCR, Journal Citation Reports; JIF, Journal Impact Factor; JCI, Journal Citation Indicator (category of radiology, nuclear medicine and medical imaging)

Table 2. Some performance parameters of Diagnostic and Interventional Radiology in the evaluation and publication of all manuscripts 
between 2018 and 2022

Years Manuscripts submitted (n) Manuscript review time period (days) Accepted manuscripts (n) Published manuscripts (n)

2018 696 14.9 97 69

2019 685 19.7 84 72

2020 1280 11.8 165 105

2021 988 25.8 104 127 

2022 498 39.8 67 87

Total 517 460

https://www.jmir.org/2022/12/e43089
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PURPOSE
To explore the utility of four-phase computed tomography (CT) in distinguishing renal oncocytoma 
with central hypodense areas from clear cell renal cell carcinoma (ccRCC).

METHODS
Eighteen patients with oncocytoma and 63 patients with ccRCC presenting with central hypodense 
areas were included in this study. All patients underwent four-phase CT imaging including the ex-
cretory phases later than 20 min after contrast injection. Two blinded experienced radiologists vi-
sually reviewed the enhancement features of the central hypodense areas in the excretory phase 
images and selected the area demonstrating the greatest degree of enhancement of the tumor in 
the corticomedullary phase images. Regions of interest (ROIs) were placed in the same location in 
each of the three contrast-enhanced imaging phases. Additionally, ROIs were placed in the adja-
cent normal renal cortex for normalization. The ratio of the lesion to cortex attenuation (L/C) for 
the three contrast-enhanced imaging phases and absolute de-enhancement were calculated. The 
receiver operating characteristic curve was used to obtain the cut-off values.

RESULTS
Complete enhancement inversion of the central areas was observed in 12 oncocytomas (66.67%) 
and 16 ccRCCs (25.40%) (P = 0.003). Complete enhancement inversion combined with L/C in the 
corticomedullary phase lower than 1.0 (P < 0.001) or absolute de-enhancement lower than 42.5 
HU (P < 0.001) provided 86.42% and 85.19% accuracy, 61.11% and 55.56% sensitivity, 93.65% and 
93.65% specificity, 73.33% and 71.43% positive predictive value (PPV), and 89.39% and 88.06% 
negative predictive value (NPV), respectively, for the diagnosis of oncocytomas. Combined with 
complete enhancement inversion, L/C in the corticomedullary phase lower than 1.0 and absolute 
de-enhancement lower than 42.5 HU provided 87.65%, 55.56%, 96.83%, 83.33%, and 88.41% of 
accuracy, sensitivity, specificity, PPV, and NPV, respectively, for the diagnosis of oncocytomas.

CONCLUSION
The combination of enhancement features of the central hypodense areas and the peripheral tu-
mor parenchyma can help distinguish oncocytoma with central hypodense areas from ccRCC.

KEYWORDS
Cancer, MDCT, oncology, radiology, renal	

Renal oncocytomas are virtually benign and account for 3%–7% of all renal tumors.1 
Based on the benign course and excellent prognosis of oncocytomas, partial nephrec-
tomy and active surveillance are popular therapeutic options.2 Accurate preoperative 

diagnosis is thus crucial. Although the features of oncocytoma shown on computed tomogra-
phy (CT) and magnetic resonance imaging (MRI) have been extensively reported, these com-
mon imaging features have not been shown to accurately distinguished oncocytoma from 
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renal cell carcinoma (RCC), particularly from 
clear cell RCC (ccRCC), which is also a hyper-
vascular tumor.3-7

Typical oncocytomas have previously 
been characterized by a central scar, which 
is seen in up to one-third of all cases.8 How-
ever, this is not adequately specific, because 
the central scar is also present in three of the 
most common subtypes of RCC.1 Moreover, 
the central necrotic areas within classic RCC 
can mimic a central scar; therefore, when 
central hypodense areas are observed on CT, 
they may indicate a central scar or necrosis. 
However, the contrast-enhanced CT features 
of the central scar within oncocytoma and 
the differences between oncocytoma and 
RCC central scar have not been studied in 
detail.

Several studies have focused on the dif-
ferentiation of oncocytomas from ccRCCs on 
multiphase contrast-enhanced CT using dif-
ferent quantitative measures and enhance-
ment correction methods.4,5,9-14 However, 
these studies showed considerable overlap 
between oncocytomas and ccRCCs regard-
ing their enhancement degree and pattern, 
making it difficult to confidently distinguish 
between them. In fact, many patients with 
benign renal tumors undergo unnecessary 
radical nephrectomy because the clinicians 
are unable to make an accurate preoperative 
diagnosis.

Different histopathologic structures of 
the central scar in oncocytomas and ccRCCs 
may lead to different appearances on CT; 
however, we hypothesized that if enhance-
ment features of peripheral tumor paren-

chyma are also included, we can accurately 
distinguish typical oncocytoma with central 
scar from ccRCC.1

Therefore, we conducted this study to 
retrospectively explore whether oncocyto-
mas with central hypodense areas can be 
differentiated from ccRCCs on four-phase CT 
based on enhancement features of the cen-
tral hypodense areas and peripheral tumor 
parenchyma.

Methods

Patients

Our institutional review board approved 
the retrospective study (2019/298) and 
waived the requirement for informed con-
sent owing to the retrospective nature of the 
study. We searched the radiology and pathol-
ogy databases in our institution to identify 
all cases of histologically proven ccRCCs and 
oncocytomas between June 2013 and June 
2019, in which all patients had undergone 
preoperative four-phase CT including the 
excretory phase later than 20 min after con-
trast injection. Two radiologists with three 
and five years of experience, respectively, 
reviewed all identified cases to select only 
tumors visually presenting central stellate or 
irregular hypodense areas compatible with 
central necrosis or scar in unenhanced or 
corticomedullary phase images. Cases with-
out complete imaging or pathological data 
and central hypodense areas were excluded. 
In total, 81 patients and 81 tumors were in-
cluded, of which 18 were oncocytomas and 
63 were ccRCCs. Three patients each had two 
lesions (both of which were ccRCCs), but only 
one lesion in each patient was associated 
with central hypodensity.

CT examination

All CT examinations were performed us-
ing Philips Brilliance 64or 256 detector row 
helical scanners (Philips Healthcare). The CT 
images were obtained while patients were 
holding their breath, using the following 
parameters: tube voltage of 120 kV, tube 
current of 150–250 mA, section thickness of 
5 mm, and reconstruction interval of 5 mm. 
An 80–100 mL dose of iohexol (General Elec-
tric Pharmaceuticals Shanghai Co., Ltd.) was 
administered at a rate of 5 mL/s via injection 
into an antecubital vein by high-pressure 
automatic injectors. The enhanced CT scans 
were performed in the renal corticomedul-
lary phase (delayed 25–30 s), nephrograph-
ic phase (delayed 60–90 s), and excretory 
phase (delayed >20 min).

Image analysis

Another two radiologists with 10 and 20 
years of experience, respectively, who were 
not involved in case selection, reviewed all 
selected cases in consensus on the picture 
archiving and communication system work-
station. These two radiologists were blinded 
to the pathology results.

First, the two radiologists visually assessed 
the enhancement features of the central hy-
podense areas of these tumors. An enhance-
ment inversion was considered to be present 
when the central hypodense areas enhanced 
slowly in a centripetal manner over time and 
showed higher attenuation than the pe-
ripheral tumor parenchyma in the excretory 
phase images. It was considered to be a com-
plete enhancement inversion when the en-
tire central hypodense areas were enhanced 
and showed higher attenuation and an in-
complete enhancement inversion when only 
the periphery of the areas was enhanced and 
showed higher attenuation.

Second, the two radiologists selected 
the areas that demonstrated the maximum 
enhancement of the tumor in the cortico-
medullary phase images. Matching elliptical 
or round regions of interest (ROIs), approx-
imately 8–15 mm2 in size, were drawn in 
the same location in each of the three con-
trast-enhanced imaging phases. For each 
contrast-enhanced phase, two measure-
ments of the same configuration and size 
were acquired on each lesion using a cursor, 
and the average value was recorded. Anoth-
er ROI of the same size was drawn in the ad-
jacent renal cortex to normalize variations in 
attenuation due to technical and individual 
factors. The ratio of lesion to cortex attenu-
ation (L/C) was calculated using the formula 
(lesion ROI / cortex ROI) × 100%. In addition, 
the formula (lesion ROIcorticomedullary − lesion 
ROInephrographic) was used to calculate absolute 
de-enhancement.

Pathologic findings were used as the gold 
standard.

Statistical analysis

Statistical analysis was conducted using 
SPSS for Windows software (ver. 25.0; IBM 
Inc.). Descriptive analyses used the mean 
and standard deviation (SD) for normal-
ly distributed numeric variables, median 
(min–max)  values for non-normally distrib-
uted numeric variables, and n (%) for cate-
goric variables. The enhancement inversion 
was compared between oncocytomas and 
ccRCCs using the Pearson chi-square test. 

Main points

•	 A longer delay scanning time is valuable for 
distinguishing oncocytomas with a central 
scar from clear cell renal cell carcinomas 
(ccRCCs). 

•	 The absence of enhancement inversion of 
the central hypodense areas in the excreto-
ry phase could be used to rule out oncocy-
toma.

•	 Quantitative analysis of the peripheral tu-
mor parenchyma using the ratio of lesion 
to cortex attenuation in the corticomedul-
lary phase and absolute de-enhancement 
showed significant value in differentiating 
oncocytomas from ccRCCs, but there were 
some overlaps.

•	 The combination of enhancement analysis 
of the central hypodense areas and periph-
eral tumor parenchyma provided high di-
agnostic specificity and negative predictive 
value.
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The L/C and absolute de-enhancement 
were compared between oncocytomas and 
ccRCCs using the Student’s t-test if normal 
distribution was achieved; otherwise, the 
non-parametric Mann–Whitney U test was 
used. The Kolmogorov–Smirnov test was 
used to evaluate the normality of quantita-
tive data. A P value of <0.050 was considered 
to indicate a significant difference. Optimal 
cutoff values of L/C in the corticomedullary 
phase and absolute de-enhancement for 
identifying oncocytomas and ccRCCs were 
derived using receiver operating characteris-
tic (ROC) curve analysis. To assess the diag-
nostic performance of these parameters for 
distinguishing oncocytomas from ccRCCs, 
accuracy, sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive 
value (NPV) were calculated.

Results
The study population consisted of 44 men 

(54.32%) and 37 women (45.68%); the medi-
an (min–max) age was 60 (37–83) years. All 
patients underwent partial or total nephrec-
tomy, and data on postoperative histological 
diagnosis were obtained. The mean size ± 
SD of oncocytomas and ccRCCs was 4.8 ± 2.2 
and 4.9 ± 1.5 cm, respectively.

The enhancement inversion analysis of 
the central hypodense areas is shown in Ta-
ble 1. The central hypodense areas of all tu-
mors showed either slow enhancement in a 
centripetal manner over time and enhance-
ment inversion or no enhancement, which 
was observed in 72 (88.89%) and 9 (11.11%) 
cases, respectively. A complete enhance-
ment inversion was observed in 28 (34.57%) 
cases, and in all cases, it was observed in the 
excretory phase (Figures 1, 2). An incomplete 
enhancement inversion was observed in 44 
(54.32%) cases (Figures 3, 4). Complete en-
hancement inversion was more common in 
oncocytomas than in ccRCCs (P = 0.003). 

Results of the enhancement analysis of the 
peripheral parenchyma of tumors are shown 
in Table 2 and Figure 5. The L/C in the corti-
comedullary phase significantly differed be-
tween oncocytomas and ccRCCs (P < 0.001); 

in the nephrographic and excretory phases, 
the L/C overlapped considerably between 
oncocytomas and ccRCCs (P = 0.533 and P = 
0.794, respectively). Oncocytomas had a sig-
nificantly lower absolute de-enhancement 
than ccRCCs (P < 0.001). Optimal cut-off val-
ues of the L/C in the corticomedullary phase 
of 1.0 and absolute de-enhancement of 42.5 
HU were extracted using ROC curve analysis 
(Figure 6) for identifying oncocytomas and 
ccRCCs. These values suggest that a tumor 
with an L/C in the corticomedullary phase 
lower than 1.0 or absolute de-enhancement 
lower than 42.5 HU can be considered as an 
oncocytoma.

The accuracy, sensitivity, specificity, PPV, 
and NPV obtained by different parameters 
are shown in Table 3. The combination of 
complete enhancement inversion and the 
quantitative features of peripheral tumor 
parenchyma provided high specificity and 
NPV for distinguishing oncocytomas from 
ccRCCs.

Discussion
The quantitative analysis of peripheral 

tumor parenchyma using the L/C in the cor-
ticomedullary phase and absolute de-en-
hancement showed significant value in iden-
tifying oncocytomas and ccRCCs, but there 
were some overlaps. The combination of 
enhancement features of central hypodense 
areas and peripheral tumor parenchyma pro-
vided high diagnostic specificity and NPV.

The central scar is an important radiologi-
cal feature of oncocytomas, but it is not spe-
cific because the central necrosis that occurs 
within RCCs also shows hypodense areas on 
unenhanced CT, and the central scar also oc-
curs in a small fraction of RCCs.15 Moreover, 
the central scar does not always present a 
typical stellate pattern, making it more dif-
ficult to distinguish from irregular central 
necrosis within RCCs.16 In our study, a longer 
delay scanning time (>20 min after injection) 
was used to evaluate the enhancement fea-
tures of the central hypodense areas. Our 
study provides some important results. First, 
all oncocytomas presented complete or in-

complete enhancement inversion within 
the central hypodense areas in the excre-
tory phase. This means that the absence 
of enhancement inversion of the central 
hypodense areas could be used to rule out 
oncocytoma. Second, complete enhance-
ment inversion of the central areas was more 
common in oncocytomas than in ccRCCs. 
The difference may be related to different 
histopathologic structures of central areas 
in oncocytomas and ccRCCs.1 Kim et al.17 de-
scribed the imaging feature of “segmental 
enhancement inversion” in homogeneous 
renal tumors smaller than 4 cm without a 
central scar; however, it is important to note 
that  the segmental enhancement inversion 
was due to pathological differences in the 
stromal content within the tumor parenchy-
ma, as opposed to the enhancement inver-
sion of the central scar and peripheral tumor 
parenchyma in our study. Third, complete 
enhancement inversion was observed only 
in the excretory phase. This explains why it 
has never been mentioned with CT before, 
since a longer delay scanning time has not 
previously been used.5,18 

Cornelis et al.1 investigated the delayed 
enhancement features of central high 
T2-weighted signal intensity of oncocytomas 
and RCCs on MRI and first proposed the con-
cept of enhancement inversion. In our study, 
the rate of complete enhancement inversion 
in ccRCCs was higher than that reported by 
Cornelis et al.1 There are two possible ex-
planations for this. First, we only included 
ccRCCs for our study, whereas the previous 
study included the three most common 
subtypes of RCCs. Second, in our study, the 
excretory phase images were obtained later 
than 20 min after contrast injection, whereas 
the late enhanced scanning was only carried 
out later than 5 min after contrast injection 
in the study by Cornelis et al.1 We believe that 
a longer delay scanning time may result in a 
higher rate of complete enhancement inver-
sion in ccRCCs. We speculate that there may 
be an optimal delay scanning time to better 
identify oncocytomas and ccRCCs based on 
enhancement features of the central hypo-
dense areas, but solid evidence is needed to 
back this up.

The enhancement degree and pattern 
are valuable parameters for distinguishing 
oncocytoma from ccRCC.19 Because there is 
no uniform standard, previous studies have 
used different measurement and enhance-
ment correction methods, which has led to 
different and even completely opposing re-
search results.4,5,13,20,21 Wang et al.22 reported 
that the degree of enhancement measured 

Table 1. Enhancement analysis of the central hypodense areas of tumors

Enhancement of central hypodense areas Type P value

Oncocytomas 
(n = 18)

ccRCCs 
(n = 63)

None 0 9 (14.29%)

0.003aComplete 12 (66.67%) 16 (25.40%)

Incomplete 6 (33.33%) 38 (60.32%)

a, Pearson chi-square test; ccRCCs, clear cell renal cell carcinomas.
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using smaller ROIs (10–20 mm2) performed 
better than small ROIs (50–100 mm2) or large 
ROIs (included all components of the tumor 
on the largest cross-sectional images) for 
identifying renal angiomyolipoma without 
visible fat and small ccRCCs with CT. There-
fore, in our study, we attempted to measure 
a smaller ROI (8–15 mm2) to avoid the influ-

ence of micronecrotic areas contained in 
ccRCCs and better reflect the enhancement 
degree of tumor. Our study showed that 
the L/C in the corticomedullary phase was 
significantly lower than the optimal cut-off 
value of 1.0 in nearly all oncocytomas (17/18, 
94.44%) and higher than 1.0 in most ccRCCs 
(53/63, 84.13%). However, Bird et al.21 meas-

ured a larger ROI (100 mm2) and reported 
that the L/C in the corticomedullary phase 
was highest for oncocytoma, followed by 
ccRCC. Gentili et al.5 measured as large a tu-
mor parenchyma as possible and concluded 
that oncocytomas are almost isodense and 
ccRCCs are mostly hypodense compared 
with the renal cortex in the corticomedul-

Figure 1. A 38-year-old woman with oncocytoma. (a) Axial unenhanced CT scan shows a 2.4 cm-diameter mass with central irregular hypodense areas. (b-d) Axial 
corticomedullary-, nephrographic-, and excretory-phase CT scans show that the central hypodense areas enhance slowly in a centripetal manner. The ratio of lesion 
to cortex attenuation in the corticomedullary phase and absolute de-enhancement are 0.66 and −44 HU, respectively. The excretory-phase CT scan shows that 
enhancement inversion is complete (arrow). (e, f) Axial excretory-phase CT scans with different windowing can better display the enhancement inversion of central 
hypodense areas (arrows). CT, computed tomography.
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Figure 2. A 68-year-old woman with ccRCC. (a) Axial unenhanced CT scan shows a 3.9 cm-diameter mass with central irregular hypodense areas. (b-d) Axial 
corticomedullary-, nephrographic-, and excretory-phase CT scans show that the central hypodense areas appear slow with progressive enhancement in a centripetal 
manner. The ratio of lesion to cortex attenuation in the corticomedullary phase and absolute de-enhancement are 1.14 and 67 HU, respectively. The excretory-phase 
CT scan shows complete enhancement inversion of central areas (arrow). (e, f) Axial excretory-phase CT scans with different windowing can better display the 
complete enhancement inversion of central areas (arrows). ccRCC, clear cell renal cell carcinoma; CT, computed tomography.
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lary phase. Although Moldovanu et al.23 also 
measured a smaller ROI (10 mm2) and found 
that oncocytoma had a higher enhancement 
change than ccRCC, the difference did not 
reach statistical significance. This suggests 
that different ROI sizes have a significant 
impact on the differentiation of oncocyto-

ma from ccRCC. In our study, the L/C in the 
corticomedullary phase measured by smaller 
ROIs showed high sensitivity and NPV for dif-
ferentiating oncocytoma from ccRCC. Some 
studies have found rapid washout enhance-
ment pattern in ccRCCs on multiphase con-
trast-enhanced CT.4,12 Our study showed that 

absolute de-enhancement was significantly 
lower than the optimal cutoff value of 42.5 
HU in most oncocytomas (15/18, 83.33%) 
and higher than 42.5 HU in most ccRCCs 
(50/63, 79.37%), similar to the finding of Lee-
Felker et al.13 Using the combination of L/C 
in the corticomedullary phase and absolute 

Figure 3. A 73-year-old man with oncocytoma. (a) Axial unenhanced CT scan shows a 4.9 cm-diameter mass with central irregular hypodense areas. (b-d) Axial 
corticomedullary-, nephrographic-, and excretory-phase CT scans show that the central hypodense areas enhance slowly in a centripetal manner except in the inner 
portion. The ratio of lesion to cortex attenuation in the corticomedullary phase and absolute de-enhancement are 0.62 and 15 HU, respectively. The excretory-phase 
CT scan shows that enhancement inversion appears incomplete. Note the higher enhancement at the junction between the central hypodense area and peripheral 
tumor component (arrow). (e, f) Axial excretory-phase CT scans with different windowing can better display the incomplete enhancement inversion of central areas 
(arrows). CT, computed tomography.
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Figure 4. A 43-year-old woman with ccRCC. (a, b) Axial unenhanced and corticomedullary-phase CT scans show a 4.5 cm-diameter mass with central hypodense 
areas. The ratio of lesion to cortex attenuation in the corticomedullary phase is 1.23. (c, d) Axial nephrographic- and excretory-phase CT scans show that the 
central hypodense areas appear slow with progressive enhancement in a centripetal manner except in the inner portion. Absolute de-enhancement is 86 HU. The 
excretory-phase CT scan shows that enhancement inversion appears incomplete. Note the higher enhancement at the junction between the central hypodense 
areas and peripheral tumor component (arrow). (e, f) Axial excretory-phase CT scans with different windowing can better display the enhancement inversion of 
central hypodense areas (arrows). ccRCC, clear cell renal cell carcinoma; CT, computed tomography.
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de-enhancement was better than using a 
single parameter for distinguishing oncocy-
tomas from ccRCCs. In conclusion, L/C in the 
corticomedullary phase or absolute de-en-
hancement provided a simple method that 
can be applied  in the clinic for differential 
diagnosis. The two parameters can be used 
in combination to differentiate oncocytomas 
from ccRCCs.

Our study has some limitations. First, ow-
ing to the retrospective design, the analysis 
is subjected to some selection bias. Second, 
our study only evaluated tumors with central 
hypodense areas, which increased the rate of 
oncocytomas by excluding ccRCCs that were 
not associated with the typical central scar or 
necrosis. We did not evaluate oncocytomas 
or ccRCCs with a homogeneous appearance 

or other subtypes of RCC. Third, although the 
two experienced radiologists reached a con-
sensus when assessing the enhancement in-
version, visual assessment could carry errors. 
Fourth, due to space constraints, we only 
chose simple and easy-to-operate measure-
ment and enhancement correction methods; 
we did not compare the results with other 
measurement and enhancement correction 

Figure 5. Scatterplots of the L/C in the corticomedullary phase and absolute de-enhancement for tumors 
of oncocytoma and ccRCC groups. (a) Scatterplot of the L/C in the corticomedullary phase. Most ccRCCs 
have an L/C higher than 1.0, whereas nearly all oncocytomas have a ratio lower than 1.0. (b) Scatterplot of 
absolute de-enhancement. Most ccRCCs have an absolute de-enhancement higher than 42.5 HU, whereas 
most oncocytomas have an absolute de-enhancement lower than 42.5 HU. L/C, ratio of lesion to cortex 
attenuation; ccRCC, clear cell renal cell carcinoma. 

ba

Figure 6. Receiver operating characteristic curve for 
the L/C in the corticomedullary phase and absolute 
de-enhancement for distinguishing oncocytomas 
from ccRCCs. The area under the receiver operating 
characteristic curve was 0.929 (95% CI, 0.874–0.983; 
SE, 0.028) for the L/C in the corticomedullary 
phase and 0.881 (95% CI, 0.802–0.959; SE, 0.040) 
for absolute de-enhancement. L/C, ratio of lesion 
to cortex attenuation; ccRCC, clear cell renal cell 
carcinoma; CI, confidence interval; SE, standard 
error. 

Table 2. Enhancement analysis of the peripheral parenchyma of tumors

Enhancement of the tumor parenchyma
Type

P valueOncocytomas 
(n = 18)

ccRCCs 
(n = 63)

L/C in the corticomedullary phase, median (min–max) 0.83 (0.62–1.06) 1.15 (0.47–2.01) <0.001a

L/C in the nephrographic phase, mean ± SD 0.78 ± 0.12 0.76 ± 0.11 0.533b

L/C in the excretory phase, mean ± SD 0.71 ± 0.07 0.72 ± 0.16 0.794b

Absolute de-enhancement, median (min–max) 11 (−44–58) 67 (−12–220) <0.001a

a, Mann–Whitney U test; b, Student’s t-test; ccRCCs, clear cell renal cell carcinomas; L/C, ratio of lesion to cortex 
attenuation; SD, standard deviation.

Table 3. Accuracy of differentiation of oncocytomas from ccRCCs for all criteria

Criteria Differentiation Accuracy
(%)

Sensitivity
(%)

Specificity
(%)

PPV 
(%)

NPV
(%)

Enhancement 
inversion

Complete 72.84 66.67 74.60 42.86 88.68

Incomplete 38.27 33.33 39.68 13.64 67.57

Complete or incomplete 33.33 100.00 14.29 25.00 100.00

Enhancement of the 
peripheral tumor 
parenchyma

L/C in the corticomedullary phase ≤1.0 86.42 94.44 84.13 62.96 98.15

Absolute de-enhancement ≤42.5 HU 80.25 83.33 79.37 53.57 94.34

Combination of both criteria 90.12 83.33 92.06 75.00 95.08

Combination of 
both criteria

Complete enhancement inversion and L/C in the 
corticomedullary phase ≤1.0

86.42 61.11 93.65 73.33 89.39

Complete enhancement inversion and absolute de-
enhancement ≤42.5 HU

85.19 55.56 93.65 71.43 88.06

Complete enhancement inversion and L/C in the 
corticomedullary phase ≤1.0 and absolute de-enhancement 
≤42.5 HU

87.65 55.56 96.83 83.33 88.41

ccRCC, clear cell renal cell carcinoma; PPV, positive predictive value; NPV, negative predictive value; L/C, ratio of lesion to cortex attenuation.
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methods, and this might be an interesting 
future direction. Finally, because of the sim-
ilar imaging features but different treatment 
strategies, most imaging studies on the dif-
ferential diagnosis of benign and malignant 
renal tumors are based on the standard 
whose diameter are 4 cm or less. Though lim-
iting the size of the lesions would add more 
value to our study, we did not do so because 
of the case number constraints.

In conclusion, a longer delay scanning 
time is valuable for distinguishing onco-
cytomas with a central scar from ccRCCs. 
Quantitative analysis of the peripheral tu-
mor parenchyma showed some overlaps 
between oncocytomas and ccRCCs, and we 
provided optimal cutoff values. The addition 
of enhancement features of the central hy-
podense areas can provide high diagnostic 
specificity and NPV.
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PURPOSE
The present study comparatively evaluates the performance of conventional Doppler ultrasound 
and superb microvascular imaging (SMI) in delineating the cortical microvessels of the transplant-
ed kidney and compares the chronic allograft damage index (CADI) based on the examination of 
biopsy specimens with Doppler ultrasound and SMI findings.

METHODS
Sixty-eight renal transplant recipients underwent kidney biopsy with the pre-diagnosis of rejec-
tion before undergoing renal Doppler ultrasound examination between January 2020 and October 
2020. The distance between the kidney capsule and the vascular structure closest to the kidney 
capsule was measured at the level of the lower pole in the transplanted kidney using color Doppler 
ultrasound (CDUS), power Doppler ultrasound (PDUS), and the SMI technique. The kidney size, re-
sistive index at the level of the arcuate artery in the lower pole of the kidney, and renal artery flow 
rates were also measured.

RESULTS
The mean distance between the kidney capsule and the vessel was 2.44 ± 2.0 mm on CDUS, 1.34 ± 
1.2 mm on PDUS, 0.99 ± 1.8 mm using the color SMI (cSMI) technique, and 0.86 ± 1.8 mm using the 
monochrome SMI (mSMI) technique. The study found that the SMI technique was superior to CDUS 
and PDUS in delineating the cortical microvasculature of the kidney. Both Doppler ultrasound ex-
aminations and the SMI technique proved effective in predicting the CADI (P = 0.006 for CDUS,  
P = 0.002 for PDUS, P = 0.018 for cSMI, and P = 0.027 for mSMI).

Among conventional Doppler ultrasound examinations and the SMI technique, PDUS had the high-
est sensitivity, and cSMI had the highest specificity in differentiating high and low CADI values. Both 
the cSMI and mSMI techniques had similar sensitivity values, whereas only cSMI exhibited high 
specificity. CDUS had the lowest specificity value (P = 0.003 for CDUS, P = 0.002 for PDUS, P = 0.005 
for cSMI, and P = 0.004 for mSMI).

CONCLUSION
The present study is the first in the literature to demonstrate the utility of the distance between the 
kidney capsule and the vessels in predicting the CADI score and to compare the Doppler ultrasound 
examinations and SMI technique in doing so.

KEYWORDS
Chronic allograft damage index, Doppler ultrasound, kidney, renal transplant, superb microvascular 
imaging 
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Chronic kidney disease is a significant 
public health concern because of its 
increasing incidence, associated high 

rates of morbidity and mortality, significant 
impairment in patients’ quality of life, high 
treatment costs, and low level of public 
awareness. Hemodialysis, peritoneal dialysis, 
and renal transplantation are used in treating 
patients with kidney failure. Among these 
treatment modalities, renal transplantation is 
considered the ideal treatment method. Re-
nal transplantation confers more prolonged 
survival and better quality of life compared 
with peritoneal dialysis and hemodialysis.1

The success of a renal transplant depends 
on the extent to which renal functions have 
been preserved. Kidney biopsy is the most 
crucial examination method in exploring 
renal dysfunction.2,3 The chronic allograft 
damage index (CADI) is a scoring system 
developed in the early 1990s to numerically 
classify pathological lesions associated with 
the loss of kidney function in renal transplant 
recipients. There is a correlation between 
kidney survival and functions and the CADI, 
which is calculated using six histopatholog-
ical lesions (interstitial inflammation, tubular 
atrophy, interstitial fibrosis, arterial fibrointi-
mal thickening, glomerular mesangial matrix 
increase, and glomerular sclerosis). The CADI 
provides beneficial information to the clini-
cian in deciding the treatment and follow-up 
of the patient, as the CADI is a numeric scor-
ing system reflecting the extent of chronic 
kidney damage. This scoring system provides 
a quick overview of the severity of chronic 
alternations. Previous studies recommend 
using the CADI as a part of routine clinical 
assessment when interpreting transplanted 
kidney biopsies.4 A strong relationship has 
been reported between the CADI and graft 
survival and functions.5

Histopathological examination of the 
transplanted kidney provides beneficial in-
formation about the precise diagnosis and 
treatment.6 However, biopsy examination 
also has some known limitations. The exam-
ination of a small amount of kidney tissue 
may fail to detect many renal pathologies. 
The factors limiting the examination of the 
biopsy materials include the inability to col-
lect a sufficient amount of kidney tissue, fail-
ure to recover cortical tissue, patchy involve-
ment of the kidney in the disease, borderline 
lesions, therapies received, and the presence 
of parenchymal scarring.2

Some histologic features of chronic al-
lograft nephropathy, such as vascular inti-
mal proliferation and fibrosis, are related 
to tissue perfusion.7 Assessing the cortical 
microvasculature blood flow representing 
kidney perfusion is challenging due to the 
small caliber of the vessels with a slow flow. 
Wang et al.8 assessed cortical perfusion of 
renal transplants during acute rejection ep-
isodes using power Doppler quantification 
and found that acute antibody-mediated 
rejection is associated with significantly de-
creased cortical perfusion. Schwenger et al.7 
suggest that perfusion intensity assessed by 
dynamic color Doppler measurements is sig-
nificantly reduced in allografts with grade 2 
and 3 fibrosis compared to allografts without 
fibrosis. 

Imaging techniques have become essen-
tial auxiliary diagnostic methods in kidney 
diseases. Doppler ultrasound is a valuable 
tool in the diagnosis and follow-up of com-
plications and rejection after renal transplan-
tation. However, color Doppler ultrasound 
(CDUS) assesses renal perfusion only in large 
arteries without giving any detailed informa-
tion regarding the perfusion of preglomer-
ular arterioles. Power Doppler ultrasound 
(PDUS) is reportedly sensitive to low-veloc-
ity and microvascular blood flow. The main 
drawback of PDUS, though, is its high sensi-
tivity to tissue motion. Superb microvascular 
imaging (SMI) uses advanced ultrasound al-
gorithms to preserve the subtlest slow-flow 
components that cannot be depicted using 
CDUS or PDUS techniques.

A study by Gao et al.9 compared SMI and 
other Doppler ultrasound techniques in 
terms of their sensitivities in demonstrating 
microvasculature and concluded that SMI 
performs best in delineating kidney micro-
vasculature. The authors of the present study 
consider that the superior performance of 
the SMI technique in demonstrating micro-

vasculature might provide new scientific 
data that allows insight into the effects of 
kidney rejection on peripheral vasculature 
and predicts the degree of rejection.

The studies in the literature have estab-
lished a strong relationship between the 
CADI and graft survival and functions.4,5,10,11-13 
However, no radiological method currently 
exists that predicts the CADI. The present 
study aims to evaluate the effectiveness of 
the SMI technique in predicting the type 
and severity of rejection in renal transplant 
patients. It also compares the performances 
of the SMI technique and conventional Dop-
pler ultrasound techniques in predicting the 
severity of rejection.

Methods

Study design and setting

The present study was designed as a sin-
gle-center study approved by the hospital’s 
ethics committee (23.10.2019/958). Informed 
consent forms were signed by all patients in 
line with the World Medical Association Dec-
laration of Helsinki, revised in 2000 in Edin-
burgh. The study was financially supported 
by the Akdeniz University Scientific Research 
project fund (project no: 5146).

Patient data

The study included patients who were 
examined by the physicians working at the 
hospital’s transplantation unit and who un-
derwent renal transplant biopsy between 
January 2020 and October 2020 due to re-
cent-onset proteinuria, persistently elevat-
ed serum creatinine levels, and a lack of a 
decrease to basal levels of serum creatinine 
despite the therapies.

The biopsy materials consisted of core 
biopsy performed at different time points 
after transplantation. Sixty-eight patients 
were evaluated by renal Doppler ultrasound 
before undergoing renal biopsy. No glomer-
uli were observed in the biopsy specimen of 
one patient, two glomeruli were observed in 
two patients, three glomeruli were observed 
in one patient, and these four patients were 
excluded from the study, as a pathological 
examination could not be performed due to 
insufficient glomeruli in the specimens.

Age, gender, serum creatinine levels, the 
mean time elapsed since transplantation, 
and the results of a pathological examina-
tion evaluating renal allograft rejection were 
retrieved from the hospital’s database (MIA 

Main points

•	 The superb microvascular imaging (SMI) 
technique seems to be more sensitive than 
color Doppler ultrasound (CDUS) and pow-
er Doppler ultrasound (PDUS) in depicting 
the kidney cortical microvasculature in the 
transplanted kidney.

•	 The distance between the kidney capsule 
and the vessel measured by CDUS, PDUS, 
and SMI significantly differed between pa-
tients with low and high chronic allograft 
damage index (CADI) scores.

•	 CDUS and PDUS examinations and the SMI 
technique prove effective in predicting the 
CADI score in transplanted kidneys, and the 
SMI technique is the most specific in ruling 
out severe chronic rejection.
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MED, 1.0.1.3295). Gray-scale ultrasound, 
CDSU, PDUS, and SMI examinations were 
performed using an Aplio i800 ultrasound 
scanner (Canon Medical Systems USA, Tustin, 
CA) equipped with a linear array transducer 
(PLT-1005BT, 10 MHz).

Imaging parameters and technique

All patients underwent gray-scale ultra-
sound, PDUS, CDUS, and SMI in a supine posi-
tion in a dimly lit ultrasound room before un-
dergoing a biopsy. The results were recorded 
for later comparison with histopathological 
results. Table 1 presents the parameters used 
in the conventional Doppler ultrasound and 
SMI.

The longitudinal axis, parenchymal thick-
ness, and echo pattern of the transplanted 
kidneys were evaluated on gray-scale ultra-
sound examination. Then, the resistive index 
(RI) was measured at the level of the arcuate 
artery in the lower pole of the kidney by 
switching to CDUS mode. Because biopsies 
were done, the lower pole for RI measure-
ment was preferred. The renal artery flow 
rate was measured from the point closest to 

the anastomosis line, and the Doppler angle 
was measured parallel to the vessel wall with 
a transducer angle of fewer than 60 degrees. 
The distance between the kidney capsule 
and the vascular structure closest to the kid-
ney capsule (capsule-to-vessel distance) was 
measured by CDUS, PDUS, and SMI at the 
lower pole level in the transplanted kidney 
(Figure 1). A small color box in the cortical 
area and the pre-settings of the Doppler 
device recommended for renal examination 
were used to achieve a high frame rate and 
resolution. Each CDUS mode was performed 
once at the same region. A single operator 
who had five years of experience with kidney 
sonography performed renal CDUS in all pa-
tients.

Statistical analysis

The sample size in the study was calcu-
lated using a power of at least 80% for each 
variable and a 5% type 1 error. The Kolmog-
orov–Smirnov (n > 50) test and the Skew-
ness–Kurtosis test were used to examine 
whether continuous variables were normally 
distributed, and parametric tests were ap-
plied due to the normal distribution of the 
measurements.

Descriptive statistics were used to express 
continuous variables, such as mean, standard 
deviation, minimum, and maximum; cate-
gorical variables were expressed as numbers 
and percentages. The independent-samples 
t-test was used to compare measurements 
between the CADI groups. A chi-squared test 

Table 1. The parameters used in CDUS, PDUS, and SMI techniques

Parameter Frequency Pulse repetition 
frequency

Mechanical index Color gain

CDUS 10 MHz 9–14 1.5–1.6 39

PDUS 10 MHz 10–15 1.5–1.6 47

SMI 10 MHz 0.8–1.2 1.5–1.6 40

CDUS, color Doppler ultrasound; PDUS, power Doppler ultrasound; SMI, superb microvascular imaging.

Figure 1. In a thirty-year-old male patient who underwent kidney transplantation five years ago, the distance between the kidney capsule and the vessel was 
measured as 3.9 mm on (a) color Doppler ultrasound, 1.7 mm on (b) power Doppler ultrasound, 0.9 mm on (c) color superb microvascular imaging examination, and 
0.7 mm on (d) monochrome superb microvascular imaging examination. The chronic allograft damage index (CADI) score was calculated as 6. The patient was in 
the high CADI group. The capsule-vessel distances measured by the Doppler examinations were above the cut-off values ​​and correlated with the pathology result. 
The resistive index was calculated as 0.58, and serum creatinine was 4.54 mg/dL.

c
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was used to examine the relationship be-
tween the categorical variables. In receiver 
operating characteristic (ROC) curve analysis, 
the area under the curve (AUC), sensitivity, 
specificity, and cut-off values were calculated 
to determine the performance of the CADI in 
predicting the distance between the kidney 
capsule and the vessel measured by Doppler 
ultrasound examination.

The Statistical Package for the Social Sci-
ences version 24 software package was used 
in the statistical analysis. A P value of less 
than 0.050 was considered statistically signif-
icant in all statistical analyses.

Results

Patient characteristics

The mean number of glomeruli was 
14.36 (minimum: 7; maximum: 35) in biopsy 

specimens recovered from 69 patients. The 
mean kidney size was 113.2 mm. Thirty pa-
tients were female (31.25), and 44 were male 
(68.75%). The mean age was 38.42 years, with 
a minimum of 8 years and a maximum of 64 
years. The highest velocity in the renal artery 
was 201/43 cm/s, and the lowest was 45/15 
cm/s.

The mean time elapsed since renal trans-
plantation was 6.5 years. The time from renal 
transplantation was less than one year in 15 
patients (23.44%), 1–3 years in 10 patients 
(15.62%), and more than three years in 39 
patients (60.94%).

The histopathological CADI score was 
calculated for a total of 64 patients. Patients 
with a CADI score of 4 or less were allocated 
to the low CADI group, and those with a CADI 
score of greater than 4 were allocated to the 
high CADI group. The mean CADI score was 

1.77 for 23 patients in the low CADI group 
and 8.49 for 41 patients in the high CADI 
group. The mean RI was 0.62 (0.4–0.77) and 
0.66 (0.54–0.88) in the low and high CADI 
groups, respectively. The mean creatinine 
was 1.68 mg/dL in the low CADI group and 
2.46 mg/dL in the high CADI group (Table 2).

Results of color Doppler ultrasound, power 
Doppler ultrasound, and superb microvas-
cular imaging

The RI was lower than 0.70 in 45 patients 
and 0.70 or higher in 19 patients. Among 19 
patients with a high RI, five had low CADI 
scores, and 14 had high CADI scores. Among 
45 patients with a low RI value, 18 had a low 
CADI score, and 27 had a high CADI score. 
The analysis of the relationship between the 
CADI score and the RI revealed no statistical-
ly significant relationship (P = 0.297).

The mean capsule-to-vessel distance on 
CDUS was significantly lower in the low CADI 
group (1.49 mm vs. 2.33 mm, P = 0.006) and 
was also lower on PDUS in the low CADI 
group (0.70 mm vs. 1.70 mm, P = 0.002) (Ta-
ble 3).

The mean capsule-to-vessel distance on 
color SMI (cSMI) was significantly lower in 
the low CADI group (0.26 mm vs.1.39 mm, P 
= 0.018) (Table 4). Finally, the mean distance 
between the kidney capsule and the vessel 
on monochrome SMI (mSMI) significantly dif-

Table 2. Age, female-to-male ratio, RI, creatinine, and time elapsed since transplantation in 
the low and high CADI groups

  CADI ≤4
(n = 23)

CADI >4
(n = 41)

CADI score 1.77 8.49

Age (year) 34.29 41.66

Female-to-male ratio 1/3.6 1/3.1

RI 0.62 (0.40–0.77) 0.66 (0.54–0.88)

Creatinine (mg/dL) 1.68 2.46

Time elapsed since transplantation (year) 3.48 7.92

CADI, chronic allograft damage index; RI, resistive index.

Table 3. Mean, standard deviation, minimum, and maximum values for the kidney capsule-to-vessel distance measured by CDUS, PDUS, 
cSMI, and mSMI techniques

  Mean ± SD Min–max (mm) *P

CDUS

CADI ≤4 (n = 23) 1.50 ± 1.10 0–4.3

0.006CADI >4 (n = 41) 2.96 ± 2.33 0.7–13

Total (n = 64) 2.44 ± 2.09 0–13

PDUS

CADI ≤4 (n = 23) 0.70 ± 0.85 0–3.1

0.002CADI >4 (n = 41) 1.70 ± 1.34 0–5.1

Total (n = 64) 1.35 ± 1.28 0–5.1

cSMI

CADI ≤4 (n = 23) 0.27 ± 0.51 0–1.6

0.018CADI >4 (n = 41) 1.40 ± 2.19 0–13

Total (n = 64) 0.99 ± 1.85 0–13

mSMI

CADI ≤4 (n = 23) 0.20 ± 0.41 0–1.2

0.027CADI >4 (n = 41) 1.23 ± 2.16 0–13

Total (n = 64) 0.86 ± 1.81 0–13

*Independent-samples t-test. CDUS, color Doppler ultrasound; cSMI, color superb microvascular imaging; max, maximum distance between the kidney capsule and the vessel; 
Min, minimum distance between the kidney capsule and the vessel; mSMI, monochrome superb microvascular imaging; n, number; PDUS, power Doppler ultrasound; SD, 
standard deviation.
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fered between the low and high CADI groups 
(P = 0.027) (Table 3). 

In ROC curve analysis, conventional Dop-
pler examinations and the SMI technique 
proved effective in predicting the CADI 
score. The calculated AUC value in ROC curve 
analysis was 0.722 for CDUS, 0.740 for PDUS, 
0.712 for cSMI, and 0.718 for mSMI (Table 4). 
Although the values were close to each oth-
er, the highest AUC value was calculated for 
PDUS. According to ROC curve analysis, the 
cut-off value for the capsule-to-vessel dis-
tance in differentiating between a low and 
high CADI score was 1.90 mm (a sensitivity of 
63% and a specificity of 65%) in CDUS, 1.15 
mm (a sensitivity of 68% and a specificity of 
70%) in PDUS, 0.85 mm (a sensitivity of 56% 
and a specificity of 87%) in cSMI, and 0.65 
mm (a sensitivity of 56% and a specificity 
of 83%) in mSMI (Figure 2). PDUS had the 
highest sensitivity (68%), and cSMI had the 
highest specificity (87%). Although cSMI and 
mSMI yielded similar sensitivity rates (each 
56%), the cSMI technique yielded higher 
specificity. CDUS had the lowest specificity.

Discussion
Renal transplantation is a treatment 

method used in end-stage renal insufficien-
cy. Successful renal transplantation improves 
patients’ quality of life and decreases mortal-
ity. Renal transplantation is more valuable 
than dialysis due to its low cost.14 Recogniz-
ing complications early after renal transplan-
tation is crucial to prolonging graft survival. 
Early recognition will prevent the loss of 
health and eliminate the psychological, so-
cial, and economic burden of therapies that 
may be required after rejection.

Doppler ultrasound examination is used 
to recognize complications and evaluate the 
vascularity of the transplanted kidney after 
transplantation. A hemodynamic index, the 
RI, reflects the vascular compliance of the 
recipient. A persistently elevated RI has also 
been considered to be pathological. The RI 
represents the microcirculation status and 
provides information about the glomerular 
function and pathological conditions.15 The 
correlation between the RI and glomerular 
sclerosis, tubulointerstitial, and vascular al-

terations has been demonstrated in various 
studies.16-18 In a study comparing the RI with 
the transplanted kidney functions and biop-
sy results, Ikee et al.19 followed up with 52 pa-
tients for two years, and a significant relation-
ship was reported between the RI and age, 
creatinine clearance, and histopathological 
results. The RI has been employed as a useful 
marker in evaluating renal allograft function 
and the survival and long-term prognosis of 
the patients.20,21 In the present study, patients 
with chronic kidney damage were divided 
into two groups according to the CADI score: 
patients with a CADI score of 4 or less were 
allocated to the group with mild chronic kid-
ney damage, and patients with a CADI score 
of greater than 4 were allocated to the group 
with severe chronic kidney damage. The 
mean RI in the groups of patients with mild 
and severe chronic kidney damage was 0.62 
(0.40–0.77) and 0.66 (0.54–0.88), respective-
ly. In statistical analysis considering a cut-off 
value of 0.70 for RI, no significant relationship 
was found between the RI and the degree of 
chronic kidney damage (P > 0.050).

Renal function is related to the hemody-
namic status of the cortical microvascula-
ture.22,23 It is difficult to evaluate the blood 
flow in cortical microvessels representing 
kidney perfusion due to low flow velocity 
and the small diameter of the vessels.24 The 
use of CDUS has been a standard approach 
for follow-up after renal transplantation and 
in evaluating possible complications.25-27 
However, CDUS fails to evaluate microvascu-
lature and low flow velocity.28 Additionally, 
PDUS is considered sensitive in evaluating 
the status of microvasculature but is affected 
by tissue movements.27 The SMI technique, 
capable of differentiating tissue movement 
from low flow velocity due to improved Dop-
pler algorithms and wall filters, was intro-
duced into clinical practice in 2014.29

In a study comparing the SMI technique 
with conventional ultrasound techniques 
in evaluating the cortical microvasculature 
of the kidney, Gao et al.9 reported signifi-
cant differences in the renal capsule-vessel 
distances measured by the SMI, PDUS, and 
CDUS techniques (P < 0.001). They found 
lower capsule-to-vessel distance in SMI 
than in the other two techniques. The cap-
sule-to-vessel distance was reportedly 1.06 ± 
0.43 mm in SMI, 2.11 ± 1.0 mm in PDUS, and 
4.5 ± 2.1 in CDUS. Consequently, they sug-
gested that the SMI technique was superior 
to other Doppler ultrasound techniques in 
demonstrating the cortical microvasculature 
of the kidney in healthy individuals.9 In the 
present study, 64 renal transplant recipients 

Figure 2. The receiver operating characteristic curve demonstrating the efficacies of Doppler ultrasound 
examinations in predicting the chronic allograft damage index score. ROC, receiver operating characteristic; 
cSMI, color superb microvascular imaging; mSMI, monochrome superb microvascular imaging.

Table 4. The diagnostic tests, AUC, and the cut-off values in renal transplant recipients with 
low and high CADI scores

Doppler 
technique AUC Sensitivity Specificity *Cut-off P

CDUS 0.722 0.634 0.652 1.90 0.003

PDUS 0.740 0.683 0.696 1.15 0.002

cSMI 0.712 0.561 0.870 0.80 0.005

mSMI 0.718 0.561 0.826 0.65 0.004

*The cut-off values in millimeters for the distance between the kidney capsule and the vessel measured by Doppler 
techniques. AUC, area under the curve; CADI, chronic allograft damage index; CDUS, color Doppler ultrasound; cSMI, 
color superb microvascular imaging; mSMI, monochrome superb microvascular imaging; PDUS, power Doppler 
ultrasound. 
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underwent CDUS, PDUS, cSMI, and mSMI 
on the same day as the kidney biopsy pro-
cedure. The distance between the kidney 
capsule and vascular structures could not 
be observed in four patients using CDUS, 20 
patients using PDUS, 34 patients using cSMI, 
and 36 patients using mSMI. The cSMI tech-
nique demonstrated the vascular structures 
in the subcapsular area, which could not 
be observed in 30 patients using CDUS and 
14 patients using PDUS. The SMI technique 
also detected all those patients detected by 
CDUS and PDUS. The mean capsule-to-vessel 
distance was 2.44 ± 2.0 mm in CDUS, 1.34 ± 
1.2 mm in PDUS, 0.99 ± 1.8 mm in cSMI, and 
0.86 ± 1.8 mm in mSMI. The distance of the 
end vessels of the cortex to the kidney cap-
sule represents the sensitivity of color Dop-
pler images in depicting small vessels be-
cause vessels closer to the kidney capsule are 
smaller. In other words, the shorter distance 
of the cortical end vessel to the kidney cap-
sule indicates the higher sensitivity of SMI in 
depicting smaller vessels in the cortex near 
to the kidney capsule. Similar to the studies 
in the literature, the present study reports 
the superiority of the SMI technique to CDUS 
and PDUS in demonstrating the cortical mi-
crovasculature of the kidney.

A transplanted kidney functions for ap-
proximately 10–20 years, and chronic kid-
ney damage remains among the unresolved 
problems leading to the loss of kidney func-
tion. The histopathological alterations pre-
cede kidney function loss, and histopatho-
logical scoring of the damage in a functional 
kidney provides beneficial information to cli-
nicians in predicting allograft prognosis.4

Nankivell et al.30 suggest that the distance 
between the margin of the vascular struc-
tures and the kidney capsule can predict 
chronic allograph nephropathy. The present 
study is the first to evaluate the use of Dop-
pler examinations and the SMI technique in 
predicting the CADI score. Patients were di-
vided into two groups: patients with a CADI 
score of 4 or less and those with a CADI score 
of greater than 4. The reasons for selecting 
a CADI score of 4 as the cut-off level were 
the reports in the literature showing a sig-
nificantly higher rate of graft loss and sig-
nificantly higher serum creatinine levels in 
patients with a CADI score of greater than 
4 compared with patients with a CADI score 
of 4 or less.5,10,12,13 The capsule-to-vessel dis-
tance measured by CDUS, PDUS, and SMI sig-
nificantly differed between the patients with 
low and high CADI scores, and it is found that 
these methods can effectively predict the 
score. The authors consider that this find-

ing will enable the provision of appropriate 
therapy to transplant recipients at a high risk 
of graft dysfunction before graft loss occurs 
and will inform the clinicians about the ne-
cessity of performing a renal biopsy in pa-
tients anticipated to have a high CADI score.

There are some limitations in the present 
study. One of the main limitations was the 
small sample size. To find a significant differ-
ence between the CADI groups, the sample 
size was calculated using the G power statis-
tical program. According to this; with Power 
(test power) 0.80, Effect size 0.8, and Type-1 
error (α) 0.05 (for 2 groups, CADI≤4 and CADI 
>4), a total of 42 patients with “minimum 21 
observations (patient data)” in each group 
determined as ”. However, to ensure the 
number of samples and to keep the Power 
value high, the number of samples was in-
creased and “CADI ≤4 n = 23” and “CADI >4 
n = 41” patient data were obtained in our 
study. The power recalculated based on this 
new sample size was 91%. The scarcity of 
patients with a CADI ≤4 was the most im-
portant limitation of the sample size. When 
the contribution of Doppler ultrasound and 
the SMI technique in predicting the degree 
of rejection is investigated in a larger study 
sample, more appropriate cut-off values and 
optimal sensitivity and specificity values can 
be achieved. Another limitation of the study 
was that only one investigator was involved 
in collecting the study data, making it impos-
sible to evaluate interobserver variability.

The flow data of the vessels are present-
ed in color codes and gray-scale maps in the 
cSMI technique. In the mSMI technique, flow 
signals are received from small and large ves-
sels, and a gray-scale flow map is created by 
removing the background data.8 In compar-
ing the cSMI and mSMI techniques, a limiting 
factor for measuring the distance between 
the kidney capsule and the vessel is the fact 
that gray-scale data are eliminated in the 
mSMI technique.

Furthermore, the time elapsed since 
transplantation was different between the 
study patients. The authors consider that the 
effectiveness of the SMI and conventional 
Doppler ultrasound techniques would be in-
creased in future studies, provided that the 
study period covers a certain period after 
transplantation.

In conclusion, the present study is the first 
in the literature to demonstrate the utility of 
the capsule-to-vessel distance measured by 
Doppler ultrasound examinations and the 
SMI technique in predicting the CADI score, 
which is closely related to graft survival and 

function. When compared with CDUS and 
PDUS, the SMI technique was found to be 
superior in delineating the cortical microvas-
culature of the kidney.

The statistical analyses in the present 
study suggest that both conventional Dop-
pler ultrasound examinations and the SMI 
technique prove sensitive in predicting the 
CADI score. The study also finds that the SMI 
technique is the most specific in ruling out 
severe chronic rejection. There is, however, 
a need for further national and international 
studies involving larger patient groups.
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PURPOSE
This paper aims to investigate the diagnostic performance of magnetic resonance imaging (MRI) in 
predicting the pathologic stage of locally advanced rectal cancer (LARC) after neoadjuvant chemo-
radiotherapy (CRT) and the role of MRI in selecting patients with a pathologic complete response 
(ypCR).

METHODS
Restaging MRI (yMRI) examinations of 136 patients with LARC treated with neoadjuvant CRT fol-
lowed by surgery were retrospectively analyzed by two radiologists. All examinations were per-
formed on a 1.5 Tesla MRI machine with a pelvic phased-array coil. T2-weighted turbo spin-echo 
images and diffusion-weighted imaging were obtained. Histopathologic reports of the surgical 
specimens were the reference standard. The accuracy, sensitivity, specificity, positive and negative 
predictive values (PPV and NPV) of yMRI in predicting the pathologic T-stage (ypT), N-stage, and 
ypCR were calculated. The inter-observer agreement was evaluated using kappa statistics.

RESULTS
The yMRI results showed 67% accuracy, 59% sensitivity, 80% specificity, 81% PPV, and 56% NPV 
in identifying ypT (ypT0-2 versus ypT3-4). In predicting the nodal status, the yMRI results revealed 
63% accuracy, 60% sensitivity, 65% specificity, 47% PPV, and 75% NPV. In predicting ypCR, the yMRI 
results showed 84% accuracy, 20% sensitivity, 92% specificity, 23% PPV, and 90% NPV. The kappa 
statistics revealed substantial agreement between the two radiologists.

CONCLUSION
Utilization of yMRI showed high specificity and PPV in predicting the tumor stage and high NPV in 
predicting the nodal stage; in addition, yMRI revealed moderate accuracy in the T and N classifica-
tions, mainly due to underestimating the tumor stage and overestimating the nodal status. Finally, 
yMRI revealed high specificity and NPV but low sensitivity in predicting the complete response.

KEYWORDS
Rectal cancer, magnetic resonance imaging, neoadjuvant chemoradiotherapy, neoplasm staging, 
surgical pathology

Neoadjuvant chemoradiotherapy (CRT) is the standard initial treatment for patients with 
locally advanced rectal cancer (LARC). Neoadjuvant CRT induces tumor downstaging 
in approximately 50% of patients and creates a pathologic complete response (ypCR) 

in 15%–38% of LARC cases.1,2 Neoadjuvant CRT provides the opportunity to perform sphinc-
ter-preserving surgery in patients with LARC by increasing the distance between the tumor 
and the anorectal junction. It can even offer a non-surgical treatment approach for some pa-
tients.3 Additionally, it leads to a significant reduction in the number and size of metastat-
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ic mesorectal lymph nodes.4 Patients with 
LARC are restaged with a digital rectal exam-
ination, a colonoscopy, and rectal magnetic 
resonance imaging (MRI) after receiving neo-
adjuvant CRT.5,6 Proper staging after CRT is 
essential to determine the optimal surgical 
strategy, such as sphincter-sparing surgery 
for tumors in the lower rectum or local exci-
sion for tumors confined to the rectal wall.7

MRI is the technique of choice for local 
staging, while positron emission tomogra-
phy and computed tomography are more of-
ten used to detect distant metastases.8 How-
ever, the reliability of restaging MRI (yMRI) 
remains controversial. Restaging with MRI 
after CRT is more challenging than the initial 
staging of cancer with MRI since it is difficult 
to distinguish small residual tumor areas 
from edema, fibrosis, and normal mucosa. Al-
though the residual tumor has intermediate 
signal intensity, whereas fibrosis and scarring 
have low signal intensity on T2-weighted 
(T2W) images, the differentiation is still not 
easy, as the residual tumor may be found 
within scar tissue. Diffusion-weighted imag-
ing (DWI) is useful in differentiating between 
viable residual tumor and treatment-related 
tissue changes.9-11 Many studies have sug-
gested that DWI plays a remarkable role in 
restaging.12-17

Restaging rectal cancer with MRI remains 
a challenge.18-20 Studies that have investigat-
ed the performance of MRI in the staging of 
LARC after CRT revealed substantial discrep-
ancies regarding tumor and lymph node 
staging and complete response evaluation.15 
Thus, this study investigates the diagnostic 
performance of MRI in predicting the patho-
logic stage of rectal cancer after CRT using 
histopathology as the gold standard. Addi-
tionally, the performance of MRI in selecting 
pathologic complete responders after CRT is 
analyzed.

Methods

Study population

The institutional review board approved 
this retrospective study (2021/28-11) and 
waived the informed consent requirement. 
Consecutive patients diagnosed with LARC 
who underwent neoadjuvant CRT followed 
by total mesorectal excision between De-
cember 2012 and January 2020 were re-
trieved from our hospital database. Patients 
who underwent rectal MRI after CRT were 
included in the study. The exclusion criteria 
were distant metastases, insufficient image 
quality, incomplete CRT, and mucinous tu-
mors. The patient accrual is summarized in 
Figure 1.

All patients underwent rectal high-resolu-
tion MRI and DWI after neoadjuvant CRT. For 
all patients, 45-Gy radiotherapy to the pelvis 
was administered before surgery. Conse-
quently, a 5.4-Gy boost in three fractions was 
applied to the primary tumor. After the first 
and fifth weeks of radiation therapy, patients 
received 400 mg/m2/day fluorouracil and 20 
mg/m2/day leucovorin over three days. The 
yMRI was performed at approximately 6–8 
weeks after the completion of neoadjuvant 
CRT.

Image acquisition

To minimize bowel motility, 20 mg of 
scopolamine butylbromide was injected in-

travenously 10 min before scanning, unless 
contraindicated. All examinations were per-
formed on a 1.5-T MR machine (Philips Achi-
va Release 1.8, Eindhoven, The Netherlands) 
with a pelvic phased-array coil. The T2W tur-
bo spin-echo images were obtained in sag-
ittal, para-axial (perpendicular to the long 
axis of the tumor), and para-coronal (parallel 
to the long axis of the tumor) planes using 
a repetition time of 4,500 ms, a field of view 
(FOV) of 180–220 mm, a matrix size of 256 × 
512, a slice thickness of 3 mm, an intersection 
gap of 0.8 mm, and an echo train length of 
16. Fat-suppression techniques and contrast 
agents were not used. Diffusion-weighted (b: 
0 and b: 1.000 s/mm2) images were obtained 
in the sagittal and axial planes with a sin-
gle-shot echo-planar sequence using a TR/TE 
of 4.200/95, a bank angle of 90°, a slice thick-
ness of 5 mm, and a FOV of 350–400 mm. The 
in-line software automatically generated ap-
parent diffusion coefficient (ADC) maps.

Image interpretation

Rectal MRI examinations performed after 
CRT for yMRI were evaluated independent-
ly by two radiologists who were blinded to 
the histopathologic staging (ypTNM) results. 
Initially, an independent blinded evalua-
tion of the yMRI images of each patient was 
performed by two radiologists [F.O. (radiol-
ogist-1), H.C. (radiologist-2), with 22 and 6 
years of experience reading rectal MR im-
ages, respectively], who had no knowledge 
of the results of the histopathologic exam-

Main points

•	 Restaging magnetic resonance imaging 
(MRI) showed high specificity and positive 
predictive value in predicting the tumor 
stage and high negative predictive value 
(NPV) in predicting the nodal stage.

•	 Restaging MRI revealed moderate accuracy 
in the T-stage and N-stage classifications, 
mainly due to underestimating the tumor 
stage and overestimating the nodal status.

•	 Restaging MRI revealed high specificity and 
NPV but low sensitivity in predicting the 
complete response. Figure 1. Flow chart of the study population.

LARC, locally advanced rectal cancer; CRT, chemoradiotherapy; MRI, magnetic resonance imaging, TME, total mesorectal 
excision
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ination. The observers reached a consensus 
by discussing cases where they did not fully 
agree on the findings. The observers were 
able to review the rectal MRI obtained be-
fore neoadjuvant CRT to identify the treated 
tumor. The yT-stage (ypT), yN-stage (ypN), 
and the presence of radiologic complete 
response (ymrCR) were assessed using MRI. 
The yT-stages were defined according to the 
depth of tumor penetration into the rectal 
wall, mesorectum, and adjacent pelvic struc-
tures as follows: T1, infiltration into the sub-
mucosa; T2, infiltration into the muscularis 
propria; T3, infiltration beyond muscularis 
propria; and T4, infiltration to peritoneal re-
flection or other pelvic organs. The T-stage 
was primarily evaluated using high-resolu-
tion T2W images. On the T2W images, DWI 
and ADC maps were also evaluated to distin-
guish residual tumor from fibrosis. The signal 
intensity on DWI is usually high in the residu-
al tumor and low in fibrosis. Subgroups of yT 
were defined as yT0-2 representing the early 
stage versus yT3–4 representing LARC.

According to the latest ESGAR guidelines, 
nodes with a short-axis diameter of <5 mm 
on yMRI are considered benign.21 Nodes with 
a short-axis diameter of ≥5 mm are consid-
ered malignant in yMRI since there are no 
reliable criteria other than size for irradiated 
nodes. Only the T2W-MR images were evalu-
ated for deciding on the nodal status.

The tumor response to neoadjuvant 
CRT was mainly evaluated qualitatively us-
ing DWI images and ADC maps. Neverthe-

less, the lack of anatomical details and the 
greater vulnerability to artifacts of DWI can 
introduce inaccuracy and variability in in-
terpretation. Therefore, T2W images were 
reviewed to accurately assess the former 
tumor location. Lesions were considered to 
have restricted diffusion when the signal in-
tensities on DWIs were higher than those of 
the prostate or small intestine.22 The absence 
of any hyperintense signal that may belong 
to a residual tumor on DWI was accepted as a 
radiologic complete response (Figure 2). The 
patients who were qualitatively classified as 
ymrCR were compared with those reported 
to have ypCR.

Histopathologic evaluation

All histopathologic interpretations were 
conducted by pathologists experienced in 
rectal cancer (O.S., S.S., and M.U.; 22, 24, and 
15 years of experience, respectively). Histo-
pathology records were reviewed for the ypT, 
ypN, and presence of complete response. 
Pathologic T0-2 (ypT0-2) stages were accept-
ed as early stage, while ypT3-4 stages were 
accepted as LARC. Subgroups of ypT includ-
ed ypT0-2 representing the early stage and 
ypT3–4 representing LARC. Lymph nodes 
were grouped as ypN− and ypN+.

Statistical analysis

The reference standard was the histo-
pathologic reports of the surgical specimens. 
The accuracy, sensitivity, specificity, positive 
predictive value (PPV), and negative predic-

tive value (NPV) of MRI in predicting ypT, 
ypN, and ypCR were calculated. Kappa statis-
tics were used to evaluate agreement among 
the observers. 

Results
Of the 136 patients included in this study, 

50 (37%) were female and 86 (63%) were 
male, with a mean age of 63.2 ± 11.2 years 
(range: 33–88 years). 

Regarding yMRI, early T-stage (yT0-2) was 
detected in 53.7% (n = 73) of the patients, 
while LARC (yT3-4) was detected in 46.3% 
(n = 63) of them. Regarding histopathology, 
ypT0-2 was found in 39.7% (n = 54) patients, 
and ypT3-4 was found in 60.3% (n = 82) pa-
tients. Correlations between the MRI-based 
T classification after CRT and ypT-stages are 
summarized in Table 1.

Regarding the lymph node assessment on 
yMRI, 43.4% (n = 59) of the patients had at 
least one lymph node metastasis, and 56.6% 
(n = 77) of the patients had no metastatic 
lymph node. Assessment of the surgical re-
section specimens revealed that 34.6% (n = 
47) of patients had at least one metastatic 
lymph node, and 65.4% (n = 89) of patients 
had no metastatic lymph node. The correla-
tion between the results of yMRI and histo-
pathology for the nodal status is summarized 
in Table 2.

The radiologic complete response to CRT 
was detected in 9.6% (n = 13) of the patients 

Table 1. Comparison of MRI-based T-stage classification after chemoradiation and postoperative pathologic T classification

ymrT-stage
ypT-stage

ypT0 ypT1 ypT2 ypT0-2 ypT3 ypT4 ypT3-4

ymrT0 2 0 4 6 1 0 1

ymrT1 1 0 0 1 1 0 1

ymrT2 9 4 21 34 28 2 30

ymrT0-2 12 4 25 41 30 2 32

ymrT3 3 1 8 12 38 2 40

ymrT4 0 0 1 1 6 4 10

ymrT3-4 3 1 9 13 44 6 50

The overall accuracy of yMRI in the T-staging of rectal cancer: 48%. MRI, magnetic resonance imaging; yMRI, restaging MRI; ymrT, MRI-based T classification after chemoradiation; 
ypT, postoperative pathologic T classification.

Table 2. Comparison of MRI-based N-stage classification after chemoradiation and postoperative pathologic N classification

ymrN
ypN

ypN+ ypN−

ymrN+ 28 31

ymrN− 19 58

MRI, magnetic resonance imaging; ymrN, MRI-based N classification after chemoradiation; ypN, postoperative pathologic N classification.
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on yMRI. The ypCR to neoadjuvant treatment 
was detected in 11% (n = 15) of patients. The 
correlation between the radiologic and his-
topathologic complete responses is summa-
rized in Table 3.

The yMRI results showed 67% accuracy, 
59% sensitivity, 80% specificity, 81% PPV, and 
56% NPV in predicting ypT (ypT3-4 versus 
ypT0-2). The overall accuracy of yMRI in pre-
dicting each T-stage (T0/1/2/3/4) was 48%. 

In predicting the nodal status, yMRI revealed 
63% accuracy, 60% sensitivity, 65% speci-
ficity, 47% PPV, and 75% NPV. In predicting 
the complete response to neoadjuvant CRT, 
yMRI showed 84% accuracy, 20% sensitivity, 
92% specificity, 23% PPV, and 90% NPV. The 
value of kappa was 0.82 in T-staging, 0.79 in 
N-staging, and 0.74 in predicting ypCR ac-
cording to the agreement analysis of the ob-
servers. The diagnostic performance of yMRI 
is summarized in Table 4.

Discussion
This study investigated the efficacy of yMRI 

in predicting the histopathologic stage after 
neoadjuvant CRT. In this study, the moderate 
accuracy of MRI in predicting the histopatho-
logic stage can be related to understaging in 
the T-stage and overstaging in the N-stage. 
The yMRI results showed high specificity and 
moderate sensitivity in predicting the patho-
logic T-stage, whereas it showed moderate 

Figure 2. A 42-year-old man with locally advanced rectal cancer, treated with neoadjuvant chemoradiotherapy followed by total mesorectal excision. (a-d) Baseline 
rectal magnetic resonance (MR) images. T2W MR images in axial (a) and coronal planes (b) demonstrate the tumor infiltrating beyond muscularis propria (arrows). 
Axial diffusion-weighted (DW) image (c) and ADC map (d) demonstrate restricted diffusion (dashed circles). (e-h) Restaging MR images. T2-weighted MRI images 
in the axial (e) and coronal planes (f) show that the tumor is completely replaced by low-signal-intensity fibrosis (arrows). The axial DW image (g) and ADC map  
(h) reveal no restricted diffusion in the former tumor location (dashed circles). A complete tumor response (ypT0N0) was confirmed at histopathology.
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sensitivity and specificity in nodal staging. A 
qualitative assessment of DWI revealed high 
specificity but low sensitivity in predicting 
ypCR. Interobserver agreements were signifi-
cant, but an experienced observer revealed a 
higher performance in all statistical measures  
(Table 4).

The pathologic examination of the treat-
ed tumor revealed fibrosis and/or mucin 
production. On T2W and high b-value DWI, 
fibrosis presents as low-signal intensity ar-
eas, while mucin-containing areas appear 
hyperintense. Both fibrotic and mucinous 
tissue changes may obscure small areas of 
residual tumor, reducing the accuracy of 
yMRI.23 In the present study, the tumor stage 
was understaged in 25% of patients on yMRI 
(Fİgure 3). We hypothesized that a viable re-
sidual tumor concealed in the hypointense 
scar was the main reason for underestimat-
ing the T-stages. In contrast, Lee et al.19 sug-
gested that diffusely infiltrated hypointense 
tissue in the mesorectal fascia secondary to 
CRT causes T-overstaging and decreases the 
accuracy of yMRI. Moreover, the submucosal 
edema adjacent to the tumor presented as a 
hyperintense signal on T2W images and may 
be misinterpreted as a residual tumor.23 The 
combination of T2W imaging and DWI can 
be helpful to circumvent these pitfalls for re-
sponse evaluation after neoadjuvant CRT.23 
The T2W images should be used as a refer-
ence for accurate identification of the tumor 
site when assessing DWI and ADC maps  
(Figures 2, 4).24

After CRT, both benign and malignant 
nodes shrank, and approximately 44% dis-
appeared.25 There are no specific morpho-
logical characteristics for characterizing 
metastatic and benign nodes on yMRI.21 In 

addition, morphology may be difficult to 
assess due to the shrinkage of the lymph 
nodes after CRT. Note that DWI successfully 
detects lymph nodes, but it is insufficient to 
distinguish between benign and malignant 
tumors.26 After CRT, node size in the short 
axis is more reliable than other criteria for as-
sessing residual metastatic disease.8 Staging 
the N-classification on yMRI was more chal-
lenging than T-staging, and the accuracy of 
N-staging was slightly lower than T-staging. 
The yMRI results showed moderate accura-
cy, sensitivity, and specificity in predicting 
the metastatic lymph nodes in our study. 
The overall accuracy of yMRI in predicting 
ypN was 63%, which is similar to Lee et al.19 
The NPV for nodal restaging was high (up to 
75%) in our study, which is partly due to the 
high chance of sterilization of the remaining 
nodes after irradiation.27 According to the 
literature, 25% of nodes are overstaged.21 In 
the present study, the overstaging rate was 
22.8% for ypN classification. Representative 
T2W images are shown in Figure 5. Despite 
technological advances in MRI, the accuracy 
of post-CRT lymph node characterization re-
mains low.15 We suggest that the reason for 
the reduced accuracy of yMRI is the lack of 
reliable criteria other than size for evaluating 
the irradiated lymph nodes after CRT.

An accurate assessment of the clinical 
response to neoadjuvant CRT is essential, as 
the non-surgical approach is now an option 
for selected patients with clinical complete 
response.28 In selected patients with LARC, 
the “watch and wait” strategy is associated 
with good cancer control, along with lower 
morbidity and better quality of life than con-
ventional treatment.29 However, an in-depth 
analysis of this strategy is still needed, as 

there are controversies that can be resolved 
by consensus among the specialists involved 
in treating these patients.

Histopathologic complete response rates 
reported in previous studies range from 15% 
to 38%.1,2,6,30,31 In this study, ypCR was present 
in 15 (11%) of 136 patients, and the accuracy 
of MRI in predicting the complete response 
was 84%. In general, the diagnostic perfor-
mance of MRI in detecting the complete re-
sponse in our study is consistent with similar 
studies in the literature, although the accura-
cy of these studies varies between 50% and 
90%.15,18 Utilization of yMRI revealed high 
specificity and NPV and low sensitivity and 
PPV in the assessment of ypCR. Compared to 
T2W images, DWI can display smaller tumor 
sizes, but higher interobserver agreement 
can be achieved.32 In our experience, the 
presence of diffusion restriction in post-CRT 
DWI is useful in demonstrating the pres-
ence of a residual tumor. The specificity and 
NPV of DWI in anticipating the complete 
response were high (92% and 90%, respec-
tively) since the presence of a residual tumor 
can be demonstrated with a high b-val-
ue DWI. Potential explanations for the low 
sensitivity and PPV of restaging DWI in this 
study include the possibility of small residual 
tumor foci, even in the absence of diffusion 
restriction, and the low rate of ypCR (11%) in 
our patient population. The poor spatial res-
olution of DWI obtained using the 1.5 T MR 
scanner may have led to misinterpretations 
in estimating ypCR. Increased spatial reso-
lution and higher SNR can be achieved with 
3T MR systems. The misinterpretation of the 
T2 shine-through is a major pitfall for DWI.27 
ADC maps were inspected in each case to 
look for a corresponding area of low signal to 

Table 3. Comparison of radiologic and pathologic complete response

ymrCR
ypCR

ypCR+ ypCR−

ymrCR+ 3 10

ymrCR− 12 111

ymrCR, radiologic complete response; ypCR, pathologic complete response.

Table 4. Diagnostic performance of MRI performed after chemoradiotherapy in the evaluation of the T-stage (ypT3-4 versus ypT0-2), N-stage 
(ypN-positive versus ypN0), and complete response (ypCR+ versus ypCR−)

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) IOA (kappa)

R1 R2 C R1 R2 C R1 R2 C R1 R2 C R1 R2 C R1-R2

T-staging 59 57 59 80 70 80 81 75 81 56 52 56 67 63 67 0.82

N-staging 60 54 60 65 58 65 47 40 47 75 71 75 63 57 63 0.79

CR 20 14 20 92 87 92 23 11 23 90 89 90 84 78 84 0.74

MRI, magnetic resonance imaging; PPV, positive predictive value; NPV, negative predictive value; IOA, interobserver agreement; CR, complete response; R1, radiologist 1;  
R2, radiologist 2; C, consensus.
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avoid this pitfall. T2 dark-through is another 
trap that is attributed to hypointensity that 
can sometimes be seen on the ADC maps in 
fibrotic areas.33 The reason for this low signal 
is the high amount of collagen rather than 
the residual tumor (Figure 4). It is essential 
to evaluate the ADC maps with high b-value 
DW images, as fibrosis will be hypointense 
on DWI, while viable residual tumor will be 
hyperintense.

It is challenging to anticipate the histo-
pathologic stage by evaluating only conven-
tional MRI. Given the importance of a reliable 
diagnosis of complete response, new tech-
niques are being studied, including dynamic 
contrast imaging,34 magnetic transfer ratio,35 
and texture analyses.36-38 Further, positron 
emission tomography and T1 mapping may 
help predict and evaluate tumor response to 

CRT.39,40 More accurate restaging can be per-
formed with MRI by utilizing treatment-relat-
ed changes in the tumor volume and metab-
olism.40 However, these techniques are still 
not used in routine practice, as there is not 
enough evidence to prove their effective-
ness.

Our study has several limitations. First, 
this is a retrospective, single-center study. 
Therefore, further studies, especially pro-
spective and multicentric ones, are needed 
to evaluate the diagnostic performance of 
yMRI and define the most reliable parame-
ters in predicting the ypT, ypN, and complete 
response after CRT. Second, some patients 
did not receive scopolamine butylbromide 
intravenously due to contraindications. In 
addition, our 1.5 T MR scanner is routinely 
scheduled for a software upgrade, which 

might have improved the image quality over 
time. However, these changes did not affect 
or change the main protocol parameters. Ad-
ditionally, poor spatial resolution of DWI was 
a potential challenge that may have caused 
misinterpretations in predicting ypCR.

In conlusion, yMRI revealed moderate ac-
curacy in the T and N classifications, mainly 
due to underestimating the tumor stage and 
overestimating the nodal status. The yMRI 
results showed high specificity and PPV in 
predicting the tumor stage and high NPV 
in predicting the nodal stage; in addition, 
yMRI revealed high specificity and NPV but 
low sensitivity in predicting the complete re-
sponse. Estimating the nodal stage and com-
plete response using MRI after CRT remains a 
major challenge. 

Figure 3. A 57-year-old man with rectal adenocarcinoma who underwent neoadjuvant chemoradiotherapy. (a-c) Baseline rectal magnetic resonance (MR) images. 
Axial T2-weighted (T2W) MR image (a) demonstrates a stage T3 tumor with intermediate signal (arrow). Axial diffusion-weighted (DW) image (b) and apparent 
diffusion coefficient (ADC) map (c) reveal restricted diffusion (dashed circles) in the tumor location. (d-e) Restaging MR images of the patient. The axial T2W MR 
image (d) reveals complete disappearance of the tumor signal with fibrotic low signal change. The axial DW image (e) shows no hyperintense signal in the former 
tumor location (dashed circle), and the patient was classified as complete response. The histopathologic staging was postoperative pathologic T classification 2.
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Figure 4. An 83-year-old woman with rectal adenocarcinoma. (a-d) Baseline rectal magnetic resonance (MR) images. T2-weighted (T2W) MR images in axial (a) and 
coronal planes (b) demonstrate the tumor infiltrating the mesorectal fat (arrows). Axial diffusion-weighted (DW) image (c) and apparent diffusion coefficient (ADC) 
map (d) demonstrate restricted diffusion (dashed circles). (e-h) Restaging MR images. The T2W MR images in the axial (e) and coronal planes (f) reveal that the tumor 
is smaller and confined to the muscularis propria (arrows). The axial DW image (g) and ADC map (h) reveal persistent restricted diffusion (dashed circles). The patient 
was classified as , MR imaging-based T classification 2 after chemoradiation, which is consistent with histopathology (postoperative pathologic T classification 2).
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PURPOSE
To investigate the value of tumor morphologic features of pT1-2 gastric cancer (GC) on contrast-en-
hanced computed tomography (CT) in assessing lymph node metastasis (LNM) with reference to 
histopathological results.

METHODS
Eighty-six patients seen from October 2017 to April 2019 with pT1‐2 GC proven by histopathology 
were included. Tumor volume and CT densities were measured in the plain scan and the portal-ve-
nous phase (PVP), and the percent enhancement was calculated. The correlations between tumor 
morphologic features and the N stages were analyzed. The diagnostic capability of tumor volume 
and enhancement features in predicting the LN status of pT1-2 GCs was further investigated using 
receiver operating characteristic (ROC) analysis.

RESULTS
Tumor volume, CT density in the PVP, and tumor percent enhancement in the PVP correlated signifi-
cantly with the N stage (rho: 0.307, 0.558, and 0.586, respectively). Tumor volumes were significantly 
lower in the LNM− group than in the LNM+ group (14.4 mm3 vs. 22.6 mm3, P = 0.004). The differ-
ences between the LNM− and LNM+ groups in the CT density in the PVP and the percent enhance-
ment in the PVP were also statistically significant (68.00 HU vs. 87.50 HU, P < 0.001; and 103.06% vs. 
179.19%, P < 0.001, respectively). The area under the ROC curves for identifying the LNM+ group 
was 0.69 for tumor volume and 0.88 for percent enhancement in the PVP, respectively. The percent 
enhancement in the PVP of 145.2% and tumor volume of 17.4 mL achieved good diagnostic per-
formance in determining LNM+ (sensitivity: 71.4%, 82.1%; specificity: 91.4%, 58.6%; and accuracy: 
84.9%, 66.3%, respectively).

CONCLUSION
Tumor volume and percent enhancement in the PVP of pT1-2 GC could improve the diagnostic 
accuracy of LNM and would be helpful in image surveillance of these patients.
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Gastric cancer (GC) is the most common type of malignant tumor in Eastern Asia, the 
region with the highest incidence and mortality of GC.1,2 The mortality rate for early 
gastric cancer (EGC) is still relatively high, and only approximately one-third of these 

patients survive for more than five years. The five-year survival rate for GC has increased sig-
nificantly.3 However, some patients present with metastasis, which is still concerning. Lymph 
node (LN) staging is based on the number of metastatic LNs and has been shown to help 
predict patient prognosis and guide treatment. The N stage is classified according to the 
number of lymph nodes metastatic (LNM) (N0, no metastatic regional lymph nodes; N1, 1–2 
metastatic regional lymph nodes; N2, 3–6 metastatic regional lymph nodes; N3, >6 metastatic 
regional lymph nodes). EGCs in any location are seldom assumed to cause nodal metasta-
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ses. In the literature, however, LNM incidence 
ranges from 2% to 5% in EGCs confined to 
the mucosal layer, rising to 10% to 25% when 
the disease invades the submucosa.4,5 The in-
cidence of LNM in stage T2 GCs in the right 
gastroepiploic and para-aortic nodes is 10% 
and 26%, respectively,6 which is still consid-
erably high. In Asia, D2 dissection is a con-
ventional surgical approach involving the re-
section of lymph nodes along the perigastric 
region, including the left gastric, splenic, ce-
liac, and hepatic arteries. The National Com-
prehensive Cancer Network recommends 
D2 dissection as the preferred mode of 
treatment for these cancers.7 However, for 
patients with stage pT1-2 GC, uniform ap-
plication of this highly invasive surgery may 
result in overtreatment, increased morbidity 
and mortality, and a decreased quality of life 
postoperatively.8-10

This aggressive surgical method should 
be reserved only for patients with pT1-2 GC 
with a high risk of LNM. Alternatively, mini-
mally invasive surgeries, such as endoscop-
ic submucosal dissection and endoscopic 
mucosal resection, could be chosen in those 
patients with LN non-metastatic EGC.11 
Therefore, accurate preoperative diagnoses 
of LNM are essential in deciding treatment 
strategies and predicting the prognosis of 
patients with pT1-2 cancer.

Predicting LNM in pT1-2 GCs is still an 
arduous task. Fluorodeoxyglucose positron 
emission tomography (FDG-PET), endoscop-
ic ultrasonography, and computed tomogra-
phy (CT) are available methods for diagnos-
ing LNM. However, FDG-PET is unreliable in 
predicting LNM due to its low sensitivity.12,13 
Endoscopic ultrasonography defines LN sta-
tus depending on LN size, morphology, and 
echogenicity, but its accuracy is only 64% 
for predicting LN presence.14 CT is another 

anatomical imaging method to define me-
tastasis in clinical practice, mainly based on 
LN size. Although CT, in combination with 
multiplanar reformation, can show the loca-
tion and size of LNs, differentiating between 
hyperplastic, metastatic, and inflammatory 
LNs is still unreliable since it depends solely 
on LN size as a criterion.15,16 Thus, other pa-
rameters are needed to improve the accura-
cy of CT for diagnosing LNM. Tumor volume 
and enhancement features can be used to 
identify LNM. Tumor size has been reported 
to correlate significantly with the likelihood 
of LNM in EGC;17,18 however, tumor volume 
may be a better preoperative parameter than 
size. Size cannot be defined on axial images 
as GC always involves the gastric wall circum-
ferentially. Tumor percent enhancement has 
also helped determine LN status in rectal 
cancer.19 In light of these considerations, this 
study aims to investigate the diagnostic val-
ue of CT tumor volume and enhancement in 
predicting LNM in stage pT1-2 GC.

Methods

Patients

Our institutional review board approved 
this retrospective study and waived the re-
quirement for informed consent (approval 
ID: KY027-01). This study enrolled consecu-
tive patients from October 2017 to April 2019 
with pathologically proven stage T1-2 GC 
confined to the mucosa or submucosa and 
the muscularis propria. The inclusion criteria 
were as follows: (1) patients with histopatho-
logical confirmation of T1-2 GC, regardless 
of N and M stage; (2) those who underwent 
multislice CT scanning before surgery; (3) 
those who had no radiotherapy or chemo-
therapy before surgery; and (4) those who 
underwent surgical resection with extensive 
LN excision. For further confirmation of LNM, 
surgically excised LNs were fixed and stained 
with hematoxylin and eosin. LNM was de-
fined as the presence of tumor cells or tissue 
in LNs at magnifications of 10× and 40×. Elev-
en patients were excluded because the filling 
state of the stomach was unsatisfactory or 
they lacked a contrast-enhanced CT. Finally, 
a total of 86 patients were enrolled, including 
28 patients with LNM+ and 58 patients with-
out LNM− (Figure 1). 

Computed tomography acquisition

All patients underwent CT with multislice 
equipment (Siemens Somatom Sensation 
64), with a tube voltage of 120 kV, a tube 
current of 200 mAs, a collimator width of 
16 × 0.75 mm, a screw pitch of 0.750, a slice 

thickness of 5 mm, and a slice interval of 5 
mm. Each patient who completed breathing 
exercises was requested to fast for at least 
eight hours and received 800 mL of water 
orally and an intramuscular injection of 10 
mg of anisodamine to achieve gastric dis-
tension approximately 20 minutes before 
the examination. The CT scan covered the 
upper or entire abdomen. The iodinated con-
trast material was administered at a dose of 
1.5 to 2.0 mL/kg (Omnipaque 350 mg I/mL) 
and an injection flow rate of 3.0 mL/s using a 
high-pressure syringe. Images were obtained 
in the arterial phase (30 s) and portal-venous 
phase (80 s) after initiation of contrast mate-
rial injection.

Tumor analyses

The CT images of the PVP were sent to the 
workstation, and the GC lesions were deter-
mined by two radiologists (with at least eight 
years of experience in abdominal imaging) 
who were blind to the clinicopathological 
stage. They analyzed the images together 
to determine the outline of the tumor. Dis-
agreement was resolved by discussion, and 
a consensus was reached, ensuring the ac-
curacy of the tumor volume measurement. 
The tumors were manually drawn by tracing 
the lesion edge (Figure 2). Focal thickening 
of the gastric wall by 6 mm or greater with 
noticeable enhancement was included in 
the region of interest (ROI) if it was difficult to 
differentiate tumor tissue from the adjacent 
normal gastric wall;20,21 the gastric lumen and 
artifacts were excluded. The radiologists then 
calculated the tumor volume by multiplying 
the area of each ROI by the slice thickness (5 
mm). Percent enhancement in the PVP was 
calculated according to the following equa-
tion: (Val-p – Val-0)/Val-0×100%, where Val-
0 and Val-p represented the CT density in 
Hounsfield units (HU) of the ROI of the lesion 
on the largest slice before contrast enhance-
ment and in the PVP, respectively.

Statistical analysis

Spearman’s rank correlation test was ap-
plied to analyze the correlation between 
tumor morphologic features and different 
N stages (0.00–0.20, poor; 0.21–0.40, fair; 
0.41–0.60, moderate; 0.61–0.80, good; and 
0.81–1.00, excellent). The differences be-
tween tumor volume, CT density in the PVP, 
and tumor percent enhancement in the PVP 
of different N stage groups (LNM+ vs. LNM−) 
were compared using the Mann–Whitney 
U test. The diagnostic efficacy of significant 
features predicting LNM in T1-2 GC was eval-
uated using receiver operating characteristic 

Main points

•	 Accurate prediction of lymph node me-
tastasis (LNM) of pT1-2 gastric cancer (GC) 
through imaging is crucial in deciding treat-
ment strategies.

•	 The pathologic N stage of pT1-2 GC signifi-
cantly correlated with computed tomogra-
phy (CT) tumor volume, density, and tumor 
percent enhancement.

•	 CT tumor volumetry and enhancement fea-
tures of pT1-2 GC provided useful adjunct 
information for predicting LNM.

•	 Percent enhancement of portal-venous 
phase achieved better diagnostic perfor-
mance than tumor volume in determining 
LNM.
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(ROC) analysis. A value of P  <  0.05 was con-
sidered statistically significant. All statistical 
analyses were performed using MedCalc ver-
sion 15.2.2 (MedCalc Software, Mariakerke, 
Belgium).

Results

Patient characteristics

The study group comprised 86 patients 
ranging in age from 27–80 years (median 
age, 59 years); 56 of the 86 patients were men 
(median age, 61 years), and 30 were wom-
en (median age, 56 years). Regarding the 
T stage, 57 patients (57/86, 66.3%) were T1, 
and 29 patients (29/86, 33.7%) were T2; and 
regarding the N stage, 58 patients (58/86, 
67.4%) were N0, 12 patients (12/86, 14.0%) 
were N1, seven patients (7/86, 8.1%) were 
N2, and nine patients (9/86, 10.5%) were 
N3. Regarding the number of lymph nodes 
available for histopathological examination 
in resection specimens, 15 patients had 15–
20 lymph nodes (15/86, 17.4%), 50 patients 
had 21–40 lymph nodes (50/86, 58.1%), and 
21 patients had 41–63 lymph nodes (21/86, 
24.4%) (Table 1). 

Relationship between morphologic fea-
tures and N stage

Tumor volume, CT density in the PVP, and 
percent enhancement in the PVP correlated 
significantly with the pathologic N stage. 
The correlation factor (rho) was highest for 

the percent enhancement in the PVP (rho= 
0.586, P < 0.001), followed by CT density in 
the PVP (rho= 0.558, P < 0.001) and tumor 
volume (rho= 0.307, P = 0.004). However, 
CT density on non-contrast images did not 
correlate with the N stage (rho= −0.076, P = 
0.49) (Table 2).

Lymph node metastasis plus versus lymph 
node metastasis minus groups

The LNM+ group had twenty-eight pa-
tients (28/86, 32.6%) with stage N1, N2, or 
N3 disease, while the LNM− group had 58 
patients (58/86, 67.4%) with stage N0 dis-
ease. The median tumor volumes in the 
LNM+ and LNM− groups were 22.6 mm3 and 
14.4 mm3, respectively. Tumor volume was 
significantly less in the LNM− group than 
in the LNM+ group (P = 0.004). The medi-
an percent enhancement in the PVP in the 
LNM+ and LNM− groups was 179.19% and 
103.06%, respectively. Differences between 
the two groups in CT density in the PVP and 

percent enhancement in the PVP were also 
statistically significant (P < 0.001). However, 
there was no statistically significant differ-
ence between pre-contrast CT density and 
nodal involvement (P = 0.40). Table 3 shows 
the tumor volume, CT density, and percent 
enhancement in the PVP in the LNM+ and 
LNM− groups.

Receiver operating characteristic analysis

The diagnostic efficacy of tumor volume, 
CT density in the PVP, and percent enhance-
ment in the PVP for differentiating between 
the LNM+ and LNM− groups were further 
evaluated using ROC analysis. The area under 
the ROC curve (AUC) for determining LNM+ 
in stage T1-2 GC was highest for the per-
cent enhancement in the PVP (AUC= 0.883, 
P = 0.001), followed by CT density in the 
PVP (AUC= 0.865, P < 0.001) and tumor vol-
ume (AUC= 0.693, P < 0.001) (Figure 3). The 
percent enhancement in the PVP of 145.2% 
achieved good diagnostic performance 
in determining LNM+ (sensitivity: 71.43%, 
specificity: 91.38%, and accuracy: 84.88%). 
The CT density of 76 HU in the PVP predict-
ed LNM+ with 89.29% sensitivity and 75.86% 
specificity, while a tumor volume of 17.35 
mm3 predicted LNM+ with 82.14% sensitivi-
ty and 58.62% specificity. Table 4 shows the 

Figure 1. Patient selection flowchart. CT, computed tomography, LNM, lymph node metastasis.

Figure 2. Shows the computed tomography 
(CT) images of a 56-year-old man with poorly 
differentiated adenocarcinoma and signet ring cell 
carcinoma, the lesion infiltrating the submucosa. 
The CT image of the portal-venous phase shows a 
thickened wall with heterogeneous enhancement 
in the stomach. The region of interest was manually 
drawn along the margin of the lesion (white line).

Table 1. Clinicopathological characteristics of patients

LNM− LNM+ Total

N1 N2 N3

Patient, n (%) 58 (67.4%) 12 (14.0%) 7 (8.1%) 9 (10.5%) 86 (100%)

Age, y* 59 ± 11 62 ± 6 60 ± 9 56 ± 13 59 ± 10

Male/female, n 37/21 8/4 7/0 4/5 56/30

T1/T2, n 44/14 5/7 4/3 4/5 57/29

*Data are presented as mean ± SD. SD, standard deviation; LNM+, lymph node metastasis present; LNM−, no lymph 
node metastasis.
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sensitivities, specificities, negative and posi-
tive predictive values, and accuracy.

Discussion
Individualized treatment is set to become 

the cornerstone for more effective cancer 
therapy. Patients with early-stage GC are 
frequently overtreated because of a lack of 
available detection methods that are robust 
and accurate in identifying LN metastasis be-
fore surgery. Our study indicated that tumor 
volume, CT density in the PVP, and percent 
enhancement in the PVP significantly cor-
related with the pathologic N stage in pT1-2 
GC. These variables were useful for accurate 
preoperative diagnosis of LN metastasis and 
may improve the prognosis of patients with 
GC.

Previously published studies have shown 
that tumor volume measured using CT was 
reproducible and valuable as an additional 
parameter for TNM staging in GC.22,23 They 
showed that tumor volume significantly cor-
related with the N stage in GC with an AUC of 
0.75 for stage ≥ N1. Our study also showed 
similar results. Our study found that gastric 
tumors with larger volumes are related to an 
increased likelihood of invasion and LNM, 
i.e., higher T and N stages. 

Various studies have reported that tu-
mor percent enhancement could help in 
evaluating the prognosis of hepatocellular 
carcinoma,24 distinguishing the histological 
type of GC,25 predicting synchronous and 
metachronous hepatic metastasis in GC,26 
and determining LNM of rectal cancer.19,27 
These studies revealed that enhancement 
features of tumors play an essential role in 
assessing tumor prognosis and clinical stage. 
Our study also showed that tumor CT den-

Table 2. Median values and correlation between morphologic features and N stage

N stage Rho P

N0 N1 N2 N3 (95% CI)

Tumor volume median mm3

14.4 22.4 24.7 22.8 0.307 0.004

Range (1.9–63.0) (10.7–102.2) (7.6–65.0) (12.8–94.6) (0.102–0.487)

CT density on non-contrast 
images: median 34.0 31.5 31.0 34.0 -0.076 0.49

Range (HU) (15.0–56.0) (25.0–43.0) (24.0–39.0) (22.0–42.0) (-0.283–0.139)

CT density in PVP: median 68.0 95.0 90.0 81.0 0.558 < 0.001

Range (HU) (23.0–97.0) (65.0–120.0) (78.0–105.0) (71.0–149.0) (0.393–0.689)

Percent enhancement % 103.1 202.9 190.3 150.0 0.586 < 0.001

Median (range) (14.3–304.3) (116.7–314.3) (135.9–258.3) (91.9–304.5) (0.427–0.710)

Rho, correlation coefficient; CI, confidence interval; PVP, portal-venous phase; HU, Hounsfield units.

Figure 3. Shows the receiver operating characteristic (ROC) curves of tumor volume, computed tomography 
density in the portal venous phase, and percent enhancement for identification of lymph node metastases 
in pT1-2 gastric cancers. The area under the curve and 95% confidence interval are shown in the lower right 
corner of the figure. PVP, portal-venous phase; CT, computed tomograhy.

Table 3. Median values and interquartile ranges between the LNM+ and LNM− groups

LNM+ (n = 28) LNM− (n = 58) Z P

Tumor volume in mm3 22.6 14.4 2.894 0.004

Interquartile range 18.3–38.6 8.8–26.2

CT density on non-contrast images in HU 33.0 34.0 0.844 0.40

Interquartile range 29.0–37.0 30.0–37.0

CT density in the PVP in HU 87.5 68.0 5.461 < 0.001

Interquartile range 79.5–101.0 59.0–76.0

Percent enhancement % 179.2 103.1 5.737 < 0.001

Interquartile range 134.1–232.3 83.3–123.5 - -

LNM+, lymph node metastasis; LNM−, lymph node non-metastasis; PVP, portal-venous phase; HU, Hounsfield units.
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sity in the PVP and percent enhancement 
in the PVP could help assess LNMs in pT1-2 
GC by obtaining appropriate cut-off values. 
The growth of solid tumors depends heavily 
on surrounding angiogenesis, which accel-
erates tumor growth and increases the like-
lihood of tumor metastasis. Moreover, in the 
progression of malignant tumors, increased 
leakage of arteriovenous shunts and neo-
vascularization often occur, leading to early 
enhancement of tumors on CT/magnetic res-
onance imaging (MRI). In addition, compared 
with normal vessels, the endothelial cells of 
tumor capillaries have a wider gap, and the 
basement membrane is discontinuous, mak-
ing it easier for tumor cells to penetrate.28 
Our research also indicated that tumors with 
higher percent enhancement were more 
likely to metastasize to LNs, which might 
attract the attention of radiologists and gas-
tric surgeons. Notably, CT density in the PVP 
and percent enhancement in N1 was higher 
than in N2 and N3. We speculated that once 
tumor cells have metastasized to sentinel 
lymph nodes, the increase in metastatic LNs 
no longer depends on the tumor itself but on 
metastasis from one LN to another.

In clinical practice, the abnormalities of 
LNs on CT/MRI are generally evaluated us-
ing the Response Evaluation Criteria in Solid 
Tumors, which has adopted the short-axis 
diameter (SAD) of LNs as a criterion.29 How-
ever, the definition of LNM varies, and differ-
ent cut-off values have been used in various 
studies.30-34 Ahn et al.34 determined LNM as 
an SAD ≥8 mm, while Tokunaga et al.31 sug-
gested an SAD cut-off of ≥15 mm. Saito et 
al.35 showed that the accuracy of individual 
SAD cut-off values in diagnosing LNM was 
71.1% based on pathological type. More 
recently, however, Kim and Kim16 reported 
that the largest LN was the metastatic LN 
in only a small percentage of patients with 
EGC. In other words, the largest diameter LN 
may only be an inflamed lymph node. Rely-
ing solely on the size of the LN to diagnose 
metastatic LN would lead to a lack of optimal 
disease treatment. Long and short diameter 
values were also used to assess LNM; nev-
ertheless, there is still no defined size stan-

dard.36 In addition to size, other CT features 
of the LN can also be used to evaluate the 
nodal status, such as morphology (long/
short diameter ratio <1.5), uneven enhance-
ment, and clustered nodes.33,34,37 

In this study, we only enrolled pT1-2 pa-
tients because the lymph nodal status of 
these patients is crucial in deciding treat-
ment strategies. To the best of our knowl-
edge, there are currently no defined reliable 
criteria for nodal involvement based on 
CT features. To obtain multiple additional 
quantifiable indicators, we combined the 
morphologic parameters of gastric tumors 
to determine the LNM status - an innovative 
aspect of our research. 

This study has several limitations. First, it 
was based in a single center, had a relatively 
small sample size (especially when consider-
ing patients with LNM), and had an inevitable 
selection bias. Second, the reproducibility of 
data measurement between reviewers was 
not evaluated. Finally, manual measurement 
of gastric tumor volume might be subjective. 
With the development of artificial intelli-
gence, graphics-processing capabilities have 
become more powerful. We believe that an 
automatized tool will take the place of man-
ual tracing and be a better option to circum-
vent this limitation. Tumor volume could 
then be more readily and precisely assessed. 

In conclusion, we have established that 
tumor volume, CT density in the PVP, and 
percent enhancement in the PVP, could be 
used to determine LNMs in pT1-2 GC, with 
percent enhancement in the PVP achieving 
better diagnostic performance than tumor 
volume. Identifying an appropriate cut-off 
value for percent enhancement and tumor 
volume can improve the diagnostic accuracy 
for LNM.
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PURPOSE
This study aimed to determine the accuracy of texture analysis in differentiating adrenal lesions on 
unenhanced computed tomography (CT) images.

METHODS
In this single-center retrospective study, 166 adrenal lesions in 140 patients (64 women, 76 men; 
mean age 56.58 ± 13.65 years) were evaluated between January 2015 and December 2019. The 
lesions consisted of 54 lipid-rich adrenal adenomas, 37 lipid-poor adrenal adenomas (LPAs), 56 
adrenal metastases (ADM), and 19 adrenal pheochromocytomas (APhs). Each adrenal lesion was 
segmented by manually contouring the borders of the lesion on unenhanced CT images. A texture 
analysis of the CT images was performed using Local Image Feature Extraction software. First-order 
and second-order texture parameters were assessed, and 45 features were extracted from each 
lesion. One-Way analysis of variance with Bonferroni correction and the Mann–Whitney U test was 
performed to determine the relationships between the texture features and adrenal lesions. Re-
ceiver operating characteristic curves were performed for lesion discrimination based on the tex-
ture features. Logistic regression analysis was used to generate logistic models, including only the 
texture parameters with a high-class separation capacity (i.e., P < 0.050). SPSS software was used 
for all statistical analyses.

RESULTS
First-order and second-order texture parameters were identified as significant factors capable of 
differentiating among the four lesion types (P < 0.050). The logistic models were evaluated to as-
certain the relationships between LPA and ADM, LPA and APh, and ADM and APh. The sensitivity, 
specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of the 
first model (LPA vs. ADM) were 85.7%, 70.3%, 81.3%, 76.4%, and 79.5%, respectively. The sensitivity, 
specificity, PPV, NPV, and accuracy of the second model (LPA vs. APh) were all 100%. The sensitivity, 
specificity, PPV, NPV, and accuracy of the third model (ADM vs. APh) were 87.5%, 82%, 36.8%, 98.2%, 
and 82.7%, respectively.

CONCLUSION
Texture features may help in the characterization of adrenal lesions on unenhanced CT images.

KEYWORDS
Adrenal adenoma, adrenal glands, adrenal mass, computed tomography, texture analysis

Incidental adrenal masses are common lesions, with a rate of detection of 4%–6% using ab-
dominal computed tomography (CT) in patients undergoing abdominal imaging.1 Adrenal 
adenomas are the most common adrenal lesions, with a prevalence up to 9% in the general 

population.2 The rate of adrenal adenomas increases with age.3 Nearly 25% of adrenal ade-
nomas have insufficient intracytoplasmic lipid content for accurate detection using conven-
tional CT, rendering these lesions difficult to differentiate from malignant adrenal lesions and 
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adrenal pheochromocytomas (APhs).3 This 
can ultimately lead to unnecessary surgical 
resection of these benign adrenal lesions. 
Clinical findings and radiological features in 
unenhanced CT images have a limited ability 
to differentiate lipid-poor adrenal adenomas 
(LPAs) from malignant adrenal lesions and 
APhs because they are in the same densi-
ty spectrum range. CT washout imaging 
and magnetic resonance imaging (MRI) are 
non-invasive imaging techniques used for 
the differential diagnosis of adrenal lesions.4-6

Lipid-rich adrenal adenomas (LRAs) can 
be easily recognized in unenhanced CT, with 
homogeneous and relatively low attenua-
tion values [<10 Hounsfield units (HU)], due 
to their high fat content.7 LRAs can also be 
diagnosed through MRI with high sensitivity 
and specificity.1 Most LRAs show a loss of sig-
nal intensity (>20%) in out-of-phase images 
from conventional dual-phase T1-weighted 
imaging and using the Dixon technique due 
to intratumoral microscopic fat content.4 

LPAs, however, may have a diagnostic over-
lap with other lipid-poor adrenal lesions, 
such as adrenal metastasis (ADM) and APhs, 
in unenhanced CT or MRI images.8 Washout 
CT of the adrenal gland is the most reliable 
imaging method for differentiating adrenal 
adenomas from other lesions. Most adrenal 
adenomas show a rapid washout pattern 
after administration of the contrast agent.4 

However, hypervascular ADM, especially 
from hepatocellular carcinoma or renal cell 
carcinoma, may also show a rapid washout 
pattern.9 Therefore, the definitive preopera-
tive diagnosis of adrenal lesions is not always 
possible.

Texture analysis (TA), performed using 
several complex mathematical processes, 
is an objective assessment of the structure, 
gray-level intensity, and pixel position of a le-

sion.10 The TA parameters of the radiological 
images can be divided into first-order and 
second-order statistics. First-order TA param-
eters consist of the uniformity (in gray-level 
dispersion), skewness (histogram asymme-
try), entropy (irregularity in gray-level disper-
sion), kurtosis (histogram flatness), energy 
(uniformity of the distribution), mean/mini-
mum/maximum density, and standard devia-
tion of the gray-level histogram dispersion.11 
Second-order TA, used to assess the spatial 
relationships among pixels, includes the fol-
lowing parameters: gray-level co-occurrence 
matrix (GLCM), neighborhood gray-level 
difference matrix (NGLDM), gray-level run-
length matrix (GLRLM), gray-level zone 
length matrix (GLZLM), and their subgroup 
parameters.12 First-order and second-order 
TA parameters in adrenal lesions may help 
physicians to differentiate subgroup lesions 
based on the underlying histopathological 
composition. This study investigated the role 
of TA in differentiating adrenal lesions in un-
enhanced CT images.

Materials and Methods

Patient selection

The protocol of this retrospective study 
was approved by our institutional review 
board (approval number: 2020/20-31; date: 
2020-08-31), and written informed con-
sent was obtained from each patient. The 
endocrinology department database was 
reviewed to identify patients with LRA, LPA, 
ADM, or APh between January 2015 and 
December 2019. The inclusion criteria were 
age ≥19 years, histopathologically proven 
APh, diagnosis of LRA, LPA, or ADM based 
on radiological features, positron emission 
tomography (PET)–CT features, long-term 
follow-up, histopathological diagnosis, or 
biopsy, and unenhanced CT performed be-
fore resection or during follow-up screening. 
Eligible patients had an adrenal lesion deter-
mined by unenhanced CT or PET–CT to be 
ADM (for those with known primary tumors 
with standardized uptake value (SUV)max ra-
tio >2.5 [the accepted value for distinguish-
ing between benign and cancerous lesions], 
and SUVmax values of ADM were higher than 
those of normal liver parenchyma), LRA (≤10 
HU in unenhanced CT images), or LPA (diag-
nosis made by histopathological or radiolog-
ical follow-up at least 36 months following 
initial CT).13

Histopathological diagnosis of adrenal 
lesions is made by surgical intervention, and 
adrenal lesion biopsy should only be con-
sidered for making a diagnosis of metastatic 

disease in patients with known or suspected 
non-adrenal cancer.14 The exclusion criteria 
were adrenal lesion <1 cm (n = 18), lack of 
unenhanced CT images (n = 82), CT images 
with severe motion or other artifacts (n = 7), 
and CT imaging performed at another insti-
tution (n = 23). Both lesions of patients with 
bilateral adrenal lesions were included in the 
study. We were unable to confirm a diagnosis 
of adenoma versus ADM histopathologically 
in three patients, and these patients were 
also excluded. After these criteria had been 
applied, a total of 140 patients with 166 ad-
renal lesions were included (Figure 1). All pa-
tients were evaluated through non-contrast 
abdominal CT using the CT devices available 
in our department (Supplementary Table 1).

Endocrinological examinations were 
performed in all cases preoperatively. Meta-
nephrine and normetanephrine were mea-
sured in 24-h urine for a differential diagnosis 
of pheochromocytoma in all patients. Basal 
plasma levels of adrenocorticotropic hor-
mone and serum levels of cortisol, the dexa-
methasone suppression test, plasma renin 
activity, and the aldosterone/renin ratio were 
used to evaluate adrenal adenoma.

Texture analysis

The unenhanced CT images of each pa-
tient were reviewed by three radiologists 
(HAÖ, IBA, and CA) with 4, 15, and 20 years 
of experience in abdominal radiology, re-
spectively. The selected images of all adrenal 
lesions were decided by consensus. For each 
adrenal lesion, a selected axial image was ob-
tained through CT for use in TA. The select-
ed images for the 166 adrenal masses were 
anonymized and exported from Sectra IDS7 
PACS (Sectra AB, Linköping, Sweden). The im-
age selection was made in the largest diame-
ter of the lesion. Reprocessing of the images 
was performed using standardization: (gray 
value-average value)/standard deviation. 
The images were examined and segmented 
using Local Image Feature Extraction (LIFEx) 
software (version 5.1; http://www.lifexsoft.
org) independently by two radiologists (IBA 
and CA) with 15 and 20 years of experience 
in abdominal radiology, respectively. Re-
gions of interest (ROIs) were drawn manual-
ly on each CT image for the measurements  
(Figures 2, 3). To provide uniformity, the num-
ber of gray levels was adjusted to 128 (7 bits). 
Furthermore, to homogenize the voxel sizes 
in the XYZ directions, they were adjusted as 
X, 0.5 mm; Y, 0.5 mm; and Z, 2.5 mm after cal-
culating their mean ± 3 standard deviations. 
First-order and second-order TA features 
were calculated in each adrenal lesion.

Main points

•	 Adrenal masses are commonly encountered 
in daily practice, and it can be difficult to dis-
tinguish between lipid-poor adenoma and 
masses that may require surgical treatment 
based on non-contrast computed tomogra-
phy (CT).

•	 Texture analysis reveals minor differences 
in gray levels, which can provide guidance 
in the differential diagnosis of visceral neo-
plasms. 

•	 This study suggests that lipid-poor adeno-
ma, adrenal metastasis, and pheochromo-
cytoma can be distinguished through an 
analysis of textural features in non-contrast 
CT images
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Statistical Analysis

IBM SPSS software for Windows, version 
24.0 (IBM Corporation, Armonk, NY), was 
used for all statistical analyses. We recorded 
demographic data, including the patient’s 
age, sex, diagnosis, and TA measurements. 
Interobserver variability between the two 
radiologists was evaluated using intra-
class correlation coefficients (0–0.4, poor 
agreement; 0.41–0.6, moderate agreement; 
0.61–0.8, good agreement; 0.81–1, excellent 
agreement). We performed One-Way analy-
sis of variance (ANOVA) with Bonferroni cor-
rection to compare the differences in the TA 
parameters of LRA, LPA, ADM, and APh. The 
non-parametric Mann–Whitney U test was 
performed to detect significant associations 
between the texture parameters and each 
adrenal subgroup. LPAs were excluded from 
the statistical evaluation because they are 
easily recognized in non-contrast CT exam-
inations and do not cause diagnostic difficul-
ties. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the 

diagnostic performance of the parameters 
in differentiating among the adrenal lesion 
subgroups by calculating the area under the 
ROC curve (AUC). A P value <0.050 was con-
sidered statistically significant.

Next, we developed three models to iden-
tify texture features predicting LPA, ADM, and 
APh, with P < 0.050 in the univariate analysis. 
A logistic regression model was developed 
based on the qualitative features. In the final 
logistic regression model, statistically signif-
icant texture parameters were used for the 
three comparisons (12 for LPA vs. ADM, 15 
for LPA vs. APh, and 4 for ADM vs. APh). The 
model performance was assessed according 
to sensitivity, specificity, negative predictive 
value (NPV), positive predictive value (PPV), 
and accuracy.

Results
The final study population consisted of 

140 patients (64 men, 76 women; mean age, 
56.58 ± 13.65 years) with 166 adrenal lesions. 

Fifty-four adrenal lesions were diagnosed 
with LRA, 37 were diagnosed with LPA, 56 
were diagnosed with ADM, and 19 were di-
agnosed with APh (Table 1). There were no 
significant differences in age or sex among 
the subgroups. In our series of 91 adrenal 
adenomas, 76% were non-functioning. The 
total interobserver agreement between 
two radiologists (IBA and CA) was κ = 0.73 
in the TA calculation. Due to the high level 
of interobserver agreement and the large 
amount of numerical data, the data of ob-
server 1 are presented in the tables. Twen-
ty-seven texture parameters, consisting of 
11 histogram features, 7 GLCM features, 3 
GLRLM features, 3 NGLDM features, and 3 
GLZLM features, showed statistically sig-
nificant differences. The One-Way ANOVA 
identified 16 second-order texture parame-
ters that were significantly different among 
all adrenal lesion subgroups (Table 2). The 
Mann–Whitney U test identified 12 texture 
parameters that could differentiate between 
LPA and ADM (P = 0.000–0.032), 15 that 

Figure 1. Flowchart of patients with adrenal lesions. CT, computed tomography; MRI, magnetic resonance imaging; PET-CT, positron emission tomography-
computed tomographöy.

Table 1. Imaging characteristics of adrenal lesions 

Imaging characteristics Lipid-rich adenoma (n = 54) Lipid-poor adenoma (n = 37) Metastasis (n = 56) Pheochromocytoma (n = 19)

HUmin −70.57 ± 22.9 −57.12 ± 32.7 −32.90 ± 30.2 −30.67 ± 34.7

HUmean −9.84 ± 13.9 14.60 ± 14.6 30.32 ± 13.9 33.47 ± 11.9

HUmax 49.56 ± 141.2 74 ± 98.9 83.5 ± 26.4 89 ± 19.4

Mean lesion size (cm) 5.4 5.9 7.8 4.9

Mean SUVmax - - 8.6 -

SUVmax, maximum standardized uptake value; HUmin, Hounsfield unit minimum; HUmean, Hounsfield unit mean; HUmax, Hounsfield unit maximum.
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Figure 2. (a) Lipid-rich adenoma in a 49-year-old woman. A well-circumscribed and low-density lesion was observed in the right adrenal gland in axial computed 
tomography (CT) (white arrows). (b) A 37-year-old woman with lipid-poor adenoma diagnosed histopathologically. Axial unenhanced CT showed a lipid-poor right 
adrenal mass (white arrows). The mass with a density of 22–56 Hounsfield unit (HU) had a heterogeneous internal structure. (c) Adrenal metastases were diagnosed 
through surgery in a 56-year-old man with lung cancer. Axial unenhanced CT showed a large, well-defined, homogenous left adrenal mass with a density of 54 HU 
(white arrows). (d) Surgically resected pheochromocytoma in a 32-year-old man. Axial unenhanced CT showed a well-defined, homogenous, spherical left adrenal 
mass with a density of 46 HU (white arrows). 

Figure 3. Segmentation examples of reader 1 (a) and reader 2 (b). (a) Texture analyses of the lipid-rich adrenal adenoma using local image feature extraction (LIFEx) 
software [lesion tagged with a yellow region of interest (ROI)]. (b) Texture analyses of the lipid-poor adrenal adenoma using LIFEx software (lesion tagged with a 
green ROI). (c) Texture analyses of the adrenal metastasis using LIFEx software (lesion tagged with a red ROI). (d) Texture analyses of the adrenal pheochromocytoma 
using LIFEx software (lesion tagged with a pink ROI).



 

238 • April 2023 • Diagnostic and Interventional Radiology Altay et al.

Ta
bl

e 
2.

 D
iff

er
en

ce
s 

in
 te

xt
ur

e 
pa

ra
m

et
er

s 
fo

r d
iff

er
en

tia
tin

g 
ad

re
na

l l
es

io
ns

 o
n 

no
n-

en
ha

nc
ed

 c
om

pu
te

d 
to

m
og

ra
ph

y

Te
xt

ur
e 

an
al

ys
is

 
pa

ra
m

et
er

s
1–

lip
id

-r
ic

h 
ad

en
om

a 
(n

 =
 5

4)
2–

lip
id

-p
oo

r a
de

no
m

a 
(n

 =
 3

7)
3–

m
et

as
ta

si
s 

(n
 =

 5
6)

4–
ph

eo
ch

ro
m

oc
yt

om
a 

(n
 =

 1
9)

P 
va

lu
e

M
ed

ia
n

Q
1 

(IQ
R 

25
%

)
Q

3 
(IQ

R 
75

%
)

M
ed

ia
n

Q
1 

(IQ
R 

25
%

)
Q

3 
(IQ

R 
75

%
)

M
ed

ia
n

Q
1 

(IQ
R 

25
%

)
Q

3 
(IQ

R 
75

%
)

M
ed

ia
n

Q
1 

(IQ
R 

25
%

)
Q

3 
(IQ

R 
75

%
)

H
U

m
in

−7
0.

57
−8

7.
59

−5
4.

44
−5

7.
12

−7
9.

71
−3

4.
92

−3
2.

90
−5

1.
02

−2
2.

63
−3

0.
67

−5
2

−1
4

<0
.0

01

H
U

m
ea

n
−9

.8
4

−1
8.

05
−0

.1
7

14
.6

0
−0

.5
1

24
.9

8
30

.3
2

23
.5

0
35

.1
3

33
.4

7
28

.1
6

38
.9

1
<0

.0
01

H
U

m
ax

49
.5

6
35

.8
6

60
.2

9
74

62
.7

2
92

.0
3

83
.5

68
.5

9
10

7.
50

89
74

.8
98

.6
0.

01
5

H
U

Q
1

−2
0.

21
−3

0.
71

−1
2.

62
1.

0
−1

2.
29

14
.1

2
18

.3
0

10
.7

3
22

.2
0

21
16

.5
3

28
.1

4
<0

.0
01

H
U

Q
2

−1
0.

03
−1

7.
43

−0
.3

4
14

.5
7

−0
.7

4
25

.8
3

30
.1

8
23

.3
3

35
.8

4
33

28
.1

8
38

.2
5

<0
.0

01

H
U

Q
3

2.
91

−4
.2

5
13

.7
9

27
.3

6
16

.9
9

39
.2

8
42

.5
1

35
.4

8
47

.8
4

44
.4

9
37

.7
7

53
.6

6
<0

.0
01

H
U

-S
ke

w
ne

ss
−0

.0
14

−0
.0

12
−0

.1
2

−0
.0

65
−0

.2
7

−0
.0

25
−0

.0
79

−0
.2

1
−0

.0
25

−0
.1

01
−0

.1
7

−0
.0

22
0.

06
8

H
U

-K
ur

to
si

s
3.

15
2.

96
3.

53
3.

16
2.

92
3.

63
3.

21
3.

03
3.

57
3.

20
3.

04
3.

61
0.

89
6

H
U

-E
xc

es
s 

Ku
rt

os
is

0.
15

−0
.0

34
0.

53
0.

16
7

−0
.7

1
0.

64
0.

21
7

0.
03

9
0.

57
8

0.
20

0.
04

1
0.

61
2

0.
89

6

H
U

 p
ea

k 
sp

he
re

 
0.

5 
m

L 
0.

46
0.

46
0.

46
0.

47
0

0.
46

0.
46

0.
46

0.
46

0.
46

0.
46

0.
46

0.
46

0.
01

0

H
U

 p
ea

k 
sp

he
re

 
1 

m
L

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
01

1.
00

1.
00

0.
11

0

G
LC

M
-

ho
m

og
en

ei
ty

0.
12

35
0.

11
86

0.
13

25
0.

12
87

0.
12

22
0.

13
61

0.
12

88
0.

12
3

0.
14

0
0.

12
2

0.
11

5
0.

13
3

0.
10

1

G
LC

M
-e

ne
rg

y
0.

00
11

0.
00

07
0.

00
16

0.
00

10
0.

00
05

0.
00

17
0.

00
08

0.
00

05
0.

00
12

0.
00

05
0.

00
04

0.
00

07
0.

00
1

G
LC

M
-c

on
tr

as
t

47
3.

94
37

8.
78

53
2.

39
41

2.
12

35
1.

81
48

9.
62

42
9.

78
35

6.
13

49
4.

84
50

3.
14

40
8.

77
58

0.
48

0.
05

8

G
LC

M
-

co
rr

el
at

io
n

0.
46

0.
40

4
0.

54
4

0.
55

0.
44

0.
60

0.
51

7
0.

44
2

0.
59

5
0.

43
4

0.
35

4
0.

52
4

0.
02

2

G
LC

M
-e

nt
ro

py
 

lo
g1

0
2.

97
2.

79
3.

17
2.

99
2.

79
3.

28
3.

14
2.

92
3.

38
3.

30
3.

17
3.

43
<0

.0
01

G
LC

M
-e

nt
ro

py
 

lo
g2

9.
90

9.
29

10
.5

4
9.

94
9.

29
10

.9
0

10
.4

5
9.

70
11

.2
2

10
.9

8
10

.5
3

11
.4

1
<0

.0
01

G
LC

M
-

di
ss

im
ila

rit
y

17
.1

2
15

.2
3

18
.2

0
15

.8
6

14
.9

8
17

.4
0

16
.2

6
14

.6
9

17
.4

8
17

.5
1

15
.9

4
18

.9
1

0.
05

3

G
LR

LM
-L

RL
G

E
0.

00
30

4
0.

00
06

0.
00

48
0.

00
24

0.
00

09
0.

00
47

0.
00

58
0.

00
21

0.
00

83
0.

00
37

0.
00

18
0.

00
56

0.
06

1

G
LR

LM
-G

LN
U

9.
67

6.
49

14
.8

9
8.

69
5.

36
17

.4
4

13
.8

5
7.

64
28

.7
0

25
.8

4
14

.9
0

34
.4

5
<0

.0
01

G
LR

LM
-R

LN
U

63
8.

61
38

4.
49

10
11

.5
7

61
2.

07
37

5.
34

13
40

.1
5

93
6.

18
49

0.
26

19
73

.9
1

16
30

.2
5

10
40

.0
4

24
18

.5
1

<0
.0

01

N
G

LD
M

-
co

ar
se

ne
ss

0.
01

14
0.

76
0

1.
15

5
0.

01
06

0.
00

34
0.

01
7

0.
00

91
0.

00
42

0.
01

37
0.

00
45

0.
00

29
0.

00
65

0.
00

1

N
G

LD
M

-
co

nt
ra

st
0.

92
6

0.
40

4
0.

54
4

0.
91

3
0.

63
7

1.
07

0.
76

5
0.

63
6

0.
94

4
0.

78
5

0.
69

4
1.

11
4

0.
02

7

N
G

LD
M

-
bu

sy
ne

ss
0.

01
5

0.
01

1
0.

02
2

0.
01

2
0.

00
9

0.
02

7
0.

01
7

0.
01

26
0.

03
13

0.
03

1
0.

02
3

0.
04

3
<0

.0
01

G
LZ

M
-L

ZL
G

E
0.

00
32

0.
00

07
0.

00
71

0.
00

34
0.

00
10

0.
00

84
0.

00
63

0.
00

24
0.

01
46

0.
00

39
0.

00
25

0.
01

61
0.

03
0

G
LZ

M
-G

LN
U

9.
00

5.
97

13
.9

1
8.

11
4.

94
16

.4
6

12
.8

1
7.

12
26

.6
5

 2
5.

35
 

14
.6

4
32

.9
9

<0
.0

01

G
LZ

M
-Z

LN
U

48
8.

62
32

0.
81

85
1.

50
50

6.
1

30
6.

4
11

63
.5

76
3.

88
41

4.
42

16
56

.7
8

13
21

.8
7

87
4.

36
20

22
.3

3
<0

.0
01

G
LC

M
, g

ra
y-

le
ve

l c
o-

oc
cu

rr
en

ce
 m

at
rix

; G
LR

LM
, g

ra
y-

le
ve

l r
un

-le
ng

th
 m

at
rix

; G
LN

U
, g

ra
y-

le
ve

l n
on

-u
ni

fo
rm

ity
; N

G
LD

M
, n

ei
gh

bo
rh

oo
d 

gr
ay

-le
ve

l d
iff

er
en

ce
 m

at
rix

; I
Q

R,
 in

te
rq

ua
rt

ile
 ra

ng
e;

 H
U

m
in

, h
ou

ns
fie

ld
 u

ni
t m

in
im

um
; H

U
m

ea
n, h

ou
ns

fie
ld

 
un

it 
m

ea
n;

 H
U

m
ax

, h
ou

ns
fie

ld
 u

ni
t m

ax
im

um
.



 

Machine learning analysis of adrenal lesions • 239

could differentiate between LPA and APh (P 
= 0.000–0.039), and 7 that could differenti-
ate between ADM and APh (P = 0.002–0.042) 
(Table 3). Texture parameters that were sig-
nificantly different between LPA and ADM, 

between LPA and APh, and between ADM 
and APh were identified by ROC analysis. The 
AUCs for all independent factors distinguish-
ing the lesions in these three comparisons 
were between 0.25 and 0.87. The AUCs, 95% 

confidence intervals, optimal cut-off values, 
sensitivities, and specificities for each of the 
three comparisons are listed in Tables 3-5, 
respectively. Logistic regression analyses 
produced three logistic models. The logis-

Table 3. First-order and second-order radiomic features with significant differences between LRA, LPA, ADM, and APh

First- and second-order texture parameters 1-2* 1-3* 1-4* 2-3* 2-4* 3-4*

HUmin 0.032 <0.001 <0.001 0.001 0.007 0.443

HUmean <0.001 <0.001 <0.001 <0.001 <0.001 0.116

HUstd 0.021 0.995 0.138 0.032 0.003 0.144

HUmax <0.001 <0.001 <0.001 0.027 0.036 0.692

HUQ1 <0.001 <0.001 <0.001 <0.001 <0.001 0.075

HUQ2 <0.001 <0.001 <0.001 <0.001 <0.001 0.144

HUQ3 <0.001 <0.001 <0.001 <0.001 <0.001 0.348

HU-skewness 0.067 0.032 0.028 0.100 0.869 0.635

HU peak sphere 0.5 mL 0.822 0.292 0.013 0.254 0.038 0.002

HU peak sphere 1 mL 0.181 0.306 0.033 0.624 0.206 0.100

GLCM-homogeneity 0.170 0.037 0.497 0.689 0.191 0.073

GLCM-energy 0.539 0.006 <0.001 0.101 0.011 0.095

GLCM-contrast 0.098 0.047 0.327 0.100 0.079 0.040

GLCM-correlation 0.025 0.031 0.346 0.510 0.033 0.053

GLCM-entropy log10 0.545 0.005 <0.001 0.103 0.009 0.093

GLCM-entropy log2 0.545 0.005 <0.001 0.103 0.009 0.093

GLCM-dissimilarity 0.106 0.035 0.365 0.826 0.085 0.040

GLRLM-LRLGE 0.904 0.021 0.315 0.031 0.222 0.407

GLRLM-GLNU 0.704 0.008 <0.001 0.023 0.002 0.042

GLRLM-RLNU 0.765 0.006 <0.001 0.089 0.005 0.062

NGLDM-coarseness 0.314 0.055 <0.001 0.666 0.039 0.008

NGLDM-contrast 0.450 0.002 0.191 0.124 0.697 0.355

NGLDM-busyness 0.359 0.061 <0.001 0.024 0.001 0.005

GLZM-LZLGE 0.790 0.009 0.163 0.031 0.121 0.526

GLZM-GLNU 0.710 0.008 <0.001 0.023 <0.001 0.007
(1) lipid-rich adrenal adenoma, (2) lipid-poor adrenal adenoma, (3) adrenal metastasis, (4) adrenal pheochromocytoma *P < 0.050. LRA, lipid-rich adrenal adenomas; LPA, 
lipid-poor adrenal adenoma, ADM, adrenal metastase; APh, adrenal pheochromocytoma; HUmin, hounsfield unit minimum; HUmean, hounsfield unit mean; HUmax, hounsfield unit 
maximum; GLCM, gray-level co-occurrence matrix; GLRLM, gray-level run-length matrix; GLNU, gray-level non-uniformity; NGLDM, neighborhood gray-level difference matrix.

Table 4. Accuracy of radiomic features for differentiating between lipid-poor adrenal adenoma and adrenal metastasis 

  AUC ± std (95% confidence interval) P value Cut-off value Sensitivity (%) Specificity (%)

HUmin 0.71 ± 0.054 (0.61–0.81) 0.012 −44.61 64.3 64.8

HUmean 0.78 ± 0.051 (0.69–0.88) <0.001 24.00 73.2 72.9

HUstd 0.37 ± 0.058 (0.25–0.48) 0.032 19.16 62.2 37.8

HUmax 0.63 ± 0.060 (0.52–0.75) 0.027 80.32 58.9 59.4

HUQ1 0.78 ± 0.052 (0.68–0.88) <0.001 12.54 73.2 72.9

HUQ2 0.76 ± 0.051 (0.68–0.88) <0.001 23.86 73.2 72.9

HUQ3 0.63 ± 0.052 (0.66–0.86) <0.001 35.75 71.4 70.2

GLRLM-LRLGE 0.63 ± 0.060 (0.51–0.75) 0.031 0.0036 58.9 59.4

GLRLM-GLNU 0.64 ± 0.061 (0.52–0.76) 0.023 10.71 60.7 59.4

NGLDM-busyness 0.64 ± 0.061 (0.52–0.76) 0.024 0.0124 76.8 45.9

GLZLM-LZLGE 0.63 ± 0.059 (0.52–0.75) 0.031 0.0022 76.8 59.5

GLZLM-GLNU 0.64 ± 0.060 (0.52–0.76) 0.023 6.75 76.8 62.2

HUmin, Hounsfield unit minimum; HUmean, Hounsfield unit mean; HUmax, Hounsfield unit maximum; AUC, area under the ROC curve; GLCM, gray-level co-occurrence matrix; GLRLM, 
gray-level run-length matrix; GLNU, gray-level non-uniformity; NGLDM, neighborhood gray-level difference matrix; std, standard.
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tic models were evaluated to ascertain the 
relationships between LPA and ADM, LPA 
and APh, and ADM and APh (Tables 4-6). The 
sensitivity, specificity, PPV, NPV, and accuracy 
of the first model (LPA vs. ADM) were 85.7%, 
70.3%, 81.3%, 76.4%, and 79.5%, respective-
ly (P = 0.050). The sensitivity, specificity, PPV, 

NPV, and accuracy of the second model (LPA 
vs. APh) were all 100% (P < 0.001). The sen-
sitivity, specificity, PPV, NPV, and accuracy of 
the third model (ADM vs. APh) were 87.5%, 
82%, 36.8%, 98.2%, and 82.7%, respectively 
(P = 0.018). We present all values of our logis-
tic regression models in Table 7. The first lo-

gistic model found that HUmean, GLRLM-long 
run low gray-level emphasis (GLRLM-LGE), 
and NGLDM-Busyness were significant fac-
tors differentiating LPA from ADM, with odds 
ratios (ORs) of 3.87, 2.64, and 5.07, respec-
tively. In the second model, GLRLM-gray-lev-
el non-uniformity (GLRLM-GLNU) and HUmean 

Table 5. Accuracy of radiomic features for differentiating between lipid-poor adrenal adenoma and adrenal pheochromocytoma

  AUC ± std (95% confidence 
interval)

P value Cut-off value Sensitivity (%) Specificity (%)

HUmin 0.72 ± 0.079 (0.57–0.88) 0.071 −41.05 68.4 67.5

HUmean 0.86 ± 0.048 (0.77–0.96) <0.001 26.96 78.9 78.4

HUstd 0.25 ± 0.076 (0.10–0.40) 0.003 18.49 31.6 32.4

HUmax 0.67 ± 0.071 (0.53–0.81) 0.040 82.26 63.2 62.1

HUQ1 0.87 ± 0.048 (0.77–0.96) <0.001 15.22 78.9 78.37

HUQ2 0.85 ± 0.051 (0.75–0.95) <0.001 24.42 78.9 78.4

HUQ3 0.83 ± 0.054 (0.72–0.94) <0.001 37.41 78.9 75.6

GLCM energy 0.29 ± 0.072 (0.15–0.43) 0.013 0.00066 36.8 32.4

GLCM correlation 0.32 ± 0.079 (0.17–0.48) 0.030 0.49 36.8 35.1

GLCM-entropy log 10 0.72 ± 0.072 (0.58–0.86) 0.001 3.203 68.4 67.6

GLCM-entropy log 2 0.72 ± 0.072 (0.58–0.86) 0.001 10.63 68.4 67.5

GLRLM-GLNU 0.76 ± 0.070 (0.62–0.89) 0.002 15.19 73.7 72.9

GLRLM-RLNU 0.73 ± 0.072 (0.59–0.87) 0.005 1046.48 73.7 70.2

NGLDM-coarseness 0.33 ± 0.074 (0.18–0.47) 0.040 0.0045 47.4 32.4

NGLDM-busyness 0.78 ± 0.065 (0.65–0.91) 0.001 0.022 78.9 72.9

GLZLM-GLNU 0.81 ± 0.058 (0.69–0.92) <0.001 14.29 78.6 73.9

GLZLM-ZLNU 0.73 ± 0.072 (0.58–0.87) 0.006 896.77 73.7 70.3

HUmin, hounsfield unit minimum; HUmean, hounsfield unit mean; HUmax, hounsfield unit maximum; AUC, area under the ROC curve; GLCM, gray-level co-occurrence matrix; GLRLM, 
gray-level run-length matrix; GLNU, gray-level non-uniformity; NGLDM, neighborhood gray-level difference matrix; std, standard.

Table 6. Accuracy of radiomic features for differentiating between adrenal metastasis and adrenal pheochromocytoma

  AUC ± std (95% confidence 
interval)

P value Cut-off value Sensitivity (%) Specificity (%)

HU peak sphere 0.5 mL 0.68 ± 0.083 (0.51–0.84) 0.023 0.456 89.3 10.7

GLCM-contrast 0.66 ± 0.079 (0.50–0.81) 0.040 462.22 63.2 62.5

GLCM-dissimilarity 0.66 ± 0.078 (0.50–0.81) 0. 040 16.85 63.2 62.5

GLRLM-GLNU 0.66 ± 0.067 (0.52–0.79) 0. 042 20.35 63.2 64.2

NGLDM-coarseness 0.29 ± 0.065 (0.16–0.42) 0.008 0.0030 73.7 19.6

NGLDM-busyness 0.72 ± 0.064 (0.59–0.84) 0.005 0.0249 68.4 64.2

GLZLM-GLNU 0.71 ± 0.059 (0.59–0.82) 0.007 19.16 68.4 64.3

HU, hounsfield unit; AUC, area under the ROC curve; GLCM, gray-level co-occurrence matrix; GLRLM, gray-level run-length matrix; GLNU, gray-level non-uniformity; NGLDM, 
neighborhood gray-level difference matrix; std, standard.

Table 7. Statistical values of logistic regression models 

Model 1* Model 2** Model 3***

Sensitivity (%) 85.7 100 87.5

Specificity (%) 70.3 100 82

Positive predictive value (%) 81.3 100 36.8

Negative predictive value (%) 76.4 100 98.2

Accuracy (%) 79.5 100 82.7

P value 0.050 <0.001 0.018

*, statistical model between lipid-poor adrenal adenoma and adrenal metastasis; **, statistical model between lipid-poor adrenal adenoma and adrenal pheochromocytoma; ***, 
statistical model between adrenal metastasis and adrenal pheochromocytoma).
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were identified as factors differentiating LPA 
from APh, with ORs of 119.09 and 4.98, re-
spectively. An HU peak sphere of 0.5 mL was 
identified as a factor differentiating ADM 
from APh, with an OR of 4.2.

Discussion
We evaluated the performance of CT-

based TA for differentiating adrenal lesions in 
unenhanced CT images. The results indicate 
that TA in unenhanced CT images may help 
to differentiate adrenal lesion subgroups. 
Numerous TA parameters can be useful for 
the differential diagnosis of adrenal lesions. 
GLCM-homogeneity, GLCM-contrast, GL-
RLM-LGE, and NGLDM-contrast are unique 
identifiers for discrimination, demonstrating 
the highest sensitivity and specificity rates 
(Table 1).

Unenhanced CT, CT washout, and adre-
nal MRI have been used to differentiate LRAs 
from other adrenal masses, with high sensi-
tivities and specificities.3,4 However, there are 
occasionally false-positive diagnoses of LPAs 
that mimic ADM or APh.15 Adrenal LRAs are 
easily identified through contrast-enhanced 
CT using a cut-off of 10 HU.3 Washout CT is 
widely used to differentiate LRA and LPA 
from other adrenal lesions. Johnson et al.16 

reported a sensitivity of 88% and specificity 
of 96% for diagnosing adrenal adenomas 
using absolute percentage washout in CT. 
However, Patel et al.17 revealed that LPA and 
APh have a diagnostic overlap with CT at-
tenuation and washout criteria. Seo et al.18 

compared the ability of MRI and washout CT 
to diagnose LPA and reported sensitivities of 
75.7% and 100% and specificities of 60% and 
80%, respectively. Hypervascular metastases 
in the adrenal gland show a rapid washout 
pattern in CT and cannot be differentiated 
from adrenal adenomas.19 Another diagnos-
tic issue is that hepatocellular carcinomas 
and renal cell carcinomas are rich in intracy-
toplasmic fat, resulting in difficult differen-
tiation from LRAs based on chemical-shift 
MRI.19 Therefore, the diagnostic capabilities 
of unenhanced CT, washout CT, and adrenal 
MRI are limited in terms of definitive differen-
tiation among LPA, ADM, and APh.

TA enables the evaluation of a variety of 
image pixels used to describe the relation-
ships among their gray-level intensity posi-
tions within an image.20 To evaluate the inter-
nal architecture of adrenal lesions, TA can be 
used to quantify intratumoral heterogeneity 
based on the distribution of gray-level values 
and the spatial arrangement of the pixels 
within a given region of interest.20 Previous 

studies have demonstrated that TA helps 
distinguish among adrenal lesions. Shi et al.1 
performed TA using CT to distinguish ADM 
from benign adrenal masses; they used sup-
port vector machine modeling and reported 
an AUC of 0.85 ± 0.03 and accuracy of 77% for 
distinguishing metastatic from benign adre-
nal masses. Yi et al.21 used a texture software 
program (MaZda, version 4.6) to analyze CT 
images to differentiate LPA from APh. Their 
logistic regression model based on four tex-
ture parameters differentiated LPA from APh, 
with a sensitivity, specificity, and accuracy 
of 86.2%, 97.5%, and 94.4%, respectively. 
Sensitivity and specificity were higher in the 
present study; the difference may be related 
to the differences in the software used and 
the higher number of second-order param-
eters in our study. Elmohr et al.22 used TA in 
54 cases of adrenal adenomas and carcino-
mas. Using Boruta random forest modeling, 
they achieved a validated accuracy of 82% 
for differentiating benign from malignant 
adrenal lesions. Ho et al.23 performed a mul-
tivariate logistic analysis of 21 texture fea-
tures, which were combined for each modal-
ity, to show that contrast-enhanced CT and 
chemical-shift MRI could identify malignant 
lesions, whereas unenhanced CT could not, 
in 23 patients (malignant adrenal lesions in 
8 and LPAs in 15). We included more patients 
in our study and a significant difference was 
found between adenomas and malignant 
lesions. Torresan et al.24 used a cutoff mean 
densitometry value of 22.5 HU for con-
trast-enhanced CT TA with a sensitivity and 
specificity of 95% and 100%, respectively.

To differentiate LRAs from other adrenal 
lesions (ADMs and APhs) using TA, 10 first-or-
der and 16 second-order texture parameters 
were identified as statistically significant in 
our study. HU-Skewness, GLCM-Homoge-
neity, and NGLDM-Contrast were the most 
significantly different texture parameters 
between LRA and ADM. LRAs are easily dif-
ferentiated from other lipid-poor adrenal 
lesions using conventional adrenal imaging 
techniques.

It is often difficult to differentiate LPA 
from ADM or APh in daily radiological prac-
tice. LPA is a benign condition that does not 
require surgical treatment. In contrast to pre-
vious studies, we focused on comparisons of 
first-order and second-order texture param-
eters to distinguish among LPA, ADM, and 
APh. 

In our study, LPA was significantly differ-
ent from ADM in appearance, based on 12 
texture parameters in unenhanced CT im-

ages, with high sensitivity and specificity of 
85.7% and 70.3%, respectively. The first-order 
texture parameters GLRLM-LGE, GLRLM-GL-
NU, NGLDM-Busyness, GLZLM low gray-level 
zone emphasis, and GLZLM-GLNU calculated 
on enhanced CT images had positive correla-
tions with ADM. Moreover, HUmean (OR: 3.87), 
GLRLM-LGE (OR: 2.64), and NGLDM-Busyness 
(OR: 5.07) were the texture parameters that 
best differentiated LPA from ADM. Our study 
included a sufficient number of cases to eval-
uate TA using 45 parameters and to construct 
a logistic model based on these texture pa-
rameters, allowing us to predict malignancy 
using TA.

We also evaluated the relationship be-
tween LPA and APh. A comparison of our 
results with those in recent studies that 
evaluated CT for the same clinical questions 
revealed higher sensitivity and specificity 
values for our TA results than those identi-
fied by Yi et al.21. In this study, sensitivity and 
specificity for distinction between LPA and 
APh were 86.2% and 97.5%, respectively. In 
addition, our model predicts APh with high 
accuracy using conventional assessment 
methods in unenhanced CT. Moreover, the 
GLRLM-GLNU value in the second-order TA 
was a statistically significant factor differenti-
ating LPA from APh, with a high OR of 119.09.

Finally, we also evaluated the role of TA 
in differentiating ADM from APh in unen-
hanced CT images. Our logistic regression 
analysis identified an HU peak sphere of 0.5 
mL (OR: 4.2) as a more robust factor differen-
tiating these two lesion types compared with 
the other texture parameters. Our study has 
several limitations. First, the retrospective 
study design was potentially subject to bias. 
Previous studies have indicated that the re-
producibility and variability of TA are affect-
ed by the CT device and technique used. To 
overcome these limitations, we included 140 
patients who underwent unenhanced CT us-
ing the same acquisition protocol performed 
by two different CT scanners. Additional 
studies involving a larger number of cases 
and standardized CT acquisition protocols 
will provide more reliable results. Second, we 
did not include any primary malignant adre-
nal tumors. Although malignant adrenal tu-
mors are rare, ADM being the most common, 
the inclusion of malignant adrenal tumors of 
different histopathological types, especially 
adrenocortical cancer, is needed to improve 
the reliability of our results. Another limita-
tion is that we used two-dimensional analy-
sis, which may have resulted in less available 
information during the data transfer com-
pared with three-dimensional analysis.25 Fi-
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nally, our machine learning program used lo-
gistic regression analysis and SPSS software, 
whereas recent studies have used additional 
texture parameters and specialized machine 
learning programs (i.e., random forest, GBM), 
which can improve the results.

In conclusion, TA parameters in unen-
hanced CT images can be used to differenti-
ate among the four most frequently encoun-
tered adrenal tumors, LRA, LPA, ADM, and 
APh. Differences in texture parameters may 
be related to differences in tumor cellularity, 
lipid content, and biological behavior. The 
addition of TA parameters to CT findings may 
improve the ability of radiologists to distin-
guish LPA from ADM or APh. Unenhanced 
CT-based TA has potential for the diagnosis 
of incidental adrenal lesions, leading to accu-
rate diagnoses and preventing unnecessary 
surgical treatment. Further prospective trials 
in larger populations are needed to verify the 
role and performance of TA in patients with 
adrenal masses.
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Supplementary Table 1. Abdominal CT examination protocols used in patients included in the study

CT scanner I CT scanner II

CT scanner brand Brilliance 16; Philips Medical Systems, best the 
Netherlands

Brilliance 64; Philips Medical Systems, best the 
Netherlands

Reconstructed slice thickness in 3 plane 2.0 mm 2.0 mm

Tube voltage 120 120

mA Automatic tube current modulation activated, 
100–350 mA

Automatic tube current modulation activated, 
100–350 mA

Detector configuration 16 x 1.25 64 x 0.625

Detector collimation 4 x 1.25 16 x 0.625

Effective section thickness 1.25 mm 1.24 mm

Reconstruction interval 2 mm 2 mm

Pitch 1.375 1.75

CT, computed tomography.
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PURPOSE
To investigate the diagnostic efficiency of the kinetic curves of enhanced lesions on contrast-en-
hanced spectral mammography (CESM) and whether they were similar to those of magnetic reso-
nance imaging (MRI).

METHODS
Two hundred and twelve patients with 222 enhanced lesions were included in this prospective 
study. Single-view craniocaudal of an affected breast was acquired at 3, 5, and 7 min after contrast 
media injection. The kinetic patterns of each lesion were evaluated and classified as elevated (type 
I), steady (type II), and depressed (type III). Statistical comparison used the chi-squared test, the 
receiver operating characteristic (ROC) curve, and Cohen’s kappa.

RESULTS
Of 222 enhanced lesions, 140 were breast cancers, and 82 were benign lesions. The distribution of 
the kinetic curves for breast cancer was type I, 3.57%, type II, 35.71%, and type III, 60.72%. As for 
benign lesions, the distribution was type I, 43.90%, type II, 45.12%, and type III, 10.98%. The differ-
ence in the enhancement patterns between benign lesions and breast cancers was significant (P < 
0.001). The likelihood of breast cancer related to a type I, II, and III curve was 12.20%, 57.47%, and 
90.43%, respectively. For the enhancement intensity, the area under curve (AUC) of the ROC curves 
was 0.702 ± 0.036; for enhancement patterns, the AUC increased to 0.819 ± 0.030. Cohen’s kappa 
coefficient was 0.752 (P < 0.001) regarding the kinetic curves for CESM and MRI. 

CONCLUSION
The kinetic patterns on CESM show promise in differentiating between benign lesions and breast 
cancers, with good agreement, when compared with MRI.

KEYWORDS
Breast cancer, contrast-enhanced spectral mammography, contrast agents

You may cite this article as: Rong X, Kang Y, Xue J, Han P, Yang G, Li Z. Contrast-enhanced spectral mammography: are kinetic patterns useful for differential 
diagnoses of enhanced lesions? Diagn Interv Radiol. 2023;29(2):244-250.

Breast cancer is now the most common cancer and the main cause of cancer-related 
death in women. About 2.3 million new breast cancer cases are diagnosed worldwide, 
accounting for nearly 25% of all cancer cases among females.1 Full-field digital mam-

mography (FFDM) and digital breast tomosynthesis are widely used in the screening and 
diagnosis of breast cancer, but some tumors, surrounded mostly by glandular tissue, might 
be missed with both techniques.2 Ultrasound is a commonly used imaging examination for 
dense breasts, but its diagnostic efficacy is operator-dependent.3

Traditionally, dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has 
been considered a sensitive imaging examination for breast cancer detection, and the types 
of the time-intensity curve (TIC) can be used as differential diagnostic criteria for breast-en-
hancing lesions.4,5 However, DCE-MRI has a lengthy examination time and a relatively large 
number of false positive results, leading to additional examinations and biopsies. It is also 
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expensive and not available for all patients.6 
Contrast-enhanced spectral mammography 
(CESM) is a promising new technology. Sim-
ilar to MRI, CESM reflects the angiogenesis 
associated with breast cancer. Fallenberg et 
al.7 and Kim et al.8 showed that CESM and 
MRI had comparable accuracy for breast 
cancer detection. Clauser et al.9 also demon-
strated that CESM had a higher specificity 
than MRI. However, some benign enhanced 
lesions such as fibroadenomas, papillomas, 
hamartomas, intra-mammary nodes, and fat 
necrosis were misdiagnosed as breast cancer 
on CESM.10,11 CESM is a suitable alternative 
to MRI if it can provide morphological and 
kinetic information equivalent to DCE-MRI.

This pilot study aims to evaluate the diag-
nostic efficacy of kinetic curves of enhanced 
lesions on CESM and whether they are simi-
lar to those on MRI.

Methods

Patients

This prospective study was approved by 
the Fourth Hospital of Hebei Medical Uni-
versity ethics committee (no: 2020KY182). 
Written informed consent was obtained 
from all patients. The inclusion criteria were: 
(1) suspected lesions determined by breast 
sonography, mammography, or both; (2) all 
breast lesions confirmed by pathology via ei-
ther percutaneous breast core needle biopsy 
or excision surgery; (3) cases where CESM 
were conducted according to our standard-
ized protocol: conducting craniocaudal (CC) 
views of the normal breast first and CC views 
of the affected breast later acquired at 3, 5, 
and 7 min after a contrast agent injection. Pa-
tients who did not meet the inclusion criteria 
and those who met the following exclusion 
criteria were not accepted to this study: con-
traindications to iodinated contrast media 
and poor image quality. As the study flow 
chart (Figure 1) shows, a total of 212 patients 
(mean age, 48.09 ± 10.17 years; range, 21–74 
years) with 222 lesions were included in this 
study from April 2019 to June 2020.

Image acquisition and assessment 

CESM

CESM was conducted using the Seno-
graphe Essential (GE Healthcare), which is 
equipped with an amorphous silicon flat pan-
el detector. All patients received an intrave-
nous injection of iodine contrast media (370 
mg iodine/mL, 1.22 mL/kg body weight, flow 
rate 3 mL/s) through the antecubital vein. 
Two min after the injection, bilateral breast 
images were obtained by the sequence of 
contralateral CC projection, and ipsilateral 
CC projection acquired at 3 (a relatively early 
phase), 5, and 7 min (a relatively late phase) 
with the breast compressed after a contrast 
agent injection. For each exposure, both the 
low-energy and high-energy images were 
obtained. The recombined images were ac-
quired by automated post-processing. In 
the recombined CESM images, a region of 
interest (ROI) was manually delineated by 
two radiologists (readers A and B), and the 
signal values of enhanced lesions and the 
percentage signal difference between the 
enhanced lesion and the background (%RS), 
according to the enhancement formula (S’c 
– S’b) / S’b × 100%,12 were measured to eval-
uate enhancement intensity, where S’c and 
S’b were signal values in the ROI of the breast 
lesion and the background, respectively. 
The enhancement formula (%RS1 – %RS2) / 
%RS2 × 100% was applied to calculate the 
value of the pattern of kinetics curves, where 
%RS1 and %RS2 were %RS values measured 

in the CC projection at 3 and 7 min after the 
injection, respectively. An ROI was selectively 
placed in the areas of the breast lesion with 
the fastest and strongest enhancement, and 
its size varied with the size of the enhanced 
lesion ranging from 5 to 216 mm2. Attention 
was given to keeping the ROI in the same 
location of the lesion and at the exact sizes 
at each time point to ensure the accuracy of 
the curve measurement. The ROI of the back-
ground was placed in an area of the most 
homogeneous fatty tissue, far away from 
the enhanced focus or breast parenchyma. 
The enhancement intensity was measured 
at the first postcontrast image (3 min). The 
patterns of the kinetic curve were classified 
into three categories: (1) type I, elevated 
pattern (the enhancement increased more 
than 10%), (2) type II, steady pattern (the 
enhancement changed within 10%), and (3) 
type III, depressed pattern (the enhancement 
decreased more than 10%) (Figure 2).

MRI

All breast MRI examinations were con-
ducted on a 1.5T MR scanner (Signa HDe, 
GE Healthcare) with dedicated phased-array 
breast-surface coils. Patients were in a prone 
position, with naturally sagging breasts. The 
DCE-MRI was performed using volume imag-
ing for the breast assessment (VIBRANTI) and 
fat-suppressed technology with the follow-
ing scanning parameters: repetition time 5.6 
ms, echo time 1.0 ms, the field of view 320 
mm, flip angle 15°, matrix 320 × 288, slice 

Main points

•	 The kinetics of the contrast agent can be 
evaluated using contrast-enhanced spectral 
mammography (CESM).

•	 Contrast agent kinetic patterns on CESM 
show good performance in differentiating 
between benign and malignant breast-en-
hanced lesions.

•	 The kinetic patterns on CESM are similar to 
those on magnetic resonance imaging.

Figure 1. The flow of the study. CESM, contrast-enhanced spectral mammography.
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thickness 1.2 mm without an intersection 
gap, and an imaging time of 62 s per dynam-
ic image. The dynamic series included eight 
dynamic images: one was acquired before 
and seven following a 30 s delay after the 
intravenous injection of Gadoterate meglu-
mine (0.1 mmoL/kg body weight) at a flow 
rate of 3 mL/s. The MRI-enhanced images 
were acquired between 1 min and 7 min 12 s.

Statistical analysis

Data analysis and graphical work were 
performed using SPSS Statistics (version 
21.0, IBM, Armonk, NY) and GraphPad Prism 
8.0. The Kolmogorov–Smirnov test was used 
to assess the normality of the data. Descrip-
tive data statistics were presented with n 
(%), and normal distributions were shown as 
mean ± standard deviation. The independ-
ent samples t-test and the One-Way analysis 
of variance were used to compare the differ-
ence in enhancement degree (%RS) in differ-
ent lesion types, followed by multiple com-
parisons using the least significant difference 
test. A chi-squared test was used to test the 
significance of the curve-type distribution in 
benign and malignant breast lesions. The re-
ceiver operating characteristic (ROC) analysis 
was performed to evaluate the diagnostic 
performance of enhancement intensity and 
patterns on the CESM, and the areas under 
the curve (AUCs) were calculated and shown 
as AUC ± standard error. The best cut-off 
value was determined using the Youden in-
dex. Qualitative agreement between CESM 
and MRI and the inter-reader agreement in 
contrast agent kinetics were analyzed using 
Cohen’s kappa. A kappa coefficient of ≤0.20 
indicated poor agreement; 0.21–0.40, fair 
agreement; 0.41–0.60, moderate agreement; 
0.61–0.80, good agreement; and >0.80, ex-
cellent agreement.13 For all tests, a two-sided 
P value of <0.050 was considered statistically 
significant. 

Results

Diagnosis of lesions

Of the 222 enhanced lesions, 140 (63.06%) 
were breast cancers, consisting of 116 
(52.25%) infiltrating cancers and 24 (10.81%) 
non-infiltrating cancers (ductal carcinoma 
in situ). The infiltrating cancers included 104 
invasive ductal cancers not otherwise spec-
ified, 8 papillary carcinomas, 1 metaplastic 
carcinoma, 1 apocrine carcinoma, 1 muci-
nous cancer, and 1 invasive lobular cancer. 
Of the 82 (36.94%) benign lesions, 24 were 
adenosis, 23 fibroadenomas, 19 intraduct-
al papillomas, 11 inflammatory lesions, 3 

cysts with  infection, 1 phyllodes tumor, and 
1 myofibroblastic neoplasia. All the diagno-
ses were confirmed by core needle biopsy or 
excisional biopsy.

Enhancement intensity on CESM

The comparison of %RS by lesion type is 
presented in Figure 3. In the malignant lesion 
group, the mean %RS was 4.50 ± 2.20 (4.77 
± 2.18 for infiltrating cancers, 3.58 ± 2.02 for 
non-infiltrating cancers), while in the benign 
lesion group, the mean %RS was 3.19 ± 1.81. 
The comparison between %RS for the benign 
and malignant groups was statistically signif-
icant (P < 0.001). There was a significant sta-
tistical difference in %RS among the benign 
lesions, non-infiltrating cancers, and infiltrat-
ing cancers groups (P < 0.001, Table 1). The 

%RS of infiltrating cancers was higher than 
non-infiltrating and benign lesions (P = 0.004, 
P < 0.001). There was no significant difference 
between %RS for the non-infiltrating cancers 
and benign lesions (P = 0.337). 

Enhancement patterns of CESM

Among breast cancers, a type III curve ac-
counted for 60.72% (85 of 140), a type II curve 
for 35.71% (50 of 140), and a type I curve for 
3.57% (5 of 140). As for benign lesions, a type 
I curve occurred in 43.90% (36 of 82), a type 
II curve was seen in 45.12% (37 of 82), and a 
type III curve presented in 10.98% (9 of 82). 
The difference in enhancement patterns be-
tween malignant and benign lesions was sig-
nificant (P < 0.001, Table 2). Table 3 provides 
the enhancement patterns of CESM in differ-

Figure 2 The patterns of the kinetic curve. Any change from −10% to 10% was considered a steady pattern, 
more than 10% was considered an elevated pattern, and less than −10% was considered a decreased 
pattern.

Figure 3. (a, b) Comparison of %RS with lesion type. SD, standard deviation.

a b
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ent histopathological results. The likelihood 
of breast cancer related to a type I, II, and III 
curve was 12.20% (5 of 41), 57.47% (50 of 87), 
and 90.43% (85 of 94), respectively.

The ROC analysis results 

For the enhancement intensity, the AUC 
was 0.702 ± 0.036 [95% confidence interval 
(CI) from 0.631 to 0.773, P < 0.001]. Accord-
ing to the Youden index, the optimal cut-off 
value of %RS for the differentiation between 
benign and malignant lesions was 3.60, sen-
sitivity was 64.00%, specificity was 72.00%, 
accuracy was 66.20%, positive likelihood 
ratio was 2.14, and negative likelihood ratio 
was 0.50. For enhancement patterns, the 
AUC increased to 0.819 ± 0.030 (95% CI from 
0.761 to 0.877, P < 0.001). Figure 4 shows the 
ROC curves. The difference between the two 

AUC values was statistically significant (P < 
0.001). 

Inter-reader variability of enhancement 
pattern classification

In 91.89% (204 of 222) of cases, the two 
readers had consistent results in enhance-
ment patterns. In the 18 (8.11%) cases with 
inconsistent classification, there were differ-
ences between type I and type II or type II 
and type III. There was no difference in classi-
fication between type I and type III (Table 4). 
The kappa coefficient was 0.873 (P < 0.001), 
indicating excellent inter-reader agreement.

Comparison of enhancement patterns in 
CESM and MRI

One hundred twenty patients with 120 
lesions underwent CESM and MRI examina-

tion. Comparing the types of kinetic curves 
on CESM and MRI, the results showed that 
the accordance rate between the two ex-
amination methods was 85.00%, of which 
10.00% (12 of 120) were type I curve, 35.83% 
(43 of 120) were type II, 39.17% (47 of 120) 
were type III (Figure 5), and the other 15.00% 
(18 of 120) had inconsistent kinetic curves 
(Table 5). Cohen’s kappa coefficient for CESM 
and MRI was 0.752 (P < 0.001), indicating 
good agreement (0.6–0.8). 

Discussion
The CESM technique is an emerging mo-

dality that combines traditional mammog-
raphy with administering an intravenous 
contrast agent and is increasingly being 
used in diagnostics to differentiate benign 
lesions from breast cancers. Most malignant 
lesions are hypervascular, with immature 
tumor blood vessels. Hence, malignant le-
sions usually exhibit earlier and stronger en-
hancement than benign lesions.4,14 This study 
showed a significant correlation between 
a lesion’s enhancement intensity (%RS) on 
CESM and malignancy. The enhancement 
intensity of benign lesions was lower than 
that of malignant tumors, and the degree of 
enhancement of benign lesions and non-in-
vasive cancers was lower than invasive can-
cers, consistent with the results of Rudnicki 
et al.12,15 Nonetheless, the diagnostic effi-
ciency is low (accuracy was 66.20%, AUC was 
0.702 ± 0.036) if the differentiation between 
benign and malignant lesions depends on 
the enhancement intensity. To further im-
prove the diagnostic efficiency of CESM, this 
study investigated enhancement patterns 
on CESM between benign lesions and breast 
cancers. The preliminary research indicated 
that the difference in enhancement patterns 
on CESM between malignant and benign 
lesions was significant, and the AUC was 
0.819 ± 0.030. In breast cancers, the steady or 
depressed patterns (type II or III) were dom-
inant. On the contrary, benign lesions main-
ly showed an elevated and steady pattern 
(type I or II). According to the results of this 
study, the likelihood of breast cancer related 
to a type III curve was 90.43%, whereas the 
likelihood of breast cancer related to a type I 
curve was only 12.20%. 

Table 1. Descriptive and multiple comparison statistics

Type of lesion
P (ANOVA)

P (LSD)

Benign (A) Non-infiltrating cancers (B) Infiltrating cancers (C) A vs. B A vs. C B vs. C

%RS (mean ± SD) 3.19 ± 1.81 3.58 ± 2.02 4.77 ± 2.18 <0.001 0.337 <0.001 0.004

A, benign; ANOVA, One-Way analysis of variance; B, non-infiltrating cancers; C, infiltrating cancers; LSD, least significant difference; SD, standard deviation.

Table 2. Kinetic patterns on CESM between benign and malignant breast lesions

Kinetic pattern Benign lesions n (%) Malignant lesions n (%) P value

Type I 36 (43.90) 5 (3.57)

<0.001Type II 37 (45.12) 50 (35.71)

Type III 9 (10.98) 85 (60.72)

CESM, contrast-enhanced spectral mammography.

Table 3. Enhancement patterns on CESM in different histopathological results

Type of lesion
Type of curve

Type I 
n (%)

Type II 
n (%)

Type III 
n (%)

Total 
n (%)

Benign

Adenosis 8 (22.22) 15 (40.54) 1 (11.11) 24 (29.27)

Fibroadenoma 16 (44.44) 4 (10.81) 3 (33.33) 23 (28.05)

Intraductal papilloma 4 (11.11) 11 (29.73) 4 (44.45) 19 (23.17)

Inflammatory lesion 4 (11.11) 6 (16.22) 1 (11.11) 11 (13.41)

Cysts with infection 3 (8.34) 0 (0.00) 0 (0.00) 3 (3.66)

Phyllodes tumor 0 (0.00) 1 (2.70) 0 (0.00) 1 (1.22)

Myofibroblastic neoplasia 1 (2.78) 0 (0.00) 0 (0.00) 1 (1.22)

Total 36 37 9 82

Malignant

Invasive ductal cancer 2 (40.00) 30 (60.00) 72 (84.70) 104 (74.29)

Ductal carcinoma in situ 3 (60.00) 15 (30.00) 6 (7.06) 24 (17.15)

Papillary carcinoma 0 (0.00) 3 (6.00) 5 (5.88) 8 (5.72)

Metaplastic carcinoma 0 (0.00) 0 (0.00) 1 (1.18) 1 (0.71)

Apocrine carcinoma 0 (0.00) 0 (0.00) 1 (1.18) 1 (0.71)

Mucinous cancer 0 (0.00) 1 (2.00) 0 (0.00) 1 (0.71)

Invasive lobular cancer 0 (0.00) 1 (2.00) 0 (0.00) 1 (0.71)

Total 5 50 85 140

CESM, contrast-enhanced spectral mammography.
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Until now, there have been only a few 
studies about the kinetic investigation of 
CESM. Jong et al.16 and Dromain et al.17 con-
ducted a small sample study using a tempo-
ral subtraction method instead of a dual-en-
ergy approach to CESM. In their studies, a 
mask image and a post-contrast image were 
obtained before and after the injection of a 
contrast agent, and a subtraction image was 
derived from imaging post-processing. Their 
technique was more susceptible to motion. 
Jong et al.16 showed that 4 of 10 (40%) breast 
cancer lesions had a plateau curve, 3 of 10 
(30%) presented with a washout curve, 1 of 
10 (10%) had increasing enhancement, and 
2 of 10 (20%) had no enhancement. Due to 
a limited number of patients, statistical sig-
nificance was not measured in that study. In 
the study by Dromain et al.17, they acquired 
the images from 30 s to 7 min and consid-
ered early if the enhancement peak was be-
fore 1 min 30 s. In their few cases, gradually 
increasing enhancement (35%, 7/20) was 
the most common kinetic curve observed 
in breast cancers, and a washout curve was 
only found in 20% of cases. They considered 
that the discrepancy between kinetic curves 
observed using CESM and MRI might be due 
to the compression of the breast, which may 
alter blood flow. In addition, the different ki-
netic patterns may be caused by the differ-

ence in acquisition times. Recent studies18-20 

showed that the comparison of enhance-
ment patterns on CESM between malignant 
and benign lesions was significant. Deng et 
al.18 used the time interval between the CC 
projection and mediolateral (MLO) projec-
tion to assess relative enhancement patterns. 
Among the relative enhancement patterns, 
the incidence of malignant and benign le-
sions was 73.08% (19/26) and 26.92% (7/26) 
in the elevated pattern, 92.86% (13/14) and 
7.14% (1/14) in the steady pattern, 94.29% 
(66/70) and 5.71% (4/70) in the depressed 
pattern, and 20.0% (32/40) and 80.00% (8/40) 
in non-enhancement lesions, respectively. 
Liu et al.19 also evaluated the enhancement 
patterns based on two different views of CC 
and MLO. This may affect the results since the 
tissues superimposed and adjacent to the le-
sions will be different in different positions. 
Reported in their study was an accordance 
rate of 64.2% for enhancement patterns on 
CESM and MRI. The study by Huang et al.20 
demonstrated that the washout pattern was 
significantly associated with malignant le-
sions at 2–4 and 2–10 min frames based on 
two readers’ interpretations. However, they 
did not evaluate the diagnostic efficacy of 
enhancement patterns on CESM in detail, nor 
did they compare it with TIC on MRI. All imag-
es in that study were obtained on MLO view 

without releasing the paddle. The enhance-
ment of suspicious lesions was semi-quanti-
tatively analyzed using a 10-point grayscale 
reference bar. 

In the present study, the CC view was 
used because it was easier for the patients 
to remain motionless in this projection.16,17 
The patients’ motion can cause faulty kinetic 
curves. Thus, care was taken to keep the ROI 
at the same position of the lesion at each im-
aging time point.21 Only three CC views were 
performed on the affected breast to reduce 
the patients’ radiation dose. Because the 
signal value differences of the lesions at dif-
ferent time points after enhancement were 
small in absolute values, and the pre-con-
trast signal values on the recombined imag-
es of breast lesions were roughly equal to the 
post-contrast signal values of background, 
the %RS on CESM was used to make it com-
parable to DCE-MRI.12

Some studies have shown a significant 
correlation between enhancement patterns 
and a moderate agreement (Cohen’s kappa 
coefficient was 0.438 and 0.515) between 
contrast-enhanced digital breast tomosyn-
thesis or CESM and MRI.19,22 By comparing 
the enhancement patterns of CESM and MRI, 
we found that the accordance rate of the 
two examination methods was 85.0%, and 
the agreement was good (Kappa coefficient: 
0.752). 

The present study had some limitations. 
Firstly, this study had a limited number of pa-
tients from a single institution. Nonetheless, 
the sample size in this study was the largest 
for kinetic curves on CESM. Secondly, the 
radiation dose of CESM was not considered. 
Previous studies have shown that the com-
bined radiation dose estimated from low- 
and high-energy views is about 1.2 times 
that of conventional FFDM.11,23 The dose 
values of CESM meet the recommendations 
for the maximum dose in mammography.24 
Although the radiation dose is increased, 
CESM provides radiologists with a standard 
low-energy image (similar to FFDM) and a 
recombined image highlighting angiogene-
sis areas. In the future, when a CESM exam-
ination is planned, additional FFDM can be 
avoided, with the possibility of saving up to 
48.5% of the radiation dose (depending on 
the system used).25 This study’s authors plan 
to explore ways to reduce radiation doses 
in further studies. Thirdly, CESM was not ar-
ranged according to the patients’ menstrual 
cycles. The background parenchymal en-
hancement may be more obvious in patients 
with CESM before menstruation, which will 

Table 4. Comparison of enhancement patterns between reader 1 and reader 2

Reader 1
Reader 2

Total
Type I Type II Type III

Type I 41 1 0 42

Type II 2 78 9 89

Type III 0 6 85 91

Total 43 85 94 222

Figure 4. Receiver operating characteristic curves for enhancement intensity and enhancement patterns. 
ROC, receiver operating characteristic.
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affect the accuracy of the measurement re-
sults. In addition, the enhancement patterns 
in breast cancers with different histopathol-
ogy were not discussed because of the small 
number of patients in each subtype. Finally, 
there is no commercial tool for the quanti-
tative analysis of the kinetic curve on CESM. 

The ROI was drawn manually, which was sub-
jective and time-consuming. The inter- and 
intra-observer reproducibility may be poor. 
Nevertheless, this study demonstrated that 
the agreement was excellent (Kappa coeffi-
cient: 0.873) for the curve types between the 
two readers.

In conclusion, our results showed that the 
kinetic pattern of enhanced lesions on CESM 
effectively differentiates benign from malig-
nant breast lesions, with good agreement, 
when compared with MRI.
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Figure 5. An invasive ductal carcinoma in the left breast of a 45-year-old woman. An early post-contrast magnetic resonance image depicts a strongly enhancing 
lesion (a). The time-signal intensity curve of the mass on magnetic resonance imaging shows a washout time course (b). The subtraction images of contrast-
enhanced spectral mammography (CESM) obtained 3, 5, and 7 min after the contrast agent injection show a round circumscribed mass, and the enhancement 
intensity decreases with time (c-e). The kinetic curve of contrast enhancement derived from the receiver operating characteristics drawn in this lesion on CESM 
shows a depressed pattern (f).

a

d e f

b c

Table 5. Comparison of enhancement patterns between CESM and MRI

CESM
MRI

Total
Type I Type II Type III

Type I 12 3 0 15

Type II 4 43 4 51

Type III 0 7 47 54

Total 16 53 51 120

CESM, contrast-enhanced spectral mammography; MRI, magnetic resonance imaging.
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PURPOSE
To evaluate the image quality and tumor morphology depiction ability of high resolution (HR) dif-
fusion-weighted imaging (f-DWI) in comparison to conventional DWI (c-DWI) and dynamic con-
trast-enhanced magnetic resonance imaging (DCE-MRI) in the primary breast cancer setting. 

METHODS
The f-DWI, c-DWI, and DCE-MRIs of 160 malignant breast masses were evaluated retrospectively by 
two independent radiologists. Data on image quality [sharpness, distortion, and perceived signal-
to-noise ratio (SNR)], apparent diffusion coefficient (ADC) value, lesion size, and tumor morphology 
(shape, margin, and internal pattern) obtained on f-DWI, c-DWI, and DCE-MRI were compared. Con-
sistency between the readers and imaging methods for morphological parameters was analyzed. 

RESULTS
The ADC values measured on f-DWI were significantly lower than those measured on c-DWI for 
both readers (P < 0.001 for each), whereas mean lesion size was significantly larger in c-DWI than in 
f-DWI and DCE-MRI for both readers (P < 0.001 for each). Higher consistency values were obtained 
for f-DWI compared with c-DWI when correlated with DCE-MRI for each morphological parame-
ter. The least distorted images were obtained using DCE-MRI compared with c-DWI and f-DWI for 
both readers, whereas the highest distortion scores were obtained using c-DWI. Sharpness and per-
ceived SNR scores were rated as significantly higher for f-DWI and DCE-MRI images compared with 
c-DWI by both readers (P < 0.001 for all). The concordance between c-DWI and DCE-MRI was fair to 
slight (κ = 0.15 to 0.41), whereas concordance between f-DWI and DCE-MRI was significantly better 
(κ = 0.68 to 0.87) for each reader and for all morphological parameters (P < 0.001). The highest con-
cordance between the readers was achieved in margin assessment (κ = 0.87 to 0.89) regardless of 
the MRI method, followed by shape and internal pattern parameters (κ = 0.63 to 0.79).

CONCLUSION
The results demonstrated that f-DWI produces higher-quality images than c-DWI, enabling the 
morphological features to be identified in similar detail to that offered by HR DCE-MRI. Accordingly, 
f-DWI, as a method that highly correlates with DCE in determining the morphological character-
istics of breast cancers, seems to have potential in the evaluation of breast tumors in patients for 
whom the use of contrast media is contraindicated.

KEYWORDS
Breast cancer, conventional, high resolution diffusion weighted, magnetic resonance imaging, tu-
mor morphology
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Magnetic resonance imaging (MRI) 
techniques have become increas-
ingly used as the preferred imag-

ing modality for the diagnosis, staging, and 
follow-up of breast cancer.1,2 Dynamic con-
trast-enhanced (DCE) MRI series are routinely 
used because of their high contrast and spa-
tial resolution; however, contrast agent-re-
lated side effects or contraindications such 
as renal insufficiency or known allergic reac-
tions are the major drawbacks of this tech-
nique.3,4 Diffusion-weighted imaging (DWI), a 
non-contrast MRI method based on the pro-
duction of images from the random Brown-
ian motion of water molecules, is considered 
highly effective in the differential diagnosis 
of breast tumors and is commonly applied as 
an adjunct to DCE-MRI for breast imaging.5,6 

Conventional DWI (c-DWI), applied using 
single-shot echo-planar imaging (ss-EPI) in 
most cases, is considered favorable because 
of its speed. However, low spatial resolution; 
the high frequency of distortion, blurring, 
and artifacts; and low signal-to-noise ratio 
(SNR) are some of the major disadvantages 
of this technique.7,8 With recent technologi-
cal advances, high-resolution (HR) DWI has 
become a popular method with its increased 
spatial resolution and reduction in artifacts 
and distortions, compared with c-DWI.9-11 

One of the improved HR-DWI approach-
es is to implement a reduced field-of-view 
(rFOV) acquisition. This is a technique called 
focus DWI (f-DWI), which aims to shorten the 
required readout duration for ss-EPI.2,12,13 The 
manner in f-DWI differs from other rFOV tech-
niques is in terms of active excitation of the 
imaging region of interest (ROI) itself, which 
does not necessitate outer-volume suppres-
sion pulses, with a likelihood of potentially 
higher specific absorption rates.14 In contrast 
to inner-volume methods, this technique al-
lows contiguous multislice imaging without 

the need for a slice skip15 and concomitantly 
suppresses the signal from fat, which is con-
sidered to be important in breast imaging.2

Although HR-DWI is mainly used in the 
field of neuroradiology, its importance in 
breast imaging has also been emphasized in 
recent years.9-11 In breast imaging, c-DWI has 
mainly been used for the quantitative eval-
uation [determination of apparent diffusion 
coefficient (ADC) values] of breast lesions. 
However, obtaining high-quality images us-
ing HR-DWI demonstrated that DWIs can also 
be used qualitatively, such as for determin-
ing tumor morphology. In this context, there 
are a few publications comparing the com-
patibility of HR-DWI with c-DWI and DCE-MRI 
in determining the morphological features 
of breast lesions. However, in these studies, 
conducted with small numbers of patients, 
the aim was to compare the image quality 
rather than evaluate the morphological fea-
tures in detail.2,11,16-20 

In this study with the participation of a 
large number of patients with breast can-
cer, the aim was to compare f-DWI with both 
c-DWI and DCE-MRI in characterizing all mor-
phological features (shape, margin, internal 
pattern, and size) of the tumor and in terms 
of image quality.

Methods

Study population

A total of 175 patients who had under-
gone breast MRI, including both f-DWI and 
c-DWI, using a 3T MRI scanner and who had 
a pathologically proven breast cancer di-
agnosis were included in this retrospective 
study conducted between November 2014 
and September 2017. Patients with available 
data on three methods (f-DWI, c-DWI, and 
DCE-MRI) of imaging with sufficient image 
quality were included in the study. Non-mass 
enhancement, focus-type lesions, cysts, con-
comitant neoadjuvant chemotherapy, and 
insufficient image quality were the exclusion 
criteria of the study. After the exclusion of 11 
patients in the c-DWI group, 5 patients in the 
f-DWI group, and 4 patients in the DCE-MRI 
group upon detection of motion artifacts af-
fecting image quality, a total of 155 consec-
utive patients with 160 breast tumors com-
prised the study population. 

The ethics committee of our university 
hospital approved this study (date of approv-
al: 16/06/2017; reference number/protocol 
no: 2017/96). Informed consent was waived 
due to the retrospective design of the study. 

Study parameters

Data on ADC values (10-3  mm2/s), lesion 
size (mm), tumor morphology (shape, mar-
gin, and internal pattern), image quality 
(sharpness, distortion, and perceived SNR) 
obtained using f-DWI, c-DWI, and DCE-MRI 
were compared. Consistency analyses be-
tween the two DWI methods and DCE-MRI 
were performed for both morphological pa-
rameters and image quality. Interobserver 
agreement was also analyzed.

Magnetic resonance imaging methods

MRI scanning was performed using a 
3.0-T MR (GE Healthcare Discovery MR750, 
Waukesha, WI, USA) together with a 16-chan-
nel dedicated breast coil. Patients lay in a 
prone position, with the breasts inside the 
breast coil. A survey sequence was followed 
by axial T1-weighted (T1W) sequence and 
fat-saturated T2-weighted (T2W) fast spin-
echo sequence for both breasts prior to con-
trast administration to avoid signal alteration 
as a result of the injected gadolinium.  For 
DCE-MRI, the contrast agent gadobutrol 
(Gadovist, Bayer Schering Pharma, Berlin, 
Germany) was injected (0.1 mmoL/kg bolus 
injection, flow rate of 2 mL/s), and then the 
residual contrast agent in the catheter was 
rinsed with 20 mL of saline at the same rate. 
After the injection, six phases of volume im-
aging for breast assessment (VIBRANT-Flex) 
were employed, with approximately 60-s 
intervals between each phase and a total 
scanning of 410 s [repetition time (TR) 3.9 
ms, shortest echo time TE, flip angle 12, FOV 
360–360 mm, matrix 320–320, layer thick-
ness 1.4 mm). 

Subsequently, c-DWI and then f-DWI were 
performed before the contrast injection by 
using the same b-values (0–800 s/mm2). The 
target for f-DWI was determined by review-
ing the clinical and conventional imaging 
findings and with the assistance of non-con-
trast MRI (axial fat-saturated T2W and T1W 
images). A combined sequence using the 
array spatial sensitivity encoding technique 
was conducted prior to scanning. The scan-
ning parameters of c-DWI and f-DWI were a 
TR of 3600 ms, FOV of 360–360 mm, matrix 
of 160–160 of matrix, shortest TE, 1 mm gap, 
4 mm slice thickness, bandwidth of 250, and 
6 excitations. The scanning time was 76 s for 
c-DWI and 164 s for f-DWI.

Morphological analysis

All MR images were reviewed retrospec-
tively by two dedicated breast radiologists 
(YM and NOM, who had 6-years’ and 4-years’ 

Main points

•	 In determining the morphological charac-
teristics of primary breast cancer, high-res-
olution (HR) diffusion-weighted imaging 
(f-DWI) shows good consistency with dy-
namic contrast-enhanced magnetic reso-
nance imaging and is superior to conven-
tional DWI (c-DWI).

•	 Having less distortion and obtaining a high-
er perceived signal-to-noise ratio and sharp-
ness significantly increases the image quali-
ty of f-DW images compared with c-DWI.

•	 High-quality images obtained with f-DWI 
will positively increase the problem-solv-
ing ability of c-DWI, especially in situations 
where contrast material cannot be used.
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experience of breast imaging, respective-
ly) blinded to the clinical history and other 
primary imaging findings. The radiologists 
independently evaluated the morphological 
features of the masses in separate sessions 
for f-DWI, c-DWI, and DCE-MRI at 3-week in-
tervals on a GE Healthcare workstation (ADW 
4.5, GE Healthcare, Waukesha, WI, USA). The 
shape, margin, and internal pattern of each 
case were evaluated on high b value (800 s/
mm2) f-DWI and c-DWI images and on sub-
tracted and non-subtracted DCE-MR images 
obtained in the second minute postcontrast. 
Morphological descriptors defined in the 
fifth edition of the American College of Ra-
diology Breast Imaging Reporting and Data 
System (BI-RADS)21 were used.  Accordingly, 
the shapes of the masses were categorized as 
round, oval, and irregular. The margins of the 
masses were categorized as circumscribed 
and non-circumscribed, and the internal pat-
terns of the masses were categorized as ho-
mogeneous, heterogeneous, and rim type. 
The internal enhancement pattern was ar-
ranged as an internal pattern to be compat-
ible with DWI, which is an unenhanced im-
aging method. The ADC values on the DWIs 
and the longest diameter of the masses on 
the axial slices in each imaging method (high 
b values of DWIs and subtracted postcontrast 
2nd minute images of DCE) were measured. 
The ADC measurement was performed by 
placing circular ROIs within the targeted le-
sion on ADC maps. The portion of the lesion 
showing the most diffusion restriction was 
determined visually, and the mean ADC mea-
surements were performed from this area. A 

circular ROI was placed inside the lesion and 
made as large as possible while avoiding cys-
tic, necrotic or hemorrhagic areas and obvi-
ous artifacts. The ROI size was set at ≥2 cm2. 
For each lesion, at least three measurements 
were taken, and the lowest value was used.

Analysis of image quality

After the analysis of the morphological 
features of the breast tumors, another ses-
sion was organized to evaluate the quality of 
the f-DWI, c-DWI, and DCE-MR images. Both 
readers independently evaluated all imaging 
methods simultaneously. Image quality was 
evaluated in three categories: sharpness (5 
point scale: 1 = unsharp to 5 = very sharp), 
distortion (4-point scale: 0 = no distortion 
to 3 = severe distortion), and perceived SNR 
(5-point scale: 1 = very poor to 5 = excellent). 

Statistical analysis

Statistical analysis was performed using 
SPSS 15.0 software (SPSS Inc., Chicago, IL, 
USA) and the MedCalc package (version 16.8, 
Ostend, Belgium). Descriptive statistics of the 
data are presented as n (%). Non-normalized 
variables are presented as median (range), 
and normal distributions are presented as 
mean ± standard deviation. The Kolmogor-
ov–Smirnov test was used to show deviation 
from the normal distribution. The non-para-
metric Wilcoxon test (Table 1) was used by 
each reader to compare the ADC values ob-
tained in c-DWI and f-DWI. A paired t-test  
(Table 2) was used to compare lesion size 
measured on f-DWI and DCE-MRI with lesion 
size measured on c-DWI for the same reader. 

The Freidman test with the Bonferroni cor-
rection was used to compare the sharpness, 
distortion, and perceived SNR scores (cate-
gorized in Table 3; the readers rated image 
quality on point scales) measured on f-DWI, 
c-DWI, and DCE-MRI by the same reader. The 
Wilcoxon test was used for pairwise com-
parisons. Agreement between methods and 
readers was evaluated using Cohen’s kappa 
coefficients and intraclass correlation (ICC), 
and expressed using kappa and ICC values, 
with 0.81–1.00, 0.61–0.80, 0.41–0.60, 0.21–
0.40, and 0.10–0.20 indicating a very good, 
good, moderate, fair, and slight strength 
of agreement, respectively.22,23 P < 0.05 was 
considered significant.

Results
In the current study, 160 malignant breast 

mass lesions (multifocal tumors in four pa-
tients and bilateral breast cancer in one 
patient) were evaluated, including invasive 
ductal carcinoma with no special type (n = 
135), invasive lobular carcinoma (n = 9), mu-
cinous carcinoma (n = 8), ductal carcinoma in 
situ (n = 3) , malignant phyllodes tumor (n = 
2), medullary carcinoma (n = 2), and tubular 
carcinoma (n = 1). The median age of the pa-
tients was 52 years (range 17–87 years). 

Breast lesion characteristics on imaging 
analysis

The ADC values measured on f-DWI were 
significantly lower than those measured on 
c-DWI for both readers (P < 0.001) (Table 1). 

The tumor shape was considered to be 

Table 1. Breast tumor characteristics on c-DWI, f-DWI, and DCE-MRI 

Reader 1 Reader 2

c-DWI f-DWI DCE-MRI c-DWI f-DWI DCE-MRI

ADC (x10-3 mm2/s), median (range) 0.95 (0.55–1.97) 0.83 (0.24–1.82) - 0.93 (0.55–1.90) 0.88 (0.24–1.87) -

P value of ADC <0.001 <0.001

Tumor morphology, n (%)

Shape

Round 54 (33.75) 16 (10.00) 13 (8.12) 52 (32.50) 31 (19.38) 27 (16.88)

Oval 37 (23.12) 18 (11.25) 26 (16.25) 26 (16.25) 21 (13.12) 21 (13.12)

Irregular 69 (43.13) 126 (78.75) 121 (75.63) 82 (51.25) 108 (67.50) 112 (70.00)

Margin

Circumscribed 92 (57.50) 47 (29.37) 52 (32.50) 100 (62.50) 68 (42.50) 60 (37.50)

Non-circumscribed 68 (42.50) 113 (70.63) 108 (67.50) 60 (37.50) 92 (57.50) 100 (62.50)

Internal pattern

Homogeneous 93 (58.13) 24 (15.00) 20 (12.50) 82 (51.25) 45 (28.12) 48 (30.00)

Heterogeneous 37 (23.12) 56 (35.00) 60 (37.50) 50 (31.25) 64 (40.00) 67 (41.88)

Rim type 30 (18.75) 80 (50.00) 80 (50.00) 28 (17.50) 51 (31.88) 45 (28.12)

c-DWI, conventional diffusion-weighted imaging; f-DWI, focus diffusion-weighted imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; ADC, apparent 
diffusion coefficient.



 

254 • April 2023 • Diagnostic and Interventional Radiology Metin et al.

irregular in most cases regardless of the MRI 
method; however, the tumor margin was de-
fined as circumscribed in c-DWIs (57.50% of 
cases for reader 1; 62.50% of cases for reader 
2) and non-circumscribed in f-DWI (70.63% 

of cases for reader 1; 57.50% of cases for 
reader 2) and DCE-MRI (67.50% of cases for 
reader 1; 62.50% of cases for reader 2) by 
both readers. The tumor internal pattern was 
defined as homogeneous in c-DWI by both 

readers (58.13% of cases for reader 1; 51.25% 
of cases for reader 2), whereas reader 1 de-
fined it as rim type (50% of cases with both 
methods) and reader 2 as heterogeneous in 
f-DWI (40% of cases) and DCE-MRI (41.88% of 

Table 2. Comparison of lesion dimensions (mm) of c-DW with f-DW and DCE-MRI

 
 

Reader 1 Reader 2

f-DWI c-DWI DCE-MRI f-DWI c-DWI DCE-MRI

mean ± SD 27 ± 16 28 ± 17 27 ± 16 27 ± 16 28 ± 17 27 ± 15

P value <0.001 <0.001

c-DWI, conventional diffusion-weighted imaging; f-DWI, focus diffusion-weighted imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; SD, standard 
deviation.

Table 3. Frequencies of image quality analysis scores on c-DWI, f-DWI, and DCE-MRI images

Reader 1 Reader 2

c-DWI f-DWI DCE-MRI c-DWI f-DWI DCE-MRI

Image quality, n (%)

Sharpness

Median (range) 3 (1–5) 5 (3–5) 5 (4–5) 4 (1–5) 5 (3–5) 5 (4–5)

1 = unsharp 1 (1%) - - 1 (1%) - -

2 = somewhat unsharp 25 (16%) - - 18 (11%) - -

3 = moderately sharp 63 (39%) 9 (6%) - 65 (40%) 8 (5%) -

4 = sharp 62 (38%) 60 (37%) 32 (20%) 67 (42%) 51 (32%) 32 (20%)

5 = very sharp 9 (6%) 91 (57%) 128 (80%) 9 (6%) 101 (63%) 128 (80%)

P value <0.001 <0.001

P value (sharp dw-sharp focus) <0.001 <0.001

P value (sharp dw-sharp c) <0.001 <0.001

P value (sharp focus-sharp c) 0.013 0.082

Distortions

Median (range) 2 (0–3) 0 (0–2) 0 (0–1) 2 (0–3) 1 (0–2) 0 (0–1)

0 = no distortions 25 (16%) 77 (48%) 142 (89%) 24 (15%) 75 (47%) 139 (87%)

1 = some, interpretable 58 (35%) 76 (47%) 18 (11%) 58 (36%) 77 (48%) 21 (13%)

2 = severe, interpretable 68 (43%) 7 (5%) - 69 (43%) 8 (5%) -

3 = severe, uninterpretable 9 (6%) - - 9 (6%) - -

P value <0.001 <0.001

P value (sharp dw-sharp focus) <0.001 <0.001

P value (sharp dw-sharp c) <0.001 <0.001

P value (sharp focus-sharp c) <0.001 <0.001

Perceived SNR

Median (range) 4 (1–5) 5 (3–5) 5 (3–5) 4 (1–5) 5 (3–5) 5 (3–5)

1 = very poor 2 (1%) - - 2 (1%) - -

2 = poor 21 (13%) - - 19 (12%) - -

3 = acceptable 56 (35%) 4 (3%) 1 (1%) 56 (35%) 3 (2%) 1 (1%)

4 = good 66 (42%) 59 (37%) 31 (19%) 68 (42%) 57 (36%) 28 (17%)

5 = excellent 15 (9%) 97 (60%) 128 (80%) 15 (9%) 100 (62%) 131 (82%)

P value <0.001 <0.001

P value (sharp dw-sharp focus) <0.001 <0.001

P value (sharp dw-sharp c) <0.001 <0.001

P value (sharp focus-sharp c) 0.088 0.108

Bonferroni correction adjusted P value was 0.0167 for Table 3. c-DWI, conventional diffusion-weighted imaging; f-DWI, focus diffusion-weighted imaging; DCE-MRI, dynamic 
contrast-enhanced magnetic resonance imaging; SNR, signal-to-noise ratio. 
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cases) (Table 1).

The mean lesion size was significantly 
larger in c-DWI than in f-DWI and DCE-MRI 
for both readers (P < 0.001) (Table 2). 

Image quality analysis

The findings on image quality analysis 
based on each method are provided in Table 
3. The quality analysis on c-DWI demonstrat-
ed that 12%–16% of images were unsharp, a 
total of 5% of images were uninterpretable 
due to distortions, and 13%–14% of cases 
had poor perceived SNR. However, unsharp, 
uninterpretable due to severe distortion, and 
poorly perceived SNR images were not de-
tected in f-DWI and DCE-MRI (Table 3). 

The least distorted images were obtained 
in DCE-MRI for both readers, whereas the 
highest distortion scores were obtained in 
c-DWI (Table 3, Figure 1). Sharpness and per-
ceived SNR scores were rated as significantly 
higher for f-DWI and DCE-MRI images than 
for c-DWI by both readers (P < 0.001 for all). 
No significant difference was noted between 
f-DWI and DCE-MRI in terms of sharpness 
and perceived SNR scores for both readers 
(for reader 1, P = 0.083 and P = 0.157, and for 
reader 2, P = 0.059 and P = 0.102, respective-
ly) (Table 3). However, when f-DWI and DCE-
MRI were compared in terms of distortion 
scores, it was found that both readers deter-
mined statistically lower distortion scores for 
DCE-MR images than for f-DWIs (P < 0.001).

When the interreader agreement was 
evaluated in terms of image quality, excel-
lent agreement was found for sharpness (ICC: 
0.95, 0.97, and 0.94; P < 0.001), distortion 
(ICC: 0.98, 0.99, and 0.95; P < 0.001), and per-
ceived SNR scores (ICC: 0.98, 0.99, and 0.97; 
P < 0.001) for f-DWI, c-DWI, and DCE-MRI, re-
spectively.

Consistency of diffusion-weighted imaging 
methods with dynamic contrast-enhanced 
magnetic resonance imaging in terms of 
tumor morphology 

Because of their high spatial resolution, 
contrast-enhanced series are the images 
most commonly chosen for determining the 
morphological features of breast tumors, and 
thus consistency analyses were performed 
between DCE-MRI and both DWIs. In evalua-
tions made independently of lesion size, con-
sistency between f-DWI and DCE-MRI was 
significantly better (κ value range between 
0.68 and 0.87 for reader 1 and between 0.72 
and 0.80 for reader 2) compared with the 
consistency between c-DWI and DCE-MRI (κ 

value range between 0.15 and 0.24 for reader 
1 and between 0.23 and 0.46 for reader 2) for 
all parameters (shape, margin, and internal 
pattern) (P < 0.001 for both readers) (Table 4).

Based on the measurements made by 
reader 1 (the more experienced radiologist) 
in DCE-MRI, when the sizes of the lesions 
were grouped into three main groups, 36 
(22%) of the lesions were <15 mm (group 
1), 56 (35%) were between 16 and 25 mm 
(group 2), and the remaining 68 (43%) were 
>25 mm (group 3). According to this classi-
fication, in determining the tumor shape, 
concordance between DCE-MRI and DWIs 
increased with increasing lesion size for both 
readers (for reader 1, κ = 0.06, 0.20, and 0.23, 
and for reader 2, κ = 0.23, 0.37, and 0.41 on 
c-DWI; for reader 1, κ = 0.77, 0.82, and 0.93, 
and for reader 2, κ = 0.72, 0.73, and 0.94 on 
f-DWI; respectively; P < 0.001 for both read-
ers). Similarly, the consistency in the deter-
mination of lesion margins increased with 
increasing lesion size (for reader 1, κ = 0.13, 

0.17, and 0.20 and κ = 0.12, 0.22, and 0.25 on 
c-DWI; for reader 2, κ = 0.70, 0.77, and 0.90 
and κ = 0.71, 0.77, and 0.86 on f-DWI, respec-
tively; P < 0.001 for both readers). When the 
compatibility in the determination of tumor 
internal patterns was evaluated, an increase 
was found in c-DWIs for both readers as the 
tumor size increased (for reader 1, κ = 0.09, 
0.12, and 0.27, and for reader 2, κ = 0.12, 0.15, 
and 0.38, respectively) (P < 0.001 for both 
readers). In f-DWI, the highest agreement 
was found in tumors ranging from 16 to 25 
mm (for reader 1, κ = 0.62, 0.76, and 0.55 and 
for reader 2, κ = 0.64, 0.77, and 0.64, respec-
tively; P < 0.001 for both readers) (Table 5).

Interobserver agreement in assessing tu-
mor morphology

Considering the interobserver agreement, 
the highest concordance between readers 
was achieved in assessing the margin param-
eter (κ = 0.87 to 0.89; P < 0.001) regardless of 
the MRI method, followed by shape and in-
ternal pattern parameters (κ = 0.63 to 0.79; 
P < 0.001). However, higher interobserver 
agreement values were obtained for c-DWI, 
particularly for shape and internal pattern (P 
< 0.001 for each) (Table 6, Figures 2, 3).

Discussion 
Our findings revealed that f-DWI shows 

good consistency with DCE-MRI and is supe-
rior to c-DWI in assessing tumor morphology 
in primary breast cancer settings. Thus, even 
in cases where contrast material cannot be 
used, it will be possible to evaluate tumor 
morphology and size in a more detailed and 
clearer manner in a short time, with high-
er quality, less distortion, higher perceived 
SNR, and greater sharpness on HR-DWI. It is 
thought that employing f-DWI together with 
c-DWI will be of great benefit for increasing 
diagnostic accuracy.

As a HR imaging technique, DCE-MRI 
provides information about enhancement 
patterns of breast lesions and a detailed as-
sessment of tumor morphology, allowing 
these lesions to be categorized accurately in 
the BI-RADS classification.24 In fact, in a study 
by Goto et al.25, breast lesions were reported 
as likely to be diagnosed as benign and ma-
lignant based on only morphological assess-
ment, regardless of the kinetic enhancement 
patterns obtained on DCE-MRI. 

However, contrast-enhanced series can-
not be obtained in the presence of a known 
contrast material allergy or renal dysfunction. 
In these cases, the importance and use of un-
enhanced series increases. In c-DWI, which 

Figure 1. A 58-year-old female patient with a 
diagnosis of invasive ductal cancer in the lower 
outer quadrant of the right breast is observed. In 
conventional diffusion-weighted image (a), the 
marginal feature of the lesion is difficult to identify 
due to distortion. Due to HR in focus diffusion-
weighted (b) and dynamic contrast-enhanced 
imaging (c), the marginal features of the lesion can 
be determined more clearly. 
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is one of the preferred unenhanced MRI 
methods, we attempted to obtain informa-
tion about the quantitative values of breast 
lesions rather than their qualitative charac-
teristics.26,27 However, in recent years, there 
have been various publications investigating 
the diagnostic contribution of DWIs in deter-
mining the morphological features of breast 
lesions.16,17,19,20,28 Kang et al.16 highlighted the 
potential utility of c-DWI in assessing mor-
phological features of lesions with high ac-
curacy rates, which can be used for benign–
malignant differentiation or for prognostic 
predictions. We have also previously report-
ed the favorable utility of c-DWI in assessing 
the size and morphology of breast masses, 
along with a good consistency between 
c-DWI and DCE-MRI.17 In addition, Radovic 
et al.19 conducted a comparison of DCE-MRI 

and c-DWI to evaluate the morphological 
features of breast lesions, reporting the pres-
ence of a moderate-to-substantial consisten-
cy between c-DWI and DCE-MRI along with 
similar values of interobserver agreement for 
each method. If the morphological features 
of breast masses could be obtained accu-
rately using DWI, as in DCE-MRI, based on BI-
RADS descriptors, this information could be 
used in the further characterization of breast 
masses and the prognostication and predic-
tion of the response to breast cancer treat-
ment using an unenhanced MRI method. 

Despite all these data, the key reason why 
c-DWI is still less desirable than DCE-MRI in 
the qualitative evaluation of breast lesions 
is because it has disadvantages, such as low 
SNR, low resolution, and relatively low-quali-
ty images caused by magnetic susceptibility 
and chemical shift artifacts. 

HR-DWI is a new technique developed 
to increase diagnostic accuracy, both quan-
titatively and qualitatively, by minimizing 
the disadvantages of experience in c-DWI.2 
In the literature, there are studies showing 

that HR-DWI provides higher-quality images 
than c-DWI and is a more effective method 
for categorizing breast lesions according to 
the BI-RADS classification and also for deter-
mining their morphological features. Similar-
ly, it has been reported that HR-DWI is more 
compatible with DCE-MRI in determining the 
qualitative characteristics of breast lesions 
compared with c-DWI. For example, in a pre-
vious study by Dong et al.29 comparing rFOV 
DWI and c-DWI of breast tissue, rFOV DWI 
was reported to be associated with a signifi-
cantly higher image quality score and higher 
resolution. The authors also considered rFOV 
DWI to be a potentially helpful technique in 
the diagnosis of breast cancer. Again, in a 
study using readout-segmented EPI, anoth-
er HR-DWI method,30 it was reported that 
obtaining higher-quality images compared 
with c-DWI is convenient and contributes 
greatly to the identification of breast tumors 
and the determination of their morpholog-
ical features. In another study, Kishimoto et 
al.20 reported a high agreement between HR-
DWI and DCE-MRI in the assessment of mor-
phological features and extent of malignant 
breast lesions. This study concluded that HR-
DWIs can improve the diagnostic accuracy of 
unenhanced MRI. Barentsz et al.18 reported 
that HR-DWI provided greater sharpness and 
perceived SNR than c-DWI, and as a result, 
the BI-RADS classification of breast lesions 
was achieved more accurately. By contrast, 
in the present study, with the participation 
of more patients, not only the shape features 
of the breast lesions but also the margin and 
internal pattern features were evaluated. 
As a result of our study, consistent with the 
findings of Barentsz et al.18, we determined 
that all breast lesion morphological features 
could be determined in detail, similar to con-
trast-enhanced series, with f-DWI providing 
higher-quality images.

One of the key results of our study is that 
although the best agreement among read-
ers in determining tumor morphology was 
obtained for c-DWI, better agreement was 
found between f-DWI and DCE-MRI when 
the consistency between the methods was 
examined. This is mainly due to the fact that 
f-DWI provides high-quality images, which 
reveals tumor morphology more clearly and 
results in higher intermethod agreement 
with DCE-MRI. However, the fact that images 
with less clarity were obtained with c-DWIs 
compared with f-DWIs meant the readers 
were able to determine the morphological 
features in detail, resulting in better interob-
server compatibility. Thus, it is thought that 
high-quality images obtained in f-DWIs 

Figure 2. A 46-year-old female patient with a 
diagnosis of invasive ductal cancer in the retroareolar 
area of the right breast. Conventional diffusion-
weighted image (a) showed homogeneous 
diffusion restriction in the lesion. Focus diffusion-
weighted image (b) showed ring-shaped diffusion 
restriction in the lesion. In dynamic contrast-
enhanced image (c), there is a circular pattern of 
enhancement in the lesion.

Figure 3. A 75-year-old female patient with a 
diagnosis of invasive ductal cancer in the upper 
inner quadrant of the left breast is observed. In 
conventional diffusion-weighted image (a), the 
shape of the mass was evaluated as lobulated. 
Focus diffusion-weighted (b) and dynamic contrast-
enhanced images (c) revealed irregular shape of the 
lesion.
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caused a higher rate of disagreement among 
readers and therefore lower intraobserver 
agreement. Based on these results, f-DWI 
can be considered a potential competitor 
to DCE-MRI in evaluating the morphological 
features and extent of breast masses, and the 
use of HR DWI together with c-DWI could 
increase diagnostic accuracy, especially in 
patients who cannot undergo contrast-en-
hanced imaging.

Another key result of our study, consis-
tent with findings in the literature, is the de-
termination of the ADC values obtained on 
f-DWIs as statistically lower than the ADC val-
ues obtained on c-DWIs.28,31,32 Although this 
effect has been suggested to be secondary 
to a reduced partial volume effect of normal 
fibroglandular tissue and residual fat in HR 
images, the exact mechanism has not yet 
been fully clarified.2,11 One of the reasons for 
the emergence of this difference with f-DWIs 
is that tumor heterogeneity and tumor in-

ternal pattern can be defined more clearly, 
and thus, the area of the tumor that exhibits 
the most prominent diffusion restriction can 
be accurately determined. A more accurate 
determination of ADC values may provide 
important benefits for tumor prognosis and 
an evaluation of response to treatment. For 
example, Wilmes et al.2 compared changes 
in treatment-related tumor size with chang-
es in ADC values measured by HR-DWI and 
c-DWIs, revealing that lower ADC values 
obtained with HR-DWI were better correlat-
ed with regression in tumor size. Consistent 
with these findings, we believe that the more 
accurate ADC values obtained with HR-DWI 
will enable a more accurate assessment of 
tumor prognosis or response to treatment.

To our knowledge, this is the largest study 
population comparing c-DWI, HR-DWI, and 
DCE-MRI in determining the morphological 
characteristics of breast cancers. However, 
certain limitations should be considered. 

Table 4. Intermethod agreement for assessment of tumor morphology 

Reader 1 Reader 2

Kappa P value Kappa P value

Shape
c-DWI and DCE-MRI 0.24 <0.001 0.41 <0.001

f-DWI and DCE-MRI 0.87 <0.001 0.78 <0.001

Margin
c-DWI and DCE-MRI 0.22 <0.001 0.26 <0.001

f-DWI and DCE-MRI 0.81 <0.001 0.80 <0.001

Internal pattern
c-DWI and DCE-MRI 0.15 <0.001 0.23 <0.001

f-DWI and DCE-MRI 0.68 <0.001 0.72 <0.001

c-DWI, conventional diffusion-weighted imaging; f-DWI, focus diffusion-weighted imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging.

Table 5. Determining the consistency of DWI methods with DCE-MRI in terms of tumor morphology according to lesion size

Tumor size grouping

Group 1 (<15mm) 36 (22%)

Group 2 (16–25 mm) 56 (35%)

Group 3 (>25 mm) 68 (43%)

Reader 
1 Kappa 
values of 
shapes

P Reader 
2 Kappa 
value of 
shapes

P Reader 
1 Kappa 
values of 
margins

P Reader 
2 Kappa 
values of 
margins

P Reader 
1 Kappa 
values of 
internal 
patterns

P Reader 
2 Kappa 
values of 
internal 
patterns

P

Group 1 
(DCE-MRI with c-DWI) 0.061 0.52 0.227 <0.001 0.134 0.03 0.116 0.37 0.091 0.01 0.120 0.051

Group 2 
(DCE-MRI with c-DWI) 0.203 0.02 0.373 <0.001 0.167 0.02 0.216 0.01 0.120 0.03 0.152 0.02

Group 3 
(DCE-MRI with c-DWI) 0.227 0.03 0.408 <0.001 0.203 0.04 0.253 0.01 0.266 0.01 0.383 <0.001

Group 1 
(DCE-MRI with f-DWI) 0.769 <0.001 0.719 <0.001 0.771 <0.001 0.712 <0.001 0.616 <0.001 0.642 <0.001

Group 2 
(DCE-MRI with f-DWI) 0.819 <0.001 0.729 <0.001 0.700 <0.001 0.768 <0.001 0.758 <0.001 0.772 <0.001

Group 3 
(DCE-MRI with f-DWI) 0.934 <0.001 0.935 <0.001 0.899 <0.001 0.861 <0.001 0.552 <0.001 0.636 <0.001

c-DWI, conventional diffusion-weighted imaging; f-DWI, focus diffusion-weighted imaging; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging.

Table 6. Interobserver agreement for 
assessment of tumor morphology

Reader 1 Reader 2

Shape

c-DWI 0.75 <0.001

f-DWI 0.63 <0.001

DCE-MRI 0.65 <0.001

Margin

c-DWI 0.89 <0.001

f-DWI 0.87 <0.001

DCE-MRI 0.89 <0.001

Internal

c-DWI 0.79 <0.001

Pattern

f-DWI 0.71 <0.001

DCE-MRI 0.70 <0.001

c-DWI, conventional diffusion-weighted imaging; f-DWI, 
focus diffusion-weighted imaging; DCE-MRI, dynamic 
contrast-enhanced magnetic resonance imaging.
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First, due to the evaluation of only the mor-
phological features of malignant tumors, the 
diagnostic capability of f-DWI in the differ-
entiation of benign and malignant tumors 
could not be evaluated. Second, image qual-
ity analysis was based on the simultaneous 
evaluation of all the c-DWI, f-DWI, and DCE 
series side by side. This may have led to the 
emergence of biases that better quality im-
ages are obtained with f-DW and/or DCE-MR 
images. Therefore, it would be more appro-
priate to evaluate all three methods sepa-
rately in future studies. Third, it may not be 
possible to determine the morphological 
features of all multifocal and multicentric le-
sions due to the examination of a limited area 
with f-DWI. For this reason, attempts should 
be made to define the most suspicious le-
sions more clearly using f-DWIs, especially in 
conjunction with c-DWIs. Finally, f-DWIs have 
a longer imaging time than c-DWIs.

In conclusion, our findings revealed the 
favorable utility of f-DWI in the detailed eval-
uation of the morphological features of pri-
mary breast cancer as a method that is not 
inferior to DCE-MRI and is superior to c-DWI. 
Especially in cases where dynamic contrast 
sequences cannot be obtained, it is possible 
to characterize suspicious lesions detected 
in conventional imaging more clearly and in 
detail with f-DWIs, which provide high-qual-
ity images due to greater sharpness, per-
ceived SNR and lower distortion. This may 
enable more accurate diagnoses to be made.
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PURPOSE
High-risk breast lesions (HRLs) are associated with future risk of breast cancer. Considering the 
pathological subtypes, malignancy upgrade rate differs according to each subtype and depends 
on various factors such as clinical and radiological features and biopsy method. Using artificial in-
telligence and machine learning models in breast imaging, evaluations can be made in terms of 
risk estimation in different research areas. This study aimed to develop a machine learning model 
to distinguish HRL cases requiring surgical excision from lesions with a low risk of accompanying 
malignancy.

METHODS
A total of 94 patients who were diagnosed with HRL by image-guided biopsy between January 
2008 and March 2020 were included in the study. A structured database was created with clinical 
and radiological characteristics and histopathological results. A machine learning prediction model 
was created to make binary classifications of lesions as malignant or benign. Random forest, deci-
sion tree, K-nearest neighbors, logistic regression, support vector machine (SVM), and multilayer 
perceptron machine learning algorithms were used. Among these algorithms, SVM was the most 
successful. The estimations of malignancy for each case detected by artificial intelligence were 
combined and statistical analyses were performed.

RESULTS
Considering all cases, the malignancy upgrade rate was 24.5%. A significant association was ob-
served between malignancy upgrade rate and lesion size (P = 0.004), presence of mammography 
findings (P = 0.022), and breast imaging-reporting and data system category (P = 0.001). A statisti-
cally significant association was also found between the artificial intelligence prediction model and 
malignancy upgrade rate (P < 0.001). With the SVM model, an 84% accuracy and 0.786 area-under-
the-curve score were obtained in classifying the data as benign or malignant.

CONCLUSION
Our artificial intelligence model (SVM) can predict HRLs that can be followed up with a lower risk 
of accompanying malignancy. Unnecessary surgeries can be reduced, or second line vacuum exci-
sions can be performed in HRLs, which are mostly benign, by evaluating on a case-by-case basis, in 
line with radiology–pathology compatibility and by using an artificial intelligence model.

KEYWORDS
Artificial intelligence, breast, cancer, high risk lesion of breast, image-guided biopsy

The increase in breast cancer screening with mammography increases the rate of 
non-palpable lesions detected in the breast.1,2 In the diagnosis of these lesions, per-
cutaneous biopsy methods are increasingly applied under the guidance of imaging 

methods. Percutaneous needle biopsy is a fast, easy-to-apply, inexpensive, and well-tolerated 
biopsy alternative to open surgical biopsies.1,3 The prevalence of high-risk breast lesion (HRL) 
detection with core needle biopsy (CNB) is 5–9% in all breast biopsies.2,4,5 HRLs are defined as 
lesions with a high risk of malignant transformation and the possibility of synchronous or ad-
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jacent breast malignancy.6 They are detected 
together with breast malignancy by imag-
ing-guided percutaneous breast biopsies as 
well as by excisional biopsies and during sur-
gical procedures.5,7,8 Additionally, HRLs are a 
heterogeneous group of proliferative lesions 
with variable malignant potential and can be 
considered as falling in a “gray zone” between 
benign and malignant lesions (Figure 1).

HRLs are associated with future breast 
cancer risk and are precursors of breast car-
cinogenesis.5,9 Lesions defined as high-risk in 
thick-needle biopsies [CNB and vacuum as-
sisted biopsy (VAB)] may upgrade to malig-
nancy when a surgical excision is performed. 
The overall positive predictive value (PPV) 
for malignancy is approximately 10–30%. 
After detecting an HRL in a thick-needle bi-
opsy, a clinical decision is required between 
surgical excision or follow-up of the lesion to 
avoid unnecessary surgery due to the pos-
sibility of concomitant malignancy based 
on radiology–pathology compatibility. As a 
general approach, surgical excision is often 
recommended for most of these lesions be-
cause of the risk of malignancy.10 However, 
the malignancy upgrade rate of HRLs report-
ed in the literature is varied and depends on 
various factors such as pathological subtype, 
clinical and radiological features, and biopsy 
method.2 In recent studies, a case-by-case 
approach was recommended. Upgrade rates 
are higher in lesions with atypia compared 
to other HRLs.7 The Second International B3 
Lesions Consensus Conference recommends 
excision with vacuum biopsy as an alterna-
tive to open surgery in HRLs except atypical 
ductal hyperplasia (ADH) and phyllodes tu-
mors.11

The success of image-guided needle 
biopsies depends on the evaluation after 
the biopsy as well as the biopsy procedure. 
When evaluating biopsy results, radiopatho-
logical compatibility is considered. Patholo-

gy results can be expected to adequately ex-
plain imaging findings.2 A multidisciplinary 
case-based approach is key to optimal pa-
tient care.2

Previous research suggests that artifi-
cial intelligence (AI) algorithms can support 
breast radiologists in diagnosis, treatment, 
and case follow-up management by using 
large quantities of high-quality imaging data, 
however more studies are needed into this.12 
Using AI and machine learning models in 
breast imaging, evaluations can be made in 
terms of risk estimation in different research 
areas.13 In the literature, there are many ex-
amples of successful computer-aided diag-
nosis systems that have used traditional ma-
chine learning and deep learning algorithms 
to classify breast cancer.14 However, there is 
insufficient research into risk determination 
in HRLs.

In this study, we aimed to develop a ma-
chine learning model to distinguish HRLs 
with a low risk of accompanying malignan-
cy from cases requiring surgical excision. For 
this purpose, a structured dataset consisting 
of HRL patients with known surgical out-
comes was created. Then, a machine learning 
model was trained with this dataset to devel-
op a model for classifying patients whose 
surgical outcomes were unknown.

Methods
Approval for this study was obtained from 

the ethics committee of our institution (ap-
proval no: 20-11.1T/42, date: 25.11.2020). 
Before the biopsies were performed, the 
procedure was explained to all patients, and 
they signed a consent form. The pathology 
results of 2.249 patients who underwent 
image-guided thick-needle biopsy between 
January 2008 and March 2020 in our breast 

radiology clinic were retrospectively eval-
uated, and 120 patients diagnosed with 
high-risk lesion were identified from these 
cases. The pathology results of those who 
underwent surgical excision and the radio-
logical follow-up results of those who were 
followed-up without surgery were evalu-
ated. A total of 26 patients, who were fol-
lowed up for less than one year after having 
a thick-needle biopsy or whose pathology 
results were unknown were excluded from 
the study. A structured database was creat-
ed with the following information: age at the 
time of diagnosis, breast cancer history and 
family history, age of menarche, hormonal 
therapy history, other cancer history, smok-
ing status, lesion size, radiological imaging 
features, breast imaging reporting and data 
system (BI-RADS) category, biopsy type, nee-
dle thickness, sampling number (<4 or ≥4), 
biopsy histopathology result, excision his-
topathology results, and follow-up findings 
(Figure 2). 

Mammographic images were obtained 
with full-field digital mammography and 
digital breast tomosynthesis mammograms 
(Lorad Selenia and Selenia Dimensions, Ho-
logic). Stereotactic VABs were performed 
on a prone table unit (Multicare Platinum; 
Hologic), with a 9-G needle (Encore biopsy 
probe; Bard). Magnetic resonance imagings 
(MRI) were performed with 1.5T (Magnetom 
Amira, Smphony Siemens) and 3T (Magne-
tom Verio Siemens) MRI devices using con-
ventional and dynamic contrast sequences. 
Ultrasonography (US) and US-guided biop-
sy procedures were performed with Hitachi 
and Siemens devices using a high-frequen-
cy linear probe. A 14-G needle was used in 
US-guided thick-needle biopsy. The BI-RADS 
category was determined according to the 
American College of Radiology BI-RADS Atlas 

Main points

•	 High-risk breast lesions are associated with 
future risk of breast cancer.

•	 The malignancy upgrade rate of high-risk 
breast lesions is diverse and depends on 
several factors such as pathological sub-
type, clinical and radiological features, and 
biopsy method.

•	 In high-risk lesions, which are mostly be-
nign, unnecessary surgeries can be reduced 
or excision can be performed with second 
line vacuum biopsy in line with radiolo-
gy-pathology compatibility and by using an 
artificial intelligence prediction model.

Figure 1. Classification of high-risk breast lesion subtypes.
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5th edition classification, based on mammog-
raphy, US, and MRI findings.

Morphology and distribution features 
of microcalcification, structural distortion, 
asymmetry, and mass opacity were evalu-
ated in the mammography. Lesions were 
classified as mass and non-mass (abnormal 
echogenicity and structural distortion) find-
ings on the US and recorded. The presence 
of mass and non-mass enhancement in the 
MRI was evaluated. In cases diagnosed with 
more than one HRL by biopsy, diagnoses 
that included atypia and had a higher risk of 

malignancy were accepted as the main le-
sion. Those who had a malignant diagnosis 
(invasive ductal carcinoma, ductal carcinoma 
in situ, or invasive lobular carcinoma) with 
surgical excision were accepted as upgraded 
to malignancy.

Patients with benign histopathology re-
sults and those who were stable in the long-
term follow-up were included in the benign 
group, and those with a malignant excision 
diagnosis were included in the malignant 
group. The upgrade rate of existing HRLs to 
malignancy in the AI prediction model was 

defined from the highest to the lowest, con-
sidering the ranges specified in the literature 
[ADH > atypical intraductal papilloma (AIP) > 
lobular neoplasia > radial scar > intraductal 
papilloma without atypia].2,7,15,16

Artificial intelligence model technique

Libraries and technologies used

Python programming language and relat-
ed libraries (Numpy, Pandas, and Scikit-learn) 
were used in data preprocessing and training 
the machine learning algorithms.

Pre-processing of data

Data were preprocessed prior to the cre-
ation of the AI prediction model. The data 
set contained columns with numerical data 
and categorical data. Pre-processing steps 
were carried out on these columns. In the 
preprocessing stage, categorical data were 
digitized, and all data were normalized. For 
digitization, a one-hot encoding scheme or a 
custom encoding scheme was used depend-
ing on the type of categorical data (nominal 
or ordinal) (Figure 3). 

For example, in the mammography find-
ings column, which contains nominal cate-
gorical data, one-hot vectors were created 
for each of the column values of asymmetry, 
mass opacity, microcalcification, and struc-
tural distortion (Figure 3). These vectors were 
added to the data set as a new feature, and 
the original column was removed from the 
dataset.Figure 2. Flow chart of the steps followed while creating the database. CNB, core needle biopsy; VAB, 

vacuum assisted biopsy; BI-RADS, breast imaging reporting and data system.

Figure 3. Categorical features in the dataset and their preprocessing steps. 
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In the BI-RADS category column, which 
contains ordinal categorical data, a custom 
encoding scheme was used to match BI-
RADS3:1, BI-RADS4a:2, BI-RADS4b:3, BI-RAD-
S4c:4, and BI-RADS5:5. Minimum-maximum 
normalization was used for normalization of 
the data.

Machine learning model development

The data passed through the preprocess-
ing stage were divided into training and test 
datasets. The test data set comprised 20% of 
the entire data set (19 samples). In splitting 
the dataset, the proportions of samples in 
each class observed in the original dataset 
were preserved, and a stratified train–test 
split was applied.

The prepared data sets were used to cre-
ate a machine learning prediction model to 
make binary classification as “malignant” 
or “benign.” Random forest, decision tree, 
K-nearest neighbor, logistic regression, sup-
port vector machine (SVM), and multilayer 
perceptron machine learning algorithms 
were run with the training data set, and their 
performances were measured with the test 
data set (Figure 4). In the specified machine 
learning algorithms trained by hyperparam-
eter optimization and using cross-validation, 
the models were compared by looking at 
the accuracy and area under the curve (AUC) 
score. Although the AUC scores of the logis-
tic regression (0.743) and SVM (0.786) mod-
els are relatively close, SVM made a more ac-
curate prediction for the “malign” samples. In 
addition, the accuracy of SVM (0.84) was 0.05 
points higher than the logistic regression 
(0.79). The AUC score and accuracy of the 
K-nearest neighbor model was lower than 
the SVM model (Figures 5-7). 

The SVM, which gave the most successful 
results, was selected. For the hyperparame-
ters of the SVM algorithm, the C, gamma, and 
kernel parameters were optimized for various 
values (Figure 4). In the fine-tuning of the hy-
perparameters, five-fold cross-validation was 
performed with the grid search algorithm.

The performance of the SVM classification 
model was measured by using the metrics 
accuracy, sensitivity, specificity, and F1 Score 
(Figure 5), and a confusion matrix was ob-
tained (Figure 6). The AUC score of the model 
was then calculated (Figure 7).

The estimation of malignancy of each 
case detected by AI and clinical and radiolog-
ical case features were combined and statis-
tical analyses were performed with the IBM 
SPSS 25.0 program.

The estimation of malignancy upgrade 
was evaluated in all cases according to each 
HRL pathological subtype.

Statistical analysis

The distribution of cases across the age 
groups was expressed as the mean ± stan-

Figure 4. Machine learning model development stages. AUC, area-under-the-curve; SVM, support vector 
machine.

Figure 5. Logistic regression, support vector machine, and K-nearest neighbors model detailed classification 
reports.
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dard deviation, and categorical data were ex-
pressed as frequencies (n) and percentages 
(%). All statistical analyses were performed 
with SPSS software version 25.0 (IBM). Kolm-
ogorov–Smirnov and Shapiro–Wilk tests 
were used to assess the normal distribution 
of data. Pearson’s chi-square and Fisher’s 
exact tests were employed to compare the 
malignancy upgrade rate and AI SVM mod-
el assessment. Student’s t-tests were used to 
compare differences in continuous variables. 
Pearson’s chi-square test was used to eval-
uate the relationship between the AI SVM 
model assessment and radiological–clinical 
features of cases.

Results
In the 94 female patients, the mean age 

was 47.22 ± 10.7; range: 17–73 years, the 
mean lesion size was 1.8 ± 4.9 cm; range: 
5–100 cm, and the mean age of menarche 
was 13.26 ± 1.4; range: 10–18 years.

A rate of 25.5% (n = 24) of the patients 

had a positive family history of breast can-
cer. Hormonal therapy was applied in 26.6% 
(n = 25). When evaluated in terms of family 
history, hormonal therapy, previous breast 
cancer and HRL history, risk factor status of 
breast cancer was positive in 35% (n = 33) of 
the patients. There was a history of smoking 
in 36% (n = 34). Considering the imaging 
characteristics, 53% (n = 50) had positive 
mammography findings (microcalcification, 
asymmetry, structural distortion, and mass 
opacity). Suspicious microcalcification was 
present in 31% (n = 29). The most common 
microcalcification morphology was amor-
phous (14%; n = 13), and the most common 
distribution pattern was clustered type (17%; 
n = 16). The most common BI-RADS category 
was 4A (55.3%; n = 52). US findings [53% (n = 
50) with a mass and 22% (n = 21) without a 
mass] were observed in 75.5%. MRI findings 
[20.2% (n = 19) mass enhancement or 21.3% 
(n = 20) non-mass enhancement] were pres-
ent in 41.5% of the cases (Table 1). Of the 
mass-shaped lesions (n = 19), 47.4% (n = 9) 

had smooth contours and 52.6% (n = 10) had 
irregular contours in MRI. In the pharmaco-
kinetic evaluation of lesions, 92.3% (n = 36) 
type-1 and type-2 curves and 7.7% (n = 3) 
type-3 curve patterns were observed.

Mammography-guided (stereotactic) VAB 
was performed on 25.5% (n = 24) of the pa-
tients, and US-guided CNB was performed 
on 75.5% (n = 70). Vacuum biopsies were per-
formed using 9-G needles, and 14-G needles 
were used in CNBs. The number of samples 
was below four in 20% of the patients and 
four or more in 80% of the patients (Table 1).

According to the thick-needle biopsy his-
topathology results, the pathological sub-
types of the cases were ADH (44.7%; n = 42), 
intraductal papilloma (37.2%; n = 35), AIP 
(10.6%; n = 10), radial scar (5.3%; n = 5), and 
lobular neoplasia (2.1%; n = 2). Of the cases, 
84% were removed by surgical excision, and 
16% were followed up. Of the 79 excised 
cases, 41% were diagnosed as benign, 30% 
with atypia, and 29% as malignant. Fifteen 
patients who were followed up without sur-
gery were stable in clinical and radiological 
follow-up, and these cases were placed in the 
benign group.

Considering all cases, the malignancy up-
grade rate was 24.5% (n = 23). According to 
the pathological subtypes, the malignancy 
upgrade rates were 50% (n = 1) for lobular 
neoplasia, 40% (n = 2) for radial scar, 31% (n 
= 13) for ADH, 30% (n = 3) for AIP, and 11.4% 
(n = 4) for intraductal papilloma (Table 2).

When evaluated with Pearson’s chi-square 
test for the upgrade rate to malignancy with 
all variables, a statistically significant associa-
tion was found with the variables of BI-RADS 
category, lesion diameter, and presence of 
mammographic findings (P < 0.05; Table 3). 
No statistically significant relationship was 
found between family history and smoking 
and upgrade to malignancy (P = 0.631, P = 
0.247, respectively).

Figure 6. Confusion matrices of the logistic regression, support vector machine, and K-nearest neighbors.

Figure 7. Logistic regression, support vector machine, and K-nearest neighbors algorithm area-under-the-
curve scores. AUC, area-under-the-curve; ROC, receiver operating characteristic curve; SVM, support vector 
machine.
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The AI analysis identified 85 cases correct-
ly and 9 cases incorrectly (Tables 1 and 4). 
The SVM AI model, which was trained using 

certain hyperparameters, had 84% accuracy 
(Figure 5) and an AUC score of 0.786 (Figure 7) 
in classifying the data as benign or malignant.

No statistically significant difference was 
found between needle thickness/biopsy 
type and erroneous AI estimation (P = 0.297).

A statistically significant difference was 
found between the AI prediction and the 
malignancy upgrade rate of the patients (P < 
0.001). The sensitivity of the malignant case 
prediction set of the AI model was 60.87%, 
the specificity was 100%, PPV was 100%, and 
negative predictive value was 88.75%.

Discussion 
The most significant problem in the man-

agement of HRLs is upgrading to malignan-
cy. The upgrade rate to malignancy in this 
study was 24.5%, which is similar to the rates 
reported in the literature.10

Considering pathological subtypes, the 
rate of upgrade to malignancy differs ac-
cording to each subtype. The malignancy 
upgrade rate of ADH, which was the most 
common lesion subtype among our cases, 
was similar to the literature. A wide range of 
malignancy upgrade rates for ADH and AIP 
has been reported in the literature.2,7 In this 
study, for AIP, as in ADH, there were errone-
ous AI predictions in three of the patients, 

Table 1. Benign and malignant lesion distribution characteristics

 Benign 
group

Malignant 
group

SVM model prediction 
result (n) Total

n (%) n (%) Wrong Right n (%)

Biopsy type
CNB 55 (59) 15 (16) 8 62 70 (74)

VAB 16 (17) 8 (9) 1 23 24 (26)

Risk
Positive 25 (27) 8 (9) 1 32 33 (35)

Negative 46 (49) 15 (16) 8 53 61 (65)

Needle thickness
9 G 16 (17) 8 (9) 1 23 24 (26)

14 G 55 (59) 15 (16) 8 62 70 (74)

Sampling number
<4 15 (16) 4 (4) 3 16 19 (20)

≥4 56 (60) 19 (20) 6 69 75 (80)

Lesion diameter
<1.5 cm 46 (49) 7 (7) 4 49 53 (56)

≥1.5 cm 25 (27) 16 (17) 5 36 41 (44)

Mammography finding

Microcalcification 19 (40) 10 (21) 1 28 29 (62)

Mass 6 (13) 3 (6) 1 8 9 (19)

Non-mass 6 (13) 3 (6) 2 7 9 (19)

US finding
Mass 40 (56) 10 (14) 4 46 50 (70)

Non-mass 14 (20) 7 (10) 4 17 21 (30)

MRI finding
Mass 16 (41) 3 (8) 1 18 19 (49)

Non-mass 13 (33) 7 (18) 5 15 20 (51)

Microcalcification morphology

Amorphous, course 
heterogeneous 11 (38) 4 (14) 1 14 15 (52)

Fine linear branching, 
fine pleomorphic 8 (28) 6 (21) - 14 14 (48)

CNB, core needle biopsy; VAB, vacuum assisted biopsy; SVM, support vector machine; US, ultrasonography; MRI, magnetic resonance imaging.

Table 2. Distribution characteristics of pathological subgroups and malignancy upgrade 
rates

Pathologic subgroups Benign 
group n (%)

Malignant 
group n (%) Total n (%) Malignancy 

upgrade rate (%)

IP 31 (33) 4 (4) 35 (37) 11.4

ADH 29 (31) 13 (14) 42 (45) 31

AIP 7 (7) 3 (3) 10 (11) 30

Radial scar 3 (3) 2 (2) 5 (5) 40

Lobular neoplasia 1 (1) 1 (1) 2 (2) 50

Total 71 (76) 23 (24) 94 (100) 24.5

IP, intraductal papilloma without atypia; ADH, atypical ductal hyperplasia; AIP, atypical intraductal papilloma.

Table 3. Variables that have a statistically significant relationship with malignancy upgrade 
rate

Benign 
group n (%)

Malignant 
group n (%) Total n (%) P value

BI-RADS category
3-4A-4B 64 (68) 14 (15) 78 (83)

0.003
4C-5 7 (7) 9 (10) 16 (17)

Lesion diameter
<1.5 cm 46 (49) 7 (7) 53 (56)

0.004
≥1.5 cm 25 (27) 16 (17) 41 (44)

Mammographic finding
Positive 33 (35) 17 (18) 50 (53)

0.022
Negative 38 (40) 6 (6) 44 (47)

BI-RADS, breast imaging reporting and data system.
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and biopsies were performed with tru-cut in 
both groups.

The malignancy upgrade rates for radial 
scar and lobular neoplasia were in the upper 
limit of the rates stated in the literature.7 This 
may be due to the low number of cases in 
these subgroups.

The SVM model made an incorrect predic-
tion in nine malignant cases in total (Tables 
1 and 4). One of these cases was diagnosed 
by VAB with a 9-G needle, and all others were 
diagnosed by CNB with a 14-G needle. No 
statistically significant correlation was found 
between needle thickness/biopsy type and 
erroneous AI estimation, but the low num-
ber of cases is a limitation in the evaluation 
of this variable. In the study of Bahl et al.13, 
which included 1,006 HRLs, the AI prediction 
model had a prediction accuracy of 97.4% in 
malignant cases and 69.4% in benign cases, 
and they reported that unnecessary surger-
ies could be reduced in benign cases. In the 
present study, the AI model made a correct 
prediction in all cases that were diagnosed as 
benign by surgical excision and considered 
as stable in long-term follow-up. More than 
half of the patients who underwent surgical 
excision were diagnosed as benign. Consid-
ering the radiopathological fit and AI model 
estimation, if these cases had been followed 
up radiologically and clinically, the rate of un-
necessary surgery could have been reduced 
by 71%.

The majority of HRLs are benign but most 
are surgically excised because of the associ-
ated risk of malignancy. Post-biopsy evalua-
tion and biopsy procedure are important in 
the management of these lesions.1,15

Comparable to the literature, there was a 
statistically significant relationship between 
VAB as a biopsy guide method, 9-G needle 
thickness, and sufficient number of samples 

with the malignancy upgrade rate. In cases 
that have these features, a more appropriate 
decision can be made in terms of follow-up 
and excision. In order to increase the correct 
prediction rates with the AI model, studies 
containing more cases and data sets are 
needed. 

There are some further limitations to this 
study. Firstly, it is a retrospective study. The 
differences in the number of pathological 
subtypes and the low number of patients 
were our biggest limitations. Significant re-
sults could not be obtained in many statis-
tical analyses due to the differences in the 
number of pathological subtypes such as 
lobular neoplasia and radial scar, and the 
low number of cases. In addition, due to the 
small number of cases and the limited num-
ber of histopathological features in terms of 
the degree of atypia, a clear analysis of the 
variables that may be effective in the errone-
ous predictions of the SVM model could not 
be made. For this reason, better statistical 
results can be obtained by adding features 
such as the degree of pathological atypia, 
which will further strengthen the data set, 
and by including more patients.

In conclusion, this study’s AI model (SVM) 
can predict HRLs that can be followed up 
with a lower risk of accompanying malig-
nancy. Both ADH and AIP cases should be 
surgically excised because of the high risk 
of malignancy associated with them. Apart 
from these subtypes, HRLs, which are mostly 
benign, can be evaluated on a case-by-case 
basis, in line with radiology–pathology com-
patibility and using an AI prediction model, 
to reduce unnecessary surgeries, or excision 
can be performed with second-line VAB.
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PURPOSE
To identify the optimum strength of advanced modeled iterative reconstruction (ADMIRE) to 
achieve the best subjective and objective image quality when combining three-dose reduction 
strategies, ultra-high-pitch computed tomography coronary angiography (FLASH CTCA; with sin-
gle-dose ivabradine to lower heart rate), low tube voltage, and ADMIRE. 

METHODS
Sixty consecutive patients underwent FLASH CTCA at 100 kVp in this single-center prospective 
study. Single-dose ivabradine was administered to patients whose heart rate was above 75 bpm. 
Images were reconstructed using the three highest strengths of ADMIRE (A3, A4, and A5). Objective 
and subjective image quality (using a Likert scale) were evaluated in the three datasets.

RESULTS
The signal strength remained unchanged but mean noise significantly reduced across the increas-
ing strengths of ADMIRE [signal: 513.78 ± 101.7 Hounsfield units (HU) at A3, 515.6 ± 100.5 HU at 
A4, and 519.7 ± 107.9 HU at A5; noise: 23.4 ± 4.5 HU at A3, 20.2 ± 3.6 HU at A4, and 17.2 ± 3.3 HU at 
A5]. Signal-to-noise and contrast-to-noise ratios were the highest at A5, and A5 offered significantly 
higher Likert scores in image noise, vessel sharpness, and overall image quality than A3 or A4. Ad-
ditionally, A5 did not interfere with image interpretation in any patient.

CONCLUSION
Using all three dose reduction strategies during FLASH CTCA along with single-dose ivabradine ad-
ministration ensures minimal radiation exposure in daily practice. In this study, A5 datasets had the 
best overall subjective and objective image quality despite their “plastic appearance”. In the future, 
enhanced dose reduction can be obtained by further lowering tube voltages.
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The main disadvantage of computed tomography coronary angiography (CTCA),  
despite its non-invasive nature, is radiation exposure. With increasing concerns regard-
ing the accurate estimation of the “true” radiation burden of CTCA caused by the chal-

lenges in determining the cardiac-specific conversion factor (k factor), the need to devise new 
strategies and incorporate multiple dose reduction techniques is of paramount importance. 
With the newly proposed k factors, even the lower radiation burden of prospectively gated 
CTCA can no longer be considered “low dose” per se, indicating an urgent need to use all avail-
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able advanced techniques for every patient 
to undergo “true” submillisievert CTCAs.1

Lowering the tube potential as a stand-
alone measure leads to a decrease in image 
quality. The current guidelines recommend 
100 kVp for patients with a body mass index 
(BMI) <30 kg/m2, making an approximate re-
duction of 50%–60% in radiation dose pos-
sible using these strategies compared with 
strategies using 120 kVp.2 Additional dose re-
duction may be possible by further reducing 
the tube voltage and using iterative recon-
struction (IR), which permits the decoupling 
of spatial resolution and noise to offset the 
noisier image quality obtained with lower 
tube voltages. IR has rapidly replaced the 
more archaic filtered back projection (FBP) 
by enabling the drastic reduction in image 
noise inherent in the use of low tube volt-
age.3,4 As a result of advances in computer 
processing technologies, current generation 
IR, such as model-based IR, is now available 
on all vendor platforms and is no longer lim-
ited by the absence and expense of the faster 
computational requirements that IR requires. 
Previous generations of IR have been shown 
to reduce image noise by 70%–80% com-
pared with FBP in CT.5,6 The latest generation 
advanced modeled IR (ADMIRE) is a hybrid 
technique that removes noise more rapid-
ly by using statistical modeling in both the 
raw and image domain. Although different 
strengths of ADMIRE have been shown to de-
liver a better signal-to-noise ratio (SNR) and 
contrast-to-noise ratio (CNR) even for CTCA, 
the best strength of iteration that is opti-
mal remains undetermined. This is because 
higher strengths of iteration can lead to an 
excessive smoothing of the image, which de-
grades subjective image quality.7

Another dose reduction strategy that can 
be used is high-pitch (>3) prospective elec-
trocardiogram (ECG)-triggered helical data 

acquisition (FLASH CTCA), which can acquire 
the complete volumetric dataset within a 
fraction of a cardiac cycle. The high pitch 
leads to very low radiation dose (0.5–1 mSv) 
as long as the patient has low, regular heart 
rates (HRs).

Prospective ECG-gated CTCA, which is 
the default “lower-dose CTCA”, is a well-uti-
lized technique. By using forward-looking 
ECG prediction and step/shoot non-spiral 
acquisition, it requires the X-ray beam to be 
turned on for only a small portion of the car-
diac cycle. In FLASH CTCA, by using a higher 
pitch and faster table movement, the beam 
is switched on for even shorter periods, en-
abling it to be genuinely “low dose” or “ul-
tra-low dose”. 

Combining the three techniques (low 
tube voltage, FLASH CTCA, and IR) could lead 
to a significant reduction in radiation expo-
sure and still deliver diagnostic image quali-
ty. The objective of this study was to identify 
the optimum strength of ADMIRE to achieve 
the best SNR and CNR when using FLASH 
CTCA at a tube voltage of 100 kVp because 
the strength of ADMIRE that provides the op-
timum subjective image quality is still con-
tested. This study also evaluated the role of 
a single dose of the novel HR-lowering drug 
ivabradine in decreasing and stabilizing the 
HR to rates required for FLASH CTCA.

Methods 
This study was a prospective single-cen-

ter study involving 66 consecutive adult 
patients who underwent CTCA for suspect-
ed coronary artery disease. The study was 
approved by the Institutional Ethics Com-
mittee (IECPG-96/21.03.2018), and informed 
consent was obtained. All studies were con-
ducted after documenting baseline HR and 
blood pressure and assessing left ventricular 
ejection fraction through echocardiography. 
A 384 -slice (192*2) dual-source scanner (Sie-
mens Somatom Force, Erlangen, Germany) 
was used to perform FLASH CTCA. The ac-
quisition parameters were 2 × 192 × 0.6 mm 
for detector collimation (Siemens Healthcare 
Sector, Forcheim, Germany), rotation time of 
0.25 s, temporal resolution of 66 ms, pitch of 
3.2 mm, and tube voltage of 100 kVp. In cas-
es where the HR was greater than 75 bpm, a 
single 10 mg dose of ivabradine (in patients 
without any contraindications for the drug) 
was administered to the patient, and CTCA 
was acquired if the HR was less than 75 bpm 
after 2 h. Ivabradine was not administered to 
any of the patients already on beta-blockers. 

Subsequently, 50–60 mL of iodinated con-
trast media (350 mg I/mL) was injected, fol-
lowed by a 30 mL saline chaser at a flow rate 
of 3.6–3.8 mL/s through the antecubital vein. 
Scans were automatically triggered after 
an attenuation threshold of 100 Hounsfield 
units (HU) was reached in the descending 
thoracic aorta using bolus tracking. Auto-
matic exposure control (CARE kV, Siemens) 
and attenuation-based tube current modu-
lation (CAREDose, Siemens) was enabled. A 
dual FLASH protocol was performed using 
one set of images acquired in the strongest 
systolic phase (35% of RR interval) and one 
set of images acquired in the strongest dia-
stolic phase (65% of RR interval). All patients, 
including those who were given ivabradine, 
were observed carefully for adverse effects 
before, during, and after the CTCA. Patients 
with HRs above 75 bpm, despite being on 
oral beta-blockers, and patients with hyper-
sensitivity to iodinated contrast were exclud-
ed from the study.

Computed tomography image reconstruc-
tion

CTCA images were reconstructed using 
ADMIRE (Siemens, Germany). Both the sys-
tolic and diastolic phases were reconstructed 
using three increasing strengths of noise re-
duction: ADMIRE 3 (A3), ADMIRE 4 (A4), and 
ADMIRE 5 (A5). The parameters for recon-
struction for both the systolic and diastolic 
datasets were a 0.75 mm slice thickness with 
0.5 mm increments and a 512 × 512 matrix 
using a medium soft tissue reconstruction 
kernel (Bv-40). 

The resulting six series of images were ar-
chived and then evaluated using a commer-
cially available software (Siemens Syngo.via 
VB10B).

Regions of interest (ROIs) of 1 cm2 drawn 
in the aortic root at the level of the left main 
coronary artery on an axial image were used 
to measure signal strength (mean HU value). 
The standard deviation (SD) obtained from 
the same ROI represented the objective im-
age noise (Figure 1). Similar ROIs (as large as 
possible) were drawn on the right coronary, 
proximal left main, left anterior descending, 
and left circumflex arteries (within 1 cm of 
their origins on axial images).

Only one phase, either the highest quality 
diastolic or systolic images, were chosen for 
the assessment of subjective and objective 
image analysis based on which had the least 
cardiac motion in the preliminary analysis of 
both datasets.

Main points

•	 Signal strength remains unchanged but 
mean noise significantly decreases with in-
creasing advanced modeled iterative recon-
struction (ADMIRE) strengths (A3 to A5).

•	 Signal-to-noise and contrast-to-noise ratios 
are the highest at A5.

•	 The A5 datasets have the best overall sub-
jective and objective image quality despite 
producing a “plastic appearance” when 
combining three-dose reduction strategies: 
ultra-high-pitch computed tomography 
coronary angiography (with single-dose iv-
abradine to lower heart rate), low tube volt-
age, and ADMIRE.
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Quantitative analysis

An automated copy/paste tool ensured 
that all measurements were performed in an 

identical location for all three datasets (A3, 
A4, and A5), which were viewed side by side 
simultaneously by NK (Figures 2-4). 

Mean signal strength and noise were cal-
culated by averaging the values obtained 
from the five vessels mentioned above. 

Figure 1. (a-c) Axial computed tomography images showing image noise measurements in the aortic root in a 45-year-old female patient (62 kg, 150 cm) at 
advanced modeled iterative reconstruction (ADMIRE) 3 [image noise: 36 Hounsfield units (HU)], ADMIRE 4 (image noise: 31 HU), and ADMIRE 5 (image noise: 27 HU). 
ROI, Regions of interest; SD, standard deviation.

cba

Figure 2. (a-c) Curved multiplanar computed tomography images of the right coronary artery of a 45-year-old female patient (62 kg, 150 cm, heart rate: 69 bpm) 
obtained through electrocardiogram-triggered high-pitch acquisition at advanced modeled iterative reconstruction (ADMIRE) 3 (a), ADMIRE 4 (b), and ADMIRE 5 (c).

cba

Figure 3. (a-c) Curved multiplanar computed tomography images of the left anterior descending artery of a 45-year-old male patient (88 kg, 170 cm, heart rate: 
66 bpm) obtained through electrocardiogram-triggered high-pitch acquisition at advanced modeled iterative reconstruction (ADMIRE) 3 (a), ADMIRE 4 (b), and 
ADMIRE 5 (c).

cba
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In addition, SNR was defined as the ratio 
of the mean HU value of the coronary artery 
and its SD (noise), and CNR was calculated by 
dividing the contrast attenuation by image 
noise.

Qualitative analysis

Two independent and blinded cardiotho-
racic radiologists (GG and KG, with 20 and 6 
years of experience, respectively, in cardiac 
imaging) performed the qualitative image 
analysis at a different time from the quanti-
tative measurements. The ADMIRE strengths 
used on each dataset were hidden from the 
readers to prevent bias.

Maximum intensity projections, curved 
multiplanar images, and routine axial data-
sets were used at the discretion of the indi-
vidual readers. A Likert score was assigned 
for each dataset with respect to 1) subjec-
tive image noise, 2) coronary wall definition 
(sharpness), 3) beam-hardening artifacts, 
and 4) overall subjective image quality. The 
readers ignored artifacts resulting from mo-
tion and poor gating that were not caused by 
the reconstruction algorithm.

These four parameters were assessed us-
ing a single score on a 4-point Likert scale 
(range 1–4) based on the segment of the cor-
onary artery with the poorest appearance. 
The Likert scale was defined as follows: image 
noise and beam-hardening artifacts were as-
sessed as (1) present and not acceptable, (2) 
present and interfering with assessment, (3) 
present but not interfering with assessment, 
and (4) minimal or absent; vessel sharpness 
was defined as (1) blurry, (2) poorer than 
average, (3) better than average, and (4) the 
sharpest; overall image quality was graded 
as (1) unacceptable (inadequate to evaluate 
coronary stenosis), (2) fair (sufficient for eval-
uating coronary stenosis), (3) good, and (4) 

excellent quality. The Likert scores from both 
readers were averaged and used for statisti-
cal analysis. 

Estimation of radiation dose 

The CT volume dose index and dose–
length product (DLP) were obtained from the 
scanner. The effective dose was derived from 
the product of DLP and the conversion coef-
ficient (k) for the chest.8 To make our study 
more comparable with previous studies, a 
coefficient of 0.014 mSv mGy-1 cm-1 was used

Statistical analysis

Data were analyzed using SPSS version 
23.0 (SPSS, Chicago, IL, USA). Descriptive 
statistics are presented in frequencies with 
percentages, mean+/− SD, or median (min–
max), depending on the distribution of the 
data. For the assessment of image quality 
score and quantitative parameters between 
the three reconstruction algorithms, a One-
Way analysis of variance (for normal data) 
and Kruskal–Wallis tests (for non-normal 
data) were used. For pairwise comparisons, a 
post hoc test (Dunn’s test) was applied. Stu-
dent’s test (paired) was used for comparing 
HRs in patients who had been administered 
ivabradine (before or after ivabradine ad-
ministration). Interobserver reliability was as-
sessed using the Kappa coefficient. A P value 
< 0.05 was considered statistically significant. 

Results
In total, 66 patients were enrolled, with 

6 patients excluded because of an elevated 
preprocedural HR above 75 bpm despite 
being on routine beta-blocker therapy. The 
mean age of the 33 men and 27 women was 
49.9 ± 9.6 years (range: 30–75). The mean BMI 
and average HR during CTCA were 27.4 ± 4.1 
kg/m2 (range: 19.5–40.9) and 69 ± 5.7 bpm 

(range: 50–75), respectively. Ivabradine was 
administered to 31 patients, after which the 
average HR was 67.9 ± 6.2 bpm compared 
with 87.3 ± 7.8 bpm (P = 0.038) prior to ad-
ministration. No adverse effect was identi-
fied in any patient. 

Quantitative analysis

Mean signal strength (averaged value of 
the ROIs in the five vessels) remained un-
changed across the three datasets recon-
structed at the different strengths of ADMIRE 
(513.78 ± 101.7 HU in A3, 515.6 ± 100.5 HU in 
A4, and 519.7 ± 107.9 HU in A5) (P = 0.976). 

Mean image noise (averaged value of 
the ROIs in the five vessels) significantly de-
creased with increasing strengths of ADMIRE 
(23.4 ± 4.5 HU in A3, 20.2 ± 3.6 HU in A4, and 
17.2 ± 3.3 HU in A5) (P = 0.033), although 
pairwise comparison produced varying re-
sults in different vessels (Table 1). Mean noise 
was reduced by 13.66% at A4 compared with 
A3, 14.83% at A5 compared with A4, and 
26.49% at A5 compared with A3 (Table 1). 
Thus, a linear improvement in the mean SNR 
and CNR was observed with increasing iter-
ations, with an improvement of 39.91% and 
37.12%, respectively, at A5 compared with 
A3 (P < 0.0001) (Table 1). 

Qualitative analysis 

The optimal overall image quality was 
obtained at A5, with readers 1 and 2 rating 
96.67% (58/60) and 98.33% (59/60), respec-
tively, of the A5 images as excellent (Table 2). 

Subjective image noise was at its maxi-
mum at A3, with readers 1 and 2 grading it 
as minimal or absent only in 58.33% and 18% 
of the A3 datasets. Subjective image noise 
was at a minimum at A5, with both readers 
grading it as minimal or absent in 95% of the 
A5 datasets. 

Figure 4. (a-c) Curved multiplanar computed tomography images of the left main coronary artery of a 45-year-old male patient (88 kg, 170 cm, heart rate: 66 bpm) 
obtained through electrocardiogram-triggered high-pitch acquisition at advanced modeled iterative reconstruction (ADMIRE) 3 (a), ADMIRE 4 (b), and ADMIRE 5 (c). 

cba
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Beam-hardening artifacts were minimal 
or absent in almost all the datasets for both 
readers at all three ADMIRE strengths and 
did not interfere in the interpretation in any 
of the datasets for either reader.

Vessel sharpness in all 60 patients was 
lowest at A3 [14/60 (23.33%) for reader 1, 
19/60 (31.67%) for reader 2] and highest in 
those reconstructed at A5 [60/60 (100%) for 
both readers]. Interobserver reliability was 
excellent for subjective image noise, vessel 
sharpness, and overall image quality at A5 
(Table 3). Poor agreement for subjective im-
age noise was determined at A3. This may be 
because the more experienced reader 1 (GG) 
was more accepting of image noise. Howev-

er, image noise did not interfere with image 
interpretation for either reader. 

Pairwise comparisons revealed that A4 
and A5 offered significantly higher Likert 
scores for image noise, vessel sharpness, 
and overall image quality compared with 
A3 (Table 4), and A5 was associated with a 
significant increase in all three of the afore-
mentioned parameters according to the 
Likert scale (all P < 0.0001). Likert scores for 
beam-hardening artifacts were not signifi-
cantly different between the groups (P = 
0.999).

The average effective radiation dose was 
1.6 ± 0.29 mSv (range 1.2–2.5 mSv; dual 
FLASH protocol). The radiation dose with 

a single FLASH scan was 0.60 ± 0.09 mSv 
[an average of the radiation dose from the 
strongest diastolic dataset that was most fre-
quently (59/60) used for interpretation].

Discussion
High CTCA accuracy is desirable when 

using conventional angiography only in pa-
tients requiring revascularization therapy. 
FBP, which is usually used for CTCA, is fast, 
requires less computing power, and is more 
easily implemented, but it leads to noisier 
images with artifacts at reduced doses be-
cause of its inherent mathematical assump-
tions of the CT system. FBP ignores essential 
information such as the Poisson distribution 

Table 1. Objective image quality parameters in the study population

Variables ADMIRE 3 (A3) ADMIRE 4 (A4) ADMIRE 5 (A5) P value# P (A3–A4)* P (A4–A5)* P (A3–A5)*

I. Aorta

Aorta signal (HU) 546.12 ± 105.0 546.5 ± 105 546.5 ± 106.5 0.999 - - -

Aorta noise (HU) 42.5 ± 9.3 37.5 ± 8.4 32.3 ± 8.3 <0.0001 0.004 0.001 0.0001

Aorta SNR 13.3 ± 3.4 15.1 ± 4.2 17.7 ± 5.3 <0.001 0.104 0.084 0.029

Aorta CNR 15.4 ± 3.8 17.5 ± 4.6 20.5 ± 5.7 <0.001 0.076 0.040 0.011

II. Left main (LM) coronary artery 

LM signal (HU) 524.2 ± 117.1 525.3 ± 116.0 526.0 ± 117 0.998 - - -

LM noise (HU) 18.7 ± 8.8 16.1 ± 7.5 13.1 ± 6.4 <0.001 0.143 0.031 <0.0001

LM SNR 29.39 (9.9–178.6) 35 (9.8–200) 45.6 (10.3–149.2) 0.028 0.912 0.310 0.025

LM CNR 34.9 (11.0–217.3) 41.2 (11.4–226) 51.4 (11.5–168.7) 0.027 0.931 0.292 0.025

III. Left anterior descending artery (LAD)

LAD signal (HU) 510.7 ± 108.7 513.4 ± 105.4 513.0 ± 177 0.984 - - -

LAD noise (HU)* 15 (4–46) 14 (3–38) 12 (2–31) 0.014 0.384 0.476 0.011

LAD SNR* 327 (11.1–89) 35.7 (13.4–179.6) 41.2 (16.5–271) 0.017 0.506 0.409 0.013

LAD CNR* 38.6 (14.1–95.3) 41.7 (17.1–190.3) 49.4 (00.9–288) 0.138  -  - -

IV. Left circumflex artery (LCX)

LCX signal (HU) 486.7 ± 112.8 491.0 ± 110 492.2 ± 112 0.966 -  -  -

LCX noise (HU)* 18.5 (3–51) 15 (4–44) 13 (3–38) 0.003 0.203 0.168 0.003

LCX SNR* 24.7 (8.5–82) 30.9 (14.5–119.5) 43.0 (16.8–142.3) 0.007 0.524 0.211 0.005

LCX CNR* 28.9 (12.4–96.6) 35.5 (14.5–119.7) 43.0 (16.8–142.3) 0.004 0.468 0.173 0.003

V. Right coronary artery (RCA)

RCA signal (HU) 500.9 ± 125.7 502.4 ± 122.9 503.1 ± 124 0.997 - - -

RCA noise (HU) 19.2 ± 8.9 16.0 ± 7.9 13.3 ± 7.2 <0.001 0.063 0.058 <0.0001

RCA SNR* 26.3 (3.4–94.4) 32.8 (4.6–95.5) 40.7 (7.5–166) 0.001 0.335 0.093 0.001

RCA CNR* 30.4 (10.16–105.3) 39.6 (123.6–124.3) 49.3 (15.5–196.3) 0.0007 0.301 0.084 <0.0001

VI. Averaged values from 5 vessels 

Signal (HU) 513.78 ± 101.77 515.68 ± 100.53 519.78 ± 107.92 0.976 - - -

Noise (HU) 23.47 ± 4.5 20.28 ± 3.6 17.21 ± 3.38 <0.001 <0.001 <0.001 <0.001

SNR 31.94 ± 19.89 38.14 ± 25.19 46.35 ± 31.83 <0.001 <0.001 <0.001 <0.001

CNR 37.34 ± 22.85 44.42 ± 28.28 53.89 ± 35.05 <0.001 <0.001 <0.001 <0.001

Values are expressed as mean +/− standard deviation or median (min–max), depending on the normality of the data. #One-Way analysis of variance or Kruskal–Wallis test, 
depending on the normality of the data, P < 0.05 for statistically significant difference, *Dunn’s test, P < 0.05 for statistically significant difference. ADMIRE, advanced modeled 
iterative reconstruction; SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; HU, Hounsfield unit. Mean signal reflects the averaged value from the regions of interest in the five 
vessels.
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of photons and CT hardware details (focal 
spot size, active detector area, and image 
voxel shape). The more complex IR has been 
reintroduced for CT imaging as advances in 
computer hardware and processing have 
overcome its traditional time and process-
ing-intensive drawbacks. It has since become 
routine9 and can compensate for a lower 

tube potential or even tube current, which 
are associated with noisier images, by pro-
ducing images of higher quality in the set-
ting of a very low SNR, as demonstrated by 
multiple authors.10 To further lower the pa-
tient’s radiation burden, CTCA acquisition is, 
in the current era, primarily performed using 
the prospective “step-and-shoot” acquisition 

and by lowering the tube current and using 
tube current modulation. The resulting in-
cremental increase in noise and decrease in 
spatial reduction is negated by shifting from 
FBR to IR. Further advances in IR with the 
development of hybrid-IR algorithms (e.g., 
ASIR, AIDR 3D, and iDose) and model-based 
IR algorithms (e.g., ADMIRE, IMR, VEO, and 

Table 2. Subjective comparison between different strengths of ADMIRE

Reader 1 Reader 2

Variables ADMIRE 3 (total 
n = 60)

ADMIRE 4 (total 
n = 60)

ADMIRE 5 
(total n = 60)

ADMIRE 3  
(total n = 60)

ADMIRE 4 
(total n = 60)

ADMIRE 5  
(total n = 60)

Image noise

Present and unacceptable - - - - - -

Present and interfering 1 (1.67%) - - - - -

Present and not interfering 24 (40.00%) 13 (21.67%) 3 (5.00%) 49 (81.67%) 11 (18.33%) 3 (5.00%)

Minimal/absent 35 (58.33%) 47 (78.33%) 57/60 (95.00%) 11/60 (18.33%) 49 (81.67%) 57 (95.00%)

Beam-hardening artifact

Present and unacceptable - - - - - -

Present and interfering - - - - - -

Present and not interfering 1 (1.67%) 1 (1.67%) 1 (1.67%) - - -

Minimal/absent 59 (98.33%) 59 (98.33%) 59 (98.33%) 60 (100.00%) 60 (100.00%) 60 (100.00%)

Vessel sharpness

Blurry - - - - - -

Poorer than average 3 (5%) - - 1 (1.67%) - -

Better than average 43 (71.66%) 16 (26.66%) - 40 (66.66%) 7 (11.67%) -

Sharpest 14 (23.34%) 44 (73.34%) 60 (100.00%) 19 (31.67%) 53 (88.33%) 60 (100.00%)

Overall image quality

Unacceptable - - - - - -

Fair 4 (6.67%) - - 12 (20.00%) - -

Good 17 (28.33%) 6 (10.00%) 2 (2.33%) 21 (35.00%) 3 (5.00%) 1 (1.67%)

Excellent 39 (65.00%) 54 (90.00%) 58 (96.67%) 27 (45.00%) 57 (95.00%) 59 (98.33%)

ADMIRE, advanced modeled iterative reconstruction.

Table 3. Interobserver variability between readers 1 and 2

Variables ADMIRE 3 ADMIRE 4 ADMIRE 5

Agreement (%) κ value* Agreement (%) κ value* Agreement (%) κ value* 

Image noise 58.3 0.26 86.6 0.58 100 1

Beam hardening 98.3 0.001 98.3 0.001 98.3 0.001

Vessel sharpness 81.6 0.59 81.3 0.43 100 1

Overall image quality 86.6 0.73 95.3 0.64 98.3 0.65

*All P values of the kappa coefficient were significant (P < 0.001). ADMIRE, advanced modeled iterative reconstruction.

Table 4. Likert scores for different ADMIRE strengths

Variables ADMIRE 3 (A3) ADMIRE 4 (A4) ADMIRE 5 (A5) P (A3–A4–A5)# P (A3–A4)* P (A4–A5)* P (A3–A5)*

Image noise 3.5 ± 0.5 3.7 ± 0.4 3.9 ± 0.2 <0.0001  <0.0001 0.04 <0.0001

Beam-hardening artifact 3.9 ± 0.1 3.9 ± 0.1 3.9 ± 0.2 0.999 - - -

Vessel sharpness 3.1 ± 0.5 3.7 ± 0.4 4.0 ± 0.1 <0.0001 <0.0001 0.005 <0.0001

Overall image quality 3.5 ± 0.6 3.9 ± 0.3 3.9 ± 0.1 <0.0001 <0.0001 0.999 <0.0001

#One-Way analysis of variance, P < 0.05 for statistically significant difference, *post-hoc analysis (Bartlett’s test), P < 0.05 for statistically significant difference. ADMIRE, advanced 
modeled iterative reconstruction.
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FIRST) have demonstrated that a “virtually 
noise-free” image with a higher CNR can be 
obtained.11 Second-generation dual-source 
prospective FLASH CTCA provides an ad-
ditional opportunity to combine all three 
techniques to obtain a maximum reduction 
in radiation dose with excellent image qual-
ity, mainly by lowering the tube voltage/
current and using IR. The low radiation ex-
posure results from the absent slice overlap 
of the FLASH CTCA protocol compared with 
the conventional prospectively triggered 
protocols. Nearly all unnecessary radiation 
exposure is eliminated when FLASH CTCA is 
used only at the beginning and end of the 
scanned volume. With a pitch of 3.4, time 
resolution of 75 ms, and full heart coverage 
in <0.25 s, FLASH CTCA has a reported suc-
cess rate of 100% in the delineation of cor-
onary arteries up to 1.5 mm.12 FLASH CTCA 
is, therefore, an acceptable angiographic 
method for reducing radiation dose without 
compromising image quality. The challenge 
with using FLASH CTCA is that it requires a 
stable and low HR. HR control medications 
such as beta-blockers have long attempted 
to achieve this objective, but they have nu-
merous drawbacks and contraindications. 
However, newer drugs such as ivabradine, a 
funny channel blocker, have recently been 
successfully used and have proved in studies 
more efficacious at lowering and stabilizing 
the HR.13-15 We therefore incorporated this 
into the protocol to establish the utility of a 
single dose of ivabradine in lowering the HR.

Studies have also demonstrated that 
it is possible to perform CTCA with ultra-
low-dose radiation exposure in the order of 
0.1–0.5 mSv.16,17 What remains unanswered 
is if the higher iteration strength images in-
terfere with interpretation because of their 
extreme smoothing effect and the possi-
bility of achieving the low HR required for 
these studies in daily routine clinical prac-
tice. The apparent subjective degradation is 
likely caused by the reader’s preference for 
obtaining images that have been used to 
receive FBP, indicating the need for a more 
conscious and concerted shift toward higher 
IR strengths despite the “apparent” degra-
dation, which is an opinion shared by other 
authors.18

In our study, the image noise was lowest 
at A5 among the three IR datasets (23.4 ± 4.5 
HU at A3, 20.2 ± 3.6 HU at A4, and 17.2 ± 3.3 
HU at A5). The SNR was 21.3 ± 9.4 at A3, 25.9 
± 5.6 at A4, and 30.6 ± 6.9 at A5, and CNR was 
26.1 ± 5.1 at A3, 30.2 ± 5.9 at A4, and 36.5 ± 
7.36 at A5. Both SNR and CNR were highest 
at A5. The subjective image noise was high-

est at A3 and lowest at A5. Vessel sharpness 
and overall subjective image quality in-
creased with the higher ADMIRE strengths 
and were highest at A5. These results are 
similar to those of the studies by Gordic et 
al.16, who found that both the objective as 
well as subjective image noise decreased 
with higher ADMIRE strengths. Although A4 
(selected in 84%) was the preferred dataset 
in their study for making the diagnosis, our 
readers preferred A5 (selected in >96%). Im-
ages with excessive smoothing and a plas-
tic appearance at A5, which was cited as a 
drawback in the previous studies, was not a 
disadvantage in this study. This in consistent 
with another study by Scholtz et al.19, who 
opined that despite an artificially smoothed 
image appearance in CT angiographies of 
the neck, CNR and overall quality were rated 
better at A5 than at A3; however, the differ-
ence was non-significant. The conclusion of 
both the previous and present studies is that 
higher strengths of iteration do not degrade 
image quality nor interfere with coronary as-
sessment despite the images having a more 
plastic appearance. The dual FLASH protocol, 
consisting of two high-pitch CTCA scans per-
formed sequentially, achieves good image 
quality despite an unexpectedly high HR 
(caused by anxiety or pain during contrast 
injection) and occasional premature ventric-
ular contractions. In this study, however, we 
concluded that a single FLASH is sufficient for 
an evaluation of all the coronary vessels be-
cause, in our sample, only one patient (1/60, 
1.67%) required an evaluation of both sys-
tolic and diastolic datasets for the depiction 
of all coronary arteries. This was likely possi-
ble because we followed a strict protocol of 
performing the FLASH technique only after 
ensuring a stable or regular HR of <75 bpm. 
If the patient’s HR was >75 bpm, a single 10 
mg dose of ivabradine was administered 2 
h before examination. In the small subset of 
patients receiving ivabradine, a significant 
reduction in the HR was noted. To the best of 
our knowledge, this is the first study to sug-
gest that a single 10 mg dose of ivabradine 
may be efficacious in lowering the HR. A re-
cently published abstract by Baig et al.20 re-
vealed similar results with the administration 
of a 15 mg dose of ivabradine. However, larg-
er randomized studies are required to verify 
that this is a valid method and not confound-
ed by the 2 h interval period prior to CTCA.

The mean radiation dose per patient was 
1.6 and 0.6 mSv when only one scan (systole 
or diastole) was considered, which demon-
strates that FLASH CTCA, when used with a 
low tube voltage and IR, can lead to submil-

lisievert scans and still obtain diagnostic im-
age quality. Earlier studies have demonstrat-
ed that diagnostic image quality can also 
be achieved with 80 kVp using similar high-
pitch techniques with exposure levels as low 
as 0.1–0.3 mSv despite using lower levels of 
IR, such as A3 or A4.19,20,23 Based on the find-
ings of our study, we hypothesize that these 
remarkably low exposure levels can become 
routinely feasible and be applied to larger 
subsets of the general population if ade-
quate attention is paid to HR control (with 
novel and safe drugs such as ivabradine), 
using FLASH CTCA at 70–80 kVp, and using 
higher strengths of iteration to compensate 
for the noisy image. In routine daily prac-
tice, coronary artery evaluation is feasible 
with good-to-excellent image quality while 
simultaneously reducing radiation exposure 
significantly.  

This study has limitations. First, this was 
a single vendor study from a single center 
only; thus, the replication of our results to 
other scanners and centers may be limited. 
Second, although anonymized images were 
used, the differences in image quality be-
tween reconstruction methods were at times 
apparent and may have impacted observer 
blinding. Third, quantitative noise assess-
ment in IR can be inaccurate when using the 
SD from ROIs because noise is unequally dis-
tributed in the images; however, this is still 
an accepted criterion for noise estimation. 
Fourth, the effect of higher grades of itera-
tion on the quantitative assessment of the 
degree of coronary artery stenosis was not 
assessed in this study. However, other stud-
ies have conclusively proved that stenosis as-
sessment is not hampered with the higher it-
eration grade of images.19,20,23 Finally, the role 
played by a single dose of ivabradine needs 
further validation through trials. The small 
study group is also a limitation of our study.

In conclusion, we conclude that combin-
ing FLASH CTCA, lowering tube voltage, and 
using IR leads to a significant reduction in ra-
diation dose exposure closer to “true” submil-
lisievert levels in patients, especially if com-
bined with novel drugs such as ivabradine 
to lower the HR. The highest strength of IR,  
despite the plastic appearance of the imag-
es, does not interfere with image interpreta-
tion and leads to a significant increase in SNR 
and CNR. The higher strengths of iteration 
with its superior noise-reducing capabili-
ties but the consequent plastic/smoothed 
appearance is likely the lesser of two evils 
because it improves diagnostic image qual-
ity, allowing for a greater reduction in tube 
voltage and consequent radiation exposure. 
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PURPOSE
The inflammation of the heart muscle is referred to as acute myocarditis. Cardiac magnetic reso-
nance imaging (CMR) has become the primary method for a non-invasive assessment of myocardial 
inflammation. However, there are several drawbacks of CMR. During the last decade, dual energy 
computed tomography (DECT) has been used in cardiac imaging. The current study aims to assess 
the efficacy and feasibility of DECT in acute myocarditis and compare the results to CMR.	

METHODS
This prospective study included patients who had myocarditis but no coronary artery pathology. 
Two observers evaluated the patients for acute myocarditis using DECT and CMR. CMR was per-
formed on 22 patients within 24 hours of DECT, which was administered within 12 hours following 
the onset of chest pain. Inter-observer agreement was tested with Cohen’s Kappa coefficient, and 
Spearman’s correlation was used to examine the possible correlations. A P value of <0.050 was ac-
cepted as statistically significant.

RESULTS
The DECT and CMR agreement was significant for transmural diagnoses, excellent for subepicardial 
and intramyocardial diagnoses, and perfect for nodular and band-like patterns.

CONCLUSION
The findings of this study showed that the dark areas on the color-coded iodine map created with 
DECT were strongly correlated with CMR in acute cases of myocarditis. In addition, DECT is a ro-
bust imaging method that can also be used in the diagnosis of acute myocarditis. Furthermore, it 
provides information about coronary arteries faster and more reliably than magnetic resonance 
imaging without any limitations.

KEYWORDS
Dual-energy computed tomography, cardiac magnetic resonance imaging, magnetic resonance 
imaging, myocarditis
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The inflammation of the heart muscle is referred to as acute myocarditis. The etiology of 
this condition is influenced by infections, toxins, hypersensitivity/autoimmune factors, 
and drugs. Myocarditis can cause a variety of symptoms, including sudden death or 

cardiogenic shock, recent onset heart failure due to ventricular dysfunction, chest pain, ven-
tricular arrhythmias, and atrial arrhythmias.1,2

Electrocardiography (ECG) findings in some cases of focal myopericarditis are indistin-
guishable from myocardial infarction with ST segment elevation.3 

The gold standard for diagnosing myocarditis is an endomyocardial biopsy (EMB).4 The 
role of an EMB in diagnosing pathologic entities has evolved over time. The Dallas criteria 
are controversial because many patients who did not meet the Dallas criteria were eventu-
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ally diagnosed with myocarditis.5 Because of 
the risk of complications and the low sensi-
tivity of histological studies due to the small 
sampling area, non-invasive diagnostic tests 
are required.6 According to one study, in-
creased myocardial delayed enhancement 
with cardiac magnetic resonance imaging 
(CMR) correlates well with the presence of 
an active inflammatory process detected in 
the histopathology of EMBs.7 In patients with 
suspected myocarditis, CMR has become the 
primary method for a non-invasive assess-
ment of myocardial inflammation.7-11 Follow-
ing the introduction of myocardial mapping, 
new Lake Louise Criteria (nLLC) were recently 
published, which redefined imaging diagno-
ses based on the presence of a T1 criterion 
[presence of late gadolinium enhancement 
(LGE) or increased T1 mapping or extracellu-
lar volume values] and a T2 criterion (hyper-
intensity in T2 weighted Short tau inversion 
recovery or increased T2 mapping values). 
Results revealed that nLLC improved the 
CMR diagnostic performance for the diagno-
sis of acute myocarditis, particularly in cases 
with unusual clinical presentation.12 Howev-
er, there are several drawbacks of CMR, such 
as the long scan time, the fact that it is not 
universally available, the high cost, claustro-
phobia, incompatibility with pacemakers, 
and the incompatibility of prostheses with 
this technique.13,14

Dual-energy computed tomography 
(DECT) is a developing technology that pro-
vides information about the material compo-
sition via image acquisition by varying pho-
ton energy levels.15 During the last decade, 
DECT has been used in cardiac imaging.16,17 
When different energy levels of X-ray spectra 
penetrate through iodine as a contrast mate-
rial, it exhibits unique absorption character-
istics. As a result, iodine mapping reveals the 
distribution of iodine in the myocardium,16 
where the dark areas indicate a lack of iodine, 

and DECT precisely detects cardiac perfusion 
defects.18,19

The current study aims to assess the effi-
cacy and feasibility of DECT in acute myocar-
ditis and compare the results to CMR.	

Methods

Study population 

The institutional ethics committee ap-
proved the study (ATAUNI-KAEK-19-1-13). All 
participants were enrolled in the study after 
providing written informed consent, which 
was obtained from the parents in pediatric 
cases. 

This prospective study began with the re-
cruitment of 41 consecutive patients admit-
ted to our hospital over a 30-month period 
for acute chest pain mimicking acute coro-
nary syndrome, with high troponin levels but 
no specific ECG findings indicating typical 
ischemia. 

Exclusion criteria for coronary diseases 
included the following: (1) a history of cardi-
ac bypass surgery (one patient); (2) a history 
of coronary stenting (two patients); and (3) 
the presence of coronary stenosis or occlu-
sion on DECT (two patients). Another five 
patients were ruled out due to chronic renal 
failure an unstable hemodynamic state (one 
patient), and a high heart rate (>80 beats per 
minute) that made them susceptible to DECT 
artifacts (three patients). In addition, seven 
cases (four DECT studies and three CMR stud-
ies) with poor image quality and numerous 
artifacts were eliminated from further con-
sideration. Two patients were ruled out due 
to claustrophobia. The study group included 
22 patients who met the selection criteria 
(13 males, 9 females; median age, 14 years; 
range, 1–22 years).

Study design

Within 12 hours of the onset of chest pain, 
DECT was used to assess these patients. Fol-
lowing DECT, all patients were evaluated by 
CMR within a maximum of 24 hours. All pa-
tients’ creatine kinase (CK), CK-muscle/brain 
(CKMB), troponin I, ECG, and transthoracic 
echocardiography (TTE) results were record-
ed.

To assess the image quality of each cor-
onary segment on DECT, the following five-
point scale was used: 5, no motion artifacts; 
4, minor artifacts (mild blurring); 3, moderate 
artifacts (moderate blurring without dis-
continuity); 2, severe artifacts (doubling or 
discontinuity along the coronary segments); 

and 1, unreadable (vessel structures not dif-
ferentiable). A score of ≥4 was considered to 
indicate acceptable image quality.20

DECT protocol

The DECT examinations were carried out 
using a 64-slice dual-source multi detector CT 
scanner (Somatom Definition Flash, Siemens 
Healthcare, Forchheim, Germany). At a flow 
rate of 5 mL/s, 70 mL of iopromide (ultravist 
370 mg/mL, Bayer Schering Pharma, Berlin, 
Germany) was injected into the right ante-
cubital vein, followed by 60 mL of saline. The 
region of interest (ROI) was located in the left 
ventricle using a bolus tracking technique 
(CARE-bolus, Siemens Healthcare, Forch-
heim, Germany). The data collection began 
at a specific time determined by a single ROI 
system with a trigger threshold of 200 HU in 
the left ventricle blood pool. Data collection 
began 8 s after triggering, with data collect-
ed in the arterial phase. The scan mode was a 
retrospective low-pitch ECG-gated scan with 
ECG pulsing (a prospective protocol could 
not be applied to the artifacts during the du-
al-energy protocol). In the retrospective pro-
tocol, ECG dose modulation was used for all 
patients. For each patient, the CT dose index 
volume and the dose-length product of the 
DECT scans were recorded.

During the procedure, the patients were 
instructed to use the deep-inspiration 
breath-hold technique, and the scan was 
performed craniocaudally from the subca-
rinal level to the diaphragm. For the cardiac 
cycle, the reconstruction window of the ini-
tial axial images was set to 75% (end of di-
astolic phase) and 45% (end of the systolic 
phase).

The high- and low-voltage data were re-
constructed for the myocardial evaluation 
using a dual-energy convolution core (D30f ) 
with a temporal resolution of 140 ms and a 
thickness of 1.5 mm, with 1 mm increments 
used to optimize the signal/noise ratio. The 
reconstructed data sets were then tested 
with a three-material decomposition soft-
ware analysis platform (Syngo Multimodality 
Workplace; Siemens, Erlangen, Germany).

CMR protocol

A 3.0 T magnetic resonance imaging (MRI) 
device (Magnetom Skyra, Siemens Health-
care, Berlin, Germany) with a 16-channel 
cardiac coil was used to examine all the pa-
tients. All the scans were conducted with 
the patient in the supine position, and the 
images were taken during a single breath 
hold. Gadolinium-enhanced T1-weighted 

Main points

•	 Dual energy computed tomography (DECT) 
is increasingly used for the diagnosis of 
cardiac pathologies with a reasonable radi-
ation dose, including acute myocarditis. In 
addition, DECT is strongly correlated with 
cardiac magnetic resonance imaging in 
acute cases of myocarditis.

•	 The combination of a computed tomogra-
phy coronary angiography and an iodine 
map with DECT within a single examination 
can accurately diagnose malignant coronary 
artery anomalies, coronary artery disease, 
and acute myocarditis, which can cause 
symptoms of acute coronary syndrome.



 

278 • April 2023 • Diagnostic and Interventional Radiology Kantarcı et al.

and T2-weighted CMR sequences were ob-
tained by matching with routine short-axis 
images. After bolus infusion, first-pass per-
fusion sequences were obtained by injecting 
0.1 mmol (i.e., 10–20 mL) of gadoterate di-
meglumine (Dotarem; Guerbet, Aulnay-sous-
Bois, France) at a rate of 3–4 mL/s, followed 
by a 30 mL saline flush at the same rate. Next, 
LGE CMR was performed 10 minutes after 
the contrast agent was administered intrave-
nously. A two-dimensional phase-sensitive 
inversion recovery breath-hold sequence 
was used for LGE imaging at least 10 minutes 
after the last gadolinium administration. All 
images were uploaded to the Syngo Multi-
modality Workplace for review.

Image analysis

Two radiologists (M.K. and Ü.B., with 13 
and 6 years of experience in cardiac CT and 
MRI, respectively), who were blinded to the 
clinical data, first independently reviewed 
the CT images using the 17-segment model 
according to the American Heart Association 
classification of the segmentation of the left 
ventricular myocardium. The main coronary 
arteries and branches were also evaluated 
for intraluminal pathologies and anomalies. 
Before evaluating the myocardium using 
DECT, on the workstation, the “DE normal-
ize contrast” procedure was applied to stan-
dardize the visual evaluation to remove any  
bias related to inter-observer variability  
(Figure 1). Arterial phase images were used 
for the myocardial evaluation. The dark areas 
on the color-coded iodine map were accept-
ed as pathological fields and recorded for 
each patient and segment. The two radiol-
ogists reached a consensus for the protocol 
concerning the evaluation of myocarditis 
when examining the CMR findings of the 
patients according to the segments at two-
day intervals after the DECT evaluation of the 
combination of coronary CT angiography and 
iodine map images in a single examination.

A CMR diagnosis of myocarditis was made 
based on the updated LLC (2018) (Table 1). 

The dark areas on the iodine map images 
on DECT and increased signal intensity areas 
on the T2-weighted images and LGE in CMR 

were noted following a segment-by-segment 
analysis and visually compared. The number 
of segments involved, anatomic location 
(transmural, intramyocardial, subepicardial, 
subendocardial), and pattern of involvement 
(nodular, band-like) were also recorded for 
each segment.

Statistical analysis

Statistical analyses were performed us-
ing SPSS v. 20.0 software (SPSS Inc, Chicago, 
IL, U.S.A.). Conformity of the data to normal 
distribution was assessed using the Kolmog-
orov–Smirnov test. Numerical variables with 
normal distribution were shown as mean ± 
standard deviation values, variables without 
normal distribution as median (minimum-
maximum) values, and categorical variables 
as numbers (n) and percentages (%). The sen-
sitivity, specificity, and positive and negative 
predictive values of observer 1 and observer 

2 were calculated according to the segments, 
location, and pattern obtained from the CMR 
results. observers 1 and 2 independently 
evaluated the CT images for the presence 
of myocarditis. Cohen’s Kappa coefficient 
was used to assess the agreement between 
Observers 1 and 2 regarding the myocarditis 
diagnosis in terms of the segments, loca-
tion, and pattern. Accordingly, the degree 
of agreement was evaluated as slight if the 
coefficient was 0 to 0.20, fair if it was 0.21 to 
0.40, moderate if it was 0.41 to 0.60, substan-
tial if it was 0.61 to 0.80, and almost perfect if 
it was 0.81 to 1.00.21 According to the normal-
ity assessment of the Kolmogorov–Smirnov 
test, a Spearman Correlation coefficient was 
performed for Observer 1, Observer 2, DECT, 
and CMR data in terms of the total number 
of segments detected for each patient. A P 
value of <0.005 was accepted as statistically 
significant.

Results
An evaluation was made in a total of 22 

patients, comprising 13 (59.11%) males and 
nine (40.90%) females. The mean age of the 
population and serum concentrations of CK, 
CKMB, and troponin are shown in detail in 
Table 2. An infectious episode less than three 
weeks before admission was reported in 19 
patients. For the remaining patients, the pri-
mary symptoms were restlessness and acute 
chest pain. No patient showed signs of cardi-
ac failure or dyspnea. In the ECG, ST-segment 
elevation was observed in one patient, ST 
depression was found in three patients, and 
T-wave inversion was present in five patients. 
The ECG showed mild tricuspid insufficiency 
in four patients and left ventricular hypoki-
nesia in five patients. All examinations were 
completed on time and without any compli-
cations. One of the patients had a coronary 

Table 1. Updated Lake Louise Criteria (2018)

CMR provides strong evidence for myocardial inflammation with increasing specificity and demonstrates the combination of myocardial edema and 
inflammatory myocardial injury if both of the following criteria (T1 and T2) are present:

•	 Regional or global increase of native T2 times or regional or global increase of T2 signal intensity

•	 Regional or global increase of T1 times, regional or global increase of ECV, or regional non-ischemic LGE signal pattern

Supportive criteria: pericardial effusion, pericardial signal abnormalities, or systolic left ventricle dysfunction

CMR, cardiac magnetic resonance; ECV, extracellular volume; LGE, late gadolinium enhancement.

Figure 1. The procedure of “DE normalize contrast” 
(indicated by arrows) in the iodine map on dual 
energy computed tomography using a dedicated 
workstation. DE, dual energy.

Table 2. Distribution of cardiac enzymes and ages in patients

Number Mean ± SD Median (min–max)

CK (UI/L) 22 351.18 ± 75.39 149 (39–3691)

CKMB (UI/L) 22 43.54 ± 3.81 33 (10–203)

Troponin (ng/mL) 22 8.26 ± 2.41 0.15 (0.04–85)

Age (years) 22 13.50 ± 6.62 14 (1–32)

SD, standard deviation; CK, creatine kinase; CKMB, creatine kinase-msucle/brain.
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anomaly. Left anterior descending artery had 
a course between the aorta and the pulmo-
nary artery. A catheter angiography was not 
performed since no intraluminal pathology 
was observed in DECT. All patients were dis-
charged without complications. The patients 
were checked by laboratory tests (troponin 
I) and ECG three weeks after the treatment, 
and no pathology was detected. The cases 
that previously had pathological findings on 
TTE also showed improvement. The effective 
radiation dose of DECT was calculated us-
ing a technique proposed by the European 

Guidelines on Quality Criteria. The radiation 
dose parameters for the DECT scans were 
315 mGy × cm in the dose-length product, 
and 7.05 mGy in volume CT dose index.

The dark areas on the iodine map images 
on DECT and the corresponding increased 
intensity areas on the T2-weighted scans and 
LGE in CMR appeared to be nodular or band-
like with a subepicardial, intramyocardial, or 
transmural anatomical location within the 
left ventricular wall (Figures 2-4). No patient 
had subendocardial involvement. The dark 
and normal areas on the iodine map imag-

es on DECT were measured using ROI. The 
mean value of the dark areas was 125.67 ± 
40.02 HU (range, 68–200), while that of the 
normal areas was 49.08 ± 12.90 HU (range, 
30–70).

The involved segments on DECT and CMR 
are shown in Table 3 according to the evalua-
tion based on the number of segments. Table 
4 shows the sensitivity, specificity, and pos-
itive and negative predictive values of both 
observers for the CT diagnosis based on CMR 
data.

Figure 2. Nodular transmural involvement of acute myocarditis. The dark areas on the iodine map on the dual energy computed tomography image (thin arrows), 
the corresponding edema on the T2-weighted image (thick arrows), and hyperenhancement on the late gadolinium enhancement image (in the circle) in the 
cardiac magnetic resonance image. 

Figure 3. Band-like intramyocardial involvement of acute myocarditis. The dark areas on the iodine map on the dual energy computed tomography image (long 
arrows), the corresponding edema on T2-weighted image (short arrows), and hyperenhancement on the late gadolinium enhancement image (in the circle with 
arrows) in the cardiac magnetic resonance image. The arrows indicate the band-like intramyocardial involvement of acute myocarditis.

Figure 4. Band-like subepicardial involvement of the lateral wall and nodular intramyocardial involvement of the septum of the left ventricle in acute myocarditis. 
The dark areas on the iodine map on the dual energy computed tomography (DECT) image (single long arrow), the corresponding edema on the T2-weighted 
image (double short arrow), and hyperenhancement on the late gadolinium enhancement (LGE) image (in the dark circle with arrows) in the cardiac magnetic 
resonance image (CMR) for nodular intramyocardial involvement of the septum of the left ventricle. The dark areas on the iodine map on the DECT image (multiple 
long arrows), the corresponding edema on the T2-weighted image (multiple short arrows), and hyperenhancement on the LGE image (in the white circle with 
arrows) in CMR for band-like subepicardial involvement of the lateral wall. 
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For observer 1, there was low to moderate 
agreement between the DECT and CMR find-
ings of segments 2 and 3; substantial agree-
ment for segments 4, 8, 9, and 10; and nearly 
perfect agreement for segments 5, 6, 11, 12, 
14, 16, and 17.

For observer 2, there was low to moderate 
agreement between the DECT and CMR find-
ings of segment 9; moderate agreement for 
segment 16; and nearly perfect agreement 
for segments 5, 8, 11, 12, 14, and 17.

According to the evaluation based on 
the anatomic location and pattern, the 
agreement between DECT and CMR was 
substantial for the diagnosis of transmural 
involvement, excellent for subepicardial and 
intramyocardial diagnoses, and almost per-
fect for nodular and band-like patterns for 
both observers.

In segments 2, 3 and 16, there was sub-
stantial agreement between observer 1 and 
observer 2, while nearly perfect agreement 

was found in the remaining segments (coef-
ficient was 0 to 0.20 fair, 0.21 to 0.40 moder-
ate, 0.41 to 0.60 substantial, 0.61 to 0.80; and 
almost perfect 0.81 to 1.00) (Table 5).

There was a statistically significant cor-
relation between the total number of seg-
ments individually identified on DECT and 
CMR by observer 1 and observer 2.

Table 3. Distribution of segments determined by observer 1 and observer 2 on the DECT and consensus MRI findings

Patient Observer 1 segments on DECT Observer 2 segments on DECT Segments on MRI

1 5 5 5

2 4, 5, 6 4, 5, 6 4, 6

3 17, 16, 11, 12, 5, 6 17, 16, 11, 12, 5, 6 17, 16, 11, 12, 5, 6

4 16 16 16

5 6, 12, 4, 10, 2 6, 12, 4, 10, 2 6, 12, 4, 10

6 14, 2 14 14

7 8, 12, 14 8, 12, 14 8, 12, 14

8 14, 8, 9, 3 14, 8, 9 14, 8

9 8, 14, 6 8, 14 8, 14

10 9, 10, 14, 3 9, 10, 14 9, 10, 14

11 2, 3 2, 3 2, 3

12 8, 12 8, 12 8, 12

13 14, 8, 12 14, 8, 12 14, 8, 12

14 12, 14, 1, 2 12, 14 12, 14

15 8, 12 12 12

16 14, 16, 17, 8, 9 14, 16, 17, 8, 9 14, 16, 17

17 12 12 12

18 12, 16 12, 16 12

19 5, 11, 4 5, 11, 4 5, 11

20 11, 12, 16, 8 11, 12, 16 11, 12, 16

21 5, 6, 10, 11 5, 6, 10, 11 5, 6

22 3, 8, 9 3, 8, 9 8, 9

DECT, dual-energy computed tomography; MRI, magnetic resonance imaging.

Table 4. Sensitivity, specificity, and positive and negative predictive values of both observers

Observers Sensitivity (%) Specificity (%) Negative predictive value (%) Positive predictive value (%)

Observer 1 83 87 91 93

Observer 2 89 91 94 96

Table 5. Consensus between observers regarding computed tomograpy segments

 Segment Kappa P value

2 0.621 0.002

3 0.621 0.002

4 1.000 <0.001

5 1.000 <0.001

6 0.861 <0.001

8 0.805 <0.001

9 0.831 <0.001

10 1.000 <0.001

11 1.000 <0.001

12 1.000 <0.001

14 1.000 <0.001

16 0.699 0.001

17 1.000 <0.001
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The inter-observer agreement was sub-
stantial, and the correlation between the to-
tal number of segments on DECT identified 
by both observers was statistically signifi-
cant.

The correlation was found to be statisti-
cally significant in terms of the total number 
of segments diagnosed between the DECT 
and CMR findings for both observer 1 and 
observer 2, as well as in the comparison be-
tween the two observers (P < 0.001) (Table 6). 

Discussion
In this study, the dark areas on the col-

or-coded iodine map on DECT, which rep-
resent pathological myocardial tissue, were 
compared with the increased intensity areas 
on the T2-weighted scans and gadolinium 
enhancement in CMR. 

Acute myocarditis is relatively uncom-
mon, and EMB is the gold standard in diagno-
sis; however, due to its invasiveness and lack 
of sensitivity, non-invasive techniques have 
become more popular.22 Therefore, CMR, 
with T2-weighted imaging and LGE, has be-
come more widely adopted. Previous studies 
have shown that CMR correlates with acute 
inflammation sites histopathologically.7,9,10 
Some studies that use cardiac CT demon-
strated that the delayed enhancement areas 
were similar to those seen on CMR in acute 
myocarditis.7,9,10,23

The DECT technique is used in cardiac im-
aging to provide information about the coro-
nary artery system and myocardial perfusion 
with a single contrast-enhanced CT scan 
obtained within a few seconds using a rea-
sonable radiation dose.18,24,25 The DECT scans 
can be obtained with suitable doses similar 
to single-energy CT.26 A previous study on 
cardiac contusion showed the efficiency and 
feasibility of DECT with a reasonable radia-
tion dose.27 Moreover, the radiation doses in 
the current study were lower than those re-
ported in the literature.28

A case study of two patients with acute 
myocarditis showed focal myocardial hy-
poattenuation areas on an early-phase rou-

tine cardiac CT corresponding to high signals 
on the T2-weighted MR images and LGE,29 
which were attributed to edema. In anoth-
er case report, it was found that abnormally 
delayed iodine enhancement areas on DECT 
showed an excellent topographic match 
with CMR.30

In the present study, DECT was used to 
evaluate coronary arteries and myocardial 
abnormalities. None of the patients had a 
coronary artery anomaly or pathology. Since 
malignant coronary artery anomalies and 
coronary artery disease may lead to simi-
lar clinical features to acute myocarditis, it 
is important to also confirm their presence 
on DECT. Although DECT is not sufficient 
to show intraluminal pathologies in distal 
branches, this study demonstrated its ability 
to easily show coronary anomalies and intra-
luminal pathologies in the main branches. In 
addition, no patient in the current study had 
a history of coronary artery disease, and the 
dark areas observed on DECT did not corre-
spond to a coronary artery territory. 

Both observers noted that more seg-
ments were involved in cardiac DECT than 
CMR. They were both found to have false 
positive results. Some of these segments 
found by observer 1 could be interpreted as 
beam-hardening artifacts where the heart 
muscle was thinner. In addition, the literature 
emphasized that to optimize virtual mon-
oenergetic imaging, the width/length (W/L) 
setting is crucial.31,32 Additional research to 
standardize W/L settings may improve the 
reliability of DECT in myocarditis imaging.

Some patients in this study had black ar-
eas in the late phase on DECT. Early and late 
enhancements of CMR in myocarditis have 
been reported in the literature.33,34 In a com-
prehensive study by Aquaro et al.35, various 
enhancement patterns in different areas 
of myocarditis were detected and found to 
be related to the prognosis. In the current 
study, although these areas were considered 
to correspond to early enhancement areas 
in CMR, the HU values that were measured 
from these areas were higher than those of 
the normal myocardium, which creates con-
fusion. Therefore, a histopathological cor-

relation is needed for a clear understanding 
of this pathophysiology. 

There were several limitations to this 
study, primarily the small patient group. A 
non-trivial number of initially selected pa-
tients were excluded for various reasons, the 
key subcohort of these patients being those 
with an inadequate heart rate or suboptimal 
scan quality. An inadequate heart rate can 
cause explicit artifacts, which can potentially 
limit the wider applicability of this technique 
in this setting. However, this limitation can 
be overcome by the administration of beta 
blockers. Larger multicentric and collabora-
tive investigations are required to define the 
clinical value of DECT and confirm the find-
ings of the current study. Further studies are 
needed to determine the contrast pattern 
of the black areas seen in the late phase on 
DECT. Another limitation was that the distal 
branches of the coronary arteries could not 
be assessed due to the technical incompati-
bility of DECT. Finally, in areas other than the 
left ventricular free wall, the evaluation was 
suboptimal due to the beam-hardening ar-
tifacts. These limitations could be overcome 
using advanced technological developments 
in further DECT studies.

In conclusion, the results of this study 
showed that the dark areas on the col-
or-coded iodine map on DECT were strongly 
correlated with CMR in acute cases of myo-
carditis. The combination of CT coronary an-
giography and an iodine map with a DECT 
in a single examination can accurately diag-
nose malignant coronary artery anomalies, 
coronary artery disease, and acute myocardi-
tis that can cause symptoms of acute coro-
nary syndrome. 
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PURPOSE
This study aims to develop a diagnostic model that combines computed tomography (CT) imag-
es and radiomic features to differentiate indeterminate small (5–20 mm) solid pulmonary nodules 
(SSPNs).

METHODS
This study retrospectively enrolled 413 patients who had had SSPNs surgically removed and histo-
logically confirmed between 2017 and 2019. The SSPNs included solid malignant pulmonary nod-
ules (n = 210) and benign pulmonary nodules (n = 203). The least absolute shrinkage and selection 
operator was used for radiomic feature selection, and random forest algorithms were used for ra-
diomic model construction. The clinical model and nomogram were established using univariate 
and multivariable logistic regression analyses combined with clinical symptoms, subjective CT find-
ings, and radiomic features. The area under the curve (AUC) of the receiver operating characteristic 
curve was used to evaluate the performance of the models.

RESULTS
The AUC for the clinical model was 0.77 in the training cohort [n = 289; 95% confidence interval 
(CI): 0.71–0.82; P = 0.001] and 0.75 in the validation cohort (n = 124; 95% CI: 0.66–0.83; P = 0.016). 
The AUCs for the nomogram were 0.92 (95% CI: 0.89–0.95; P < 0.001) and 0.85 (95% CI: 0.78–0.91; 
P < 0.001), respectively. The radiomic score (Rad-score), sex, pleural indentation, and age were the 
independent predictors that were used to build the nomogram.

CONCLUSION
The radiomic nomogram derived from clinical features, subjective CT signs, and the Rad-score can 
potentially identify the risk of indeterminate SSPNs and aid in the patient’s preoperative diagnosis.

KEYWORDS
Computed tomography, solid pulmonary nodules, lung cancer, nomogram, radiomics

With the wide application of computed tomography (CT) in pulmonary nodule 
screening and the improvement of public health awareness, an increasing number 
of small solid pulmonary nodules (SSPNs) are being detected.1,2 According to the 

Fleischner guidelines, the nodules are categorized into solid and subsolid nodules depending 
on their density. Solid nodules are dense enough to mask the traveling blood vessels and 
bronchial shadows, while subsolid nodules refer to the ground glass density containing the 
lesion density that is not enough to mask the traveling blood vessels and bronchial shadows. 
Nodules with different densities have different malignant probabilities. A survey found that 
the malignant probability of small nodules (SNs) in patients undergoing surgical resection 
ranged from 5% to 70%.3,4 The classic definition of indeterminate solitary pulmonary nodules 
(which may be malignant) is pulmonary nodules that do not meet the quintessential benign 
radiological criteria.5 Currently, the incidence of lung carcinoma both in China and globally 
remains high.6,7 In the early stage, lung carcinoma is often found in the form of pulmonary 
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nodules. Assessing the nature of the nodules 
is an essential step in making SN manage-
ment decisions. One study showed that solid 
nodules smaller than 5 mm had a malignan-
cy rate of 0.4%, solid nodules larger than 20 
mm had a malignancy rate of 31%,8 and solid 
nodules between 5 and 20 mm were difficult 
to diagnose.9

A computer-aided diagnosis is increas-
ingly used in the diagnosis of pulmonary 
nodules. Some people build clinical models 
to diagnose hamartoma and adenocarcino-
ma, and some use radiomics to distinguish 
between benign and malignant pulmonary 
nodules.10,11 The latest research techniques, 
such as the use of radiomic features and the 
attached vessel tortuosity, are also used to 
distinguish between lung adenocarcinoma 
and granuloma. We developed a nomogram 
to predict the risk probability of indetermi-
nate solid lung nodules, which combined 
clinical data, subjective CT signs, and radio-
mics, and included nodules ranging from 5 
to 20 mm.

Methods

Patient selection

Our retrospective study was approved 
(approval no: 2020KY082) by the Hospi-
tal Institutional Review Committee, and 
the requirement for informed consent was 
waived. Two radiologists (with 3 and 10 
years of working experience, respectively) 
who were blinded to the final pathological 
diagnosis and clinical data, independently 
reviewed the CT images of all patients with 
SSPNs between January 2017 and Decem-
ber 2019. Interpretation discrepancy, if any, 
was resolved by consensus. The admission 
criteria for patients were as follows: (1) SPNs 
5–20 mm in diameter; (2) aged older than 15 
years; (3) no history of malignant tumors in 
the past 5 years; (4) confirmation by surgical 
or CT-guided biopsy pathology; (5) no radio-
therapy or chemotherapy before the exam-

ination; (6) preoperative chest thin-layer CT 
image (≤1.25 mm); and (7) interval between 
chest CT scan and surgery of less than one 
month. The exclusion criteria were as fol-
lows: (1) SPNs (non-solid and part-solid); (2) 
impacts of diffuse pulmonary disease on 
imaging diagnosis; (3) lesions accompanied 
by a cavity; and (4) pathologically confirmed 
metastatic carcinoma.

In total, 413 participants were enrolled 
in this study (58.0 ± 10.5 years old), includ-
ing 199 (48.18%) women and 214 (51.82%) 
men. The prevalence of malignant SSPNs 
was 50.85%. The most malignant SSPN was 
lung adenocarcinoma with 196 (93.33%) 
cases, while the others included 8 (3.81%) 
squamous cell carcinomas, 5 (2.38%) ad-
enosquamous carcinomas, and 1 (0.48%) 
neuroendocrine carcinoma. Figure 1 shows a 
flowchart for nodule screening.

Chest CT scanning technology and image 
analysis

A thoracic spiral CT was performed from 
the apex pulmonis to the costophrenic an-
gle using the second-generation Somatom 

Definition Flash CT scanner of Siemens or a 
GE Revolution Spiral system (GE Healthcare). 
The enhanced scan was performed using a 
high-pressure syringe, injecting non-ionic io-
dine (iohexol; 350 mg/mL; injection amount, 
1.5–2 mL/kg; injection rate, 3 mL/s) intrave-
nously through the elbow. The arterial phase 
scan was performed 25 s after injection of 
the contrast agent. The acquisition param-
eters were set as follows: tube voltage, 120 
kV; tube current, 80–300 mAs; pitch, 0.2; and 
scanning matrix, 512 × 512. The scanning 
layer thickness was 5.0 mm, and the recon-
struction layer thickness of the standard al-
gorithm was 1.0–1.25 mm. The mediastinum 
window was set [width, 350 Hounsfield unit 
(HU); level, 40 HU], and the lung window was 
also set (width, 1.200 HU; level, −600 HU). The 
picture archiving and communication sys-
tem was used to store the images and export 
them in the Digital Imaging and Communi-
cations in Medicine format.

Two radiologists analyzed the character-
istics of each SSPN while blinded to the pa-
tients’ pathological results, including their 
age, sex, smoking history, clinical symptoms, 

Main points

•	 Radiomics has great advantages in assess-
ing the risk of indeterminate small solid pul-
monary nodules (SSPNs).

•	 The radiomic nomogram derived from clin-
ical features, subjective computed tomog-
raphy signs, and the radiomic score (Rad-
score) is superior to the clinical model in 
evaluating the risk of indeterminate SSPNs.

•	 The Rad-score, sex, age, and pleural indenta-
tion are independent predictors in assessing 
the risk of indeterminate SSPNs.

Figure 1. Nodule screening flow chart. CT, computed tomography.
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respiratory disease history, family history of 
lung cancer, and extrathoracic malignan-
cy history (>5 years ago). The image-based 
features included the size, location (whether 
located in the upper lobe), density, shape, 
margin (regular or irregular), marginal spic-
ulation, pleural indentation, pulmonary 
nodules significantly enhanced [yes (>15 
HU) or no (≤15 HU)], and emphysema. Nod-
ule size was defined as the mean of the lon-
gest diameter and vertical diameter of the 
largest plane of the nodule on the axial CT 
image. The regular margin was determined 
to have circular or elliptical smooth shapes. 
The marginal spiculation sign was a straight-
line shadow from the margins of the lesion 
to the surroundings, which were radial and 
unbranched. Pleural indentation, also known 
as pleural traction, was due to the formation 
of fibrosis in the tumor, which pulls the vis-
ceral pleura toward the tumor. The enhance-
ment index was measured as the difference 
between the enhancement scan and plain 
scan at the CT central level of nodules. If the 
diameter of the nodule was less than 1 cm, 
the two radiologists measured the CT value 
independently three times and took the av-
erage value.

Nodule segmentation and feature ex-
traction

Dedicated radiomic software (Radiomics, 
version 1.0.3, Siemens, Forchheim, Germany) 
was used for semiautomatic lesion segmen-
tation. The accuracy of the segmentation was 
confirmed layer by layer from the axial, cor-
onal, and sagittal positions (Figure 2). Pleu-
ral indentation, the long cords around the 
lesion, and the blood vessels and trachea at 
the edge of the lesion were not delineated, 
and any non-conforming layers were manu-
ally erased or filled.

Feature extraction was performed for 
each lung nodule, and 1.691 features were 
computed, including first-order statistical 
features, shape-based features, and texture 
features based on the gray-level co-occur-
rence matrix and gray-level size zone matrix. 
The interobserver reproducibility of segmen-
tation was evaluated using 50 randomly se-
lected cases that were re-segmented by the 
same radiologist following the same delinea-
tion principle one week later.

Data Analysis

Radiomic feature selection and radiomic 
feature model construction

An intraclass correlation coefficient (ICC) 
threshold of 0.8 was used to evaluate the 

reproducibility of the radiomic features. The 
ICC of a radiomic feature of >0.8 was con-
sidered stable and selected for subsequent 
analysis. Next, the least absolute shrinkage 
and selection operator (LASSO) method was 
used to further select the features using the 
five-fold cross-validation method. The pre-
diction model was constructed using the 
random forest (RF) method, which is a cat-
egorization method that involves multiple 
nodes of a decision tree and bootstrap resa-
mpling technology. Each tree uses a stochas-
tically selected input variable or each node 
variable combination to form a forest.12,13 The 
RF has the potential to overcome the over-
fitting problem with high accuracy and a ro-
bust anti-interference ability. Each nodule’s 
characteristic radiomic score (Rad-score) was 
calculated using the constructed model. The 
radiomic model was developed using the Py-
thon Scikit-learn package (Python 3.6; Scikit-
learn version 0.24.0; http://scikit-learn.org/).

Construction and evaluation of the nomo-
gram

The Rad-scores, clinical features, and sub-
jective CT signs were analyzed in the training 
cohort, and the nomogram was established 
with univariate and multivariable logistic re-
gressions. The backward stepwise multivari-
able logistic regression was utilized to obtain 
similar results with fewer variables. The area 
under the curve (AUC) of each prediction 
model was estimated using bootstrapping 
(1.000 times) based on the prediction score.

Clinical value of the radiological nomogram

A decision curve analysis (DCA) was per-
formed to evaluate the nomogram’s clinical 
efficacy, which was calculated as a series 
benefit of the model under a series of thresh-
old probabilities. Figure 3 shows the flow 
chart of the data process.

Statistical analysis

In this study, continuous variables con-
forming to a normal distribution were ex-
pressed as the mean ± standard deviation; 
otherwise, they were expressed as the me-
dian (the first quantile; the third quantile). 
Categorical variables were presented as 
frequencies with percentages. The Wilcoxon 
rank-sum test was used for continuous vari-
ables, and X2 or Fisher’s exact test was used 
for categorical variables. The performance 
of the models in the training and validation 
cohorts was quantified by the receiver op-
erating characteristic (ROC) analysis of the 
AUC, accuracy, sensitivity, specificity, posi-
tive predictive value, and negative predic-

tive value. A 95% confidence interval (CI) for 
each feature was also recorded. The calibra-
tion curve was used to evaluate the consis-
tency between the observed outcomes and 
predicted results, and the Hosmer–Leme-
show test was performed to evaluate the fit. 
The AUC comparison was examined using 
the DeLong test. We evaluated the perfor-
mance of the model with the Nagelkerke 
R-squared and omnibus tests. Statistical 
analyses in this study were performed us-
ing R software (version 4.0.3; R Foundation 
for Statistical Computing, Vienna, Austria, 
http://www.Rproject.org) and SPSS 24.0 
software (SPSS Inc., Chicago, IL, USA). The R 
package information is shown in Appendix 
1. The reported statistical significance levels 
were both two-sided with P < 0.050 but P 
< 0.100 in the univariate logistic regression 
analysis. 

Results

Clinical feature analysis and clinical model 
establishment

The patients were randomized in a 7:3 ra-
tio into the training and validation cohorts. 
The patient’s clinical characteristics are de-
scribed in Table 1. In the training cohort, 
potential predictors were determined using 
a univariate logistic regression analysis and 
incorporated into a multivariable logistic re-
gression analysis. Sex [odds ratio (OR): 0.46; 
95% CI: 0.27–0.81; P = 0.007), morphology 
(OR: 2.07; 95% CI: 1.23–3.49; P = 0.006), age 
(OR: 1.04; 95% CI: 1.01–1.07; P = 0.004), pleu-
ral indentation (OR: 3.16; 95% CI: 1.86–5.39; 
P < 0.001), emphysema (OR: 2.63; 95% CI: 
1.07–6.48; P = 0.036), and significant lung 
nodule enhancement (OR: 2.11; 95% CI: 
1.25–3.57; P = 0.005) were malignancy-in-
dependent predictors, and a clinical model 
was constructed using these six indepen-
dent predictors (Table 2). The AUCs for the 
clinical model in the training and valida-
tion cohorts were 0.77 (95% CI: 0.71–0.82; 
P < 0.001) and 0.75 (95% CI: 0.66–0.83; P < 
0.001), respectively.

Establishment and verification of the radio-
mic model

In total, 1.691 radiological features were 
abstracted from each patient’s lung image. 
The radiological features of 29 non-zero co-
efficients were selected using LASSO regres-
sion in the training cohort and included in 
the Rad-score calculation. Figure 4 shows the 
distribution of the Rad-scores of benign and 
malignant SSPNs in the training and valida-
tion cohorts. No significant differences were 
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found in the Rad-scores between the benign 
and malignant nodule groups in the training 

(P = 0.448) and validation (P = 0.055) cohorts, 
but the Rad-scores of the malignant nodule 

group [0.72 (0.62; 0.78) vs. 0.64 (0.57; 0.74); 
P < 0.001) and benign nodule group [0.34 
(0.23; 0.51) vs. 0.38 (0.25; 0.53); P < 0.001] in 
the training and validation cohorts were sig-
nificantly different.

Malignant pulmonary nodules typically 
have higher Rad-scores than benign pulmo-
nary nodules. The AUC values of the radiomic 
model in the training and validation groups 
were 0.90 (95% CI: 0.86–0.93) and 0.83 (95% 
CI: 0.76–0.91), respectively, which showed 
good performance in predicting SSPNs.

Establishment and verification of the no-
mogram

The multivariable logistic regression 
analysis showed that the Rad-score, sex (OR: 
0.23; 95% CI: 0.10–0.49; P < 0.001), age (OR: 
1.05; 95% CI: 1.02–1.09; P = 0.004), and pleu-
ral indentation (OR: 2.42; 95% CI: 1.20–4.87; 
P = 0.013) were independent predictors. By 
integrating these four independent factors, 
a combined model was constructed and pre-
sented in the form of a nomogram (Figure 5). 
The AUC of the nomogram was 0.92 (95% CI: 
0.89–0.95); P < 0.001) in the training cohort 
and 0.85 (95% CI: 0.78–0.91); P < 0.001) in 
the validation cohort. The calibration curve 
showed that the predicted results of the no-
mogram were in good agreement with the 
actual results in the training and verification 
queues. The Hosmer–Lemeshow test yielded 
a non-significant statistic (P = 0.584 and P = 
0.716 for the training and validation cohorts, 
respectively), which suggests a good fit for 
probability.

Model performance comparison

Table 3 shows the clinical model and no-
mogram’s diagnostic performance, and Fig-
ures 6 and 7 show the ROC curves of these 
models. The cut-off values for the clinical 
model and nomogram AUCs were 0.49 and 
0.56, respectively. Using the omnibus test 
with the model coefficients, the nomogram 
was significantly improved compared to the 
clinical model (P < 0.001). Based on the De-
Long test, statistically significant differences 
were found between the clinical model and 
nomogram in predicting the risk of SSPNs 
(Figure 8). The DCA curve (Figure 9) shows 
that the nomogram increases the net benefit 
more than the clinical model in distinguish-
ing indeterminate SSPNs.

Discussion
In the present retrospective study, we 

developed and verified a nomogram com-
bining routine clinical features, subjective 

Table 1. Clinical characteristics and subjective CT findings of the SSPN patients

 Test  Train P value

 n = 124  n = 289  

Sex    0.485

	 Female 63 (50.81%) 136 (47.06%)  

	 Male 61 (49.19%) 153 (52.94%)  

Age 57.50 (52.00; 64.00) 60.00 (52.00; 66.00)  0.157

Location    0.230

	 Upper 65 (52.42%) 133 (46.02%)  

	 Middle and lower 59 (47.58%) 156 (53.98%)  

Average diameter 1.25 (1.04; 1.55) 1.25 (0.98; 1.53)  0.280

Density    0.316

	 Uniform 62 (50.00%) 129 (44.64%)  

	 Non-uniform 62 (50.00%) 160 (55.36%)  

Morphology    0.194

	 Regular 67 (54.03%) 136 (47.06%)  

	 Irregular 57 (45.97%) 153 (52.94%)  

Boundary    0.119

	 Clear 94 (75.81%) 197 (68.17%)  

	 Unclear 30 (24.19%) 92 (31.83%)  

Spicule sign    0.990

	 No 76 (61.29%) 177 (61.25%)  

	 Yes 48 (38.71%) 112 (38.75%)  

Pleural indentation    0.370

	 No 64 (51.61%) 163 (56.40%)  

	 Yes 60 (48.39%) 126 (43.60%)  

Emphysema    0.844

	 No 109 (87.90%) 256 (88.58%)  

	 Yes 15 (12.10%) 33 (11.42%)  

Significant lung nodule enhancement    0.459

	 No 68 (54.84%) 147 (50.87%)  

	 Yes 56 (45.16%) 142 (49.13%)  

Clinical symptoms    0.049

	 No 101 (81.45%) 209 (72.32%)  

	 Yes 23 (18.55%) 80 (27.68%)  

Smoking history    0.882

	 No 81 (65.32%) 191 (66.09%)  

	 Yes 43 (34.68%) 98 (33.91%)  

Respiratory disease history    1.000

	 No 121 (97.58%) 282 (97.58%)  

	 Yes 3 (2.42%) 7 (2.42%)  

Lung cancer history    0.229

	 No 108 (87.10%) 263 (91.00%)  

	 Yes 16 (12.90%) 26 (9.00%)  

Extrathoracic malignancy history    0.850

	 No 117 (94.35%) 274 (94.81%)  

	 Yes 7 (5.65%) 15 (5.19%)  

CT, computed tography; SSPN, small solid pulmonary nodule.
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findings from CT images, and radiomic fea-
tures to distinguish indeterminate SSPNs. 
Our results suggest that the performance of 
a nomogram is superior to the clinical model 
in predicting the risk of indeterminate SSPNs. 

The DCA curve demonstrates the clinical use-
fulness of a nomogram.

Radiomics is a rapidly developing field 
that can extract thousands of quantitative 
image features from images and describe 

the biological characteristics and heteroge-
neity of lesions by analyzing these features. 
Radiomics identifies information from con-
ventional images that are not visible to the 
naked eye or limited by the size or shape of 
the lesion.14-16 In recent years, using a radio-
mic texture feature analysis for lung nodule 
assessments has received increased atten-
tion. Most studies have focused on general 
small pulmonary nodules (including solid 
and subsolid nodules) or used radiomics 
and clinical features to identify the nature of 
pulmonary nodules,17-19 for which CT signs 
have not been included. We constructed 
an integrated model combining clinical 
features, subjective CT signs, and the Rad-
scores for indeterminate SSPNs (5–20 mm). 
SNs require stricter research standards and 
are more challenging to diagnose through 
imaging.

Our study revealed that sex, age, shape, 
pleural indentation, emphysema, and en-
hancement are independent predictors 
of indeterminate SSPNs. This finding is 
consistent with the findings of previous 
studies.20-24 However, we also found that 
in most previous studies, the position of 
the upper lobe and smoking history were 
independent predictors of the malignancy 
of pulmonary nodules. This finding differs 
from those in previous studies. First, the 
discrepancy may be caused by regional 
differences. The incidence of tuberculosis 
in China is very high and mainly affects the 
upper lobe. Additionally, according to our 
previous statistics on the risk factors for 
lung cancer screening in the Hebei prov-
ince, smoking history is not an indepen-
dent predictor. This may be due to air pol-
lution, which has caused the incidence of 
nodules in non-smokers to increase signifi-
cantly. Additionally, malignant pulmonary 
nodules may be mostly adenocarcinoma, 
which has a higher incidence in women 
than in men, and smoking is rare in women.

Our model covers various pathological 
types, such as adenocarcinoma, squamous 
cell carcinoma, small cell carcinoma, inflam-
mation, tuberculosis, hamartoma, and oth-
er pathological types. We extracted 1.691 
features from each nodule, and the most 
critical and reproducible features were se-
lected to construct the prediction model. 
However, our results were not significant-
ly different from those of other studies. 
Because the SSPNs included in our study 
were difficult to diagnose on imaging, we 
excluded 20–30 mm nodules and subsol-
id nodules. Larger-diameter nodules and 
subsolid nodules are more likely to become 

Figure 2. (a, b, and c) are used to determine the region of interest boundary layer by layer from the axial, 
sagittal, and coronal positions, respectively. (d) Is a three-dimensional diagram of the nodule segmentation.

Figure 3. Flow chart of data processing. RF, random forest; ICC, intraclass correlation coefficient; LASSO, least 
absolute shrinkage and selection operator; B, regression coefficient.

Figure 4. Distribution of the radiomic scores between benign and malignant nodules in the training and 
validation cohorts, with the ordinate representing the ability to differentiate between benign and malignant 
nodules.
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malignant. Models containing these factors 
may show better efficacy.25,26

Our research has several limitations. First, 
this is a retrospective study, but our results 
are further verified in the internal cohort. 
Second, we only included nodules with 
pathological results from surgery or biopsy, 
indicating selection bias. Additionally, our 
model was established based on clinical, 
radiomic, and image features of the pulmo-
nary nodules. In addition, some other arti-
cles have applied other information, such as 
the nodules with attached vessel tortuosity 
and topological skeleton of the nodules.27,28 
In future studies, our model may be further 
improved if these latest research results are 
combined.

In conclusion, in this retrospective study, 
we constructed a nomogram combining 
clinical features, subjective CT imaging find-

Table 2. Clinical model screening results

Variable category Univariate logistic regression Multivariable logistic regression

Variables Reference 
category

Other category B OR (95% CI) P value B OR (95% CI) P value

Sex Female Male −0.55 0.58 (0.36-0.92) 0.021 −0.77 0.46 (0.270.81) 0.007

Age - - 0.04 1.04 (1.02–1.07) <0.001 0.04 1.04 (1.01-1.07) 0.004

Morphology Regular Irregular 0.97 2.65 (1.65–4.28) <0.001 0.73 2.07 (1.23-3.49) 0.006

Pleural indentation No Yes 1.16 3.17 (1.96–5.2) <0.001 1.15 3.16 (1.86-5.39) <0.001

Emphysema No Yes 0.9 2.45 (1.15–5.58) 0.021 0.97 2.63 (1.07-6.48) 0.036

Significant lung nodule 
enhancement No Yes 0.83 2.29 (1.44–3.69) 0.001 0.75 2.11 (1.25-3.57) 0.005

Density Uniform Non-uniform 0.83 2.29 (1.43–3.7) 0.001 - - -

Boundary Clear Unclear 0.59 1.81 (1.10–3.02) 0.02 - - -

Spicule sign No Yes 0.53 1.70 (1.06–2.75) 0.029 - - -

Location Middle and 
lower Upper 0.41 1.51 (0.95–2.41) 0.083 - - -

Average diameter - - −0.03 0.97 (0.63–1.45) 0.865 - - -

Clinical symptoms No Yes 0.23 1.26 (0.75–2.12) 0.384 - - -

Smoking history No Yes −0.18 0.84 (0.51–1.37) 0.479 - - -

Lung cancer history No Yes −0.04 0.96 (0.43–2.17) 0.926 - - -

Respiratory disease history No Yes 0.26 1.30 (0.28–6.68) 0.737 - - -

Extrathoracic malignancy history No Yes 1.03 2.79 (0.93–10.26) 0.074 - - -

OR, odds ratio; CI, confidence interval; B, regression coefficient.

Figure 5. Nomogram for predicting the risk of indeterminate small solid pulmonary nodules.

Table 3. Performance comparison between different models

AUC Sensitivity Specificity Accuracy PPV NPV Cut-off  R² P value

Training 
cohort

Clinical model 0.77 0.70 0.73 0.72 0.72 0.71 0.49 0.28 <0.001

Nomogram 0.92 0.82 0.82 0.82 0.83 0.81 0.56 0.61 <0.001

Validation 
cohort 

Clinical model 0.75 0.66 0.70 0.68 0.68 0.68 0.49 0.24 <0.001

Nomogram 0.85 0.74 0.81 0.77 0.76 0.79 0.56 0.46 <0.001

AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value. R², Nagelkerke R-square.



 

CT-based radiomic nomogram for predicting the risk of indeterminate SSPN • 289

ings, and radiomic features to differentiate 
indeterminate SSPNs. This nomogram is 
non-invasive and repeatable and has high 
predictive accuracy to help with the preop-
erative diagnosis of patients.
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Appendix 1. Packages used in this study

Statistical analysis Packages Version Web

Feature selection: LASSO “glmnet” in R 4.1-1 https://CRAN.R-project.org/
package=glmnet

Radiomic model establishment: random forest “randomForestSRC” in R 2.11.0 https://CRAN.R-project.org/
package=randomForestSRC

Descriptive table “compareGroups” in R 4.5.1 https://CRAN.R-project.org/
package=compareGroups

Clinical model and nomogram establishment: logistic regression 
and nomogram “rms” in R 6.0-1 https://CRAN.R-project.org/

package=rms

Model performance evaluation: DeLong test and 95% CI for ROC 
curve analysis “pROC” in R 1.18.0 https://CRAN.R-project.org/

package=pROC

Model performance evaluation: decision curve analysis “rmda” in R 1.6 https://CRAN.R-project.org/
package=rmda

Model performance evaluation: Hosmer–Lemeshow Goodness of 
Fit test “ResourceSelection” in R 0.3-5 https://CRAN.R-project.org/

package=ResourceSelection

CI, confidence interval; ROC, receiver operating characteristic curve.
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PURPOSE
Interstitial lung disease (ILD) accounts for a significant proportion of mortality and morbidity in 
patients with rheumatoid arthritis (RA). The aim of this cross-sectional study is to evaluate the per-
formance of novel photon-counting detector computed tomography (PCD-CT) in the detection of 
pulmonary parenchymal involvement. 

METHODS
Sixty-one patients with RA without a previous definitive diagnosis of ILD underwent high-resolu-
tion (HR) (0.4 mm slice thickness) and ultra-high-resolution (UHR) (0.2 mm slice thickness) PCD-
CT examination. The extent of interstitial abnormalities [ground-glass opacity (GGO), reticulation, 
bronchiectasis, and honeycombing] were scored in each lobe using a Likert-type scale. Total ILD 
scores were calculated as the sum of scores from all lobes.

RESULTS
Reticulation and bronchiectasis scores were higher in the UHR measurements taken compared with 
the HR protocol [median (quartile 1, quartile 3): 2 (0, 3.5) vs. 0 (0, 3), P < 0.001 and 2 (0, 2) vs. 0 (0, 
2), P < 0.001, respectively]; however, GGO and honeycombing scores did not differ [2 (2, 4) vs. 2 (2, 
4), P = 0.944 and 0 (0, 0) vs. 0 (0, 0), P = 0.641, respectively]. Total ILD scores from both HR and UHR 
scans showed a mild negative correlation in diffusion capacity for carbon monoxide (HR: r = –0.297, 
P = 0.034; UHR: r = –0.294, P = 0.036). The pattern of lung parenchymal involvement did not differ 
significantly between the two protocols. The HR protocol had significantly lower volume CT dose 
index [0.67 (0.69, 1.06) mGy], total dose length product [29 (24.48, 33.2) mGy*cm] compared with 
UHR scans [8.18 (6.80, 9.23) mGy, P < 0.001 and 250 (218, 305) mGy*cm, P < 0.001]. 

CONCLUSION
UHR PCD-CT provides more detailed information on ILD in patients with RA than low-dose HR PCD-
CT. HR PCD-CT image acquisition with a low effective radiation dose may serve as a valuable, low-ra-
diation screening tool in the selection of patients for further, higher-dose UHR PCD-CT screening.

KEYWORDS
CT, high-resolution, low-dose, lung, photon-counting, ultra-high-resolution	

Contrary to conventionally utilized energy-integrating detectors (EIDs), photon-count-
ing detectors (PCDs) are able to directly convert X-ray photons into electric pulses.1 This 
process leads to better spatial resolution, decreased beam hardening, reduced noise 

and radiation dose, and to register the energy of photons.2-4 PCD-computed tomography 
(PCD-CT) has gained increasing interest in pulmonary imaging due to its high spatial resolu-
tion.5 To date, preclinical studies have mostly investigated lung PCD-CT imaging by analyzing 
optimal reconstruction parameters, such as matrix size, optimal slice thickness, and iterative 
reconstruction algorithms.6,7
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Rheumatoid arthritis (RA) is a systemic 
autoimmune disease associated with sever-
al pathologies, including parenchymal and 
pleural involvement, bronchiolitis, rheuma-
toid nodules, and vascular abnormalities. 
Interstitial lung abnormalities (ILA) occur in 
1.8%–67% of patients with RA, among whom 
established interstitial lung disease (ILD) ac-
counts for a significant proportion of mortal-
ity and morbidity.8,9 High-resolution (HR) CT 
remains the main imaging modality for the 
evaluation of lung involvement in RA.10 The 
spectrum of RA-related interstitial abnormal-
ities in parenchymal involvement includes 
ground-glass opacity (GGO), fibroreticular 
changes, bronchiectasis, and honeycomb-
ing. The most frequent phenotype of RA-ILD 
is usual interstitial pneumonitis (UIP).11 It 
has been demonstrated that the early iden-
tification of subclinical ILAs (which show a 
tendency to progress to ILD) by CT promotes 
early intervention that stabilizes further in-
terstitial changes and, thus, significantly im-
proves prognosis.12 

The primary goal of this study is to eval-
uate the performance of PCD-CT in the de-
tection of early and subclinical parenchymal 
lung involvement in patients with RA. 

Methods

Patients

From February 2022 to November 2022, 
334 patients were enrolled in this study (Fig-
ure 1). Inclusion criteria were as follows: (i) 
patients diagnosed with RA (according to 
2010 American College of Rheumatology/
European League Against Rheumatism clas-
sification criteria); and (ii) patients >40 years 
of age. Exclusion criteria were as follows: (i) 
patients with pulmonary infection, lung ma-
lignancies, or previously diagnosed ILD. The 
demographic data, clinical manifestations, 

and routine laboratory test results of study 
participants were recorded. All patients were 
checked regularly and received medical 
treatment as recommended by the attend-
ing rheumatologist, following standards 
of care. First second of forced expiration, 
forced vital capacity, and diffusion capacity 
for carbon monoxide (DLCO) were measured 
by pulmonologists via pulmonary function 
tests. Patients underwent yearly chest X-rays 
following their RA diagnosis; however, based 
on earlier radiographs, none had an HR CT-
based indication to rule out ILD. Written in-
formed consent was obtained from all study 
participants. Three hundred twenty-six pa-
tients underwent HR CT imaging, and, fol-
lowing the detection of abnormalities by the 
attending radiologist, 61 patients underwent 
a subsequent ultra-high resolution (UHR) CT 
on the same day for further evaluation of 
lung parenchyma (Figure 1). 

Research ethics 

This trial was registered on the clinical-
trials.gov website (IV-2683-1/2022/EKU) and 
approved by the local ethical review board 
(2021, National Scientific and Research Ethics 

Committee, Hungary). This work was carried 
out in accordance with the Helsinki Declara-
tion (JAMA 2000; 284:3043–3049).13 

Patient PCD-CT measurements

HR (slice thickness: 0.4 mm) and UHR (slice 
thickness: 0.2 mm) CT scans were carried out 
with a PCD-CT scanner (Naeotom Alpha®, 
Siemens Healthineers, Erlangen, Germany). 
Both imaging techniques were performed 
with a large field of view (FOV) [median 
(quartile 1, quartile 3): 35 (32, 38) cm] and 
1024 × 1024 matrix. Additionally, quantita-
tive iterative reconstruction algorithms were 
utilized to enhance image quality (Table 2). 
To exclude GGO from dependent atelectasis, 
prone inspiratory HR CT measurements were 
performed. 

Phantom studies

To compare the image quality of PCD- 
and EID-CT methods, prone chest region 
measurements with matched parameters 
(similar slice thicknesses and equivalent 
rotation times, voltage and current, pitch 
values, and scan lengths) were taken of a 

Main points

•	 Cross-sectional study shows that ul-
tra-high-resolution (UHR) photon-counting 
detector computed tomography (PCD-CT) 
imaging provides more detailed informa-
tion regarding interstitial lung disease (ILD) 
in patients with rheumatoid arthritis (RA) 
than HR PCD-CT. 

•	 PCD-CT might be a promising tool in the 
early diagnosis of subclinical ILD and bron-
chiectasis in patients with RA. 

•	 Low-dose, HR PCD-CT could serve as a 
means of preselecting candidates for more 
detailed, UHR measurements in the assess-
ment of RA-related ILD. 

Figure 1. Flow chart of study sample and processing. Patients with rheumatoid arthritis who were <40 
years of age, had pneumonia in the previous 3 months, or suffered from an already diagnosed interstitial 
lung disease or lung tumor were excluded. After the first low-dose, high-resolution (HR) chest computed 
tomography (CT) scan, radiologist specialists scored interstitial lung abnormalities (ground-glass opacity, 
reticulation, bronchiectasis, and honeycombing) based on a Likert-type scale. If these were absent or very 
low (scores <2), no ultra-high-resolution (UHR) measurement was conducted (n = 265), resulting in our final 
cohort with both HR and UHR CT (n = 61). RA, rheumatoid arthritis; ILD, interstitial lung disease. 
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phantom (CT Whole Body Phantom, PBU-60) 
with a 1-year-old PCD-CT scanner (Naeotom 
Alpha®, Siemens Healthineers, Erlangen, Ger-
many), a 2.5-year-old 128-slice EID-CT scan-
ner (Philips Incisive®, Philips, Amsterdam, The 
Netherlands), and a 2-year-old 128-slice EID-
CT scanner (GE Revolution EVO®, GE Health-
care, Chicago, Illinois, USA). Subjective image 
quality was rated independently by four ra-
diologists on a five-point scale (5 being best, 
1 being worst). Contrast-to-noise ratio (CNR) 
was calculated based on the formula: [aver-
age pixel values in signal region of interest 
(ROI) (bronchial wall) – average pixel values 
of background ROI (air)] / standard deviation 
(SD) of background ROI (air). Signal-to-noise 
ratio (SNR) was calculated based on the for-
mula: average pixel values in signal ROI 
(bronchial wall)/SD of background ROI (air).

Dose values

Volume CT dose index (CTDIvol) and to-
tal dose length product (TDLP) values were 
extracted from patient protocol data (syngo.

via software, Siemens Healthineers). Approx-
imate effective dose values were calculated 
from TDLP values as follows: Effective dose = 
TDLP × k-factor (0.014 mSv/mGy*cm).14,15

Evaluation of parenchymal abnormalities

All PCD-CT images were reviewed, and 
specific ILD patterns were determined by 
consensus,  by two radiologists with 6 and 
13 years of experience. A third thoracic ra-
diologist with 13 years of experience then 
reviewed the images and spoke with the 
ILD board to reach an agreement with the 
pulmonologists.  Interstitial abnormalities 
were classified into four categories: GGO 
(parenchymal opacity with perceptible un-
derlying bronchovascular structure without 
architectural distortion), reticulation (thick-
ening of interlobular septae or intralobular 
septae and traction), bronchiectasis (dilata-
tion of bronchial tree), and honeycombing 
(clustered, subpleural, multilayered, cystic 
air-spaces). 

To test whether the UHR protocol provid-
ed additional information about interstitial 
pathologies, a semiquantitative scoring sys-
tem was utilized. The extent of pulmonary 
parenchymal abnormalities for each lobe 
was scored using a Likert-type scale (0 = ab-
sent; 1 = 1%–25%; 2 = 26%–50%; 3 = 51%–
75%; 4 = 76%–100%). Total GGO, reticulation, 
bronchiectasis, and honeycombing scores 
were calculated by adding up the scores of 
all five lung lobes, with final values ranging 
from 0–20. All scores were combined to pro-
duce a total ILD HR CT score ranging from 
0–80 (Figure 2).16,17

As ILD is a heterogeneous group of paren-
chymal lung disorders, observed abnormal-
ities were classified into patterns defined in 
Table 3. 

Statistical analysis

Distribution was defined by the Kolm-
ogorov–Smirnov test. Descriptive statistics 
(median and quartiles) and mean ± SD were 
used to represent abnormally and normally 
distributed variables, respectively. A paired 
t-test was used to compare normally distrib-
uted data, and the Wilcoxon test was used to 
compare non-parametric data. In the case 
of parenchymal changes with a definitive 
ILD pattern, Cohen’s kappa (κ) was used to 
test agreement between readers (0–0.20 = 
poor agreement; 0.21–0.40 = fair agreement; 
0.41–0.60 = moderate agreement; 0.61–0.80 
= substantial agreement; and 0.81–1.00 = 
almost perfect agreement).18 The Pearson 
correlation coefficient was used to find cor-
relations between total lung HR CT scores 
and pulmonary function tests. Differences 
between the image quality parameters of 
different CTs were evaluated using a One-
Way ANOVA test with a subsequent Tukey 
post-hoc analysis. Significance was estab-
lished at P values <0.05 were considered 
statistically significant. Categorical variables 
were reported as frequencies and percentag-
es. Statistical analyses were performed using 
GraphPad Prism v. 6.0 software.

Results

Demographic and clinical characteristics

Of the 334 patients initially enrolled, eight 
were excluded due to the presence of an 
acute lung infection, and 265 were excluded 
due to the absence of significant interstitial 
changes in the initial HR CT scan (total ILD 
score <2) (detailed descriptions in the sec-
tion entitled: assessment of parenchymal ab-
normalities). Sixty-one patients underwent 

Figure 2. Four UHR CT images of a 68-year-old woman with RA at upper- and mid-level, inferior, and basal 
costophrenic angles revealed honeycombing, peripheral diffuse reticulation, and traction bronchiectasis 
with lower-zone dominance consistent with the pattern of definitive usual interstitial pneumonia (a). Lung 
HR CT score was calculated based on Wangkaew et al.20 (b). RUL, right upper lobe; RML, right middle lobe; 
RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; RA, rheumatoid arthritis; ILD, interstitial lung 
disease; UHR, ultra-high-resolution; HR, high-resolution; CT, computed tomography; GGO, ground-glass 
opacity.

a

b
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both HR and UHR scans, and 51 patients un-
derwent pulmonary function tests (Table 1). 
The mean age of study participants was 68.6 
± 9.73 years, and 40 (65.57%) were female. 
Average time since disease onset was 15.75 
± 12.85 years. Forty-two (68.85%) patients 
were seropositive, and 33 (53.22%) had pre-
viously been smokers. The detailed charac-
teristics of the study population are summa-
rized in Table 1.

Assessment of parenchymal abnormalities

Parenchymal abnormalities were visual-
ly recognizable on both HR and UHR scans 
(Figure 3). UHR CTs yielded higher total ILD 
scores than HR CTs [6 (4, 9) vs. 4 (2.5, 8), P < 
0.001). Additionally, bronchiectasis and re-
ticulation scores were significantly higher 
in the UHR protocol compared with the HR 
protocol [2 (0, 2) vs. 0 (0, 2), P < 0.001 and 
2 (0, 3.5) vs. 0 (0, 3) P < 0.001, respectively]; 
however, GGO and honeycombing scores 
did not differ [2 (2, 4) vs. 2 (2, 4), P = 0.944 
and 0 (0, 0) vs. 0 (0, 0), P = 0.641, respective-
ly] (Figure 4). Visually identified patterns did 
not differ significantly between UHR and HR 
PCD-CT protocols (Figure 5). UIP patterns, 
non-specific interstitial pneumonia, desqua-
mative interstitial pneumonia, respiratory 
bronchiolitis-ILD, pleuroparenchymal fibro-
elastosis, and post-coronavirus disease-2019 
parenchymal changes were registered in the 
examined population on both HR and UHR 
protocols (Figure 5). No patterns of lympho-

cytic interstitial pneumonitis or organizing 
pneumonia were identified on the scans. 
Inter-reader reliability pattern scores varied 

between moderate and perfect agreement 
(Figure 5). Most cases were small-extent, 
otherwise non-specified parenchymal ab-

Figure 3. Non-contrast HR (left) and UHR (right) chest photon-counting detector. CT scans at the same 
level represent interstitial abnormalities (indicated by gray arrows): upper-zone GGO (a), middle-zone 
peribronchovascular fibrosis (b), middle-zone bronchiectasis (c), and lower-zone honeycombing (d). 
Images are derived from four different RA patients with different patterns of parenchymal involvement: 
respiratory bronchiolitis interstitial lung disease (ILD) (a); desquamative interstitial pneumonia-ILD (b); non-
specified ILA (c); and dUIP (d). UHR, ultra-high-resolution; HR, high-resolution; CT, computed tomography; 
GGO, ground-glass opacity; RA, rheumatoid arthritis; ILA, interstitial lung abnormalities; dUIP, definitive 
usual interstitial pneumonia.

a

c d

b

Table 1. Patient characteristics and pulmonary function test results

Patient characteristics (n = 61, both HR and UHR scans)

Gender [n (%)] 40 (65.60%) females; 21 (34.40%) males

Age (y) (mean ± SD) 68.6 ± 9.73

Time since disease onset (y) (mean ± SD) 15.75 ± 12.85

Rheumatoid factor positivity [n (%)] 42 (68.85%)

Anti-citrullinated protein antibody positivity [n (%)] 36 (59.01%)

Smoking history (ever-smokers) [n (%)] 33 (54.10%)

Pack-year among smokers (mean ± SD) 23.66 ± 20.40

Body mass index (kg/m2) (mean ± SD) 27.4 ± 3.96

Previous COVID-19 pneumonia (not in the prior 3 months) [n (%)] 6 (9.83%)

Cough [n (%)] 16 (26.22%)

Dyspnea [n (%)] 18 (29.50%)

Fatigue [n (%)] 26 (42.62%)

Pulmonary function tests (n = 51)

FVC (%) (mean ± SD)  90 ± 17.89

FEV1 (%) (mean ± SD) 93.23 ± 14.30

FEV1/FVC (%) (mean ± SD) 101.39 ± 9.66

DLCO (%) (mean ± SD) 108.39 ± 19.61

Age, duration from disease onset, smoking history, and body mass index are expressed as mean ± standard deviation. The proportion of seropositivity, smokers, and clinical 
symptoms are presented as percentages. COVID-19, coronavirus disease 2019; DLCO, diffusion capacity for carbon monoxide; FEV1, first second of forced expiration; FVC, forced 
vital capacity; HR, high-resolution; ILD, interstitial lung disease; SD, standard deviation; UHR, ultra-high-resolution.
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normalities. Total ILD scores of both HR and 
UHR protocols showed a mild but significant 
negative correlation with DLCO values (HR: 
r = –0.297, P = 0.034; UHR: r = –0.294; P = 
0.036) (Figure 6).

Dose considerations and phantom studies

Reduced-dose, 0.4 mm scans had sig-
nificantly lower CTDIvol values [median 
(quartile 1, quartile 3): 0.67 (0.69, 1.06) mGy] 
compared with non-reduced, 0.2 mm scans 
[8.18 (6.80, 9.23) mGy, P < 0.001]. The 0.4 mm 

slice thickness HR acquisitions had approxi-
mately 8.6 × lower TDLP [29.0 (24.48, 33.20) 
mGy*cm] compared with 0.2 mm slice thick-
ness, non-reduced-dose UHR scans [250 (218, 
305) mGy*cm, P < 0.001]. Median effective 
radiation doses were ~0.4 mSv for low-dose 
(LD) HR CT scans and 3 mSv for UHR CT scans 
(Table 2). Dose-matched phantom studies 
confirmed that, compared with EID-CT scans, 
PCD-CT measurements had improved sub-
jective and objective image quality values 
(Figure 7). 

Discussion
A relatively small number of studies on 

the clinical application of PCD-CT in lung 
diseases have been published. This current 
work extends previous observations. This 
study demonstrates that LD PCD-CT chest 
scans could be used to evaluate the quality 
and extent of ILA in a majority of patients 
with RA, and higher-accuracy UHR imaging 
can add further information about lung pa-
renchymal involvement. Thus, HR PCD-CT 
with a low effective radiation dose may serve 
as a valuable screening tool in the selection 
of RA-ILD patients for a more detailed, high-
er-dose UHR PCD-CT screening.

RA is a systemic autoimmune disease, and 
lung involvement may be its most frequent 
extra-articular manifestation and highest 
contributor to a worsening prognosis.19 The 
prevalence of interstitial lung involvement is 
reported in a wide spectrum of patients with 
RA, and ILD can be a predictor of the develop-
ment of articular manifestations.9,20,21 Some 
forms of ILD are progressive, and, in addition 
to their patterns, the ILD board considers the 
extent of lung involvement an important pa-
rameter in its multidisciplinary discussion.22,23 
Screening for ILD may be advisable in select 
cases of RA, as early detection of parenchy-
mal changes could help direct antirheumatic 
treatment.24

The identification of interstitial lung in-
volvement requires high spatial resolution 
scans, as the subtlety of parenchymal chang-
es (e.g., intralobular reticulations, bronchi-
ectasis, and honeycombing) are frequently 

Figure 5. Patterns of ILD identified (a) in the examined RA population (n = 61). Axial 0.2 mm slice thickness chest PCD-CT images representing the most common ILD 
patterns patients with RA (b) usual interstitial pneumonitis (left), non-specific interstitial pneumonia (right). ILD, interstitial lung disease; PCD-CT, photon-counting 
detector-computed tomography; RA, rheumatoid arthritis; UHR, ultra-high-resolution; HR, high-resolution; dUIP, definitive usual interstitial pneumonia; pUIP, 
probable usual interstitial pneumonia; iUIP, indeterminate usual interstitial pneumonia; OP, organizing pneumonia; LIP, lymphocytic interstitial pneumonia; DIP, 
desquamative interstitial pneumonia; PPFE, pleuro-parenchymal fibroelastosis; COVID, coronavirus, NSIP, non-specific interstitial pneumonia; ns, non-significant.

a b

Figure 4. Box and whiskers diagram of interstitial lung disease scores.17 GGO, reticulation, bronchiectasis, and 
honeycombing values represent scores from all the five lobes. Total scores were calculated from the sum of 
GGO, reticulation, bronchiectasis, and honeycombing values. UHR measurements had slightly higher total, 
reticulation, and bronchiectasis scores. Inner horizontal lines indicate median values. Whiskers represent 
minimum to maximum range. Results were considered statistically significant at P < 0.05 (asterisk marks). 
GGO, ground-glass opacity; UHR, ultra-high-resolution; HR, high-resolution; CT, computed tomography.
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indefinite.25 To date, there is no worldwide 
consensus on screening recommendations 
because the benefits of lung parenchymal 
involvement screening have had to be bal-
anced with the inherent risks of ionizing ra-
diation. Large FOV chest PCD-CT scans with 
1024 × 1024 matrix sizes conferred better 
overall image quality and SNR than stan-
dard EID-CT scans.6,26 According to previous 
studies, LD image acquisition with PCD-CT 
showed better SNR and attenuation accuracy 

compared with conventional CT, especially 
at lower doses, where attenuation decreased 
significantly with EID-CT.7 Better image qual-
ity was also observed, especially in areas with 
known beam hardening (e.g., paravertebral 
spaces). Prior investigations have shown that 
PCD-CT images have 15.2%–16.8% less noise 
at two different dose levels. Furthermore, 
studies have proven that HR parameters 
could be preserved while applying LD proto-
cols in lung evaluation.26 In this examination, 

fast gantry rotation times (0.25–0.5 s) were 
used to reduce scanning time and motion ar-
tifacts.27 We used a 1024 × 1024 matrix, large 
FOV (35 ± 3 cm, depending on the size of the 
patient), and 0.2 or 0.4 mm slice thickness 
parameter protocols and found a satisfac-
tory detection of parenchymal pathologies, 
including GGOs, fibrotic reticulations, bron-
chiectasis, and subpleural cysts (Table 2, Fig-
ure 4). According to the literature, lower tube 
currents are optimal for pulmonary nodule 
detection (approximately 25 mA).28 Howev-
er, for subtle parenchymal anomalies, higher 
currents are inevitable to reach better reso-
lutions. In the case of this study, 100 kV (for 
HR) and 120 kV (for UHR) voltages, as well as 
automated mA parameters, were utilized to 
obtain a HR image with reduced dose values 
(Table 2).

Optimized dose efficiency, combined 
with iterative reconstruction algorithms, can 
decrease noise levels and allow for large ma-
trix reconstructions that lead to ultra-LD pro-
tocols.29,30 Due to increased data complexity 
and spectral information, a novel algorithm, 
quantum iterative reconstruction, with four 
strength levels (QIR-1–4) has been devel-
oped for PCD-CT.29 According to a preceding 
article, QIR-3 dispensed the highest spatial 
resolution and noise texture; thus, we ap-
plied QIR-3 for our protocols.29 Additionally, it 
has been described that significant dose re-
duction and conservation of HR parameters 
for lung parenchyma assessment is possible 
with PCD-CT, either with or without iterative 
reconstruction.

In a pilot study, Inoue et al.31 demonstrat-
ed that PCD-CT produced better image qual-

a

b c

Figure 6. Correlation values of pulmonary function tests and total ILD scores (a). Both HR (b) and UHR 
(c) total ILD scores show a mild, significant negative correlation with DLCO values (%). *, P < 0.05; UHR, 
ultra-high-resolution; HR, high-resolution; CT, computed tomography; FVC, forced vital capacity; FEV1, first 
second of forced expiration; DLCO, diffusion capacity for carbon monoxide; ILD, interstitial lung disease.

Table 2. RA patient PCD-CT chest protocol characteristics

HR UHR

Rotation time (s) 0.25 0.5

Collimation 144 × 0.4 120 × 0.2

Pitch 1.5 0.85

kV 100 120

Filter Standard Standard

mA based on size (automated) (mean ± SD) 96 ± 25.2 86 ± 21.6

Total mAs based on size (automated) (mean ± SD) 217 ± 75.6 194.36 ± 64.8

Quantitative iterative reconstruction algorithm/strength 3 3

Matrix size 1024 × 1024 1024 × 1024

Kernel Bl60 Bl60

Slice thickness (mm) 0.4 0.2

Slice increment (mm) 0.4 0.2

Pixel size (mm) FOV/matrix size FOV/matrix size

Care keV IQ level 15 100

LD, low dose; HR scan and sequential UHR scan was carried out without the administration of contrast media. HR, high-resolution; UHR, ultra-high-resolution; SD, standard 
deviation; RA, rheumatoid arthritis; PCD-CT, photon-counting detector computed tomography; BL, body lung kernel; FOV, field of view.
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ity and enhanced diagnostic confidence for 
lung parenchymal abnormalities at reduced 
radiation doses. Jungblut et al.32 further con-
firmed that PCD-CT provides good image 
quality with lower radiation doses, compared 
with EID-CT. Our phantom studies confirmed 
that, compared with EID-CT measurements, 
PCD-CT protocols produce improved dose-
matched CNR and SNR values (Figure 7). 
Previous LD EID-CT protocols (i.e., <1 mSv) 
are not recommended for diagnostic use, as 
their impaired image quality could lead to 
the misclassification of ILD.33 Chest HR EID-
CT has an effective dose of approximately 
6–9 mSv, according to the literature, while 

in our study, the effective dose of PCD-CT 
was 0.4 mSv for HR scans and 3.5 mSv for 
UHR scans. Previously reported average LD 
EID-CT protocols had an effective dose of 
2.1–2.4 mSv, significantly higher than our HR 
PCD-CT dose value.13,26,32,34 LD CT has been 
increasingly used in the assessment of pul-
monary cancer; however, this is not the only 
pulmonary disorder in which the risk–benefit 
ratio could be positive. For instance, the fol-
low-up of ILD at low doses of radiation could 
be of interest.33,35,36,37,38 Our data suggest that 
PCD-CT is a promising tool in radiation dose 
optimization, which is crucial in optimizing 
the risk–benefit ratio of CT lung screening.39

UHR scans proved to be more sensitive 
in the detection of bronchiectasis and retic-
ulation; hence, their total score values were 
slightly higher. However, the identification 
of GGO and honeycombing values was the 
same between protocols (Figure 4). The UHR 
protocol was slightly more sensitive to inter-
stitial pathologies; however, the magnitude 
of differences was not protruding. Moreover, 
the same ILD patterns were identified with 
both protocols. Taking into consideration the 
dose values that were notably lower (~7.4×) 
in LD HR scans, the LD measurements were 
able to assess interstitial changes with good 
proximity.

While this study has limitations (e.g., the 
relatively low number of patients enrolled), it 
is comparable to other international investi-
gations. Furthermore, it would be interesting 
to set against our results from other PCD-CT 
protocols with different parameters. Howev-
er, the benefits of better image quality need 
to be balanced with the risks of higher radi-
ation exposure in these patients. Phantom 
studies to compare different detector-type 
CT protocols can be conducted to avoid in-
creased radiation doses for patients. Addi-
tionally, ILD multidisciplinary team discus-
sions are needed to gauge the difference 
between these two CT modalities in clinical 
settings to improve team diagnosis, espe-
cially of early cases. Longitudinal radiological 
data on natural behavior and disease-specif-
ic treatment of early RA-ILD are also needed. 

In conclusion, wide-scale clinical experi-
ence with UHR CT imaging to assess lung in-
volvement in patients with RA does not exist. 
In this proof-of-concept study, we found that 
a UHR PCD-CT protocol provided more de-
tailed images compared with an HR PCD-CT 
protocol. The HR PCD-CT protocol provided 
detailed information regarding interstitial 
lung involvement; however, in the case of an 
extended or complex pathology, additional 
UHR imaging may prove beneficial. Further 
studies are needed to determine if an HR 
PCD-CT protocol, with its reduced radiation 
doses, could serve as an initial screening tool 
before selecting patients for further UHR im-
aging. From a clinical perspective, the high-
er effective radiation dose of UHR PCD-CT 
is balanced by its better characterization of 
pulmonary involvement, which provides the 
potential for earlier anti-fibrotic treatment, a 
very important intervention in RA patients 
with ILD.

Figure 7. Matched-parameter scan protocols, dose values, and image quality parameters of different PCD 
and energy-integrating detector (EID) scans (a). Axial images of identical inferior chest regions (b) PCD-CT 
images have proven (P < 0.05) dose-matched subjective and objective image quality compared with EID-CT 
images. *, P < 0.05; PCD-CT, photon-counting detector-computed tomography; CTDIvol, volume CT dose 
index; TDLP, total dose length product; CNR, contrast-to-noise-ratio; SNR, signal-to-noise ratio; BL, body lung 
kernel. 

a

b
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PURPOSE
The development of emergency radiology (ER) in Turkey has accelerated with the increase in the 
number of patients admitted to emergency departments. We aimed to present and discuss the 
responses to a survey distributed to radiologists in Turkey, which included questions about the 
current practice of ER and future expectations. 

METHODS
 

A survey with 29 questions enquiring about the infrastructure of respondents’ hospitals and radiol-
ogy units, information about emergency services and ER (including patient volume), the number of 
staff and equipment, the ER working plan and reporting method, and training in the field of ER were 
distributed to members of the Turkish Radiological Society by email. 

RESULTS
 

The response rate was 21.97% (328/1.493). The presence of distinct ER units in radiology depart-
ments was confirmed by 40.55% of respondents, while for 34.25%, ER was located inside the emer-
gency room. Of the respondents, 26.96% stated they believed that emergency cases should be 
reported by emergency radiologists, and the necessity for an ER subunit in the emergency room 
was agreed upon by 58.64% of contributors. The majority of respondents (69.54%) agreed with the 
opinion that residents should receive their ER training in an ER unit.

CONCLUSION
 

Keeping abreast of current ER practices and radiologists’ expectations may be helpful for improving 
national ER practices and academic studies. 

KEYWORDS
Emergency, improvement, practice, radiology, survey

You may cite this article as: Tunçyürek Ö, Onur MR, Ertekin E, Çallı C. Current practice of emergency radiology in Turkey and future expectations: a survey 
study. Diagn Interv Radiol. 2023;29(2):300-308.

Emergency radiology (ER), a relatively new subspecialty in the radiology area, is unique 
in its emphasis on the imaging of acutely ill or injured patients.1 The number of patients 
and volume of images taken by emergency services has risen in recent years due to the 

wide use of ER, which often requires a rapid report turnaround on a round-the-clock basis. 
Optimizing patient outcomes in high-volume emergency services can be accomplished by 
emergency radiologists through the triage of patients.2 

Although the need for ER is clear, specialization in ER and/or ER policy, including the man-
agement of emergency imaging and education, is not yet established in most countries. In 
various countries, ER is not recognized as a distinct category within the radiology community. 
Compared with other subspecialties, ER has the fewest number of fellowship training pro-
grams in developed countries.1

Teaching the importance of ER may be accomplished through learning initiatives with ra-
diologists and clinicians, which could increase awareness about its functional requirements 
and advantages. In recent years, radiology societies have introduced surveys that examine 
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radiologists’ levels of awareness and knowl-
edge regarding ER. These surveys reveal 
the current situation of ER in radiology de-
partments, along with the expectations of 
radiologists working in ER, and they provide 
an in-depth, multifaceted review of several 
topics of critical importance to trauma and 
emergency imaging.3,4 However, needs, ex-
pectations, and recommended actions are 
often based on local circumstances, which 
may necessitate the use of nation-specific 
surveys to implement appropriate policies 
for ER management and the establishment 
of ER units. 

In this study, we present the results of an 
ER survey distributed to radiologists in Tur-
key. The results of the survey are then dis-
cussed in relation to the current situation of 
ER in Turkey, the radiologists’ points of view, 
and expectations for the future development 
of ER practice and education in Turkey. 

Methods

Survey construction

Institutional review board approval was 
obtained for this study (2021/92-1369). An 
anonymous digital survey consisting of 29 
questions was developed by a team of four 
practicing academic emergency radiologists 
based in part on the methods undertaken by 
Scaglione et al.3 The survey was first reviewed 
by 22 members of the Emergency Radiology 
Research and Education Study Group, which 
is one of the radiology study groups of the 
Turkish Radiological Society (TRS). The TRS 
Board of Directors also reviewed the survey 
and permitted the distribution of the sur-
vey to their members by using their email 
lists. Survey questions were designed to be 

responded to by all types of radiologists, 
including residents, fellows, consultants, 
academic radiologists, and chairpersons 
of radiology departments. Questions that 
were designed to probe the current practice 
of ER and radiologists’ points of view about 
the future of the ER were sub-grouped to 
investigate the respondent’s position, hos-
pital infrastructure, emergency service, and 
ER workload, including patient volume, the 
number of staff, equipment, work planning 
and reporting methods in ER, and education-
al and academic activities in ER.

The format of the survey questions con-
sisted of yes/no and multiple-choice selec-
tion questions. 

Survey distribution

The digital survey was made available to 
radiologists via a web link to Survey Monkey 
(Palo Alto, CA). Initial emails accompanying 
the survey and reminder emails one week af-
ter its introduction directed that radiologists 
should complete the survey only once.

Since this distribution approach would 
potentially result in duplicate responses 
across different platforms, initial emails ac-
companying the survey and reminder emails 
one week after its introduction directed that 
radiologists should complete the survey only 
once The survey was conducted between 
April 15th and May 4th, 2021. 

Statistical analysis

All available data were analyzed on a 
question-by-question basis; relevant fre-
quencies for each question are provided in 
the results. Survey data were exported into 
Excel (Microsoft Inc., Redmond, WA) and ana-
lyzed using descriptive statistics; categorical 
variables were expressed as frequencies and 
percentages. The responses to some ques-
tions that investigated the opinions of ra-
diologists about ER were assessed according 
to the rank and workplace of radiologists. All 
data were collected and descriptive metrics 
calculated using IBM SPSS statistics software, 
version 25 (IBM Software, New York, USA).

Results
The survey questions and corresponding 

results with respondents’ rates are present-
ed in Table 1. The response rate of the sur-
vey was 21.97% (n = 328). Although survey 
announcement emails were sent to 4.213 
members of TRS, it was confirmed that 1.493 
recipients read the emails and became aware 
of the survey. The highest participation was 

achieved the second day after the survey was 
sent. The average completion time of the sur-
vey was 4 minutes and 36 seconds. 

Respondents’ positions and hospital infra-
structure

Most of the respondents of the survey 
were practicing radiologists (n = 143, 43.6%), 
followed by residents (n = 100, 30.49%), aca-
demics in universities (n = 60, 18.29%), chair-
persons (n = 13, 3.96%), and academics in 
state hospitals (n = 12, 3.66%) (Figure 1). The 
number of beds in the hospitals where most 
of the participants worked was between 100 
vs 500 (32.21%), followed by >1000 (28.83%) 
and >500 (28.53%). Most of the respondents 
were from university hospitals (37.80%). The 
majority of the hospitals were training hos-
pitals (70.12%) and major trauma-treating 
hospitals (96.95%).

It was determined that more than one 
participant participated in the survey in 
some hospitals. There were 19, 12, and five 
respondes from one hospital, four respon-
dents from six hospıtals, three respondents 
from eight hospitals, and two respondents 
from 13 hospitals. The remaining 280 re-
spondes were from distinct hospitals. Anal-
ysis of the responses from those working at 
the same hospital yielded no discrepancies 
in terms of the structuring of units and de-
partments, bed capacity, or the number of 
cases admitted to the radiology department.

Patient volume, staff, and equipment in 
emergency departments (ED) and emer-
gency radiology

More than half of the respondents 
(51.38%) revealed that the number of pa-
tients admitted to the ED daily was >400. A 
separate ER unit was available in 40.55% of 
radiology departments, while 34.25% of re-
spondents declared that ER units resided 
within the ED. The need to establish a dis-
tinct ER unit in the ED was agreed upon by 
58.64% of all respondents, with the highest 
rate reported for academics at training and 
research hospitals (81.82%) and the lowest 
rate for radiologists (49.65%) (Table 2). Based 
on hospital types, this suggestion received 
the greatest level of approval in university 
hospitals (66.13%). 

The presence of imaging equipment used 
for only emergency patients and the pres-
ence of equipment in ER units varied widely 
between hospitals. One-quarter of radiol-
ogists stated that X-ray, ultrasonography 

Main points

•	 This study reveals the current practices of 
emergency radiology (ER) in Turkey and 
radiologists’ perspectives and expectations 
regarding ER.

•	 Current infrastructure, staff, and academic 
personnel of radiology departments need 
to be improved to establish ER divisions in 
radiology departments. 

•	 Absence of ER units in radiology depart-
ments results in drawbacks not only in ER 
practice but also regarding the education of 
radiology residents in terms of emergency 
settings management. 

•	 ER practice may be better managed by ra-
diologists who undergo dedicated ER sub-
specialty training with a distinct ER study 
area as part of the core curriculum.
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Table 1. Respondents’ answers to the survey

Q1. What position do you have in the field of radiology? n - %

Radiology resident
Radiologist
Radiology educator
Academician
Chairperson/head of department

100-30.5%
143-43.6%
12-3.7%
60-18.3%
13-3.9%

Total 328-100%

Q2. What is the status of the hospital where you work?

State hospital
Training-research hospital
City hospital*
University hospital
Private hospital

52-15.9% 
96-29.3%
29-8.8%
124-37.8%
27-8.2%

Total 328-100%

Q3. What is the name of the hospital where you work?

Institution name
If you do not wish to notify your institution, please specify

235-74.8%
79-25.2%

Total 314-100%

Q4. What is the bed capacity of your hospital?

<100 
100-500 
>500 
>1000

34-10.4%
105-32.2%
93-28.6%
94-28.8%

Total 326-100%

Q5. Does your hospital provide medical student or radiology residency training?

Yes
No

230-70.1%
98-29.9%

Total 328-100%

Q6. Are major emergencies (arrest, stroke, myocardial infarction, acute abdomen) and major trauma cases accepted?

Yes 
No 

318-96.9%
10-3.1%

Total 328-100%

Q7. What is the daily number of cases admitted to the ED?

<100 
100-200 
200-300 
300-400 
>400

30-9.2%
37-11.4%
44-13.5%
47-14.5%
167-51.4%

Total 325-100%

Q8. Does your ED have a separate ER department that evaluates emergency patients?

Yes
No

133-40.6%
195-59.4%

Total 328-100%

Q9. If you have an ER department, is this department located in the ED?

Yes
No

100-34.2%
192-65.8%

Total 292-100%

Q10. Should ER departments be included in the ED?

Yes
No

190-58.6%
134-41.4%

Total 324-100%
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Table 1. Continued

Q11. Which devices do you have reserved for ER?

X-ray
X-ray + US
X-ray + CT
X-ray + US + CT
X-ray + US + CT + MRI
X-ray + US + IR
X-ray + US + CT + IR
X-ray + US + CT + MRI + IR

43-13.6%
15-4.8%
35-11.1%
74-23.4%
81-25.6%
0-0.0%
6-1.9%
62-19.6%

Total 316-100%

Q12. If there is no US device in the emergency room, how do you do these procedures?

It is done in the radiology department
The patient is referred to an external center
Evaluated by teleradiology

290-94.5%
11-3.6%
6-1.9%

Total 307-100%

Q13. If there is no CT device in the emergency room, how do you do these procedures?	

It is done in the radiology department
The patient is referred to an external center
Evaluated by teleradiology

268-89.3%
13-4.3%
19-6.4%

Total 300-100%

Q14. If there is no MRI device in the emergency room, how do you do these procedures?

It is done in the radiology department
The patient is referred to an external center
Evaluated by teleradiology

270-86.8%
25-8.1%
16-5.1%

Total 311-100%

Q15. If there are no IR devices in the emergency room, how do you do these procedures? 

It is done in the radiology department
The patient is referred to an external center

235-74.1%
82-25.9%

Total 317-100%

 Q16. How many radiologists work in your RD?

1-10
10-20
20-30
>30

123-37.5%
101-30.8%
53-16.2%
51-15.5%

Total 328-100%

 Q17. In your hospital, is there a radiologist who only deals with ER?

Yes
No

63-19.2%
265-80.8%

Total 328-100%

 Q18. How many radiologists are working only in ER in your hospital?

0
1-3
3-5
5-10
>10

247-76.2%
55-17.0%
17-5.3%
1-0.3%
4-1.2%

Total 324-100%

 Q19. Are there any rotating doctors in ER in your hospital?

All radiologists work in the emergency room in rotation
Some of the radiologists rotate in the emergency room
Only emergency radiologists work in the emergency room

186-63.9%
71-24.4%
34-11.7%

Total 291-100%

 Q20.Which radiologists should report emergency imaging examinations in RD?

Subspecialists according to anatomic area (brain –> neuroradiology; lung –> chest radiologists 
etc.)
Radiologists at emergency radiology rotation
Emergency radiologists

106-33.2%

127-39.8%
86-27.0%

Total 319-100%
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Table 1. Continued

Q21. How many radiologists report emergency imaging examinations during the daytime (8:00–17:00)

 1
1-4
5-10
10-15

120-36.8%
139-42.6%
49-15.1%
18-5.5%

Total 326-100%

Q22. How many radiologists report emergency imaging examinations during nightshifts (17:00–8:00) and weekends (24 hours)?

1
1-3
3-5
>5

172-53.9%
104-32.6%
12-3.8%
31-9.7%

Total 319-100%

Q23. If consultant radiologists work only in the daytime, how are emergency imaging examinations reported?

Residents prepare the draft of the report
Residents prepare the draft of the report; difficult cases are reported by on-duty consultant radiologist
All imaging examinations are reported by on-duty consultant radiologists
All imaging examinations are reported via teleradiology
Residents prepare the draft of the report, and main report is prepared the following day
All imaging examinations are assessed by on-duty consultant radiologist; short review notes, including imaging findings, are 
illustrated on hospital information system and images are sent to teleradiology for final report
Residents prepare the draft of the report; difficult cases are reported by on-duty consultant radiologists and images are sent to 
teleradiology for final report

0-0.0%
76-25.5%

2-9.4%
96-32.3%
4-15.2%

26-8.8%

26-8.8%

Total 297-100%

 Q24. Are emergency US examinations performed by non-radiologists in EDs?

Yes 
No 
Only FAST, other US examinations are performed by radiologists

16-4.9%
214-65.4%
97-29.7%

Total 327-100%

Q25. Do you agree with the suggestion that radiology residents should have their ER education in ER units settled in emergency medicine service? 

Yes 
No

226-69.5%
99-30.5%

Total 325-100%

Q26. Is it necessary to include ER as a separate subject in the core curriculum of radiology resident education?

Yes 
No 

289-88.1%
39-11.9%

Total 328-100%

Q27. Do you have regular (weekly or monthly) multidisciplinary case-based discussion meetings with the ED in your hospital?

Yes 
No

24-7.3%
303-92.7%

- Total 327-100%

 Q.28. Do you think that a sufficient number of academic studies about ER are performed in your department?

Yes 
No

31-9.5%
297-90.5%

Total 328-100%

Q29. Which one of the following is correct?

In our country, the number of neuro, chest, and abdomen radiologists are sufficient Emergency radiology practice and 
education should be performed by these radiologists. There is no need for a separate emergency radiology unit.
Optimization of emergency imaging examination protocols and assessment of these imaging examinations should be 
performed by radiologists who have emergency radiology education or experience in this field

83-25.5%
243-74.5%

Total 326-100%

*City hospital: large regional health institutions that include state hospitals and training and research hospitals affiliated to the Ministry of Health. ED, emergency department; ER, 
emergency radiology; RD, radiology department; US, ultrasonography; CT, computed tomography; MRI, magnetic resonance imaging; IR, interventional radiology; FAST, focused 
assessment with sonography for trauma.
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(US), computed tomography (CT), magnetic 
resonance imaging (MRI), and interventional 
radiology (IR) equipment in their hospitals 
could be used for patients presenting to the 
ED (Table 1). 

US, CT, MRI, or IR examinations were report-
ed to be performed in the radiology depart-
ment separate to the ED in 94.46%, 89.33%, 
86.82%, and 74.13% of responses, respective-
ly, where equipment for such imaging exam-
inations was not located in the ED (Figure 2). 
If US, CT, MRI, or IR was not available in the ED, 
patients were referred to another hospital in 
3.58%, 4.33%, 8.04%, and 25.87% of respon-
dents’ hospitals, respectively. 

The number of radiologists in respon-
dents’ radiology departments varied be-
tween 1–10 (37.50%) and >30 (15.55%). 
Few respondents (19.21%) declared that a 
dedicated emergency radiologist was work-

ing in their department, with the number of 
radiologists working only in ER being 1–3 in 
16.98% of cases, 3–5 in 5.25% of cases, 5–10 
in 0.31% of cases, and >10 in 1.23% of cas-
es. In 63.92% of respondents’ hospitals, all 
radiologists were doing ER work on rotation. 

Emergency radiology work planning and 
reporting 

The number of radiologists involved in 
reporting ER examinations during the day 
time (8:00–17:00) was one in 36.81% of hos-
pitals, 1–4 in 42.64% of hospitals, and 5–10 in 
15.03% of hospitals, while ER reports during 
night shifts (17:00–8:00) and weekends were 
performed by one radiologist in 53.92% of 
cases and 1–3 radiologists in 32.60% of cas-
es. In the absence of consultant radiologists 
on night shifts and weekends, ER examina-
tions were mostly reported via teleradiology 
(32.32%), followed by residents’ draft report-

ing systems, with difficult cases being dis-
cussed with the on-duty consultant radiolo-
gist (25.59%). In the ED, all US examinations 
and focused assessment with sonography 
for trauma were reported to be performed 
by non-radiologist physicians in 4.89% and 
29.66% of respondents’ hospitals, respec-
tively. Reporting of ER examinations by 
emergency radiologists, radiologists on ER 
rotation, or subspecialists other than emer-
gency radiologists according to their interest 
area was approved by 26.96%, 39.81%, and 
33.23% of respondents, respectively. 

Reporting ER examinations by emergen-
cy radiologists was approved by 41.67% of 
academics in training and research hospitals, 
28.68% of radiologists, 27.27% of residents, 
and 15.38% of the chairpersons of the depart-
ments. The suggestion received the highest 
approval from respondents who worked in 
city hospitals (51.72%), followed by private 
hospitals (37.50%), and university hospitals 
(25.20%). A higher percentage (74.54%) of 
radiologists agreed with the opinion that the 
optimization of emergency imaging exam-
ination protocols and assessments should be 
performed by radiologists with a specialized 
ER education or experience in ER. Support 
for this was highest among residents (79%) 
and lowest among department chairpersons 
(53.85%). 

Emergency radiology education

The majority of respondents (69.54%), in-
cluding 73.27% of residents and 53.85% of 
department chairpersons, agreed that resi-
dents should receive their ER training in the 
ER unit. Additionally, 88.11% of contributors, 
91.09% of residents, and 92.31% of depart-
ment chairpersons declared that ER should 
be a separate subspecialty in the curriculum 
of radiology training. There was no regular 
multidisciplinary meeting conducted within 
the ED in 92.66% of respondents’ radiology 
departments, with only 11.20% of respon-
dents from university hospitals declaring 
that they have such meetings. The number 
of academic studies on ER in their depart-
ments was insufficient, according to 90.55% 
of respondents, 75% of academics in univer-
sity, and 84.62% of department chairpersons. 
Only 20.80% of respondents from university 
hospitals stated that the number of academ-
ic studies in their departments was sufficient. 

Discussion
The results of this survey explained some 

current ER practice issues and the scope of 
radiologists’ perspectives concerning ER in 

Figure 1. Circle diagram of distribution of the respondents 

Figure 2. The distribution of the ER location. ER, emergency radiology; ED, emergency department.
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Turkey. In their responses, radiologists noted 
the current drawbacks of ER practice, train-
ing, and the academic situation in Turkey and 
stated their opinions on improving these is-
sues. 

The response rate of our survey (21.97%) 
was fair compared with previous survey stud-
ies regarding ER.1,3-5 However, we calculated 
this rate based on the information that 1.493 
of 4.213 members read the survey emails and 
became aware of the survey. If all members 
are taken into account, then the response 
rate of the survey is approximately 6%. A 
previous survey study regarding ER practice 
across Europe had a 10% response rate, while 
another in the United States had a 29.6% re-
sponse rate.3,4 The variation in response rates 
to ER surveys may have resulted from unde-
livered emails, inadequate reminders, the 
time needed to complete the survey, or the 
disinterest of some radiologists. The distri-
bution of the radiologists according to their 
positions in radiology (resident, academic, 
radiologist, chairperson of the department) 
allowed the study to represent the opinions 

of different stakeholders in the field. Impor-
tantly, one-third of respondents of this sur-
vey were residents, which suggests a willing-
ness by this group to announce their ideas, 
recommendations, and expectations on ER. 
Learning the ideas of this younger popu-
lation may open new frontiers and help to 
further develop policies regarding radiology 
subspecialties. 

A subspecialty in radiology departments 
may be improved by having the appropriate 
infrastructure.2,6 Less than half of radiologists 
in Turkey revealed that there was a distinct ER 
unit in their departments, and ER units were 
located in ED in only 34.25% of respondents’ 
hospitals. Approval for a distinct ER unit 
within the ED was highest among university 
hospital respondents (66.13%), which sug-
gests that an ER unit within an ED improves 
patient management but is also necessary 
for training and academic purposes. The es-
tablishment of a distinct ER unit in a radiol-
ogy department or ED may be insufficient to 
handle the imaging examinations of patients 
presenting to the ED. According to respon-

dents, 13.6% of radiology departments had 
only X-ray units, which may diminish the 
diagnostic capability of ER practice in these 
hospitals. CT in EDs was only present in 60% 
of respondents’ hospitals. Emergency radi-
ography units should be equipped with ap-
propriate imaging equipment that meets ED 
requirements.7 In this survey, we found that 
8.04% of patients needing MRI and 25.87% 
of patients needing IR were sent to anoth-
er hospital due to the inability to perform 
these in the ED. These high rates of patient 
loss may decrease the efficiency of ER and ED 
practice, along with decreasing educational 
and academic activities. The absence of im-
aging equipment in ER units affects not only 
radiology practice and training but also the 
ED and other departments that may be af-
fected in terms of their practice and training. 
It is well known that emergency radiologists’ 
efficiency and communication skills, and 
therefore management of patients’ imaging, 
can be facilitated by placing the emergency 
radiologist in close proximity to the radiol-
ogy technologist and the ED.2 The results of 
the survey also showed that the number of 

Table 2. The responses to some questions in the survey according to the positions of radiologists

Residents
(n =101)

Consultants
(n = 143)

Academics in 
state hospital 

(n =12)

Academics in 
university (n 

= 60)

Chairpersons
(n = 13)

Q10- Should ER be included in ED?

	 Yes
	 No

57-57.0%
43-43.0%

70-49.6%
71-50.4%

9
2

46-76.7%
14-23.3%

9
4

Q20- Which radiologists should report emergency imaging examinations in RD?

	 Subspecialists according to anatomic area
	 Radiologists at ER rotation
	 ER radiologists

29-29.3%

43-43.4%
27-27.3%

34-25.0%

63-46.3%
39-28.7%

3

4
5

36-60.0%

11-18.3%
13-21.7%

5

6
2

Q25- Do you agree with the suggestion that radiology residents should have their emergency radiology education in ER units settled in emergency 
medicine service?

	 Yes
	 No

74-73.3%
27-26.7%

96-68.6%
44-31.4%

10
2

40-66.7%
20-33.3%

7
6

Q26- Is it necessary to include emergency radiology as a separate subject in the core curriculum of radiology resident education?

	 Yes
	 No

92-91.1%
 9-8.9%

126-88.1%
 17-11.9%

10
2

50-83.3%
10-16.7%

12
1

Q28- Do you think that a sufficient number of academic studies about emergency radiology are performed in your department?

	 Yes
	 No

13-12.9%
88-87.1%

 2-1.4%
141-98.6%

0
12

15-25.0%
45-75.0%

2
11

Q29- Which one of the following is correct?

In our country, the number of neuro, chest, and abdomen radiologists 
is sufficient. ER practice and education should be performed by these 
radiologists. There is no need for a separate ER unit

Optimization of emergency imaging examination protocols and 
assessment of these examinations should be performed by radiologists 
who have ER education or experience in this field

21-21.0%

79-79.0%

39-27.3% 

104-72.7%

3

9

14-23.7%

45-76.3%

6

7

Some questions were not answered by some respondents (four answers in Q10, nine in Q20, three in Q25, and two in Q29 were skipped). ER, emergency radiology; ED, emergency 
department; RD, radiology department.
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radiologists involved in the reporting of ER 
significantly decreased during night shifts 
and weekends compared with daytime prac-
tice. However, this practice manner is not 
compatible with the nature of ER since the 
number of patients and severity of illnesses 
and traumatic cases do not decrease during 
night shifts and weekends. Approximately 
one-third of respondents declared that the 
imaging examinations of patients present-
ed during these time periods are assessed 
via teleradiology. This drawback in ER prac-
tice can be overcome with a specific staffing 
structure that includes dedicated ER radiolo-
gists who are familiar with the workload and 
requirements of the ED.8,9 Scaglione et al.3 
also reported that X-ray, US, and CT equip-
ment were sufficient in ER units of European 
centers; however, the absence of MRI and IR 
units caused patient discharges, according 
to their survey study. They suggest that the 
presence of MRI and IR units near the ED may 
also be helpful in evaluating these patients 
if it is not possible to assess them in the ED.3

For 63.92% of respondents’ hospitals, 
the hospital was stated to have ER rotation, 
which suggests awareness about the impor-
tance of ER in radiology practice. However, 
the results of this survey also revealed that 
although most radiologists agreed with the 
necessity of an ER unit in the hospitals, they 
did not have the same level of approval for 
the reporting of ER examinations by emer-
gency radiologists. Low approval rates of ER 
reporting by emergency radiologists in re-
spondents (26.96%), academics in university 
(21.67%), and chairpersons of departments 
(15.38%) were surprising and need to be 
discussed to discover their underlying rea-
sons. One of the reasons for this may be the 
unwillingness of radiologists to lose an area 
of their practice and other associated bene-
fits.10 Another reason for this approach may 
be that some patients presenting to the ED 
have chronic medical conditions rather than 
emergency conditions. Evaluation of these 
patients’ imaging examinations may be bet-
ter performed by radiologists rather than 
emergency radiologists. This drawback may 
be more critical in countries where indica-
tions of ER imaging are not well established 
and clinical decision support systems are not 
used. In Turkey, EDs have no limitation poli-
cy regarding ordering CT examinations, and 
there is no clinical decision support system 
used generally within the country, which 
causes the over-ordering of image examina-
tions and the assessment of non-emergency 
cases by emergency radiologists. This clinical 
practice results in radiologists having less 

confidence in ER assessments. Radiologists 
are also not used to responding to clinicians’ 
requirements in common practice. Usually, 
radiologists need sufficient time to evalu-
ate the images before reporting. However, 
ER practice necessitates fast and accurate 
responses, suggestions, comments, and re-
ports so that decisions can be made regard-
ing emergency treatment. This requirement 
may also be one of the underlying reasons 
for the unwillingness of some radiologists to 
conduct ER. For department chairpersons, 
it may be difficult to establish a new ER unit 
and manage the distribution of imaging 
workload between subspecialties. However, 
this point of view may hinder the improve-
ment of the ER subspecialty in Turkey, which 
would be significantly improved by the al-
location of emergency radiologists who are 
trained and only work in this area. 

One of the interesting results of the sur-
vey was that 30% agreed that ER training 
of residents in ER units was unnecessary. 
This percentage is high from our point of 
view. Also, the majority of the respondents 
(88.11%) suggested that ER training should 
be taught as a distinct part of the curricu-
lum embedded in radiology training. The 
responses of radiology department chair-
persons to the question on ER training were 
interesting. Although 53.85% of department 
chairpersons agreed with the opinion that 
residents should receive their ER training in 
the ER unit, 92.31% of them declared that ER 
should exist as a separate subject like other 
subspecialties in the core curriculum of ra-
diology training. Differences between these 
responses point to a discrepancy. We think 
that this subspecialty, as part of the core 
curriculum, deserves to be performed in a 
distinct unit, and training in this subspecialty 
should be performed by emergency radiol-
ogists who are educated in this area. The 
education of ER residents also presents an 
academic point of view regarding ER. As an 
academic activity, multidisciplinary meetings 
regarding ER are not performed in radiology 
departments according to 92.7% of respon-
dents. Also, 90.55% of respondents stated 
that the number of academic studies about 
ER is not sufficient within their department. 
An insufficiency of these academic activities 
in radiology departments may be caused by 
the inadequate numbers of dedicated emer-
gency radiologists. An absence of academic 
studies and an insufficient number of emer-
gency radiologists leads to an unwillingness 
to pursue ER fellowship or training among 
radiology residents. The establishment of na-

tionally based ER training guidelines, main-
taining principles of ER fellowship programs, 
and encouraging radiology residents to pur-
sue ER as a specialty may be helpful in over-
coming these obstacles. A previous survey 
study showed that radiology residents with 
the greatest exposure to ER during residency 
were more familiar with ER training and ca-
reer opportunities.5 One way to encourage 
residents to become more familiar with ER 
may be to increase the number of ER ques-
tions on board examinations. Improvement 
of ER is maintained in developed countries 
where ER is accepted as a distinct academic 
discipline by the community of radiologists.6 
One of the ways to make improvements in 
ER may be for emergency medicine societies 
to declare the necessity of distinct ER units 
in EDs with dedicated emergency radiolo-
gists. Because emergency radiologists focus 
on the needs of emergency physicians, the 
importance of collaboration between emer-
gency physicians and emergency radiolo-
gists may be more objectively evaluated by 
the radiology community.2 However, a key 
way to improve ER within a radiology com-
munity may be by attracting radiology resi-
dents to specialized fellowship programs. A 
previous survey conducted among radiology 
residents revealed that the two most import-
ant factors in selecting a subspecialty were 
whether it would be intellectually stimulat-
ing and whether respondents had a strong 
personal interest in it.5

Our study has some limitations. The re-
sponse rate in this survey may be thought 
of as relatively low if all members of TRS are 
taken into account. However, the response 
rate was higher than in some previous sur-
veys regarding ER.3,4 The low response rate 
in this survey may have resulted in selection 
bias and overrepresentation of some respon-
dent groups, such as residents and university 
employees. Some responses to survey ques-
tions about ER unit infrastructure (Q11–15), 
ER practice (Q17–24), and ER education 
(Q25–28) may have been more representa-
tive of residents’ and university employees’ 
opinions. We could not obtain responses 
from some institutes that have distinct ER 
units and/or emergency radiologists for the 
survey. Some of the questions, including 
Q10, Q20, Q25, Q26, and Q28, may be consid-
ered as directives from respondents. There 
are overlaps in categories of questions, such 
as Q4, Q7, Q16, Q18, Q21, and Q22. These 
overlaps may have caused confusion among 
respondents when it came to selecting the 
category that their department or ER unit 
belonged to. We did not classify the radiol-
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ogists or residents according to their length 
of experience in radiology, and therefore we 
could not analyze their responses according 
to their level of expertise. 

In conclusion, infrastructural, education-
al, and academic drawbacks in radiology 
departments affect the orientation of ra-
diologists in ER. The scarcity of emergency 
radiologists feeds the shortcomings of ER. To 
contribute to ER improvement in the coun-
try, ER should be nationally structured as a 
subspecialty in radiology, radiology depart-
ments should be encouraged to establish 
distinct ER units with dedicated emergency 
radiologists, and ER units should be struc-
tured in line with international guidelines.
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Percutaneous abscess drainage (PAD) has been proven to be safe and effective as both a 
curative and temporizing means.1,2 In addition, PAD can be used for abscesses in differ-
ent localization like intraperitoneal, retroperitoneal, and inaccessible postoperative col-

lections.3-5 Although complications related to PAD are uncommon (in most series, the compli-
cation rate is 5%),1 they can be life threatening. These complications range from minor issues, 
like pain and vasovagal syncope, to major complications, such as active bleeding and bowel 
perforation.6 It has been reported that the small-bowel catheterization can be treated with 
conservative approach when there are no signs of peritonitis. It is also possible to wait until 
the tract maturation of the catheter, whereas emergency surgical intervention is required in 
cases of colonic catheterization.7 In this paper, an outline of the non-surgical management 
of inadvertent bowel catheterization during PAD is shared by describing a novel technique.

Methods

Case 1

A 61-year-old male patient underwent computed tomography (CT)-guided PAD for an 
acute diverticulitis abscess. A fistula formation between the cavity and the sigmoid colon was 
viewed. After 31 days following medical therapy and PAD, the CT showed complete drainage 
of the cavity and the catheter was removed. Four days later, the patient had a fever, and the 
CT showed the recurrence of the abscess. It was thought possible to find the same tract that 
had been formed by the previous catheterization using ultrasound (US) guidance to carry out 
the PAD procedure. An 8F catheter was placed into the cavity with the Seldinger technique. 
Access was gained using a 19-G needle under US guidance, and contrast injection with flu-
oroscopy confirmed the cavity and showed there was no leakage to the adjacent structures. 
Subsequently, a 0.035-in Amplatz guidewire was advanced into the cavity after serial fascial 
dilatation had been performed. An 8F locking loop pigtail catheter with a stiffener was ad-
vanced over the wire into the collection. The stiffener and wire were removed, and the cathe-
ter was locked. The first day after catheter insertion, although the patient had no symptoms, 
we decided to perform a control CT to observe the collection and the inserted catheter to 
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ABSTRACT
Percutaneous abscess drainage-related inadvertent bowel catheterization is an undesired compli-
cation that requires treatment. In two cases without signs of peritonitis that we examined, it was 
possible to achieve successful abscess drainage, and to treat abscess-related inadvertent bowel 
catheterization by using a novel technique without surgery.
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avoid the risk of possible complications. 
The CT showed the catheter was traversing 
an ileal segment (Figure 1a). We decided to 
keep the catheter in place and wait for tract 
maturation. At the same time, a second (12F) 
catheter was placed into the abscess cavity 
using CT guidance (Figure 1b). Contrast in-
jection via 8F catheter 22 days after the first 
intervention showed contrast filling of the il-
eal segment. Then the 8F catheter was pulled 
back to the entry side of the ileal segment 
with the intention of keeping the catheter 
tip just outside of the bowel wall (Figure 1c). 
On the following day, injection of contrast 
media via the 8F catheter showed neither 
contrast entry into the bowel nor free con-
trast flow into the peritoneal cavity. The in-
jected contrast agent was released from the 
side holes of the catheter, and it did not fill 
the ileal loops (Figure 1d). Then, the 8F cath-
eter tip was removed. Meanwhile, contrast 
injection via the 12F catheter showed a fis-
tula between the abscess cavity and sigmoid 
colon, while there was no filling of the ileal 
segment. The 12F catheter was withdrawn 
10 days later after the fistula between the 
abscess cavity and sigmoid colon was sealed. 
It was concluded that the fistula was closed 
because it was not visible after contrast ad-
ministration in fluoroscopy. Daily drainage 
had also dropped below 3 cc.

Case 2

A 55- year-old female patient was referred 
to our hospital for a bladder rupture. The ab-
domen CT showed multiple collections in 
the lower abdomen. Percutaneous aspiration 
of the two collections were performed under 
US guidance without catheterization. For 
the third collection that located in the right 
lower quadrant, a catheter was placed under 

US guidance. There was a possibility that the 
catheter could pass through the colon during 
the procedure. The patient had no symptom 
at that time. A 10F pigtail catheter was inad-
vertently advanced into the caecum, which 
was confirmed by contrast injection under 
fluoroscopic guidance (Figure 2a). As a first 
step, the targeted collection was evacuated 
by needle aspiration. The decision was made 
to wait for tract maturation and to follow up 
the patient for signs of peritonitis. After 19 
days, the control cavitography via 10F pigtail 
catheter showed contrast filling of the cae-
cum. The pigtail catheter was changed with 
an 8F straight-tip catheter (Figure 2b). The 
straight-tip catheter was then pulled back 
with the technique as described below (Fig-
ure 2c). The patient was free of symptoms on 
the following day, and the control abdominal 
US examination showed no collection. The 
control CT examination obtained one month 
after the patient’s discharge was normal.

Technique 

In case of bowel transgression during 
PAD, a new catheter (12F pigtail) was imme-
diately inserted into the abscess cavity by 
using a safe tract under CT guidance when 

required–as occurred in case 1. On the oth-
er hand, the first catheter, which had trans-
gressed the bowel loop, was maintained 
in the same location for tract maturation 
for approximately three weeks. After three 
weeks, the pigtail catheter inside the bow-
el loop was exchanged with a thin catheter 
(preferably an 8F straight-tip catheter) when 
needed–as seen in case 2. We pulled back the 
tip of the catheter to just outside the bowel 
loop to confirm there was no drainage from 
the catheter. We kept the catheter in the 
same position within close proximity of the 
bowel wall for possible drainage for one to 
two days. When there was no daily drainage, 
the catheter was pulled back by 1–2 cm the 
following day. The integrity of the catheter 
tract was evaluated by injecting contrast ma-
terial under fluoroscopy guidance. When the 
injection of contrast media via 8F catheter 
showed no filling of the bowel loop, we con-
firmed that the tract maturation was com-
plete, and the catheter was removed. 

Discussion
To the best of our knowledge, this is the 

first study to outline a novel technique for 

Main points

•	 Percutaneous abscess drainage-related in-
advertent bowel catheterization is an unde-
sired complication.

•	 This complication can be treated without 
surgery.

•	 Keeping the catheter in the cavity, waiting 
for tract maturation, using a straight-tip 
catheter, pulling the catheter back to close 
proximity of the bowel wall, following up 
fluid volume and filling of the cavity with 
cavitography is a novel technique

•	 When no filling is detected by cavitography, 
the fluid level has dropped under 3 cc, and 
after checking with ultrasound and a com-
puted tomography scan, we can remove the 
straight-tip catheter and treat this compli-
cation.

Figure 1. (a) Sixty-one-year-old-male patient, who was followed up for acute diverticulitis-related abscess, 
an 8F catheter was inserted due to recurrence of the abscess. One day later, an unenhanced abdomen 
computed tomography showed the catheter was traversing the ileal segment (arrows). On the same day, 
a 12F catheter was placed into the abscess cavity (not shown). (b) On 22nd after catheterization, contrast 
injection via 8F catheter showed filling of the ileal segment (arrows). (c) Then, on the same day, the 8F 
catheter was pulled back to just proximal to the ileal segment (arrow). (d) After two days, contrast injection 
via the 8F catheter showed no filling of the ileal segment, and the 8F catheter was removed.

a

c
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the non-surgical management of abscess-re-
lated inadvertent bowel catheterization that 
occurs as a complication of PAD. 

There are multiple types of radiologic ap-
proaches, techniques, and imaging guidance 
for carrying out PAD. The choice of drainage 
technique and imaging guidance depends 
on the type and location of the collection as 
well as the experience and habits of the op-
erator.6 It is recommended that intervening 
structures such as the bowel, pleura, kidney, 
spleen, bladder, uterus, nerves, and vessels 
must be avoided while performing PAD to 
reduce the risk of complications.6 However, 
inadvertent bowel catheterization might oc-
cur as a serious complication while perform-
ing PAD, especially for deeply located collec-
tions.7,8 In the cases managed in the present 
study, inadvertent bowel puncture and 
catheterization occurred as both procedures 
were carried out under US and flouroscop-
ic guidance. The CT provides more detailed 
data about intraabdominal collections or 
abscesses in terms of their location, relation-
ship with the surrounding organs, and inter-
vening structures than US does;2 therefore, it 
is preferable to perform PAD procedures with 
CT guidance to avoid complications, espe-
cially for the deeply located abscesses.

The key point of the management tech-
nique outlined in this paper is waiting for 
tract maturation before catheter removal to 
avoid leakage of bowel content into the out-
side of the bowel loop. Waiting approximate-
ly three weeks before catheter removal and 
after tract maturation to avoid bile leakage 
is a common method used during percu-
taneous cholecystostomy procedures.9 It is 
also recommended to wait for tract matura-
tion when pleural transgression is detected 

while performing percutaneous subphrenic 
collection drainage or percutaneous chole-
cystostomy.10,11 The same procedure was per-
formed for the patients with bowel transgres-
sion in the current study. It was essential to 
constantly evaluate tract maturation before 
catheter removal because, as Picus et al.11 
showed, tract maturation may be incomplete 
even after waiting for what is deemed a suffi-
cient length of time. This is especially true in 
predominantly transperitoneal tracts.11

Removal of the catheter before tract 
maturation can lead to bowel perforation 
and require surgery. Therefore, in the cases 
featured in this study, the catheters were 
removed after the confirmation of complete 
tract maturation by contrast injection under 
flouroscopy guidance. Although there are 
some studies related to PAD that report bow-
el transgression during procedures,1 there is 
no paper that provide a detailed non-surgi-
cal management plan for inadvertent bowel 
catheterization. The novel technique de-
scribed in the present study is recommend-
ed for the non-surgical management of cas-
es with abscess drainage-related inadvertent 
bowel catheterization.
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Figure 2. (a) The patient was followed up for bladder rupture and multiple collections, and a 10F pigtail catheter was inserted into the right lower quadrant-located 
collection. Contrast injection via the inserted catheter showed that the catheter tip was located in the colon (arrow). (b) Nineteen days after the initial treatment, the 
pigtail catheter was replaced with a straight-tip catheter in the cecum (arrow). (c) One day later on the 20th day of the treatment, the tip of the catheter was pulled 
back to just outside the bowel loop (arrows).
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PURPOSE
To evaluate the safety and efficacy of the placement and exchange of tandem ureteral stents (TUS) 
under fluoroscopic guidance in the management of indwelling single double-J stent (DJS) failure in 
patients with malignant ureteral obstruction. We also aimed to investigate whether the generally 
accepted exchange period of DJSs could be extended using TUS.

METHODS
This retrospective study involved 11 patients (10 female) with an age range of 27–64 years, median 
of 49 years, who underwent TUS (ipsilateral two 8F DJSs) placement due to indwelling single DJS 
failure occurring in less than 3 months. TUS exchanges were performed initially at 6-month inter-
vals, and subsequent exchange intervals were extended to 9 and 12 months for seven patients. The 
interval from initial TUS placement to percutaneous nephrostomy, repeat exchange, or death was 
defined as the duration of stent patency.

RESULTS
Indwelling single DJS failure occurred during a median follow-up of 45 days (range, 35–60 days) 
in 14 ureters of 11 patients. TUS were successfully placed and exchanged with a technical success 
rate of 100% without any early major complications. Thirty-nine procedures (11 placement and 28 
exchange procedures) in 55 ureters were performed. The median duration of urinary patency was 
significantly higher with TUS [300 days (range, 60–440 days)] compared with single DJSs [45 days 
(range, 35–60 days)] (P < 0.001). 

CONCLUSION
The placement and exchange of TUS can be safely and effectively performed under fluoroscopic 
guidance. The need for frequent DJS exchange could be reduced with increased duration of stent 
patency using TUS.

KEYWORD

Tandem ureteral stents, double-J stent, malignant ureteral obstruction, retrograde exchange, stent 
failure

Malignant ureteral obstruction (MUO) is a common manifestation of metastatic disease 
and requires urinary diversion. Ureteral stenting in an antegrade or retrograde fash-
ion is an effective and safe method of choice in such cases, offering superior quality 

of life compared with percutaneous nephrostomy.1-3 Nevertheless, ureteral polymeric dou-
ble-J stent (DJS) malfunction rates are between 19% and 58%.4-6 Metal-mesh stents, metallic 
stents, and tandem stents (two ipsilateral DJSs) are alternative options to maintain urinary 
diversion and percutaneous nephrostomy in cases of single DJS malfunction.7-12
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Tandem ureteral stenting (TUS) has been 
shown to have good clinical success by pro-
viding extra space and drainage capacity 
between the stents and ureteral wall in a 
limited number of studies.8,10,12,13 However, 
these studies recommended the frequent ex-
change of the TUS every 3–6 months, similar 
to single DJS, and did not investigate wheth-
er the routine exchange period could be ex-
tended by using TUS. 

In this study, our aim was to evaluate the 
safety and efficacy of the placement and ex-
change of TUS under fluoroscopic guidance 
in the management of indwelling single DJS 
failure in patients with MUO. We also aimed 
to investigate whether the generally accept-
ed exchange period of DJSs could be extend-
ed with TUS, which might eliminate the need 
for frequent stent exchanges.

Methods
This retrospective study was approved by 

our institutional review board (HEK 09/64-3, 
02/07/2009). Informed consent for each pro-
cedure was obtained prior to the procedure 
for all patients. 

Patients

Eleven (10 female) patients with an age 
range of 27–64 years, median of 49 years, 
underwent TUS placement due to single DJS 
failure occurring in less than 3 months. An 
exchange of TUS was also performed in sev-
en patients. TUS exchanges were performed 
initially at 6-month intervals, and subsequent 
exchange intervals were extended to 9 and 
12 months after observing the patency of 
TUS. Ultrasound examinations were routine-
ly performed on follow-up every 3 months 
after TUS placement; each patient had an 
empty bladder and was in a supine position 
to check for the presence of hydronephrosis.

The time interval from the initial TUS 
placement to percutaneous nephrostomy, 
exchange time, or death was defined as the 
duration of stent patency. The results of the 
treatment were evaluated by reviewing pa-
tients’ electronic records through the Picture 
Archiving and Communication System. Com-
plications were classified according to the 
Cardiovascular and Interventional Radiolog-
ical Society of Europe classification system.14

Technique	

Routine hemogram, blood biochemistry, 
and the coagulation profile were checked 
before each procedure. 

All patients received prophylactic 
broad-spectrum antibiotics prior to the pro-
cedure. All procedures, including antegrade 
single DJS placements, were performed in 
the interventional radiology unit with the 
patient under conscious sedation. A combi-
nation of fentanyl (50–100 µg), midazolam 
(3–4 mg), ketamine (10–20 mg), and propo-
fol (20–50 mg) was used for sedation.

The TUS placement was performed using 
the access route gained by retrieving the in-
dwelling single DJS using the guide wire las-
so technique.2 First, a 9-10F vascular sheath 
was placed inside the bladder over a 0.035-
inch hydrophilic guide wire (Terumo, Japan). 
A 0.035-inch guide wire (Starter Guide Wire, 
Bentson; Boston Scientific, USA), folded in 
two, was then inserted to create a lasso in 
the bladder. One end of the folded wire was 
advanced while holding the other steady to 
manipulate the lasso to pass through the pig-
tail or around the shaft of the stent. Once the 
indwelling stent was retrieved from the blad-
der, care was taken not to lose access to the 
renal pelvis by maintaining the upper end 
of the DJS in the ureter. A 0.035-inch guide 
wire (Terumo, Japan) was inserted through 
the withdrawn stent to reach the renal pelvis. 
After reaching the renal pelvis, a 5F catheter 
(Imager II Angiographic Catheter, Bern; Bos-
ton Scientific, USA) was placed over the hy-
drophilic guide wire, and this was exchanged 
for a stiff guide wire (Amplatz, Super Stiff; 
Boston Scientific USA). Dilatation of the uret-
eral stricture with an 8 mm balloon catheter 
was performed. After advancing the sheath 
to the distal ureter to maintain access for 
the second stent, a 5F catheter and a hydro-
philic guide wire were inserted in retrograde 
fashion through the sheath, and the ureteral 
stricture was passed. After reaching the col-
lecting system, the second stiff guide wire 
was left there. Two parallel 8F DJ stents (Flex-
ima Ureteral Stent, Boston Scientific, USA) 

were inserted separately with the support 
of pushers through a sheath that had been 
advanced over one of the wires. The nylon 
thread attached to the proximal part of the 
first stent was held tightly to prevent migra-
tion while pushing the second stent through 
the ureter. After obtaining the desired posi-
tion of both stents, the nylon threads of both 
stents were removed (Figure 1). To exchange 
the TUS, the same retrograde approach was 
used (Supplementary Video 1). 

For the male patient, the technique was 
the same, except a longer introducer sheath 
and a longer nylon thread were used to com-
pensate for the longer urethra. 

If the occluded stent lumen and pores 
precluded the advancement of a guide wire 
through the stent, a vascular sheath with the 
valve end cut off was advanced over the oc-
cluded stent into the distal ureter. A hydro-
philic guide wire was then inserted beside 
the occluded stent through the lumen of the 
sheath, and access to the collecting system 
was achieved. All ureteral stents, including 
initial failed ones and tandem stents, were 
8F in size.

Statistical analysis

SPSS version 22.0 (IBM Corporation, 
Armonk, NY, USA) was used for statistical 
analysis. The Shapiro–Wilk test was used for 
normality analyses. Descriptive statistics of 
the data are presented as frequencies and 
percentages. Variables with normal distri-
bution are shown as mean ± standard devi-
ation, whereas non-normalized distributions 
are reported as median (min–max). The 
Mann–Whitney U test was used to investi-
gate whether the duration of urinary paten-
cy could be increased with TUS; P < 0.05 was 
taken as the level of significance.

Results
A total of 11 patients (10 women) with 

an age range of 27–64 years, median of 49 
years, were enrolled. Indwelling single DJS 
failure occurred at a median follow-up of 45 
days (range, 35–60 days) in 11 patients with 
14 ureters. In these patients, the single DJSs 
were exchanged for TUS, with a technical 
success rate of 100% in retrograde fashion. 
TUS were placed bilaterally in three patients. 
The most common history of malignancy 
was cervix carcinoma (n = 7, 60%) followed 
by breast carcinoma, (n = 2, 20%) ovarian car-
cinoma (n = 1, 10%), and sacral Ewing sarco-
ma (n = 1, 10%). 

After the initial placement of TUS in 14 
ureters, 41 exchange procedures were per-

Main points

•	 Ureteral stenting with a single double-J 
stent (DJS) is an established method of 
choice in the management of malignant 
ureteral obstruction. 

•	 Tandem ureteral stents (TUS) have been 
shown to have better clinical success and 
higher patency rates. However, previous 
studies suggest the frequent exchange of 
TUS every 3–6 months, similar to single 
DJSs.

•	 The need for frequent DJS exchange could 
be reduced with TUS, which may maintain 
ureteral patency for up to 9–12 months.
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formed in 10 ureters of seven patients on 28 
occasions, with a technical success rate of 
100% (Figure 2). TUS exchange procedures 
were performed 22 times in one patient for 
both ureters (11 times each), eight times in 
one patient, five times in one patient, once 
in two patients, and once in two patients for 
both ureters (total of four procedures in two 
patients) (Figure 3).

In the remaining four patients, TUS ex-
change was not performed. Two of these pa-
tients died within a short time of follow-up 
after TUS placement (60 and 122 days); this 
was due to underlying disease progression, 
without any complications related to TUS. 
One patient is alive with patent TUS, and the 
other patient had a poor treatment response 
and underwent permanent percutaneous 
nephrostomy due to TUS occlusion 210 days 
after placement (Figure 3). 

The median duration of urinary patency 
was significantly higher with TUS [300 days 
(range, 60–440 days)] compared with single 
DJSs [45 days (range 35–60 days)] (P < 0.001). 

In 9 out of 55 ureters with TUS, patients 
presented with hydronephrosis due to stent 

occlusion at a median follow-up of 315 days 
(range, 210–365 days). In three ureters of 
two patients with TUS occlusion, temporary 
nephrostomy was performed due to pyone-
phrosis. After 1 month with temporary ne-
phrostomy and subsequent TUS exchange, 
these two patients were catheter free with 
normal renal function on follow-up. Howev-
er, one of these two patients underwent per-
manent nephrostomy 1535 days after tem-
porary nephrostomy and five TUS exchange 
procedures because of borderline renal 
function. Further exchange procedures were 
not considered in this patient (patient no: 1). 
However, the remaining patient is still alive 
with normal renal function and patent TUS. 
Other patients underwent permanent ne-
phrostomy because of infravesical obstruc-
tion caused by tumor progression (patient 
no: 4) and borderline renal function (patient 
no: 5) (Figure 2). 

Neither mortality nor early complications 
related to TUS procedures occurred. Pyone-
phrosis was detected in 5 out of 55 ureters 
with TUS (9%) in two patients as a grade 3 
late complication after 210, 335, and 365 

days of patency; this was managed with per-
cutaneous nephrostomy and TUS exchange 
procedures. Urinary tract infection (n = 4, 
36.36%), lower urinary tract symptoms (n = 3, 
27.27%), and hematuria (n = 3, 27.27%) were 
the grade 2 late complications. Hematuria 
was managed conservatively and resolved 
over time. Urinary tract infection was man-
aged with outpatient oral antibiotic therapy.

Discussion
The results of our study reveal that the 

placement and exchange of TUS can be safe-
ly and successfully performed under fluoro-
scopic guidance to increase the duration of 
stent patency. Our results reporting a medi-
an duration of stent patency of 300 days also 
suggest that TUS might be changed at great-
er intervals than 3–6 months, as previously 
reported.10,13,15

A limited number of studies have report-
ed the efficacy of TUS in indwelling single DJS 
failure.8,10,12,13 These studies are summarized 
in Table 1. First, Liu and Hrebinko13 used two 
4.8F DJSs and reported no need for percuta-

Figure 1. A 49-year-old woman with a previous history of cervix carcinoma underwent tandem ureteral stent (TUS) placement due to failure of indwelling single 
double-J stent (DJS). (a) Grayscale sonogram demonstrates presence of hydronephrosis (asterisk) due to non-functioning DJS (arrow). (b) First, the indwelling DJSs 
(arrows) were retrieved (retrograde fashion). (c, d) Prior to TUS placement, the ureteral strictures were dilated with balloon catheters (arrows). (e) Following balloon 
dilatation, bilateral guide wires (arrows) were guided into the renal pelvis. (f, g) Consequently, the ureteral stents were placed separately in retrograde fashion. (h) 
Grayscale sonogram obtained after the TUS placement reveals no hydronephrosis.
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Figure 2. Patient outcomes after single double-J stent failure, tandem ureteral stent (TUS) placement, and TUS exchange procedures. 

Figure 3. Study flowchart.
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neous nephrostomy, with a mean follow-up 
of 5.8 months in four patients. Rotariu et al.15 
achieved marked improvement in hydrone-
phrosis and the alleviation of flank pain in 
seven patients with urinary diversion failure 
with indwelling single ureteral stents during 
a mean follow-up of 16 months. They used 
two 7F stents or a combination of 8F/6F DJSs, 
and the routine exchange period was every 
4 to 6 months.15 Fromer et al.8 were able to 
successfully manage hydronephrosis and 
renal insufficiency by using two 8F DJSs in 
five patients and eight ureters with indwell-
ing single DJS failure. The mean follow-up 
period was 12 months in their study. One 
patient developed pyonephrosis and un-
derwent permanent nephrostomy.8 Elsamra 
et al.16 reported a 13% TUS failure rate in 34 
patients (39 renal units) who underwent a 
total of 132 procedures for MUO. Mean stent 
duration was 128 days (4.3 months) with a 
mean follow-up of 23 months. Varnavas et 
al.12 performed 15 cystoscopic primary TUS 
insertions and 7 subsequent exchanges in 15 
patients with MUO. The failure rate was 20% 
at 3 months, and the median stent patency 
was 156 days. Haifler et al.17 performed cysto-
scopic two-6F TUS placement in 81 patients 
with MUO and reported a 27.1% failure rate 
during a median follow-up of 32 weeks. 

Ozyer and Dirim10 investigated the effi-
cacy and safety of TUS in 14 women expe-
riencing gynecological malignancies. They 
reported a stent failure rate of 21.4% during 
a mean follow-up of 180.1 days; the median 
exchange time was 181 days. They suggest-
ed that the routine exchange of TUS might 

be extended to 6 months.10 Chen et al.18 re-
ported a higher failure rate of 72.7% with 
TUS at 3 months after placement in patients 
with MUO. In contrast to our study and pre-
vious ones, they inserted a new DJS along-
side the indwelling malfunctioning ureteral 
stent instead of inserting two new stents. 
Their higher failure rate might be attributed 
to this technique because an indwelling mal-
functioning ureteral stent could be a source 
of infection and encrustation and a reason 
for obstruction. Liu et al.9 recently compared 
antegrade single and TUS in the manage-
ment of MUO. They reported significantly 
improved ureteral patency with TUS (214.7 
± 21.0 days) compared with single ureteral 
stents (176.7 ± 21.3 days), with technical suc-
cess rates of 93.6% and 95.2%, respectively. 
However, they did not mention the failure 
rates and exchange times of single and TUS 
in the follow-up period.

Metallic stents have also been used to 
maintain patency in MUO, and most studies 
have reported failure rates of approximately 
20% to 40%.4,7,19 With metallic spiral-coiled 
double-pigtail stents (Resonance, Cook 
Medical), a 79% overall success rate and 1% 
migration rate have been reported.20 Self-ex-
pandable coated metallic stents (Uventa, 
Taewong Medical) have been found to be 
superior to DJSs in terms of patency in MUO.7 
Despite the increased patency rates of me-
tallic stents compared with single DJSs, their 
cost effectiveness remains questionable, and 
there can also be issues with difficult techni-
cal insertion, exchange, and high migration 
rates.21-24 We can conclude that TUS seems 

to be a strong alternative to metallic ureteral 
stents in patients with single DJS failure, of-
fering a long duration of ureteral patency for 
up to 9–12 months. Because single DJS ex-
change every 3–4 months is associated with 
increased cost and procedural risks, Taylor 
et al.11 compared the costs associated with 
metallic resonance ureteral stents and single 
DJSs. They found a cost reduction of rough-
ly 48%, 61%, and 74% with metal stents for 
3, 4, and 6 DJS exchanges per year, respec-
tively.11 However, no study has investigated 
the additional benefit of TUS in reducing the 
frequency of stent exchange and the finan-
cial cost savings to patients. Elsamra et al.16 

reported the average exchange of TUS at 
a mean of 4.3 months (128 days) for MUO. 
They also hypothesized that TUS could be ex-
changed at greater intervals than 4 months; 
thus, the cost analysis might no longer favor 
metallic stents.4 Herein, our results support 
this hypothesis, demonstrating an increased 
median dwell time of TUS of approximately 
10 months (300 days). In our study, initial 
TUS exchanges were performed at 6 months 
with no failure. After observing the efficacy 
of TUS in durations of 6 months, subsequent 
exchanges were performed at greater inter-
vals of up to 9 and 12 months. This is the lon-
gest duration of ureteral patency with TUS in 
patients with indwelling single DJS failure. 
Our longer patency rate might be attributed 
to assessing the presence of hydronephrosis 
every 3 months after TUS placement rather 
than conducting a routine exchange. 

Our study has several limitations includ-
ing its retrospective nature with a relatively 

Table 1. Literature summary for the use of tandem ureteral stents in malignant ureteral obstruction
Our results Varnavas et 

al.12
Haifler et 

al.17
Ozyer and 

Dirim10
Elsamra et 

al.16
Liu et al.9 Chen et al.18 Rotariu et 

al.15
Fromer et 

al.8
Liu and 

Hrebinko13

Year 2020 2016 2020 2017 2013 2019 2011 2001 2002 1998

Number of 
patients 11 15 81 14 34 48 17 7 5 4

Number of 
exchanges 41 7 NA 7

15 pts 
(2–16 
times)

NA NA NA NA NA

Stent size 2 8F 28F 2 6F 2 8/2 10F 2 6F 2 7F 2 6F 2 7F/ 8–6F 2x8F 2 4.7F

Mean dwell 
time of TUS 
between 
exchange

300 days* 156 days* NA 181 days 128 days 214.7 days NA 4–6 months 2–3 months 3 months

Technical 
success rate 100% 100% 100%*** 95% 100% 95.2% 94.1% 100% 100% 100%

Method for 
placement Retrograde Retrograde Retrograde Antegrade/

retrograde Retrograde Antegrade Antegrade Retrograde Retrograde Retrograde

Guide for 
procedure Fluoroscopy Cystoscopy Cystoscopy Fluoroscopy Cystoscopy Fluoroscopy/

cystoscopy** Fluoroscopy Cystoscopy Cystoscopy Cystoscopy

Type of 
anesthesia IV sedation General General IV sedation NA Local 

analgesia NA General NA IV sedation

*median; **for exchange; ***procedure failed for three patients, who were excluded from the study cohort. Pts, patients; TUS, tandem ureteral stent.
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small patient population. Another potential 
limitation is the heterogeneity of etiologies 
of MUO. However, our study has the longest 
follow-up and dwell time of TUS, showing an 
increased stent patency rate (300 days). 

In conclusion, the placement and retro-
grade exchange of TUS are safe and effective 
in patients with MUO. The need for frequent 
DJS exchange could be reduced with TUS, 
which may maintain ureteral patency for up 
to 9–12 months. This might be helpful in re-
ducing health-care costs. 
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ABSTRACT
Percutaneous thermal ablation of hepatic tumors is accepted as a safe, reliable, and cost-effective 
therapeutic option for treating hepatocellular carcinoma and hepatic metastases. However, opera-
tors should be familiar with the myriad of vascular and non-vascular complications that can occur 
post-ablation and that are described in the literature. This review will focus on the various vascular 
complications related to percutaneous thermal ablation of hepatic tumors and discuss strategies to 
avoid and manage these complications.

KEYWORDS
Ablation, complications, hepatic tumors, microwave ablation, radiofrequency ablation

Minimally invasive therapies like image-guided percutaneous thermal ablation have 
gained widespread acceptance as a method for treating focal primary and secondary 
hepatic malignancies. This review will focus only on radiofrequency ablation (RFA) 

and microwave ablation (MWA). These are the most frequently used modalities for thermal 
ablation of hepatic malignancies. The other less common modalities are laser thermal abla-
tion, cryoablation, and irreversible electroporation. 

Several studies, trials, and meta-analyses comparing thermal ablation with surgical resec-
tion of small hepatic tumors have shown that thermal ablation is less expensive and inva-
sive. It also has a lower complication rate but a comparable survival rate.1 Additionally, RFA 
and MWA are the most cost-effective treatment modalities for patients with very early and 
early-stage hepatocellular carcinoma (HCC).2 According to the Barcelona Clinic Liver Cancer 
(BCLC) staging system, these patients are classified as BCLC-0 (very early-stage HCC) and 
BCLC-A (early-stage HCC). Thermal ablation is currently the standard of care for patients with 
oligo-metastases or those with BCLC-0 and BCLC-A HCC who are not well suited for surgical 
resection.3 It is also used as a “bridging therapy” to prevent patient dropout from the liver 
transplantation waiting list.3

Vascular complications are usually due to vessel damage caused by either direct me-
chanical insertion of the ablation needle or by indirect thermal injury.4 The complications 
encountered are needle tract bleeding, hepatic artery damage, venous thrombosis, hepatic 
infarction, hemobilia, arterioportal fistula (APF) formation, and cardiac tamponade. Vascular 
complications of MWA and RFA are similar since both modalities require insertion of needles 
and can result in heat-based damage. 
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Complications 

Needle tract bleeding 

Significant needle tract bleeding is a ma-
jor complication (Common Terminology Cri-
teria for Adverse Events grade 3 or higher) 
of percutaneous thermal ablation of hepatic 
tumors, as it can be immediately life-threat-
ening and may lead to prolonged hospital-
ization.5 It is also one of the more frequent 
major complications of thermal ablation, 
with a prevalence ranging from 0.37% to 
2.0%.4-6 A greater risk of bleeding has been 
reported in patients with liver cirrhosis, given 
the higher degree of clinical or subclinical co-
agulation disorders in these patients. There 
is also greater vascularity when comparing 
HCC with metastases.7 

Needle tract bleeding is also the most 
common vascular complication related to 
percutaneous thermal ablation of hepatic 
tumors. It often results from direct mechan-
ical injury to the vasculature caused by the 
insertion of the needle rather than because 
of thermal damage to the vessels.4 

Most bleeding during thermal ablation 
is minor and self-limited; it is usually of little 
clinical significance and can be managed 
expectantly.7 The bleeding can result in the 
formation of regional hematomas (intrahe-
patic, subcapsular, or perihepatic) along the 
ablation needle pathway (Figure 1) or extend 
into the adjacent body cavities, such as the 
hemoperitoneum or hemothorax. 

Venous bleeding is usually self-limited 
and is mainly treated conservatively with 
occasional blood transfusions (Figure 2).4 
However, if arterial bleeding is suspected, 
this would require vigilant clinical evaluation 
and monitoring along with a low threshold 
to intervene if active bleeding is established. 

Multiphasic contrast-enhanced comput-
ed tomography (CT) should be routinely 
performed as it helps recognize immediate 
post-ablation bleeding and can determine 
whether the ablation procedure was effec-
tive. Close and vigilant monitoring of the 
patient's symptoms and vital signs are also 
indispensable for the early detection and 
proper management of such a potentially 
life-threatening complication. Prompt tran-
scatheter arterial embolization should be 
performed if there is clinical or imaging ev-
idence of continued arterial bleeding. 

In addition to multiphasic CT, interro-
gation of the needle track with either color 
Doppler study or contrast-enhanced ultra-
sound can be performed in cases where 
intravenous CT contrast media is contrain-
dicated. This can be helpful in the early de-

tection of arterial bleeding along the needle 
track immediately after removal of the ab-
lation needle.4,8 In such cases, a repeat cau-
terization can be performed by immediately 
reintroducing the needle to the entry point at 
the liver’s surface, and this can be done under 
real-time ultrasound guidance (Figure 3).9 

Hepatic artery damage 

Hepatic artery damage has an incidence 
of 0.2%.10 As mentioned previously, damage 
to the hepatic artery is usually by direct me-
chanical injury during the placement of the 
ablation needle, and this typically manifests 
as acute bleeding.4 However, the formation 
and subsequent rupture of a hepatic artery 
pseudoaneurysm can also manifest as de-
layed hemorrhage and be potentially cata-
strophic (Figure 4).10,11 Hepatic artery throm-
bosis is also very rare. Preclinical studies 
suggest that hepatic arteries are less likely to 
thrombose due to their high flow state.12

Venous thrombosis

The reported incidence of venous throm-
bosis is 0.1% to 1.08%.10,13 Portal and hepat-

Main points

•	 There should be stringent criteria for patient 
selection and meticulous preprocedural 
planning and evaluation. Coagulopathy 
should be corrected before ablation is per-
formed. 

•	 Choose the most optimal imaging modality 
for ensuring a safe needle trajectory. To ap-
proach centrally located tumors more cau-
tiously, avoid tumors abutting large major 
blood vessels and biliary ducts. 

•	 Ensure patient cooperation and comfort 
during ablation. Thermal ablation should 
preferably be performed under general an-
esthesia or intravenous sedation.

•	 There should be vigilant postprocedural 
monitoring. Watch out for abdominal pain 
with increasing intensity, sustained tachy-
cardia (>100 beats/min), and/or hypoten-
sion (systolic blood pressure <90 mmHg or 
drop in the systolic blood pressure by >40 
mmHg). 

•	 Well-timed follow-up imaging should be 
used for early detection of vascular compli-
cations. 

Figure 1. (a-d) Chest wall hematoma due to active bleeding from the intercostal artery after radiofrequency 
ablation (RFA) of a segment 8/5 hepatocellular carcinoma. Plain axial computed tomography image (a) at 
the entry point level of the RFA needle (arrow). Axial contrast-enhanced computed tomography image (b) 
in the arterial phase demonstrates a right chest wall hematoma with active contrast extravasation (arrow). 
Selective angiogram (c) of the right 8th intercostal artery shows active contrast extravasation (arrow). 
Post-embolization angiogram (d) shows complete cessation of the active contrast extravasation after 
embolization with 2 mm coils (arrow).
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ic vein thrombosis is mainly caused by heat 
damage to the endothelium of these veins 
near the ablation zone.13 

In vivo studies have shown that smaller 
vessels (with a diameter of <3 mm) encom-
passed by the ablation zone are more prone 
to thrombosis from thermal injury. This is due 
to the absence of vascular perfusion-mediat-
ed heat sink effect, which is mainly depen-
dent on the vessel size.14

After ablation, thrombosis of larger ves-
sels (with a diameter of >3 mm) is uncom-
mon when the blood flow is normal;15 how-
ever, thermal damage may cause thrombosis 
if the flow is compromised. Hence, other fac-
tors besides portal hypertension that can 
potentially decrease the blood flow in the 
portal venous system should be considered 
before ablation. Some factors include pre-ex-
isting thrombosis and compression of the 
vein by the tumor.16 

Most patients with portal and hepatic 
vein thromboses are asymptomatic even 
when larger segmental vessels are throm-
bosed, and they require no specific therapy 
(Figure 5). However, extensive portal vein 
thrombosis can result in potentially fatal 
complications, such as hepatic failure or 
the worsening of portal hypertension, es-
pecially in patients with insufficient hepatic 
reserves.13,15,16 Systemic anticoagulation or 
local thrombolysis may be necessary if the 
liver function is affected.14,16

Moreover, the presence of post-ablation 
portal and hepatic vein thrombosis warrants 
further investigation and follow-up imaging 
to rule out tumor progression within the ve-
nous system.13 

Figure 3. (a-d) Repeat cauterization of the needle tract bleeding after microwave ablation (MWA) of a 
recurrent segment 7 hepatocellular carcinoma. Fusion contrast-enhanced ultrasound (CEUS) with computed 
tomography (a) was performed to guide the MWA needle (arrow). Concomitant ascites (arrowhead). After 
removing the ablation needle, Doppler interrogation of the needle track (b) demonstrates a linear color 
Doppler flow (arrow) along the needle tract, indicating active bleeding. (c) The ablation needle (arrow) 
was immediately reintroduced under real-time ultrasound guidance to the needle entry point at the liver’s 
surface, and repeat cauterization was performed. Post-ablation CEUS (d) demonstrates complete ablation 
of the lesion (arrow) with no evidence of active bleeding from the needle tract.

a b

c d

Figure 2. (a-c) Perihepatic hematoma after microwave ablation of a segment 7/8 hepatocellular carcinoma. Axial contrast-enhanced computed tomography (CECT) 
image (a) showing a perihepatic hematoma (arrow) with a focus on extracapsular contrast extravasation (arrowhead) seen only in the venous phase due to bleeding. 
Site of ablation (asterisk). The patient’s hemodynamic status remained stable and unchanged during close monitoring. Repeat axial CECT images in the arterial (b) 
and venous (c) phases two hours post-procedure demonstrate a stable perihepatic hematoma (arrow) with the disappearance of the contrast extravasation. 

a b c
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Hepatic infarction

Hepatic infarction is an uncommon com-
plication with an incidence of up to 0.07%.17 

It is uncommon because of the dual blood 
supply to the liver and the organ’s ability to 
develop extensive collateral pathways. Nev-
ertheless, hepatic infarction can occur from 
insult to both the hepatic arterial and portal 
venous systems.17,18

Most of these patients can be managed 
conservatively and may be treated with pro-
phylactic antibiotics until the infarcted tis-
sue heals (Figure 6). However, there can be 
accompanied complications, such as biloma 
or abscess formation, portal vein thrombosis, 
and rarely death from hepatic failure due to 
lobar infarction.16 

Hemobilia

Another hemorrhagic complication is 
hemobilia, with an incidence of 0.1% to 
0.5%.6,10 It usually occurs from a concomitant 
puncture of the biliary tract and blood ves-
sel with the ablation needle. The presenting 
symptoms are typically upper abdominal 
pain, hematemesis, and melena.6 Additional 
laboratory tests may show elevated levels of 
bilirubin and biliary enzymes. Clots may be 
visualized within the gallbladder or biliary 
tree on imaging. 

No treatment is necessary for asymptom-
atic patients, but endoscopic or percutane-
ous drainage may be required for those with 
symptoms and biochemical evidence of bili-
ary obstruction (total bilirubin concentration 
exceeding 4 mg/dL). Drainage may be nec-
essary since there is a risk of liver failure or 
potentially fatal acute obstructive suppura-
tive cholangitis caused by biliary obstruction 
from blood clots (Figure 7).6 

Hence, careful selection of an appropriate 
needle pathway with real-time visualization 
of the needle trajectory is paramount to 
avoid puncturing biliary radicles, especially 
those that may be locally dilated because of 
tumor compression. Since the hepatic artery, 
portal vein, and intrahepatic bile duct run to-
gether, it is crucial to avoid these structures 
during needle insertion.6 If a large arterio-bil-
iary fistula is present, transcatheter arterial 
embolization may be performed to arrest 
any bleeding.7 

Arterioportal fistula

In a multicenter study of RFA complica-
tions, the incidence of APF formation was re-
ported to be about 0.4%.18 However, the ac-

Figure 4. (a-d) Ruptured hepatic artery pseudoaneurysm with delayed presentation after radiofrequency 
ablation (RFA) of a segment 7 hepatocellular carcinoma. Axial plain computed tomography image (a) shows 
the final position of the RFA needle (arrow) before ablation. Axial contrast-enhanced computed tomography 
(six days post ablation) image (b) in the arterial phase demonstrates large intrahepatic and perihepatic 
hematomas (arrows) with a focus on active contrast extravasation (arrowhead). Selective angiogram (c) of 
the offending branch of the right hepatic artery shows a ruptured pseudoaneurysm (arrow) with active 
contrast extravasation. Post-embolization angiogram (d) shows successful embolization with 3 mm coils 
(arrow). 

a b

c d

Figure 5. (a, b) Portal vein and hepatic vein thrombosis after microwave ablation of a segment 7 
hepatocellular carcinoma. Axial contrast-enhanced computed tomography (CECT) (one month follow 
up) image (a) in the venous phase shows adequate ablation of the lesion (asterisk) with the formation of 
partial thrombus within the adjacent right hepatic vein (arrow) and portal vein (arrowhead). Coronal CECT 
image (b) in the venous phase demonstrates the extension of the partial thrombus into the main portal 
vein (arrow). 

a b
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tual incidence could have been higher since 
most patients are asymptomatic and APF 
formation is discovered on follow-up CT im-
aging (Figure 8).19 The majority of small APFs 
heal spontaneously post ablation.10

However, APFs can potentially exacerbate 
portal hypertension symptoms and lead to 
the rupture of gastroesophageal varices, the 
worsening of ascites, and the deterioration 
of liver function (Figure 9). In such cases, a 
comprehensive evaluation of the APF should 
be performed, and it should be treated with 
transcatheter embolization.20 

Cardiac tamponade 

Hemorrhagic cardiac tamponade is an 
extremely rare but potentially fatal com-
plication that can be successfully treated if 
detected promptly. To date, about six cas-
es have been reported in the literature.21 
Tumors located in the liver’s left lobe near 
the pericardium (namely in segments II and 
IVa) are considered pertinent risk factors for 
this complication (Figure 10).21 Emergency 
pericardiocentesis (with the placement of a 
drainage catheter into the pericardial space) 
should be performed if the post-procedure 
hemodynamic parameters and imaging fa-
vor a pericardial effusion. 

Figure 6. (a-d) Hepatic infarction after radiofrequency ablation (RFA) of a segment 3 metastasis from 
rectal carcinoma. Prior right hepatectomy was performed for hepatic metastases. Axial plain computed 
tomography (CT) image (a) shows the final position of the RFA needle (arrow) pre-ablation. Axial contrast-
enhanced computed tomography (CECT) (two days post ablation) image in the arterial phase (b) and 
coronal CT image in the venous phase (c) demonstrate a large, well-defined hypodense area in the liver’s 
left lobe, in keeping with hepatic infarction (arrows). Small, scattered pockets of gas (arrowhead) within 
this infarcted area suggest a concurrent infection. The patient was treated conservatively with antibiotics. 
Coronal CECT (six months follow up) image (d) in the venous phase demonstrates retraction and reduction 
in size (arrows). 

a b

c d

Figure 7. (a-e) Hemobilia presenting as melena with hemoglobin drop. The patient underwent sequential radiofrequency ablation (RFA) of three hepatocellular 
carcinomas in the same setting. Axial plain computed tomography (CT) images (a) show the RFA needle’s position (arrows) in the segments 5/8, 5, and the caudate 
lobe. Axial CT (one week post ablation) images in the plain (b) and arterial (c) phases demonstrate hyperdense material within the gallbladder (thick arrow), cystic 
duct (thin arrow), and common bile duct (arrowhead), likely representing blood clots. No active contrast extravasation was noted on the CT scan. An endoscopic 
retrograde cholangiography (ERCP) was performed since the serum bilirubin level was markedly elevated. Fluoroscopic spot image from the ERCP (d) shows filling 
defects (arrows) within the opacified common bile duct, cystic duct, and gallbladder, likely caused by blood clots. (e) A plastic biliary stent (arrow) was deployed 
endoscopically for drainage of the biliary system. 
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Figure 8. Arterioportal fistula (APF) formation after 
microwave ablation of a segment 8 hepatocellular 
carcinoma. Coronal maximum intensity projection 
contrast-enhanced computed tomography image 
in the arterial phase displays the APF (arrowhead) 
with early opacification of the adjacent segmental 
portal vein (arrow). Note the ablation zone (asterisk). 

Figure 9. (a-d) Arterioportal fistula (APF) with exacerbation of portal hypertension. Massive hematemesis 
due to esophageal variceal bleed after microwave ablation of a segment 8 hepatocellular carcinoma. Axial 
(a) and coronal (b) maximum intensity projection contrast-enhanced computed tomography in the arterial 
phase demonstrates opacification of the right portal vein (arrow) adjacent to the ablation site (asterisk) 
due to APF. A non-occlusive thrombus in the opacified right portal vein is evident (arrowhead). The 
variceal bleeding was controlled with endoscopic band ligation. Angiogram (c) of the right hepatic artery 
demonstrates APF formation (arrows) with immediate opacification of the right portal vein (arrowhead). 
The APF was embolized with a mixture of histoacryl (n-butyl-2-cyanoacrylate) and lipiodol in a 1:2 ratio. 
Post-embolization angiogram (d) shows complete occlusion of the feeding artery with no evidence of APF.

a b

c d

Figure 10. (a-c) Cardiac tamponade. Coronal fat-suppressed post-contrast T1-weighted image (a) shows a hepatocellular carcinoma (arrow) with washout in 
segment 2 of the liver near the pericardium. The patient became hypotensive after insertion of the radiofrequency ablation (RFA) needle and developed increased 
central venous pressure suggestive of cardiac tamponade. Sagittal plain computed tomography image (b) demonstrates the RFA needle’s tip (arrowhead) abutting 
the pericardium with adjacent pericardial effusion (arrow). An 8-French pigtail catheter was immediately inserted into the pericardial space via the subcostal route. 
Fluoroscopic spot image (c) shows the position of the pigtail drainage catheter (arrow). 

a b c
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Discussion 
Meticulous preprocedural planning and 

evaluation are indispensable. A detailed as-
sessment of the coagulation profile, tumor 
location, and hepatic reserve is essential.4

The risk factors for increased risk of bleed-
ing include: 

• coagulopathy, 
• the size of the ablation needle, 
• the tumor size, 
• multiple punctures or electrodes, 
• tumor location (tumors behind major 

blood vessels6,16 or located superficially are at 
greater risk of bleeding). 

Various periprocedural strategies can 
be taken to minimize the risk of bleeding. 
Preprocedural correction of underlying co-
agulopathy should be carried out. This can 
be done by administering the appropriate 
blood products, such as fresh frozen plasma, 
cryoprecipitate, and platelet concentrate, 
along with the appropriate withholding of 
antiplatelet or anticoagulant drugs.6,8 Abla-
tion should be judiciously deferred until all 
parameters are corrected in patients with 
coagulopathy.4 

Careful selection of the needle path 
during the procedure is also paramount. It 
is crucial to select a path that traverses suf-
ficient normal liver parenchyma and avoids 
transgressing any major vessels or biliary 
ducts near the index tumors.6,8 Sufficient 
cauterization of the needle tract during with-
drawal is also an effective method to prevent 
or reduce the risk of bleeding.8,10 Finally, abla-
tion should be avoided in patients with poor 
hepatic reserve.7 

Some tumors are better visualized by a 
specific imaging modality; hence, to reduce 
the risk of damage to adjacent structures, the 
operator should choose the best modality 
for optimal visualization of the target tumor.4

Sometimes patients exhibit uncoopera-
tive breath-holding due to pain and anxiety, 
and this can result in difficulty targeting the 
lesion and misplacement of the ablation 
needle. Therefore, performing these proce-
dures under intravenous sedation or general 
anesthesia is recommended, depending on 
the operator or institutional preference3 for 
patient cooperation and comfort.

Besides performing routine postproce-
dural imaging, closely monitoring the pa-
tient’s hemodynamic parameters during and 
after the procedure is highly recommended. 
Cirrhotic patients are often already in a hy-

perdynamic circulatory state, and the ap-
pearance of tachycardia due to hypovolemia 
may be delayed.6 Any post-procedural clini-
cal symptoms that suggest a vascular com-
plication should be immediately brought to 
the clinician’s attention. Among patients with 
hemoperitoneum, the most common symp-
tom after ablation is abdominal pain with in-
creasing intensity.6 If this occurs along with 
tachycardia (>100 beats/min) and/or hypo-
tension (systolic blood pressure <90 mmHg 
or reduction in the systolic blood pressure by 
>40 mmHg), the clinician should be notified. 
Additionally, hemorrhagic complications 
may manifest >8 hours after the procedure; 
therefore, it is highly recommended that all 
ablation procedures are performed in an in-
patient setting.6 

Conclusion
Although percutaneous thermal ablation 

of hepatic tumors is a safe procedure with a 
low incidence of significant complications, a 
spectrum of vascular complications can oc-
cur. As with any procedure, a better outcome 
can be achieved when patients are selected 
carefully, and the operator is knowledgeable 
about the array of complications encoun-
tered after the procedure. This is important 
for the early detection and appropriate man-
agement of any complications. 
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Ravivarma Balasubramaniam 
Mona Mossad PURPOSE

To demonstrate intranodal thoracic duct embolization (TDE) for treating chyle leaks following tho-
racic surgery and the feasibility of applying lower-limb intermittent pneumatic compression devic-
es during TDE.

METHODS
Between December 2017 and October 2020, 12 consecutive TDEs for post-operative chyle leaks 
were performed in 11 patients using intranodal lymphangiogram (IL) with an intermittent pneu-
matic compressive device applied to the lower limb. The procedure’s duration, technical/clinical 
success, and complications were retrospectively evaluated.

RESULTS
IL was successful at imaging the thoracic duct in all procedures (100%), and TDE had an inten-
tion-to-treat success rate of 92% (11/12). No related complications were observed during follow-up, 
which took place at a mean of 27 days. The time from the commencement of lymphangiogram until 
visualization of the thoracic duct was a mean of 21.6 min, and the mean overall procedure time was 
87.3 min.

CONCLUSION
This study supports IL-guided TDE as a safe and effective option to treat post-thoracic surgery chyle 
leaks. We revealed shorter lymphangiogram times compared with previously published studies, 
and we postulate that the application of intermittent lower-limb pneumatic compressive devices 
contributed toward this study’s results by expediting the return of lymph from the lower limb. This 
study is the first to illustrate this approach in TDE and advocates for randomized controlled studies 
to further evaluate the influence of intermittent pneumatic compressive devices on the procedure.

KEYWORDS
Thoracic duct, embolization, chyle leak, intermittent pneumatic venous compression devices, 
lymphangiogram 

Injury to the thoracic duct can occur as a post-operative complication and is encountered in 
1% to 9% of transthoracic esophagectomies and in 1.4% to 4% of pulmonary resections.1-4 
This results in a chyle leak, which can lead to respiratory failure, hypovolemia, malnutrition, 

or septicemia, with a mortality ranging from 3.7% to 46%.3,5,6 Conservative management with 
nutritional support, sometimes combined with octreotide, can be trialed; however, for high-
er-volume chyle leaks, early surgical intervention and ligation of the thoracic duct has been 
shown to be critical to improving outcomes.2,3,7,8 Surgical repair of a chyle leak has a success 
rate of 68% to 90% but carries a mortality rate of 10% to 16%.3,7-9 In recent times, thoracic 
duct embolization (TDE) has emerged as a less invasive alternative, with an intention-to-treat 
success rate of 53% to 100% combined with a significantly lower complication rate.10-17 It has 
the advantage of providing comprehensive delineation of the thoracic duct and can better 
identify the site of the chyle leak; this is of particular relevance given the recognized variance 
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in thoracic duct anatomy.12,18 TDE entails a 
lymphangiogram, which is conventionally 
done via exposure of the pedal lymphatics, 
followed by cannulation of the cisterna chyli/
thoracic duct and subsequent embolization. 
Recently, ultrasound-guided intranodal ac-
cess has been demonstrated as an alternative 
method to support the lymphangiogram to 
guide TDE, with fewer complications; howev-
er, published data on this technique remains 
limited.19-24 The transport of lymph is similar 
to venous return and is primarily regulated 
by the contraction of the smooth muscles 
in the lymphatic channels and surrounding 
skeletal muscles. We theorize that intermit-
tent pneumatic compressive devices, which 
expedite venous return when used as a 
prophylaxis in the prevention of deep vein 
thrombosis, may have a similar influence on 
the return of lymph and could shorten TDE 
procedure times.

We detail a study of consecutive intranod-
al lymphangiogram (IL)-guided TDEs to treat 
post-thoracic surgery chyle leaks and illus-
trate the application of intermittent pneu-
matic compression devices. 

Methods 
Permission from the Institutional Review 

Board of the University Hospital of North 
Midlands Ethics Committee’s Research and 
Design Department was obtained for this 
study (protocol number: 210421). A ret-
rospective analysis of 12 procedures in 11 
consecutive patients who underwent TDE at 
our institute between December 2017 and 
October 2020 was performed. All chyle leaks 
occurred as a post-operative complication: 
eight after esophagectomy, two following 
thoracotomies, and one after video-assisted 
thoracoscopic surgery. All the operations 
were performed to treat malignancy, except 
for one thoracotomy that was undertaken 
to resect a first rib to treat thoracic outlet 
syndrome. The thoracic duct was not ligat-
ed during any of the operations. There were 
seven male and four female patients, ranging 
in age from 25 to 81 years, with a mean age 

of 57.5 years. All patients presented with the 
classic milky white appearance of post-op-
erative pleural fluid. A pleural fluid analysis 
with a triglyceride content of >1.2 mmol 
and cholesterol of <5.1 mmol were used to 
differentiate between a chylothorax and 
pseudochylothorax. A chylomicrons analysis 
of the pleural fluid was not available at our 
institute. Prior to the IL TDE, all patients had 
a trial of conservative treatment for a mini-
mum of 5 days (fat-free diet and octreotide 
therapy). The inclusion criteria were that pa-
tients had a drain output of >500 mL/day, 
despite conservative management, and a full 
blood count with a lymphocytopenia rang-
ing from 0.1 to 1 (normal value is 1.5). 

All patients underwent TDE with ultra-
sound-guided IL, performed by a single in-
terventional radiologist with 3 years of pro-
cedural experience. The duration from the 
initial thoracic surgery to TDE had a range of 
2 to 25 days, with a mean of 12.2 days. Chy-
lothorax resolution and removal of the chest 
drain were considered the endpoint for clin-
ical success. Informed written consent and a 
surgical safety checklist were completed be-
fore commencing the intervention. Prophy-
lactic intravenous antibiotics consisting of 1.2 
g of intravenous co-amoxiclav was adminis-
tered at the initiation of the procedure. Prior 
to cleaning and draping the patient, bilateral 
pneumatic compression boots were applied 
around both of the patient’s lower limbs but 
remained switched off. An ultrasound exam-
ination of both groins was performed using a 
Philips Purewave CX 50 ultrasound machine, 
and the largest and most superficial inguinal 
lymph node was targeted. Under ultrasound 
guidance using an aseptic technique, an in-
guinal node was punctured using a 22 G 3.5-
inch BD spinal needle and a maximum of 20 
mL of lipiodol injected. If extravasation was 
demonstrated, another unilateral inguinal 
node was targeted, with a maximum of three 
inguinal nodes punctured in one procedure. 
After successfully accessing an inguinal 
node, the ipsilateral intermittent pneumatic 
compressive sleeve was turned on, and the 
progression of Lipiodol through the lym-
phatic system was monitored under inter-
mittent fluoroscopy until visualization of the 
cisterna chyli or thoracic duct (see Table 1 
column for the visualization of cisterna chyle 
for the duration of intermittent compression 
device application). At this point, the pneu-
matic compression device was turned off for 
the remainder of the procedure to avoid the 
rapid transit/washout of the contrast and 
maximize the visualization of the thorac-
ic duct. A maximum sedation of 250 µg of 

fentanyl and 7.5 mg of midazolam was then 
administered before 10–20 mL of 1% ligno-
caine was infiltrated locally and the cisterna 
chyli or thoracic duct directly punctured at 
L1/L2 level using an AccuStick II kit (Boston 
Scientific; introducer needle with stylet 21 
G 15 cm). Once the cisterna chyli/thoracic 
duct was cannulated, a V18 short taper 0.018 
inch × 200 cm control wire (Boston Scientif-
ic) was introduced, and the 21 G needle was 
subsequently exchanged for a Progreat mi-
cro-catheter system (2.7 F, 130 cm; Terumo). 
Visipaque contrast was then injected into the 
micro-catheter to confirm the position and 
delineate the site of the chyle leak. A detach-
able coil was next inserted upstream of the 
leak (Concerto; detachable coil system with 
nylon fibers, 4 mm × 8 cm × 0.0125 inch, ev3), 
followed by a mixture of tissue adhesive glue 
(Histoacryl, B. Braun) and lipiodol (Ultra fluid, 
Guerbet) with a mixing ratio of 1:2. The glue 
was injected along the course of the thorac-
ic duct as the micro-catheter was pulled out 
under fluoroscopic guidance. Completion 
X-rays were subsequently obtained of the 
chest, abdomen, and pelvis for a reference of 
embolic position (Figure 1).

Results

Technique

The site of the chyle leak was identified 
using IL in each of the 12 cases. In all 11 pa-
tients, the chyle leak was treated successfully 
with TDE using two micro-coils combined 
with a mixture of cyanoacrylic glue and lip-
iodol. The overall intention-to-treat success 
rate was 11/12 (92%), as there was one pa-
tient with an abdominal chyle injury that 
required a repeat procedure 17 days later to 
achieve successful treatment (Figure 2). In 
cases where local extravasation of lipiodol 
from the inguinal node puncture site oc-
curred, clinical follow-up over the ensuing 24 
to 48 h was conducted with no local symp-
toms of pain or swelling reported. There 
were no long-term post-procedure compli-
cations on follow-up, which ranged from 9 to 
91 days, with a mean of 27 days.

Duration

There were no records of the time taken 
to access the inguinal node for the lymph-
angiogram under ultrasound guidance. The 
procedure time from the initiation of the 
lymphangiogram to visualization of the tar-
get lymphatic (thoracic duct or a major trib-
utary) ranged from 9 to 29 min, with a mean 
of 21.6 min and a standard deviation of ± 6.0 
min. The duration from the commencement 

Main points

•	 Thoracic duct embolization (TDE) is a viable 
option to surgical ligation in the manage-
ment of post-operative chyle leaks.

•	 Ultrasound guided intranodal lymphangio-
gram is a safe and effective alternative to 
pedal lymphangiogram to guide TDE.

•	 Intermittent pneumatic compressive devic-
es may have a role in expediting lower-limb 
lymphangiography and TDE procedures.
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of the lymphangiogram to catheterization 
of the thoracic duct ranged from 28 to 106 
min, with a mean of 55.5 min and a standard 
deviation of ±24.2 min. The time from the 
beginning of the lymphangiogram to em-
bolization of the thoracic duct ranged from 

47 to 124 min, with a mean of 83.1 min and 
a standard deviation of ± 24.3 min. Intermit-
tent pneumatic compression devices were 
activated from the commencement of the 
lymphangiogram until visualization of the 
cisterna chyli, with a duration ranging from 9 

to 29 min and mean application time of 21.6 
min. The overall procedure time from the 
start of the lymphangiogram to completion 
of the TDE procedure had a mean of 87.3 min 
with a standard deviation of ± 23.9 min (see 
Table 1 for the individual times).

Discussion

Technique 

TDE was first illustrated by Cope et al.10 
in 1998 through the transabdominal cath-
eterization of the cisterna chyli guided by 
a pedal lymphangiogram. In a subsequent 
study of 42 patients by Cope and Kaiser11 
in 2002, TDE delivered favorable outcomes, 
with a treatment response of 78%. However, 
the emergence of computed tomography 
and magnetic resonance imaging lymphan-

Table 1. Procedure times for intranodal lymphangiography and thoracic duct embolization 

Patient Age in years 
(sex)

Surgery Site of chyle leak Visualization of CC Time to 
cannulation of TD

Time to 
embolization 

of TD

Total 
procedure 

time

1 25 (F) VATS  T11 18 37 67 68

2 69 (M) Esophagectomy  T12/L1 21 39 76 78

3 - 22 54 80 95

4 58 (M) Esophagectomy T10 28 81 105 108

5 63 (M) Esophagectomy T11 14 33 56 59

6 54 (M) Esophagectomy T10 18 34 57 67

7 81 (F) Thoracotomy TD- LSV 20 37 70 72

8 60 (F) Esophagectomy T8 23 61 95 102

9 66 (M) Esophagectomy T11 28 71 102 104

10 56 (M) Esophagectomy T8 29 106 124 126

11 56 (M) Esophagectomy T10 9 28 47 49

12 44 (F) Thoracotomy T12 29 85 118 119

Mean (SD) 57.5 21.6 (± 6.3) 55.5 (± 25.27) 83.1 (± 25.4) 87.25 (± 25.0)

The light line shaded area denotes a repeat procedure on the same patient. CC, cisterna chyli; TD, thoracic duct; VATS, video-assisted thoracoscopic surgery; TD-LSV, junction of 
the thoracic duct with the left subclavian vein; SD, standard deviation; F, female; M, male.

Figure 1. Fluoroscopic images of a thoracic duct chyle leak post esophagectomy. (a) Fluoroscopic intranodal 
lymphangiogram (IL) image delineating the site of the thoracic duct chyle leak (white arrow), (b) fluoroscopic 
IL image after successful thoracic duct embolization with detachable coil, adhesive glue. and lipiodol (white 
arrow heads).

Figure 2. Abdominal chyle leak post esophagectomy; 
fluoroscopic intranodal lymphangiogram image 
showing the site of the abdominal chyle leak (white 
arrows).
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giogram meant pedal lymphangiography 
(PL) became less frequently utilized, result-
ing in diminished clinical experience in the 
technique.25-27 This has limited the develop-
ment of conventional TDE as an alternative 
to surgical ligation in the management of 
thoracic duct injuries, and literature on the 
topic is limited, with research primarily orig-
inating from a small number of institutes. 
Ultrasound-guided intranodal access as an 
alternative to PL was first demonstrated by 
Hall and Krementz28 in 1967 and replicated 
by Rajebi et al.19 in 2011 in a pediatric group. 
Intranodal lymphangiography complements 
ultrasound intervention practice, thereby 
offering scope to broaden access to TDE 
as a treatment option for chyle leaks. The 
technique was first utilized as a viable sub-
stitute for PL to guide TDE by Nadolski and 
Itkin20 in 2012 and has since been replicated 
in other studies.10 This is substantiated by 
our findings, with the thoracic duct visual-
ized and the site of the chyle leak identified 
in all 12 procedures. Our technical success 
rate of 100% for IL is consistent with figures 
from previous studies by Nadolski and It-
kin21, which attained rates of 98% to 100% 
employing both PL and IL for TDE. The chyle 
leak was successfully treated with IL-guided 
TDE in all 11 patients in our study, with one 
case requiring a repeat procedure. Our 92% 
technical success rate was similar to the 86% 
reported by Ushinsky et al.22 in treating chyle 
leaks after head/neck cancer surgery and 
superior to other smaller IL TDE studies by 
Kariya et al.23 and Kim et al.24, which accom-
plished rates of 75% and 67%, respectively. 
Our study is the largest series of consecu-
tive IL TDEs to treat chyle leaks following 
thoracic surgery, with results comparable 
to the largest similar study by Nadolski and 
Itkin21, which reported a technical success 
rate of 98% in 50 patients, 22 of whom un-
derwent TDE using an IL method. Our overall 
intention-to-treat success rate of 92% (11/12) 
supports IL as an alternative to PL for TDE in 
the treatment of post-operative chyle leaks, 
being equivalent to the 75–97% stated in 
previous PL TDE studies, including the two 
largest studies by Pamarthi et al.15 (involving 
105 patients) and Itkin et al.16 (involving 106 
patients).17,20-24 Our intention-to-treat rate of 
92% is also equivalent to the clinical success 
rate of surgical ligation, which ranges from 
68% to 90%, with the additional benefits of 
being minimally invasive.5,7-9 Complications 
related to TDE include intra-alveolar hem-
orrhage or pulmonary embolism from the 
injected lipiodol and infection, which occurs 
in 0.9–2.9% of cases; this is primarily related 
to lymphatic exposure in the PL group.25,29,30 

No complications were reported in our study 
during a mean follow-up of 27 days.

Duration

Comparison with other studies on proce-
dure times are limited by a lack of relevant 
published data. The most applicable study 
was by Nadolski and Itkin20 in 2012, which 
compared the durations of six IL and six 
PL-guided TDEs. The time taken to visualize 
the thoracic duct with IL was significantly 
shorter in our study, with a range of 9 to 29 
min and a mean of 21.6 min compared with 
a range of 23 to 64 min and mean of 40 min 
reported in the IL-guided TDE group in the 
study by Nadolski and Itkin.20 The overall pro-
cedure time in our study was also noticeably 
shorter, with a mean of 87.3 min compared 
with a mean of 105.3 min in their study.20 We 
postulate that utilizing lower-limb intermit-
tent pneumatic compressive devices may 
have contributed toward our shorter IL and 
TDE procedure times. The active transport of 
lymph from nodes follows a similar process 
to lower-limb venous return and is primari-
ly governed by the contraction of skeletal 
muscle and smooth muscle in the walls of 
lymphatic vessels.31-33 Intermittent pneumat-
ic compressive devices applied to the lower 
limbs can improve venous return by increas-
ing blood velocity in the deep veins, and 
they have been utilized as prophylaxis in the 
prevention of deep vein thrombosis. For our 
study, we postulate that the use of pneumatic 
venous compression devices may have had a 
similar influence on the return of lymph from 
the lower limbs to the cisterna chyli and may 
also have contributed toward the reduced 
mean time for IL and overall TDE procedure 
time.34 This rationale is corroborated by a ret-
rospective study by Meisinger et al.35, which 
demonstrated a significantly shorter IL mean 
time of 29 min with lower-limb pneumatic 
compression devices compared with 56 min 
without. Their results are comparable to the 
21.6-min IL duration achieved in our study, 
but their study predominantly involved pa-
tients with non-traumatic chyle leaks (7/19) 
or research cases with no leak (5/19).35 

The primary limitations of the present 
study are its retrospective nature and the 
absence of a randomized control. However, 
it remains the largest case series demon-
strating consecutive IL-guided TDE to treat 
post-operative chyle leaks with the applica-
tion of intermittent pneumatic venous com-
pression devices. Large prospective random-
ized controlled studies evaluating the effect 
of pneumatic venous compression boots in 
TDE, using both an IL and PL technique, are 

required to further validate the hypothesis 
proposed. All TDEs were also performed by 
a single radiologist, which makes assump-
tions of wide reproducibility less certain. The 
radiologist also had relatively limited experi-
ence, with only 3 years using this technique. 
As such, it is assumed that operative duration 
would be reduced for a radiologist of greater 
experience.16 Finally, our study has a relative-
ly small sample size; however, this remains 
the largest study to date on consecutive TDE 
using IL to treat post-thoracic surgery chyle 
leaks.

In conclusion, with an intention-to-treat 
success rate of 92%, our findings endorse 
IL-guided TDE as a safe alternative to surgical 
ligation in the management of post-oper-
ative chyle leaks. This is the largest study of 
consecutive IL-guided TDE to treat post-op-
erative chyle leaks after thoracic surgery, il-
lustrating technical and clinical success rates 
that compare favorably with larger studies 
performed using a PL method. This study 
demonstrates significantly shorter lymph-
angiogram procedure times compared with 
previous TDE studies and postulates that 
utilizing lower-limb intermittent pneumatic 
compressive devices contributed to these 
outcomes by expediting lymph return to-
ward the cisterna chyli/thoracic duct. This 
study is the first to illustrate this approach in 
TDE and recommends that further prospec-
tive randomized studies be performed to 
evaluate the influence of intermittent pneu-
matic compressive devices on procedure 
times in TDE.
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PURPOSE
To evaluate the technical, radiological, and clinical outcomes after type 2 endoleak (T2EL) emboli-
zation in patients with a growing aneurysm sac after endovascular aortic aneurysm repair (EVAR). 
Additionally, to determine clinical and imaging-based factors for outcome prediction after embo-
lization of a T2EL.

METHODS
A single-institution, retrospective analysis was performed of 60 patients who underwent a T2EL 
embolization procedure between September 2005 and August 2016 to treat a growing aneurysm 
sac diameter following EVAR. The patients’ electronic medical records and all available pre- and 
post-embolization imaging were reviewed. Statistical analysis methods included logistic regression 
models for binary outcomes, proportional odds models for ordinal outcomes, and linear regression 
models for continuous outcomes. The Kaplan–Meier method was used to estimate the overall sur-
vival probability.

RESULTS
Technical, radiological, and clinical success rates after T2EL embolization were 95% (n = 57), 26.7% 
(n = 16), and 76.7% (n = 46), respectively. Persistent aneurysm sac expansion was found in 31 pa-
tients (51.7%). Unsharp or blurred T2EL delineation on pre-interventional computed tomography 
(CT) was a predictive factor for a post-embolization persistent visible endoleak and persistent 
growth of the aneurysm sac (P = 0.025). Median survival after T2EL embolization was 5.35 years, 
with no difference observed between patients with persistent sac expansion compared with pa-
tients with stable or decreased sac diameter.

CONCLUSION
Progression of the aneurysm sac diameter was observed in half the study patients, despite tech-
nically successful T2EL embolization. Unsharp or blurred T2EL delineation on pre-interventional 
CT seemed to be an imaging-based predictor for a persistent T2EL and progressive aneurysm sac 
growth after embolization.
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Current international guidelines pro-
pose endovascular aortic aneurysm 
repair (EVAR) as the standard treat-

ment for abdominal aortic aneurysm (AAA) 
in selected patients with suitable vascular 
anatomy.1,2 However, endoleaks, defined 
as persistent blood circulation in the aneu-
rysm sac, remain the Achilles’ heel of EVAR 
procedures.3-6 A type 2 endoleak (T2EL), 
caused by backflow from collateral arteries 
into the aneurysm sac, has an occurrence 
rate of approximately 15% after successful 
EVAR and accounts for approximately half of 
all endoleaks.3,7,8 The management of a T2EL 
remains controversial; some experts propose 
conservative management as a safe strate-
gy,9,10 while others have demonstrated T2ELs 
as a cause of late rupture with a need for 
reintervention.4,11 Current guidelines recom-
mend treatment in patients with a T2EL after 
EVAR associated with aneurysm sac expan-
sion of >10 mm in diameter.1 Due to the rela-
tively high late-complication rate in patients 
with a T2EL after EVAR, lifelong radiological 
surveillance is currently recommended  in 
these patients.12,13

Short-term outcome data after T2EL 
embolization are variable,3,14-18 and long-
term radiological and clinical outcome data 
are scarce.19 Additionally, relatively little is 
known about how predictive pre-emboliza-
tion imaging factors are for better or worse 
outcomes.

The aim of this study is to determine the 
technical and long-term radiological and 
clinical outcomes after T2EL embolization 
and to assess clinical and imaging-based fac-
tors for outcome prediction after emboliza-
tion of T2ELs associated with aneurysm sac 
expansion following EVAR.

Methods

Patients

This retrospective study was approved by 
the Ethics Committee of the University Hos-
pitals KU Leuven (S62135). All consecutive 
patients who underwent an elective T2EL 
embolization procedure between Septem-

ber 2005 and August 2016 were included 
in the study. Inclusion criteria were a T2EL 
associated with growth of the aneurysm 
sac diameter by at least 5 mm compared 
with the diameter prior to EVAR or growth 
of the aneurysm sac diameter by less than 
5 mm compared with the diameter prior to 
EVAR but associated with a growth of the 
largest diameter of the T2EL, as measured 
in the venous phase, compared with previ-
ous follow-up computed tomography (CT) 
imaging; however, our approach to include 
patients for T2EL embolization is rather 
aggressive compared with current society 
guidelines.9 Patients with a T2EL associated 
with other types of endoleaks were exclud-
ed from the study. The decision to refer the 
patient for an embolization procedure was 
made in consensus during multidisciplinary 
case discussion meetings, which included 
vascular surgeons and interventional ra-
diologists. The patients’ demographics and 
clinical follow-up data were gathered from 
their electronic medical records. Radiological 
documents, including CT scans prior to and 
after EVAR, as well as angiographic studies 
and interventional procedures, were studied 
on a picture archiving and communication 
system (PACS, Agfa-Gevaert, Mortsel, Bel-
gium). Measurements of the aortic aneurysm 
and side branches were performed prior to 
embolization on a graphical CT workstation 
(Syngo.via, Siemens Healthcare, Forchheim, 
Germany). Twenty-five patients (42%) were 
referred from community hospitals to the au-
thors’ institution for interventional manage-
ment of T2ELs. Referred patients’ data were 
collected after contacting the referring phy-
sician, and medical records and all available 
CT scans were reviewed for each patient. 

Initial EVAR was performed using the 
Excluder device (W. L. Gore & Associates, 
Flagstaff, AZ, USA) on 28 patients (47%), the 
Zenith device (Cook, Bloomington, IN, USA) 
on 17 patients (28%), and the Endurant de-
vice (Medtronic, Minneapolis, MN, USA) on 9 
patients (15%). Other devices were used on 
6 patients [lifepath (n = 1), ovation (n = 1), 
fortron (n = 2), and talent (n = 2)]. All patients 
received lifelong aspirin at a dose of 80 mg 
daily after EVAR. 

No prophylactic aortic side branch em-
bolization to prevent T2ELs was performed 
prior to initial EVAR, despite recent insights 
suggesting pre-emptive aortic side branch 
embolization may be associated with lower 
rates of sac enlargement, incidence of T2ELs, 
and reinterventions.20

Imaging studies

Patients underwent triphasic CT scans 
and catheter-directed angiography of the 
endoleak prior to referral for embolization. 
All CT scans in our institution were obtained 
using helical multidetector CT scanners; the 
type of CT scanner used depended on the 
time period of inclusion. The CT protocol 
for follow-up imaging after EVAR included 
a triple-phase technique with unenhanced, 
arterial, and delayed venous phases. Con-
trast-enhanced arterial phase images were 
generated during an injection of 80–120 mL 
(depending on the renal function of the pa-
tient) of non-ionic contrast material at a flow 
rate of 4 mL/second using bolus tracking 
with a threshold of 120 Hounsfield units. De-
layed venous phase images were obtained 
70 seconds after the arterial phase scan. 
Catheter-directed angiography of the en-
doleak was performed under local anesthe-
sia through an arterial puncture in the right 
or left groin. Flush abdominal aortography 
in anteroposterior and profile views (30 mL 
of non-ionic iodized contrast medium at a 
flow rate of 10 mL/second) was performed 
using a pigtail catheter, followed by selective 
catheterization of the superior mesenter-
ic artery (SMA) (20 mL of non-ionic iodized 
contrast medium at a flow rate of 4 mL/sec-
ond) and the ipsilateral internal iliac artery 
and contralateral iliac stent-graft limb (10 mL 
of non-ionic iodized contrast medium at a 
flow rate of 5 mL/second) using a Simmons 
2 catheter.

Patient follow-up after T2EL embolization 
took place at 1, 6, and 12 months, and yearly 
thereafter in accordance with the EUROSTAR 
guidelines for EVAR follow-up,5 with special 
attention given to aneurysm sac diameter 
and persistence or disappearance of the em-
bolized T2EL. Patients were followed up with 
until the end of the study period (January 
2019), the patient’s death, or conversion by 
open surgical repair.

Evaluation of imaging-based risk factors 

Measurements performed on the aortic 
aneurysm and side branches prior to embo-
lization included the maximum diameter of 
the AAA, maximum axial diameter (perpen-
dicular to the long axis of the abdominal 
aorta) of the T2EL at the venous phase, pa-
tency of the lumbar arteries (LA) and inferi-
or mesenteric artery (IMA). Additionally, the 
location of the endoleak in the AAA was de-
termined (>75% of the endoleak area located 
anterior or posterior in the aneurysm sac) to 

Main points

•	 Progression of aneurysm sac diameter is 
common after type 2 endoleak (T2EL) em-
bolization.

•	 Unsharp (blurred) contours are predictive 
for a persistent T2EL.

•	 Greater need for surgical conversion is seen 
with blurred T2ELS.



 

Embolization therapy for type 2 endoleaks • 333

show sharp (Figure 1) or unsharp (blurred) 
T2EL delineation. Blurred delineation was de-
fined as irregular delineation of at least 75% 
of the endoleak contour (Figure 2). All mea-
surements were performed after consensus 
by two interventional radiologists with 5 and 
20 years of experience, respectively, in vascu-
lar radiology and embolization techniques. 
Progressive expansion or shrinkage of the 
aneurysm sac was defined as an increase or 

decrease, respectively, of 5 mm or more in 
the maximum aneurysm diameter. An ab-
sence of significant change in AAA diameter 
(<5 mm) was recorded as no change in the 
aneurysm sac diameter. 

Finally, the embolization approach (tran-
sarterial versus translumbar/transperitoneal 
access) was decided at the discretion of the 
attending interventional radiologist based 
on the location of the T2EL, the AAA sac, 

surrounding tissues, and the maximum axial 
diameter of the endoleak (measured in axial 
sections in the delayed phase). The translum-
bar/transperitoneal approach was the first-
line choice if percutaneous access to the 
T2EL was technically feasible and safe.

T2EL embolization technique

Patients’ informed consent was obtained 
by both the referring vascular surgeon and 
the attending interventional radiologist pri-
or to the embolization procedure. The anti-
coagulation regimen, including aspirin at a 
dose of 80 mg daily, was unchanged after the 
embolization procedure.

Transcatheter embolization of the T2EL

Under general anesthesia, a 4 or 5 French 
(F) sheath was inserted in the right or left 
common femoral artery, and catheterization 
of the SMA or ipsilateral internal iliac artery 
was performed using a 4 or 5 F Simmons 1 
or Cobra catheter (Cook Medical, Bloom-
ington, IN, USA; or Terumo Europe, Leuven, 
Belgium), followed by superselective cath-
eterization using a microcatheter (Cantata 
2.5, Cook Medical, Bloomington, IN, USA; or 
Maestro 2.4, Merit Medical, South Jordan, UT, 
USA) of the arc of Riolan and IMA or the il-
iolumbar artery and lower LA where the IMA 
or iliolumbar artery was the feeding artery 
of the T2EL, respectively. The microcatheter 
was advanced as close as possible to or into 
the nidus of the endoleak, and then embol-
ics were injected in order to completely close 
the nidus of the T2EL. Embolics used includ-
ed microcoils (Microtornado, Cook Medical, 
Bloomington, IN, USA; or Target microcoils, 
Boston Scientific, Natick, MA, USA), ethylene 
vinyl-alcohol copolymer (Onyx, Medtron-
ic, Minneapolis, MN, USA), or glue as a 3:1 
mixture of ethiodized oil (Lipiodol, Guerbet, 
Aulnay-sous-Bois, France) and n-butyl cya-
no-acrylate (Histoacryl, B. Braun, Melsungen, 
Germany).

Translumbar/transperitoneal embolization 
of the T2EL 

With the patient under general anes-
thesia and in a prone or supine position, an 
unenhanced cone beam (CB) CT of the AAA 
was performed (XperCT, Philips Healthcare, 
Best, the Netherlands) and fused or visually 
confronted with the pre-interventional con-
trast-enhanced CT to determine the T2EL 
in the aneurysm sac. Using CB-CT-based 
puncture guidance techniques (XperGuide, 
Philips Healthcare, Best, the Netherlands), 
the nidus was percutaneously punctured 
using a sheathed 5 F needle (percutaneous 

Figure 1. Venous phase, contrast-enhanced axial computed tomography image in a patient with a growing 
aneurysm sac and a sharply delineated type 2 endoleak (white arrows) posterior to the endograft limbs.

Figure 2. Venous phase, contrast-enhanced axial computed tomography image in a patient with a growing 
aneurysm sac and an unsharply delineated type 2 endoleak (small black arrows) anterior to the endograft 
limbs.
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entry thinwall needle, Cook Medical, Bloom-
ington, IN, USA). A microcatheter (Progreat 
2.7, Terumo Europe, Leuven, Belgium) was 
introduced into the nidus through the 5 F 
sheath, and angiographic imaging of the 
nidus, afferent arteries, and efferent arteries 
was performed. These arteries were embo-
lized with microcoils (Microtornado, Cook 
Medical, Bloomington, IN, USA; or target mi-
crocoils, Boston Scientific, Natick, MA, USA), 
and finally, the nidus was occluded using a 
1:1 mixture of ethiodized oil (Lipiodol, Guer-
bet, Aulnay-sous-Bois, France) and n-butyl 
cyano-acrylate (histoacryl, B. Braun, Melsun-
gen, Germany).

Definitions for outcome after embolization

The outcome of the T2EL embolization 
was categorized as a technical, radiological, 
or clinical success. Technical success was de-
fined as the nidus of the T2EL being fully ap-
proachable and completely embolized, with 
no evidence of residual contrast opacification 
on completion of angiography. Radiological 
success was determined by the absence of a 
persistent endoleak and unchanged or de-
creased diameter of the aneurysm sac at the 
latest follow-up CT. Finally, clinical success 
was defined as the absence of late aortic or 
endoleak-associated complications such as 
rupture or the need for surgical conversion 
on long-term follow-up.

Statistical analysis

Statistical analyses were performed using 
SAS software (version 9.4 of the SAS System 
for Windows, Cary, NY, USA). The association 
between pre-operative characteristics and 
outcome was analyzed using univariate bi-
nary logistic regression models for persistent 
endoleaks, proportional odds models for 
ordinal outcomes (decreased/stable/in-
creased aneurysm sac diameter), and linear 
regression models for continuous outcomes 
(changes in aneurysm sac diameter). The sig-
nificance level was established as α: 0.05. The 
Kaplan–Meier method was used to estimate 
the overall survival curve. The comparison 
between groups (e.g., increased versus sta-
ble/decreased aneurysm sac diameter) was 
performed using the Mann–Whitney U test 
for continuous variables, the chi-square test 
or Fisher’s exact test for categorical variables, 
or the log-rank test for overall survival. Inter- 
and intra-observer variability is assessed by 
Cohen’s kappa coefficient. The kappa coef-
ficient takes values between 0 and 1, with 
higher values indicating better agreement. 
Interpretation of this statistic suggested by 
Fleiss characterizes kappa over 0.75 as excel-

lent, 0.40 to 0.75 as fair to good, and below 
0.40 as poor.

The univariate Cox proportional-hazards 
model was fitted to associate persistent T2EL, 
aneurysm sac diameter increase, or need for 
reintervention with overall survival.

Results
Sixty patients who presented with aortic 

aneurysm sac expansion after EVAR under-
went an elective T2EL embolization at our 
institution, with a median time interval of 2.6 
years (interquartile range 1.3–4.9 years) in 
between index EVAR and T2EL embolization 
procedure. The median follow-up time of 
our study population after embolization was 
6.43 years (Q1–Q3, 4.93–9.00).

Demographics and patient characteristics

The patients’ demographics and baseline 
clinical characteristics prior to embolization 
of the T2EL are listed in Table 1. The majori-
ty of patients in the study population were 
male (88.3%) with a median age of 79.5 years 
(range 62–89 years).

Endoleak characterization and emboliza-
tion technique/approach

Pre-interventional vascular imaging char-
acteristics, including type and diameter of 
the AAA, delineation, and diameter at the 
location of the T2EL within the AAA, as well 
as data on the embolization procedures, are 
summarized in Table 2. In addition, the kap-
pa-coefficient [95% confidence interval (CI)] 
for inter- and intra-observer variability was 
0.64 (0.42; 0.85) and 0.88 (0.75; 1.00), respec-

tively. In 36 patients (60%), the indication for 
T2EL embolization was a mean sac expan-
sion between pre-EVAR and pre-emboliza-
tion (9.2 mm; 5–27 mm); a minimum increase 
of the maximum AAA sac diameter (<5 mm) 
associated with an increase in the diameter 
of the nidus of the T2EL (>5 mm) was an in-
dication for embolization in 6 patients (10%). 
Finally, in 18 patients (30%), it was unclear 
whether the increase in the diameter of the 
T2EL or of the AAA was the main indication 
for embolization of the T2EL.

The afferent artery of the T2EL was the LA 
in 42 patients (70%), the IMA in 10 patients 
(16.7%), and a combination of the LA and 
IMA in 8 patients (13.3%).

Technical, radiological, and clinical success

Technical success

In 57 patients (95%), it was possible to 
embolize the nidus of the T2EL completely, 
as demonstrated on completion angiogra-
phy. In 3 patients (5%), incomplete emboli-
zation of the nidus of the T2EL was demon-
strated on completion angiography; two 
of these three patients were embolized in a 
translumbar approach using glue, which re-
sulted in a partial filling of the nidus of the 
T2EL. However, follow-up CT scans were not 
able to demonstrate either a persistent T2EL 
or progressive expansion of the aneurysm 
sac. The remaining patient was treated us-
ing a transcatheter approach for a T2EL fed 
by a left iliolumbar artery. Superselective 
embolization was performed using glue and 
resulted in the partial filling of the endoleak. 
A follow-up unenhanced CT scan revealed a 
persistent increase in AAA diameter from 86 

Table 1. Patients’ demographics and baseline clinical characteristics

Demographic parameter Statistic All

Age n 60

Median 79.5

Q1, Q3Q1, Q3 (72.0; 83.0)

Sex

	 Male n (%) 53 (88.33%)

	 Female n (%) 7 (11.67%)

Smoking n (%) 28 (46.67%)

Diabetes n (%) 4 (6.67%)

Coronary artery disease n (%) 15 (25%)

Chronic renal insufficiency n (%) 4 (6.67%)

Arterial hypertension n (%) 42 (70%)

COPD n (%) 7 (11.67%)

Hyperlipidemia/hypercholesterolemia n (%) 28 (46.67%)

Peripheral vascular disease n (%) 4 (6.67%)

Q1, Q3, first and third quartile; COPD, chronic obstructive pulmonary disease.
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mm prior to embolization to 99 mm at the 
latest follow-up CT. Long-term clinical fol-
low-up did not reveal any AAA rupture up to 
the time of patient death due to cardiac de-
compensation. Kaplan–Meier analysis could 
not demonstrate a difference in survival be-
tween patients with and without technically 
successful T2EL embolization (P = 0.916), as 
shown in Figure 3. A serious post-emboliza-
tion complication was observed in 2 patients 
at 10 and 12 months, respectively, after ini-
tially successful translumbar and transcathe-
ter embolization; this was due to infection of 
the endograft and bilateral psoas abscesses 
(Figure 4a-c). The responsible microorgan-
isms in the translumbar case were Staphy-
lococcus hominis and Staphylococcus capitis. 
Both of these are human skin commensals, 
suggesting that the infection was inoculated 
through the percutaneous puncture. These 
serious infection complications were defin-
itively and successfully resolved with stent-
graft resection and surgical aorto-bi-iliac re-
construction with autologous deep vein.

In 4 patients (6.7%), a second emboliza-
tion procedure was performed 11, 20, 21, 
and 34 months, respectively, after the initial 
translumbar T2EL, due to a persistent T2EL in 
combination with progressive growth of the 
AAA sac, identified on follow-up CT scan at 
6 months, 1 year, 1 year, and 2 years, respec-
tively, after initial T2EL embolization. 

Radiological success

Follow-up with multiphase CT scans was 
performed in 59 patients (98.3%). In one pa-
tient (1.7%), follow-up was performed with 
duplex ultrasound and an unenhanced CT 
scan at the referring hospital due to chronic 
renal insufficiency. Median radiological fol-
low-up after T2EL embolization was 5.3 years 
(3.5–7.0 years). On follow-up CT scans, a per-
sistent post-embolization T2EL was noted in 
35 patients (58.3%). This was associated with 
an increase in maximum aneurysm sac diam-
eter in 31 patients (51.7%) with a mean in-
crease in maximum sac diameter of 8.3 mm, 
as summarized in Table 3. Twenty-two pa-
tients (36.7%) showed stable aortic diameter, 
and 7 patients (11.7%) showed a decrease in 
AAA diameter. Overall, radiological success 
was observed in 16 patients (26.7%).

Pre-interventional unsharp or blurred 
T2EL delineation was statistically significant 
as a predictive factor for a persistent en-
doleak at follow-up (P = 0.025). Other imag-
ing or embolization variables showed no sta-
tistically significant difference in radiological 
or clinical success (Table 4).

Table 2. Pre-interventional vascular imaging characteristics and data on the embolization 
procedures

Pre-interventional vascular imaging characteristics Statistic All

Type of abdominal aortic aneurysm

	 Infrarenal, aorto-bi-iliac AAA n (%) 1 (1.67%)

	 Infrarenal, aorto-left-iliac AAA n (%) 2 (3.33%)

	 Infrarenal, aorto-right-iliac AAA n (%) 6 (10%)

	 Infrarenal AAA n (%) 51 (85%)

AAA diameter (mm) prior to type 2 endoleak 
embolization n 60

Median 70.5

Q1, Q3Q1, Q3 (63.0; 78.0)

Type 2 endoleak diameter (mm) prior to embolization n 60

Median 25.0

Q1, Q3Q1, Q3 (18.0; 35.0)

Type of endoleak type 2 delineation

	 Blurred (patchy) n (%) 17 (28.33%)

	 Sharp n (%) 43 (71.67%)

Location of type 2 endoleak in AAA

	 Anterior n (%) 12 (20%)

	 Posterior n (%) 48 (80%)

Approach to type 2 endoleak

	 Transarterial n (%) 12 (20%)

	 Translumbar n (%) 48 (80%)

Embolization material to occlude type 2 endoleak

	 Glue (lipiodol and enbucrylate) n (%) 29 (48.33%)

	 Glue (lipiodol and enbucrylate) and microcoils n (%) 26 (43.33%)

	 Microcoils n (%) 3 (5%)

	 Onyx n (%) 2 (3.33%)

AAA, abdominal aortic aneurysm; Q1, Q3, first and third quartile.

Figure 3. No significant difference in overall survival was observed in patients with or without technically 
successful type 2 endoleak embolization procedure (P = 0.9158).
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Blurred T2EL delineation at the pre-embo-
lization CT scan was observed in 17 patients 
(28.3%), with a mean aneurysm sac diameter 
increase of 10.9 mm (median 10.0, Q1–Q3, 
0.0–15.0, range −6.0–38.0 mm). Of the 17 pa-
tients (64.7%) with blurred T2EL delineation, 
11 showed an increase in AAA diameter, 5 
(29.4%) had a stable AAA diameter, and only 
1 patient (5.9%) showed a decrease in AAA 
diameter after T2EL embolization. 

Smoking and hyperlipidemia were asso-
ciated with radiological success (P = 0.010 
and P = 0.047, respectively), as summarized 
in Table 4. Kaplan–Meier analysis could not 
demonstrate a difference in survival be-
tween patients with and without radiological 
success after T2EL embolization (P = 0.813), 
as shown in Figure 5.

Table 3. Radiological outcome after type 2 endoleak embolization

Variable Statistic All

Technical success

	 Yes n (%) 57 (95.00%)

Persistent endoleak after T2EL embolization

	 Yes n (%) 35 (58.33%)

Change in AAA diameter after T2EL embolization

	 Decreased n (%) 7 (11.67%)

	 Stable n (%) 22 (36.67%)

	 Increased n (%) 31 (51.67%)

Absolute change in AAA diameter after T2EL embolization n 60

Median 4.5

Q1, Q3 (0.0; 14.0)

Radiological success after T2EL embolization

	 Increased AAA diameter and/or persistent endoleak n (%) 44 (73.33%)

	 Stable or decreased AAA diameter and no persistent endoleak n (%) 16 (26.67%)

Clinical success after T2EL embolization

	 Yes n (%) 46 (76.67%)

T2EL, type 2 endoleak; AAA, abdominal aortic aneurysm; Q1, Q3, first and third quartile.

Figure 4. (a) Venous phase, contrast-enhanced axial computed tomography (CT) image in a patient with a growing aneurysm sac and a sharply delineated type  
2 endoleak (small black arrows) posterior to the endograft limbs; the patient was referred for translumbar direct puncture and embolization of the type 2 endoleak. 
(b) Digital subtraction angiography of the nidus (large black arrows) of the type 2 endoleak after direct translumbar puncture. Also, note the coils (small black arrows) 
deployed in the proximal left fourth lumbar artery. (c) Follow-up contrast-enhanced CT scan nine months after translumbar endoleak embolization demonstrating 
the cast of glue (mixture of enbucrylate and ethiodized oil) (small black arrows) completely filling the type 2 endoleak. Also note the contrast-enhancing foci in both 
psoas muscles (large black arrows), suggestive of psoas abscesses.

c

a b
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a b

Table 4. Relation between patients’ demographics, imaging characteristics, and radiological/clinical outcome

Patients’ demographics Radiological success Clinical success

Statistic No Yes P value No Yes P value

Sex
Male n (%) 38 (71.7%) 15 (28.3%)

0.663
12 (22.6%) 41 (77.4%)

0.660
Female n (%) 6 (85.7%) 1 (14.3%) 2 (28.6%) 5 (71.4%)

Smoking
No n (%) 28 (87.5%) 4 (12.5%)

0.008
11 (34.4%) 21 (65.6%)

0.031
Yes n (%) 16 (57.1%) 12(42.9%) 3 (10.7%) 25 (89.3%)

Diabetes
No n (%) 37 (69.8%) 16 (30.2%)

0.173
12 (22.6%) 41 (77.4%)

0.660
Yes n (%) 7 (100.0%) 0 (0.0%) 2 (28.6%) 5 (71.4%)

Chronic renal failure
No n (%) 42 (75.0%) 14 (25.0%)

0.287
14 (25.0%) 42 (75.0%)

0.564
Yes n (%) 2 (50.0%) 2 (50.0%) 0 (0.0%) 4 (100.0%)

Coronary artery disease
No n (%) 33 (73.3%) 12 (26.7%)

1.000
12 (26.7%) 33 (73.3%)

0.483
Yes n (%) 11 (73.3%) 4 (26.7%) 2 (13.3%) 13 (86.7%)

Hypertension
No n (%) 14 (77.8%) 4 (22.2%)

0.755
4 (22.2%) 14 (77.8%)

1.000
Yes n (%) 30 (71.4%) 12 (28.6%) 10 (23.8%) 32 (76.2%)

COPD
No n (%) 40 (75.5%) 13 (24.5%)

0.370
13 (24.5%) 40 (75.5%)

1.000
Yes n (%) 4 (57.1%) 3 (42.9%) 1 (14.3%) 6 (85.7%)

Hyperlipidemia
No n (%) 27 (84.4%) 5 (15.6%)

0.039
8 (25.0%) 24 (75.0%)

0.744
Yes n (%) 17 (60.7%) 11 (39.3%) 6 (21.4%) 22 (78.6%)

Peripheral vascular 
disease

No n (%) 42 (75.0%) 14 (25.0%)
0.287

13 (23.2%) 43 (76.8%)
1.000

Yes n (%) 2 (50.0%) 2 (50.0%) 1 (25.0%) 3 (75.0%)

Age (at embolization)

n 44 16

0.834

14 46

0.506Median 79.0 80.0 77.5 80.0

Q1, Q3 (71.5; 83.0) (72.0; 84.5) (74.0; 82.0) (71.0; 84.0)

Post-embolization persistent endoleak on follow-up CT examination

Imaging characteristic Odds ratio (95% CI) P value n patients

Approach Transarterial vs. direct puncture 0.655 (0.184; 2.335) 0.514 60

Embolization technique Global test 0.049 60

Type 2 endoleak origin Global test 0.955 60

Maximal endoleak diameter 0.970 (0.921; 1.023) 0.260 60

Endoleak contour Blurred vs. sharp 4.889 (1.226; 19.488) 0.025 60

Endoleak location in the AAA Anterior vs. posterior location 2.538 (0.611; 10.551) 0.200 60

Change in aneurysm sac diameter (increased vs. stable/decreased)

Imaging characteristic Odds ratio (95% CI) P value n patients

Approach Transarterial vs. direct puncture 0.598 (0.180; 1.988) 0.402 60

Embolization technique Global test 0.152 60

Type 2 endoleak origin Global test 0.127 60

Maximal endoleak diameter 0.970 (0.923; 1.019) 0.228 60

Endoleak contour Blurred vs. sharp 2.159 (0.691; 6.743) 0.186 60

Endoleak location in the AAA Anterior vs. posterior location 0.438 (0.131; 1.461) 0.179 60

Clinical success

Imaging characteristic Odds ratio (95% CI) P value n patients

Approach Transarterial vs. direct puncture 1.667 (0.319; 8.703) 0.545 60

Embolization technique Global test 0.882 60

Type 2 endoleak origin Global test 0.578 60

Maximal endoleak diameter 0.992 (0.935; 1.053) 0.801 60

Endoleak contour Blurred vs. sharp 0.419 (0.119; 1.473) 0.175 60

Endoleak location in the AAA Anterior vs. posterior location 1.667 (0.319; 8.703) 0.545 60

COPD, chronic obstructive pulmonary disease; Q1, Q3, first and third quartile; CI, confidence interval; CT, computed tomography; AAA, abdominal aortic aneurysm.
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Clinical success

Clinical success was achieved in 46 pa-
tients (76.7%). Overall, 11 patients (18.3%) 
were referred for surgical conversion after 
T2EL embolization. In 3 patients (5%), late 
rupture of the AAA occurred post-T2EL em-
bolization. All 3 patients showed an increase 
in AAA diameter and had a persistent T2EL 
at their follow-up CT scans. In two of these 
three patients, an additional type 1 en-
doleak, which was not visible on the CT scan, 

was identified during surgery. Two patients 
who presented with stable or decreased AAA 
diameter underwent open surgery 12 and 
10 months, respectively, after T2EL emboli-
zation, in connection with an infected endo-
graft. However, no difference in overall sur-
vival was found between patients with and 
without clinical success after T2EL emboliza-
tion (P = 0.805), as summarized in Figure 6.

Patients showing an increase in AAA di-
ameter after T2EL embolization had a greater 

need for surgical conversion (P = 0.043); this 
applied to 9 patients in this subgroup, com-
pared with only 2 conversions in patients 
with a stable or decreased AAA diameter. 
Patients with the combination of blurred 
pre-embolization T2EL delineation and a 
persistent post-embolization AAA diameter 
increase also had a greater need for surgical 
conversion (P = 0.022); this was the case in 5 
patients (45.5%), compared with 6 out of 49 
patients (12.2%) without this combination of 
imaging characteristics (the residual group) 
who required surgical conversion.

Median survival after T2EL embolization 
in our study population was 5.35 years (3.51–
7.07, +/−95% CI). The 2-year survival rate was 
98.25% (88.19%-99.75%), the 5-year survival 
rate was 53.23% (38.38%–66.03%), and the 
10-year survival rate was 21.24% (8.67%–
37.48%) (Figure 7). There was no mortality 
related to the embolization procedure or to 
persistent aneurysm growth late after embo-
lization or to secondary aortic interventions. 
Smoking was the only clinical parameter as-
sociated with clinical success after T2EL em-
bolization (P = 0.037). No statistical difference 
in overall success could be demonstrated be-
tween patients with (n = 29) and without (n 
= 31) a persistent increase in maximum sac 
diameter after T2EL embolization (P = 0.561). 
Last, univariate analyses for overall survival 
could not demonstrate any parameter asso-
ciated with a higher risk for increased mor-
tality, as summarized in Table 5.

Discussion
This study confirms that embolization 

therapy for a T2EL in patients with a progres-
sive expansion of the AAA sac after EVAR is 
feasible and relatively safe. In 95% of includ-
ed patients, the nidus of the T2EL could be 
accessed with catheters or needles and com-
pletely embolized. This is in line with other 
studies showing a primary technical success 
rate between 58% and 100%.18,21,22 In addi-
tion, these high technical success rates are 
found irrespective of the access route to the 
T2EL, including transcatheter or translum-
bar/transperitoneal access,14,18,21,23-26 or the 
type of embolic agent used.26-28 Complica-
tions related to the embolization procedure 
are uncommon, with an incidence ranging 
from 0% to 10%, and may include septic, isch-
emic, and neurological events.19 In the pre-
sented case studies, two (3.2%) stent-graft 
infections occurred, most probably related to 
contamination during direct percutaneous 
puncture.29,30 Curative surgical intervention 
with stent-graft resection and aorto-bi-iliac 
reconstruction with autologous deep vein, 

Figure 5. No significant difference in overall survival was observed in patients with or without radiological 
success after type 2 endoleak embolization procedure (P = 0.8125).

Figure 6. No significant difference in overall survival was observed in patients with or without clinical 
success after type 2 endoleak embolization procedure (P = 0.8045). 
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as performed in the two reported cases, pro-
vided by far the best outcome.31 Sella et al.32 
described another infectious complication 
related to translumbar direct T2EL percuta-
neous puncture, namely osteomyelitis and 
discitis of L3-L4 vertebral bodies.

Despite the high technical success rate, 
the long-term radiological and clinical suc-
cess rates are moderate. In half the emboli-
zed patients in this study, persistent expan-
sion of the aneurysm sac was observed after 
embolization therapy. Combined complete 
disappearance of the T2EL and stable or 
decreased AAA diameter was observed in 
about a quarter of embolized patients. These 
results are rather disappointing, as the failure 
of the aneurysm sac to regress after EVAR is 
associated with higher long-term mortality;33 
however, the presented results match with 
those found by Arenas Azofra et al.14 There-
fore, long-term follow-up after T2EL emboli-
zation seems mandatory.34

Both pre-interventional imaging and 
clinical parameters for a higher risk of per-
sistent aneurysm sac expansion after T2EL 
embolization were analyzed, showing un-
sharp or blurred delineation of the nidus of 
the T2EL to be predictive of a persistent T2EL 

after embolization (P = 0.025). Potentially, 
the nidus in these T2ELs might have been 
much larger than identified on CT scans or 
angiography, and embolization with liquids 
might not have covered the whole volume of 
the leak, resulting in high recurrence rates of 
the T2ELs. Dudeck et al.23 found the volume 
of the nidus to be a predictor for late T2EL 
recurrence; however, in this study, the max-
imum diameter of the nidus as visualized 
by CT scan was not predictive of late recur-
rence (P = 0.801); Mursalin et al.21 reported 
the endoleak appearance time on the final 
operative angiogram and attenuation of the 
endoleak cavity on the first postoperative 
CT scan as strong image-based predictors 
of a persistent T2EL after embolization. In 
addition, two pre-interventional clinical pa-
rameters were identified as predictors for a 
better outcome. Smoking was found to be 
a protective factor against a persistent T2EL, 
aneurysm sac expansion, and the need for 
late surgical conversion, while hyperlipid-
emia was associated with better radiological 
success. These findings are in line with the 
data presented by Koole et al.35, showing 
fewer late T2ELs during post-embolization 
follow-up in smokers. These findings might 
be related to the decreased endoleak per-

fusion associated with atherosclerotic injury 
of small- and medium-sized afferent and ef-
ferent arteries of the T2EL and an increased 
tendency of coagulation, which might fur-
ther narrow or occlude afferent and efferent 
arteries. However, in a univariate analysis, 
Sarac et al.19 found continued tobacco use 
and hyperlipidemia to be associated with 
continued sac expansion and more second-
ary embolization procedures, respectively.

Clinical success, defined as the absence 
of late aortic or endoleak-associated com-
plications, such as rupture or need for sur-
gical conversion, was 76%, which is in line 
with the results of Sarac et al.19, who found 
freedom from second embolization in 76% 
of patients. The main indication for late sur-
gical conversion was persistent AAA sac ex-
pansion despite embolization therapy in pa-
tients potentially considered fit for surgery, 
which was performed in nearly 20% of the 
study population. In addition, 3 patients (5%) 
underwent urgent surgical conversion due to 
AAA rupture. In two of these three patients, 
a concomitant type 1 endoleak was identi-
fied perioperatively. These observations may 
confirm the findings of Madigan et al.36 and 
Aziz et al.37, revealing an unexpected type 1 
or 3 endoleak in association with a known 
T2EL in 20% of patients converted to surgical 
repair for the T2EL. Funaki et al.22 found that 
type 3 endoleaks were believed to be T2ELs 
in 7 out of 25 patients (28%). Finally, in 1 pa-
tient (1.6%), rupture was associated with an 
isolated T2EL and expanding AAA sac, which 
is in line with a 1% to 2% rate of rupture for 
AAA after EVAR with a persistent T2EL.7,9,15

The present study reveals an estimated 
overall survival rate of 53% and 21% at 5 
and 10 years of follow-up, respectively. Addi-
tionally, no difference in survival was found 
between patients with or without AAA sac 
expansion after T2EL embolization. These 
findings are in line with the outcomes found 
by Walker et al.10 based on a multicenter EVAR 
registry, concluding that overall all-cause 
mortality and aneurysm-related mortality 
are unaffected by the presence of a T2EL. It 
should be noted that we did not encounter 
30-day mortality in the 11 patients treated 
by surgical conversion for sac expansion as-
sociated with a persistent T2EL after emboli-
zation therapy. 

We also analyzed a subgroup of patients 
presenting with blurred T2EL delineation pri-
or to embolization that was associated with 
persistent aneurysm sac expansion after em-
bolization. This subgroup had a significantly 
higher risk for late surgical conversion com-

Table 5. Univariate analysis for overall survival

Parameter Hazard ratio P value

Persistent type 2 endoleak	 0.849 (0.421; 1.710) 0.646

Aneurysm sac diameter increase 1.234 (0.602; 2.529) 0.566

Need for reintervention 0.886 (0.341; 2.306) 0.805

Figure 7. Kaplan–Meier analysis shows estimated 2-year survival in 98.25% (88.19%–99.75%) of patients, 
5-year survival in 53.23% (38.38%–66.03%), and 7-year survival in 38.24% (23.35%–52.97%) after type 2 
endoleak embolization. 
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pared with other included patients without 
these two imaging characteristics (P = 0.022). 
Potentially, patients in this specific subgroup 
might be selected as good candidates for 
early conversion to surgery if no response to 
embolization therapy is identified on the first 
follow-up CT scan.

Finally, this study also has some limita-
tions. First, this is a retrospective, single-cen-
ter study with a limited number of included 
patients treated over a period of more than 
10 years. However, the inclusion and exclu-
sion criteria for referral to embolization ther-
apy did not change over that time. Second, 
several clinical and radiological parameters 
for better or worse outcomes were analyzed; 
however, these parameters were based on 
the authors’ interests, not on predefined 
lists. Third, the radiological techniques used 
to access the nidus of the T2EL and the em-
bolics used for endoleak occlusion were at 
the discretion of the attending intervention-
al radiologist, without any randomization. 
Fourth, the evaluation of the endoleak’s 
configuration in sharp or unsharp delinea-
tion needs to be proven in future studies and 
might be dependent on the experience of 
the reading physicians, as the interobserver 
agreement for endoleak configuration was 
rather fair. Lastly, no comparison was made 
with a control group.

In conclusion, this retrospective study 
demonstrates a high technical success rate 
of T2EL embolization, with moderate long-
term radiological and clinical outcomes. 
Blurred delineation of the T2EL is associated 
with a significantly higher risk of persistent 
post-embolization T2EL. Although no dif-
ference in overall survival was observed be-
tween patients with or without persistent 
AAA sac expansion after T2EL embolization, 
patients with blurred T2EL delineation prior 
to embolization, associated with persistent 
aneurysm sac expansion after embolization, 
were at a significantly higher risk of requiring 
late surgical conversion as a definitive treat-
ment for the T2EL and persistent sac expan-
sion.
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PURPOSE
To evaluate the local efficacy, safety, and long-term outcomes of combined radiofrequency ablation 
(RFA) and multipronged ethanol ablation (EA) in the treatment of unfavorable hepatocellular carci-
noma (HCC) and to determine the prognostic factors for survival.

METHODS
Between August 2009 and December 2017, 98 patients with 110 unfavorable HCC nodules who 
underwent combined RFA and multipronged EA were retrospectively enrolled in the study. Un-
favorable HCC was defined as a medium (3.1–5.0 cm) or large (5.1–7.0 cm) HCC nodule, a tumor 
located at a high-risk site, or a perivascular tumor. The treatment response, overall survival (OS), 
and recurrence-free survival (RFS) were analyzed. The Kaplan–Meier method and Cox proportional 
hazards regression model were used to evaluate the prognostic factors.

RESULTS
Complete ablation was obtained in 80.9% (89/110) of the tumors after initial treatment. Major com-
plications were observed in 3 (3.1%) patients. The cumulative incidence of local tumor progression 
(LTP) was 23.5% at five years, and no variable was found to be an independent predictive factor 
for LTP. The five-year OS and RFS rates were 41.9% and 34.0%, respectively. Multivariate analysis 
showed that the serum alpha-fetoprotein level, tumor size, presence of residual tumor after abla-
tion, and extrahepatic metastases were significant prognostic factors for OS (P = 0.023, P = 0.030, P 
= 0.001, and P = 0.010, respectively). Tumor type and the number of tumors were predictive factors 
for RFS (P = 0.029 and P = 0.001, respectively). A perivascular tumor was not an independent pre-
dictive factor for OS or RFS.

CONCLUSION
Combined RFA and multipronged EA is a safe and effective treatment for unfavorable HCC, espe-
cially for perivascular tumors. 

KEYWORDS
Combine, ethanol, hepatocellular carcinoma, radiofrequency ablation, survival

Hepatocellular carcinoma (HCC) is the fifth most common cancer and a major cause of 
cancer-related death worldwide.1,2 Patients with early-stage HCC can be cured by ther-
apies such as hepatic resection, liver transplantation, or ablation. Radiofrequency abla-

tion (RFA) has recently become a treatment option for HCC.3

Despite the success of RFA treatment for small tumors, the local tumor complete abla-
tion (CA) rates decline markedly for HCC tumors with a diameter >3 cm; meanwhile, the lo-
cal tumor recurrence rate for RFA is higher than that for resection because RFA alone can 
only induce a limited volume of coagulated necrosis.4 A perivascular tumor location has been 
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reported to be an independent predictive 
factor for local tumor progression (LTP) af-
ter RFA.5 This finding could be explained to 
some degree by the “heat-sink” effect, which 
is a well-known phenomenon that occurs 
when thermal energy disseminates from the 
treated lesion because of blood flow in the 
nearby blood vessels. This has an adverse im-
pact on thermal ablation and induces tumor 
cells around the major intrahepatic vessels to 
escape from the thermal energy.

Some studies have shown that combined 
percutaneous RFA and ethanol ablation (EA) 
is an effective treatment for HCC in high-risk 
locations, which is defined as a tumor less 
than 0.5 cm from the gastrointestinal tract, 
gallbladder, diaphragm, or large bile duct 
(including hepatobiliary and bile ducts with 
a diameter >0.3 cm), a tumor located directly 
in contact with the liver capsule,6-8 a tumor 
near the large vasculature >0.3 cm, or a tu-
mor near to the heart (perivascular tumor).9,10 
A retractable multipronged injection needle 
was developed to overcome the limitations 
of the conventional EA technique.11 The au-
thors’ preliminary study confirms that medi-
um (3.1–5.0 cm) and large (5.1–7.0 cm) HCC 
nodules can be treated effectively and safely 
with this combined ablation therapy.12

The aim of the current study is to evalu-
ate the local efficacy, safety, and long-term 
outcomes of combined RFA and EA as a 
treatment for unfavorable HCC, especial-
ly perivascular tumors, and determine the 
prognostic survival factors. A multipronged 
injection needle (Quadra-Fuse; Rex Medical, 
Conshohocken, PA, USA) is used for EA. To 
the authors’ knowledge, no previous studies 
have reported long-term outcomes of com-
bined RFA and EA with a multipronged injec-
tion needle.

Methods
An Institutional Review Board of the hos-

pital approved this retrospective study with a 

waiver of informed consent for participation 
in the study [ethical review decision/proto-
col number: 2012 (68)]. Before treatment, the 
authors obtained written informed consent 
from each patient. 

Patients

Between August 2009 and December 
2017, a total of 98 patients (86 men, 12 
women; mean age 55.0 ± 12.7 years) with 
110 unfavorable HCC nodules (4.0 ± 1.0 cm) 
who underwent combined RFA and multi-
pronged EA were retrospectively enrolled in 
the study. In the current study, unfavorable 
HCC was defined as medium (3.1–5.0 cm) or 
large (5.1–7.0 cm) HCC tumors, a tumor locat-
ed at a high-risk site, or perivascular tumors. 
The diagnosis of HCC was based on a biopsy 
or the non-invasive diagnostic criteria of the 
European Association for the Study of the 
Liver. The inclusion criteria were as follows: 
(a) adult patients with HCC or recurrent HCC 
who refused to undergo surgery; (b) sin-
gle or multiple tumors (no more than three 
HCC tumors, with the largest lesion 7.0 cm 
in diameter) without extrahepatic metasta-
sis or macrovascular invasion; (c) liver func-
tion classified as Child–Pugh class A or B; (d) 
platelet count >50×109/L and prothrombin 
time ratio >50%; and (e) visualization of the 
HCC nodule at the planning ultrasonography 
examination for RFA. Patients with liver func-
tion classified as Child–Pugh class C, those 
with uncontrolled coagulopathy, or those 
with a history of ethanol allergy were exclud-
ed from the study.

Tumor diameters were determined as the 
largest dimension measured using B-mode 
ultrasound. Tumor numbers were deter-
mined from contrast-enhanced ultrasound 
(CEUS) with SonoVue as a contrast agent and 
contrast-enhanced computed tomography 
(CECT) findings. The Barcelona Clinic Liver 
Cancer (BCLC) staging and treatment strate-
gy was used to make treatment decisions for 
stage 0–A patients. For BCLC stage B patients, 
treatment decisions were made based on the 
results of a multidisciplinary team (MDT). Di-
agnostic and treatment decisions were made 
in consensus by the MDT consisting of hepa-
tobiliary surgeons and interventional radiol-
ogists.

Ethanol ablation

A multipronged injection needle was 
used to inject ethanol. This device included 
an 18-gauge 20 cm-long puncture needle 
consisting of an echogenic tip; three re-
tractable tines, each with two evenly spaced 

through-holes (four fluid exits); and a con-
nector with extension tubing. With ultra-
sound guidance, the needle was introduced 
percutaneously into the tumor center, and 
the needle tip was positioned at the bottom 
of the target tumor. An injection–rotation–
injection maneuver was used as described in 
our previous reports.12,13 The maximal extent 
of prong deployment was equal to the tu-
mor’s largest diameter. Ethanol was injected 
until the whole tumor appeared completely 
hyperechoic. The amount of ethanol was cal-
culated according to the tumor size and was 
kept between one-quarter and one-third 
of the estimated tumor volume. During any 
necessary pause of ethanol injection, 0.5–1.0 
mL of heparinized saline solution was inject-
ed to prevent thrombosis inside the prongs. 
After the completion of the injection, the 
needle was left in the tumor for 1–2 min to 
prevent possible ethanol reflux before it was 
removed. 

Radiofrequency ablation

We used the RITA Medical System (RITA 
Medical System, Mountain View, CA) and the 
Cool-tip TM RFA System (Cool-tip System, 
Covidien, Mansfield, MA). The combined 
ablation procedure was the same as that 
described in the authors’ previous report for 
tumors located or not located at high-risk 
sites.12,13 For tumors located at high-risk sites, 
the Cool-tip System was used. For tumors 
not located at high-risk sites, the RITA Medi-
cal System was used. RFA was performed 3–5 
min after EA following the manufacturer’s 
guidelines. During the ablation, the authors 
tried to obtain an adequate coagulation vol-
ume with a sufficient safety margin of 0.5 cm. 
CEUS was performed approximately 30 min 
after ablation, providing an initial evaluation 
of the treatment effect. Additional treatment 
was performed if any tumor residue was 
found.

Assessment of treatment response and fol-
low-up

All complications related to thermal abla-
tion were categorized according to the grad-
ing system of the Society of Interventional 
Radiology.14

The initial CA evaluation performed one 
month after ablation was assessed using 
CECT and CEUS simultaneously. All patients 
were scanned using a 64-slice helical CT 
scanner (Toshiba, Tokyo, Japan) with the fol-
lowing parameters: 0.5 mm × 64 mm collima-

Main points

•	 Combined radiofrequency ablation (RFA) 
and multipronged ethanol ablation (EA) is a 
safe and effective modality for treating un-
favorable hepatocellular carcinoma.

•	 Combined RFA and multipronged EA ex-
pand the indication of thermal ablation to 
tumors of 5 cm in diameter.

•	 A high serum alpha-fetoprotein level, large 
tumors, residual tumors after ablation, and 
extrahepatic metastases have a significant 
negative effect on overall survival.
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tion, 120 kV, and 150–200 mA. Follow-up was 
conducted at regular intervals post-ablation 
(at three-month intervals for the first year 
and biannually thereafter). The evaluation in-
cluded assessing common blood chemistry 
parameters, serum alpha-fetoprotein (AFP) 
levels, and performing an abdominal CECT 
examination.

CA was defined as non-enhancement in 
the ablated zone one month after ablation. 
LTP was defined as the appearance of tumor 
foci at the edge of the ablation zone after a 
contrast-enhanced examination document-
ed CA according to the imaging criteria.14 
Intrahepatic distant recurrence (IDR) was de-
fined as the appearance of new intrahepatic 
tumors in locations other than the treated 
area. Extrahepatic metastases were defined 
as the appearance of new metastases in oth-
er organs. 

Statistical analysis

Overall survival (OS) was the time inter-
val between ablation treatment and death, 
the last follow-up date, or the most recent 
follow-up date before December 31, 2017. 
Recurrence-free survival (RFS) was the time 
interval between ablation treatment and the 
first date of tumor recurrence (local and/or 
distant recurrence) or the last follow-up date 
without recurrence.

According to the normality test for con-
tinuous variables, variables conforming to 
a normal distribution are presented as the 
means ± standard deviations, and variables 
not conforming to a normal distribution are 
presented as the medians (min–max). Cate-
gorical variables were compared using the 
Pearson chi-squared test and Fisher’s exact 
test. 

The cumulative incidences of LTP and the 
survival curves were estimated by using the 
Kaplan–Meier method. Univariate and mul-
tivariate analyses were performed to deter-
mine the significant clinical and biological 
parameters for predicting LTP, OS, and RFS. 
In addition, a univariate Cox proportional 
hazards model was fitted to each variable. 
All variables with a P value < α = 0.05 were 
included in the multiple analysis using a 
backward stepwise Cox proportional hazards 
regression model. A P value < α = 0.05 indi-
cated a significant difference. All statistical 
analyses were conducted using SPSS version 
18.0.

Results

Patients and tumor profiles

Eighty-six patients (87.8%) infected with 
hepatitis B or C received antivirus therapy. 
Forty-nine (50.0%) patients received a first-
time diagnosis of HCC, and 49 (50.0%) had 
recurrence after hepatectomy (n = 34), tran-
scatheter arterial chemoembolization (TACE) 
(n = 10), RFA (n = 4), or liver transplantation 
(n = 1). Eighty-two tumors (74.5%) were >3.0 
cm in diameter. The other 28 tumors were 
3.0 cm; however, of these tumors, 20 were 
located at high-risk sites, and 8 were perivas-
cular. Eighty (72.7%) tumors were located 
at high-risk sites. Fifty-eight (52.7%) tumors 
were perivascular. Forty-three tumors were 
located at high-risk sites and were perivascu-
lar simultaneously. Table 1 shows the demo-
graphic and tumor characteristic data.

Tumor response to treatment

After initial treatment, CA was obtained 
in 80.9% (89/110) of the tumors. The CA 

rate was 92.9% (26/28) for tumors 3.0 cm 
in diameter, 82.6% (57/69) for tumors with 
sizes of 3.1–5.0 cm, and 46.2% (6/13) for tu-
mors with sizes of 5.1–7.0 cm. The CA rate 
of the tumors with sizes of 3.1–5.0 cm was 
similar to that of the tumors 3.0 cm in di-
ameter (P = 0.338). The CA rates of tumors 
3.0 cm in diameter and tumors with sizes 
of 3.1–5.0 cm were both higher than the 
CA rate of tumors with sizes of 5.1–7.0 cm 
(P = 0.002 and P = 0.009, respectively). Of 
the 21 residual tumors in 21 patients, 9 
residual tumors in 9 patients achieved CA 
after an additional 1–3 RFA procedures. 
Overall, the technical success rate was 
89.1% (98/110). Regarding the other 12 
residual tumors in 12 patients, 3 patients 
were treated with TACE, 3 patients were 
treated with repeated RFA that failed, and 
2 patients underwent liver transplantation. 
The remaining 4 patients also had distant 
multinodular recurrences that were treat-
ed with sorafenib.

Table 1. Demographic and tumor characteristic data

Characteristic Value

Gender (male/female) 86/12

*Age (years) 55.0±12.7

Hepatitis virus (B/C/none) 85/1/12

Child–Pugh class (A/B) 92/6

#Serum alanine aminotransferase level (U/L) 36.0 (2.9–351.0)

#Serum total bilirubin (umol/L) 14.4 (2.8–90.6)

*Serum albumin (g/L) 39.3±4.1 (27.8–49.7)

#Prothrombin time (s) 12.4 (10.2–16.6)

#Platelet count (×109/L) 137.0 (47.0–407.0)

Serum alpha-fetoprotein level (ng/mL) 

<20 ng/mL 49

20–200 ng/mL 19

>200 ng/mL 30

Number of patients with primary/recurrent tumor 49/49

Number of patients with single/multiple tumor 67/31

#Tumor size (cm) 3.6 (2.0–7.0)

Number of tumors 3.0 cm/3.1–5.0 cm/5.1–7.0 cm 28/69/13

Number of tumors per location 

Located at high-risk sites (yes/no) 80/30

Perivascular (yes/no) 50/60

#Ethanol volume 15.0 (4.0–30.0)

#Ablation time 24.0 (10.0–60.0)

*Values represent continuous variables conforming to a normal distribution, presented as the means ± standard 
deviations, #values represent continuous variables not conforming to a normal distribution, presented as the median 
(min–max).
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Complications

No ablation-related deaths occurred in 
the current study. Three patients (3.1%) ex-
perienced major complications. One patient 
suffered from intra-abdominal hemorrhage 
and remained hospitalized for 27 days after 
the ablation procedure. This patient initially 
presented with abdominal pain, then de-
veloped an abdominal infection, and was 
diagnosed with spontaneous peritonitis, 
which was successfully treated with ultra-
sound-guided ascites drainage and anti-
biotics. Another patient developed acute 
cholecystitis, which resulted in an eight-day 
hospital stay after treatment. This patient 
had a history of gallstones, which were suc-
cessfully treated. The third patient had a tu-
mor seeding in the abdominal wall at 21.4 
months after treatment, and this tumor was 
successfully treated with RFA.

Ablation-related minor complications oc-
curred in 3 patients (3.1%), including 2 cases 
of pleural effusion and 1 case of portal ve-
nous thrombosis that required no medical 
intervention.

Local tumor progression

Of the 98 completely ablated tumors, 
23 (23.5%) lesions in 23 patients exhibited 
LTP during the follow-up period of 3.2–98.4 
months (median, 31.1 months), and the LTP 
time was 2.8–64.2 months (median, 12.2 
months). The cumulative incidence of LTP 
was estimated to be 2.3%, 15.9%, and 23.5% 
at one, three, and five years, respectively. The 
LTP rate was 29.6% (8/27) for tumors with siz-
es 3 cm, 23.4% (15/64) for tumors with sizes 
of 3.1–5.0 cm, and 0% (0/7) for tumors with 
sizes of 5.1–7.0 cm (P = 0.332). Among the 
17 examined variables, including sex (male), 
age (>65 years), Child–Pugh class (A/B), hep-
atitis B/C virus status (+/−), serum alanine 
aminotransferase level (>40 U/L), serum total 
bilirubin level (>17.1 µmol/L), serum albu-
min level (>35 g/L), prothrombin time (>14 
s), platelet count (>100 × 109/L), serum AFP 
level (<20 ng/mL/20–200 ng/mL >200 ng/
mL), tumor type (primary/recurrent), num-
ber of tumors (single/multiple), tumor size 
(3 cm/3.1–5.0 cm/5.1–7.0 cm), tumor loca-
tion (located at high-risk sites, perivascular), 
ethanol volume (>14.4 mL), and ablation 
time (>24 min), no variable was found to be 
a predictive factor for LTP. Among the 23 pa-
tients with LTP, 14 were treated successfully 
with repeated RFA, 1 was treated with TACE, 
1 underwent liver transplantation, and 1 un-
derwent hepatic resection. The remaining 6 
patients also had distant multinodular recur-
rences that were treated with sorafenib.

Distant recurrence

Distant recurrence included IDR and ex-
trahepatic metastases. Seventy (71.4%) of 
the 98 patients had IDR, which was identified 
3.0–65.1 months after ablation (median, 8.0 
months), during the follow-up period, in-
cluding 19 patients with IDR in the left lobe 
of the liver, 34 patients with IDR in the right 
lobe of the liver, and 17 patients with IDR in 
the whole liver. In addition, 2 patients devel-
oped a portal vein tumor thrombus, which 
occurred after 2.2 months in one patient and 
after 3 months in the other patient. During 
the follow-up period, extrahepatic metasta-
ses, which were identified 3.0–55.5 months 
after ablation (median, 7.2 months), devel-
oped in 20 (20.4%) of the 98 patients, and the 
locations of the initial extrahepatic metasta-
ses were as follows: the lungs (n = 9), lymph 
nodes (n = 6), abdominal wall (n = 2), bone (n 
= 1), adrenal gland (n = 1), and spleen (n = 1).

Survival analysis

Overall survival

During the follow-up period, 53 (54.1%) 
patients died after ablation. The median sur-
vival time of patients who died after the pro-
cedure was 21.2 months, and the minimum 
and maximum survival times were 5.1 and 
81.3 months, respectively. The interquartile 
range was 22.2 months. Among the patients 
who died, 37 (69.8%) deaths were related to 
HCC progression; 14 (26.4%) were attribut-
ed to cirrhosis-related complications, such 
as variceal bleeding and liver failure; and 2 
(3.8%) involved causes unrelated to liver dis-

ease (e.g., one patient had pneumonia, and 
the other had a stroke). Six (6.1%) patients 
underwent liver transplantation 4.2–77.5 
months after ablation (median, 6.3 months). 
The reasons for liver transplantation were 
HCC recurrence in 5 patients and liver failure 
in 1 patient.

The estimated one-, three-, and five-year 
OS rates after RFA were 87.3%, 54.3%, and 
41.9%, respectively (Figure 1). In the mul-
tivariate analysis, the serum AFP level (P = 
0.023), tumor size (P = 0.030), residual tumor 
(P = 0.001), and extrahepatic metastases (P = 
0.010) were significant independent predic-
tive factors for OS (Table 2).

Recurrence-free survival

The estimated one-, three-, and five-year 
RFS rates were 63.1%, 46.9%, and 34.0%, re-
spectively. Estimates of the mean and medi-
an RFS were 42.8 months [95% confidence 
interval (CI): 33.0–52.6] and 31.9 months 
(95% CI: 11.8-52.0), respectively. In the mul-
tivariate analysis, tumor type (P = 0.029) and 
the number of tumors (P = 0.001) were signif-
icant independent predictive factors for RFS 
(Table 3).

Table 4 shows the local efficacy and long-
term outcome of different tumor and patient 
types.

Discussion
One procedure of one radiofrequency 

electrode produces a necrotic zone of 3.0–5.0 
cm in diameter. The form and size of the abla-
tion area may be errant because of the heat-

Figure 1. A graph showing Kaplan–Meier overall survival estimation for 98 patients who underwent 
combined radiofrequency ablation and multipronged ethanol ablation for hepatocellular carcinoma.
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sink effect, which can lead to an inadequate 
ablation area and a higher rate of LTP in pa-
tients treated with RFA than in those treated 
with resection. Therefore, the use of RFA for 
HCC close to large intrahepatic vessels poses 
a great challenge in clinical practice. More-
over, the use of RFA is still limited for some 
tumors in other high-risk locations.15 Several 
strategies, such as the combined use of RFA 
and EA or TACE, ablation with artificial hy-
drothorax and ascites, a no-touch ablation 
procedure, and irreversible electroporation, 
have been developed to solve these prob-
lems.16-18

RFA combined with EA can produce a 
larger ablation area; with this technique, tu-
mors with diameters of less than 5 cm can be 
completely ablated with an appropriate safe-
ty margin.19 Factors that contribute to the fa-
vorable efficacy of this technique include the 
following: first, the reduction in the heat-sink 

effect produced by the ethanol-induced de-
struction of the vessels within or around the 
HCC tumors; and second, the diffusion of hot 
ethanol into the area not covered by radiof-
requency power and the improved thermal 
conduction associated with the decreased 
extent of tissue carbonization.10,20 With this 
increased safety margin, the likelihood of 
clearing micrometastases increases, and the 
risk of LTP decreases.

In this study, the CA rate of tumors with 
sizes of 3.1–5.0 cm was similar to that of tu-
mors with sizes 3.0 cm. Among the tumors 
with sizes of 3.1–5.0 cm, 74.3% (52/70) were 
located at high-risk sites, and 44.3% (31/70) 
were located at perivascular sites. Among 
the 31 perivascular tumors, only 2 exhibit-
ed residual tumors after treatment, while 3 
non-perivascular tumors were residual af-
ter treatment. These findings indicate that 
the use of RFA combined with EA improves 

the initial complete necrosis rate of tumors 
with sizes of 3.1–5.0 cm but not that of tu-
mors 3.0 cm in diameter or larger tumors 
with sizes of 5.1–7.0 cm. A growing body of 
literature suggests that RFA is very effective 
for tumors <3.0 cm, as studies have shown 
a complete tumor necrosis rate of 90% or 
more and survival rates comparable to those 
of patients who underwent surgery for these 
tumors.21-25 Our study indicates that adding 
multipronged EA to RFA significantly im-
proves the local efficacy (CA rate) of ablation 
for HCC tumors with a size of 3.1–5.0 cm, but 
this method is not suitable for tumors >5.0 
cm in diameter due to the high residual rate.

The current study’s 3.1% major compli-
cation rate was close to the rates in the pre-
vious studies of thermal ablation for HCC 
(0%–6.1%)21,25,26 or RFA combined with EA for 
HCC (0%–4.6%).12,27 No deaths or serious pro-
cedure-related complications resulted from 

Table 2. Cox survival analysis of predictors for OS in 98 patients with 110 HCCs after combined RFA and multipronged EA

Characteristic Univariate Multivariate

HR 95%CI P HR 95% CI P

Gender (male) 0.698 0.277–1.750 0.441 - - -

Age (>65 years) 0.835 0.452–1.541 0.563 - - -

Hepatitis B/C virus (+/−) 0.866 0.344–2.178 0.760 - - -

Child–Pugh class (A/B) 0.789 0.244–2.556 0.693 - - -

Serum alanine aminotransferase level (>40 U/L) 1.192 0.678–2.093 0.542 - - -

Serum total bilirubin (>17.1 umol/L) 1.230 0.683–2.215 0.491 - - -

Serum albumin (>35 g/L) 0.912 0.457–1.819 0.793 - - -

Prothrombin time (>14 s) 0.972 0.351–2.696 0.957 - - -

Platelet count (>100×109/L) 1.152 0.616–2.155 0.657 - - -

Serum alpha-fetoprotein level (ng/mL) - - 0.011 - - 0.023

20 vs. 20–200 1.551 0.731–3.289 0.252 0.396 0.205–0.766 0.006

20 vs. >200 2.513 1.375–4.594 0.003 0.576 0.233–1.423 0.232

Tumor type (primary/recurrent) 0.408 0.232–0.718 0.002 0.592 0.320–1.093 0.094

Number of tumors (single/multiple) 0.384 0.223–0.662 0.001 0.539 0.283–1.028 0.061

Tumor size (cm) <0.001 0.030

3.0 vs. 3.1–5.0 1.067 0.524–2.171 0.859 0.343 0.134–0.877 0.025

3.0 vs. 5.1–7.0 5.174 2.168–12.349 <0.001 0.349 0.154–0.789 0.011

Tumor location 

Located at high-risk sites (yes/no) 0.948 0.540–1.664 0.853 - - -

Perivascular (yes/no) 0.892 0.520–1.529 0.677 - - -

Ethanol volume (>14.4 mL) 1.038 0.604–1.781 0.894 - - -

Ablation time (>24 min) 1.012 0.575–1.783 0.967 - - -

Complication (yes/no) 1.504 0.468–4.883 0.493 - - -

Residual tumor (yes/no) 0.201 0.098–0.412 <0.001 0.237 0.103-0.545 0.001

LTP (yes/no) 1.697 0.828–3.477 0.149 - - -

IDR 0.305 1.138–1.677 0.004 0.452 0.197-1.041 0.062

Extrahepatic metastases 0.386 0.218–0.685 0.001 0.385 0.186-0.795 0.010

P values of the Cox proportional hazards regression model <0.001. CI, confidence interval; EA, ethanol ablation; HCC, hepatocellular carcinoma; HR, hazard ratio; IDR, intrahepatic 
distant recurrence; LTP, local tumor progression; OS, overall survival; RFA, radiofrequency ablation.
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the combined ablation procedure used in 
the current study or were reported by other 
literature.9,12 Tumors located at high-risk sites 
or perivascularly were generally successfully 
treated without complications in the current 
study (Figures 2, 3), which indicates the min-
imal invasiveness of this combined therapy. 
The complication rates of patients with and 
without perivascular tumors were similar 
(3/58 vs. 3/52, respectively, P = 1.000).

The LTP rate was 23.5% in the current 
study. This rate is similar to the rates ob-
served in other studies of combined RFA 
and EA treatment for HCC, which have 
been reported to be approximately 12.5%–
32.6%.9,10,12,20 Some studies have reported 
that factors such as tumor size and perivas-

cular tumor location were predisposing fac-
tors for LTP.23,28 However, no such factor was 
found in the current study. The LTP rates of 
the patients with and without perivascular 
tumors were similar (14/58 vs. 9/52, respec-
tively, P = 0.379). Because HCC has a relatively 
high tendency to exhibit intrahepatic vascu-
lar invasion, the current study implies that 
RFA and EA combination therapy is useful for 
preventing LTP in patients with perivascular 
tumors. The LTP rate is highest for small tu-
mors and decreases with increasing tumor 
diameter, which occurs because many large 
tumors are not completely ablated during 
the initial treatment.

In recent years, TACE, followed by RFA, has 
been more widely applied in clinical settings 

because TACE can reduce the heat-sink effect 
of blood flow by lessening hepatic arterial 
flow. The five-year OS of TACE and RFA has 
been reported to be approximately 31.0%–
46.0%,29 which was similar to the current data 
of our study (41.9%). Our results showed that 
the significant predictive factors for poor OS 
were a high serum AFP level, tumor size, re-
sidual tumor after ablation, and extrahepatic 
metastases. Tumor size as a predictive factor 
for OS has been reported in many previous 
studies.22,30-32 A high serum AFP level is usu-
ally related to tumors with a higher degree 
of malignancy and is predictive of a high rate 
of HCC recurrence and poor prognosis after 
percutaneous ablation. Residual tumor after 
ablation indicates treatment failure; there-

Table 4. Local efficacy and long-term outcome of different tumor and patient type

Tumor type CA LTP Patient type 3-year OS 5-year OS 3-year RFS 5-year RFS

Medium tumor 57/69 15/64 Patients with medium tumor 0.564 0.634 0.464 -

Large tumor 6/13 0/7 Patients with large tumor 0.091 0 0 0

Tumor in high-risk locations 70/80 11/70 Patients with tumor in high-risk locations 0.335 0.531 0.429 -

Perivascular tumor 45/50 14/45 Patients with perivascular tumor 0.516 0.570 0.490 -

CA, complete ablation; LTP, local tumor progression; OS, overall survival; RFS, recurrence-free survival.

Table 3. Cox survival analysis of predictors for RFS in 86 patients with 98 HCCs after combined RFA and multipronged EA

Characteristic Univariate Multivariate

HR 95% CI P HR 95% CI P

Gender (male) 0.532 0.164–1.723 0.293 - - -

Age (>65 years) 0.719 0.365–1.419 0.342 - - -

Hepatitis B/C virus (+/−) 0.938 0.332–2.649 0.903 - - -

Child–Pugh class (A/B) 0.650 0.198–2.132 0.478 - - -

Serum alanine aminotransferase level (>40 U/L) 0.910 0.490–1.691 0.767 - - -

Serum total bilirubin (>17.1 umol/L) 1.325 0.666–2.634 0.423 - - -

Serum albumin (>35 g/L) 0.960 0.445–2.072 0.917 - - -

Prothrombin time (>14 s) 1.187 0.423–3.335 0.745 - - -

Platelet count (>100×109/L) 1.199 0.589–2.440 0.617 - - -

Serum alpha-fetoprotein level (ng/mL) 0.053 - - 0.117

20 vs. 20–200 1.359 0.594–3.107 0.468 1.437 0.607–3.403 0.410

20 vs. >200 2.282 1.170–4.453 0.016 2.098 1.038–4.240 0.039

Tumor type (primary/recurrent) 0.442 0.238–0.823 0.010 0.488 0.257–0.928 0.029

Number of tumors (single/multiple) 0.264 0.143–0.489 <0.001 0.338 0.177–0.646 0.001

Tumor size (cm) 0.001 - - 0.053

3.0 vs. 3.1–5.0 1.191 0.563–2.519 0.648 1.498 0.698–3.217 0.300

3.0 vs. 5.1–7.0 7.217 2.292–22.724 0.001 4.809 1.482–15.600 0.009

Tumor location 

Located at high-risk sites (yes/no) 1.044 0.765–1.423 0.787 - - -

Perivascular (yes/no) 0.930 0.690–1.255 0.637 - - -

Ethanol volume (>14.4 mL) 0.942 0.698–1.271 0.695 - - -

Ablation time (>24 min) 0.990 0.522–1.879 0.975 - - -

LTP (yes/no) 1.074 0.741–1.556 0.707 - - -

P value of the Cox proportional hazards regression model <0.001. CA, complete ablation; CI, confidence interval; EA, ethanol ablation; HCC, hepatocellular carcinoma; HR, hazard 
ratio; RFA, radiofrequency ablation; RFS, recurrence-free survival; LTP, local tumor progression.
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fore, patients undergo other treatments, 
which may have a poor effect on OS.32 Mul-
tiple tumors were another significant predic-
tor of poor RFS. The possible reasons include 
the following: first, as the number of tumors 
increases, the possibility of incomplete tu-
mor removal increases; second, patients with 
multiple tumors might have a higher inci-
dence of satellite nodules and micro-inva-
sion, resulting in a higher rate of recurrence 
and worse survival; and, finally, after patients 
with multiple tumors undergo the combined 
ablation, when tumors recur, additional 
treatments are less likely to be performed. It 
is noteworthy that the presence of perivas-

cular tumors did not predict worse OS or RFS, 
which implies that combination therapy may 
overcome some obstacles observed with RFA 
alone in HCC.

The current study has some limitations. 
First, a potential risk exists of selection bias 
because this was a retrospective study. Sec-
ond, this study included only a single HCC 
treatment without direct comparisons. 

In conclusion, combined RFA and multi-
pronged EA is a safe and effective modality 
with a five-year OS rate of 41.9% for unfa-
vorable HCC, and this approach was espe-

cially effective in patients with perivascular 
tumors. The presence of recurrent and mul-
tiple tumors had a significant negative effect 
on OS and RFS. Using this combined method, 
the authors have expanded the indications 
for thermal ablation to tumors with a diam-
eter of 5 cm and those in high-risk locations.
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PURPOSE
This study aims to evaluate the safety and efficacy of flow diverters (FDs) in the treatment of middle 
cerebral artery (MCA) aneurysms and share the follow-up (F/U) results.

METHODS
The treatment and F/U results of 76 MCA aneurysms treated with the flow re-direction endoluminal 
device (FRED), FRED Jr., and pipeline embolization device (PED) FD stents were evaluated retrospec-
tively. The aneurysm occlusion rates were compared between FDs, and the integrated and jailed 
branches were evaluated through follow-ups. The oversizing of the stent was compared between 
occluded/non-occluded aneurysms and integrated branches.

RESULTS
The mean F/U duration was 32 ± 6.3 months, and the mean aneurysm diameter was 4.45 mm. A 
total of 61 (80.3%) aneurysms were wide-necked; 73 (96.1%) were saccular; 52 (68.4%) were located 
at the M1 segment; and 36 (45.6%) FREDs, 23 (29.1%) FRED Jr.s, and 19 (24.1%) PEDs were used for 
treatment. The overall occlusion rates for the 6-, 12-, 24-, 36-, and 60-month digital subtraction an-
giographies were 43.8%, 63.5%, 73.3%, 85.7%, and 87.5% respectively. The last F/U occlusion rates 
were 67.6% for FRED, 66.7% for PED, and 60.6% for FRED Jr. (P = 0.863). An integrated branch was 
covered with an FD during the treatment of 63 (82.8%) aneurysms. A total of six (10%) of the inte-
grated branches were occluded without any symptoms at the last F/U appointment. The median 
oversizing was 0.45 (0–1.30) for occluded aneurysms, and 0.50 (0–1.40) for non-occluded aneu-
rysms (P = 0.323). The median oversizing was 0.70 (0.45–1.10) in occluded integrated branches and 
0.50 (0–1.40) in non-occluded branches (P = 0.131). In-stent stenosis was seen in 22 (30.1%) of the 
stents at the 6-month F/U and in only 2 (4.7%) at the 24-month F/U. Thus, none of the patients had 
any neurological deficits because of the in-stent stenosis. Severe in-stent stenosis was seen in two 
stents.

CONCLUSION
MCA aneurysms tend to be complex, with integrated branches and potentially wide necks. FD 
stents are safe and effective in the treatment of MCA aneurysms, and the patency of the side and 
jailed branches is preserved in most cases. Higher occlusion and lower in-stent stenosis rates are 
seen with longer F/U durations.
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Aneurysm, flow diverter, FRED, MCA, pipeline
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Middle cerebral artery (MCA) aneu-
rysms constitute approximately 
22% of all cerebral aneurysms. They 

are generally wide-necked, have accompa-
nying integrated branches, and sometimes 
have complex anatomy with angulation. 
Thus, the endovascular treatment of MCA 
aneurysms is challenging with conventional 
treatment strategies.1 

Flow diverter (FD) stents have evolved 
aneurysm treatment to a different level. They 
do not just restrict blood flow into the an-
eurysm sac but also reconstruct the parent 
artery by remodelling the aneurysm neck. 
FDs decrease the blood flow into the aneu-
rysm sac with their braided mesh structure. 
Through this hemodynamic alteration, endo-
thelial remodeling across the neck of the an-
eurysm enables occlusion of the aneurysm.2 

Several studies have demonstrated the 
effectiveness and safety of FDs in the treat-
ment of intracranial aneurysms. Treatment of 
internal carotid artery (ICA) aneurysms using 
flow diversion has been widely studied; how-
ever, the data intended for cases beyond the 
circle of Willis, especially MCA aneurysms, is 
still limited.3-5

This study aims to retrospectively evalu-
ate the safety and efficacy of FDs in the treat-
ment of MCA aneurysms and to share the 
follow-up (F/U) results.

Methods
This retrospective study was approved 

by the local ethics committee (protocol no: 
09.2020.704). The interdisciplinary consen-
sus among the neuro-interventional radiol-
ogy and neurosurgery departments was 
sought in each patient. In addition, written 
informed consent was given by all the pa-
tients for endovascular treatment.

Patient and aneurysm characteristics

All patients with MCA aneurysms [M1 
[(horizontal) and bifurcation (insular)] who 
were treated with at least one FD stent at a 

referral center between May 2013 and De-
cember 2019 were enrolled in this study. 
Most of the M1 aneurysms in this study had 
integrated branches, and all bifurcation an-
eurysms had a neck that was hard to by-pass. 
These were the main factors for choosing FD 
treatment for the patients. The only exclu-
sion criterion was ruptured aneurysm. One 
patient with a ruptured blister aneurysm was 
excluded from the study, and two patients 
with a total number of three aneurysms were 
lost during the F/U period. Only procedural 
and pre-procedural clinical data were ana-
lyzed.

In addition to aneurysm location and di-
ameter, the aneurysm morphology (saccular, 
fusiform, and blister), aneurysm neck size, 
presence of integrated and jailed branches, 
and parent artery diameters were recorded. 
Oversizing was the stent diameter minus the 
diameter of the proximal parent artery (mm).

Antiaggregation

All patients were administered with 
preprocedural dual antiplatelet therapy. 
Patients under clopidogrel and prasugrel 
were tested for platelet inhibition using the 
Multiplate Analyzer (Roche  Diagnostics In-
ternational Ltd, Rotkreuz ZG, Switzerland) 
before the procedure. The loading doses 
were 300 mg for clopidogrel 4 days before 
the procedure, 40 mg for prasugrel 12 h be-
fore the procedure, and 180 mg for ticagre-
lor as a loading dose directly before the op-
eration. This was conducted in both urgent 
and scheduled procedures without testing. 
In addition, famotidine was initiated in all 
patients to prevent possible gastrointestinal 
tract bleeding, which could potentially lead 
to the cessation of antiaggregant therapy. 
Thus, all patients received either dual anti-
platelet therapy with 75 mg clopidogrel + 
100 mg acetylsalicylic acid (ASA), 180 mg 
ticagrelor + 100 mg ASA, or 10 mg prasugrel 
as monotherapy (for ≥6 months) + ASA (for 
life). 

Endovascular procedure

All procedures in this study were per-
formed by a single neuroendovascular inter-
ventionalist with >10 years of FD experience.

All treatments were performed under 
general anesthesia. A 6F long introducer 
sheath was placed to the distal segment of 
the common carotid artery through fem-
oral access, and a 6F distal access cathe-
ter (Navien: Covidien Vascular Therapies, 
Mansfield, MA, USA or Sofia: MicroVention, 
Tustin, California, USA) was advanced co-

axially into the ICA as distally as possible. 
To reveal the anatomy, determine working 
projections, and measure parent artery 
diameters, two-dimensional and three-di-
mensional rotational angiographic images 
were acquired. Rebar 27 (Covidien Vascular 
Therapies, Mansfield, MA, USA), Marksman 
(Covidien Vascular Therapies, Mansfield, 
MA, USA), or Headway 27 (MicroVention, 
Tustin, CA, USA) for the pipeline emboliza-
tion device (PED) (ev3 Neurovascular, Irvine, 
CA, USA), Headway 27 for the flow re-direc-
tion endoluminal device (FRED) (MicroVen-
tion, Tustin, CA, USA), and Headway 21 for 
the FRED Jr. (MicroVention, Tustin, CA, USA) 
were used in combination with 0.014-inch 
or 0.016-inch microwires to by-pass the 
aneurysm neck. The microcatheter was ad-
vanced as distally as possible from the neck 
of the aneurysm. Then, the device was load-
ed into the microcatheter hub through a he-
mostatic valve and placed across the target 
landing zone. The FD device was deployed 
through a combination of unsheathing, 
pushing, and maintaining forward tension 
on the delivery wire of the device, or pulling 
and loading the microcatheter under con-
tinuous fluoroscopy. Simultaneously with 
the device deployment, stent apposition to 
the vessel wall was continuously checked. 
After satisfactory deployment and appo-
sition of the device, a control angiogram 
was acquired to examine the device lumen 
and integrated/jailed branch patencies. Af-
ter device deployment, the perioperative 
aneurysmal sac filling degree was record-
ed according to the O’Kelly Marotta (OKM) 
grading scale.

After the long introducer sheath place-
ment, systemic heparinization was per-
formed with a 5,000 international units 
intravenous (IV) bolus injection. The target 
activated clotting time was 2–2.5 × the base-
line. Heparinization was not reversed at the 
end of the procedures.

Follow-up treatment

Most of the patients were discharged 
from the hospital on the second day after the 
procedure and evaluated clinically on the 
fifth day. The digital subtraction angiography 
(DSA) F/U appointments were scheduled at 
6, 12, 24, 36, and 60 months after the treat-
ment.

The F/U DSA images were assessed in 
terms of aneurysm filling, FD stent patency, 
and integrated/jailed branch patency. The 
OKM grading scale was used to grade the 
aneurysmal filling and contrast stagnation 

Main points

•	 Middle cerebral artery (MCA) aneurysms 
tend to be complex. 

•	 Flow diverter stents are safe and effective in 
the treatment of MCA aneurysms.

•	 Higher occlusion rates are seen with a lon-
ger follow-up time.

•	 Patency of the side and jailed branches is 
preserved with flow diverter stents.
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phase,6 and OKM C3 and D grades were ac-
cepted as adequate occlusion. The FD stent 
patency was classified as A: patent; B: <50% 
stenosis; C: >50% stenosis; D: occluded; and 
whether the patient was symptomatic or not. 
Integrated/jailed branch patency was evalu-
ated with regard to the pretreatment images 
as patent, decreased-caliber, and occluded; 
it was also determined whether the patient 
was symptomatic or not.

Statistical analysis

Descriptive statistics were presented 
(minimum–maximum) as the median for 
non-normally distributed variables and as 
the mean and standard deviation for the 
normally distributed variables. Categorical 
variables were reported as frequencies and 
percentages. The Pearson chi-square test 
was used to investigate the effect of the FD 
stent type on aneurysmal occlusion, and the 
Mann–Whitney U test was used to analyze 
the effects of oversizing the stent on the an-
eurysm occlusion and integrated branch pa-
tency. The significance level was established 
as α = 0.05. The IBM SPSS 21.0 software was 
used for data analysis.

Results
Patient and aneurysm characteristics

A total of 67 patients (52 female; median 
age, 58 years; age range, 30–75 years) with 76 
MCA aneurysms were enrolled in the study. 
The mean aneurysm diameter was 4.45 mm 
(range, 1.1–12 mm). Only 5 aneurysms were 
larger than 10 mm. A total of 61 (80.3%) an-
eurysms were wide-necked, and 73 (96.2%) 
were saccular. Furthermore, two aneurysms 
were blister-like, and one was fusiform in 
shape. A total of 52 aneurysms (68.4%) were 
located at the M1 segments, and 24 (31.6%) 
were located at the MCA bifurcations. The 
demographics of the treated patients and 
baseline characteristics of the aneurysms are 
summarized in Table 1.

Treatment characteristics

A total number of 79 FD stents were used 
in this study. The most frequently used de-
vice was FRED (45.6%), followed by FRED Jr. 
(29.1%), and PED (24.1%). Only one aneu-
rysm was treated with Surpass (Stryker Neu-
rovascular, Fremont, CA, USA). 

In three cases, a second stent was de-
ployed in a telescopic fashion because of the 
stent shortening. Coiling was used as an ad-
junctive technique in four large aneurysms, 
and an FD stent was used as second-line 
treatment in four cases (three of them were 
previously treated with Woven Endo-Bridge 
(WEB) intra-saccular FD and one with surgi-
cal clipping).

Occlusion rates

A total of 65 patients with 73 aneurysms 
were followed up with (mean F/U time, 32.1 
± 6.3 months). A total of 63 (86%) aneurysms 
had ≥12 months of DSA control, and 45 (62%) 
aneurysms had ≥24 months of DSA control. 
Only 10 (13.6%) aneurysms had a F/U dura-
tion of <12 months.

The overall occlusion rates for 6-, 12-, 24-, 
36-, and 60-month DSA were 43.8%, 63.5%, 
73.3%, 85.7%, and 87.5% respectively.

According to the last F/U time, the mean 
F/U period was 24.7 ± 18.8 months, and the 
last F/U occlusion rates were 67.6% for FRED, 
66.7% for PED, and 60.6% for FRED Jr. (P = 
0.863).

Since the flow dynamics differ between 
side-wall and bifurcation aneurysms, the 
occlusion rates of M1 and bifurcation aneu-
rysms were compared. A total of 31 (64.6%) 
M1 aneurysms, and 16 (66.7%) bifurcation 
aneurysms were occluded on the last F/U (P 
= 0.861) (Table 2).

Integrated and jailed branches

An integrated branch is any branch aris-
ing from the aneurysm sac or neck, while a 
jailed branch is any branch arising from the 
parent artery adjacent to the aneurysm and 
covered with an FD stent. An integrated 
branch was covered with an FD during the 
treatment of 63 (82.8%) aneurysms (Figure 
1). The most common was the anterior tem-
poral artery, followed by the frontal branches 
(31.7% and 30.2%, respectively). A percent-
age of 6.6% (4/60) of the integrated branches 
at the 6-month F/U and 10% (6/60) at the last 
F/U were occluded without any symptoms 
(Table 3).

A total of 12 MCA branches were jailed 
using an FD. The most common one was 
also the anterior temporal artery. At the six-
month F/U, one jailed branch was occluded 
without any neurological deficit. A total of 
11/12 jailed branches were patent at the 
12-month F/U, and 7/8 were patent at the 
24-month F/U.

Table 1. Demographic data, aneurysm, and treatment characteristics

n (%)

Age* 57.8 ± 9

Gender

Female 52 (77.6)

Male 15 (22.4)

Aneurysm type

Saccular 73 (96.1)

Blister 2 (2.6)

Fusiform 1 (1.3)

Aneurysm diameter (mm)* 2.5 ± 2.6

Wide neck 61 (80.3)

Aneurysm neck diameter (mm)* 3.8 ± 2.8

Aneurysm location

MCA M1 52 (68.4)

MCA Bifurcation 24 (31.6)

Flow diverter stent

FRED 36 (45.6)

FRED Jr. 23 (29.1)

PED 19 (24.1)

Surpass 1 (1.3)

Additional coil 4 (5.3)

Integrated branch 63 (82.2)

Jailed branch 12 (15.8)

Follow-up duration (months)* 32.1 ± 6.3

*Mean ± standard deviation. MCA, middle cerebral artery; FRED (Jr.), flow re-direction endoluminal device (Jr.) ; PED, 
pipeline embolization device.
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Furthermore, the respective effects of 
stent oversizing on the aneurysm and inte-
grated branch occlusion were investigated. 
For both, oversizing was compared be-
tween occluded and non-occluded groups. 
The median oversizing was 0.45 mm (0–
1.30 mm) for occluded aneurysms and 0.50 
mm (0–1.40 mm) for non-occluded aneu-
rysms (P = 0.323). The median oversizing 
for occluded integrated branches was 0.70 
mm (0.45–1.10 mm) and 0.50 mm (0–1.40 
mm) for non-occluded branches (P = 0.131) 
(Table 4).

FD patency status at F/U

The in-stent stenosis rate was 30.1% at the 
6-month F/U and only 4.7% at the 24-month 

F/U. Thus, none of the patients had any neu-
rological deficits because of the in-stent ste-
nosis (Figure 2).

Severe in-stent stenosis was seen in two 
stents at the 24-month DSA.

Complications

Procedural complications occurred in 10 
cases. The overall procedural complication 
rate was 14.9%; technical failure occurred 
in 5 cases, thromboembolic complications 
occurred in 4 cases, and hemorrhagic com-
plications occurred in 1 case. One patient 
treated with FRED Jr. had a permanent deficit 
with a Modified Rankin Scale (mRS) score of 
4 (Table 5).

Thromboembolic complications

In one patient with a left M1 aneurysm at 
the frontal branch origin, a partial thrombus 
not obstructing the flow was formed at the 
proximal end of the stent immediately after 
deployment of FRED Jr. Furthermore, total 
occlusion of the aneurysm sac and a slow 
flow of the frontal branch was seen. Immedi-
ately 2 mg of IV bolus tirofiban was injected. 
Substantial resolution of the in-stent throm-
bus with a total recovery of the aneurysm 
sac and frontal branch flow was seen on the 
control angiography. Postoperative neuro-
logical examination was routine. Even so, IV 
tirofiban infusion was continued for 24 h, 
and dual antiplatelet therapy was changed 
from clopidogrel to ticagrelor + ASA. At the 
24-month F/U, the aneurysm sac was still fill-
ing (OKM B2).

Another FRED Jr. patient with a left M1 
aneurysm was awoken from anesthesia with 
left-sided central facial palsy and right hemi-
paresis. An immediate control angiogram of 
the left ICA revealed total occlusion of the 
aneurysm and frontal branch. A total dose 
of 3-mg IV bolus tirofiban was administered, 
and the thrombus resolved completely. The 
IV tirofiban infusion was continued for 48 h. 
The antiaggregant therapy with ASA + clopi-
dogrel was changed to ASA + ticagrelor. The 
patient’s mRS score was 0. Entry remnant 
(OKM grade C2) of the aneurysm was seen at 
the 36-month control angiography.

A 75-year-old female with a left M1 an-
eurysm on the lenticulostriate artery origin 
was treated with FRED. She became right 
hemiplegic and aphasic 2 h after she was 
awoken from anesthesia. The control diffu-
sion-weighted imaging and magnetic res-
onance imaging showed acute ischemia in 
the left MCA territory. Immediate control 
angiography of the left ICA revealed that the 
left anterior temporal artery, superior trunk 
(jailed with FRED) of the left MCA, and the 
aneurysm sac were totally thrombosed. Also, 
partial in-stent thrombosis was evident, and 
2 mg of intraarterial tirofiban was adminis-
tered directly into the stent lumen. At control 
angiography after intra-arterial tirofiban in-
jection, minimal residual in-stent thrombus 
without flow deficiency was seen. Balloon 
angioplasty to the stent lumen was planned, 
but the balloon catheter could not be ad-
vanced into the stent lumen. The IV tirofiban 
infusion was continued for 48 h, and the 
patient was discharged with aphasia and 
right hemiparesis. At the six-month control 
angiography, total occlusion of the left MCA 
was seen. Cortical branches of the MCA were 

Table 2. Comparison of the occlusion rates between stents and aneurysm locations

Occlusion n (%)

Stent + - P

FRED 23 (67.6) 11 (32.4)

0.863FRED Jr. 14 (60.9) 9 (39.1)

PED 10 (66.7) 5 (33.3)

Location
M1 31 (64.6) 17 (35.4)

Bifurcation 16 (66.7) 8 (33.3) 0.861

*Pearson chi-square test, FRED (Jr.), flow re-direction endoluminal device (Jr.); PED, pipeline embolization device. 
One Surpass patient was excluded.

Figure 1. Twenty four-years old, female. (a) She had subarachnoid hemorrhage after rupture of a small left 
MCA M1 aneurysm at the origin of the lenticulostriate artery. (b) The patient is treated with a 3.5 x 17 x 11 
mm FRED on the 30th-day of bleeding. (c, d) Control angiography on 2nd-months shows complete occlusion 
of the aneurysm and the patent lenticulostriate artery. MCA, middle cerebral artery; FRED, flow re-direction 
endoluminal device.
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retrogradely filled via pial collaterals. The pa-
tient had an mRS score of 4 (Figure 3).

In the postoperative control Diffu-
sion-weighted Imaging (DWI) of one patient 
treated with two FRED Jr.s in one session for 
right MCA bifurcation aneurysm (previously 
treated with WEB) and right A1–A2 aneu-

rysms, hyperacute infarction at the frontal 
lobe was detected. There was no major ves-
sel occlusion visible in the immediate con-
trol DSA; still, both anterior cerebral artery 
and MCA flows were sluggish. A total dose 
of 2 mg IV bolus tirofiban was administered 
in two turns, with IV infusion for 24 h. Then, 

the antiaggregant therapy was changed to 
ticagrelor + ASA. The patient was discharged 
without any neurological deficit.

The post-operative DWI of all patients 
was evaluated for cortical and deep infarcts. 
Symptomatic patients are discussed above. 
Among asymptomatic patients, three FRED 
patients (8.6%) had both cortical and deep 
millimetric DWI lesions. Two PED patients 
(10.6%) had both, and one PED patient (5.3%) 
had only a deep infarct. All FRED Jr. patients 
had DWI lesions.

Technical failures

Technical difficulties occurred in two PED 
and three FRED patients. In two PED and 
three FRED patients, the distal landing zone 
of the stents moved proximally close to the 
aneurysm neck; hence, a second stent was 
deployed in a telescopic fashion. In addition, 
one PED on the right MCA was shortened 
from the proximal landing zone, and a sec-
ond stent was deployed.

Hemorrhagic complications and mortality

One patient with a left frontal branch 
origin aneurysm (10.7 mm in diameter) 
who was treated with FRED developed sub-
arachnoid hemorrhage on postoperative 
day four. No additional treatment was per-
formed other than decreasing the prasugrel 
dosage from 10 mg to 5 mg. The patient 
was discharged with an mRS score of 0 af-
ter seven days of hospitalization. The first 
F/U DSA was at the third month; the sac was 
still filling and had a slightly decreased di-
ameter. Integrated (frontal artery) and jailed 
(anterior temporal artery and inferior trunk) 
branches were patent. However, a 5.4-mm 
nipple was developed on the posterior side 
of the aneurysm sac. No further action was 
taken. At the six-month F/U, the sac was 
occluded with patent integrated and jailed 
branches (Figure 4). 

There were no treatment-related mortali-
ties in this study.

Discussion
The endovascular treatment of complex 

MCA aneurysms is not always possible with 
standard techniques. Even the recurrence 
rates of stent-assisted coiling are not negli-
gible.7 FD stents are widely used to treat in-
tracranial aneurysms with a complex anato-
my or recurrent aneurysms despite surgical 
or endovascular treatments. However, the 
literature data on the safety and efficacy of 
FD stent treatment of MCA aneurysms with a 

Table 3. Distributions of integrated and jailed branches and occlusion rates

n (%)

Integrated branch n = 63

Anterior temporal artery 20 (31.7)

Frontal branches 19 (30.2)

Superior truncus 8 (12.7)

Lenticulostriate artery 8 (12.7)

Others 8 (12.7)

6. month occlusion 4 (6.6)

The last control occlusion 6 (10)

Jailed branch n = 12

Anterior temporal artery 5 (41.7)

Superior truncus 2 (16.7)

Inferior truncus 2 (16.7)

Others 3 (25)

Jailed branch occlusion* 1 (8.3)

*Both six-month and the last F/U; F/U, follow-up.

Figure 2. Forty five-years old female. (a) Right ICA DSA examination reveals three aneurysms; MCA 
bifurcation, proximal A1, anterior choroidal artery. (b, c) 3-D angiography shows the inferior trunk as the 
integrated branch (ascending arrow). All three aneurysms are treated with two successive pipeline stents 
extending between curved arrows. (d, e) Sixth-month control angiography shows the total occlusion of all 
aneurysms and the occlusion of the anterior temporal artery and the frontal branch (descending arrow). 
The patient is neurologically asymptomatic. The other frontal branch jailed by the stent is still patent 
(arrowhead). There is a medium degree of in-stent stenosis at the level of M1. (f) One-year control DSA 
examination reveals the total resolution of the stenosis. ICA, internal carotid artery; DSA, digital subtraction 
angiography; MCA, middle cerebral artery.
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wide neck, complex anatomy, and integrated 
branches still seems to be limited.

This study investigated the safety and ef-
ficacy of FD stents in treating complex MCA 
aneurysms and compared the treatment 
success of PED, FRED, and FRED Jr. The me-
dian size of the aneurysms enrolled in this 
study was 4.45 mm (1.1–12 mm). Of the 76 
aneurysms included in the study, 71 were 
small in size (<10 mm). The treatment indica-
tions regarding small intracranial aneurysms 
have not been clearly defined yet. The gen-
eral opinion is that the treatment decision 
should not be based on a single parameter. 
Although the annual rupture rate of small 

intracranial aneurysms is relatively low, mor-
bidity and mortality rates are high in cases of 
rupture.8-10 Moreover, small MCA aneurysms 
have a considerable risk of rupture even if 
they are smaller than 10 mm. Most of the 
treated aneurysms in this study either had 
wide necks or integrated branches. These 
two characteristics were the main parame-
ters for using FD stents in the treatment.

The mean F/U period in this study was 
32.1 months. Thus, 86% of the aneurysms 
had a DSA F/U time of ≥12 months, and 62% 
had a DSA F/U time of ≥24 months.

The total or adequate occlusion (OKM 
D or C3) rates were 43.8%, 63.5%, 73.3%, 

85.7%, and 87.5% for the 6-, 12-, 24-, 36-, and 
60-month F/Us, respectively. Excluding an 
aneurysm from circulation through flow di-
version is time-dependent, as mentioned in 
many studies.11 Therefore, higher occlusion 
rates are expected with longer F/U period. 
A systematic review including 12 studies 
regarding the treatment of 244 MCA aneu-
rysms with FD stents showed a complete/
near-complete occlusion rate of 78.7%, with 
a mean F/U period of 12 months.12 

Yavuz et al.13 reported FD treatment re-
sults of 25 aneurysms located at MCA bi-
furcation and beyond. The study revealed 
total occlusion rates of 76% and 90% on the 
6-month and the last F/U, respectively. In a 
PED study including 10 complex MCA aneu-
rysms, with a mean F/U period of 7.5 months, 
a total occlusion rate of 77% was found.14 
Bhogal et al.9 reported FD treatment results 
of 15 M1 aneurysms with a median F/U time 
of 18.7 months. The total occlusion rate was 
73%. 

In the present study, the 12-month occlu-
sion rate (63.5%) was lower than the occlu-
sion rates in the above-mentioned studies; 
however, the 24- and 36-months occlusion 

Table 4. Effect of oversizing the stent on the aneurysm occlusion and integrated branch 
patency

Aneurysm
Oversizing (mm)

Median (minimum–maximum)
P

Occluded 0.45 (0–1.30)
0.323

Non-occluded 0.50 (0–1.40)

Integrated branch

Occluded 0.70 (0.45–1.10)
0.131

Non-occluded 0.50 (0–1.40)

Mann–Whitney U test.

Figure 3. Seventy-five-years old, female. (a) Left M1 frontal branch origin aneurysm is treated with FRED. The stent is seen as entirely normal. (b) Two hours after 
anesthesia, the patient develops aphasia and right hemiparesis. DWI reveals acute ischemic stroke in MCA territory. (c, d) Immediate angiography shows the 
occlusion of both the frontal branch and the anterior temporal artery, and the aneurysm. There is also a partial thrombus within the stent lumen (long arrow). Also, 
note the dysmorphic changes -the fish mouth- in the stent. (e) 2 mg of IA tirofiban only enables the slow perfusion of the anterior temporal artery (short arrow).  
(f, g) Next day CT and DWI show no bleeding, but the acute ischemic changes despite the IV tirofiban infusion. (h) 6th-month follow-up DSA shows the total 
occlusion of the stent (long arrow). The aneurysm is still filling through collaterals to the lenticulostriate arteries (short arrow). FRED, flow re-direction endoluminal 
device; DW, diffusion-weighted imaging; MCA, middle cerebral artery; CT, computed tomography; DSA, digital subtraction angiography.
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rates (73.3% and 85.7%, respectively) are 
consistent with the literature. In the EuFRED 
study, the subgroup analysis showed that the 
total occlusion rate of intracranial bifurcation 
aneurysms was 61.5% at 180 days; this is sim-
ilar to the results of the present study.3 The 
majority of aneurysms in the above studies 
were located in MCA bifurcation or beyond 
it. In the present study, 68.4% of aneurysms 
were located at the M1 segment of MCA, 
and the occlusion rates for sidewall and bi-
furcation aneurysms were 64.6% and 66.7%, 
respectively. 

FD treatment of bifurcation and sidewall 
aneurysms should be evaluated separately 
because of their hemodynamic differences. A 
recent meta-analysis investigating FD treat-
ment of sidewall and bifurcation aneurysms 
reported comparable occlusion rates (69.4% 
and 73.9% respectively).15 Another recent 
study investigating FD treatment of proximal 
MCA aneurysms reported occlusion rates for 
sidewall and bifurcation aneurysms (75% 
and 63% respectively).16 Both of these stud-
ies show that the hemodynamic difference 
may not alter the occlusion rates to the ex-
pected extent. The present study also reveals 
comparable results.

Integrated branches or perforators mostly 
accompany the M1 segment aneurysms.

In this study, 82% of the aneurysms were 
accompanied by an integrated branch. It is 
the authors’ opinion that this is the main rea-
son for the lower first control occlusion rates. 
Also, the patency of the integrated branch 
is one of the major concerns regarding FD 
treatment. The oversizing of the FD to avoid 
technical failure may delay the occlusion of 
the aneurysm while contributing to the pa-
tency of the integrated branches. 

Topcuoglu et al.17 reported corroborative 
data showing that 11/17 MCA aneurysms 
with integrated branches remained open; 
only 2 of these aneurysms with patent in-

tegrated branches were occluded at the F/
Us. Based on this argument, the Cekirge and 
Saatci18 occlusion grading system might 
be more practical while assessing the F/U 
occlusion grade of an aneurysm with inte-
grated branches. The OKM grade C1 and C2 
aneurysms were classified as class 5 “stable 
remodeling” according to the Cekirge and 
Saatci18 occlusion grading system at the sec-
ond control DSA. The effect of oversizing on 
the aneurysm and integrated branch occlu-
sion was analyzed, and there was no signif-
icant difference between occluded/non-oc-
cluded aneurysms and integrated branches.

There was no statistically significant dif-
ference between the last F/U occlusion rates 
in the FRED, FRED Jr., and PED patients.

A total of 63 integrated branches were 
covered in 76 aneurysm treatments; 3 of 
them were lost to the F/U. The 6-month F/U 
and last F/U occlusion rates were 6.6% and 
10%, respectively. None of the occluded in-
tegrated branches were symptomatic. Two 
studies investigating integrated branch pa-
tency after FD treatment of MCA aneurysms 
and a meta-analysis including 174 MCA 
branches covered with FD stents reported 
integrated branch occlusion rates of 10.5%, 
20%, and 10.1%, respectively, at the last F/U 
visit.12,19,20 

Table 5. Adverse events

Procedural complications
n = 67 (%)

10 (14.9)

Technical 5 (7.5)

Thromboembolic 4 (5.9)

Hemorrhagic 1 (1.5)

In-stent stenosis* n = 76

6 Month 22/8 (30.1)

12 Month 10/4 (15.9)

24 Month 2/0 (4.7)

Last control 8/2 (11)

Morbidity 1

Mortality 0

*(Sum/symptomatic).

Figure 4. Forty one-years old female. (a, b) Left fusiform MCA aneurysm treated with FRED. The temporal branch is directly coming out of from sac. (c) The control 
angiography after the stent deployment shows prominent stagnation within the sac. (d, e) Control CT and DWI images are unremarkable. (f) The patient has a 
sudden onset of a severe headache on the 4th-day. CT examination reveals subarachnoid hemorrhage. (g) 3-D angiography shows partial thrombosis of the sac with 
irregular contours. The integrated branch is still patent. (h) Residual, but the slow filling of the sac is seen on 3-month control angiography. (i, j) Six and 12th-month 
follow-ups. No residual filling of the aneurysm. The MCA and the integrated branch are patent. MCA, middle cerebral artery; FRED, flow re-direction endoluminal 
device; DWI, diffusion-weighted imaging; CT, computed tomography
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A total of 12 MCA branches were jailed by 
an FD in the study group. The most common 
one was the anterior temporal artery. At the 
six-month F/U, one jailed branch was occlud-
ed without any neurological deficit. Any of 
the other 11 jailed branches were occluded 
at the 12- or 24-month controls.

In this study group, the overall complica-
tion rate was 14.9% (10/67), with one hem-
orrhagic complication, four thromboembolic 
complications, and five technical failures. 
A single-center study regarding FD treat-
ment of MCA bifurcation aneurysms report-
ed a thromboembolic complication rate of 
15.3%.9 Another single-center study empha-
sized a covered branch status after FD treat-
ment of distal bifurcation aneurysms, with a 
thromboembolic event rate of 17.6%.19 Final-
ly, Cagnazzo et al.12 reported a general com-
plication rate of 20.7% and a thromboembol-
ic event rate of 16.3% in their meta-analysis 
on FD stent treatment of MCA aneurysms. 

The present study’s overall and thrombo-
embolic complication rates were 14.9% and 
7.5%, respectively; this is consistent with the 
literature. Even though the data is not statis-
tically significant, FRED Jr. was used in three 
out of four thromboembolic complications; 
the other stent used was FRED. 

An in vitro study suggests that FRED had 
higher thrombin generation and platelet ac-
tivation than PED.21 Both FRED Jr. and FRED 
are dual-layer stents with a higher metal 
load than PED. Therefore, this type-two er-
ror would probably not occur in series with 
a more significant number of cases. Inter-
estingly, the lower profile FRED Jr. caused 
more thromboembolic events than FRED. 
Therefore, it is critical to test all the patients 
for clopidogrel and prasugrel resistance, and 
antiaggregation should be conducted as 
suggested for each drug.

There are several limitations to this study. 
First, it is a retrospective study with a rela-
tively small study population to compare the 
safety and efficacy of different FD stents in 
treating MCA aneurysms. The low number of 
bifurcation aneurysms is another limitation. 
This study reflects a single-center and sin-
gle-operator experience with FRED, FRED Jr., 
and PED in flow diversion of MCA aneurysms. 
Since learning curves tend to differ among 
operators, the comparison of outcomes of 
devices may not always apply to all potential 
interventionalists. Even so, a long F/U peri-
od and detailed definitions and solutions to 
complications may have an impact on the 
literature.

In conclusion, MCA aneurysms tend to be 
complex, with integrated branches and po-
tentially wide necks. FD stents are safe and 
effective in the treatment of MCA aneurysms. 
The patency of the side and jailed branches 
is preserved in most cases. Higher occlusion 
and lower in-stent stenosis rates are seen 
with longer F/U durations. Oversizing the 
stent was not found to be a contributor to oc-
clusion of the aneurysm or integrated branch.
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The incidence of hepatocellular carcinoma (HCC) recurrence following surgical resection 
and locoregional therapy (LRT) performed with curative intent is high. Three-year local 
progression rates after radiofrequency ablation (RFA) vary widely between institutions, 

ranging from 3.2% to 21.9%.1-3 Recurrence rates of 50% to 70% (of which 80% to 90% are in-
trahepatic) have been reported five years after hepatectomy.4 Such recurrences constitute a 
significant cause of late mortality. 

Trans-arterial therapies have traditionally been recommended in those with large tumors 
or multifocal disease (intermediate stage). Since some patients’ treatment goals are palliative, 
it is common for patients to undergo more than one treatment, sometimes using combination 
therapies to achieve disease control.5 The reported rates of residual disease post-trans-arte-

PURPOSE
The purpose of this study was to analyze and compare the outcomes of percutaneous microwave 
ablation (MWA) when used as a primary vs. secondary treatment for hepatocellular carcinoma 
(HCC).

METHODS
The clinical data of 192 patients with HCC treated with MWA between January 2012 and July 2021 
were reviewed retrospectively, with 152 patients being treatment naïve (primary treatment) vs. 
40 who had residual or recurrent disease following previous trans-arterial chemoembolization or 
trans-arterial radioembolization (secondary treatment). The primary outcomes were primary tech-
nical efficacy, 1- and 3-year local recurrence-free survival (RFS) and overall survival (OS), local recur-
rence rates, and adverse events. Pre- and post-intervention liver function tests were compared us-
ing a Wilcoxon signed rank test. Univariate and multivariate analyses were also performed, looking 
at prognostic factors associated with OS and local RFS.

RESULTS
There was no significant difference in 1-year local RFS (primary 93.6% vs. secondary 93.7; P = 0.97) 
and 3-year local RFS (primary 80.6% vs. secondary 86.5%; P = 0.37) rates. There was no significant 
difference in 1-year OS (primary 82.4% vs. secondary 86.6%; P = 0.51) and 3-year OS (primary 68.3% 
vs. secondary 77.4%; P = 0.25) between the two groups. The local recurrence rate (primary 9.8% vs. 
secondary 14.6%; P = 0.37), primary technical efficacy (primary 96.2% vs. secondary 95%; P = 0.73), 
and adverse events (primary 8.0% vs. secondary 11.6%; P = 0.45) were also similar between the two 
groups. 

CONCLUSION
Microwave ablation is safe and effective as a secondary treatment for patients with HCC in a clinical 
salvage scenario and should be utilized more frequently.
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rial chemoembolization (TACE) vary by study 
but range from 40% to 70%.6-9 The failure of 
TACE or a patient being refractory to treat-
ment has been defined as the development 
of untreatable progression of HCC despite 
repeated embolizations.10-12 Guidelines from 
international scientific societies recommend 
switching to systemic therapy in certain pa-
tients.13-15

While first-line treatment failures are fre-
quently treated with LRT, there is no consen-
sus on when or how these LRTs should be 
applied. Thermal ablation is an established 
first-line treatment for small-sized HCCs; 
however, data evaluating the efficacy of ab-
lation when used as salvage therapy is lack-
ing. Many studies have shown similar out-
comes between first-line RFA and microwave 
ablation (MWA), especially with lesions of 
less than 3 cm.16,17 One meta-analysis looked 
at five original studies comparing RFA and 
MWA outcomes in 431 patients.18 In a patient 
population of very early- or early-stage HCC 
[Barcelona Clinic Liver Cancer (BCLC)] (stage 
0 or A), they found no differences in com-
plete ablation rates, recurrence-free survival 
(RFS), overall survival (OS), or complication 
rates. The average ablation time for MWA was 
significantly shorter than for RFA.16-25 In most 
centers in the USA, MWA has replaced RFA for 
treating HCC. The purpose of this study was 
to compare treatment outcomes of MWA in 
naïve tumors with those with residual or re-
current disease following TACE or transarteri-
al radioembolization (TARE).

Methods

Patient population

This protocol was approved by the Institu-
tional Review Board of Thomas Jefferson Uni-
versity under protocol no: 21E-073 on Febru-
ary 17th, 2021. The requirement for informed 
consent was waived due to the retrospective 
nature of the study. In this review, the clini-
cal data of 192 patients (mean age 66.8 ± 8.5 
years) with HCC treated with MWA between 

January 2012 and July 2021 were reviewed 
retrospectively. 

Ablation was performed under general 
anesthesia. Probe placement was performed 
under ultrasound guidance, with second-
ary computed tomography (CT) utilized 
in hard-to-visualize tumors, such as those 
within the dome of the liver. The vast ma-
jority of cases involved the treatment of a 
sole lesion, and no patient had more than 
two tumors treated in any given session. The 
standard of care was same-day discharge, 
with some high-risk patients or those with 
logistical challenges staying overnight. Of 
the 192 patients, 152 were treatment naïve 
(primary treatment), and 40 had received 
prior TACE or TARE (secondary treatment). 
Within this patient population, a total of 231 
HCC lesions were evaluated, of which, 188 
were part of the primary treatment group, 
and 43 were part of the secondary treatment 
group. Additional relevant data obtained 
from electronic medical records included 
patient demographics, tumor characteristics, 
primary treatment information, MWA treat-
ment parameters, pre- and post-interven-
tion cross-sectional imaging, and pre- and 
post-intervention liver function tests.

Outcome measures

Treatment response was classified ac-
cording to the 2018 Liver Imaging Reporting 
and Data System Treatment Response Algo-
rithm.26 All cases were reviewed at a multidis-
ciplinary liver-tumor board conference.  Pri-
mary technical efficacy  was defined as the 
percentage of tumors that were reported 
non-viable on initial 1- to 2-month follow-up 
imaging. Residual disease  was defined as a 
viable tumor in the ablation cavity on the 
first follow-up imaging on contrast-en-
hanced multiphase magnetic resonance im-
aging or CT. Local recurrence was described 
as a tumor at or immediately adjacent to the 
ablation cavity following a previously docu-
mented successful treatment. Local RFS was 
calculated from the date of MWA to either 
the date of recurrence, liver transplant, or the 
date of the last imaging follow-up. The OS 
rate was calculated from the date of MWA to 
either the date of death or censorship at the 
last follow-up. Adverse events were classified 
based on criteria developed by the Society of 
Interventional Radiology Standards of Prac-
tice Committee.27

Statistical analysis

Demographic and clinical data of the pri-
mary and secondary treatment groups were 

compared. Local RFS and OS were compared 
between the two groups, utilizing a Kaplan–
Meier survival analysis with a corresponding 
log–rank test, with P < 0.05 considered sig-
nificant. Additionally, 1- and 3-year local RFS 
and OS were calculated. The rates of local re-
currence, primary technical efficacy, and ma-
jor and minor adverse events were compared 
using chi-squared tests. Pre- and post-inter-
vention liver function tests were compared 
using a Wilcoxon signed rank test. 

A univariate prognostic factor analysis 
was performed for both local RFS and OS, 
analyzing 18 variables. Independent-sam-
ple t-tests and chi-squared tests were used 
for continuous and categorical variables, 
respectively. All variables found to be signif-
icant in the univariate analysis were placed 
into a binomial logistic regression model for 
multivariate analysis. All statistical analyses 
were performed using Statistics for Windows 
(SPSS) v. 28 statistical software (IBM Corp., Ar-
monk, NY, USA).

Results
Patient demographics, tumor information, 

and clinical characteristics are summarized in 
Table 1. Example cases of a treatment-naïve 
tumor and secondary treatment are provid-
ed in Figures 1 and 2, respectively. The mean 
follow-up time was 18.2 months (range: 
0.3–98.6 months). In the secondary treat-
ment group, 28 lesions were previously treat-
ed with TACE, 12 with prior TARE, and three 
with combination TACE/TARE. The BCLC class 
and Easter Cooperative Oncology Group 
(ECOG) performance status were significant-
ly different between the groups. Sixty-two 
percent (117/188) of primary treatment pa-
tients were BCLC A vs. 42% (18/43) in the 
secondary treatment group, 16% (30/188) 
of primary treatment patients were BCLC B 
vs. 14% (6/43) in the secondary treatment 
group, 21% (39/188) of primary treatment 
patients were BCLC C vs. 44% (19/43) in the 
secondary treatment group, and 1% (2/188) 
of primary treatment patients were BCLC D 
vs. none in the secondary treatment group 
(P = 0.014). Seventy-eight percent (147/188) 
of primary treatment patients were ECOG 0 
vs. 56% (24/43) in the secondary treatment 
group, 14% (27/188) of primary treatment 
patients were ECOG 1 vs. 21% (9/43) in the 
secondary treatment group, 6% (12/188) 
of primary treatment patients were ECOG 2 
vs. 23% (10/43) in the secondary treatment 
group, and 1% (2/188) of primary treat-
ment patients were ECOG 3 vs. none in the 
secondary treatment group (P = 0.003). The 
likelihood of an overnight stay also signifi-

Main points

•	 Recurrent or residual hepatocellular carci-
noma (HCC) following locoregional therapy 
is still relatively common.

•	 There are currently no guidelines for the 
treatment of residual tumors following lo-
coregional therapy.

•	 Microwave ablation appears safe and effec-
tive as a secondary treatment of HCC, with 
similar local recurrence rates compared with 
its use as a primary treatment.
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cantly varied between the two groups, with 
24% (42/175) of primary patients requiring at 
least an overnight stay vs. 44% (16/36) of sec-
ondary patients (P = 0.012). Otherwise, the 
groups were similarly matched across age, 
gender, target tumor size, Child–Pugh score, 
Model for End-Stage Liver Disease (MELD) 
score, and baseline liver function tests.

Primary technical efficacy was achieved 
in 96.8% (152/157) of patients in the primary 
treatment group and in 95% (38/40) of pa-
tients in the secondary treatment group (P 
= 0.58) (Table 2). It should be noted that all 
MWA was performed on the same system by 
two treating interventionalists, resulting in a 

relatively standardized treatment approach. 
Five of the seven total incomplete ablations 
were successfully retreated with either MWA, 
TACE, or TARE. One of the two remaining pa-
tients underwent a transplant shortly after-
ward, and the other was lost to follow-up. No 
additional treatments for the study tumor 
were provided until recurrence was detected 
on cross-sectional imaging. The percentage 
of patients in the primary (63/188: 34.0%) 
and secondary groups (16/43: 37.0%) who 
went on to liver transplant was equal (P = 
0.71). The proportion of patients who de-
veloped progressive disease at other sites in 
the liver was similar at 50% (62/125) in the 

primary treatment group vs. 62% (16/26) in 
the secondary treatment group (P = 0.42). 
Although the proportion of patients who de-
veloped extra-hepatic metastasis was great-
er in the secondary treatment group [19% 
(5/26)] compared with the primary treatment 
group [7% (8/123)], the difference did not 
reach statistical significance (P = 0.06). 

There was no significant difference in OS 
(P = 0.36) or local RFS (P = 0.68) between the 
two groups as measured by a Kaplan–Meier 
survival analysis with corresponding log–
rank tests (Figure 3). A survival analysis was 
performed using a sample size of 182/188 for 
primary treatment and 41/43 for secondary 
treatment after excluding cases with failed 
primary technical efficacy. The 1-year lo-
cal RFS in the primary group was 93.6% vs. 
93.75% in the secondary group (P = 0.97), 
and the 3-year local RFS in the primary group 
was 80.58% vs. 86.53% in the secondary 
group (P = 0.37). The 1-year OS in the primary 
group was 82.39% vs. 86.65% in the second-
ary group (P = 0.51), and the 3-year OS in the 
primary group was 68.34% vs. 77.45% in the 
secondary group (P = 0.25) (Table 2). The me-
dian progression-free survival (PFS) for the 
primary treatment group was 75.5 months 
vs. 69.8 months for the secondary treatment 
group [ratio of 1.08 with a 95% confidence 
interval (CI) of 0.40 to 2.9]. Similarly, the me-
dian OS for the primary treatment group was 
95.4 months, while it was undefined in the 
secondary treatment group.

The rate of adverse events was 8.0% 
(15/188) in the primary treatment group 
and 11.6% (5/43) in the secondary treat-
ment group (P = 0.45). Events were further 
subdivided into major and minor adverse 
events. The rate of major adverse events was 
2.7% (5/188) in the primary treatment group 
vs. 2.3% (1/43) in the secondary treatment 
group (P = 0.88). The rate of minor adverse 
events was 5.3% (10/188) in the primary 
treatment group vs. 9.3% (4/43) in the sec-
ondary treatment group (P = 0.32) (Table 2). 
Minor adverse events included pain, abdom-
inal wall hematoma, and biliary stricture, 
all of which were managed conservatively. 
Major adverse events included the forma-
tion of a hepatic abscess that required per-
cutaneous drainage, hepatorenal syndrome, 
readmission to an outside hospital for fever 
attributed to post-ablation syndrome, and 
hepatic encephalopathy necessitating hospi-
tal admission, which was treated successfully 
with medication. One ablation-related death 
from sepsis occurred in the secondary treat-
ment group.

Table 1. Patient demographics and clinical characteristics. Continuous variables are reported 
as mean ± standard deviation, and categorical variables are reported as frequency (%)

Primary treatment 
(n = 188)

Secondary 
treatment (n = 43)

 P value

Sex

Male 143 (76%) 37 (86%)
0.15

Female 45 (24%) 6 (14%)

Age (years) 67.0 ± 8.7 66.1 ± 7.8 0.55

Tumor size (cm) 2.2 ± 0.8 2.5 ± 1.3 0.06

Child–Pugh class 0.32

A 102 (65%) 25 (64%) -

B 48 (31%) 14 (36%) -

C 7 (4%) 0 -

BCLC*

A 117 (62%) 18 (42%)

0.014
B 30 (16%) 6 (14%)

C 39 (21%) 19 (44%)

D 2 (1%) 0

ECOG*

0 147 (78%) 24 (56%)

0.003
1 27 (14%) 9 (21%)

2 12 (6%) 10 (23%)

3 2 (1%) 0

Baseline labs

AFP (ng/mL) 69.8 ± 241 77.1 ± 239 0.86

TBili (mg/dL) 1.0 ± 0.82 1.1 ± 0.80 0.81

AST (U/L) 53.0 ± 42.0 69.0 ± 87.0 0.10

ALT (U/L) 48.0 ± 43.0 52.0 ± 69.0 0.61

Albumin (g/dL) 3.9 ± 0.6 3.9 ± 0.7 0.62

Platelets (× 109/L) 143 ± 78 143 ± 87 0.99

MELD 10.4 ± 4.0 11.4 ± 4.0 0.16

Length of stay*

Same-day discharge 133 (76%) 20 (56%)
0.012

Overnight stay 42 (24%) 16 (44%)

Liver transplant 63 (34%) 16 (37%) 0.71

*Denotes statistical significance. BCLC, Barcelona Clinic Liver Cancer; ECOG, Eastern Cooperative Oncology Group; 
AFP, alpha-fetoprotein; TBili, total bilirubin; AST, aspartate aminotransferase; ALT, alanine transaminase; MELD, Model 
for End-Stage Liver Disease. 
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Figure 2. Comparison of pre- and post-treatment imaging in a 70-year-old male with a history of hepatocellular carcinoma (HCC) in the context of chronic hepatitis 
B after microwave ablation of residual disease in segment 5 sixteen months after trans-arterial chemoembolization. Pre-treatment magnetic resonance imaging 
(MRI) T1-weighted sequences with (a) non-contrast, (b) arterial, and (c) portal venous phases show a residual 3.5 cm nodular enhancing segment-5 lesion with 
peripheral washout at the anterosuperior and left lateral borders of the treatment cavity consistent with Liver Imaging Reporting and Data System Treatment 
Response viable (yellow arrow). Post-treatment MRI T1-weighted sequences with (d) non-contrast, (e) arterial, and (f) portal venous phases demonstrate a new 
ablation cavity with no evidence of arterial phase hyperenhancement or washout consistent with LIRADS-TR non-viable (white arrow).

a b c

ed f

Figure 1. Comparison of pre- and post-treatment imaging in a 78-year-old female with a history of hepatocellular carcinoma (HCC) in the context of cirrhosis due 
to nonalcoholic steatohepatitis after microwave ablation of a segment 6/7 HCC. Pre-treatment computed tomography (CT) with (a) non-contrast, (b) arterial, and 
(c) portal venous phases show a 3.7 cm segment 6/7 mass demonstrating early-phase arterial hyperenhancement, capsular appearance, and central washout 
consistent with an Liver Imaging Reporting and Data System 5 HCC (yellow arrow). Post-treatment CT with (d) arterial and (e) portal venous phases demonstrates 
no enhancement in the treatment cavity consistent with Liver Imaging Reporting and Data System Treatment Response non-viable (white arrow).

a
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The local recurrence rates were calculat-
ed after excluding cases with failed prima-
ry technical efficacy (6/188 for the primary 
treatment group and 2/43 for the secondary 
treatment group). The local recurrence rate 
for the primary treatment group was 9.8% 

(18/182) vs. 14.6% (6/41) for the secondary 
treatment group (P = 0.37) (Table 2). The 
mean follow-up time for the primary group 
was 18.2 months (range: 0.3–98.6 months) 
vs. 18.1 months (range: 0.6–89.0 months) in 
the secondary group. Twelve recurrent le-

sions were retreated with either TACE, TARE, 
or MWA. The remainder of the patients were 
treated with systemic therapy or radiation 
therapy, or they were lost to follow-up.

Pre- and post-intervention tumor mark-
er and liver function tests were compared, 
with alpha-fetoprotein (AFP) (P = < 0.001), 
total bilirubin (TBili) (P = 0.043), and albumin 
(P < 0.001) found to be significant (Table 3). 
Age, Milan criteria, and ablation time were 
all found to be associated with local RFS by 
univariate analysis (Table 4). The Milan crite-
ria were an independent predictor of RFS by 
multivariate analysis, with an odds ratio (OR) 
of 0.11 (95% CI: 0.018–0.730, P = 0.022). Ab-
lation time was an independent predictor of 
RFS, with an OR of 1.44 (95% CI: 1.053–1.994, 
P = 0.023). The Child–Pugh score, BCLC stage, 
ECOG status, Milan criteria, AFP, TBili, albu-
min, platelets, international normalized ratio 
(INR), MELD score, and length of hospital stay 
were all found to be associated with OS by 
univariate analysis (Table 5). The MELD score 
was an independent predictor of OS by mul-
tivariate analysis, with an OR of 0.82 (95% CI: 
0.720–0.951, P = 0.008).

Discussion
In the present study, compared with the 

primary treatment group, the secondary 
treatment group had a slightly worse ECOG 
performance status, presented at a more ad-
vanced BCLC stage, and had more patients 
requiring at least an overnight stay post-in-
tervention. They were otherwise similarly 
matched in terms of age, sex, target tumor 
size, Child–Pugh score, MELD score, and liver 
function tests. Despite having a worse base-
line ECOG performance status and a more ad-
vanced BCLC stage, we found no difference 
in the 1- and 3-year local RFS and OS rates, 
local recurrence rates, primary technical effi-

Table 2. Summary of outcomes in primary vs. secondary treatment groups

Primary outcomes Primary treatment 
(n = 188)

Secondary 
treatment 

(n = 43)

 P value

1-year OS 82.4% 86.6% 0.51

3-year OS 68.3% 77.4% 0.25

1-year local RFS 93.6% 91.1%, 93.7% 0.97

3-year local RFS 80.6% 84.3%, 86.5% 0.37

Local recurrence rate 18 (9.8%) 6 (14.6%) 0.37

Primary technical efficacy 152 (96.8%) 38 (95%) 0.58

Adverse events 15 (8.0%) 5 (11.6%) 0.45

Major adverse events 5 (2.7%) 1 (2.3%) 0.88

Minor adverse events 10 (5.3%) 4 (9.3%) 0.32

OS, overall survival; RFS, recurrence-free survival.

Table 3. Summary of Wilcoxon signed rank 
test comparing pre- and post-intervention 
tumor marker and liver function tests

Lab parameter P value

AFP* <0.001

TBili* 0.043

AST 0.182

ALT 0.082

Albumin* <0.001

INR 0.987

MELD 0.974

*Denotes statistical significance. AFP, alfa-fetoprotein; 
TBili, total bilirubin; AST, aspartate aminotransferase; 
ALT, alanine transaminase; INR, international 
normalized ratio; MELD, Model for End-Stage Liver 
Disease.

Figure 3. (a) Overall survival curves and (b) local recurrence-free survival curves of patients with 
hepatocellular carcinoma treated with primary vs. secondary microwave ablation.
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cacy rates, or rate of adverse events between 
patients with HCC treated with MWA as their 
primary vs. secondary treatment. Across 
both treatment groups, these primary out-
comes were also in line with what has been 
observed in other studies.16,18,28,29 However, it 
should be noted that overall follow-up was 
limited, with a mean of 18.2 months (range: 
0.3–98.6 months), which may have influ-
enced the OS data. 

Comparing the baseline and post-abla-
tion lab test results, we found that AFP, TBili, 
and albumin were significantly different be-
tween the primary and secondary treatment 
groups”, instead of “Comparing the baseline 
and post-ablation lab test results, we found 
that AFP, TBili, and albumin were significant-
ly different. However, the MELD score, which 
uses a composite of lab values to predict 
short-term survival, was unchanged. This 
supports the idea that while there can be 
short-term fluctuations in liver function tests, 
MWA is generally well tolerated, and there 
was no evidence of any acute decompensa-
tion among the patients in this study.

The univariate prognostic factor analysis 
found that age, Milan criteria, and ablation 
time were related to local RFS. In the mul-
tivariate analysis, the Milan criteria and ab-
lation time were independent predictors, 
indicating that the stage of the disease is an 
important factor in patient outcomes. The 
univariate prognostic factor analysis showed 
that the Child–Pugh score, BCLC stage, ECOG 
status, AFP, TBili, albumin, platelets, INR, 
MELD score, and length of hospital stay were 
all associated with OS. The MELD score was 
found to be an independent prognostic fac-
tor in the multivariate analysis, which is un-
surprising given that this clinical character-
istic is known to be closely associated with 
prognosis. 

In this study, approximately 19% (43/231) 
of patients received MWA as a secondary 
treatment for residual or recurrent disease 
following TACE or TARE. Of these, 72.1% 
(31/43) received TACE, with the remaining 
receiving TARE or combination TACE/TARE 
therapy. There is currently no consensus on 
the optimal use of salvage therapy in such 
patients. However, TACE/TARE is generally fa-
vored in patients with large or invasive tum-
ors as well as in those with evidence of portal 
vein invasion. MWA is usually preferred in pa-
tients with smaller tumors in favorable loca-
tions away from major anatomical structures, 
such as the dome of the liver, gallbladder, or 
biliary system.17 The choice of therapy is also 
essentially operator and institution depend-

Table 5. Univariate and multivariate prognostic factor analyses for overall survival

Prognostic factor Univariate 
analysis P value

Multivariate analysis 
odds ratio (95% CI)

P value

Age 0.14

Sex 0.85

Tumor size 0.48

Child–Pugh* 0.015 1.336 (0.139–12.859) 0.816

BCLC* <0.001 0.769 (0.239–2.477) 0.554

ECOG* <0.001 1.053 (0.236–4.703) 0.930

Milan* 0.004 0.727 (0.092–5.735) 0.550

Ascites (yes/no) 0.72

AFP* 0.20 1.00 (0.999–1.001) 0.950

TBili* 0.004 1.229 (0.596–2.533) 0.664

AST 0.52

ALT 0.14

Albumin* <0.001 1.229 (0.988–8.537) 0.053

Platelets* 0.025 1.002 (0.995–1.008) 0.580

INR* 0.005 4.650 (0.224–96.466) 0.289

MELD* <0.001 0.828 (0.720–0.951) 0.008

Length of stay* <0.001 0.871 (0.528–1.437) 0.589

Ablation time 0.48

Local recurrence 0.07

Primary technical efficacy 0.06

*Denotes statistical significance. BCLC, Barcelona Clinic Liver Cancer; ECOG, Eastern Cooperative Oncology Group; 
AFP, alpha-fetoprotein; TBili, total bilirubin; AST, aspartate aminotransferase; ALT, alanine transaminase; INR, 
international normalized ratio; MELD, Model for End-Stage Liver Disease; CI, confidence interval.

Table 4. Univariate and multivariate prognostic factor analyses for local recurrence-free 
survival

Prognostic factor Univariate analysis P 
value

Multivariate analysis odds 
ratio (95% CI) P value

Age (<65 vs. >65)*	 0.04 2.839 (0.847–9.515) 0.091

Sex 0.58

Tumor size 0.16

Child–Pugh 0.95

BCLC 0.47

ECOG 0.40

Milan* 0.038 0.113 (0.018–0.730) 0.022

Ascites (yes/no) 0.40

AFP 0.95

TBili 0.82

AST 0.06

ALT 0.07

Albumin 0.98

Platelets 0.54

INR 0.69

MELD 0.99

Length of stay 0.27

Ablation time* 0.02 1.449 (1.053–1.994) 0.023

*Denotes statistical significance. BCLC, Barcelona Clinic Liver Cancer; ECOG, Eastern Cooperative Oncology Group; 
AFP, alpha-fetoprotein; TBili, total bilirubin; AST, aspartate aminotransferase; ALT, alanine transaminase; INR, 
international normalized ratio; MELD, Model for End-Stage Liver Disease; CI, confidence interval.



 

MWA as a primary vs. secondary treatment for HCC • 365

ent. A recent study by Chen et al.30 studied 
patients with intermediate-stage HCC who 
were refractory to TACE and compared the 
OS and RFS of MWA vs. sorafenib as salvage 
therapy. They found that the MWA group had 
longer median OS and RFS compared with 
those of the sorafenib group, suggesting that 
ablation is a viable option for salvage thera-
py in such patients.30 

Recent studies have evaluated the effica-
cy and safety of new systemic antineoplastic 
therapies (atezolizumab/bevacizumab) com-
pared with conventional first-line treatment 
with sorafenib in patients with unresectable 
HCC, demonstrating significantly increased 
OS and PFS rates.31,32 However, to our knowl-
edge, no studies have been conducted com-
paring the clinical outcomes and disease 
prognosis associated with the use of local 
ablative treatments and these newer chem-
otherapeutic agents in HCC.

In the cohort of patients with a small tu-
mor size (mean: 2.26 ± 0.93 cm), mostly good 
performance status (ECOG 0 and 1), and pri-
marily early- or intermediate-stage liver dis-
ease (BCLC A and B), MWA was equally effec-
tive in treating lesions that failed to respond 
completely to TACE/TARE as it was in treating 
naïve lesions. We recognize that the popula-
tion sample size in the secondary treatment 
group was small and may have contributed 
to the statistically non-significant results of 
the primary outcomes. The study group was 
heterogeneous in terms of disease burden 
and performance status at presentation. In 
terms of care goals, treatment intent was 
curative for some, downstaged to within the 
Milan criteria for transplant for others, with 
palliation for those who were not transplant 
candidates. The analysis did not distinguish 
between those who had residual disease 
vs. those with recurrence or between those 
treated primarily with TACE vs. TARE. While 
this study showed MWA to be safe and tech-
nically effective in a salvage setting, future 
studies should narrow the focus to include a 
more specific patient population. 

In conclusion, tumor recurrence and its 
potential impact on survival remain a chal-
lenge in patients with HCC treated with 
hepatectomy and LRTs. Data to guide sec-
ond-line treatments are very limited. In this 
retrospective study on clinical experience 
with MWA as a salvage therapy in patients 
with residual/recurrent HCC, we showed that 
despite more advanced tumor stages and 
poorer performance status at presentation, 
the survival outcomes and recurrence rates 
were similar in patients with residual/recur-

rent HCC compared with those in patients 
who received MWA as a first-line treatment. 
When used as a second-line treatment, MWA 
was technically effective and well tolerated.
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Percutaneous cholecystoduodenal stent as a definite treatment 
for acute cholecystitis in elderly or comorbid patients: a bicentric 
retrospective study

Tae Yun Lee* 
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Doyoung Kim 
Young Chul Yoon 
Edward Wolfgang Lee 

PURPOSE
To investigate the safety and efficacy of percutaneous cholecystoduodenal stent (CDS) placement 
to prevent recurrence of acute cholecystitis in patients who were unfit for cholecystectomy.

METHODS
Between April 2016 and January 2022, 46 patients [median age (range) = 81 (37–99) years; men = 
15] with acute cholecystitis who were unfit for surgery underwent percutaneous cholecystostomy 
followed by a CDS placement in two institutions. Plastic stents of three different materials were 
used [polyethylene, polyurethane (PU), and polycarbonate (PCB)-based PU]. Clinical outcomes, in-
cluding technical and clinical success rates and early (<30 days) and delayed adverse events, were 
retrospectively assessed by stent type.

RESULTS
CDS placement was technically successful in 39 patients. Clinical success, defined as cholecystos-
tomy catheter removal, was achieved in 35 of 39 patients. Immediate complications, such as acute 
pancreatitis and peritonitis, occurred in two patients. Two patients experienced recurrent chole-
cystitis during a 113-day follow-up (range, 3–1,723). Three-stent groups had significantly different 
delayed complications on Fisher’s exact test (P = 0.021). The Bonferroni post-hoc analysis showed 
the PCB-PU group tended to have fewer complications than the PU group (P = 0.060).

CONCLUSION
CDS placement is applicable in treating acute cholecystitis patients who were initially unfit for sur-
gery, but further investigation is needed. Although it was not statistically significant, a PCB-PU stent 
can be suitable for this use because it tends to have fewer delayed complications and is equipped 
with a drawstring and side holes.

KEYWORDS
Biliary system, catheter, gallbladder, percutaneous, stent

You may cite this article as: Lee TY, Kim JW, Shim DJ, Kim D, Yoon YC, Lee EW. Percutaneous cholecystoduodenal stent as a definite treatment for acute 
cholecystitis in elderly or comorbid patients: a bicentric retrospective study. Diagn Interv Radiol. 2023;29(2):367-372.

The standard treatment of acute cholecystitis, laparoscopic cholecystectomy, carries 
risks of general anesthesia and surgery.1-3 Due to those risks, surgeons often hesitate to 
perform this surgery on elderly or comorbid patients. Percutaneous cholecystostomy 

does not require general anesthesia and is known to be safe, so it is usually implemented as 
a bridge to surgery or definite treatment in elderly and comorbid patients.1,4 However, main-
taining the external drainage catheter can cause adverse events (AEs), including dislocation, 
bile leakage, or infection, and substantially impair the patient’s quality of life. Patients treat-
ed only by temporary cholecystostomy and antibiotics for acute cholecystitis experienced a 
1-year and 3-year recurrence of acute cholecystitis of 35% and 46%, respectively.2 For these 
patients, cholecystoduodenal or cystic duct stent (CDS) can be a beneficial alternative treat-
ment. Only one previous clinical study of 33 patients and several case reports have been 
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Main points

•	 Cholecystoduodenal stents (CDS) were suc-
cessfully placed in 39 of 46 patients, and ex-
ternal drainage catheters were successfully 
removed in 35 of 39 patients. 

•	 Immediate complications presented as 
recurrent cholecystitis occurred in two pa-
tients during a 113-day follow-up (range, 
3–1,723). 

•	 A polycarbonate-based polyurethane stent 
seems more suitable for this use. 

•	 CDS placement could be a safe and effective 
treatment for preventing recurrent chole-
cystitis in surgically ineligible patients.

published on percutaneous CDS placement; 
thus, this topic requires more extensive clini-
cal studies.2,5-9 Furthermore, no dedicated de-
vices are available for this procedure, and the 
most appropriate type of stent is unknown. 
Additionally, recent literature on endoscop-
ic CDS supports the efficacy of CDS.10 Tech-
nical success rates were reported to be high 
in both percutaneous (91%) and endoscopic 
(6%4–100%) approaches and had significant 
clinical success rates (>80%).2,9-13 This study 
aims to investigate the safety and efficacy 
of percutaneous CDS placement for patients 
with acute cholecystitis who are unfit for 
cholecystectomy and to assess its clinical 
outcomes.

Methods

Patients

The Institutional Review Board of Incheon 
St. Mary Hospital (approval no: OC21RA-
DI0153) and the Institutional Review Board 
of Chung-Ang University H.C.S. Hyundae 
Hospital (approval no: BI0-IRB 2021-006) 
approved this retrospective study. Due to 
its retrospective nature, the requirement 
of informed consent was waived. Between 
April 2016 and January 2022, patients that 
presented with acute cholecystitis and were 
ineligible for surgery were candidates for 
the placement of a CDS. Medical records and 
radiological images of these patients were 
retrospectively reviewed. All patients were 
diagnosed with acute cholecystitis based on 
right upper abdominal tenderness, labora-
tory findings, and imaging studies, including 
ultrasonography or computed tomography, 
and were treated with percutaneous chole-
cystostomy.14 Several days after improving 
the acute inflammatory condition, a sur-
geon and an anesthesiologist assessed the 
patient’s surgical eligibility. Patients who did 
not qualify for surgery were referred to inter-
ventional radiology for CDS placement. Indi-

cations for CDS placement included patients 
who were elderly (>80 years old), at high risk 
for general anesthesia due to comorbidity, 
or had a poor performance status (Eastern 
Cooperative Oncology Group III or IV). Pa-
tients younger than 19 years old were not 
considered for this study. Immediate post-
procedural AEs (<30 days) were evaluated 
using the Cardiovascular and Interventional 
Radiology Society of Europe (CIRSE) classifi-
cation system.15 Delayed AEs were recorded 
regarding stent fracture, dislocation, and re-
current cholecystitis.

Procedure

Three dedicated interventional radiol-
ogists conducted the procedure (with 3, 8, 
and 10 years of experience, respectively). 
The placement of CDS was performed un-
der conscious sedation with fentanyl (1 µg/
kg) and midazolam (0.05 mg/kg). After sub-
cutaneous injection of 2% lidocaine at the 
cholecystostomy site, the cholecystostomy 
catheter was exchanged with an 8 Fr vascu-
lar sheath with a tip marker (Super Sheath 
R/O, Boston Scientific, Marlborough, MA or 
Brite Tip sheath, Cordis, Miami Lakes, FL). 
Cystic duct cannulation was attempted with 
appropriate-shaped catheters, including 4 
or 5 Fr Cobra (Cook, Bloomington, IN), 5 Fr 
Kumpe (Cook), or Davis (Jungsung Medical, 
Seoul, Korea) with 0.035- or 0.032-inch regu-

lar guidewires (Terumo, Tokyo, Japan). After 
cannulating the cystic duct with a guidewire 
up to the jejunum, 5 to 8 Fr plastic stents 
were placed over the guidewire (Figure 1). 
Pushers enclosed in a ureteral double-J set 
were used to insert the stent into the gall-
bladder. Initially, 11 patients underwent 
placement of a polyethylene stent, which 
was not equipped with a drawstring. How-
ever, the rest of the patients underwent 
placement of a double-J ureteral stent fit-
ted with a drawstring. The double-J cathe-
ter shape and location were adjusted with 
drawstrings. A 10.2 Fr cholecystostomy cath-
eter was immediately placed over the wire 
used for the stent placement to assist with 
procedure-associated symptom relief and 
prevent recurrent cholecystitis due to stent 
malfunction. After several days without clini-
cal symptoms of fever or pain, a capping test 
and transcatheter cholecystography were 
performed to evaluate stent patency. In the 
case of a negative capping test and con-
firmed stent patency, the temporary cath-
eter was removed, and the patient was dis-
charged from the hospital. Outpatient clinic 
follow-ups were recommended for patients 
every six months or after any unexpected 
events. Regular stent exchanges or surgery 
were not considered unless there was any 
event of recurrent cholecystitis.

Figure 1. Successful cholecystoduodenal stent placement. (a) An 80-year-old woman with type 2 diabetes 
mellitus and atrial fibrillation presented with right upper abdominal pain. Computed tomography shows 
a distended gallbladder with mural wall thickening, suggestive of acute cholecystitis. (b) A percutaneous 
cholecystostomy catheter that was placed via transperitoneal access under ultrasonography and fluoroscopy 
guidance. (c) A transcatheter cholecystography showing patent cystic duct and duodenal diverticulum 17 
days after cholecystostomy. (d) After cannulation of the cystic duct with a 5 Fr catheter and a 0.035-inch 
guidewire, a polyethylene stent (7 Fr, 12 cm) was placed over the guidewire.

a

c
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d
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Materials and types of stents

During the first two years, patients were 
treated with a 7 Fr, 12–15 cm polyethylene 
stent (double-J and single-J, Zimmon, Cook, 
Bloomington, IN) traditionally used for en-
doscopic insertion. The polyethylene stent 
was not equipped with a drawstring or side 
holes. A single-J stent, usually used for pan-
creatic duct stents and with side holes, was 
subsequently utilized for the above papilla 
placement in two patients. During the next 
two years, patients were treated with a poly-
urethane (PU) double-J (5–8 Fr, 20–30 cm, En-
do-Sof, Cook, Bloomington, IN) catheter for a 
ureteral stent, which had a drawstring and 
multiple side holes. While using the PU stent, 
a high incidence of stent fracture and dislo-
cation was noticed. Therefore, both institu-
tions used polycarbonate (PCB)-based PU 
stents (6–8 Fr, 14 cm Inlay Optima, BD, Frank-
lin Lakes, NJ) for the rest of the duration. A 
photograph of the three stents is presented 
in Figure 2. Depending on the situation, the 
stent size and length were decided at the op-
erators’ discretion.

Statistical analysis

Normality was tested with the Shapiro–
Wilk test. The differences in AE rates between 
the three stent groups (polyethylene, PU, and 
PCB-PU) were compared using Fisher’s exact 
test. Post-hoc tests between groups were 
performed by implementing Bonferroni’s 
methods. Statistical analysis and adjustment 
of P values for multiple comparisons were 
conducted with R software (version 4.0.3, 
The R Foundation for Statistical Computing, 
Vienna, Austria; RVAideMemoire Package). 
Two-tailed P values of less than 0.050 were 
considered statistically significant. Subgroup 
analysis on technical success and AEs in tran-
shepatic and transperitoneal access groups 
was performed using chi-square or Fisher’s 
exact test.

Results
During the six-year study period, 46 pa-

tients underwent an attempt to place a CDS 
via percutaneous access in two hospitals (41 
patients at Incheon St. Mary’s Hospital and 
5 patients at Chung-Ang University H.C.S. 
Hyundae Hospital). Polyethylene stents were 
attempted in 11 patients with double-J (n 
= 9) or single-J (n = 2) stents. PU double-J 
stents were attempted in 14 patients, and 
PCB-PU stents were attempted in 21 patients. 
Collectively, 39 patients successfully received 
CDS (Figure 3). Clinical success, defined as re-
moving the cholecystostomy catheter, was 

achieved in 35 of 39 patients. The median pe-
riods from percutaneous cholecystostomy to 
CDS and from CDS to cholecystostomy cath-
eter removal were 16 (0–794) and 5 (0–41) 
days, respectively. Percutaneous catheters 
were kept in seven technically unsuccessful 
patients and four clinically unsuccessful pa-
tients. Furthermore, one of seven technically 
unsuccessful patients underwent cholecys-
tectomy during the follow-up period. The pa-
tients’ characteristics are presented in Table 1. 

The detailed causes of clinical failures in-
cluded: contrast medium obstruction during 
transcatheter cholecystography in two pa-
tients (Figure 4), pancreatitis leading to stent 
removal in one patient, and advanced pro-
trusion of the single-J stent against the du-
odenal wall in one patient initially intended 
to be placed above the papilla. In the patient 
with the protruding stent, concerns of a du-
odenal ulcer formation by the abutting stent 
tip resulted in stent removal. An immediate 
postprocedural AE occurred in 16 patients, 
including 14 minor (CIRSE classification I and 
II) and 2 major (CIRSE classification III) AEs. 

Figure 3. Flow chart of patient selection. PCB-PU, polycarbonate-based polyurethane 

Figure 2. Photographs of three double-J stents. (a) Polyethylene stent (Zimmon, Cook, 7 Fr, 7 cm). (b) 
Polyurethane (Endo-Sof, Cook, 8 Fr, 26 cm) with pusher. (c) Polycarbonate-based polyurethane (Inlay 
Optima, Bard, 6 Fr, 14 cm) with pusher.

The most common AE was abdominal pain 
(n = 8), followed by fever (n = 4) and vomit-
ing (n = 2). All patients with minor AEs were 
treated with conservative management and 
recovered without sequelae. Major AEs were 
present in one patient with pancreatitis and 
another patient with biloma and peritonitis. 
The patient with pancreatitis was treated 
with stent removal and conservative man-
agement and recovered. The patient with 
biloma underwent percutaneous drainage 
and recovered. During the follow-up period 
(median, 113 days; range, 3–1,737), the most 
common delayed AEs were stent dislocation 
(n = 7) and fracture (n = 7, Figure 5), followed 
by recurrent cholecystitis (n = 2). Twelve 
patients died of their disease progression, 
and 34 patients were still alive at the time 
of the last evaluation. Clinical outcomes are 
displayed in Table 2. Delayed AEs occurred 
differently in the three stent groups (P = 
0.021). However, subsequent post-hoc anal-
ysis showed no significant difference in the 
groups with the Bonferroni method (poly-
ethylene vs. PU: P = 0.117; polyethylene vs. 
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PCB-PU: P > 0.999; PU vs. PCB-PU: P = 0.060). 
The subgroup analysis showed no signifi-
cant differences in the technical success rate 
(transhepatic and transperitoneal access: 
15/19 vs. 24/27, P = 0.424) and AEs rates (5/19 
vs. 12/27, P = 0.215) in transhepatic and tran-
speritoneal access groups.

Discussion
This bicentric retrospective study suc-

cessfully placed CDSs in 85% of the patients. 
Major AEs occurred in 5% of technically suc-
cessful patients, and all patients recovered 
without operative treatment. Recurrent cho-
lecystitis occurred in 6% of clinically success-
ful patients after a median follow-up of 113 
days. The three-catheter groups seemed to 
experience different delayed AEs (P = 0.021), 
although a post-hoc analysis could not re-
veal the differences.

Patients with an increased perioperative 
risk often require a permanent cholecystos-
tomy catheter to avoid recurrent cholecys-
titis.2 Patients with a long-term catheter can 
be afflicted by insertion site discomfort, local 
infection, and recurrent cholecystitis due to 
occlusion and may require routine catheter 
replacements. Furthermore, the catheter can 
frequently dislocate from the gallbladder 
and necessitate reinsertion.16 Patients with 
a non-independent lifestyle could be more 
vulnerable to sepsis secondary to recurrent 
cholecystitis. Hersey et al.2 reported on the 
safety and efficacy of CDS placement with 33 
patients in 2015. Additionally, several cases 
have been published.2,17 This present study is 
in concurrence with the previous study and 
demonstrated similar outcomes regarding 
clinical success rate and complications.2 Ma-
jor AEs, such as pancreatitis and peritonitis, 
occurred in two patients. The presumed cause 
of pancreatitis was either mechanical trauma 
during the procedure or an anomalous pan-
creaticobiliary ductal union. Peritonitis was 
caused by bile leakage during the stent in-
sertion process. The patient underwent CDS 
placement 10 days after a cholecystostomy. 
Tract maturation over 2–3 weeks post-chole-
cystostomy might prevent bile peritonitis.18

Due to the lack of a dedicated stent for 
this purpose, polyethylene stents were ini-
tially adopted. These stents are typically used 
for endoscopic insertion and resist peristal-
sis and bile. However, polyethylene stents 
have a smaller inner lumen diameter than PU 
stents and are not equipped with side holes, 
pushers, or a drawstring. The next type used 
was the double-J ureteral stent made of PU. 
Although they were used off-label, they pro-

vided a larger inner diameter than the poly-
ethylene stent and had side holes, pushers, 
and a drawstring. However, the double-J PU 
stents frequently fractured and dislocated 
during follow-up. Finally, PCB-PU stents were 
introduced to provide the benefit of a ureter-
al stent and resistance to peristalsis and bile. 
The PCB-PU stents seemed more suitable for 
this usage than other ureteral stents.

Although transhepatic access can be ad-
vantageous regarding tract maturation, the 
transperitoneal route was preferred in this 
study because it provides a favorable angle 
for cystic duct cannulation. Transhepatic ac-
cess often formed an acute angle between 
the cholecystostomy tract direction and gall-
bladder axis and the angle made it difficult 
to cannulate the cystic duct. Transperitoneal 

Table 1. Characteristics of patients who underwent percutaneous cholecystoduodenal 
stent placement as a treatment of acute cholecystitis

Characteristics Valuea

Total number of patients 46

Age (y) 81 (37–99)

Sex (M:F) 15:31

Predisposing condition

Cerebral injury/dementia 23 (50)

Cardiac disease 6 (13)

Old age (>80 y) 6 (13)

Hepatic/renal disease 5 (11)

Malignancy 5 (11)

Other medical conditionb 1 (2)

ECOG

1 12 (26)

2 10 (22)

3 12 (26)

4 12 (26)

Charlson comorbidity index 6 (4–10)

ASA score

2 28 (61)

3 18 (39)

Access

Transhepatic 19 (41)

Transperitoneal 27 (59)

Time interval from cholecystostomy to stent, d 16 (0–794)

Follow-up period, months 4 (0–57)
aData are presented as numbers with percentages in parentheses or medians with ranges in parentheses; 
bmyasthenia gravis. ASA, American Society of Anesthesia; ECOG, Eastern Cooperative Oncology Group; M, male; F, 
female.

Figure 4. A case of clinical failure. (a) An 82-year-old man with gastric cancer and chronic kidney disease 
successfully underwent cholecystoduodenal stent (polyurethane, 7 Fr 12 cm). (b) Follow-up transcatheter 
cholecystography showing obstruction at the infundibulum by gallstone (arrow); the patient had abdominal 
pain. The patient was discharged from the hospital with a percutaneous cholecystostomy catheter.

a b
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access could have a higher risk of AEs such 
as bile peritonitis. However, rates of techni-
cal success (P = 0.424) and AEs (P = 0.215) 
were not significantly different in transhe-
patic and transperitoneal access groups. In 
patients with stent fractures, no fracture-as-
sociated symptoms were observed. Stent 
fractures occurred in the second portion of 
the duodenum, the stent’s most angulated 
and hinged portion. The fractured distal 
portion of the stent passed through bowel 
movement, and proximal portions effec-
tively functioned after the fracture.

Limitations of this study include an indi-
cation bias due to its retrospective nature, 
although we conducted the procedure 
consecutively. Additionally, the numbers 
in each patient group were small. Anoth-
er limitation of this study is that it could 
be controversial whether side holes and a 
drawstring in stents help preserve patency 

and stent placement. The placement of CDS 
could be beneficial for surgically inappli-
cable patients. However, cholecystectomy 
remains a more reliable treatment of cho-
lecystitis for any surgically eligible patients. 
Therefore, indications for CDS and surgical 
qualification should be carefully evaluated 
during the initial and follow-up treatment.

In conclusion, the use of CDSs could be 
applicable but still needs further investiga-
tion in treatment algorithms of acute chole-
cystitis patients who were initially ineligible 
for surgery. Although it was not statistically 
significant, a PCB-PU stent could be suit-
able for this indication because it tends to 
have fewer delayed complications and is 
equipped with a drawstring and side holes.
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PURPOSE
To determine whether radiation exposure increased among different ages with chest computed 
tomography (CT) use during the coronavirus disease-2019 (COVID-19) pandemic.

METHODS
Patients with chest CT scans in an 8-month period of the pandemic between March 15, 2020, and 
November 15, 2020, and the same period of the preceding year were included in the study. Indica-
tions of chest CT scans were obtained from the clinical notes and categorized as infectious diseases, 
neoplastic disorders, trauma, and other diseases. Chest CT scans for infectious diseases during the 
pandemic were compared with those with the same indications in 2019. The dose-length product 
values were obtained from the protocol screen individually. 

RESULTS
The total number of chest CT scans with an indication of infectious disease was 21746 in 2020 and 
4318 in 2019. Total radiation exposure increased by 573% with the use of chest CT for infectious 
indications but decreased by 19% for neoplasia, 12% for trauma, and 43% for other reasons. The 
mean age of the patients scanned in 2019 was significantly higher than those scanned during the 
pandemic (64.6 vs. 50.3 years). A striking increase was seen in the 10–59 age group during the pan-
demic (P < 0.001). The highest increase was seen in the 20–29 age group, being 18.6 fold. One death 
was recorded per 58 chest CT scans during the pandemic. Chest CT use was substantially higher at 
the beginning of the pandemic. 

CONCLUSION
Chest CT was excessively used during the COVID-19 pandemic. Young and middle-aged people 
were exposed more than others. The impact of COVID-19-pandemic-related radiation exposure on 
public health should be followed carefully in future years. 

KEYWORDS
COVID-19 pandemic, CT, pneumonia, radiation, thoracic

The World Health Organization declared the coronavirus disease-2019 (COVID-19) as a 
pandemic on March 11, 2020.1 While the disease has an asymptomatic or milder course 
in children and young adults, it is relatively mortal in those over 65.2-4 Men have an in-

creased risk of mortality compared with women.3

There was no clear consensus on the diagnosis of the disease in the early stage of the 
pandemic, so imaging methods were widely used for detection.5 After the development of 
test kits, real-time reverse transcriptase polymerase chain reaction (RT-PCR) became the stan-
dard diagnostic test for COVID-19.6 Currently, imaging is not indicated for patients suspected 
to have COVID-19 with mild clinical features.7 Over 95% of patients with COVID-19 infection 
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survive, and radiation exposure limits even 
the usage of basic X-ray-based methods in 
thoracic imaging.8 However, RT-PCR has dis-
advantages, such as limited availability, false 
negative results, and a relatively long test-
to-result time.9,10 Additionally, RT-PCR tests 
only verify the presence of the virus without 
suggesting the course and severity of the 
disease.11,12

Chest X-rays are not sensitive regarding 
the detection of viral pneumonia.7 Howev-
er, chest computed tomography (CT) scans 
play a key role for patients suspected to have 
COVID-19 pneumonia and contribute to an 
accurate diagnosis in the triage phase.13 The 
decision to isolate the patient is an urgent 
issue, and CT rules out pneumonia within 
seconds.7,13 Furthermore, CT can reveal the 
presence of pneumonia and can predict the 
prognosis by indicating the degree of pul-
monary involvement and vascular complica-
tions.12 Despite these benefits, it contains rel-
atively high radiation, leading to an increase 
in the cumulative dose of the patients which 
are exposed.13,14

Radiation does not affect all age groups 
equally. Young people are more radiosensi-
tive and have an increased risk of cancer with 
excessive use of CT scans.15 Demonstration of 
the increased radiation exposure among dif-
ferent age groups during the pandemic may 
be useful to highlight potential radiation-in-
duced diseases.

The present study tries to determine 
whether radiation exposure increased 
among different ages with chest CT use 
during the COVID-19 pandemic.

Methods

Study design

This retrospective study was approved 
by the University of Health Science Tur-
key, Dr. Behçet Uz Pediatrics and Surgery 
Training and Research Hospital Clinical Re-
search Ethics Committee (approval number: 
2021/02.25-513). Written informed consent 
was obtained before CT acquisition. It was 

conducted in two third-level referral pan-
demic hospitals (center 1, an adult hospital 
serving about 3 million adults annually in 
outpatient services; and center 2, a children’s 
hospital serving about 0.5 million children 
annually in outpatient services). All patients 
with chest CT in the 8-month period of the 
pandemic between March 15, 2020, and 
November 15, 2020, and the same dates of 
the preceding year were included. The first 
case was reported in our country on March 
11, 2020. Chest CT scans performed on dates 
other than in these ranges and non-chest CT 
scans were excluded.

The patients’ diagnoses were obtained 
from the hospital registration system using 
International Classification of Diseases-10 
codes. The indications of chest CT exam-
inations were determined from the clinical 
notes as follows: infectious disease, neoplas-
tic disorders, trauma, or other diseases (the 
majority of other diseases were vascular dis-
eases, including pulmonary thromboembo-
lism, aortic aneurysm, and dissection). Chest 
CT scans performed with the indication of in-
fectious diseases were used in the statistical 
analysis, as the study’s aim was to determine 
the radiation exposure related to the imag-
ing of infections, mainly of COVID-19. The 
patients’ demographic information and the 
date of examination were recorded. Those 
below the age of 18 were defined as children. 
Each chest CT scan was counted separately 
when a patient had more than one. 

Calculation of radiation dose 

The standard-dose non-contrast CT was 
used for infectious indications. The intra-
venous contrast (350 mg/mL iodine) was 
administered at a dose of 1 mL/kg of body 
weight if there was any suspicion of vascu-
lar disease, hilar, or mediastinal mass. The 
scanners and acquisition protocols for stan-
dard-dose non-contrast CTs were as follows: 
center 1 used a 128-slice CT scanner (SO-
MATOM Definition AS, Siemens, Erlangen, 
Germany), with a tube voltage of 120 kVp, a 
maximum tube current of 100 mA with au-
tomated exposure control, gantry rotation 
time of 0.5 s, pitch factor of 1.0, acquisition 
slice thickness of 0.6 mm; and center 2 used 
a 32-slice CT scanner (SOMATOM go.Now, 
Siemens, Erlangen, Germany), with a tube 
voltage of 110 kVp, a maximum tube current 
of 100 mA with automated exposure control, 
gantry rotation time of 1 s, pitch factor of 
1.0, acquisition slice thickness of 1 mm. The 
total tube output during one scan was re-
corded from the patient’s protocol screen as 
the dose-length product (DLP). The effective 

radiation doses (mSv) were calculated using 
the following formula: DLP × conversion fac-
tor = effective dose, where age-specific con-
version factors used were: 0.039 (0–1 year), 
0.026 (1–5 years), 0.018 (5–10 years), and 
0.014 (>10 years old).16

Statistical analysis

Two years’ data were compared using 
the Statistical Package for the Social Scienc-
es (SPSS™) version 20.0 (IBM Corp., Armonk, 
NY, USA). In descriptive statistics, continuous 
variables were reported with mean ± stan-
dard deviation, while categorical variables 
were presented with numbers and percent-
ages as n (%). In the examination-based 
analysis, Pearson’s chi-squared test was used 
for the comparison of chest CT use by indi-
cations. Demographic data were found to 
be normally distributed by the Kolmogor-
ov–Smirnov test. The ages of the patients 
scanned with an indication of infectious 
diseases in 2019 were compared with those 
scanned with the same indication in the pan-
demic using the t-test. Ages were grouped 
by decades. The gender and age groups of 
the patients were compared using Pearson’s 
chi-squared test. Chest CT use with an indi-
cation of infectious disease in the centers in 
2019 was compared with chest CT use with 
the same indication in the centers in 2020 
using Pearson’s chi-squared test. The ages 
of the patients who had repeated chest CT 
scans with an indication of infectious diseas-
es in 2020 were compared with the ages of 
the patients who had a single chest CT scan 
with an indication of infectious diseases in 
the same period using the t-test. A P value of 
<0.05 was statistically significant.

Results
A total of 36502 patients were included in 

the study. There were 19557 men and 16945 
women. The mean age was 54.9 ± 19.9 years. 
The total number of chest CT scans was 
42028.

In 2019, 12212 patients had chest CT, 
comprising 6466 men and 5746 women. 
The mean age was 61.1 ± 18.6 years. The to-
tal number of chest CT scans was 13832. In 
2020, 24290 patients had chest CT, compris-
ing 13091 men and 11199 women. The mean 
age was 51.8 ± 19.9 years. The total number 
of chest CT scans was 28196 (Table 1).

Chest CT examinations were grouped by 
indication. The numbers of chest CT scans 
with different indications were as follows: 
4318 (31.22%) infectious diseases, 3654 
(26.42%) neoplasia, 2020 (14.6%) trauma, 

Main points

•	 During the coronavirus disease-2019 pan-
demic, excess use of chest computed to-
mography (CT) caused increased radiation 
exposure. 

•	 A sharp rise in chest CT use was seen in 
young people. 

•	 At the beginning of the outbreak, CT use 
was higher.
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and 3840 (27.76%) other diseases in 2019; 
and 21746 (77.12%) infectious diseases, 
2794 (9.91%) neoplasia, 1644 (5.83%) trau-
ma, and 2012 (7.14%) other diseases in 2020. 
Chest CT use with an indication of infectious 
disease was five times higher in 2020 than 
in the preceding year. The number of chest 
CT scans with indications of neoplasia, trau-
ma, and other diseases decreased by 24%, 
19%, and 48%, respectively, in 2020. Chest 
CT use with an indication of infectious dis-
eases was significantly higher in 2020 (P < 
0.001) (Table 2). The mean effective radia-
tion doses per scan with an indication of in-
fectious diseases were 3.15 ± 1.73 mSv and 
3.58 ± 1.56 mSv in 2019 and 2020, respec-
tively. The total radiation exposure of chest 
CT scans with an indication of infectious 
diseases was 13586.28 mSv in 2019, while 
it was 77867.24 mSv in 2020, an increase of 
5.73 times in the pandemic. The total radia-
tion exposure of chest CT scans for neoplas-
tic diseases, trauma, and other reasons de-
creased by 19%, 12%, and 43%, respectively 
(Table 3). The data of 24915 (88.36%) chest 
CT scans in 2020 were accessible to deter-
mine the referring clinics. They were mostly 
ordered from the emergency departments 
with a rate of 77.58%, followed by infectious 
diseases, medical oncology, and chest dis-
eases with rates of 8.89%, 5.41%, and 2.90%, 
respectively.

The demographic data of the patients 
who underwent chest CT with the indication 
of infectious disease in 2019 and during the 
pandemic were also compared. There was no 
significant difference by gender (P = 0.202). 
The mean ages of the patients with chest 
CT in 2019 and 2020 were 64.6 ± 19.1 and 

50.3 ± 20, respectively. The difference was 
statistically significant (P < 0.001). A dramat-
ic increase in chest CT use was found in the 
10–59 age group (P < 0.001). The highest in-
crease was 18.6 times and seen in the 20–29 
age group (Table 4). The number of chest CT 
examinations increased 5.1 times in the adult 
hospital and 4.1 times in the children’s hospi-
tal. The difference in the rate of increase be-
tween the two hospitals was not statistically 
significant (P = 0.081). 

There were 18534 patients with 21746 
chest CT scans in the infectious disease 
group in 2020, of whom 373 died, a mortality 
rate of 2.01%. One death was recorded per 58 
chest CT scans during the pandemic. Chest 
CT use was substantially higher at the begin-
ning of the pandemic. The numbers of chest 
CT scans were 631 in April 2019 and 606 in 
May 2019, while they were 3537 and 2353 in 
the same months of 2020, respectively. Chest 
CT use was relatively stable in 2019. Howev-
er, chest CT use traced a zigzag pattern in the 
pandemic, and it decreased permanently af-
ter a second peak in August 2020 (Figure 1). 

The number of patients who underwent 
repeated chest CT with an indication of infec-
tious diseases was 548 in 2019 and 2301 in 
2020, respectively. The maximum number of 
repetitions was 12 in 2019 and 17 in 2020 for 
a single patient (Table 5). The demographic 
data of the patients who, in 2020, had re-
peated chest CT scans with the indication of 
infectious disease were compared with those 
who had single chest CT scans with the same 
indication. The mean ages of repeated and 
non-repeated patients’ groups were 55.7 ± 
19.5 and 48 ± 19.8, respectively. The mean 
age of the patients who had repeated chest 

CT was significantly higher than that of the 
patients who had a single chest CT scan in 
2020 (P < 0.001).

Discussion
The present study showed that radiation 

exposure increased significantly with chest 
CT during the COVID-19 pandemic. In the 
first year of the pandemic, compared with 
the preceding year, the increase in overall 
chest CT use to image infection was about 
five-fold. Interestingly, young adults were 
scanned more frequently, and the most 
prominent increase was observed in the 
20–29 age group with 18.6 times. The num-
ber of repeated scans also increased 4.2 
times during the pandemic. To the best of 
the authors’ knowledge, this is the first study 
addressing increased radiation exposure by 
age groups with the increased use of chest 
CT in the COVID-19 pandemic. 

Levin et al.17 reported a logarithmic linear 
relationship between the infection fatality 
rate and age. The age-specific fatality rate 
was extremely low in children (0.002%) and 
increased to 0.4% at age 55, 1.4% at age 65, 
4.6% at age 75, and 15% at age 85.17 In a 
study by Grasselli et al.18, older age and male 
gender were the independent risk factors 
for death. But COVID-19 infection was more 
common in middle-aged adults.4 Moreover, 
chest CT was often used in triage during the 
pandemic.13 These findings explain the more 
frequent use of chest CT among young and 
middle-aged people. Chest CT use was more 
common in men, both in 2019 and 2020. 
Only 2% of the patients with an indication of 
infectious disease who had chest CT in 2020 
died. This rate (2.01%) was below than the 
expected mortality of the disease.17 These 
results suggest redundant CT use carried out 
almost as a screening test.

The Fleischner Society did not recom-
mend CT as a screening test and noted that 
CT should be used for moderate to severe 
disease with worsening respiratory status.7 
Still, several factors caused excessive CT use 
during the pandemic. Hospitalization was 
higher during the pandemic, and most (63%) 
of the centers used chest CT for hospitalized 
patients with COVID-19.8 Chest CT was fre-
quently used as an initial test because of the 
limited availability of RT-PCR test kits at the 
beginning of the pandemic. Early studies un-
derlined false negative RT-PCR test results.9,19 
In the meta-analysis of Islam et al.20, chest 
CT had a higher sensitivity than RT-PCR. The 
pooled sensitivity and specificity of chest CT 
were 87.9% and 80.0%, respectively.20 The 

Table 1. Characteristics of the patient population

Parameters Number of patients who 
had chest CT in 2019 

n = 12212 (%)

Number of patients who had 
chest CT in 2020

n = 24290 (%)

Total
n = 36502

Men 6466 (52.9%) 13091 (53.9%) 19557

Women 5746 (47.1%) 11199 (46.1%) 16945

Mean age (± SD) 61.1 (± 18.6) 51.8 (± 19.9) 54.9 (± 19.9)

CT, computed tomography; SD, standard deviation.

Table 2. Comparison of chest CT scans by indications by years

Indications The number of chest CT scans P value

In 2019
n = 13832 (%)

In 2020
n = 28196 (%)

Infectious diseases 4318 (31.22%) 21746 (77.12%)

<0.001
Neoplastic disorders 3654 (26.42%) 2794 (9.91%)

Trauma 2020 (14.60%) 1644 (5.83%)

Other diseases 3840 (27.76%) 2012 (7.14%)

CT, computed tomography. 
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other potential factors of increased CT use 
were the unknown course of the disease in 
the early stages of the pandemic, the ten-
dency to immediately diagnose pneumo-
nia, and peaks during the pandemic. In the 
present study, it was observed that CT scans 
were mostly used in the early period of the 
pandemic and had decreased by Septem-
ber 2020. The increased use of facial masks, 
which could decrease contagion, the accu-
mulation of knowledge about the disease 
course, the increased availability of test kits, 
and the shortening of the RT-PCR test pro-
cess may have reduced chest CT use later in 
2020.

Another factor for the greater radiation 
exposure was the increased number of pa-
tients with repetitive scans. In the cohort of 
Cristofaro et al.21, each patient positive for 
COVID-19 was scanned with chest CT an av-
erage of 2.78 times. The maximum repetition 
number was 10 between March and October 
2020.21 Yurdaisik et al.22 showed that 43% of 
the patients had repetitive scans at the start 
of the pandemic. They did not find an age 
difference between the patients with single 
and multiple scans.22 In the present study, 
the number of patients with repetitive scans 
increased by 4.2 times. The maximum repeti-
tion was 17 during the pandemic. Repeated 
CT scans were observed in older patients. 
Age correlated with severe disease course, 
which could have increased the requirement 
for rescans. 

A significant decrease (57.4%) was seen 
in trauma admissions during the COVID-19 
pandemic.23 Head CT use due to traumat-
ic brain injury decreased by about 40% in 
emergency departments during the pan-
demic.24 Emergency surgeries were also re-
duced by 59%.25 Netherland Cancer Registra-
tion data showed a 26% decrease in cancer 
diagnoses except for skin cancers within the 
first months of the pandemic.26 Reprioritiza-
tion of non-emergency services, including 
diagnostic specialists, and the lockdown of 
the population dramatically disrupted can-
cer referrals.27 Deferrable, non-urgent pro-
cedures, even in oncologic practice, were 
delayed.28,29 Chest imaging was encouraged 
to exclude COVID-19 risk for maximal safe-
ty before surgeries.30 Chest CT was recom-
mended for any patient needing emergency 
surgery and undergoing an abdominal CT 
scan in the early stage of the pandemic.31 But 
the Royal College of Radiologists does not 
recommend routine preoperative CT screen-
ing. Instead, CT use should be limited, and 
preoperative chest CT should be considered 
only if positive CT findings would change the 

Figure 1. Comparison of the number of chest computed tomography scans with the indication of infectious 
diseases by months. *Showing half of 3rd and 11th months. CT, computed tomography.

Table 3. Change of total radiation exposure by indication
Total radiation exposure (mSv)

Indications In 2019 In 2020 Change

Infectious diseases 13586.28 (31.36%) 77867.24 (78.23%) +573%

Neoplastic disorders 11224.30 (25.91%) 9120.59 (9.16%) −19%

Trauma 6405.92 (14.79%) 5648.76 (5.67%) −12%

Other diseases 12104.27 (27.94%) 6904.10 (6.94%) −43%

Total 43320.77 99540.69 +230%

mSv, millisievert. 

Table 4. Comparison of chest CT scan numbers with the indication of infectious diseases
Parameters The number of 

chest CT scans in 
2019

The number of 
chest CT scans in 

2020

Fold P value

Men 2293 11778 5.1
0.202

Women 2025 9968 4.9

Mean age (± SD) 64.6 (± 19.1) 50.3 (± 20) <0.001

Age groups by tens

1 (0–9) 68 72 1.1

<0.001

2 (10–19) 41 734 17.9

3 (20–29) 171 3186 18.6

4 (30–39) 187 3448 18.4

5 (40–49) 327 3478 10.6

6 (50–59) 618 3251 5.3

7 (60–69) 915 3074 3.4

8 (70–79) 978 2650 2.7

9 (80–89) 801 1566 2

10 (90–99) 212 281 1.3

11 (100–110) 0 6 n/a

CT, computed tomography; SD, standard deviation; n/a, non-applicable.

Table 5. The number of repetitions for patients who had multiple chest CT scans with the 
indication of infectious diseases
The number of repetitions Number of patients who had multiple chest CT

In 2019 In 2020

2 370 1730

3–5 160 536

6–10 17 30

11+ 1 5

CT, computed tomography.
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patient’s immediate surgical management.32 
The Royal College of Surgeons advises an 
RT-PCR screening within 72 h of surgery for 
patients who are candidates for elective 
surgery.33 While these factors reduced the 
use of chest CT for non-infectious reasons, 
COVID-19 screening increased radiation ex-
posure. In the present study, the total radia-
tion exposure decreased by 12% for trauma, 
19% for oncological screening, and 43% for 
other reasons but increased by 573% for 
infectious diseases in two referral centers 
when compared with the preceding year. It 
can be speculated that the 573% increase 
in radiation exposure was highly related to 
the COVID-19 pandemic. The impact of the 
COVID-19 pandemic on radiation exposure 
should be followed carefully in future years, 
especially considering that middle-aged 
people were excessively exposed.

Using low-dose chest CT protocols has 
been a controversial issue during the pan-
demic. The Atomic Energy Study Group de-
termined wide variations in CT use across 
the centers in 28 countries. Homayounieh et 
al.8 reported that approximately half of the 
centers did not have a dedicated CT proto-
col for patients with COVID-19, and 20% of 
the centers used multiphase CT, which was 
found to be associated with higher radiation 
exposure. Approximately two-thirds of the 
centers used standard-dose CT without con-
trast, while 20% of the centers performed 
reduced-dose CT without contrast.8 Kang et 
al.14 proposed a dose reduction from a medi-
an effective dose of 1.81 mSv to 0.203 mSv 
without a significant decrease in the image 
quality. Tabatabaei et al.13 compared stan-
dard-dose (6.60 ± 1.47 mSv) and low-dose 
(1.80 ± 0.42 mSv) CTs and found there was 
an excellent inter-reader agreement with 
Kappa scores of 0.81–0.84 in both standard- 
and low-dose examinations. But decreasing 
radiation dose increases the noise and limits 
the discrimination of ground glass opaci-
ty typical in COVID-19 pneumonia. Shiri et 
al.34 reported diminished lesion detectabili-
ty in about 60% of the cases with low-dose 
CT. The quality scores for all other patterns, 
including consolidation, crazy paving, nod-
ular infiltrations, and bronchovascular thick-
ening, decreased by reducing the radiation 
dose.34 Variations in patient sizes and the 
lack of reduction technologies, such as cur-
rent iterative reconstructions, also limited 
the usage of low-dose CT.8 In the present 
study, the standard-dose CT was used to 
avoid underdiagnosis risk with dose reduc-
tion. The mean effective dose per scan was 
slightly elevated during the pandemic (3.58 

mSv in 2020 vs. 3.15 mSv in 2019). The ma-
jority of chest CT scans (77.58%) were or-
dered from the emergency department, 
where the technologists are prone to scan 
longer. Therefore, increased scan length may 
have increased the mean effective dose per 
scan during the pandemic.

The International Commission on Radio-
logical Protection (ICRP) approved three fun-
damental principles of radiological protec-
tion, namely justification, optimization, and 
the application of dose limits. “Justification” 
is a necessity before imaging. In justification, 
the process including radiation should be 
beneficial for the patient, and the expected 
benefits should compensate for the costs, in-
cluding the radiation detriment. In optimiza-
tion, the number of people exposed and the 
magnitude of individual procedures should 
all be kept as low as reasonably achievable 
(the ALARA principle).35 The International 
Atomic Energy Agency recommends that 
the decision process of an imaging proce-
dure should be shared between the refer-
ring physicians and the radiologists. The re-
ferring consultant should bring the medical 
aspect with the history of the patient, and 
the radiologist should consider the appro-
priateness of the request, urgency of the 
procedure, characteristics of the exposure, 
relevant information from any previous pro-
cedures, and alternative methods that do not 
use ionizing radiation.36 Some suggestions 
for reducing radiation exposure are that the 
radiologists should take an active role in the 
decision-making process and national guide-
lines should be developed to clarify the roles 
of the radiologists and referring physicians, 
and the three principles of ICRP should be 
implemented.

There were several limitations of this 
study. The retrospective design had the po-
tential for bias. The lack of PCR correlation 
may be a second limitation; however, this 
would not reduce the value of the study 
since the primary goal was to determine 
the increased radiation exposure during the 
pandemic. The PCR tests had not been per-
formed for all patients with chest CT in 2020. 
Probably the most important limitation was 
that chest CT use may have been affected by 
local factors, such as the intense admissions 
of COVID-19 cases, peak periods, and insuffi-
ciencies in healthcare services, including the 
lack of experience of the clinicians. Therefore, 
the results might not be generalized. Still, 
this limitation can be justified by the lack of 
consistent and eligible guidelines on chest 
CT use, especially in the early period of the 
pandemic globally. In addition, the hospital-

ization ratio or rate of intensive care admis-
sion to suggest redundant CT use could not 
be reached. However, the mortality statistics 
that could suggest overuse in the study pop-
ulation were obtained.

In conclusion, chest CT was excessively 
used during the COVID-19 pandemic. Young 
and middle-aged people were exposed more 
than others. Awareness should be raised 
about radiation exposure with CT scans. The 
clinical benefits should outweigh the poten-
tial risks, and CT use should be kept low. The 
impact of the COVID-19 pandemic-related 
radiation exposure on public health should 
be followed carefully in future years.
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Multivariate analysis based on the maximum standard unit value of 
18F-fluorodeoxyglucose positron emission tomography/computed 
tomography and computed tomography features for preoperative 
predicting of visceral pleural invasion in patients with subpleural clinical 
stage IA peripheral lung adenocarcinoma

Yun Wang† 

Deng Lyu† 

Taohu Zhou 
Wenting Tu 
Li Fan 
Shiyuan Liu 

PURPOSE
Preoperative prediction of visceral pleural invasion (VPI) is important because it enables thoracic 
surgeons to choose appropriate surgical plans. This study aimed to develop and validate a multivar-
iate logistic regression model incorporating the maximum standardized uptake value (SUVmax) and 
valuable computed tomography (CT) signs for the non-invasive prediction of VPI status in subpleu-
ral clinical stage IA lung adenocarcinoma patients before surgery.

METHODS
A total of 140 patients with subpleural clinical stage IA peripheral lung adenocarcinoma were re-
cruited and divided into a training set (n = 98) and a validation set (n = 42), according to the posi-
tron emission tomography/CT examination temporal sequence, with a 7:3 ratio. Next, VPI-positive 
and VPI-negative groups were formed based on the pathological results. In the training set, the clin-
ical information, the SUVmax, the relationship between the tumor and the pleura, and the CT features 
were analyzed using univariate analysis. The variables with significant differences were included in 
the multivariate analysis to construct a prediction model. A nomogram based on multivariate anal-
ysis was developed, and its predictive performance was verified in the validation set.

RESULTS
The size of the solid component, the consolidation-to-tumor ratio, the solid component pleural 
contact length, the SUVmax, the density type, the pleural indentation, the spiculation, and the vas-
cular convergence sign demonstrated significant differences between VPI-positive (n = 40) and 
VPI-negative (n = 58) cases on univariate analysis in the training set. A multivariate logistic regres-
sion model incorporated the SUVmax [odds ratio (OR): 1.753, P = 0.002], the solid component pleural 
contact length (OR: 1.101, P = 0.034), the pleural indentation (OR: 5.075, P = 0.041), and the vascular 
convergence sign (OR: 13.324, P = 0.025) as the best combination of predictors, which were all inde-
pendent risk factors for VPI in the training group. The nomogram indicated promising discrimina-
tion, with an area under the curve value of 0.892 [95% confidence interval (CI), 0.813–0.946] in the 
training set and 0.885 (95% CI, 0.748–0.962) in the validation set. The calibration curve demonstrat-
ed that its predicted probabilities were in acceptable agreement with the actual probability. The 
decision curve analysis illustrated that the current nomogram would add more net benefit.

CONCLUSION
The nomogram integrating the SUVmax and the CT features could non-invasively predict VPI status 
before surgery in subpleural clinical stage IA lung adenocarcinoma patients.

KEYWORDS
Computed tomography, lung adenocarcinoma, nomogram, positron emission tomography, viscer-
al pleural invasion
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The Global Cancer Statistics 2020 es-
timate that lung cancer incidence is 
11.4%, with lung cancer being the 

world’s second most prevalent type of ma-
lignant tumor and leading cause of cancer 
death, with an estimated 1.8 million deaths 
(18%) worldwide in 2020.1 Lung adenocarci-
noma accounts for the largest proportion of 
non-small cell lung cancer (NSCLC).1

Visceral pleural invasion (VPI) in lung can-
cer is defined as a tumor that invades beyond 
the visceral pleural elastic layer (PL1) and ex-
poses the pleural surface (PL2); it is one of 
the poor prognostic factors.2 According to 
the eighth edition of the tumor-node-metas-
tasis (TNM) staging criteria, when cT1N0M0 
lung adenocarcinoma has pathologically 
positive VPI, the tumor (T) stage is upgraded 
from T1 to T2, and the TNM stage is upgraded 
from IA to IB.2

According to recent studies, lobectomy 
surgery results in a better prognosis and 
lower intrathoracic recurrence for patients 
with clinical T1 stage tumors (including T1a) 
and pathologically confirmed positive VPI.3 
For patients with T1-sized VPI-positive lung 
cancer, more extensive lymph node dissec-
tion rather than lymph node sampling is 
required.4 However, the conventional intra-
operative diagnosing of VPI is time-consum-
ing and inexact, with a reported accuracy of 
56.5%.5 The gold standard for diagnosis still 
relies on postoperative elastic fiber stain-
ing to evaluate VPI,2 but postoperative pa-
thology cannot guide preoperative surgical 
planning. Therefore, if the VPI status can be 
accurately assessed using preoperative im-
aging methods, it may significantly impact 
the surgical plan.

Previous studies have explored using 
computed tomography (CT) findings to pre-
dict VPI status.6-15 Subpleural lung adeno-
carcinoma presenting as pure ground-glass 

nodules (pGGNs) do not enter the visceral 
pleura due to their low invasiveness.11-13 In 
addition, VPI-positive status is never ob-
served in lung cancer without a relationship 
with the pleura.13,14 However, it is challeng-
ing to accurately determine the VPI status of 
lung cancers related to the adjacent pleura 
on CT, such as pleural tags or those in direct 
contact with the pleura. Positive predictive 
values range from 44.1% to 56.4%, indicating 
that approximately half of the CT-based pre-
dictions are false positives.15 Therefore, find-
ing novel and quickly available methods to 
improve efficiency is critical.

18F-fluorodeoxyglucose (18F-FDG) positron 
emission tomography (PET)/CT can reflect 
the glucose metabolism, the morpholog-
ical characteristics of the tumors, and the 
anatomical relationship between adjacent 
structures, which is of great value for the 
TNM staging of tumors.16 Recent studies 
have indicated that 18F-FDG PET/CT has high 
accuracy in predicting the invasiveness,17 

the lymph node metastasis,18 and the spread 
through  air spaces19 of clinical T1 stage NS-
CLC before surgery. However, establishing 
and validating a multivariate logistic regres-
sion model incorporating the maximum 
standardized uptake value (SUVmax) and the 
relevant CT signs for predicting the VPI sta-
tus of clinical stage IA lung adenocarcinoma, 
excluding pGGNs and tumors unrelated to 
the pleura, is rare. A nomogram is based on 
multivariate regression analysis, integrating 
multiple predictors to transform complex re-
gression equations into visual graphics, mak-
ing the results of the prediction model more 
readable and convenient for evaluating pa-
tients. Because a nomogram is intuitive and 
easy to understand, it has been widely used 
in preoperative nodal staging, predicting in-
vasiveness, and giving a lung cancer progno-
sis.20-22 Therefore, this study aims to explore 
whether tumor metabolism information and 
CT features could accurately predict VPI in 
clinical stage IA lung adenocarcinoma based 
on a nomogram. 

Methods
This retrospective study was approved by 

the Shanghai Changzheng Hospital Ethical 
Review Board of the hospital (decision num-
ber: CZ-20210528-01). Due to the retrospec-
tive nature of this study, informed consent 
was waived. 

Patients

Between February 2015 and June 2022, 
328 patients with clinical stage IA lung ade-

nocarcinoma who underwent 18F-FDG PET/
CT examination before surgery and surgical 
resection were recruited. The inclusion crite-
ria were as follows: (i) tumors clinically diag-
nosed as clinical T1 stage with a tumor size 
smaller than 30 mm23 and (ii) tumors without 
pathological lymph node or distant metas-
tasis. The exclusion criteria were as follows: 
(i) postoperative pathological diagnosis of 
atypical adenomatous hyperplasia (n = 1) or 
adenocarcinoma in situ (n = 1); (ii) no report 
of VPI status (n = 20); (iii) pGGNs (n = 14); (iv) 
neither directly in contact with the pleural 
surface nor had pleural tags (n = 107); (v) the 
minimum distance between the lesion and 
the pleura (DLP) >10 mm (n = 24); (vi) had 
treatment prior to 18F-FDG PET/CT examina-
tion (n = 5); (vii) had a surgery and an exam-
ination interval of longer than 14 days (n = 6); 
and (viii) poor image quality or incomplete 
clinical data (n = 10). A total of 140 patients 
were included in our research (Figure 1). The 
patients were classified into a training and 
validation set with a 7:3 ratio based on the 
PET/CT examination temporal sequence. The 
training set included 98 patients between 
February 2015 and January 2020; the tem-
poral validation set comprised 42 patients 
between April 2020 and June 2022.

Equipment and parameters

Whole-body PET/CT tomography was 
performed using a Siemens Biograph True-
point 64 PET/CT. The fasting blood glucose 
level of the patient was less than 10 mmol/L 
before the examination. After measuring 
the patient’s body weight, the patient was 
given an intravenous injection of 18F-FDG 
(Shanghai Atomic Kexing Pharmaceutical 
Co., Ltd.) 3.70–5.55 MBq/kg (0.10–0.15 mCi/
kg) body weight with a radiochemical puri-
ty >95%, followed by a 300 mL water drink. 
The patient was instructed to lie down and 
rest for 60 min in a dark room. After empty-
ing the bladder, the body scan ranged from 
the base of the skull to the middle of the fe-
mur, scanning 5–7 beds, 2–3 min/bed, with 
a reconstruction matrix of 192 × 192. The 
PET images were attenuated by CT images 
and reconstructed iteratively. The body CT 
scanning parameters were as follows: tube 
voltage 120 kV, tube current 160 mAs, scan-
ning layer thickness 3.75 mm, reconstruction 
matrix 512 × 512, and pitch 0.8 s. The chest 
high-resolution computed tomography 
(HRCT) scan parameters were as follows: 
tube voltage 120 kV, tube current 150 mAs, 
scanning layer thickness 5 mm, reconstruc-
tion layer thickness and layer interval 1 mm, 
reconstruction matrix 512 × 512, and pitch 

Main points

•	  18F-fluorodeoxyglucose positron emission 
tomography/computed tomography is 
valuable in the non-invasive diagnosis of 
visceral pleural invasion (VPI) in subpleural 
clinical stage IA lung adenocarcinoma pa-
tients.

•	 The maximum standardized uptake value 
(SUVmax), the solid component pleural con-
tact length, the pleural indentation, and the 
vascular convergence sign are independent 
predictors of VPI.

•	 A nomogram incorporating SUVmax and in-
dependent computed tomography features 
improves predictive performance.
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0.8 s. The lung window images were recon-
structed by a high-resolution algorithm 
(B70f ), and the mediastinal window images 
were reconstructed using a standard algo-
rithm (B40f ).

Clinical and pathological data collection

Patients’ clinical data, including age, 
gender, smoking history, preoperative car-
cinoembryonic antigen (CEA) level, surgical 
type, histological subtype, and tumor loca-
tion, were reviewed.

The resected tissues were stained with 
hematoxylin and eosin, and the pathological 
diagnoses were performed by two patholo-
gists with at least 10 years of experience. The 
specific elastic fiber stain was performed if 
the VPI status could not be determined ac-
curately. Additionally, VPI was classified as 
no pleural invasion beyond the elastic layer 
(PL0), tumor invasion beyond the elastic lay-
er (PL1), and tumor invasion to the surface 
of the visceral pleura (PL2), with PL1 and PL2 
indicating the presence of VPI.2

Image evaluation

The 18F-FDG PET/CT images were import-
ed into the software (RadiAnt DICOM Viewer 
4.2.1, Medixant, Poland) and analyzed by two 
independent radiologists with seven years of 
experience who were blinded to the patho-

logical information. The lung window [width: 
1.500 Hounsfield scale (HU), level: −500 HU], 
mediastinal window (width: 300 HU, level: 
50 HU), multiplanar reformation (MPR), and 
maximal intensity projection were used to 
analyze the lesion. For quantitative indi-
cators, the average measurements of two 
independent radiologists were used as the 
final data. For qualitative analysis, disagree-
ments were discussed until a consensus was 
reached.

First, the tumor density type was classi-
fied as solid or part solid. The tumor size (the 
longest length of the tumor, T) and the solid 
component size (the longest length of the 
consolidation part, C) were measured at the 
lung window on the MPR images, and the 
proportion of the consolidation part was cal-
culated (C/T ratio, CTR).24

Second, the tumor–pleura relationship 
was classified as a pleural attachment (di-
rectly contacting the pleura) or pleural tags 
(without abutting the pleura). Pleural tags 
were defined as one or multiple high-density 
linear strands connecting the tumor margin 
and the pleura (Figures 2-4).8 The minimum 
vertical DLP was measured on the MPR im-
ages at the lung window for tumors with 
pleural tags (Figures 5, 6).6 The pleural inden-
tation sign was defined as the deviation of 
the pleura from its original position due to 

tumor traction at the lung window, which 
can be observed in tumors with pleural tags 
or pleural attachment (Figures 2, 7).14 The 
longest interface length of the whole tumor 

Figure 1. The flow chart for patient selection. AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma 
in situ; DLP, minimum distance between lesion and pleura; VPI, visceral pleural invasion; 18F-FDG, 
18F-fluorodeoxyglucose; PET/CT, positron emission tomography/computed tomography; PGGN, pure 
ground-glass nodules.

Figure 2-4. A 46-year-old female with invasive 
lung adenocarcinoma in the right lower lobe and 
positive for visceral pleural invasion. The axial non-
contrast computed tomography (Figure 2) shows 
a solid nodule with multiple pleural tags (yellow 
arrow) and adjacent pleural indentation (red 
arrow). The maximal intensity projection (Figure 3) 
shows a vascular convergence sign (green arrow). 
The positron emission tomography/computed 
tomography fusion image (Figure 4) shows that the 
maximum standardized uptake value of the nodule 
is 6.38.
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and solid component was measured for tu-
mors with pleural attachment by drawing a 
straight line at the lung window on the MPR 
images (Figure 7).10 The solid interface length 
was 0 mm for a part-solid nodule without the 
solid component contacting the tumor.

Third, the presence or absence of lobula-
tion, spiculation, vascular convergence, and 
air bronchogram signs were analyzed for all 
tumors. Lobulation is defined as a petaloid 
or wavy appearance at the tumor’s margins. 
Spiculation refers to short, thin linear strands 
radiating around the surface of the tumor. 
Vascular convergence is the convergence 
of pulmonary vessels around the tumor to-
wards the lesion (Figure 3).22 Air broncho-
gram refers to air-filled bronchus manifest-
ing as natural, dilated/distorted, or cut-off 
within the lesions.25

Fourth, the 18F-FDG metric was measured 
by setting the region of interest covering 
the tumor on the PET/CT fusion images slice 
by slice and automatically generating the 
SUVmax.

Statistical analysis

R software (version 4.1.0, http://www.
Rproject.org) and IBM SPSS Statistics (ver-
sion 20.0, USA) software  were utilized for 
the statistical analysis. The Shapiro–Wilk 
test was used to examine the normality of 
numeric variables. The normally distributed 
numerical variables were represented as the 
mean ± standard deviation, and the compar-
ison between the two groups was carried 
out by using the two independent samples 

t-test. Non-normally distributed data were 
described as the median and the 25% and 
75% quartiles, and the Mann–Whitney U test 
was performed. Pearson’s chi-squared test 
or Fisher’s exact test was used for categori-
cal variables analysis. Variables significantly 
different (P < 0.05) in the univariate analysis 
were involved in the multivariate analysis of 
logistic regression, and a backward stepwise 
selection was applied by using the likeli-
hood-ratio test with the Akaike information 
criterion (AIC) as the stopping rule to select 
the best combination of variables to build 
the prediction model in the training set and 
the corresponding nomogram. Spearman’s 
rank correlation was used to analyze the 
correlation between the tumor size, the sol-
id component size, the CTR, and the SUVmax. 
The interobserver agreement of numeric and 
categorical variables was assessed using the 
intraclass correlation coefficient (ICC) and 
κ-statistic, respectively. The receiver operat-
ing characteristic (ROC) curve with the cor-
responding area under the curve (AUC) val-
ue was used to evaluate the discrimination 
ability of the prediction model and each risk 
factor in predicting VPI in the training and 
validation set. The calibration curve and Hos-
mer–Lemeshow test were used to evaluate 
the goodness-of-fit of the prediction model, 
and a P value of greater than 0.05 indicated 
a good goodness-of-fit. The decision curve 
analysis (DCA) was used to evaluate the clin-
ical utility of the nomogram. Multivariate 
binary logistic regression, nomogram, vali-
dation, and calibration plots were done with 
the “rms” package of R software. The ROC 

was performed by the “pROC” package, and 
the DCA was performed with the function of 
“ggDCA”.

Results

Baseline characteristics of the study co-
horts

Among the 140 clinical stage IA lung ad-
enocarcinomas, 57 cases were VPI-positive, 
and 83 were VPI-negative. The baseline char-
acteristics of the training and validation sets 
were similar (P > 0.05) (Table 1).

Clinical and 18F-fluorodeoxyglucose posi-
tron emission tomography/computed to-
mography features by visceral pleural inva-
sion status in the training group

Clinical features showed no significant 
differences in age (P = 0.460), gender (P = 
0.359), tumor location (P = 0.453), smoking 
status (P = 0.349), and CEA level (P = 1.000) 
between the VPI-negative and VPI-positive 
groups in the training cohort (Table 2).

For 18F-FDG PET/CT characteristics, the 
consistency of measurements between the 
two observers was good (ICCs ranged from 
0.962 to 0.998), and the consistency of qual-
itative evaluation indicators was strong (a 
Kappa value of 0.879 to 0.971). The interob-
server agreement assessment results of each 
index are shown in Supplementary File 1. 
The Spearman correlation analysis showed 
no linear correlation between the tumor size 
and the SUVmax. The solid component size 
was positively correlated with the SUVmax (rs: 
0.721, P < 0.001), while the CTR was positive-
ly correlated with the SUVmax (rs: 0.742, P < 
0.001). The univariate analysis showed that 
the SUVmax, the CTR, the solid component 
size, the solid pleural contact length, the den-
sity type, the pleural indentation, the spicula-
tion, and the vascular convergence sign sig-
nificantly differed between the VPI-positive 
and the VPI-negative groups in the training 
set (P < 0.05). The solid nodules, the pleural 
indentation, the spiculation, and the vascu-
lar convergence signs were more common 
in the VPI-positive group (P < 0.001). The 
VPI-positive group presented a significantly 
higher SUVmax, larger solid component size, 
greater CTR, and longer solid pleural contact 
length than the VPI-negative group (P < 0.05; 
Table 2).

Nomogram development and evaluation

Variables significantly different in the 
univariate analysis were involved in the mul-
tivariate logistic regression analysis. Based 

Figure 5, 6. A 72-year-old male with invasive lung adenocarcinoma in the left upper lobe and positive for 
visceral pleural invasion. The axial non-contrast computed tomography (Figure 5) shows a part-solid nodule 
with multiple pleural tags (yellow arrow) and adjacent pleural indentation (red arrow), with the minimum 
distance between the lesion and pleura being 6.39 mm. The positron emission tomography/computed 
tomography fusion image (Figure 6) shows that the uptake of 18F-fluorodeoxyglucose is concentrated in 
the solid component area, and the maximum standardized uptake value of the nodule is 14.91.



 Table 1. Baseline features of patients in the training and validation cohort

Characteristics Total (n = 140) Training cohort (n = 98) Validation cohort (n = 42) P value

Ageb 60.50 ± 9.52 60.23 ± 9.51 61.12 ± 9.61 0.616

Gender

Female 90 (64.29%) 64 (65.31%) 26 (61.90%)
0.700

Male 50 (35.71%) 34 (34.69%) 16 (38.10%)

VPI status

	 Negative 83 (59.29%) 58 (59.18%) 25 (59.52%)
0.970

	 Positive 57 (40.71%) 40 (40.82%) 17 (40.48%)

Locationa

Right upper lobe 49 (35.00%) 34 (34.69%) 15 (35.71%)

0.727

Right middle lobe 15 (10.71%) 9 (9.18%%) 6 (14.29%)

Right lower lobe 28 (20.00%) 22 (22.45%) 6 (14.29%)

	 Left upper lobe 25 (17.85%) 18 (18.37%) 7 (16.67%)

	 Left lower lobe 23 (16.44%) 15 (15.31%) 8 (19.04%)

Smoking status

Non smoker 112 (80.00%) 78 (79.59%) 34 (80.95%)
0.854

Smoker 28 (20.00%) 20 (20.41%) 8 (19.05%)

CEAa, μg/L

<5 135 (96.43%) 96 (97.96%) 39 (92.86%)
0.159

≥5	 5 (3.57%) 2 (2.04%) 3 (7.14%)

Surgery type 

Sublobar resection 27 (19.29%) 18 (18.37%) 9 (21.43%)
0.674

Lobectomy 113 (80.71%) 80 (81.63%) 33 (78.57%)

Pathological gradea

	 MIA 4 (2.86%) 4 (4.08%) 0 (0.00%)
0.316

	 IA 136 (97.14%) 94 (95.92%) 42 (100.00%)

SUVmax 1.84 (1.22, 3.78) 1.80 (1.04, 3.84) 1.88 (1.27, 3.53) 0.297

Tumor size (mm) 24.10 (19.20, 28.95) 23.80 (18.40, 28.70) 26.20 (20.40, 29.40) 0.193

Solid component size (mm) 17.15 (10.85, 23.35) 16.40 (9.67, 21.80) 19.00 (12.70, 26.70) 0.068

CTR (%) 78.14 (53.35, 95.98) 74.31 (47.51, 93.75) 83.76 (66.30, 100.00) 0.106

Pleural contact length (mm) 7.87 (0.00, 16.55) 7.24 (0.00, 15.80) 9.12 (0.00, 17.30) 0.612

Solid pleural contact length (mm) 2.84 (0.00, 10.65) 0.00 (0.00, 10.10) 4.40 (0.00, 13.80) 0.255

DLP (mm) 0.00 (0.00, 3.36) 0.00 (0.00, 3.50) 0.00 (0.00, 2.71) 0.467

Density type

	 Part solid 108 (77.14%) 77 (78.57%) 31 (73.81%)
0.539

Solid 32 (22.86%) 21 (21.43%) 11 (26.19%)

Tumor–pleura relationship

	 Pleural tags 64 (45.71%) 45 (45.92%) 19 (45.24%)
0.941

Pleural attachment 76 (54.29%) 53 (54.08%) 23 (54.76%)

Pleural indentation

Absent 54 (38.57%) 34 (34.69%) 20 (47.62%)
0.150

Present 86 (61.43%) 64 (65.31%) 22 (52.38%)

Lobulationa

Absent 13 (9.29%) 11 (11.24%) 2 (4.76%)
0.344

Present 127 (90.71%) 87 (88.76%) 40 (95.24%)

Spiculation

Absent 105 (75.00%) 72 (73.47%) 33 (78.57%)
0.523

Present 35 (25.00%) 26 (26.53%) 9 (21.43%)

Air bronchogram

Absent 55 (39.29%) 41 (41.84%) 14 (33.33%)
0.345

Present 85 (60.71%) 57 (58.16%) 28 (66.67%)

Vascular convergence

Absent 116 (82.86%) 83 (84.69%) 33 (78.57%)
0.378

Present 24 (17.14%) 15 (15.31%) 9 (21.43%)
The P value represents the univariate analysis. Data are presented as n (%). aFisher exact test; bmean ± standard deviation, the two independent samples t-test. VPI, visceral 
pleural invasion; CEA, carcinoembryonic antigen; MIA, minimally invasive adenocarcinoma; IA, invasive adenocarcinoma; CTR, consolidation-to-tumor ratio; SUVmax, maximum 
standardized uptake value; DLP, minimum distance between lesion and pleura.
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on the principle of AIC value minimization, 
a prediction model was constructed by a 
backward stepwise selection of variables, 
including the SUVmax, the solid component 
pleural contact length, the pleural indenta-
tion, and the vascular convergence sign as 
the best combination of prediction variables. 
The SUVmax [odds ratio (OR): 1.753, 95% con-
fidence interval (CI) 1.232–2.496, P = 0.002], 
the solid component pleural contact length 
(OR: 1.101, 95% CI 1.007–1.204, P = 0.034), 
the pleural indentation (OR: 5.075, 95% CI 
1.065–24.172, P = 0.041), and the vascular 
convergence sign (OR: 13.324, 95% CI 1.379–
128.691, P = 0.025) were independent risk 
factors for VPI (Table 3). Figures 2 to 8 show 
the representative cases.

Based on the regression coefficients of 
the variables included in this model, a nomo-
gram was constructed to evaluate the VPI risk 
intuitively (Figure 9). The sensitivity, specific-
ity, accuracy, and the AUC for the prediction 
model in the training set were 82.5%, 79.31%, 
80.61%, and 0.892 (95% CI 0.813–0.946), re-
spectively, using the optimal cut-off value of 
0.35. The prediction model achieved good 
discrimination performance in the validation 
set with sensitivity, specificity, accuracy, and 
AUC values of 100%, 76.00%, 85.71%, and 
0.885 (95% CI, 0.748–0.962), respectively. Fig-
ures 10 and 11 present the ROCs for the train-
ing and validation cohorts. Table 4 shows the 
cut-off values and predictive performance 
of each independent risk factor for predict-
ing VPI in the training and validation cohort. 
The calibration curve demonstrated that 
the predicted probabilities were in accept-
able agreement with the actual probabilities 
for the training and validation cohorts, and 
the Hosmer–Lemeshow test showed good 
goodness of fit, with P values of 0.648 and 
0.051, respectively (Figures 12, 13). The DCA 
showed that the prediction model adds more 
net benefit than the “treat all” or “treat none” 
approach (Figures 14, 15). Supplementary 
Figures 1, 2 give an example of the clinical 
application of this nomogram.

Discussion
The present study developed a prediction 

model as a non-invasive method to detect VPI 
status in clinical stage IA lung adenocarcino-
ma. The nomogram incorporating the SUVmax, 
the solid component pleural contact length, 
the pleural indentation, and the vascular con-
vergence sign provided a scoring system to 
help predict VPI status before surgery and 
had excellent discrimination and acceptable 
calibration, with an AUC of 0.892 in the train-
ing set and 0.885 in the validation set. 

The visceral pleura contains abundant 
lymphatic channels, and the subpleural 
lymphatic system (peripheral lymphatic sys-
tem) communicates with the axial lymphatic 
system distributed around the bronchi and 
pulmonary vessels.26 Therefore, lung cancer 
patients with VPI-positive status have a high-
er probability of hilar and mediastinal lymph 
node metastasis via the axial lymphatic sys-
tem27 and are more prone to skip N2 lymph 
node metastasis.28 Thus, lobectomy and ex-
tensive lymph node dissection are required 
for VPI-positive patients.3,4 Therefore, ac-
curately predicting VPI before surgery is of 
great clinical significance. 

For qualitative indicators, the present 
study found that the spiculation sign was 
more common in the VPI-positive group. 
Spiculation is associated with tumor cell in-
filtration into adjacent blood and lymphatic 
vessels, suggesting lung adenocarcinoma is 

more aggressive.29 However, the spiculation 
sign was not an independent risk factor for 
VPI prediction in the present study, similar 
to the previous literature report.30 As previ-
ously reported,6,31 VPI was significantly relat-
ed to the pleural indentation in the authors’ 
study. The mechanism could be that as the 
tumor grows, the development of reactive 
fibrous hyperplasia of the tumor, to a certain 
extent, may cause the adjacent pleura to re-
tract, thereby increasing the risk of VPI.32 In 
addition to the pleural indentation sign, the 
vascular convergence sign was an indepen-
dent risk factor in the present study, and no 
previous study reported similar results. It 
was speculated that it might be related to 
the pathological basis of the vascular con-
vergence sign, which was also caused by the 
reactive fibrous hyperplasia of the tumor.33 
As tumor invasiveness increased, reactive 
fibrous hyperplasia increased, and traction 

Figure 7, 8. A 61-year-old male with invasive lung adenocarcinoma in the right upper lobe and negative 
for visceral pleural invasion. The sagittal non-contrast computed tomography (Figure 7) shows a part-solid 
nodule with interlobar fissure attachment (blue arrow) and adjacent interlobar pleural indentation, with the 
longest interface length of the whole tumor and solid component being 1.79 cm and 6.77 mm, respectively. 
The image (Figure 8) shows the maximum standardized uptake value of the nodule is 0.95.

Figure 9. A 18F-fluorodeoxyglucose positron emission tomography/computed tomography fusion 
nomogram for the non-invasive prediction of visceral pleural invasion for patients with clinical stage IA 
peripheral lung adenocarcinoma, which incorporated the maximum standardized uptake value, the solid 
component contact length, the pleural indentation, and the vascular convergence sign.



 Table 2. Clinical characteristics and 18F-fluorodeoxyglucose positron emission tomography/computed tomography features of patients in 
the training cohort

Characteristics Total (n = 98) VPI-negative (n = 58) VPI-positive (n = 40) P value

Ageb 60.23 ± 9.51 60.83 ± 9.78 59.38 ± 9.16 0.460

Gender

Female 64 (65.31%) 40 (68.97%) 24 (60.00%)
0.359

Male 34 (34.69%) 18 (31.03%) 16 (40.00%)

Locationa

Right upper lobe 34 (34.69%) 17 (29.31%) 17 (42.50%)

0.453

Right middle lobe 9 (9.18%) 4 (6.90%) 5 (12.5%)

Right lower lobe 22 (22.45%) 14 (24.14%) 8 (20.00%)

	 Left upper lobe 18 (18.37%) 13 (22.41%) 5 (12.5%)

	 Left lower lobe 15 (15.31%) 10 (17.24%) 5 (12.5%)

Smoking status

Non smoker 78 (79.59%) 48 (82.76%) 30 (75.00%)
0.349

Smoker 20 (20.41%) 10 (17.24%) 10 (25.00%)

CEAa, μg/L

<5 96 (97.96%) 57 (98.28%) 39 (97.50%)
1.000

≥5 2 (2.04%) 1 (1.72%) 1 (2.50%)

SUVmax 1.80 (1.04, 3.84) 1.28 (0.86, 1.99) 3.36 (1.97, 6.23) <0.001

Tumor size (mm) 23.80 (18.40, 28.70) 23.85 (17.50, 28.60) 23.75 (19.60, 28.90) 0.513

Solid component size (mm)b 16.09 ± 7.63 13.58 ± 7.43 19.75 ± 6.41 <0.001

CTR (%) 74.31 (47.51, 93.75) 63.90 (37.14, 76.17) 92.08 (77.71, 100.00) <0.001

Pleural contact length (mm) 7.24 (0.00, 15.80) 3.35 (0.00, 15.50) 9.90 (0.00, 17.65) 0.301

Solid pleural contact length (mm) 0.00 (0.00, 10.10) 0.00 (0.00, 6.69) 5.77 (0.00, 16.75) 0.009

DLP (mm) 0.00 (0.00, 3.50) 0.56 (0.00, 3.57) 0.00 (0.00, 3.38) 0.547

Density type

	 Part solid 77 (78.57%) 53 (91.38%) 24 (60.00%)
<0.001

Solid 21 (21.43%) 5 (8.62%) 16 (40.00%)

Tumor-pleura relationship

	 Pleural tags 45 (45.92%) 29 (50.00%) 16 (40.00%)
0.329

Pleural attachment 53 (54.08%) 29 (50.00%) 24 (60.00%)

Pleural indentation

Absent 34 (34.69%) 30 (51.72%) 4 (10.00%)
<0.001

Present 64 (65.31%) 28 (48.28%) 36 (90.00%)

Lobulationa

Absent 11 (11.22%) 7 (12.07%) 4 (10.00%)
1.000

Present 87 (88.78%) 51 (87.93%) 36 (90.00%)

Spiculation

Absent 72 (73.47%) 51 (87.93%) 21 (52.50%)
<0.001

Present 26 (26.53%) 7 (12.07%) 19 (47.50%)

Air bronchogram

Absent 41 (41.84%) 26 (44.83%) 15 (37.50%)
0.470

Present 57 (58.16%) 32 (55.17%) 25 (62.50%)

Vascular convergence

Absent 83 (84.69%) 57 (98.28%) 26 (65.00%)
<0.001

Present 15 (15.31%) 1 (1.72%) 14 (35.00%)

The P value represents the univariate analysis. Data are presented as n (%). aFisher exact test. bmean ± standard deviation, the two independent samples t-test. VPI, visceral 
pleural invasion; CEA, carcino-embryonic antigen; CTR, consolidation-to-tumor ratio; SUVmax, maximum standardized uptake value; DLP, minimum distance between lesion and 
pleura.
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on adjacent pulmonary vessels or the pleura 
became more obvious.

For quantitative indicators, there was no 
linear correlation between the tumor size 
and the SUVmax, according to the Spearman 
correlation analysis, while the solid compo-
nent size and the CTR had a relatively high 
degree of positive correlation with the SU-
Vmax. This may be related to the larger pro-
portion of part-solid nodules (78.57%) in the 
training set included in the present study. 
The tumor cells in the solid component area 
of the part-solid nodules were denser than 
in the ground glass area, so the 18F-FDG up-
take value was greater in the solid compo-
nent area. Additionally, the SUVmax, the solid 
component size, the CTR, and the solid pleu-
ral contact length were significantly greater 
in the VPI-positive group (P < 0.05) than in 
the VPI-negative group, but the tumor size 
and the whole tumor pleural contact length 
did not show a difference between the two 
groups. The results indicate that the solid 
component represents the more aggressive 
part of the tumor, consistent with clinical T 
staging depending on the solid component’s 
size rather than the tumor’s overall size, in 
tumors less than 3 cm.23 In this study, the 
analysis found that the SUVmax and the solid 
pleural contact length were independent 
risk factors for predicting VPI among quan-
titative indicators, similar to previous stud-

ies.34,35 This result suggests that whether a 
solid component contacts the pleura and its 
contact length should also be an important 
consideration when determining VPI status. 
However, solid components in tumors may 
also correspond to fibroblast proliferation, al-
veolar collapse, inflammatory cell infiltration, 
and tumor-secreted mucus.36 In some cases 
in the authors’ study, although the solid com-
ponent accounted for a large proportion, 
the SUVmax value was low, and the adjacent 
visceral pleura was not invaded (Supplemen-
tary Figures 1 to 2). Therefore, diagnostic 
efficacy for VPI status is limited when only 
considering the solid component size and 
the CTR. The SUVmax reflected the 18F-FDG 
metabolism of tumors, representing the 
activity of tumor cell proliferation, and was 
a better indicator of tumor invasiveness in 
previous studies.16-19 Furthermore, previous 
results found no VPI-positive status in clini-
cal IA lung adenocarcinoma with the SUVmax 
less than 1.3,34 indicating that an extremely 
low SUVmax can represent less invasiveness, 
which has a high negative predictive value.34 

Similar to the previous study, the authors’ re-
sults also found that VPI-positive status was 
not observed in patients with an SUVmax of 
less than 1.4 in the training group. However, 
contrary to previous reports,6,30 there was no 
significant difference in the DLP between the 
two groups. This may be because the pro-

portion of tumors directly in contact with the 
pleura (pleura attachment) included in this 
study was comparable between the VPI-pos-
itive and VPI-negative groups in the training 
set, while the type of tumors in direct con-
tact with the pleura (DLP = 0 mm) was more 
prevalent in the VPI-positive group in previ-
ous studies.6,30 The different results are due 
to selection bias, and further verification is 
required after collecting large sample cases 
in the future.

There were two previous studies on pre-
dicting VPI status in lung adenocarcino-
ma based on 18F-FDG PET/CT, but both of 
them only analyzed the risk factors related 
to VPI-positive status and did not validate 
the model. Tanaka et al.34 studied the value 
of HRCT and 18F-FDG PET/CT in predicting 
the pleural invasion of lung adenocarcino-
ma in direct contact with the pleura. In the 
subgroup analysis, including whole tumors 
size less than 3 cm, the multivariate analy-
sis showed that the SUVmax and the whole 
tumor contact length with the pleura were 
independent risk factors for predicting pleu-
ral invasion. The predictive performance of 
only the SUVmax (AUC value 0.844) was com-
parable to the multivariate model (AUC value 
0.845–0.857). Unlike the present study, the 
previous study included pGGNs and 11 cases 
with pathological parietal pleural invasion. 
The study by Chen et al.35 focused on subsol-

Figure 10-15. Receiver operating characteristic curves for the nomogram in the training set (Figure 10) and the validation set (Figure 11). Calibration curves of 
the nomogram in the training set (Figure 12) and the validation set (Figure 13). Decision curve analysis of the nomogram in the training set (Figure 14) and the 
validation set (Figure 15). 



 id nodules, including pGGNs, and the multi-
variate analysis revealed that the DLP and the 
SUVmax were independent risk factors for pre-
dicting VPI. The AUC value of the combined 
model, including the two variables, was 
0.90. However, Chen et al.35 did not indicate 
whether the tumors included were related 
to the pleura, especially in the VPI-negative 
group. The present study excluded tumors 
presenting as pGGNs and tumors unrelated 
to the pleura that do not invade the visceral 
pleura, unlike in previous reports.11-13 There-
fore, the authors’ results were more objective 
in including cases with potential VPI-positive 
status to study the predictive performance 
of the SUVmax combined with the CT features. 
The different results may be due to the differ-
ent inclusion criteria of the study.

A previous study showed that 18F-FDG 
liver metrics (the SUVmax and the SUVmean) 
obtained from PET/CT studies of the same 
patient scanned on the same machine at 
different time periods were highly repeat-
able and might reliably be used in following 
patients longitudinally.37 The SUVmax values 
in the present study were all obtained from 
a single 18F-FDG PET/CT device in the same 
hospital; standardized image acquisition 
and post-processing were adopted, avoid-
ing the differences brought by the hardware 

and post-processing software of the PET/CT 
equipment. It is worth noting that standard-
ized image acquisition and post-processing 
of 18F-FDG PET/CT and accurate measure-
ment of the SUVmax are key factors in the pre-
operative assessment of whether lung can-
cer has invaded the visceral pleura.

This study has several limitations. First, the 
study was retrospective, resulting in inevita-
ble selection bias. Second, although internal 
validation of the model yielded good dis-
crimination, the generalization of this nomo-
gram needs to be verified on external data. 
Third, VPI status in some cases lacks clear PL1 
and PL2 pathological grades. Therefore, the 
clinical application and generalization of the 
model still need to be further improved and 
validated by multicenter studies.

In conclusion, the nomogram incorporat-
ing the SUVmax and the independent CT fea-
tures (including the solid component pleural 
contact length, the pleural indentation, and 
the vascular convergence sign) showed good 
value for predicting VPI status in clinical stage 
IA lung adenocarcinoma in this preliminary 
study. As a non-invasive quantitative meth-
od, 18F-FDG PET/CT holds the potential to 
help in the surgical decision-making process 
and additional treatment of clinical stage IA 
lung adenocarcinoma.
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Table 3. Multivariate logistic regression analysis of independent risk factors for predicting visceral pleural invasion status in the training 
cohort

Characteristics B SE Wald P value OR (95% CI)

SUVmax 0.562 0.180 9.711 0.002 1.753 (1.232–2.496)

Solid pleural contact length 0.097 0.046 4.491 0.034 1.101 (1.007–1.204)

Pleural indentation 1.624 0.796 4.159 0.041 5.075 (1.065–24.172)

Vascular convergence 2.590 1.157 5.008 0.025 13.324 (1.379–128.691)

Constant −3.915 0.875 20.033 0.000 0.020

B, regression coefficients; SE, standard error; Wald, Wald c2 value; OR, odds ratio; CI, confidence interval; SUVmax, maximum standardized uptake value.

Table 4. The predictive efficacy of nomogram and single predictive factor for predicting visceral pleural invasion

Variable Cut-off Cohort AUC (95% CI) Accuracy (%) Sensitivity (%) Specificity (%)

Nomogram 0.35
Training 0.892 (0.813–0.946) 80.61 82.50 79.31

Validation 0.885 (0.748–0.962) 85.71 100.00 76.00

SUVmax 1.43
Training 0.846 (0.759–0.911) 78.57 97.50 65.52

Validation 0.685 (0.523–0.819) 69.05 70.59 68.00

Solid pleural contact length 
(mm) 8.92

Training 0.645 (0.542–0.739) 69.39 47.50 84.48

Validation 0.744 (0.619–0.889) 76.19 70.59 80.00

Pleural indentation 0.50
Training 0.709 (0.608–0.796) 67.35 90.00 51.72

Validation 0.653 (0.490–0.793) 64.29 70.59 60.00

Vascular convergence 0.50
Training 0.666 (0.564–0.758) 72.45 35.00 98.28

Validation 0.715 (0.555–0.844) 76.19 47.06 96.00

SUVmax, maximum standardized uptake value; AUC, area under the curve; CI, confidence interval.
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Supplementary file 1

Observer agreement 

Methods

The strengths of the relation between the two sets of measurements were assessed with intraclass-correlation coefficients (ICC). Observer 
agreement for the assessment of tumor-pleura relationship, pleural indention, density type, lobulation, spiculation, air bronchogram and 
vascular convergence sign was calculated and evaluated using κ-statistics.

Results

The relation between the two sets of measurements was strong for maximum standardized uptake value [ICC: 0.987, 95% confidence 
interval (CI) 0.970 ~ 0.994, P < 0.001], tumor size (ICC: 0.970, 95% CI 0.958 ~ 0.978, P < 0.001), solid component size (ICC: 0.963, 95% CI 0.949 
~ 0.973), minimum distance between lesion and pleura (ICC: 0.962, 95% CI 0.948 ~ 0.973), pleural contact length (ICC: 0.996, 95% CI 0.995 ~ 
0.997) and solid pleural contact length (ICC: 0.998, 95% CI 0.997 ~ 0.998). Observer agreement for assessment of tumor-pleura relationship, 
pleural indention, density type, lobulation, spiculation, air bronchogram and vascular convergence sign was excellent, with kappa values were 
0.971, 0.879, 0.940, 0.877, 0.925, 0.955, 0.921, respectively.

Supplementary Figures 1, 2. A 66-year-old male with invasive lung mucinous adenocarcinoma in the left lower lobe and negative for visceral pleural invasion. 
The positron emission tomography/computed tomography fusion image shows a solid nodule with pleural attachment (white arrow), without adjacent pleural 
indentation and vascular convergence, the solid component pleural contact length is 10.1 mm, and the maximum standardized uptake value of the nodule is 1.68 
(Supplementary Figure 1). An example of the nomogram in clinical application (Supplementary Figure 2).
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Although solitary osteochondroma is the most common bone tumor, osteochondromato-
sis, also known as hereditary multiple exostoses, is a rare disease that manifests with the 
occurrence of multiple (≥2) osteochondromas in bones featuring endochondral ossifica-

tion.1 It has an autosomal dominant inheritance pattern with a slight male preponderance and 
a reported prevalence of 1/1,000 to 1/50,000.2 Since the disease has different penetrance rates 
between sexes (almost complete penetrance in males and incomplete penetrance in females), 
not all patients with osteochondromatosis have a family history,2 and diagnosis is usually made 
upon detection of multiple osteochondromas in patients with or without familial history. Os-
teochondromas remain clinically silent unless they cause a palpable mass, compression of the 
nearby structures, bone deformity, or fractures. Although rare with solitary osteochondromas 
(1%), malignant transformation may occur in 3% to 25% of cases with osteochondromatosis.3
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PURPOSE
Apart from a few case reports, sacroiliac joint (SIJ) involvement in osteochondromatosis has not 
been studied. We aimed to determine the prevalence and characteristics of such involvement using 
cross-sectional imaging.

METHODS
In this retrospective study, three observers (one junior radiologist and two musculoskeletal radiol-
ogists) independently reviewed computed tomography (CT) or magnetic resonance imaging (MRI) 
of patients in our database who had osteochondromatosis (≥2 osteochondromas across the skele-
ton) for SIJ involvement. The final decision was reached by the consensus of the two musculoskele-
tal radiologists in a later joint session.

RESULTS
Of the 36 patients with osteochondromatosis in our database, 22 (61%) had cross-sectional im-
aging covering SIJs (14 females, 8 males; age range 7–66 years; mean age 23 years; 13 MRI, 9 CT). 
Of these, 16 (73%) had intra-articular osteochondromas. For identifying SIJ osteochondromas on 
cross-sectional imaging, interobserver agreement was substantial [κ = 0.67; 95% confidence inter-
val (CI): 0.34, 1.00] between the musculoskeletal radiologists and moderate (κ = 0.59; 95% CI: 0.23, 
0.94) between the junior radiologist and the final consensus decision of the two musculoskeletal 
radiologists. In the cohort with cross-sectional imaging, the anatomical variations of the accessory 
SIJ (n = 6, 27%) and iliosacral complex (n = 2, 9%) were identified in six different patients with (n = 
2) and without (n = 4) sacroiliac osteochondromas.

CONCLUSION
Cross-sectional imaging shows frequent (73%) SIJ involvement in osteochondromatosis, which, al-
though a rare disorder, nevertheless needs to be considered in the differential diagnosis of such SIJ 
anatomical variants as the accessory SIJ and iliosacral complex. Differentiating these variants from 
osteochondromas is challenging in patients with osteochondromatosis.
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Computed tomography, magnetic resonance imaging, osteochondroma, osteochondromatosis, 
sacroiliac joint 
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Recently, we observed sacroiliac joint 
(SIJ) involvement in several patients with 
osteochondromatosis. We also realized that 
some SIJ anatomical variations (namely, the 
accessory SIJ and iliosacral complex), which 
can mimic sacroiliitis and are being increas-
ingly recognized,4 might be challenging (and 
might even be mistaken for) in the diagnosis 
of SIJ involvement in osteochondromatosis. 
Although flat bones, in particular the ilium 
and scapula, are commonly affected in pa-
tients with osteochondromatosis,2 there is 
almost no data in the literature, apart from a 
few case reports,5,6 regarding the prevalence 
of SIJ involvement in osteochondromatosis. 
In this study, we aimed to investigate the 
prevalence of SIJ involvement in patients 
with osteochondromatosis and how such 
involvement compares with SIJ anatomical 
variations.

Methods

Ethics approval

This retrospective observational study 
conducted in a tertiary health care center 
was approved by the Institutional Review 
Board with a waiver of informed consent 
(protocol number: GO 21/521). All proce-
dures performed in this study involving hu-
man participants were in accordance with 
the ethical standards of the institutional 
research committee and with the 1964 Hel-
sinki declaration and its later amendments or 
comparable ethical standards.

The reporting of this study conforms to 
the Strengthening the Reporting of Obser-
vational Studies in Epidemiology guidelines.7

Consent to participate/consent for publica-
tion

Approval from the Institutional Review 
Board was obtained, and in keeping with the 
policies for a retrospective review, informed 
consent was not required.

Study population

We searched our institutional electronic 
patient records for osteochondromatosis 
(i.e., ≥2 osteochondromas across the skel-
eton) over the 88-month period from Jan-
uary 2014 through April 2021 by using the 
following key words: osteochondromatosis, 
multiple osteochondromas, exostoses, or 
hereditary exostoses. Having multiple osteo-
chondromas (i.e., ≥2) with or without familial 
history was used as the diagnostic criterion 
for osteochondromatosis. Our hospital infor-
mation system featuring electronic patient 
records was used to investigate the family 
history, clinical follow-up, and surgical histo-
ry of identified patients.

Imaging assessment 

SIJ involvement with osteochondromas 
was investigated on cross-sectional imaging 
[computed tomography (CT) or magnetic 
resonance imaging (MRI)] independently by 
three observers (one junior radiologist, who 
had just finished a 5-year residency, and two 
radiologists with 14 and 25 years of dedicat-
ed musculoskeletal radiology experience, 
respectively). The final decision for the pres-
ence of osteochondromas within the SIJs 
was reached by consensus of the two muscu-
loskeletal radiologists in a later joint session. 
The SIJ variations of the accessory SIJ and 
iliosacral complex, as defined by Prassopou-
los et al.8 and El Rafei et al.9, were also not-
ed during the consensus session of the two 
musculoskeletal radiologists. 

An SIJ osteochondroma was defined on 
CT or MRI either as a sessile or pedunculated 
cartilage-capped bony overgrowth (with in-
tralesional continuity of the medullary cavity 
of the parent bone) from the iliac or sacral 
side of the SIJ protruding into the synovial 
(cartilaginous) and/or ligamentous portions 
of the joint.10 

All imaging studies (i.e., radiographs, CT, 
and MRI) in all patients with osteochondro-
matosis were reviewed by the junior radiol-
ogist to detect the number and location of 
osteochondromas across the skeleton. Loca-
tions outside the SIJs were labeled as cranio-
facial, spine (including the sacrum outside 
the coverage of the SIJs), chest wall, shoulder 
girdle, elbow (including the three long bones 
around the elbow), hand and wrist, pelvic 
girdle (including the ilium outside the cover-
age of the SIJs), knee (including the patella 
and the three long bones around the knee), 
and foot and ankle. 

Statistical analysis 

Data analysis was performed by using 
IBM SPSS Statistics 23.0 (Armonk, NY, USA) 
and free online resources on the Graph-
Pad Software (San Diego, CA, USA) website 
(www.graphpad.com/quickcalcs). Descrip-
tive analyses were based on frequencies and 
means of the variables. The Mann–Whitney 
U test was used to compare the differences 
of non-categorical continuous data (i.e., age 
and number of osteochondromas) between 
independent groups. Fisher’s exact test was 
used to compare the differences in categori-
cal data (i.e., sex and family history) between 
independent groups. A P value less than 
0.05 was considered statistically significant. 
Interobserver agreement was assessed with 
kappa statistics.11

Results 
Thirty-six patients with osteochondroma-

tosis (23 females, 13 males) were identified 
in our database. Their ages ranged between 
5 and 71 years (mean, 21 years; median, 16 
years); the age data of patients were taken as 
their age at the time of their cross-section-
al imaging covering the SIJs or, where such 
imaging was not available, from the time of 
their latest imaging study. Each patient had 
at least two osteochondromas (range, 2–76; 
mean, 32) across their skeleton (Table 1). 

Of the 36 patients with osteochondroma-
tosis, 22 (61%) had cross-sectional imaging 
covering SIJs (14 females, 8 males; age range 
7–66 years; mean age, 23 years; median age, 
17 years; 13 MRI, 9 CT). Nine of these 22 
patients had dedicated sacroiliac MRI; the 
remainder had their SIJs covered in exam-
inations such as abdominopelvic CT, stone 
protocol abdominal CT, abdominal CT-angi-
ography, spinal MRI, and pelvic/hip MRI. In-
dications for cross-sectional imaging studies 
were follow up of painful osteochondromas, 
low-back pain, abdominal pain, trauma, or 
post-operative assessment. 

Of the 22 patients with SIJ cross-sectional 
imaging, 16 (73%) had intra-articular osteo-
chondromas (all but two based on the iliac 
side) involving one (n = 5) or both (n = 11) 
of the SIJs (Figures 1, 2). The hereditary back-
ground of this condition was established in 
22 (61%) of the 36 patients with osteochon-
dromatosis [14 (64%) of 22 patients with sac-
roiliac cross-sectional imaging and 9 (56%) 
of 16 patients with SIJ involvement]. The 
characteristics of patients with osteochon-
dromatosis, who had their SIJs covered in 
a cross-sectional imaging examination, are 
given in Table 2. All patients with SIJ osteo-

Main points

•	 Our study demonstrated a high prevalence 
of intra-articular involvement in osteochon-
dromatosis (73% for the sacroiliac joints), 
which is considered to be a rare condition. 

•	 Differentiation of sacroiliac joint (SIJ) os-
teochondromas from anatomical variants is 
challenging on cross-sectional imaging. 

•	 Knowledge of the frequent SIJ involvement 
can change the management of patients 
with osteochondromatosis presenting with 
low-back pain.
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chondromas also had osteochondromas in 
the pelvic girdle. SIJ osteochondromas were 
significantly more common in younger pa-
tients with osteochondromatosis (P = 0.012). 
The total number of osteochondromas 
across the skeleton was significantly higher 
in patients with SIJ osteochondroma than 
those without (P = 0.001). Sex and positive 
family history were not discriminators for the 
presence of SIJ osteochondromas (P = 1.000 
and P = 0.350, respectively).

In the cohort with cross-sectional imag-
ing, the anatomical variations of accessory 
SIJ (n = 6, 27%) and iliosacral complex (n = 
2, 9%) were identified in six different patients 
with (n = 2) and without (n = 4) sacroiliac os-
teochondromas (Figure 3).

For identifying SIJ osteochondromas 
on cross-sectional imaging, interobserver 
agreement was substantial [κ = 0.67; 95% 
confidence interval (CI): 0.34, 1.00] between 
the musculoskeletal radiologists and mod-
erate (κ = 0.59; 95% CI: 0.23, 0.94) between 

the junior radiologist and the final consensus 
decision of the two musculoskeletal radiolo-
gists.

Discussion
This study shows that SIJ involvement is 

common (73%) in patients with osteochon-
dromatosis. Considering the multiplicity of 
lesions found within the SIJs, SIJ involvement 
in osteochondromatosis might even be more 
prevalent than the occurrence of a solitary 
(intra-articular) osteochondroma of the SIJ. 
Thus far, only two solitary osteochondromas 
of the SIJ have been reported,5,6 along with a 
single case of osteochondromatosis with SIJ 
involvement.6

Osteochondromas can increase in size 
and number during skeletal development;2 
therefore, the prevalence of SIJ involvement 
can be expected to increase with age. How-
ever, in this study, the age of patients with 
SIJ involvement was significantly lower than 

that of patients without SIJ involvement, and 
we detected SIJ osteochondromas in three 
patients aged 7 and 8 years old. In addition, 
in this study, the number of osteochondro-
mas across the skeleton was found to be sig-
nificantly higher in patients with osteochon-
dromatosis involving SIJ osteochondromas 
than in those without. This finding might 
imply that SIJ involvement is more common 
in patients with a greater number of osteo-
chondromas; however, the entire skeleton 
was not imaged in all of our patients. In 
addition, smaller sessile osteochondromas 
might not be amenable to detection on ra-
diographs. Therefore, these figures might not 
truly reflect the actual number of osteochon-
dromas.

Several anatomical variations of the SIJ, in-
cluding the accessory SIJ, iliosacral complex, 
isolated synostosis, unfused ossification cen-
ter, bipartite iliac bony plate, and semicircular 
defect, have been described.8,9 Among these 
variations, the accessory SIJ and iliosacral 
complex may mimic SIJ osteochondromas, 
in particular, the sessile (broad-based) type. 
The accessory SIJ has a reported prevalence 
of 1.7% to 19.1%,8,9,12,13 and the prevalence of 
the iliosacral complex is reportedly 2.6% to 
11%.8,9,13 Both of these variations are usually 
seen on the iliac surface at the posterosupe-
rior (ligamentous) portion of the SIJ at the 
level of the first and second sacral foram-
ina. The iliosacral complex, which indicates 
a marked prominence of the ilium across a 
concave recess of the sacrum,9 is mostly bi-
lateral (Figure 4a, b); the accessory SIJ is re-
ported to be associated with degenerative 
changes (Figure 4c), in contradistinction to 
the iliosacral complex.8,9 We observed that 
iliosacral complexes generally protrude with 
shallow angles from the iliac bone, whereas 
osteochondromas are either pedunculated 
(with a stalk narrower than the bulk of the le-
sion) or, when sessile, show steeper angles at 
their take-off from their base than iliosacral 
complexes. Nevertheless, distinguishing an 
osteochondroma from an iliosacral complex 
is not straightforward. Considering the rarity 
of osteochondromatosis and the frequency 
of these variations, different SIJ anatomy is 
more likely to be a variation rather than an 
osteochondroma. However, patients with 
osteochondromatosis may be asymptomat-
ic until they are incidentally diagnosed, and 
they may present with low-back pain and 
undergo sacroiliac MRI. As the early diag-
nosis of osteochondromatosis may dramat-
ically change the treatment and follow-up 
algorithms, the correct identification of SIJ 
osteochondromas is especially important in 

Table 1. Characteristics of all patients (n = 36) with osteochondromatosis

Characteristic

Age,a years [mean, (range)] 21 [5–71]

Sex (F:M) 23:13

Family history, n (%) 22 (61%)

Number of osteochondromas,b mean (range) 32 (2–76)

Involvement sites,c n (%)
	 Craniofacial (n = 6)
	 Spine (n = 32)
	 Chest wall (n = 31)
	 Shoulder girdle (n = 32)
	 Elbow (n = 17)
	 Hand and wrist (n = 20)
	 Pelvic girdle (n = 32)
	 SIJd (n = 22) 
	 Knee (n = 34)
	 Foot and ankle (n = 27)

0 (0%)
12 (38%)
17 (55%)
29 (91%)
3 (18%)

19 (95%)
28 (88%)
16 (73%)

34 (100%)
24 (89%)

Malignant transformation,e n (%) 3 (8%)

Other indications for surgical treatment,f n
	 Painful lesion
	 Bone deformity
	 Spinal cord compression
	 Fracture
	 Radial head dislocation

12 (39)
9 (12)
2 (2)

1
1

aAge data of patients was taken as their age at the time of their cross-sectional imaging covering the SIJs or, where 
such imaging was not available, from the time of their latest imaging study.
bMinimum number of osteochondromas across the skeleton identified on available imaging studies.
cNumbers in parentheses below denote patients having imaging studies covering these areas. Spine includes 
the sacrum outside the coverage of the SIJs, elbow includes the three long bones around the elbow, pelvic girdle 
includes the ilium outside the coverage of the SIJs, and knee includes the patella and the three long bones around 
the knee.
dThis only takes into account cross-sectional imaging (CT or MRI), not radiographs, on which it is not possible to 
reliably ascertain the presence of SIJ osteochondromas.
eFour lesions in three patients, who had SIJ osteochondromas, were surgically excised and histologically proven to 
be secondary chondrosarcoma (scapula, 1; ilium, 1; fibula, 1; toe phalanx, 1). The mean age at the time of malignancy 
diagnosis was 31 years (range, 15–46 years).
fThese indications for surgical treatment in 23 patients exclude malignant transformation, mentioned above. Nine 
patients had more than one surgery for different indications. Numbers in parentheses are the total number of 
surgeries for the mentioned indications. SIJ, sacroiliac joint; F, female; M, male; CT, computed tomography; MRI, 
magnetic resonance imaging.
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these patients. Therefore, before a diagnosis 
of variant anatomy is made, the possibility of 
an SIJ osteochondroma should be considered, 
and osteochondromas should be searched 
for elsewhere in the skeleton. In this study, all 
patients with SIJ osteochondromas had osteo-
chondromas in the pelvic girdle. Thus, patients 
with osteochondromatosis presenting with 
low-back pain and featuring osteochondromas 
in the pelvic girdle should also be evaluated for 
SIJ osteochondromas along with other causes 
of low-back pain. In addition, considering the 
hereditary background of this condition, un-
diagnosed relatives of osteochondromatosis 

patients presenting with low-back pain would 
benefit from evaluation with sacroiliac MRI for 
possible SIJ osteochondromas.

Osteochondromas typically display intral-
esional continuity of the medullary cavity of 
the parent bone and project away from the 
epiphysis. However, neither the latter feature 
in a flat bone, such as the ilium (where the 
overwhelming majority of osteochondro-
mas in our study were based) nor the former 
characteristic (since both accessory SIJs and 
the iliosacral complex also feature a protru-
sion with a continuation of the medullary 

cavity) are necessarily helpful for diagnosis. A 
helpful finding for differentiating osteochon-
dromas from the accessory SIJ and the iliosa-
cral complex, which is more common at the 
ligamentous (rather than the cartilaginous) 
portion of the SIJ, is the cartilage “cap” on 
osteochondromas. However, prominent ves-
sels on the surface of the iliosacral complex 
described in a previous study9 and edem-
atous changes at the accessory SIJ should 
not be confused with the cartilage cap. The 
mushroom shape of pedunculated osteo-
chondromas is also useful in differential di-
agnosis. Nevertheless, some accessory SIJs 

Figure 1. A 16-year-old girl with osteochondromatosis. Oblique coronal reformatted (a, b) and axial (c) pelvic computed tomography images show ilium-based 
sacroiliac joint osteochondromas (arrows) on both sides.

a b c

Table 2. Characteristics of osteochondromatosis patients with a cross-sectional imaging study covering SIJs (n = 22)

Characteristic P

Patients with SIJ osteochondromas, n (%) 
Overall
	 CT (n = 9)
	 MRI (n = 13)
Bilateral
Unilateral

16 (73%)
9
7

11 (69%)
5 (31%)

-

Age, years [mean, (range)]
	 With SIJ osteochondromas
	 Without SIJ osteochondromas

17 [7–42]
37 [16–66]

0.012d

Sex (F:M)
	 With SIJ osteochondromas
	 Without SIJ osteochondromas

10:6
4:2

1.000e

Patients with family history, n (%)
	 With SIJ osteochondromas
	 Without SIJ osteochondromas

9 (56%)
5 (83%)

0.350e

Number of osteochondromas,a mean (range)
	 With SIJ osteochondromas
	 Without SIJ osteochondromas

44 (17–76)
13 (2–30)

0.002d

SIJ anatomical variations, nb (%)
Accessory SIJ (n = 6)c

	 With SIJ osteochondromas (n = 3)
	 Without SIJ osteochondromas (n = 3)
Iliosacral complex (n = 2)c

	 With SIJ osteochondromas (n = 0)
	 Without SIJ osteochondromas (n = 2)

5 (23%)
2 (13%) 
3 (50%)
2 (9%)
0 (0%)

2 (33%)

-

aIndicates minimum number of osteochondromas across the skeleton.
bNumbers in the right column denote patients.
cThese numbers denote all instances of anatomical variations seen either on the right or the left side.
dMann–Whitney U test.
eFisher’s exact test. SIJ, sacroiliac joint; F, female; M, male; CT, computed tomography; MRI, magnetic resonance imaging.



 

394 • April 2023 • Diagnostic and Interventional Radiology Arslan et al. 

mentioned in the literature8 clearly showed 
a mushroom shape as well. Furthermore, pa-
tients with osteochondromatosis may have 
SIJ variations. In this study, the anatomical 
variations of accessory SIJs (n = 6, 27%) and 
the iliosacral complex (n = 2, 9%) were iden-
tified in six different patients with (n = 2) and 
without (n = 4) sacroiliac osteochondromas. 
In view of the aforementioned conditions, 
differentiating these variants from osteo-

chondromas can be challenging in patients 
with osteochondromatosis. In general, MRI is 
better than CT at showing the cartilaginous 
cap in osteochondromas, whereas the great-
er spatial resolution of CT renders it more 
helpful than MRI in identifying bony con-
tours of especially small osteochondromas 
and accessory SIJs. 

Although the prevalence of intra-articular 
involvement in osteochondromatosis is not 
established, it is considered to be rare.14,15 The 
frequent SIJ involvement shown in our study 
is remarkable in this regard. SIJ involvement 
has been described in dysplasia epiphysealis 
hemimelica (Trevor disease),16,17 which, al-
though featuring intra-articular osteochon-
droma-like (or, more accurately, osteocarti-

Figure 3. A 31-year-old man with multiple hereditary exostoses (osteochondromatosis). Oblique axial T1-weighted magnetic resonance images (a-c) show an 
accessory sacroiliac joint on the right (solid arrows) and an iliosacral complex on the left (dashed arrows). No sacroiliac joint osteochondromas were identified.

a b c

Figure 4. Anatomical variants in two patients without osteochondromatosis (outside the study group). Bilateral iliosacral complexes (a, b; asterisks) on oblique 
coronal reformatted (a) and axial (b) computed tomography (CT) images in a 66-year-old woman who underwent the pelvic CT exam for total hip arthroplasty 
control. An accessory sacroiliac joint (c; asterisk) on axial CT image in a 38-year-old woman who underwent the lumbar spinal CT exam for posterior spinal fixation 
hardware control.

a b c

Figure 2. A 17-year-old girl with multiple hereditary exostoses (osteochondromatosis). Coronal T2-weighted magnetic resonance images with fat saturation (a, 
b) show bilateral sacroiliac joint osteochondromas (asterisks), all but one ilium-based (the inferior osteochondroma on the left is sacrum-based). Note cartilage 
caps on intra-articular (solid arrows) and extra-articular (dashed arrows) osteochondromas. Note also the left-sided pseudoarthrosis (arrowhead) of a lumbosacral 
transitional vertebra.

a b
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laginous) lesions, has a different mechanism 
than osteochondromatosis.18 Trevor disease, 
characterized by osteocartilaginous epiph-
yseal lesions, is a very rare clinical entity 
with about 150 reported cases.18 The most 
common sites of disease are epiphyses and 
epiphyseal equivalents of the lower limb. 
Although bilateral involvement has been 
reported,19 the distribution of the lesions 
usually fits a hemimelic pattern with the in-
volvement of multiple joints in the same ex-
tremity. The SIJ is an uncommon location for 
Trevor disease and has been reported in only 
two cases.16,17 Unilateral involvement of the 
SIJ and multiple lesions on the epiphyses and 
epiphyseal equivalents in the same extremi-
ty appear to be reliable findings in differen-
tiating between osteochondromatosis and 
Trevor disease.18 None of our cases featured 
these findings.

Our study has several limitations. First, the 
small number of patients with osteochondro-
matosis who had undergone cross-sectional 
imaging covering their SIJs in our study limits 
its power. Nevertheless, as the first study to 
look into SIJ involvement in osteochondro-
matosis, it features a cohort of patients (n = 
36), 61% of whom had cross-sectional imag-
ing of the SIJs. Second, there is selection bias, 
as the observers were aware while reviewing 
the radiological examinations that the pa-
tients had osteochondromatosis. However, 
this did not prevent us from factoring in the 
already-established anatomical variations 
of the SIJs that might have mimicked osteo-
chondromatosis. Third, the presence of os-
teochondromas involving the SIJs might have 
been obscured by some of the SIJ anatomi-
cal variations. Fourth, the presented cases 
were treated in a tertiary health care center; 
therefore, our study may not reflect the true 
prevalence of SIJ involvement in osteochon-
dromatosis. Fifth, we do not have histologic 
proof of osteochondromas involving the SIJ, 
as none of these patients needed to undergo 
surgery in this area. However, when an iliosa-
cral complex is located at the cartilaginous 
portion of the joint, it would also be covered 
with a cartilage cap (the joint cartilage), and 
even histology might not be very helpful in 
differentiating it from a sessile osteochon-
droma. The same is valid for an accessory SIJ, 
which might be overlined by cartilage (in a 
synchondrotic accessory joint). Finally, the 

relationship between SIJ osteochondromas 
and low-back pain could not be definitively 
ascertained due to the retrospective design 
of the study. Therefore, we were not able to 
further elaborate on the clinical significance 
of SIJ involvement in osteochondromatosis.

In conclusion, this study investigated the 
SIJ involvement in osteochondromatosis. 
Cross-sectional imaging shows such involve-
ment to be frequent (73%). Although a rare 
disorder, osteochondromatosis nevertheless 
needs to be considered  during daily radio-
logical reporting practice in the differential 
diagnosis of such SIJ anatomical variants 
as the accessory SIJ and iliosacral complex. 
However, differentiating these variants from 
osteochondromas can be challenging in pa-
tients with osteochondromatosis. Patients 
with SIJ osteochondromas commonly display 
other osteochondromas in the pelvis, which 
might help ascertain osteochondromatosis 
in a focused imaging examination such as 
sacroiliac MRI. Knowledge of the frequency 
of SIJ involvement can change the manage-
ment of patients with osteochondromatosis 
presenting with low-back pain.
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PURPOSE
Olfactory dysfunction is a well-known complication in epilepsy. Studies have demonstrated that 
olfactory bulb volume (OBV), olfactory tract length (OTL), and olfactory sulcus depth (OSD) can be 
reliably evaluated using magnetic resonance imaging (MRI). In this study, we compared the OBV, 
OTL, and OSD values of children with epilepsy and those of healthy children (controls) of similar 
age. Our aim was to determine the presence of olfactory dysfunction in children with epilepsy and 
demonstrate the effects of the epilepsy type and treatment on olfactory function in these patients. 

METHODS
Cranial MRI images of 36 patients with epilepsy and 108 controls (3–17 years) were evaluated. The 
patients with epilepsy were divided into groups according to the type of disease and treatment 
method. Subsequently, OBV and OSD were measured from the coronal section and OTL from the 
sagittal section. The OBV, OTL, and OSD values were compared between the epilepsy group, sub-
groups, and controls. 

RESULTS
OBV was significantly reduced in the children with epilepsy compared with the control group (P < 
0.001). No significant difference between the healthy children and those with epilepsy was deter-
mined in terms of OTL and OSD. Although OBV was moderately positively correlated with age in 
the control group (r = 0.561, P < 0.001), it was poorly correlated with age in children with epilepsy 
(r = 0.393, P = 0.018). 

CONCLUSION
The results of our study indicate that OBV decreases in children with epilepsy, but epilepsy type and 
treatment method do not affect OBV, OTL, or OSD (P > 0.05).
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Epilepsy is a chronic neurological disease that affects people of all ages.1 The incidence of 
epilepsy in children varies from 41 to 187 per 100,000, with approximately 30,000 chil-
dren being diagnosed with epilepsy every year.2 Olfactory abnormalities in epilepsy are 

well documented. Clinically, these abnormalities present as olfactory auras or olfactory perfor-
mance deficits such as odor detection impairment.3 The olfactory system consists of primary 
olfactory nerves in the nasal cavity, the olfactory bulb, olfactory tract, and connections extend-
ing to the central nervous system. The olfactory nerves traverse the cribriform plate and form 
olfactory bulbs intracranially, and the olfactory tracts connect the olfactory bulbs to the brain. 
The olfactory bulbs and tracts are located under the olfactory sulcus on the lower surface of 
the frontal lobe. Nerve fibers originate from the olfactory tract and extend to the amygdala, 
olfactory tubercle, and parahippocampal gyrus.4 Olfactory bulb volume (OBV), olfactory tract 
length (OTL), and olfactory sulcus depth (OSD) can be reliably evaluated using magnetic reso-
nance imaging (MRI),5,6 and OBV is clinically important for measuring olfactory function.7
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To date, studies on the olfactory system in 
epilepsy have generally focused on adults;3,8,9 
however, few published studies relate to the 
imaging findings of the olfactory system 
(such as OBV measurement) in adults with 
epilepsy.8,9 To the best of our knowledge, no 
study has provided a quantitative analysis of 
the olfactory system (such as OBV, OSD, or 
OTL measurement) in childhood epilepsy. 
Therefore, in the present study, we aim to 
compare the quantitative measurements of 
olfactory anatomical structures (OBV, OSD, 
and OTL) between patients diagnosed with 
childhood epilepsy and healthy controls. 

Methods

Participants 

This study had a retrospective design (lo-
cal ethics committee approval no: 2019/2-
28) and involved 36 patients with epilepsy 
who underwent cranial MRI between Jan-
uary 2016 and August 2020. Informed con-
sent was not obtained because the study 
was in a retrospective design. Only patients 
diagnosed with primary epilepsy were in-
cluded in the study group. Patients with un-
controlled epilepsy, intellectual disability, or 
a history of hypoxic ischemic encephalopa-
thy, trauma, meningoencephalitis, prematu-
rity, endocrinopathy, metabolic disease, or 
neurodegenerative disease were excluded. 
Cases with inadequate MRI images were 
also excluded. Patients with normal brain 
MRI reports were included in the study. The 
patients that met the study criteria were 
divided into three groups according to the 
International League Against Epilepsy 2017 
criteria: generalized onset, focal onset, and 
unclassified. The generalized-onset group 
contained 23 patients, the focal-onset group 
8 patients, and the unclassified group 5 pa-
tients.

The patients were also categorized ac-
cording to the treatment they were receiv-
ing: those in remission who were not receiv-
ing any medical treatment at that time (n = 
9), those using a single antiepileptic agent 
(n = 20), and those using two or more an-
tiepileptic agents (n = 7). The control group 
consisted of 108 children aged 3 to 17 years 
who underwent brain MRI for reasons other 
than epilepsy (e.g., tension-type headache, 
transient non-specific benign vertigo at-
tacks, or somatization) and were reported to 
have normal findings. Patients and controls 
were divided into three age-range groups as 
follows: group 1, young children (3–6 years); 
group 2, children (7–11 years); and group 3, 
adolescents (12–17 years). Patients and con-
trols were compared in these three groups.

Magnetic resonance imaging studies 

The MRI studies were evaluated by two ra-
diologists with 12- and 10-years’ experience. 
The radiologists did not know which group 
the studies belonged to. Two radiologists 
performed the measurements separately, 
and the mean value was used for analysis. 
Images were obtained using a 1.5 T scanner 
(Achieva, Philips Medical Systems, Best, Neth-
erlands) with a head coil. Images in the coro-
nal section were obtained perpendicular to 
the cribriform plate. Examination sequences 
were composed of balanced fast-field echo 
(B-FFE) three-dimensional (3D) images in the 
coronal plane [repetition time (TR), 6.5 ms; 
echo time (TE), 3.4 ms; field of view (FOV) 180 
180 mm; number of signals averaged (NSA), 
2; thickness, 1 mm; gap, 0 mm; slices, 75; ma-
trix, 308 308 mm] and sagittal 3D T1-weight-
ed images (TR, 8.2 ms; TE, 4.0 ms; FOV, 140 
156 mm; NSA, 4; thickness, 1.2 mm; gap, 0.2 
mm; slices, 40; matrix, 252 278 mm). The MRI 
scan time was 4–5 min.

Image analysis 

OBV, OTL, and OSD were measured in 
all patients. On the coronal B-FFE 3D im-
ages, the olfactory bulb was visualized as a 
hypointense round or ovoid structure sur-
rounded by cerebrospinal fluid superior to 
the anterior cribriform plate (Figures 1, 2). 
The relatively abrupt change in diameter 
defined the proximal border of the bulb (on 
coronal plane B-FFE 3D images). Volume 
measurements were obtained using manu-
al segmentation based on the contour stack 
principle and calculated using the Philips Ex-
tended MR workspace (version 2.6.3.5) post-
processing software package (Philips Medi-
cal Systems). OSD was measured on coronal 
B-FFE 3D images, and the maximum depth 

was recorded (Figure 3). Olfactory tract mea-
surements were performed on the plane on 
which the olfactory tract was most clearly 
seen on sagittal 3D T1 reformatted images 
(Figure 4).

Statistical analysis 

To perform the statistical analysis, SPSS 
v25.0 software was used. The Kolmogorov–
Smirnov test was used to determine wheth-
er the data were distributed normally. The 
control and epilepsy groups were compared 
using the independent sample t-test. The 
Mann–Whitney U test was used to compare 
the epilepsy and control groups in small 
groups. The Kruskal–Wallis test was used for 
a comparison of more than two groups in 
terms of OBV, OTL, and OSD values. When 
parametric tests were used, mean and stan-
dard deviation (SD) values were given, and 
when non-parametric tests were used, me-
dian, minimum, and maximum values were 
given. The demographic characteristics of 
the epilepsy and control groups are present-
ed as mean ± SD, and categorical variables 
are expressed as counts and percentages. 
The relationship between OBV, OSD, and OTL 
measurements and age was assessed using 
Pearson’s correlation coefficient. 

The intraclass correlation coefficient (ICC) 
was used in the study because of its ability to 
compare quantitative measurements among 
observers. The ICC test was calculated using 
a two-way random absolute single measure-
ment model with a 95% confidence interval. 
Interobserver agreement in OBV, OSD, and 
OTL measurements was evaluated using 
Bland–Altman plots, which were produced 
through SPSS software. The average differ-
ence and 95% limits of agreement (mean dif-
ference ± 1.96 SD) are specified. The statisti-
cally significant level was accepted as P < 0.05.

Results
The ICC, indicating agreement in interob-

server measurements, was good to excellent 
and ranged from 0.73 to 0.96 (Table 1). Of the 
cases diagnosed with epilepsy, 20 were boys 
(55%) and 16 (45%) were girls, and the mean 
age was 7.53 ± 3.60 years. The control group 
consisted of 108 cases, of which 60 were boys 
(55%) and 48 were girls (45%) (mean age 8.23 
± 4.55). OBV was significantly decreased in 
patients with epilepsy compared with the 
control group (Table 2), but no significant 
difference was identified in terms of right 
and left OTL and OSD between the epilepsy 
and control groups (P = 0.188, 0.726 and P = 
0.920, 0.845, respectively).

Main points

•	 There is a correlation between decreased ol-
factory bulb volume (OBV) and the presence 
of some neurodegenerative diseases, such 
as dementia and Alzheimer disease. To date, 
studies on the olfactory system in epilepsy 
have focused on adults. 

•	 A quantitative analysis of the olfactory sys-
tem can be reliably undertaken using mag-
netic resonance imaging. In this study, OBV 
values of pediatric patients with epilepsy 
were decreased.

•	 The decrease in OBV in children with epilep-
sy reflects not only the olfactory function of 
OBV but also the destructive effect of child-
hood epilepsy on the nervous system.
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In addition, no significant difference was 
detected when the right and left OSD val-
ues were compared within the epilepsy and 
control groups (P = 0.334, P = 0.445, respec-
tively) nor between the right and left OTL in 
the epilepsy and control groups (P = 0.947, 
P = 0.402, respectively). Pearson’s correlation 
coefficients were calculated, and a weak pos-
itive correlation was observed between age 
and OBV in the epilepsy group (r = 0.393, P 
= 0.018), and there was a moderate positive 
correlation between OBV and age in the con-
trol group (r = 0.561, P < 0.001). The right and 
left OTL and OSD values were not correlated 
with age (r = 0.095; P = 0.256, r = 0.001; P = 
0.993, r = 0.921; P = 0.275, r = 0.583; P = 0.488, 
respectively). The right and left OBV, OTL, 
and OSD values did not significantly differ 
according to sex in either group ​​(patients: P 
= 0.445, P = 0.585, P = 0.432, P = 0.266, P = 
0.504, P = 0.581; controls: P = 0.112, P = 0.990, 
P = 0.643, P = 0.975, P = 0.681, P = 0.922, re-
spectively).

No significant difference in OBV, OTL, 
and OSD was identified among the patients 
with generalized-onset, focal-onset, or un-
classifiable epilepsy (Table 3). Furthermore, 
no significant difference was found in these 
three parameters among the single therapy, 
multiple therapy, and non-therapy groups 
(Table 4). When all age groups were com-
pared, there was no significant relationship 
between the right and left OTL and OSD 
values of the patient and control groups (P 
= 0.643, P = 0.921, P = 0.141, P = 0.143, re-
spectively). However, OBV values decreased 
in the epilepsy group in all age groups (Table 
5). Bland–Altman graphics representing the 
relationship between the differences in mea-
surements and the mean values identified by 
the two radiologists are presented in Figures 
5 and 6.

Discussion
Olfactory deficits (odor identification, 

recognition memory, discrimination, and 
perception threshold) are more prominent 
in patients with epilepsy than in healthy 
individuals.3 Khurshid et al.3 conducted a 
meta-analysis on epilepsy and smell by 
screening 21 articles, revealing that olfac-
tory deficits varied according to epilepsy 
types and were most prominent in temporal 
and mixed frontal lobe epilepsy. Impaired 
smell identification in patients with tempo-
ral lobe epilepsy before seizures, as well as 
those with a history of temporal lobectomy, 
demonstrates the effect of the temporal lobe 
on the sense of smell.3

Figure 1. Illustration of the olfactory system on 
coronal plane magnetic resonance imaging. The 
medial orbital gyrus (green area), gyrus rectus (red 
area), olfactory sulcus (blue area), and olfactory 
bulb (brown area) are depicted at the side of the 
illustration.

Figure 3. Olfactory bulbs (red area) and olfactory sulcus 
(blue line) are shown on coronal three-dimensional 
(3D) balanced fast-field echo magnetic resonance 
imaging. A semi-automatic measurement of the 
olfactory bulb volume using manual segmentation 
and multiplanar reformatting on the 3D workstation. 
To minimize the possibility of errors in volumetric 
measurements, the images were magnified as much 
as possible. The volumes are given in mm3, and the 
line measurements are given in mm.

Figure 2. Coronal three-dimensional balanced 
fast-field echo magnetic resonance images of a 
6-year-old girl showing the right and left olfactory 
bulb as a hypointense ovoid structure (arrows). The 
olfactory sulcus is displayed as a hyperintense line 
between the medial orbital gyrus (white star) and 
gyrus rectus (yellow star). Note the hyperintense 
cerebrospinal fluid surrounding the olfactory bulbs.

Figure 4. A sagittal T1-weighted magnetic 
resonance image revealing the boundaries of the 
right olfactory tract (arrowheads).

Table 1. Intraclass correlation coefficient estimates of two observers

Variables ICC (95% CI)

Right OBV 0.89 (0.81–0.93)

Left OBV 0.96 (0.94–0.97)

Total OBV 0.96 (0.94–0.97)

Right OTL 0.90 (0.63–0.96)

Left OTL 0.88 (0.72–0.94)

Right OSD 0.73 (0.57–0.83)

Left OSD 0.84 (0.73–0.90)

OBV, olfactory bulb volume; OTL, olfactory tract length; OSD, olfactory sulcus depth; CI, confidence interval; ICC, 
intraclass correlation coefficient.
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Table 2. Comparison of the epilepsy and control groups

Variables Epilepsy (n = 36) (mean ± SD) Control (n = 108) (mean ± SD) P

Right OBV 54.60 ± 11.29 66.30 ± 13.44 <0.001

Left OBV 52.66 ± 10.82 66.25 ± 17.13 <0.001

Total OBV 106.61 ± 16.69 132.55 ± 28.27 <0.001

Right OTL 24.30 ± 3.08 25.16 ± 3.43 0.188

Left OTL 24.55 ± 3.29 24.17 ± 3.19 0.726

Right OSD 10.09 ± 1.98 10.13 ± 1.65 0.920

Left OSD 9.95 ± 1.64 10.02 ± 1.89 0.845

Independent two samples t-test was used. SD, standard deviation; OBV, olfactory bulb volume; OTL, olfactory tract length; OSD, olfactory sulcus depth.

Table 3. Comparison of the parameters among the epilepsy subgroups according to seizure type

Variables Generalized onset (n = 23) median 
(min–max)

Focal onset (n = 8) median (min–
max)

Unclassified (n = 5) median (min–max) P

Right OBV 53.44 (37.08–65.55) 56.70 (52.44–70.09) 47.39 (41.29–62.99) 0.193

Left OBV 51.87 (29.08–74.68) 54.43 (37.96–74.65) 54.73 (37.39–63.79) 0.754

Total OBV 102.93 (71.16–133.16)  114.96 (90.40–140.12) 102.50 (78.68–124.65) 0.367

Right OTL 23.60 (18.13–30.14) 26.80 (21.58–29.80) 23.32 (20.96–26.46) 0.161

Left OTL 25.35 (17.89–29.86) 23.91 (21.62–27.52) 22.53 (19.57–25.93) 0.337

Right OSD 9.52 (6.32–14.20) 10.72 (9.12–13.04) 11.09 (8.86–11.67) 0.320

Left OSD 9.93 (6.31–14.30) 9.60 (8.14–13.57) 10.19 (8.92–11.61) 0.808

OBV, olfactory bulb volume; OTL, olfactory tract length; OSD, olfactory sulcus depth (Kruskal–Wallis test was used), min, minimum; max, maximum

Table 4. Comparison of the parameters among the epilepsy subgroups according to treatment

Variables Single antiepileptic (n = 20) median 
(min–max)

Multiple antiepileptics (n = 9) median 
(min–max)

No therapy (n = 7) median (min–max) P

Right OBV 57.79 (37.08–70.09) 50.41 (41.29–62.81) 53.45 (46.45–63.32) 0.214

Left OBV 51.90 (39.72–74.68) 51.87 (29.08–66.72) 52.24 (41.32–63.79) 0.729

Total OBV 106.54 (76.80–140.12) 102.12 (71.16–129.42) 106.69 (92.08–124.65) 0.397

Right OTL 23.51 (18.13–29.80) 25.87 (19.88–30.14) 23.61 (21.71–27.13) 0.670

Left OTL 24.70 (17.89–29.74) 24.08 (18.63–29.86) 24.26 (20.68–28.18) 0.728

Right OSD 10.87 (7.32–14.20) 9.67 (6.82–11.24) 9.01 (6.32–13.04) 0.418

Left OSD 10.01 (6.31–14.30) 8.98 (6.73–11.56) 10.59 (8.92–13.57) 0.100

OBV, olfactory bulb volume; OTL, olfactory tract length; OSD, olfactory sulcus depth (Kruskal–Wallis test was used), min, minimum; max, maximum

Table 5. Comparison of epilepsy and control groups by age group

Age groups Variables Epilepsy (n = 14, 12, 10) median (min–max) Control (n = 46, 31, 31) median (min–max) P

3–6 years
(group 1)

Right OBV 54.13 (37.08–63.32) 62.21 (35.87–85.79) 0.009

Left OBV 47.70 (29.08–74.68) 59.34 (34.10–102.97) 0.009

Total OBV 98.62 (71.16–133.16) 122.15 (73.51–188.76) 0.005

7–11 years
(group 2)

Right OBV 55.23 (41.29–65.55) 63.37 (38.98–92.47) 0.009

Left OBV 50.87 (37.39–74.65) 64.19 (41.19–95.46) 0.011

Total OBV 106.51 (78.68–140.12) 126.51 (87.56–182.11) 0.002

12–17 years
(group 3)

Right OBV 54.95 (41.17–70.09) 77.55 (51.40–98.74) <0.001

Left OBV 56.78(51.24–66.72) 75.66 (43.56–121.04) 0.004

Total OBV 111.99 (95.39–129.53) 155.96 (94.95–205.51) 0.001

OBV, olfactory bulb volume, min, minimum; max, maximum
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The olfactory bulb is the first key station 
that relays odor information from the periph-
ery. It ends in the olfactory tract and is closely 
related to the olfactory sulcus in the frontal 
lobe. OBV is a criterion for evaluating olfac-
tory function and is smaller in patients with 
anosmia than in those with hyposmia.10 In pa-
tients with posttraumatic and postinfectious 
(as in sinusitis) odor loss, a significant cor-
relation was reported between olfactory re-
covery and the initial OBV measurement (the 
more prominent the initial OBV, the more 
meaningful the improvement in olfactory 
function).7 One study revealed that OBV var-
ied according to age, and although there was 
no obvious difference in adults until the age 
of 40 years, OBV started to decrease in the 
60–70-years age group.7 In the same study, 
the OBV cut-off value was determined as 40 
mm3 for adults without smell dysfunction.7

In the only pediatric study, quantitative 
measurements of OBV, OTL, and OSD ​​were 
performed in healthy children, and these 
values ​​were observed to increase with age 
without sex difference.11 OBV decreased in 

posttraumatic and postinfectious olfactory 
disorders, congenital anosmia, and neuro-
degenerative diseases (e.g., Parkinson, Alz-
heimer, and Behçet diseases).5,7,12-15 In a study 
conducted on patients with mesial temporal 
lobe epilepsy, OBV was significantly lower in 
this group than in the control group, and the 
mean OBV of patients with hyposmia (ep-
ilepsy) was significantly lower than that of 
patients with normosmia.9

In an experimental study, the develop-
ment of epilepsy was reported in mice in 
which olfactory bulbectomy had been per-
formed.16 In other studies, increased excit-
ability in the amygdala was revealed after 
olfactory bulbectomy in mice.17,18 These stud-
ies suggest that the olfactory bulb may play a 
role in suppressing epileptic discharges rath-
er than being an epileptic focus. In humans, 
the presence of reflex epilepsy provoked by 
smell19 suggests that the olfactory bulb may 
be involved in the etiopathogenesis of epi-
lepsy.

Doğan et al.13 reported that OBV de-
creased in Behçet disease, but they did not 

find a difference in OSD compared with the 
control group. OSD was reported to be low-
er than that of controls in certain diseases, 
such as schizophrenia, migraine, Parkinson 
disease, and major depression.8,12,14,20-22 Al-
though OBV has previously been reported 
to decrease in cases of olfactory dysfunction 
that develop because of upper respiratory 
tract infection and in patients with allergic 
rhinitis, in the same studies, no significant 
difference in OSD was observed compared 
with controls.23,24 Few studies have been 
published on OTL. One study revealed that 
OTL is decreased in patients with essential 
tremor compared with controls.25 Kumar et 
al.26 induced olfactory hallucination in 11 
children with focal epilepsy by stimulating 
the olfactory bulb or tract using subdural 
electrodes.

Although the olfactory nerve is a pure 
sensory nerve, it also exhibits volume loss 
in cases where extrapyramidal motor func-
tion is impaired, such as Parkinson disease, 
systemic diseases such as Behçet, psycho-
somatic disorders such as restless legs 
syndrome,27 and neurogenic abnormal dis-
charges such as epilepsy. Thus, in many sys-
temic diseases in which olfactory function is 
not clinically impaired, OBV decreases or the 
olfactory system may be affected.

In this study, the OBV value increased 
with age in both children with epilepsy and 
healthy children, but this increase was low-
er in the epileptic group than in the control 
group. This result might indicate that the de-
velopment of the olfactory bulb is slowed in 
children with epilepsy. 

This study has certain limitations, such as 
its retrospective design, evaluation of cases 
based on medical files, absence of an evalua-
tion of the olfactory aura or disease duration 
in patients with epilepsy, absence of odor 
testing, and the sample not including any 
patient with a history of epilepsy surgery. 

In conclusion, the quantitative analy-
sis of the olfactory system can be reliably 
undertaken using MRI. In this study, there 
was a decrease in the OBV values of pedi-
atric patients with epilepsy. The literature 
suggests the presence of a correlation be-
tween reduced OBV and presence of neuro-
degenerative diseases, and OBV is not only 
associated with olfactory function but also 
reflects the devastating effect of diseases 
on the nervous system. Further research in-
vestigating different diseases in wider pop-
ulations might better reveal the relationship 
between OBV and neurodegeneration.

Figure 5. Bland–Altman graphics of the interobserver agreement for olfactory tract length and olfactory 
sulcus depth. The difference between the two observers is plotted on the y-axis and the mean value of the 
measurements on the x-axis. A continuous line indicates mean difference. Dashed upper and lower lines 
indicate the upper and lower limits of the 95% fit limits (mean ± variability estimate = 1.96 standard deviation).

Figure 6. Bland–Altman graphics of the interobserver agreement for olfactory bulbus volumes. The 
difference between the two observers is plotted on the y-axis and the mean value of the measurements on 
the x-axis. A continuous line indicates mean difference. Dashed upper and lower lines indicate the upper 
and lower limits of the 95% fit limits (mean ± variability estimate = 1.96 standard deviation).
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The safety and efficacy of endovascular treatment (EVT) for anterior circulation large ves-
sel occlusive stroke (LVOS) have been verified in randomized controlled trials. However, 
nearly 45% of the cases with LVOS cannot recover after EVT.1,2 Recent evidence has re-

vealed that malignant cerebral edema (MCE) commonly occurs after EVT, and the develop-
ment of MCE may reduce the benefit–risk ratio of EVT.3-5 MCE is a severe complication of stroke 
that occurs in approximately 10% of all patients with stroke. The prognosis for MCE is poor, with 
a mortality rate of 80% when treated conservatively.6 Early decompressive surgery effectively 
lowers mortality and improves the clinical outcomes of patients with MCE.7 The addition of 
decompressive craniectomy to the best medical therapy can reduce the mortality rate of MCE 
by 50%–75%.8 Hence, the early identification of patients at a high risk of MCE is critical for 
therapeutic decision-making. The imaging predictors for MCE that have been studied so far 
primarily involve the characterization of the infarction size, neurovascular condition, and brain 
perfusion of the patient.7 

PURPOSE
Radiomics analysis is a promising image analysis technique. This study aims to extract a radiomics 
signature from baseline computed tomography (CT) to predict malignant cerebral edema (MCE) in 
patients with acute anterior circulation infarction after endovascular treatment (EVT).

METHODS
In this retrospective study, 111 patients underwent EVT for acute ischemic stroke caused by mid-
dle cerebral artery (MCA) and/or internal carotid artery occlusion. The participants were randomly 
divided into two datasets: the training set (n = 77) and the test set (n = 34). The clinico-radiological 
profiles of all patients were collected, including cranial non-contrast-enhanced CT, CT angiography, 
and CT perfusion. The MCA territory on non-contrast-enhanced CT images was segmented, and the 
radiomics features associated with MCE were analyzed. The clinico-radiological parameters related 
to MCE were also identified. In addition, a routine visual radiological model based on radiological 
factors and a combined model comprising radiomics features and clinico-radiological factors were 
constructed to predict MCE.

RESULTS
The areas under the curve (AUCs) of the radiomics signature for predicting MCE were 0.870 (P < 
0.001) and 0.837 (P = 0.002) in the training and test sets, respectively. The AUCs of the routine visual 
radiological model were 0.808 (P < 0.001) and 0.813 (P = 0.005) in the training and test sets, respec-
tively. The AUCs of the model combining the radiomics signature and clinico-radiological factors 
were 0.924 (P < 0.001) and 0.879 (P = 0.001) in the training and test sets, respectively.

CONCLUSION
A CT image-based radiomics signature is a promising tool for predicting MCE in patients with acute 
anterior circulation infarction after EVT. For clinicians, it may assist in diagnostic decision-making.
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Diffusion-weighted imaging (DWI) is a 
valuable technique for identifying the isch-
emic core. Rapid sequence magnetic res-
onance imaging (MRI) using DWI and flu-
id-attenuated inversion recovery sequences 
has gradually emerged as a new screening 
modality in people with suspected acute 
ischemic stroke (AIS), especially where there 
might be delays in obtaining full sequence 
brain imaging. However, some limitations still 
exist, such as limited access at some emer-
gency departments and the contraindica-
tions of MRI examination for some patients. 
Computed tomography (CT) is a commonly 
used imaging technique in clinical practice 
for diagnosing and treating AIS. However, 
some reported prognostic variables (i.e., MCE) 
are imprecise when using conventional CT 
methods (i.e., cranial CT scan).7 Therefore, 
new approaches that can promptly identify 
MCE are needed.

Conventional CT images contain informa-
tion that cannot be evaluated visually but 
may be assessed using image analysis tools. 
Image textures correspond to the brightness 
value and the position of image pixels. Image 
texture analysis is a quantitative image anal-
ysis method that can improve the accuracy 
of the diagnostic or classification information 
extracted from different imaging methods, 
such as ultrasound, CT, and MRI.9 The correla-
tion between the radiomics signature based 
on image textures and the progression of 
MCE after EVT is not fully known. This study 
hypothesized that the radiomics signature 
might be an early predictor of MCE in patients 
with acute anterior circulation infarction af-
ter EVT. Furthermore, this study evaluated 
the predictive potential of a single radiomics 
signature and a model comprising a radio-
mics signature as well as clinical factors and 
routine radiological parameters for MCE.

Methods
This retrospective study was approved 

by the Zhejiang Provincial People’s Hospi-
tal’s Ethics Committee (approval number: 
2020QT038), and informed consent was 
waived due to its retrospective nature. The 
clinical data and radiological findings of all 

subjects were obtained from the medical re-
cords and the picture archiving and commu-
nication system of our hospital.

Study population

The clinical and radiological data of pa-
tients diagnosed with AIS caused by middle 
cerebral artery (MCA) and/or internal carotid 
artery (ICA) occlusion and who had under-
gone EVT were retrospectively reviewed from 
the institutional databases between January 
2018 and August 2021. Finally, a total of 111 
patients were included (Figure 1).

The inclusion criteria were as follows: (1) 
patients were diagnosed with AIS and un-
derwent EVT; (2) baseline cranial non-con-
trast-enhanced CT (NCCT), CT angiography 
(CTA), CT perfusion (CTP) images, and the 
follow-up CT/MRI images in case of neuro-
logical deterioration or within three days af-
ter EVT were available; and (3) patients had a 
causative occlusion of the MCA and/or ICA. 
The exclusion criteria were as follows: (1) the 
presence of AIS in the areas supplied by the 
posterior circulation or bilateral acute isch-
emic lesions demonstrated by neuroimag-
ing; (2) a modified Rankin Scale score of over 

two before admission; (3) the presence of 
symptomatic intracranial hemorrhage; and 
(4) difficulty in image interpretation due to 
incomplete images or artifacts. 

Endpoint

The primary endpoint was the occurrence 
of MCE, defined as a midline shift of over 5 
mm at the pineal gland or septum pellucid-
um on the follow-up imaging, with the need 
for decompressive hemicraniectomy.3,10-12

Imaging protocol

All participants underwent baseline CTP 
and NCCT scans and had follow-up CT or 
MRI. CTP and NCCT were performed using a 
640-slice CT (Aquilion ONE TSX-301A, Toshi-
ba).

The whole-brain NCCT was performed in 
one rotation (detector width: 16 cm). More-
over, CTP was acquired after the administra-
tion of a contrast agent (50 mL; Omnipaque, 
GE Healthcare) through intravenous (IV) 
injection at a rate of 6 mL/s, followed by 50 
mL of saline (acquisition parameters: scan-
ning width, 5 mm; scanning coverage, 240 
mm; 128 mAs; and 120 kV). At 7 s after the 

Main points

•	 The development of malignant cerebral 
edema (MCE) may reduce the benefit–risk 
ratio of endovascular treatment (EVT). 

•	 Computed tomography-based radiomics 
analysis may be used to predict MCE.

•	 A radiomics signature was built to screen 
patients at high risk of MCE after EVT.

Figure 1. Flowchart of patient enrollment. MCA, middle cerebral artery; ICA, internal carotid artery; NCCT, 
non-contrast enhanced computed tomography; CTP, computed tomography perfusion; CT, computed 
tomography; MR, magnetic resonance; MCE, malignant cerebral edema.
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injection of the contrast agent, a pulsed full 
rotation scan was performed with 18 time 
points acquired over 1 min and a total image 
acquisition time of 9.5 s. Multiphase CTAs, 
including venous peak phase, venous late 
phase, and arterial peak phase images, were 
generated from CTP images using MIStar 
(Apollo Medical Imaging Technology). 

Clinical and routine radiological assess-
ment

The baseline neurological status of pa-
tients at admission was evaluated using the 
National Institutes of Health Stroke Scale (NI-
HSS). The recanalization status after EVT was 
assessed using the modified Thrombolysis in 
Cerebral Infarction grading system.

Radiological images, including baseline 
NCCT, CTP, and CTA, as well as follow-up 
images, were reviewed and evaluated by 
two neuroradiologists (H and X, with 6 and 
10 years of clinical experience, respective-
ly). Any discordant interpretations between 
the two raters were resolved by consensus 
through discussion.

The Alberta Stroke Program Early CT Score 
(ASPECTS) was calculated by subtracting the 
score of the low-density regions from a total 
score of 10 on NCCT images.13

On CTA images, the thrombosis burden 
was quantified to assess the clot in the an-
terior circulation using the clot burden score 
(CBS), which starts at 10 and is deducted 

based on the loss of contrast opacification on 
CTA.14 The leptomeningeal collateral status 
was evaluated on a 0–3 scale: 0, absent collat-
eral filling; 1, ≤50% collateral filling; 2, >50% 
but <100% collateral filling; and 3, ≥100% 
collateral filling when compared with the 
non-occluded side.15

On CTP images, the ischemic core was 
defined by a decrease in the relative cerebral 
blood flow to less than 30% of normal. The 
ischemic lesion was defined as brain tissues 
with a delay time (DT) of >3 s based on MIStar.

Image preprocessing and radiomics feature 
selection

Radiomics analysis was conducted based 
on baseline cranial NCCT (Figure 2).

Image data preprocessing, including 
gray-level discretization, intensity normal-
ization, and image interpolation, was carried 
out using the AK software (version 3.0.0. R, 
Artificial Intelligence Kit, GE Healthcare).

The region of interest (ROI) of the whole 
MCA territory was manually segmented on 
a 3D volume of interest on NCCT images 
using the ITK-SNAP software (www.itksnap.
org). The intra- and inter-rater agreement on 
the ROI segmentation was evaluated using 
intraclass correlation coefficients. Rater H 
segmented the ROIs twice within a 2 month 
interval. Intra-rater ICC was determined by 
comparing the two measurements of rater H. 
Inter-rater ICC was calculated by comparing 

the ROIs in 30 randomly selected patients 
(measured by raters X and H).

The extracted features included haralick, 
histogram, formfactor, gray level co-occur-
rence matrix, run-length matrix, and gray 
level size-zone matrix. For each patient, 396 
features were extracted, which were then 
standardized to remove the unit limits of the 
data. Dimension reduction was carried out 
using the correlation test, Mann–Whitney U 
test, and analysis of variance. The features 
were further selected using the least abso-
lute shrinkage and selection operator (LAS-
SO).

Development of the radiomics signature

Multivariate logistic regression analysis 
was used to construct the radiomics signa-
ture, which was then used to predict MCE 
based on selected features using the LAS-
SO. Subsequently, the radiomics score (rad-
score) of each patient was calculated. The 
formula was derived from the training set 
data and was then used to determine the 
rad-score of the patient in the test set. The 
predictive efficiency of the radiomics signa-
ture was evaluated using the receiver oper-
ating characteristic (ROC) curves in both the 
training and test sets.

Development of the prediction model for 
malignant cerebral edema

All parameters (i.e., sex, age, history of 
hypertension, atrial fibrillation, hyperlip-
idemia, diabetes mellitus, alcohol abuse, 
smoking, baseline NIHSS, hyperdense ves-
sel sign of the MCA, ASPECTS, collateral 
score, occlusion site, CBS, ischemic lesion 
volume, ischemic core volume, IV-type plas-
minogen activator (tPA), time from onset 
to groin puncture, reperfusion grade, and 
the radiomics signature) were screened to 
identify variables associated with MCE. Fur-
thermore, multivariate regression analysis 
was performed to construct a prediction 
model for MCE. The model calibration was 
assessed using the Hosmer–Lemeshow 
test. The ROC curve was used to evaluate 
the predictive ability of the model.

Statistical analysis

The MedCalc v15.2.2, SPSS v21.0, and 
Microsoft R Open v3.3.1 software were used 
for statistical analyses. Descriptive statistics 
were presented as median (first quartile and 
third quartile) for non-normally distributed 
variables, and the mean ± standard devia-
tion was used for the normally distributed 
variables. Categorical variables were report-Figure 2. Workflow of radiomics analysis. NCCT, non-contrast enhanced computed tomography; CTA, CT 

angiography; CTP, CT perfusion; ROI, region of interest.
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ed as frequencies (percentages). The LASSO 
analysis was conducted based on the min-
imum criterion by 10 fold cross-validation. 
The Student’s t-test, Mann–Whitney U test, 
Pearson’s chi-square test, and Fisher’s exact 
test were used to identify MCE-associated 
variables. The Youden index in the ROC anal-
ysis was used to determine the best cut-off 
point of CTP parameters and NCCT ASPECTS 
for identifying patients with MCE. Multivar-
iate regression analysis was performed to 
establish the radiomics signature, the rou-
tine visual radiological model, and the com-
bined model for predicting MCE. The ROC 
curves were compared using the method 
developed by DeLong et al.16 The signifi-
cance level was established as α = 0.05.

Results

The intra- and inter-rater reliability

The intra-rater agreement on the ROI seg-
mentation between the two measurements 

from the same rater was 0.896 (P < 0.001). 
The inter-rater agreement between the two 
raters was 0.842 (P < 0.001).

Baseline characteristics

A total of 111 patients were randomly 
split into two datasets at a ratio of 7:317 as fol-
lows: the training set (n = 77) and the test set 
(n = 34). There were no significant differences 
in the clinical or routine radiological charac-
teristics between the two sets (Table 1). The 
rad-score, ASPECTS, ischemic core volume, 
DT >3 s lesion volume, and IV-tPA were sig-
nificantly different between the MCE (+) and 
MCE (-) groups in the training set (Table 2).

The radiomics signature

After identifying 187 features using the 
Mann–Whitney U test and analysis of vari-
ance, 22 features were retained after the 
Spearman correlation analysis. Moreover, 
the LASSO analysis was performed, and 15 

features remained (Supplementary Table 1). 
The rad-score was obtained using the LASSO 
model, with a linear combination of the 15 
features (Supplementary Materials). The val-
ues of the 15 features of each subject were 
placed into the calculation formula, and the 
rad-score was obtained to indicate the pre-
dictive efficiency for MCE.

The sensitivity, specificity, and AUC of the 
radiomics signature for predicting MCE in the 
training set were 86.36%, 76.36%, and 0.870 
[95% confidence interval (CI): 0.773–0.967], 
respectively (Figure 3). The radiomics signa-
ture showed satisfying goodness-of-fit (P = 
0.361). The sensitivity, specificity, and AUC in 
the test set were 90.00%, 83.33%, and 0.837 
(95% CI: 0.655-1), respectively (Figure 3).

The routine visual radiological model

The routine radiological parameters for 
the prediction of MCE were as follows: 1) AS-
PECTS with an AUC of 0.800 (95% CI, 0.683–
0.917; P < 0.001); 2) ischemic core volume 
with an AUC of 0.793 (95% CI, 0.675–0.910; P 
< 0.001); and 3) DT >3 s lesion volume with an 
AUC of 0.725 (95% CI, 0.580–0.870; P = 0.002). 
The best cut-off values for the ASPECTS, isch-
emic core volume, and DT >3 s lesion volume 
were 7, 37, and 235, respectively (Table 3).

The sensitivity, specificity, and AUC of 
the routine visual radiological model based 
on the above radiological parameters were 
77.27%, 78.18%, and 0.808 (95% CI: 0.687–
0.929), respectively, in the training set (Fig-
ure 3). The routine visual radiological mod-
el showed satisfying goodness-of-fit (P = 
0.200). The sensitivity, specificity, and AUC in 
the test set were 70.00%, 87.50%, and 0.813 
(95% CI: 0.649–0.976), respectively (Figure 3).

The combined model

The combined model for predicting MCE in-
cluded the rad-score, ASPECTS, ischemic core 
volume, DT >3 s lesion volume, and IV-tPA.

In the training set, the sensitivity, specific-
ity, and AUC of the combined model were 
77.27%, 96.36%, and 0.924 (95% CI: 0.850–
0.998), respectively (Figure 3). The combined 
model showed satisfying goodness-of-fit (P = 
0.662). In the test set, the sensitivity, specific-
ity, and AUC were 80.00%, 91.67%, and 0.879 
(95% CI: 0.712–1), respectively (Figure 3).

The participants were divided into high- 
and low-risk groups according to the optimal 
diagnostic cut-off value of the model (0.390). 
The number of patients with MCE (+) was 
significantly different between the high- and 
low-risk groups in the training set (P < 0.001). 

Table 1. Characteristics of the training and test sets

Variable Training set (n = 77) Test set (n = 34) P value

Male gender, n (%) 49 (63.6%) 22 (64.7%) 0.914

Age (years), mean ± SD 72.1 ± 13.7 70.6 ± 12.7 0.575

Hypertension, n (%) 54 (70.1%) 24 (70.6%) 0.961

Diabetes mellitus, n (%) 11 (14.3%) 5 (14.7%) 1.000

Hyperlipidemia, n (%) 16 (20.8%) 3 (8.8%) 0.123

Atrial fibrillation, n (%) 40 (51.9%) 14 (41.2%) 0.295

Smoking, n (%) 21 (27.3%) 11 (32.4%) 0.586

Alcohol abuse, n (%) 15 (19.5%) 9 (26.5%) 0.410

Baseline NIHSS, median (Q1, Q3) 17 (13–21) 17 (14–20) 0.951

ASPECTS on NCCT, median (Q1, Q3) 8 (5–10) 8 (6–9) 0.748

HVS of MCA, n (%) 43 (55.8%) 14 (41.2%) 0.154

Collateral score, median (Q1, Q3) 1 (1–1) 1 (1–2) 0.054

Vessel occlusion

Isolated MCA occlusion, n (%) 46 (59.7%) 18 (52.9%) 0.504

Isolated ICA occlusion, n (%) 5 (6.5%) 2 (5.9%) 1.000

Tandem ICA + MCA occlusion, n (%) 26 (33.8%) 14 (41.2%) 0.454

CBS, median (Q1, Q3) 6 (4–6) 5 (4–6) 0.165

Baseline CTP

Ischemic core volume (mL), median (Q1, Q3) 36 (9–84) 26 (10–63) 0.550

DT >3 s lesion volume (mL), median (Q1, Q3) 144 (85–231) 133 (67–237) 0.916

Treatment characteristics

IV-tPA, n (%) 26 (33.8%) 7 (20.6%) 0.161

Onset to groin puncture in hours, median 
(Q1, Q3) 5.1 (3.5–7.6) 5.5 (3.7–7.3) 0.703

mTICI ≥2b, n (%) 72 (93.5%) 30 (88.2%) 0.452

SD, standard deviation; NIHSS, National Institutes of Health Stroke Scale; Q1, first quartile; Q3, third quartile; 
NCCT, non-contrast-enhanced computed tomography; ASPECTS, Alberta Stroke Program Early CT Score; HVS, 
hyperdense vessel sign; MCA, middle cerebral artery; ICA, internal carotid artery; CBS, clot burden score; CTP, 
computed tomography perfusion; DT, delay time; IV-tPA, intravenous-tPA; mTICI, modified thrombolysis in cerebral 
infarction.
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Additionally, the results showed that the pa-
tients categorized into the high-risk group 
in the test set were all patients with MCE (+) 
(Figure 4).

The AUCs of the radiomics signature and 
the combined model were significantly dif-
ferent (P = 0.049). The AUCs of the combined 
model and the routine visual radiological 
model were also significantly different (P = 
0.020). However, there was no significant 
difference in the AUC between the radiomics 
signature and the routine visual radiological 
model (P = 0.354) (Table 4).

Discussion
MCE is a life-threatening condition with 

high mortality rates. It is usually secondary 
to the acute occlusion of the proximal MCA 
trunk or the distal ICA.18 Pathophysiologically, 
early damage to cerebrovascular autoregula-
tion in the tissues surrounding the infarction, 
increased vascular permeability, and the loss 
of the integrity of the endothelial basal layer 
altogether play important roles in the pro-
gression of MCE.19,20 The early detection of 
MCE and the use of decompressive surgery 
can improve the clinical outcomes of patients 
with MCE.21,22 However, the current methods 
for detecting MCE are mainly reactive: wait-
ing for signs of clinical deterioration and mass 
effect to appear before surgical intervention. 
Therefore, the identification of early predic-
tors for MCE is of high importance.

Texture feature analysis is widely used in 
radiomics, which allows the quantification 
of internal heterogeneity that may not be 
perceived by the naked eye, thus promoting 
the identification and classification of differ-
ent tissues.23 Until recently, few studies have 
performed texture analysis of cerebral infarc-
tion. CT radiomics based on texture features 
showed good performance in identifying 
hyperacute or AIS lesions, assessing the ex-
tent of ischemic lesions, and determining the 
time from symptoms onset in basal ganglia 
infarction.24-26 Kuang et al.27 developed an 
automated method to compute the ASPECTS 
on NCCT images from patients with AIS. Ad-
ditionally, texture analysis based on MRI ef-
fectively identified the presence of ischemic 
stroke lesions and detected hemorrhagic 
transformation in patients with AIS.28,29 Fur-
thermore, in patients with stroke, the texture 
features of brain MRI may provide early mark-
ers for poststroke cognitive impairment.30 The 
potential of texture features for predicting 
MCE in patients with AIS caused by MCA and/
or ICA occlusion after EVT was evaluated. By 
constructing a radiomics model, it was found 

Table 2. Comparison between patients with MCE (+) and MCE (-) in the training set

Variable MCE (n = 22) non-MCE (n = 55) P value

Male gender, n (%) 15 (68.2%) 34 (61.8%) 0.600

Age (years), mean ± SD 73.0 ± 13.4 71.8 ± 13.9 0.731

Hypertension, n (%) 15 (68.2%) 39 (70.9%) 0.813

Diabetes mellitus, n (%) 3 (13.6%) 8 (14.5%) 1.000

Hyperlipidemia, n (%) 6 (27.3%) 10 (18.2%) 0.371

Atrial fibrillation, n (%) 13 (59.1%) 27 (49.1%) 0.428

Smoking, n (%) 5 (22.7%) 16 (29.1%) 0.571

Alcohol abuse, n (%) 6 (27.3%) 9 (16.4%) 0.342

Baseline NIHSS, median (Q1, Q3) 18 (15–21) 17 (13–22) 0.436

ASPECTS on NCCT, median (Q1, Q3) 5 (3–7) 8 (7–10) <0.001*

HVS of MCA, n (%) 13 (59.1%) 30 (54.5%) 0.717

Collateral score, median (Q1, Q3) 1 (1–1) 1 (1–1) 0.850

Vessel occlusion

Isolated MCA occlusion, n (%) 10 (45.5%) 36 (65.5%) 0.106

Isolated ICA occlusion, n (%) 1 (4.6%) 4 (7.3%) 1.000

Tandem ICA + MCA occlusion, n (%) 11 (50%) 15 (27.3%) 0.057

CBS, median (Q1, Q3) 5 (4–6) 6 (4–7) 0.154

Baseline CTP

Ischemic core volume (mL), median 
(Q1, Q3) 85 (42–134) 22 (8–55) <0.001*

DT >3 s lesion volume (mL), median
(Q1, Q3) 246 (130–304) 120 (77–192) 0.002*

Treatment characteristics

IV-tPA, n (%) 2 (9.1%) 24 (43.6%) 0.004*

Onset to groin puncture in hours, 
median (Q1, Q3) 5.5 (2.9–8.3) 5.0 (3.5–7.5) 0.839

mTICI ≥2b, n (%) 19 (86.4%) 53 (96.4%) 0.137

Rad-score, mean ± SD 3.54 ± 13.62 -2.59 ± 2.10 0.048*

*represents P < 0.05. MCE; malignant cerebral edema; SD, standard deviation; NIHSS, National 
Institutes of Health Stroke Scale; Q1, first quartile; Q3, third quartile; NCCT, non-contrast-enhanced 
computed tomography; ASPECTS, Alberta Stroke Program Early CT Score; HVS, hyperdense 
vessel sign; MCA, middle cerebral artery; ICA, internal carotid artery; CBS, clot burden score; 
CTP, computed tomography perfusion; DT, delay time; IV-tPA, intravenous-tPA; mTICI, modified 
thrombolysis in cerebral infarction.

Figure 3. (a) The ROC curve of the radiomics signature [AUC, 0.870 (0.773–0.967)], routine visual 
radiological model [AUC, 0.808 (0.687–0.929)], and combined model [AUC, 0.924 (0.850–0.998)] for 
predicting MCE in the training set. (b) The ROC curve of the radiomics signature [AUC, 0.837 (0.655–1)], 
routine visual radiological model [AUC, 0.813 (0.649–0.976)], and combined model [AUC, 0.879 (0.712–1)] 
for predicting MCE in the test set. ROC, receiver operating characteristic; AUC, area under the curve; MCE, 
malignant cerebral edema.
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that the radiomics signature based on texture 
features was a valuable tool for identifying 
patients at a high risk of MCE after EVT, with 
AUCs of 0.870 and 0.837 in the training and 
test sets, respectively.

By analyzing the correlation between 
clinico-radiological factors and MCE, it was 
found that the ASPECTS on NCCT, ischemic 
core volume, DT >3 s lesion volume, and IV-
tPA were correlated with MCE. The ASPECTS, 
ischemic core volume, and DT >3 s lesion 
volume can indicate the extent of ischemia 
or infarct lesion. Compared with patients 
with MCE (-), patients with MCE (+) showed 
lower ASPECTS, larger ischemic core volume, 
and larger DT >3 s lesion volume. This finding 
suggested that ischemia or infarction core 
during the early stage was more severe in pa-

tients with MCE (+) than in patients with MCE 
(-), which was consistent with the findings of 
Tracol et al.31 A midline shift of over 3.9 mm 
and an infarct volume of more than 220 mL 
are predictors of severe brain edema and her-
niation.32 This study’s results further showed 
that the proportion of the use of IV-tPA in 
patients with MCE (+) was lower than that in 
patients with MCE (-). It suggested that IV-tPA 
could reduce the incidence of MCE, which 
was in line with the findings of Fuhrer et al.33 
Treatment with IV-tPA lowered the odds of 
experiencing MCE, with a reduced odds ratio 
of 0.88 (95% CI: 0.83–0.94).

With the development of analytical ap-
proaches and high-throughput technology, 
the multiparameter approach has recently 
become a useful tool for improving diagnos-

tic performance.34 Therefore, this study built 
a model combining the radiomics signature, 
clinical factors, and routine visual radiological 
factors to predict MCE. Parameters related 
to MCE, such as the radiomics signature, AS-
PECTS, ischemic core volume, DT >3 s lesion 
volume, and use of IV-tPA, were included in 
this model. The combined model exhibited 
better differentiation capabilities than the ra-
diomics signature or the routine visual radio-
logical model, with AUCs of 0.924 and 0.879 
in the training and test sets, respectively.

The limitations of this study should be 
noted. First, information and selection bias-
es may exist due to the retrospective nature 
of this study. Therefore, the validation of the 
results in a prospective study is required. 
Second, the sample size was considerably 
small, and the proposed models were not 
externally validated. Third, the difference be-
tween the combined model and radiomics 
signature or the routine visual radiological 
model was small, with only borderline sta-
tistical significance between the combined 
model and radiomics signature. Therefore, a 
large-scale, multicenter study is required to 
validate the proposed multimodal diagnos-
tic approach. Despite the abovementioned 
limitations, a prediction model for MCE after 
EVT was established in this study by com-
bining the radiomics signature, clinical fac-
tors, and routine radiological factors, which 
may facilitate the accurate early prediction 
of MCE in patients with acute anterior circu-
lation infarction after EVT.

In conclusion, this study constructed a 
model for predicting MCE in patients with 
acute anterior circulation infarction after 
EVT. These findings may contribute to the 
accurate and early prediction of MCE and 
assist clinical decision-making.
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 Supplementary Materials

Least absolute shrinkage and selection operator (LASSO) is a powerful algorithm for regression analysis with high dimensional predictors. 
In our study, we used LASSO to select the most important predictive features in the training set based on the “glmnet” package in R statistical 
software version 3.3.1. There were 15 most valuable radiomics features left following LASSO. Details of the 15 radiomics features are shown 
in Supplementary Table 1. The multivariate logistic regression was used to build the model of LASSO. At last, a formula was generated using a 
linear combination of selected features that were weighted by their respective LASSO coefficients. 

Rad-score calculation formula

Rad-score = -0.8398+0.8269×MinIntensity

-0.5822× Percentile10

-0.3390×VoxelValueSum

-0.5025×ClusterShade_AllDirection_offset7_SD

-1.6389×Inertia_AllDirection_offset4_SD

+0.7927×differenceVariance

+0.2364×sumEntropy

+0.0480×HighGreyLevelRunEmphasis_AllDirection_offset1_SD

+0.0517×LongRunEmphasis_angle0_offset4

+0.2528×LongRunHighGreyLevelEmphasis_AllDirection_offset4_SD

+7.4376×LongRunLowGreyLevelEmphasis_angle45_offset4

-0.3203×ShortRunEmphasis_angle45_offset7

+0.4199×Compactness2

-0.2494×Sphericity

-0.7987×HighIntensitySmallAreaEmphasis

Supplementary Table 1. Information of radiomics features selected by least absolute shrinkage and selection operator

Category Feature Description

RLM

HighGreyLevelRunEmphasis_AllDirection_offset1_SD

The grey level run-length matrix (RLM) is defined as the numbers of 
runs with pixels of gray level i and run length j for a given direction θ. 
RLMs is generated for each sample image segment having directions 
(0°,45°,90° &135°).

LongRunEmphasis_angle0_offset4

LongRunHighGreyLevelEmphasis_AllDirection_offset4_
SD

LongRunLowGreyLevelEmphasis_angle45_offset4

ShortRunEmphasis_angle45_offset7

GLCM 

Inertia_AllDirection_offset4_SD The grey level co-occurrence matrix (GLCM) represents the joint 
probability of certain sets of pixels having certain grey-level values. It 
calculates how many times a pixel with grey-level i occurs jointly with 
another pixel having a grey value j, by varying the displacement vector 
d between each pair of pixels.

differenceVariance

sumEntropy

Histogram 

MinIntensity
Histogram parameters are concerned with properties of individual 
pixels. They describe the distribution of voxel intensities within the 
computed tomography image through commonly used and basic 
metrics.

Percentile10

VoxelValueSum

ClusterShade_AllDirection_offset7_SD

Form factor

Compactness2 

Form factor parameters include descriptors of the three-dimensional 
size and shape of the lesion region.Sphericity

GLSZM HighIntensitySmallAreaEmphasis

The gray level size zone matrix (GLSZM) is the starting point of Thibault 
matrices. For a texture image f with N gray levels, it is denoted GSf(s, g) 
and provides a statistical representation by the estimation of a bivariate 
conditional probability density function of the image distribution 
values. It is calculated according to the pioneering Run Length Matrix 
principle: the value of the matrix GSf (s, g) is equal to the number of 
zones of size s and of gray level g. The resulting matrix has a fixed 
number of lines equal to N, the number of gray levels, and a dynamic 
number of columns, determined by the size of the largest zone as well 
as the size quantization.
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Dear Editor,

We read with interest the article “Abernethy malformation: a comprehensive review” by 
Kumar et al.1, published in Diagnostic and Interventional Radiology. We congratulate the au-
thors for their comprehensive and instructive article on this unusual anomaly. Abernethy 
malformation is an extremely rare anomaly characterized by portal venous blood passing 
into the systemic circulation bypassing the liver.1,2 Abernethy malformation can cause pulmo-
nary hypertension, hepatic encephalopathy, hepatopulmonary syndrome, and heart failure.2 

Moreover, Abernethy malformation is associated with multiple congenital anomalies (such as 
cardiovascular and skeletal anomalies) and acquired complications (such as benign and ma-
lignant primary hepatic tumors). Therefore, it is essential to recognize this anomaly and follow 
up regarding these complications.1,2 Although complications and abnormalities accompany-
ing Abernethy malformation are described in detail in Kumar et al.’s1 article, we would like to 
make a contribution to this article.

According to the pathophysiology, Abernethy malformation can also cause the following 
clinical consequences: the decrease in hepatic glucose uptake may increase the blood’s glu-
cose level and cause hyperinsulinism and, consequently, hypoglycemia attacks, especially in 
the pediatric population.3,4 Moreover, there are accompanying osteoporosis cases in patients 
with Abernethy malformation, primarily due to liver enzymes’ role in vitamin D metabolism.3,5 

In addition to the anomalies related to Abernethy malformation stated by Kumar et al.1 it has 
been shown in the literature that visceral arterial and venous aneurysms can be found (Figure 
1).2,6 The awareness of this unusual entity is crucial for the prevention and close monitoring of 
possible complications, such as abdominal hemorrhage.
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Figure 1. A 29-year-old female was presented to the emergency room with a stab injury. In her medical history, she had scoliosis surgery 12 years ago. Dynamic 
contrast-enhanced abdominal computed tomography (CT) was obtained. (a, b) Axial abdominal CT angiography images show multiple visceral arterial aneurysms, 
including hepatic artery (red arrow), proximal part of the splenic artery (red arrowhead), distal part of the splenic artery (dashed red arrow), and bilateral renal 
arteries (orange arrowheads). (c) Axial contrast-enhanced abdominal CT image in the portal venous phase shows the drainage of portal vein into the vena cava 
inferior (arrowhead). (d) Three-dimensional volumetric image of the abdominal CT demonstrates the drainage of portal vein into the vena cava inferior (arrow) and 
enlargement of the vena cava inferior (dashed arrow).
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Dear Editor,

We read the article titled “Prospective assessment of VI-RADS score in multiparametric MRI 
in bladder cancer: accuracy and the factors affecting the results” by Oğuz et al.1, published 
online in Diagnostic and Interventional Radiology. We congratulate the authors on this pro-
spective magnetic resonance imaging (MRI) study in patients with bladder cancer. We want to 
make a few contributions and comments on this research article.

First, it is noteworthy that the number of cases accepted on the Vesical Imaging Reporting 
and Data System (VI-RADS) 3, according to the MRI evaluation in this study, was considerably 
higher than the studies in the current literature.2-6 The proportion of patients with a VI-RADS 
score of 3 in Oğuz et al.’s1 study was 38.75%. However, in prospective studies in the current 
literature, the proportion of patients with a VI-RADS score of 3 was 13.4% in Del Giudice et 
al.’s2 study, 18.2% in Erkoc et al.’s3 study, 6.9% in Metwally et al.’s4 study, 19.2%–20.5% in Akcay 
et al.’s5 study, and 8.8%–18.7% in Ueno et al.’s6 study. Moreover, Oğuz et al.1 reported that 
93.5% (29/31) of the patients with a score of VI-RADS 3 had histopathologically non-muscle 
invasive bladder cancer, which is quite different from the literature. Many studies have shown 
that bladder tumors with a VI-RADS 3 score are in the gray zone and can indicate muscle-in-
vasive and non-muscle-invasive bladder cancer at a similar rate. For example, Metwally et al.4 
reported that of the 24 patients with a VI-RADS score of 3, 13 (54.2%) had histopathologically 
non-muscle invasive bladder cancer, while 11 (45.8%) had muscle-invasive bladder cancer. 
Similarly, Akcay et al.5 reported that of the 15 patients with a VI-RADS score of 3, 7 (46.7%) had 
histopathologically non-muscle invasive bladder cancer, while 8 (53.3%) had muscle-invasive 
bladder cancer. We suggest that this difference between the literature and Oguz et al.’s1 study 
may be due to an MRI assessment error.

Second, Oğuz et al.1 reported that the second observer for interobserver agreement eval-
uated only 20 random patients. However, the VI-RADS scores of these 20 patients were not 
specified. According to our clinical practice, the VI-RADS scores of the tumors are very import-
ant in terms of the interobserver agreement. For example, an excellent interobserver agree-
ment is expected in evaluating tumors with a VI-RADS score of 1 or 5. In contrast, a significant 
decrease in the agreement is scheduled for those with a VI-RADS score of 3. Therefore, the 
authors need to indicate the VI-RADS scores of the 20 patients they evaluated.1

Finally, the authors noted that patients without muscle tissue in the transurethral resection 
of bladder tumor (TUR-BT) sample underwent a second TUR-BT after the first resection but 
did not specify the number or proportion of these patients. Akcay et al.5 reported that 10 of 83 
patients (12%) had insufficient TUR-BT. We suggest that reporting the number of inadequate 
TUR-BT procedures in this study will contribute to the literature.1
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