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Instructions to Authors

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,
Web of Science, PubMed Central, DOAJ, 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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Instructions to Authors

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;(4)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. Maximumes: 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).



Instructions to Authors

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 Word | Abstract Reference | Author | Table | Figure limit
manuscript | limit | word limit limit limit limit
Original 4500 | 400 50 6* 4 7 or total of
Article (Structured) 15 images
Review 4000 | 200 75 5 4 150r
Article total of 24
images
Pictorial 1500 | 400 20 5 1 15 figures or
Essay total of 30
figure parts
Technical 1500 | 200 8 5 2 3 figures or
Note total of 6
figure parts
Letter 500 N/A 6 4 No 2 figures or
tables | 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 DOl 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. d0i: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, ¢, 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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Instructions to Authors

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-in-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 DOl 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

A-VI

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
Pictorial Essay

$750
Technical Note

Table 1. Article Types and Fees

The APCs will be accepted through the link that will be sent to the
corresponding author of each article via the online article system. In the next
step, the authors will be receiving a receipt of their payment.

*Please note that the Article Processing Charge (APC) will not affect neither
the editorial and peer-review process nor the priority of the manuscripts by
no means. All submissions will be evaluated by the Editorial Board and the
external reviewers in terms of scientific quality and ethical standards.

Refund Policy:

Returning the article to the author; Diagnostic and Interventional Radiology
(DIR) will refund the submission fees with a coupon code if the article is
returned to the author. Using this code, authors can use the submission fees
of different articles without making a new payment.

Article Retraction:

Infringements of publication/research ethics, such as multiple submissions,
bogus claims of authorship, plagiarism, and fraudulent use of data could lead
to article retraction.

A retraction statement titled “Retraction: [article title]” must be signed by the
authors and/or the editor. The original article is marked as retracted but a PDF
version remains available to readers, and the retraction statement is linked to
the original published paper.
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PURPOSE

The present study aims to evaluate whether perfusion parameters in prostate magnetic resonance
imaging (MRI), ®®Ga-prostate-specific membrane antigen (PSMA) positron emission tomography
(PET)/computed tomography (CT), prostate-specific antigen (PSA), and PSA density can be used to
predict the lesion grade in patients with prostate cancer (PCa).

METHODS

The study included a total of 137 PCa cases in which 12-quadrant transrectal ultrasound-guided
prostate biopsy (TRUSBx) was performed, the Gleason score (GS) was determined, and pre-biopsy
multiparametric prostate MRI and ©®Ga-PSMA PET/CT examinations were undertaken. The patient
population was evaluated in three groups according to the GS: (1) low risk; (2) intermediate risk; (3)
high risk. The PSA, PSA density, pre-TRUSBx ©®Ga-PSMA PET/CT maximum standardized uptake val-
ue (SUV_ ), perfusion MRI parameters [maximum enhancement, maximum relative enhancement,
TO (s), time to peak (s), wash-in rate (s'), and wash-out rate (s')] were retrospectively evaluated.

RESULTS
There was no significant difference between the three groups in relation to the PSA, PSA density,
and ©¥Ga-PSMA PET/CT SUV__ (P > 0.05). However, the values of maximum enhancement, max-

max

imum relative enhancement (%), TO (s), time to peak (s), wash-in rate (s'), and wash-out rate (s)
significantly differed among the groups. A moderate positive correlation was found among the
prostate volume, PSA (r = 0.490), and ®®Ga-PSMA SUV__ (r = 0.322) in the patients. The wash-out
rate (s') and wash-in rate (s') had the best diagnostic test performance (area under the curve:
89.1% and 78.4%, respectively).

CONCLUSION
No significant correlation was found between the ©®Ga-PSMA PET/CT SUV__ and the GS. The wash-

max

out rate was more successful in estimating the pretreatment GS than the “®Ga-PSMA PET/CTSUV,__ .

KEYWORDS
©®Ga-PSMA PET/CT, prostate perfusion MRI, wash-out rate, wash-in rate, PSA, PSA density

he prostate-specific antigen (PSA) and digital rectal examination are the most common-

ly used parameters in the early diagnosis and screening of prostate cancer (PCa)."? The

Gleason score (GS) is globally the most widely used and accepted pathology staging cri-
terion in determining the prostate adenocarcinoma tumor grade. This score is also associated
with the prognosis of PCa.>*

The Prostate Imaging-Reporting and Data System (PI-RADS) version 2.1 is based on the
contrast enhancement of lesions, diffusion-weighted imaging (DWI) findings, and T2-weight-
ed signal characteristics.>® Dynamic contrast-enhanced (DCE)-magnetic resonance imaging

You may cite this article as: Akkaya H, Dilek O, Ozdemir S, Tas ZA, Oztiirk IS, Giilek B. Can the Gleason score be predicted in patients with prostate cancer? A
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(MRI) is a technique used to measure perfu-
sion, blood flow, and tissue vascularity by ex-
amining the signal generation curve of the tis-
sue.” Quantitative DCE-MRI (as seen in the Tofts
model),® assumes two chambers represent-
ing the extravascular extracellular space and
blood plasma in the examined tissue to pro-
vide absolute and, therefore, more objective
values for perfusion. Semi-quantitative param-
eters that can be obtained using DCE-MRI can
be derived from the signal intensity curve and
subsequently calculated.*® These parameters
are the maximum enhancement, maximum
relative enhancement, TO (s), time to peak (s),
wash-in rate (s7), and wash-out rate (s7).>"

Molecular PCa imaging is a useful tool for
systematic evaluation in tumor biology."
In their study, Demirci et al.”? showed (1) a
correlation between the “®Ga-prostate-spe-
cific membrane antigen (PSMA) maximum
standardized uptake value (SUV ) and
the tumor grade, and (2) that intraprostatic
accumulation sites may be capable of pre-
dicting clinically significant cancer, giving it
the potential to serve as a target for biopsy
sampling together with multi-parametric
MRI (mpMRI) in selected patients. Kwan et
al.’® retrospectively compared the final pa-
thology results of radical prostatectomy (RP)
cases with positron emission tomography
(PET)/computed tomography (CT) results.
According to the results obtained in the
study, the International Society of Urologi-
cal Pathology (ISUP) grade group from the
final RP was predicted using the SUV__; this
was also true to a lesser extent in PSA and
the maximal dimension of PET-avid lesions.
The SUV__ monotonically increased in the
ISUP grade group.'® In their retrospective
study, Donato et al." showed that ©“®Ga-PS-
MA PET/CT was successful in predicting the
cancer grade after MRl and prostate biopsy.

* A moderate positive correlation was found
between the prostate volume and “®Ga-pros-
tate-specific membrane antigen (PSMA) max-
imum standardized uptake value (SUV_ )
values.

* Prostate-specific antigen and ©Ga-PSMA
SUV_ values were affected by prostate vol-

ume.

* Semi-quantitative dynamic contrast-en-
hanced (DCE)-magnetic resonance imaging
(MRI) data were successful in predicting the
extent of intraprostatic tumor lesions.

* The most valuable parameter in predicting
Gleason grade among the DCE-MRI param-
eters was the wash-out rate, followed by the
wash-in rate.

The present study aimed to investigate the
performance of the PSA, PSA density, ©®Ga-PS-
MA PET/CT, and perfusion MRI values as the
most commonly used PCa diagnostic methods
in cancer grade prediction.

Methods

Patient selection and study design

The present study was conducted in
full accordance with the guidelines of the
Declaration of Helsinki, revised in 2000 in
Edinburgh. Approvals for the study were
obtained from the Ethics Committee of
University of Health Sciences Turkey, Adana
City Training and Research Hospital and the
Turkish Ministry of Health (2022/2115). The
requirement for informed consent from the
patients was waived due to the retrospective
nature of the study.

In this study, a total of 207 patients with
PI-RADS 4-5 lesions detected using prostate
mpMRI examinations, performed between Jan-
uary 2018 and August 2022, were identified.
Transrectal ultrasonography-guided 12-quad-
rant prostate biopsy (TRUSBx) was performed
by urologists and interventional radiologists,
and GSs were determined. Patients who under-
went prostate mpMRI, ®®Ga-PSMA PET/CT, and
serum PSA examinations before biopsy were
included in the study. First, PI-RADS categori-
zation was performed for all patients included
in the study; next, quantitative perfusion meas-
urements from DCE-MRI sections of PI-RADS
4-5 lesions were made (Table 1).

The inclusion criterion was as follows: pa-
tients with a GS of =6 without extracapsular
extension.

The exclusion criteria were as follows: (1)
Patients without ©®Ga-PSMA PET/CT or PSA
examinations; (2) patients with a history of
prostate surgery or pelvic radiotherapy; (3)
patients with insufficient pathology result
material; (4) patients without non-adenocar-
cinoma according to the pathology report;
(5) patients with poor MRI quality; (6) pa-
tients with suspected extra-prostatic exten-
sion in mpMRI; (7) patients with unavailable
biopsy results; (8) patients without pre-biop-
sy mpMRI (Figure 1).

A total of 137 patients met the study crite-
ria and were eligible for evaluation.

Due to the older age of the patients and
the low urooncology cooperative group per-
formance, there were few cases of RP. There-
fore, transrectal ultrasound-guided prostate
biopsy results were included in the study in-
stead of RP diagnoses.

The PSA density was obtained by dividing
the PSA value by the prostate volume. In the
calculation of prostate volume, the following
formulas were applied: (1) ellipsoid volume =
length x width x height x 71/6, and (2) bullet
(cylinder + half ellipsoid) volume = length
x width x height x 5m1/24.">'¢ Depending
on the shape of the lesion measured, either
an ellipsoid or bullet volume measurement
method was used.

The grading guidelines for PCa were is-
sued by the ISUP, based on a consensus con-
ference held in 2014." Prostate grading was
divided into five separate groups. However,
in some oncology studies, certain subgroups
were combined and examined as three
groups according to tumor aggressiveness

Table 1. Median (min-max) values of the parameters evaluated in the study

Age

©®Ga-PSMA SUV.__

PSA (ug/L)

PSA density (ng/mL?)

Prostate volume (cm?)

Maximum enhancement

Maximum relative enhancement (%)
TO (s)

Time to peak (s)

Wash-in rate (s™)

Wash-out rate (s™)

Gleason score (radical prostatectomy)

Gleason score (biopsy)

Median (min-max)
69 (53-90)

6.72 (2.12-35.42)

7.71 (0.79-36.22)

0.17 (0.01-0.55)

44 (14-124)

987.32 (145.81-2646.77)
114.04 (48.72-211.54)
30.25 (16.32-48.21)
51.33 (24.19-234.9)
9.18 (2.94-92.55)
5.12(0.15-31.26)
3(1-7)

2(1-7)

min, minimum; max, maximum; PSMA, prostate-specific membrane antigen; SUV__, maximum standardized uptake

value; PSA, prostate-specific antigen.
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and recurrency risk.**9'3 In the present study,
the number of patients in the three groups
was determined according to the GSs to
achieve homogeny: (1) GS: 3 + 3, low/very
low risk (group 1); (2) GS: 3 + 4 or 4 + 3, inter-
mediate risk (group 2); (3) GS: 8-10 high/very
high risk (group 3) (Table 2).

MRI acquisition

Imaging was performed using a 3-Tesla
scanner (Ingenuity; Philips Healthcare, the
Netherlands) with a body-parallel array coil
(SENSE Torso/cardiac coil; USA Instruments,
Gainesville, FL, USA). The MRI sequences
comprised essential T2-weighted images in
three planes and DWIs. For contrast enhance-
ment, 0.1 mmol/kg of gadobutrol (Gadovist,
Bayer Schering Pharmaceuticals, Mississau-
ga, Canada) was injected through the ante-
cubital vein at a rate of 3.0 mL/s, followed
by 30 mL normal saline flushing at the same
injection rate. The acquisition parameters of
the MRI protocols are provided in Table 3.

Acquisition of “®Ga-PSMA PET/CT

After the preparation and quality control
of the radiotracer, all the patients received
113-384 MBq (mean: 215.3 + 67.2 MBq, <2
nmol PSMA ligand) of “®Ga-PSMA-11 accord-
ing to the yield of radiolabeling. Whole-body
images were captured with a radiotracer
using a PET/CT scanner (Ingenuity; Philips
Healthcare, the Netherlands) at 40-60 min-
utes after injection. The patients were placed
on the scanner table in a supine position, and
a CT transmission scan without intravenous
contrast enhancement was acquired using a
low tube current (130 kVp, 48-76 mAs), 4.0
mm slice thickness, 0.6 s gantry rotation, and
6 x 3 mm collimator width. Then, PET emis-
sion scanning was performed for 3 min per
bed position, with the identical transverse

Table 3. Multiparametric examination protocol

Patients with
PI-RADS 4-5 lesions on

prostate mpMRI

Patients excluded from the study (n=70)
+  Without pre-biopsy mpMRI (n = 5)

+ Without pre-biopsy “®Ga-PSMA PET/CT (n =18)
+ Without pre-biopsy PSA examinations (n = 2)

« Suspected extraprostatic extension in mpMRI (n = 16)

Unavailable biopsy results in our center (n = 4)

History of prostate surgery or pelvic radiotherapy
(n=17)

Unsufficient material in the pathology report (n = 4)
Non-adenocarcinoma according to the pathology report
(n=4)

Poor MRI quality (n = 3)

Evaluated patients

(n=137)

Figure 1. The initial overall number of patients, together with the number of patients included in the study,
is demonstrated. The number of patients excluded from the study and exclusion criteria of the study are
shown. mpMRI, multi-parametric magnetic resonance imaging; PSMA, prostate-specific membrane antigen;
PET, positron emission tomography; CT, computed tomography; PI-RADS, Prostate Imaging-Reporting and

Data System.

Table 2. Distribution of patients according to the Gleason score

Group

Gleason score, low risk
Gleason score, intermediate risk
Gleason score, high risk
Gleason score

343

3+4

4+3

444

445

5+4

5+5

Frequency (n) Percentage (%)

36 26.28
50 36.50
51 37.22
36 26.28
36 26.28
14 10.21
25 18.25
17 1241
5 3.65

4 292

Parameter T2-weighted axial/coronal/sagittal DWI axial Pre-contrast ~ Dynamic contrast- Post-contrast T1
T1 FFE axial enhanced T1 FFE axial SPIR axial

TR (msec) 3.500/3.600/4.300 43 10.0 5.5 5243

TE (msec) 100/110/110 86 1.6 1.2 9.0

Slice thickness (mm) 3 3 4 4 3

Interslice gap (mm) 0.3 0.3 0 0 0

Matrix size 316 x 272/308 X 272/316 x 255 (respectively) 120x 118 216 x 166 216 x 166 308 x 266

Flip angle (degree) - - 5/15 10 -

FOV (mm X mm) 220 x 220 180 x 180 300 x 300 300 x 300 220 x 220

b values (s/mm?) - 0,600,1500 - - -

Number of slices 30/30/26 30 24 39 30

AUl 2 min 15 sec/2 min 24 sec/2 min 25 sec 7 min 9 sec 10sec/11sec 4 min 13 sec 2 min 26 sec

(minute/second)

DWI, diffusion-weighted imaging; SPIR, spectral pre-saturation with inversion recovery; FFE, fast-field echo; TR, repetition time; TE, echo time; FOV, field of view.
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field of view in the caudocranial direction.
The visual analysis included four-point cer-
tainty scoring (definitely negative, equivocal:
probably negative, equivocal: probably pos-
itive, and definitely positive), as well as the
evaluation of the anatomic site and lesion
size. Semi-quantitative analysis was under-
taken using the SUV_ . Due to the retrospec-
tive nature of the study, SUV__ measure-
ments were retrospectively reproduced by
the nuclear medicine specialist included in
the study; the specialist who performed the
measurements was blinded to all remaining
information.

MRI evaluation

Lesions included in the study were pri-
marily evaluated in DWI and T2-weighted
MRI sequences according to the PI-RADS
version 2.1 guidelines, and semiquantitative
measurements were obtained from the per-
fusion sequence of the lesions with PI-RADS
4-5 scores (Figures 2, 3). The images were
confirmed by the ©®Ga-PSMA PET/CT exam-
ination. There were mismatches between the
two tests of 11 patients; these patients were
excluded from the study.

For the measurements, all the images ob-
tained from the software were used. Regions
of interest (ROIs) were defined as areas with
an abnormal signal on MRl images and were

manually drawn. The ROIs were inputted us-
ing the oval-shaped function. Using these
ROIs, the time-intensity curve and time-to-
peak values were automatically generated.
These images were evaluated on a worksta-
tion (Intelli Space Philips, the Netherlands).
The following perfusion parameters were
evaluated: (1) maximum enhancement; (2)
maximum relative enhancement; (3) TO (s);
(4) time to peak (s); (5) wash-in rate (s); (6)
wash-out rate (s'). Maximum relative en-
hancement was obtained as follows: maxi-
mum signal difference (MSD)/signal baseline
(SB), where MSD is the difference between
the signal intensity at its maximum and SB
(Figures 2, 3). The TO (s) was calculated as
the time elapsed until the contrast agent
appeared on the vessel wall. Semi-quantita-
tive DCE-MRI was exploited to achieve the
parameters of maximal enhancement, max-
imal relative enhancement, TO, time to peak,
wash-in rate, wash-out rate, brevity of en-
hancement, and area under the curve (AUC).
The TO was defined as the baseline duration
of the curve (sec). The time to peak (s) was
defined as the time elapsed between the ar-
terial peak enhancement and the end of the
steepest portion of enhancement; the wash-
in rate was determined as the maximum
slope between the time of onset of contrast
inflow and the time of peak intensity, and the

wash-out rate was determined as the fitted
line slope between the start of the wash-out
and the end of the measurement. Maximum
enhancement was defined as the difference
between the maximum signal intensity of a
pixel over all dynamics and the signal inten-
sity of the same pixel in the reference dynam-
ic. The relative maximum enhancement was
defined as the maximum signal intensity of
a pixel over all dynamics relative to the same
pixel in the reference dynamic: 0% indicated
the same signal intensity as the reference dy-
namic (%).

Statistical analysis

The data were analyzed using SPSS Statis-
tics version 25.0 (IBM Inc. Armonk, NY, USA).
Categorical measurements were summa-
rized as numbers and percentages and con-
tinuous measurements as a median (min-
max) where necessary. The Shapiro-Wilk test
was used to determine whether the parame-
ters in the study showed normal distribution,
the Dunn-Bonferroni test was used to de-
termine the source of the difference among
the groups, and the Kruskal-Wallis test was
used in the analysis of more than two groups
of parameters that did not show normal dis-
tribution.

Fleiss’ kappa (k) was used to evaluate
the agreement between TRUSBx and RP:

Figure 2. Peripheral zone with a PI-RADS 4 lesion, Gleason score 4 + 5, PSA: 5.72 ug/L, PSA-D: 0.23 ng/mL2. (a) DWI (b = 0,600,1500 s/mm?) shows a marked
hyperintense signal (arrow) above the background. (b) Apparent diffusion coefficient map reveals decreased signal intensity (arrow) in the lesion. (c, d) ®®Ga-
PSMA-11 PET/CT images show avid uptake of radiotracer, with a SUV__ of 9.95. (e, f) DCE-MRI time-intensity curve demonstrates a decline after initial up-slope
enhancement. TTP: 115.93 s'; wash-in rate; 58.28 s, wash-out rate; 17.94 s. PI-RADS, Prostate Imaging-Reporting and Data System; PSA, prostate-specific antigen;
DWI, diffusion-weighted imaging; PSMA, prostate-specific membrane antigen; PET, positron emission tomography; CT, computed tomography; SUV__, maximum
standardized uptake value; DCE, dynamic contrast-enhanced; MRI, magnetic resonance imaging.

650 + September 2023 - Diagnostic and Interventional Radiology

Akkaya et al.



Figure 3. Peripheral zone with a PI-RADS 5 lesion, Gleason score 3 + 3, PSA: 6.84 ug/L, PSA-D: 0.21 ng/mL? (a) DWI (b = 0,600,1500 s/mm?) shows a marked
hyperintense signal (arrow) above the background. (b) Apparent diffusion coefficient map reveals decreased signal intensity (arrow) in the lesion. (c, d) “®Ga-
PSMA-11 PET/CT images show avid uptake of radiotracer, with SUV__ of 9.82. (e, f) DCE-MRI time-intensity curve demonstrates a decline after initial up-slope
enhancement. TTP: 59.4 s7; wash in rate; 49.03 s, wash out rate; 5.17 s™. PI-RADS, Prostate Imaging-Reporting and Data System; PSA, prostate-specific antigen;
DWI, diffusion-weighted imaging; PSMA, prostate-specific membrane antigen; PET, positron emission tomography; CT, computed tomography; SUV__, maximum
standardized uptake value; DCE, dynamic contrast-enhanced; MRI, magnetic resonance imaging.

(1) 0.01-0.20, non-significant; (2) 0.21-0.40,
weak; (3) 0.41-0.60, moderate; (4) 0.61-0.80,
good; (5) 0.81-1.00, very good."®

The sensitivity and specificity values of
the prostate volume (cm?®), maximum en-
hancement, maximum relative enhancement
(%), TO (s), time to peak (s), wash-in rate (s7),
and wash-out rate were calculated according
to the GS variable, and the cut-off values of
these parameters were determined by ex-
amining the receiver operating characteristic
(ROC) AUC. A ROC analysis was performed
to differentiate between patients with a GS
of 6 and two groups with a score of >7. The
cut-off value was calculated according to
these two groups using Youden’s index. The
Spearman correlation coefficient was used to
determine the relationship between contin-
uous measurements. Statistical significance
was defined as P < 0.050.

Results

There was no significant difference
among the three groups in terms of age,
PSA, PSA density, and ©¥Ga-PSMA SUV__
values (P > 0.05) (Table 4); however, there
were significant differences in the maximum
enhancement, maximum relative enhance-
ment (%), TO (s), time to peak (s), wash-in rate
(s"), and wash-out rate (s') values among
the groups. When the differences among
the groups were further examined using the

Dunn-Bonferroni test, it was observed that
the patients in group 3 had a higher prostate
volume (cm?) than those in group 1. The time
to peak (s) parameter had a lower mean val-
ue in group 3 compared with groups 1 and 2
(P <0.05). 1t was observed that the patients in
group 3 had higher maximum enhancement,
maximum relative enhancement (%), wash-
in rate (s'), and wash-out rate (s) values
than those in group 1 and group 2. The TO (s)
value was higher in group 1 than in groups 2
and 3. No significant difference was observed
among the groups concerning the remaining
parameters shown in Table 4 (P > 0.05).

The prostate volume had a moderate pos-
itive correlation with the PSA (r = 0.490) and
®¥Ga-PSMA SUV__ (r = 0.322) values and a
weak negative correlation with PSA density
(ng/mL?) (r = —0.251) (P < 0.001, P < 0.001,
and P = 0.003, respectively) (Table 5).

The AUC values of maximum enhance-
ment, maximum relative enhancement (%),
TO (s), time to peak (s), wash-in rate (s), and
wash-out rate (s7), evaluated according to
the GS variable, were determined as 65.3%,
65.8%, 71.9%, 72.1%, 78.4%, and 89.1%, re-
spectively, at their optimal cut-off values. Ac-
cordingly, the wash-out rate (s) had the best
diagnostic test performance (Table 6).

The diagnostic test performances of the
time to peak (s), wash-in rate (s7), and wash-
out rate (s') values, which had high AUC val-

max’

ues, are examined in Table 7. Accordingly, it
was determined that the value of the wash-
out rate (s') was stronger in predicting di-
agnostic test performance than the wash-in
rate (s') and the time to peak (s) (P = 0.005
and P =0.003, respectively) (Table 7).

The multivariate ROC curves of the inves-
tigated prostate perfusion MRI parameters
are shown in Figure 4 and Table 6.

The number of RP cases was small, but the
Kappa analysis agreement between the GSs
of TRUSBx and RP was obtained as 0.796, (P <
0.001) (Figure 5).

Discussion

The main purpose of this study was to
compare “®Ga-PSMA SUV__, DCE-MRI, and
PSA density values, which are the most-used
parameters for GS prediction in the literature.
Based on the information obtained in the
present study, DCE-MRI parameters, respec-
tively, the wash-out rate, wash-in rate, and
time to peak, were quite successful in pre-
dicting the GS; meanwhile, the ©®Ga-PSMA
SUV__and PSA failed to predict the GS.

In the current study, no correlation was
found between the PCa grade and the PSA;
however, a moderate correlation was ob-
served between the prostate volume and the
PSA. Recent studies that investigated wheth-
er the addition of prostate volume to the
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Table 4. Analysis of the investigated parameters according to the three patient groups, based on the Gleason score

Group 1 (low risk)
Median (min-max)

Age 69 (57-80)
©Ga-PSMA SUV. 5.34(2.18-31.84)
PSA (ug/L) 6.78 (0.87-20.7)
PSA density (ng/mL?) 0.16 (0.01-0.45)

Prostate volume (cm?3) 39.5(14-122)

Maximum enhancement

Maximum relative

enhancement (%) 98.49 (51.65-185.12)

TO (s) 34.28 (20.66-48.21)
Time to peak (s) 63.03 (36.12-234.9)
Wash-in rate (s)

7.12 (2.94-85.90)

Wash-out rate (s7) 3.13(0.15-5.54)

885.59 (145.81-1852.36)

Group 2 (intermediate risk) Group 3 (high risk) P Dunn-
Median (min-max) Median (min-max) Bonferroni test
68.5 (57-89) 70 (53-90) 0.777
6.35(2.41-35.42) 7.15(2.12-28.91) 0.178
7.40 (0.79-23.81) 8.60 (0.86-36.20) 0.186
0.165 (0.01-0.44) 0.17 (0.03-0.55) 0.717
1-2;P=0.412
44 (17-116) 55(14-124) 0.032 2-3;P=0.412
3-1; P=0.048
1-2; P=0.659
964.38 (351.12-1785.69) 1235.23 (512.85-2646.77) 0.001 3-1; P < 0.001
3-2; P=0.008
1-2; P=0.952
111.33 (48.72-201.33) 143.12 (68.45-211.54) <0.001 3-1; P < 0.001
3-2; P=0.008
1-2; P=0.011
30.43 (18.31-47.28) 28.22 (16.32-43.68) <0.001 1-3; P < 0.001
2-3;P=0.477
1-3.P=0.035
53.76 (24.19-210.19) 42.19 (24.51-137.80) <0.001 2-3; P=0.021
1-2; P=1.000
1-2; P=1.000
8.93 (4.26-43.19) 13.24 (6.56-92.55) <0.001 3-1; P=0.001
3-2; P=0.003
1-2; P=0.143
4.62(2.11-10.21) 8.87 (3.14-31.26) <0.001 3-1; P<0.001
3-2; P<0.001

min, minimum; max, maximum; PSA, prostate-specific antigen.

Table 5. Analysis of the correlation of prostate volume with PSA, PSA density, and ©®Ga-

PSMASUV

Prostate volume (cm?3)

r P
PSA (pg/L) 0.490 <0.001
PSA density (ng/mL?) —0.251 0.003
69Ga-PSMA SUV__ 0322 <0.001

PSMA, prostate-specific membrane antigen; SUV,__,
antigen.

PSA calculation could better distinguish false
from true positives showed that PSA density
supplied more information for biopsy de-
cisions than PSA alone. In tests performed
on different PSA density threshold levels
as predictors of PCa, a PSA density value of
0.15 remained the most accepted value for
distinguishing clinically significant diseases
from clinically insignificant diseases. Recent
literature studies showed that PSA density
had a high sensitivity in the diagnosis of PCa
in small (<50 mL) and medium-sized (50-75
mL) prostates; however, the sensitivity of this
parameter was significantly lower in large
(>75 mL) prostates.>”® In the current study,
the ability of PSA density to predict the GS
was evaluated, and it was determined to
have no significant value for this purpose.
The prostate volume of patients with a high

maximum standardized uptake value; PSA, prostate-specific

tumor grade was greater than in those with a
low tumor grade, suggesting that PSA densi-
ty might be misleading in PCa diagnosis.

The clinical use of ©®®Ga-PSMA PET/CT ap-
pears to have replaced CT; it also seems su-
perior to MRI in the detection of metastatic
diseases.” In addition, an increasing number
of studies advocate that ©“®Ga-PSMA PET/
CT is superior to mpMRI in detecting PCa.
However, there are also studies arguing that,
particularly in patients with a large prostate
volume, ®Ga-PSMA SUV__ increases PSMA
expression independently of the GS.?°?' In
the present study, it was observed that the
prostate volume and PSMA SUV__ values
had a moderate correlation; however, there
was no correlation between GS and the
PSMA SUV__ values of the lesions. Uprimny
et al.? reported that the tracer uptake in a
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primary tumor increases with the increase
in GS and PSA levels. They also analyzed the
GS and SUV__ values obtained from biopsy
samples, as in this study, but not from the fi-
nal results of all-gland pathology, based on
RP.22* However, in an immunohistochemical
study evaluating the correlation between
SUV__ values and PSMA expression in tissue
samples, it was shown that the tracer uptake
was directly related to the intensity of PSMA
expression. However, in the same study, it
was found that the tracer uptake did not
show the GS.* Donato et al." showed that
©8)Ga-PSMA PET/CT could predict the cancer
grade but was still less sensitive than pros-
tate mpMRI and prostate biopsy. It is neces-
sary to increase the number of histopatho-
logical examinations including correlation
analysis to determine whether the number
of tumor cells or tumor grade is more effec-
tive for increasing the PSMA SUV__ .

van Niekerk et al.?* reported that mi-
cro-vascularity increased as the lesion grade
increased in patients with PCa. DCE-MRI is an
important diagnostic method in the detec-
tion of focal PCa, as it increases the accura-
cy of the examination for the detection and
evaluation of intraprostatic tumor lesions.?’
The contribution of perfusion parameters
to the detection of intraprostatic lesions has
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Table 6. ROC analysis of the DCE-MRI parameters according to the Gleason score variable

Maximum Maximum relative TO (s) Time to peak (s)
enhancement enhancement (%)
AUC (s.e.) 0.653 (0.051) 0.658 (0.051) 0.719 (0.049) 0.721 (0.045)
(95% ClI) (0.566-0.732) (0.572-0.737) (0.636-0.792) (0.638-0.794)
Cut-off <1354.3 <132.67 >32.15 >51.32
Sensitivity % 97.2 833 72.22 88.89
(95% CI) (85.5-99.9) (67.2-93.6) (54.8-85.8) (73.9-96.9)
Specificity 27.7 45.54 72.28 63.37
(95% CI) (19.3-37.5) (35.6-55.8) (55.2-74.5) (53.2-72.7)
PPV % 32.1 353 42.6 46.4
(95% CI) (29.3-35) (30.2-40.7) (34.7-51) (39.5-53.4)
NPV % 96.4 88.5 86.8 94.1
(95% CI) (79.2-99.5) (78.2-94.3) (79.3-91.9) (86.3-97.6)
P 0.003 0.002 <0.001 <0.001

Wash-in rate (s™) Wash-out rate (s7)

0.784 (0.046) 0.891 (0.028)
(0.705-0.850) (0.826-0.938)
<8.59 <4.11

86.11 80.56
(70.5-95.3) (64-91.8)
73.27 86.14
(63.5-81.6) (77.8-92.2)
53.4 67.4
(44.8-61.9) (55.4-77.6)
93.7 92,6
(86.7-97.1) (86.4-96)
<0.001 <0.001

ROC, receiver operating characteristic; DCE, dynamic contrast-enhanced; MRI, magnetic resonance imaging; AUC, area under the curve; NPV, negative predictive value; PPV,

positive predictive value; Cl, confidence interval.
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Figure 4. Multivariate ROC curve analysis of quantitative prostate perfusion parameters on MRI. ROC,
receiver operating characteristic; MRI, magnetic resonance imaging.

been investigated in numerous studies.?®*
In one of the largest series of these studies,
Zhao et al.*> demonstrated that shortening of
the time to reach peak value in patients with
PCa was the most sensitive DCE-MRI parame-
ter. Ren et al.** indicated that DCE-MRI curves
increase the ability to distinguish benign tis-
sue from malignant prostate tissue, based on
T2-weighted imaging, and that the absence
of DCE-MRI causes some aggressive lesions
to be missed. Boesen et al.* showed that the
combination of measuring PSA density and
performing prostate mpMRI before biopsy
in patients with a GS of 7-10 increased di-
agnostic sensitivity and reduced the risks of
unnecessary biopsy procedures.

Chen et al.*' determined that the wash-
out value had a significant correlation with
GS in the evaluation of prostate tumor ag-
gressiveness. In a similar study, Vos et al.3?
reported that quantitative parameters and
semi-quantitative parameters, derived from
DCE-MRI using a 3.0 T device, could assist in
the evaluation of PCa aggressiveness in the
peripheral zone.

In the present study, the most valuable
parameter in predicting the tumor grade
among the DCE-MRI parameters was the
wash-out rate, followed by the wash-in rate.
In tumor biology, it is known that, as the
amount of non-differentiation increases, an-

giogenesis increases, and the microvascular
bed expands.’ Therefore, as the GS of a tumor
increases, the rates of non-differentiation
and angiogenesis also increase; this is repre-
sented by higher wash-out and wash-in rates
in DCE-MRI evaluation.®*3 It can be stated
that the correlation between angiogenesis
and the wash-out rate is more valuable than
the correlation between PSMA expression
and angiogenesis. However, further studies
involving multimodalities are required to
evaluate the correlation between angiogen-
esis and PSMA expression, as well as DCE-MRI
parameters.

An important aspect of this study is the
analysis of the lesions’ multimodal character-
istics. While DCE-MRI parameters reflect the
microvascular nature of lesions, the SUV__
indicates their PSMA concentration. Thus,
their combined evaluation contributes to a
comprehensive assessment of tumor status
and the selection of an appropriate treat-
ment plan.

There were limitations to the present
study.

(1) Kim et al.® reported that there was a
difference in the DCE-MRI semi-quantita-
tive parameters of lesions in peripheral and
transition zones, although this did not affect
the sensitivity of lesion detection. Ziayee et
al3* determined that perfusion parameters
and lesion detection rates were satisfactory
for lesions in the peripheral zone but sig-
nificantly reduced in those in the transition
zone. In the present study, the lesions were
not evaluated separately for the peripheral
or transition zone; this could be considered
a limitation.
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Table 7. Analysis of the diagnostic test performances of wash-out rate (s7), wash-in rate (s7), and time to peak (s)

Wash-out rate (s)

Wash-in rate (s)

Time to peak (s) p1 p2 p3

AUC (s.e) 0.891 (0.028) 0.784 (0.046) 0.721 (0.045)
95%-Cl (%) (0.826-0.938) (0.705-0.850) (0.638-0.794)
Cut-off <411 <8.59 >51.32
Sensitivity (%) 80.56 86.11 88.89
95%-Cl (%) (64-91.8) (70.5-95.3) (73.9-96.9)
o 86.14 73.27 63.37
0/ 0,
Specificity 95%-Cl (%) (77.8-92.2) (63.5-81.6) (53.2-72.7) 0.005 0.003 0.386
67.4 534 46.4
0/ 0,
ifziadlt) (55.4-77.6) (44.8-61.9) (39.5-53.4)
92.6 93.7 94.1
0/ 0,
NRTEAIIG) (86.4-96) (86.7-97.1) (86.3-97.6)
P <0.001 <0.001 <0.001

ROC curve test; p1, wash-out rate (s')-wash-in rate (s7); p2, wash-out rate (s”)-time to peak (s); p3, wash-in rate (s")-time to peak (s). ROC, receiver operating characteristic; AUC,
area under the curve; Cl, confidence interval; NPV, negative predictive value; PPV, positive predictive value.

(2) In the current literature, k _ , v, and
kep calculations are used to describe DCE-MRI
parameters. Although k correlates with
the initial slope (wash-in rate) of the time-
intensity curve, v, correlates with the peak
height and time to peak of the time-intensi-
ty curve; k_ controls the shape of the curve
(reflected in the relative contributions of its
independent components, K and v). The
authors of the present study were unable to
use these parameters, since no application
capable of calculating these values is avail-
able in hospital; this can be regarded as a
limitation concerning the integration of the
study with existing literature.

(3) In hospital, ®®Ga-PSMA PET/CT ex-
aminations are performed on PI-RADS 4-5

lesions or in cases with a distant metastasis
risk. Therefore, low PI-RADS category lesions
were not included in the study in the ab-
sence of ©®®¥Ga-PSMA PET/CT examinations.
This is accepted as a limitation due to the risk
of bias.

(4) We evaluated the 3 + 4 (intermediate
favorable) and 4 + 3 (intermediate unfavora-
ble) groups as a common group in order to
ensure a homogeneous distribution among
the patient groups.

(5) The small number of patients who un-
derwent RP is a limitation.

In conclusion, the semi-quantitative DCE-
MRI data, especially the wash-out rate, wash-
in rate, and time-to-peak values, are impor-
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tant diagnostic parameters for predicting the
grade of intraprostatic tumor lesions. There
was a moderate correlation between the
prostate volume and PSMA SUV__ values;
this may be a misleading factor for PSMA SU-
V__ prediction and GS determination.
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Field-of-view optimized and constrained undistorted single-shot study
of intravoxel incoherent motion and diffusion-weighted imaging of the
uterus during the menstrual cycle: a prospective study

Xiaodan Li

Tianzhu Liu PURPOSE

Jun Chen This study aimed to compare the variability of the uterus during the menses phase (MP), follicular
phase (FP), and luteal phase (LP) of the menstrual cycle using intravoxel incoherent motion diffu-

Jiahui Tang sion-weighted imaging (IVIM-DWI).

Wanchun Zhang
METHODS

Jga n PU This prospective study was conducted at the Guangdong Provincial Hospital of Traditional Chinese

Lina Li Medicine between January 2022 and January 2023. Women of childbearing age (18-45 years) with

Lesheng Huang appropriate progesterone levels were included in this study. Conventional magnetic resonance
imaging and IVIM-DWI scans were performed during the MP, FP, and LP. The differences in IVIM-
DWI-derived parameters between these phases were then compared, and the overlap was quanti-
tatively described.

RESULTS

The apparent diffusion coefficient (ADC) and pure molecular diffusion coefficient (D) values from
the endometrium, uterine junctional zone (UJZ), and myometrium indicated statistical differences
between the MP and FP and the MP and LP (ADC: endometrium, both P < 0.001; UJZ, P=0.008 and P
< 0.001, respectively; myometrium, P=0.033 and P = 0.006, respectively; D: endometrium, both P <
0.001; UJZ, P=0.008 and P = 0.006, respectively; myometrium, P = 0.041 and P = 0.045, respectively).
The perfusion-related diffusion coefficient (D*) values from the myometrium indicated statistical
differences between the FP and MP and the FP and LP (D*: myometrium, P = 0.049 and P = 0.009,
respectively). The overlapping endometrium ratios between the MP and FP or LP were lower than
50% in the ADC and D values (ADC: overlapping of MP and FP: 33.33%, overlapping of MP and LP:
23.33%; D: overlapping of MP and FP: 40.00%, overlapping of MP and LP: 43.33%).

CONCLUSION
The ADC and IVIM-derived parameters indicated differences in the uterus in diverse phases of the
menstrual cycle, especially in the endometrium in relation to ADC and D values.

KEYWORDS
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he observable morphological and sig-
Tnal changes in the uterus on conven-

tional magnetic resonance imaging
(MRI) have been clearly described in the liter-
ature.” With the development and applica-
tion of quantitative MRl sequences, research-
ers have become interested in the correlation
between periodic morphological changes in
the uterus and those displayed using quanti-
tative MRI technologies. Kido et al.* revealed
that the apparent diffusion coefficient (ADC)
values of diffusion-weighted imaging (DWI)
for the myometrium and endometrium are
lower during the menses phase (MP), and the
degree of these differences is similar to those
reported between malignant and non-ma-
lignant tissues. Kilickesmez et al.® also noted
that ADC values increase significantly. Frac-
tional anisotropy values on diffusion tensor
imaging tend to decrease in all zones in the
secretory phase, with the exception of the
uterine junctional zone (UJZ). Recently, Li et
al.® demonstrated that the T2* values in the
endometrium during the ovulatory phase
(OP) and luteal phase (LP) are significantly
higher than those in the UJZ and myometri-
um.

The ADC is a quantitative parameter de-
rived from DWI’ and has been commonly
used and validated as a potential imaging
biomarker for evaluating diffuse or focal
uterogenic disease®® and monitoring the
treatment response of malignant tumors.’
However, because the ADC represents the
degree of mobility of water molecules in
tissue, it may not fully account for the tissue
characteristics that can be interrogated us-
ing DWI techniques.””" However, intravoxel
incoherent motion (IVIM) imaging has been
approved to help evaluate uterogenic dis-
eases.?’%123 The IVIM imaging technique is

+ Statistical differences between the menses
phase (MP) and follicular phase (FP)/luteal
phase (LP) were identified in the endome-
trium, uterine junctional zone, and myo-
metrium in relation to apparent diffusion
coefficient (D) and pure molecular D val-
ues in intravoxel incoherent motion diffu-
sion-weighted imaging (IVIM-DWI).

* Statistical differences in perfusion-related D
values were identified between the LP and
MP/FP in the myometrium through IVIM-
DWI.

+ The differences in the uterine structure
observed through IVIM-DWI can provide
experimental evidence for the inclusion/ex-
clusion criteria or layered analysis in future
IVIM-DWI uterus studies in women of child-
bearing age.

based on DWI using various b values,” allow-
ing for the separate analysis of two compo-
nents of random water motion in biological
tissues (pure molecular diffusion and perfu-
sion) using the parameters of the pure mo-
lecular diffusion coefficient (D), perfusion
fraction (f), and perfusion-related diffusion
coefficient (D*)."* However, the reliability of
IVIM imaging for evaluating uterogenic dis-
eases can be influenced by several factors;
forinstance, the menstrual cycle of women of
childbearing age may influence DWI or IVIM
parameters.* Previous studies have reported
DWI or IVIM-derived parameter measure-
ment errors resulting from this issue.>'3517

Whether the uterine structure can cause
significant changes in IVIM values during the
menstrual cycle affects the feasibility, accura-
cy, and credibility of IVIM clinical diagnoses.
Therefore, this study aimed to compare the
diagnostic performance of different IVIM-
DWiI-derived parameters for the phases of
the menstrual cycle to explore the degree of
changes during the menstrual cycle present-
ed in IVIM-DWI.

Methods

Study design and setting

This field-of-view (FOV) optimized and
constrained undistorted single-shot (FOCUS)
study was a prospective investigation con-
ducted in the Guangdong Provincial Hospi-
tal of Traditional Chinese Medicine between
January 2022 and January 2023. The FOCUS
study protocol has been approved by our
institutional Research Ethics Board (approv-
al ZF2022-379) and adhered to the tenets of
the Declaration of Helsinki. Signed informed

consent was obtained from each participant.
The study flowchart is provided in Figure 1.

Participants and screening

Healthy female volunteers were recruited
and screened in our hospital during the study
period. The inclusion criteria were as follows:
(1) healthy women aged 18-45 years, (2) pre-
menopausal status with a regular menstrual
cycle (28 + 7 days), (3) biphasic basal body
temperature, (4) no history of gynecologic
diseases, and (5) no oral contraceptives or
hormone replacement therapy in the previ-
ous 12 months. The exclusion criteria were
as follows: (1) congenital uterine abnormal-
ities, (2) leiomyoma, (3) history of adenomy-
osis, (4) abnormal serum hormone levels, (5)
pregnancy, (6) age <18 or >45 years, (7) usual
contraindications to MRI, or (8) refusal to sign
the informed consent form.

To ensure the patients had normal serum
hormone levels, we tested the progesterone
levels of the recruited patients. We set the
progesterone level at <2.84 nmol/L during
the LP and >5.8 nmol/L during the MP. If the
progesterone level was inconsistent with
the menstrual cycle phase, the gynecologist
rechecked the participant’s progesterone
levels during the next menstrual cycle. How-
ever, participants were excluded if the results
remained inconsistent with the menstrual
cycle phases.

After screening with the progesterone
test, a color Doppler ultrasound (US) (Volun-
son S10; GE Healthcare, MA, USA) examina-
tion of the female reproductive system was
performed to ensure the patient fit the inclu-
sion criteria. The US examination included
the following: 1) exclusion of lesions in the

42 healthy child-bearing female volunteers underwent

2022 and January 2023

conventional MRI and IVIM-DWI scan in menses phase, follicular
phase, and luteal phase of the menstrual cycle between January

6 volunteers were excluded for unable

P to plete all scans in a menstrual
cycle

36 volunteers were included for image quality screening

6 volunteers were excluded:

(1) Low image quality (n =2)
(2) Artifact of intestinal gas (n = 4)

\4

Finally, 30 volunteers were included in the
study

Figure 1. Flowchart of the screening process of female volunteers of childbearing age. MRI, magnetic
resonance imaging; IVIM, intravoxel incoherent motion diffusion; DWI, diffusion-weighted imaging.
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uterus, bilateral fallopian tubes, and ovaries;
2) assessment of the size and position of the
uterus; 3) evaluation of the uniformity of the
myometrium layer echo; 4) measurement
of endometrial thickness; and 5) analysis of
uterine blood flow signals.

Magnetic resonance imaging examination

All participants underwent repeated MRIs
over multiple time points during the men-
strual cycle. Time point one (T,) was from
days 1 to 4 of the menstrual cycle, time point
two (T,) was from days 7 to 12, and time
point three (T,) was from days 16 to 24;T,, T,,
and T, represent the MP, follicular phase (FP),
and LP, respectively. Because the precise time
window of the OP is too short to measure ac-
curately, we did not examine the uterus for
OP.

The MRI examinations were performed
using a 3.0-T scanner (Signa Discovery 750 w;
GE Healthcare) with a 16-channel abdominal
coil. Participants were required to undertake
bowel preparation, including a low-fiber
diet for one day, an 8-hour fast before the
test, and an enema with 500 mL of saline
30 min before the MRI. For all participants,
the following five standard sequences were
performed: (1) sagittal T2-weighted short Tl
inversion recovery (STIR) sequence, (2) axial
T1-weighted turbo spin-echo sequence, (3)
axial STIR sequence, (4) sagittal FOCUS DWI
sequence, and (5) sagittal FOCUS IVIM se-
quence.

An IVIM-DWI using a FOCUS protocol was
performed on all participants in the sagittal
plane in a supine position. The scan range
covered the whole uterus and extended 5-8
cm beyond the distal border of the uterus.
Spatial saturation bands were applied to re-
move the signal from the overlying fat and
nearby tissues. In addition, the following 12
b values were applied: 0, 25, 50, 75, 100, 150,
200, 300, 400, 500, 600, and 800 s/mm?.

Participants were asked to breathe freely
during the examination, resulting in the fol-
lowing: average repetition time: 3007 ms;
average echo time: 69 ms; slice thickness: 4
mm; inter-slice gap: 1 mm; matrix: 48 x 48;
FOV: 240 x 240 mm; number of excitations
= 2; number of slices = 16-20 (based on the
size of the uterus). Two b values (0 and 800
s/mm?) were applied to the FOCUS DWI se-
quence, and diffusion-weighted gradients
were applied in three orthogonal directions.
The remaining scan parameters were consis-
tent with the FOCUS IVIM sequence. The total
scan time was approximately 30-35 min.

Image analysis

The IVIM parameters and ADC maps were
generated and calculated using FuncTool
(GE AWA4.6 advantage; GE Healthcare). A
quantitative analysis of DWI data was per-
formed using mono-exponential and bi-ex-
ponential models for IVIM data. The ADCs
were calculated through the mono-expo-
nential linear fitting technique using the fol-
lowing equation:™

20

= exp (—b X ADC),
So

where S (b) corresponds to the mean sig-
nal intensity at a given b value and S is the
mean signal intensity at b= 0 s/mm?,

For the bi-exponential model, the
IVIM-derived parameters were calculated us-
ing the following equation:'

%i’) =[(1—f) xexp(—b x D)] +
[f x exp(=b x D],

where D is pure water diffusion, D* rep-
resents pseudo diffusion, and f values are
the intravascular water fractions in a selected
area. The values were calculated using b val-
ues >200 and <200 s/mm?, respectively.

The quality of the IVIM, DWI, and routine
T1-weighted and T2-weighted images was
evaluated by a single examiner (JC) with 17
years abdominal MRI experience. Moreover,
a trained examiner (LT) with ten years expe-
rience in female reproductive system MRI-
based diagnosis post-processed all qualified
images and then measured the study param-

eters quantitatively at the post-processing
workstation. The examiner was blinded to
the participants’age, menstrual cycle phases,
body mass index (BMI), and previous repro-
ductive history.

To minimize measurement errors, three
non-overlapping regions of interest (ROIs)
were determined, avoiding visible vessels,
uterine borders, and artifacts: (1) the endo-
metrium, anterior, and posterior region of
the UJZ; (2) the anterior, posterior, and fun-
dus of the myometrium; and (3) the anterior
and posterior region of the cervical muscu-
laris. The size of each ROl was adjusted ac-
cording to the measurable range of the an-
atomical structure [endometrium: 15 (mean)
and 12-20 mm? (range); UJZ: 8 (mean) and
5-12 mm? (range); myometrium and cervi-
cal muscularis: 20 (mean) and 15-25 mm?
(range)], and the position was maintained
on the different parametric maps (Figure 2).
The mean ADC, D, D¥, and f values for each
anatomical structure (endometrium, UJZ,
myometrium, and cervical muscularis) were
obtained by averaging the measurements in
the ROIs (Figure 2).

Statistical analysis

Statistical analyses were performed us-
ing SPSS version 26.0 (Chicago, IL, USA).
We tested continuous variables for normal
distribution using the Kolmogorov-Smirn-
ov test. Variables with a normal distribution
were expressed as mean + standard devia-
tion, those with a non-normal distribution
were expressed as the median (minimum-
maximum), and categorical variables were
presented as frequencies with percentages.
A chi-squared test was applied to analyze

Figure 2. A 25-year-old healthy female participant in the follicular phase. (a) Sagittal view of a diffusion-
weighted image with b: 0 s/mm? (b) apparent diffusion coefficient map; (c) pure molecular diffusion
coefficient map; (d) perfusion-related diffusion coefficient map; (e) perfusion fraction map. Examiner-
measured endometrium (red circles, a-e), uterine junctional zone (blue circles, a-e), and myometrium (black

circles, a-e) in sagittal view.
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categorical variables. Based on the variable
distribution and homogeneity of variance, a
Student’s t-test or Mann-Whitney U test was
applied to compare the differences in each
DWI or IVIM-derived parameter between the
three menstrual cycle phases.

To quantitatively describe the overlap-
ping conditions and differentiation in men-
strual cycle phases in relation to IVIM-DWI
parameters, we divided the continuous data
into intervals, and based on the order of
magnitudes, we set the interval ranges as
follows: (1) the interval ranges of the ADC
and D were 0.10 x 10° (e.g., an ADC interval
of 1.20 x 10® mm?/s including data between
1.15 x 10%and 1.25 X 103 mm?/s(1.15 x 103
mm?/s < x <1.25 x 102 mm?/s); (2) the inter-
val range of D* was 10 X 10° mm?/s; (3) the
interval range of fwas 10.00%. After the data
intervals were processed, the frequencies of
each interval were calculated; overlapping
intervals and overlapping ratios between
the phases were then calculated within the
range of a 95% confidence interval of the in-
tervals. In this study, clinical differences were
identified when overlapping ratios between
the phases were <50%, and P < 0.05 was con-
sidered statistically significant.

Results

Characteristics of participants

We recruited 42 healthy female volunteers
of childbearing age (18-45 years). Six partic-
ipants (14.29%) were unable to complete all
the scans in a menstrual cycle, two (4.76%)
were excluded because of low image quality
in screening, and four (9.52%) were excluded
because they had artifacts in the form of in-
testinal gas. Finally, 30 participants (71.4%),
with a mean age of 29.33 + 5.76 years, were
included in this study.

The characteristics of the participants
are summarized in Table 1. Seventeen par-
ticipants (56.67%) had not given birth, sev-
en (23.33%) had one child (two cesareans
and five eutocia), and six (20.00%) had two
children (four cesareans and eight eutocia);
menstrual cycles were 30 days (26-35 days).
The mean BMI of the participants was 20.48 +
2.55 kg/m?, and none were obese.

Endometrium

During the menstrual cycle, the endo-
metrium ADC and D values indicated a
statistically significant decrease in the MP
compared with the FP and LP (ADC: both
P < 0.001, D: both P < 0.001). However, no
statistical differences among the MP, FP,

and LP were identified in the endometrium
D* and fvalues (D*: MP and FP: P = 0.171,
MPand LP: P=0.061,FP and LP: P=0.753; f.
MP and FP: P=0.770, MP and LP: P=0.651,
LP and FP: P=0.410) (Tables 2, 3 and Figure
3).

The endometrium exhibited low overlap-
ping ratios between the MP and FP/LP in the
ADC (MP and FP: 33.33%; MP and LP: 23.33%)
and D (MP and FP: 40.00%; MP and LP:
43.33%), and the overlapping intervals be-
tween the MP, FP, and LP in the ADC (MP and
FP:1.0-1.3 X 10*mm?/s; MP and LP: 1.0-1.3 x
10°*mm?/s) and D (MP and FP: 0.6-1.1 x 10?3

0.003 0.003

mm?/s; MP and LP: 0.7-1.1 x 10 mm?/s) were
less than those between the FP and LP (FP
and LP: ADC, 1.0-1.6 x 10 mm?/s; D, 0.7-1.4
x 10°*mm?/s) (Table 4, Figure 4).

Uterine junction zone

During the menstrual cycle, the UJZ ADC
and D values demonstrated a statistically sig-
nificant decrease in the MP compared with
the FP and LP (ADC: MP and FP, P=0.008, and
MP and LP, P < 0.001; D: MP and FP, P =0.008,
MP and LP: P = 0.006). However, no statistical
difference was identified among the MP, FP,
and LP in the UJZ D* and fvalues (D*: MP and
FP,P=0.753, MP and LP, P = 0.703, LP and FP,
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Figure 3. Box plots of different phases [menses (MP), luteal (LP), and follicular (FP)] in the endometrium,
uterine junctional zone (UJZ), and myometrium using parameters derived from intravoxel incoherent
motion diffusion-weighted imaging. Apparent diffusion coefficient and pure molecular diffusion coefficient
values in the endometrium, UJZ, and myometrium, revealing differences between the MP and LP/FP (a-f, P
< 0.05), especially in the endometrium (a, d, P < 0.001 all). Perfusion-related diffusion coefficient values in
the myometrium, which differ for LP and MP/FP (F, P < 0.05) (E = endometrium; U = UJZ; M = myometrium).

Table 1. Demographic data of participants

Characteristics

Participants (n = 30)

Age (years), mean = standard deviation
Procreation (N/O/T)

Birth mode (none/cesarean/eutocia)

Menstrual cycle (days), median (minimum-maximum)

BMI (kg/m?)

29.33+5.76

17/7/6 (56.67%/23.33%/20.00%)
17/6/13 (47.22%/16.67%/36.11%)
30 (26-35)

20.48 + 2.55

N, none; O, one; T, two; BMI, body mass index.
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P =0.873; f: MP and FP, P = 0.370, MP and LP,
P =0.794, LP and FP, P = 0.256) (Tables 2, 3
and Figure 3).

The UJZ exhibited high overlapping ratios
(60.00%-80.00%) and no apparent differ-
ences in the overlapping interval between
phases in the IVIM-DWI-derived parameters
(Table 4, Figure 4).

Myometrium

During the menstrual cycle, the myo-
metrium ADC and D values demonstrated
a statistically significant decrease in the MP
compared with the FP and LP (ADC: MP and
FP, P=0.033, MP and LP, P = 0.006; D: MP and
FP, P = 0.041, MP and LP, P = 0.045) but no
statistically significant change in the LP and
FP (ADC: LP and FP, P = 0.168; D: LP and FP,

Table 2. Comparison of ADC, D, D¥, and f values in different periods of the menstrual cycle

in the endometrium, UJZ, and myometrium

Value of IVIM-DWI ADC D D* f(%)
parameter (X103 mm?/s) (X103 mm?/s) (X102 mm?/s)
Endometrium
MP of endometrium 0.98 +0.18 0.74+£0.19 28.30(1.51-127.23) 19.80 (4.59-66.47)
LP of endometrium 1.34+0.18 1.08 +0.24 20.07 (4.41-151.90) 23.47 (6.14-62.10)
FP of endometrium 1.42 +0.25 1.08 +0.21 18.97 (2.82-101.63) 28.00 £ 12.37
uJjz
MP of UJZ 1.06 £0.14 0.73+£0.17 73.12 £ 60.28 27.87 £9.67
LP of UJZ 1.15+£0.17 0.85+0.17 77.75 £ 51.65 24.79 £ 12.30
FP of UJZ 1.14 (0.75-1.72) 0.85+0.17 80.16 + 64.69 27.08 £ 10.61
Myometrium
MP of myometrium 1.40 £ 0.25 0.85+0.14  30.16(8.39-106.26) 32.33(17.97-62.10)
LP of myometrium 1.52+0.25 0.90+0.17 50.03 (9.60-165.53) 30.91 +5.53
FP of myometrium 1.58 + 0.30 0.92 +0.20 28.63 (7.68-140.80) 31.87 (13.90-64.40)

IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ADC, apparent diffusion coefficient; D, pure
molecular diffusion coefficient; D*, perfusion-related diffusion coefficient; f, perfusion fraction; MP, menses phase; FP,
follicular phase; LP, luteal phase; UJZ, uterine junctional zone.

P = 0.624). However, D* values indicated
a statistically significant increase in the FP
compared with the MP and LP (FP and MP, P
= 0.049; FP and LP, P = 0.009). Moreover, the
myometrium f values indicated no statistical
difference in the MP, FP, and LP (MP and FP, P
=0.284; MP and LP, P =0.997; LP and FP, P =
0.282) (Tables 2, 3 and Figure 3).

The myometrium had highly overlapping
ratios (60.00%-86.67%) and no apparent dif-
ferences in overlapping intervals between
phases in the IVIM-DWI parameters (Table 4,
Figure 4).

Discussion

The endometrium is divided into basal
and functional layers, with changes to the
endometrium occurring in the functional
layer.?® The thickness of the endometrium
is approximately 1-4, 12-13,and 16-18 mm
in the MP, LP, and FP, respectively.?’ During
the MP, changes in phenotype involve
the release of proinflammatory cytokines,
chemokines, and matrix metalloproteinas-
es, leading to the collapse of the shallow
endometrial layer, focal bleeding, and men-
strual shedding.?? Conversely, mesenchyme
cells have relatively high or high edema and

Freg
=
.

A

Interval D* value (<10 mm’s)

Tnterval / value (%)

Interval / value (%)

Figure 4. (a-l) Histogram and fitted curve graph of the overlapping conditions. MP, menses phase; FP, follicular phase; LP, luteal phase; ADC, apparent diffusion

coefficient, Cl, confidence interval.
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are lost during spiral arteriole hyperplasia
in the LP and FP2** In this study, we found
that lower ADC and D values produced
offset fitted curves for the MP and smaller
overlapping intervals and lower overlap-
ping ratios in the MP and LP/FP in terms of
ADC and D values, consistent with endome-
trial physiology. These findings support the
rationale that water molecule diffusion in
endometrial cells decreases with the shed-
ding of edematous mesenchyme cells in the
functional layer.

After the demise of the corpus luteum
and progesterone level decrease, UJZ-dom-
inated and myometrium-involved antero-
grade (from the fundus of the uterus to the
cervix) contractility increases with an in-
crease in uterine contraction (UC) breadth,
frequency, and resting tone. Unlike retro-
grade contraction during the LP and FP, an-
terograde contraction in the MP significant-
ly increases in intensity and frequency to
empty the uterine contents.? UCs are often
felt by women during the MP, sometimes
experienced as an aching feeling (dysmen-

Table 3. P value of the parameter comparison between different menstrual cycle phases in

the endometrium, UJZ, and myometrium

P value of IVIM-DWI parameter ADC D D* f
Endometrium

MP vs. FP <0.001 <0.001 0.171 0.770
MP vs. LP <0.001 <0.001 0.061 0.651
LP vs. FP 0.133 0.668 0.753 0.410
uJz

MP vs. FP 0.008 0.008 0.753 0.370
MP vs. LP <0.001 0.006 0.703 0.794
LP vs. FP 0.203 0.954 0.873 0.256
Myometrium

MP vs. FP 0.033 0.041 0.049 0.284
MP vs. LP 0.006 0.045 0.980 0.997
LP vs. FP 0.168 0.624 0.009 0.282

IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ADC, apparent diffusion coefficient; D, pure
molecular diffusion coefficient; D¥, perfusion-related diffusion coefficient; f, perfusion fraction; MP, menses phase;
FP, follicular phase; LP, luteal phase; UJZ, uterine junction zone.

orrhea). Furthermore, UC can cause the en-
dometrium to be drawn into the myometri-
um, leading to endometriosis.?’ Substantial
constriction from the UJZ and myometrium
may cause the blood to flow out of the mus-
cular layer, with the decrease in blood vol-
ume leading to a decrease in water content.
Contraction forces the smooth muscle cells
to tighten, which may be why the ADC and
D values reduce during the MP.2® The myo-
metrium exhibits decreased signal intensity
under conventional MRI, and the UJZ is un-
clear in T2-weighted images during the MP.
However, the myometrium has higher signal
intensity and the UJZ architecture is clearly
defined during the LP! This phenomenon
may indirectly indicate that the myometrium
and UJZ have tight myometrium structures.
UC during the MP reduces water molecules
in tissues. In the present study, although the
UJZ and myometrium ratios overlapped by
more than 50%, the fitted curve and highest
frequencies were also offset to the left for
lower ADC and D values in the MP (Figure 4),
similar to the endometrium.

Tan et al.® reported that the pulsatility
index peaked on the day of the luteiniz-
ing hormone surge in the dominant and
non-dominant uterine arteries during the FP.
The dominant uterine artery pulsatility index
then declined from the peak to a low level
in the mid-LP. The hemodynamic changes
correlated with the variations in serum estra-
diol and progesterone concentrations. Fur-

Table 4. Overlapping conditions during different phases of the menstrual cycle based on IVIM-DWI parameters and uterine structure

Overlapping interval Overlapping interval of ~ Overlapping interval Overlapping Overlapping ratios Overlapping
of M (ADC, D, D*: x10°  UJZ (ADC, D, D* x10%  of E (ADC, D, D*: x10° ratios of M (%) of UJZ (%) ratios of E (%)
mm?/s; f: %) mm?/s; f: %) mm?/s; f: %)
ADC
MP vs. FP 1.2-1.8 0.9-1.3 1.0-1.3 7333 76.67 3333
MP vs. LP 1.2-1.8 0.9-1.3 1.0-1.3 70.00 70.00 2333
FP vs. LP 1.2-1.8 0.9-14 1.0-1.6 70.00 66.67 76.67
D
MP vs. FP 0.7-1.1 0.6-1.0 0.6-1.1 83.33 73.33 40.00
MP vs. LP 0.7-1.1 0.6-1.0 0.7-1.1 60.00 63.33 43.33
FP vs. LP 0.5-1.2 0.6-1.1 0.7-1.4 66.67 80.00 76.67
D*
MP vs. FP 10-70 10-130 10-70 53.33 60.00 66.67
MP vs. LP 10-70 10-140 10-50 60.00 73.33 70.00
FP vs. LP 10-70 10-140 0-50 66.67 63.33 80.00
f
MP vs. FP 20-40 20-40 10-40 86.67 63.33 7333
MP vs. LP 20-50 20-40 10-50 80.00 80.00 7333
FP vs. LP 20-40 10-40 10-40 86.67 70.00 7333

IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ADC, apparent diffusion coefficient; D, pure molecular diffusion coefficient; D*, perfusion-related diffusion

coefficient; f, perfusion fraction; M, myometrium; U, uterine junctional zone; E, endometrium; MP, menses phase; FP, follicular phase; LP, luteal phase.
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thermore, Raine-Fenning et al*® noted that
both the endometrial and sub-endometrial
vascularization index and vascularization
flow index increased during the FP, peaking
3 days before ovulation before decreasing to
the lowest point 5 days post-ovulation. Sim-
ilar to Tan et al.?, our study revealed that D*
values, which denote the level of the tissue
body fluid or blood perfusion, were high
during the FP; however, no obvious differ-
ences were observed in the histogram and
fitted curve graph. This may be due to the
low sample size and discrete interval of D*
values. Differences in the myometrium were
also identified during the menstrual cycle in
the T2-weighted MRI scans.! The UJZ did not
exhibit a similar variation in our study, pos-
sibly due to the priority levels of the uterine
artery blood supply.

IVIM imaging is a new method for prob-
ing tissue perfusion and diffusion without
using a contrast agent and has been applied
in clinical studies of uterus lesions.’>151631
However, most studies'*'>*' fail to explain or
describe menstrual cycle details. From the
results of our study, the different phases of
the menstrual cycle demonstrated signifi-
cant differences in IVIM-derived parameters,
especially in the endometrium for low over-
lapping ratios between phases, which could
undermine the credibility of studies. There-
fore, based on the rigor of clinical research,
we suggest that studies of the uterus and
IVIM should be conducted during the same
phase of the menstrual cycle, if possible.

This study has some strengths. First, we
presented explainable results for DWI and
IVIM for the uterus during the menstrual cy-
cle that are consistent with current physiolo-
gy and similar research. Therefore, DWI and
IVIM can be used as techniques for human
clinical research for the functional or meta-
bolic change in the menstrual cycle based
on the premise of social ethics. Second, al-
though DWI and IVIM have been widely used
in the diffuse and focal lesions of the uterus,
few studies have considered changes in the
menstrual cycle. We considered that the sta-
bility of the DWI and IVIM parameters in the
uterus were reliable indicators for relevant
studies. Because DWI and IVIM can change
during the menstrual cycle, choosing an ap-
propriate phase of the menstrual cycle for
clinical research using the DWI and IVIM can
ensure the relative stability of the baseline
characteristics of participants; completing
the relevant research during the same phase
of the menstrual cycle would be more effec-
tive.

We acknowledge several limitations in our
study. First, this is a single-center and small
sample study. Our findings need validation
through large-scale studies. Second, due to
the small sample size and limited space, a
subgroup analysis based on age and fertility
was not applied. Third, subjective bias may
exist for one observer, especially in D* val-
ues.'3233 Finally, although we applied enema
and FOCUS technology in multiple b-value
scans, artifacts from gas in the rectum or
colon may still have occurred, affecting the
quality of the DWI and IVIM mappings.

In conclusion, our findings demonstrate
that parameters derived from ADCs and
IVIM can detect differences in the uterus in
diverse phases of the menstrual cycle, es-
pecially regarding ADC and D values in the
endometrium, which could have a baseline
impact on DWI and IVIM.
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Deep learning reconstruction for brain diffusion-weighted imaging:
efficacy for image quality improvement, apparent diffusion coefficient
assessment, and intravoxel incoherent motion evaluation in /in vitro and
in vivo studies

Satomu Hanamatsu
Kazuhiro Murayama
Yoshiharu Ohno
Kaori Yamamoto
Masao Yui

Hiroshi Toyama

PURPOSE

Deep learning reconstruction (DLR) to improve imaging quality has already been introduced, but
no studies have evaluated the effect of DLR on diffusion-weighted imaging (DWI) or intravoxel in-
coherent motion (IVIM) in in vitro or in vivo studies. The purpose of this study was to determine
the effect of DLR for magnetic resonance imaging (MRI) in terms of image quality improvement,
apparent diffusion coefficient (ADC) assessment, and IVIM index evaluation on DWI through in vitro
and in vivo studies.

METHODS

For the in vitro study, a phantom recommended by the Quantitative Imaging Biomarkers Alliance
was scanned and reconstructed with and without DLR, and 15 patients with brain tumors with
normal-appearing gray and white matter examined using IVIM and reconstructed with and with-
out DLR were included in the in vivo study. The ADCs of all phantoms for DWI with and without
DLR, as well as the coefficient of variation percentage (CV%), and ADCs and IVIM indexes for each
participant, were evaluated based on DWI with and without DLR by means of region-of-interest
measurements. For the in vitro study, using the mean ADCs for all phantoms, a t-test was adopted
to compare DWI with and without DLR. For the in vivo study, a Wilcoxon signed-rank test was used
to compare the CV% between the two types of DWI. In addition, the Wilcoxon signed-rank test was
used to compare the ADC, true diffusion coefficient (D), pseudodiffusion coefficient (D*), and per-
centage of water molecules in micro perfusion within 1 voxel (f) with and without DLR; the limits of
agreement of each parameter were determined through a Bland-Altman analysis.

RESULTS

The in vitro study identified no significant differences between the ADC values for DWI with and
without DLR (P > 0.05), and the CV% was significantly different for DWI with and without DLR (P <
0.05) when b values =250 s/mm?were used. The in vivo study revealed that D* and f with and with-
out DLR were significantly different (P < 0.001). The limits of agreement of the ADC, D, and D* values

. N for DWI with and without DLR were determined as 0.00 + 0.51 x 103, 0.00 + 0.06 x 103, and 1.13 +
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4.04 x 10°mm?/s, respectively. The limits of agreement of the fvalues for DWI with and without DLR
were determined as —0.01 £ 0.07.

CONCLUSION

Deep learning reconstruction for MRI has the potential to significantly improve DWI quality at high-
er b values. It has some effect on D* and fvalues in the IVIM index evaluation, but ADC and D values
are less affected by DLR.
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Brain, magnetic resonance imaging, diffusion, intravoxel incoherent motion, deep learning recon-
struction
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he clinical application of artificial intel-
Tligence is expanding with a variety of

targets not only for detection or diag-
nostics but also for image noise reduction for
computed tomography (CT) and magnetic
resonance imaging (MRI).""°In recent years,
some MRI suppliers have introduced deep
learning reconstruction (DLR) for denoising
and improving imaging quality, which has
been tested for MRI of the central nervous
system as well as of the body."'* Moreover, in
the late 1980s, Le Bihan et al.” developed in-
travoxel incoherent motion (IVIM), a non-in-
vasive approach that measures perfusion-re-
lated parameters using diffusion-weighted
imaging (DWI) for MR examinations.'>? This
method exploits the fact that the signal ac-
quired using a DWI sequence is affected by
the incoherent motion of water resulting not
only from thermal energy but also blood cir-
culation in the microvasculature.'*? To date,
however, no studies have evaluated the effi-
cacy of DLR for apparent diffusion coefficient
(ADC) evaluation or IVIM index assessments
in in vivo or in vitro studies.

We hypothesized that DLR may affect
IVIM index measurements, possibly without
influencing ADC measurements, by denois-
ing and improving DWI quality. The purpose
of this study was therefore to determine the
efficacy of DLR for MRI on image quality im-
provement, ADC assessment, and IVIM index
evaluation in DWI through in vitro and in vivo
studies using a 3 Tesla (T) MR system.

Methods

Research ethics standards compliance

The in vivo study was a retrospective
study and was approved by the Institutional
Review Board (IRB) of Fujita Health Universi-
ty, Japan (research registration: HM22-328;
IRB-approval number: Cl22-647); it is com-

* The in vitro study identified no significant
differences in apparent diffusion coefficient
values for diffusion-weighted imaging (DWI)
with and without deep learning reconstruc-
tion (DLR) (P> 0.05).

* There were significant differences in coeffi-
cient of variation percentages between the
DWI with and without DLR (P < 0.05) when
b values of 250, 500, 750, 1000, and 1500 s/
mm? were used.

* There were significant differences in the
pseudodiffusion coefficient and percentage
of water molecules in micro perfusion with-
in 1 voxel values between the DWI with and
without DLR (P < 0.001).

pliant with the Health Insurance Portability
and Accountability Act of Japan. Written
informed consent was waived for each par-
ticipant enrolled in this study. This study was
also technically and financially supported
by the Canon Medical Systems Corporation.
Two of the authors are employees of the Can-
on Medical Systems Corporation (KY and MY)
but did not have control over any of the data
used in this study.

Quantitative diffusion phantom for in vitro
study

The in vitro study quantitatively assessed
an ADC evaluation of DWI obtained with
and without using the DLR method. For this
study, the quantitative diffusion phantom
(High Precision Devices, Boulder, CO, USA),
which was developed by the National Insti-
tute of Standards and Technology/Quantita-
tive Imaging Biomarker Alliance (QIBA) of the
Radiological Society of North America and is
commercially available, consisting of 13 vials
filled with varying concentrations of polyvi-
nylpyrrolidone (PVP) in an aqueous solution,
was used to evaluate ADC measurement
accuracy.®?* The phantom was specifically
designed to quantitatively map the isotropic
Gaussian diffusion of water molecules and
generate physiologically relevant ADC val-
ues.” The distribution of PVP concentrations
in the phantom was as follows: 0% (vials 1-3),
10% (vials 4 and 5), 20% (vials 6 and 7), 30%
(vials 8 and 9),40% (vials 10 and 11), and 50%
(vials: 12 and 13) in an aqueous solution.?*
The vials were stored in an ice-water bath
at 0°C to eliminate thermal variability across

Patients underwent TVIM
with brain tumor
n=314

scanner locations and timepoints for the
ADC measurements.?

Participants in the in vivo study

The in vivo study involved 314 consecu-
tive patients (146 men, 168 women; mean
age: 59.8 years; age range: 18-91 years) who
had been diagnosed with a suspected brain
tumor at nearby hospitals. The participants
visited the outpatient clinic in our depart-
ment of neurosurgery between March and
August 2019, where they were examined
using brain MRI with IVIM. The exclusion
criteria were 1) mass effect of a brain tumor
or peritumoral edema on a slice at the bas-
al-ganglia level, 2) contraindications for MR
examination, 3) contraindication for gadolin-
ium (Gd) contrast media because of asthma,
4) renal dysfunction, and 5) severe motion ar-
tifact. Of the 314 patients originally included
in this study, 299 were excluded because of
the mass effect of brain tumor or peritumoral
edema on a slice at basal-ganglia level (n =
287), contraindications for MR examination
because of claustrophobia (n = 2) and hav-
ing a cardiac pacemaker device (n = 1), con-
traindication for Gd contrast media because
of asthma (n = 2) and renal disfunction (n =
4), and severe motion artifact (n = 3). The re-
maining 15 patients with brain tumors with
normal-appearing gray and white matter (8
men, 7 women; mean age: 49.6 years; age
range: 31-82 years) were included in this
study. The patient selection chart is present-
ed in Figure 1, and details of patient charac-
teristics are summarized in Table 1.

Excluded

Mass effect of brain tumor or peritumoral edema on

a slice at basal ganglia level
n=287

Excluded

Contraindications to MR examination
+ Claustrophobia: n =2
- Cardiac pacemaker: n=1

Excluded

Contraindication to gadolinium
contrast media for dynamic susceptibility
contrast perfusion MR imaging
n=2

Excluded

Renal dysfunction
n=4

Excluded

Severe motion artifact
n=3

Included patients
n=15

Figure 1. Patient selection chart. Patient selection for the final study population. IVIM, intravoxel incoherent

motion; MR, magnetic resonance.

Deep learning reconstruction for brain DWI and IVIM - 665



Magnetic resonance examinations

All MR examinations for the in vitro and
in vivo studies were performed using a 3T
clinical MR scanner (Vantage Galan 3T/ZGO,
Canon Medical Systems Corporation,
Otawara, Tochigi, Japan) with a 32-channel
phased-array surface coil (32 ch Head SPEED-

Table 1. Patient characteristics

ER, Canon Medical Systems). The maximal
gradient specifications were 100 mT/m for
amplitude and 200 mT/m/msec for slew rate.

In vitro study

For the in vitro study, DWI was acquired
in the axial planes using a two-dimension-

Variables Values
Male 8(53.3%)
Sex (count, %)
Female 7 (46.7%)

Age as mean £
standard deviation
(years, range)

Diagnosis (count)
Schwannomas
Meningiomas
Central neurocytoma
Arachnoid cyst

Metastases

Low-grade gliomas (grade 1, 2)

49.6 +17.6 (28-82)

N~ U,

=

Malignant peripheral nerve sheath tumor 1

Input Image
(b=0,1,...,1500)

Tx7 DCT
Convolution |

/

/Highfrequem:y |

7 components

/
/ Zero-frequency
/ component

Soft Shrinkage

|
|
|
|
|
Feature extraction layer :
1
|
|
|

3x3 Convolution

Soft Shrinkage

Feature conversion layers

3x3 Convolution

Soft Shrinkage |

Image generation layer

Dencised Image
(b=0,1,...,1500)

Figure 2. Deep learning reconstruction network. In the first feature extraction layer, input images (b=0, 1,
..., 1500) are convolved using a 7 x 7 discrete cosine transform (DCT) kernel. After the initial soft shrinkage,
48 high frequency components undergo a 3 x 3 convolution repeatedly and soft shrinkage in the feature
conversion layers. Finally, the denoised outputimages (b=0, 1, ..., 1500) are generated through the inverse
DCT deconvolution of both the bypassed zero-frequency component and output data from the feature

conversion layers.
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al spin-echo (SE)-type echo-planar imaging
(EPI) sequence with a parallel imaging tech-
nique (SPEEDER, Canon Medical Systems)
and the following parameters: repetition
time (TR)/echo time (TE), 4500/66 ms; field
of view (FOV), 220 x 220 mm; acquisition
matrix, 144 x 144; slice thickness, 4 mm; re-
duction factor (SPEEDER factor), 3; number
of acquisition (NAQ), 1; b values, 0, 10, 25, 50,
75, 100, 250, 500, 750, 1000, 1500, 2000, and
3000 s/mm?. All MRI was then reconstruct-
ed with and without the DLR method (Ad-
vanced Intelligent Clear-IQ Engine, Canon
Medical Systems), which is consistent with
other studies,**'° and operated using an MRI
system (version 6 SP0003, Canon Medical
Systems).

In vivo study

For the in vivo study, DWI was acquired in
the axial planes using the SE-EPI sequence
with SPEEDER and the following parameters:
TR/TE, 4500/72 ms; echo train spacing, 0.9
ms; number of slices, 30; slice thickness; 5
mm; FOV, 220 x 220 mm; acquisition matrix,
160 x 160; NAQ, 1; flip angle, 90/180; SPEED-
ER factor, 3; b values, 0, 5, 10, 20, 30, 50, 75,
100, 250, 500, 750, 1000, and 1500 s/mm?. All
MRI data were then reconstructed with and
without DLR, as in the in vitro study.>*'° The
examination time including reconstruction
time with and without DLR was recorded for
each participant.

Deep learning reconstruction method for
brain diffusion-weighted imaging

The DLR method used in this study is
based on a convolutional neural network
(CNN), and the details have been published
in the literature.® Figure 2 provides a diagram
of the DLR method. A study has proposed
CNN denoising using soft shrinkage, which
adapts to the amount of noise by introducing
a variable threshold of an inactive section,
as an activation function;** noise-adaptive
soft shrinkage is also applied to the neural
network in the DLR method.! The present
study used the same trained DLR network
described in the literature.®* The network was
trained and validated using conventional
contrast images (T2 weighted, T1 weighted,
etc.) of the brain and knees of several human
volunteers.? The quality of the different con-
trast images reconstructed using the DLR
method was clinically evaluated in several
body regions, such as the brain,? pelvis,®* and
abdominal arteries.”’ The DLR details, includ-
ing information on training and validation
data sets, are provided in the literature 3>

Hanamatsu et al.



Image analysis

In vitro study

First, an ADC map was generated from
the DWI for all b values. Signal intensity data
obtained from each voxel on the DWI for all
b values were fitted to a mono-exponential
model to calculate the ADC using a built-in
Tensor application (System software version
6.0, Canon Medical Systems). The ADC for
each phantom was then measured by a neu-
roradiologist (SH) with 3-years’ experience
using ImageJ version 1.52p (https://image;j.
nih.gov/ij/). Five circular regions of interest
(ROIs) with a diameter of 10 mm were placed
on the center slice and two additional slices,
one obtained 1 cm before and the other 1 cm
after the center slice, as well as on each phan-
tom, after which the mean ADC value within
each phantom was calculated.

In vivo study

An ADC map was generated for each pa-
tient from the DWI reconstructed with and
without DLR for b values of 0 s/mm? and
others (i.e, b=75, 10, 20, 30, 50, 75, 100, 250,
500, 750, 1000, and 1500 s/mm?) by means
of commercially available software (IVIM)
using a mono-exponential model on a Vit-
rea workstation (version 7.4, Canon Medical
Systems). In addition, IVIM parameters were
determined using commercially available
software (IVIM) on the same workstation
and based on the theory described in other
studies.'" Based on a bi-exponential model
derived from DWI with different b values, the
true diffusion coefficient (D), pseudodiffu-
sion coefficient (D*¥), and percentage of water
molecules in micro perfusion within 1 voxel
(f) were determined using the following pre-
viously published formula:"""

sys, = f [-b (O* + D, )]

ivim eXp
+(1-f,)exp(-bD,,,) [

tissue’

where S(b) is the signal intensity for each b
value and S is the signal intensity at a b value
of zero.

To quantitatively evaluate the influence
of DLR on the DWI obtained at each b value
for all patients, ROIs were measured using
the Vitrea workstation. A center line was first
placed manually on each slice. Subsequently,
ROIs with a diameter of 10 mm were auto-
matically placed on the normal cortex and
white matter of a slice at basal-ganglia level
obtained from each brain hemisphere (total
of 10 ROIs = 5 ROIs x right and left hemi-
sphere) to determine the mean signal inten-
sity and standard deviation for ROIs on each
slice. An example of ROI placements is pro-
vided in Supplementary Figure 1. For a quan-
titative image quality comparison of DWI
obtained for each b value and reconstruct-
ed with and without DLR, the coefficient of
variation percentages (CVs%) of the DWI for
each b value with and without DLR were cal-
culated by means of the following previously
published formula:'0283°

CV% = standard deviation within ROl/mean
signal intensity within ROl x 100% [2]

To determine the influence of DLR on all
DWI parameter evaluations, ADC, D, D*, and
f values from the automatically copied ROIs
were measured on the same slices on ADC,
D, D*, and f maps for each patient.

Statistical analysis

In vitro study

To determine the influence of DLR on ADC
measurements, mean ADCs measured with-
in each phantom on DWIs with and without
DLR were correlated with standard referenc-
es and with each other using Spearman’s cor-
relation coefficient. To determine the effect
of DLR on ADC evaluation, mean ADCs for
each phantom were then compared in DWI
with and without DLR by means of a t-test. A
Bland-Altman analysis was then performed
to determine the limits of agreement be-
tween the DWI with and without DLR.3'3?

Table 2. Comparison of ADC values within each phantom for DWI with and without DLR

Concentration of phantom (%)

0 1.18 £ 0.01
10 0.89 +0.01
20 0.64 +0.01
30 0.42+0.01
40 0.26 +0.01
50 0.14 £ 0.01

ADC with DLR
(10 mm?/s)

In vivo study

To compare the IVIM examination time,
including reconstruction with and without
DLR, the mean IVIM examination time with
DLR and that without DLR was compared us-
ing Wilcoxon'’s signed-rank test.

To determine the utility of DLR for image
quality improvement on the DWI at each
b value, the Wilcoxon signed-rank test was
used to compare CV% in the DWI with and
without DLR. To determine the influence
of DLR on ADC and IVIM index evaluations,
ADC, D* D, and f values were compared in
the DWI with and without DLR by means of
the Wilcoxon signed-rank test. Finally, the
Bland-Altman analysis was used to evaluate
the limits of agreement of the ADC and each
IVIM index for DWI with and without DLR.3'32

Results

In vitro study

The correlations of ADC values for DWI
with and without DLR with nominal ADC
values as standard references are presented
in Figure 3. The ADC values for DWI with and
without DLR significantly and strongly cor-
related with those for standard references
(with DLR: r = 0.99, P < 0.0001; without DLR:
r=0.99, P < 0.0001) and between DWI with
and without DLR (r =0.99, P < 0.0001).

Table 2 provides a comparison of ADC val-
ues for DWI with and without DLR for the in
vitro study. The ADC values for DWI with and
without DLR in the in vitro study were not sig-
nificantly different (P > 0.05).

The results of the Bland-Altman analysis
are presented in Figure 4. The limit of agree-
ment between the ADC values for DWI with
and without DLR and standard reference
values was determined as —0.03 + 0.04 x 103
mm?/s. In addition, the limit of agreement of
ADC values for DWI with and without DLR
was determined as —0.00 = 0.01 X 10> mm?/s.

ADC without DLR Upper and lower limits of Pvalue
(X102 mm?/s) agreement (x10° mm?/s)

1.17 £0.01 0.00 +0.02 0.09
0.88 £0.01 0.00 £ 0.01 0.43
0.63 £0.01 0.00 £ 0.01 0.37
0.42 £0.01 0.00 £ 0.01 0.99
0.26 £0.01 0.00 £ 0.01 0.83
0.14 £ 0.01 0.00 £ 0.01 0.75

ADC, apparent diffusion coefficient; DLR, deep learning reconstruction; DWI, diffusion-weighted imaging.
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In vivo study
An example case is presented in Figure 5.

The mean examination time, including re-
construction time, of DLR (256 * 4 s, range:
247-261 s) was significantly different from
that without DLR (208 + 4 s, range: 199-213
s, P<0.001).

The results of the comparison of CV% of
each phantom for DWI with and without
DLR are summarized in Table 3. The CV% was
significantly different for DWI with and with-
out DLR (P < 0.05) when b values equal to or
higher than 250 s/mm?were used.

The results of the comparisons of ADC, D,
D*, and f for DWI with and without DLR are
presented in Table 4, and the results for the

limits of agreements for ADC, D, D*, and ffor
DWI with and without DLR are illustrated in
Figure 6; D* and f were significantly different
for DWI with and without DLR (P < 0.001). The
limit of agreement of ADC values for DWI with
and without DLR was determined as 0.00 +
0.51 x 10% mm?s, the limit of agreement of
D values for DWI with and without DLR was
determined as 0.00 + 0.06 x 10° mm?/s, the

12 e
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Figure 3. Correlations between apparent diffusion coefficient (ADC) values
for diffusion-weighted imaging (DWI) with and without deep learning
reconstruction (DLR) and standard reference values and between DWI with
and without DLR [yellow: polyvinylpyrrolidone (PVP) concentration within the
phantom of 0%, black: PVP concentration within the phantom of 10%, red: PVP
concentration within the phantom of 20%, green: PVP concentration within
the phantom of 30%, purple: PVP concentration within the phantom of 40%,
and orange: PVP concentration within the phantom of 50%]. (a) ADC values for
DWI with DLR and the standard reference values exhibit significant and strong
correlations (r = 0.99, P < 0.0001). (b) ADC values for DWI without DLR and the
standard reference values reveal significant and strong correlations (r = 0.99, P
<0.0001). (c) ADC values for DWI with and without DLR demonstrate significant
and strong correlations (r = 0.99, P < 0.0001).
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Figure 4. Mean differences and the limits of agreement of apparent diffusion
coefficient (ADC) values for diffusion-weighted imaging (DWI) with and without
deep learning reconstruction (DLR) and standard reference values and between
DWI with and without DLR [yellow: polyvinylpyrrolidone (PVP) concentration
within the phantom of 0%, black: PVP concentration within the phantom
of 10%, red: PVP concentration within the phantom of 20%, green: PVP
concentration within the phantom of 30%, purple: PVP concentration within
the phantom of 40%, and orange: PVP concentration within the phantom of
50%). Mean differences are indicated by solid lines; upper and lower limits of
agreement are indicated as dotted lines at the top and bottom, whereas plotted
dots indicate data points. (a) Limits of agreement of ADC values for DWI with
DLR and standard reference values were assessed as between —0.07 x 103 and
—0.01 x 102 mm?/s. (b) Limits of agreement of ADC values for DWI without DLR
and standard reference values were assessed as between —0.07 x 10 and —0.01
% 102 mm2/s. (c) Limits of agreement of ADC values for DWI with and without
DLR were assessed as between —0.01 x 10 and 0.01 X 10> mm?/s.
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limit of agreement of D* values for DWI with
and without DLR was determined as 1.13 +
4.04 x 10°mm?/s, and the limit of agreement
of fvalues for DWI with and without DLR was
determined as —0.01 + 0.07.

Discussion

Our study used in vitro and in vivo studies
to determine the effect of DLR on ADC or
IVIM parameter evaluations. This study was

Figure 5. Diffusion-weighted imaging (DWI) (b = 1000 s/mm?) and apparent diffusion coefficient (ADC),
D, D*, and f maps reconstructed with and without deep learning reconstruction (DLR). Upper row, L to R:
DLR. Lower row, L to R: DWI at b = 1000 s/mm?and ADC, D, D*, and f maps reconstructed with DLR. When
DLR was applied, the contrast between gray and white matter was improved because of the image noise
reduction on the DWI, D¥ and f maps. ADC and D maps exhibit only a slight reduction in noise. D, true
diffusion coefficient; D*, pseudodiffusion coefficient, f, percentage of water molecules in micro perfusion
within 1 voxel.

Table 3. Comparison of the CV% for diffusion-weighted imaging with and without DLR at

various b values for the in vivo study

CV% (mean * standard deviation)

b (s/mm?) P value
With DLR Without DLR
0 6.7+22 6.7+1.9 0.34
5 6.2+22 6.2+2.0 0.37
10 6.1+22 6.1+2.0 0.95
20 6.2+2.1 6.1+1.9 0.97
30 6.1+£22 6.1+£2.0 0.84
50 6.0+2.2 59+20 0.36
75 59+2.0 59+1.8 0.10
100 58+2.0 58+1.8 0.09
250 55+1.6 5615 <0.001
500 5315 54+14 <0.001
750 53+14 55+14 <0.001
1000 54%15 57%15 <0.001
1500 6.7+1.7 7017 <0.001

CV%, coefficient of variation percentage; DLR, deep learning reconstruction; DWI, diffusion-weighted imaging.

also the first to demonstrate that DLR had no
effect on ADC evaluations in a QIBA-recom-
mended diffusion phantom. In addition, the
in vivo study was the first to determine that
DLR had little effect on ADC and D evalua-
tions using brain DWI or on brain IVIM exam-
inations when b values were set at equal to or
less than 1500 s/mm?. However, D* and f val-
ues were significantly different for IVIM with
and without DLR when IVIM examinations
applied the same b values. To the best of our
knowledge, no other study has assessed the
influence of DLR on ADC and IVIM parameter
evaluations in in vitro or in vivo studies.

When the examination time, including re-
construction time, for IVIM with and without
DLR was compared, IVIM with DLR exhibited
a significantly longer mean examination time
than that for IVIM without DLR; however,
the acquisition time for IVIM was the same.
Therefore, the prolongation of the mean ex-
amination time in IVIM with DLR was consid-
ered to mainly result from the significantly
longer reconstruction time when compared
with that of IVIM without DLR.

Our in vitro study demonstrated that
correlations between ADC values assessed
through DWI with and without DLR were
significant and strong, whereas the differ-
ences between them were non-significant.
Moreover, the limit of agreement for DWI
with or without DLR compared with that for
standard reference values can be considered
negligible and small enough for clinical pur-
poses. Therefore, DLR was determined to
have little or no influence on ADC evalua-
tions in this setting.

As for the in vivo study, we determined
that DLR could significantly improve the
CV% of DWI for b values set at equal to or
more than 250, 500, 750, 1000, and 1500
s/mm?. These results suggest that DWI at b
values equal to or more than 250 s/mm? may
feature an increase in image noise level and
be decreased by it. When considering the
equation for CV%, the standard deviation
within ROIs may have predominantly Gauss-
ian noise but additionally include spatial
variation resulting from the anatomy. More-

Table 4. Comparison of intravoxel incoherent motion measurements for DWI with and without DLR for the in vivo study

With DLR (mean + standard deviation)

ADC (x10°mm?/s) 1.04+£0.22
D (x10°mm?/s) 0.75 +0.08
D* (x10*mm?/s) 11.62+1.84
f 0.08 = 0.02

1.04 +0.21
0.74 +0.07
1049+ 1.98
0.09+0.03

Without DLR (mean =+ standard deviation)

P value
0.66
0.30
<0.001
<0.001

DWI, diffusion-weighted imaging; DLR, deep learning reconstruction; D, true diffusion coefficient; D*, pseudodiffusion coefficient; f, percentage of water molecules in micro

perfusion within 1 voxel.
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agreement are determined as —0.01 + 0.07. D, true diffusion coefficient; D* pseudodiffusion coefficient, f, percentage of water molecules in micro perfusion within

1 voxel.

over, DWI with higher b values tends to pro-
vide lower signal intensity in brain tissues
than that of Gaussian noise; therefore, DLR
can improve CV% more effectively when b
values are higher. Thus, DLR is a viable choice
for improving DWI with higher b values,
such as 2250 s/mm?, which is often used in
routine clinical practice. For lower b values,
such as <250 s/mm?, it is widely known that
the signal of fluid components, such as ce-
rebrospinal fluid and blood, remains. These
components could provide additional spatial
variation within ROIs, where reconstruction
parameters with and without DLR affect the
spatial variation of DWI differently. This situ-
ation may impact the statistical significance
of the CV% with and without DLR. Our re-
sults therefore indicate that DLR should be

used for obtaining DWI at b values equal to
or more than 250 s/mm? to improve image
quality in routine clinical practice. Moreover,
DLR for denoising MRI has been tested not
only for image quality improvement but
also for a reduction in acquisition time using
compressed sensing or other k-space data
acquisition methods for various clinical aims
on DWI as well as other MR sequences since
2021.58103338Therefore, it would be better for
us to clinically apply DLR not only for denois-
ing but also to reduce the examination time
when using other techniques, although this
study did not apply any techniques to reduce
acquisition time.

A comparison of ADC and IVIM indexes
for brain DWI with and without DLR in the in
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vivo study revealed that the ADC of DWI for b
values equal to or less than 1500 s/mm? were
not significantly different. This result is com-
patible with that for our in vitro study. More-
over, we identified no significant difference
in D for DWI with and without DLR when
routine b values of less than 1500 s/mm?
were used. However, D* and f significantly
influenced DLR when subjected to the same
IVIM examination. The reasons for these re-
sults can be easily surmised when the sim-
ilarity of the mechanisms underlying the
models for those previously described are
considered.” Our results for the in vitro and
in vivo studies demonstrate that ADC and D
measurements for DWI with b values equal to
or less than 1500 s/mm? can be assumed to
have no effect on DLR in this setting. Howev-
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er, b values of more than 1500 s/mm? should
be used carefully because these values might
have some effect on the DLR results when
considering the results of DWI for detecting
prostate cancer, for which b values equal to
or more than 3000 s/mm?and DLR are used."

In contrast to the ADC or D measurements
obtained from DWI and IVIM examinations
with and without DLR, we determined that
D* and f were significantly affected by DLR,
even though there were no significant differ-
ences in the CV% of DWI with and without
DLR at b values lower than 250 s/mm?2. In this
study, DWI with and without DLR was gener-
ated from the same DWI data obtained from
the same sequence and reconstructed with
and without DLR. Moreover, all IVIM indexes
were measured by means of a commercially
available IVIM model. These facts and find-
ings lead us to consider that the differenc-
es in D* and fin DWI with and without DLR
might be the result of some interaction in the
in vivo study between signal intensity and
image noise within each voxel. Therefore,
DLR may be useful for improving the quality
of DWI as well as each DWI in the IVIM exam-
inations and have limited influence on quan-
titative ADC and IVIM parameter evaluations
in routine clinical practice.

This study has several limitations. First, we
did not have an IVIM phantom or perform
animal studies for IVIM in the in vitro study.
Moreover, the scan parameters for the in vi-
tro and in vivo studies were not fully matched
because of different quantitative DWI index
evaluations, and this study is a retrospective
study, with no healthy volunteers included.
Second, we applied commercially available
software, using a mono-exponential mod-
el, for IVIM index calculations and assessed
the influence of the reconstruction method
on these calculations; other models, such
as stretched exponential or tri-exponen-
tial models, were not tested in this study.
Moreover, no comparison between DLR and
non-DLR methods for denoising DWI or IVIM
images was used, and no standard reference
was determined, with only the differences
in the ADC or each IVIM index between DWI
and IVIM with and without DLR evaluated. To
the best of our knowledge, no commercial-
ly available MRI phantom exists locally that
contains multiple diffusion and circulation
compartments and is suitable for IVIM quan-
tification. This type of standardized phantom
could be useful for clinicians to validate new
advanced techniques in acquisition, recon-
struction, and post-processing; therefore, we
are now planning to study and develop this
type of phantom in the near future. Further

investigations are also warranted to deter-
mine the effect of DLR on IVIM evaluations
using different models for in vitro and in vivo
studies. Third, the study population was too
small to allow for evaluations of patients with
a variety of brain diseases; the tumor types
of the 15 patients involved in our study were
highly heterogeneous, which may affect
the study results. Further investigations are
therefore warranted to determine the influ-
ence of DLR on IVIM parameters as well as on
clinical outcomes. Fourth, the b values used
in this study were equal to or less than 1500
s/mm? even though b values of more than
1500 s/mm? are currently and frequently
used for brain DWI examinations for various
purposes.’®3*4" Further investigations are
therefore warranted that use DLR for brain
DWI examinations with b values higher than
1500 s/mm?. Fifth, no comparisons were
made in this study of the D* and f values of
the DWI with and without DLR and perfusion
parameters from other perfusion MR and CT
techniques and nuclear medicine studies.
Sixth, this study used DLR provided by a sin-
gle supplier for IVIM calculations in the in vivo
study; however, the clinical relevance of IVIM
examinations is currently evaluated primari-
ly for academic purposes rather than clinical
aims. Finally, the IVIM sequence and software
used here have not yet been standardized.
Multi-center studies using DLR and IVIM soft-
ware provided by different suppliers are thus
warranted for standardization and the deter-
mination of clinical relevance for the brain
and other organs. Large prospective cohort
studies using a variety of MR scanners, DLR
algorithms, and IVIM software provided by
different suppliers are also warranted, and
we will plan these studies to address these
issues in the near future.

In conclusion, DLR for MRI has the poten-
tial to significantly improve the quality of
DWI with higher b values. It also has some ef-
fect on D* and f values for IVIM examination,
whereas ADC and D values are less affected
by DLR.
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Supplementary Figure 1. Example of image analysis of diffusion-
weighted imaging (DWI) with a b value of 1000 s/mm?. To automatically
place regions of interest (ROIs), a centerline is initially drawn manually
on the DWI with a b value of 1000 s/mm? per patient. The ROIs are
then automatically placed on the normal cortex and white matter
in each brain hemisphere on a slice at basal-ganglia level (total of
10 ROIs = 5 ROIs x right and left hemisphere) using a commercially
available workstation provided by Canon Medical Systems. The mean
and standard deviation of the signal intensity within each ROl is
automatically determined. To evaluate each quantitative index from
the DWI and perform intravoxel incoherent motion evaluations, all
ROls are copied to the apparent diffusion coefficient (ADC), D, D*, and
fmaps of each patient. Finally, the ADC, D, D*, and f values within the
ROIs are determined. D, true diffusion coefficient; D* pseudodiffusion
coefficient, f, percentage of water molecules in micro perfusion within
1 voxel.
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Use of shear-wave elastography to distinguish complex and
complicated fibroadenomas from simple fibroadenomas

Isil Basara Akin

Hakan Ozgdil PURPOSE
Canan AItay Simple fibroadenomas (SFAs), complex fibroadenomas (CFAs), and cellular fiboroadenomas (CeFAs)
are variants of fibroadenomas. Additionally, some degenerative, hyperplastic, and metaplastic
Mustafa Segil changes may occur in fibroadenomas, forming complicated fibroadenomas. Distinctive ultrasonog-
Merih GUray Durak raphy (US) features in variants of fibroadenomas and complicated fibroadenomas have not been
. reported. Shear-wave elastography (SWE) can be applied to effectively discriminate between these
Duygu Grel variants and complicated fibroadenomas. In this study, we aimed to evaluate SWE findings to dis-
Pinar Balci criminate between SFAs and other variants.
METHODS

In total, 48 patients (26 with SFAs, 16 with CFAs, 3 with CeFAs, and 3 with complicated fibroade-
nomas) participated in this study. The lesions were classified into two groups according to histo-
pathologic diagnoses. The SWE evaluation and lesion elasticity scores (E__, E_ . and E_ ) were
both assessed in m/s and k/Pa, respectively. Two observers measuredE__,E_  andE__ .Brightness
(B)-mode US findings based on the Breast Imaging Reporting and Data System categorization and
elasticity scores were recorded. In the statistical analyses, the chi-square test and non-parametric
tests were performed. Fisher’s exact test was used to compare independent groups, and Spear-
man'’s correlation coefficients were used to correlate the SWE data between the two observers.
Additionally, receiver operating characteristic curves were analyzed to evaluate the diagnostic per-
formance of the elasticity values.

RESULTS

The B-mode US features in both groups showed no statistical significance. The set of SWE values
of both observers demonstrated strong statistical significance in discriminating between group 1
(SFAs) and Group 2 (CFAs, CeFAs, and complicated fibroadenomas).

CONCLUSION
The English in this document has been checked by at least two 3 q q . N = T q
professional editors, both native speakers of English, As the fibroadenoma .varlants and complilcat.ed flbro'adenomas ha\{e 5|m|IE.1r US findings, SWE 'm
For a certificate, please see addition to a conventional B-mode examination can increase the diagnostic performance to dis-
http://www.textcheck.com/certificate/J96xm9 criminate SFAs from other complex and complicated forms of fibroadenomas.
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breast lesions, particularly in young and

adolescent female patients.! Of all the
benign breast lesions, 50%-60% are fibroad-
enomas; when biopsied, 40% are diagnosed
as fibroadenomas.??

Fibroadenomas are common benign

Simple fibroadenomas (SFAs) consist of
epithelial and stromal histologic compo-
nents.* Fibroadenomas are classified accord-
ing to their histopathologic components and
features,® and complex fibroadenomas (CFAs)
and cellular fibroadenomas (CeFAs) are two
other variants.>” Of all fibroadenomas, 22%
are diagnosed as CFAs based on histopatho-
logic evaluation. The rate of development of
invasive breast cancer is 3.1 times higher in
patients with CFAs than in the normal pop-
ulation. In particular, perilesional benign
proliferative changes and a family history of
breast cancer increase the risk of malignancy
in patients with SFAs and/or CFAs.2

CeFAs are characterized by uniform stro-
mal cellularity without stromal atypia, but
the diagnosis can be challenging based on
histopathologic evaluation because the his-
topathologic features usually overlap with
benign phyllodes tumors.’

Degenerative changes, such as hyper-
plastic changes, squamous metaplasia, focal
tubular adenoma, myoid metaplasia, myx-
oid degeneration, cystic changes, adipose
differentiation, infarction, and osteochon-
droid metaplasia, may occur in fibroadeno-
mas.t'%" In addition, intraductal papillomas,
including fibroadenomas, have been report-
ed in the literature.’? These fibroadenomas
are different from the other variants and can
be defined as complicated fibroadenomas. If
the hyperplasia behaves similarly in normal
breast tissue, the risk of developing malig-
nancy can increase within these complicated
fibroadenomas.”

* Ultrasonography (US) findings in fibroad-
enoma variants and complicated fibroad-
enomas are similar; distinctive US features
for each entity have not been reported.
Although they have similar US features,
clinical evaluations and approaches differ
for simple fibroadenomas (SFAs), other vari-
ants, and complicated fibroadenomas.

* As brightness-mode US does not have spe-
cific distinctive features, unnecessary sur-
geries and interventional procedures may
occur.

* Additional US imaging methods such as
shear-wave elastography can assist in dis-
crimination between SFAs, other variants,
and complicated fibroadenomas.

Ultrasonography (US) is the main diag-
nostic method, and lesions are evaluated ac-
cording to the Breast Imaging Reporting and
Data System (BI-RADS).'* Fibroadenoma vari-
ants and complicated fibroadenomas with
suspicious US characteristics are categorized
as BI-RADS 4, and exact diagnoses are ob-
tained after histopathologic evaluation. Al-
though US findings in fibroadenoma variants
and complicated fibroadenomas tend to be
similar, distinctive US features for each entity
have not been reported in the literature.’ Al-
though they have similar US features, clinical
evaluations and approaches differ for SFAs,
other variants, and complicated fibroadeno-
mas.'>'¢ For SFAs, follow-up at appropriate in-
tervals is required. For CFAs and complicated
fibroadenomas that are suspicious lesions,
surgical excision with safe margins is recom-
mended for treatment. Surgery also enables
an accurate diagnosis of CeFAs."718

Additional US imaging methods such as
shear-wave elastography (SWE) can assist with
discrimination between SFAs, other variants,
and complicated fibroadenomas. SWE is a
quantitative method involving the application
of an acoustic radiation force pulse sequence
for shear-wave propagation.”® Tissue stiffness
affects quantitative values according to the
rapidity of sound changes,” with malignant
tissues having stiffer components and exhib-
iting higher velocities than benign areas."
These SWE features facilitate discrimination
between benign and malignant lesions.® In
addition, SWE is a useful imaging modality for
differentiating benign lesions from those with
a low risk of malignancy, which have indistinct
brightness (B)-mode US characteristics and
the same suspicious BI-RADS features.?"*

Although fibroadenomas are benign lesi-
ons, they may exhibit suspicious B-mode US
features.”™'® Additional imaging modalities,
including SWE, may increase the diagnostic
performance of conventional B-mode US.%
Only one case series in the literature has speci-
fically described the SWE features of CFAs.” To
the best of our knowledge, no study has speci-
fically evaluated the SWE findings of fibroade-
noma variants. In this study, we evaluated the
utility of additional SWE findings for differenti-
ating between SFAs and other variants.

Methods

Patients

This retrospective study was approved by
our Institutional Review Board, and the re-
quirement for informed consent was waived.
The non-interventional ethics committee
approval protocol number was 7005-GOA,

and the decision number was 2022/13-18.
Patients diagnosed with SFAs, CFAs, CeFAs,
or complicated fibroadenomas between
January 2019 and December 2021 were in-
cluded in the study. Patients with optimal
B-mode US-SWE images and completed his-
topathologic evaluations were included in
the study, whereas patients with artifactual
images were not. Additionally, for an optimal
histopathologic result evaluation, patients
who underwent surgery in another medical
center were excluded from the study. A total
of 48 patients were reviewed. The patients
were divided into groups 1 and 2. Patients
with SFAs were classified into group 1, and
patients with CFAs, CeFAs, and complicated
fibroadenomas formed group 2. B-mode US
and SWE images from the picture archiving
and communication system (PACS) were
evaluated. Lesion sizes, B-mode US findings
according to BI-RADS categorization, and
elasticity scores were recorded.

Histopathologic diagnosis and evaluation

Most of the lesions were diagnosed using
core and/or excisional biopsy. In group 1, 10
lesions were diagnosed through core biopsy
and 16 through excisional biopsy. In group 2,
5 lesions (CFAs) were diagnosed using core
biopsy, and excisional biopsies were per-
formed on 14 lesions (11 CFAs and 3 compli-
cated fibroadenomas). One CeFA was diag-
nosed through direct excisional biopsy, and
two were diagnosed as phyllodes tumors
and one as a juvenile fibroadenoma after
core biopsies. In the three CeFAs diagnosed
through core biopsies, exact diagnoses were
subsequently made after excisional biopsies.
In the core biopsies, a 14-Gauge core needle
was used. All biopsies were performed under
US guidance. In each biopsy session, at least
five tissue samples were extracted.

Wire-guided excisional biopsies were
performed for non-palpable lesions. The di-
agnostic method was determined according
to the patient’s medical condition and pref-
erence as well as the surgeon’s decision. Pa-
tients with SFAs were followed up with after
diagnosis. For lesions diagnosed as CFAs or
CeFAs via core biopsies, excision with tumor
bed resection was performed after the core
biopsy.

B-mode US evaluation

The US examinations were performed
using an ML6-15 MHz linear transducer
(LOGIQ S8; GE Healthcare, Milwaukee, WI,
USA). All the relevant images were archived
in the Sectra IDS7 PACS system (Sectra AB,
Linkdping, Sweden) for further evaluation.
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The US examinations were performed by 3
different radiologists with 30, 17, and 6 years
of breast imaging experience. All the lesions
stored in the PACS system were evaluated by
two radiologists with 17 and 6 years of breast
imaging experience. The B-mode features
were determined by consensus between the
two radiologists.

The largest diameter of each lesion was
measured, and general B-mode US char-
acteristics were evaluated and recorded
according to the Fifth Edition of BI-RADS
US features. These features included shape
(round, oval, or irregular), orientation (par-
allel or non-parallel), margin (circumscribed,
non-circumscribed, indistinct, angular, mi-
crolobulated, or spiculated), echo pattern
(hyperechoic, hypoechoic, isoechoic, or
complex cystic/heterogeneous), and poste-
rior acoustic features (no posterior acoustic
features, enhancement, shadowing, or a
combination of features). The lesions were
then classified according to BI-RADS as fol-
lows: BI-RADS 3-probably benign; BI-RADS
4A-low suspicion of malignancy; BI-RADS
4B-intermediate suspicion of malignancy;
and BI-RADS 4C-moderate suspicion of ma-
lignancy.?*

Additional imaging evaluation

The patients were evaluated using the
additional imaging methods of mammog-
raphy (MG), tomosynthesis (TS) and magne-
tic resonance imaging (MRI). The MG and TS
examinations were conducted using a MG
device (Selenia, Hologic, Bedford, MA, USA).
As standard, in MG, each case had four ima-
ges [right-left craniocaudal and left-right
mediolateral oblique (MLO)]. If required, ad-
ditional positions were also obtained. Digital
breast TS was conducted in MLO positions in
standard modalities. The MG and TS exami-
nations were applied to patients of approp-
riate ages. In all these patients, B-mode US
examinations were conducted.

The MRI examinations were realized
using two different 1.5 T MRI devices: 1. In-
tera software (version 8.1; Philips Medical
Systems, Eindhoven, The Netherlands), 2. Gy-
roscan Achieva, (Philips, ACS-NT, Bothell, WA,
USA). Phased-array breast coils were app-
lied in the prone position. The conventional
sequences were as follows: precontrast axial
turbo spin echo (TSE) T1-weighted (T1W) [3-
mm slice thickness, 3.3 spacing, matrix: 512
% 512, field of view (FOV): 40, repetition time
(TR): 516 ms, echo time (TE): 80 ms, echo tra-
in length (ETL): 4], axial fat-saturated (SPIR)
TSE T2-weighted (3-mm slice thickness, 3

spacing, matrix: 512 x 512, FOV: 40, TR: 6,700
ms, TE: 120 ms, ETL: 30), after contrast ma-
terial administration (intravenously, 0.1-0.2
mmol/kg), axial dynamic gradient echo, T1W
high-resolution isotropic volume examinati-
on (2-mm slice thickness, 1 spacing, matrix:
480 x 480, FOV: 40, TR: 50,000 ms, TE: 2,500
ms, ETL: 40), and late postcontrast phase,
axial TSE, SPIRT1W (3-mm slice thickness, 3.3
spacing, matrix: 512 x 512, FOV: 42, TR: 550
ms, TE: 80 ms, ETL: 4). The MRI examinations
were applied to the patients who had suspi-
cious US and/or MG-TS findings to identify
solutions.

SWE evaluation

The elastography features were analyzed
after the B-mode US evaluation using a 9L
linear transducer (LOGIQ S8; GE Healthcare).
All three investigators had been trained by
GE Healthcare and subsequently performed
at least 20 SWE examinations under their
supervision. The most important aspect of
the SWE examination is avoiding probe com-
pression to prevent pseudo stiffness. In addi-
tion, to prevent motion artifacts, the patients
are asked to hold their breath and remain still
during the SWE examination, if required.

In the SWE evaluation, the lesions were
located within the central part of “elastici-
ty boxes,” which were as remote as possible
from skin and muscle tissues (unless these
tissues exhibited lesion involvement). During
the examination, the probe was applied as
lightly as possible to prevent pressure on the
lesion. The elastography image acquisition
time was approximately 10-20's, and a shear-
wave color map was obtained. The colors
ranged from dark blue to red, corresponding
to the lowest and highest degree of stiffness,
respectively. Both B-mode US and additional
SWE examinations were performed before
histopathologic evaluations.

The regions of interest (ROIs) were placed
on the most inelastic areas of the lesions ac-
cording to the shear-wave color map. The
maximum dimensions of the ROl were 3 X
3 mm. Elasticity values [E ,E E , and
standard deviation (SD)] were obtained in m/s
and k/Pa. All measurements were made and
recorded by radiologists with 17 and 6 years
of breast imaging experience, working inde-
pendently. Both radiologists were blinded to
the histopathologic diagnoses of the lesions.

Statistical analysis

The patients’ ages, largest lesion diame-
ters, histopathologic diagnoses, B-mode US
imaging findings, and final BI-RADS categori-
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zations were recorded. All statistical analyses
were performed using Statistical Package for
the Social Sciences version 24.0 software.

The chi-square test was performed to
evaluate categorical variables, and Fisher’s
exact test was used to compare indepen-
dent groups. Non-parametric tests were
used for further group analyses. The Krus-
kal-Wallis test was used to evaluate conti-
nuous data, which are presented as mean *
SD.The patients’ages and lesion dimensions
were compared between the two groups
using the non-parametric Mann-Whitney U
test. The mean elasticity values were evalua-
ted through the t-test, and Spearman’s cor-
relation coefficients were used to correlate
SWE data between the two observers. Re-
ceiver operating characteristic curves were
analyzed to evaluate the diagnostic perfor-
mance of the elasticity values. The Youden
index was used to define the optimal cut-off
value, and cut-off values were then calcu-
lated in terms of sensitivity and specificity.
The sensitivity, specificity, positive predi-
ctive value (PPV), and negative predictive
value (NPV) of the cut-off values were me-
asured. Statistical significance was defined
as P < 0.050.

Results

Patients

A total of 48 patients were included in
this study, of whom 26 (54.2%), diagnosed
with SFAs, were assigned to group 1. Group 2
comprised 22 (45.8%) patients, including 12
and 7 with diagnoses of CFAs and CeFAs, re-
spectively. Another three patients were diag-
nosed with complicated fibroadenomas (one
each with intraductal papilloma, chondroid
metaplasia, and myoid metaplasia).

The median (minimum-maximum) age
was 47.3 (24-68) years in group 1 and 42.09
(24-65) years in group 2. There was no statis-
tical difference in age between the groups (P
=0.722).

The median (minimum-maximum) diam-
eters of the lesions in groups 1 and 2 were
14.03 (5-30) and 19.04 (9-50) mm, respec-
tively. There was no statistical significance
between the groups (P = 0.130).

B-mode US findings

The distributions of the B-mode US fea-
tures of the lesions in both groups are pre-
sented in Table 1. There was no statistical
significance between the groups. The P value
of the echo pattern was 0.063. Although the
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P value was >0.050, all patients (n = 5) with
a complex cystic echo pattern were included
in Group 2.

The BI-RADS classification distribution is
shown in Table 2; no statistical significance
was identified between the two groups in
terms of the BI-RADS classification (P=0.783).

Additional imaging findings

Nineteen patients in Group 1 and 14 pa-
tients in Group 2 were evaluated using MG-
TS. In Group 2, 13 patients had a well-defined
nodular lesion, the lesion in 1 patient was an
irreqular contoured lesion, and 5 patients
had no findings from the MG-TS examina-
tions. In Group 2, well-defined nodular le-
sions were identified in eight patients, and
four had no findings.

MRI was performed on 13 patients in
Group 1 and on 9 patients in Group 2. In
Group 1, no enhancement was observed in
two lesions in two patients. All the lesions
exhibited enhancement without washout,
and in two lesions, slight enhancement was

five lesions were enhanced slightly. Hypoin-
tense linear septa were determined in nine
patients (five in Group 1 and four in Group 2).

SWE findings

Lesion elasticity was evaluated in terms
of both m/s and k/Pa. The elasticity values of

E ,E andE wereobtained by two ob-
max  mean’ min
ROC Curve
1,0
Source of the curve
Emean m/s
— Emax m/s
Emin m/s
— Emean k/Pa
08 —— Emax k/Pa
Emin k/Pa
—— Reference line
z 0,64
Z
=
0
c
[
n 0,44
0,24
0,0 T T T T
00 02 04 06 08 1,0
1 - Specificity

observed. In Group 2, all the lesions had late  Figure 1. Receiver operating characteristic curves of the elasticity (Emax, Emean, and Emin) values (in both m/s
phase enhancement with no washout, and  and k/Pa).
Table 1. Distribution of grayscale ultrasonography features in all groups
Grayscale US features Group 1 (n - %) Group 2 (n - %) P
Oval 16 - (61.5%) 10 - (45.4%)
Shape Round 7 - (27%) 10 - (45.4%) 0.408
Irregular 3-(11.5%) 2-(9.2%)
St Parallel 16 - (61.5%) 13-(59.1%)
Non-parallel 10 - (38.5%) 9 - (40.9%) 0.863
Circumscribed 6-(23.2%) 5-(22.7%)
Indistinct 1- (3.8%) 0
Margin N Angular 13- (50%) 9-(41%)
Microlobulated 5-(19.2%) 7-(31.8%) 0.767
Spiculated 1-(3.8%) 1-(4.5%)
Hypoechoic 16 - (61.5%) 14 - (41%)
Hyperechoic 1-(3.8%) 0
Echo pattern Isoechoic 0 1-(4.5%)
Heterogenous 9 - (34.7%) 7 -(31.8%) 0.063
Complex cystic-heterogeneous 0 5-(22.7%)
No posterior acoustic features 12-(41.2%) 16 - (72.3%)
Posterior acoustic features Enhancement e o
Shadowing 5-(19.2%) 1-(4.5%) 0.083
Combined 3-(11.5%) 4-(18.2%)
n, number of patients; US, ultrasonography.
Table 2. Breast Imaging Reporting and Data System classification distribution
BI-RADS classification BI-RADS 3 BI-RADS 4A BI-RADS 4B BI-RADS 4C P
Group 1 (n - %) 3-(11.5%) 17 - (65.4%) 4-(15.4%) 2-(7.7%)
Group 2 (n - %) 1-(4.5%) 14 - (63.6%) 5-(22.7%) 2-(9.2%) 0.783

n, number of patients; BI-RADS, Breast Imaging Reporting and Data System.
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Table 3. Mean elasticity values and P values of both observers’ measurements

Observer 1 Observer 2 P
5.4573 +2.10657 m/s 5.7354 + 1.77669 m/s
E Group 1 102.1231 + 71.41531 k/Pa 107.8373 +58.36010 k/Pa
max 7.8745 +1.32761 m/s 7.8455 + 1.30104 m/s
Group 2 190.8886 + 58.69822 k/Pa 189.4809 + 57.34698 k/Pa
4.6096 + 1.78241 m/s 4.9742 + 1.59203 m/s
E Group 1 72.6350 +48.21512 k/Pa 80.0615 +45.99172 k/Pa S
<0.
mean 7.0182 +1.21245 m/s 6.8927 + 1.25090 m/s
Group 2 151.9655 + 46.19820 k/Pa 146.3909 + 47.49218 k/Pa
3.6438 + 1.47768 m/s 3.7519 + 1.32861 m/s
£ Group 1 46.1835 + 35.88449 k/Pa 46.8531 + 32.56780 k/Pa
min 5.8005 + 1.31117 m/s 5.7614 + 1.37844 m/s
Group 2 107.0027 + 42.16296 k/Pa 104.7450 + 42.85316 k/Pa
E, elasticity.

servers, significantly differentiating between
Groups 1 (SFAs) and 2 (CFAs, CeFAs, and com-
plicated fibroadenomas) (all P values were
<0.001). All data, including the elasticity val-
ues and P values for the measurements of
both observers, are presented in Table 3.

The Spearman’s correlation coefficients
of the elasticity values (in both m/s and k/
Pa), obtained by the two observers, exhib-
ited high compatibility (P < 0.001). All the
Spearman’s correlation coefficient values are
shown in Table 4.

Receiver operating characteristic curves
were obtained for the E ,E andE val-
ues (in both m/s and k/Pa) (Figure 1). When
the cut-off value for E  to discriminate
between Groups 1 and ;a\x/vas 6.41 m/s, the
sensitivity, specificity, PPV, NPV, and area
under the curve (AUC) were 86.4%, 80.8%,

Table 4. Spearman’s correlation coefficient
values and P values of both observers’
measurements

m/s kPa P
E 0.958 0.959 <0.001
0970 0.974 <0.001
E 0.967  0.966 <0.001

E, elasticity.

Table 5. Distribution of sensitivity, specificity, PPV, NPV, and AUC according to the cut-off values of E

72%, 82.6%, and 0.820, respectively. A cut-off
value of 131.02 k/Pa for E  produced sensi-
tivity, specificity, PPV, NPr\n/TXand AUC values
of 81.8%, 73.1%, 69.2%, 81.8%, and 0.820, re-

spectively. A cut-off value of 5.79 m/s for E

revealed sensitivity, specificity, PPV, NPV, amr:at;
AUC values of 86.4%, 80.8%, 72%, 82.6%, and
0.874, respectively. When the cut-off value

Figure 2. (a) Brightness (B)-mode an ultrasonography (US) image of a 42-year-old female patient with a
palpable lesion on her left breast showing an oval-shaped solid breast lesion with indistinct contours and
heterogeneous echogenicity. (b) Shear-wave elastography (SWE) examination reveals a predominantly
green and yellow pattern. Maximum elasticity scores are 4.98 m/s or 74.41 kPa. The lesion was defined as
Breast Imaging Reporting and Data System (BI-RADS) 4A, and core needle biopsy was applied. The lesion
was diagnosed as a simple fibroadenoma. (c) A 46-year-old female patient. In the B-mode US image, the
lesion is well-defined with a circumscribed margin. The echo pattern of the lesion is complex cystic. (d) In
the SWE examination, the lesion has stiffer features with a predominantly red pattern. Maximum elasticity
scores were 8.08 m/s or 195.78 kPa. According to these imaging features, the lesion was categorized as Bl-
RADS 4A. An excisional biopsy was performed at the request of the patient, and the diagnosis was complex
fibroadenoma.

E ,andE
mean’ min

max’

Cut-off Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC P
6.41 m/s 86.4% 80.8% 72% 82.6% 0.820 0.065
Epax 131.02 k/Pa 81.8% 73.1% 69.2% 81.8% 0.820 0.142
5.79 m/s 86.4% 80.8% 72 % 82.6% 0.874 0.052
Epean 99.87 k/Pa 86.4% 80.8% 72% 82.6% 0.876 0.064
4.61 m/s 90.9% 80.8% 76% 76% 0.858 0.024
Epin 63.2 k/Pa 90.9% 80.8% 76% 86.9% 0.860 0.015

E, elasticity; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the curve.
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Figure 3. (a) Brightness (B)-mode ultrasonography (US) image of a 51-year-old female patient showing a
round, well-defined solid lesion with minimal heterogeneous echo pattern. The orientation of the lesion is
vertical. (b) The shear-wave elastography (SWE) image shows a predominantly red heterogeneous pattern
compatible with a stiff lesion. The maximum elasticity scores are 9.29 m/s or 259.14 kPa. As a result of the
combination of the B-mode and SWE findings, the lesion was categorized as Breast Imaging Reporting and
Data System (BI-RADS) 4A. The lesion was diagnosed as fibroadenoma including intraductal papilloma after
excisional biopsy. (c) A 36-year-old female patient with a growing palpable left breast lesion. In the B-mode
US image, the lesion is homogeneous hypoechoic. The shape of the lesion is oval with a circumscribed
contour and parallel orientation. (d) The SWE examination revealed a predominantly red pattern. The
lesion was defined as a stiff lesion with maximum elasticity scores of 7.73 m/s or 179.05 kPa. The lesion was
classified as BI-RADS 4A through both imaging and clinical findings. The lesion was excised and diagnosed

as cellular fibroadenoma.

of E was 99.87 k/Pa, the sensitivity, spec-

mean

ificity, PPV, NPV, and AUC were 86.4%, 80.8%,
72%, 82.6%, and 0.876, respectively. A cut-off
value of 4.61 m/s for E had sensitivity, spec-
ificity, PPV, NPV, and AUC values of 90.9%,
80.8%, 76%, 86.9%, and 0.858, respectively.
When the cut-off value of E was 63.2 k/Pa,

min

the sensitivity, specificity, PPV, NPV, and AUC

values were 90.9%, 80.8%, 76%, 86.9%, and
0.860, respectively (Table 5; Figures 2 and 3).

Discussion

This study demonstrated that the addi-
tion of SWE to conventional B-mode imaging
facilitates the differentiation of SFAs from
complex and complicated fibroadenomas.
This is significant because B-mode imaging
findings in fibroadenomas with suspicious
B-mode US features do not discriminate SFAs
from suspicious forms or variants. There are
pronounced differences in the treatment,
follow-up procedures, and potential risk of
malignancy between SFAs and other vari-
ants;'® therefore, interventions should be tai-

lored precisely to the diagnosis for optimal
patient management.' Additional SWE find-
ings enhance the diagnostic performance of
B-mode US findings.

The mean age in Group 1 was 47.3 years
(range: 24-68 years), whereas in Group 2,
it was 42.09 years (range: 24-65 years). The
mean age did not significantly differ be-
tween the two groups, although the patients
in Group 1 were older. Most of the patients in
Group 2 were diagnosed with CFAs, and their
age distribution was similar to that in the lit-
erature. In a study by Pinto et al.”’, the age
distribution of patients with SFAs and CFAs
was similar to that in our study.”*However, in
another study, patients with CFAs were older
than those with SFAs, which was considered
to be related to the transformation of com-
plex characteristics with older age.” In our
study, the younger age of Group 2 patients
was related to heterogeneous diagnoses,
which included CeFAs and complicated fi-
broadenomas. Edwards et al.? reported that
the age of the patients with CeFAs in their
study was 35.2-32.7 years. Notably, our insti-
tution is a tertiary hospital for breast imaging

and treatment, and patients are referred re-
gardless of age.

In this study, the mean diameter of the
lesions was smaller in Group 1 (14.03 + 7.3
mm) than in Group 2 (19.04 + 11.4 mm), alt-
hough this was not statistically significant.
This is consistent with the literature.™'” The
smaller mean diameter in Group 1 in our
study was attributed to the older age of this
group because SFAs decrease in size and reg-
ress with age.” The larger diameters of the
Group 2 lesions were attributed to the trans-
formation of the complex characteristics of
fibroadenomas."

In our study, the B-mode US features did
not differentiate between the two groups.
Most of the lesions in Group 1 were oval. In
Group 2, there were equal numbers of oval
and round lesions. However, no statistical
significance was identified between the two
groups in lesion shape, which is consistent
with the literature.”>” Although there were
more lesions with non-circumscribed than
circumscribed contours in both groups,
the difference was non-significant, which
is contrary to the literature.” The lesions in-
cluded in this study were all nominated for
histopathologic evaluations according to
the BI-RADS categorization. We did not eval-
uate the SFAs without any changes during
the follow-up period, which we believe ac-
counted for the majority of the non-circum-
scribed lesions. The orientation and posterior
acoustic characteristics were not statistically
significant between the two groups. In both
groups, most lesions were in a parallel orien-
tation, as is reported in the literature.” The
lesions in our study typically exhibited no
posterior acoustic features. Five lesions in
Group 2 had a complex cystic echo pattern,
which was not detected in any Group 1 le-
sions. In the studies by Basara Akin et al.” and
Pinto et al. >, a complex cystic echo pattern
was identified significantly more frequently
than any other pattern in CFAs; we attribute
this echo pattern to the histopathologic fea-
tures of CFAs. None of the lesions in either of
our groups had parenchymal calcifications.

In our study, 19 patients in Group 1 and
14 in Group 2 were evaluated using MG and
TS. In all these images, no specific imaging
findings discriminated the groups from
each other. The major imaging finding was
well-defined nodular lesions. Additionally,
MRI was performed in 13 patients in Group
1and 9in Group 2. In both groups, the main
MRI findings were diffuse enhancement
without washout, hypointense linear septa
in the lesions, and enhancement in the le-
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sions. The ages in each group were similar,
and consequently, the menopausal statuses
of the patients revealed no differences. Ad-
ditionally, no specific difference was detect-
ed in risk factors. All these imaging findings
and demographic features were insufficient
to provide a prominent contribution to the
diagnoses and prevent unnecessary inter-
ventional procedures. The SWE features
were the main features that discriminated
between the two groups. All the lesions in
both groups were benign. In clinical practice,
US is the main imaging modality for evalu-
ating solid breast lesions; although benign,
they are generally classified as BI-RADS 4.2
While BI-RADS 4 lesions are suspicious for
malignancy, the actual rate of malignancy
varies between 3% and 94%. These lesions
are diagnosed through either core biopsy
or surgical excision, and SFAs should be fol-
lowed up with appropriate procedures.’” As
CFAs have an increased risk of malignancy,
particularly when accompanied by periph-
eral hyperplastic changes, surgical excision
with large and clean surgical margins is
recommended for optimal treatment.!” All
CeFAs are challenging to treat. Histopatho-
logic evaluations of core biopsy materials
in CeFAs have revealed variations in stroma
composition along with glands with a high
cellular content.? This makes it difficult to
distinguish between CeFAs, other fibroad-
enoma variants, and phyllodes tumors in
histopathologic evaluations.®?® There are
no guidelines for the management and fol-
low-up of CeFAs.? The surgical excision of
biopsy-proven CeFAs is a logical treatment
option for an accurate diagnosis and can
also inform follow-up treatment. In the lit-
erature, few studies exist on complicated
fibroadenomas. Although data regarding
these lesions are limited, the increased risk
of malignant transformation of such lesions
with hyperplastic contents is the most con-
cerning aspect. As the optimal follow-up
procedure is unclear, surgical excision is the
recommended treatment option.

In the literature, various studies have
discussed the diagnostic performance of
additional SWE findings for differentiating
malignant and benign breast lesions and for
evaluating fibroepithelial lesions, including
fibroadenomas.??*?”3! Two studies have eval-
uated the contribution of SWE findings to
the diagnosis of fibroadenomas.>?° Evans et
al.? evaluated both B-mode US and SWE fea-
tures for diagnosing fibroadenomas in the
absence of biopsy, concluding that, because
clinically benign solid breast lesions with be-
nign B-mode US and SWE findings exhibited

no malignant transformation, biopsy and
follow-up procedures were unnecessary. In
a study of 700 symptomatic breast lesions,
none of the lesions were cancerous accord-
ing to B-mode US and SWE examinations.*
Another study examined whether SWE and
color Doppler US findings could prevent the
unnecessary surgical excision of fibroepi-
thelial lesions, including SFAs and phyllodes
tumors diagnosed through core biopsies.?
LowerE andE values were obtained for
SFAs than for phyTIaades tumors.? In the liter-
ature, a combination of B-mode US and SWE
features has been evaluated to differentiate
between SFAs and phyllodes tumors. In our
study, different fibroadenoma variants and
forms were evaluated, revealing that B-mode
US features were ineffective for differentiat-
ing SFAs from forms with higher malignant
transformation potential. A cut-off E  value
of 63.2 k/Pa demonstrated higher se"ﬁréitivity
(90.9%), specificity (80.8%), PPV (76%), and
NPV (86.9%) values than all other cut-off val-
ues.

Combining SWE and conventional US
imaging findings is useful for evaluating,
and potentially downgrading or upgrad-
ing, BI-RADS 3-4A lesions.?* A multinational
study of 939 breast lesions by Berg et al.®
revealed that combining SWE features with
BI-RADS characteristics improved the spec-
ificity and accuracy of the diagnoses. In our
study, although all the lesions were benign,
additional SWE findings made a major con-
tribution to the differentiation of SFAs from
other forms. In our patients, the application
of MG and/or TS did not make any differ-
ence in the downgrading or upgrading of
BI-RADS classifications. The MRI findings
were all evaluated using a combination of
other imaging modality findings, specifical-
ly, B-mode US and SWE findings. Although
enhancement patterns had generally un-
suspicious features, enhancing lesions
with suspicious US and SWE findings were
upgraded and histopathologic evaluations
were performed.

Our study has several limitations. First and
most importantly, the number of patients
was limited. In addition, particularly in Group
2, patients were not homogeneous in terms
of diagnoses. By increasing the number of
patients in both groups and the diagnostic
homogeneity of Group 2, SWE findings could
be more discriminative. Second, we evaluat-
ed quantitative SWE characteristics. In anoth-
er study, qualitative SWE features, including
lesion shape and the homogeneity of elas-
ticity within lesions and surrounding tissue,
were evaluated in addition to quantitative
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features. SWE images were also obtained,
and lesion diameter, perimeter, and area
were measured. Furthermore, diameter ra-
tios and mass areas on B-mode and SWE im-
ages were calculated. These measurements
increased the specificity.?? Adding qualita-
tive elastography features to B-mode and
quantitative elastography findings may sig-
nificantly increase diagnostic performance
in larger patient series. As a final limitation,
our study was retrospective, only evaluating
lesions with known pathologic diagnoses. A
prospective study including follow-up could
validate our results.

In conclusion, adding SWE to convention-
al B-mode examinations can increase the
ability to differentiate SFAs from more CFAs.
To the best of our knowledge, this is the only
study to evaluate additional SWE features to
diagnose suspicious fibroadenomas. A clas-
sification of BI-RADS 4, particularly the BI-
RADS 4A subdivision, is associated with low
malignancy rates. Although SFAs are benign,
for a final diagnosis, interventional methods
are required in suspicious cases. Combining
non-invasive SWE and B-mode US examina-
tions facilitates discrimination between SFAs,
CFAs, and CeFAs. Finally, SWE may be useful
for optimizing the diagnosis of fibroade-
nomas and avoiding unnecessary biopsies,
which can cause confusion and anxiety in
patients.
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PURPOSE

Left ventricular non-compaction (LVNC) is considered rare; however, the use of cardiac magnet-
ic resonance (CMR) has shown that its incidence is not uncommon, and its clinical presentation
remains variable, with an uncertain prognosis. Risk stratification of major adverse cardiac events
(MACE) in patients with LVNC remains complex. Therefore, this study aims to determine whether
tissue heterogeneity from late gadolinium enhancement-derived entropy is associated with MACE
in patients with LVNC.

METHODS

This study was registered in the Clinical Trial Registry (CTR2200062045). Consecutive patients who
underwent CMR imaging and were diagnosed with LVNC were followed up for MACE, which was
defined by heart failure, arrhythmias, systemic embolism, and cardiac death. The patients were di-
vided into MACE and non-MACE groups. The CMR parameters included left ventricular (LV) entropy,
LV ejection fraction (LVEF), LV end-diastolic volume, LV end-systolic volume (LVESV), and LV mass
(LVM).

RESULTS

Eighty-six patients (age: 45.48 + 16.64 years; female: 62.7%; LVEF: 42.58 + 17.20%) were followed
up for a median of 18 months and experienced 30 MACE events (34.9%). The MACE group showed
higher LV entropy, LVESV, and LVM and lower LVEF than the non-MACE group. LV entropy [hazard
ratio (HR): 1.710, 95% confidence interval (Cl): 1.078-2.714, P = 0.023] and LVEF (HR: 0.961, 95%
Cl: 0.936-0.988, P = 0.004) were independent predictors of MACE (P <0.050) according to the Cox
regression analysis. Receiver operating characteristic curve analysis revealed that the area under
the curve of LV entropy was 0.789 (95% Cl: 0.687-0.869, P < 0.001), LVEF was 0.804 (95% Cl: 0.699-
0.878, P < 0.001), and the combined model of LV entropy and LVEF was 0.845 (95% Cl: 0.751-0.914,
P < 0.050).

CONCLUSION
LGE-derived LV entropy and LVEF are independent risk indicators of MACE in patients with LVNC.
The combination of the two factors was more conducive to improving the prediction of MACE.

KEYWORDS
Left ventricular non-compaction, cardiac magnetic resonance, entropy, major adverse cardiovas-
cular events, prognosis
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is a heterogeneous disease that leads

to changes in cardiac function and
structure. In 2007, the European Society of
Cardiology classified LVNC as unclassified
cardiomyopathy, affecting mainly the apical,
anterior, and lateral walls of the left ventri-
cle (LV).! Typical histologic manifestations
of LVNC include abnormally thickened tra-
beculae, deep intertrabecular depression,
disordered arrangement of the myofilament
bundles, intermyofilament fibrosis, and mi-
crocirculatory ischemia.? The disease may be
asymptomatic at the beginning; however,
major adverse cardiovascular events (MACE),
such as heart failure (HF), arrhythmias, sys-
temic emboli, and cardiac death, often occur
at the end stage. The incidence of MACE in
patients with LVNC has been reported to be
approximately 38%. Therefore, the long-
term prognosis of patients with LVNCis poor,
necessitating the search for effective indica-
tors that would aid in assessing the risk of
MACE in patients with LVNC, which is crucial
for early clinical treatment and intervention.

I eft ventricular non-compaction (LVNC)

As the gold standard for the non-invasive
assessment of cardiac structure and func-
tion,* cardiac magnetic resonance (CMR)
enables the direct observation of the anato-
my of LVNC and provides insight into myo-
cardial perfusion imaging, the visualization
of non-compacted myocardium, detection
of myocardial fibrosis, and identification of
intracavitary thrombi. Therefore, CMR plays
a crucial role in the diagnosis, risk stratifica-
tion, and treatment of patients with LVNC.>¢
Positive late gadolinium enhancement (LGE)
and LV systolic dysfunction [left ventricular
ejection fraction (LVEF) <50%] have been
used to determine the prognosis of patients
with LVNC:2 However, some investigations
have discovered that even individuals with
negative LGE and normal LVEF can devel-
op MACE. Therefore, it is necessary to ex-
plore improved measures for assessing the
prognosis of patients with LVNC. Entropy, a
parameter based on the texture analysis of
LGE, reflects the heterogeneity of the myo-

* Left ventricular (LV) entropy obtained based
on cardiac magnetic resonance late gado-
linium enhancement was an effective pre-
dictor of major adverse cardiac events in
patients with LV non-compaction.

* The prognostic value of LV entropy com-
bined with LV ejection fraction was higher
than individual indicators.

* The optimal cut-off value for LV entropy was
5.09.

cardium by evaluating the complexity of the
image signal.® The calculation of entropy is
based on the distribution of the signal in-
tensity (SI) of the LV myocardium on the LGE
images, which elucidates the characteristics
of the myocardial tissue. There is no study
that investigated the prognostic value of LV
entropy in LVNC. Therefore, this study aims
to explore the predictive value of LV entropy
derived from LGE for MACE in patients with
LVNC.

Methods

Study population

This study was approved by the Ethics
Committee of the Second Affiliated Hos-
pital of Kunming Medical University (no:
PJ2022105, date of the approval: March 18,
2022), and the requirement for written in-
formed consent was waived. This study was
registered in the Clinical Trial Registry (num-
ber: CTR2200062045). Patients diagnosed
with LVNC using 3.0T CMR between January
2015 and October 2020 were included in this
study. The diagnostic criteria followed the Pe-
tersen criteria of 2005:° 1) a typical bilayered
myocardial structure with a thin, compacted
epicardial layer and a thick, non-compacted
endocardial layer; and 2) the end-diastolic
non-compacted/compacted myocardium ra-
tio (NC/C) was >2.3 in any long-axis LV CMR
image (Figure 1). The exclusion criteria for
the study were as follows (Figure 2): 1) oth-

TT—

er diseases causing elevated troponin levels
(such as pulmonary embolism and aortic
dissection); 2) other cardiac diseases (such
as myocardial infarction, hypertrophic car-
diomyopathy, valvular cardiomyopathy, and
congenital heart disease); 3) other severe dis-
eases (such as malignant tumors, chronic kid-
ney disease, liver disease, and severe infec-
tious disease); 4) insufficient imaging quality;
and 5) patients lost to follow-up. All patients
were followed up by telephone, and the
electronic medical records from the last visit
were reviewed, with MACE as the endpoint.
MACE included 1) HF: hospitalization for HF,
cardiac resynchronization therapy implanta-
tion, or heart transplantation; 2) arrhythmia:
malignant ventricular arrhythmia (ventric-
ular fibrillation, sustained or non-sustained
ventricular tachycardia, and implantable car-
dioverter-defibrillator) and atrial fibrillation;
3) systemic embolism, stroke, myocardial in-
farction, or peripheral arterial embolism; and
4) cardiac death. The patients were divided
into MACE and non-MACE groups based on
the presence or absence of MACE during the
follow-up period. Elevated values for B-type
natriuretic peptide (BNP) (pg/mL) were de-
fined as =35 pg/mL and >125 pg/mL for
N-terminal pro-BNP (NT-proBNP).

Cardiac magnetic resonance scanning

CMR imaging was performed using a 3.0-
T scanner (Philips Achieva, Best, The Nether-
lands) and an 8-channel phased-array cardi-

Figure 1. Cardiac magnetic resonance measurements in patients with left ventricular non-compaction. On
the four-chamber cine image at the end-diastole, the non-compacted myocardium (red line)/compacted

myocardium (green line) was 3.7.

Left ventricular entropy analysis in patients with left ventricular non-compaction « 683



patients with LVNC
diagnosed by CMR (n=115)
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6 patients were excluded
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Eligible patients
(n=86)

Follow-up for more than 6 months

l
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l

Non-MACE([n=56)

square test or Fisher’s exact test.

‘ Student’s t-test, Wilcoxon rank-sum, chi- J

Figure 2. Patient inclusion study flow chart. LVNC, left ventricular non-compaction; CMR, cardiac magnetic
resonance; MACE, major adverse cardiovascular events.

ac coil using magnetic resonance imaging
(MRI)-compatible chest electrocardiogram
gating technology. The true fast imaging
with steady-state precession sequence was
used for the positioning scan. The scan-
ning parameters were as follows: repetition
time (TR), 400 ms; echo time (TE), 1.08 ms;
slice thickness, 6 mm; and field of view, 311
mm x 340 mm. Cardiac cine images of the
short and long axis (LV of two, three, and
four chambers) were obtained using a fast
steady-state free precession sequence. The
scanning parameters were as follows: TE,
1.52 ms; TR, 3.0 ms; flip angle, 45° matrix,
178 x 181; and FOV, 350 x 350 mm. In each
acquisition, 30 cardiac cycles were collected
in each slice, with a slice thickness of 8 mm
and a slice interval of 0 mm. The LGE images
were acquired in the long-axis (two and four
chambers) and short-axis planes 15 minutes
after the intravenous administration of 0.2
mmol/kg of gadolinium-based contrast. The
scanning parameters were as follows: TE, 2.4
ms; TR, 5.0 ms; flip angle, 25°%; FOV, 320 mm X
320 mm; matrix, 168 x 153; slice thickness, 10
mm; and slice spacing, 0 mm.

Cardiac magnetic resonance image analysis

Measurements of the ventricles and
atrium were acquired on steady-state free
precession sine images according to the
protocol used by Kawel-Boehm et al.’® and
Glrdogan et al." The anteroposterior diam-
eter of the left atrial diameter was measured
in the three-chamber cine images parallel to
the mitral valve. The LV end-diastolic diam-
eter was obtained at the level of the basal
papillary muscles on the short-axis view. The
diameter of the right atrium was measured
during atrial diastole (maximal size of the left
atrium) in the four-chamber cine images. The
right ventricular end-diastolic diameter was
measured on the four-chamber cine images
parallel to the tricuspid valve and 1 cm dis-
tal. An analysis of the CMR images was per-
formed using CVI 42 post-processing soft-
ware (Circle Cardiovascular Imaging, Calgary,
Alberta, Canada). The endocardial and epi-
cardial contours of the LV were automatically
outlined on the short-axis cine sequence to
obtain the CMR parameters, including LVEF,
LV end-diastolic volume (LVEDV), LV end-sys-
tolic volume (LVESV), and LV mass (LVM).
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The LV endocardial and epicardial contours
were semi-automatically outlined on the
LGE short-axis images (LV contouring was
performed independently for all patients by
two cardiac MRI physicians blinded to the
study results; one patient underwent remea-
surements at one-month intervals, and the
inter- and intra-observer agreements were
analyzed). Regions without over-enhance-
ment on the LGE short-axis images were
considered normal myocardial regions and
were automatically selected as regions of
interest (ROI). After the endocardial and epi-
cardial contours were outlined and the ROI
were set, the software automatically gener-
ated the myocardial enhancement volume
percentage (LGE%). LGE was defined as myo-
cardium six standard deviations above the
mean Sl. The images were subsequently im-
ported into Python 3.8 (MathWorks, Natick,
MA) software for the analysis of LV entropy.
To compute the probability distribution,
P (x), of the Sl values in the LV, the SI value
of each pixel point was rated from 0 to 255.
The P (x) of each Sl value was then calculated
by counting the frequency of each SI value
within the range. The entropy was calculated
using the following formula:™

H(X)=E_,[I(x)]=-E_[logP(x)] =Z_P<x>logf’(x)

where x represents the SI of each pixel
point and P (x) represents the probability dis-
tribution of the Sl in the LV. The LV entropy
was obtained subsequently (Figure 3a, b).
The tissue composition was homogenous
(one Sl value) when the entropy was zero,
whereas an entropy of 10 indicated the most
robust heterogeneity.

Statistical analysis

Statistical analysis was performed using
SPSS (version 26.0; IBM, Armonk, New York)
and MedCalc v 15.8 (MedCalc Software, Os-
tend, Belgium). The mean + standard devia-
tion was used for normally distributed vari-
ables, whereas the M (P25, P75) was used for
non-normally distributed data. The categor-
ical variables were described as frequencies
and percentages. The Student’s t-test and
Wilcoxon rank-sum test were used to com-
pare the continuous variables between the
two groups. The categorical variables were
compared using the chi-squared test or Fish-
er's exact test. To assess effective risk vari-
ables, those with P < 0.050 among the uni-
variable Cox proportional Hazard model were
included in the multivariable Cox regression
analysis. The hazard ratio (HR) and 95% con-

Ma et al.



fidence intervals (Cl) for each risk factor were
also obtained. The diagnostic performance
of various models was evaluated using the
receiver operating characteristic (ROC) curve
analysis, and the cut-off values of LV entropy
were determined. The DelLong test was used

a

1000

Entropy=5.155

to compare the area under the curve (AUC) of
different predictive models. Survival analysis
of patients with LVNC was performed using
the Kaplan-Meier method, and the log-rank
test was used to assess differences between
the survival curves. Furthermore, P < 0.050

b
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was considered statistically significant. The
intra- and inter-observer consistency of LV
entropy was analyzed using the intraclass
correlation coefficient (ICC), and ICC >0.75
indicated good consistency.
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Figure 3. Three patients with left ventricular non-compaction. (a) A 46-year-old male patient with LVNC [NC (red line)/C (green line): 2.5], with preserved LVEF
(55.46%) and high LV entropy (5.155), had a stroke after 23 months of follow-up. (b) A 46-year-old female patient with LVNC [NC (red line)/C (green line): 3.0], with
low LVEF (32.47%) and low LV entropy (1.59), had non-MACE during the 10-month follow-up period. (c) A 63-year-old male patient with LVNC [NC (red line)/C
(green line): 2.4], had non-MACE during the 11-month follow-up period, with preserved LVEF (50.07%) and high LV entropy (5.314). The red arrow showed the
LGE. LV, left ventricular; LVEF, left ventricular ejection fraction; MACE, major adverse cardiovascular event; NC, non-compacted; C, compacted; LGE, late gadolinium

enhancement.
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Results

Baseline characteristics of patients

A total of 115 patients were diagnosed
with LVNC using CMR imaging. After exclud-
ing 29 cases, 86 patients with LVNC (45.48 +
16.64 years, 54% men) were enrolled in this
trial, including 56 patients without MACE and
30 patients with MACE (including 16 cases of
HF, nine cases of arrhythmia, two cases of
stroke, two cases of myocardial infarction,
and one case of cardiac death). The baseline
characteristics of the patients are shown
in Table 1. There were 54 (62%) men in this
cohort: 23 (76.7%) were in the MACE group,
and 31 (55.4%) were in the non-MACE group.
The average age of the study cohort patients
was 45.48 + 16.64 years, and the age of the
patients in the MACE group was significantly
higher than that of the patients in the non-
MACE group (52.90 + 15.66 years vs. 41.50 +
15.90 years, P < 0.050). The differences be-
tween the two groups were not statistically
significant (P > 0.050) for sex, height, weight,
body mass index, hypertension, diabetes
mellitus, alcohol consumption, smoking, lip-
id levels, alanine aminotransferase, aspartate
aminotransferase, creatinine, uric acid, ele-
vated BNP or NT-proBNP levels, and the New
York Heart Association classification.

Cardiac magnetic resonance parameters of
the patients

The CMR parameters of the patients with
LVNC are shown in Table 2. Compared with
the non-MACE group, the LVEF of the MACE

group was lower (49.14 + 13.75% vs. 30.35
+ 16.47%). The MACE group showed higher
LV entropy, LVESV, left atrial diameter, LV di-
ameter, and LVM when compared with the
non-MACE group (5.08 £ 1.09 vs. 3.72 + 1.34;
120.27 £51.32 mL vs.94.37 £ 59.55 mL; 39.05
+7.57 mmvs. 3555+ 7.65mm; 60.13 £ 11.5
mm vs. 55.45 £ 9.67 mm; 124.97 + 38.86 g vs.
99.02 £ 35.91 g; P < 0.050). There were no sig-
nificant differences between the two groups
in terms of LVEDV, right atrial diameter, right
ventricular diameter, NC/C ratio, and LGE% (P
> 0.050).

Risk factors for major adverse cardiovascu-
lar events

The results of univariate and multivariate
Cox regression analysis are listed in Table 3.
Univariate analysis showed that age, LVEF,
LVM, and LV entropy were effective predic-
tors of MACE (P < 0.050). After adjusting for
age and CMR parameters (LVESV, LA diam-
eter, LV diameter, and LVM), further multi-
variate analysis revealed that LVEF and LV
entropy remained significant predictors of
MACE (P < 0.050). A negative correlation was
found between the risk of MACE and LVEF
(HR: 0.961, 95% Cl: 0.936-0.988, P = 0.004),
whereas the risk of MACE was positively as-
sociated with LV entropy (HR: 1.710, 95% Cl,
1.078-2.714; P=0.023).

Predictive values of indicators

The predictive values of LV entropy, LVEF,
and the combined model of the two indi-
cators for MACE in patients with LVNC are

100 —
80—
- n
S 60—
= n
2 B
E i
X 40
20 S LVEF+LYV entropy(AUC=0.845)
B < —— LV entropy(AUC=0.789)
—— LVEF(AUC=0.804)
0 I 1 Il Il I Il 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 20 40 60 80 100

100-Specificity(%)

Figure 4. Receiver operating characteristic analysis. The ROC analysis of LV entropy (AUC: 0.789, 95%
Cl: 0.687-0.869, P < 0.001), LVEF (AUC: 0.804, 95% Cl: 0.699-0.878, P < 0.001), and the combined model of
LVEF and LV entropy (AUC: 0.845, 95% Cl: 0.751-0.914, P < 0.050) for predicting MACE of LVNC. ROC, receiver
operating characteristic; AUC, area under the curve; Cl, confidence interval; LVEF, left ventricular ejection

fraction; LV, left ventricular.
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shown in Figure 4. The ROC curve analysis
revealed that the predictive efficacy of the
combined model of LV entropy and LVEF was
the highest (AUC: 0.845, 95% Cl: 0.751-0.914,
P <0.050), followed by LVEF (AUC: 0.804, 95%
Cl: 0.699-0.878, P < 0.001) and LV entropy
(AUC: 0.789, 95% Cl: 0.687-0.869, P < 0.001).
The cut-off value of LV entropy was 5.09, with
a sensitivity of 63% and a specificity of 86%.
The Kaplan-Meier analysis showed that the
MACE-free survival of patients with LV entro-
py <5.09 was significantly higher than that
of patients with LV entropy >5.09 (P < 0.001)
(Figure 5a, b). Moreover, the cut-off value of
LVEF was 34.22%, with a sensitivity of 70%
and a specificity of 84%. However, DeLong’s
test showed no statistically significant differ-
ences in the AUC among the three models (P
> 0.050).

Intra- and inter-observer variability of LV
entropy

The results of the ICC consistency test
are presented in Table 4. LV entropy showed
good intra- and inter-observer agreements
(ICC>0.75).

Discussion

The LV entropy obtained based on CMR-
LGE was used for the first time in this study
to predict the risk of MACE in patients with
LVNC. It was demonstrated that LV entropy
was a reliable indicator of prognosis in pa-
tients with LVNC and that the risk of MACE
increased as LV entropy increased. Further,
LV entropy could effectively predict the risk
of MACE in patients with LVNC when used
alone. The cut-off value for LV entropy was
5.09, and LV entropy as a novel predictor of
MACE in patients with LVNC could provide
valid information for clinical treatment and
intervention, which could help improve the
prognosis of patients with LVNC. The diag-
nostic rate of LVNC is rising as imaging tech-
nology and knowledge of LVNC advance, and
most of the patients are relatively young.”™
Compared with sex-age-matched healthy
volunteers, patients with LVNC have a much
higher risk of developing MACE, and HF oc-
curs more commonly than other cardiac dis-
eases, including dilated cardiomyopathy.’'
In this study, the incidence of MACE in pa-
tients with LVNC was 34.9%, with HF occur-
ring most frequently, which was consistent
with previous reports.”'® Therefore, investi-
gating the prognosis of patients with LVNC
has significant clinical implications.

Ma et al.



Many studies have been conducted to
predict the risk of MACE in patients with
LVNC using the thickness of non-compacted
myocardium and LV trabeculated mass, atri-
al size, LVEF, LGE, brain natriuretic peptide,
and genes*”" 2 with LVEF and LGE being the
most commonly used predictors.>** Howev-

er, Yu et al® found that even patients with
LVEF-preserved LVNC could have impaired LV
systolic function and were at risk for MACE.
Additionally, although LGE could reflect a
certain degree of pathological changes, such
as myocardial fibrosis, it relies on a subjective
visual evaluation by radiologists and might

be erroneous when the degree of myocardial
fibrosis is modest or when the myocardium is
diffusely fibrotic.?

A novel texture analysis method based
on CMR-LGE images was developed to quan-
tify the degree of cardiac tissue heteroge-
neity of the myocardial tissue and entropy.®

Table 1. Baseline characteristics of patients with left ventricular non-compaction

Total (n = 86) MACE (n = 30) Non-MACE (n = 56) x2/t/Z value Pvalue

Age (years) 4548 + 16.64 52.90 = 15.66 41.50 £ 15.90 3.186 0.002*
Male [n (%)] 54 23 (76.7) 31(55.4) 3.797 0.063
Height (m?) 1.66 £7.55 1.67 £6.99 1.65+7.84 0.785 0.435
Weight (kg) 64.80 + 13.36 65.20 + 15.56 65.59 +12.17 0.201 0.419
BMI (kg/m?) 22.62[20.74, 25.74] 21.74[19.69, 26.02] 21.06 [21.06, 25.57] -1.047 0.295
Hypertension [n (%)] 25 10(33.3) 15 (26.8) 0.406 0.620
Diabetes [n (%)] 8 3(10.0) 5(8.9) 0.000 1.000
Drinking [n (%)] 26 13 (43.3) 13(23.2) 3.749 0.083
Smoking [n (%)] 27 13 (43.3) 14 (25.0) 3.048 0.093
TC (mmol/L) 4.07 +1.04 411+£1.17 4.05+0.97 0.273 0.786
TG (mmol/L) 1.16 [0.95, 1.61] 1.21[0.93, 1.58] 1.15[0.96, 1.83] -0.217 0.828
HDL (mmol/L) 1.08[0.92, 1.26] 1.01 [0.87, 1.28] 1.10[0.98, 1.29] -1.011 0.312
LDL (mmol/L) 2.53+0.77 2.52+0.93 2.53 £0.69 -0.070 0.944
ALT 28.00[19.00, 43.25] 28.50[22.75, 43.50] 26.50[18.25, 43.75] -0.594 0.553
AST 24.50[18.00, 31.00] 26.00[19.75, 32.50] 23.50[18.00, 30.75] -1.175 0.240
Cr (umolL/L) 80.29 + 19.20 85.70 + 15.80 77.39 £ 20.33 1.943 0.055
UA (umol/L) 427.66 = 137.90 417.86 +£123.73 43291 +£145.72 -0.480 0.632
NYHA classification = = - -1.784 0.074
NYHA |, n (%) 42 (48.8) 11(36.7) 31(55.4) o @
NYHA I, n (%) 34 (39.5) 14 (46.7) 20 (35.7) = =
NYHA III, n (%) 9(10.5) 5(16.7) 4(7.1) - -
NYHA IV, n (%) 1(1.2) 0(0.0) 1(1.8) = =
Elevated BNP or NT-proBNP 35 (40.7) 12 (40.0) 23 (41.1) 0.009 0.923

*Statistically significant. BMI, body mass index; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein cholesterol; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; Cr, creatinine; UA, uric acid; BNP, B-type natriuretic peptide; NT-proBNP, N-terminal pro-BNP; NYHA, New York Heart

Association; MACE, major adverse cardiovascular events; LVNC, left ventricular nonc-ompaction.

Table 2. Cardiac magnetic resonance parameters of patients with left ventricular non-compaction

Total (n = 86) MACE (n =30) Non-MACE (n = 56) %2/t/Z value Pvalue
LVEF (%) 42.58 +17.20 30.35 + 16.47 49.14 £ 13.75 -5.632 <0.001
LVEDV (mL) 179.04 + 64.06 194.06 + 53.65 170.99 + 68.08 1.607 0.089
LVESV (mL) 103.40 = 57.86 120.27 £51.32 94.37 +59.55 2014 0.047*
LA diameter (mm) 36.77 +7.76 39.05 +7.57 35.55+7.65 2.032 0.047*
LV diameter (mm) 57.09 + 10.52 60.13+11.5 55.45 +9.67 1.998 0.049*
RA diameter (mm) 4292 +7.65 44.80 + 8.66 41.91+6.92 1.683 0.096
RV diameter (mm) 36.45+11.58 36.85+13.91 36.23 +10.26 0.233 0.816
LVM (g) 108.07 +38.79 124.97 + 38.86 99.02 +35.91 3.103 0.003*
LV entropy 4.19+1.41 5.08 £ 1.09 3.72+£1.34 4.775 <0.001*
NC/C ratio 2.7[24,3.2] 2.7[24,3.6] 2.7[24,3.0] -1.240 0.215
LGE% 4.69[2.48,8.45] 5.31[3.36, 10.21] 4.21[2.11,7.90] -1.404 0.160

*Statistically significant. LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LA, left atrial; LV, left
ventricle; RA, right atrium; RV, right ventricular; LVM, left ventricular mass; NC, non-compacted; C, compacted; LGE: late gadolinium enhancement; MACE, major adverse

cardiovascular events.
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Entropy represents the homogeneity of an
image. The entropy of an image with per-
fectly homogeneous pixels is zero, indicating
a homogeneous, single-tissue component.
The more different the tissue components of
the myocardium, the more heterogeneous
the LGE image signal and the higher the en-
tropy value. Therefore, entropy can be used
to evaluate the heterogeneity of the myocar-
dial tissue and provide prognostic informa-
tion objectively and quantitatively. Entropy
has also been applied to other cardiac dis-
eases. Androulakis et al.® demonstrated that
LV entropy is correlated with the prognosis of
patients with myocardial infarction. A previ-
ous study also confirmed that entropy was a

valid predictor of MACE in patients with myo-
cardial infarction.?” Muthalaly et al.?® used LV
entropy to predict the risk of ventricular ar-
rhythmias in patients with dilated cardiomy-
opathy and found that LV entropy combined
with LGE significantly improved risk predic-
tion. Therefore, the ability of LV entropy to
assess the risk of ischemic and non-ischemic
heart disease has been validated.

Although the typical pathology of pa-
tients with LVNC is characterized by multiple
thick myotubular trabeculae,>*3° it has also
been suggested that hyper tubularity may
only be a physiological alteration.?3' Fur-
ther research has confirmed that the degree

of myocardial fibrosis is directly connected
to the long-term prognosis of patients with
LVNC**3**and that the hyper trabeculation of
LVNCis not an essential factor affecting prog-
nosis.””?° Myocardial histological alterations
in patients with LVNC are the pathological
basis for the development of MACE. There-
fore, LV entropy can quantitatively assess the
degree of myocardial fibrosis in patients with
LVNC and reflect the prognosis.

In this study, LV entropy was significantly
higher in the MACE group than in the non-
MACE group, suggesting that the patients in
the MACE group had more severe and het-
erogeneous LV myocardial fibrosis. Further
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Figure 5. Prognostic value of left ventricle entropy and left ventricular ejection fraction in patients with left ventricular non-compaction. Kaplan-Meier curves
showed the difference in non-MACE survival when the patients were stratified according to LV entropy (a) and LVEF (b). LV, left ventricular; MACE, major adverse
cardiovascular events; LVNG, left ventricular non-compaction.

Table 3. Risk factors for major adverse cardiovascular events in patients with left ventricular non-compaction

Univariate analysis

Univariate analysis

Variables HR (95% Cl) P value
Age (years) 1.028 (1.007-1.050) 0.008*
LVESV (mL) 1.005 (0.999-1.011) 0.077
LVEF (%) 0.942 (0.920-0.965) <0.001*
LA diameter (mm) 1.033 (0.989-1.080) 0.143
LV diameter (mm) 1.029 (0.996-1.063) 0.086
LVM (g) 1.010(1.002-1.018) 0.013*
LV entropy 2.058 (1.426-2.971) <0.001*

HR (95% Cl) P value
1.015 (0.988-1.043) 0.275
0.961 (0.936-0.988) 0.004*
1.005 (0.995-1.015) 0.310
1.710(1.078-2.714) 0.023*

*Statistically significant. LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection fraction; LA, left atrial; LV, left ventricular; LVM, left ventricular mass; HR, hazard

ratio; Cl, confidence interval.

Table 4. Intra- and inter-observer variability of left ventricle entropy

Parameters Inter-observer Intra-observer
ICC 95% ClI ICC 95% Cl
LV entropy 0.978 0.967-0.986 0.984 0.976-0.990

LV, left ventricular; ICC, intraclass correlation coefficient; Cl, confidence interval.
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Cox regression analysis showed that LV en-
tropy was a valid predictor of MACE, with a
HR >1, indicating that LV entropy was a risk
factor for MACE. The risk of MACE in patients
with LVNC rises with increasing LV entropy.
This study showed that age, LVESV, left atri-
al diameter, LV diameter, LVEF, LVM, and LV
entropy differed significantly between the
MACE and non-MACE groups. However, the
univariable Cox proportional hazard model
indicated that age, LVESV, left atrial diam-
eter, and LV diameter were not predictors
of MACE. Although Ramchand et al.” sug-
gested that patients with LVNC had a high-
er risk for the occurrence of MACE, owing
to elevated LVESV and LV dilatation, some
researchers hypothesized that this mainly
responded to myocardial remodeling in the
advanced disease stage and was poorly as-
sociated with the risk of MACE in patients at
the early stage.®® A further multivariable Cox
regression analysis showed that age and LVM
were not valid predictors of MACE in patients
with LVNC after excluding the effect of con-
founding factors, while LVEF and LV entropy
remained effective predictors of MACE. Previ-
ous studies have shown that young age (<18
years) is a risk factor for MACE in patients with
LVNC.>* However, 97% of this study’s partici-
pants were adults, which may be the reason
why age was not a valid predictor of MACE in
this study. Additionally, although myocardial
remodeling in patients with LVNC could lead
to an increase in LVM, it was confirmed that
multiple myocardial trabeculae in patients
with LVNC could affect the calculation of
LVM. Therefore, the assessment of the prog-
nosis may not be accurate.® The results of
the ROC curve analysis demonstrated that LV
entropy and LVEF had good predictive values
for MACE in patients with LVNC. The predic-
tive efficacy improved when LV entropy was
combined with LVEF. However, DeLong’s test
revealed no statistically significant differ-
ence between the AUC of LV entropy, LVEF,
and the combined models of LV entropy and
LVEF. This showed that LV entropy as a single
prediction model was powerful in predicting
MACE in patients with LVNC, which may help
simplify the prediction model. The cut-off
value for LV entropy was 5.09, indicating that
MACE may be more likely to occur in patients
with LVNC and LV entropy >5.09. Therefore,
more attention should be paid to patients
with LVNC and high LV entropy in clinical
practice. This study initially verified that LV
entropy could be used to predict the risk of
MACE in patients with LVNC. However, this
study had several limitations. 1) This was a
single-center study, and the CMR images of
all study populations were obtained using

the same device. Whether the difference in
the device and field strength could affect the
measurement of entropy or not requires fur-
ther exploration. 2) Among the participants
in this trial, 97% were adults. More pediatric
patients must be included in follow-up stud-
ies. 3) This study did not perform T1 mapping
and extracellular volume fraction. Future
studies with T1 mapping and extracellular
volume fractions are required to validate
the findings of this study. 4) Although it was
found that LV entropy is a novel parameter
that could predict the prognosis of patients
with LVNGC, the relatively small number of
events was a fundamental limitation. Mul-
tivariate analysis was considered an explor-
atory study. Therefore, future prospective
studies with larger sample sizes are required
to validate these findings.

In conclusion, the LV entropy obtained
from CMR-LGE is an effective predictor of
MACE in patients with LVNC. The risk of MACE
increases with increasing entropy, which
could provide a more comprehensive risk
stratification for patients with LVNC.
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PURPOSE

To assess the quantification accuracy of pulmonary nodules using virtual monoenergetic images
(VMlIs) derived from spectral-detector computed tomography (CT) under an ultra-low-dose scan
protocol.

METHODS

A chest phantom consisting of 12 pulmonary nodules was scanned using spectral-detector CT at
100 kVp/10 mAs, 100 kVp/20 mAs, 120 kVp/10 mAs, and 120 kVp/30 mAs. Each scanning protocol
was repeated three times. Each CT scan was reconstructed utilizing filtered back projection, hybrid
iterative reconstruction, iterative model reconstruction (IMR), and VMIs of 40-100 keV. The signal-
to-noise ratio and air noise of images, absolute differences, and absolute percentage measurement
errors (APEs) of the diameter, density, and volume of the four scan protocols and ten reconstruction
images were compared.

RESULTS

With each fixed reconstruction image, the four scanning protocols exhibited no significant differ-
ences in APEs for diameter and density (all P > 0.05). Of the four scan protocols and ten reconstruc-
tion images, APEs for nodule volume had no significant differences (all P > 0.05). At 100 kVp/10
mAs, APEs for density using IMR were the lowest (APE___:6.69), but no significant difference was

detected between VMIs at 50 keV (APE - 11.69) andilMR (P =0.666). In the subgroup analysis, at
100 kVp/10 mAs, there were no significant differences between VMIs at 50 keV and IMR in diameter
and density (all P > 0.05). The radiation dose at 100 kVp/10 mAs was reduced by 77.8% compared

with that at 120 kVp/30 mAs.

CONCLUSION

Compared with IMR, reconstruction at 100 kVp/10 mAs and 50 keV provides a more accurate quan-
tification of pulmonary nodules, and the radiation dose is reduced by 77.8% compared with that at
120 kVp/30 mAs, demonstrating great potential for ultra-low-dose spectral-detector CT.

KEYWORDS
Spectral computed tomography, chest phantom, pulmonary nodule, low-dose computed tomog-
raphy, reconstruction algorithm

ith increasing public attention on pulmonary nodules and lung cancer, low-dose
chest computed tomography (CT) has become an effective modality for the diag-
nostic screening and prognostic evaluation of lung cancer.'? However, radiation
dose remains a key public concern. Image quality in low-dose CT with frequently-used re-
construction algorithms has been widely discussed.>* With advances in reconstruction algo-
rithms, iterative reconstruction (IR) and deep learning image reconstruction technologies
have improved image quality.*” In particular, IR decreases image noise and ensures image
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quality by optimizing and correcting the raw
data. The iDose* is a hybrid IR algorithm con-
taining filtered back projection (FBP) and IR
components, which could obtain low-noise
and high-resolution images with a more
complete and comprehensive system mod-
el.® Additionally, iterative model reconstruc-
tion (IMR), another IR algorithm based on
the complete model but without FBP com-
ponents, has been demonstrated to yield
sufficiently high-quality images of the chest,
abdomen, spine, and other organs.*"

Dual-layer spectral CT (DLCT) with an ener-
gy level of 100 kVp is capable of energy anal-
ysis. Under a scanning protocol of 100 kVp/10
mAs, an effective radiation dose is reduced
to 0.2954 mSy, equivalent to 5-6 times that
of chest radiography exposures. The virtual
monoenergy of spectral CT ranges from 40 to
200 keV; generally, the lower the keV value is,
the higher the contrast and noise. Moreover,
DLCT can reconstruct 161 virtual monoen-
ergetic images (VMlIs) at different keV levels
(40-200 keV), but the accuracy of the quan-
titative evaluation of new-generation spectral
CT is rarely reported. Additionally, studies
have revealed that the radiation dose level,
virtual monoenergetic level, and kVp tube
voltage settings significantly affect the quan-
titative accuracy and image quality of spectral
CT.">" Therefore, this study aimed to assess
the impact of different scanning protocols
and reconstruction techniques on the quanti-
tative measurement of pulmonary nodules by
performing low-dose CT and ultra-low-dose
CT scans using different image reconstruction
techniques on a chest phantom.™'*

Methods

Anthropomorphic chest phantom and syn-
thetic lung nodules

A commercially available multipurpose
anthropomorphic thoracic phantom (Lung-

* A 100 kVp/10 mAs scan protocol based on
spectral-detector computed tomography
(CT) can accurately quantify the diameter
and density of pulmonary nodules.

* lterative model reconstruction (IMR)
demonstrated improved image quality un-
der the 100 kVp/10 mAs scan protocol, and
virtual monoenergetic images at 50 keV
were similar to those obtained with IMR.

* The ultra-low-dose scan protocol (100
kVp/10 mAs) based on spectral-detector CT
reduced the radiation dose by 77.8% com-
pared with that at 120 kVp/30 mAs.

man; Kyoto Kagaku, Kyoto, Japan; http://
www.kyotokagaku.com) was utilized to
simulate the human thorax. This phantom
consisted of a life-size anatomical model of a
human male thorax with substitute materials
for soft tissues and synthetic bones. Three-di-
mensional synthetic pulmonary vessels and
bronchi were inserted into the phantom
lung.

In total, 12 spherical synthetic pulmo-
nary nodules (Supplementary Table 1 and
Supplementary Figure 1) were utilized. The
attenuation levels of the ground-glass nod-
ules (GGNs) were —800 and —630 Hounsfield
unit (HU) and that of the solid nodules (SNs)
was 100 HU. These nodules were random-
ly placed in the phantom by a technologist
with 15 years of experience, and observers
were blinded to the placement of the nod-
ules. This retrospective study was approved
by the Second Affiliated Hospital of Naval
Medical University institutional review board
(CZ-20220512-06), and the need for informed
patient consent was waived.

Computed tomography image acquisition

All CT images were obtained using sec-
ond-generation DLCT equipment (Philips
spectral CT 7500, Best, The Netherlands).
These image acquisitions were performed
using four different radiation dose levels (100
kVp/10 mAs, 100 kVp/20 mAs, 120 kVp/10
mAs, and 120 kVp/30 mAs). The effective
dose (ED) was determined as dose length
product (DLP) x k (0.014), where DLP is the
actual value. The scan parameters were as
follows: collimation, 128 x 0.625 mm; beam
width, 80 mm; slice thickness, 1 mm; pitch,
0.99; rotation time, 0.5 seconds. Each acquisi-
tion was repeated three times.

Image reconstruction

The dataset for each scanning dose con-
tained conventional images and monoen-
ergetic images from the original spectral
base images data (SBI data) of Compton
scattering and photoelectric effects. Con-
ventional images were reconstructed using

FBP, iDose* (level 5), and IMR (body routine
level 2). In addition, VMIs were generat-
ed from SBI data obtained at 40-100 keV
(iDose*, spectral level 5) with a 10-keV inter-
val (40/50/60/70/80/90/100 keV). In total, 40
reconstruction imaging datasets were ob-
tained and analyzed.

Quantitative evaluation of nodules and im-
age quality

The diameters and densities of the 12
nodules were manually measured inde-
pendently by two radiologists with three
years of experience in thoracic imaging. The
longest nodule diameter on the maximum
axial plane was measured. Nodule density
was also measured on the maximum axial
plane with a region of interest (ROI) large
enough to cover the nodule, sparing the
nodule margin to eliminate the partial vol-
umetric effect. The images were transmitted
to automatic volume measurement software
(Infervision Medical Technology, Beijing, Chi-
na) to automatically determine the volume
of the nodules. Image quality was evaluated
using the signal-to-noise ratio (SNR) and air
noise (AN). The SNR was defined as the ratio
of CT attenuation for the lung tissue to the
standard deviation (SD) of AN. The ROIs were
placed on the right lower lobe for the CT at-
tenuation of the lung and in front of the mid-
dle of the sternum for the AN.

Statistical analysis

All statistical analyses were performed
using SPSS software (version 26.0; IBM, Ar-
monk, NY, USA) and Python 3. The intraclass
correlation coefficient (ICC) was used to ana-
lyze overall consistency, and a Bland-Altman
analysis was utilized for subgroup consisten-
cy. The Kruskal-Wallis test of overall signif-
icance was used to assess the significance
of image quality. In case of a significant dif-
ference in the whole population, a Nemenyi
post-hoc test was further applied. The abso-
lute percentage measurement error (APE)
was determined for the comparison of meas-

Table 1. Intra-observer agreement and inter-observer agreement of nodule parameters

and image quality

Parameter

Diameter
Density
AN

SNR

AN, air noise; SNR, signal-to-noise ratio.
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Intra-observer Inter-observer

agreement agreement
0.999 0.986
0.992 0.999
0.887 0.912
0.965 0.973
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ured and reference data. The dimension and
density of the mold provided by the phan-
tom’s manufacturer were used as reference
data. The standard for volume was deter-
mined based on nodule dimension. The ab-
solute difference and APE were presented as
mean = SD and compared among different
scan protocols and reconstruction images.
A P value <0.05 was considered statistically
significant.

Results

Intra-observer and inter-observer consis-
tencies of nodule parameters and image
qualities

The ED values for the four scanning pro-
tocols were 0.2954, 0.588,0.4774, and 1.3314
mSv (Supplementary Table 2). The intra-ob-
server agreement levels for nodule diameter
and density and the AN and SNR of images
between observers were excellent, with ICCs
of 0.999, 0.992, 0.887, and 0.965, respective-
ly. The inter-observer agreement levels for
nodule diameter and density and the AN and
SNR of images between observers were ex-
cellent, with ICCs of 0.986, 0.999, 0.912, and
0.973, respectively (Table 1). The measure-
ment results from one scanning are listed in
Supplementary Table 3.

Image quality comparison

The image quality obtained using the
four different scanning protocols (100
kVp/10 mAs, 100 kVp/20 mAs, 120 kVp/10
mAs, and 120 kVp/30 mAs) revealed statis-
tical differences (P < 0.05) among nine of
the image reconstruction types (FBP, iDose*,
and seven VMIs), with the exception of IMR
(P = 0.053) (Table 2). The post-test analysis
revealed no significant difference in image
quality at 50 keV between 100 kVp/10 mAs
and 120 kVp/30 mAs (P > 0.05). At doses of
100 kVp/10 mAs, 120 kVp/10 mAs, and 120
kVp/30 mAs, AN and SNR levels among the
10 image types demonstrated statistical dif-
ferences (all P < 0.05).

Under a scanning protocol of 120 kVp/30
mAs, IMR exhibited the best image quality
(AN__ :6.03 and SNR__ :166.32). In addi-
tion, at 100 kVp/10 mAs, the image quality

ofIMR(AN_ __ :9.07andSNR__ :111.22) was
better than that of FBP (AN : 31.20 and
SNR, _..:32.27)and iDose* (AN, :31.20 and
SNR, _..:32.37),and image quality at 100 keV

:38.90 and SNR

-mean

was the poorest (AN
26.11) (Figures 1, 2).

-mean”

Effects of the four scanning protocols and
10 image reconstruction approaches on
the diameter and density of pulmonary
nodules

In each scanning group, the nodule vol-
umes revealed no significant differences

among the 10 reconstructed images (P >
0.05). The four scanning dose groups exhibit-
ed no significant statistical differences in the
volume, diameter, and density of pulmonary
nodules for each reconstruction image (all P
>0.05) (Tables 3, 4, Figures 3, 4). Nodules with

Table 2. Air noise and signal-to-noise ratio using 10 reconstruction images

Reconstruction Low-dose scanning AN SNR
algorithm scheme
kVp mAs APEs P APEs P
100 10 18.03 £3.87 57.51+11.07
20 28.17 £4.97 36.48 +5.75
40 keV 0.034 0.034
120 10 36.63 +3.92 27.62 +3.07
30 24.03 +3.62 4242 +6.69
100 10 243 +2.52 41.66 + 4.08
20 2643 +1.12 38.11 +1.58
50 keV 0.044 0.044
120 10 2843 +2.15 3543 +2.63
30 19.23+1.8 5245 +4.92
100 10 30+ 2.51 33.62 +2.95
20 27 +1.5 37.28 +2.09
60 keV 0.023 0.023
120 10 24.63 +1.97 409 +3.15
30 17.13+£0.84 58.6 +2.8
100 10 33.83+3.82 29.9 +£3.59
20 27.77 +£2.72 36.39+3.72
70 keV 0.023 0.023
120 10 22.83+2.03 4416 +3.78
30 16.17 £0.49 62.04 +1.91
100 10 36.33+4.61 27.9 £3.81
20 284 +3.58 35.72+4.8
80 keV 0.016 0.016
120 10 21.87+1.94 46.11 +3.98
30 15.8+0.6 63.49 + 2.38
100 10 37.83+5.11 26.82 +3.93
20 28.9+4.17 35.22 +5.48
90 keV 0.016 0.016
120 10 21.33+1.79 4723 +3.85
30 15.6+0.72 64.34 +2.89
100 10 38.9+5.49 26.11 £ 4.03
20 29.23 +4.54 3491 +5.91
100 keV 0.016 0.016
120 10 21.07 +1.68 47.81 +3.71
30 15.53 +£0.76 64.62 +3.04
100 10 31.2+3.92 32.27 £4.11
20 23.93 +3.89 4244 +6.31
FBP 0.031 0.031
120 10 22.67 +2.55 4439+ 4.71
30 15.63 +£0.38 63.74+1.16
100 10 31.2+3.92 3237+4.12
20 23.93 +3.89 42.5+6.32
iDose* 0.031 0.031
120 10 22.67 +2.55 4446 +4.7
30 15.63 +£0.38 63.98 + 1.54
100 10 9.07 £ 0.95 111.22+£11.68
20 777 £1.01 130.45+17.46
IMR 0.053 0.053
120 10 8+0.52 125.52 £8.7
30 6.03 +£0.42 166.32 £ 11.02

AN, air noise; SNR, signal-to-noise ratio; APEs, absolute percentage measurement errors; FBP, filtered back projection;
IMR, iterative model reconstruction; iDose*, a hybrid iterative reconstruction algorithm.
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Figures 1, 2. Box plots of air noise and signal-to-noise ratios for 10 reconstruction images using 4 low-dose scanning protocols. SNR, signal-to-noise ratio; FBP,
filtered back projection; iDose*, a hybrid iterative reconstruction algorithm; IMR, iterative model reconstruction.

a size of 5 mm were not detected by the au-
tomatic detection software. In three scanning
groups (100 kVp/10 mAs, 100 kVp/20 mAs,
and 120 kVp/10 mAs), the pulmonary nodule
densities obtained using the 10 reconstruc-
tion images were statistically different (all P <
0.05); however, at 120 kVp/30 mAs, no statisti-
cally significant difference was identified (P >
0.05). At 100 kVp/10 mAs, APEs for the density
in IMR were the lowest (APE___ :6.69), and no
significant difference was detected between
50 keV (APE, _ :11.69) and IMR (P=0.666). In
each scanning group, nodule diameters were
statistically different for the 10 reconstruc-
tion images (P < 0.001). At 120 kVp/30 mAs,

APEs for the nodule diameter in IMR were the
lowest (APE - 2.29) and no significant dif-
ference was identified between 50 keV (APE
:4.41),and IMR (P=0.726) (Figures 5, 6).

mean

Comparison of quantitative parameters be-
tween ground-glass nodules and solid nod-
ules for fixed reconstruction images

For fixed reconstruction images, no sig-
nificant differences in diameter and densi-
ty measurements were detected for GGNs
at —800 and —630 HU and SNs at 100 HU in
the reconstruction images obtained using
the four scanning protocols (all P > 0.05).
However, with the exception of the density
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of SNs (100 HU), a difference was identified
between the 100 kVp/10 mAs and 120
kVp/30 mAs scanning protocols for the 40-
keV reconstruction image (P = 0.036).

Comparison of quantitative parameters be-
tween ground-glass nodules and solid nod-
ules for fixed scanning protocols

For each scanning protocol, the diame-
ters of the SNs at 100 HU measured using
the 10 reconstruction images were statis-
tically different (P < 0.001), but no signifi-
cant statistical difference was detected in
the diameter of GGNs (CT value: —800 and
—630 HU) (P > 0.05). Furthermore, the post-
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test analysis revealed no significant sta-
tistical differences at 100 kVp/10 mAs, 100
kVp/20 mAs, and 120 kVp/30 mAs between
50 keV and IMR in the diameters of SNs
(CT value: 100 HU) (all P > 0.05). However,

at 120 kVp/10 mAs, a statistically significant
difference was identified between 50 keV
and IMR in the diameters of SNs (P = 0.029)
(Supplementary Figures 2-4).

Table 3. Mean absolute percentage measurement errors of the volume of pulmonary
nodules based on 4 low-dose scanning schemes using 10 reconstruction images

Reconstruction Low-dose scanning protocol Volume
g kvp mAs APEs P
10 1243 £12.74
100
20 16.64 £ 14.64
40 keV 0.449
10 13.88£11.02
120
30 9.82+11.75
10 13.50 £ 11.50
100
20 13.95 +10.26
50 keV 0.303
10 14.11 £13.63
120
30 9.82+11.17
10 12.83 +£10.91
100
20 15.92 + 13.50
60 keV 0.352
10 13.83£13.53
120
30 9.39+10.83
10 10.72 £9.19
100
20 15.86 £ 13.43
70 keV 0.240
10 13.86 £ 13.69
120
30 8.55+11.29
10 9.23 £8.05
100
20 15.57 £13.15
80 keV 0.244
10 14.62 £ 13.19
120
30 8.59 £ 11.40
10 7.63+7.29
100
20 15.18 £13.26
90 keV 0.338
10 14.35+13.03
120
30 8.67 £11.39
10 7.94+7.02
100
20 15.14 £ 13.23
100 keV 0.490
10 1413 £13.27
120
30 8611144
10 13.45+£12.74
100
20 16.45 + 14.93
FBP 0.440
10 12.99 + 12.36
120
30 10.21 £ 10.49
10 11.60 £ 12.12
100
20 14.75 £ 13.25
iDose* 0.875
10 12.77 £11.92
120
30 9.39+10.94
10 1239+ 12.55
100
20 13.33+£11.84
IMR 0.508
10 7.58+7.18
120
30 8.25+10.52

APEs, absolute percentage measurement errors; FBP, filtered back projection; IMR, iterative model reconstruction;

iDose*, a hybrid iterative reconstruction algorithm.

For GGNs examined at —630 HU and SNs
assessed at 100 HU, all four scanning proto-
cols exhibited statistical differences in den-
sity measurements in the 10 reconstruction
images (P < 0.05). For GGNs examined at
—800 HU, scanning protocols at 100 kVp/20
mAs and 120 kVp/30 mAs displayed statisti-
cal differences in density measurements in
the 10 reconstruction images (P < 0.05). For
GGNs assessed at —800 HU, scanning proto-
cols at 100 kVp/10 mAs and 120 kVp/10 mAs
had no statistical differences in density meas-
urements in the 10 reconstruction images (P
>0.05). For SNs assessed at 100 HU and GGNs
examined at —630 and —800 HU, no signifi-
cant differences in density were detected
between 50 keV and IMR at 100 kVp/10 mAs
(P > 0.05) (Supplementary Figures 5-7). The
CT images for the pulmonary nodules with
different diameters and densities using IMR
and the 50-keV reconstruction images under
the four scanning protocols are presented in
Figure 7.

Discussion

This study elucidated the differences in
the accurate quantification of pulmonary
nodules using different reconstruction pro-
tocols under ultra-low-dose scanning condi-
tions based on spectral-detector CT. Further-
more, the effects of 10 image reconstruction
approaches on the diameter and density
of lung nodules in a phantom were investi-
gated. Scanning at 100 kVp/10 mAs and 50
keV was applied to GGNs and SNs without
affecting the quantification of nodule diam-
eter and density. The image quality obtained
using the IMR algorithm was superior; more-
over, VMIs at 50 keV exhibited similar perfor-
mance in the measurement of pulmonary
nodules. This protocol reduced the effective
radiation dose (ED: 0.2954 mSv) by 77.8%
compared with that at 120 kVp/30 mAs (ED:
1.3314 mSv).

The lung is filled with air and receives a
lower dose of radiation compared with the
other parts of the body. The radiation dose
for routine chest radiography in two planes
is approximately 0.1 mSy; the radiation dose
for conventional chest CT scanning is 5-7
mSv versus only 1-2 mSv for low-dose CT
scanning.'®'® Based on the principle that a
dose as low as reasonably achievable should
be used, low-dose CT scanning is preferred
without affecting the diagnosis.’®?° Addition-
ally, studies have demonstrated that distinct
radiation doses have no significant effects
on the measurement of pulmonary nod-
ules.?' Under different kVp/mAs scanning
conditions, the higher the kVp/mAs is, the

ULD spectral CT for the quantification of pulmonary nodules « 695



better the image quality, but the radiation
dose also increases. However, tube voltage
has a well-known exponential association

with radiation dose; thus, lowering tube volt-
age can significantly decrease the radiation
dose.?*? A radiation dose is linearly related

Table 4. Mean absolute percentage measurement errors of the diameter and density of
pulmonary nodules based on 4 low-dose scanning protocols using 10 reconstruction

images
Reconstruction Low-dose scanning Diameter Density
algorithm scheme
kVp mAs APEs P APEs P
100 10 4,64 +3.33 32.08 + 47.46
20 4,01+292 26.53 +37.71
40 keV 0.746 0.716
120 10 491 +3.58 17.08 £ 25.19
30 471 +3.64 16.92 +24.17
100 10 461+ 2.89 11.69 + 19.00
20 425+ 3.37 12.92 + 16.64
50 keV 0.741 0.841
120 10 4.82 +3.85 12.11 £ 15.68
30 441+3.95 13.89 +22.39
100 10 5.03+3.54 18.64 + 29.58
20 5.28 £4.08 14.44 +£24.94
60 keV 0.971 0.675
20 10 5.18+3.21 17.25+25.13
1
30 5.66 +£4.42 17.47 + 29.68
100 10 5.85+4.61 26.97 +41.99
20 5.62 +4.94 20.97 +33.21
70 keV 0.849 0.887
120 10 5.47 +£3.58 22.25 +32.52
30 6.38 +4.87 21.75 + 34.81
100 10 6.10 +4.83 33.42+50.16
20 6.25 +5.27 25.81 +39.04
80 keV 0.997 0.826
120 10 5.89 +4.05 26.28 + 37.27
30 6.56 + 5.37 25.03 +38.23
100 10 5.64 +4.08 37.47 +55.56
20 5.66 +4.93 29.08 +42.92
90 keV 0.994 0.764
20 10 546 +£4.14 28.81 +40.30
1
30 5.85+4.87 27.03 + 40.44
00 10 6.62 +5.21 42.11 £ 60.15
1
20 6.34+561 31.19 + 45.64
100 keV 0.875 0.725
120 10 5.82 +4.60 30.64 + 42.39
30 6.66 +5.01 28.50 + 42.06
100 10 276 +£2.22 9.61+13.94
20 296 +2.72 10.81 + 16.98
FBP 0.383 0.670
120 10 3.74 +£2.81 13.83 £ 20.15
30 3.04+3.10 17.42 +30.37
100 10 3.92+3.19 10.47 £ 15.11
20 3.24+2091 10.89 + 17.20
iDose* 0.764 0.788
120 10 3.13+2.96 14.08 + 20.51
30 3.99 +3.96 17.39 £ 30.22
100 10 2.55+2.26 6.69 + 10.06
20 2.08 +1.77 8.08 £10.23
IMR 0.478 0.235
20 10 2.53+1.83 8.22+9.32
1
30 2.29+2.90 10.86 + 18.34

APEs, absolute percentage measurement errors; FBP, filtered back projection; IMR, iterative model reconstruction;

iDose*, a hybrid iterative reconstruction algorithm.
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to mAs; with decreasing mAs, the radiation
dose decreases correspondingly. Four low-
dose scanning protocols (120 kVp/30 mAs,
100 kVp/20 mAs, 120 kVp/10 mAs, and 100
kVp/10 mAs) exhibited no significant differ-
ences in the diameter and density of GGNs
and SNs (P > 0.05). Therefore, the 100 kVp/10
mAs protocol may be recommended (ED:
0.2954 mSv) for the evaluation of pulmonary
nodules, which would greatly reduce the ra-
diation dose for ultra-low-dose CT (0.13-0.49
mSv).*

The reconstruction algorithm is critical
for CT examination, and image quality varies
with different reconstruction algorithms. The
traditional FBP has been used in CT image re-
construction for a long time with an obvious
disadvantage; its key characteristic is that im-
age noise is related to dose, with image noise
increasing significantly when the radiation
dose is reduced, affecting the accuracy of di-
agnosis.*2?¢ The IR aims to reduce noise and
improve image quality through the cost func-
tion, and based on the task, the cost function
differs. As a result of technological develop-
ments, we are able to obtain low-noise and
high-resolution CT images through iDose*
and IMR technology?® This study revealed
that under a scanning protocol of 100 kVp/10
mAs, superior image quality can be obtained
using IMR (AN, :9.07,SNR___ :111.22),and
AN and SNR are significantly more effective
than FBP and iDose*, which is consistent with
a study by Kim et al.?” When they applied five
scanning protocols at 120 kVp (100/50/20/10
mAs) and 80 kVp/10 mAs, the volume APE
and image noise analysis of partly solid nod-
ules (PSNs) and SNs demonstrated that IMR
was significantly more effective than iDose*
and FBP. For GGNs, IMR reduced the diame-
ter measurement error and improved image
quality.® Gavrielides et al.*® determined that
IMR improved measurement accuracy for
5-mm GGNs (-800 and —630 HU),* but its
advantage needs to be verified for the meas-
urement of smaller nodules. This study did
not measure nodules with a diameter below
5 mm; therefore, the accuracy of IMR for the
evaluation of nodules with a diameter below
5 mm also needs to be further elucidated. In
the evaluation of nodules larger than 5 mm
in diameter, IMR improved image quality in
low-dose CT, allowing patients to obtain an
accurate diagnosis without increasing the
radiation dose. In first-generation DLCT, at
the same kVp and mAs, the repeatability of
monoenergetic reconstructed images was
significantly higher than that of convention-
al images. The measurement repeatability of
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Figures 3, 4. Box plots of the mean absolute percentage measurement errors of the diameter and density of pulmonary nodules for 4 low-dose scanning protocols
using 10 reconstruction images. APEs, absolute percentage measurement errors; FBP, filtered back projection; iDose? a hybrid iterative reconstruction algorithm;

IMR, iterative model reconstruction.

VMIs for pulmonary nodules were equivalent
to that of conventional images using the IR
algorithm at a standard dose, suggesting the
use of monoenergetic images might allow
lung cancer screening at a lower radiation
dose.’ Other data revealed that images at a
low single-energy level have lower noise and
higher image contrast.>? Regarding spectral
CT, low VMIs exhibited better image quality
than conventional images from the same
system.3* This outcome is consistent with
that of the present study. At a VMI energy
level of 50 keV, image quality is not optimal,
but 50 keV did not affect the diameter and
density of lung nodules in the examined
chest phantom.

This study has some limitations. First, the
phantom involved in this study was a simple
simulation of the adult chest, with a scan-
ning length of 33 cm, which does not rep-
resent the actual clinical situation, including
the influence of factors such as respiratory
movement and patient body shape on the
quantitative accuracy and image quality of
spectral CT. Additionally, studies have indi-
cated that scan length also affects the radia-
tion dose received by patients,*** which was
not evaluated in the present study. Second,
second-generation DLCT was applied, and
first-generation should be further validated
in patients. Third, during scanning, the phan-
tom was scanned 12 times under four scan-

ning conditions (three times for each scan-
ning condition). The positions of nodules in
the phantom were inevitably changed when
they entered and left the bed, which might
impact the measurements. Fourth, the phan-
tom only contained 12 nodules, and pulmo-
nary nodules in this study were circular; how-
ever, irregular nodules were not included in
the phantom, and PSNs were not evaluat-
ed. Therefore, this study may only be appli-
cable to circular GGNs and SNs.

In conclusion, 100 kVp/10 mAs with 50-
keV reconstruction demonstrated more ac-
curate quantification of pulmonary nodules
than IMR, and the radiation dose was re-
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pulmonary nodules for 10 reconstruction images and four low-dose scanning protocols. APEs, absolute
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Figure 7. Computed tomography images of pulmonary nodules with different diameters and densities
for iterative model reconstruction and 50-keV reconstruction images under four scanning protocols. IMR,

iterative model reconstruction; HU, Hounsfield unit.
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duced by 77.8% compared with that at 120
kVp/30 mAs, revealing great potential for ul-
tra-low-dose spectral-detector CT.
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Supplementary Figure 1. Artificial pulmonary nodules with four distinct
diameters (5, 8, 10, and 12 mm) and three different densities (—800, —630,
and 100 HU). HU, Hounsfield unit.
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Supplementary Figures 2-7. Diameter and density mean absolute percentage measurement error box plots of nodules obtained at densities of —800, —630,
and 100 HU for 10 reconstruction images under 4 scanning protocols. HU, Hounsfield unit; APEs, absolute percentage measurement errors; FBP, filtered back
projection; iDose*, a hybrid iterative reconstruction algorithm; IMR, iterative model reconstruction.
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Supplementary Table 1. Characteristics of 12 spherical
synthetic lung nodules

Nodule number Diameter  Density (HU) Nodule type
(mm)

1 12 -800 GGN
2 10 -800 GGN
3 8 -800 GGN
4 5 -800 GGN
5 12 -630 GGN
6 10 —630 GGN
7 8 —630 GGN
8 5 —630 GGN
9 12 100 SN
10 10 100 SN
11 8 100 SN
12 5 100 SN

GGN, ground-glass nodule; SN, solid nodule; HU, Hounsfield unit.

Supplementary Table 2. Estimated radiation dose for various computed tomography protocols

kVp/mAs CTDlvol (mGy) L (cm) DLP_ .. mGy*cm ED (mSv)
100 kVp/10 mAs 0.5 32 21.1 0.2954
100 kVp/20 mAs 1 32 42 0.588
120 kVp/10 mAs 0.8 32 34.1 0.4774
120 kVp/30 mAs 23 32 95.1 1.3314

CTDlIvol, computed tomography dose index; L, length of the exposure; DLP actual value of dose length product; ED, effective dose.

actual”
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Supplementary Table 3. Nodule parameters and image quality for one scanning protocol

Nodule 1 Nodule 2 Nodule 3 Nodule 4
15 S s % F %5 t % F %t %
538% &2 3z z a 8T 3 8 & & 5 &
40 keV -1001.1 245 123 -833.9 10.4 -818.1 8.2 -837.6 53  -821.7
50 keV -1001.8 19.1 12.2 -827.4 10.2 -820.3 8.2 -832 52  -8257
60 keV -1001.8 16.6 12,5 -823.7 10.2 -821.4 84  -8288 52  -8282
70 keV -1001.9 15.6 123 -821.5 10.3 -822.2 8.3 -826.9 51  -829.7
R 80 keV -1001.9 15.2 12.1 -820 10.1 -822.7 8.2 -825.6 52  -830.7
90 keV -1002.1 15 12 -819.1 10 -823.1 8.2 -824.9 52  -8312
100 keV -1002.2 15 12,6 -818.4 10.1 -823.3 8.2 -824.3 53 8315
FBP -999.6 15.9 12.4 -824.2 10.1 -822.8 8.1 -820.9 51  -8254
IDose* -999.7 15.9 12.4 -824.5 10.2 -824.4 8.2 -822.1 51  -8266
IMR -1000.2 5.9 11.9 -820.8 10.2 -821.8 8 -817.2 5 -821.3
40 keV -1001.3 403 12,5 -821.5 10.5 -805.3 8.5 -830.9 49  -827
50 keV -1002.6 30.8 12 -819.2 10.2 -816.5 8.5 -826.9 45  -8286
60 keV -1003.3 26.9 12.6 -817.8 10.7 -823.1 8.3 -824.5 49  -8296
70 keV -1003.8 25.1 12.2 817 10.7 -827.1 8.2 -823 5 -830.4
80 keV -1004 24 12,6 -816.5 10.5 -829.6 8 -822 52  -8308
120 kVp/10 mAs 90 keV -1004.3 233 12,5 -816.2 10.7 -831.2 8.3 -821.4 49  -8312
100 keV -1004.3 229 12,5 -816 11 -832.3 8.2 -821.1 5 -831.2
FBP -998 25.6 12.4 -819 10.4 -823.4 8.3 -821.4 44 8247
IDose* -1000.3 25.6 12.2 -819.3 10.2 -825.4 8 -822.4 47 8275
IMR -1002.6 8.3 11.9 -814 10.6 -822.1 8.1 -813.3 47  -8245
40 keV -1003.8 25.6 12.2 -839.1 103 -838.7 8.1 -824.9 49  -8545
50 keV -1004.3 25.2 12.3 -830 10.2 -828.4 8 -823 47  -841
60 keV -1004.5 27 12.3 -824.6 10.5 -822.2 79  -8219 51  -833.1
70 keV -1004.5 28.7 12.4 -821.5 10.4 -818.6 8.1 -821.2 49  -8284
80 keV -1004.5 30 12.4 -819.4 10.2 -816.3 8.1 -820.7 49  -8254
T 90 keV -1004.6 31 12.2 -818.1 10.2 -814.9 8.2 -820.4 5 -823.5
100 keV -1004.6 316 123 -817.3 10.5 -813.8 79  -8204 48  -822.1
FBP -1000.1 213 12,5 -822.3 10.2 -820.5 8.1 -815.2 47  -832.1
IDose* -1000.8 213 12.4 -823.9 10.1 -822.5 8 -817.4 48  -8329
IMR -1001.5 6.7 12.3 -820.9 10 -821.2 78  -810.7 49  -8335
40 keV -1006.8 225 12.2 -830.4 8.4 -637.7 8.6 170.9 51  -8245
50 keV -1005.3 27.2 12.1 -824.5 8.3 -653.2 8.6 103.1 51  -8348
60 keV -1004.4 315 12.2 -821.1 7.7 -662.1 87  63.1 53  -8408
70 keV -1003.8 353 12.2 -819 10.1 -820.5 8.9 39.5 56  -8443
80 keV -1003.5 38.1 12.2 -817.7 10.1 -816.2 88 242 55  -846.7
100 kVp/10 mAs 90 keV -1003.2 40 123 -816.9 9.7 -813.3 8.8 14.4 5.1 -848.1
100 keV -1003.1 414 12.1 -816.3 9.6 -811.6 8.9 7.8 55  -849.1
FBP -995.8 349 12.2 -821.8 9.6 -815.9 76 8129 51  -8353
IDose* -998.9 349 12.2 -821.6 10 -821.3 76  -816.7 55  -834.1
IMR -1000.5 9.1 12.1 -816.8 10 -824.7 7.7 -8123 54  -839.2

SD, standard deviation; FBP, filtered back projection; IMR, iterative model reconstruction; iDose? a hybrid iterative reconstruction algorithm; HU, Hounsfield unit.
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Nodule 5 Nodule 6 Nodule 7 Nodule 8 Nodule 9 Nodule 10 Nodule 11 Nodule 12

E s & s & s £ s E s E s E s £ s
g 2 gz &2 z & =z & =z g z & =z & 3
§ g £ g £ g 5§ g £ g 5 g £ g £ 2

(a) (a) (a) (a) (a) a a a a (a) (a) a (a) a (a) (a)
12.2 -617.1 104 -631.4 8.2 -619.6 5.6 -688.3 12.6 181.2 10.6 117.1 8.9 144 55 91.2
12 -634.1 10 -643.4 8.1 -640.9 54 -698.1 12.6 134.3 10.2 87.1 9.1 93.8 54 51.9
12.3 -643.8 10.1 -650.5 8.1 -653.5 5.5 -703.8 12.8 106.7 10.5 69.3 9.3 64.4 5.8 28.9
124 -659.8 10.1 -654.6 8.3 -661 5.4 -707.3 12.9 90.3 10.8 58.9 9.3 46.9 5.6 15
12.5 -653.6 9.8 -657.4 8.2 -665.9 5.6 -709.4 12.9 79.8 10.6 52.2 9.3 35.6 5.8 6.2
12.3 -655.9 9.9 -659.1 8.1 -668.9 5.2 -710.8 13 72.9 10.8 47.8 9.1 28.4 5.6 0.5
12.3 -657.7 10.3 -660.2 8.5 -671 5.5 -711.9 12.8 68.4 10.8 449 9.3 234 5.8 -3.4
11.8 -642.1 9.9 -649.4 8 -655.6 5.2 -700.3 12.5 102.8 9.9 75.9 8.6 61.2 5.5 27
12 -644.4 10.1 -650.9 8.2 -656.3 54 -700.8 12.5 102.4 10 75.5 8.7 61.3 5.6 27.2
12.1 -642.9 9.6 -645.4 8 -647 5 -682.9 12 115.6 9.8 92.8 8.4 92.5 5 73
12.2 -621.8 10.3 -630.8 8.2 -661.8 5.1 -646.5 12.9 193 10.8 154.1 8.6 126.9 53 79.1
12.2 -636.9 10.3 -648 8.4 -666.6 5.2 -667.5 12.9 138.2 104 105.8 8.8 74.5 5.6 384
12.3 -645.8 10.7 -658.4 8.5 -699.3 53 -679.9 12.8 106.1 10.8 77.3 9 43.8 54 14.5
12.5 -651.1 10.5 -664.4 8.5 -671 5 -687.2 13.2 86.9 10.8 60.4 8.7 25.6 55 0.2
12 -645.5 104 -668.4 8.5 -672.1 49 -691.9 134 74.7 10.8 49.5 8 13.7 5.5 -9
12.2 -656.7 10.8 -670.8 8.6 -672.7 49 -695 13.1 66.7 10.6 42.6 8 6.3 5.6 -15
12.3 -658.2 10.6 -672.6 84 -673.2 4.8 -696.9 13.2 61.3 10.8 37.8 8.9 1.1 5.5 -18.8
12.1 -649 10.5 -655.7 84 -664.2 5.2 -675.8 124 107.5 10.4 86.6 8.5 529 5.4 326
12.1 -649.1 10 -657.6 8.1 -666.2 49 -678.5 124 105.9 10.6 86.2 8.5 51.7 5.2 329
11.9 -644 10.2 -649.5 8 -657.2 4.8 -661 123 116.9 10.3 102.3 8.2 80.2 5.1 85.7
12 -608.1 9.7 -627.4 8.1 -611 53 -670.3 124 2125 10.1 174.5 8.6 182.1 5.2 126.2
119 -633.7 9.8 -646.5 8 -642.1 5.1 -677.5 12.8 141.8 10.1 120.9 8.8 105.7 53 48.6
11.8 -648.7 10.2 -657.7 8.1 -660.5 5.5 -681.8 12.7 100.2 10.6 89.3 9 60.7 53 3
12.2 -657.6 10 -664.4 8 -671.4 5 -684.4 12.8 75.4 10.7 70.6 9 34 53 -24.2
124 -663.5 9.9 -668.6 8.2 -678.5 53 -686 13 59.5 10.8 58.6 9 16.8 54 -41.7
12.2 -667 10 -671.4 8.5 -682.9 5 -687.1 12.8 494 10.9 50.8 9.1 5.8 55 -52.8
12.2 -669.7 10.1 -673.3 8.4 -686 5.1 -687.8 12.8 424 10.9 45.5 8.7 -1.7 55 -60.3
12 -647.5 9.7 -646.8 8.1 -655 5.1 -668.3 121 104.9 10.1 105 8.3 744 4.9 34.1
12 -647.2 9.6 -648.9 8.1 -655.9 5.1 -671.9 121 104.4 10.2 103.7 8.6 78.1 5 30.1
12.2 -640.4 9.7 -644 7.8 -644.7 4.9 -656.2 12 117 10.1 118.5 8.1 105.1 4.6 60.4
12 -593.7 9.9 -857.6 8.4 -637.7 5.1 -646.5 12.6 212.5 10 194.2 8.6 170.9 5.7 234.7
11.5 -627.3 9.5 -838.6 8.3 -653.2 52 -673.6 12.7 149.8 10.2 112.3 8.6 103.1 54 100.1
12 -647.1 9.8 -827.2 7.7 -662.1 5.1 -689.7 13 113.1 10.3 64 8.7 63.1 54 21
11.9 -658.8 10.1 -820.5 8.6 -667.5 5.1 -699.1 12.8 91.2 10.3 354 8.9 39.5 5.6 -26.6
12.1 -666.4 10.1 -816.2 8.5 -670.9 53 -705.3 12.7 77.2 10.6 17 8.8 24.2 5.8 -56.3
12.2 -671.3 9.7 -813.3 8.5 -673.2 5.1 -709.2 129 68.1 10.6 5.1 8.8 14.4 5.9 -75.6
12.5 -674.5 9.6 -811.6 8.5 -674.8 5.1 -711.9 13.3 62 10.8 -2.9 8.9 7.8 6 -88.8
12 -640.5 9.9 -646.2 8.1 -657.1 49 -679.9 123 122.2 10 90 8.4 85.5 5.2 79.4
11.9 -641.1 10 -648.6 8.1 -659.3 5 -686.3 12.5 120.5 10.4 88.3 8.8 81.9 5.6 67.6
121 -636.9 10 -824.7 79 -647.6 4.5 -674.2 12.3 126.2 9.9 101.3 8.5 106.7 5.2 100.7

SD, standard deviation; FBP, filtered back projection; IMR, iterative model reconstruction; iDose*, a hybrid iterative reconstruction algorithm; HU, Hounsfield unit.
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PURPOSE
To analyze changes in angiogenesis factors after transarterial radioembolization (TARE) with Yttri-
um-90-loaded resin microspheres in hepatocellular carcinoma (HCC) patients.

METHODS

Interleukin-6, interleukin-8, hepatocyte growth factor, platelet-derived growth factor, fibroblast
growth factor, vascular endothelial growth factor-A (VEGF-A), and angiopoietin-2 levels in 26 pa-
tients were measured before TARE and on day 1, 7, 14, and 30 after TARE and evaluated regarding
radiological response.

RESULTS

In the sixth month of follow-up, 11 (42.30%) patients had a complete or partial response to treat-
ment, while progressive disease was found in 15 (57.69%) patients. The percentage changes in
VEGF-A in the non-responders on day 30 (P = 0.034) after TARE were significantly more obvious.
Peak formation rates of VEGF-A were higher in non-responders (P = 0.036).

CONCLUSION

Short-term changes in angiogenesis factors in HCC patients after TARE with Yttrium-90-loaded resin
microspheres fluctuate with different amplitudes at different times. The upregulation of growth
factors has a prognostic capacity. Changes in VEGF-A after TARE may be helpful for the early recog-
nition of non-responders.

KEYWORDS
Angiogenesis, Hepatocellular carcinoma, Resin microspheres, transarterial Radioembolization, Y-90

epatocellular carcinoma (HCC) is the most common primary malignant tumor of the liv-

er; its prevalence increases annually, causing over 600,000 deaths per year.! Resection,

liver transplantation, and ablations are potential curative treatment options in the very
early and early stages, according to the Barcelona Clinic Liver Cancer (BCLC) staging system.??
However, most HCC patients are beyond these stages at the time of diagnosis,® and transar-
terial chemoembolization (TACE) is the standard of care in a palliative manner in the BCLC in-
termediate stage. For patients with unresectable HCC, who are not appropriate candidates for
TACE due to advanced liver disease, multifocal disease, vascular invasion, and portal venous
thrombosis, transarterial radioembolization (TARE) with Yttrium-90-loaded microspheres ap-
pears to be a safe alternative treatment to TACE with a comparable complication profile and
survival rates.* United States® and Asia-Pacific guidelines® endorse TARE as a treatment choice
for hepatobiliary malignancies. With transcatheter intra-arterial embolization treatments, the
hepatic artery’s tumor-feeding branch is selectively targeted; therefore, high-dose therapy
can be applied to the index tumor by protecting the tumor-free parenchyma of the liver.”#
However, despite technically successful treatment, rapid progression can be detected in some

You may cite this article as: Balli HT, Aikimbaev K, Burak iG, Piskin FC. Short-term changes of angiogenesis factors after transarterial radioembolization in
hepatocellular carcinoma patients. Diagn Interv Radiol. 2023;29(5):704-709.
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patients. The cause of this undesirable devel-
opment in HCC patients depends on many
factors, and hypoxia caused by tissue embo-
lization may trigger angiogenesis. It is known
that angiogenesis is directly related to tumor
progression and metastasis development
in hypervascular tumors such as HCC.>™ In
randomized controlled cohort studies, it
was determined that the release of angio-
genesis factors after TACE increased, and
this escalation was associated with survival
duration."'? Since the microspheres used in
TARE are smaller (glass or resin microspheres;
20-30 vs. 20-60 microns, respectively) com-
pared with those used in TACE (40-500 mi-
crons), TARE is a micro-embolic therapy that
maintains hepatic artery patency. Therefore,
theoretically, there should be less hypoxia.
Thus, triggering the angiogenesis cascade
due to hypoxia was not expected in patients
undergoing TARE. However, pilot studies re-
ported that the angiogenesis changes are
activated after TARE in HCC patients.’>™ In
line with these findings, understanding the
short-term serial changes of angiogenesis
factors after TARE is important for develop-
ing different treatment strategies (for exam-
ple, TARE combined with systemic anti-an-
giogenic therapies) to prevent possible rapid
progression after TARE.

The aim of this study was to analyze the
short-term changes in angiogenesis factors
after TARE with Yttrium-90-loaded resin mi-
crospheres and their relationship with the
radiological response.

Methods

Study design

This study was conducted as a single-cen-
ter prospective observational investigation
in accordance with the 1964 Helsinki Decla-
ration principles and approved by the Insti-
tutional Clinical Research Ethical Committee
(decision 8-95/2019). Written consent was

* The angiogenesis response after transarteri-
al radioembolization (TARE) with Yttrium-90
occurs among hepatocellular carcinoma
patients.

* Short-term changes in angiogenesis factor
levels fluctuate with different amplitudes at
different times.

* The changes in vascular endothelial growth
factor-A after TARE may help with the ear-
ly identification of non-responders to the
treatment.

obtained from all patients before diagnostic
and treatment procedures. The study includ-
ed all consecutive patients with HCC admit-
ted to the hospital between March 2017 and
March 2019 and scheduled for TARE in the
interventional radiology unit. The multidisci-
plinary tumor board decided on TARE due to
the patients’ ineligibility to other treatment
modalities for different reasons. The indica-
tion for TARE was unresectable HCC for var-
ious reasons and a life expectancy of at least
three months.?

The inclusion criteria for this study were
a diagnosis of HCC proven by biopsy or
typical imaging findings' and meeting the
eligibility criteria for TARE.'® Previously per-
formed liver-targeted thermal ablations or
embolization procedures, failure to evalu-
ate radiological response during planned
follow-up periods, systemic treatment ad-
ministered within the first six months after
TARE, and extrahepatic metastases detect-
ed before radioembolization were the ex-
clusion criteria. TARE with Yttrium-90-load-
ed resin microspheres was applied to 34
consecutive patients during the study
period. During the same period, TARE with
Yttrium-90-loaded glass microspheres was
applied to five consecutive patients. These
five patients were excluded from the study
to form a homogeneous group. During the
follow-up period, eight patients were ex-
cluded from the study (five due to the ad-
ministration of systemic therapy within the
first six months after TARE, two because of
their deaths related to non-oncological rea-
sons, and one because of the detection of
newly developed extrahepatic metastasis
just before treatment). Therefore, 26 pa-
tients with HCC were included in the study
after applying the inclusion and exclusion
criteria.

Radioembolization procedure

Cone-beam computed tomogra-
phy-guided splanchnic angiographies were
performed 7 to 10 days prior to TARE in ac-
cordance with reported recommendations.”
All patients underwent 99m-Technetium-la-
beled macroaggregated albumin injection
into the artery feeding the tumor to deter-
mine arteriovenous lung shunt fraction and
appropriate dose adjustment. The lung shunt
fraction for every patient was calculated with
the implementation of a single-photon emis-
sion computed tomography y-camera in the
nuclear medicine department. Desired dose
calculation was performed using partition
model dosimetry.” During TARE, standard

trans-femoral access was performed for the
placement of a 4F or 5F catheter to select
the origin of the coeliac axis. A microcath-
eter was then inserted and selectively ad-
vanced to a segmental or sub-segmental
tumor-feeding hepatic artery branch. Infu-
sion of the previously calculated dose of the
Yttrium-90-loaded resin microspheres was
done selectively or super-selectively under
fluoroscopic guidance.

Evaluation of the radiological response to
radioembolization

All investigated patients were evaluated
by dynamic contrast-enhanced magnet-
ic resonance imaging before and after the
treatment in the first and third months and
then at three-month intervals. The radio-
logical response assessment of the treated
tumors was conducted by the modified Re-
sponse Evaluation Criteria in Solid Tumors.'®

Regarding the imaging findings obtained
at the six-month follow-up visit, the patients
were divided into responders (i.e., patients
with complete or partial response) and
non-responders (i.e., stable disease or pro-
gressive disease patients).

Evaluation of the short-terms changes in
angiogenesis factors after radioemboliza-
tion

Blood samples of all patients were taken
at baseline (one day before treatment) and
on days 1, 7, 14, and 30 after the TARE pro-
cedure. The serum levels of commercially
available interleukin-6 (IL-6), IL-8, hepato-
cyte growth factor, platelet-derived growth
factor (PDGF), fibroblast growth factor
(FGF), vascular endothelial growth factor-A
(VEGF-A), and angiopoietin-2 (Ang-2) were
measured with a commercially available
enzyme-linked immunosorbent assay test.
Compared with the baseline levels, the per-
centage changes of the angiogenesis factors
on days 1, 7, 14, and 30 after TARE were cal-
culated. An increase of angiogenesis factor
levels at any time more than 50% compared
with the relevant baseline values was ac-
cepted as a significant peak formation ac-
cording to Carpizo et al.” Rates of significant
peak formation and percentage changes re-
garding baseline values of every angiogene-
sis factor were registered.

Statistical analysis

Categorical variables were expressed as
numbers and percentages, whereas continu-
ous variables were given as means, standard
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deviations, medians, and minimum-maxi-
mum values where appropriate. The chi-squ-
are test was used to compare categorical
variables between the response groups. The
normality of distribution for continuous va-
riables was confirmed with the Shapiro-Wilk
test. The Mann-Whitney U test was used to
compare continuous variables between two
sets. The statistical level of significance for
all tests was considered to be 0.050. All data
were analyzed using IBM Statistical Package
for the Social Sciences Statistics software
(version 20; IBM Corp, NY, US) and the TUR-
COSA software package (TURCOSA Analyti-
cal Ltd, Turkey).

Results

Table 1 shows the patients’ demograph-
ic and clinical characteristics. In the sixth
month of follow-up, eight (30.76%) patients
were consistent with a complete response
to treatment, while the status of three
(11.53%) patients was interpreted as a par-
tial response. During this period, progressive
disease was found in 15 (57.69%) patients,
which was due to local tumor progression in
12 (46.15%) patients and extrahepatic lung
metastasis in 3 (11.53%) patients. Therefore,
at 6 months, 11 (42.30%) patients were eval-
uated as responders, while the remaining 15
patients (n = 15.00; 57.69%) were interpreted

Table 1. Demographic and clinical characteristics of the study population, n = 26

as non-responders. The median duration of
the entire follow-up period after treatment
was 18 (range 6-38) months. During the fol-
low-up period, 12 (46.15%) patients died.

The evaluation of the dynamics of angio-
genesis factors after TARE showed that their
levels fluctuated from the baseline values at
different times (Table 2). Responders had sig-
nificantly higher initial VEGF-A than non-re-
sponders (P = 0.021). No significant differ-
ence was found between the baseline values
of other angiogenesis factors for the two
groups (P> 0.050). The percentage change in
VEGF-A values at day 30 in non-responders
was significantly more pronounced during

Characteristics Values P
Non-Rp (hn=15) vs.Rp (n=11)

Age, years; median (min-max) 66.50 (52.00-86.00) vs. 67 (56.00-86.00) 0.867

Gender, n (%)

Male 13.00 (86.66) vs. 10 (90.90) 0738

Female 2.00 (13.33) vs. 1.00 (9.10) ’

Etiology, n (%)

HBV 10.00 (66.66) vs. 8.00 (72.72) 0.931

HCV 5.00 (33.33) vs. 3.00 (27.27) ’

Child-Pugh score, n (%)

A 13.00 (86.66) vs. 11.00 (100.00) 0.425

B 2.00 (13.33) vs. 0.00 (0.00) ’

BCLC stage, n (%)

B 9.00 (60.00) vs. 11.00 (100.00) 0017

C 6 (40.00) vs. 0 (0.00) ’

Tumor size, cm; median (min-max) 8.00 (3.00-12.00) vs. 4.50 (2.00-7.20) 0.132

Tumor distribution, n (%)

Unilobar 10.00 (66.66) vs. 8.00 (72.72) 0741

Bilobar 5.00 (33.33) vs. 3.00 (27.27) ’

Radiation activity, GBg; median (min-max) 1.75(0.37-2.75) vs. 1.20 (0.45-3.03) 0.652

The chi-square test, Fisher’s exact test, and Mann-Whitney U test were used. HBV, hepatitis B virus; HCV, hepatitis C virus; BCLC, Barcelona Clinic Liver Cancer staging system; GBq,

Gigabecquerel; min-max, minimum-maximum.

Table 2. Short-term dynamics and comparison of angiogenesis factor levels in the study population after TARE with baseline values, n = 26

Angiogenesis  Baseline 1stday P 7t day P 14t day P 30t day P
factor®
-6 39.80 31.30 39.40 36.50 35.90

(12.20-2560.00) (7-3020.10) 0.570 (5.403050.10) 0.949 (0.10-3000.00) 0.942 (12.20-3100.20) 0.942
IL-8 41.20 43.70 49.20 48.20 42.20

13.20-538.50) (4.40-515.80) 0.596 (14.70-528.90) 0.464 (6.60-1194.00) 0.701 (4.40-485.7) 0.687
HGE 19.30 21.20 21.20 19.10 18.50

(6.20-1980.10) (0.40-772.70) 0.749 (2.10-803.50) 0.176 (0.70-820.90) 0.770 (0.10-566.40) 0.492
VEGE-A 93.60 72.30 47.3 30.90 52.10

(0.20-498.90) (0.40-474.10) 0.634 (1.20-449.60) 0.570 (0.70-480.20) 0.534 (0.60-486.60) 0.956
FGF 12.20 13.70 16.50 15.20 18.50

(2.30-387.20) (2.60-267.50) 0.647 (3.50-299.40) 0.784 (3.70-258.40) 0.985 (3.40-203.00) 0.756

59.00 52.50 53.90 58.40 (40.70-121.20)
Ang-2 (42.90-191.80) (31.50-176.50) 0.421 (31.70-174.80) 0.297 SHUE AR A el 0.898

1208.80 (59.30- 1662.60 1230.2 (14.90-4322.10) 1184.70 (28-2825.40)
PDGF 3665.70) (66.60-3838.50) 0.220 0.390 B 0.701

*pg/mL, median (minimum-maximum), P > 0.050 for all parameters, the Mann—Whitney U test.TARE, transarterial embolization; IL-6, interleukin-6; IL-8, interleukin-8; HGF,
hepatocyte growth factor; VEGF-A, vascular endothelial growth factor; FGF, fibroblast growth factor; Ang-2, angiopoietin-2; PDGF, platelet-derived growth factor.
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Table 3. Relationship between the percentage changes in angiogenesis factors compared to baseline values with radiological response in the sixth month of follow-up after TARE, n

P

30t day percentage change

P
Non-Rp vs. Rp

14 day percentage change

Non-Rp vs. Rp

P

7" day percentage change

Non-Rp vs. Rp

P

1:t day percentage change

Non-Rp vs. Rp

Angiogenesis

factor*

0.897

2.44 (-86.53-164.43) vs.
6.41 (-86.31-166.12)

0.586

—30.74 (—99.71-442.24) vs.
—4.51 (-85.82-433.04)

0.815

—113.71 (86.65-1,154.01) vs.
0.00 (-76.60-587.90)

0.897

—14.72 (-53.60-6.73) vs.
6.10 (—82.80-106.72)

IL-6

0.204

—10.79 (—84.01-451.04) vs.
—1.10 (-49.15-120.91)

0.364

—7.84 (=74.92-1,254.41) vs.
10.71 (35.91-271.04)

11.72 (=51.30-491.31) vs. 0697

8.61(—25.49-142.52)

0.775

—4.20 (—85.42-208.01) vs
—6.00 (—74.33-95.47)

IL-8

0.657

—32.90 (—96.01-716.24) vs.
10.41 (-99.91-225.92)

0.805

—10.03 (94.32-3,381.31) vs.
10.12 (-99.21-1169.72)

13.92 (-98.95-778.01) vs. 0.921
10.51 (-=70.79-436.03) ’

0.402

—39.50 (—96.22-508.03) vs.
—5.70 (84.80-1,819.02)

HGF

0.736

—22.93 (-92.25-753.39) vs.
0.204 —22.21(-73.12-364.24)

—8.51(-94.74-422.71) vs.
—31.02 (-78.93-384.22)

17.69 (—84.63-552.31) vs. 0.484

5.82(-93.59-897.01)

0.856

31.00 (—60.73-742.34) vs.
30.20 (—50.40-883.65)

PDGF

0.364

—4.29(-79.21-584.11) vs
—20.22 (—75.84-108.23)

0.622

—6.59 (—68.71-732.32) vs.
—11.14 (-53.49-96.42)

13.53 (-61.49-307.11) vs.
0.71 (—45.25-61.52) 0.186

0.775

—10.10 (—78.84-66.69) vs.
—20.60 (—69.03-405.01)

FGF

0.034

2.80 (—43.21-12788.03) vs.
—16.11 (=77.92-16.01)

3.31 (-57.72-83.12) vs.
—7.61(-50.24-105.85)

0.204

—7.83 (—58.84-44.91) vs.
—45.81 (-89.59-15.34)

~15.34 (~83.83-944.01) vs.
0659 ~36.61(~76.19-13.49) 0092

—29.73 (-65.14-3,007.02) vs.
—10.21 (-83.01-473.57)

VEGF-A

0.169

~6.64 (~58.62-74.79) Vs. 1.72 (~58.81-44.91) vs. ~16.22
0392 (_49.45-76.09) 0154

-16.31(-30.29-7.72)

0.169

—9.91 (-58.54-51.92) vs.
—6.42 (—19.65-26.61)

Ang-2

*Median (minimum-maximum), the Mann—Whitney U test. TARE, transarterial embolization; Non-Rp, non-responders; Rp, responders; IL-6, interleukin-6; IL-8, interleukin-8; HGF, hepatocyte growth factor; PDGF, platelet-derived growth

factor; FGF, fibroblast growth factor; VEGF-A, vascular endothelial growth factor; Ang-2, angiopoietin-2.

the 6-month radiological re-
sponse assessment compared
to responders (P = 0.034)
(Table 3). However, no signif-
icant difference was found
between the percentage
changes of other angiogene-
sis factors compared with the
baseline values (Table 3).

At the six-month follow-up
evaluation, the rates of peak
formation of the VEGF-A val-
ues of the non-responders
were significantly higher than
in responders. The rates of the
peak formation of the VEGF-A
levels in non-responders and
responders were 53.33%
and 9.00%, respectively (P =
0.036). However, no signif-
icant difference was found
between the groups for the
peak detection rates of other
angiogenesis factors accord-
ing to radiological response
findings (Table 4).

Discussion

Angiogenesis is an im-
portant factor in the early
recurrence and metastasis of
vascular tumors such as HCC.
Studies have found that an-
giogenesis activity increases
in line with the carcinogene-
sis steps of liver tumors.'” In
addition, embolization of the
hepatic artery with intra-arte-
rial therapies triggers the an-
giogenesis cascade regardless
of the tumor’s nature.?® Suzuki
et al?' reported that angio-
genesis factors increased
after bland transarterial em-
bolization of the liver tumors,
and the angiogenesis cascade
was initiated. Later studies
determined a relationship
between hypoxia and the
tumor parenchyma caused
by embolization after TACE.
The authors demonstrated
the relationship between
the strength of angiogene-
sis launched by hypoxia, the
tumor response to the treat-
ment, and the survival time of
the patients.?>” During TARE,
hypoxia occurring in the tu-
mor parenchyma is theoreti-
cally more limited compared

to other intra-arterial embolization proce-
dures because smaller particles are used for
TARE. However, few studies on the existence
of the angiogenesis response after TARE have
been published.’>42*

Only two studies investigate the angio-
genesis response after TARE in patients with
HCC. Carpizo et al.’® applied TARE with Yttri-
um-90-loaded on resin microspheres to 22
patients with primary and secondary liver
tumors (7 HCC and 15 colorectal carcinoma
metastases). After the treatment, it was de-
termined that classical (VEGF-A, Ang-2, FGF,
and PDGF) and non-classical (IL-8, leptin, and
follistatin) angiogenesis factor levels peaked
in more than half of the patients compared
to the baseline values. Later, Lewandowski
et al." applied TARE with Yttrium-90-loaded
glass microspheres to 13 patients with HCC
and found that all angiogenesis factor levels
increased after treatment. However, when
compared with baseline values, no signifi-
cant increase was found in the post-treat-
ment values. When the results of the two
aforementioned studies and this study are
evaluated together, the hypothesis that
TARE triggers the angiogenesis cascade can
be considered proven. However, the angio-
genesis response after TARE may not be the
only factor to consider; external radiothera-
py alone also triggers the angiogenesis re-
sponse in tumors.”® Therefore, randomized
controlled trials with more patients are need-
ed to make a definitive conclusion.

The relationship between the response to
TARE and the baseline levels of angiogenesis
factors was previously investigated. Carpizo
et al.”* found that the baseline IL-8 and Ang-2
values of patients with shorter overall surviv-
al were significantly higher. The authors sur-
mised that baseline levels of angiogenesis
factors might have a predictive significance
for overall survival durations. However, in the
prospective cohort study of Rosenbaum et
al.>* on circulating angiogenesis factors and
treatment response after TARE for colorectal
cancer and liver metastases, it was deter-
mined that baseline angiogenesis values of
patients who did not respond to treatment
did not differ compared to responders. The
authors emphasized that the comparison be-
tween patients may be misleading since the
baseline levels of angiogenesis factors show
wide variations between patients, and there
are no standard lower and upper limit levels.

The presented study results showed that
levels of angiogenesis factors varied at differ-
ent times with fluctuating amplitudes within
the first month after TARE. In more than half
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Table 4. Relationship between the peak formation of angiogenesis factors compared to baseline levels with radiological response after TARE

in the study population, n =26

Angiogenesis factor Peak formation, n (%) Peak formation, n (%) P
inRp(n=11) in Non-Rp (n = 15)

IL-6 5 (45.45) 8(53.33) 0.691
IL-8 4(36.36) 6 (40.00) 1.000
HGF 8(72.72) 12 (80.00) 1.000
PDGF 6 (54.54) 9 (60.00) 1.000
FGF 3(27.27) 6 (40.00) 0.683
VEGF-A 1(9.090) 8(53.33) 0.036
Ang-2 4 (36.36) 1(13.33) 0.128

*The chi-square test and Fisher’s exact test. TARE, transarterial embolization; Non-Rp, non-responders; Rp, responders; IL-6, interleukin-6; IL-8, interleukin-8; HGF, hepatocyte
growth factor; PDGF, platelet-derived growth factor; FGF, fibroblast growth factor; VEGF-A, vascular endothelial growth factor; Ang-2, angiopoietin-2.

of the study population, some angiogenesis
factors significantly peaked at different times
after treatment. In comparison, the same sig-
nificant increase at various times of some an-
giogenesis factors was detected in less than
half of the patients. The short-term changes
of angiogenesis factors after TARE over time
show that angiogenesis is a very complex
event in HCC patients. The baseline levels of
angiogenesis factors show wide variations
between patients, and there are no standard
lower and upper limit levels.?* The percent-
age change of VEGF-A values at day 30 of
the non-responders during the 6-month fol-
low-up was significantly greater compared
with the responders. The increased angio-
genesis factor was VEGF-A in the present
study. However, in the literature, VEGF-A and
other angiogenesis factors, such as IL-6 and
IL-8, were identified as factors that increased
after TARE.**24The reason for this difference
may be the studies’small sample size and the
patients’ heterogeneity. However, according
to the data obtained in the studies in the
literature so far, including this one, VEGF-A
is an angiogenesis factor that shows an in-
crease after TARE. More data is needed to de-
cide on other factors.

Based on these results, it can be assumed
that percentage changes in VEGF-A values
may help predict non-responders and short-
er overall survival after TARE in HCC patients.
This study’s results show that the percentage
changes of the angiogenesis factors at dif-
ferent times after TARE may help with early
recognition of the non-responders to TARE.
Thus, TARE can be combined with systemic
treatments (anti-VEGF-A) for non-responding
HCC patients. More than 50% of HCC patients
with disease progression after TARE were in-
eligible to receive sorafenib due to poor liver
function.” Therefore, it may be reasonable to
begin the therapeutic regimen with a com-
bined approach aimed at effectively treat-

ing patients while preserving liver function.
Although the SORAMIC trial found no supe-
riority of the TARE plus sorafenib combined
treatment over the sorafenib regimen alone,
the subgroup analysis indicated a survival
benefit in patients aged <65 years, patients
without cirrhosis, and patients with cirrhosis
of non-alcoholic etiology.”

The angiogenesis cascade is regulated
by the mechanism of balance in blood lev-
els of angiogenesis and anti-angiogenesis
factors.® Studies have shown that instanta-
neous increases in angiogenesis factor lev-
els in the blood are more conducive than
chronically high angiogenesis factor levels to
recurrence and metastasis development.?*3!
Therefore, determining temporary changes
in angiogenesis factor levels may be import-
ant for angiogenesis response analysis in pa-
tients undergoing TARE. Supporting this hy-
pothesis, the levels of angiogenesis factors in
the samples taken from the patients includ-
ed in this study showed instantaneous in-
creases in non-responders and a continuous
decrease in responders. However, the large
number of angiogenesis factors and the fact
that increasing factors differ from patient to
patient make it difficult to determine the ac-
curacy of this hypothesis.

There are a number of limitations to this
study. First, it was a single-center (although
prospective) observational study, thus re-
ducing its precision. Second, only a relatively
small number of patients were included in
the study. However, the number of patients
was comparable with previously report-
ed studies and the follow-up periods were
long enough. Larger multicenter studies
should be performed to better assess the
changes in angiogenesis factors after TARE
in HCC patients. Third, the only anti-angio-
genesis factor levels evaluated were Ang-2.
Since the cascade is a balance mechanism,
angiogenesis and anti-angiogenesis factors
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should be analyzed together to evaluate the
angiogenesis response. Fourth, patients with
tumor thrombus were included in this study,
whereas Lewandowski et al.'* stated that
the angiogenesis response due to chronic
hypoxia might be affected in patients with
tumor thrombus. However, in the presented
study, changes in the angiogenesis factor
levels and not absolute angiogenesis fac-
tor levels were emphasized. Therefore, the
chronic hypoxia effect due to tumor throm-
bus can be ignored. Fifth, as all patients re-
ceived segmental treatment, it was not pos-
sible to compare the effects of the lobar and
segmental approaches. Segmental therapies
would cause more embolic impact and high-
er radiation doses. In theory, then, growth
factor upregulation would be higher in those
patients. Last, only resin microspheres were
used, characterized by higher particle vol-
ume, larger particle size, and lower specific
activity. Comparative studies of resin vs. glass
microspheres are therefore needed.

In conclusion, the angiogenesis response
after TARE with Yttrium-90 occurs among
HCC patients. Short-term changes in angio-
genesis factor levels fluctuate with different
amplitudes at different times. Assessing the
changes of VEGF-A after TARE may help with
the early identification of non-responders to
the treatment. Gradual changes in the angio-
genesis factor values, rather than instanta-
neous changes, are more valuable for evalu-
ating the angiogenesis response after TARE.
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ABSTRACT

The purpose of this study was to determine whether retention of a post-pyloric Dobhoff tube
(DHT) in position to serve as a visual guide through the pylorus during gastrojejunostomy (GJ)
tube placement results in a reduction in fluoroscopy time, procedure time, and estimated radiation
dose. A retrospective study evaluated patients who underwent GJ tube placement or gastric to GJ
conversion from January 1, 2017, to April 1, 2021. Demographic and procedural data were collect-
ed, and results were evaluated using descriptive statistics and hypothesis testing through an un-
paired Student'’s t-test. Of the 71 GJ tube placements included for analysis, 12 patients underwent
placement with a post-pyloric DHT in position, and 59 patients underwent placement without a
post-pyloric DHT in position. The mean fluoroscopy time and estimated radiation dose were signifi-
cantly reduced in patients who underwent GJ tube placement with a post-pyloric DHT in position
compared with those without (7.08 min vs. 11.02 min, P = 0.004; 123.12 mGy vs. 255.19 mGy, P =
0.015, respectively). The mean total procedure time was also reduced in patients who underwent GJ
tube placement with a post-pyloric DHT in position compared with those who had no post-pyloric
DHT, but this finding lacked statistical significance (18.55 min vs. 23.15 min; P = 0.09). Post-pyloric
DHT retention can be utilized during GJ tube placement to reduce radiation exposure to both the
patient and interventionalist.

KEYWORDS
Dobhoff tube, flouroscopy, gastrojejunostomy, radiation, time

nteral tube feeding via gastric or jejunal routes is an effective method for patients un-

able to tolerate oral alimentation. When indicated, gastrostomy (G) tube placement is

typically the initial intervention at our institution due to physiologic benefits, ease of
placement, and low cost. Patients unable to tolerate gastric feeding require post-pyloric en-
teral feeding via a gastrojejunostomy (GJ) tube. Additionally, patients initially fed via a G tube
may require radiographic conversion to a GJ tube when determined to be at high risk for
aspiration, as feeding from the jejunal position has been shown to reduce the risk of reflux.’?
At our institution, interventional radiologists perform GJ tube placement and G to GJ conver-
sion using fluoroscopic guidance. The principal technical challenge of these procedures lies in
the navigation of the guidewire and catheter past the pylorus, accounting for approximately
half the total fluoroscopy time in previous studies.* Many patients needing GJ tube place-
ment present with a post-pyloric Dobhoff tube (DHT) in place, but this tube is often removed
or retracted before GJ tube placement. Occasionally, the DHT is retained in its post-pyloric
position, where it functions as a direct visual guide for pyloric access intra-procedurally. The
purpose of this study is to investigate if post-pyloric DHT retention during GJ tube placement
results in a reduction of fluoroscopy time, procedure time, and radiation exposure.

Technique

The medical records of patients who underwent GJ tube placement or G to GJ conver-
sion from January 1, 2017, to April 1, 2021, were reviewed. The inclusion criteria of this study
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were procedures performed by one of seven
fellowship-trained, board-certified interven-
tional radiology attending physicians alone
or with the assistance of an experienced
radiology physician assistant. Exclusion cri-
teria were patients who underwent GJ tube
exchanges, patients with abnormal gastro-
intestinal anatomy, insufficient imaging, or
procedures performed by medical residents
or fellows under the supervision of the at-
tending physician. Demographic and proce-
dural data were collected from the patients’
charts, Picture Archiving and Communica-
tion System, and procedural flowsheets. Pro-
cedural data extracted included procedure
type, the presence or absence of a post-py-
loric DHT during GJ tube placement, total
fluoroscopy time, total procedural time, and
estimated radiation dose measured in mean
air kerma. Results were evaluated using de-
scriptive statistics and hypothesis testing
through an unpaired Student’s t-test.

Procedural Technique

Various techniques for GJ tube placement
exist; however, the primary technical points
remain uniform for each. The indwelling DHT
was retained in its post-pyloric position, and
a nasogastric tube was placed for gastric
insufflation (Figure 1). Two T-fasteners were
inserted into the stomach after administer-
ing a local anesthetic, and the position of
each T-fastener was confirmed with contrast
injection. An 18-gauge needle was inserted
into the stomach between the two T-fasten-
ers, and the position was confirmed with
contrast. A stiff angled glide wire (Terumno
Medical Inc., Somerset, New Jersey) was then
inserted into the needle and manipulated
into the distal duodenum/proximal jejunum
using intermittent fluoroscopy and the in-
dwelling post-pyloric DHT for visual guid-
ance through the pylorus. The tract was then
serially dilated to the appropriate diameter,
and a peel-away sheath was placed. Subse-

* A significant percentage of fluoroscopic
usage during gastrojejunostomy (GJ) tube
placement is for obtaining pyloric access.

* Many patients presenting for GJ tube place-
ment have a post-pyloric Dobhoff tube
(DHT) already in position; however, this tube
is typically retracted into the gastric lumen
or removed entirely pre-procedure.

* Retention of a post-pyloric DHT as a visual
guide through the pylorus during GJ tube
placement can be safely implemented to
reduce procedural fluoroscopy time and ra-
diation exposure.

quently, a balloon GJ catheter was inserted
into the distal duodenum/proximal jejunum
(Figure 2). Post-placement imaging was per-
formed with contrast injection through the
port to confirm satisfactory positioning.

Results

Between 2017 and 2021, 237 GJ tube
placements were examined for study eli-
gibility. Of these placements, 133 were ex-
cluded from analysis for being performed
by resident physicians or fellows under at-
tending physician supervision, as procedur-
al inexperience could confound the analysis
of time variables. An additional 22 proce-
dures were identified as GJ tube exchanges
and excluded from analysis, as exchanges
performed over a guidewire do not require
increased fluoroscopic usage. Seven proce-
dures were excluded from analysis due to
abnormal patient gastrointestinal anatomy
that would confound the analysis of time
variables. Four procedures were excluded
due to insufficient imaging. The remaining
71 procedures were included in the study
analysis (Table 1). The mean air kerma levels
were unavailable for 15 patients in the non-
DHT group.

The mean fluoroscopy time was signifi-
cantly reduced in patients who underwent
GJ tube placement with a post-pyloric DHT
in position compared with those without
(Table 2). The mean estimated radiation dose
measured in air kerma was significantly re-
duced in patients who underwent GJ tube
placement with a post-pyloric DHT in po-
sition compared with those without (Table
2). The mean total procedure time was also
reduced in patients who underwent GJ tube
placement with a post-pyloric DHT in po-
sition compared with no post-pyloric DHT.

Figure 1. Initial procedural fluoroscopic imaging
confirming the presence of a nasogastric tube in
the stomach (dashed arrow), and a Dobhoff tube
retained in the distal duodenum (solid arrow).

However, this finding lacked statistical signif-
icance (Table 2).

Discussion

There was a greater than 35% reduc-
tion in average fluoroscopy time during GJ
tube placement when a DHT was retained
intra-procedurally for pyloric visualization,
which corresponded to significantly reduced
radiation exposure to both patient and in-
terventionalist. Although there was an ob-
served decrease in total procedure time in
the group with a post-pyloric DHT in position
during GJ tube placement, this was not sta-
tistically significant, primarily due to statisti-
cal underpowering. Further, a component of
human error exists in procedural time-keep-
ing; however, this is not a factor for fluorosco-
py time, which is strictly tracked by the fluo-
roscopic equipment during each procedure.
Therefore, the total procedure time is subject
to slight variation and is not a strict reflection
of the actual time the operator spent in the
procedure room.

The most common reason for DHT retrac-
tion during primary GJ tube placement is
gastric insufflation use. The tube may also be
removed entirely due to operator preference,
with the concern that an additional tube
across the duodenum may impede the larg-
er caliber feeding tube following the same
course. However, this described technique
allows for gastric insufflation without neces-
sitating DHT retraction, and post-procedural-
ly the DHT may be removed to alleviate any
concern about GJ tube impediment.

Previously, the use of metoclopramide
(Reglan) and domperidone (Motilium) have
been studied as potential adjunctive tech-
niques during GJ tube placement to facilitate

Figure 2. Procedural

fluoroscopic
demonstrating successful gastrojejunostomy tube
placement (dashed arrow) along a tract parallel to
the retained post-pyloric Dobhoff tube (solid arrow).

imaging
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Table 1. Patient characteristics

Cohort Size Mean age (years) Gender distribution

Post-pyloric DHT n=12 43.6 4 male, 8 female

No post-pyloric DHT n=>59 50.7 29 male, 30 female

DHT, Dobhoff tube.

Table 2. Procedural characteristics

Mean Post-pyloric DHT, No post-pyloric DHT, P
n=12(SD) n =59 (SD)

Fluoroscopy time (min) 7.08 (2.34) 11.02 (9.73) 0.004

Procedure time (min) 18.92 (7.19) 23.25(18.32) 0.094

Air kerma (mGy) 123.11 (88.42) 255.19 (358.08) 0.015

DHT, Dobhoff tube; SD, standard deviation.

post-pyloric access due to their motility-en-
hancing pharmacologic properties.*” Our ap-
proach does not require medication admin-
istration, as these medications contribute to
an increased risk of drug-drug interactions
and other adverse events, such as neurologic
dysfunction.®® This novel technique employs
the post-pyloric DHT as a direct visual guide
to the pylorus and for dilatation of the pyloric
lumen, enabling faster and easier guidewire
advancement.

Limitations of this study include a small
sample size in the group with a post-py-
loric DHT in position during GJ tube place-
ment since this review was performed at a
high-volume academic institution, where
training residents and fellows place most
GJ tubes under attending physician super-
vision. Some patients in the non-DHT group
may have had previous failures at post-py-
loric tube placement due to anatomic or
physiologic factors, which could confound
the observed prolonged fluoroscopy time in

the non-DHT group. Additionally, mean air
kerma levels were unavailable for 15 patients
in the non-DHT group. Therefore, the group’s
true mean air kerma may be subject to slight
variation. Finally, this was a single-institution
study, and there is a risk of sampling bias.

In conclusion, this method can be safely
implemented as an adjunctive technique
to reduce fluoroscopic usage and radiation
dose during GJ tube placement. Because
many patients presenting for GJ tube place-
ment already have a post-pyloric DHT, this
method provides benefits without requiring
a significant change in procedural steps. This
method can be applied to a broad patient
population but shows particular promise for
its use in populations where radiation expo-
sure has to be strictly limited.
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Utility of intra-procedural cone-beam computed tomography imaging
for the determination of the artery of Adamkiewicz suspected by
angiography during transarterial embolization for hemoptysis

Qingmeng Zhang

Jijun Li PURPOSE

Guanahui He To evaluate the role of cone-beam computed tomography (CT) performed for the determination of
g the artery of Adamkiewicz (AKA) suspected by angiography during trans-catheter bronchial artery

Jun Tang embolization for hemoptysis.

Guodong Zhang

METHODS

In this retrospective study, 17 patients with hemoptysis who underwent cone-beam CT for evalu-
ation of the AKA prior to arterial embolization from December 2014 to March 2022 were included.
During the angiographic session, two interventional radiologists selected the possible AKAs that
were defined as obscured hairpin-curved vessels arising from the dorsal branch of the intercos-
tal arteries and running towards the midline in the arterially enhanced phase. Contrast-enhanced
cone-beam CT was performed as an adjunct to angiography to determine whether the indefinite
AKA was a real AKA based on whether it was found to connect to the anterior spinal artery.

RESULTS

Selective cone-beam CT was performed at 17 possible AKAs detected by selective arteriogram
of the intercostal artery (ICA). Cone-beam CT allowed for the determination of AKAs in 16 cases
(94.1%). As a result of cone-beam CT findings, 9 of 16 study arteries (56.3%) were judged as definite
AKAs, and the remaining 7 (43.7%) were judged as definitely not AKAs but as the musculocutane-
ous branching from the dorsal branch of the ICA. In 1 of 17 cases (5.9%), cone-beam CT could not
determine the AKA because of poor image quality caused by inadequate breath holding. An addi-
tional anterior radiculomedullary artery arising from the dorsal branch of the lower ICA because
of the inflow of the contrast medium through the anastomosis was detected in one case by cone-
beam CT but not by angiography.

CONCLUSION

Intraprocedural enhanced cone-beam CT performed as an adjunctive technique to angiography is
sufficient for confident determination of the AKA, which is essential for the operators to perform
accurate and safe arterial embolization for hemoptysis.
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When BAE is performed, the spinal cord
blood supply must be considered. The most
serious complications associated with BAE
are iatrogenic spinal cord ischemia or para-
plegia, which are more often related to the
inadvertent embolization of the artery of
Adamkiewicz (AKA), also known as the dom-
inant anterior radiculomedullary artery.?
Therefore, accurate identification of the AKA
is paramount during BAE.

Anatomically, the AKA is a small artery
(caliber 0.5-1.5 mm) that branches from the
dorsal branch of the segmental artery (either
the ICA or the lumbar artery), ascends to the
spinal cord surface, makes a classic “hairpin”
arch, then connects to the anterior spinal ar-
tery (ASA).** Digital subtraction angiography
is the main imaging modality used during
BAE and is also considered the gold standard
technique for detecting the AKA because of
its high spatial resolution.®” Due to the ana-
tomic features of the AKA, the widely used
detection criteria of the AKA by selective
segmental arterial angiography is the pres-
ence of a characteristic hairpin-curved ves-
sel leading to the ASA.8° However, previous
studies have potentially revealed that angi-
ography alone was inadequate to visualize
the AKA.'015

During BAE, in the present study, al-
though selective angiography of the cath-
eterized ICA sometimes demonstrated an
obscured hairpin-curved vessel running to-
wards the midline, it was impossible to con-
firm whether this connected to the ASA. In
these cases, whether it was a real AKA could
not be determined from the angiography im-
ages due to the low contrast resolution and
the two-dimensional projection. Therefore,
imaging modalities with increased contrast
resolution and multiple-dimensional projec-
tion were required when angiography was
insufficient to visualize the minute vessels.

* Accurate identification of the artery of
Adamkiewicz (AKA) is important during
bronchial artery embolization for the man-
agement of hemoptysis.

* It was very difficult to determine whether
the possible arteries of Adamkiewicz were
real based on single planar angiography im-
ages alone.

+ Cone-beam computed tomography is suf-
ficient to provide adequate information for
the confident determination of arteries of
AKA during arterial embolization for mas-
sive hemoptysis.

Intraprocedural cone-beam computed
tomography (CT) can provide CT-like images
in multiple viewing planes, while eliminating
the need to move the patient to the CT room
and allow contrast injection into catheter-
ized vessels to offer more subtle vascular and
soft tissue information than angiography.
Moreover, cone-beam CT provides higher
soft-tissue attenuation resolution than an-
giography.'®'® Therefore, the present study
incorporates intraprocedural cone-beam CT
as an adjunct to angiography for the identifi-
cation of an AKA suspected by angiography.

Methods

Study population

This retrospective study was approved
by the institutional review board (decision
number of ethics committee approval: JN-
2014010021), and informed consent was ob-
tained from each patient or patient’s family.

From December 2014 to March 2022, 279
consecutive patients who experienced mas-
sive or moderate hemoptysis underwent
BAE in the department of interventional
radiology. Seventeen of the 279 patients
(6.1%) who underwent cone-beam CT for
evaluation of an AKA were included in the
present study. The mean age of the 17 pa-
tients (13 men, 4 women) was 56.3 years
(range 32-87 years).

Angiography technique and embolization

All the interventional procedures were
performed by two experienced radiolo-
gists with 11 and 19 years of experience,
respectively. Patients underwent BAE in an
interventional angiography suite (Artis Zee;
Siemens Healthcare, Germany) equipped
with the cone-beam CT option with contin-
uous hemodynamic monitoring. The inter-
vention was performed under local anes-
thesia through the right-side transfemoral
approach. First, a 4FR Cobra (Cook, USA) or
Simmons catheter (Cordis, USA) was used
to catheterize the bronchial arteries and
non-bronchial systemic collaterals. During
this step, a coaxial microcatheter (Progreat
2.7F, Terumo, Japan or Stride 2.6F, Asahi
Intecc, Japan) used for selective catheter-
ization was useful but not mandatory. The
following angiography using a nonionic io-
dinated contrast medium (lodixanol, 320 mg
I/mL; GE Healthcare, USA) was performed to
localize the bleeding site.

A bleeding vessel was defined as a vessel
with abnormal angiographic appearances of
bronchial or peribronchial hypervascularity,
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contrast extravasation, arterial enlargement,
systemic—to—pulmonary artery or venous
shunting, aneurysms or pseudoaneurysms,
vessel cut-off, or tortuosity of the bronchial
artery. Then embolic agents were injected
into the bleeding vessels under continuous
fluoroscopic guidance to the point of stasis
of flow without reflux. The embolic agents
were 300-500 pum-sized polyvinyl alcohol
particles (Cook, USA).

Protocol to avoid inadvertent emboliza-
tion of the artery of AKA.

Of note, when a bleeding bronchial ar-
tery branching from the intercostobronchi-
al trunk was visualized during angiography,
highly selective catheterization of the bleed-
ing bronchial artery was performed with a
microcatheter advancing distally beyond
the intercostal branch prior to embolization
to avoid reverse flow that may potentially
branch off an AKA.

In embolization occurs in the bleeding
ICA, care must be taken to ensure whether
there is an AKA arising from the ICA detected
on pre-embolization angiography. The typi-
cal angiographic sign of an AKA is the pres-
ence of a hairpin-curved vessel branching
from the dorsal branch of the ICA and con-
necting to the ASA in the arterially enhanced
phase (Figure 1). Once an AKA is visualized
during selective angiography of the bleeding
ICA, the embolization in that ICA should be
abandoned.

Figure 1. Intraprocedural images of a 45-year-old
male patient. Selective angiography of the right
tenth intercostal artery (ICA) clearly demonstrated
a hairpin-curved vessel (arrow) originating from
the dorsal branch of the ICA and connecting to the
anterior spinal artery (dotted arrow) in the arterially
enhanced phase. This hairpin-curved vessel was
considered as an artery of Adamkiewicz. The sign of
distal hypervascularity (dotted circle) indicated the
ICA was involved in bleeding.
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Cone-beam computed tomography protocol

During selective angiography of a bleed-
ing ICA, a possible AKA was defined as an
obscured hairpin-curved vessel arising from
the dorsal branch of the ICA and running to-
ward the midline in the arterially enhanced
phase. Although possible AKAs were sus-
pected from the morphologic“hairpin curve,”
it was very difficult to confirm the presence
or absence of the ASA and to confirm wheth-
er the possible AKA connected to the ASA
based on the obscured angiographic sign.
Thus, whether the possible AKA was a real
AKA could not be determined based on the
angiography images alone. Selective cone-
beam CT was performed when the afore-
mentioned two interventional radiologists
simultaneously confirmed the presence of a
possible AKA.

Selective cone-beam CT was performed
at the catheterized ICA with 6-9 mL of 100%
contrast medium injected automatically at
a rate of 2-3 mL/s according to the ICA di-
ameter for 3 s with an imaging delay of 2 s.
For each cone-beam CT scan, images were
acquired during an 8s acquisition time, cov-
ering a 208° clockwise rotation. The region of
interest was positioned covering the dorsal
portion of the aorta from which the ICA rose
and the proximal portion of the ICA from
which the possible AKA originated. Multi-
planar reformation images were reviewed by
using 2-mm-thick slices, and three-dimen-
sional visualization was obtained on a ded-
icated workstation (Leonardo with DynaCT;
Siemens Healthcare, Germany).

Image analysis criteria

The two interventional radiologists inde-
pendently viewed the angiography images
and corresponding arterial cone-beam CT
images using the paging method to (1) con-
firm the presence or absence of the ASA,
which was defined as a contrast-enhanced
vessel on the anterior spinal cord surface,
running in the cranio-caudal direction de-
tected on the oblique coronal images or as
a dot enhancement continuing cranio-cau-
dally detected on the axial images; (2) con-
firm or exclude the connection between the
study artery and the ASA using the oblique
coronal or axial images in the cases in which
the ASAs were present; and (3) track the tra-

jectory, distribution, and termination of the
study artery using axial images in the cases
in which the ASAs were absent.

The study artery was determined by the
consensus of the two interventional radiol-
ogists using the uniform diagnostic criteria
as follows: (1) the study artery was judged
as definitely an AKA or definitely not an AKA
based on whether it was found to connect
to the ASA; and (2) among the study arter-
ies that were judged as definitely not AKAs,
a study artery was further considered as a
musculocutaneous branch when it ran to-
ward and terminated in the dorsal erector
spinae muscle and skin without entering
the intervertebral foramen or spinal cord en-
hancement.

The anatomic level of the ICA was defined
as the level of the rib below which the ICA
ran. The level of the rib was determined by
fluoroscopic examination.

Discrepancies in the evaluations were
resolved by consensus. Whether to per-
form embolization at the bleeding ICA that
branched a possible AKA was determined
by the cone-beam CT findings as follows: (1)
embolization was performed at the bleeding
ICA that branched where there was definite-
ly not an AKA, as judged by cone-beam CT
acquisitions; (2) embolization was not per-
formed at the bleeding ICA that branched off
a definite AKA, as judged by cone-beam CT
acquisitions; and (3) embolization was not
performed at the bleeding ICA that branched
off a possible AKA that was indeterminate
from the cone-beam CT.

Results

During the angiographic session, a total of
17 possible AKAs in 17 patients were detect-
ed by selective ICA angiography. Selective
cone-beam CT was performed for the ICAs
with a total of 17 cone-beam CT acquisitions.

Cone-beam CT allowed for the determi-
nation of AKAs in 16 of the 17 cases (94.1%).
In one case (5.9%), cone-beam CT did not al-
low for the determination of an AKA because
of the poor image quality caused by inade-
quate breath holding.

As a result, 9 of 16 study arteries (56.3%)
were judged as definite AKAs (Figure 2). In
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these nine cases, both the ASA and the con-
necting AKA were clearly shown on the cone-
beam CT images. The AKA was seen to orig-
inate from the left seventh ICA in one case,
the left eighth ICA in one case, the left ninth
ICA in three cases, the left tenth ICA in two
cases, the left eleventh ICA in one case, and
the right ninth ICA in one case. The remain-
ing seven study arteries (43.7%) were judged
as definitely not AKAs and were further con-
sidered as musculocutaneous branches from
the dorsal branch of the ICA (Figure 3). In all
cases, there was an agreement between the
two interventional radiologists.

In one case in which the study artery was
judged as a definite AKA, one additional
vessel was observed in the cone-beam CT,
because of the inflow of the contrast medi-
um through the anastomosis, that originat-
ed from the dorsal branch of the lower ICA
and ran straight towards the midline. This
additional vessel was also evaluated by the
two interventional radiologists. As a result,
this vessel without the morphologic “hairpin
curve” was found to connect to the ASA. Due
to the presence of a confirmed AKA (i.e., the
dominant anterior radiculomedullary artery),
this additional vessel was considered as an-
other anterior radiculomedullary artery by
the consensus of the two interventional ra-
diologists (Figure 2). This was in contrast to
the angiography, where this anterior radicu-
lomedullary artery was not detected.

The abnormal angiographic appearances
of bleeding ICAs were systemic-to—pulmo-
nary artery shunting in 13 cases (76.5%) and
marked hypervascularity in 4 cases (23.5%).
An abnormal angiographic appearance of
contrast extravasation was not found. Ac-
cording to the aforementioned embolization
protocol at the bleeding ICA, embolization
was performed at the seven bleeding ICAs
that branched off where there was defi-
nitely not an AKA, as judged by the cone-
beam CT acquisitions. Embolization was not
performed at the nine bleeding ICAs that
branched off the definite AKAs, as judged by
the cone-beam CT acquisitions, and at one
bleeding ICA that branched off a possible
AKA that was indeterminate by cone-beam
CT.
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Figure 2. (a-d) Intraprocedural images of a 66-year-old female patient. Selective angiography (a) of the
left eighth intercostal artery (ICA) (thick arrow) demonstrated the ICA branching off an obscured hairpin-
curved vessel (thin arrow) that ran towards the midline in the arterially enhanced phase. This obscured
hairpin-curved vessel was barely recognizable with very careful observation and was determined by two
interventional radiologists to be a possible artery of Adamkiewicz (AKA). The sign of systemic-to—pulmonary
artery shunting (dotted circle) indicated the ICA was involved in bleeding. The corresponding contrast-
enhanced oblique coronal cone-beam computed tomography (CT) images (b, c) of the left ICA clearly
demonstrated the hairpin-curved AKA (arrow in b, ) connecting to the anterior spinal artery (ASA) (dotted
arrow in b, c) and the presence of an additional anterior radiculomedullary artery (thick arrow in c) that
originated from the dorsal branch of the left ninth ICA (curved arrow in c) because of the inflow of contrast
medium through the anastomosis, which was not detected on angiography. The corresponding contrast-
enhanced axial cone-beam CT image (d) of the left ICA demonstrated the ASA, which was considered as a
dot enhancement (arrow) continuing cranio-caudally on the anterior spinal cord surface.

In this study’s department, intraprocedural
cone-beam CT was routinely used as an ad-
junct to angiography during BAE for hemop-
tysis. In the experience of BAEs, most patients

Discussion

Cone-beam CT images allow the users to
“page through” different planes of images to

confirm the accurate correlation of the target
vessel with the adjacent vessels and soft-tis-
sue structures. They also allow contrast in-
jection into catheterized vessels to provide
more subtle vascular and soft tissue infor-
mation, which is instrumental in improving
the visualization of the selected vessel or
structure within a region of interest. There-
fore, cone-beam CT has been widely used,
especially when the target vessel or structure
is invisible or cannot be visualized on angi-
ography.’#?°

received selective embolization in multiple
bleeding vessels, including bronchial and
non-bronchial systemic arteries. The present
study reports the usefulness of cone-beam
CT performed as an adjunctive technique
to angiography for the determination of the
feeding vessels responsible for hemoptysis.?'

With the anatomic complexity and small
vessel size of the AKA anatomy, one of the
most important challenges in performing
BAE is the pre-embolization identification
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of the AKA. According to the experience of
BAEs, the AKAs were sometimes too small or
obscured to be identified confidently. The
possible reasons for the inability to visualize
the AKAs by angiography were as follows: (1)
the AKA caliber was sometimes very small,
(2) the AKA was surrounded by high-density
osseous formations that sometimes inter-
fered with the recognition of the AKA and its
connection with the ASA, and (3) the pres-
ence of the other dorsal branches of the seg-
mental artery sometimes curving similarly
toward the spinal cord in the anteroposterior
view made the AKA less visible. In the pres-
ent study, all the definite AKAs, as judged by
cone-beam CT, were obscured on angiog-
raphy and were therefore easy to overlook.
Furthermore, an additional anterior radiculo-
medullary artery in one case was visualized
by cone-beam CT but was not detected on
angiography. These findings are consistent
with previous studies in which some AKAs
or spinal artery feeders were detected by
CT but were invisible on arteriography.'®'3
Thus, it is believed the cone-beam CT may be
incorporated as a substitute for angiography
to identify the AKAs or the fine spinal artery
feeders. It is believed that the application of
cone-beam CT used in the evaluation of the
AKA anatomy has not been reported previ-
ously in the literature. Therefore, the present
study describes the outcome of cone-beam
CT incorporated as an adjunct to angiogra-
phy for the determination of AKAs.

In the present study, when selective
contrast-enhanced cone-beam CT was per-
formed, undiluted contrast medium and only
the arterial cone-beam CT scan images were
used. A clear visualization of arterial anatomy
was desired, and the identification of an AKA
was based on arterially enhanced images.

In the present study, cone-beam CT al-
lowed for the visualization of the ASA and
its connection with an AKA, and this enabled
the determination of AKAs that were sus-
pected by angiography in most cases. As a
result of cone-beam CT, 43.7% of possible
AKAs were judged as definitely not AKAs but
as musculocutaneous branches. The poten-
tial reason for the high ratio of vessels judged
as definitely not AKAs may be that some an-
giographic signs might be artifacts resulting
from inadequate breath holding or the sur-
rounding high-density osseous formations.
Another reason may be that cone-beam CT
can provide higher contrast resolution than
angiography.

The disadvantages of incorporating the
contrast-enhanced cone-beam CT includ-

Zhang et al.



Figure 3. (a-d) Intraprocedural images of a 69-year-old male patient. Selective angiography (a) of the left
seventh intercostal artery (ICA) (dotted arrow) demonstrated the ICA branching off an obscured hairpin-
curved vessel (arrow) running towards the midline in the arterially enhanced phase. This obscured hairpin-
curved vessel was determined by two interventional radiologists to be a possible artery of Adamkiewicz
(AKA). The sign of systemic-to—pulmonary artery shunting (dotted circle) indicated the ICA was involved in
bleeding. The corresponding contrast-enhanced oblique coronal cone-beam computed tomography (CT)
image (b) and the three-dimensional volume-rendered image (c) from the contrast-enhanced cone-beam
CT of the ICA clearly demonstrated the possible AKA (arrow) and the absence of the anterior spinal artery
(ASA). The corresponding contrast-enhanced axial cone-beam CT image (d) of the right ICA demonstrated
the absence of intradural enhancement, which indicated the absence of the ASA, and the possible AKA
(arrow) running toward and terminating in the dorsal muscle and skin without entering the intervertebral

foramen.

ed the additional contrast medium used
and motion artifacts caused by inadequate
breath holding that sometimes interfered
with the image quality. The present study
found that adequate breath holding was
sometimes difficult for patients suffering
from massive or moderate hemoptysis. The
poor image quality of cone-beam CT acquisi-
tion in one case was attributed to inadequate
breath holding.

The present study has four limitations.
First, this paper showed angiography alone
was found to produce false negatives in
43.7% of the cases, indicating that the reli-
ability of angiography alone was low. Thus,
a major limitation was that only suspicious
cases were evaluated by cone-beam CT.

Second, there may have been potential
selection bias due to the retrospective na-
ture of the present study. Third, the sample
size was small in the present study. This
was because cone-beam CT was only per-
formed in the bleeding ICAs that branched
off possible AKAs that were indeterminate
by angiography because at that time se-
lective angiography was widely accepted
as the gold standard technique for iden-
tifying AKAs. Fourth, the exact radiation
dose or procedure time was not measured
because embolization procedures were
performed emergently; therefore, the im-
pact of using cone-beam CT on procedural
duration and radiation doses could not be
determined.

Determination of the artery of Adamkiewicz using intra-procedural cone-beam CT

In conclusion, cone-beam CT performed
as an adjunct to angiography is sufficient
for confident determination of AKAs, which
is essential for the operators to perform ac-
curate and safe embolization during BAE for
hemoptysis.
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PURPOSE
To characterize the artifacts of an 18-gauge coaxial nickel-titanium needle using a balanced steady-
state free precession sequence in magnetic resonance imaging-guided interventions at 3.0 tesla.

METHODS

The influence of flip angle (FA), bandwidth, matrix, slice thickness (ST), and read-out direction on
needle artifact behavior was investigated for different intervention angles (IA). Artifact diameters
were rated at predefined positions. Subgroup differences were assessed using Bonferroni-correct-
ed non-parametric tests and correlations between continuous variables were expressed using the
Bravais—Pearson coefficient. Interrater reliability was quantified using intraclass correlation coeffi-
cients (ICCs), and a contrast-enhanced target lesion to non-enhanced muscle tissue contrast ratio
was quantified.

RESULTS

The artifact diameters decreased with an increase in FA for all IAs (P < 0.001) and with an increase in
ST for 1As of 45°-90° (all P < 0.05). Tip artifacts occurred at low IAs (0°-45°) and gradually increased
in size with a decrease in IA (P = 0.022). The interrater reliability was high (ICC: 0.994-0.999). The
contrast-enhanced target lesion to non-enhanced muscle tissue contrast ratio presented positive
correlations with increasing FAs and matrices (P < 0.001; P = 0.003) and a negative correlation with
increasing STs (P = 0.007).

CONCLUSION

To minimize needle artifacts, it is recommended to use FAs of 40°-60°, a ST of >7 mm, and, if pos-
sible, an IA of 45°-60°. The visibility of the target lesion and the needle’s artifact behavior must be
weighed up against each other when choosing the ST, while higher FAs (40°-60°) and matrices (224
X 224/256 x 256) are associated with low artifacts and sufficient lesion visibility.

KEYWORDS
Artifact, interventional, MSK, musculoskeletal, real-time sequence

agnetic resonance imaging (MRI) encompasses excellent characteristics for the im-

age guidance of interstitial interventional procedures, including a lack of ionizing

radiation, high soft tissue contrast, and multiplanar needle guidance with quasi-si-
multaneous acquisition of two or three orthogonal, oblique slices in near real-time.'® In prac-
tice, MRI-guided interventions are performed in clinical routines involving a wide range of
body regions with a primary focus on the tissues of organs for which MRl is superior to other
imaging modalities, such as the liver, prostate, breast, or spine.®'* However, interventions
of peripheral joints for, for example, the purpose of biopsy extraction, are still most likely to
be ultrasound-guided, with MRI-guidance of musculoskeletal interventions beyond the spine
rarely performed. Nevertheless, there exist a number of approaches that have trialed real-time
dynamic MRI in the field of musculoskeletal imaging. For example, Bayer et al.” demonstrated
that dynamic visualization of the finger anatomy during a full range of motion can be ob-

You may cite this article as: Schmidt VF, Dietrich O, Seidensticker M, et al. Artifact characterization of Nitinol needles in magnetic resonance imaging-guided
musculoskeletal interventions at 3.0 tesla: a phantom study. Diagn Interv Radiol. 2023;29(5):719-732.
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tained by using a balanced steady-state free
precession (bSSFP) sequence.

To be MR-compatible and to ensure a safe
procedure for the patient and the performing
interventionalist, biopsy needles are made of
alloys that cause minimal interference with
the outer magnetic field, such as nickel-ti-
tanium (Nickel Titanium Naval Ordnance
Laboratory; Nitinol), titanium, glass fiber,
or steel.’® However, needle artifacts, which
mostly present as low intensity signals in the
region around the needle’s shaft or tip, can-
not be completely excluded and can impair
accurate visualization of both the needle and
the needle-to-target distance. To successful-
ly perform MRI-guided interventions with
reliable target localization for musculoskel-
etal issues at 3.0 tesla (T) units, a thorough
understanding of needle artifact behavior
is crucial, regardless of the intended biopsy
site. The artifact size is influenced by different
parameters, which are either related to the
individual composition of the needle, such
as the alloy, the diameter, and the length, or,
to different MRI-related parameters, such as
the orientation of the intervention angle (IA)
in relation to the static magnetic field (B),
the strength of the B field, or the pulse se-
quence type.>'%'722 Therefore, it is important
to reassess the technical and methodological
fundamentals of musculoskeletal MRI-guid-
ed interventions at 3.0 T. This is, on the one
hand, because 3.0 T interventional MRI is
more demanding in terms of safety and ar-
tifact behavior than interventions at lower
fields (e.g., at 1.5 T) and on the other hand,
because it can provide rewarding superior
image quality when considering important
aspects in acquisition parameter selections.

* The use of a flip angle (FA) of 40°-60° and a
slice thickness (ST) of 10-17 mm minimized
the needle artifacts while maintaining the
best possible visualization of the coaxial
intervention needle in this musculoskeletal
phantom study at 3.0 tesla. To find a com-
promise, since the ST should not be set too
thick to ensure accurate needle placement
during the procedure, we ultimately recom-
mend an ST of >7 mm in clinical practice.

* In addition, if possible, the intervention an-
gles should be 45°-60° to specifically avoid
tip artifacts.

* The visibility of the target lesion and the
artifact behavior of the intervention nee-
dle must be weighed up against each oth-
er when choosing the ST, while higher FAs
(40°-60°) and matrices (224 x 224/256 x
256) were associated with both low needle
artifacts and sufficient target lesion visibility.

This paper presents a systematic investi-
gation of the artifact behavior of an 18-gauge
(G) commercially coaxial Nitinol needle as a
function of the IA and sequence parameter
variations using a bSSFP sequence in a mus-
cle phantom model at 3.0 T. The study aims
to characterize artifact formation during
clinical MRI-guided high-field interstitial in-
terventions, providing valuable guidance for
musculoskeletal tissue biopsies.

Methods

Image acquisition

The MRI process was performed using a
closed-bore 3.0 T unit (MAGNETOM Vida, Sie-
mens Healthineers, Erlangen, Germany) with
a system length (cover-to-cover) of 186 cm
and a bore diameter of 70 cm. The gradient
system had a maximum gradient strength of
60 mT/m and a slew rate of 200 T/m/s. The
MRI protocol was based on an interventional
real-time fluoroscopic bSSFP pulse sequence
with true fast imaging with steady-state
free precession (TrueFISP) contrast (“Nee-
dle Intervention Add-in” package, Siemens
Healthineers, Erlangen, Germany). This pulse
sequence allows for visual real-time updates
and interactive graphical modification of the
slice geometry during imaging. A four-chan-
nel flex coil (Siemens Healthineers, Erlangen,
Germany) with a weight of 550 g (516 x 224
mm) was used as the receive coil.

Ethics committee approval was waived
for this study due to the exclusively experi-
mental study design without any animals or
patients being involved.

Bovine muscle phantom model

A bovine muscle phantom model with
a weight of 5.925 kg, a length of 33 cm, a
width of 24 cm, a height of 13 cm, and a
maximum transverse diameter of 53 cm
was used. As expected, the bovine muscle
phantom model had an MRI signal inten-
sity comparable to that of human skeletal
muscle. The complete scan series could be
performed using the same model, ensuring
comparability of the results. Before plac-
ing the needles, 0.5 mL of 1.0 mmol/mL
gadolinium (Gadovist®, Bayer AG, Leverku-
sen, Germany) diluted at 1:1000 in 0.9%
sodium-chloride (B. Braun, Melsungen,
Germany) was applied in a 1.0-mL syringe
(B. Braun, Melsungen, Germany) centrally
into the muscle phantom by using a 20-G
Nitinol needle (ITP, Innovative Tomography
Products GmbH, Bochum, Germany) to sim-
ulate a contrast-enhanced target lesion at
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the center of the muscle tissue specimen.
Thereafter, a total of seven MR-compatible
coaxial Nitinol needles (as described below)
were positioned at 0°, 15°, 30°, 45°, 60°, 70°,
and 90° relative to the B, field using the
“entry and target points function” within
the real-time fluoroscopic MRI software to
guarantee an exact and parallel position of
the needles in the B, field (2° accepted devi-
ation). The experimental setup is shown in
Figure 1.

Magnetic resonance-compatible inter-
vention needle

A commercially available MR-compati-
ble coaxial Nitinol needle (ITP, Innovative
Tomography Products GmbH, Bochum,
Germany) with a size of 18G (outer diame-
ter: 1.25 mm, length: 150 mm, standardized
facet cut) was investigated.

Scan series

The phantom was positioned in the iso-
center of the XZ plane using the light visor
of the MR tomograph. The influence of the
following five parameters was investigated
as a function of the IA on artifact formation:
flip angle (FA), receiver bandwidth (BW),
matrix, slice thickness (ST), and read-out di-
rection. The IA (the needle angle relative to
the B, field) varied from 0°~90° (0°, 15°, 30°,
45°,60° 75° and 90°). As one parameter was
modified, the others remained constant
with the following predefined settings. The
matrix was fixed to 128 x 128 voxels, which
was a compromise between acquisition
time and spatial resolution. Echo time (TE)
and repetition time (TR), which yield an in-
fluence on acquisition time, were set to a
minimum (TE: 1.71 ms, TR: 3.42 ms) as fixed
parameters, resulting in an acquisition time
of 461 ms per plane. The field of view was
uniformly set to 300 x 300 mm?2. The pre-
defined setting was 50° for the FA, 930 Hz/
pixel for the BW, and 10 mm for the ST. The
fixed read-out direction was right to left. An
overview of the default settings is provid-
ed in Supplementary Table 1. Starting with
these default settings, each of the parame-
ters mentioned above was modified, as de-
scribed in detail in Supplementary Table 2,
resulting in acquisition times of 346-1.148
ms per plane. For each parameter modifica-
tion, the TrueFISP sequence was performed
in the same manner. Prior to the start of the
fluoroscopic TrueFISP sequence, the correct
angles (accepted deviation of 2°) between
the needles and the B, field and the posi-
tion in the isocenter of the MR scanner were
verified using test sequences.

Schmidt et al.
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Figure 1. Experimental study set-up. (a) Bovine derived muscle phantom model with a 20G Nitinol needle (arrowhead) and linked 1.0-mL syringe for the application
of the sodium chloride-diluted-gadolinium centrally into the muscle tissue and seven 18G coaxial Nitinol needles positioned at 0°, 15°, 30°, 45°, 60°, 70°, and 90°
relative to the static magnetic field (B) field; (b) muscle phantom within the 3.0 T magnetic resonance imaging (MRI) scanner covered by a four-channel flex coil
(asterisk); (c) MRI console illustrating the use of the prototype real-time fluoroscopic MRI software when placing the coaxial needles at defined angles in relation
to the B, field; (d) scan example demonstrating simultaneous acquisition of axial, sagittal, and coronal datasets; (e) axial image illustrating the direction of the B,
field, the simulated contrast-enhanced target lesion at the center of the muscle phantom (small arrow), and the seven coaxial Nitinol needles, which were placed
at defined angles relative to the B field (asterisks). Note the ball-like tip artifact at the needle tips at the 0°-, 15>, 30°-, and 45°-positioned needles (arrowheads). G:

gauge; T, tesla.

Artifact diameter measurement

For image acquisition and evaluation of
the artifact diameter, Visage Imaging soft-
ware (Visage Imaging GmbH, Berlin, Germa-
ny) was used. The artifact diameters were
measured in a standardized plane at two
predefined positions (50% and 25% of the in-
serted needle length measured from the tip
of the needle) for every modification of the
scan series to ensure comparability. If there
was a ball-like tip artifact (IA: 0°, 15°,30°, and
45°), the maximum diameter of this artifact
was determined in the same standardized
plane regardless of its two-dimensional di-
rection of largest extension (Figure 2). The
needle artifacts were measured by two in-
dependent and blinded readers (V.FS. and
S.S.G.) with three and four years of diagnostic
MRI experience, respectively, for each modifi-
cation of the evaluated parameters.

Contrast-enhanced target lesion to non-en-
hanced muscle tissue ratio

For the evaluation of the contrast ratio
of the contrast-enhanced target lesion to
the non-enhanced muscle tissue, regions of

™~

Figure 2. Schematic of the measurement method. The asterisk denotes the hypointense artifact part of the
needle artifact at an intervention angle (IA) of 90° (marked in green). The arrowhead presents the additional
hyperintense artifact rim around the central hypointense needle artifact occurring at flip angles of 10° and
20° (exemplarily marked in blue for the needle that was inserted at an IA of 90°). The ball-like tip artifact,
which occurred at |As of 0°, 15°, 30°, and 45° is exemplarily shaded orange for the needle that was inserted at
an |A of 15°. The three blue lines indicate the measurements of the artifact diameters, first, at two predefined
positions (50% and 25% of the inserted needle length measured from the tip of the needle) for every
modification of the scan series, and second, as the maximum diameter of the ball-like tip artifact regardless

of its two-dimensional direction of largest extension.

interests (ROIs) with a diameter of at least
5 mm? were used to quantitatively assess
corresponding signal intensities (SI). The pri-
mary ROl was placed inside the contrast-en-

hanced target lesion and the second ROI
within the adjacent non-enhanced muscle
tissue at a distance of 20 mm while sparing
visible muscle inhomogeneities. In addition,
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the latter ROI placement was defined at an
identical anatomical depth to the target le-
sion to avoid any potential influence from
surface coil sensitivity profiles. The posi-
tion, size, and shape of the ROIs were kept
almost identical for all measurements. The
contrast-enhanced target lesion to non-en-
hanced muscle tissue contrast ratio (R) was
defined in terms of the following formula
based on the mean Sls in the ROIs:

R=SI /Sl

contrast-enhanced target lesion” ~ non-enhanced muscle tissue

Statistical analysis

Statistical analysis was performed using
dedicated statistics software (SPSS version 26,
SPSS Inc., Chicago, IL, USA). For the descriptive
statistics, the numerical values were presented
as means + standard deviation at 95% confi-
dence intervals. To evaluate the differences
between the modified sequence parameters
in the related samples, the Wilcoxon signed-
rank test (in the case of two values of the
modified parameter) and the Friedman test
(in the case of more than two values) includ-
ing post-hoc testing and Bonferroni multiple
testing correction were used. Furthermore,
possible positive or negative correlations
between the values of the modified param-
eters and the size of the artifact diameter, as
well as the contrast-enhanced target lesion
to non-enhanced muscle tissue contrast ratio
were evaluated. For this purpose, the Bravais-
Pearson correlation coefficient was calculated
and tested for significance on both sides. To
assess the significance of the results, the effect
strength, r, of the Bravais—Pearson correlation
coefficient was additionally presented using
Cohen’s classification (r = 0.10: weak effect, r=
0.30: medium effect, r = 0.50: strong effect). To
determine the differences between the IAs of
the MR-compatible needles as unrelated sam-
ples, the Kruskal-Wallis test was used. To mea-
sure the interrater reliability between the two
blinded readers, the intraclass correlation co-
efficient (ICC) was calculated. A P value of 0.05
was set as the limit of statistical significance.

Results

Intervention angle

The seven |As (0°-90°) exhibited signifi-
cant differences (P < 0.001) in artifact diam-
eters (Figures 3-5), with the artifacts increas-
ing considerably with higher |As, which also
proved to be significant for multiple pair-
wise comparisons (14 pairs) (Supplementary
Table 3). Here, only seven pairwise compari-
sons of stepwise increased IAs did not show
any significant differences (Supplementary
Table 3).

Artifact diameters at 50% and 25% of the
inserted 18G coaxial Nitinol needle length
at various sequence parameters as a func-
tion of the intervention angle

The mean values and standard deviations
of needle shaft artifact diameters as a func-
tion of the IAin relation to the B field of both
readers are presented in Table 1.

Flip angle

The artifact size decreased gradually with
an increase in FA for each IA (IA: 1.40-7.05
mm, IA ;: 5.05-7.40 mm, IA,: 7.15-12.35
mm, IA45: 9.85-15.45 mm, IAGO: 11.30-16.25
mm, 1A 14.55-19.45 mm, A, ; 18.90-24.85
mm; P < 0.001) (Supplementary Figure 1).
The pairwise comparison did not reveal any
significant differences among the stepwise
increased parameters. However, the multi-

Figure 3. Scan series with flip angles (FA) of 10°-60°. Note the negative correlation of artifact diameters with
increasing FAs (P < 0.001) (Supplementary Figure 1). (a-f) For all seven intervention angles, significant and
strong positive correlations between the FAs and the artifact diameters were observed (r = between —0.910
and —-0.981; P < 0.01). Note the hyperintense peripheral rim around the central hypointense needle artifact

occurring at FAs of 10° and 20°.

Matrix 96x96

Matrix 192x192

Matrix 128x128

Matrix 160x160

Matrix 224x224

v
o \‘

: “'\\ \

Figure 4. Scan series with matrices of 96 x 96, 128 x 128, 160 x 160, 192 x 192, 224 x 224, and 256 X 256.
No significant differences among the artifact diameters were observed when comparing six matrix sizes for
all intervention angles (IAs) (P = 0.035). However, significant positive correlations were found between the
mean artifact diameters of both readers and the matrix size for |As of 75° and 90° (r= 0.873, P = 0.023; r=
0.969, P = 0.001, respectively). In (a-f), the visual correlates are shown. Note an increased differentiation of
the actual needle and the needle artifact with larger matrices.
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ple testing revealed significant differences ST 10'/mm
among four pairs of FAs (Supplementary
Table 4). For all seven IAs, significant and
strong positive correlations between the FAs
and the artifact diameters were observed (r
=-0.973, P =0.001; r=-0.910, P = 0.012; r
—0.981, P < 0.001; r = —0.970, P = 0.001; r
=-0.973, P = 0.001; r = -0.978, P < 0.001; r
= -0.919, P = 0.010) (Figure 3). In addition
to the central hypointense needle artifact, a
hyperintense peripheral rim was observed at Schn ST 16 mm
FAs of 10° and 20°, which was included in the
artifact diameter measurements.

Bandwidth

On modifying the receiver BW, no sig-
nificant difference in artifact diameter was
found for any of the different 1As (IA: 3.45-
3.90 mm, IA : 6.15-6.25 mm, IA, ; 8.00-8.55

mm, IA,.: 11.40-11.75 mm, IA_;: 11.90-12.85

mm. 1A : 15.75-15.90 mm, IA_: 18.90-20.25 Figure 5. Scan series with slice thicknesses (ST) of 3, 7, 10, 13, and 16 mm. (a-e) A significant correlation
7 % between the artifact diameters and the ST was found for intervention angles of 45°, 60°, 75°, and 90° (r =

—0.943,P=0.016;r=-0.933, P=0.020; r=—0.880, P = 0.049, r=—0.955, P=0.011) (Supplementary Figure 2).

mm; P = 0.594) and neither was there a sig-

Table 1. Mean artifact diameters measured at 50% and 25% of the inserted needle length

Intervention angle (°) 0 15 30 45 60 75 90

Parameter P value
Flip angle (°) P<0.001"
10 7.05 +0.07 7.25 +£0.07 12.35+0.07 15.45+0.07 16.25 + 0.07 19.45 + 0.07 24.85 +0.07

20 6.50+0.14 740+0.14 1080+0.14 15.15+0.07 15.45 +0.07 17.55+0.07  22.65+0.21

30 5.70+£0.00 7.20 £ 0.00 9.35+0.07 12.65 £ 0.07 13.35+0.07 16.95 + 0.07 20.25+0.07

40 295+0.07 540+0.00 860+0.00 12.60+0.00 12.65 + 0.07 16.30 + 0.00 19.65 + 0.07

50 200+0.14 535+0.07 800+0.00 11.65+0.07 12.30 + 0.00 14.85+ 0.07 18.90 + 0.00

60 1.40 £ 0.00 5.05+0.07 7.15+0.07 9.85 +0.07 11.30 £ 0.00 14.55 + 0.07 19.10+0.14

Bandwidth (Hz/pixel) P=0.594"
930 3.90+0.00 6.25+0.00 825+0.07 11.75+0.07 11.90 + 0.00 15.75+0.00  20.25+0.07

1149 345+0.07 6.20+0.00 855+0.07 11.65+0.07 12.05 +0.07 15.80 + 0.00 19.95 + 0.07

1395 3.55+0.07 6.15+0.07 8.05 +0.07 11.45+0.07 12.65 +0.07 15.85 +0.07 18.90 + 0.00

1698 3.55+0.07 6.20+0.00 8.00+0.00 11.40+0.00 12.85 +0.07 15.90+0.14 19.25 + 0.07

Matrix (voxels) P=0.335"
96 X 96 3.90 £ 0.00 6.85 +£0.07 8.70+0.14 10.35+£0.07 13.85+0.07 17.20 £ 0.00 19.70 £ 0.00

128 x 128 3.95+0.07 6.55 £ 0.07 8.60 + 0.00 10.30 + 0.00 13.85 +0.07 17.60+0.14 20.75+0.07

160 x 160 3.95+0.07 585+0.07 890+0.00 11.95+0.07 14.10 + 0.00 17.55+0.07  21.45+0.07

192 % 192 3.95 +0.07 5.05 £ 0.07 8.65 £ 0.07 11.65 + 0.07 13.90 £ 0.14 18.10+0.14 22.10+0.00

224 x 224 3.25+0.07 6.55+£0.00 8.80 £ 0.00 10.90 £ 0.00 12.25+£0.07 17.95 +£0.07 24.75 £ 0.07

256 x 256 325+0.07 4.70+0.00 9.65+0.07 11.05+0.07 13.55 +0.07 18.00+0.14  26.40+0.00

Slice thickness (mm) P <0.001"
3 6.40 £ 0.00 6.80+0.14 9.05 +0.07 12.65 = 0.07 15.65 = 0.07 19.75 £ 0.07 26.25+0.07

7 505+0.07 6.05+0.07 885+0.07 12.15+0.07 13.85 +0.07 16.70+0.00  24.60 + 0.00

10 500+0.00 7.85+0.07 9.25+0.07 11.80+0.00 13.70 + 0.00 1640+0.00 22.30+0.14

13 5.35+0.07 7.70 £ 0.07 8.80 £ 0.00 11.45 £ 0.07 13.50+0.14 16.25 + 0.07 22.25+0.21

16 3.20+£0.00 490+0.14 7.25+0.07 10.10+0.14 11.40 = 0.00 15.65 £ 0.07 18.10+0.14

Read-out direction P =0.785?
R>>L 430+0.00 645+0.07 820+0.14 10.70+0.00 13.40+0.14 1735+0.07 20.80+0.14

A>>P 4.30+0.00 6.45 £ 0.07 8.35+0.07 10.95 £ 0.00 13.35+0.14 17.20 £ 0.00 20.75+0.07

Artifact diameters averaged over both readers at 50% and 25% of the needle length measured from the tip of the needle (in mm) at various sequence parameters as a function of the
intervention angle in relation to the B, field. Values are presented as means + standard deviation. 'Friedman test; Wilcoxon signed-rank test; R, right; L, left; A, anterior; P, posterior.
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nificant correlation between the artifact di-
ameter and the BW (r = —0.576, P = 0.424; r
= —-0.575, P = 0.425; r = —0.680, P = 0.320; r
= 0.746, P = 0.254; r = 0573, P =0.427; r =
-0.817,P=10.188).

Matrix

The Friedman test revealed no significant
differences between the artifact diameters
when comparing six matrix sizes for each IA
(IA; 3.25-3.95 mm, 1A ;: 4.70-6.85 mm, IA, :
8.60-9.65 mm, IA,: 10.30-11.95 mm, IA_;
12.25-14.10 mm, 1A, 17.20-18.10 mm, IA;:
19.70-26.40 mm; P = 0.335). In addition, the
pairwise comparisons did not indicate any
significant differences (P = 1.000) (Supple-
mentary Table 4). However, significant pos-
itive correlations were found between the
mean artifact diameters of both readers and
the matrix for the IAs of 75°and 90° (r= 0.873,
P =0.023; r = 0.969, P = 0.001, respectively)
(Figure 4). For the other IAs, there was no
significant correlation between the artifact
diameter and the matrix. In addition, an in-
creased differentiation between the display
of the actual needle and the surrounding
needle artifact was observed with larger ma-
trices.

Slice thickness

On modifying the ST, significant differenc-
es in artifact diameter were found for each 1A
(IA;: 3.20-6.40 mm, IA .: 4.90-7.85 mm, IA_:
7.25-9.25 mm, IA,: 10.10-12.65 mm, IA_;:
11.40-15.65 mm, 1A 15.65-19.75 mm, IA,;
18.10-26.25 mm; P < 0.001) (Supplementa-
ry Figure 2). The multiple testing revealed
significant differences between the STs of 3
and 17 mm (P < 0.001) (Supplementary Table
4). A significant correlation between the ar-
tifact diameters and ST was found for IAs of
45°,60°, 75°, and 90° (r = —0.943, P = 0.016; r
=-0.933, P=0.020; r =—-0.880, P =0.049, r =
—0.955, P=0.011) (Figure 5).

Read-out direction

For the two different read-out directions
(right >> left, anterior >> posterior), no sig-
nificant differences in artifact diameters were
found during the Wilcoxon signed-rank test
(P = 0.785), with generally similar artifact di-
ameters for both read-out directions.

Artifact diameters at the tip of the 18G co-
axial Nitinol needle at various sequence pa-
rameters as a function of the intervention
angle

The mean values and standard deviations
of the artifact diameters at the needle tipasa
function of the IA in relation to the B, field of

Table 2. Mean maximum ball-like tip artifact diameters (regardless of its two-dimensional
direction of largest extension)

Intervention angle (°) 0 15 30 45

Parameter P value
Flip angle (°) P=0.003"
10 13.10 £ 0.00 13.10+£0.00 12.10+0.00 12.25+0.07

20 11.85 +0.07 12.05+0.07 12.75+0.07 11.50+0.00

30 10.25 £ 0.07 10.50+£0.14 9.95+0.07 10.95+0.07

40 10.25 +0.07 9.35+0.07 945+£0.07 9.65+0.07

50 10.05 + 0.07 945+0.07 930+0.00 8.50%0.14

60 9.50 +0.07 9.10+0.00 9.20£0.00 9.15+0.14

Bandwidth (Hz/pixel) P =0.082'
930 11.10 + 0.00 10.80+0.14 10.15+0.07 10.15+0.07

1149 11.85+0.07 10.40+0.00 9.95+0.07 9.95%0.07

1395 11.50+0.14 10.15+0.07 10.60+0.14 9.70+0.00

1698 11.90 £ 0.14 10.80 £0.00 10.75+0.07 10.30+0.00

Matrix (voxels) P=0.614"
96 X 96 13.10 £ 0.00 10.55+0.05 10.30+0.00 10.05+0.05

128 x 128 12.00 +0.10 11.15+£0.05 10.60+0.10 10.85+0.05

160 x 160 11.80 + 0.00 10.05+0.05 10.35+0.05 10.30+0.00

192 x 192 10.70 £ 0.10 10.65+0.05 10.75+0.05 9.80+0.10

224 x 224 12.20 + 0.00 11.50+0.00 11.20+0.05 9.05+0.05

256 x 256 11.75 £ 0.05 11.95+£0.05 10.15+0.05 10.30+0.00

Slice thickness (mm) P=0.163"
3 10.30 + 0.00 11.65+0.05 10.80+0.00 10.65=+0.05

7 10.25 + 0.05 10.15+0.05 9.90+0.10 9.50+0.10

10 10.90 + 0.10 11.05+0.05 1045+0.05 10.30%0.10

13 11.05 £ 0.05 10.80+0.10 10.15+0.05 10.30+0.00

16 11.80 £ 0.00 11.25+0.05 845+0.05 8.65+0.05

Read-out direction P =0.4652
RL 11.00 £ 0.00 10.05+0.05 945+0.05 9.65+0.05

AP 11.20 £ 0.00 10.80+0.10 9.70+0.10 9.30+0.00

The tip artifact diameters averaged over both readers at various sequence parameters as a function of the
intervention angle in relation to the B, field. The values are presented as means + standard deviation; 'Friedman test;
2Wilcoxon signed-rank test; R, right; L, left; A, anterior; P, posterior.

Tip artifact using low intervention angles
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Figure 6. Behavior of the ball-like tip artifact, which occurred at intervention angles (lAs) of 0°, 15°, 30°,
and 45°. The maximum diameter of this artifact increased gradually with a decrease in IA (P = 0.022). The
pairwise comparisons revealed significant differences between 0° and 30° (P = 0.041), as well as between
0° and 45° (P=0.047).
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Table 3. Interrater reliability

Intervention angle (°) ICC value P value 95% confidence interval
0 0.998 <0.001 0.995 - 0.999
15 0.994 <0.001 0.985 - 0.997
30 0.995 <0.001 0.989 - 0.998
45 0.999 <0.001 0.997 - 0.999
60 0.997 <0.001 0.994 - 0.999
75 0.998 <0.001 0.995 - 0.999
90 0.998 <0.001 0.996 - 0.999

The ICC values of two blinded readers are shown for intervention angles of 0°-90°. ICC, intraclass correlation

coefficient.

both readers are presented in Table 2. A ball-
like tip artifact occurred using low IAs of 0°-
45°. The maximum diameter of this artifact
increased gradually with a decrease in IA (P
=0.022) (Figure 6). The pairwise comparisons
revealed significant differences between 0°
and 30° (P =0.041), as well as between 0° and
45° (P = 0.047) (Supplementary Table 5). The
modification of the sequence parameters,
BW, matrix, ST, read-out direction, had no sig-
nificant influence on this artifact (P = 0.082,
P=0.614, P =0.163, P = 0.465), while that of
the FA did (P =0.003).

Interrater reliability

For the various IAs (0° 15°, 30°, 45°, 60°,
75°, 90°), the ICCs were 0.998, 0.994, 0.995,
0.999, 0.997, 0.998, and 0.998, respectively (P
< 0.001), indicating excellent interrater reli-
ability (Table 3).

Contrast-enhanced target lesion to non-en-
hanced muscle tissue contrast ratio

The lesion-to-muscle-contrast ratio, R,
presented significant positive correlations
with an increase in FA and matrices (P <
0.001; P = 0.003), as well as a significant
negative correlation with an increase in ST
(P = 0.007). No significant correlations were
found for the modified BWs (P = 0.171). The
corresponding data are presented as supple-
mental information (Supplementary Table 6).

Discussion

In this 3.0 T musculoskeletal phantom
study, the influence of different sequence
parameters of an interventional real-time flu-
oroscopic pulse sequence with TrueFISP con-
trast on the artifact behavior of a commer-
cially available MR-compatible coaxial 18G
Nitinol needle was investigated as a function
of the IA.

Needle artifacts pose a major limitation to
high-field MRI-guided interventions in par-
ticular, regardless of the intended target, and

are caused by several different physical pro-
cesses, of which inhomogeneities of the B,
field experienced by the nuclei are the most
important. This needle-induced B, inhomo-
geneity is caused by the geometric charac-
teristics and the individual magnetic suscep-
tibility of the imaged object. Distortions of
the spatial geometry, as well as intra-voxel
dephasing are caused by these static field
errors.'””2 Among other artifacts, needle
artifacts can be caused by radiofrequency
effects such as B, enhancement.* With this
background, the present study aimed to an-
alyze artifact formation with a focus on its
relevance for MRI-guided high-field muscu-
loskeletal interventional procedures through
modifying different sequence parameters
(FA, BW, matrix, ST, and read-out-direction)
as a function of the IA. Completely erased or
too-small artifacts are not always desirable in
MR-guided intervention since the needle is
visualized by the artifact itself and minimiz-
ing artifacts can mean the needle is difficult
to recognize.

In general, the technological advances in
magnet, coil, protocol, biopsy needle, and
probe design have made MRI-guidance a
clinically valuable imaging technique for
minimally invasive procedures. Due to the
continuing innovations in augmented reality,
targeting software, and compatible devices,
it is crucial to reassess methodological and
technical fundamentals, such as needle arti-
facts. This is especially the case for MRI-guid-
ed procedures for musculoskeletal interven-
tions, which is an extremely new field, and
specific adaptations need to be made. As
such, a phantom that has been adapted to
the target tissue in musculoskeletal inter-
ventions (muscle phantom) was selected, in
contrast to previous studies, which generally
employed a 3T MRI scanner.>? Singh et al.®
evaluated needle artifact diameters using
an acrylic phantom modifying only two pa-
rameters: IA and read-out direction. Further-
more, in the present study, contrast medium
application was also performed for experi-

mental evaluation of the visibility of the tar-
get lesion and to emulate as far as possible
the clinical routine, exemplarily imitating
contrast-enhanced MR-guided punctures of
joint structures in the case of capsulitis.

It is well known that the IA is closely as-
sociated with the artifact size."?*?” In line
with this, the seven IAs (0°-90°) analyzed in
this study exhibited significant differences
in artifact diameters, with the artifacts in-
creasing considerably with higher IAs, which
also proved to be significant for most of the
multiple pairwise comparisons. Elsewhere,
Schmidt et al.?* demonstrated a positive cor-
relation between artifact size and increasing
IAs in their 1.5 T-liver phantom study. At this
point, it should be noted that it is advanta-
geous to use low susceptibility materials
since these can be used at higher |As. In addi-
tion, Frahm et al.”® analyzed the relationship
between the magnetic field strength and the
IA. The authors found that the needle arti-
fact growth with an increase in IA was lower
with a 0.2-T field strength than with a 1.5-T
strength and that at high-field strengths,
the artifact size correlated closely with an in-
crease in IA relative to the B, field.”®

In the present study, decreasing artifact
diameters were observed with an increase
in FA for each IA. At FAs of 10° and 20°, an
additional hyperintense peripheral rim ar-
tifact was observed around the otherwise
hypointense artifact along the shaft of the
needle, which was included in the measure-
ments. This artifact consecutively extends
the area of potential misinterpretation of the
actual needle position and needs to be con-
sidered when choosing a FA of 10° or 20° for
the TrueFISP sequence. Interestingly, in a pre-
vious liver phantom study by Schmidt et al.?°
that analyzed a T1-weighted gradient echo
(GRE) sequence at 1.5 T, this hyperintense
peripheral rim artifact was observed at high
FAs of >45°. Another previous investigation
of needle artifacts by Bauch®, who also mod-
ified the FA in a T1-weighted GRE sequence,
revealed no relevant changes to the artifact
diameter in a stepwise comparison for FAs
of <45°, which is in line with both the results
of the present study and those obtained by
Schmidt et al.*® However, a T1-weighted GRE
sequence was analyzed in these studies and
therefore these results cannot be expected
to be directly transferrable to ours. This not-
withstanding, the multiple testing revealed
significant differences between four pairs of
FAs, and significant and strong positive cor-
relations between FA and artifact diameter
were observed in the present study for all
seven |As. While the previous investigations
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demonstrated optimal artifact behavior with
FAs of <45° for T1-weighted GRE sequenc-
es,*¥ in contrast, the present study found
the smallest artifact sizes with higher FAs
(>40°).

No significant correlation was found be-
tween artifact diameter and modifications of
the BW, although varying the BW is reported
in the literature to be a crucial parameter for
the minimization of needle artifacts.®* The
physical context is that the Larmor frequen-
cies of the hydrogen protons are altered to
a certain amount by a metallic object of a
given size and susceptibility. Thus, reducing
the BW increases the number of pixels that
are visibly affected by the variance in fre-
quencies and consecutively increases the
size of the susceptibility artifact?' Howev-
er, this finding using a TrueFISP sequence
is consistent with Schmidt et al's?® results
when analyzing the BW as a potential influ-
encing parameter on artifact diameters for
a T1-weighted GRE sequence, who also did
not find any significant differences between
different BWs and artifact behavior in a liver
phantom. The fact that the BW variations did
not significantly influence the needle arti-
fact size may have been because the artifact
was too small, meaning potentially signifi-
cant differences could have remained hid-
den. However, the BW range in the present
study was chosen according to the standard
BWs used in clinical practice.

No significant differences in artifact di-
ameter were found when comparing various
matrix sizes for each IA, which was also the
case with the pairwise comparisons. How-
ever, significant positive correlations were
found between artifact diameter and ma-
trix for IAs of 75° and 90°. In addition, an in-
creased differentiation between the display
of the actual needle and the surrounding
needle artifact with larger matrices was ob-
served, which is also in line with Schmidt et
al’s® results, who observed smaller artifact
diameters at higher matrix sizes in their liver
phantom study (not statistically significant).
Generally, a higher matrix size reduces the
artifact diameters and optimizes the image
quality due to decreased voxel volume. In
determining the spatial resolution, the ma-
trix is a quality feature of the acquired im-
age data,”® meaning higher matrices may
improve the differentiation of the actual
intervention needle and therefore allow for
more exact lesion targeting. Nonetheless,
the increase in acquisition time is the ma-
jor reason why matrix sizes cannot be set as
high as possible in clinical practice.?

The voxel size is not only determined by
the matrix, but also by the ST. A decrease in

ST is equivalent to a reduction in voxel size
and leads to a decreased field inhomogene-
ity within each individual voxel and subse-
quently results in lower artifact dependence
and the generation of smaller needle arti-
facts.?®32 In the present study, significant dif-
ferences in artifact diameters were observed
for each IA when modifying the ST. In addi-
tion, the multiple testing revealed significant
differences between STs of 3 and 16 mm, and
a significant correlation between the artifact
diameters and the ST was found for IAs of
45°, 60°, 75°, and 90°. However, in our study
setting, smaller artifact sizes were found for
higher STs. In this context, it must be not-
ed that the artifact size in the ST-modified
scan series appears to be highly influenced
by different 1As and that the differentiation
of the actual needle shaft and tip is much
better with higher STs (>10 mm) when look-
ing at higher IAs. However, it should also be
remembered that the ST should not be set
too high during the procedure to allow for
accurate needle placement. Thus, a potential
compromise is selecting a ST of >7 mm. No
significant differences in needle artifact sizes
were observed for the two different read-out
directions (RL or AP) in this study. This is con-
sistent with previous studies on T1-weighted
GRE sequences,'#2°% put not with a previous
study on spin-echo and turbo spin-echo se-
quences, in which the artifacts were more
pronounced when the read-out direction
was perpendicular to the needle shafts.’®

Ball-like tip artifacts were observed with
low IAs of 0°-45° and these increased in size
with a decrease in IA. Interestingly, this arti-
fact was not significantly influenced by any
sequence parameter other than the FA. This
artifact at the needle tip particularly impairs
the visibility of the tip, which makes precise
needle guidance difficult and can be expect-
ed to affect the targeting accuracy. Moreover,
it is problematic that this tip artifact extends
in all directions such that it often resembles
a ball; hence the “ball-like” description.?®** In
line with our results, this tip artifact occurred
with low IAs of 0°~10° in a previous study by
Schmidt et al?*® As previously described by
Liu et al*, the B, field is most strongly in-
fluenced in the area around the needle tip,
which is particularly noticeable in materials
with lower magnetic susceptibility, such as
carbon fiber or titanium, when compared
with other materials (e.g., chromium, cobalt,
or nickel).

Regarding clinical routine high-field mus-
culoskeletal interventional procedures, we
recommend using a FA of 40°-60° to mini-
mize hypointense artifact formation around
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the needle shaft and to avoid the occurrence
of additional hyperintense artifact formation,
which only occurred at low FAs of 10° and 20°
in the present scan series. In addition, an ST
of 10-16 mm returned the best image qual-
ity. To specifically avoid ball-like tip artifacts,
IAs of 45°-60° should be selected.

Furthermore, it is important to not only
minimize needle artifacts but also to guar-
antee sufficient visibility of the target lesion.
Therefore, the contrast ratio of a gadolini-
um-enhanced target lesion placed centrally
into the muscle phantom and that of the
adjacent non-enhanced muscle tissue were
evaluated by quantitatively analyzing the
corresponding Sls. The contrast-enhanced
target lesion was best visualized at higher
FAs (40°-60°) and matrices (224 x 224/256
X 256), while a negative correlation be-
tween the visibility of the target lesion with
increasing STs was observed, which can be
explained by the increasing partial-volume
effects at higher STs. For small lesions (rela-
tive to the ST), this might lead to a potential
conflict since higher STs of 10-16 mm mini-
mized the needle artifacts while maintaining
the best possible visualization of the coaxial
intervention needle. To the best of the au-
thors’ best knowledge, there are no compa-
rable previous studies that investigated the
visibility of a contrast-enhanced lesion in a
similar setting.

However, this study involves a number of
potential limitations. First, a fixed phantom
was used, which provided an optimal back-
ground signal intensity and therefore an op-
timized depiction of signal voids. In an in vivo
setting, it must be assumed that both the im-
age quality and the artifact contrast will be
worse due to, for example, motion artifacts.
Second, this phantom study was performed
at a single field strength (3.0 T), and lower
field strengths (e.g., 1.5 T) will need to be
investigated with this TrueFISP sequence in
view of scenarios such as when the patient
is not suitable for a high-field intervention
due to only 1.5 T-conditional external ma-
terials. Nevertheless, 3.0 T is the preferable
field strength in the majority of musculo-
skeletal investigations. Third, only a single
alloy (Nitinol) and a single needle size (18G)
were investigated. As both alloy and needle
size have an impact on artifact behavior,?>*
further studies are needed to examine these
effects. Fourth, the artifact diameters were
determined by manual measurements and
automatized artifact measurements would
minimize any potential reader bias. However,
high inter-reader agreement was observed
in our study. Furthermore, the artifact di-
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ameters were measured in two-dimension-
al terms and it must be acknowledged that
needle artifacts occur three-dimensionally
and that the needle artifact volume might
be a relevant parameter for exact needle
guidance. Nonetheless, depending on the
sequence acquisitions, it might not be ad-
equately feasible to conduct such mea-
surements with the available fluoroscopic
MRI hardware and software. Fifth, only one
single sequence parameter was modified
in our scan series to avoid any additional
confounding variable; however, the BW was
not modified separately but only coupled
to the TR since the minimum TR had been
systematically chosen in our experimental
setting. Furthermore, while the image qual-
ity will not be affected by increasing motion
artifacts with longer scan times (with an
increase in TR) in a phantom model, it may
be in real-world settings. Sixth, minimized
artifact diameters do not necessarily imply
that the “true” position of the needle within
the tissue is better known, as it is inherently
difficult to be certain about the exact needle
position from real-time fluoroscopic MRI vi-
sualization. Therefore, further studies with
coordinate registration are needed to ensure
more accurate verification of the exact nee-
dle position and, in particular, the position of
the needle tip. In a previous study, Yamada
et al.*® applied real-time ultrasound imaging
fused with reformatted static MR images and
coordinate registration for needle guidance
during MR-guided percutaneous tumor ab-
lations and revealed targeting errors of 1.6
+ 0.6 mm. Last, the investigated sequence
parameter settings need to be analyzed and
adapted to clinical use cases.

In conclusion, to minimize needle arti-
facts, it is recommended to use FAs of 40°-
60° a ST of >7 mm, and, if possible, an IA
of 45°-60°. The visibility of the target lesion
and the needle’s artifact behavior must be
weighed up against each other when choos-
ing the ST, while higher FAs (40°-60°) and
matrices (224 x 224/256 x 256) are associ-
ated with low artifacts and sufficient lesion
visibility.
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Supplementary Table 1. Default settings

Fixed parameter Value

FOV (mm2) 300 x 300

Matrix (voxels) 128 x 128

Slice thickness (mm) 10

Flip angle (°) 50

Echo time (ms) 1.71

Repetition time (ms) 3.42

Bandwidth (Hz/pixel) 930

Read-out direction RL

Phase oversampling 0

Acquisition time (ms) 461

While one parameter was modified, all others remained unchanged in a predefined setting. FOV, field of view; R,
right; L, left.

Supplementary Table 2. MRI acquisition parameters and values.

Values

Setting

Coupled TR (ms)

Scan series

Flip angle (°)

Bandwidth (Hz/pixel)

Matrix (voxels)

Slice thickness (mm)

- O U A W N =

- A W N

- U A W N = OO U D WN

Read-out direction

2

10
20
30
40
50
60
930

1.149
1.395
1.698

3.42
3.28
3.20
3.18

96 X 96

128 x 128
160 x 160
192 x 192
224 x 224
256 x 256

3

7

10
13
16
RL
AP

Scan series of study profile for intervention angles relative to the B, field of 0°~90°. Systematic and sequential
modification of the technical parameters of the TrueFISP sequence. TR, repetition time; Hz, Hertz; R, right; L, left; A,
anterior; P, posterior; TrueFISP, true fast imaging with steady-state free precession; MRI, magnetic resonance
imaging.
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Intervention angle (°)

0 15 P=1.000

0 45 P=0.000

0 75 P=0.000

15 30 P=1.000

15 60 P=0.000

15 920 P=0.000

30 60 P=0.050

30 90 P=0.000

45 75 P=0.036

60 75 P=1.000

75 90 P=1.000
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Supplementary Table 4. Pairwise comparisons of the artifact diameter depending on the modified
sequence parameters flip angle, bandwidth, matrix size, and slice thickness

Sample 1 Sample 2
Parameter P value'
Flip angle (°)
60 50 P=1.000
60 40 P=0.949
60 30 P=0.064
60 20 P=0.001
60 10 P =0.000
50 40 P=1.000
50 30 P=0.482
50 20 P=0.015
50 10 P=0.001
40 30 P=1.000
40 20 P=0.482
40 10 P=0.064
30 20 P=1.000
30 10 P =0.949
20 10 P=1.000
Bandwidth (Hz/pixel)
1.395 1.698 P=1.000
1.395 1.149 P=1.000
1.395 930 P=1.000
1.698 1.149 P=1.000
1.698 930 P=1.000
1.149 930 P=1.000
Matrix (voxels)
96 X 96 224 x 224 P=1.000
96 X 96 128 x 128 P=1.000
96 X 96 256 x 256 P=1.000
96 X 96 192 x 192 P=1.000
96 x 96 160 x 160 P=1.000
224 x 224 128 x 128 P=1.000
224 x 224 256 x 256 P=1.000
224 x 224 192 x 192 P=1.000
224 x 224 160 X 160 P=1.000
128 x 128 256 % 256 P=1.000
128 %128 192 x 192 P=1.000
128 x 128 160 X 160 P=1.000
256 x 256 192 x 192 P=1.000
256 x 256 160 x 160 P=1.000
192 x 192 160 X 160 P=1.000
Slice thickness (mm)
17 13 P=0.280
17 10 P=0.068
17 7 P=0.068
17 3 P =0.000
13 10 P=1.000
13 7 P=1.000
13 3 P=0.425
10 7 P=1.000
10 3 P=1.000
7 3 P=1.000

'Friedman test, P values of post-hoc testing including Bonferroni multiple testing correction; Hz, Hertz.
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Supplementary Table 5. Pairwise comparisons of the artifact diameters at the tip (ball-like
tip artifact) at various sequence parameters depending on the intervention angle

Sample 1 Sample 2
Parameter P value’
Intervention angle (°)
30 45 P=1.000
30 15 P=1.000
30 0 P =0.041
45 15 P=1.000
45 0 P=0.047
15 0 P=0.270

'Kruskal-Wallis test, P values of post-hoc testing including Bonferroni multiple testing correction.

Supplementary Table 6. Quantitative assessment of contrast-enhanced target lesion to
non-enhanced muscle tissue contrast ratio (R)

Slcontrast»enhanced target lesion s'non-enhanced muscle tissue R

Parameter P value
Flip angle (°) P<0.001"
10 199.00 154.00 1.29

20 350.00 246.00 1.42

30 437.00 273.00 1.60

40 479.00 259.00 1.85

50 487.00 235.00 2.07

60 533.00 154.00 2.29

Bandwidth (Hz/pixel) P=0.171"
930 528.00 238.00 222

1149 535.00 232.00 231

1395 537.00 225.00 2.39

1698 536.00 227.00 2.36

Matrix (voxels) P=0.003"
96 x 96 489.00 246.00 1.99

128 x 128 484.00 238.00 2.03

160 % 160 515.00 219.00 235

192 x 192 518.00 216.00 2.40

224 x 224 584.00 200.00 292

256 x 256 565.00 197.00 2.87

Slice thickness (mm) P=0.007"
3 633.00 284.00 223

7 564.00 260.00 2.17

10 486.00 233.00 2.09

13 449.00 215.00 2.09

16 421.00 205.00 2.05

Read-out direction
RL 484.00 229.00 2.11
AP 485.00 226.00 2.15

This ratio was defined in terms of the following formula based on the mean Sls in the ROIs: R=SI

non-enhanced muscle tissue”

Pearson correlation coefficient; SI, signal intensity; ROI, region of interest; R: right; L, left.

contrast-enhanced target lesion’

To assess the corresponding signal intensities, defined ROIs of least 5 mm? were used. 'Bravais—
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Supplementary Figure 1. Boxplots showing minimum, first quartile, median, third quartile, and maximum for artifact diameter size behavior as a function of the FA
(10°-60°) averaged over all intervention angles. Note the gradually decreasing artifact size with the increase in FA (P < 0.001). FA, flip angle.
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Supplementary Figure 2. Boxplots showing minimum, first quartile, median, third quartile, and maximum for artifact diameter size behavior as a function of the
slice thickness (ST) (3—17 mm) averaged over all intervention angles. Note the significant differences in artifact size with the increase in ST (P < 0.001).
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ABSTRACT

Inferior vena cava (IVC) filters should be removed when no longer needed, given their association
with complications such as thrombosis of the IVC and lower extremities, fracture, migration, and
growth into adjacent structures. While this is generally straightforward in the setting of retrievable
filters, permanent filters present more of a challenge. In fact, many operators will not attempt to
do so for fear of intraprocedural complications, among them, filter fracture and fragment emboli-
zation. Despite this, leaving the filters in situ places patients at risk of the complications described
above. Here, the authors illustrate a novel technique for retrieving permanent filters using a fun-
neled sheath to protect against embolization.

KEYWORDS
Anticoagulant therapy, deep vein thrombosis, inferior vena cava filter, thrombolysis, venography

nferior vena cava (IVQ) filters should be removed when no longer needed, given their as-

sociation with complications such as thrombosis, filter fracture, filter migration, and IVC

perforation.” However, patients with permanent filters are at higher risk of retrieval-related
complications due to the frequent need for using complex retrieval techniques.? The Simon
Nitinol filter (Bard Medical, Murray Hill, New Providence, NJ) may be particularly difficult to
remove because of its bi-level filtration design. The recently released Protrieve sheath (Inari
Medical, Irvine, California) has a retractable nitinol mesh funnel designed to entrap dislodged
thrombus, but it can also be used off-label to protect against embolization of other materials.
It comprises a sheath with 20-Fr inner and 24-Fr outer diameters; the funnel extends from the
distal end of the sheath, measures up to 33.5 mm in diameter, and faces the caval walls when
fully deployed (Figure 1). Herein, we describe three cases in which the funneled sheath was
used during the removal of thrombosed Simon Nitinol filters, one of which was complicated
by the embolization of a filter fragment that was caught by the funnel and subsequently ex-
tracted without issue.

8 Q:‘Q

Figure 1. Photograph of the Protrieve sheath (left) and an image of the funnel containing a clot (right).

You may cite this article as: Cornman-Homonoff J, Lozada JCP, Marino AG, Mojibian H. Use of a funneled sheath for embolic protection during removal of
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Technique

Case 1

A 76-year-old woman who underwent
placement of a Simon Nitinol filter nine years
prior presented with one day of bilateral leg
pain and swelling and was found to have
acute thrombus extending from the filter
into both lower extremities. Her medical
history was notable for morbid obesity, dia-
betes mellitus type 2 on insulin, and osteoar-
thritis post bilateral total knee replacements;
she was ambulatory with the assistance of a
walker. The circumstances of the filter place-
ment were not available, and the patient
could provide no further history. She was
started on therapeutic heparin; after three
days at therapeutic levels, she had not im-
proved so intervention was performed.

Under general anesthesia, bilateral pop-
liteal and double right internal jugular
vein accesses were obtained. The funneled
sheath was introduced via one internal jug-
ular access and a 16-Fr 45 cm sheath via the
other. After deploying the funnel in the su-
prarenal IVC, the through-and-through wire

Figure 2. Coronal CT image showing thrombosis
of the IVC filter (arrow). The filter extends into
adjacent structures (arrowheads). CT, computed
tomography; IVC, inferior vena cava.

* Removal of inferior vena cava filters, perma-
nent or otherwise, may be accompanied by
filter fracture and embolization.

* The Inari Protrieve funneled sheath was de-
signed to protect against embolization of
thrombus.

* Where there is concern that filter fracture
may occur during filter retrieval, the use of
the funneled sheath may be indicated to
protect against fragment embolization.

position was established. Wire position was
confirmed using intravascular ultrasound
(IVUS), after which the filter was retrieved via
the 16-Fr sheath with rigid endobronchial
forceps. After confirming the absence of ex-
travasation or other vascular injury, throm-
bectomy was performed using mechanical
(Inari ClotTriever Bold) and aspiration (Inari
Triever24 and Protrieve sheath) techniques.
Activated clotting time was maintained at
approximately 250 seconds throughout the
procedure to prevent in situ clot formation.
Wide patency was restored, and the proce-
dure was terminated without complication.
The patient’s symptoms improved, and she
was discharged on post-procedure day six
on apixaban. As of six months later, she has
not experienced a recurrence.

Case 2

A 66-year-old woman who underwent
placement of a Simon Nitinol filter 10 years
prior in the setting of combined deep venous
thrombosis (DVT) and pulmonary embolism
resented with five days of left-greater-than-
right-leg pain and swelling and was found to
have acute thrombus extending from the fil-
terinto both lower extremities. She had been
taking warfarin for many years but switched
to rivaroxaban 10 days prior to presentation.
Pre-procedural imaging showed that the fil-
ter extended beyond the caval wall into ad-
jacent veins and the small bowel (Figure 2).
After failure to improve despite two days of
therapeutic heparin administration, an inter-
vention was undertaken.

As in case 1, bilateral popliteal and dou-
ble right internal jugular vein accesses were
obtained; both funneled and 16-Fr sheaths

were introduced, and through-and-through
wire positioning was achieved with the as-
sistance of IVUS (Figure 3). After deploying
the funnel in the suprarenal IVC, rigid for-
ceps were used to remove the filter. How-
ever, during this process, the filter fractured
and one strut remained embedded in the
caval wall while a second embolized into
the sheath funnel (Figure 4). The former was
removed with forceps while the latter was
snared and removed through the funneled
sheath (Figure 5). Mechanical thrombecto-
my was then performed as in case 1. Wide
patency was restored without complication.
The patient recovered uneventfully and was
discharged on post-procedure day three on
warfarin. As of four months later, no recur-
rence has occurred.

Case 3

A 56-year-old woman who underwent
placement of a Simon Nitinol filter 24 years
prior presented with five days of bilateral leg
swelling and was found to have acute throm-
bus extending from the filter into the bilater-
al iliac veins. Medical history was notable for
systemic lupus erythematosus complicated
by nephritis, cerebritis, and serositis, as well
as prior DVT, for which the filter was placed.
Reportedly, she had never previously been
on anticoagulation medication. After failure
to improve following six days of therapeu-
tic heparin administration, intervention was
performed.

Bilateral common femoral, right internal
jugular, and right external jugular access-
es were obtained. The funneled sheath was
placed in the larger internal jugular vein
while an 18-Fr 40 cm sheath was placed in

Figure 3. Fluoroscopic image showing the funneled
sheath with deployed funnel (arrow) and adjacent
16-Fr sheath (arrowhead). The IVC filter is visible at
the bottom of the image. IVC, inferior vena cava.
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Figure 4. Fluoroscopic image showing a filter
fragment (arrow) that was trapped in the funnel
sheath.
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the smaller external jugular vein. After the
achievement of the through-and-through
positioning and confirmation of the wire
positioning, the filter was removed unevent-

Figure 5. Fluoroscopic image showing snare
removal of the filter fragment (arrow) from the
sheath funnel.

Figure 6. Fluoroscopic image showing forceps
retrieval of the 24-year-old Simon Nitinol filter
(arrow) through an 18-Fr sheath. The sheath funnel

is visible at the top of the image.

fully through the 18-Fr sheath with forceps
(Figure 6). Mechanical thrombectomy was
then completed as in case 1 without com-
plication. The patient’s symptoms improved
and she was discharged on post-procedure
day four on apixaban. As of four months later,
no recurrence has occurred.

Given its retrospective nature, patient
consent was not required.

Discussion

Removal of Simon Nitinol IVC filters has
only been described in small study series.?
Although no thrombus or filter fragment
embolization was reported, this remains a
concern during any complex filter retriev-
al. Given these risks, the appropriateness of
retrieval may be questioned. However, the
availability of the Protrieve device poten-
tially tips the balance in favor of removal.
In the present series, no patient had a con-
traindication to anticoagulation medication
(on which they continued following the pro-
cedure) such that the filters were no longer
needed. Despite this, they were left in place
given the risk associated with removal. How-
ever, these patients had already experienced
and were at risk of experiencing further com-
plications from the presence of the filter,
and the ability to use the funneled sheath
reduced the risks associated with removal.
Consequently, in this specific subgroup of
patients, filter retrieval with embolic protec-
tion was indicated.

Considering the risks associated with re-
moval, this funneled sheath represents a use-
ful adjunct for the removal of Simon Nitinol
and, potentially, other permanent, fractured,
or severely ingrown filters. However, remov-
al is not without limitations. Because the
outer diameter of the sheath is 26-Fr, a vein
large enough to accommodate it may not be
available. Furthermore, because it measures

a total of 50 cm in length, separate access
is needed to accommodate rigid forceps,
which at the authors’institution, measure 55
c¢m in length and are thus not long enough
to exit the sheath and engage the filter. Al-
though the authors initially placed both
sheaths in the same internal jugular vein,
subsequent experience has led to the pref-
erence for a single puncture of each of the
ipsilateral internal and external jugular veins.
In either case, the use of parallel sheaths
may produce a gap between the funnel and
caval wall through which filter fragments
could pass. Additionally, small fragments, in
particular, could theoretically traverse the
holes in the funnel mesh (the holes vary in
size depending on the extent of funnel ex-
pansion but at 30 mm, these measure 0.90
mm proximally, 1.34 mm in the mid portion,
and 2.25 mm distally); however, the implica-
tions of the embolization of such fragments
are of unclear clinical significance. Despite
these limitations, the Protrieve sheath shows
potential as an adjunctive device in cases of
complex IVC filter retrieval and warrants fur-
ther study in this role.
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