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Molecular Imaging and Radionuclide Therapy (formerly Turkish Journal of Nuclear
Medicine) is the official publication of Turkish Society of Nuclear Medicine.

Focus and Scope

Molecular Imaging and Radionuclide Therapy (Mol Imaging Radionucl Ther, MIRT)
is a double-blind peer-review journal published in English language. It publishes
original research articles, reviews, editorials, short communications, letters,
consensus statements, guidelines and case reports with a literature review on the
topic, interesting images in the field of molecular imaging, multimodality imaging,
nuclear medicine, radionuclide therapy, radiopharmacy, medical physics, dosimetry
and radiobiology. MIRT is published three times a year (February, June, October).
Audience: Nuclear medicine physicians, medical physicists, radiopharmaceutical
scientists, radiobiologists.

The editorial policies are based on the "Recommendations for the Conduct,
Reporting, Editing, and Publication of Scholarly Work in Medical Journals (ICMJE
Recommendations)” by the International Committee of Medical Journal Editors
(2016, archived at http://www.icmje.org/) rules.

Open Access Policy

This journal provides immediate open access to its content on the principle that
making research freely available to the public supports a greater global exchange
of knowledge.

Open Access Policy is based on rules of Budapest Open Access Initiative (BOAI) (http://
www.budapestopenaccessinitiative.org/). By "open access" to [peer-reviewed research
literature], we mean its free availability on the public internet, permitting any users
to read, download, copy, distribute, print, search, or link to the full texts of these
articles, crawl them for indexing, pass them as data to software, or use them for
any other lawful purpose, without financial, legal, or technical barriers other than
those inseparable from gaining access to the internet itself. The only constraint on
reproduction and distribution, and the only role for copyright in this domain, should
be to give authors control over the integrity of their work and the right to be properly
acknowledged and cited.

This journal is licensed under a Creative Commons 3.0 International License.

Permission Requests

Permission required for use any published under CC-BY-NC license with commercial
purposes (selling, etc.) to protect copyright owner and author rights). Republication
and reproduction of images or tables in any published material should be done
with proper citation of source providing authors names; article title; journal title;
year (volume) and page of publication; copyright year of the article.

Instructions for Authors

Instructions for authors are published in the journal and on the website http://
mirt.tsnmjournals.org

Manuscripts can only be submitted electronically through the Journal Agent
website (http://www.journalagent.com/mirt/?plng=eng) after creating an account.
This system allows online submission and review.

All published volumes in full text can be reached free of charge through the
website http://mirt.tsnmjournals.org

Material Disclaimer

Scientific and legal responsibilities pertaining to the papers belong to the authors.
Contents of the manuscripts and accuracy of references are also the author's
responsibility. The Turkish Society of Nuclear Medicine, the Editor, the Editorial
Board or the publisher do not accept any responsibility for opinions expressed in
articles.

Financial expenses of the journal are covered by Turkish Society of Nuclear
Medicine.
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Molecular Imaging and Radionuclide Therapy (Mol Imaging Radionucl Ther, MIRT)
publishes original research articles, short communications, reviews, editorials,
case reports with a literature review on the topic, interesting images, consensus
statements, guidelines, letters in the field of molecular imaging, multimodality
imaging, nuclear medicine, radionuclide therapy, radiopharmacy, medical physics,
dosimetry and radiobiology. MIRT is published by the Turkish Society of Nuclear
Medicine three times a year (February, June, October). The journal is printed on
an acid-free paper.

Molecular Imaging and Radionuclide Therapy does not charge any article
submission or processing fees.

GENERAL INFORMATION

MIRT commits to rigorous peer review, and stipulates freedom from commercial
influence, and promotion of the highest ethical and scientific standards in
published articles. Neither the Editor(s) nor the publisher guarantees, warrants
or endorses any product or service advertised in this publication. All articles are
subject to review by the editors and peer reviewers. If the article is accepted
for publication, it may be subjected to editorial revisions to aid clarity and
understanding without changing the data presented.

Manuscripts must be written in English and must meet the requirements of the
journal.The journal isin compliance with the uniform requirements for manuscripts
submitted to biomedical journals published by the International Committee of
Medical Journal Editors (NEJM 1997; 336:309-315, updated 2016). Manuscripts
that do not meet these requirements will be returned to the author for necessary
revision before the review. Authors of manuscripts requiring modifications have a
maximum of two months to resubmit the revised text. Manuscripts returned after
this deadline will be treated as new submissions.

It is the authors' responsibility to prepare a manuscript that meets ethical criteria. The
Journal adheres to the principles set forth in the Helsinki Declaration October 2013
(https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-
for-medical-research-involving-human-subjects/) and holds that all reported
research involving "Human beings" conducted in accordance with such principles.
Reports describing data obtained from research conducted in human participants
must contain a statement in the MATERIALS AND METHODS section indicating
approval by the ethical review board (including the approval number) and
affirmation that INFORMED CONSENT was obtained from each participant.

All manuscripts reporting experiments using animals must include a statement
in the MATERIALS AND METHODS section giving assurance that all animals have
received humane care in compliance with the Guide for the Care and Use of
Laboratory Animals (www.nap.edu) and indicating approval by the ethical review
board.

If the study should have ethical approval, authors asked to provide ethical
approval in order to proceed the review process. If they provide approval, review
of the manuscript will continue.

In case report(s) and interesting image(s) a statement regarding the informed
consent of the patients should be included in the manuscript and the identity of
the patient(s) should be hidden.

Subjects must be identified only by number or letter, not by initials or names.
Photographs of patients' faces should be included only if scientifically relevant.
Authors must obtain written consent from the patient for use of such photographs.

INSTRUCTIO THORS

In cases of image media usage that potentially expose patients' identity requires
obtaining permission for publication from the patients or their parents/guardians.
If the proposed publication concerns any commercial product, the author
must include in the cover letter a statement indicating that the author(s) has
(have) no financial or other interest with the product or explaining the nature
of any relations (including consultancies) between the author(s) and editor the
manufacturer or distributor of the product.

All submissions will be screened by Crossref Smilarity Check powered by
"iThenticate". Manuscripts with an overall similarity index of greater than 25%, or
duplication rate at or higher than 5% with a single source will be returned back
to authors.

MANUSCRIPT CATEGORIES

1. Original Articles

2. Short Communications are short descriptions of focused studies with important,
but very straightforward results.

3. Reviews address important topics in the field. Authors considering the submission
of uninvited reviews should contact the editor in advance to determine if the
topic that they propose is of current potential interest to the Journal. Reviews
will be considered for publication only if they are written by authors who have at
least three published manuscripts in the international peer reviewed journals and
these studies should be cited in the review. Otherwise only invited reviews will be
considered for peer review from qualified experts in the area.

4. Editorials are usually written by invitation of the editor by the editors on current
topics or by the reviewers involved in the evaluation of a submitted manuscript
and published concurrently with that manuscript.

5. Case Report and Literature Reviews are descriptions of a case or small number of
cases revealing a previously undocumented disease process, a unique unreported
manifestation or treatment of a known disease process, unique unreported
complications of treatment regimens or novel and important insights into a
condition's pathogenesis, presentation, and/or management. The journal's policy
is to accept case reports only if it is accompanied by a review of the literature on
the related topic. They should include an adequate number of images and figures.
6. Interesting Image

One of the regular parts of Molecular Imaging and Radionuclide Therapy is
a section devoted to interesting images. Interesting image(s) should describe
case(s) which are unique and include interesting findings adding insights into the
interpretation of patient images, a condition's pathogenesis, presentation, and/
or management.

7. Consensus Statements or Guidelines may be submitted by professional societies.
All such submissions will be subjected to peer review, must be modifiable in
response to criticisms, and will be published only if they meet the Journal's usual
editorial standards.

8. Letters to the Editor may be submitted in response to work that has been
published in the Journal. Letters should be short commentaries related to specific
points of agreement or disagreement with the published work.

Note on Prior Publication
Articles are accepted for publication on the condition that they are original,
are not under consideration by another journal, or have not been previously
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published. Direct quotations, tables, or illustrations that have appeared in
copyrighted material must be accompanied by written permission for their use
from the copyright owner and authors. Materials previously published in whole or
in part shall not be considered for publication. At the time of submission, authors
must report that the manuscript has not been published elsewhere. Abstracts or
posters displayed at scientific meetings need not be reported.

MANUSCRIPT SUBMISSION PROCEDURES

MIRT only accepts electronic manuscript submission at the web site http://
www.journalagent.com/mirt/. After logging on to the website Click the ‘online
manuscript submission’ icon. All corresponding authors should be provided with a
password and a username after entering the information required. If you already
have an account from a previous submission, enter your username and password
to submit a new or revised manuscript. If you have forgotten your username and/
or password, please send an e-mail to the editorial office for assistance. After
logging on to the article submission system please read carefully the directions of
the system to give all needed information and attach the manuscript, tables and
figures and additional documents.

All Submissions Must Include:

1.Completed Copyright Assignment & Disclosure of Potential Conflict of
Interest Form; This form should be downloaded from the website (provided in
the author section), filled in thoroughly and uploaded to the website during the
submission.

2. All manuscripts describing data obtained from research conducted in human
participants must be accompanied with an approval document by the ethical
review board.

3.All manuscripts reporting experiments using animals must include approval
document by the animal ethical review board.

4. All submissions must include the authorship contribution form which is signed
by all authors.

Authors must complete all online submission forms. If you are unable to
successfully upload the files please contact the editorial office by e-mail.

MANUSCRIPT PREPARATION

General Format

The Journal requires that all submissions be submitted according to these
guidelines:

® Text should be double spaced with 2.5 cm margins on both sides using 12-point
type in Times Roman font.

e All tables and figures must be placed after the text and must be labeled.

e Each section (abstract, text, references, tables, figures) should start on a separate
page.

e Manuscripts should be prepared as a word document (*.doc) or rich text format
(*.rtf).

e Please make the tables using the table function in Word.

® Abbreviations should be defined in parenthesis where the word is first mentioned
and used consistently thereafter.

® Results should be expressed in metric units. Statistical analysis should be done
accurately and with precision. Please consult a statistician if necessary.

INSTRUCTIO THORS

® Authors' names and institutions should not be included in the manuscript text
and should be written only in the title page.

Title Page

The title page should be a separate form from the main text and should include
the following:

o Full title (in English and in Turkish). Turkish title will be provided by the editorial
office for the authors who are not Turkish speakers.

e Authors' names and institutions.

e Short title of not more than 40 characters for page headings.

e At least three and maximum eight keywords. (in English and in Turkish). Do
not use abbreviations in the keywords. Turkish keywords will be provided by the
editorial office for the authors who are not Turkish speakers. If you are not a
native Turkish speaker, please reenter your English keywords to the area provided
for the Turkish keywords. English keywords should be provided from http://www.
nim.nih.gov/mesh (Medical Subject Headings) while Turkish keywords should be
provided from http://www.bilimterimleri.com.

e Word count (excluding abstract, figure legends and references).

e Corresponding author's e-mail and address, telephone and fax numbers.

® Name and address of person to whom reprint requests should be addressed.

Original Articles

Authors are required to state in their manuscripts that ethical approval from an

appropriate committee and informed consents of the patients were obtained.
Original Articles should be submitted with a structured abstract of no more than

250 words. All information reported in the abstract must appear in the manuscript.

The abstract should not include references. Please use complete sentences for all

sections of the abstract. Structured abstract should include background, objective,

methods, results and conclusions. Turkish abstract will be provided by the editorial

office for the authors who are not Turkish speakers. If you are not a native Turkish

speaker, please reenter your English abstract to the area provided for the Turkish

abstract.

- Introduction

- Materials and Methods

- Results

- Discussion

- Study Limitations

- Conclusion

May be given for contributors who are not listed as authors, or for grant support

of the research.

References should be cited in numerical order (in parentheses) in the text and

listed in the same numerical order at the end of the manuscript on a separate page

or pages. The author is responsible for the accuracy of references. Examples of

the reference style are given below. Further examples will be found in the articles

describing the Uniform Requirements for Manuscripts Submitted to Biomedical

Journals (Ann Intern Med.1988; 208:258-265, Br Med J. 1988; 296:401-405).

The titles of journals should be abbreviated according to the style used in the

Index Medicus. Journal Articles and Abstracts: Surnames and initials of author's

name, title of the article, journal name, date, volume number, and pages. All

authors should be listed regardless of number. The citation of unpublished papers,

observations or personal communications is not permitted. Citing an abstract is
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not recommended. Books: Surnames and initials of author's names, chapter title,
editor's name, book title, edition, city, publisher, date and pages.

Sample References

Journal Article: Sayit E, Soylev M, Capa G, Durak I, Ada E, Yilmaz M. The role of
technetium-99m-HMPAO-labeled WBC scintigraphy in the diagnosis of orbital
cellulitis. Ann Nucl Med 2001;15:41-44.

Erselcan T, Hasbek Z, Tandogan |, Gumus C, Akkurt I. Modification of Diet in Renal
Disease equation in the risk stratification of contrast induced acute kidney injury
in hospital inpatients. Nefrologia 2009 doi: 10.3265/Nefrologia.2009.29.5.5449.
en.full.

Article in a journal published ahead of print: Ludbrook J. Musculovenous pumps
in the human lower limb. Am Heart J 2009;00:1-6. (accessed 20 February 2009).

Lang TF, Duryea J. Peripheral Bone Mineral Assessment of the Axial Skeleton:
Technical Aspects. In: Orwoll ES, Bliziotes M (eds). Osteoporosis: Pathophsiology
and Clinical Management. New Jersey, Humana Pres Inc, 2003;83-104.

Books: Greenspan A. Orthopaedic Radiology a Pratical Approach. 3th ed.
Philadelphia, Lippincott Williams Wilkins 2000, 295-330.

Website: Smith JR. ‘Choosing Your Reference Style', Online Referencing 2(3),
http://orj.sagepub.com (2003, accessed October 2008).

- Tables

Tables must be constructed as simply as possible. Each table must have a concise
heading and should be submitted on a separate page. Tables must not simply
duplicate the text or figures. Number all tables in the order of their citation in the
text. Include a title for each table (a brief phrase, preferably no longer than 10 to
15 words). Include all tables in a single file following the manuscript.

- Figure Legends

Figure legends should be submitted on a separate page and should be clear and
informative.

- Figures

Number all figures (graphs, charts, photographs, and illustrations) in the order of
their citation in the text. At submission, the following file formats are acceptable:
Al, EMF, EPS, JPG, PDF, PPT, PSD, TIF. Figures may be embedded at the end of the
manuscript text file or loaded as separate files for submission. All images MUST be
at or above intended display size, with the following image resolutions: Line Art
800 dpi, Combination (Line Art + Halftone) 600 dpi, Halftone 300 dpi. Image files
also must be cropped as close to the actual image as possible.

Short Communications:

Short communications should be submitted with a structured abstract of no more
than 200 words. These manuscripts should be no longer than 2000 words, and
include no more than two figures and tables and 20 references. Other rules which
the authors are required to prepare and submit their manuscripts are the same as
described above for the original articles.

Review Articles:

- Title page (see above)

- Abstract: Maximum 250 words; without structural divisions; in English and in
Turkish . Turkish abstract will be provided by the editorial office for the authors
who are not Turkish speakers. If you are not a native Turkish speaker, please reenter
your English abstract to the area provided for the Turkish abstract.

INSTRUCTIO
- Text
- Conclusion
- Acknowledgements (if any)
- References
Editorial:

- Title page (see above)

- Abstract: Maximum 250 words; without structural divisions; in English and in
Turkish. Turkish abstract will be provided by the editorial office for the authors
who are not Turkish speakers. If you are not a native Turkish speaker, please re
enter your English abstract to the area provided for the Turkish abstract.

- Text

- References

Case Report and Literature Review

- Title page (see above)

- Abstract: Approximately 100-150 words; without structural divisions; in English
and in Turkish. Turkish abstract will be provided by the editorial office for the
authors who are not Turkish speakers. If you are not a native Turkish speaker,
please re-enter your English abstract to the area provided for the Turkish abstract.
- Introduction

- Case report

- Literature Review and Discussion

- References

Interesting Image:

No manuscript text is required. Interesting Image submissions must include the
following:

Title Page: (see Original article section)

Abstract: Approximately 100-150 words; without structural divisions; in English
and in Turkish. Turkish abstract will be provided by the editorial office for the
authors who are not Turkish speakers. If you are not a native Turkish speaker,
please re-enter your English abstract to the area provided for the Turkish abstract.
Image(s): The number of images is left to the discretion of the author. (See Original
article section)

Figure Legend: Reference citations should appear in the legends, not in
the abstract. Since there is no manuscript text, the legends for illustrations
should be prepared in considerable detail but should be no more than 500
words total. The case should be presented and discussed in the Figure legend
section.

References: Maximum eight references (see original article section).

Letters to the Editor:

- Title page (see above)

- Short comment to a published work, no longer than 500 words, no figures or
tables.

- References no more than five.

Consensus Statements or Guidelines: These manuscripts should typically be no
longer than 4000 words and include no more than six figures and tables and 120
references.
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Proofs and Reprints

Proofs and a reprint orders are sent to the corresponding author. The author
should designate by footnote on the title page of the manuscript the name and
address of the person to whom reprint requests should be directed. The manuscript
when published will become the property of the journal.

Archiving

The editorial office will retain all manuscripts and related documentation
(correspondence, reviews, etc.) for 12 months following the date of publication
or rejection.

Submission Preparation Checklist

As part of the submission process, authors are required to check off their
submission's compliance with all of the following items, and submissions may be
returned to authors that do not adhere to these guidelines.

1. The submission has not been previously published, nor is it before another journal
for consideration (or an explanation has been provided in Comments to the Editor).
2. The submission file is in Microsoft Word, RTF, or WordPerfect document file
format. The text is double-spaced; uses a 12-point font; employs italics, rather
than underlining (except with URL addresses); and the location for all illustrations,
figures, and tables should be marked within the text at the appropriate points.

3. Where available, URLs for the references will be provided.

4. All authors should be listed in the references, regardless of the number.

5. The text adheres to the stylistic and bibliographic requirements outlined in the
Author Guidelines, which is found in About the Journal.

6. English keywords should be provided from http://www.nIm.nih.gov/mesh(Medical
Subject Headings), while Turkish keywords should be provided fromhttp://www.
bilimterimleri.com

7. The title page should be a separate document from the main text and should
be uploaded separately.

8. The "Affirmation of Originality and Assignment of Copyright/The Disclosure
Form for Potential Conflicts of Interest Form" and Authorship Contribution Form
should be downloaded from the website, filled thoroughly and uploaded during
the submission of the manuscript.

TO AUTHORS

Copyright Notice

The author(s) hereby affirms that the manuscript submitted is original, that all
statement asserted as facts are based on author(s) careful investigation and

INSTRUCTIO THORS

research for accuracy, that the manuscript does not, in whole or part, infringe
any copyright, that it has not been published in total or in part and is not being
submitted or considered for publication in total or in part elsewhere. Completed
Copyright Assignment & Affirmation of Originality Form will be uploaded during
submission. By signing this form;

1. Each author acknowledges that he/she participated in the work in a substantive
way and is prepared to take public responsibility for the work.

2. Each author further affirms that he or she has read and understands the “Ethical
Guidelines for Publication of Research"

3. The author(s), in consideration of the acceptance of the manuscript for
publication, does hereby assign and transfer to the Molecular Imaging and
Radionuclide Therapy all of the rights and interest in and the copyright of the
work in its current form and in any form subsequently revised for publication and/
or electronic dissemination.

Privacy Statement
The names and email addresses entered in this journal site will be used exclusively

for the stated purposes of this journal and will not be made available for any other
purpose or to any other party.

Peer Review Process

1. The manuscript is assigned to an editor, who reviews the manuscript and makes
an initial decision based on manuscript quality and editorial priorities.

2. For those manuscripts sent for external peer review, the editor assigns at least
two reviewers to the manuscript.

3. The reviewers review the manuscript.

4. The editor makes a final decision based on editorial priorities, manuscript
quality, and reviewer recommendations.

5. The decision letter is sent to the author.

Contact Address

All correspondence should be directed to the Editorial Office:

Cinnah Caddesi Pilot Sokak No:10/12 06650 Cankaya [ Ankara, Turkey
Phone: +90 312 441 00 45

Fax: +90 312 441 12 97

E-mail: info@tsnmjournals.org




a7

53

62

69

76

Molecular Imaging and Radionuclide Therapy

CONTENTS

Original Articles

18F-FDG-PET/CT in Initiation and Progression of Inflammation and Infection
Enfeksiyon ve Enflamasyonun Olusum ve Gelisim Stirecinin 18F-FDG-PET/BT Kullanilarak izlenmesi
Turkan Ertay, Mine Sencan Eren, Meral Karaman, Giilgiin Oktay, Hatice Durak; izmir, Turkey

Experimental and Simulation Analysis of Radiation of the Beta Emitting Sources in a Magnetic Field
Manyetik Alanda Beta Yayan Kaynaklarin Isiniminin Deneysel ve Simdlasyon Analizi
Berrin Cavusoglu, Selda Sucu, Hatice Durak, Kadir Akglingér, Hakan Epik, Tirkan Ertay; izmir, Turkey

Lu-177-PSMA-617 Prostate-Specific Membrane Antigen Inhibitor Therapy in Patients with Castration-
Resistant Prostate Cancer: Stability, Bio-distribution and Dosimetry

Kastrasyona Direncli Prostat Kanseri Hastalarinda Lu-177-PSMA-617 ile Prostat Spesifik Membran Antijen Inhibitor Tedavisi: Kararlilik,
Biyodagilim ve Dozimetri

Levent Kabasakal, Turkay Toklu, Nami Yeyin, Emre Demirci, Mohammad Abugbeitah, Meltem Ocak, Aslan Aygliin, Emre Karayel,
Huseyin Pehlivanoglu, Nalan Alan Selcuk; istanbul, Turkey

Efficacy of 18F-2-fluoro-2-deoxy-D-glucose Positron Emission Tomography/Computerized Tomography for
Bone Marrow Infiltration Assessment in the Initial Staging of Lymphoma

18F-2-fluoro-2-deoksi-D-glukoz Pozitron Emisyon Tomografisi/Bilgisayarli Tomografinin Lenfomanin Inisiyal Evrelemesinde Kemik [ligi
Tutulumunun Belirlenmesindeki Rolt

Ali Ozan Oner, Evrim Strer Budak, Funda Aydin, Ozan Salim, Orhan Kemal Yiicel, Bahar Akkaya, Tayfur Toptas, Adil Boz, Akin Yildiz,
Firat Glingér, Levent Undar; Afyonkarahisar, Antalya, istanbul, Turkey

Clinical Significance of 18F-Fluorodeoxyglucose Avid Prostate Gland Incidentalomas on Positron Emission
Tomography/Computed Tomography

Pozitron Emisyon Tomografisi/Bilgisayarli Tomografide '8F-Fluorodeoksiglukoz Avid Prostat Bezi insidentalomalarinin Klinik Onemi
William Makis, Anthony Ciarallo; Edmonton, Montreal, Canada




Original Article
Mol Imaging Radionucl Ther 2017,26:47-52 DOI:10.4274/mirt. 18291

OF510)
EE

I8F-FDG-PET/CT in Initiation and Progression of Inflammation and
Infection
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Abstract

Objective: Detection/localization of infection and inflammation is important for the initiation of correct treatment as well
as its maintenance. Nuclear medicine imaging methods play an important role in determining infection and inflammation.
18F-2"-deoxy-2-fluoro-d-glucose (18F-FDG) positron emission tomography/computed tomography (PET/CT) is highly sensitive
in such cases when used with tomographic cross-sections. In this study, the development and progression of infection and
inflammation were monitored on rats by using '8F-FDG via PET/CT.

Methods: Sterile and infected abscesses were formed on rats using turpentine and S. aureus, respectively. For evaluation of
the formation and progression of the abscess, 18F-FDG was injected into the rats and they were imaged by PET/CT at intervals
of twenty-four hours for five days. Maximum standard uptake value (SUV,ay) Of 18F-FDG was calculated.

Results: The highest activity involvement was seen on the first day of abscess formation. On the first day, SUV sy Of the S.
aureus abscess was 3.9+0.9 while in the sterile abscess SUV 4, in the first day was 2.2+0.8. 18F-FDG uptake decreased day by
day and it reached the background level on the fourth and fifth days. There were statistically significant differences between
S. aureus and sterile abscess, and between sterile abscess and background activity in terms of SUV 4, Values during the first
three days (p<0.05). On the fourth and fifth days, there was no statistically significant difference between S. aureus and sterile
abscess, and between sterile abscess and background activity (p>0.05).

Conclusion: The results demonstrated that the SUV a4 Value for 18F-FDG can be useful in the early differentiation of sterile
and infected abscess. In addition, '8F-FDG-PET imaging has the advantage of local availability of equipment and labeled
agents leading rapid diagnosis of differentiation of infection and inflammation.

Keywords: Abscess, infection, inflammation, S. aureus, turpentine, positron emission tomography/computed tomography,
18F-2"-deoxy-2-fluoro-d-glucose, rat

Oz

Amac: Enfeksiyon ve enflamasyonun tespit ediimesi ve yerinin belirlenmesi, dogru tedavinin baslanmasi ve hastalarin
bakimi icin birincil Gneme sahiptir. Enfeksiyon ve enflamasyonu saptamada nikleer tip gorintileme yéntemleri dnemli
rol oynar. 18F-2"-deoksi-2-fluoro-d-glukoz (18F-FDG) pozitron emisyon tomografisi/bilgisayarli tomografi (PET/BT) ylksek
duyarliiga sahiptir. Bu calismada enfeksiyon ve enflamasyonun olusum ve gelisim streci 18F-FDG ile PET/BT kullanilarak
izlendi.
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Oz

Yontem: Terebentin ve S. aureus kullanilarak ratlarda steril ve enfekte apse olusturuldu. Apsenin olusum ve gelisim stirecini
degerlendirmek icin ratlar 24 saatlik aralar ile 5 glin 18F-FDG enjekte edilerek PET/BT ile gorintilendi. 18F-FDG'nin maksimum
standart uptake degeri (SUV aks) hesaplandi.

Bulgular: En yiksek aktivite tutulumu apse olusumunun ilk giiniinde gériildd. ik giin S. aureus igin SUVmais 3,9%0,9 iken
steril apse icin SUVpaks 2,2£0,8 idi. 18F-FDG tutulumu giinden giine azalirken dérdlinci ve besinci glinlerde zemin aktivite
dlzeyi kadar azaldi. S. aureus ile steril apse arasinda ve steril apse ile background aktivite arasinda SUV/,,.s degerleri agisindan
ilk G¢ glin goruntilerde istatistiksel olarak anlamli fark vardi (p<0,05). DérdUlnct ve besinci glinlerde ise S. aureus ile steril apse
arasinda ve steril apse ile kontrol arasinda istatistiksel olarak anlamli bir fark yoktu (p>0,05).

Sonug: Bu sonuglar '8F-FDG SUV,,.s dederlerinin erken dénemde steril ve enfekte apse arasindaki ayrim icin yararl
olabilecegini 6ne stirmektedir. Ayrica ekipmanlarin ve isaretli ajanlarin lokal olarak temin edilmesi enfeksiyon enflamasyon
ayriminda '8F-FDG-PET gorintileme yonteminin hizli tani yontemi olmasini saglar.

Anahtar kelimeler: Apse, enfeksiyon, enflamasyon, S. aureus, terebentin, pozitron emisyon tomografisi/bilgisayarl
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tomografi, 18F-2'-deoksi-2-fluoro-d-glukoz, sican

Introduction

Detecting the presence and identifying the localization of
infection and inflammation have primary importance for
implementation of proper treatment and patient follow-
up (1,2,3,4,5,6,7). Nuclear medicine offers powerful non-
invasive imaging techniques for visualization of infection
and inflammation-related disorders by imaging the whole
body, thus enabling determination of both the localization
and extent of inflammatory foci (8,9). Various methods
have been developed that display different stages of the
inflammatory response. Many radiopharmaceuticals have
been evaluated extensively in both preclinical and clinical
studies as potential diagnostic agents to identify the sites of
infection (10,11,12,13). Although there are several imaging
agents, only a few of them are being used in routine clinical
practice. There is a definite role of 18F-2'-deoxy-2-fluoro-
d-glucose (18F-FDG) in assessing disease extent, disease
activity in patients with infection and inflammation, and
evaluation of response to treatment (6,14). The high tissue
radioactivity after administration of 18F-FDG corresponds
to increased glucose uptake and consumption through the
hexose monophosphate shunt, which is the main source of
energy for chemotaxis and phagocytosis (7,15). 18F-FDG, an
analog of glucose, is taken up by living cells via cell membrane
glucose transporters and subsequently it is phosphorylated
with hexokinase inside most cells. Activation of phagocytes,
also known as respiratory burst activation, lead to increased
18F-FDG uptake (10). In sterile inflammation, administered
18F-FDG is mainly taken up by neutrophils and macrophages
(6,15). A high degree of 18F-FDG uptake is detected in
neutrophils during the acute phase of inflammation,
while macrophages and polymorphonuclear leukocytes
uptake 18F-FDG during the chronic phase (1,6,11,16).
18F-FDG is phagocytized by macrophages and phagocytic
cells via d-glucose transporter. Through glycolysis, 18F-FDG
is phosphorylated by hexokinase resulting in 18F-FDG-6
phosphate. Positron emission tomography (PET) imaging can
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be used alone or in conjunction with computed tomography
(CT) in diagnosing and management of therapy planning in
a variety of disorders (9).

The use of PET/CT represents the new generation in
diagnostic modality. PET imaging detects an increase in
metabolic activity while CT provides anatomic correlation
(15,16,17,18). Inflammatory cells have an increased
positive expression of glucose transporters and growth
factors, which affect the affinity of these transporters for
deoxyglucose. Due to structural analogy, 2-deoxyglucose
18F-FDG is uptaken at the site of infection at a high level
depending on the rate of glycolysis. 18F-FDG is carried into
the cells by the glucose transporters. In case of infection
and inflammation, leukocyte activation occurs and glucose
is used in the activation as an energy source. Glucose
transporter receptors are stimulated by uptake of glucose
and its analogues (17,19).

The aim of this study is to evaluate the development of
infection and inflammation, as well as to monitor sterile
and infected abscesses in rats by using 18F-FDG-PET/CT.

Materials and Methods

All animals were treated in accordance with the protocols
approved by the Animal Care and Use Committee of the
University. The designed study was conducted at the
animal care facility of the Faculty of Medicine, Dokuz Eylil
University.

In this study, sterile abscess was induced by using
turpentine and infected abscess was induced by using
Staphylococcus aureus ATCC 25923 strain on rats. Three
groups of rats were used for imaging as sterile, infected,
and control groups. Another group of rats were used to
remove the abscess tissue to compare number of living
organism with standard uptake value (SUV). They were
male White Wistar Rats, clinically healthy animals of 150-
220 gr body weight.
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Bacterial Strain and Rat Model for Abscess Formation

S. aureus strain (ATCC 25923) was grown in 5-10% sheep
blood agar (Salubris, USA) after incubating overnight at
37°C.

One loop of the S. aureus colonies was suspended in
Mueller Hinton broth (mhb) containing tube to obtain 107
colony-forming units (CFU)/mL.

The animals were anesthetized by intraperitoneal
administration of xylazine, 5 mg/kg and ketamin, 35 mg/kg.
For infected abscess formation on rats (n=14), S. aureus 0.5
mL 107 CFU/mL was inoculated in the right arm of the rats
subcutaneously. For sterile abscess formation on rats (n=7)
0.2-0.4 mL turpentine (Sigma-Aldrich) was injected into the
right arm of the rats subcutaneously. In the control group
(n=6), 0.5 mL 0.9% NaCl was injected into the right arm of
the rats subcutaneously. Following each imaging, an abscess
of a rat was removed in the another S. aureus group and
living bacterial organisms were counted in the excised tissue.

Positron Emission
Tomography Imaging of Rats

Tomography/Computed

A preliminary study was performed to optimize imaging time
depending on abscess formation. First day image was acquired
24 hours after inoculation of S. aureus and turpentine.
18F-FDG (37 MBq) was injected intravenously via the tail vein.
Prior to 18F-FDG injection, rats fasted for 4 hours and were
well hydrated. Imaging was performed using PET/CT (PHILIPS
Gemini TF), beginning one hour after injection of 18F-FDG on
the first day for five days with an interval of twenty-four hours.
18F-FDG rat imaging was done with two-minute bed positions.
On the first day, imaging was performed at the first and
second hours after injection of 18F-FDG to obtain optimum
imaging time. Non-diagnostic CT images were obtained (90
kVp and 30 mAs, with a thickness slice of 2 mm, the rotation
time was 0.5 sec, 39 mm/sec bed speed, 512x512 matrix).

Image Analysis

PET/CT images were visually and semi-quantitatively
assessed. For semi-quantitative analysis of the PET images,
a region of interest (ROI) was drawn around the abscess
area on the right arm. In the control group, a ROl was
drawn around a similar area as the background on the right
arm. SUVp,ax Was obtained from the images for evaluation
of glucose metabolism of infection and inflammation
detected by 18F-FDG-PET/CT.

The SUV,ax of 18F-FDG uptake were calculated on abscess
sites by using the formula:

SUV=Tissue concentration (Bg/g)/[injected dose (Bq)/body
weight (g)]

Results

Twenty-four hours after inoculation of S. aureus or
turpentine, swelling was apparent in the abscess site. A soft
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tissue infection developed on the right arm within twenty-
four hours after bacterial inoculation. Swelling and redness
of the abscess area were apparent in all rats. Abscess
sites were visualized by 18F-FDG-PET/CT. A higher abscess/
background ratio was detected at the first hour compared
to the second hour after injection of 18F-FDG. Imaging time
was chosen as the first post injection hour for the following
days.

The initial SUV for S. aureus was 3.9+0.9 on the first
day, while it was 2.2+0.8 for sterile abscess and 1.2+0.5
for control group rats. The first day SUV 5 on the second
hour following 18F-FDG injection was 2.8+0.6 for infected
abscess, 1.9+0.9 for sterile abscess, and 1.2+0.09 for
control group. During the following two days, although
activity involvement decreased at S. aureus it was still
higher than involvement in turpentine abscess. There were
statistically significant differences between S. aureus and
sterile abscess, and between sterile abscess and control
group as SUVpax for the first three days (p<0.05). On the
fourth and fifth days, there was no statistically significant
difference between S. aureus and sterile abscess, and
between sterile abscess and control group (p>0.05).

It was observed that SUV y,x of infected abscess was higher
than that of sterile abscess in all images during the first
three days. CFUs per milliliters (CFU/mL) in excised abscess
tissue was 104 CFU/mL, 103 CFU/mL, 102 CFU/mL in the
first, second and third days, respectively. There was no
living organism at the fourth and fifth days. A correlation
was detected between 18F-FDG activity and number of
living microorganisms in excised abscess tissue.

Figures 1a, 1b, 2a, 2b display 18F-FDG images of sterile and
infected abscess in rats.

Table 1 presents SUV yay for sterile abscess, infected abscess,
and control rats as well as the quantity of living organisms.

Discussion

It is clinically important to distinguish infection from
inflammation (6,14). Abscess is a life threatening and
important complication of inflammation or major surgery
(19,17). Most infectious and inflammatory foci can
be visualized accurately with radiolabeled autologous
leukocytes. In vitro labeled leukocyte imaging is the gold
standard for imaging most infection. However, preparation
of this radiopharmaceutical is laborious, time consuming
and requires handling of potentially contaminated blood
(4). New agents are being developed that could potentially
differentiate  between infection and non-microbial
inflammation. In addition to these, it is suggested that
18F-FDG-PET imaging can be used to visualize inflammatory
foci when a high spatial resolution is required (1).

Kumar et al. (20) compared 67Ga Citrate SPECT and 68Ga
Citrate PET in S. aureus infection in the rat model. They
concluded that 68Ga Citrate PET is a faster imaging method
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as 68Ga has a halflife of 68 minutes compared to 78.3
hours for 67Ga. Yamada et al. (21) studied 18F-FDG uptake
and its distribution in turpentine induced inflammatory
tissue on male Donryu rats. They showed that the uptake
in inflammatory tissue increased gradually upto 60 minutes
and then decreased. Our study also showed an increased
activity within 60 minutes followed by a decreased activity
120 minutes after injection of 18F-FDG. They reported
an increasing activity which peaked on the 4 day after
inoculation followed by a slow down. Our study detected the
highest 18F-FDG activity a day after turpentine inoculation.
In our study, there was also a correlation between 18F-FDG
activity and quantity of living microorganisms in excised
abscess tissue. These differences may be due to the rat's
immune tolerance.

Kaim et al. (22) studied 18F-FDG and 18F-FET in an
acute phase abscess model. Their histological study
showed increased 18F-FDG uptake that corresponded
to cellular inflammatory infiltrates, mainly consisting
of granulocytes. The necrotic abscess center and the
second necrotic tissue layer were characterized by
decreased 18F-FDG uptake. They documented a marked
increase in 18F-FDG uptake at the site of infection,
which could be attributed to activated granulocytes
and macrophages. In their study, 18F-FET uptake was
low in inflammatory infiltrates consisting of neutrophil,
granulocytes and macrophages. They interpreted this

Figure 1. Sterile abscess imaging in rats by using 18F-2'-deoxy-2-fluoro-
d-glucose positron emission tomography/computed tomography, (a) 3D
MIP image, (b) Transverse cross-sectional images, computed tomography,
positron emission tomography and fusion images

finding as either low uptake in the bacterial area may be
lacking bacterial uptake by 18F-FET or small number of
living bacteria in the infection area. On the other hand,
our study demonstrated that there was a correlation
between bacterial load and 18F-FDG uptake rate. A
greater bacterial load in the excised abscess yielded a
higher SUV.

Sugawara et al. (23) compared '8F-FDG, thymidine,
L-methionine, 67Ga Citrate and 125-HSA in sites of
bacterial infection in rats infected with E. coli. Their
auto-radiographic study detected the highest 18F-FDG
uptake in the inflammatory area of cell infiltration
surrounding the necrotic region. In their study, 18F-FDG
showed much higher uptake values than 67Ga Citrate or
125]-HSA. They reported lower methionine and thymidine
accumulation in the infectious foci than 18F-FDG. In their
bacterial model, an abscess was formed and the necrotic
area showed slightly higher 18F-FDG uptake than the
surrounding edematous muscle, while the center of the
abscess in turpentine model showed very low 18F-FDG
uptake. In our study, '8F-FDG uptake in the bacterial
site was higher than the inflammation site. It has been
reported that abscess-forming bacteria utilize glucose as
an energy source using various pathways. The lack of any
18F-FDG uptake could be attributed to a low number of
inflammatory cells, lack of granulation tissue, or absence
of microorganisms.

Figure 2. Infected abscess imaging in rats by using '8F-2"-deoxy-2-fluoro-
d-glucose positron emission tomography/computed tomography, (a) 3D
MIP image, (b) Transverse cross-sectional images, computed tomography,
positron emission tomography and fusion images

Table 1. Maximum standard uptake values for sterile abscess, infected abscess and control and number of living organism

SUV ax
Imaging times Infected abscess Sterile abscess Control Living organism CFU/mL
First day at one hour 3.9+0.9 2.2+0.8 1.2+0.5
First day at two hour 2.8:0.6 1.940.9 1240.3 1x104
Second day at one hour 1.9+0.2 1.8 +1 0.9+0.3 1x103
Third day at one hour 1.2+0.4 0.9+0.3 0.7+0.2 1x102
Fourt day at one hour 0.9+0.5 0.7+0.3 0.7+0.3 No living organism
Fifth day at one hour 0.8+0.4 0.7+0.2 0.7+0.2 No living organism

CFU: Colony-forming units, Suv,,,.: Maximum standard uptake
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Dumarey et al. (24) used 18F-FDG labeled leukocytes for
imaging of inflammation. They found high sensitivity
and specificity rates for the diagnosis of infection. They
concluded that due to '8F-FDG uptake in the brain, the
genitourinary tract and variable activity in the myocardium,
bone marrow, stomach and bowel, 18F-FDG-PET had
poorer diagnostic performance compared with labeled
leukocytes for the detection of infection in these sites. We
also observed major uptake in these organs. We agree with
Dumarey et al. (24) that the diagnostic performance of
18F-FDG imaging in infection of these sites is poor. However,
leukocyte labeling procedure is time consuming and needs
careful handling process.

Pellegrino et al. (25) carried out a study to compare the
relative uptakes of 18F-FDG and of 18F-FDG labeled WBCs in
sterile and septic inflammation foci in an animal model. Their
results showed that 18F-FDG-WBC PET imaging had a greater
performance versus 18F-FDG in the sterile inflammation
model as well as in E.coli and P aeruginosa septic models.
Jamar et al. (26) emphasized that it should be kept in mind
that the choice between 18F-FDG imaging and an alternative
technique depends on the need for rapid diagnosis and local
availability of required equipment and labeled agents.

In our study, the highest 18F-FDG activity was observed on
the first day following inoculation in the infection and the
inflammation sites, and then the activity decreased day by
day. This could be related to the rapid metabolic activity in fast
recovering rats. On the fourth and fifth days, 18F-FDG activity
was equal to that of the controls. We compared activity rates
according to bacterial load by excising tissue. It was seen
that bacterial load and 18F-FDG uptake values correlated with
infection severity. In this study, the imaging was performed by
PET/CT that is designed for human body imaging, if imaging
studies had been obtained with small animal imaging device
(microPET/CT) resolution of the images would have been
higher than the presented images.

Conclusion

Inflammatory and infected tissues utilize glucose as energy
source for chemotaxis and phagocytosis. Therefore, the
accumulation of 18F-FDG as a glucose analog can be
used for diagnosis of infection and inflammation. Sterile
and infected abscess differentiation can be evaluated by
imaging with 18F-FDG-PET at early phase. The value of
SUVnax explores correlation between sterile abscess and
infected abscess. 18F-FDG-PET is also a useful technique to
understand the extent of the infection and inflammation
process. In addition to PET imaging method with 18F-FDG
has the possibility of rapid diagnosis and easier with the
advantage of local availability.
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Abstract

Objective: The behavior of beta particles under the magnetic field was investigated both theoretically and experimentally
based on the assumption of reducing the damage to the normal tissues created by using magnetic field in radionuclide
therapy.

Methods: A water-filled spherical medium and a beta particle source was formed by using Geant4 simulation software
for the theoretical study. After applying a homogenous magnetic field, the volume of points at which the particles interact
with the medium was calculated by determining particle range. The range of beta particles was examined using yttrium-90
source and Gafchromic films for the experimental study. The setup was kept in normal room conditions and in the magnetic
resonance imaging device. Then the irradiated films were analyzed by creating isodose curves.

Results: With the increase of the magnetic field, the number of hits at the center was increased, but the number of hits at
the outer boundaries decreased inversely proportional to the strength of the magnetic field. The change perpendicular to the
magnetic field was greater as compared to the change parallel to the magnetic field. The volume of hits of beta particles got
smaller with the increase of the magnetic field.

Conclusion: \When magnetic field is increased, the decrease in the number of interactions at the outer boundaries became
more pronounced in the perpendicular direction to the magnetic field. The effect of magnetic field was more apparent for
higher energy beta particles than lower energy particles.

Keywords: Beta radiation, magnetic field, Geant4 Monte Carlo simulation, yttrium-90

Oz

Amagc: Beta yayan radyoizotoplarla yapilan kanser tedavilerinde manyetik alan kullanilarak normal dokularda olusan zararin
azaltimasinin mimkdin olabilecedi varsayimi ile beta parcaciklarinin manyetik alandaki davranislari teorik ve deneysel olarak
arastirildi.

Yoéntem: Teorik calismada, Geant4 programinda ici su dolu kiiresel bir ortam olusturuldu ve merkezine beta parcacigi kaynagi
yerlestirildi. Homojen bir manyetik alan uygulanarak parcacklarin ortamla etkilestikleri noktalarin hacmi, parcaciklarinin
menzilleri belirlenerek hesaplandi. Deneysel calismada, beta parcaciklarinin menzili itriyum-90 kaynagi ve Gafkromik film
kullanilarak incelendi. Diizenek normal oda kosullarinda ve manyetik rezonans gériinttleme cihazinda bekletildi. Isinlanan
filmler izodoz egrileri olusturularak analiz edildi.
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Bulgular: Manyetik alan artmasiyla beraber merkezde etkilesim sayisinda artma oldugu, merkezin disinda ise etkilesim
sayisinin manyetik alanla ters orantili olarak azaldigi gértldl. Manyetik alana dik yondeki degisim manyetik alana paralel
yondekine gore daha fazla idi. Manyetik alanin artmasiyla beta parcaciklarinin etkilestigi hacim kigtlmekte idi.

Sonug: Manyetik alan arttikca, manyetik alana dik yonlerde merkezin disindaki alanlarda etkilesim sayisindaki azalm daha
belirgin olmaktadir. Manyetik alan etkisinin distk enerjililere oranla yiksek enerijili beta parcaciklarinda daha belirgin oldugu

gorilmustar.

Anahtar kelimeler: Beta radyasyonu, manyetik alan, Geant4 Monte Carlo simlasyonu, itriyum-90

Introduction

Radionuclide therapy utilizes ionizing radiation for the
treatment of undesired tissues such as tumors or an over
active thyroid gland. For this purpose, radiation dose is
given to the target tissue using radionuclides emitting
(-, a+ or Auger electrons. Beta emitters are locally used
in prostate seed implants and coronary artery stents, or
are systemically administered for the treatment of bone
metastases, ablation of thyroid tissue, radioimmunotherapy,
etc (1).

Beta particles lose their energy like other charged particles
through ionization and cause excitation in soft tissue or
water (2). They deviate from their paths as a result of their
interaction with atomic nuclei and electrons on their way,
depending on the type of medium and the energy of the
beta particle (3).

In smaller tumors, the range of beta particles may be
greater than the lesion size and only some of their energy
accumulates in target cells. Thus, the remaining energy of
the ionizing radiation administered may cause damage to
normal cells since the surrounding healthy cells cannot be
protected and the energy is absorbed by healthy cells as
well (1).

The damage to healthy cells causes undesirable side-effects
due to the long range of beta particles. The application of
a strong magnetic field has been suggested for reducing
the particle range in a wide variety of applications of beta
radiation. The charged particle entering the magnetic field
traces circular paths with the effect of magnetic force (4).
Considering the change in the paths of charged particles
in the magnetic field, it may be possible to prevent beta
particles to leave the target tissue, thus reducing the side
effects and increasing the dose to the center, which in turn
would increase therapeutic effectiveness. This effect of the
magnetic field has been shown in a few studies to enhance
the radiation dose absorbed by tumors (5,6) and to protect
bone marrow (7).

The theoretical study of the change in the paths of beta
particles can be performed by using a computer simulation.
In this study, we simulated the course of the interaction of
beta particles with matter in magnetic field using Geant4.
Geant4 is a Monte Carlo-based particle simulation program
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developed at CERN, which models and simulates the
interaction of different particles within matter (8).

The main goal of this approach was to seek a means
of reducing the damage to normal cells during nuclear
medicine procedures. For this reason, in this study, the
movements of beta particles in magnetic field were
investigated with the assumption that it is possible to
change both the irradiated volume and the dose by using
magnetic field in radionuclide therapy.

Materials and Methods

Simulation

The geometrical dose distribution of beta (B-) radiation with
0.5-2 MeV energy from a point source in a medium, with
different magnetic field strengths (0-3 T) was simulated
and analyzed.

Initially, a waterfilled spherical medium with a radius of
1.5 cm in which radiation will be detected was created
for the simulation. Then a particle source was placed at
the center where the beta particles will be thrown mono
energetically in random directions. Physical processes and
type of interaction of the particles with matter within the
medium were determined and included in the simulation.
Geometrically homogenous magnetic field was applied in
x-direction and then y-axis was chosen to assess the effect
of magnetic field on the range of the particles.

To obtain various data including as the positions and
energies of the beta particles, slices of 0.1 mm thickness
were formed on y-axis so as to be separated 1.0 mm from
each other.

Information about the particle at different coordinates
where it interacts with the medium was written on text
files for each slice. The simulation was done for 106 beta
particles with the energies of 0.5, 1, 1.5 and 2 MeV at
different magnetic fields, namely 0, 0.5, 1, 1.5, 2, 2.5 and
3T

The data including interactions, positions and energies
of each slice were recorded from the simulation program
Geant4. To analyze the data, each slice was divided into
stripes of 0.5 mm apart in both directions, perpendicular
(z-axis) and parallel (x-axis) to the magnetic field.
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By counting the number of hits in each stripe, we were able
to know the change in the amount of interactions starting
from the center of the source and also the shape of the
interaction volume.

These analyses were done for all the above-mentioned beta
energies and magnetic fields.

With these analyses, we measured the dimensions of
the volume consisting of the hit points with the medium.
The volume was considered to be an ellipsoid and the
dimensions were calculated by determining the ranges
of particles on each axis. Then the change in the volume
of interaction was compared for each energy level and
different magnetic fields. This simulation study was
approved by the local ethical committee (122/2009).

Experiment

We used high energy beta (B-) emitter yttrium-90 (90Y)
glass microspheres to assess the effect of magnetic field
on the range of beta particles. 90Y decays by beta emission
with end-point energy of 2.28 MeV with a mean of 0.93
MeV and a half-life of 64.1 h (9). The maximum range of
the 90Y beta radiation in water is 11 mm with a mean of
2.5 mm (10).

The range of beta particles was examined using Gafchromic
EBT (Beam Therapy) films. Gafchromic EBT radiachromic
film dosimeters are used to measure absorbed dose as a
function of position in the phantom with a dose range of
2-800 cGy. When exposed to radiation, the color changes
by photoionization from colorless to deep blue as a function
of absorbed dose (11,12,13).

1.5 T Philips Achieva magnetic resonance imaging (MRI)
scanner (Philips Medical Systems, Best, The Netherlands)
was used as the source for high magnetic field.

The experimental setup was made of plexiglas. 6.4 mCi
90Y radioactive source was put into a capillary tube and
the lower end of the tube was used as a point source.
The radiochromic film was cut into small pieces and put
into setup as perpendicular to the capillary tube. Then the
setup was placed in water filled container. The first film
was exposed for 1 hour, and then the number of decays
was calculated as 4.25x1011. Each film was kept in normal
room conditions and exposed to the same number of
decays (4.25x1011) without magnetic field (0 T) or in the
MRI scanner (1.5 T). The experiment was performed at
0 T and 1.5 T for different distances between the source
and the film (0 mm and 2 mm) and repeated four times
for each. The irradiated films were analyzed using Matlab
Image Processing Toolbox by creating isodose curves
(Figure 1). The diameters of isodose curves were measured
on each axis, parallel (x-axis) and perpendicular (y-axis) to
the magnetic field, to calculate the amount of reduction in
irradiated areas at magnetic field. This experimental study
was approved by the Dokuz Eylil University Local Ethical
Committee (121/2009).
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Results

Geant4 Simulation

Simulation revealed that the beta particles stayed closer to
the source due to the magnetic force as the magnetic field
increased, thus the interaction range was reduced (Figure
2, 3).

The paths of a few representative 2 MeV beta particles in
different magnetic fields in x-direction are shown in Figure
4. It is seen that the beta particles are localized to the
center as the magnetic field increased.

Beta particles changed their directions and moved towards
the x-axis under the magnetic field. With the increase of the
magnetic field, ranges of the particles were perpendicularly
shortened.

The hit numbers of beta particles with 0.5, 1, 1.5, 2 MeV
energies in different slices were calculated. To represent
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Figure 1. The images of (a) an irradiated film and (b) the isodose curves
created by Matlab are shown as an example. The magnetic field is applied
on x-axis

Ty

Figure 2. The 3D simulation images of water medium by 106 beta
particles with 2 MeV energy from the point source and the images of 2D
slices on xz-plane, (a) without magnetic field and (b) with 3 T magnetic
field. The shown example slices are taken 2 mm from the center
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0.5 mm

Figure 3. The calculation of hit numbers with 0.5 mm distances along the
x-axis (on the left hand side) and the z-axis (on the right hand side) for
analyzing the data obtained from Geant4 program

Figure 4. The 3D images of the paths followed by 10 beta particles with
2 MeV of energy from the source in 0 T, 1 T, 2 T, 3 T magnetic fields
are shown as an example of the simulation. The magnetic field is applied
perpendicular to the page

the results, only 2 MeV energy beta particles at different
magnetic fields are shown (Figure 5).

In the inner slice (2 mm) from the center, the number of
hits was increased on the x-axis with the amplification
of the magnetic field. However, the number of hits was
sharply decreased beyond 3 mm on the z-axis. Since the
shape of the interaction area was elliptical, the number of
hits was increased by 20% for 3 T at the center. On the
other hand, the area was the same as the shape of the
sphere for 0 T, as expected. Figure 5 (c) also shows that
the increased magnetic field reduced the number of hits
rapidly. As a result, the counts vanished at higher magnetic
fields at the outmost slice.

We calculated the interaction volumes and found that they
were reduced by 16% for 1 MeV, 31% for 2 MeV at 2 T
relative to zero magnetic field, as seen in Table 1. It should
be also noted that the reduction in the volume was much
larger at higher magnetic fields. For example, it was reduced
by 35% for 1 MeV and 53% for 2 MeV at 3 T. The ratio of the
volumes with and without magnetic field is shown in Table 1.

As shown in Table 1, the volume got distinctly smaller as
the magnetic field increased, which effect on the volume
was with the increase in beta energy.

Experiment

Mean diameters of isodose curves measured on 4 irradiated
films were used to assess the effect of magnetic field (Table
2, 3). Mean values of diameters were compared for 0 T and
1.5 T for each isodose curve, from 1 (innermost isodose
curve) to 6 (outermost isodose curve) (Figure 6, 7).

When magnetic field was applied, the beta particles were
seen to be localized to the center on x-axis (parallel to
the magnetic field). The diameter of isodose curves close
to the center was increased by 5%. On the other hand,
the outer isodose curves were reduced by 8% on y-axis
(perpendicular to the magnetic field).

As seen in Figure 7, we couldn’t find any significant
difference on x-axis at 2 mm distance from the source
when magnetic field was applied. However, diameter of
isodose curves of irradiated films was reduced by 13%
under magnetic field.

Table 1. Ratio of volumes for different magnetic fields (0-3 T) for beta particles with 0.5-2 MeV energy

B (T) 0.5 MeV 1 MeV 1.5 MeV 2 MeV
05 0.99 0.99 0.98 0.97
1 0.99 0.95 0.94 0.91
1.5 0.98 0.90 0.84 0.85
2 0.96 0.84 0.72 0.69
25 0.93 0.75 0.61 0.58
3 0.91 0.65 0.52 0.47
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Figure 5. Number of hits of betas with 2 MeV energy under 0 T, 1 T, 2 T and 3 T magnetic fields on the x-axis of the field (on the left) and on the
z-axis of the field (on the right) for the slices in (a) 2 mm (b) 4 mm (c) 6 mm from the center. In this figure each point represents the number of hits
at a certain stripe of a slice

Table 2. Mean and standard deviation of diameter of isodose curves at 0 and 1.5 T for 0 mm distance from the source on
x-axis (parallel to the magnetic field) and y-axis (perpendicular to the magnetic field)

Isodose curves

B (T) 1 2 3 4 5 6

0 166.0£10.0 175.347.4 189.847.3 202.0£7.0 217.846.2 237.0+4.7
* 15 179.749.5 190.7+ 9.7 202.7+10.1 213.7£11.0 229.3+12.5 248.0+15.6

0 167.8411.0 179.0£9.5 190.8+9.0 203.048.5 218.547.2 237356
Y 1.5 161.047.5 171.048.5 180.749.0 190.7+10.0 204.0£12.0 220.3+14.5

57



Cavusoglu et al. Beta Emitting Sources in Magnetic Field

Mol Imaging Radionucl Ther 2017;26:53-61

Discussion

lonizing radiation is widely used to treat malignant cells.
Numerous novel treatments have been introduced by the
internal administration of radiopharmaceuticals called
targeted radionuclide therapy, in which radiolabeled
molecules are specifically targeted to apply high radiation
dose to the cancerous cells while striving to give minimum
dose to the healthy cells through the use of the features of
radiopharmaceutical uptake mechanisms (14). Radionuclide
therapy is based on the use of pharmaceuticals as carriers
of radionuclides to their target molecule on the surface of
tumor cells. Radiation causes irreversible DNA damage and

induces cell death through cross-fire irradiation (15). The
main objective of the radionuclide therapy is the delivery
of radionuclides to tumor cells without any risks for healthy
cells (16).

The treatment response of tumors may be insufficient if the
targeted lesion dose is lower than required (17). The ranges
of beta particles used in these treatments can exceed the
size of the target tissue, therefore causing the so called
crossfire effect to surrounding cells, which is sometimes
undesirable if they are healthy cells. Other problems include
the heterogeneity of dose (18) and the dose limiting factors
such as bone marrow toxicity (19). Because the path of
beta particles changes in the magnetic field, leaving the
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Figure 6. The graph of isodose curves on (a) x-axis and (b) y-axis at 0 T and 1.5 T for 0 mm shows that diameters of isodose curves are increased on

x-axis and decreased on y-axis with the effect of the magnetic field
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Figure 7. The graph of isodose curves on (a) x-axis and (b) y-axis at 0 T and 1.5 T for 2 mm shows that diameters of isodose curves are decreased

especially on y-axis with the effect of the magnetic field

Table 3. Mean and standard deviation of diameter of isodose curves at 0 and 1.5 T for 2 mm distance from the source on
x-axis (parallel to the magnetic field) and y-axis (perpendicular to the magnetic field)

Isodose curves

B (T) 1 2 3 4 5 6
. 0 92.8+11.9 108.5£11.6 125.0£11.2 141.529.9 161.527.5 185.046.6
15 93.8+17.0 107.8+17.0 123.8417.4 137.8417.0 157.0%17.4 178.0£16.4
0 93.5+13.5 109.5+12.8 125.8+11.9 141.8+10.8 161.5£8.1 184.047.4
Y 1.5 91.0+13.6 103.0+13.4 115.0413.7 128.8+12.9 145.014.1 162.5£14.3
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target tissue can be prevented and it may be possible to
reduce the damaging effects to the surrounding healthy
tissues, while increasing the radiation effect at the center.

The application of a strong static magnetic field can be
used for the benefit of nuclear medical applications. Static
homogeneous magnetic field exerts a force on a charged
particle and changes the paths of particles. This force,
known as the Lorentz force, causes the path of charged
particle to curve about the field’s axis thus resulting in a
helical path (20). This method has been used to increase the
resolution of positron emission tomography (PET) scanners
(4,21,22,23,24,25). The positron (B+) is the antiparticle of
the B-, and has the same properties as the B- except its
electric charge. In magnetic field, the positron moves in
circular paths like the B- particle, but in opposite directions
due to its opposite charge (26).

In the study carried out by Raaijmakers et al. (27), the effect
of magnetic field to the dose was examined experimentally
in an MRl-accelerator, and the findings were compared
with the results of the Geant4 simulation. It was shown
that dose effects of magnetic field can be modeled using
Geant4 and that Geant4 is a suitable Monte Carlo code to
study the effect of magnetic field on dose distribution for
MRI-accelerator.

Wirrwar et al. (21) evaluated the potential effects of
magnetic field on shortening the ranges of high energy
positrons in PET. Geant simulation model was found
suitable and it was reported that 4.5 T homogenous
static magnetic field increased the spatial resolution
in PET by reducing the high energy positron range. In
another study performed by Desbrée et al. (22), the
authors examined their previously developed beta
microprobe in magnetic field since the combination
of nuclear magnetic resonance with PET has become
a current issue. The efficiency of the probe for each
isotope was investigated by simulating the effect of
magnetic field on the ranges of positrons with Geant4.
Similarly, in this study, magnetic field shortened the
ranges and decreased the volume of interaction of the
positrons. In another study carried out by Christensen
et al. (23), it was experimentally demonstrated that the
spatial resolution in PET images was improved, because
positrons were annihilated in a place closer to their point
of origin in the strong magnetic field. Similar findings
were reported in other simulation studies performed by
lida et al. (24), Rickey et al. (25) and Raylman et al. (4).

Raylman and Wahl (6) showed a reduction in the
accumulated dose in normal tissues in radionuclide
treatment using different radioisotopes at 10 T with
computer simulation. In their other simulation study, they
showed a decrease in the deposited bone marrow dose
at 10 T during treatment of bone tumors (7). In their
experimental cell culture study, they also found a reduction
in the number of living lymphoma cells after irradiation at 7
T (28). They claimed that the presence of a strong magnetic
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field makes treatment of small tumors more effective and
decreases the radiation dose to normal tissues.

In this study, we showed that when magnetic field is
applied, beta particles deviated from their paths resulting
in accumulation of the radiation in the center of the source
with a decrease in outer boundaries. In the simulation
study, we found that the reduction in the irradiated volume
is much larger at higher magnetic fields with 9% at 1 T,
31% at 2 T and 53% at 3 T for 2 MeV. We also showed the
effect of magnetic field experimentally. For this purpose,
we set an experimental design close to the simulation.
However, there were a few differences between methods,
such as used sources, shape of sources, tube glass between
radiation and water. For this reason, we couldn’t compare
the findings obtained from the two methods since absolute
particle range was not calculated. However, we were able
to observe the geometric distribution of the radiation
in two dimensions, parallel and perpendicular to the
magnetic field, like in the simulation. We experimentally
showed that at the distance of 0 mm from the source, the
change parallel to the magnetic field at the inner isodose
curves was greater by 5% when magnetic field was applied
as compared to the isodose curves of the films irradiated
without magnetic field. At 2 mm distance from the source
to the direction perpendicular to the magnetic field, there
was a reduction of approximately 13% as compared to
the change of the diameters of isodose curves of the films
irradiated without magnetic field.

The shortcomings of this study include limited number of
experiments due to the short half-life of 90Y source. Also, we
could obtain only a few data at 0 and 2 mm distance from
the source because of the short range of beta particles.
In addition, we could not compare the simulation findings
with experimental data, as different energy sources were
used in the simulation and the experimental study.

Conclusion

In this study, the magnetic field’s effect on beta particles in
tissue equivalent water was investigated by simulation of the
movements of beta particles in magnetic field using Geant4
program and observed experimentally using gafchromic film
irradiated by beta emitter, based on the assumption that
the volume of interaction of beta radiation is reduced thus
causing more localized damage on the target tissue.

The beta particles tended to have circular movements in
the magnetic field and their ranges were shortened when
the magnitude of magnetic field was increased.

We found that beta particles tracing outward the point
source in random directions were scattering in spherical
geometry in the medium, and that the geometrical
distribution becomes elliptical when magnetic field is
applied because of the shortening of the ranges of beta
particles perpendicular to the magnetic field. The shortening
in the ranges of particles increases as the magnitude of
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magnetic field is increased. Therefore, particles from the
source accumulate more in the center when magnetic field
is applied. This causes the radiation dose to condense in the
center. Thus, as the applied magnetic field increases, the
irradiated volume gets smaller, the particle hit number per
unit length increases close to the center.

In conclusion, radiation may be focused and irradiation of
the normal tissues can be prevented while increasing the
target dose in the treatments with radioactive isotopes.
Although it is not possible to use strong magnetic field
in the clinical targeted therapy applications today, it may
be possible in the future to shape the distribution of beta
particles on the target tissue through magnetic field as
desired.
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Lu-177-PSMA-617  Prostate-Specific Membrane Antigen Inhibitor
Therapy in Patients with Castration-Resistant Prostate Cancer: Stability,
Bio-distribution and Dosimetry

Kastrasyona Direngli Prostat Kanseri Hastalarinda Lu-1/7-PSMA-617 ile Prostat Spesifik
Membran Antijen Inhibitor Tedavisi: Kararlilik, Biyodagilim ve Dozimetri
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Abstract

Objective: The aim of the study was to estimate the radiation-absorbed doses and to study the in vivo and in vitro stability as
well as pharmacokinetic characteristics of lutetium-177 (Lu-177) prostate-specific membrane antigen (PSMA)-617.

Methods: For this purpose, 7 patients who underwent Lu-177-PSMA therapy were included into the study. The injected
Lu-177-PSMA-617 activity ranged from 3.6 to 7.4 GBq with a mean of 5.2+1.8 GBg. The stability of radiotracer in saline was
calculated up to 48 h. The stability was also calculated in blood and urine samples. Post-therapeutic dosimetry was performed
based on whole body and single photon emission computed tomography/computed tomography (SPECT/CT) scans on dual-
headed SPECT/CT system.

Results: The radiochemical yield of Lu-177-PSMA-617 was >99%. It remained stable in saline up to 48 h. Analyses of the
blood and urine samples showed a single radioactivity peak even at 24 hours after injection. Half-life of the distribution
and elimination phases were calculated to be 0.16+0.09 and 10.8+2.5 hours, respectively. The mean excretion rate was
56.5+8.8% ranging from 41.5% to 65.4% at 24 h. Highest radiation estimated doses were calculated for parotid glands and
kidneys (1.90+1.19 and 0.82+0.25 Gy/GBq respectively). Radiation dose given to the bone marrow was significantly lower
than those of kidney and parotid glands (p<0.05) (0.030+0.008 Gy/GBq).

Conclusion: Lu-177-PSMA-617 is a highly stable compound both in vitro and in vivo. Lu-177-PSMA-617 therapy seems to be
a safe method for the treatment of castration-resistant prostate cancer patients. The fractionation regime that enables the
longest duration of tumor control and/or survival will have to be developed in further studies.

Keywords: PSMA, prostate-specific membrane antigen, Lu-177-PSMA, prostate cancer, castration-resistant prostate cancer,
radionuclide therapy
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Oz

Amag: Calismanin amaclari lutesyum-177 (Lu-177) prostat-spesifik membran antijen (PSMA)-617 tedavisinde absorbe edilen
dozlari hesaplamak, radyofarmasétigin in vivo ve in vitro kararliligini arastirmak ve farmakokinetik 6zelliklerini degerlendirmektir.
Yontem: Bu amagla 7 hasta calismaya dahil edilmistir. Hastalara 3,6 ila 7,4 GBq arasinda degisen dozlarda ortalama 5,2+1,8
GBqg Lu-177-PSMA-617 tedavi amaciyla verildi. Radyofarmasétigin kararliigi 48 saat stre ile serum fizyolojik icerisinde
bekletilerek hesaplandi. Kararlilik ayrica kan ve idrar 6rneklerinden de hesaplandi. Tedavi sonrasi radyasyon dozu hesaplamasi
tim vicut tek foton emisyon bilgisayarli tomografi/bilgisayarli tomografi gériintllerinden yapildi.

Bulgular: Lu-177-PSMA-617nin radyokimyasal verimliligi >%99 olarak bulundu. Serum fizyolojik icerisinde 48 saat bozulmadan
kaldi. Kan ve idrar 6rneklerinde yapilan yiksek performansli sivi kromotografisi dlciimlerinde 24 saat sonra bile tek bir
zirve verdi. Dagilim ve eliminasyon fazlarinin yarilanma zamanlari sirasiyla 0,16+0,09 ve 10,8+2,5 saat olarak hesaplandi.
Ortalama 24 saat ekskresyon hizi %56,5+8,8 olarak bulundu ve ekskresyon hizi %41,5'den %65,4'e kadar degisim gosterdi.
Hesaplanan en ylksek radyasyon dozu parotis bezleri ve bdbrekler icin bulundu ve sirasiyla 1,90£1,19 and 0,82+0,25 Gy/
GBq idi. Kemik iligine verilen radyasyon dozu bdbrekler ve parotis beziyle karsilastirildiginda istatistiksel olarak cok distkti
(p<0,05) (0,030+0,008 Gy/GBq).

Sonug: Lu-177-PSMA-617 in vivo ve in vitro sartlarda oldukca kararli bir bilesik olarak g6ziikmektedir. Lu-177-PSMA-617 tedavisi
kastrasyona direncli prostat kanseri hastalarinda kullanilabilecek oldukga gtvenli bir radyofarmasétik olarak gézikmektedir.
Hastalarda en uzun timdr kontroli saglayan fraksiyone tedavi yontemi ileri calismalarla gelistirimelidir.

Anahtar kelimeler: PSMA, prostat spesifik membran antijen, Lu-177-PSMA, prostat kanseri, kastrasyona direngli prostat
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kanseri, radyonuklit tedavi

Introduction

Prostate-specific membrane antigen (PSMA) is a type
2 membrane glycoprotein that acts as a glutamate
carboxypeptidase enzyme. Itis highly expressed by all prostate
cancers and its expression increases with increasing tumor
aggressiveness (1,2,3). The unique expression of PSMA and
ligand binding internalization of the PSMA via clathrin-coated
pits and subsequent endocytosis makes it an excellent target
for prostate cancer imaging and therapy using gallium-68
(Ga-68) and lutetium-177 (Lu-177) labeled ligands. Glu-NH-
CO-NH-Lys-[Ga-68-(HBED-CC)] (Ga-68-PSMA-11) has been
suggested as a novel tracer that can detect prostate cancer
relapses and metastases with high contrast by targeting the
PSMA (4,5,6,7,8). Also, therapeutic radiopharmaceutical
Lu-177-PSMA-617 seems to be a promising novel tracer for
systemic radionuclide therapy in patients with castration-
resistant prostate cancer (9,10).

The basic principle of radionuclide therapy is to apply the
maximum justifiable dose that does not cause serious
toxicity in order to get an effective antitumor effect.
The target organs for Lu-177-PSMA-617 therapy are the
kidneys, parotid glands, and the bone marrow. In order
to avoid toxicity, the amount of radiation dose given to
target organs has to be estimated. Before introducing
therapeutic applications we have performed a pre-therapy
dosimetry study, and the initial results suggested that Lu-
177-PSMA-617 therapy is a safe method (11). The target
organs were the parotid glands rather than kidneys and
bone marrow. The organ radiation doses were within
acceptable ranges, however, there was a substantial
individual variance that indicates that patient dosimetry is
mandatory.
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Therefore, we aimed to estimate the radiation-absorbed
doses to dose limiting organs after systemic therapy with
Lu-177-PSMA-617 in patients with castration-resistant
prostate cancer. In addition, we also studied the in vivo
and in vitro stability and pharmacokinetic characteristics of
Lu-177-PSMA-617.

Materials and Methods

Patients

In order to calculate the radiation absorbed doses, 7
patients were included into the study. All patients had
histopathological diagnosis of prostate cancer. The
ages ranged from 66 to 82 years (mean 71+5.2 years).
Patients had prostatic surgery (n=2) and radiation therapy
(n=5). All patients had androgen deprivation therapy and
chemotherapy. All patients had increasing blood PSA
levels, despite chemotherapy. The Gleason score was 9 in
4 patients, 8 in 3 patients. Blood PSA levels ranged from
4.2 to 219.0 ng/mL (mean 80.6+88.4 ng/mL). In order
to decide the eligibility for Lu-177-PSMA-617 treatment all
patients had Ga-68-PSMA-11 positron emission tomography/
computed tomography imaging, and all patients had
radiopharmaceutical uptake at the lesion site. All patients
received a treatment of Lu-177-PSMA-617 with slow
infusion in closed infusion equipment when the patients
were in fasting state. The injected Lu-177-PSMA-617 activity
ranged from 3.6 to 7.4 GBqg with a mean of 5.2+1.8 GBq.
The amount of Lu-177-PSMA-617 activity was decided
empirically according to the tumor load of the patient in
bones. Patients with widespread metastases in bones
received a lower amount of radiopharmaceutical. Dosimetry
calculations could be made in 6 patients due to missing
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data in one patient (Table 1). The study was approved by
the Cerrahpasa Medical Faculty Local Ethical Committee
(protocol number: 830458809/604.01/02-268589).

Preparation of Lu-177-PSMA-617

The radiolabeling of PSMA-617 (10) was performed in a
hotcell using Lu-177 Cl3 (47 MBg/nmol of ligand) in 0.05
mol L1 HCl (Perkin Elmer, USA) with sodium ascorbate
buffer pH 4.5 (Polatom, Otwock-Swierk Poland) at 95 °C
for 15 minutes. After cooling down of the reaction vial
to room temperature the volume was adjusted to 2 mL
with saline and 0.5-1.0 mL of sterile DTPA solution (3 mg
mL-T DTPA in saline) was added. After sterile filtration of
this preparation to a sterile vial the volume was completed
to 20 mL with sterile saline under aseptic conditions.
Radiochemical purity was determined by instant thin layer
chromatography (ITLC)-silica gel and radio-high performance
liquid chromatography (HPLC) and was found as 298%.

Stability of Lu-177-PSMA-617

The prepared patient dose of Lu-177-PSMA-617 (3.7 GBq)
was incubated in saline at 37 °C up to 48 h. At determined
time points incubation solution sample was injected to
the reversed-phase (RP)-HPLC for evaluating the in vitro
stability of the patient dose up to 48 h. In 7 patients in
vivo stability was checked by using blood samples obtained
at 0-3, 30, 60, 120, 180 min and using urine samples
obtained up to 24 h after injection of Lu-177-PSMA-617.
Blood samples received from patients were precipitated
with acetonitrile (1:1) and then vortexed. The precipitate
was separated by centrifugation (5 min at 14680 rpm).
For the RP-HPLC analysis, the supernatant was diluted with
bi-distilled water (1:1), filtered and then injected into RP-
HPLC. Collected urine samples from patients were diluted
with bi-distilled water, filtered and immediately analyzed by
RP-HPLC. Excreted urine of each patient was collected for
24 hours and 10 mL urine samples were measured in a
dose calibrator and excretion rate of radiopharmaceutical
was calculated.

Imaging and Dosimetry

Post-therapeutic dosimetry was performed based on whole
body and single photon emission computed tomography/
computed tomography (SPECT/CT) scans on dual-headed
Symbia T16 SPECT/CT system (Siemens Medical Solutions,
Erlangen, Germany) with 3/8-inch crystal thickness. Whole
body scans (WBS) were performed using medium energy
parallel hole collimators at time marks of 4, 24, 48 and
120 hours after administration of the prescribed treatment
activity. Scan parameters include single energy peak at 208
keV with window width of 15%, 256x1024 matrix size with
pixel size of 2.4x2.4 mm2, 25 cm/min scan speed. Triple
energy window-scatter correction (TEW-SC) was applied to
all images using lower and upper scatter energy windows
at 180 keV and 235 keV with window widths of 10%.

Two-bed SPECT/CT scan for each patient was performed only
after 24th hour WBS to avoid unnecessary exposure to CT due to
subsequent scans. Matrix size in SPECT imaging was 128x128
with pixel size of 4.8x4.8 mm2. Counts were collected in a
non-circular orbit during 25 seconds per view and total of 96
views (48 for each head) per bed position. To correct photon
attenuation, CT scan with 5 mm slice thickness were acquired
after SPECT scan using parameters of 130 kVp and 60 mAs
per slice. SPECT images were reconstructed using iterative
reconstruction algorithm with collimator-detector response
compensation (OSEM Flash 3D, 4 iterations, 8 subsets).
TEW-SC was also applied with the parameters stated above.
Count-to-activity calibration of SPECT images was performed
using NEMA |EC Body Phantom. The larger fillable sphere
in the phantom was filled with the solution of Lu-177 with
activity concentration of 185 kBg/mL. The same acquisition
and reconstruction parameters that has been used for patient
examinations were employed. A volume of interest (VOI) was
drawn around the sphere in 3D with a threshold of 40% of
maximum count. To obtain the calibration factor, total counts
in the VOI were equalized to the total activity in the sphere.

Kidneys, liver, parotid gland and the rest of the body were
selected as source organs. Region of interests were drawn

Table 1. Patient characteristics and calculated radiation absorbed doses (Gy/GBq of Lu-177-PSMA-617) per organs

Patient Age GS ;rci?\:irtnye?(:Bq) PSA (ng/mL)  Parotid gland Kidney Bone marrow Liver ‘I;\(I:;ic:ilanczdt!ilme (h)
1 70 8 7.4 19 1.73 0.94 0.016 0.10 23

2 73 9 7.3 184 0.70 0.88 0.034 0.14 36

3 68 8 3.7 15 2.84 0.83 0.024 0.19 26

4 69 9 3.6 28 3.81 0.96 0.032 032 38

5 72 9 3.6 219 1.18 0.32 0.037 0.06 44

6 66 9 5.6 96 1.16 1.00 0.034 0.18 40

Mean 69.7 8.7 5.2 93.5 1.90 0.82 0.030 0.17 34.5

SD 2.6 0.5 1.8 89.4 1.19 0.25 0.008 0.09 8.2

SD: Standard deviation, GS: Gleason score, h: Hour, PSA: Prostate-specific antigen
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over the source regions on anterior and posterior WBS
images for all time points. Total counts for each source
organ were determined by conjugate view method with
geometric background subtraction as described in MIRD
Pamphlet No.16 (12). To perform geometric background
subtraction, required body and mean organ thicknesses
were determined from CT images of the SPECT/CT scan.
Total activity in source organs at 24 hours after p.i. were
determined from SPECT images by drawing VOIs around
the source organ in 3D with the threshold of 40% of central
mean counts of each organ. Counts in the VOIs were
converted to activity by multiplication with the calibration
factor described above. A conversion factor for each source
organ was obtained from quotient of the organ counts of
the 24th hour WBS to the activity in the organ determined
from 24th hour SPECT imaging to convert WBS counts to
activity for the other time points.

OLINDA/EXM (version 1.1) software was used to calculate
the absorbed dose according to MIRD scheme. Both male
and female adult phantoms were used. The source organ
masses determined from CT slices as well as the total body
mass were adjusted in the software. As the parotid glands
are not included in the phantoms, unit density sphere
model was used to estimate self-dose to the glands. Time
integrated activity coefficients were determined using fit
functions of the software.

Absorbed dose to the bone marrow was calculated from
blood samples at different time points of 3, 10, 20, 40, 60
and 90 minutes, 2, 3, 24, 48 and 72 hours after the start
of Lu-177-DKFZ-617 infusion, and the whole body activity
was determined from the WBSs according to the EANM
Guideline (13). The red marrow to blood ratio of 1 was
selected for calculations.

Statistical Analysis

All results were expressed as meantSD. For statistical
analysis, a dedicated statistical software was used
(StatPlus:mac v5. AnalystSoft Inc. BC. CA). Wilcoxon test
was used to compare different groups. A p value lower
than 0.05 was considered as significant.

Results

Stability and Bio-distribution

The radiochemical yield of Lu-177-PSMA-617 was >99% by
RP-HPLC and 98.7+0.97% by ITLC. The radiopharmaceutical
remained stable in saline up to 48 h after preparation, and
radiochemical purity was found >98% at 48 h incubation
time point (Figure 1). RP-HPLC analyses of the blood
and urine samples showed a single radioactivity peak
corresponding to Lu-177-PSMA-617 even at 24 hours
after injection (Figure 2 and 3). There was no other peak
corresponding to metabolized Lu-177 PSMA-617. Blood
time activity curve showed a rapid bi-exponential clearance
curve (Figure 4). Half-life of the distribution phase was
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calculated to be 0.16+0.09 hours and the half-life of
elimination phase was calculated to be 10.8+2.5 hours.
Total body residence time showed great variation among
patients and it was ranged from 23.1 hours to 44.0 hours
with a mean value of 37.5+7.5 hours. Almost half of the
injected amount of radiopharmaceutical was excreted
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Figure 1. Reversed-phase-high performance liquid chromatography
(RP-HPLC) profiles of Lu-177-PSMA617 (the RP-HPLC elution time of
radioligand is in between 11.7-11.96 min) in 100 mCi patient dose
incubated in saline at 37 °C A) at 0-3 min, B) at 24 h, C) at 48 h
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Figure 2. Reversed-phase-high performance liquid chromatography
(RP-HPLC) profiles of Lu-177-PSMA-617 (the RP-HPLC elution time of
radioligand is in between 11.7-11.96 min) in blood after 100 mCi injection
of radioligand in a patient [A) 0-3 min, B) 30 min, C) 60 min, D) 120 min,
E) 180 min] and 200 mCi injection of radioligand [F) 0-3 min, G) 30 min,
H) 60 min, 1) 120 min, J) 180 min]
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within 24 hours. The mean excretion rate of injected
radiopharmaceutical amount was 56.5+8.8%, ranging
from 41.5% to 65.4%.

Toxicity

Patients were followed for 24 hours after infusion of
radiopharmaceutical within 15 minutes. All patients
tolerated the procedure very well and we did not observe
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Figure 3. Reversed-phase-high performance liquid chromatography
(RP-HPLC) profiles of Lu-177-PSMA-617 (the RP-HPLC elution time of

radioligand is in between 11.7-11.96 min) in urine after 200 mCi injection
of radioligand in a patient A) at 3 h, B) at 5h, C)at 15h, D) at 24 h
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Figure 4. Mean blood-time radioactivity curve of all patients

66

any acute side effect. We did not observe any change in
blood pressure, heart rate or body temperature. We did
not observe any change in complete blood counts within
one week.

Dosimetry

In whole body images obtained 4 hours p.i. there was
high blood pool along with soft tissue uptake (Figure
5). Because of a rapid clearance from the blood, intense
radiopharmaceutical uptake at the physiological uptake
sites and at the sites of tumor lesions was observed in
images obtained later. The radiopharmaceutical uptake
decreased considerably in images obtained at 120 hours
p.i.

The calculated radiation absorbed doses for each organ
showed great variance among patients. The highest
radiation estimated doses were calculated for the parotid
glands and kidneys. For parotid glands the calculated
mean radiation absorbed dose per GBq was 1.90+1.19
Gy. For the kidneys, the mean radiation absorbed dose
was calculated to be 0.82+0.25 Gy/GBq. For the bone
marrow, calculated radiation dose was significantly
lower than those of kidney and parotid glands (p<0.05).
The calculated radiation dose to the bone marrow was
0.030+0.008 Gy/GBq (Table 1).

The estimated maximum safe activities, at which organ
doses do not exceed radiation absorbed dose constraints for
parotid glands, kidneys and bone marrow, were calculated
to be 21.7£12.8 GBq, 32.9+19.2 GBqg and 73.8+27.1 GBq,
respectively (Table 2).
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Figure 5. Lutetium-177 prostate-specific membrane antigen-617 whole
body anterior images of a patient at different time points
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Table 2. The calculated amount of radiopharmaceutical (GBq) to exceed radiation absorbed dose limits of organs at risk

Patient Parotid gland (30 Gy) Kidney (23 Gy) Bone marrow (2 Gy) Liver (32 Gy)
1 17.3 24.5 125.0 320.0
2 42.9 26.1 58.5 228.6
3 10.6 27.7 833 168.4
4 7.9 24.0 62.5 100.0
5 254 71.9 54.1 533.3
6 25.9 23.0 58.8 177.8
Mean 21.7 329 73.8 254.7
SD 12.8 19.2 27.1 154.8

SD: Standard deviation. Organ radiation absorbed dose constraints in parentheses

Discussion

The radiolabelling procedure of Lu-177-PSMA-617 is easy and
it gives consistent high radiolabelling yields. Its radiochemical
purity was over 98%. It remains stable in saline up to 48 h
after radiolabelling, which provides time for quality control,
transport of radiopharmaceutical from laboratory to the
ward, and allows making a flexible therapy plan within
the ward. It is also possible to make a slow infusion, if
needed, for the administration of radiopharmaceutical to
the patient. Administration to the patient was safe without
any acute side effects and the patients tolerated it very
well. After the administration, it is rapidly distributed within
the body giving a bi-exponential blood clearance curve,
which was consistent with the finding obtained in the
pre-therapeutic dosimetry study published previously (11).
Radiopharmaceutical also remained stable in blood and was
excreted without any degradation. More than half of the
administered radioactivity is excreted through the kidneys.
During the first 24 hours, good hydration and frequent
urination may protect the bladder from high radiation-
absorbed dose. Due to its rapid excretion, it seems that
Lu-177-PSMA-617 therapy can be given in an outpatient
protocol according to national regulations, since 6 h
after administration of the radiopharmaceutical the dose
rate decreases to 20 uSv/h and the radiation exposure of
caregivers remains below 5 mSv (14).

For the kidney, parotid gland and bone marrow, calculated
radiation-absorbed doses were 0.82, 1.90 and 0.03 Gy/
GBq respectively. These results are comparable with
the pre-therapeutic dosimetry findings (11). The minor
differences may be because of the different methodologies
used between two studies, because 3D methods are not
affected from the overlapping structures. Our results seem
to be higher than the results of Delker et al. (15). They
calculated the radiation-absorbed doses for kidney, salivary
glands, and bone marrow as 0.6, 1.41 and 0.012 Gy/
GBq, respectively. This difference can be attributed to the
different time periods used for the calculation of absorbed
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doses. Delker et al. (15) have used a shorter time period for
obtaining data and estimating residence time, which was
only 72 h after injection as compared to our data, which
was containing the data of 110 h after administration of
radiopharmaceutical.

Inaccordance with the previous bio-distribution and dosimetry
studies, the highest radiation absorbed dose was observed in
salivary glands due to high uptake of the radiopharmaceutical
and it seems to be the critical organ at risk rather than the
kidney and bone marrow (11,12,13,14,15). Xerostomia is
a frequent side effect of radiation therapy after exceeding
40 Gy of radiation doses, which decreases patient’s quality
of life (16,17). On the other hand, although salivary gland
dysfunction is a common finding in patients treated with
radioiodine, it is usually transient and persistent dysfunction
rate is reported to be only 5% (18). As stated by Delker et al.
(15), we also did not observe xerostomia in patients treated
with Lu-177-PSMA-617 during follow-up.

Bone marrow absorbed dose is the major factor that limits
radiopharmaceutical dose given to the patient and may
have fatal consequences. The radiation absorbed dose given
to the bone marrow is 0.030+0.008 Gy/GBq. In order not
to exceed the 2 Gy limit to develop bone marrow toxicity,
it seems that it is safe to administer up to 73.8 GBq (19).
We agree with Delker et al. (15) that bone marrow toxicity
seems to be unlikely with the suggested amounts of Lu-
177-PSMA-617 for each cycle. However, bone marrow dose
estimation in patients with prostate cancer which have
extensive bone metastases using blood based dosimetry
models may underestimate the absolute dose due to the
existence of high radiopharmaceutical avid lesions which
increase the dose delivered to bone marrow. Moreover,
end-stage prostate cancer patients are extensively treated
with chemotherapy and radiotherapy, which may potentially
increase the risk of development of hematotoxicity even
with a lower amount of radiation dose to the bone marrow.

The kidneys are important target organs due to their
high radiotracer uptake and excretion. Based on the
earlier experience obtained from conventional external
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beam radiotherapy, the maximum kidney dose is generally
accepted as 23 Gy (19). In order to reach this dose limit to
the kidneys a mean of 32.9 GBq of Lu-177-PSMA-617 can
be given. It seems that it is safe to administer usual doses
without developing kidney toxicity.

Conclusion

In conclusion, radiolabelling of Lu-177-PSMA-617 is easy,
and it is a highly stable compound both in vitro and in vivo.
Lu-177-PSMA-617 therapy seems to be a safe method for
the therapy of castration-resistant prostate cancer patients.
The fractionation regime that enables the longest duration
of tumor control and/or survival will have to be developed
in further studies. It shows substantial difference among
patients. Therefore, a patient specific dosimetric approach
should be applied before therapy to prevent organ toxicity.
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Abstract

Objective: Currently '8F-2-fluoro-2-deoxy-D-glucose (18F-FDG) positron emission tomography/computerized tomography
(PET/CT) is being successfully used for staging and follow-up of Hodgkin's lymphoma (HL) and non-Hodgkin's lymphoma
(NHL). Various studies have demonstrated that PET/CT effectively detects bone marrow involvement (BMI) and is concordant
with bone marrow biopsy (BMB) findings, thus it is deemed as a complementary method. This study was aimed to evaluate18F-
FDG-PET/CT efficiency for detection of BMI in HL and NHL.

Methods: The study included 172 lymphoma cases who were admitted to Akdeniz University Medical School Department of
Nuclear Medicine for initial staging with PET/CT. Visual and semiquantitative assessments were performed for PET/CT scan
findings of the cases. The maximum standard uptake (SUV,pa,) Value was the quantitative parameter used for 18F-FDG-PET
scan. In visual assessment, bone marrow metabolic activity that is greater than the liver was considered as pathologic. For
semiquantitative assessment, regions of interest were drawn for SUV 4, estimation, which included iliac crest in cases with
diffusely increased metabolic activity and the highest activity area in cases with focal involvement. BMB was considered as
the reference test.

Results: On visual assessment of all the cases, PET/CT was found to yield 31% sensitivity and 85% specificity rate for detection
of BMI. On visual assessment of HL cases, sensitivity rate was determined as 80%, and specificity as 78%, while in NHL
cases the corresponding values were 24% and 90%, respectively. On semiquantitative assessment of HL cases, considering
SUV x4, sensitivity was found as 80% and specificity as 68%. In NHL patients, considering SUV ,,x=3.2, sensitivity rate was
detected as 65% and specificity as 58%.

Conclusion: In this study, a moderately high concordance was observed between PET/CT and BMB findings. PET/CT appears
to be a significant method for detecting BMI. Although PET/CT is not a substitute for BMB, we suggest it can be used as a
guide to biopsy site and a complementary imaging technique for BMB.

Keywords: Hodgkin's lymphoma, non-Hodgkin's lymphoma, positron emission tomography/computerized tomography,
bone marrow biopsy
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Oz

Amag: Glnumuzde '8F-2-fluoro-2-deoksi-D-glukoz (18F-FDG) pozitron emisyon tomografisi/bilgisayarli tomografi (PET/BT),
Hodgkin lenfoma (HL) ve non-Hodgkin lenfomalarin (NHL) evrelemesinde ve takibinde basarili bir sekilde kullaniimaktadir.
Dedgisik calismalarda PET/BT'nin kemik iligi tutulumunu gdstermede etkinligi ve kemik iligi biyopsisi (KiB) ile uyumu gésterilmis
ve tamamlayici yontem olarak kullaniimasi Onerilmistir. Biz de bu calismada HL ve NHL'de kemik iligi infiltrasyonunu
degerlendirmede PET/BT'nin etkinligini degerlendirmeyi amacladik.

Yéntem: Calismaya Akdeniz Universitesi Tip Fakaiiltesi Niikleer Tip Anabilim Dal’'nda baslangic evreleme icin PET/BT tetkiki
yapilan 172 lenfoma olgusu dahil edilmistir. Olgularin PET/BT tetkikinde gorsel ve semikantitatif degerlendirme yapildi.18F-FDG-
PET tetkikinde kantitatif parametre olarak maksimum standart uptake dederi (SUV naks) kullanildi. Gorsel degerlendirmede
karacigerden daha ylksek metabolik aktivite gosteren kemik iligi aktivitesi patolojik olarak degerlendirildi. Semikantitatif
degerlendirmede ise kemik iliginde diffiiz metabolik aktivite artisi gosteren olgularda iliak kanattan, fokal tutulumda ise en
ylksek aktivite gdsteren alandan ilgi alani cizdirilerek SUV a1 dederi hesaplandi. KiB sonuglari referans olarak alinmistir.
Bulgular: Tum olgular icin gorsel degerlendirmede PET/BT'nin kemik iligi infiltrasyonunu gdstermede duyarliigr %31,
6zgulligl %85 olarak saptanmistir. HL olgularinda gorsel degerlendirmede duyarlilik %80, 6zglillik %78; NHL olgularinda
ise duyarlilik %24, 6zgullik %90 olarak bulunmustur. Semikantitatif degerlendirmede HL'de SUVpaks24 alindiginda duyarlilik
%80, 0zgllltik %68 olarak saptanmistir. NHL'de ise SUV5ks=3,2 olarak belirlendiginde duyarliik %65, 6zgullik %58 olarak
bulunmustur.

Sonug: Bu calismada, cok yiiksek olmamakla birlikte, PET/BT bulgulari ile KiB sonuclan arasinda uyum izlendi. PET/BT
goruntilemenin kemik iligi infiltrasyonu olup olmadigini gostermede etkili bir yontem oldugunu gérmekteyiz. PET/BT'nin,
KiB'nin yerini almamakla birlikte, biyopsi yaplilabilecek bélgeyi géstermede yénlendirici ve KiB'yi tamamlayici bir gériintiileme
yontemi olarak kullanilabilecegini distinmekteyiz.

Anahtar kelimeler: Hodgkin lenfoma, non-Hodgkin lenfoma, pozitron emisyon tomografisi/bilgisayarli tomografi, kemik iligi
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biyopsisi

Introduction

Accurate staging of lymphomas is essential both to
implement effective treatment protocols and minimize
side effects (1). Identification of bone marrow infiltration
(BMI) has an important role in staging (2). Bone marrow
involvement indicates generalized disease in lymphoma
patients, and the standard method established for its
evaluation is bone marrow biopsy (BMB). BMB from
unilateral iliac crest is the routine first-line method used for
staging (3,4). However, this method has certain limitations
since it is an invasive method and allows for evaluation of a
limited part of the bone marrow. BMI can also be detected
by imaging techniques. Computerized tomography (CT)
detects cortical bone lesions and late stage bone changes.
However, it has a low sensitivity rate for detecting early
stage changes (5). Magnetic resonance (MR) is not used in
routine practice since it is a sensitive but costly technique,
which needs longer imaging time and is anatomically
limited.

Currently, 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) positron
emission tomography (PET/CT) is being successfully used
for both staging and follow-up of Hodgkin's lymphoma
(HL) and non-Hodgkin’s lymphoma (NHL) (2,6,7). Various
studies have demonstrated that PET/CT effectively detects
bone marrow involvement and is concordant with BMB
findings (1,5,8). Thus, it is deemed as a complementary
method (9). This study aimed to evaluate the efficacy of
18F-FDG-PET/CT in detection of BM infiltration in HL and
NHL.
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Materials and Methods

Patients

This study, approved by the Akdeniz University Medical
School Local Ethics Committee, included histopathologically
confirmed, treatment naive 172 lymphoma cases (50 F, 122
M; age interval 3-85; mean age 45.37+21.14; 64 HL, 108
NHL) who underwent initial staging with PET/CT at Akdeniz
University Medical School Department of Nuclear Medicine
between July 2009 and December 2013. Patients included
in the study did not have other concomitant malignancies.
Additionally, patients did not receive any bone marrow
stimulation therapy before PET/CT scanning. The maximum
interval between PET/CT scan and BMB was 10 days.

Positron Emission
Tomography Scanning

Tomography/Computerized

Intravenous 0.1 mCi/kg 18F-FDG was administered to each
patient following 6 hours of fasting, with a blood glucose
level below 200 mg/dL. The intravenous/oral contrast
agent was administered. After 45-60 minutes of waiting
period, PET/CT images were acquired from the vertex to
the upper thigh with Siemens Biograph True Point PET/CT
scanner (CT section thickness 3 mm, 110 mAs, 120 kV,
3 minutes per-bed PET) (Siemens, Erlangen, Germany)
at the PET/CT unit. Attenuation corrected PET, CT and
fusion PET/CT images were reviewed simultaneously;
visual and semiquantitative assessments were performed.
The maximum standard uptake value (SUVax) Was the
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quantitative parameter used for 18F-FDG-PET scan. In
visual assessment, bone marrow metabolic activity that is
greater than the liver was considered to be pathologic. For
semiquantitative assessment, regions of interest (ROI) were
drawn for SUV,ax estimation, which included iliac crest in
cases with diffusely increased metabolic activity and the
highest activity area in cases with focal involvement.

Bone Marrow Biopsy

Unilateral BMB of the posterior iliac crest was performed by
different hematologists as part of routine clinical evaluation,
and the presence of marrow infiltration was interpreted
by an experienced hematopathologist who was blinded to
the PET/CT results. Trephine biopsy samples were analyzed
following the standard procedures. BMB was considered
as positive in the presence of lymphoma involvement.
Although flow cytometric immunophenotyping of marrow
aspirates can be performed, this method was not used for
the diagnosis of bone marrow involvement.

Data Analysis

BM biopsy results were regarded as the reference test for
evaluating BMI.

Cases with concordant findings in both PET/CT and BMB
(both positive or negative) were evaluated as true positive or
true negative results. Non-concordance between these two
parameters was described as false negativity or false positivity.

The sensitivity and specificity rates, positive predictive value
(PPV) and negative predictive value (NPV) of PET/CT for
detecting BM infiltration were determined for all cases.
Additionally, receiver operating characteristics (ROC) curves
were formed to determine cut-off values for SUVinax.
Analyzes were performed with PASW 18 (SPSS/IBM,
Chicago, IL, USA) software.

Results

Among the 172 cases, BMI was detected by PET/CT in
33 (19.1%) and by BMB in 42 (24.4%) patients (Table 1).
Among the 33 cases with infiltration on PET/CT, 11 had
diffuse heterogeneous patchy accumulations while 22
had unifocal/multifocal accumulations. Within the 64 HL
patients, BMI was detected by PET/CT in 17 (26.5%) and
by BMB in 5 (7.8%) (Table 2), while among the 108 NHL
patients, BMI was detected by PET/CT in 16 (14.8%) and
by BMB in 37 (34.2%) (Table 3).

Concordance between PET/CT and BMB was observed in
123 (71%) of 172 patients. Both tests were negative in 110
patients and both were reported positive in 13 patients. A
concordance between PET/CT and BMB was detected in
50 (78%) HL patients, both tests were negative in 46 and
positive in 4 patients. Non-concordance was observed in 14
(22%) of these patients, 13 patients were positive on PET/
CT but negative on BMB while 1 patient was positive on
BMB but negative on PET/CT. Concordance was detected

"

in 73 (67%) NHL patients, both tests were negative in 64
and positive in 9 patients. The tests were non-concordant
in 35 patients, 7 patients were positive on PET/CT but
negative on BMB while 28 patients were positive on BMB
but negative on PET/CT.

On visual assessment of all the cases, PET/CT was found
to have a 31% sensitivity and 85% specificity rate for
detection of BMI with 39% PPV and 79% NPV (Table 4).
Visual assessment of HL cases showed 80% sensitivity, 78%
specificity with 24% PPV and 98% NPV (Table 4), while in
NHL cases the corresponding values were 24%, 90%, 56%
and 70%, respectively (Table 4).

Table 1. Distribution of the patients according to positron
emission tomography/computerized tomography and
bone marrow biopsy test results

Key

frequency
row percentage
column percentage

BM
PET Negative Positive  Total
Negative 110 29 139
79.14 20.86 100.00
84.62 69.05 80.81
Positive 20 13 33
60.61 39.39 100.00
15.38 30.95 19.19
Total 130 42 172
75.58 24.42 100.00
100.00 100.00 100.00

PET: Positron emission tomography/computerized tomography, BM: Bone marrow

Table 2. Distribution of the Hodgkin’s lymphoma patients
according to positron emission tomography/computerized
tomography and bone marrow biopsy test results

Key

frequency
row percentage
column percentage

BM
PET Negative Positive Total
Negative 46 1 47
97.87 2.13 100.00
77.97 20.00 73.44
Positive 13 4 17
76.47 23.53 100.00
22.03 80.00 26.56
Total 59 5 64
92.19 7.81 100.00
100.00 100.00 100.00

PET: Positron emission tomography/computerized tomography, BM: Bone marrow
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Semiquantitative assessment was performed using SUV pax
values and ROC curves based on BMB findings. Area
under the ROC curve (AUC) estimated for all patients was
0.6386, that of HL patients was 0.7763 and NHL patients
was 0.6534. Cut-off, sensitivity and specificity values were

Table 3. Distribution of the non-Hodgkin’s lymphoma
patients according to positron emission tomography/
computerized tomography and bone marrow biopsy test
results

Key

frequency
row percentage
column percentage

BM
PET Negative Positive Total
Negative 64 28 92
69.57 30.43 100.00
90.14 75.68 85.19
Positive 7 9 16
43.75 56.25 100.00
9.86 24.32 14.81
Total 71 37 108
65.74 34.26 100.00
100.00 100.00 100.00

PET: Positron emission tomography/computerized tomography, BM: Bone marrow

estimated using ROC curves for all patients and HL and NHL
patient subgroups. The results were as follows, respectively;
cut-off 3.5, 4, 3.2; sensitivity 59%, 80%, 65%; specificity
62%, 68%, 58% (Table 5).

Estimated mean SUV 4« value was 12.02 g/mL for the 33
patients with positive findings on PET/CT; 11.67 g/mL for
13 patients who were positive on both PET/CT and BMB;
and 12.25 g/mL for 20 patients who were positive on PET/
CT but negative on BMB (Table 6).

Discussion

Initial evaluation including determination of anatomic
distribution of the disease extent is an essential factor to
predict both disease-free and overall survival in lymphoma
patients. BM involvement in lymphoma indicates
generalized disease and is a predictor of poor prognosis.
Besides the role of BMI in primary staging, it has a specific
clinical significance for guiding the treatment approach
(2). In routine clinical practice, BMB is used to evaluate
BM involvement. Although BMB is primarily a safe and
risk-free procedure, complications such as bleeding or
infection can rarely occur. Additionally, being an invasive
and painful procedure can be a disadvantage for patients.
In case of insufficient sampling, repeated biopsies may be
required. There is no consensus on whether BMB should
be performed uni- or bi-laterally, thus biopsies are usually

Table 4. Sensitivity, specificity, positive predictive value and negative predictive value (95% confidence interval) of
positron emission tomography/computerized tomography with respect to bone marrow biopsy in the whole population
and Hodgkin’s lymphoma and non-Hodgkin’s lymphoma subgroups

n Sensitivity Specificity Positive predictive value Negative predictive value
All patients 172 30.95% 84.62% 39.39% 79.14%
Hodgkin lymphoma 64 80% 77.97% 23.53% 97.87%
Non-Hodgkin lymphoma 108 24.32% 90.14% 56.25% 69.57%

Table 5. Receiver operating characteristics estimated area under curve with 95% confidence intervals, cut off, sensitivity
and specificity values for the whole population and for Hodgkin’s lymphoma and non-Hodgkin’s lymphoma subgroups

All patients  HL NHL
AUC 0.6386 0.7763 0.6534
Cut off 3.5 4 3.2
Sensitivity 59% 80% 65%
Specificity 62% 68% 58%

AUC: Area under curve, HL: Hodgkin’s lymphoma, NHL: Non-Hodgkin's lymphoma

Table 6. Numeric distribution and mean maximum standard uptake values for patients with positive results on positron

emission tomography/computerized tomography

PET/CT (+) PET/CT (+)/BMB (+)  PET/CT (+)/ BMB ()
n 33 13 20
Mean SUV,,, (g/mL) 12.02 11.67 12.25

PET/CT: Positron emission tomography/computerized tomography, SUV,

max. Maximum standard uptake value, BMB: Bone marrow biopsy
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obtained from unilateral iliac crest blindly, which may lead
to high false negative rates. In light of the mentioned
reasons, there is growing interest in the search for accurate
non-invasive methods to evaluate BMI. 18F-FDG-PET/CT
is a hybrid imaging technique used for primary staging,
evaluating treatment response, re-staging and for follow-up
after complete remission in lymphoma patients. Although,
due to the limited number of studies, its role in evaluating
bone/BM involvement is not well established, available
results in the literature are promising (5,8).

Studies in the literature include mixed populations involving
both HL and NHL patients. Cortés-Romera et al. (10)
evaluated 18F-FDG-PET/CT performance for detecting BMI
with reference to BMB in their study on 147 patients,
comprising of 84 diffuse large B-cell ymphoma (DLBCL) and
63 HL patients. This study showed concordance between
the two tests in 128 patients (87%) (74 DLBCL, 54 HL).
Among these, both tests were reported positive in 21 and
negative in 107 patients. Non-concordance was observed
in 19 (14%) patients, 18 of which had negative BMB results
although involvement was detected on 18F-FDG-PET/CT,
indicating BMB was not obtained from active involvement
sites. As a result of this study, 18F-FDG-PET/CT was reported
to be 95% sensitive, 86% specific with 87% accuracy, 54%
PPV and 99% NPV for detecting BMI. It was concluded that
18F-FDG-PET/CT had higher BMI detection rates in DLBCL
and HL patients and in serving as a guide to biopsy sites,
and that it can be used as a supplement to BMB (10).

In our study, among the 172 patients, 64 were diagnosed
as HL and 108 as NHL. Thirty-three (19.1%) patients were
found positive by 18F-FDG-PET/CT and 42 (24.4%) were
positive on BMB. Concordance between the two tests was
observed in 123 of the 172 patients (71%). Both tests were
reported negative in 110 patients and both were positive
in 13. Based on the total study population in the current
study, 18F-FDG-PET/CT was detected to have 31% sensitivity
and 85% specificity rate in detecting BMI with 39% PPV
and 79% NPV. Additionally, AUC and cut-off values for the
whole study population were 0.6386 and 3.5, respectively.

Similar studies on separate groups of HL and NHL patients
are also available in the literature. In the study by Muzahir
et al. (11), BMB from bilateral iliac crests were obtained
from 122 HL patients and 18F-FDG-PET/CT findings were
compared to these results that are considered as the gold
standard. Accordingly, 18F-FDG-PET/CT was found to be
100% sensitive, 76.57% specific for detecting BMI in HL
patients, with 78.62% diagnostic accuracy, 76.57% NPV
and 29.72% PPV. The high sensitivity of 18F-FDG-PET/CT in
this study was attributed to the positive 18F-FDG-PET/CT
results in all of the BMB positive patients (11).

In the meta-analysis by Cheng and Alavi (12) including 7
studies comprising a total of 687 HL patients, 18F-FDG-PET/
CT was found superior to BMB in detecting BMI. Pooled
sensitivity of 18F-FDG-PET/CT was determined as 94.5%
[95% confidence interval (Cl): 89.0-97.8%] whereas the

corresponding estimate for BMB was 39.4% (95% Cl: 30.8-
48.8%).

In the study by Adams et al. (13) on 26 newly diagnosed
HL patients, visual 18F-FDG-PET/CT results were compared
to BMB of the right iliac crest, which is used as the gold
standard method. Accordingly, 18F-FDG-PET/CT was
found to be 100% sensitive (95% Cl: 51.1-100%), 100%
specific (95% Cl: 81.8-100%) in detecting BMI with
100% (95% Cl: 51.1-100%) PPV, 100% (95% Cl: 81.8-
100%) NPV. Additionally, SUV3x of BMB positive patients
[meanzstandard deviation (SD): 3.4+0.85] was higher than
that of BMB negative patients almost reaching statistical
significance (mean+SD 2.7+0.63) (p=0.052) (13).

In our study, 64 of the 172 patients were diagnosed with
HL. Concordance between BMB and 18F-FDG-PET/CT was
observed in 50 (78%) of the 64 patients. Among these 50
cases, both tests were negative in 46 and positive in 4. In the
remaining 14 patients, 13 were 18F-FDG-PET/CT positive,
BMB negative and one patient was BMB positive without
any involvement on 18F-FDG-PET/CT. Thus, considering
BMB as the gold standard, 18F-FDG-PET/CT was found to
be 80% sensitive, 78% specific for detecting BMI with 24%
PPV and 98% NPV. The high sensitivity and specificity values
were consistent with the literature. On semi-quantitative
assessment, there was no significant difference in SUV yax
values between BMB positive and negative cases among
the PET/CT positive patients. Additionally, in our study, AUC
and cut-off values for HL patients were found as 0.7763
and 4, respectively.

Similar studies on NHL patients are also available in the
literature. In the study by Muslimani et al. (14), 97 NHL
patients were grouped according to the presence of low
or high grade disease, and the results of 18F-FDG-PET/CT
scan for initial staging and unilateral iliac crest BMB were
compared. Unlike other studies in the literature, samples
were obtained from the involvement sites in BMB-negative
patients with 18F-FDG-PET/CT images suggesting BMI.
Consequently, BMB from sites of involvement of the 11
patients who were initially BMB-negative and 18F-FDG-
PET/CT positive, revealed 6 positive BMB results. Positive
repeat biopsies were obtained from the contralateral iliac
crest in 1, from the humerus in 2, from the tibia in 1 and
from the fourth vertebra in one patient. Thus, 18F-FDG-
PET/CT was 79% sensitive, 91% specific for detecting BMI
with 87% PPV and 87% NPV. Additionally, there was no
significant difference between the low and high grade NHL
groups in terms of the ability of 18F-FDG-PET to detect BMI
(sensitivity p=0.23, specificity p=0.64). In conclusion, the
high potential of 18F-FDG-PET in detecting BMI in NHL was
highlighted and BMB sampling was recommended for BMB
negative patients whose 18F-FDG-PET scan demonstrates
BM involvement (14). In our study, biopsies were obtained
only from the iliac crest and not from other sites observed
positive on PET/CT, which is a limitation of our study. We
could have found higher sensitivity and specificity values if
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biopsy sampling was done from sites other than the iliac
crest in cases who were biopsy negative. Many studies in
the literature have reported that in the majority of BMB-
negative cases multifocal involvement was observed on
18F-FDG-PET/CT and that biopsies obtained from the sites
of involvement were almost always positive (5,15,16,17).

In our study, among the 33 cases with infiltration on PET/
CT, 11 had diffuse heterogeneous patchy accumulations.
Diffuse accumulations may be secondary to benign
conditions such as inflammation, thus some studies (13)
have excluded such cases while others have not (11). In
our study diffuse accumulations were heterogeneous
and patchy, thus they were included since they were not
homogenous lesions.

In the study by Lee et al. (18), 120 high grade NHL patients
comprised of newly diagnosed DLBCL and peripheral
T-cell lymphoma cases were included to assess the role
of 18F-FDG-PET/CT in the detection of BMI. Bilateral iliac
crest BMB results were considered the gold standard.
18F-FDG-PET/CT and BMB results were concordant in 100
of the 120 patients (both positive or negative) while 20
were non-concordant. Besides, SUVax Values of patients
demonstrating abnormal 18F-FDG accumulation were
significantly higher as compared to those with normal
18F-FDG accumulation. It was concluded that 18F-FDG-PET/
CT and BMB are complementary techniques in assessing
BMI in patients with high-grade lymphomas, and obtaining
biopsies from sites of accumulation was recommended for
patients showing 18F-FDG-avidity although standard iliac
crest BMB are negative (18).

Berthet et al. (19) evaluated 18F-FDG-PET/CT performance
for detecting BMI with reference to BMB and its effect
on progression-free/overall survival in their study on 142
patients with DLBCL. In case of negative BMB, 18F-FDG-
PET/CT accumulation areas were evaluated by biopsy or
MR images. Accordingly, as compared to BMB, 18F-FDG-
PET/CT had significantly higher sensitivity (94% vs. 24%,
p<0.001), NPV (98% vs. 80%) and accuracy (98% vs. 81%).
Multivariate analysis showed that BMI detected by 18F-FDG-
PET/CT was an independent predictor of progression-free
survival (PFS) (p=0.02) but not for overall survival. It was
concluded that, assessment of BMI with 18F-FDG-PET/CT
has higher diagnostic and prognostic prediction in newly
diagnosed DLBCL patients as compared to BMB (19).

Zhou et al. (20) evaluated the role of 18F-FDG-PET/CT in
detecting BMI and compared overall (OS) and PFS rates
of patients who were concordantly negative (PET-CT/
BMB-) or positive (PET-CT/BMB+) in 55 patients with newly
diagnosed extranodal natural killer/T cell lymphoma. Using
BMB results as reference, the study found the sensitivity
and specificity rates of 18F-FDG-PET/CT for detecting BMI
as 100% and 86%, respectively. Following the median
follow-up period of 16 months (range, 3-43 months) PET-
CT/BMB positive patient group showed worsened 2-year
OS as compared to PET-CT/BMB negative group (84.8%
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vs. 67.9%, p<0.05). On the other hand, the estimated
2-year PFS rates for PET-CT/BMB negative and PET-CT/BMB
positive patients were 72.7% and 41.9%, respectively.
However, it was concluded that, due to the small number
of PET-CT/BMB positive patients, it would be incorrect to
conclude that survival rates were similar for both groups
in advanced stage patients. Finally, the prognostic and
complementary diagnostic role of T18F-FDG-PET/CT in
detecting BMI, especially in cases missed by BMB, was
underlined (20).

In our study, 108 of the 172 patients had NHL diagnosis
and among these 16 (14.8%) were 18F-FDG-PET/CT
positive and 37 (34.2%) were BMB positive. Subtyping/
grading was not performed for NHL patient group.
Concordance between the two tests was observed
in 73 (67%) patients; 64 patients were PET-CT/BMB
negative while 9 patients were PET-CT/BMB positive.
Non-concordance was observed in 35 patients; of which
7 were 18F-FDG-PET/CT positive, BMB negative and the
remaining 28 patients were BMB positive, 18F-FDG-PET/
CT negative. As a result, 18F-FDG-PET/CT was found to
be 24% sensitive, 90% specific for detecting BMI with
PPV 56% and NPV 70%. We suggest that the low
sensitivity for the NHL subgroup may be due to the lack
of histological subgrouping in this patient group. Studies
have reported higher 18F-FDG-PET/CT sensitivity rates
in detecting BMI in aggressive NHL subtypes, while 2/3
false negativity ratio was observed in indolent histological
forms (e.qg., grade 1 and 2 follicular lymphomas) leading
to lower sensitivity values (9). Additionally, in our study,
AUC and cut-off values for NHL patients were found as
0.6534 and 3.2, respectively.

Conclusion

In this study, a moderately high concordance (71%) was
observed between PET/CT and BMB findings. The rate of
concordance was higher in HL patients (78%) as compared
to NHL patients (67%). In conclusion, PET/CT appears to
be a significant method for detecting BM infiltration in
comparison to BM biopsy which is an invasive method.
Currently, BM biopsy is usually performed from the iliac
crest while PET/CT has the advantage of whole body
imaging to allow for detection of involvement sites other
than the iliac bone. In this regard, although PET/CT is not
a substitute for BM biopsy, we suggest that it can be used
as a guide to biopsy site and a complementary imaging
technique for BM biopsy.

Ethics
Ethics Committee Approval: The study was approved
by the Akdeniz University Local Ethics Committee (date:

21.01.2015) (protocol number: 35), Informed Consent:
Consent form was filled out by all participants.

Peer-review: Externally peer-reviewed.



Mol Imaging Radionucl Ther 2017;26:69-75

Oner et al. 18F-FDG-PET/CT Efficiency for Bone Marrow Infiltration

Authorship Contributions

Surgical and Medical Practices: O.S., O.K.Y., L.U., Concept:
A.00. ESB., FA., Design: A.0.0., ESB, FA., Data
Collection or Processing: A.0.O., FA., BA., OS., Analysis or
Interpretation: A.00., FA., TT, AB., AY, FG., Literature
Search: A.0.0., E.S.B.,, Writing: A.0.0., E.S.B., FA.

Conflict of Interest: No conflict of interest was declared
by the authors.

Financial Disclosure: The authors declared that this study
received no financial support.

References

1.

Pelosi E, Penna D, Deandreis D, Chiappella A, Skanjeti A, Vitolo U, Bisi
G. FDG-PET in the detection of bone marrow disease in Hodgkin's
disease and aggressive non-Hodgkin’s lymphoma and its impact on
clinical management. Q J Nucl Med Mol Imaging 2008;52:9-16.
Stumpe KD, Urbinelli M, Steinert HC, Glanzmann C, Buck A, von Schulthess
GK. Whole-body positron emission tomography using fluorodeoxyglucose
for staging of lymphoma: effectiveness and comparison with computed
tomography. Eur J Nucl Med 1998;25:721-728.

Brusamolino E, Bacigalupo A, Barosi G, Biti G, Gobbi PG, Levis A,
Marchetti M, Santoro A, Zinzani PL, Tura S. Classical Hodgkin's
lymphoma in adults: guidelines of the Italian Society of Hematology,
the Italian Society of Experimental Hematology, and the Italian Group
for Bone Marrow Transplantation on initial work-up, management,
and follow-up. Haematologica 2009;94:550-565.

Howell SJ, Grey M, Chang J, Morgenstern GR, Cowan RA, Deakin DR
Radford JA. The value of bone marrow examination in the staging
of Hodgkin’s lymphoma: a review of 955 cases seen in a regional
cancer centre. Br J Haematol 2002;119:408-411.

Moulin-Romsee G, Hindié E, Cuenca X, Brice P Decaudin D, Bénamor
M, Briére J, Anitei M, Filmont JE, Sibon D, de Kerviler E, Moretti JL.
18F-FDG-PET/CT bone/bone marrow findings in Hodgkin's lymphoma
may circumvent the use of bone marrow trephine biopsy at diagnosis
staging. Eur J Nucl Med Mol Imaging 2010;37:1095-1105.
Buchmann |, Moog F, Schirrmeister H, Reske SN. Positron emission
tomography for detection and staging of malignant lymphoma.
Recent Results Cancer Res 2000;156:78-89.

Kostakoglu L, Coleman M, Leonard JR Kuji I, Zoe H, Goldsmith S..
PET predicts prognosis after 1 cycle of chemotherapy in aggressive
lymphoma and Hodgkin's disease. J Nucl Med 2002;43:1018-27.
Moog F, Bangerter M, Kotzerke J, Guhlmann A, Frickhofen N, Reske SN.
18-F-fluorodeoxyglucose-positron emission tomography as a new approach
to detect lymphomatous bone marrow. J Clin Oncol 1998;16:603-609.
Fuster D, Chiang S, Andreadis C, Guan L, Zhuang H, Schuster S,
Alavi A. Can [18F]fluorodeoxyglucose positron emission tomography
imaging complement biopsy results from the iliac crest for the
detection of bone marrow involvement in patients with malignant
lymphoma? Nucl Med Commun 2006;27:11-15.

75

10.

20.

Cortés-Romera M, Sabaté-Llobera A, Mercadal-Vilchez S, Climent-
Esteller F Serrano-Maestro A, Gamez-Cenzano C, Gonzalez-
Barca E. Bone marrow evaluation in initial staging of lymphoma:
18F-FDG-PET/CT versus bone marrow biopsy. Clin Nucl Med
2014;39:46-52.

Muzahir S, Mian M, Munir |, Nawaz MK, Faruqui ZS, Mufti KA, Bashir
H, Uddin N, Siddiqui N, Maaz AU, Mahmood MT. Clinical utility of 18F
FDG-PET/CT in the detection of bone marrow disease in Hodgkin's
lymphoma. Br J Radiol 2012;85:490-496.

. Cheng G, Alavi A. Value of 18F-FDG-PET versus iliac biopsy in

the initial evaluation of bone marrow infiltration in the case
of Hodgkin's disease: a meta-analysis. Nucl Med Commun
2013;34:25-31.

. Adams HJ, Kwee TC, Fijnheer R, Dubois SV, Nievelstein RA, de Klerk

JM. Bone marrow FDG-PET/CT in Hodgkin lymphoma revisited:
do imaging and pathology match? Ann Nucl Med 2015;29:132-
137.

Muslimani AA, Farag HL, Francis S, Spiro TR Chaudhry AA, Chan
VC, Taylor HC, Daw HA. The utility of 18-F-fluorodeoxyglucose
positron emission tomography in evaluation of bone marrow
involvement by non-Hodgkin lymphoma. Am J Clin Oncol
2008;31:409-412.

Cheng G, Chen W, Chamroonrat W, Torigian DA, Zhuang H, Alavi A.
Biopsy versus FDG-PET/CT in the initial evaluation of bone marrow
involvement in pediatric lymphoma patients. Eur J Nucl Med Mol
Imaging 2011;38:1469-1476.

Ribrag V, Vanel D, Leboulleux S, Lumbroso J, Couanet D, Bonniaud
G, Aupérin A, Masson F Bosq J, Edeline V, Fermé C, Pigneur F
Schlumberger M. Prospective study of bone marrow infiltration in
aggressive lymphoma by three independent methods: whole-body
MRI, PET/CT and bone marrow biopsy. Eur J Radiol 2008;66:325-
331.

Purz S, Mauz-Korholz C, Korholz D, Hasenclever D, Krausse A,
Sorge |, Ruschke K, Stiefel M, Amthauer H, Schober O, Kranert WT,
Weber WA, Haberkorn U, Hundsdorfer P Ehlert K, Becker M, Rossler
J, Kulozik AE, Sabri O, Kluge R. [18F]Fluorodeoxyglucose positron
emission tomography for detection of bone marrow involvement in
children and adolescents with Hodgkin's lymphoma. J Clin Oncol
2011,29:3523-3528.

Lee Y, Hwang KH, Hong J, Park J, Lee JH, Ahn JY, Kim JH, Lee
H, Kim SG, Shin JY. Usefulness of (18)F-FDG-PET/CT for the
Evaluation of Bone Marrow Involvement in Patients with High-
Grade Non-Hodgkin’s Lymphoma. Nucl Med Mol Imaging
2012;46:269-277.

Berthet L, Cochet A, Kanoun S, Berriolo-Riedinger A, Humbert O,
Toubeau M, Dygai-Cochet |, Legouge C, Casasnovas O. In newly
diagnosed diffuse large B-cell lymphoma, determination of bone
marrow involvement with 18F-FDG-PET/CT provides better diagnostic
performance and prognostic stratification than does biopsy. J Nucl
Med 2013;54:1244-1250.

Zhou Z, Chen C, Li X, Li Z, Zhang X, Chang Y, Lu L, Cui Y, Ma Y, Zhang
M. Evaluation of bone marrow involvement in extranodal NK/T cell
lymphoma by FDG-PET/CT. Ann Hematol 2015;94:963-967.



Original Article
Mol Imaging Radionucl Ther 2017,26:76-82 DOI:10.4274/mirt.07769

Clinical Significance of I8F-Fluorodeoxyglucose Avid Prostate Gland
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Pozitron Emisyon Tomografisi/Bilgisayarli Tomografide '8F-Fluorodeoksiglukoz Avid Prostat
Bezi Insidentalomalarinin Klinik Onemi
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Abstract

Objective: The aim of this study was to evaluate the clinical significance of incidental focal uptake of '8F-fluorodeoxyglucose
(18F-FDG) on positron emission tomography/computed tomography (PET/CT) in the prostate glands of cancer patients.
Methods: A retrospective review of 3122 consecutive male patients who underwent 18F-FDG PET/CT studies with an
oncologic indication, over the course of four years, was performed. Studies with incidental 18F-FDG uptake in the prostate
gland were further analyzed.

Results: Incidental '8F-FDG uptake in the prostate gland was identified in 65/3122 men (2.1%). Sufficient follow-up data
(=12 months) were available in 53 patients, of whom 11 had a biopsy and 42 had clinical and imaging follow-up. Malignancy
was histologically diagnosed in 4 out of 53 patients (7.5%). There was no statistically significant difference in 18F-FDG uptake
values between benign prostate lesions [maximum standardized uptake value (SUVay) 7.3] and malignant ones (SUV/ax
7.2, p=0.95). There was a statistically significant difference between the serum prostate specific antigen (PSA) of the benign
group (n=24, PSA=2.7 ng/mL) and the malignant group (n=4, PSA=9.2 ng/mL, p<0.001). There was a direct correlation
between SUV,,ax and Gleason score.

Conclusion: 18F-FDG positive prostate incidentalomas were detected in 2.1% of oncologic PET/CT scans and of these
7.5% were malignant. SUV ., was not useful for distinguishing between benign and malignant incidental prostate lesions.
18F-FDG avid prostate incidentalomas on PET/CT should prompt a recommendation for obtaining a serum PSA and further
investigation if serum PSA is elevated.

Keywords: Prostate incidentaloma, prostate carcinoma, '8F-fluorodeoxyglucose, positron emission tomography/computed
tomography, prostate specific antigen

0z
Amag: Bu calismanin amaci kanser hastalarinin prostat bezinde pozitron emisyon tomografisi/bilgisayarli tomografide (PET/
BT) insidental olarak saptanan fokal '8F-fluorodeoksiglukoz (18F-FDG) tutulumunun klinik dnemini degerlendirmektir.

Yontem: Dort yillik bir dénemde onkolojik nedenlerle 18F-FDG-PET/BT uygulanmis 3122 ardisik erkek hasta retrospektif olarak
incelendi. Prostat bezinde insidental 18F-FDG tutulumu saptanan hastalar detayli olarak degerlendirildi.
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Bulgular: Prostat bezinde insidental 18F-FDG tutulumu 65/3,122 erkekte (%2,1) saptandi. Yeterli takip verisi (=12 ay) olan 53
hasta mevcuttu, bunlarin 11‘ine biyopsi uygulanmis 42'si klinik ve radyolojik olarak takip edilmisti. Elli ¢ hastanin dérdiinde
malignite histolojik olarak saptanmisti (%7,5). Benign ve malign prostat lezyonlarinda 18F-FDG tutulum degerleri agisindan
istatistik olarak anlamli fark yoktu [maksimum standart uptake degeri (SUV naks) benign: SUVinaks 7.3, malign: SUV aks 7.2,
p=0,95]. Benign ve malign grup hastalarda serum prostat spesifik antijen (PSA) degerleri arasinda istatistiksel olarak anlamli
fark vardi (benign grup n=24, PSA=2,7 ng/mL, malign grup n=4, PSA=9,2 ng/mL, p<0,001). SUV .« Ve Gleason skoru
arasinda direkt korelasyon mevcuttu.

Sonug: Onkolojik PET/BT gorlntilemelerinin %2,1'inde 18F-FDG pozitif prostat bezi insidentalomasi saptandi ve bunlarin
%7,5'i malign idi. SUVpaks, benign ve malign insidental prostat lezyonlarini ayirt etmede yararli degildi. PET/BT'de 18F-FDG
tutulumu olan prostat bezi insidentalomasi varliginda serum PSA degerinin bakilmasi énerilmeli ve eger PSA yiksek ise ileri
tetkik gerekliligi akilda tutulmalidir.

Anahtar kelimeler: Prostat bezi insidentalomasi, prostat kanseri, 18F-fluorodeoksiglukoz, pozitron emisyon tomografisi/
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bilgisayarli tomografi, prostat spesifik antijen

Introduction

Since  positron  emission  tomography/computed
tomography (PET/CT) was first introduced for the staging
and follow-up of various malignancies, PET/CT readers
have been faced with the challenge of interpreting foci
of increased 18F-fluorodeoxyglucose (18F-FDG) uptake
in unexpected locations. In addition to malignancy,
18F-FDG uptake has been described in various sites of
normal physiologic processes and tracer biodistribution,
in benign nodules and masses, and in infectious and
inflammatory processes (1,2,3). Increased 18F-FDG
activity in locations not typical for metastatic spread
in patients known for malignancy may alternatively
represent an unrelated benign process or even a second
primary malignancy, thus complicating the interpretation
of the PET/CT study. The most common locations
of potentially malignant incidental 18F-FDG uptake
reported in the literature include: breast, gastrointestinal
system, the prostate, thyroid, adrenal and parotid glands
(4,5,6,7,8,9,10). Locations such as the thyroid, adrenal,
and gastrointestinal system have been investigated
extensively in the literature, while locations such as the
prostate gland continue to confound PET/CT readers.

Several studies have investigated the clinical
significance of 18F-FDG positive prostate incidentalomas
(11,12,13,14,15,16,17). The aim of this study was to
determine the frequency of unexpected focal uptake
of 18F-FDG on PET/CT in the prostate glands of cancer
patients and to detect the proportion of malignant cases
within this group. We examined the possibility of using
standardized uptake value (SUVpax) to differentiate
benign causes of incidental prostate 18F-FDG uptake from
malignant ones. We also examined if serum prostate
specific antigen (PSA) values were different in the benign
group as compared to the malignant group.

"7

Materials and Methods

Study Design and Patient Population

3122 consecutive male patients who underwent 18F-FDG
PET/CT studies with an oncologic indication over the
course of 48 months (from January 1, 2006 to December
31, 2009) were retrospectively reviewed at our institution,
a tertiary care academic hospital. The PET/CT reports that
made a special reference to focal 18F-FDG uptake in the
prostate gland provided the basis for this study.

Sixty-five patients had incidental '8F-FDG uptake in the
prostate gland and represented the study group. Patients
with a previous prostate malignancy or prostatectomy (n=3)
were excluded from the study. Patients with insufficient
follow-up data (<12 months) (n=9) were also excluded
from this study. The remaining 53 cases constituted the
study group for further assessment of clinical significance
of incidental 18F-FDG uptake in the prostate gland.

Positron Emission
Tomography Imaging

18F-FDG PET/CT studies were performed on a hybrid PET/
CT scanner (Discovery ST, General Electric Medical Systems,
Waukesha, WI, USA), which combines a dedicated, full-
ring PET scanner with a 16-slice CT scanner. Patients were
required to fast for at least 6 hours before the time of
their appointment, and waited in a quiet dark room the
morning of their scan. Blood glucose levels were recorded
immediately prior to 18F-FDG administration. If the serum
glucose level was greater than 11.1 mmol/L (200 mg/dL),
the study was rescheduled. A volume of 400 mL of barium
sulfate oral contrast was administered, and 8.14 MBqg/kg
of 18F-FDG was injected intravenously up to a maximum
dose of 740 MBq. Approximately sixty minutes following
18F-FDG injection, CT and PET images were consecutively
acquired from the base of the skull to the upper thighs, with

Tomography/Computed
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additional images of the extremities acquired if needed. CT
scan settings were: 140 kVp, 90-110 mA (depending on
the body weight), a rotation time of 0.8 s, a table speed
of 17 mm per gantry rotation, a pitch of 1.75:1, and a
detector row configuration of 16x0.625 mm. For the PET
portion of the study, a 2-D acquisition was performed
and images were acquired for 4-5 min per bed position
(depending on the body weight) up to 5 to 6 total bed
positions (depending on the patient’s height). The patient
was allowed to breathe normally during the PET and CT
acquisitions.

Data obtained from the CT acquisition were used for
attenuation correction and fusion with PET images. The
PET data were reconstructed iteratively using ordered
subset expectation maximization software provided
by the manufacturer (21 subsets, 2 iterations). PET
attenuation corrected, PET non-attenuation corrected,
CT, and PET/CT fusion images of the whole body were
displayed in the transaxial, coronal, and sagittal planes
and were reviewed on a dedicated workstation (Xeleris
2.0, GE Healthcare, Waukesha, WI, USA). PET data were
also displayed in a rotating maximum intensity projection
image.

Interpretation and Analysis of Positron Emission
Tomography/Computed Tomography Images

All PET/CT images were interpreted using visualization
and semi-quantitative analysis (SUVpax corrected for
body weight) by two experienced nuclear physicians,
independently. Any focal 18F-FDG uptake in the prostate
gland was noted and each nuclear medicine physician
measured the SUVy,ax corrected for body weight, using a
spherical region of interest at the site of the most intense
uptake in the prostate gland.

Diagnosis and Follow-up

Final diagnosis of benign or malignant prostate
incidentaloma was based on histologic tissue sampling in
11 of 53 patients. The remaining 42 patients were assessed
clinically and/or by serial imaging with magnetic resonance
imaging (MRI) or PET/CT. Lesions were considered benign
on serial imaging if there was no further evidence of
malignancy in the prostate gland or if there was evidence
of regression in SUV a4 by at least 50% in the absence of
treatment over a period of at least 12 months. Serum PSA
values obtained within 6 months of the PET/CT scan were
compared in the benign and malignant groups.

Statistical Analysis

The Mann-Whitney U test was used to determine if there
was a significant difference between the mean SUV
values of the benign and malignant groups. The Mann-
Whitney U (two tailed) test was used to detect a significant
difference between the serum PSA values of the benign and
malignant groups. A p value less than 0.05 was considered
to indicate a statistically significant difference. A correlation
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between Gleason score and SUV,,5x Was established using
the Spearman’s rank correlation coefficient.

Results

The mean age of the study group was 69.3 years (range:
45-87 years). The primary malignant tumors of the cohort
and their relative distribution are listed below (Table 1).
Incidental focal 18F-FDG uptake in the prostate gland was
found in 65 of 3122 (2.1%) men scanned consecutively
with PET/CT for an oncologic indication. The mean age
of patients with benign prostate lesions was 68.8 years
as compared to 74.0 years in patients with prostate
malignancy. The distribution of abnormal 18F-FDG prostate
uptake in the 53 patients with sufficient follow-up were
identified as: peripheral n=37 (69.8%), central n=7 (13.2%),
and multifocal or heterogeneous n=9 (17.0%) (Table 2).

Histologic tissue sampling was available in 11 of 53 patients,
and the remaining 42 patients were assessed clinically and/
or by serial imaging with MRI or PET/CT. The mean clinical
follow-up period of these 42 patients was 33 months
(range: 12-66 months). Out of 53 patients, 49 (92.5%)

Table 1. Characteristics of the cohort
Demographics

(n=53)
69.3 (9.7)
69.0 (64; 76)

Age (years), mean (SD)
Age (years), median (IQR)
Indication, n (%)
Rectal cancer
Lymphoma

Colon cancer

Lung cancer
Malignancy work-up
GIST

Hepatocellular cancer
Bladder cancer

Brain lesion
Cholangiocarcinoma
Gastric cancer

Penile cancer

SD: Standard deviation, IQR: Interquartile range, GIST: Gastrointestinal stromal
tumor

Table 2. Distribution of prostate 18F-fluorodeoxyglucose
uptake

Site n (%) Cancer
Peripheral 37 (69.8) 4
Central 7(13.2) 0
Heterogeneous 9(17.0) 0
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were diagnosed with a benign prostate process and 4
(7.5%) were diagnosed with prostate adenocarcinoma.
There was no statistically significant difference in terms of
the mean SUVax Values between the benign (SUVax 7.3)
and the malignant group (SUVnax 7.2) (p value 0.95, Mann-
Whitney U test) (Table 3). The four malignant prostate
incidentalomas were identified in patients with various
primary malignancies and all four malignant cases had
18F-FDG uptake in the peripheral zone of the prostate gland
(Table 4). The SUVax range of the four malignant cases
was 4.7-9.9, while the SUV a4 range of the seven benign
biopsied cases was 2.1-22.0, with histology evaluation
showing two cases of benign prostatic hyperplasia (BPH)
and five cases of benign prostate tissue (Table 5).

Serum PSA values obtained within 6 months of the
PET/CT were available in 28 of 53 (52.8%) patients. Of
those patients with available serum PSA values, 24 of 28
(85.7%) were diagnosed as benign and 4 of 28 (14.3%)
were diagnosed as malignant. Mean serum PSA value of

Table 3. Benign vs. malignant prostate lesions

patients with a benign prostate process was 2.7 ng/mL
versus 9.2 ng/mL for patients with a malignant prostate
incidentaloma, a statistically significant difference with a
p value <0.001 by Mann-Whitney U test (Figure 1). The
lowest PSA value of the malignant cases was 6.7 ng/mL.

The Gleason scores of the malignant prostate incidentalomas
correlated directly with  SUVia  (Spearman’s  rank
coefficient, rho=0.996, p=0.004) (Figure 2).

Discussion

In our study, 2.1% of PET/CT scans performed in men
with an oncologic indication revealed incidental uptake
in the prostate gland, in keeping with previously reported
values ranging from 0.6% t0 4.5% (11,12,13,14,15,16,17).
However, the incidence of 18F-FDG positive prostate
incidentalomas that have been confirmed to be malignant
varies widely in the literature, from 5.4% (11) up to 58.0%
(13), making it difficult for the interpreting physician to

Benign (n=49) Malignant (n=4) p value
Age (y), mean (SD) 68.8 (9.9) 74.0 (6.8) 0.32
SUVnax, Mean (SD) 7.3(5.3) 7.2(2.5) 0.95
SUV axe fa@nge (min.; max.) (2.1; 27.0) (4.7;9.9) -
Benign (n=24) Malignant (n=4)
PSA, mean (SD) 2.7 (2.0) 9.2 (3.1) 0.001
PSA, range (min.; max.) 0.3-8.9 6.7-13.6 -
SD: Standard deviation, Min.: Minimum, Max.: Maximum, SUV, . : Maximum standardized uptake value, PSA: Prostate specific antigen
Table 4. Biopsied malignant prostate incidentalomas
Patient Age Primary SUV jax Site PSA (ng/mL) Gleason
1 65 GIST 9.9 Peripheral 7.4 10 (5+5)
2 81 Lymphoma 8.5 Peripheral 13.6 9 (4+5)
3 73 Cholangioca 5.5 Peripheral 6.7 7 (3+4)
4 77 Rectal cancer 4.7 Peripheral 8.9 6 (3+3)
GIST: Gastrointestinal stromal tumor, SUV,,..,: Maximum standardized uptake value, PSA: Prostate specific antigen
Table 5. Biopsied benign prostate incidentalomas
Patient Age Primary SUV ax Site PSA (ng/mL) Histology
5 67 Rectal cancer 22.0 Peripheral 4.1 Benign
6 68 Lung cancer 16.2 Central 4.2 Benign
7 72 Bladder cancer 6.4 Heterogen 4.1 BPH
8 58 Lymphoma 4.4 Peripheral 2.0 Benign
9 64 Gastric cancer 3.7 Heterogen N/A Benign
10 73 Lymphoma 3.2 Peripheral N/A Benign
11 80 Colon cancer 2.1 Peripheral 8.9 BPH

Note: BPH-benign prostatic hyperplasia, benign-benign prostate tissue, heterogen-heterogeneous, SUV,

max. Maximum standardized uptake value, PSA: Prostate specific antigen
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Figure 1. Two histologically confirmed cases of '8F-fluorodeoxyglucose ('8F-FDG) positive prostate incidentaloma, one benign and one malignant, with
similar maximum standardized uptake value (SUVpax) values. A 58 year old man with previous history of Hodgkin lymphoma (Table 5, patient 8) had
a follow-up 18F-FDG positron emission tomography/computed tomography (PET/CT). A serum prostate specific antigen done within 6 months of the
PET/CT was 2.0 ng/mL and a biopsy of the prostate did not reveal any malignancy, only benign prostate tissue. A, B, C) Axial PET/CT images show a
focus of intense 18F-FDG uptake in the prostate with SUVyax 4.4, consistent with a false positive. A 77 year old man with a previous history of rectal
cancer (Table 4, patient 4) had a follow-up '8F-FDG-PET/CT. A serum prostate specific antigen done within 1 month was 8.9 ng/mL and biopsy of the
prostate showed prostate carcinoma with Gleason score 6 (3+3). D, E, F) Axial PET/CT images show a focus of '8F-FDG uptake in the prostate with
SUVmax 4.7, consistent with a true positive

decide what to report or recommend when faced with

this uncommon incidental PET/CT finding. In our patient

10 4 X population, 7.5% (4 of 53) of 18F-FDG positive prostate
incidentalomas were malignant. There was no particular

cancer population which seemed to be at a higher risk of

incidental prostate cancer. These findings are similar to

X those reported by Han et al. (11), who reported prostate
p (rho) = 0.996 malignancy in 5.4% of 55 incidentalomas. It is important
p = 0.004 to note that in most prostate incidentaloma papers, a
significant number of prostate incidentalomas have not
been investigated further and do not have any long term
follow-up, likely resulting in an overestimation of reported
malignancy rates. Only studies by Han et al. (11) and Seino
6 4 et al. (15) evaluated most of their prostate incidentalomas
[87% 55/63 by Han et al. (11), 92% 49/53 by Seino et al.

X (15)]. Neither of these studies had long term follow-up of
5 - their benign prostate incidentalomas. Our mean follow-up
> 4 period for benign prostate incidentalomas was 33 months.

All prostate incidentaloma studies published thus far confirm
4 ' : i ' ’ ! that quantitative analysis using SUVax values alone cannot
4 5 6 7 8 9 10 . . L . .
differentiate benignincidental prostate lesions from malignant
Gleason Score . . e

ones. Similarly, our data failed to demonstrate a statistically

Figure 2. The Gleason scores of the malignant prostate incidentalomas Elgn.lflcant glffer?nce between mﬁﬁnhsgtj/vax Valufs forhthe
correlated directly with maximum standardized uptake value (Spearman’s enign an ma, Ignant grOUp?' '9 max V.a.ues ave
rank coefficient, rho=0.996, p=0.004) been repo‘r’Fed in several benign prostate cond|t|on§ such
SUV,,,; Maximum standardized uptake value as prostatitis (18), BPH (19), as well as other malignant
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prostate conditions (20,21,22,23), such as seminoma (20),
sarcomatoid carcinoma (21), and neuroendocrine tumor of
the prostate (22). If clinical significance of an 18F-FDG positive
prostate incidentaloma is to be determined, it requires more
information than SUV 44 alone.

Prostate cancer is often confirmed by histological
examination of a sample obtained by needle biopsy.
However, this intervention is invasive and unnecessary
in the vast majority of patients with 18F-FDG positive
prostate incidentalomas. PSA and digital rectal
examination are useful non-invasive screening tests
routinely used in clinical practice (24,25,26,27,28,29,30).
In our population, there was a statistically significant
difference between the serum PSA values of benign
prostate incidentalomas (n=24, PSA=2.7 ng/mL) and
malignant prostate incidentalomas (n=4, PSA=9.2 ng/
mL, p<0.001), which is in keeping with the majority of
published studies on 18F-FDG avid prostate incidentalomas
(11,12,13,14,15,16,17).

Some investigators have noted a statistically significant
association between SUVp s and Gleason score, whereby
prostate lesions with higher Gleason scores also had higher
SUVmax values on PET/CT (31,32). Our study found a
direct correlation between Gleason score and SUV 5« in
malignant prostate incidentaloma cases. Even though most
18F-FDG positive prostate incidentalomas are statistically
benign, a markedly elevated SUV,,. arguably warrants
closer follow up in these patients to avoid missing an
aggressive malignancy.

There are several limitations to our study. Although the
minimum follow-up time was set at 12 months, and
the mean period of clinical follow-up of 42 prostate
incidentalomas who did not have a biopsy was 33 months,
longer follow-up would likely improve the results, especially
due to the indolent nature of prostate cancer. Another
limitation was that serum PSA values were not obtained
in all prostate incidentaloma patients, and the timing of
obtained PSA values ranged from the same day of toup to 6
months within the PET/CT. Ideally, serum PSA values should
be available in all patients with prostate incidentalomas and
performed at the same time as the PET/CT.

Several PSA related indices, such as free-to-total PSA ratio
(F/T ratio), PSA density (PSAD) and PSA transition zone
density (PSATZ) could further improve the differentiation
of benign 18F-FDG positive prostate incidentalomas from
malignant ones. These indices appear to improve cancer
detection sensitivity and specificity in patients with low
serum PSA levels. The ratio of free-to-total PSA (F/T ratio)
is known to be reduced in cases of prostate cancer. For
patients with PSA levels between 4.0 and 10.0 ng/mL,
the recommended cut-off value for F/T is <0.25. The ideal
cut-off for PSAD is 0.15 ng/mL/cm3 (26,27,28,29,30).
These indices may one day play a role in helping determine
whether a patient with an 18F-FDG positive prostate
incidentaloma is at high risk for harboring a prostate
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malignancy and should have a biopsy or whether a biopsy
is not necessary. Novel PET/CT agents such as gallium-68
(68Ga)- prostate-specific membrane antigen (PSMA) may
also become useful in differentiating benign 18F-FDG avid
prostate incidentalomas from malignant ones, as several
studies have recently reported prostate cancer detection
rates by 68Ga-PSMA PET/CT imaging in the range of 90-
100% (33,34,35).

Conclusion

In our patient population, 2.1% of 18F-FDG PET/CT scans
performed in men for an oncologic indication revealed
incidental 18F-FDG uptake in the prostate gland. Among
those prostate incidentalomas, 7.5% were malignant.
SUVmax alone was unable to differentiate between benign
and malignant prostate lesions, however there was a
statistically significant difference between the serum PSA
of benign and malignant prostate lesions. These findings
suggest that obtaining a serum PSA level in a patient with
an 18F-FDG positive prostate incidentaloma is a reasonable
initial course of action. Patients with significantly elevated
serum PSA levels can then be investigated further with
biopsy, or followed non-invasively with serial PSAs, clinical
examination or follow-up imaging.
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