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INSTRUCTION TO THE AUTHORS

Journal Description

Turkish Neurosurgery is a peer-reviewed, multidisciplinary, open
access journal directed at an audience of neurosurgery physicians
and scientists. The official language of the journal is English. The
journal publishes original articles in the form of clinical and basic
research. Turkish Neurosurgery will only publish studies that have
institutional review board (IRB) approval and have strictly observed
an acceptable follow-up period. With the exception of reference
presentation, Turkish Neurosurgery requires that all manuscripts
be prepared in accordance with the Uniform Requirements for
Manuscripts Submitted to Biomedical Journals.

Turkish Neurosurgery periodically publishes the following papers:
Research (Original Investigation, Clinical and Experimental
Studies), Review Article, Case Report, Letter to Editor, Technical
Note and Turkish Neuro-Excursion.

Our mission is providing a scientific forum relevant to

neurosurgeons and health care providers.
Open Access Policy

As the Turkish Neurosurgery Journal, we believe science is a
common denominator of the humanity which should be publicly
available and free. Since its establishment in 1989, all our effort
and workforce were based on volunteers and their efforts.

Definition of Open Access Publication®

An Open Access Publication [A] is one that meets the following
two conditions:

1. The author(s) and copyright holder(s) grant(s) to all users a
free, irrevocable, worldwide, perpetual right of access to, and
a license to copy, use, distribute, transmit and display the
work publicly and to make and distribute derivative works,
in any digital medium for any responsible purpose, subject
to proper attribution of authorship [B], as well as the right to
make small numbers of printed copies for their personal use.

2. Complete version of the work and all supplemental materials,
including a copy of the permission as stated above, in a
suitable standard electronic format is deposited immediately
upon initial publication in at least one online repository that
is supported by an academic institution, scholarly society,
government agency, or other well-established organization
that seeks to enable open access, unrestricted distribution,
interoperability, and long-term archiving (for the biomedical
sciences, PubMed Central is such a repository).

Notes:

A. Open access is a property of individual works, not necessarily journals
or publishers.

B. Community standards, rather than copyright law, will continue to
provide the mechanism for enforcement of proper attribution and
responsible use of the published work, as they do now.

1 https://dash.harvard.edu/bitstream/handle/1/4725199/Suber_bethesda.htm#note1
Articles published in "Turkish Neurosurgery” journal may be

used under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License, which permits any

noncommercial use, sharing, adaptation, distribution, and
reproduction in any medium or format, if the originals are properly
cited. Creative Commons (CC) is a type of public copyright license
that provides free distribution of a copyrighted work or studies.
The CC license is used by authors who want to grant others the
right to distribute or modify their work. This license entitles all
parties to share copy and redistribute the articles in any medium
or format files published in this journal in data mining, search
engines, web sites, blogs, and other digital platforms under the
condition of providing references.

Digital Archiving

Bulus Tasarim and the “Turkish Neurosurgery” journal provide for
long-term digital preservation through Portico.

Portico is a leading digital preservation service worldwide. The
content is preserved as an archival version and is not publically
accessible via Portico, but is provided when required under
specific conditions, such as discontinuation of the collection or
catastrophic failure of the website.

Manuscript Submission

Authors are to submit their manuscripts through the web based
tracking system at http://www.turkishneurosurgery.org.tr. The site
contains instructions and advice on how to submit manuscripts,
guidance on the creation / scanning and saving of electronic art
and supporting documentation. ORCID identifier (ID) is required
for ALL authors during the submission process. ORCID ID can
be obtained free of charge at http://orcid.org. E-mail address
of all authors should also be provided during the submission
process. In addition to allowing authors to submit manuscripts on
the web, the site allows authors to follow the progression of their
manuscript through the peer review process. Authors who submit
their manuscripts through the web-based tracking system are
asked not to send hard copies of the manuscript to the editorial
office. Please address all inquiries regarding manuscripts not
yet accepted or published to the Journal’s editorial office. The
editorial office will acknowledge receipt of your manuscript and
will send you a manuscript number for reference.

Before submission please ensure that:

One author has been designated as the correspondent with full
contact details including e-mail address, postal address and
phone number. In any case of editorial board could not contact
with the corresponding author, Turkish Neurosurgery journal have
the right to decide what is appropriate.

Submission Checklist;

1) Your title page is in .doc or .docx format, includes title of your
manuscript, author names, affiliations and ORCID numbers;
name and full contact information of corresponding author,
running title, keywords, and authorship contribution state-
ments-the latter can be found on the Copyright transfer and
authorship contribution statement Form. Please be sure that
authorship contribution statements are presented in the form
as well as in the title page. Of note, authors should indicate
conflicts of interest relating to their research-if any.
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The Journal is not responsible for published misspelled names
due to author error and the title page must be uploaded as
a separate file. Running Head in the title page should be no
more than three to five words from the title, and should NOT
include the authors’ names.

2) Your main document is in .doc or .docx format includes
structured abstract, key words, abbreviationlist, structured
main text, disclosure and conflicts of interest, references
and figure legends sections in this order. Structured main
text should be organized as Introduction, Material and
Methods, Results, Discussion, and Conclusion. Do not
add any information about institution names. Also do not
add figures and tables in the main document. Be sure your
main document is written in Calibri or Times New Roman,
line gap set to double spaced and justified on both sides.
Journal’s official language is English. Refer to drugs and
therapeutic agents by their accepted generic or chemical
names, and do not abbreviate them. Use code numbers only
when a generic name is not yet available. In that case, supply
the chemical name and a figure giving the chemical structure
of the drug. Capitalize the trade names of drugs and place
them in parentheses after the generic names. To comply
with trademark law, include the name and location (city and
country) of the manufacturer of any drug, supply, or equipment
mentioned in the manuscript. Use the metric system to
express the units of measure and degrees Celsius to express
temperatures, and Sl units rather than conventional units.
Define abbreviations at first mention in text and in each table
and figure. If a brand name is cited, supply the manufacturer’s
name and address (city and state/country).

3) All your figures are in TIFF format. Color figures should have a
resolution of at least 300 dpi, black and white figures should
have a resolution of at least 600 dpi. Turkish Neurosurgery
does not demand any color figure fee.

4) All your video files are in .mpeg and .mp4 format, not longer
than 10 minutes, and not bigger than 40 MB. Video files
should include an embedded audio narration and subtitles in
English.

5) All your tables are in .doc or .docx format, created using the
table creating and editing feature of the word processing
software. Do not use Excel or comparable software. Upload
a single text file which includes ALL the tables in separate
pages. Cite tables consecutively in the text, and number them
in that order. Key each on a separate sheet, include the table
title, appropriate column heads, and explanatory legends
(including definitions of any abbreviations used). Do not
embed tables within the main text.

If your manuscript does not meet these requirements, manuscript
WILL BE RETURNED to the corresponding author for technical
revision before undergoing peer review.

Submission Steps

1. Upload signed copyright form by the corresponding author
which is available at http://neurosurgery.dergisi.org/submit/
Copyright_transfer_form.pdf. Choose your manuscript type
and click continue.

2. Add names of institutions of all authors. If one or more author
has affiliation with more institutions, specify it in the title page.
Then click continue.
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3. Write last name and first name of all authors. Add their
institution numbers, e-mails and ORCID numbers. Standard
page appears with spaces enough for 8 author names. If
your paper has more authors, please fill all the first 8 authors
names and affiliations then click add author. Without filling
all required fields, you cannot add more authors. Do not use
abbreviations in the author names. Then click continue.

4. Write the title of the manuscript. If the title contains special
characters use the left below table. You can copy-paste the
title from your title page. Then click continue.

5. Write the abstract of your manuscript to the field. Abstracts
should be structured including Aim, Material and Methods,
Results and Conclusion. Abstracts should not exceed 300
words. There is no need of Turkish abstract. Then click
continue.

6. Write the keywords separated by commas. Please use
keywords from https://meshb.nim.nih.gov/search. Then click
continue.

7. Click the appropriate answer stating if your manuscript has
not been published and / or is not being considered for
publication elsewhere or your manuscript was presented in
the congress indicated below and was published in abstract
form in the proceedings of the congress. Then write your
cover letter to the editor to the field. Then click continue.

8. Upload your manuscript files. Be sure your files are main
document (manuscript), figure(s), video(s), title page, and
table(s). For every file, write the description of your file and
click upload button. The names of the files you have submitted
should not resemble the names or institutions of the authors.
Be sure all your text files are in .doc or .docx format. When
you are sure you uploaded all your files click continue.

9. When you complete all the submission process click approve
for all the files you want to submit and click Submit your
Manuscript button.

Revised Submission

Author’'s comments to the reviewers are required for revised
submissions. Authors must address all the reviewer’s concerns/
suggestions and whether the change was made or not. Authors
must also highlight the changes made within the text. Do not track
the additions or deletions to the manuscript. If the authors do not
want to revise the manuscript within a period of two months, the
manuscript will be declined.

Ethics, patient anonymity and informed consent:

This journal adheres to the ethical standards described by the
Committee on Publication Ethics (https://publicationethics.org/)
and the International Committee of Medical Journal Editors
(https://www.icmije.org/). Authors are expected to adhere to these
standards.

It is the author’s responsibility to ensure that a patient’s anonymity
is carefully protected and to verify that any experimental
investigation with human subjects reported in the manuscript was
performed with informed consent and followed all the guidelines
for experimental studies with human subjects required by the
institution(s) with which all the authors are affiliated. Authors
should mask patients’ eyes, private parts and remove patients’
names from all figures. Editorial board of the Turkish Neurosurgery



have the right to demand ethical committee forms or informed
consent forms at any stage of the submission and publication.
All animal experiments should comply with the ARRIVE guidelines
https://www.nc3rs.org.uk/arrive-guidelines. Also, Editorial board
of the Turkish Neurosurgery have the right to withdraw any paper,
even it is accepted, if there is any ethical issue.

Authorship should be limited to those who have made a significant
contribution to the conception, design, execution, or interpretation
of the reported study. The authors should ensure that they have
written entirely original works, and if the authors have used the
work and/or words of others, that this has been appropriately
cited or quoted. Editorial board of the Turkish Neurosurgery have
the right to withdraw any paper if there is any plagiarism. All
submissions must include disclosure of all relationships that could
be viewed as presenting a potential conflict of interest. All authors
must disclose any financial and personal relationships with other
people or organizations that could inappropriately influence (bias)
their work. Examples of potential competing interests include
employment, consultancies, stock ownership, honoraria, paid
expert testimony, patent applications/registrations, and grants
or other funding. Authors must disclose any interests in the
disclosure and conflicts of interest section of the main document.

Authorship Change

Authors are expected to consider carefully the list and order
of authors before submitting their manuscript and provide the
definitive list of authors at the time of the original submission.
Any addition, deletion or rearrangement of author names in the
authorship list after submitting the paper is inappropriate and
prohibited. Authors should withdraw their paper if there is a
need for authorship change.

Types of Manuscripts

Turkish Neuro-Excursion: The editor will invite experts for these
special types of papers which may cover a broad spectrum in
various fields of medicine, science, art, history, law as well as any
important theme on actuality other than core neurosurgery. The
number of words, figures, tables and references are not restricted.

Research (Original Investigation, Clinical and Experimental
Studies): The main text should not exceed 4500 words excluding
the references, tables, and figure legends for original articles,
including randomized controlled trials, observational (cohort,
case-control or cross-sectional) studies, diagnostic accuracy
studies, nonrandomized behavioral and public health intervention
trials, experimental animal trials and any other retrospective or
prospective clinical or experimental studies. The number of
figures, tables, videos and references are not restricted. The
specifications for figures and video files are given.

Review Article: All review articles should be systematic reviews
and meta-analyses. A systematic review protocol describes
the rationale, hypothesis, and planned methods of the review.
It should be prepared before a review is started and used as
a guide to carry out the review. Turkish Neurosurgery no more
accept papers as “Case Report and Review of the Literature”.
All systematic reviews and meta-analyses SHOULD COMPLY
with  PRISMA guidelines http://www.prisma-statement.org/.
Systematic reviews and meta analyses SHOULD INCLUDE a
CONSORT Flow Diagram http://www.consort-statement.org/
consort-statement/flow-diagram. Any systematic review and
meta-analysis without a CONSORT Flow Diagram will be rejected.

Case Report: Turkish Neurosurgery values demonstrative and
unique case reports with high quality figures. A case report
should be so clear and easy to understand that the reader could
replicate the case in his/her daily practice. Word count must not
exceed 1500 (excluding references, tables, and figure legends).
Case reports cannot have more than 15 references, and 6 figures
or tables. Turkish Neurosurgery does not accept papers as
“Case Report and Review of the Literature” anymore.

Technical Note: Turkish Neurosurgery values demonstrative
technical notes with high quality figures. Technical notes
reinforced with high-quality anatomical studies are welcome. A
technical note should be so clear and easy to understand that the
reader could replicate the technique in the operating room or on
cadaveric specimen. The number of words must not exceed 2000,
and there should not be more than 20 references. The number of
figures and tables are not restricted.

Letter to the Editor: Letters should refer to the title and authors of a
recent Turkish Neurosurgery article. The letter should be no longer
than 300 words with no more than 3 references. Unpublished data
should not be used Letters to the Editor are sent to the article
authors for response. The Editor-in-Chief makes the final decision
on whether letters to the editor and the responses are published.

References

The authors are responsible for the accuracy of the references. Key
the references (double-spaced) at the end of the manuscript. Cite
references in the text in alphabetical order within parentheses. Do
not link the references to the text. Cite unpublished data, such as
papers submitted but not yet accepted for publication or personal
communications, in parentheses in the text (please be sure that
such have a DOl number to be presented). Do not use “et al.”
in the references. List all the authors of the reference. Refer to
the List of Journals Indexed in Index Medicus for abbreviations of
journal names, or access the list at “http://www.nlm.nih.gov/tsd/
serials/lji.html. The DOI numbers are mandatory in accordance
with the library indexes; please be sure to present the DOl numbers
for each reference at the end of its sentence. The reference styles
for Zotero and EndNote are available on the journal’s home page.

Sample references are given below:

A. Journal article

Umeoka K, Mizunari T, Murai Y, Kobayashi S, Morita A: Occlusion
of the ascending pharyngeal artery during carotid artery surgery:
Importance and technique. Turk Neurosurg 24: 546-548, 2014.
https://doi.org/10.5137/1019-5149.JTN.9527-13.0

B. Book chapter

Martin A: Literacies for the digital age. In: Martin A, Madigan D
(eds), Digital literacies for learning. Facet, 2006:3-25. DOI: https://
doi.org/10.29085/9781856049870.003

C. Entire book

Smith T, Williams BM, Streefkerk R: The citation manual for
students: A quick guide (2 ed). Wiley, 2020. https://doi.
org/10.1000/182

D. Example of thesis

Kanpolat Y: Experimental percutaneous access to the trigeminal
ganglion and the histopathological evaluation of radiofrequency
thermic lesion (Unpublished dissertation), Ankara: Ankara
University, 1978:1- 52
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E. Software

Epi Info [computer program]. Version 6. Atlanta: Centers for
Disease Control and Prevention, 1994

F. Online journals

Friedman SA. Preeclampsia: A review of the role of prostaglandins.
Obstet Gynecol [serial online]. January 1988;71:22-37. Available
from: BRS Information Technologies, McLean, VA. Accessed
December 15, 1990

@G. Database

CANCERNET-PDQ [database online]. Bethesda, MD: National
Cancer Institute, 1996. Updated March 29, 1996

H. World Wide Web

Gostin LO. Drug use and HIV/AIDS [JAMA HIV/AIDS web site].
June 1, 1996. Available at: http://www.ama-assn.org/ special/ hiv/
ethics. Accessed June 26, 1997

ARTIFICIAL INTELLIGENCE USAGE POLICY

Permitted Uses of Artificial Use (Al) Tools: Authors may use
generative Al tools (e.g. ChatGPT, Bing Chat, Bard, etc.) to assist
with certain aspects of manuscript preparation — for example,
to improve grammar and readability, to brainstorm research
questions, or to summarize background literature — provided that
these tools are used responsibly and with human oversight. Al
can be a helpful aid for editing and idea generation, but it must not
replace the authors’ own critical analysis and writing.

Authorship and Accountability: Al tools cannot be listed as an
author or co-author under any circumstances. All authors listed
on the paper must be human and must meet the International
Committee of Medical Journal Editors (ICMJE) authorship criteria
(having made substantial contributions, written or revised the text,
and able to take responsibility for the work). The human authors
take full responsibility for all content of the manuscript, including
any portions that may have been Al-assisted. If errors, biases, or
plagiarism are found in the content — even if introduced by an Al -
the authors will be held accountable.

Mandatory Disclosure of Al Usage: Authors are required to
disclose any use of Al in the creation of their manuscript. During
submission, the corresponding author will need to answer a
checkbox/question about Al use (e.g. “Did you use any generative
Al or Al-assisted tools during the writing or preparation of this
manuscript?”). If the answer is “Yes,” the author must provide a
brief description of how and where Al was used.

Location of Disclosure in Manuscript: In addition to the
submission form, authors must insert an “Al Assistance Statement”
in the manuscript itself. This should be placed at the end of the
manuscript (just before the References) under a separate heading,
for example: “Declaration of Generative Al Use.”

Content of the Disclosure: The disclosure statement should
identify the Al tool and version, and describe the specific purpose
and section of the manuscript for which it was used. For instance:
“Declaration of Generative Al Use: During the preparation of this
article, the authors used ChatGPT (GPT-4, OpenAl, September
2025) to refine the English language in the Introduction and
Discussion sections. The Al was not used to generate any scientific
conclusions or new content, but only to improve readability.
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ABSTRACT

We aimed to introduce Ernst von Bergman, who contributed greatly to the establishment of modern neurosurgery and introduced
antisepsis practices to routine use in surgery, and his important work, which is the first book on neurotrauma.

The world’s first book dedicated to neurotrauma, Lehre von Kopfverletzungen, written in 1880, is examined and presented together

with the author’s academic career.

Bergmann was the first surgeon to use surgical instrument sterilization and played a pioneering role in the establishment of the
antiseptic method. In addition to his valuable studies and important results on intracranial pressure changes in head trauma, the
innovations and principles he brought to wound care are very important.

Surgical sterilization, head trauma and the resulting increase in intracranial pressure, and his standardization of wound care make
Ernst von Bergmann an important figure in the establishment of modern neurosurgery. Bergmann is the author of the first book on
neurotrauma, which places him in a distinguished place in the history of neurosurgery.

KEYWORDS: Ernst von Bergmann, History of Neurosurgery, Neurotrauma, Incraised intracranial pressure

B INTRODUCTION

rnst von Bergmann (1836-1907) served as a professor
Eof surgery in Wirzburg and Berlin (Figure 1), and he also

held roles as a military surgeon and neurosurgeon. His
service practiced as a medical officer included participation in
the Austro-Prussian war (1866), Franco-Prussian war (1870-
1871) and Russo-Turkish war (1877-1878), through which he
gained extensive experience of neurotrauma in the battlefield.
He is known as a pioneer of aseptic surgery, introduced heat
sterilization of surgical instruments and aseptic dressing. Most
importantly, he was one of the founders of some neurosurgical
applications, and author of the first neuro-traumatology book
and one of the first neurosurgery books. The aim of this
study is to review his medical life, and his contributions to
neurosurgery.

B LIFE and EDUCATION

Ernst Gustav Benjamin von Bergmann was born on 16 De-

cember 1836 in Riga, Livonia Governorate (now Latvia) within
the borders of the Russian Empire. He received his doctor-
ate from the University of Dorpat now known as University
of Tartu (Estonia) at the age of 24 between 1854 and 1860.
While working in Dorpat, he visited Albrecht Werner’s clinic
in Kénigsberg and made observations on hygiene measures
that were very advanced for their time. In addition, he visited
the clinic of Franz Schuh in Vienna, who performed the first
pericardial puncture and used ether anesthesia. It is known
that he also visited the clinics of Virchow and Langenbeck as
an observer. He followed the work of Weber and Billroth and
conducted research on human infections. He gained surgical
experience to participate voluntarily in the army in the Aus-
tro-Prussian War in 1866 (4).

He started his assistantship at the surgery clinic of Prof.
Georg von Adelmann and Prof. Georg von Oettingen. He
completed his surgical training in 1864 at the age of 28. He
published 3 important papers in 1868. In between 1870 and
71, he volunteered once again for the Franco-Prussian war.
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Figure 1: Portrait of Ernst von Bergmann, circa 1890.

He was the director in Lazarett Seilerbahn and carried out an
outstanding job there. In 1871 he was appointed professor in
Dorpat and worked there for 7 years. The Russo-Turkish War
(1877-78) was the last war he participated in. He introduced
new antiseptic wound treatment methods and immobilization
of the extremities before searching for bullets, saving many
lives and preventing amputations (14).

In 1878 he was accepted as a professor in Wirzburg and after
working for 4 years he was appointed to succeed Prof. Ber-
nhard von Langenbeck in Berlin in 1888. His Clinic in Ziegel-
stresse Berlin was one of the best at his time. He used subli-
mate for disinfection. He published this work in 1880, which
made him known as one of the most successful pioneers of
the antisepsis concept (15). One of her assistants in Berlin
was Curt Theodor Schimmelbusch (16 November 1860 — 2
August 1895), who invented the mechanical method of ster-
ilizing surgical instruments and designed the Schimmelbusch
-mask, which ensures the safety of the patient while she is
under anesthesia (8). His other important pupil was Friedrich
Gustav von Bramann (25 September 1854 — 21 April 1913).

Ernst von Bergmann was one of the most important surgeons
of his time. In addition to his contributions to antiseptics and
wound management, he was one of the pioneers in German
surgery and neurosurgery. His clinic in Berlin was one of the
best in the world and accepted patients from all over the world
(12). He conducted research on the relationship between brain
injury and intracranial pressure (ICP). In 1880, he wrote “Lehre
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von Kopfverletzungen”, the first neurotraumatology book in
history (11). In addition, in 1889, he wrote a second neurosur-
gery book, “Chirurgische Behandlung von Hirnkrankheiten”
(10).

Bergmann died in Wiesbaden on 25 March 1907 at the age of
70, due to pencreas necrosis and peritonitis, even though he
diagnosed himself as colon carcinoma 5 years before (3).

B CONTRIBUTIONS

Bergmann’s most important contribution to medicine and
surgery was his ability to sterilize surgical instruments,
thereby significantly reducing the rate of surgical infection.
Bergmann’s other notable contribution to infection reduction
was his introduction of steam-sterilized surgical dressings
and his demonstration that they were superior to chemical
sterilization in dealing with infection. Bergmann was one of
the first users and advocates of the knee-length white coat
in medicine. As a military medic on the battlefield, he took a
special interest in gunshot wounds, with an increased interest
in cranial injuries (9).

As a general surgeon, he played a leading role in surgeries
for hydrocele and esophageal diverticulum and contributed to
appendectomy (7).

Bergmann left behind many medical works. The most
important of these is “Die Lehre von den Kopfverletzungen”
(The theory of head injuries), which deals with head trauma,
published in 1880. His other important book in terms of brain
surgery is “Die Chirurgische Behandlung der Hirnkrankheiten”
(The surgical treatment of brain diseases), published in 1888.
He also published a journal with his two colleagues called
“Zeitschrift fur arztliche Fortbildung” (Journal for continuing
medical education), which was about medical education, in
1904.

B LEHRE VON KOPFVERLETZUNGEN

Lehre von Kopfverletzungen, was first published in 1880
(Figure 2). This book was a special part of Deutsche Chirurgie
issued by Prof. Dr. Billroth and Prof. Dr. Luecke.

Lehre von den Kopfverletzungen consists of 560 pages.
The book mainly contains 2 parts, and 6 sections. The part
one contains 2 sections and 21 chapters. Part 2 contains 4
sections and 20 chapters (Table I). There are 2 lithographed
plates and 55 illustrations (33 figures in part |, and 22 figures
in part 2) demonstrating the fracture types, brain injury types,
and ICP (Intracranial pressure) images.

All illustrations in this book are hand drawings and he explains
the injury mechanism of that patient (Figure 3).

Part 1 is on bony and soft tissue injuries of head. It is divided
into three sections and 21 chapters. Section 1 is on the
intrauterin head injuries and birth injuries. Section 2 is on soft
tissue injuries of the head, and section 3 is on skull injuries.

In chapters 8-21, the author classified skull fractures as im-
pression fractures, split fractures, depression fractures, iso-
lated fractures, and diastasis of sutures, He reviewed trans-
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port, care, antisepsis and surgical treatment of fractures. He Part 2 is on brain injuries and consists of 4 sections and 20
focused on skull base and craniovertebral junction fractures in chapters. In the first section of part 2, the author gives suffi-
separated chapters and discussed indications of trepanation cient information about anatomy, role of cerebrospinal fluid
in skull fractures. In chapter 15 the author explains trepanation

techniques after skull fractures.

DIE

VON

‘s

Lehre von den Kopfverletzungen

D* E. v. BERGMANN,

PROFESSOR DER CHIRURGIE IN WURZBURG.

MIT 55 HOLZSCHNITTEN UND 2 LITHOGRAPHIRTEN TAFELN.

Perz SL 272

BIBLIOTH:

ACADEM:
DORPAT:

1880.

STUTTGART.
VERLAG VON FERDINAND ENKE.

Figure 3: This drawing was made to show a gunshot wound in

Figure 2: Title page of “Die Lehre von den Kopfverletzungen”. Karlsruhe, causing brain injury and arterial bleeding due to middle
Verlag von Ferdinand Enke, Stuttgart, 1880. meningeal artery laceration from page 93 of the book, figure 19.

Table I: Summary of Contents of Each Part, Section and Chapter of the Lehre von den Kopfverletzungen

Part |

Section 1
Chapter 1-2

Cranial injuries before or suring birth

Section 2
Chapters 3-7: covering scalp

Scalp injury of soft tissues

Section 2 .
Chapter 8-21 Cranial bone fracture

Part Il

Section 1 . . . R P L

Etiology, diagnosis and teratment of cerebral injuries. Classifications of cerebral injuries

Chapter 1-5

Section 2 Intracranial fossae and nerve injuries
Chapter 6-8 I

Section 3 Cerebral contusion, foreign body, postraumatic epilepsy, bainstem injuries, traumatic

Chapter 9-18

diabetes, teratment of fresh brain injury, tarumatic brain abscess, cerebral herniation,
tarumatic psychose

Section 4
Chapter 19-20

Surgical teratment, indications, trepanation technique
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(CSF), capacity of skull volume and its relationship with brain
tissue, blood and CSF. Chapter 1-5 contains general aspects
of cerebral injuries, their etiology, diagnosis and treatment, in-
cluding the role of operative craniectomy and trepanation in
neural injuries. The author classified cerebral injuries as com-
motio cerebri and compressio cerebri. Chapter 6-8 contains
epidural and subdural hematomas, traumatic pachymeningi-
tis, intrameningeal bleeding, injuries of cranial nerves, dural
sinuses, and intracranial arteries, as well as arteriovenous fis-
tulas (AVFs).

Chapter 9-18 contains cerebral contusion, foreign body, post-
traumatic epilepsy, brainstem injuries, traumatic diabetes,
traumatic brain abscesses, cerebral herniation, and traumatic
psychoses (Figure 4). Chapter 19-20 contains surgical treat-
ment, indications, and technique of trepanation in neural in-
juries.

B WOUND MANAGEMENT

He was a strong advocate of antisepsis in surgical practice,
and particularly in craniocerebral injuries. For the management
of cranial wounds, other than bandage, he advised cold/
ice application. There were various types of cold bandages.
Ernst von Bergmann used the one that was invented by
Goldschmidt, which was a compression bandage to reduce
ICP that could be connected to a water pipe system to cool
the head (Figure 5).

B INTRACRANIAL PRESSURE AND INTRACRANIAL
HYPERTENSION

Special emphasis is given to posttraumatic raised ICP and
possible mechanisms of intracranial hypertension (ICH) in this
book. In the book, three different hypotheses are put forward
to explain the development mechanism of posttraumatic ICH.
He attributed posttraumatic ICH to bleeding from brain vessels,
impression fractures or foreign bodies, and infections. He also
mentioned that the first two of those reasons are directly due
to trauma, but infections are chronic complications of trauma.
He measured ICP with a manometer and examined the
circumstances resulting intracranial hypertension (Figure 6).

He stated that intracranial lesions increase the ICP and, as a
result, decrease cerebral circulation. Reaction of cardiovascular
system to raised ICP in patients and in experiments with dogs
were well examined and shown in the book.

He recommended non-operative techniques such as venous
drainage, cooling, other than surgical methods for treatment
of intracranial hypertension.

B DISCUSSION

Long-lasting, painless surgery without or with less risk of
infection started in the 19" century. In 1846, ether anesthe-
sia and in 1847 chloroform anesthesia were introduced and
allowed for long lasting surgeries. Joseph Lister, British sur-
geon, defined principles of antisepsis, which reduced the risk
of infection-related morbidity and mortality (6). Thus, reducing
infection deaths drew attention to these new methods. During
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Figure 4: Drawing of a Russion soldier with brain prolaps after a
shotwound at the head on 18.07.1877. He saw this patient during
his treatment by Dr. Kusmin in Sistowa at 50.th Feldnazareth, from
page 533, figure 55.

Figure 5: Water pipe system to cool the head in craniocerebral
injuries. The letter a shows the pipe connected to the water pipe,
and b is the drainage pipe of water, from page 53, figure 10.

b

Figure 6: Manometer diagram showing raised ICP after compres-
sion of neck, from page 324, figure 45.




his professional work, Bergmann understood the importance
of antisepsis, visited the clinics of prominent surgeons in this
field, developed what he learned and put it into practice. He
also passed on his knowledge to future generations by writing
down the principles he developed. It is very significant that he
gave the principles of antisepsis and wound care in a work in
which he wrote about trauma diseases that are most suscepti-
ble to infection. His work is the first neurosurgery book written
solely about head traumas. Furthermore, Bergmann not only
applied antisepsis, but he also introduced steam (heat) ster-
ilization of surgical instruments and dressings in 1886. Surgi-
cal instrument sterilization, which is a common and essential
practice today, was met with skepticism in Bergmann’s time
and received numerous objections from his colleagues.

Bergmann’s other important contribution was in the field of
military surgery. It is noteworthy that the organized military
health service was started in the second half of the 18th
century by Dominique Jean Larrey (1766-1842) and Pierre-
Frangois Percy (1757-1825) during the wars of Napoleon |
(18). A school was opened in Algeria between 1840 and 1850,
which served as a military health school for French surgeons.
A similar one was used for the training of German surgeons
during the Schleswig War (1848-1851) (5). Bergmann was also
a pioneer in the application of antisepsis in German organized
military health institutions. He stated that

‘Like cholera, every gunshot wound becomes a source of
poison for the organism that receives this wound. The body
then becomes a workshop for this frightful poison or germ that
is then able to spread itself throughout the entire organism’ (2).

By the war of 1870, Bergmann was aware of the concept of
cerebral localization and knew that brain lesions could cause
contralateral symptoms (1). However, the mortality rate of
his trepanations was around 75%, leading her to think that
there might be some problems related to increased ICP. He
demonstrated cardiovascular results of raised ICP in 1873,
which was later defined as “Cushing’s reflex” in 1901 by
Harvey Cushing.

B CONCLUSION

This study revealed that Ernst von Bergmann is one of the most
important surgeons of the 19" century. His contributions are
not limited to the establishment of antisepsis in surgery and
wound management. He was also a pioneer in ICP concept in
head traumas and organized military health services.
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ABSTRACT

AIM: To evaluate the safety and efficacy of the hybrid operating room (HOR) approach in the management of severe traumatic brain
injury (sTBI) using Xper-computed tomography (CT)-guided imaging and neurointerventional techniques

MATERIAL and METHODS: A retrospective analysis was conducted on 154 patients with TBI treated surgically between February
2020 and December 2023. Among these, 26 patients with sTBI were managed in an HOR equipped with an Allura Xper FD 20®
system. Intraoperative interventions included Xper-CT confirmation, real-time imaging-guided hematoma aspiration or catheter
placement, and combined neurointerventional procedures. Clinical outcomes were assessed using the Glasgow Outcome Scale-
Extended (GOS-E) at 6 months, and procedural morbidity and mortality rates were documented.

RESULTS: The 26 patients with sTBI had a mean age of 45.3 + 12.0 years, with 60.4% being male. Xper-CT was used in all cases
(mean: 1.7 scans/patient) for confirmation and in 11 cases (42.3%) for real-time guidance, enabling precise interventions such as
parenchymal hematoma aspiration (30.8%) and external ventricular drainage (11.5%). Vascular injuries were managed with N-butyl
cyanoacrylate glue or polyvinyl alcohol particle embolization (15.4%) and endovascular coiling for pseudoaneurysms (11.5%), with
intraoperative angiography performed in 7.7% of cases. No HOR-related complications or reoperations were noted. Favorable
outcomes (GOS-E>4) were observed in 42.3% of patients at 6 months, whereas the 28-day mortality rate was 19.2%, primarily
owing to initial trauma (n=3) and pneumonia or sepsis (n=2).

CONCLUSION: The HOR approach represents a significant advancement in the management of sTBI and potentially improves the
overall quality of emergency neurosurgical care.

KEYWORDS: Cerebrovascular trauma, Craniocerebral trauma, Subdural hematoma, Traumatic brain injury

ABBREVIATIONS: CT: Computed tomography, ED: Emergency department, EDH: Epidural, EVD: External ventricular drainage,
GCS: Glasgow Coma Scale, GOS-E: Glasgow Outcome Scale-Extended, HOR: Hybrid operating room, ICP: Increased intracranial
pressure, SDH: Subdural hemorrhage, sTBI: Severe traumatic brain injury, T-ICH: Traumatic intracerebral hemorrhage

B INTRODUCTION brai . . .
rain function owing to external mechanical forces and pres-
Traumatic brain injury (TBI) is a global health burden and  ents considerable clinical challenges, especially in the context
one of the leading causes of death and disability world- of emergency neurosurgery (7). Long-term studies of patients
wide (11). TBI is characterized by an abrupt disruptionin  with TBI have revealed that more than half of them have some
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form of disability and a high mortality rate (24,28). The pres-
ence of complex hemorrhages, multiple fractures, and rapid
evolution of symptoms often necessitate immediate and pre-
cise interventions (27).

The traditional neurosurgical management of TBI typically
involves sequential procedures across various settings, re-
quiring separate stages for imaging, neurointervention, and
surgical treatment. In cases with cerebrovascular injury, the
diagnostic and treatment procedures can become even more
complex (3,26). This segmented approach can lead to delays
in care, which may affect patient outcomes (12,27,33). The
advent of hybrid operating rooms (HORs) offers a promising
solution for streamlining TBI management. HORs are specially
designed surgical suites that integrate advanced imaging ca-
pabilities, such as Xper computed tomography (CT), with inter-
ventional and surgical tools in a single environment (8,21,22).
This setup enables real-time imaging and allows surgeons to
perform both diagnostic and therapeutic procedures without
relocating the patient, thereby reducing treatment delays and
enhancing procedural accuracy.

By examining patient outcomes in cases of severe traumatic
brain injury (sTBI) treated using HORs, we aimed to determine
their potential to improve the efficiency and quality of emer-
gency neurosurgical care.

B MATERIAL and METHODS
Patient Selection

All procedures involving human participants were conduct-
ed in accordance with institutional and national ethical stan-
dards, as well as the 1964 Declaration of Helsinki and its later
amendments. This study followed the STrengthening the Re-
porting of Observational Studies in Epidemiology (STROBE)
guidelines. This retrospective study was approved by the lo-
cal institutional review board (Approval number: 2025-01-013,
Approval date: 05 Feb 2025).

This study retrospectively analyzed patients who underwent
surgical management for TBI between February 2020 and De-
cember 2023. Of the 154 patients treated surgically for TBI,
26 (16.9%) were specifically classified as having sTBI and
managed within an HOR. sTBI was classified based on insti-
tutional standards and specific clinical indicators, including
the Glasgow Coma Scale (GCS) score, acute neurological and
systemic signs, and neuroimaging findings (35).

The criteria for defining sTBI in this study included:

1. Glasgow Coma Scale: An initial GCS score of 8 or less
within the first 24 h post-injury was used to identify severe
impairment (36). Persistent scores of 8 or less beyond the
acute phase indicated prolonged sTBI, necessitating in-
tensive monitoring and management

2. Acute neurological and systemic signs: Indicators such
as non-reactive pupils, hemiparesis, abnormal posturing,
and irregular vital signs suggestive of brainstem dysfunc-
tion (e.g., Cushing’s reflex) were considered significant
markers.

Ahn HS. et al: Severe Traumatic Brain Injury

3. Neuroimaging findings: Evidence of substantial structur-
al brain damage on imaging, such as intracranial hemor-
rhages (subdural, epidural, or intraparenchymal), diffuse
axonal injury, traumatic intracerebral hemorrhage (T-ICH),
or significant brain edema, was a critical component of
classification. Additionally, detection of blunt cerebrovas-
cular injury using imaging modalities such as CT angiog-
raphy or magnetic resonance angiography was included
(26,32). Common blunt cerebrovascular injury findings
encompassed arterial dissections, pseudoaneurysms, and
vessel occlusions, which informed the need for targeted
surgical or interventional management.

HOR

The HOR was equipped with the Allura Xper FD 20® sys-
tem (Philips, Best, The Netherlands), a ceiling-mounted
monoplane flat-panel detector seamlessly integrated with a
three-dimensional rotational angiography workstation. This
system enabled intraoperative imaging modalities such as
Xper-CT® and three-dimensional rotational angiography with-
out requiring patient movement or repositioning, ensuring effi-
cient workflow. Although the flat panel CT resolution for brain
tissue is inferior to that of standard CT, the system provides
critical advantages for managing sTBI, including real-time
imaging confirmation, guided interventions, and the integra-
tion of endovascular and open surgical techniques. Based
on these capabilities, we utilized it for accurate intraoperative
decision-making and effective planning of strategic interven-
tions, implementing three primary approaches for sTBI man-
agement in the HOR.

1. Xper-CT confirmation: Intraoperative Xper-CT imaging
was used to confirm the successful evacuation of
intracranial hemorrhages and to monitor the development
of new lesions. This imaging approach was crucial for
ensuring complete removal of hematomas and maintaining
real-time surveillance of the intracranial status, thereby
reducing the risk of postoperative complications.

2. Xper-CT guidance: Xper-CT provided real-time imaging
guidance for targeted interventions, such as hematoma
aspiration and external ventricular drainage (EVD) place-
ment. Using a 240° scan trajectory, the system captured
600 frames over a 20 s period at a rate of 30 frames/s,
enabling high-resolution visualization. The 30x40 cm de-
tector format allowed for detailed imaging of critical an-
atomical landmarks. The acquired source images were
transferred to a workstation where a volumetric dataset
was reconstructed within 1 min. This rapid feedback fa-
cilitated precise procedural execution and enhanced the
accuracy of interventions within the hybrid setting.

3. Combined neurointervention: This approach incorpo-
rated neurointerventional techniques, including glue em-
bolization, and angiography, primarily aimed at stabilizing
and controlling vascular injuries associated with TBI. By
achieving immediate hemostasis, these procedures mini-
mized intraoperative bleeding risks and improved patient
safety, especially in complex cases requiring both surgical
and endovascular management.
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Clinical Outcomes

Clinical outcomes were evaluated to assess the effective-
ness and safety of the HOR treatments. Functional outcomes
were measured using the Glasgow Outcome Scale-Extended
(GOS-E) 6 months post-injury, categorizing the results into
unfavorable outcomes (scores 1-3: death, vegetative state,
or severe disability) and favorable outcomes (scores 4-8:
moderate to low disability or good recovery). Assessments
were conducted through neurosurgical evaluations of hospi-
talized patients, reviews of referral documents for transferred
patients, and structured telephone interviews of discharged
patients. Procedural outcomes included procedure-related
morbidity and complications directly linked to systematically
recorded HOR interventions. Mortality rates at 28 days and 6
months post-injury were documented, with the causes ana-
lyzed and attributed to the initial trauma, increased intracranial
pressure (ICP), or other factors. Additionally, reoperation rates
were tracked to assess the need for subsequent surgical inter-
ventions after the initial procedures in the HOR.

Statistical Analysis

All statistical analyses were performed using IBM SPSS
version 28.0 (IBM Corp, Armonk, NY). All categorical variables
are presented as percentages and 95% confidence intervals.
All continuous variables are presented as means + standard
deviations.

B RESULTS

A total of 26 patients with sTBI were treated at our HOR (Ta-
ble ). This cohort included 16 men (60.4%) and 10 women
(89.6%) with a mean age of 45.3 + 12.0 years. The primary
trauma causes included falls (n=14, 53.8%), car accidents
(n=5, 19.2%), bicycle accidents (n=4, 15.4%), pedestrian inju-
ries (n=2, 7.7%), and motorcycle accidents (n=1, 3.8%). Skull
fractures were identified in all patients, including depressed
(n=6; 23.1%), basilar (n=5; 19.2%), compound (n=11; 42.3%),
and linear (n=4; 15.4%) fractures. Radiographic findings re-
vealed epidural hemorrhage (EDH) in two (7.7 %) patients, EDH
with subdural hemorrhage (SDH) and traumatic intracerebral
hemorrhage (T-ICH) in four (15.4%) patients, SDH with T-ICH
in 12 (46.2%) patients, and SDH with T-ICH and intraventric-
ular hemorrhage and traumatic subarachnoid hemorrhage in
eight (30.8%) patients.

Table Il presents the types of surgical procedures, applica-
tions of the HOR, and clinical outcomes in our cohort. The
initial surgical approach was determined based on preopera-
tive imaging and clinical status. Most patients underwent de-
compressive craniectomy and hematoma evacuation (n=23,
88.5%). In cases where the extent of injury allowed for a less
invasive approach, craniotomy and hematoma evacuation
were performed in three patients (11.5%). However, intraop-
erative Xper-CT, performed at an average of 7.5 + 4 minutes
(min) after the initial operation, identified additional findings in
10 patients (38.4%), necessitating immediate surgical mod-
ifications. Among these, contralateral craniectomy and he-
matoma evacuation were performed in five patients (19.2%)
owing to newly detected hematoma expansion, whereas in
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Table I: Demographics of the 26 Patients with Severe TBI Treated
in the Hybrid Operating Room

Characteristic Value
Age, mean + SD (range), years 45.3 +12.0 (21-78)
Gender n (%)
Male 16 (61.5)
Female 10 (38.5)
Trauma Cause n (%)
Fall 14 (53.8)
Car 5(19.2)
Bicycle 4 (15.4)
Pedestrian 2(7.7)
Motorcycle 1(3.8)
Initial GCS (mean) 6 (3.8)
Type of Skull Fracture n (%)
Depressed 6 (23.1)
Basilar 5(19.2)
Compound 11 (42.3)
Linear 4 (15.4)
Classification of Hemorrhage n (%)
EDH 2(7.7)
EDH + SDH + T-ICH 4 (15.4)
SDH + T-ICH 12 (46.2)
SDH + T-ICH + IVH + T-SAH 8 (30.8)

EDH: Epidural hemorrhage, GCS: Glasgow Coma Scale, IVH: Intra-
ventricular hemorrhage, SDH: Subdural hemorrhage, TBI: Traumatic
brain injury, T-ICH: Traumatic intracerebral hemorrhage, T-SAH: Trau-
matic subarachnoid hemorrhage.

three patients (11.5%), contralateral craniotomy and hema-
toma evacuation were required to address developing mass
effects on the opposite side. Additionally, ipsilateral extended
craniectomy was performed in two patients (7.7%) to man-
age rapid brain swelling requiring further decompression. All
patients underwent intraoperative Xper-CT confirmation at
an average of 1.7 times per patient. The mean interval from
neurointervention to surgery was 14.5 + 7 min. Xper-CT guid-
ance was used in 11 patients (42.3%), primarily for hematoma
evacuation and EVD placement. Among the surgical interven-
tions, parenchymal hematoma aspiration was performed in
eight patients (30.8%), whereas EVD placement for ICP con-
trol and monitoring was conducted in three patients (11.5%).
For hemostatic control in patients with basilar skull fractures,
N-butyl cyanoacrylate was used in three patients (11.5%) and
polyvinyl alcohol particles in one patient (3.8%). Additionally,
coil embolization was performed in three patients (11.5%) to
treat pseudoaneurysms associated with traumatic vascular in-
juries, and intraoperative angiography was conducted in two
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Table II: Surgical Procedures and Outcomes via Hybrid Operating Room

Surgical Procedures and Outcomes n (%)
Decompressive craniectomy and hematoma evacuation 23 (88.5)
Craniotomy and hematoma evacuation 3(11.5)
Type of application
Xper CT confirmations 26 (100.0)
Contralateral craniectomy & hematoma evacuation 5(19.2)
Contralateral craniotomy & hematoma evacuation 3(11.5)
Ipsilateral extended craniectomy 2(7.7)
Xper CT guidance 11 (42.3)
Aspiration of parenchymal hemorrhage 8 (30.8)
EVD 3(11.5)
Combined with neurointervention 9 (34.6)
Embolization with nBCA or PVA 4 (15.4)
Coil embolization for traumatic pseudo-aneurysm 3(11.5)
Angiography for evaluation of vessel injury 2(7.7)
Time interval from operation to Xper CT (minutes) 75+4
Time interval from intervention to operation (mean = SD) (minutes) 1457
Re-operation after use of HOR 0 (0.0)
GOS-E at 6 months
Good recovery 11 (42.3)
Moderate disability 9 (34.6)
Severe disability/vegetative state/death 6 (23.0)
Mean ICU stay / total hospitalization (mean + SD) (days) 22.5+3.5/35.7+4.6
HOR-related morbidity 0 (0.0)

Mortality at 28 days

4 (15.4%; 95% Cl, 6.2-33.5%)

CT: Computed tomography, EVD: External ventricular drainage, GOS-E: Glasgow Outcome Scale-Extended, HOR: Hybrid
operating room, ICU: Intensive care unit, nBCA: N-butyl cyanoacrylate, PVA: Polyvinyl alcohol, 95% ClI: 95% confidence interval.

patients (7.7 %) to evaluate arterial and venous injuries. Nota-
bly, none of the 26 patients required immediate reoperation
after HOR-assisted treatment. Furthermore, no HOR-related
morbidities, such as surgical site infections, femoral puncture
site complications, procedural rebleeding, cerebral infarction,
or acute hydrocephalus requiring additional intervention, were
observed. At discharge, favorable GOS-E was observed in
nine patients (34.6%); however, 17 (65.4%) had unfavorable
outcomes. By 6 months post-injury, the proportion of patients
with good recovery, defined as a GOS-E score between 4 and
8, increased to 11 (42.3%), with moderate disability reported
in nine patients (34.6%) and severe disability, vegetative state,
or death occurring in six (23.0%). The mean intensive care
unit stay was 22.5 + 3.5 days, and the mean total hospitaliza-
tion duration was 35.7 + 4.6 days, reflecting the intensive care

needs and prolonged recovery period in sTBI management.
The 28-day mortality rate was four (15.4%), with one death
(7.7%) attributed to the initial traumatic injury, two (7.7%) to
increased ICP, and one (3.8%) from secondary complications,
such as sepsis and pneumonia.

lllustrative Cases
Case 1 (Figure 1)

A 37-year-old male construction worker was admitted to the
emergency department (ED) with altered mental status (initial
GCS score: 7) following a fall from a height at a construc-
tion site. The initial brain CT revealed a sagittal skull fracture
with extensive EDH, SDH, and T-ICH in the frontal lobe. The
patient underwent emergency bilateral decompressive cra-
niectomy with hematoma evacuation in the HOR. Intraoper-
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Figure 1: lllustrative case 1. A) Brain CT showing an epidural hematoma and subdural hematoma. B) Intraoperative fluoroscopic
image demonstrating the extent of bifrontal decompressive craniectomy. C) Displaced bone fragment causing injury to the sagittal
sinus and underlying dura, with cerebral angiography performed to evaluate for additional vascular injury. D) Intraoperative Xper
CT showing a left temporal traumatic intracerebral hemorrhage. E, F) Postoperative CT scans showing complete evacuation of
the primary hematoma and secondary evolved lesions. CT: computed tomography.

ative exploration revealed a sagittal sinus laceration caused
by displaced bone fragments, leading to further evaluation via
cerebral angiography for associated vascular injuries. Intraop-
erative Xper-CT revealed newly increased T-ICH levels in the
left frontal and temporal regions, likely secondary to evolving
parenchymal damage and venous congestion, necessitating
additional hematoma evacuation. Postoperative CT confirmed
the complete clearance of all traumatic hematomas. During
the subsequent 2-week neurocritical care course, the patient
demonstrated rapid neurological improvement, including ICP
normalization, improved consciousness, and resolution of fo-
cal deficits. He was discharged for home-based rehabilitation
with a GOS-E score of 7, indicating good recovery with minor
neurological sequelae.

Case 2 (Figure 2)

A 36-year-old male construction worker was brought to the
ED in a semi-comatose state following blunt head trauma
from falling construction material and a concurrent fall of ap-
proximately 3 m. He had severe maxillofacial crush injuries
and emergency decompressive craniectomy with hematoma
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evacuation was performed in the HOR. Intraoperative Xper-CT
revealed diffuse cerebral edema without new hemorrhage but
with persistent ICP elevation, indicating secondary brain inju-
ry. To manage the acute-phase ICP, EVD was performed un-
der Xper-CT guidance to ensure accurate ventricular targeting
and real-time monitoring. With aggressive neurocritical care,
including ICP control and sedation, the patient’s condition
gradually stabilized. The patient was weaned off mechanical
ventilation on postoperative day 14 and underwent tracheos-
tomy decannulation at week 4. Eight weeks after the injury, the
patient was discharged to a neurorehabilitation facility with a
GOS-E score of 4, indicating moderate disability.

Case 3 (Figure 3)

A 20-year-old male was brought to the ED with altered
consciousness, left-sided mydriasis, and active oral and nasal
bleeding after a motorcycle accident. Brain CT revealed a large
EDH, along with facial bone and basal skull fractures. Urgent
glue embolization of the external carotid artery branches at the
active bleeding site was performed, followed by evacuation
of the EDH. The patient recovered rapidly postoperatively
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Figure 2: lllustrative case 2. A) 3D reconstructed CT showing a large depressed fracture of the frontal bone with a diastatic fracture
along the sagittal suture. B) Brain CT demonstrating a subdural hematoma at the vertex and signs of [ICP. C) Intraoperative
fluoroscopic image showing the extent of bifrontal decompressive craniectomy and Xper CT-guided EVD insertion for IICP
control. Intraoperative photograph in the hybrid operating room showing the actual setup, including positions of anesthesiology
staff and imaging equipment. D) Intraoperative view of hybrid operating room. E) Postoperative CT showing the evacuated
hematoma, inserted EVD, and ischemic injury in the basal area caused by IICP. CT: Computed tomography; IICP: Increased
intracranial pressure; EVD: External ventricular drainage.

without complications and was discharged on postoperative
day 28 without neurological deficits.

B DISCUSSION

The management of sTBI requires a rapid, multidisciplinary
approach to minimize secondary injuries and improve out-
comes. Traditional neurosurgical workflows often involve
staged interventions that require multiple imaging sessions,
reoperation for delayed hemorrhage, and separate neuro-
vascular procedures. Frequent patient transfers between the
CT suite, operating room, and neurointerventional suite delay
treatment and increase the risk of secondary ischemia and
transport-related complications, which can worsen patient
outcomes (2,18,19,283). The HOR enhances workflow effi-
ciency by integrating intraoperative imaging, Xper-CT guided
hematoma evacuation or cerebrospinal fluid drainage, and
real-time neurovascular interventions within a single setting.
This setup eliminates unnecessary patient transfers, enables

immediate reassessment of evolving hemorrhages, and facili-
tates timely intervention without workflow disruptions.

Expedited management is a key determinant of TBIl outcomes
as delays in hematoma evacuation and neurovascular stabi-
lization are directly linked to increased mortality (12,33). Prior
studies have shown that conventional hospital workflows re-
sult in an average delay of 45 + 12 min for initial imaging and
65 + 18 min for neurointervention (2,12,33). In contrast, intra-
operative Xper-CT in the HOR reduced these delays by 60%
and 57%, respectively, enabling immediate confirmation of
hematoma clearance and vessel integrity (8,22). Furthermore,
the time from admission to definitive surgical intervention im-
proved by 38%, decreasing from 120 + 30 min to 75 + 15
min, which is significant given that each 30-min delay in TBI
intervention increases mortality risk by 20-25% (12,33). In our
HOR setting, intraoperative imaging to confirm surgical results
required an average of 7.5 + 4 min, and the interval between
neurointervention procedures and craniotomy was approxi-
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Figure 3: lllustrative case 3. A) Brain CT after a motorcycle accident showing an epidural hematoma and skull fracture. B) Facial
bone CT demonstrating a large hematoma around the left maxillary and mandibular areas caused by active bleeding. C) n-BCA
embolization of actively bleeding branches of the left external carotid artery performed in the HOR. D, E) Additional embolization
of the left middle meningeal artery using n-BCA glue for further bleeding control. F) Postoperative CT scans showing complete
evacuation of the primary hematoma and successful control of active bleeding. CT: Computed tomography; n-BCA, N-butyl
cyanoacrylate glue; HOR: Hybrid operating room.

mately 14.5 + 7 min, ensuring a highly efficient workflow while
minimizing the risk of secondary brain injury.

Postoperative hemorrhagic progression remains a major con-
cern in the management of sTBI, with conventional treatment
protocols reporting progression rates of 15-25% (1,4,9,29).
Traditional surgical workflows often fail to detect delayed in-
traoperative hematoma expansion, necessitating reoperation
in up to 18.5% of cases because of unrecognized residual or
new hemorrhages (13,40). In our study, Xper-CT was utilized
intraoperatively in 100% of patients, providing immediate
post-evacuation assessment and facilitating early detection of
any persistent or new hemorrhagic foci. This real-time imag-
ing modality enables prompt surgical correction and prevents
delayed hematoma expansion, which may only have been de-
tected postoperatively. Previous studies have demonstrated
that the implementation of intraoperative CT may provide a
nearly 60% chance of changing the surgical plan from hema-
toma removal to surgical decompression (5). Our findings fur-
ther substantiate this trend, as none of the patients (0%) in our
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cohort required reoperation for postoperative hemorrhage, re-
inforcing the critical role of intraoperative imaging in optimiz-
ing surgical outcomes and minimizing the need for secondary
interventions (4,29).

Beyond hemorrhage control, ICP elevation remains a signifi-
cant secondary complication of sTBI, occurring in 23.2% of
patients treated with conventional management (25,34). De-
layed recognition of cerebral edema, progressive mass effect,
or midline shift frequently necessitate secondary decompres-
sive craniectomy, which has been associated with poor neu-
rological outcomes (37). In our study, intraoperative evaluation
using Xper-CT allowed immediate surgical decision-making.
Postoperative Xper-CT confirmed that patients exhibiting
severe ICP elevation underwent extended decompressive
craniectomy and EVD without delay, demonstrating effective
ICP reduction and adequate decompression. No patient re-
quired postoperative secondary decompressive craniectomy,
indicating that integrating intraoperative imaging and aggres-
sive surgical intervention within the HOR effectively mitigated



the need for additional procedures. These findings align with
those of previous studies emphasizing the role of real-time
intraoperative ICP monitoring and hemorrhage control in re-
ducing the need for secondary decompression and improving
overall neurological outcomes (13,34,40).

The integration of the Xper-CT guidance system within the
HOR significantly enhanced procedural precision in sTBI,
particularly in cases that required hematoma aspiration and
EVD placement (10). Given that conventional EVD placement
is associated with a 21-30% misplacement rate owing to an-
atomical distortion following sTBI, optimizing accuracy is criti-
cal for improving patient outcomes (4,10,38). In our study, not
a single misplacement occurred when Xper-CT-guided EVD
placement was used, demonstrating the system’s real-time
trajectory visualization and immediate intraoperative feed-
back capability. This approach minimizes procedural errors
by ensuring precise catheter placement and reducing reliance
on anatomical approximations, which is particularly crucial in
cases of significant cerebral edema or midline shifts (37-40).
Furthermore, the incorporation of real-time X-ray flow navi-
gation facilitated the dynamic assessment of needle trajecto-
ries and catheter depth, ensuring safer and minimally invasive
interventions (25,34). Importantly, Xper-CT navigation signifi-
cantly reduced the risk of inadvertent cortical injury, reinforc-
ing its role in reducing neurotrauma surgical workflows and
improving procedural safety (5,29).

Another notable benefit of the HOR is the integration of en-
dovascular techniques, such as embolization, into the neuro-
surgical workflow, providing an effective approach for man-
aging complex TBls, particularly in cases involving extensive
base of skull fractures with active hemorrhage (14,31). By
enabling concurrent endovascular embolization and surgical
hematoma evacuation, the HOR ensures rapid hemostasis,
significantly reducing intraoperative blood loss and enhancing
hemodynamic stability (17,30). Techniques such as polyvinyl
alcohol particle or N-butyl cyanoacrylate glue embolization
of the meningeal branches beneath the foramen spinosum or
sphenopalatine branches provide precise, targeted occlusion
at the hemorrhage source, effectively halting active bleeding.
Additionally, in cases of traumatic pseudoaneurysms causing
persistent bleeding from major arteries, such as the vertebral
artery and the posterior inferior cerebellar artery, endovascu-
lar coiling offers a minimally invasive approach that not only
ensures rapid hemorrhage control but also preserves the in-
tegrity of the surrounding vasculature (20). This direct endo-
vascular approach mitigates the risk of hemorrhagic shock
and minimizes the need for secondary surgical intervention,
thereby ensuring effective hemorrhage control in complex
neurotrauma.

Beyond hemostasis, the HOR setup facilitates the real-time
identification and management of major vessel injuries, in-
cluding dissection of the carotid or vertebral artery and dural
sinus tears (15,16). These neurovascular complications, often
difficult to address using conventional open surgical tech-
niques alone, can be effectively managed within the hybrid
environment through a synergistic approach that integrates
endovascular and microsurgical interventions (6,31). The

Ahn HS. et al: Severe Traumatic Brain Injury

immediate availability of endovascular modalities within the
HOR facilitates rapid and efficient interventions for complex
neurovascular injuries, minimizing morbidity, optimizing surgi-
cal outcomes, and enhancing long-term prognoses in patients
with sTBI (17,31).

Despite the promising results of the present study, a few lim-
itations must be acknowledged. First, this was a single-center
retrospective analysis, which limits the generalizability of our
findings to broader populations. Although our results suggest
that the HOR approach improves workflow efficiency and
clinical outcomes, larger multicenter prospective studies are
necessary to validate these findings across diverse institution-
al settings. Second, although intraoperative Xper-CT demon-
strated significant advantages in real-time decision making,
its resolution remains inferior to that of standard multidetector
CT scanners. Consequently, small-volume hemorrhages or
subtle ischemic changes may be underrecognized, potentially
influencing postoperative management strategies. Third, this
study focused on patients with sTBI, and the findings may not
be directly applicable to mild-to-moderate TBI cases, which
may require different treatment approaches. Additionally, our
cohort included a relatively small sample size, which may have
limited the statistical power of our outcome assessments,
particularly in evaluating long-term neurological recovery.
Fourth, although the HOR facilitates the integration of neuro-
surgical and neurointerventional techniques, it requires signif-
icant institutional investment and multidisciplinary coordina-
tion which may not be feasible in resource-limited settings.
The availability of clinical staff trained in neurointerventions,
dedicated hybrid surgical teams, and the financial burden of
maintaining an advanced HOR infrastructure must be carefully
considered when adopting this model in clinical practice.

B CONCLUSION

The integration of the HOR in the management of sTBI rep-
resents a significant advancement in neurotrauma care, of-
fering a unified platform that combines real-time imaging,
neurointervention, and surgical treatment. By optimizing pro-
cedural workflows and minimizing treatment delays, the HOR
approach enhances surgical precision and facilitates immedi-
ate intraoperative decision making, which may improve patient
outcomes. As neurosurgical technology continues to evolve,
a hybrid approach is likely to become an essential component
of neurotrauma management, particularly in complex cases
requiring rapid multidisciplinary intervention. However, further
large-scale multicenter studies are required to validate the
long-term efficacy of this approach, optimize patient selection
criteria, and refine standardized protocols for broader imple-
mentation in emergency neurosurgical care.
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ABSTRACT

AIM: To provide insight into the molecular mechanism of contusional expansion (CE) by creating experimentally induced contusion
cerebri (CC) in rats and investigating whether melatonin administration prevents CE or not.

MATERIAL and METHODS: Rats were randomized into four groups: Group 1 (control, n=5), group 2 (trauma, n=25), group 3 (trauma
plus placebo, n=25), and, group 4 (trauma plus melatonin, n=25). Rats in the control group were sacrificed without undergoing any
invasive procedure. Groups 2, 3, and 4 were further divided into 5 subgroups (A-E), with animals in each sacrificed at 12, 24,
72, 120, and 168 h after CC induction. Samples from these subgroups were analyzed for levels of caspase 3, caspase 8, and
matrix metalloproteinase-9, as well as for evidence of ischemia, blood-brain barrier (BBB) breakdown, vasogenic edema (VE), and
hemorrhage. Temporal progression of CE and correlations between these variables were also investigated.

RESULTS: Our results indicated that the ischemia, BBB breakdown, and VE are early events that initiate CE, with VE and hemorrhagic
transformation due to BBB breakdown identified as key factors. Melatonin treatment prevented CE injury.

CONCLUSION: Melatonin, a safe and well-tolerated substance with minimal toxicity, may serve as a potential therapeutic agent
for preventing CE injury.
KEYWORDS: Melatonin, Blood-brain barrier, Contusional expansion, Matrix metalloproteinase-9, Caspases

H INTRODUCTION Several studies have posited that impact injuries to the
. ) . N cortex result in mechanical injury tears and disrupt the brain

°”‘“S'°T‘?' expansion (CE) is a s!gplflcant cause of sec- parenchyma and blood vessels, resulting in a primary injury.
ondary injury and subsequent clinical deterioration (28). This mechanical injury often leads to the structural failure of

Studies have indicated that the progression of cere- oy essels. The ensuing ischemia, driven by microvascular
bral contusions occurs in approximately half of patients (25). dysfunction and primary brain parenchymal damage, can

Among the early .pathoI(.)gicaI chapges in'CE, the breakdown trigger several pathways, including activating apoptotic
of thg blood-brain barrier (BBB} is considered a key eV(.erjt. effectors such as caspase 3 (C3), caspase 8 (C8), and the
;StUd'eS have suggested thatElncreas,(la(_j BBlB Eermea;]blll’.ry proteolytic enzyme matrix metalloproteinase-9 (PP9). These
eads to va§ogen|c edema. (VE) and utlmatey emorr ag!c processes contribute to two pathological outcomes. First,
transformation, both of which represent important stages in they result in more BBB disruption. Second, they result in

CE development (11,14). increased VE, accompanied by hemorrhagic progression in
the contusion area. Together, these factors drive the growth of
the primary lesion, otherwise known as CE (2,3,8,9,10).
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The pathophysiology of CE injury is a complex process, and
research has been unable to elucidate the underlying molecular
mechanisms (10). Contemporary therapeutic interventions for
CE are predominantly focused on reducing the intracranial
hypertension associated with CE and are not focused on its
prevention. This limits their clinical utility (12,14,16,25).

Melatonin has demonstrated the ability to cross morphophys-
iological barriers such as the BBB. It is considered safe, even
at higher concentrations, and is well-tolerated by humans
with minimal toxicity. As a multifunctional molecule, melatonin
may be a useful therapeutic agent for the treatment of central
nervous system injuries (20,26,27). Melatonin has also been
reported to attenuate cerebral edema in a controlled cortical
impact mouse model by inhibiting MMP9 (26), and reducing
apoptotic cell death via C3 suppression in a rat subarachnoid
hemorrhage model (4). Other studies have shown that mel-
atonin inhibits MMP9 activity, subsequently decreasing the
risk of hemorrhagic transformation following cerebral isch-
emia-reperfusion and traumatic spinal cord injury (13).

Given these previous findings, the present study was designed
with two primary objectives. First, to evaluate the molecular
pathophysiology underlying the hemorrhagic transformation
associated with CE, and second, to investigate the effect of
melatonin on this process.

B MATERIAL and METHODS

This study was carried out in the Experimental Research Lab-
oratory of the Inonu University Faculty of Medicine, complying
with the approval of the ethic committee and the guidelines
for care and use of experimental animals (2015/A-51). All ap-
plicable international, national, and/or institutional guidelines
for the care and use of animals were followed.

The experiments were performed on 15-week-old 80 Wistar
albino female rats, weighing between 200-250 g. The animals
were kept under standard conditions, including a 12 hours (h)
light/dark cycle, a constant ambient temperature of 20 °C,
and humidity maintained between 40-60%. The rats had free
access to standard dry pellets and tap water throughout the
study. Rats were randomly divided into four groups: Group 1
(control, n=5), group 2 (trauma, n=25), group 3 (trauma plus
placebo, n=25), and, group 4 (trauma plus melatonin, n=25). All
rats were fasted one day before surgery and pre-treated with
enrofloxacin (2.27 mg/kg subcutaneously, Bayer, Germany).
The rats were anesthetized with ketamine hydrochloride
(50 mg/kg) and xylazine (10 mg/kg) before surgery. All rats
were placed on a heated surgical table to maintain a body
temperature of 37°C. Supplemental doses of ketamine were
provided as needed to maintain anesthesia.

The control group were sacrificed without undergoing any
surgical procedure. The rats in groups 2, 3, and 4 underwent
a standardized surgical procedure. The surgical area was
shaved and cleaned antiseptically. A midline longitudinal in-
cision was made on the scalp, and the underlying periosteum
and muscles were dissected to expose the skull. A craniotomy
(10 mm x 15 mm) was performed over the right parietal bone
using a dental drill. To create the brain injury, the weight drop
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technique modified by Feeney et al. was used (7). A 9 g weight
was dropped from a height of 50 cm onto a 10 mm diameter
piston resting on the exposed dura, delivering an impact force
of 450 g/cm.

To explore the temporal profile of the data, rats in groups 2,
3, and 4 were further divided into 5 subgroups (A-E), each
comprising 5 rats. The subgroups were sacrificed at specific
time points after injury: Subgroup A was sacrificed at 12
h, subgroup B was sacrificed after 24 h, subgroup C was
sacrificed after 72 h, subgroup D was sacrificed after 120 h,
and subgroup E was sacrificed after 168 h. Six hours after
the procedure, intraperitoneal administration of 1 ml 2.5%
alcohol or melatonin (purchased from Sigma; 20 mg/kg/day in
1 ml of 2.5% alcohol solution, warmed to 37 °C) was initiated
in groups 3 and 4, respectively. Group 2, the trauma group,
received no medication. Intraperitoneal melatonin or alcohol
injections were continued until the time of sacrifice.

At the end of the specified period for each subgroup, the
animals were re-anesthetized, and the ascending aorta was
cannulated retrogradely through a thoracotomy. The cranio-
cervical circulation was perfused with 200 ml of heparinized
isosmotic phosphate buffer saline (0.1M, pH 7.4) at a physio-
logical mean arterial pressure (80-90mmHg) using a peristal-
tic pump (May=PRS9508=991129-1). This was followed by
perfusion with 200 ml of 0.1M phosphate buffer saline con-
taining 4% paraformaldehyde. Brains were removed and the
right and left hemispheres were separated. The right hemi-
spheres, which contained the contusion epicenter, were post-
fixed in 4% formalin and processed for paraffin embedding.
Representative sections were sliced into 5 pm thick sections.
A series of adjacent sections were used so that multiple his-
tological and immunological markers could be examined in
individual animals. The sections were also stained with hema-
toxylin-eosin (H&E) to enable evaluation of the degree of BBB
breakdown, VE, and hemorrhage. For immunohistochemistry
evaluation, immediately adjacent sections were processed
simultaneously and stained with antibodies against C3, C8,
and MMP9 (Abcam, polyclonal antibody for rats). These slides
were then assessed by a neuropathologist. The number of
positively stained cells was counted in 10 different sites, and
the mean value was recorded.

VE results from dysfunction in the BBB. Both conditions are
characterized by the movement of intravascular contents
from the vasculature into the extracellular space and by the
enlargement of the extracellular spaces (6). Therefore, we as-
sessed both BBB breakdown and VE by measuring the extent
of extracellular space enlargement, recorded as VE. A neuro-
pathologist, blinded to group assignments, evaluated the ede-
ma on H&E-stained slides using a light microscope (Olympus,
BX50, Tokyo, Japan). If the enlargement was minimal, VE was
classified as grade 1. If the enlargement was moderate, VE
was classified as grade 2. If the enlargement was severe, VE
was classified as grade 3

The H&E-stained slides were assessed by a neuropathologist
to evaluate the extent of hemorrhage and ischemia using
a light microscope (Olympus, BX50, Tokyo, Japan). If the
hemorrhage involved less than one-third of the high-power
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field (HPF; x40 objectives), it was classified as grade 1. If
hemorrhage involved between one-third to two-thirds of the
HPF, it was classified as grade 2. If the hemorrhage involved
over two-thirds of the HPF, it was classified as grade 3. To
determine the extent of ischemia, the number of red neurons,
which are typically observed in early ischemic damage, were
used. Quantification of neuronal damage was performed by
counting the number of pink acidophilic dead neurons (red
neurons), following the method described by Kaku et al. (18).
Red neurons were counted in 10 different HPFs (x40 objective)
and the average number was calculated. If the number of
red neurons was between 1-3, the degree of ischemia was
classified as grade 1. If the number of red neurons was
between 3-5, the degree of ischemia was classified as grade
2. If the number of red neurons was above 5, the degree of
ischemia was classified as 3.

Statistical Analysis

The data from the control group were considered as the base-
line values for all parameters. Data normality was evaluated
using the Shapiro-Wilk test. Data were summarized as median
(minimum-maximum) values. Group comparisons were per-
formed using the Kruskal-Wallis test. When significant differ-
ences were detected, pairwise comparisons were performed
using the Conover test. Statistically different groups, based
on these pairwise comparisons, were indicated by different
superscripts. For intra-temporal comparisons, a, b, and ¢ su-
perscripts were used, while x and y superscripts were used
for comparisons between groups at each time point. Relation-
ships between the variables across time points were evaluat-
ed using Spearman’s rank correlation coefficient. A two-sided
significance level of 0.05 was used for all analyses.

B RESULTS

The median number of C3-positive cells was 0 (range = 0-0)
in the control group. In groups 2 (trauma) and 3 (trauma plus
placebo), the median C3-positive cell counts were 8 (6-10) and
8 (6-10)at 12 h, 15 (11-18) and 13 (11-17) at 24 h, 15 (12-17)
and 15 (11-17)at 72 h, 9 (6-9) and 8 (5-10) at 120 h and, 2 (1-
5) and 2 (1-4) at 168 h, respectively. In both groups, C3 levels
began to increase immediately after trauma, peaked between
24 and 72 h, and significantly decreased thereafter (p<0.05).
Significant differences were observed across all time points
within these groups. C3 levels were significantly elevated in
these groups across all time points compared to the control
group (p<0.05), with no significant difference between groups
2 and 3. In group 4 (trauma plus melatonin), the median C3-
positive cell counts were 3 (1-5), 7 (6-8), 7 (6-8), 4 (1-5), and 2
(1-3) at 12, 24, 72, 120, and 168 hours, respectively. Although
group 4 followed a similar temporal pattern to groups 2 and 3,
C3 levels in group 4 were significantly lower than in groups 2
and 3 at all time points except 160 h (p<0.05; Figure 1).

The median number of C8-positive cells was 0 (0-0) in the
control group. In groups 2 and 3, the median C8-positive cell
counts were 9 (6-10) and 9 (8-10) at 12 h, 13 (11-16) and 15
(12-15) at 24 h, 9 (6-10) and 9 (7-9) at 72 h, 8 (7-10) and 8
(7-10) at 120 h, and 3 (2-5) and 3 (2-5) at 168 h, respectively.
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In these groups, C8 began to increase immediately after
trauma and continued to significantly increase until peaking at
24 h (p<0.05). In contrast to C3 levels, the C8 levels began to
decrease immediately after peaking and continued to decline
significantly up to 72 h post-injection (p<0.05). From 72 to 120
h, the decline slowed and remained relatively stable, followed
by a further significant decrease after 120 h (p<0.05). C8
levels were significantly increased in groups 2 and 3 at all time
points compared to the control group (p<0.05). However, no
significant difference was observed between groups 2 and 3.
In group 4, the median C8-positive cell counts were 2 (1-5),
6 (6-8), 7 (6-7), 2 (1-5), and 1 (1-2) at 12, 24, 72, 120, and
168 hours, respectively. C8 levels in group 4 were significantly
lower than those in groups 2 and 3 at all time points (p<0.05).
However, in contrast to C3, C8 levels in group 4 did not show
a similar temporal pattern to groups 2 and 3 (Figure 2).

The median number of MMP9-positive cells was 0 (0-0) in
the control group. In groups 2 and 3, the median MMP9-
positive cell counts were 8 (6-10) and 8 (7-10) at 12 h, 13
(12-16) and 14 (12-16) at 24 h, 15 (13-18) and 15 (13-17) at
72 h, 9 (8-10) and 9 (8-10) at 120 h, and 9 (8-10) and 8 (8-9)
at 168 h, respectively. In both groups, MMP9 levels showed
a similar pattern to C3 levels. They began to significantly
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Figure 1: The temporal course of caspase 3 (C3) levels in the
contusion areas.
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Figure 2: The temporal course of caspase 8 (C8) levels in the
contusion areas.



increase immediately after trauma, peaking between 24 h and
72 h (p<0.05). A significant decline followed up to 120 h, after
which levels remained stable. MMP9 levels were significantly
increased in groups 2 and 3 at all time points compared to the
control group (p<0.05), with no significant differences between
groups 2 and 3. In group 4, the median MMP9-positive cell
counts were 2 (1-3), 7 (6-8), 7 (6-8), 2 (1-3), and 2 (1-3) at 12,
24, 72,120, and 168 hours, respectively. While there was no
significant difference in MMP9 levels between 120 and 168 h,
significant differences were observed between the other time
points (p<0.05). MMP9 levels in group 4 were significantly
lower compared to those in groups 2 and 3 at all time points
(p<0.05; Figure 3).

The microscopic image of red neurons in the contusion area
is shown in Figure 4. The median number of red neurons
indicating ischemia was 0 (0-0) in the control group. In groups
2 and 3, the median red neuron counts were 10 (7-18) and
10 (8-17) at 12 h, 15 (5-18) and 14 (5-16) at 24 h, 15 (13-18)
and 15 (14-17) at 72 h, 16 (14-18) and 15 (14-18) at 120 h,
and 16 (14-17) and 16 (15-18) at 168 h, respectively. Ischemia
levels were significantly higher in these groups compared to
the control group at all time points (p<0.05); however, there
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was no significant difference between the groups at any time
points. Ischemia levels started to increase immediately after
trauma, showing an initial peak at 12 h and a second peak
at 24 h (p<0.05). Following this, levels continued to increase
more gradually. In group 4, the median red neuron counts were
6 (6-7), 5 (4-5), 7 (6-8), 7 (6-8), and 6 (5-8) at 12, 24, 72, 120,
and 168 hours, respectively. Ischemia levels were significantly
lower in group 4 compared to groups 2 and 3 at all time points
(p<0.05; Figure 5).

Microscopic images of VE and red neurons in the contusion
area are shown in Figure 4. The median grade of VE was 0 (0-
0) in the control group. In groups 2 and 3, the median grades
were 1 (0-2) and 1 (0-2) at 12 h, 1 (1-2) and 1 (1-2) at 24 h,
2(1-2)and 2 (1-2) at 72 h, 1 (1-1) and 1 (1-1) at 120 h, and
1 (1-1) and 1 (1-1) at 168 h, respectively. In these groups,
a significant increase in VE was observed at time points
compared to the control group (p<0.05). However, there were
no significant differences between groups 2 and 3. VE and
BBB breakdown started to increase immediately after trauma,
with an initial peak at 12 h. Their development then remained
unchanged until 24 h, with a second peak then observed at
72 h. Following this, levels began to decrease until 120 h, at

o J \

v "
a

v

——placebo

Median cell count
o

—8—melatonin

AN

0 T T T T

0 12 24 72 120

Time (hours)

168

Median cell count

12
10 /

—¥—trauma

/ s —4—placebo

[

—8—melatonin

/4
oA

0 12 24 72 120 168

Time (hours)

Figure 3: The temporal course of matrix
(MMP9) levels in the contusion areas.

metalloproteinase 9

Figure 5: The temporal course of ischemia in the contusion areas.
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Figure 4: A microscopic image depicting ischemia, vasogenic edema (VE), and blood-brain barrier (BBB) breakdown, as well as red
“ischemic” neurons in the contusion area. The enlargement of the extracellular spaces is a marker of VE. Red “ischemic” neurons are
indicated by black arrows and glial proliferation by white arrows. A) Trauma group. B) Trauma plus melatonin group. Hematoxylin and

Eosin, x90.
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Figure 6: The temporal course of vasogenic edema (VE) in the
contusion areas.

Figure 8: The temporal course of hemorrhagic transformation in
the contusion areas.
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Figure 7: A microscopic image of hemorrhage in the contusion area. A) Trauma group; severe hemorrhage. Hematoxylin and Eosin, (HE),
x10. B) Trauma plus melatonin group; minimal hemorrhage, “black arrows”. HE, x90.

which point they remained stable. In group 4, the median VE
grades were 0 (0-1), 0 (0-1), 0 (0-1), 0 (0-1), and 0 (0-1) at 12,
24,772,120, and 168 hours, respectively. Although there were
no significant differences between time points within group 4,
the levels of VE were markedly lower than in groups 2 and 3
across all time points (Figure 6).

Microscopic images of hemorrhage in the contusion area
are shown in Figure 7. The median hemorrhage grade was
0 (0-0) in the control group. In groups 2 and 3, the median
hemorrhage grades were 0 (0-1) and 0 (0-0) at 12 h, 1 (0-1)
and1(0-1)at24 h,1(1-2)and 1 (1-1)at 72 h,1 (1-2)and 1 (1-
2)at 120 h, and 1 (1-1) and 1 (1-1) at 168 h, respectively. No
hemorrhagic progression was observed before 12 h in these
groups. However, the level of hemorrhagic progression was
significantly higher at 24, 72, 120, and 168 h in these groups
compared to both the control group and 12 h subgroups
(p<0.05). No significant difference was observed between
groups 2 and 3. Hemorrhage levels started to increase 12 h
after trauma, peaking at 24 h and then stabilizing. In group 4,
the median hemorrhage grades were 0 (0-1), 0 (0-1), 0 (0-1), 0
(0-0),and 0 (0-0)at 12,24, 72,120, and 168 hours, respectively,
indicating an absence of any substantial disparities among the
subgroups in group 4. The level of hemorrhagic progression
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in group 4 was significantly lower than in groups 2 and 3
(p<0.05; Figure 8).

Table | illustrates the intercorrelations among parameters
within specified time intervals. Between 0 h and 12 h, signif-
icant positive correlations were observed between levels of
C3 and C8 (0.724, p<0.001), C3 and MMP9 (0.943, p<0.001),
and C8 and MMP9 (0.702, p<0.001). Between 12 h and 24 h,
positive correlations were observed between levels of C3 and
ischemia (0.468, p=0.009), C8 and MMP9 (0.493, p=0.006),
hemorrhage and VE (0.633, p<0.001), and hemorrhage and
MMP9 (0.389, p=0.034). Between 24 h and 72 h, negative
correlations were observed between levels of C3 and hemor-
rhage (-0.396, p=0.030) and C8 and MMP9 (-0.395, p=0.031),
while positive correlations were observed between C3 and
MMP9 (0.550, p=0.002), hemorrhage and VE (0.370, p=0.044),
and VE and MMP9 (0.437, p=0.016). Between 72 h and 120
h, negative correlations were observed between C3 and C8
(-0.455, p=0.012), C3 and ischemia (-0.537, p=0.002), C8
and MMP9 (-0.544, p=0.002), C8 and VE (-0.469, p=0.009),
and VE and ischemia (-0.509, p=0.004), while positive cor-
relations were observed between C8 and ischemia (0.553,
p=0.002) and hemorrhage and VE (0.399, p=0.029). Between
120 h and 168 h, positive correlations were observed between
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Oh-12h Cc8 Hemorrhage VE Ischemia MMP9
C3 0.724 (p<0.001) 0.058 (p=0.760) 0.001 (p=0.994) -0.078 (p=0.683) 0.943 (p<0.001)
C8 1.000 0.176 (p=0.352) 0.040 (p=0.837) -0.196 (p=0.300) 0.702 (p<0.001)
Hemorrhage 1.000 0.056 (p=0.774) -0.250 (p=0.183) 0.117 (p=0.537)
VE 1.000 0.056 (p=0.774) 0.161 (p=0.405)
Ischemia 1.000 -0.020 (p=0.918)
12h-24h
C3 -0.290 (p=0.121) 0.020 (p=0.918) -0.133 (p=0.484) 0.468 (p=0.009) -0.099 (p=0.605)
Cc8 1.000 0.161 (p=0.394) 0.010 (p=0.957) -0.150 (p=0.429) 0.493 (p=0.006)
Hemorrhage 1.000 0.633 (p<0.001) 0.357 (p=0.053) 0.389 (p=0.034)
VE 1.000 0.105 (p=0.580) -0.020 (p=0.918)
Ischemia 1.000 0.128 (p=0.499)
24h-72h
C3 -0.042 (p=0.825)  -0.396 (p=0.030) 0.123 (p=0.518) 0.197 (p=0.296) 0.550 (p=0.002)
C8 1.000 -0.315 (p=0.090) -0.114 (p=0.547) -0.016 (p=0.934) -0.395 (p=0.031)
Hemorrhage 1.000 0.370 (p=0.044) -0.289 (p=0.121) 0.002 (p=0.993)
VE 1.000 -0.068 (p=0.721) 0.437 (p=0.016)
Ischemia 1.000 -0.066 (p=0.730)
72h-120h
C3 -0.455 (p=0.012) -0.301 (p=0.106) 0.184 (p=0.330) -0.537 (p=0.002) -0.002 (p=0.992)
C8 1.000 -0.174 (p=0.357) -0.469 (p=0.009) 0.553 (p=0.002) -0.544 (p=0.002)
Hemorrhage 1.000 0.399 (p=0.029) -0.057 (p=0.763) 0.302 (p=0.105)
VE 1.000 -0.509 (p=0.004) 0.303 (p=0.104)
Ischemia 1.000 -0.148 (p=0.435)
120 h-168h
C3 0.314 (p=0.092) 0.229 (p=0.223) 0.256 (p=0.172) 0.438 (p=0.015) -0.062 (p=0.745)
C8 1.000 0.390 (p=0.033) -0.278 (p=0.137) 0.441 (p=0.015) -0.343 (p=0.063)
Hemorrhage 1.000 0.000 (p=1.000) 0.447 (p=0.013) -0.174 (p=0.359)
VE 1.000 0.000 (p=1.000) 0.000 (p=1.000)
Ischemia 1.000 0.342 (p=0.065)

C3: Caspase3, C8: Caspase8, MMP9: Matrix metalloproteinase-9, VE:

C8 and ischemia (0.438, p=0.015), C8 and hemorrhage (0.390,
p=0.033), C8 and ischemia (0.441, p=0.015), and hemorrhage
and ischemia (0.447, p=0.013).

B DISCUSSION

VE and hemorrhagic transformation are progressive process-
es and major causes of CE injury (12,14,18). Studies have
indicated that VE formation begins immediately after trauma

Vasogenic edema and blood-brain barrier breakdown, h: Hour.

and typically peaks between 48 h and 72 h, while hemorrhagic
progression most frequently occurs between the first 12 h and
24 h, peaking at 24 h (1,12,16,24,28). Our data indicated that
no hemorrhagic progression occurred before 12 h post-inju-
ry, while VE, BBB breakdown, and ischemia levels began to
increase immediately after trauma. Both VE and BBB break-
down levels initially peaked after 12 h, stabilized until 24 h,
and had a second peak at 72 h. After this, they began to de-
crease until 120 h. The present findings lend further support
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to previous studies, demonstrating that VE formation begins
immediately following trauma and typically peaks between 48
h and 72 h, while hemorrhagic progression typically occurs
between 12 h and 24 h, peaking at 24 h (1,12,16,24).

It is well established that the initial and most important con-
tributors to BBB breakdown and ischemia after traumatic brain
injury (TBI) are mechanical tears and shearing forces impact-
ing the brain parenchyma and blood vessels (1,6,18,24). The
initiation of BBB breakdown and subsequent ischemia trig-
gers the activation of multiple pathways, including the activa-
tion of the apoptotic effectors C3 and C8 and the proteolytic
enzyme MMP9. This results in further BBB disruption, subse-
quently increasing VE and promoting hematoma progression.
This cascade leads to further expansion of the primary lesion
(14,16,22,28).

Our study showed that C3, C8, and MMP9 levels increased
alongside VE and BBB breakdown between 0 h and 12 h post-
injury. Positive correlations were observed between levels of
C3 and C8, C3 and MMP9, and C8 and MMP9 in this period.
However, no significant correlations were observed between
VE, ischemia, or hemorrhage, or between these factors and
C3, C8, and MMP9 levels within the same interval. These
findings indicate that C3, C8, and MMP9 are co-activated
immediately after trauma and operate through interconnect
pathways. These findings also support previous studies
indicating that early edema, BBB breakdown, and ischemia
following a TBI are direct consequences of mechanical tissue
and vascular injury (14,16,22,28).

Our data indicated that between 12 h and 24 h post-injury,
C3, C8, and MMP9, and ischemia levels continued to in-
crease, while VE and BBB breakdown levels stabilized. This
interval coincides with the onset and peak of hemorrhagic
progression. Notably, correlations were observed between C3
and ischemia, C8 and MMP9, hemorrhagic progression and
MMP9, hemorrhagic progression and VE, and hemorrhagic
progression and BBB breakdown However, the correlation be-
tween hemorrhagic progression and MMP9 levels was lower
than the correlation between hemorrhagic progression and VE
and between C8 and MMP9.

These findings support those of previous studies, suggesting
that apoptotic factors may contribute to microvascular
disruption and exacerbate BBB damage as part of the
secondary injury cascade (2,3,8,9,10,30). Furthermore, our
findings highlight BBB breakdown and VE as central events
driving hemorrhagic progression in CE. MMP9 likely plays a
key role in initiating hemorrhagic transformation by increasing
BBB breakdown and VE beyond a critical threshold level.
This is presumably mediated by MMP9’s capacity to degrade
components of the basal lamina and disrupt tight junction
proteins in both injured and intact vessels (23,29).

Our data demonstrated that between 24 h and 72 h, VE
and MMP9 levels continued to rise, C8 levels started to
decrease, and C3, ischemia, and hemorrhage levels remained
unchanged. During this interval, negative correlations were
observed between C3 and hemorrhagic progression and
between C8 and MMP9, while positive correlations were
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observed between VE and hemorrhagic progression and
VE and MMP9. These findings suggest that while MMP9
plays a critical role in exacerbating BBB breakdown and VE,
other factors likely play additional roles in modulating these
processes (10,14,22).

In the interval between 72 h and 120 h, C3, VE, and MMP9
levels started to decrease significantly, while the decline
in C8 levels slowed until levels were near stable. Ischemia
and hemorrhage levels also remained unchanged. Negative
correlations were observed between C3 and C8, C3 and
ischemia, C8 and edema, C8 and MMP9, and edema and
ischemia. In contrast, positive correlations were observed
between edema and hemorrhagic progression and C8 and
ischemia. These findings suggest that endothelial apoptotic
damage mediated by C8 persisted during this time. The
positive correlation seen between C8 and ischemia may
reflect the pro-inflammatory effects of C8 (19).

In the interval between 120 h and 168 h, C3 and C8 levels
continued to decrease, ischemia levels continued to rise
slowly, and MMP9, ischemia, VE, and hemorrhage levels
remained unchanged. Positive correlations were observed
between C3 and ischemia, C8 and hemorrhagic progression,
C8 and ischemia, and between hemorrhagic progression and
ischemia. These findings suggest that endothelial apoptotic
damage continued to contribute to ischemia during this period.
Additionally, hemorrhagic progression may have influenced
ischemic progression, likely due to its mass effect (21).

In the current study, melatonin administration completely pre-
vented VE and hemorrhagic transformation (i.e., CE) by reduc-
ing C3, C8, MMP9, and ischemia levels across all time points,
except for 120 and 168 h post-injury in the case of MMP9.
However, an incontinency was observed between the reduc-
tion rates of C3, C8, and MMP9 and those of VE and hemor-
rhagic progression, with C3, C8, and MMP9 levels decreasing
partially but significantly, while VE and hemorrhagic progres-
sion levels decreased almost completely. This discrepancy
may be explained by the involvement of additional pathways
beyond C3, C8, and MMP?9 in the development of CE, which
melatonin may also inhibit (5,10,14,15,22).

In contrast to the near-complete reduction of VE and
hemorrhage levels, melatonin administration only reduced
ischemia levels partially, similar to its impact on C3, C8,
and MMP9 levels. This may be attributed to continued
primary vascular dysfunction (17). These findings support
previous studies that suggested that the structural failure
of microvessels caused by primary injuries triggers multiple
pathways, ultimately leading to CE through increased VE and
hemorrhagic progression in the primary lesion (2,3,8,9,10).

Taken together, the results of our study imply that:

1. CE is driven by a complex interplay of molecular, cellular,
structural, and functional changes, including microcircula-
tion dysfunction, ischemia, BBB breakdown, edema, and
hemorrhage arising from both primary and secondary inju-
ries.



2. BBB breakdown leads to VE and hemorrhagic transforma-
tion, which are key factors in CE development. VE forma-
tion begins immediately after trauma and follows a bipha-
sic pattern (first peak at 12 h, second peak at 72 h), while
hemorrhagic progression starts at 12 h and peaks at 24 h.

3. Ischemia, BBB breakdown, and VE are the initial changes
that trigger CE. Hemorrhagic transformation occurs
later once VE exceeds a certain threshold and is further
promoted by MMP9, consequently exacerbating CE.

4. While C3, C8, and, in particular, MMP9 play key roles in CE
pathogenesis, additional pathways are likely to contribute
to its development.

5. Melatonin effectively prevented CE by inhibiting or mod-
ulating several key pathways involved in VE development
and hemorrhagic transformation, supporting its potential
use as a multifunctional therapeutic agent.

The current study has several limitations. First, we only inves-
tigated temporal changes in CE, not spatial changes. Second,
we did not examine all potential factors or pathways that may
influence CE. Further studies are needed to explore these po-
tential factors and pathways, including their spatiotemporal
distributions and interactions. Finally, BBB breakdown was
assessed indirectly, with VE levels used as a surrogate marker.

B CONCLUSION

The present study demonstrated that melatonin inhibits CE
by preventing BBB breakdown and VE, which are key events
that lead to hemorrhagic progression, and by ameliorating
ischemia. These findings suggest that melatonin, a safe and
well-tolerated molecule with minimum toxicity in humans,
could be utilized as a potential therapeutic agent for CE
prevention. However, further studies are required to validate
this hypothesis.
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ABSTRACT

AIM: To evaluate the role of recent endovascular techniques as less invasive alternatives in the management of multiple intracranial
aneurysms, particularly in the context of heterogeneous aneurysm morphology and anatomical complexity.

MATERIAL and METHODS: This retrospective analysis included 65 patients with a total of 151 MIAs that were treated using
endovascular approaches. Morphological parameters, anatomical location, and clinical features were evaluated. Treatment strategies
included primary coiling, stent-assisted coiling, Y/X-stent coiling, flow diversion (with or without coiling), use of Woven EndoBridge
devices, and parent artery occlusion. Patient outcomes were assessed radiologically (Raymond-Roy Occlusion Classification) and
clinically (Modified Rankin Scale, Glasgow Outcome Scale).

RESULTS: Morphometric parameters significantly differed by aneurysm location. Flow diversion was preferred for wide-necked
internal carotid artery aneurysms, while coiling was more commonly used for aneurysms at bifurcation sites. Complete occlusion
(Class 1) was achieved in 70.2% of the cases, while residual neck/sac (Classes ll-llla) were observed in 29.8% of the cases.
Incomplete occlusion was associated with higher aspect ratios and was more frequent in aneurysms in the anterior and posterior
communicating arteries and at the middle cerebral artery bifurcation. The clinical outcomes were favorable, with median Modified
Rankin Scale and Glasgow Outcome Scale scores of 0.5 and 5, respectively. The mortality rate was 12%, with a median follow-up
of 8.5 months.

CONCLUSION: Endovascular therapy provides a safe and effective approach to treat MIAs. Aneurysm morphology, especially
location and aspect ratio, significantly influences angiographic outcomes, supporting the need for individualized treatment plans.

KEYWORDS: Multiple intracranial aneurysm, Endovascular treatment, Aneurysm, Multicenter study

ABBREVIATIONS: Acom: Anterior communicating artery, CT: Computed tomography, GCS: Glasgow Coma Scale, ICA: Internal
carotid artery, MCA: Middle cerebral artery, MIA: Multiple intracranial aneurysm, Pcom: Posterior communicating artery, WFNS:
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B INTRODUCTION

he management of multiple intracranial aneurysms
(MIAs) is clinically complicated by heterogeneity in an-

eurysm size and location and the complexity of three-di-
mensional vasculature (12,19,26). Achieving precise anatomi-
cal orientation becomes particularly difficult in cases involving
ruptured aneurysms. The disruption of natural arachnoid dis-
section planes further increases the complexity of microsurgi-
cal exposure and manipulation. When aneurysms are located
in different vascular territories, simultaneous access through a
single craniotomy may be unfeasible, often necessitating mul-
tiple surgical approaches and patient repositioning (10,19,21).
While microsurgical clipping has traditionally been the stan-
dard treatment, it is often limited by anatomical constraints
and increased perioperative morbidity in complex MIA cases.

Advances in endovascular techniques, such as stent-assisted
coiling, flow-diverter stents, and intrasaccular devices, have
significantly expanded the treatment horizons for MIAs. These
minimally invasive approaches allow for single-session treat-
ment of multiple lesions, reducing overall procedural burden
and improving safety (7,22).

In this multicenter retrospective study, we analyzed patients
with MIAs who underwent endovascular treatment over a
1-year period. We aimed to evaluate the contemporary role
of endovascular management in MIAs, focusing on morpho-
logical predictors, treatment strategies, and clinical outcomes
within an integrated neurovascular care framework.

B MATERIAL and METHODS
Patients and Data Collection

This retrospective observational study included 65 patients di-
agnosed with a cumulative total of 151 MIAs. As an inclusion
criterion, all patients underwent endovascular treatment, and
the clinical, morphological, procedural, and outcome-related
data were systematically analyzed to evaluate associations
among aneurysm characteristics, treatment modalities, and
clinical outcomes. Comorbidities included hypertension, dia-
betes mellitus, smoking, and other vascular risk factors.

Symptoms included headache, visual problems, seizure, ver-
tigo, and paresthesia. Neurological grading was performed
using the World Federation of Neurosurgical Societies (WFNS)
scale and Glasgow Coma Scale (GCS). Pre-treatment cranial
computed tomography (CT) findings were evaluated using the
Fisher scale. Additionally, hemorrhage distribution in cranial
cisterns was categorized into four groups: lamina terminalis,
sylvian cistern, quadrigeminal cistern, and prepontine cistern.
The presence of hydrocephalus was also assessed on initial
CT scans.

For each treated cerebral aneurysm, the following informa-
tion was documented: morphology (categorized as saccular,
fusiform, dissecting, thrombosed); location (categorized as
internal carotid artery [ICA] cervical, cavernous, clinoid, oph-
thalmic, communicating segment, posterior communicating
artery [Pcom], ICA bifurcation, A1 segment, anterior com-
municating artery [Acom], A2 segment, M1 segment, middle
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cerebral artery [MCA] bifurcation, M2 segment, P1 segment,
basilar tip, basilar trunk, superior cerebellar artery, anterior in-
ferior cerebellar artery, posterior inferior cerebellar artery, and
vertebral artery); neck width; dome-to-neck ratio; aspect ratio;
and maximum diameter.

Endovascular treatment strategies included primary coiling,
stent-assisted coiling, Y/X-stent coiling, flow-diverter stent
(alone or combined with coiling), Woven EndoBridge devices,
and parent artery occlusion. Procedural efficacy was radiolog-
ically stratified using Raymond-Roy Occlusion Classification
and O’Kelly-Marotta grading. Clinical outcomes were evalu-
ated using the Modified Rankin Scale and Glasgow Outcome
Scale. Digital subtraction angiography was the primary mo-
dality for follow-up imaging at 3-6 months after treatment.

The study received approval from the ethics committee of An-
kara Etlik City Hospital (Ethical ID: AESH BADEK1-2025-048).

Statistical Analysis

Statistical analyses were performed using parametric and
non-parametric methods depending on the data distribution.
Morphometric parameters across anatomical locations were
compared using one-way analysis of variance. Categorical
and ordinal data were compared using chi-square and Krus-
kal-Wallis tests, respectively. Relationships between parame-
ters were quantified using Spearman’s rho correlation. Longi-
tudinal differences between parameters were analyzed using
the Wilcoxon signed-rank test. All statistical analyses were
performed using SPSS software for Windows, version 25.0,
with the threshold of significance set at 0.05.

B RESULTS

The mean patient age was 55.5 + 15.3 years. Of the 65 enrolled
patients, 37 were women and 28 men. Comorbidities includ-
ed hypertension (45.3%), diabetes mellitus (15.6%), smoking
(20.3%), and other vascular risk factors. At admission, 39.1%
of the patients presented with subarachnoid hemorrhage,
most frequently involving the distal Sylvian fissure (50.0%)
and lamina terminalis (45.3%). Neurological grading was per-
formed using the WFNS scale and GCS score. A majority of
the patients (51.6%) were assessed to be in good clinical con-
dition, with a WFNS grade of 1 and a GCS score of 15. Ra-
diologic evaluation was conducted using the Fisher grading
system. Grade 4 hemorrhage was identified in 42.2% of the
cases (Table I).

The average neck width was 3.6 + 1.1 mm, aspect ratio was
1.5 + 0.9, dome-to-neck ratio was 1.3 + 0.4, and maximum
diameter was 6.4 + 2.5 mm. Three morphometric parameters,
namely neck width (analysis of variance, p=0.0012), aspect
ratio (p=0.0471), and maximum diameter (p=0.0113), differed
significantly across anatomical regions. Aneurysms in the
proximal ICA tended to be larger in dimension, while those at
bifurcation sites (e.g., Acom, middle cerebral artery bifurca-
tion) demonstrated higher aspect ratios (Figures 1, 2).

Flow-diverter stents were preferentially used to manage wide-
necked aneurysms of the ICA, whereas coiling approach-
es were applied to bifurcation or distal branch aneurysms.
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Table I: Demographics and Clinical Characteristics of the Patients

Category Subcategory / Label n % of Patients
Demographics Mean Age + SD (years) 55.5+15.3
Gender (Female : Male) (n) 37:28
Comorbidities Hypertension (HT) 29 45.3
Diabetes Mellitus (DM) 10 15.6
Smoking 13 20.3
Chronic Lung Disease 5 7.8
Hyperlipidemia 8 12.5
Symptoms Headache 14 21.9
Visual Problems 5 7.8
Seizures 2 3.1
Incidental Finding 8 12.5
Dizziness 3 4.7
Hemiparesis / Stroke Signs 5 7.8
Subarachnoid Hemorrhage 25 39.1
Clinical Admission Antiaggregant Therapy 27 42.2
Hydrocephalus 8 125
S(Ijansq?sc;\i/\é r(]30ma Scale (GCS) at 4-8 12 18.7
9 1 1.6
10 4 6.2
11 1 1.6
12 3 4.7
13 4 6.2
14 6 9.4
15 33 51.6
Patient Classification Fisher Grade (4) (1/2/3/4) 25/5/7/27
WFNS Grade (18) (1/2/3/4/5) 33/9/3/10/9
Cisternal Blood Lamina terminalis (AComA region) 29 45.3
Distal Sylvian fissure (MCA bifurcation) 32 50.0
Quadrigeminal cistern 22 34.4
Prepontine cistern 10 15.6
Unknown / No detectable blood 25 39.1

WFNS: World Federation of Neurological Surgeons, AcomA: Anterior communicating artery, MCA: Middle cerebral artery.

Primary angiographic outcome was assessed using the Ray-
mond-Roy classification: Class | (complete occlusion) was
achieved in 70.2% of the cases, while Classes Il and llla
(residual neck or sac) were achieved in 27.2% and 2.6% of
the cases, respectively (Figure 3). Aneurysm location signifi-
cantly influenced occlusion rates (chi-square test, p=0.0002),
with higher incomplete occlusion in Acom, Pcom, and MCA
bifurcation aneurysms (Figures 4, 5). Aspect ratio was also a
significant predictor of incomplete occlusion (Kruskal-Wallis

test, p=0.0202), whereas dome-to-neck ratio and neck width
did not exhibit significant associations (p=0.06). The mean
Modified Rankin Scale and Glasgow Outcome Scale scores
were 1.44 (median: 0.5) and 4.19 (median: 5.0), respectively,
indicating that most of the patients recovered favorably. The
overall mortality rate was 12% and the mean hospital stay was
12.2 days (range: 2-147 days). The median follow-up period
was 8.5 months.
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Figure 1: Pre-treatment imaging of a patient with non-ruptured left MCA bifurcation aneurysm and left PICA aneurysm. A) Axial T2-
weighted MRI showing the left MCA bifurcation aneurysm. B) Anteroposterior (AP) view and C) oblique view DSA images demonstrating
aneurysm location. D) 3D reconstructive DSA image showing a 7.3 x 4.2 mm saccular, wide-necked aneurysm. E) Axial T2-weighted MRI
showing the left PICA aneurysm with a thrombosed component. F) AP view and G) lateral view DSA images demonstrating aneurysm
location. H) 3D reconstructive DSA image showing a 12.4 x 8.3 mm saccular, wide-necked aneurysm.
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Figure 2: Treatment imaging of a patient with a left MCA bifurcation aneurysm and a left PICA aneurysm. A) In the Y-stent-assisted
coil embolization procedure for the left MCA aneurysm, distal and proximal markers of the first stent (Acclino 3.5x25 mm) placed into
the superior trunk (yellow arrows) and the coil microcatheter within the aneurysm dome (red arrow) are shown. B) Distal and proximal
markers of the stent (Acclino 3.5x25 mm) placed into the inferior trunk (yellow arrows) and the coil microcatheter within the aneurysm
dome (red arrow) are visible. C) Final control angiogram after completion of the coiling procedure. D) Initial coiling procedure performed
for the left PICA aneurysm. E) Loose coiling at the aneurysm neck to preserve the proximal segment of the PICA. F) Distal and proximal
markers of the DERIVO-2 4x15 mm flow diverter stent (blue arrows) placed to promote remodeling of the residual neck filling (red arrow)
over time.
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Figure 3: Summary of angiographic and follow-up outcomes in patients with multiple intracranial aneurysms treated endovascularly.
A) Distribution of angiographic results according to the Raymond-Roy Occlusion Classification. Complete occlusion (Class 1) was
achieved in 70.2% of aneurysms, whereas residual neck (Class Il) and residual sac (Class llla) were seen in 27.2% and 2.6 %, respectively.
B) Kaplan-Meier estimate of occlusion durability. The majority of aneurysms maintained stable occlusion during the first year of follow-
up, with only a modest decline observed at 18-24 months. Median follow-up was 8.5 months and extended imaging data in a subset of
patients confirmed continued stability without significant late recanalization.

Figure 4: Pre-treatment imaging in a patient with bilateral ICA aneurysms. A) Axial cranial CT scan showing subarachnoid hemorrhage
in the bilateral Sylvian cisterns. B) Lateral view DSA image following right ICA injection, demonstrating two saccular, wide-necked
aneurysms: an inferiorly projecting aneurysm at the right ICA paraophthalmic segment measuring 2.8 x 2.4 mm, and an aneurysm
originating from the right ICA Pcom segment measuring 6.6 x 4.4 mm. (yellow star: fetal Pcom). C) 3D reconstructed DSA image (oblique
view) and D) posterior-anterior view of the same right ICA aneurysms. E, F) Lateral view and 3D reconstructed DSA image following left
ICA injection, showing a saccular, wide-necked aneurysm at the left ICA paraophthalmic segment measuring 7.6 x 4.8 mm.
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Figure 5: Treatment images of left and right ICA aneurysms. A) Unsubtracted view and B) subtracted view during stent-assisted coil
embolization of the left ICA aneurysm, showing the proximal marker (yellow star) of the Neuroform Atlas stent (4.5 x 21 mm). C) Post-
procedural control image in lateral projection in the same patient. D) Unsubtracted view during flow diverter stent placement for right
ICA aneurysms, showing proximal and distal markers of the Surpass Evolve stent (4 x 17 mm). E) Delayed arterial phase and F) capillary
phase images demonstrating contrast stagnation within the aneurysms located at the right ICA Pcom origin and paraophthalmic

segment (yellow stars).

B DISCUSSION

This multicenter retrospective study aimed to evaluate en-
dovascular strategies in the treatment of MIAs, focusing on
morphological predictors and clinical outcomes. Our findings
demonstrated that endovascular strategies resulted in high
overall occlusion rates with favorable clinical recovery. More-
over, our results highlighted the significant impact of aneu-
rysm location and aspect ratio on treatment success. One of
the most critical challenges in managing MIAs is accurately
identifying the source of hemorrhage. Nehls et al. correctly
localized bleeding aneurysms in up to 98% of the cases in
their study through detailed CT and angiographic analysis,
considering parameters such as aneurysm size, shape, wall
irregularities, and adjacent vasospasm (16). In our cohort, pri-
oritizing the treatment of the ruptured lesion was critical, often
dictating the sequence and strategy for managing coexisting
unruptured aneurysms.

Following the occlusion rate of the ruptured aneurysm, man-
agement of coexisting unruptured lesions can be considered
either in the same session or in a staged approach. In partic-
ular, treating ipsilateral aneurysms sharing the same vascular
access in a single session is advantageous because it mini-
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mizes vascular manipulation, reduces endothelial trauma, and
facilitates neointimal healing when stents are deployed (15).

The choice between microsurgical clipping and endovascular
intervention in the treatment of multiple aneurysms remains
nuanced. With advancements in neurointerventional technol-
ogy — particularly the development of flow-diverter stents and
improved angiographic visualization—endovascular treat-
ment has become increasingly preferred in recent years (7).
Broad-necked aneurysms, often encountered in cases featur-
ing multiple aneurysms, represent a challenge for microsur-
gical access but are amenable to endovascular techniques.
At 10-year follow-up in the Barrow Ruptured Aneurysm Trial,
clipping of anterior circulation aneurysms was associated with
lower rates of rebleeding, retreatment, and incomplete occlu-
sion compared with coiling, although both groups showed
comparable clinical outcomes (25). At 1-year follow up in the
International Subarachnoid Aneurysm Trial, endovascular coil-
ing resulted in improved independent survival compared with
surgery in favorable cases, but the trial results highlighted
the necessity of follow-up to monitor the rare occurence of
late rerupture (13). Morsy et al. reported an occlusion rate of
92.5% in wide-necked aneurysms treated with endovascular



methods, underscoring the efficacy of such methods (15). In
our study, Raymond-Roy Class | and Il occlusion rates were
achieved by 97.4% of the patients (Class I: 70.2%, Class I
27.2%), and aneurysm aspect ratio and location significantly
influenced occlusion rates, with higher incomplete occlusion
noted in Acom, Pcom, and MCA bifurcation aneurysms.

In cases involving giant aneurysms, which are frequently as-
sociated with multiple aneurysms, endovascular treatment
is generally preferred due to the elevated perioperative risk
associated with microsurgical clipping. Santoro et al. found
that while both approaches yielded comparable mortali-
ty rates, microsurgery was associated with higher morbidity
and intraoperative complication rates, whereas endovascular
techniques were associated with lower morbidity but higher
recurrence rates (20). In our study, we treated eight giant an-
eurysms using endovascular techniques.

Interestingly, aneurysm location may influence long-term out-
comes depending on the treatment modality. Yamada et al.
reported a reduced incidence of secondary normal-pressure
hydrocephalus in patients treated with endovascular coiling
compared with microsurgical clipping (28). Similarly, Dong et
al. observed no persistent neurological deficits in the endo-
vascular group, suggesting a potential safety advantage over
microsurgery despite similar complication rates (3). In patients
without massive subarachnoid hemorrhage or severe vaso-
spasm, endovascular approaches are generally preferred due
to their minimally invasive nature.

Liu et al. proposed a novel zonal classification of the cranial
cavity from the falx cerebri to the tentorium cerebelli to guide
the selection of treatment modality on the basis of aneurysm
location (10). Furthermore, Song et al. demonstrated the safe-
ty and efficacy of single-session endovascular treatment in
midline or symmetrically distributed aneurysms, such as mir-
ror aneurysms (24). The ongoing debate between single-ses-
sion and staged treatment strategies is especially relevant in
MIA management. Several studies have advocated for sin-
gle-session treatment to mitigate the risk of rebleeding during
the interventional interval (9,22,23,29). However, Andic et al.
emphasized that while single-session endovascular treatment
is effective in complex cases, it may carry an elevated risk
of thromboembolic complications, particularly in patients with
bilateral ICA aneurysms. In such cases, a staged approach
should be considered (1).

Deniwar reported that aneurysm size and location, radiolog-
ical signs of impending rupture, and clinical presentation are
critical factors in determining the optimal treatment modality
and timing (2). Similarly, Kim and Song identified endovascular
treatment as the standard of care for multiple aneurysms, cau-
tioning that limiting treatment only to the ruptured lesion could
underestimate the true risk of hemorrhage from untreated an-
eurysms (6). Supporting this recommendation, Massaud et al.
reported superior outcomes and shorter procedural times for
endovascular approaches in posterior circulation aneurysms,
attributing this to the complexity of microsurgical access in
such locations (11).
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Several studies advocate for primary coil embolization in sin-
gle-session treatments, citing its efficacy in reducing hemor-
rhage risk and limiting vessel trauma and dissection (4,17).
In addition to primary coiling, other endovascular techniques
such as stent-assisted coiling and primary stenting have
demonstrated high success rates, especially in wide-necked
or proximally situated multiple aneurysms (14,21,24,27).

In cases involving multiple ipsilateral aneurysms near the
ophthalmic segment of the ICA, Tang et al. emphasized the
importance of aneurysm geometry in selecting the optimal
endovascular strategy, achieving complete occlusion through
tailored techniques in a single session (26). Similarly, Lee et al.
demonstrated that flow-diverter stents are effective in treating
proximally spaced ipsilateral aneurysms, achieving successful
occlusion across multiple lesions (8). In our study, flow-divert-
er stents were preferentially used in wide-necked aneurysms
of the ICA, while coiling approaches were applied to bifurca-
tion or distal branch aneurysms.

Limitations

This study has some limitations. First, the study is retrospec-
tive in design with a moderately sized patient cohort. Second,
heterogeneity in endovascular devices, procedural protocols,
operator experience, and institutional case volumes could
have influenced treatment selection and outcomes. Finally,
the relatively short median follow-up of 8.5 months may un-
derestimate the incidence of late recanalization, particularly
in bifurcation aneurysms treated with coiling. Nevertheless,
the value of this study lies in its pioneering contribution to the
understanding of treatment selection and efficacy in the man-
agement of multiple aneurysms. To strengthen the generaliz-
ability of these findings and support global standardization,
future studies should aim for larger, prospectively collected
datasets with standardized protocols.

B CONCLUSION

Endovascular techniques represent a valuable treatment op-
tion for MIAs, achieving favorable occlusion rates and clinical
outcomes. However, the choice of strategy should be indi-
vidualized, considering aneurysm location, morphology, and
patient-specific factors. Our findings underscore the impor-
tance of a morphology-driven, patient-tailored approach in
optimizing treatment success. Further prospective multicenter
studies with longer follow-up are warranted to validate these
results and refine therapeutic strategies.
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ABSTRACT

AIM: To evaluate the diagnostic and prognostic significance of miRNA signatures by identifying differences in miRNA expression
between ruptured and unruptured intracranial aneurysm (IA) cases, as well as to pinpoint miRNAs that correlate with clinical severity
in patients with aneurysmal subarachnoid hemorrhage (aSAH).

MATERIAL and METHODS: Peripheral blood samples were collected from 50 IA patients (25 without rupture and 25 with rupture)
and 25 healthy controls. In the ruptured group, analyses were performed on samples collected on Days 3 and 5 after SAH. The
clinical severity and outcomes of the disease were assessed using Fisher grades, WFNS grades, Hunt-Hess grades, and the
Modified Rankin Scale.

RESULTS: We found that the expression levels of miR-21-5p and miR-15a were significantly altered in unruptured aneurysms
(UA) patients compared to controls. The expression levels of 10 miRNAs were significantly decreased in ruptured aneurysms (RA)
patients compared to controls. The ruptured group also exhibited an upregulation of 16 miRNAs relative to the unruptured group.
Furthermore, we noted a significant increase in miR-24 expression in RA patients between Days 3 and 5, suggesting its potential
role in the progression of aSAH. miR-9p-3p and miR-497 were found to be associated with aSAH severity. Moreover, the levels of
miR-451a, miR-146a-5p, miR-502-5p, and miR-497 were significantly lower in patients with poor outcomes compared to those with
favorable outcomes.

CONCLUSION: These findings suggest that specific miRNAs may serve as potential diagnostic and prognostic biomarkers for IA
and subsequent SAH, particularly on Day 3 following aSAH.

KEYWORDS: Intracranial aneurysm, Aneurysmal subarachnoid hemorrhage, miRNA, Biomarker, Preipheral blood

ABBREVIATIONS: aSAH: Aneurysmal subarachnoid hemorrhage, AUC: Area under the ROC curve, CSF: Cerebrospinal fluid,
CVS: Cerebral vasospasm, DCI: Delayed cerebral ischemia, DCV: Delayed cerebral vasospasm, FC: Fold change, IA: Intracranial
aneurysm, miRNAs: MicroRNAs, mRS: Modified rankin scale, RA: Ruptured aneurysms, ROC: Receiver operating characteristic,
SAH: Subarachnoid hemorrhage, UA: Unruptured aneurysms, VSMC: Vascular smooth muscle cells, WFNS: World Federation of
Neurosurgical Societies
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B INTRODUCTION

ubarachnoid hemorrhage (SAH) is the extravasation
Sof blood within a vessel into the subarachnoid space,

which is normally filled with cerebrospinal fluid (CSF) in
the central nervous system (28). The most common cause of
non-traumatic SAH is intracranial aneurysm (IA) rupture (40).
Aneurysmal subarachnoid hemorrhage (@aSAH) is a severe
health problem due to both the direct effects of bleeding and
complications such as vasospasm (37). aSAH has an inci-
dence of approximately 6-16 per 100,000 individuals annually
worldwide, with a mortality rate of 45% (19). Various modifi-
able and non-modifiable factors that affect the risk of aneu-
rysm formation, growth, and rupture, such as smoking, alco-
hol use, female gender, and a family history of IA, have been
identified (43). Although there have been remarkable advanc-
es in the diagnosis, treatment, and follow-up of the disease,
it remains a significant cause of morbidity and mortality due
to a lack of biomarkers that would allow for the screening and
timely intervention of high-risk aneurysms. Therefore, there is
an urgent need to identify robust markers with high sensitivity
and specificity for the accurate identification of aSAH or pre-
diction of aneurysmal rupture (41).

MicroRNAs (miRNAs) are single-stranded small conserved
noncoding RNAs composed of 18-22 nucleotides that play
critical roles in regulating gene expression at the post-tran-
scriptional level (10). More than 2,500 miRNAs in humans
have been identified as being able to regulate over 60% of
protein-coding genes. These molecules play a role in various
physiological processes, such as cell proliferation, cell differ-
entiation, apoptosis, oxidative stress, and angiogenesis (49).
Differential expression of miRNAs can often impair cellular and
biological functions and contribute to the development and
progression of disease. miRNAs are known to be involved in
numerous diseases, including cancer, cardiovascular disease,
and neurological conditions. Although limited, data showing
that specific miRNAs may play a vital role in the development
of IA and the progression of aSAH are available (10,20,27,40).

This case-control study aimed to determine miRNA expression
differences in ruptured and unruptured IA cases, evaluate
the diagnostic and prognostic significance of these miRNA
signatures, and identify markers associated with clinical
severity in aSAH patients.

B MATERIAL and METHODS
Ethics Statement

This study was conducted in accordance with the guidelines
presented in the Declaration of Helsinki for research
experiments involving human subjects and approved by the
Institutional Ethics Review Board of the Eskisehir Osmangazi
University, Medical Faculty (2023-48). All participants provided
written informed consent.

Literature Search

A preliminary search was conducted to identify miRNAs
reported to have the potential to reveal the risk of aSAH among
IA cases by examining relevant articles and databases such as
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PubMed, Embase, Ovid, Google Scholar, and miRbase. Based
on previous studies, the expression profiles of 20 miRNAs,
including miR-29a, miR-126, miR-200a-3p, miR-451a, miR-
146a-5p, miR-1297, miR-27b-3p, miR-502-5p, miR-143-3p,
miR-145-5p, miR-17-5p, miR-221-3p, miR-21-5p, miR-15a,
miR-9-3p, miR-630, miR-24, miR-148b-3p, miR-497, and
miR-183-5p (2,5,7,11,20,21,23,31-35,40,41,44,47,50-52,55),
in the peripheral blood samples of IA cases were determined
and compared with control blood samples.

Participants

Patients with ruptured aneurysms (RA) and unruptured aneu-
rysms (UA) were recruited from the Neurosurgery and Neurol-
ogy departments of the Medical Faculty, Eskisehir Osmangazi
University, Turkey. The diagnosis of both IA and aSAH was
based on clinical examination and neuro-imaging techniques,
including computed tomography (CT), computed tomography
angiography, digital subtraction angiography, and magnetic
resonance angiography, as defined in the World Health Orga-
nization criteria. Cases with a medical history of cardiovascu-
lar or immunological diseases, cancer, and organ failure were
excluded, as these conditions have the potential to change
miRNA expression levels. Clinically healthy individuals of both
sexes, without neurological and chronic/systemic diseas-
es, IA, or a family history of IA/aSAH, constituted the control
group of the study. Baseline demographic data, as well as
details regarding vascular risk factors, such as hypertension,
diabetes, smoking, and alcohol consumption, were gathered
from all participants.

The present study included a total of 100 blood samples from
IA/aSAH patients and controls: (A) 25 patients with unruptured
IA (Group 1); (B) 25 patients with ruptured IA; samples from
aSAH patients were collected post-SAH on Days 3 and 5
(Group 2); and (C) 25 healthy controls. All participants were
from the Turkish population.

Whole Blood Collection and Total RNA Extraction

Venous whole blood was collected using PAXgene Blood
RNA tubes (PreAnalytiX GmbH, Switzerland). To ensure the
complete lysis of blood cells, each PAXgene Blood RNA tube
was incubated at room temperature (15-25°) for a minimum of
2 hours before processing, per the manufacturer’s protocol.
Total RNA extraction was performed using the PAXgene Blood
miRNA kit (PreAnalytiX, Qiagen, Switzerland) according to the
manufacturer’s recommendations. The RNA concentration
was assessed using a NanoDrop ND-1000 spectrophotometer
(PeQLab Biotechnologie GmbH), and the samples were
subsequently stored at —80°C for further analysis.

Quantitative Real-Time PCR (qRT-PCR)

A total of 20 miRNAs were screened for. Reverse transcription
of miRNA was carried out using the miRNA All-In-One cDNA
Synthesis Kit (Cat#G898 ABM, CA, USA) following the
manufacturer’s instructions. Each reaction mixture consisted
of 10 pl of 2X miRNA cDNA Synthesis SuperMix, 2 pl of
Enzyme Mix, 2 pl of Total RNA, and 6 pL of nuclease-free
water, bringing the total volume to 20 pL. Then, the reaction
followed this cycling profile: 37 °C for 30 min, 50 °C for 15 min,
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Table I: Clinical Parameters of IA Groups and Control Participants

Controls Group 1: Group 2:
Parameters (n=25) Unruptured IA Ruptured IA p-value
B (n=25) (n=25)
Age (year) 61.42 +11.28 56.32+14.06 59.12+12.20 0.585
Gender (females) 14 (56) 15 (60) 14 (56) 0.959
Hypertension None 9 (36) 7 (28) 0.544

Data are presented as mean =+ standard deviation or n (%); p value <0.05 is considered statistically significant.

85 °C for 5 min, and hold at 4 °C. Amplification was performed
on a CFX-96 Real-Time PCR Detection System (C1000 Touch
Thermal Cycler, BIO-RAD) with a reaction mixture containing
5 pl BrightGreen miRNA gPCR Master Mix, 0.35 pl forward
primer, 0.35 pl reverse primer, 2 pyl cDNA, and 2.3 pl nuclease-
free water, reaching a final volume of 10 pl. U6 was used as
a housekeeping gene (all from ABM, CA, USA). The RT-PCR
protocol was as follows: incubation at 95 °C for 10 minutes,
followed by 40 cycles at 95 °C for 10 seconds, 60 °C for 20
seconds, and 72 °C for 30 seconds. Cycle threshold (Ct)
values were determined for each sample, and the relative
miRNA level was calculated using the formula 2-AACt.

Statistical Analysis

Statistical analyses were performed using SPSS version 25.0
(IBM, NY, USA). The distribution of the variables was evaluated
with the Shapiro-Wilk test. Comparisons were performed using
Student’s t-test for normally distributed variables. The Mann-
Whitney U test was used to evaluate the differences between
two groups, and the Kruskal-Wallis test assessed differences
among more than two groups. Correlations between variables
were evaluated using Spearman’s rank correlation coefficient
analysis. Receiver operating characteristic (ROC) curves were
generated for each miRNA, and the area under the ROC curve
(AUC), specificity, and sensitivity were calculated with a 95%
confidence interval (95% ClI) to evaluate the potential of these
candidate miRNAs as diagnostic biomarkers.

B RESULTS
Demographic and Clinical Features of the Study Groups

Among the 50 IA patients included in this study, 29 were female
and 21 were male (mean age 57.72+13.10 years; range 29-
79), and 16 had a history of hypertension. The healthy controls
comprised 14 women and 11 men (mean age 61.43+11.28
years). No significant differences in age or gender were
observed between the IA cases and the control cohort. The
distribution of hypertension was similar in both RA and UA
patients. The clinical features of the controls and IA patients
are summarized in Table |. Clinical severity assessments at
admission indicated that five cases (20%) were categorized
as WFNS (World Federation of Neurosurgical Societies)
Grades 3-5, while nine cases (36%) were classified as Hunt-
Hess Grades 3-5. Brain CT results showed Fisher Grade 4
in 60% of patients. Regarding clinical outcomes, 40% of the
patients showed a modified Rankin Scale (mRS) score of 3-6.
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The clinical characteristics of aSAH patients are presented in
Table Il.

Table lI: Clinical Characteristics of the Patients (n=25) with aSAH

Clinical profiles n (%)
Symptoms

Headache 16 (64.0)

Vomiting 6 (24.0)

Altered sensorium 6 (24.0)

Focal deficits 2 (8.0

Seizures 7 (28.0)
Aneurysm location

Anterior communicating artery 13 (52.0)

Middle cerebral artery 4 (16.0)

Internal carotid artery 2 (8.0)

Anterior cerebral artery 1(4.0)

Posterior communicating artery 1(4.0)

Multiple 4 (16.0)
Fisher grade (9)

1-3 10 (40.0)

4 15 (60.0)
Hunt-Hess grade (12)

1-2 16 (64.0)

3-5 9 (36.0)
WENS grade (32)

1-2 20 (80.0)

3-5 5 (20.0)
Modified Rankin Scale (mRS) (31)

1-2 15 (60.0)

3-6 10 (40.0)

WFNS: World Federation of Neurologic Surgeons.



Comparison of the miRNA Expression Profiles in the Blood
Samples of UA Cases and the Control Group

Among the 20 examined miRNAs, two miRNAs, namely miR-
21-5p and miR-15a, were differentially represented in controls
and UA patients: the expression level of miR-21-5p was sig-
nificantly increased (Fold Change (FC)=2.07, p=0.006), where-
as miR-15a was considerably decreased (FC=0.72, p=0.049)
in UA cases compared with controls (Figure 1A). The sensitiv-
ity and specificity of these circulating miRNAs as diagnostic
indicators were determined by analyzing the AUC for each
miRNA. miR-21-5p and miR-15a had AUC values of 0.829
(p<0.0001) and 0.780 (p=0.001), respectively (Figure 1B). The
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findings suggest that these two miRNAs together can discrim-
inate UA patients from healthy individuals.

Differently Expressed miRNAs Between the Ruptured and
Control Groups

Expression analyses were conducted on blood samples
taken on the third and fifth days post-hemorrhage to identify
miRNAs that may contribute to prognostic assessment and
clinical recovery in cases of rupture. The expression levels of
circulating miRNAs in blood samples taken on the third and
fifth days after bleeding from ruptured cases differed from
those in the control group. Specifically, nine miRNAs on the
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Figure 1: Expression levels of differentially expressed miRNAs in patients with unruptured aneurysms and healthy controls. A) Relative
expression of miR-21-5p and miR-15a in unruptured aneurysm patients and controls. All miRNA levels are presented as fold changes.
Data are shown as means. B) ROC curves to distinguish unruptured IA patients from healthy controls. The AUCs of miR-21-5p and miR-
15a were 0.829 and 0.780, respectively. Statistically significant differences are marked with asterisks: ***p=0.0001-0.001, **p=0.001-
0.01, *p=0.01-0.05. AUC: Area under the curve, ROC: Receiver operating characteristic.
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third day after bleeding and six miRNAs on the fifth day post-
bleeding were found to have statistically significant decreases
in expression levels compared to the control group (Figure 2A,
B). Subsequently, ROC and AUC analyses of these candidate
circulating miRNAs revealed strong discriminatory potential
between the patient and control groups, indicating their
viability as potential biomarkers (Figure 2C and Table IlI).

Comparison of Circulating miRNA Expression Profiles in
the Ruptured and Unruptured Cases

In comparing the RA and UA groups, the expression levels of
14 miRNAs in samples collected on the third day of bleeding,
as well as 11 miRNAs from the fifth day, exhibited significant
differences. Notably, miRNA expression was downregulated
in the RA group relative to the UA group (Figure 3A, B). Several
miRNAs demonstrated AUC values exceeding 0.8 on the third
day, highlighting their effectiveness in distinguishing between
patients with unruptured and ruptured aneurysms. These
findings indicate that such miRNAs hold considerable promise
for accurately differentiating between these two conditions
and that alterations in their expression could potentially serve
as predictors of aneurysmal rupture (Table V).

Regarding whether specific miRNAs exhibit significant chang-
es from the third to the fifth day, which may play a role in the
progression of aSAH due to complications like vasospasm
(that can arise after the fourth day in cases of aneurysm rup-
ture), we compared miRNA expression levels between the two

time points in patients with aneurysm rupture. A significant
increase was noted in the level of miR-24 on the fifth day com-
pared to the third day after aSAH (FC=1.70, p=0.013), with an
AUC value of 0.814 (95% CI: 0.678-0.910; sensitivity=68.00,
specificity=88.00, p<0.0001). These results suggest that miR-
24 may contribute to the progression of aSAH.

Relationship Between miRNA Expression Patterns and
the Clinical Characteristics of Patients with Ruptured
Aneurysms

To identify miRNAs that could provide information about the
development of ruptured aneurysms and be used as mark-
ers, miRNA expression patterns were compared based on
the patients’ Fisher grades (Grades 1-3 versus 4), Hunt-Hess
grades (Grades 1-2 versus 3-5), WFNS grades (Grades 1-2
versus 3-4), and clinical outcomes (MRS scores of 1-2 versus
3-6). No significant difference was observed between miRNA
levels and Fisher grades (p>0.05). However, when comparing
miRNA levels based on neurological severity, on the third day,
the expression of miR-9-3p was significantly reduced in pa-
tients with worse neurological conditions (WFNS Grades 3-5)
compared to those in better condition (WFNS Grades 1-2;
FC=0.53, p=0.047; AUC=0.747, p=0.020; Figure 4A). Similarly,
miR-497 expression levels were significantly reduced on the
third day in patients with Hunt-Hess Grades 3-5 (FC=0.45,
p=0.023; AUC=0.840, p<0.0001; Figure 4B).

Table Ill: Receiver Operating Characteristic Curve Analysis for Detecting the Effectiveness of microRNAs with Biomarker Potential

Ruptured IA (Day 3 post-SAH) vs Control

Ruptured IA (Day 5 post-SAH) vs Control

. Sensitivity Specificity AUC ) . Sensitivity Specificity AUC )
miRNA (%) (%) (95% Cl) p-value | miRNA (%) (%) (95% Cl) p-value
miR-15a 68.00 100.00 © 68.27—33908) 0.0004* | miR-15a 68.00 100.00 © 63;18_369 48) <0.0001*
miR-183-5p 84.00 100.00 © 72}%?)1973) <0.0001* | miR-183-5p 80.00 100.00 © 785;,)496 2) <0.0001*
miR-126 96.00 85.71 © 7259_83979) <0.0001* | miR-126 72.00 85.71 © 62283922) 0.0002*
miR-146-5p 88.00 100.00 © 72&)9—:)498 2) <0.0001* | miR-146-5p 80.00 100.00 © 72'59_83979) <0.0001*
miR-502-5p 92.00 71.43 © 635.3?‘(5)6960) <0.0001* | miR-502-5p 88.00 71.43 © 62ﬁ§0933) 0.0006*
miR-221-3p 92.00 85.71 © 75(3)&3?)7976) <0.0001* | miR-497 64.00 100.00 © 625(1)09 45) <0.0001*

. 0.914 .
miR-24 88.00 100.00 (0.760-0.984) <0.0001

. 0.837 .
miR-143-3p 84.00 71.43 (0.664-0.943) <0.0001
miR-27b-3p 76.00 100.00 0.834 <0.0001*

(0.661-0.942)

*p value <0.05 is statistically significant, AUC: Area under the ROC curve, CI: Confidence interval.
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Figure 2: Differential miRNA expression levels in ruptured aneurysm patients versus healthy controls. A) Relative expression of miRNAs
in ruptured aneurysm patients and controls, presented in bar graphs on a linear scale. miRNA expression levels were significantly
downregulated in the RA group compared with controls on Day 3 post-aSAH. B) Bar graphs showing six downregulated miRNAs in the
RA group compared with controls on Day 5 post-aSAH. Expression levels of all miRNAs are presented as fold changes. Data are shown
as means. C) ROC curves of patients with ruptured IA and controls. miR-146a-5p, miR-24, and miR-126 achieved AUCs greater than
0.9 on Day 3. Statistically significant differences are marked with asterisks as follows: ***p=0.0001-0.001, **p=0.001-0.01, *p=0.01-0.05.
AUC: area under the curve, IA: Intracranial aneurysm, RA: Ruptured aneurysms, ROC: Receiver operating characteristic.
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Figure 3: Comparison of
the expression levels of
differentially expressed
miRNAs between groups.
A) Relative miRNA
levels, with a difference
between ruptured and
@ unruptured aneurysm
cases on Day 3 post-
4 m UA aSAH. B) Relative miRNA
== RA (Day 5) levels, with a difference
* between ruptured and
3 unruptured aneurysm
cases on Day 5 post-
aSAH. miRNA expression
_— * levels were significantly
*k Kk ) downregulated in the RA
- botob _— = group compared with
-_ _— the UA group on Days
1 3 and 5. Statistically
significant differences are
marked with asterisks
as follows: ***p=0.0001-
0.001, **p=0.001-0.01,
*p=0.01-0.05. aSAH:
Aneurysmal subarachnoid
hemorrhage, RA:
Ruptured aneurysms, UA:
Unruptured aneurysms.
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Figure 4: Comparison of miRNA expression in blood with clinical features in aSAH patients. A) Relative levels of miR-9-3p in aSAH
patients with Hunt-Hess Grades 1-2 and 3-5. B) Relative levels of miR-497 in aSAH patients with WFNS Grades 1-2 and 3-5. C)
Relative levels of miR-497 in aSAH patients with mRS Grades 1-2 (good recovery) and Grades 3-6 (disabled or dead). *A p-value <0.05
is statistically significant. aSAH: Aneurysmal subarachnoid hemorrhage, mRS: Modified Rankin Scale, WFNS: World Federation of
Neurosurgical Societies.
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Table IV: Receiver Operating Characteristic Curve Analysis for Detecting the Effectiveness of microRNAs with Biomarker Potential in

Aneurysmal Rupture

Unruptured vs. Ruptured IA (Day 3 post-SAH)

Unruptured vs. Ruptured IA (Day 5 post-SAH)

. Sensitivity Specificity AUC ) . Sensitivity Specificity AUC :
miRNA (%) (%) (95% Cl) p-value | miRNA (%) (%) (95% Cl) p-value
miR-21-5p 72.00 76.00 © 6(7)(.3?8690 4) <0.0001* | miR-21-5p 80.00 76.00 © 6:(3)%7-3)1878) 0.0001*
miR-221-3p 88.00 96.00 © 7(7)5??)4963) <0.0001* | miR-221-3p 84.00 84.00 © 7%8_3993 2) <0.0001*
miR-183-5p 84.00 76.00 © 63'3?2)89 13) <0.0001* | miR-183-5p 80.00 76.00 © 62;57-34888) <0.0001*
miR-143-3p 88.00 80.00 © 72'5?(7)895 2) <0.0001* | miR-143-3p 72.00 76.00 © 53257-:(3)08 45) 0.0022*
miR-126 88.00 80.00 © 72%%5952) <0.0001* | miR-126 60.00 92.00 © 53&37—29853) 0.0010*
miR-1297 88.00 72.00 © 710;1?3493 1) <0.0001* | miR-1297 84.00 68.00 © 6?(-37—28868) 0.0005*
miR-1462-5p 88.00  88.00 72:32956) <0.0001%| miR-146a-5p  80.00  8B.00 73'2‘321936) <0.0001*
miR-502-5p 88.00 72.00 © 63%8_(2)59 18) <0.0001* | miR-502-5p 84.00 72.00 © 62537—?)1893) <0.0001*
miR-145-5p 88.00 68.00 © 6267—?)989 1) <0.0001* | miR-145-5p 60.00 80.00 © 52;?3)8803) 0.0224*
miR-24 88.00 84.00 © 72%?279 47) <0.0001* | miR-497 72.00 76.00 © 6?57—21870) 0.0002*
miR-630 72.00 84.00 © 68%7-‘(1)4857) 0.0010* | miR-200a-3p  84.00 64.00 © 58&)7-?)2856) 0.0008*
miR-451a 64.00 80.00 © 58(.37-:(;)9853) 0.0008*
miR-27b-3p  76.00 76.00 © 6:(3).57-3)588 1) 0.0001*
miR-17-5p 72.00 76.00 0.757 0.0003*

(0.615-0.867)

*o value <0.05 is statistically significant, AUC: Area under the ROC curve, Cl: Confidence interval.

Additionally, patients classified by clinical outcomes were
grouped as well-recovered (MRS scores of 1-2) and those who
died or were disabled (MRS scores of 3-6). The expression
level of miR-497 was found to be significantly lower on the
third day in patients with an mRS score of 3-6 compared to
those with mRS scores of 1-2 (FC=0.51, p=0.037; AUC=0.753,
p=0.015; Figure 4C).

In the group with mRS scores of 3-6, the expression levels of
miR-451a, miR-146a-5p, and miR-502-5p (FC=0.65, FC=0.59,
and FC=0.47, respectively) were significantly reduced on the
fifth day after SAH. The AUC values for miR-451a, miR-146a-
5p, and miR-502-5p were 0.753, 0.773, and 0.813, respec-

tively. These data suggest that they can be used as potential
biomarkers to predict clinical outcomes in aSAH patients (Fig-
ure 5A, B).

B DISCUSSION

Despite considerable efforts to identify non-genetic factors
that could serve as predictors for the risk of IA, clinical studies
to date have only identified a few traditional risk factors for
unruptured |As, such as age, gender, smoking, and hyperten-
sion (47). Comprehensive data regarding the pathogenesis of
IAs remain elusive. Additionally, as the early diagnosis of rup-
tured IAs, which continue to be a significant cause of morbid-
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Figure 5: miRNA expression pattern in patients with good and
poor clinical outcomes. A) Relative levels of miR-451, miR-
146a-5p, and miR-502-5p in aSAH patients with good recovery
and those who died or became disabled. Expression levels

of miR-451, miR-146a-5p, and miR-502-5p were significantly
lower in patients with a poor outcome (MRS Grades 3-6) than in
those with a good clinical outcome (MRS Grades 1-2) on Day 5
post-SAH. All miRNA levels are presented as fold change. Data
are shown as means. **p=0.001-0.01, *p=0.01-0.05. B) ROC
curve analysis for potential miRNAs and predicted risk of poor
outcomes after SAH. miR-502-5p had the strongest predictive
value in discriminating patients with good outcomes and those
with poor outcomes on Day 5 post-SAH, with an AUC of 0.813,
sensitivity of 70%, and specificity of 86.67%. aSAH: Aneurysmal
subarachnoid hemorrhage, AUC: Area under the curve, mRS:
Modified Rankin Scale, ROC: Receiver operating characteristic.
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ity and mortality and contribute to the global disease burden,
increases the chance of achieving good outcomes, there is
a pressing need for easily testable markers that can provide
highly accurate information for IA risk, particularly in relation
to predicting and prognosticating aSAH (40,53). miRNAs,
which are non-coding RNAs, are found in various biological
fluids, including plasma, serum, and CSF and are involved in
many physiological processes through their roles in gene ex-
pression regulation. Therefore, their abnormal expression can
often disrupt cellular and biological functions and contribute
to the development and progression of disease. Due to their
resistance to nucleases and high stability in body fluids (16),
miRNAs have been demonstrated to be potential biomarkers
for the development of numerous diseases, including cancer,
cardiovascular disease, and neurological conditions (10,42).
Recently, leveraging these characteristics of miRNAs to iden-
tify asymptomatic |1As, predict the risk of ruptured IAs, and
provide information about clinical progression has gained im-
portance. A feature of our study is that samples from ruptured
cases were collected separately on the third and fifth days of
bleeding and analyzed. The aim was to identify miRNAs that
may influence the risk of clinical deterioration, such as vaso-
spasm, around the fourth to fifth days post-bleeding.

Research on complications and prognosis following aSAH
remains limited. Few studies have examined the relationship
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between miRNA expression and factors such as vasospasm,
delayed cerebral ischemia (DCI), or overall prognosis. Unfor-
tunately, many of these findings lack consistency across dif-
ferent cohorts because of methodological heterogeneities (8).

miRNAs have the potential to serve as prognostic biomarkers
for patients with aSAH. Increase in the expression levels of
let-7b-5p, miR-19b-3p, miR-125-5p, miR-221-3p, miR-21-5p,
and miR-27a-3p in CSF have been associated with a higher
risk of delayed cerebral vasospasm (DCV) in SAH patients.
Similarly, elevated levels of let-7a-5p, miR-146a-5p, miR-204-
5p, miR-221-3p, miR-23a-3p, and miR-497-5p expression in
plasma samples taken 3 days post-aSAH have been linked to
DCV (34).

miRNAs and their target genes play distinct roles in vascular
endothelial inflammation and phenotypic changes of vessel
cells. The formation and rupture of IAs have been reported
to be associated with endothelial cell dysfunction. Therefore,
miRNAs act as epigenetic elements involved in the inflamma-
tory process of aneurysms (47,50).

In a study by Wang et al., the expression profiles of miRNAs
in CSF and plasma samples collected from patients with and
without DCV were compared 3 and 7 days after aneurysm
rupture. Notably, in CSF, miRNAs including let-7b-5p, miR-
15b-5p, miR-17-5p, miR-19b-3p, miR-20a-5p, miR-24-3p,



and miR-29a-3p demonstrated an AUC of 1, indicating per-
fect discrimination. Likewise, let-7a-5p, miR-146a-5p, miR-
204-5p, miR-221-3p, miR-23a-3p, and miR-497-5p in plasma
achieved AUCs greater than 0.8, demonstrating their strong
potential to differentiate between DCV+ and DCV- 3 days af-
ter aSAH, even before the onset of DCV events. The authors
highlighted their newly designed miRNA panel as a reliable
predictor of DCV risk, offering substantial potential for the
clinical management of aSAH patients. Previous studies also
reported that elevated miR-21-5p and miR-221-3p levels in
CSF correlated with DCI, while miR-221-3p, miR-132-3p, and
miR-19b-3p in CSF were associated with DCV. Additionally,
temporal changes of let-7b-5p and miR-92a-3p in CSF, as
well as miR-15a in both the CSF and plasma of DCI patients,
have been reported (50).

Jin et al. found that the relative expression of miR-21 was
downregulated in the serum specimens of IA patients com-
pared with controls. Of note, the reduction in miR-21 expres-
sion was most pronounced in the group with daughter an-
eurysms. They suggested that the decreased expression of
miR-21 in IA cases might offer diagnostic insights regarding
aneurysm rupture and could inform clinical intervention (15).

miRNA-21 regulates vascular smooth muscle activity by tar-
geting proteins such as phosphatase and tensin homolo-
gous protein (PTEN), Bcl-2, and PDCD-4. When miRNA-21 is
expressed at low levels, PTEN expression increases, which
reduces the phosphorylation and activation of AKT. This re-
duction is significant because AKT is a key player in an an-
ti-apoptotic and pro-proliferative pathway that limits 1A ex-
pansion and the progression of vascular disorders. Recent
scientific reports have highlighted the specific role of miR-21
in regulating the biological function of endothelial progenitor
cells (EPCs). Studies have shown that exosomes derived from
EPCs carry miR-21-5p, which specifically suppresses the
expression of thrombospondin 1 (THBS1), an angiogenesis
inhibitor, in endothelial cells, thereby facilitating the repair of
vascular endothelial cells (11,32). A study conducted by Chen
et al. in mouse models revealed that the miR-21 expression
level influences the formation and rupture of IA through the
JNK signaling pathway-mediated inflammatory response. This
finding aligns with our research (4). When the expression of
miRNA-21, which acts comprehensively and regulates mul-
tiple pathways, decreases, its protective efficacy diminishes,
contributing to aneurysm formation due to wall remodeling.
Therefore, circulating miRNA-21 expression levels may serve
as a useful diagnostic/prognostic biomarker for IAs.

miR-15a plays a significant role in ischemia-induced cere-
bral vascular endothelial damage, vascular angiogenesis,
and endothelial cell proliferation. Previously, increased and
decreased expression of miR-15a have been reported to sig-
nificantly reduce and increase cerebral vascular endothelial
cell death due to oxygen-glucose deprivation, respectively. In
addition, elevated miR-15a expression may contribute to vas-
cular proliferation or angiogenesis, potentially leading to the
development of vasospasm (56,57).

In a study by Supriya et al., miR-15a-5p expression was sig-
nificantly increased in aSAH cases compared to controls (40).
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Conversely, Kikkawa et al. (18), in evaluating the chronologi-
cal changes in miR-15a expression levels in plasma and CSF
samples of patients with SAH, found that miR-15a expression
decreased from Day 1 to Day 3 in plasma and increased in
CSF. In contrast, its expression increased in plasma from Day
5 and remained constant on Day 7. In general, since delayed
cerebral ischemia, which is the main cause of clinical dete-
rioration in patients with SAH, mostly occurs between Days
4 and 10 after the onset of SAH, miR-15a expression may
also be related to the clinical course of the cases. However,
when the clinical scores and miRNA expression of the cases
included in this study were compared, no relationship due to
miR-15a expression was noted.

Ding et al. studied changes in CSF proteins in aSAH patients
using multitargeted Olink proteomics (including a 96-neu-
rology panel and a 96-inflammation panel) to elucidate the
pathophysiology of DCI and provide valuable insights into its
molecular basis for clinical applications. Based on the neu-
rology panel, they identified several CSF proteins in aSAH
patients, mainly MSR1, siglec-1, siglec-9, CTSC, and CTSS.
These proteins are involved in defense response regulation,
vesicle-mediated transport, and regulation of immune re-
sponse. Additionally, differentially expressed proteins were
notably enriched in various pathways, including the MAPK
signaling pathway, RAS signaling pathway, cytokine-cytokine
receptor interaction, and lysosome and phagosome path-
ways. In the inflammation panel, the predominantly identified
proteins were IL-6, MCP-1, CXCL10, CXCL-9, and TRAIL,
which are involved in the cellular responses to chemokines
and chemokine-mediated signaling pathways. Additionally,
these differentially expressed proteins were mainly enriched in
cytokine-cytokine receptor interactions, viral protein interac-
tions with cytokines and their receptors, chemokine signaling
pathways, the NF-kB signaling pathway, and the Toll-like re-
ceptor signaling pathway (6). Lu et al. identified a panel of four
miRNAs (miR-4532, miR-4463, miR-1290, and miR-4793) that
can effectively distinguish SAH patients with DCI from those
without DCI, achieving an AUC of 100%. The targets of these
miRNAs were found to be enriched in various developmental
pathways, including the Wnt, hedgehog, and oxytocin signal-
ing pathways (24).

In our study, we observed a significant decrease in the ex-
pression of miR-143 in samples taken on the third day from
ruptured cases compared to controls. This finding aligns with
previous studies (14,16,39). Recently, the downregulation of
miR-143-3p and miR-125b-5p was reported to be associat-
ed with worse neurological conditions and the occurrence
of vasospasm (8). The downregulation of miR-143 has been
identified as a critical step contributing to vascular smooth
muscle cells (VSMC) phenotypic modulation, which is essen-
tial for cerebral aneurysm formation. In most IA walls, VSMCs
migrate to the intima and undergo modulation from a contrac-
tile to a synthetic phenotype. This results in their dissocia-
tion and leads to myointimal hyperplasia. Several researchers
have shown that this process leads to the loss of the struc-
tural integrity of the media, the layer that provides support to
the vessel wall (1,3,52). Xu et al. reported that both miR-143
and miR-145 interact with the 3’-UTR of KLF5, inhibiting its
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post-transcriptional expression (54). Consequently, the down-
regulation of miR-143/145, combined with the upregulation
of KLF5, suggests that VSMC phenotypic modulation signifi-
cantly influences the formation and growth of IAs. Moreover,
NLRP1, a predicted target of miR-143-3p, is a member of the
Ced-4 family of apoptosis proteins that can induce caspase-1
activation through the assembly of inflammasomes, which
are critical for the production of mature proinflammatory cy-
tokines, including IL-1B and IL-18. IL-18, a predicted target
of miR-143-3p, enhances early-stage apoptosis of cultured
human umbilical vein endothelial cells and increases vascular
endothelial cell death. These interactions suggest that miR-
143-3p may play a crucial role in the pathogenesis of IA by
regulating apoptosis and inflammation-related pathways (14).

Ryu and colleagues reported that several miRNAs, specifically
miR-4732-3p, miR-16-2-3p, miR-6885-3p, miR-29a-3p, miR-
148b-3p, miR-374b-5p, and miR-26b-5p, displayed differing
levels between patients with and without cerebral vasospasm
(CVS). Interestingly, miR-148b-3p was the only differentially
expressed mMIiRNA that interacted with rho-associated
protein kinase 1 (ROCK1). This interaction is significant, as
ROCK1 plays a role in regulating endothelial and vascular
tone during vasospasm, and miR-148b-3p was found to be
upregulated in patients. The study showed that miR-148b-3p
directly interacts with ROCK1, reducing its expression and
influencing cell growth, migration, and invasion in human brain
endothelial cells through the ROCK-LIMK-cofilin pathway.
Moreover, disruption of the ROCK-LIMK-cofilin pathway leads
to abnormal organization of the actin cytoskeleton, ultimately
causing endothelial cell dysfunction, and may contribute to
the development of vasospasm. Notably, cofilin has also been
implicated in other forms of brain injury, such as intracerebral
hemorrhage and traumatic brain injury, as it influences
inflammation and synaptic plasticity. This highlights miR-
148b-3p’s potential as a promising biomarker and therapeutic
target for CVS following aSAH (33).

An in vitro study that simulated the post-SAH extracellular
environment highlighted the critical role of exosomal miR-630in
disease pathology. When brain microvascular endothelial cells
(BMECs) were exposed to a culture medium containing blood-
cerebrospinal fluid, a significant reduction in exosomal miR-
630 level was observed, aligning closely with the alterations
in CSF exosomal miR-630 in aSAH patients. Additionally,
BMECs co-cultured with exosomes transfected with miR-630
mimics exhibited a marked upregulation of ICAM-1, VCAM-1,
and the tight junction protein ZO-1 compared to the control
group. These findings suggest that exosomal miR-630 may
play a pivotal role in modulating cell adhesion and maintaining
tight junction integrity in BMECs, potentially contributing to
the enhancement of the brain microcirculation (21).

Lopes et al. utilized an NGS platform to analyze global miR-
NA profiling in whole blood samples from 26 patients, both
with and without vasospasm. Their study identified five down-
regulated miRNAs (miR-7f-5p, miR-126-5p, miR-17-5p, miR-
451a, and miR-486-5p) and three upregulated miRNAs (miR-
146a-5p, miR-589-5p, and miR-941) that were differentially
expressed in aSAH patients compared to controls. Notably,
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in silico analysis revealed that the THBS1 and VEGFA target
genes are associated with aSAH (23). In another study in-
volving serum samples from patients with intracerebral hem-
orrhage, miR-126 showed a significant decrease in patients
compared to controls and was correlated with perihematomal
edema. The authors proposed that miR-126 can be used as a
potential biomarker for managing perihematomal edema (60).
Additionally, Yang et al. (55) found significant alterations in
miR-126 levels in patients with IA. Their results showed that
both lesion size and miR-126 expression were independent
risk factors for aneurysmal rupture, leading them to hypoth-
esize that circulating miR-126 might be a potential diagnos-
tic biomarker for 1A occurrence and rupture. Our study also
demonstrated that miR-126 expression was significantly de-
creased in ruptured cases compared to controls, suggesting
its potential as an effective marker for distinguishing between
ruptured and non-ruptured cases.

Supriya et al. (40) identified five downregulated miRNAs (miR-
146a-5p, miR-376¢c-3p, miR-18b-5p, MiR-24-3p, and miR-
27b-3p) and three upregulated miRNAs (miR-15a-5p, miR-
34a-5p, and miR-374a-5p) that can discriminate between
aSAH patients and controls. In addition, circulating levels
of miR-146a-5p and miR-27b-3p were associated with the
severity of aSAH and patient outcomes. Functional analysis
of these differentially expressed miRNAs showed that their
target genes were involved in signaling pathways related to
inflammation, suggesting they may play critical roles in IA
pathology. In a preclinical study, a decreased level of miR-
146a was observed in the perihematomal area 48 hours after
intracerebral hemorrhage, confirming its anti-inflammatory
potential (17).

A PCR array study indicated that circulating miRNA-183-
5p, miRNA-let7b-5p, and miRNA-200a-3p were differentially
expressed in aSAH patients. Most importantly, elevated levels
of miRNA-200a-3p were found exclusively in aSAH patients
and not in those with UA, indicating that circulating miR-200a-
3p may influence the risk of aneurysmal rupture. Functional
analyses of miRNA-183-5p and miRNA-200a-3p showed that
their target genes were associated with signaling pathways
involved in inflammation and cell proliferation. This evidence
suggests that these miRNAs may serve as biomarkers for
diagnosing IA and assessing the risk of its subsequent rupture
(15,27).

Zheng et al. conducted a comparative analysis of the miRNA
expression profiles of peripheral blood samples from patients
with aSAH, reporting downregulated expression of miR-23b-
3p, MiR-590-5p, miR-20b-5p, miR-142-3p, and miR-29b-3p
in aSAH patients compared to controls. These miRNAs target
genes closely linked to the formation, progression, and rupture
of IA, such as TGM2, EREG, EDN1, and COL4A1. Several
pathways implicated in SAH were enriched in their analysis,
including the Hippo signaling pathway, p53 signaling pathway,
cellular senescence, AMPK signaling pathway, focal adhesion,
osteoclast differentiation, and the cell cycle. Notably, altered
expression of MiRNA-23b-3p and miRNA-29b has been
demonstrated in IA tissues compared to normal tissues.
Additionally, miR-23b is linked to the inflammatory response,



while miR-20b-5p appears to influence the progression of
IA by modulating actin cytoskeleton biogenesis. Further
research indicates that the decreased expression of miR-590-
5p in aSAH enhances angiotensin ll-induced endothelial cell
apoptosis (58).

Our study also explored the relationships between miRNAs,
the severity of aSAH, and the clinical outcomes of the cas-
es. Lai et al. identified significant changes in the expression
of miR-502-5p and miR-1297 in aSAH patients (20). Further-
more, they reported a strong correlation between elevated ex-
pression levels of circulating miR-502-5p and poor neurolog-
ical outcomes. These findings suggest that miR-502-5p may
serve as a potential biomarker for the diagnosis and prognosis
of aSAH. In another study, Bache et al. analyzed miRNA ex-
pression in CSF samples from 63 SAH patients and assessed
its relationships with severity and post-SAH clinical outcomes
(2). They found that high levels of miR-9-3p were associated
with poor functional outcomes (MRS 3-6) 3 months later. Ad-
ditionally, they found that high levels of miR-451a were associ-
ated with poor neurological status at admission, as measured
by the WFNS grade. Two target genes of miR-451a, MMP-2
and MMP-9, are considered significant in the pathogenesis of
SAH and its complications due to their roles in the extracellu-
lar matrix and immune responses (26,37). Studies on ischemic
stroke have also shown that higher levels of miR-9 in CSF
or plasma are associated with increased severity and larger
infarct volume, suggesting its potential as a future research
target (8). The differences in sample sizes make it challenging
to directly compare these studies and our findings when as-
sessing the severity of SAH and clinical outcomes.

Our data generally align with those of previous studies. How-
ever, small sample sizes, the heterogeneity of the specimens
examined, varying sample collection time points, and different
miRNA analysis methodologies may have caused discrepan-
cies therein.

We acknowledge some limitations of our current study. First,
the small size of our study cohort is an important limitation.
Second, the samples could only be collected from RA pa-
tients at two time points (3 and 5 days post-SAH). The levels
of differentially expressed miRNA in biofluids following SAH
can be dynamic (18,32,35,36). Regularly monitoring changes
in these miRNA levels could provide more accurate timing for
predicting neurological outcomes and preventing complica-
tions, thus allowing physicians to adjust therapies for aSAH
more effectively. Finally, utilizing additional approaches, such
as high-throughput sequencing methods and miRNA-targeted
gene expression studies, could help identify novel diagnostic
and prognostic biomarkers of IAs and their subsequent rup-
ture.

B CONCLUSION

We demonstrated that miRNA expression differences are
valuable for distinguishing aSAH cases. In particular, levels of
circulating miR-146a-5p, miR-24, and miR-126 measured 72
h after aSAH showed an AUC value greater than 0.9. When
comparing the RA and UA groups, several miRNAs were
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found to be significantly altered in patients with RA. Our results
indicate that the levels of these miRNAs on the third day after
aSAH can discriminate RA from UA with a higher predicted
probability (AUC>0.8) compared to other time points.
Additionally, we showed that circulating miR-9-3p and miR-
497 have prognostic value for assessing the severity of aSAH,
while miR-451a, miR-146a-5p, miR-502-5p, and miR-497 can
predict poor clinical outcomes after admission. Future studies
are needed to validate these findings in larger cohorts and
better understand the specific roles of these miRNAs in the
progression and rupture of 1As before they are implemented
in clinical practice.
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ABSTRACT

AIM: To evaluate the potential genetic differences between systemic lupus erythematosus (SLE) and cerebrovascular disorders
(CVDs) patients.

MATERIAL and METHODS: This genetic association study conducted Mendelian randomization (MR) analyses on the derived
exposures and outcomes from summary statistics of genome-wide association studies (GWAS). This study employed univariate MR
(UVMR) analysis, multivariable MR (MVMR) analysis, and meta-analysis, using data from large genomic databases such as the UK
Biobank, FinnGen, and OpenGWAS. These methods aim to overcome confounding factors by using genetic variants as instrumental
variables to infer causal relationships.

RESULTS: UVMR analysis revealed a genetic causal relationship between SLE and ischemic stroke, with a positive correlation (odds
ratio [OR] 1.000367; 95% confidence interval [CI] 1.000074--1.00066; p=0.014). No evidence of a genetic causal relationship was
found between SLE and other types of CVDs, including cerebral aneurysm, intracerebral hemorrhage, subarachnoid hemorrhage,
stroke, and transient ischemic attack. MVMR analysis, after adjusting for confounders such as smoking and type 2 diabetes,
confirmed the robustness of the association between SLE and ischemic stroke. Furthermore, a meta-analysis of multiple MR
outcomes was conducted to verify the stability of the results (OR, 1.00037; 95% CI, 1.00008-1.00067).

CONCLUSION: Our study enhances the understanding of the genetic basis between SLE and various CVDs, particularly suggesting
a positive causal association between SLE and ischemic stroke, and we emphasize the need for further research.

KEYWORDS: Systemic lupus erythematosus, Cerebrovascular disorders, Mendelian randomization, Genetic susceptibility

ABBREVIATIONS: SLE: Systemic lupus erythematosus, CVDs: Cerebrovascular disorders, MR: Mendelian randomization, UVMR:
Univariate Mendelian randomization, MVMR: Multivariable Mendelian randomization, LD: Linkage disequilibrium, IS: Ischemic
stroke, AN: Cerebral aneurysm, ICH: Intracerebral hemorrhage, SAH: Subarachnoid hemorrhage, TIA: Transient ischemic attack
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B INTRODUCTION

ystemic lupus erythematosus (SLE) is a multifaceted,
Schronic autoimmune condition, and its development is

influenced by genetic, environmental, and immune fac-
tors, leading to impacts on various organ systems. Recently, a
growing body of epidemiological research has indicated that
SLE patients face a substantially increased risk of cerebrovas-
cular disorders (CVDs), including both ischemic and hemor-
rhagic strokes (40). The likelihood of CVDs in individuals with
SLE is reported to be 2 to 10 times greater than that in the
general population (12). However, despite these findings high-
lighting a link between SLE and CVDs, the causal relationship
remains unclear, largely owing to the challenges posed by po-
tential confounding factors and reverse causality in observa-
tional studies, which complicate the ability to draw definitive
conclusions (15).

CVDs rank among the primary causes of illness and death
globally. In patients with SLE, the intricate progression of the
disease, combined with conventional risk factors such as
hypertension, diabetes, and smoking, highlights the critical
need for investigating the genetic predisposition of individuals
with SLE to various forms of CVDs (14).

The advent of Mendelian randomization (MR) techniques of-
fers a robust means to address these limitations by employing
genetic variants as instrumental variables (IVs) to infer cau-
sality. Owing to the random distribution of genetic variants,
this method is less susceptible to biases from unmeasured
confounding or reverse causation (30). However, previous MR
analyses have produced inconsistent findings when examin-
ing the connection between SLE and the risk of CVDs (16,
21). Furthermore, while prior research has focused primarily
on specific cardiovascular events, such as one study identi-
fying a significant link between SLE and ischemic stroke and
another failing to replicate this finding, our study broadens the
scope by thoroughly examining the relationship between SLE
and a wide range of cerebrovascular outcomes. In this study,
the core scientific challenge lies in the selection and validation
of appropriate genetic instruments for MR analysis. It is crucial
to ensure that these IVs are strongly associated with SLE and
that their effect on stroke risk is mediated solely through SLE,
without confounding due to horizontal pleiotropy. This study
enhances the robustness of the findings by applying stringent
criteria for selecting IVs, using sensitivity analyses to assess
pleiotropy, and incorporating data from diverse populations.
Finally, a meta-analysis of MR outcomes across various data-
sets was conducted to validate the robustness of the conclu-
sions.

This study conducts two-sample MR analysis, along with mul-
tivariable MR analysis (MVMR) and meta-analysis, by leverag-
ing data from several extensive genomic databases, including
the UK Biobank (UKB), FinnGen, and OpenGWAS, to investi-
gate the genetic links between SLE and a range of CVDs. By
addressing the shortcomings of prior research, this study aims
to offer stronger evidence for the causal connections between
SLE and specific CVDs, such as ischemic stroke (IS), cerebral
aneurysm (AN), intracerebral hemorrhage (ICH), subarachnoid
hemorrhage (SAH), stroke, and transient ischemic attack (TIA).
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B MATERIAL and METHODS

This study adheres to the STROBE-MR guidelines, which are
essential for reporting observational epidemiological research
employing MR framework (31). Statistical analyses were con-
ducted via R version 4.2.3, which employs the TwoSampleMR
and MR packages for robust computational processing (18).

No human subjects were directly involved in this study. All data
used in this study were derived from existing de-identified
biospecimens from previous studies. Therefore, this study did
not require ethical approval or patient consent.

Study Design

In our MR analysis, we articulate three principal hypotheses: (i)
There exists a robust association between IVs and exposures.
(i) These IVs are statistically independent of confounding
variables. (iii) The influence of Vs on the risk of outcomes is
mediated directly via exposure rather than through alternative
pathways. Figure 1 presents the flowchart of the study design.

Instrumental Variables Selection

The data on SLE and CVDs were obtained from a study of
the European population (Table ). The SLE data were derived
from the study conducted by Bentham et al. (3). For cerebro-
vascular diseases, data on AN, ICH, IS, SAH, stroke, and TIA
were extracted from the UKB (33). From the FinnGen data-
base, data on AN, ICH, SAH, stroke, and TIA were obtained
(23). Additionally, from the Genome-Wide Association Stud-
ies (GWAS), we extracted stroke data on AN, ICH, ischemic
stroke, and SAH published by Sakaue et al. (27); stroke data
published by Donertas et al. (11); TIA data published by Tray-
lor et al. (36); data on ICH, SAH, and TIA published by Jiang et
al. (22); and IS and stroke data published by Malik et al. (25).
Using the TwoSampleMR package, genome-wide significant
SNPs (p<5x10-%) were identified and combined to maintain
independence, with a linkage disequilibrium (LD) threshold of
r’<0.001 and a distance of 10,000 kb. LD refers to the non-
random association between adjacent genes or genetic mark-
ers in the genome. By using stringent criteria to select IVs,
studies can better explain causal relationships while reducing
confounding effects caused by LD (32). To assess the strength
of the association between the selected Vs and exposures,
F statistics are computed for each instrumental variable. To
evaluate the robustness of the genetic instruments, an F sta-
tistic threshold of 10 is applied to determine instrument valid-
ity, reducing the risk of bias introduced by weak instruments
(17). Additionally, sensitivity analyses are performed via the
MR-PRESSO approach to further assess the robustness of
the results.

Study Outcomes

UKB is a biomedical database and research resource that
contains genetic, lifestyle, and health information of approx-
imately 500,000 participants aged between 40 and 69 years
from the UK (8). Data from individuals of pan-European ances-
try were obtained from the UKB. Stroke-related data of inter-
est were selected, and summary statistics were downloaded
from the Neale-UKB project portal website.

FinnGen is a research resource that includes analyses of ge-
nomic and health registry data of approximately 500,000 Finn-
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Figure 1: A diagram of the study workflow.

Table I: Characteristics of the Genome Wide Association Studies Used in This Study

R2for F statistic

Data sources Traits GWASID Sample.size Cases Controls Ancestry SLE for SLE
Bentham J. SLE ebi-a-GCST003156 14267 5201 9066 European

UK Biobank AN 19_ ANEURYSM 361194 225 360969 European 0.223 97.5
UK Biobank ICH ICD10_l61 361197 496 360701 European 0.238 90.2
UK Biobank IS 19_STR_EXH 361194 3314 357880 European 0.253 96.2
UK Biobank SAH ICD10_160 361178 626 360552 European 0.256 94.7
UK Biobank Stroke ICD10_lI64 361194 742 360452  European 0.258 93.1
UK Biobank TIA 20002_1082 361141 1369 359772  European 0.271 95.2
FinnGen AN 19_ANEURYSM 345255 2582 342673 European 0.271 95.2
FinnGen ICH 19_ICH 343663 3749 339914  European 0.271 95.2
FinnGen IS 19_STR_EMBOLIC 344046 1373 342673  European 0.254 96.4
FinnGen SAH 19_SAH 343211 3289 339922 European 0.265 98.0
FinnGen Stroke 19_STR 311635 39818 271817  European 0.221 91.0
FinnGen TIA 19_TIA 360692 18398 342294  European 0.237 87.6
Sakaue AN ebi-a-GCST90018816 473683 945 472738  European 0.271 95.2
Sakaue ICH ebi-a-GCST90018870 473513 1935 471578  European 0.271 95.2
Sakaue IS ebi-a-GCST90018864 484121 11929 472192  European 0.237 87.6
Sakaue SAH ebi-a-GCST90018923 473255 1693 471562  European 0.271 95.2
Handan Stroke  ebi-a-GCST90038613 484598 6925 477673 European 0.271 95.2
Traylor TIA ebi-a-GCST90014123 232596 7338 225258 European 0.234 91.1
Jiang L ICH GCST90043996 456348 158 456190 European 0.226 88.0
Malik R IS ebi-a-GCST005843 440328 34217 406111  European 0.266 98.5
Jiang L SAH GCST90043993 456348 832 455516  European 0.271 95.2
Malik R Stroke ebi-a-GCST005838 446696 40585 406111  European 0.266 98.5
Jiang L TIA GCST90044001 456348 2045 454303 European 0.269 96.8

F statistic= ((N-K-1) / K) * (R/(1-R)) R2 = 2 * eaf * (1 - eaf) * beta? N: Sample size of the exposure GWAS study. K: Number of SNPs. beta: Column
containing the effect size for each SNP. R2: Proportion of variance in the exposure explained by the IVs. eaf: Column containing the effect allele
frequency for each SNP,
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ish individuals, encompassing low-frequency and high-impact
variants (23). Stroke-related data of interest were selected,
and summary statistics were downloaded from the FinnGen
portal website.

To replicate the causal relationship between SLE and CVDs,
data on SLE and CVD-related aspects of European popula-
tions were downloaded from the OpenGWAS API (13,18). The
definitions of SLE, AN, ICH, ischemic stroke, SAH, stroke, and
TIA, as well as the number of individuals in the experimental
and control groups, are presented in Table I.

Statistical and Sensitivity Analyses

The statistical analysis for MR was performed via the two-
sample MR, Mendelian randomization, and MR-PRESSO
packages in R (version 4.2.3) (18,41). The primary approach
applied is the inverse variance weighted (IVW) method, with
additional analyses conducted using the MR Egger technique
as secondary methods (4,5,7,17). The sensitivity tests include
heterogeneity, multiplicative heterogeneity, and leave-one-
out analysis (9,39). Heterogeneity was evaluated through IVW
analysis and MR-Egger regression, with Cochran’s Q test p
values indicating the level of heterogeneity. To detect and
correct for horizontal pleiotropy, the MR-PRESSO method
is employed, identifying and adjusting outliers (p<0.05) to
compare estimates before and after correction. A leave-
one-out test is conducted to verify the robustness of the MR
analysis. The outcomes are reported as odds ratios (ORs) with
95% confidence intervals (Cls), along with beta coefficients
and standard errors (se). P values less than 0.05 were
considered statistically significant.

The positive results of UVMR analysis are expanded through
MVMR. After adjusting for potential confounding factors
such as smoking and type 2 diabetes (T2D), a direct causal
relationship between SLE and stroke outcomes associated
with UVMR was confirmed. For false discovery rate (FDR)
correction in MVMR analysis, adjusted P values are calculated
via the Benjamini-Hochberg procedure, which ranks the P
values from smallest to largest and applies a correction factor
on the basis of the number of tests performed. A significance
threshold of p<0.05 after FDR correction was used to identify
statistically significant associations (26).

Meta-Analysis Approach

To validate the consistency and generalizability of our find-
ings, a meta-analysis is conducted by synthesizing results
from multiple independent datasets, including the UKB, Fin-
nGen, and OpenGWAS datasets. To assess the robustness of
the analysis, Cochran’s Q test and the I? statistic were used
to quantify between-study heterogeneity. A random-effects
model is applied to account for potential variability across
studies, minimizing bias and providing more conservative ef-
fect estimates.

IVW effect estimates for SLE on different types of CVDs are
separately calculated using data from UKB, FinnGen, and
OpenGWAS. These estimates are then combined in a ran-
dom-effects meta-analysis (38). Dichotomous data with ORs
and corresponding 95% Cls were used as effect measures.
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Prediction intervals are employed to estimate the range of out-
comes in future studies while considering interstudy variability
and uncertainty. Heterogeneity was assessed via Cochran’s Q
test, with significance set at p<0.1, and further quantified via
the I? statistic. An I2 value less than 50% indicates low hetero-
geneity, whereas values between 50% and 75% suggest high
heterogeneity (10). The findings revealed a significant associ-
ation between SLE and various types of stroke, with a bilateral
p<0.05 considered potentially significant. The meta-analysis
was conducted via the meta package in R (1).

B RESULTS

The study included individual data of European descent ex-
tracted from UKB, FinnGen, and other extensive cohort stud-
ies. Definitions and sources of disease diagnoses for SLE, AN,
ICH, ischemic stroke, SAH, stroke, and TIA are provided in
Table I. On the basis of the correlation between SLE and dif-
ferent CVDs, genetic markers were identified (Table II-lll). The
UVMR effects of genetic proxies for SLE on different types of
CVDs were estimated separately in UKB, FinnGen and oth-
er large databases (Table Ill). After adjusting for confounders
such as smoking and T2D, MVMR outcomes were analysed
to validate the robustness of the outcomes (Table 1V). The
IVs and outcomes extracted from the reverse UVMR analysis
are presented in Tables V-VI. The UVMR outcomes were then
combined in a random-effects meta-analysis. All Vs demon-
strated strong validity (F statistic greater than 10) (Table I). No
significant abnormalities were observed in horizontal pleiotro-
py or heterogeneity tests for any of the MR analyses (Table IlI).

Associations Between SLE and the Risk of Different
Types of CVDs

Univariate Mendelian Randomization

When the UKB was used as the primary exposure outcome,
the results of univariate MR-IVW analysis suggested a genetic
causal relationship between SLE and ischemic stroke. We
observed a positive correlation between genetically predicted
SLE and ischemic stroke (OR, 1.000367; 95% ClI, 1.000074--
1.00066; p=0.014; Figure 2 and Table lll). We further validated
other types of CVDs in the UKB and found no evidence of a
correlation between SLE and the risk of AN, ICH, SAH, stroke,
or TIA (Table lll). We conducted sensitivity analyses via MR-
Egger mode. In the sensitivity analysis of SLE and stroke,
only the MR-Egger results were contrary to those of the other
methods. The results of the remaining sensitivity analyses were
consistent with the direction of IVW. The scatter plots indicate
that in all association analyses, the MR-Egger intercept did
not significantly deviate from 0, and there was no evidence
of pleiotropy (pleiotropy test >0.05) (Figure 3 and Table llI).
Leave-one-out analysis was used to validate the reliability of
the results (Figure 3).

We further validated in other cohort studies that there was
no evidence of a correlation between SLE and the risk of
ischemic stroke. In all cohorts, we found no evidence of a
genetic causal relationship between SLE and AN, ICH, SAH,
stroke, or TIA (Table IlI).
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Table lI: Identifying Robust Instrumental Variables for SLE

SNP Sample size p-value Se Beta Effect allele Other allele
rs6679677 14267 4 55E-13 0.046485 0.336472 A C
rs4661543 14267 9.40E-11 0.042376 0.274437 G T
rs10912578 14267 1.65E-15 0.030992 0.24686 A G
rs17849501 14267 1.81E-59 0.049864 0.81093 T C
rs6671847 14267 6.64E-12 0.028965 0.198851 A G
rs4916215 14267 5.07E-11 0.033969 0.223144 T C
rs12094036 14267 1.37E-08 0.05786 0.328504 T C
rs13019891 14267 1.65E-83 0.029034 0.562119 G T
rs2573219 14267 1.13E-42 0.042929 0.587787 C A
rs10200680 14267 4.96E-09 0.042484 0.248461 C T
rs268124 14267 8.60E-09 0.03237 0.18633 T C
rs2459611 14267 7.62E-09 0.045245 0.261365 T C
rs4274624 14267 9.73E-66 0.032679 0.559616 C T
rs10048743 14267 2.04E-08 0.041206 0.231112 G T
rs34703115 14267 4.08E-09 0.104778 0.616186 T C
rs1464446 14267 2.79E-16 0.04015 0.328504 G T
rs9852014 14267 2.26E-36 0.049273 0.620577 G A
rs13136219 14267 3.50E-10 0.027787 0.174353 C T
rs1078324 14267 7.11E-20 0.078167 0.71335 C A
rs4388254 14267 3.71E-10 0.060398 0.378436 T C
rs2431697 14267 2.60E-14 0.029296 0.223144 T C
rs6889239 14267 2.19E-18 0.03174 0.277632 C T
rs389884 14267 2.92E-102 0.043232 0.928219 G A
rs9274357 14267 1.28E-38 0.035196 0.457425 T C
rs7768653 14267 3.11E-12 0.029689 0.207014 C T
rs12524498 14267 2.48E-08 0.120793 0.673345 G T
rs58721818 14267 3.38E-18 0.075594 0.65752 T C
rs150180633 14267 2.66E-41 0.068957 0.928219 T C
rs35000415 14267 1.86E-45 0.041539 0.587787 T C
rs2736332 14267 4.83E-18 0.032069 0.277632 C G
rs7823055 14267 1.64E-34 0.028621 0.350657 G T
rs7899626 14267 4.19E-08 0.033253 0.182322 T C
rs7097397 14267 8.60E-11 0.028712 0.18633 G A
rs58688157 14267 2.97E-11 0.033565 0.223144 A G
rs353608 14267 2.93E-11 0.02802 0.18633 G A
rs73050535 14267 9.11E-09 0.124134 0.71335 C T
rs597808 14267 3.51E-08 0.029474 0.162519 A G
rs1143679 14267 5.03E-48 0.039987 0.582216 A G
rs13332649 14267 5.43E-17 0.037568 0.314711 A G
rs143123127 14267 2.23E-08 0.084034 0.470004 A G
rs35251378 14267 3.61E-13 0.032427 0.235722 G A
rs73068668 14267 4.40E-08 0.05749 0.314711 G A
rs3747093 14267 2.88E-14 0.034506 0.262364 A G

Select genome-wide significant SNPs for SLE (p<5x10-8), ensuring independence with an r? < 0.001 for linkage disequilibrium and a distance
of 10,000 kb. Se: Standart error.
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Table Ill: The Univariate Mendelian Randomization of Genetic Proxies for SLE on IS, AN, ICH, SAH, Stroke and TIA in the UK Biobank,
FinnGen, IEU and GWAS Catalog Databases.

Heterogeneity Pleiotropy

Outcomes Method SNPs Beta Se p-value tests test
Q p-value p-value
UK Biobank
MR Egger 38 0.0004545  0.0003141 0.1565208  0.1330163
Ischemic stroke 0.7524929
VW 38 0.000367 0.0001493 0.0139635*  0.1558752
MR Egger 33  -0.0001177  8.43E-05 0.1728961  0.2166895
Cerebral aneurysm 0.2964794
VW 33 -0.0000389  4.02E-05 0.3332591  0.2089223
MR Egger 38  -0.0001262  0.0001247 0.3181248  0.2130197
Intracerebral hemorrhage 0.7063034
VW 38  -0.0000846  0.0000587 0.1495237  0.2422703
Subarachnoid MR Egger 39  -0.0002222  0.0001236 0.0803506  0.6111911 01372706
hemorrhage VW 39  -0.0000579  0.0000598 0.3327382  0.5485976 '
MR Egger 40  -0.0000023  0.0001429 0.9870552  0.3077826
Stroke 0.6064423
VW 40 0.0000626  0.0000685 0.3607582  0.3369019
MR Egger 41 -0.0000751  0.0001927 0.6990531  0.1420934
Transient ischemic attack 0.6878885
VW 41 -0.0000069  0.0000929 0.9404493  0.1631692
FinnGen
MR Egger 38 0.0268424  0.0500244 0.5948539  0.7928841
Ischemic stroke 0.5810486
VW 38 0.0021593  0.0231927 0.9258213  0.8150444
MR Egger 41 0.0186737  0.0395707 0.6396221  0.1692403
Cerebral aneurysm 0.9777643
VW 41 0.019656 0.0181996 0.2801319  0.1983929
Intracerebral MR Egger 41 -0.0503262  0.0323408 0.1277578  0.2055257 0.357045
hemorrhage VW 41 -0.02372 0.0150735 0.1155749  0.2076139 '
Subarachnoid MR Egger 39 0.0122422  0.0371933 0.743897 0.1014085 0.6470525
hemorrhage VW 39 0.0274719  0.0169944 0.105982 0.1171651 '
MR Egger 35  -0.0261687  0.0135192 0.0615134  0.2402225
Stroke 0.1082091
VW 35  -0.006117 0.0060882 0.3150282  0.1761803
Transient ischemic MR Egger 39  -0.0133896  0.017999 0.4616303  0.1295774 03083050
attack VW 39 0.0004787  0.0077546 0.9507814  0.1339409 '
IEU
MR Egger 38  -0.0033896  0.011596 0.7717279  0.5575338
Ischemic stroke 0.781113
VW 38  -0.0004924  0.0052316 0.9250126  0.6003995
MR Egger 41 -0.0270455  0.0561382 0.6326646  0.7195153
Cerebral aneurysm 0.680128
VW 41 -0.0064915  0.026518 0.8066129  0.7505296
Intracerebral MR Egger 41 0.0012602  0.0325245 0.9692916  0.3979051 0.6730485
hemorrhage VW 41 -0.0033626  0.0150381 0.8230633  0.4407831 '
Subarachnoid MR Egger 41 -0.0331494  0.0391241 0.4020033  0.0898489 04778044
hemorrhage VW 41 -0.0083868  0.018234 0.6455498  0.0973094 '
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Table llI: Cont.
Heterogeneity Pleiotropy
Outcomes Method SNPs Beta Se p-value tests test
Q p-value p-value
MR Egger 4 -0.0002526 0.0002999 0.4048778 0.3395831
Stroke 0.2205481
(WA 4 0.0000739 0.0001466 0.6142352 0.3157272
MR Egger 37 0.0351295 0.0259391 0.1843189 0.4464989
Transient ischemic attack 0.4785699
Ivw 37 0.018841 0.0123974 0.1285717 0.4695658
GWAS Catalog
MR Egger 39 -0.0022559 0.0121873 0.8541578 0.1933407
Ischemic stroke 0.6194726
WA 39 0.0031688 0.0055303 0.5666545 0.2166684
MR Egger 37 -0.0879597 0.1449075 0.5477648 0.5056632
Intracerebral hemorrhage 0.7689564
Ivw 37 -0.05069 0.0717484 0.479879 0.5492968
Subarachnoid MR Egger a4 -0.1075429 0.0588226 0.0751672 0.8832752 0.101926
hemorrhage Ivw a4 -0.0215335 0.0286975 0.4530363 0.824411 '
MR Egger 39 0.0022268 0.0113727 0.8458378 0.1922506
Stroke 0.9264027
Ivw 39 0.0012885 0.0051804 0.8035746 0.2243507
MR Egger 40 -0.0241888 0.0379735 0.5279504 0.4621167
Transient ischemic attack 0.8404686
IVW 40 -0.0174683 0.0184679 0.3442112 0.5060334

* p value <0.05.

SNPs: Single nucleotide polymorphisms; Se: Standard error; IVW: Inverse variance weighted.

Table IV: The Multivariable Mendelian Randomization Effect of SLE on Ischemic Stroke After Adjusting for Smoking and Type 2 Diabetes

Exposure Outcome beta Se p-value Adjusted F statistic Q stat Q
p-values p-value

Systemic lupus Ischemic stroke 0.000387 0.000141 0.00677 0.020311 23.55347 187.8418 0.065384

erythematosus

Diabetes Mellitus, Type 2 Ischemic stroke 0.000648 0.000384 0.09335 0.140025 56.39439 187.8418 0.065384

Tobacco Smoking, Current

Ischemic stroke 0.00959 0.006624 0.149605 0.149605

6.307108 187.8418 0.065384

Se: Standard error.

Table V. Identifying Robust Instrumental Variables for Ischemic Stroke in UK Biobank

SNP Sample size p-value Se Beta Effect allele Other allele
rs116676869 361194 2.13539e-06 0.000447294 0.00212028 A G
rs117184775 361194 2.67794e-06 0.00110861 0.00520402 A G
rs118001501 361194 1.6788e-06 0.000668369 -0.00320066 G T
rs12665721 361194 4.00247e-06 0.000230751 0.00106407 C T
rs142726048 361194 4.56208e-06 0.000649805 0.00297874 A G
rs149541600 361194 4.52765e-06 0.000936969 0.00429659 T C
rs151319393 361194 1.84923e-06 0.000681006 0.00324793 T A
rs16955419 361194 1.0722e-06 0.000487215 0.00237663 G T
rs17336988 361194 5.91489e-07 0.000875933 0.00437447 A G
rs35847387 361194 7.22471e-07 0.000410946 0.00203637 T C
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Table V. Cont.

SNP Sample size p-value Se Beta Effect allele Other allele
rs4307235 361194 1.13945e-06 0.000237493 0.00115564 T C
rs6054662 361194 3.16397e-08 0.000317744 -0.00175783 T C
rs62174635 361194 4.35309e-06 0.000789791 0.00362817 T C
rs6564437 361194 3.95323e-06 0.000264794 -0.00122173 C T
rs66961966 361194 4.42965e-06 0.000598503 0.00274725 G C
rs7085903 361194 7.79616e-07 0.000273432 -0.00135089 T C
rs72781382 361194 1.15692e-06 0.000980832 0.00476975 C T
rs7501414 361194 3.23506e-06 0.000328134 -0.00152759 C A
rs75238399 361194 4.01368e-06 0.000833806 0.00384447 A G
rs75259736 361194 9.38906e-08 0.000285389 -0.00152349 A T
rs75415430 361194 3.15976e-06 0.000576427 0.00268628 T C
rs76307406 361194 2.58378e-06 0.000475683 0.00223641 A C

Select genome-wide significant SNPs for SLE (p<5x10-6), ensuring independence with an r’<0.001 for linkage disequilibrium and a distance of

10,000 kb.

Table VI. The Univariate Mendelian Randomization of Genetic Proxies for IS on SLE in the UK Biobank

Heterogeneity Pleiotropy

Outcomes Method SNPs Beta Se p-value tests test
Q p-value p-value
UK Biobank
MR Egger 16 -6.4407259 16.11462417 0.695 0.7418789
Ischemic stroke 0.80194265
VW 16 -7.2543813 7.1918339 0.313 0.8019426

SNPs: Single nucleotide polymorphisms; Se: Standard error; IVW: Inverse variance weighted.

Reverse UVMR analyses revealed that the genome-wide
significant SNPs (p<5x10%) for ischemic stroke provided by
the UKB may not exhibit a causal association with systemic
lupus erythematosus (SLE) (p=0.802) (Tables V-VI).

Multivariable Mendelian Randomization

Within the MVMR framework, the positive results of UVMR
analysis were extended via MVMR. After adjusting for
potential confounders such as smoking and T2D, we validated
a more direct causal relationship between SLE and ischemic
stroke outcomes that was associated with UVMR (Table V).
We found that after adjusting for the effects of smoking and
T2D, the causal relationship between SLE and ischemic stroke
in the UKB remained stable (beta, 0.000387; se, 0.000141;
p=0.007). When the FDR method was used to correct for
potential Type | errors, a positive association between SLE
and ischemic stroke was observed (P-adjust =0.02).

Meta-analysis

A meta-analysis of all outcomes between SLE and different
types of CVDs revealed a positive causal association between
SLE and ischemic stroke (OR, 1.00037; 95% CI, 1.00008-
1.00067; Figure 4). There was no evidence of heterogeneity or
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pleiotropy. In the meta-analysis of SLE patients with AN, ICH,
SAH, stroke, and TIA outcomes, we found no evidence of a
genetic causal relationship. Similarly, there was no evidence
of heterogeneity or pleiotropy (Figure 5).

B DISCUSSION

Previous observational studies and several recent MR
analyses have provided inconsistent explanations regarding
the associations between SLE and CEVs (12,16,21). Our study
further provided genetic evidence supporting the association
between SLE and ischemic stroke, as demonstrated through
UVMR (OR, 1.000367;95% Cl, 1.000074--1.00066) and MVMR
(beta, 0.000387; se, 0.000141; p=0.007). Furthermore, a meta-
analysis integrating data from various genetic levels indicated
that SLE patients may have an elevated risk of ischemic stroke
(OR, 1.00037; 95% CI, 1.00008-1.00067). Nevertheless, there
is currently no evidence of a causal relationship between SLE
and AS, ICH, SAH, stroke, or TIA. Reverse UVMR analysis
indicated that ischemic stroke, as indicated by the UKB, may
not be causally associated with SLE (p=0.802). These findings
suggest that there may be a unidirectional causal relationship
between SLE and ischemic stroke.
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Figure 2: MR effect size for systemic lupus erythematosus on ischemic stroke.

Global Incidence and Risks in SLE

Recent studies have reported that approximately 3.4 million
people worldwide are affected by SLE. Each year, 400,000
new cases of systemic lupus erythematosus are diagnosed
globally (19,29). Observational studies have emphasized that
SLE patients face an increased risk of cardiovascular and
cerebrovascular diseases. However, researchers have objec-
tively noted that most of the literature focuses on data from
national registries, where significant discrepancies in the inci-
dence and prevalence of SLE are observed. Additionally, the
associations between SLE and various CVDs have not been
well explained. Observational studies may have potential
confounding or reverse causality biases (2,24). For example,
hypertension or oral anticoagulants in SLE patients may influ-
ence CVDs, but such factors are difficult to control in clinical
studies. MR, which is based on genetic variations assigned
at birth, is not affected by drugs, the environment, or other
factors and can be used to assess the correlation between

genetic markers of SLE and CVDs effectively. Unfortunately,
recent MR analyses have not provided consistent evidence
for a causal relationship between SLE and CVDs (16,21,34).
The primary considerations are pleiotropy and heterogeneity
between studies, as well as limitations in study populations. It
is necessary to conduct larger MR analyses, combining out-
comes from different databases and study populations.

Potential Problems

Our study effectively analysed the correlation between SLE
genetic susceptibility and different cerebrovascular diseases
via MR analysis. CVDs include ischemic CVDs and hemor-
rhagic CVDs, with the former being more common in SLE pa-
tients. Compared with that in non-SLE patients, the incidence
of ischemic stroke in SLE patients is as high as 90%, whereas
the incidence of nonischemic stroke is 63%. Additionally, the
incidence of widespread cerebral infarction in SLE patients
is significantly greater than that in non-SLE patients (69.4%
vs. 18.7%) (37). Previous studies have shown that the risk of
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Figure 3: The UVMR effect of SLE-associated SNPs on ischemic stroke in the UKB.
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Figure 4: Combined random-effects model meta-analysis of the effect of SLE on ischemic stroke in the UK Biobank, FinnGen, IEU and
GWAS Catalog.
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Figure 5: Combined random-effects model meta-analysis of the effect of SLE on AN, ICH, SAH, Stroke, and TIA in the UK Biobank,

FinnGen, IEU and GWAS Catalog.
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thrombosis persists throughout the course of SLE, acceler-
ating atherosclerosis and vascular calcification and thereby
increasing the risk of ischemic stroke. SLE patients often have
other cardiovascular risk factors, such as smoking and diabe-
tes, which further increase the risk of CVDs (28). Therefore, it
is crucial to comprehensively assess and manage the impact
of these comorbidities and validate the correlation between
SLE and CVDs. We used MVMR to adjust for potential con-
founding factors such as smoking and type 2 diabetes, further
validating the correlation between SLE genetic susceptibility
and a high risk of ischemic stroke. Moreover, our MR analysis
did not reveal a correlation between SLE genetic susceptibility
and AN, ICH, SAH, overall stroke, or TIA. This finding does not
align with the outcomes of observational studies, and the un-
derlying mechanisms are currently unclear. The mechanisms
of AN, ICH, SAH, overall stroke, and TIA are closely related
to the structural integrity of the vascular wall, blood pressure
control, and endothelial function, and these pathological pro-
cesses may not be directly influenced by SLE-related genes.
SLE genetic susceptibility may be related to immune sys-
tem abnormalities (such as the production of autoantibodies
and complement system activation), and these factors may
have limited direct effects on vascular lesions. For example,
chronic immune activation in SLE, characterized by elevated
levels of autoantibodies and inflammatory cytokines such as
TNF-a and IL-6, has been associated with endothelial dys-
function and plaque formation in cerebral arteries (40). These
immune-mediated processes can disrupt vascular homeo-
stasis, promote atherosclerosis and increase the risk of isch-
emic stroke. Additionally, complement activation, a hallmark
of SLE, has been linked to vascular injury and an increased
risk of thromboembolic events, potentially contributing to the
pathogenesis of ischemic stroke (6). The deposition of im-
mune complexes and the generation of complement-derived
anaphylatoxins can further exacerbate endothelial damage
and microvascular thrombosis, creating a pro-thrombotic en-
vironment that predisposes SLE patients to cerebrovascular
events (20). MR analysis relies on the validity of the select-
ed instrumental variables, specifically whether these genetic
variations affect the risk of AN, ICH, and TIA by influencing
SLE risk. If the instrumental variables do not fully meet this
assumption (e.g., they also affect vascular health through
other pathways), the study results may be biased, making it
difficult to detect significant associations. We included data
from several large databases, all of which involved European
populations (Table ), to minimize the interference caused by
population stratification features such as race and geography
(82). Of course, we acknowledge that we cannot fully control
for confounding factors related to population stratification.
Therefore, we conducted heterogeneity tests to assess the
degree of heterogeneity and further evaluate the reliability of
the outcomes (42,43).

Influence on Clinicians

In our study, we further optimized the MR analysis by ensuring
the selection of robust instrumental variables. Additionally, we
applied various sensitivity analysis methods and combined
meta-analyses to verify the stability of the outcomes. How-
ever, further studies with larger sample sizes and multicenter
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studies are still needed. A longitudinal study design combined
with MR analysis was used to track the occurrence of cardio-
vascular events in SLE patients over time (35). The associa-
tions between SLE populations with different characteristics,
such as sex or age, and various CVD subgroups should be
investigated, confounding factors should be reduced, and ge-
netic associations should be further elucidated (34). While our
MR analysis suggested a genetic causal relationship between
SLE and ischemic stroke, it was important to recognize the in-
herent limitations of MR in establishing causality. While robust,
MR findings are ultimately observational in nature and require
experimental validation to confirm causality. Future studies
should aim to validate these genetic associations through
experimental approaches, such as animal models or in vitro
studies, to directly assess the impact of SLE-related genet-
ic variants on vascular pathology and stroke risk. Additional-
ly, clinical trials targeting specific pathways identified in this
study (e.g., immune system activation or complement regu-
lation) could provide further insights into the causal mecha-
nisms linking SLE to ischemic stroke (19).

Limitations

Our study revealed a causal association between SLE genetic
susceptibility and CVDs, but it is important to acknowledge
the limitations of the methodology and data sources.

1) Sample population limitations: The genetic data analysed in
this study were predominantly derived from European popu-
lations, limiting the generalizability of our findings to non-Eu-
ropean cohorts. Furthermore, a systematic review of the lit-
erature revealed no large-scale genetic studies investigating
SLE-CVDs relationships in non-European populations, under-
scoring the reliance on Eurocentric datasets and the uncertain
applicability of our conclusions to ethnically diverse cohorts.

2) Selection of instrumental variables: Although we used
stringent criteria to screen instrumental variables (p<5x1078,
LD r2 <0.001), there remains the possibility that instrumental
variables may not have completely eliminated potential bias.
Specifically, instrumental variables might influence stroke risk
through pathways other than SLE, which could lead to biased
results.

3) Limitations of genetic data sources: Although we used mul-
tiple large databases (e.g., UKB, FinnGen, and OpenGWAS)
for data analysis, the coverage and accuracy of certain ge-
netic variants in these databases may be limited, potentially
affecting the robustness of the study results.

4) Unmeasured confounding factors: We acknowledge that
unmeasured confounding factors, such as diet, physical
activity, or other environmental exposures, could still bias our
results. Furthermore, while our sensitivity analyses provided
some reassurance against horizontal pleiotropy, they cannot
entirely rule out its presence, particularly if pleiotropic effects
are correlated with IV-exposure associations.

5) Limitations of the study design: Although MR analysis
partially avoids reverse causation and confounding bias, it
relies on the assumption of a gene-phenotype association,
which may make it difficult to fully capture the impact
of SLE on stroke risk under certain complex biological



mechanisms. While we employed robust sensitivity analyses
(e.g., MR-Egger, MR-PRESSO) to address these issues,
residual biases may still exist. Furthermore, MR findings are
inherently observational and cannot replace experimental
evidence. Therefore, our results should be interpreted as
suggestive of a causal relationship, with further validation
through experimental and clinical studies. Future research
should incorporate longitudinal study designs to assess the
incidence of CVDs in SLE patients more comprehensively
more comprehensively. These limitations highlight the caution
needed when interpreting the association between SLE
and CVDs in this study and provide directions for further
improvements in future research.

B CONCLUSION

This study utilized MR analysis to explore the potential causal
associations between SLE and multiple CVDs. Our findings
present novel genetic evidence supporting a causal link
between SLE and ischemic stroke. However, no significant
genetic causal associations were identified between SLE and
other types of CVDs. These results highlight the necessity of
further investigations to validate and expand our findings.
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ABSTRACT

AIM: To evaluate the patients who underwent surgery with a diagnosis of Moyamoya disease (MMD), and to contribute to the
literature from a single-center in Tirkiye.

MATERIAL and METHODS: Patients were evaluated retrospectively based on age, symptoms, history of cerebrovascular events
(CVE), genetic disorders, pre-operative (pre-op) radiological stage, surgical technique, post-operative (post-op) improvement, and
post-op radiological staging. The absence of new CVEs and reduced seizure frequency were considered indicators of clinical
improvement.

RESULTS: A total of 7 patients, 4 of whom had bilateral MMD, underwent surgery. The average age was 11.8 + 5 years. 4 patients
(57%) presented with cerebrovascular events as symptoms, and the remaining 3 patients (43%) presented with headaches. Cranial
digital subtraction angiography (DSA) revealed that the patients were in advanced stages (Suzuki Stage 4.9 + 1.1). Encephalo Duro
Arterio Myo Synangiosis (EDAMS) surgical technique was performed on 10 hemispheres, and a combined bypass (EDAMS + direct)
was performed on 1 hemisphere. Clinical improvement was observed approximately 6 months postoperatively. During follow-
up, disease progression in the contralateral hemisphere with associated symptoms was noted in 4 patients, and these patients
subsequently underwent surgery on the contralateral hemisphere. The average time between the first and second surgeries was 15
+ 7.7 months. Post-operative follow-up was conducted with DSA, and radiological success was defined as Lucia Stage 2 + 0.85. No
clinical difference was observed between craniotomy and craniectomy as surgical techniques. No differences were found between
vessel selection and clinical outcomes.

CONCLUSION: The EDAMS protocol has proven to be an effective treatment method for pediatric patients with MMD. Post-
operative clinical improvements are rapidly observed, followed by radiological improvements. Patients may experience progression
from unilateral to bilateral disease, which can progress quickly.

KEYWORDS: Moyamoya, EDAMS, Incision technique, Craniotomy, Turkiye
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B INTRODUCTION

oyamoya disease (MMD), which was first reported
Min 1957, is an idiopathic condition characterized by

nonatherosclerotic progressive stenosis of intracra-
nial arteries, and it typically involves the distal internal carotid
artery (ICA), the proximal branches of the anterior cerebral ar-
tery (ACA), and the middle cerebral artery (MCA). This steno-
sis results in irregular neovascularization and elevates the risk
of infarction and hemorrhage (3,43). Cerebrovascular events
(CVE), including transient ischemic attacks (TIA), stroke, and
hemorrhage, are the most frequent symptoms reported by
these patients (23). Ischemic CVEs are more prevalent in pedi-
atric patients, whereas hemorrhagic CVEs are more common
in adults (10). It is not uncommon for MMD to progress from
unilateral to bilateral involvement, and the brain parenchyma
can be affected unilaterally or bilaterally (27).

The diseased prevalence is 0.086 per 100,000 individuals,
with the highest prevalence among Japanese children (6.03
per 100,000) (36). MMD exhibits a bimodal age distribution,
with peaks at ages 5-9 and 35-50 years, and it predominantly
affects females (8).

Although medical and endovascular techniques have been
employed in treatment, their long-term efficacy is restricted
(16,17,33). Currently, surgical revascularization techniques in-
cluding direct and indirect bypass are considered as the most
effective treatment modality for MMD (33).

This study aimed to contribute to Turkish literature by sharing
our surgical experiences and clinical outcomes related to this
disease.

B MATERIAL and METHODS

The Institutional Review Board approved the study (Baskent
University Clinical Research Ethics Board, KA24/348,
09/10/2024).

Table I: Suzuki Grading System (42)

Durdag E. et al: Treatment of Moyamoya Disease

The data of seven patients who underwent surgical treatment
for MMD in our clinic between January 2019 and January
2024 were retrospectively evaluated. During the postoperative
follow-up, progression in the contralateral hemisphere was
noted in 4 of these patients who underwent surgery on the
contralateral hemisphere, resulting in a total of 11 hemispheres
that were operated on. The symptoms, radiological findings,
and surgical techniques employed during the second surgery
in the bilaterally operated patients were also documented.
Antiepileptic drug (AED) treatments and acetylsalicylic acid
(ASA) were either maintained at an appropriate dosage or
introduced in the drug regimen of all patients.

Cerebral digital subtraction angiography (DSA) and brain
magnetic resonance imaging (MRI) were employed for pre-
operative and postoperative follow-up imaging. DSA follow
ups were performed every six months for the first year and
annually thereafter. Interventional radiologists, blinded to the
patient data, conducted the radiological staging. The Suzuki
staging system was utilized for preoperative staging, while the
radiological staging system described by Lucia et al. was em-
ployed for postoperative follow-up (30,42).

Suzuki staging is based on conventional angiographic find-
ings and classifies the MMD progression into six stages (Table
l) (42). The staging system described by Lucia et al. is also
angiography-based, and assesses distal perfusion following
a superficial temporal artery (STA)-MCA anastomosis (Table
1) (30).

Surgical Technique

Direct by-pass in one patient and indirect by-pass (enceph-
aloduroarteriomyosynangiosis (EDAMS protocol) in the other
surgical procedures were performed. The primary aim of the
EDAMS protocol is to establish anastomosis between the
STA and MCA to enhance perfusion. All patients were placed
in a supine position with the head completely turned to the
contralateral side. Mild hypertension and hypercapnia were

Stage | Narrowing of Terminal ICA

Stage I Initiation of moyamoya vessels in basal carotid circulation, dilation of intracerebral arteries

Stage Il Intensification of moyamoya vessels, severe carotid stenosis, defection of ACA and MCA

Stage IV Minimization of moyamoya vessels, defection of PCA

Stage V Further reduction of moyamoya, disappearance of major cerebral arteries

Stage VI Disappearance of moyamoya collaterals and ICA, cerebral blood supply comes from external carotid arteries via

leptomeningeal anastomoses

Table lI: Angiographic Staging System Proposed by Lucia et al. (30)

Stage Definition Findings

| Poor No filling of the MCA territory

Il Moderate Antegrade filling of one or two MCA branches
] High Complete filling of the MCA territory
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preferred for preventing perfusion disruption and facilitating
technical ease via vasodilation. A skin Doppler was employed
to trace the STA and its branches, and these were evaluat-
ed along with DSA imaging. A question mark-shaped incision
was utilized to increase arterial mobilization in patients with an
increased distance between the artery and the Sylvian fissure.
For patients with a reduced distance, a linear incision was im-
plemented. The STA was employed as the donor artery in all
surgeries. After performing an appropriate skin incision, the
STA was dissected in accordance with microvascular surgical
principles, ensuring 360-degree isolation, and it was suspend-
ed. The temporal muscle was then incised in a cruciate shape
and suspended. After two burr holes were made, a circular
craniotomy was performed. Subsequently, a cruciate opening
was created in the dura mater, preserving the middle menin-
geal artery as much as possible, and the edges were folded
inward. Following the opening of the Sylvian fissure, the STA
was sutured to the pia near the MCA using microvascular sur-
gical techniques (Figure 1). The tissue adhesive was applied
without suturing the dura mater, and standard closure proce-
dures were performed.

Craniectomy was preferred to craniotomy in cases where the
selected STA branch’s thickness was deemed insufficient to
ensure adequate perfusion to maximize the contact between
the temporal muscle and the brain parenchyma without
replacing the bone. In other cases, the craniotomy flap was
affixed to the intact bone.

The presenting symptom, age at initial symptom onset,
sex, preoperative ischemic events, presence of syndromes,
consanguinity, and a history of genetic diseases in the patient
or their family were analyzed. Furthermore, data regarding the
surgical technique, skin incision type, donor artery, preference
for craniotomy or craniectomy, perioperative complications,
symptoms during follow-up, and the interval between the first
and second surgeries were obtained. The absence of new
ischemic events or hemorrhage, reduced seizure frequency,
improved ischemic findings, and the absence of new ischemic
events or hemorrhage were regarded as indicators of clinical
improvement during the postoperative period.

B RESULTS

The average age of the patients at initial presentation was
11.8+5 years. Only one patient was male, while the remaining
six were female (M/F ratio: 1/6). At initial presentation, two
patients (28%) exhibited hemiplegia/paresis, two (28%)
presented with monoplegia/paresis, and three (43%)
experienced headaches. One of the patients with hemiplegia
also reported a history of focal seizures (14%). Vomiting
was noted as an additional symptom in two patients. Upon
reviewing the patients’ medical histories, it was observed that
one patient had been previously diagnosed with migraines,
while another had been experiencing headaches and nausea/
vomiting attacks for four years.

Regarding genetic predisposition, one patient had Down
syndrome, another had Poland syndrome, while a third was
being monitored for NF-1. Genetic screening for MTHFR,
factor V, prothrombin, and prothrombin activator inhibitor
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Figure 1: Intraoperative imaging during the EDAMS procedure.
Please check “Surgical Technique” and/or “Surgical Videoclip” for
attention in details.

(PAI) mutations was performed in four out of seven patients.
A heterozygous MTHFR mutation was present in one patient,
while a homozygous mutation was present in the other.
The patient with the homozygous mutation had a history of
consanguinity. Genetic screening data for the remaining three
patients could not be retrieved due to follow-up at other
centers. DSA performed preoperatively revealed that the
patients were predominantly in the advanced stages of the
disease (Suzuki stage 4.9 + 1.1).

Antiepileptic drugs (AEDs) were administered by a pediatric
neurologist following the initial diagnosis in four patients (one
on carbamazepine, three on levetiracetam). Levetiracetam
was administered perioperatively as AED prophylaxis to the
remaining three patients. The treatment doses for patients
who were already receiving AEDs preoperatively were not
modified. AEDs prescribed prophylactically were altered or
tapered based on clinical and EEG-based monitoring under
the guidance of the pediatric neurologist. The prophylactically
prescribed AEDs were discontinued within three months
postoperatively. All patients were administered aspirin (ASA)
at an appropriate dose (100 mg) based on their body weight,
which was Continued postoperatively.

Seven patients underwent surgery, with 11 hemispheres being
operated on, including bilateral operations in four patients.
The EDAMS protocol was implemented in ten hemispheres
(91%), while the combined bypass technique [direct +
indirect (EDAMS)] was performed in one hemisphere (9%).
A longitudinal linear incision anterior to the tragus was used
in seven hemispheres (63%), while a question mark-shaped
incision was utilized in four hemispheres (36%). The frontal
branch of the STA was used in three hemispheres (27%), the
parietal branch in four hemispheres (36%), and both the major
branches of the STA in four hemispheres (36%). Craniotomy
was performed to access three hemispheres (27%), while
craniectomy was performed for acessing the remaining eight
hemispheres (63%).

In the early postoperative phase, one patient developed an
epidural hematoma, requiring reoperation. The remaining



patients did not experience any additional early postoperative
complications. One patient experienced a focal seizure on
the fifth postoperative day. In terms of surgical success, no
clinical difference was observed between craniotomy and
craniectomy. The question mark incision technique was
implemented in four surgeries, while linear incisions were
used in seven surgeries. Two patients with question mark-
shaped incisions experienced wound dehiscence following
suture removal; these wounds were allowed to heal through
secondary intention. No wound complications were observed
in patients with linear incisions. No clinically significant
difference in outcomes was observed based on the choice of
donor artery.

The follow-up period was 30.57 + 14.48 months. No lateralizing
symptoms were idenified on the side of the body innervated
by the operated hemisphere during the follow-up period. Two
patients reported persistent headaches, the intensity of which
decreased following the initial surgery and did not continue to
affect their quality of life (18%). Unrelated to the surgery, one
patient developed stage 2 essential hypertension and was
initiated on antihypertensive therapy.

Based on the radiological findings, bilateral involvement was
observed in three patients at the time of diagnosis. One of
these patients experienced stroke-like symptoms on both
sides of the body, including left upper limb plegia and right
upper limb paresis (power: 4/5). The right hemisphere, which
was the more symptomatic side, was operated on first. The left
hemisphere was operated one year later, as planned. The other
two patients were symptomatic on only one side of the body;
therefore, the symptomatic hemisphere was operated on first.
These patients were monitored for contralateral symptoms,
and a second surgery was scheduled when the symptoms
manifested. However, in one patient, the second surgery
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was postponed for more than 24 months due to insurance
coverage issues. In another patient, the unilateral disease
was diagnosed initially; however, subsequent DSA revealed
the involvement of the contralateral hemisphere. Therefore,
contralateral surgery was performed after the patient became
symptomatic. Hypesthesia was the most prevalent symptom
in all patients who underwent bilateral surgery. None of the
patients developed early postoperative complications. The
average duration between the first and second surgeries was
15 + 6 months (Table llI).

According to the first post-operative DSA performed at 6
months Lucia stage was 1.81 + 0.87. Last radiological stage
based on last DSA was identified as 2 + 0.85 (Figure 2, 3)
(Table IV). Although there were insufficient data to make a
statistical assessment, there was no significant difference
between early and late results.

B DISCUSSION

Moyamoya disease is a cerebrovascular condition character-
ized due to ischemic and hemorrhagic stroke caused by ste-
nosis or occlusion at the terminal ICA and ACA-MCA proximal
regions, although its pathophysiology remains incompletely
understood. Moyamoya syndrome refers to similar clinical and
vascular manifestations observed in patients with underlying
conditions such as autoimmune diseases, meningitis, cranial
tumors, Down syndrome, NF-1, or cranial radiation exposure
(27). Although it does not meet the diagnostic criteria for Moy-
amoya disease, it has been linked to sickle cell anemia, renal
artery stenosis, antiphospholipid syndrome, and intracranial
atherosclerotic disease (39). The diagnostic criteria most re-
cently revised by the Moyamoya Disease Research Commit-
tee in 2021 (27). The definitive diagnosis is determined based
on angiography. Historically, DSA was essential for a definitive

Table llI: Involved Side, Symptomatology, Surgery, and Follow-Up Chart of Study Participants

Total

Initial radiologic
involvement site

7 patient

4 unilateral
involvement

3 bilateral involvement:

1 bilateral

Initial symptomatology

Surgery 1st. right 2nd.
left (1 year])

Follow up
on the right

symptomatology

Serious symptomatology

4 unilateral
symptomatology

2 unilateral
symptomatelogy

3 unilaterally operated

Symptoms from on one side

contraside and operated
contralaterally (6,24
month)

1 become symptomatic
contraside and operated
in 18 months
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diagnosis; however, current diagnostic protocols may utilize
MR angiography. DSA may still be implemented in the event of
diagnostic uncertainty or for temporal imaging (27,33). Surgi-
cal revascularization is recognized as the most effective treat-
ment for the disease (34).

In our case series, we noted that most patients were female
(F:M = 6:1). Epidemiological studies in the literature have also
suggested a higher disease prevalence among females, with
a general female predominance ratio of 1-2:1 (37,48). The

Table IV: DSA Results of Procedures

female-to-male ratio was 4.25:1 in a case series conducted
by Kraemer and colleagues in Germany (25).

The absence of adult patients in our study cohort is
inconsistent with Moyamoya'’s bimodal age distribution (mean
age 11.8 + 5 years) (37,48). This could be attributed to the
fact that our center has only recently begun administering
Moyamoya treatments within the past four years as well
as a result of our collaboration with the pediatric neurology
department, leading to a predominance of pediatric patients
in our study population.

Number of Patient Pre-operative

Post-operative Lucia stage on Lucia stage on last DSA

Procedures Number Side Suzuki stage 6" month DSA (Follow-Up)
1 1 Right 6 2 3 (3" year)
2 1 Left 4 1 1 (2" year)
3 2 Right 5 2 2 (6™ month)
4 2 Left 5 1 1 (2" year)
5 3 Right 2 1 1 (6™ month)
6 3 Left 5 2 2 (2™ year)
7 4 Right 5 1 2 (2 year)
8 5 Right 5 3 3 (2™ year)
9 6 Right 6 3 3 (2" year)
10 6 Left 5 3 3 (12" month)
11 7 Left 6 1 1 (6™ month)

Figure 2: A) Classic “puff of smoke” sign observed on pre-operative DSA imaging of the patient, B) In the fourth year of postoperative
follow-up, white arrow mentioned anastomosis site. The Moyamoya disease-involved arteries have disappeared and the MCA filling now

occurs through the ECA.
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Figure 3: DSA images of another patient who underwent bilateral EDAMS protocol: A) preoperative, B, C) patient’s 6" month and 18"

Durdag E. et al: Treatment of Moyamoya Disease

follow-up (right), D) preoperative, E, F) patient’s 6" month and 18" follow-up (left). White arrow mentioned anastomosis sites.

There are two principal methods for managing patients with
bilateral disease: simultaneous bilateral surgery or a two-
stage approach, in which the more symptomatic hemisphere
is operated initially. Xu et al. demonstrated that patients who
underwent simultaneous bilateral surgery had longer hospital
stays, a greater incidence of postoperative ischemic stroke,
and a shorter stroke-free survival compared to those who
underwent staged surgeries (47). Deckers et al. have shown
that unilateral surgery in patients with bilateral involvement also
enhances perfusion in the contralateral hemisphere (7). Given
that our patient population was pediatric and considering the
higher risks associated with bilateral surgery, we selected a
two-stage surgical approach. Our objective in monitoring
patients during asymptomatic periods was to gain a more
comprehensive understanding of the natural progression
of the disease. The interval between operations was 15 + 6
months in the four patients who underwent bilateral surgery.

During the second year of DSA-based monitoring, one patient
initially exhibited unilateral involvement; however, progression
to the contralateral hemisphere was observed. Existing
literature indicates that patients with unilateral involvement can
progress to develop bilateral disease; thus, the 2021 revision
of the Moyamoya Diagnostic Criteria now includes patients
with unilateral MMD (27). Lee and colleagues found that 29%

of patients progressed from unilateral to bilateral disease in
their investigation of young adults (29). Conversely, Church
et al. reported a lower rate of 8.3% (5). Kelly et al. found a
38% progression rate, with an average time of 12.7 months
(20). A mean progression time of 43.7 months was reported
in another study (28). We recommend close monitoring of the
diagnosed patients for potential disease progression. Bilateral
progression in one of our four patients with initial unilateral
involvement by the second postoperative year is consistent
with the literature.

In pediatric patients with CVE, genetic and metabolic
disorders should be considered. We conducted a differential
diagnosis by assessing the homocysteine levels, factor V,
prothrombin, prothrombin activator inhibitor (PAl), and MTHFR
mutations in our patients. Unlike MMD patients, those with
homocystinuria exhibit significant clinical improvement by
normalizing homocysteine levels through vitamin B12 and
folate supplementation (9). In two patients, the homocysteine
levels were marginally elevated. Due to the absence of the
characteristic phenotypes associated with homocystinuria
(mental retardation, atypical facies, lens subluxation), MMD
was considered the primary diagnosis, with the MTHFR
polymorphism identified as a risk factor. Although all of our
patients underwent MTHFR gene screening, the current
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literature suggests that MTHFR analysis without homocysteine
level assessment is unnecessary (35). Nevertheless, due to
the increased risk of thrombosis associated with elevated
homocysteine levels, vitamin B12 and folate supplementation
were administered, and homocysteine levels were regularly
monitored.

In 3 of our 7 patients, syndromic diseases were noted. One
patient had Down syndrome, and another was diagnosed with
NF-1. The association of these conditions with MMD has been
documented in literature. Therefore, in patients with these
syndromes, the presence of neurological symptoms should
prompt the consideration of MMD as a differential diagnosis
(44). One of our patients had Poland syndrome, and to our
knowledge, this is the first reported case of the coexistence
of MMD and Poland syndrome. Although there is insufficient
data to ascertain whether this is incidental, this association
may offer a novel insight into the pathogenesis of MMD. The
high number of patients with syndromes in our study could
be attributed to the fact that our patient population was
predominantly from the Eastern and Southeastern Anatolia
regions of Turkey, which are known for their high ethnic
diversity (45).

It was observed that most patients experienced prodromal
symptoms prior to their initial presentation. These nonparetic
symptoms may result in a delayed diagnosis, as MMD is a
rare disease and does not always manifest with the typical
symptoms of CVE (14). Non-paretic symptoms in these
patients can be misinterpreted as epileptic seizures, and
similarly, epileptic seizures may be confounded with stroke
or transient ischemic attack (TIA) (14,46). These scenarios
underscore the significance of EEG and perfusion imaging
in such cases (46). At the initial presentation, four patients
(57%) presented with ischemic stroke, while three patients
(43%) reported headaches. One of the patients with ischemic
stroke also experienced focal seizures (14%). These findings
are consistent with previous studies, indicating that MMD
presents differently from other ischemic strokes (4,18,19,35).

In terms of revascularization, both direct bypass (STA-MCA)
and indirect bypass techniques are accessible. In direct by-
pass, a patent artery is connected to the affected artery’s dis-
tal segment. Conversely, indirect revascularization involves
the placement of a patent artery or tissue supplied by an artery
in contact with the brain parenchyma to facilitate spontaneous
vascularization (12). Indirect techniques, including encepha-
loduroarteriosynangiosis (EDAS), encephalomyosynangiosis
(EMS), encephalomyoarteriosynangiosis (EMAS), encepha-
loduroaortic synangiosis (EDAMS), and omental transplan-
tation, have been developed (12). These techniques are fre-
quently preferred in patients possessing a cortical artery that
is suitable for anastomosis. However, there are concerns that
indirect methods alone may be inadequate to prevent isch-
emia (4). Fujimura et al. reported that direct STA-MCA anas-
tomosis is safe and effective for all age groups (11). Certain
studies indicate that the direct bypass technique is more ef-
fective for achieving radiological improvement, as it rapidly re-
solves hypoperfusion (22,32). However, direct bypass surgery
also carries risks, primarily due to the fragility of the vascular
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walls in these patients, necessitating the use of precise sur-
gical techniques. Another potential complication of the direct
bypass technique is postoperative hyperperfusion injury (26).
The current literature is divided on the advantages of direct
versus indirect bypass techniques.

The EDAMS technique was employed at 91% of the cerebral
bypass surgeries in our clinic. The donor arteries were chosen
based on the distance of the STA branches from the Sylvian
fissure and their diameter. A combined direct-indirect bypass
technique was performed in one patient, as the STA and
MCA branches were considered appropriate for anastomosis
due to their larger diameter. In other cases, the risk of
anastomosis was deemed excessive due to the small size of
the STA branches. Rapid clinical improvement was observed
postoperatively, and no new neurological findings were
noted on the affected side. Our clinical experience suggests
that indirect bypass can vyield favorable results in pediatric
MMD patients. However, given our limited experience with
direct bypass, assessing the superiority of different surgical
techniques is beyond the scope of this study.

Although data are insufficient for establishing statistical
significance, we observed that epithelialization was completed
by postoperative day 14 in patients with linear skin incisions,
and scabs were fully resolved. Conversely, wound healing did
not progress as quickly in patients with question mark-shaped
incisions, and two patients experienced wound dehiscence.
Linear incisions seem superior as they preserve skin perfusion
and facilitate easier suturing. This observation is consistent
with the results of previous studies (1).

In terms of complications, one patient (14%) experienced early
postoperative epidural hemorrhage, while another experienced
focal seizure during the first postoperative week (14%). No
new ischemic stroke occurred in the operated hemispheres
of any patient. In a 2024 review conducted by Batista et al.,
hemorrhagic, ischemic, and epileptic complications were
reported at rates of 4%, 6%, and 3%, respectively, with no
significant difference in the complication rates between the
pediatric and adult populations (2).

In 3 of the 11 surgeries that were performed, a craniectomy
was conducted, while the other 8 entailed a craniotomy. In
all cases, the bone flap was removed employing a single-
burr keyhole technique with an average diameter of 4 cm.
The objective was to reduce the surgical field and mitigate
the risk of potential hemorrhage or parenchymal injury.
Shimizu et al. have reported that larger craniotomies elevate
the risk of surgical complications (38). Nevertheless, there
is no consensus on the optimal craniotomy size, as larger
craniotomies may expand the area of indirect revascularization,
a critical factor in postoperative progression (26). Considering
that potential complications in pediatric patients could be
more severe, we opted for a craniotomy size of approximately
4 cm? in all patients.

While the Suzuki staging system is the standard for the
radiological classification of MMD, multiple classifications
have been proposed for evaluating vascular structures
postoperatively, and no consensus has been reached in the



literature (6,31). For the radiological follow-up of our patients,
we employed the classification described by Lucia et al.,
which is simple to understand and practical to implement. This
classification also demonstrated positive surgical outcomes
(30).

Our clinical experience indicates that clinical symptoms are
likely to develop after a significant occlusion is detected
radiologically. Clinical improvement typically manifests within
the first six months of the postoperative period, followed by
radiological improvement. However, clinical improvement
was also noted in three patients without the evidence of
angiographic improvement. This could be attributed to an
increase in perfusion, even if there was no morphological
evidence of new vessel formation. So et al. observed that
MR perfusion SPECT results significantly correlated with
clinical outcomes, although SPECT and angiographic findings
were not always correlated (40,41). We believe that digital
subtraction angiography (DSA) is essential for bypass patency
assessment. Clinical follow-up and angiography alone may
not always be sufficient. The growing availability of 3 Tesla
MR and perfusion imaging provides more comprehensive
information and can serve as a supplementary follow-up
method in managing MMD in addition to direct angiography
(21).

Study Limitations

The study’s results were consistent with the literature, and
certain relationships could be established. However, the
small sample size undermines the ability to conduct statistical
analyses. A more extensive, multi-center study is required.
Another study limitation is the absence of genetic studies on
the patients. Han et al. demonstrated that the prevalence of
asymptomatic familial Moyamoya disease (MMH) is higher
than anticipated through family screening using transcranial
Doppler ultrasonography (18). In our study, the absence
of family screening resulted in the scarcity of information
regarding the familial background of our patients. Investigating
genes associated with MMD and performing family screenings
may provide valuable insights for future research, particularly
given our patient population’s high rate of consanguineous
marriages. Transcranial Doppler ultrasonography could be a
cost-effective and noninvasive screening procedure for family
members in our country.

Although the surgery demonstrated symptomatic benefits,
no follow-up was conducted to assess the status of patients’
social reintegration or participation in daily life. Tools such
as the Modified Rankin Scale or Pediatric Stroke Outcome
Measure could be employed in this regard (15,24). Because
the patients in our study were from the pediatric population,
it is crucial to determine the extent to which they benefit from
surgery and how they cope with such a condition and adapt
to social life (13). The absence of psychological, mental, and
social participation assessments during preoperative and
postoperative follow-up restricts our understanding in this
area.

From a radiological standpoint, the lack of perfusion imaging
in the patients implies that, while increased vascular filling
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could be demonstrated via DSA, it is insufficient in providing
quantitative data when compared to MRI or CT perfusion
imaging (40). Additionally, the fact that all surgeries were
conducted by a single surgeon in a single clinic setup
introduces potential bias, further limiting the data reliability.

B CONCLUSION

The EDAMS protocol is an effective surgical technique for
treating Moyamoya disease. Although the global literature
on the disease has advanced significantly, the absence
of sufficient studies in our country renders this research
important in contributing to the literature. Future studies and
long-term follow-ups should assess the epidemiology and
genetic background of Moyamoya disease in Turkey, as well
as the comparison of various surgical techniques.
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ABSTRACT

AIM: To propose a patient-specific interbody cage with graded stiffness distributions analogous to the Young’s modulus of the
cervical spinal bone interface in order to improve mechanical compatibility, promote physiological load sharing, and enhance
osseointegration.

MATERIAL and METHODS: A synthetic database of spinal bone Young modulus values was used, incorporating anatomical regions
(cervical, thoracic, lumbar) and patient-specific factors (age, bone density, health status). A parametric generative design approach
allowed dynamic modification of lattice unit cell geometry to achieve target stiffness values (200-3000 MPa) while preserving
structural integrity.

RESULTS: Finite element endplate analysis demonstrated a 30%-50% reduction in stress shielding compared with conventional
solid or homogeneous mesh lattices. Additively manufactured prototypes showed tunable stiffness—porosity trade-offs, achieving
yield strength =150 MPa while supporting osseointegration.

CONCLUSION: This study demonstrates improved load distribution and reduced risk of cage collapse compared with cadaveric
spine data. Integrating computational design, biomechanical compatibility, and additive manufacturing may facilitate the
development of patient-specific spinal implants with superior mechanical and biological performance.

KEYWORDS: Interbody cage implant, Young’s modulus, Lattice generative design, Additive manufacturing, Finite element analysis

ABBREVIATIONS: AM: Additive manufacturing, CT: Computed tomography, GA: Genetic algorithm, PEEK: Polyetheretherketone

B INTRODUCTION
The cervical spine provides substantial flexibility and es-

procedure used to restore spinal stability by immobilizing the
affected vertebral segment and promoting bone union (8).
The success of cervical fusion is closely linked to the type
of interbody implant, which preserves disc height and facil-
itates osseous integration for solid fusion (14). Autologous
iliac crest bone grafting, the original “gold standard,” has
several limitations, including donor-site morbidity and limited

sential protection for the spinal cord. However, its con-
tinuous movement makes it highly susceptible to de-
generative disorders, traumatic injuries, and diseases, which
may lead to chronic pain, spinal instability, and serious neuro-

logical impairment (13).

When conservative treatments fail, surgical intervention be-
comes necessary. Cervical spinal fusion is an established

graft availability (8). These drawbacks have led to the wide-
spread adoption of interbody cages made of materials such
as polyetheretherketone (PEEK). Because of PEEK’s favorable
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mechanical rigidity compared with metallic implants, it has
become a popular material for interbody cages. However, its
bioinert characteristics limit cellular response, often leading
to fibrous encapsulation rather than bone formation. This lim-
itation underscores the need for surface modifications or bio-
active coatings to enhance long-term osseointegration (18).
The emergence of additive manufacturing (AM), or 3D printing,
has transformed orthopedic implant design. Unlike conven-
tional manufacturing, AM enables the fabrication of complex,
patient-specific geometries (4). This shift allows the develop-
ment of advanced internal cage architectures, moving beyond
simple hollow designs toward highly porous, interconnected
structures that better mimic the natural bone environment
(4,11). Current implant innovations incorporate lattice struc-
ture design and topology optimization based on the principle
of biomimicry, which emulates nature’s optimized structural
systems. The aim is to create scaffolds that closely replicate
the mechanical properties and lattice architecture of bone, en-
abling more physiological load transfer and improving the po-
tential for osseointegration (6). These lattice implants are en-
gineered as dynamic scaffolds that enhance osseointegration
by replicating the porous structure of bone. This design fa-
cilitates osteoblast infiltration, promotes vascularization, and
establishes a strong interface between the implant and the
host vertebra. Ti-6Al-4V alloy has emerged as the preferred
material for load-bearing orthopedic implants due to its high
strength, low density, corrosion resistance, and excellent bio-
compatibility. Its mechanical properties closely approximate
those of bone, thereby reducing stress shielding and improv-
ing long-term stability. Recent advances in surface modifica-
tion and nanoparticle reinforcements have further expanded
its clinical applications (1). AM allows the effective stiffness of
Ti-6Al-4V lattice structures to be precisely tuned to match the
mechanical properties of adjacent bone tissue, thereby en-
hancing osseointegration and minimizing stress shielding (7).
Achieving this mechanical balance is critical, as an overly stiff
implant can transfer excessive stress away from surround-
ing bone, leading to bone resorption and potential collapse.
Personalized implant design, tailored to individual anatomical
variations, represents an important future direction for spinal
implant technology. Prefabricated implants often provide a
suboptimal fit, which can lead to instability, localized stress
concentrations, and an increased risk of subsidence into the
softer spinal bone. In contrast, patient-specific designs uses
computed tomography (CT) data to fabricate implants that
conform precisely to individual anatomy, maximizing endplate
contact, enhancing initial stability, and promoting even distri-
bution of mechanical loads. This creates a stronger foundation
for successful fusion. This study employs a genetic algorithm
(GA), a machine learning-based optimization technique in-
spired by natural selection, to address the critical design chal-
lenge of developing patient-specific cervical cage implants.
The GA explores a wide range of design variables, including
strength, stiffness, and porosity. By selecting optimal candi-
dates, combining favorable features through “crossover,” and
introducing incremental variations through “mutation,” the al-
gorithm iteratively refines implant geometry to identify an op-
timal configuration with balanced mechanical and structural
properties. The “fitness” of each implant design generated

Bozyigit B. et al: Patient-Specific Lattice Cages

by the GA was evaluated using finite element analysis (FEA)
in a virtual simulation environment. This advanced modeling
technique allows non-destructive evaluation of implant per-
formance under physiologically relevant loading conditions.
Each patient-specific design was subjected to multiple sim-
ulated force applications replicating natural cervical spine
movements: axial compression (representing head weight),
flexion—extension (nodding), lateral bending (side-to-side tilt-
ing), and torsion (rotational movement indicating “no”). This
study integrates GA and FEA into a unified, simulation-driv-
en design workflow. Three patient-specific cervical fusion
implants made of Ti-6Al-4V were computationally designed
using this GA-FEA approach to optimize structural and me-
chanical performance before fabrication. Although alternative
materials such as magnesium alloys have attracted interest
because of their bone-like elastic modulus and biodegradabil-
ity, fabricating magnesium with a controlled, uniform porous
architecture using AM remains technically challenging. There-
fore, Ti-6Al-4V alloy, which has been clinically validated and
can be reliably produced using additive printing, was selected
for this study. Beyond providing precise mechanical compat-
ibility and physiological load sharing, this simulation-driven
approach offers a scalable and efficient pathway for the rapid
production of complex spinal implants, potentially improving
long-term outcomes in cervical fusion surgery. Each implant’s
internal structure was custom designed to withstand the
complex loading environment of the cervical spine while ac-
commodating patient-specific anatomical variation, resulting
in a bone-like, functionally graded cage. The key innovation
of this study lies in the computational validation of a genera-
tive design methodology. Generative design enables the con-
struction of interbody cages with graded mechanical stiffness
tailored to individual patients, supporting the heterogeneous
distribution of Young’s modulus in cervical spinal bone and
adjacent tissues.

B MATERIAL and METHODS

Ethical approval was not required for this study, as no patient
data or human participants were involved.

Patient-Specific Design and Geometric Optimization

A patient-specific parametric model was developed to design
a cervical spine implant that ensures both anatomical con-
formity and biomechanical compatibility. CT scans were ob-
tained using a Siemens SOMATOM Definition Edge system
with a slice thickness of 0.5 mm to accurately reconstruct
cervical anatomy. The raw DICOM data were processed with
Mimics 21.0 software (Materialise, Belgium) to segment the
vertebral structures and generate a three-dimensional sur-
face model. The reconstructed geometry was exported in STL
format for subsequent design and optimization. This digital
model formed the foundation of a patient-specific implant
design workflow integrating geometry reconstruction with
computational optimization techniques to produce an implant
that precisely fits the targeted cervical segment. A parametric
approach rapid adjustment of the design to accommodate an-
atomical variability, aligning with modern personalized medi-
cine strategies. Geometric optimization was performed using
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Figure 1: Patient-specific
lattice implant at the C4-
C5 level.
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Figure 2: Genetic algorithm implant design scheme.

the Topology Optimization module of Autodesk Fusion 360 to
create a lightweight, mechanically robust structure. Optimiza-
tion of selective laser-melted Ti-6Al-4V lattice scaffolds aimed
to reduce implant mass while preserving load-bearing capaci-
ty. Implant mass was reduced by up to 40% without compro-
mising mechanical strength, in accordance with established
design criteria. This stage of the workflow integrated structur-
al performance goals with manufacturability constraints to en-
sure that the optimized geometry could be reliably produced
using AM. The design process also minimized stress con-
centrations and preserved fatigue performance. Additionally,
optimization accounted for adequate bone-implant contact
surfaces to support osseointegration and maintain a stable
mechanical interface with the vertebrae. The final geometry
achieved a balance between structural efficiency and clinical
applicability by integrating functional and biological require-
ments.
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GA-based optimization was integrated into the final design
phase to enhance the biomechanical performance of the im-
plant and refine its geometry. The cervical spine implant was
embedded in a cage structure tailored to the patient’s anato-
my to ensure controlled load transfer and optimal integration
with the surrounding bone. The assembly process involved
aligning the implant within the cervical region, optimizing
contact surfaces, and accurately positioning the cage within
the targeted spinal segment. This procedure was carried out
using Autodesk Fusion 360. Figure 1 illustrates the complete
workflow, from anatomical reconstruction to final implant as-
sembly. This integrated digital design and assembly approach
demonstrates how advanced computational tools enable the
development of patient-specific implants. By combining ana-
tomical data, topology optimization, and evolutionary compu-
tation in a single workflow, this study highlights the potential
to produce implants that meet manufacturability, structural
integrity, and clinical performance requirements.

Lattice Structure Optimization Using GA

The cage structure parameters of the cervical spine implant
were optimized using a multi-objective genetic algorithm
(MOGA) (3). This evolutionary algorithm was selected for its
ability to simultaneously balance mechanical and biological
design criteria. The optimization targeted three key objectives:
maintaining a von Mises stress distribution below 350 MPa to
ensure structural integrity, achieving a fatigue life of at least
10° cycles to support long-term durability under physiological
loading, and establishing a porosity level between 50% and
80% to balance mechanical stability with biocompatibility. To
refine the cage design configurations and achieve an optimal
balance between the defined constraints, the evolutionary al-
gorithm was run iteratively, as illustrated in Figure 2. Candi-
date solutions were generated, screened against mechanical
and biological criteria, and evaluated using FEA for stress dis-
tribution. The algorithm optimized key geometric parameters,
including support thickness, unit cell size, and cage orienta-
tion,s to produce a design that maximizes structural strength,
enhances fatigue performance, and promotes bone ingrowth.
This approach enabled the development a patient-specific im-
plant that is both physiologically beneficial and mechanically
durable over the long term.



GAs are among the most effective machine learning methods,
inspired by the principles of crossover, mutation, and selec-
tion in biological evolution. They are particularly well suited
for spinal implant design because of their ability to efficiently
explore large and complex design spaces. By iteratively refin-
ing candidate solutions toward optimal configurations, GAs
can identify designs that balance multiple and often compet-
ing biomechanical requirements. This capability is especial-
ly valuable in the development of patient-specific implants,
where geometry and material distribution must be precisely
tailored to individual anatomy to ensure both mechanical per-
formance and clinical safety. In this study, GAs were employed
to generate and refine lattice-based spinal implant designs
that achieve a balance between structural strength, fatigue re-
sistance, and bone ingrowth potential. The optimization pro-
cess was implemented using the Rhino Grasshopper visual
programming environment, enabling rapid parametric model-
ing and the evaluation of multiple design iterations. As shown
in Figure 3, the algorithm-driven workflow produced multiple
candidate geometries, which were subsequently evaluated
for stress distribution, implant-bone interface behavior, and
manufacturability. This integrated computational approach
ensures that the final implant design is biomechanically op-
timized while remaining precisely tailored to the patient’s
unique cervical anatomy.

The selection of the optimal porosity was achieved through a
multi-objective optimization approach that considered bone
ingrowth, biocompatibility, and mechanical strength. The cage
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architecture was customized for each case by integrating pa-
tient-specific anatomical data derived from preoperative CT
scans and bone quality assessments. To ensure an optimal
balance between load-bearing capacity and osseointegration
potential, the mechanical performance of each design was
evaluated using FEA. This comprehensive design strategy en-
ables the fabrication of implants that are both mechanically
robust and anatomically conforming, thereby supporting im-
proved clinical outcomes. Furthermore, variability in surgical
placement (e.g., drilling or curettage of cartilage endplates)
was addressed by tailoring the implant shape to the intended
implantation site based on preoperative imaging and planned
surgical preparation. This integrated approach facilitates the
production of anatomically compatible and mechanically
strong implants, enhancing the likelihood of favorable thera-
peutic results.

Biomechanical Analysis and Validation

Figure 4 illustrates the definition of the force and support re-
gions used in the FEA conducted with ANSYS for the spinal
implant optimized using a GA. In this model, a fixed support
(boundary condition) was applied to the bone-contacting
surfaces to replicate realistic physiological constraints, while
loading conditions were applied at defined anatomical loca-
tions to simulate forces transmitted through the cervical spine.
This approach enables a detailed assessment of the implant’s
biomechanical behavior, allowing the prediction of load-car-
rying capacity and the identification of potential stress con-
centrations or weak points. This analysis represents a critical

Designs

Figure 3: Genetic algorithm
design using Rhino Grass-
hopper program.
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step in verifying the structural integrity and performance of the
GA-derived implant design. Following this, the C4-C5 verte-
brae and the designed interbody cage were assembled and
imported into the FEA environment for simulation and valida-
tion.

The spine and cage assemblies were incorporated into the 3D
finite element model, and meshing was performed as shown in
Figure 4. The mesh consisted of 351,749 nodes and 295,642
elements. A finite element-based approach was developed to
evaluate both vertebral bone and lattice implant performance
under physiological loading. To minimize element distortions
commonly observed in purely Lagrangian formulations, the
Arbitrary Lagrangian—Eulerian (ALE) method with mesh inte-
gration was employed. Boundary fixation points and loading
application regions were defined according to established
cervical spine anatomical and biomechanical constraints. The
loading protocol used in this study was based on well-char-
acterized cervical spine biomechanics and benchmarked
against predictive models reported in the literature.

For the C4-C5 motion segment, physiological cervical load-
ing conditions were simulated to replicate postoperative spi-
nal mechanics. During flexion, a load of approximately 230 N
(0.34 body weight) was applied, whereas in the upright po-
sition, a maximum compressive load of 1000 N (1.82 body
weight) was considered, based on reported in vivo measure-

ments (2). Additional loading scenarios adapted from the liter-
ature were implemented, consisting of a 7.5 N-m moment for
lateral bending, flexion, and torsion, combined with an axial
compressive force of 1200 N. The inferior surface of the C5
vertebra was defined as the fixation site (boundary condition),
while the superior surface of the C4 vertebra was subjected to
the applied forces and moments (Figure 5). This configuration
accurately replicates physiological loading paths and bound-
ary conditions for evaluating postoperative cervical implant
performance.

B RESULTS

The implant’s resistance to a maximum von Mises stress of 90
MPa is of critical clinical importance.

The equivalent elastic strain pattern under an axial force of
1200 N and a 7.5 N.m moment during lateral bending, torsion,
and flexion is shown in Figure 6A-C.

The maximum deformation was measured as follows: 0.722
mm under lateral bending (Figure 6A), 0.603 mm under torsion
(Figure 6B), and 0.795 mm under flexion (Figure 6C).

B DISCUSSION

The GA-based optimization approach presented in this study
provided substantial mechanical advantages for patient-spe-

port
B Moment: 75 Nmm

A: Static Structural
Moment
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m |
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Figure 5: Finite element, force, moment, and fixation model of the genetic algorithm-designed interbody cage: A) 7.5 N.m lateral
bending moment, B) 7.5 N.m torsion, and C) 7.5 N.m flexion, each combined with a 1200 N axial force.
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cific spinal implant design. The results demonstrate a 60%
improvement in mechanical performance compared with con-
ventional porous structures with the same volume occupancy.
This finding supports the potential of GAs in biomedical appli-
cations, as reported by Ghaheri et al. (5).

Figure 8 illustrates the maximum von Mises stress and its dis-
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tribution obtained from the analyses. Similar studies by Wang
et al. have shown that stress levels below this threshold sig-
nificantly increase implant life (12). A uniform stress distribu-
tion can also enhance osseointegration by minimizing micro-
motion at the bone-implant interface (15,16).
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Figure 6: C4-C5 spinal bone and lattice-designed interbody cage under 1200 N axial force: A) 7.5 N.m lateral bending,

B) 7.5 N.m

torsion, and C) 7.5 N.m flexion, showing total deformation and strain distribution.
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The locations of maximum stress, strain, and potential failure
points correspond to previously reported experimental find-
ings (2,9).

Clinical Implications

The optimization process demonstrated in this study provides
two major clinical advantages. First, it minimizes the risk of
implant collapse by maintaining structural integrity under
physiological loading conditions. This is clinically significant,
as implant failure can lead to postoperative complications,
compromised surgical outcomes, and delayed patient recov-
ery (10). Second, a biomechanically driven design strategy en-
hance compatibility between the implant and the surrounding
bone tissue, ensuring a more stable and durable interface.

A homogeneous stress distribution at the bone-implant in-
terface plays a critical role in reducing localized stress con-
centrations. By lowering the degree of stress shielding, this
approach may help prevent bone resorption and preserve the
structural stability of the adjacent vertebrae over time (17,18).
Collectively, these findings highlight the clinical potential of
patient-specific, optimization-based implant design to im-
prove both immediate surgical safety and long-term functional
outcomes.

B CONCLUSION

In this study, optimized cage structures for patient-specific
spinal implants were designed using a GA, and their biome-
chanical performance was comprehensively analyzed. The
findings demonstrate that the proposed methodology offers
significant structural and biological advantages compared
with conventional implant designs.

The GA-optimized implant achieved up to 60% better stress
distribution than traditional porous structures with equivalent
porosity and maintained its integrity under a maximum von
Mises stress of 90 MPa. Furthermore, the optimized modu-
lus distribution minimized stress shielding by approximately
60%, thereby improving mechanical compatibility with the
surrounding spinal bone.

Customizable designs tailored to variations in age, bone den-
sity, and health status were achieved through an adaptive
parametric algorithm informed by patient-specific data.

Comparative analyses using clinically relevant cadaveric spi-
nal data demonstrated improved load distribution and a re-
duced risk of implant collapse, underscoring the potential for
long-term clinical success.

In conclusion, this study shows that a computational design
approach supported by GAs provides an effective and inno-
vative solution for developing spinal implants that are both
biomechanically compatible and manufacturable. Future re-
search should incorporate biological modeling and in vivo
testing to further validate the clinical applicability of this meth-
od and support its transition to larger patient populations.
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ABSTRACT

AIM: To compare the efficacy of intra-articular PRF (IA-PRF) and medial branch PRF (MB-PRF) in the treatment of facet joint-related
low back pain.

MATERIAL and METHODS: In this prospective observational study, 116 patients with =50% pain relief after diagnostic intra-
articular anesthetic injection were included. Patients underwent IA-PRF (n=60) or MB-PRF (n=56). Pain and disability were assessed
using the Numerical Rating Scale (NRS) and Oswestry Disability Index (ODI) at baseline and 1 and 6 months post-treatment.

RESULTS: Both groups showed significant improvements in NRS and ODI scores at 1 and 6 months (p<0.001). In the IA-PRF group,
NRS scores improved from 6.55 + 0.65 to 3.23 + 0.43 (1 month) and 3.70 + 0.46 (6 months); ODI scores improved from 49.70 +
3.75t025.13 £ 1.66 and 26.90 + 2.13, respectively. In the MB-PRF group, NRS scores decreased from 6.43 + 0.66 to 3.13 + 0.33 (1
month) and 3.57 + 0.49 (6 months); ODI scores decreased from 49.18 + 3.49 to 24.71 + 1.34 (1 month) and 26.68 + 2.20 (6 months).
No significant intergroup differences were observed at follow-ups (p>0.05). No complications occurred.

CONCLUSION: IA-PRF and MB-PRF are effective and safe in treating LFJ-induced pain after 6 months of follow-up. Significant pain
control and functional improvement were achieved with both methods, with no significant difference between them regarding clinical
efficacy. Our findings suggest that treatment selection should be individualized according to patient characteristics. Randomized
studies with large samples and long-term follow-up are needed to improve the level of evidence in this field.

KEYWORDS: Chronic low back pain, Intra-articular pulsed radiofrequency, Lumbar facet joint (LFJ) pain, Medial branch pulsed
radiofrequency, Pulsed radiofrequency

ABBREVIATIONS: LFJ: Lumbar facet joint, IA: Intra-articular, IA-PRF: Intra-articular pulsed radiofrequency, MB-PRF: Medial
branch pulsed radiofrequency, NRS: Numerical rating scale, ODI: Oswestry disability index, PRF: Pulsed radiofrequency

B INTRODUCTION 15% and 45% (16,17,24). Degenerative changes of the fac-
et joints increase especially with age and contribute to the
pathogenesis of mechanical low back pain (22). Since facet
joint pathology is difficult to differentiate from other causes of
lumbar pain, the diagnosis is mostly based on a combination

portant causes of chronic low back pain and is a com-
mon condition in clinical practice (12). The prevalence
of facet joint-related low back pain reportedly varies between

I umbar facet joint (LFJ)-induced pain is one of the im-

Burak ERKEN (2 : 0000-0002-7369-0618 Suat DEMIR @ : 0000-0001-8344-4210 Ipek Saadet EDIPOGLU ( : 0000-0002-3510-5991

@ ®® This work is licensed by “Creative Commons
VI Attribution-NonCommercial-4.0 International (CC)”.

82


https://orcid.org/0000-0002-3510-5991
https://orcid.org/0000-0002-7369-0618
https://orcid.org/0000-0001-8344-4210

of the patient’s clinical symptoms, physical examination find-
ings, and interventional methods, especially diagnostic injec-
tions (6). Although the presence of pathologic changes can be
demonstrated with imaging methods, the correlation between
radiologic findings and clinical pain is reportedly poor (13).

Intra-articular local anesthetic injections for diagnostic pur-
poses are frequently used in the confirmation of LFJ-induced
pain (7). A =50% pain reduction after diagnostic injection is re-
portedly be indicative of facet-induced pain (8,25,30). There-
fore, only patients who showed significant pain relief after di-
agnostic intra-articular injection were included in the present
study.

Interventional approaches come to the forefront in the
treatment of LFJ pain in patients who do not get results
with conservative methods (6). Conventional radiofrequency
ablation (CRF) provides analgesia by thermal damage to the
medial branch nerves; however, side-effects such as neuritic
pain, dysesthesia and nerve damage may develop with this
method (1,5,6). Pulsed radiofrequency (PRF), wherein the
temperature does not exceed 42 °C and causes minimal tissue
destruction, aims to alleviate pain with neuromodulatory effect
(26,27). Although the exact mechanism of action of PRF has
not yet been fully elucidated, it is thought to modulate neural
transmission and suppress local inflammation through the
applied electrical field (27).

Intra-articular PRF (IA-PRF) has recently been proposed as an
alternative method for the management of LFJ pain (20,22).
IA-PRF reportedly provides significant reduction in pain by
directly targeting the joint pathology compared to medial
branch PRF (MB-PRF) (20). However, the number of studies
directly comparing both methods is limited and there is no
consensus regarding which technique is superior; the need for
prospective studies on this subject continues.

In this study, we aimed to compare the efficacy of IA-PRF and
MB-PRF. In our study, the short-term results of 116 patients
whose LFJ-induced pain was confirmed by diagnostic intra-
articular injection and subsequently treated with IA-PRF or
MB-PRF were evaluated at the 1- and 6-month follow-ups by
using Numerical Rating Scale (NRS) and Oswestry Disability
Index (ODI) scores. With the findings obtained, it is aimed to
contribute to the determination of the optimal interventional
approach in the treatment of LFJ pain.

B MATERIAL and METHODS
Patient Population

This prospective study was conducted between December
2021 and November 2023 on patients admitted to the
algology clinic of our institution with complaints of low back
pain and diagnosed with LFJ-induced chronic low back pain
and registered in the clinicaltrials.gov database (registration
number, NCT06157294). Ethical approval for the study was
obtained from our institution (ethics committee decision
number, 2002.05.102), and the study was conducted in
accordance with the ethical principles of the Declaration of
Helsinki. Written informed consent was obtained from all
patients before participation in the study.

Erken B. et al: Lumbar Facet Joint-Related Pain

Inclusion criteria were defined as the presence of low back
pain that persisted for at least 3 months and was considered
to have an LFJ origin, no response to previous conservative
treatments (analgesic therapy, physical therapy, manual
therapy, etc.), pain severity > 6 as assessed by NRS at the
time of admission, and subjective pain reduction of =50%
after intra-articular local anesthetic injection for diagnostic
purposes.

Exclusion criteria were as follows: history of previous surgery
in the lumbar region, presence of coagulopathy or bleeding
diathesis, pregnancy, presence of active infection findings or
systemic diseases that may interfere with the interventional
procedure, and cognitive impairment such that patients were
unable to complete the assessment scales such as NRS and
ODI completely and accurately during the follow-up period.
A total of 130 patients were initially enrolled in the study.
However, 14 patients were excluded from the final analysis
owing to loss to follow-up (n=10), incomplete questionnaire
data (n=3), or withdrawal of consent (n=1). Consequently, 116
patients were included in the final evaluation (IA-PRF group,
n=60; MB-PRF group, n=56). Patients were selected by a
researcher not involved in the procedure and were randomized
using a computer-generated program. All patients were
systematically followed up with NRS and ODI scores at 1 and
6 months.

Procedure

All interventional procedures were performed by a single ex-
perienced pain physician, thereby ensuring procedural stan-
dardization. All procedures were performed under sterile
conditions, in the operating room environment and under flu-
oroscopic guidance at the levels between L3 and S1, either
unilaterally or bilaterally, as determined by clinical and radio-
logic findings.

In the IA-PRF application, the patient was intravenously ac-
cessed and monitored, sterile conditions were provided in the
prone position, and the targeted facet joints were determined
with appropriate fluoroscopy (Shimadzu Opescope Acteno;
Shimadzu Corporation, Kyoto, Japan) angles. A 10-cm-long,
10-mm-active tip, 20-gauge, radiofrequency needle (Cosman
RF Injection Electrode; Cosman Medical Inc., Burlington, MA,
USA) was advanced into the target joint space. After intra-ar-
ticular localization was confirmed by fluoroscopic imaging,
PRF was applied with radiofrequency generator (G4 radiofre-
quency generator; Cosman Medical Inc.) using the following
parameters: voltage, 45 V; frequency, 2 Hz; pulse width, 20
ms; duration, 6 minutes; and maximum temperature, 42°C. No
sensory or motor stimulation was applied during the proce-
dure (Figure 1A).

In MB-PREF, the patient was placed in the prone position and
the anatomical localization of the targeted medial branch
was determined under fluoroscopic guidance. A 10-cm-long,
10-mm-active tip, 20-gauge, radiofrequency needle was
inserted at the intersection of the superior articular process
and the transverse process. After the needle position was
confirmed with lateral and oblique fluoroscopic projections,
paresthesia and contraction in the lumbar region with sensory
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Figure 1: Fluoroscopic images demonstrating PRF techniques for lumbar facet joint pain. A) Anteroposterior fluoroscopic image
demonstrating IA-PRF, with the cannula advanced into the facet joint space at the L3-L4 level. B) Anteroposterior fluoroscopic image
showing appropriate placement of the radiofrequency cannula targeting the L5 medial branch for MB-PRF. (IA-PRF: intra-articular
pulsed radiofrequency, MB-PRF: medial branch pulsed radiofrequency, PRF: pulsed radiofrequency)

stimulation under 0.5 V and muscle contraction with motor
stimulation were observed to confirm the accuracy of nerve
localization. PRF was then applied with the same parameters
(maximum temperature, 42 °C; voltage, 45 V; frequency, 2 Hz;
pulse width, 20 ms; and duration, 6 minutes) (Figure 1B).

After both procedures, patients were discharged on the same
day after post-procedural controls and no additional medical
treatment was given except for standard post-procedural
recommendations.

Clinical Evaluation Criteria

Clinical evaluations of the patients were performed using
NRS and ODI scores. These scales were administered to all
patients before treatment, and at the 1- and 6-month follow-
ups and the data were recorded prospectively.

Statistical Analysis

The distribution of the data obtained in the study was
evaluated with histograms and Q-Q graphs; nonparametric
analysis methods were preferred for the data that were found
not to show normal distribution. Friedman’s test was applied
for repeated measurements within groups, and in cases where
a significant difference was found, pairwise comparisons were
made with Wilcoxon signed-rank test. The Mann-Whitney U
test was used for intergroup comparisons. Chi-square test
was preferred for the analysis of categorical variables. The
significance level was accepted as p<0.05 in all statistical
analyzes. Statistical analyses were performed using JASP
software (Version 0.19.3; The JASP Team, Amsterdam, The
Netherlands).
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B RESULTS

Overall, 116 patients were included in the study. Of these, 60
patients were in the IA-PRF group and 56 patients were in the
MB-PRF group. The mean age was 59.2 + 8.17 years in the
IA-PRF group and 58.5 + 8.28 years in the MB-PRF group,
and there was no statistically significant difference in age
between the groups (p=0.632). Gender distribution (IA-PRF:
56.7% female; MB-PRF: 53.6% female, p=0.738) and side
of administration (right-left-bilateral) (p=0.831) were similar
between the groups (Table ).

Clinical Variation within Groups

In the IA-PRF group, the mean NRS score reflecting the pain
level was 6.55 = 0.65 before treatment, 3.23 + 0.43 at 1 month
and 3.70 = 0.46 at 6 months. In the same group, the mean
ODI score was 49.70 + 3.75 at baseline and decreased to
25.13 £ 1.66 at 1 month and 26.90 + 2.13 at 6 months. When
the change over time was analyzed with Friedman test, a
statistically significant difference was found in both NRS and
ODI scores (p<0.001 for both). Pairwise comparisons using
the Wilcoxon test showed a significant decrease between
pretreatment and both 1-month and 6-month values (p<0.001).

Similarly, in the MB-PRF group, the mean pretreatment NRS
score was 6.43 + 0.66, which decreased to 3.13 + 0.33 at 1
month and 3.57 + 0.49 at 6 months. ODI scores were 49.18
+ 3.49 at baseline, 24.71 + 1.34 at 1 month and 26.68 +
2.20 at 6 months. In the within-group analysis, the change
over time was found to be significant for both NRS and ODI
using Friedman'’s test (p<0.001) and in pairwise comparisons
using Wilcoxon test, statistically significant improvements
were obtained at both follow-up times compared to baseline
(p<0.001). The mean values of the changes in NRS and ODI
scores over time in both groups are presented in Figure 2.



Table I: Demographic Characteristics of the Patients
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Variable IA-PRF (n=60) MB-PRF (n=56) p-value
Age, years (mean + SD) 59.2 +8.17 58.5 +8.28 0.632
Sex, n (%) 0.738
Female 34 (56.7) 30 (53.6)
Male 26 (43.3) 26 (46.4)
Side, n (%) 0.831
Right 31 (51.7) 28 (50.0)
Left 22 (36.7) 23 (41.1)
Bilateral 7 (11.6) 5(8.9)

IA-PRF: Intra-articular pulsed radiofrequency, MB-PRF: Medial branch pulsed radiofrequency.
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Figure 2: A) Change in NRS scores over time in
IA-PRF and MB-PRF groups. B) Time course of
ODI scores in the same groups. <A statistically
significant decrease was found in both groups at
the 1st and 6th month follow-ups compared to
pretreatment (p 0.001). (IA-PRF: intra-articular
pulsed radiofrequency, MB-PRF: medial branch
pulsed radiofrequency, NRS: Numerical Rating
Scale, ODI: Oswestry Disability Index)

Comparison Between Groups

There was no statistically significant difference between IA-
PRF and MB-PRF groups in terms of NRS and ODI scores
obtained at 1 and 6 months after treatment. At 1 month, NRS
scores were 3.23 + 0.43 in the IA-PRF group and 3.13 + 0.33
in the MB-PRF group (p = 0.133); at 6 months, these values

were 3.70 + 0.46 and 3.57 + 0.49, respectively (p=0.153).
No significant difference was observed between the groups
regarding ODI scores; at 1 month, the mean ODI score was
25.13 + 1.66 in the IA-PRF group and 24.71 + 1.34 in the MB-
PRF group (p=0.186); at 6 months, it was 26.90 = 2.13 and
26.68 + 2.20, respectively (p=0.591).
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Table Il: Comparison of NRS and ODI Scores Between IA-PRF and MB-PRF Groups at Pre-procedure, 1t Month, and 6" Month

Time Point Assessment IA-PRI_= Mean + SD MB-PR_F Mean + SD Intergroup Intragroup
(Min - Max) (Min - Max) p-valuet p-value*
Pre-procedure NRS 6.55 + 0.65 (6-8) 6.43 + 0.66 (6-8) 0.225 -
Post-procedure 1t Month NRS 3.23 + 0.43 (3-4) 3.13 £ 0.33 (3-4) 0.133 <0.001"
Post-procedure 6" Month NRS 3.70 = 0.46 (3-4) 3.57 £ 0.49 (3-4) 0.153 <0.001"
Pre-procedure ODI 49.70 + 3.75 (44-58) 49.18 + 3.49 (44-58) 0.498 -
Post-procedure 15t Month ODI 25.13 + 1.66 (24-30) 24.71 + 1.34 (22-28) 0.186 <0.001"
Post-procedure 6" Month ODI 26.90 + 2.13 (24-30) 26.68 + 2.20 (24-30) 0.591 <0.001"

IA-PRF: Intra-articular pulsed radiofrequency, MB-PRF: Medial branch pulsed radiofrequency, NRS: Numerical Rating Scale, ODI: Oswestry
Disability Index, SD: Standard deviation, 1 Intergroup comparison by Mann-Whitney U test, ¥ Intragroup change over time by Friedman test,

*<0.05 was considered significant.

Although clinically significant pain and functional improvement
was achieved in both treatment groups, the differences
between the groups did not reach statistical significance. In
addition, no complications developed during the intervention
or during the short-term follow-up period in both procedure
groups. Detailed findings regarding the comparative analysis
of NRS and ODI scores between the groups are presented in
Table Il.

B DISCUSSION

This prospective randomized study compared the short-term
results of the efficacy of IA-PRF and MB-PRF in patients with
confirmed LFJ pain by diagnostic intra-articular injection.
Treatment response was evaluated on the NRS and ODI.
Results showed that both methods provided statistically
significant clinical improvement in LFJ-induced low back pain;
however, there was no significant difference in clinical efficacy
between the methods. These results indicate that both IA-PRF
and MB-PRF may be effective in the short-term treatment of
LFJ-related pain.

LFJ-induced pain is one of the important causes of chronic low
back pain and is usually diagnosed with diagnostic injections
(7). As recommended in the literature, patients with at least
50% reduction in pain after diagnostic block were included
in the present study (8,25,30). Interventional methods are
preferred in patients who do not respond to conservative
approaches in the treatment of LFJ-induced low back pain
(6). Although CRF applied to the medial branch is frequently
used, it may cause undesirable effects such as permanent
damage to nerve structures, burning sensation and neuritic
pain by creating thermal lesions (1,5,6). In this context, PRF
applications, which operate at low temperature and provide
a neuromodulatory effect with minimal tissue destruction, are
considered as a safer alternative (11,18,27). However, there is
still no universally accepted gold standard for radiofrequency
applications in the treatment of LFJ pain (14).

PRF is an interventional treatment method that works with
intermittent electrical energy pulses at low temperature
(=42 °C) and aims to provide analgesic effect without thermal
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damage to the target tissue, unlike CRF applications (4).
Although the mechanism of action of PRF has not been fully
explained, available evidence suggests that this method
shows neuromodulatory effects at multiple biological levels.
Electron microscopic studies have shown that PRF application
causes structural changes especially in small diameter C and
Ad fibers involved in nociceptive transmission (11). Moreover,
PRF reportedly activates the endogenous opioid system
and increases opioid precursor mRNAs and corresponding
peptides such as proenkephalin, proopiomelanocortin and
prodynorphin (19). In addition, it has been shown in animal
models that PRF administration suppresses the expression
of proinflammatory cytokines such as tumor necrosis factor-a
and interleukin-6, while modulating the expression of genes
involved in pain transmission such as GABAB-R1 receptor,
Na/K ATPase, 5-HT3 receptor and c-Fos (28). These multilevel
biological effects suggest that PRF may be effective not only
as a method to suppress nerve conduction, but also through
regulation of inflammation and modulation of neuroimmune
response.

The target in MB-PRF application is the medial branches of the
dorsal spinal nerves that provide sensation of the facet joints
(6). These nerves play a role in the transmission of nociceptive
inputs, especially in the facet joint capsule and paraspinal
soft tissues; pathological examinations have shown that both
sensory and autonomic nerve fibers are densely present in
these structures (31). With PRF application, pain transmission
is inhibited by decreasing neuroexcitability in these nerves
(11). However, the anatomical variation of the medial branch
nerves makes accurate localization difficult, especially in
fluoroscopic interventions, and may cause variable efficacy
due to the regenerative capacity of the nerves (10,21,23,29).
In addition, the application requires technical skill due to its
proximity to the nerve structure and the level of invasiveness
is relatively high (20).

IA-PRF is based on direct intra-articular application of the PRF
technique and specifically targets the suppression of synovial
inflammation and capsular tension (9). It has been shown that
the facet joint capsule has intense nociceptive innervation and
this area becomes hypersensitized in degenerative processes



due to proinflammatory cytokines, synovial hyperplasia and
increased pain mediators in the joint fluid (2). IA-PRF appli-
cation modulates axoplasmic conduction and cell membrane
permeability in local nerve endings by generating an electrical
field in this region; thus, the transmission of peripheral no-
ciceptive signals is suppressed and central sensitization of
pain can be prevented (9,15). As reported by Schianchi, 1A-
PRF provides long-term reduction in pain with high success
rates when applied in small and large joints (22). Chang et
al. showed that IA-PRF application in patients with refractory
LFJ pain provided a significant reduction in pain for up to 6
months and no serious complications were reported (4). Do
et al. reported that IA-PRF offered similar short-term effects
compared to intra-articular steroid injection, but the efficacy
lasted longer (9). In addition, IA-PRF may be technically easier
to administer than MB-PRF due to the larger target area and
may provide a wider analgesic effect with less needle place-
ment (3).

The prospective nature of our study provides an important
methodological advantage in terms of data integrity and
quality of follow-up. Furthermore, the fact that the patients
were selected by diagnostic injection and the evaluation
parameters were systematically monitored increases the
clinical validity of the findings. The limited number of studies
directly comparing these two techniques in the literature
makes the findings of our study significant.

Limitations

Although our study was prospectively designed and supported
by systematic follow-up data, it has some limitations. First
of all, the study was conducted in a single center and the
findings reflect only a specific patient population. Although
the sample size is considered adequate for interventional pain
treatments, multicenter studies are needed to confirm the
results in larger clinical settings. Furthermore, only short-term
follow-up data (1 and 6 months) were evaluated and long-
term treatment efficacy was not analyzed. Another limitation
is that contrast agent injection to verify intraarticular spread
after RF needle placement was not performed. Instead,
correct needle positioning at each level was ensured using
anteroposterior, lateral, and oblique fluoroscopic views. These
limitations partially limit the external validity of the study and
the generalizability of the results.

Future Directions

In order to compare the efficacy of IA-PRF and MB-PRF more
clearly and to guide clinical decision-making, multicenter,
large-scale and long-term follow-up studies are needed. In
addition, separate evaluation of both applications in sub-
groups with different age groups, degeneration levels and
comorbidities may enable the development of patient-based
treatment approaches. Further studies investigating the rela-
tionship between radiologic imaging findings and treatment
response and evaluation of the biological effects of PRF with
objective biomarkers or neurophysiologic tests will contribute
to a better understanding of treatment mechanisms. Further-
more, the synergistic effects of IA-PRF and combination ther-
apies (e.g. steroid injection or physical therapy) should also
be investigated.

Erken B. et al: Lumbar Facet Joint-Related Pain

B CONCLUSION

In this prospective study, the short-term efficacy of IA-PRF
and MB-PRF for diagnostically confirmed LFJ pain was com-
pared, and both methods were shown to provide pain control
and functional improvement at the 1- and 6-month follow-ups.
Although no statistically significant difference was found be-
tween the methods, both techniques stand out as effective
and safe interventional options. Considering the lack of pro-
spective data directly comparing these two methods in the
literature, our study provides original information that will con-
tribute to clinical practice with its findings. The findings sup-
port the necessity of individualizing the treatment approach
according to patient characteristics. Future studies with larger
samples and longer-term follow-up are still needed regarding
this topic.
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ABSTRACT

AIM: To evaluate the incidence, risk factors, and spinopelvic alignment parameters associated with distal junctional failure (DJF)
following posterior thoracolumbar stabilization surgery.

MATERIAL and METHODS: This retrospective cohort study included 40 patients who underwent thoracolumbar stabilization
between 2018 and 2024. Patients were divided into two groups: those who developed DJF (n=20) and those who did not (n=20,
control group). Radiographic evaluations, including pre- and postoperative lateral radiographs, were used to assess spinopelvic
parameters such as lumbar lordosis (LL), pelvic incidence (Pl), and PI-LL mismatch. Statistical analyses were conducted to examine
the correlation between these parameters and DJF occurrence.

RESULTS: The DJF group exhibited a significant postoperative reduction in LL and an increase in PI-LL mismatch compared to
the control group, which maintained better sagittal alignment postoperatively (p < 0.05). Patients with higher preoperative PI-LL
mismatch were more likely to develop DJF, highlighting the importance of preoperative planning and correction to prevent this
complication.

CONCLUSION: Optimizing spinopelvic alignment, particularly LL and PI-LL mismatch, is crucial for reducing the risk of DJF after
thoracolumbar stabilization surgery. Future studies should aim to refine surgical techniques and strategies to enhance postoperative
outcomes and minimize complications.

KEYWORDS: Distal junctional failure, Thoracolumbar stabilization surgery, Spinopelvic parameters, Lumbar lordosis, PI-LL
mismatch

ABBREVIATIONS: CT: Computed tomography, DEXA: Dual-energy x-ray absorptiometry, DJF: Distal junctional failure, DJK: Distal
junctional kyphosis, ESV: End segment vertebra, IQR: Interquartile range, LIV: Lower instrumented vertebra, LL: Lumbar lordosis,
MRI: Magnetic resonance imaging, NPV: Negative predictive value, PI: Pelvic incidence, PI-LL Mismatch: Pelvic incidence and
lumbar lordosis mismatch, PPV: Positive predictive value, PT: Pelvic tilt, SD: Standard deviation, 8S: Sacral slope, SVA: Sagittal
vertical axis
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B INTRODUCTION

osterior transpedicular fixation is the most common-
Ply used and widely accepted method for treating adult

spinal deformities, thoracolumbar fractures, and sco-
liosis (5). The primary goal of this stabilization technique is
to achieve a balanced spine in both the coronal and sagit-
tal planes while preserving as much functional movement as
possible and preventing future complications (21). However,
despite successful stabilization, motion persists in the un-
fused segments, leading to increased stress and movement in
the adjacent upper and lower segments. This biomechanical
shift may result in adjacent segment disease.

While much of the existing literature has focused on the proximal
junction-where insufficiencies are most commonly observed-
distal junctional failure (DJF) is also a significant complication
that warrants attention (19). Distal junctional kyphosis (DJK)
refers to the development of kyphosis at the caudal end of
the instrumentation, typically defined by a sagittal Cobb angle
greater than 10 degrees between the vertebrae in the caudal
region (13). DJF, in contrast, refers to failure at the most caudal
end of the instrumented segments, which may occur even in
the absence of kyphosis. It is characterized by clinical and
radiological changes at the distal segment (20).

Clinically, DJF may present with lower back and hip pain, loss
of function, neurological symptoms, and postural deformity.
Radiologic findings include progressive loss of lumbar
lordosis, degeneration of the adjacent disc at the lower end
of the instrumentation, loss of vertebral height, wedging,
fractures of the distal instrumented or adjacent vertebrae, and
implant-related issues such as screw breakage, loosening,
stenosis, and instability at the segment adjacent to the distal
instrumented vertebra (2).

The incidence of DJF following adult spinal deformity surgery
ranges from 1.8% to 15.6%, significantly impacting patients’
quality of life, leading to increased deformities, repeated sur-
geries, and reduced productivity (6). Prevention of DJF re-
quires a comprehensive assessment of various spinal param-
eters. The sagittal vertical axis (SVA) is a widely used measure
of sagittal alignment, but it can be influenced by compensato-
ry mechanisms such as pelvic retroversion, knee flexion, and
patient posture (12). Among the most critical parameters to
evaluate during stabilization surgery are the pelvic parame-
ters, including lumbar lordosis (LL), pelvic tilt (PT), pelvic in-
cidence (PI), sacral slope (SS), and PI-LL mismatch. These
should be carefully evaluated preoperatively, as they play a
vital role in maintaining sagittal balance (16).

Despite the recognized importance of these parameters, few
studies have specifically investigated their role in patients who
develop DJF following thoracolumbar stabilization. This study
aims to investigate the causes of DJF in patients who have
undergone thoracolumbar posterior stabilization, focusing on
the surgical levels involved, identification of the last instru-
mented vertebra, and relevant sagittal pelvic parameters. Fur-
thermore, the study seeks to explore the relationship between
the timing of DJF onset and these parameters, with the ulti-
mate goal of informing strategies to prevent this complication.

90 | Turk Neurosurg 36(1):89-98, 2026

B MATERIAL and METHODS
Study Design

This study protocol received approval from the Usak University
Ethics Board (approval no. 448-448-13/2024). Due to the
retrospective design and institutional regulations for research,
specific informed consent from patients was not required.

This retrospective study includes patients treated for spinal
stenosis, deformity, or trauma who underwent posterior tran-
spedicular stabilization at our institution between 2018 and
2024. All procedures were performed by different surgeons
within the same clinic. The surgical approach involved a pos-
terior midline incision followed by posterolateral transpedicu-
lar screw fixation, including both cases with and without de-
compression and fusion.

Out of 237 patients who underwent lumbar rigid stabilization
and were initially reviewed, 116 were excluded based on the
inclusion criteria. Of the remaining 121 patients, 20 were
identified as having developed DJF. These patients were
categorized into two groups. The first group consisted of
patients who had undergone revision surgery due to DJF
following their initial posterior stabilization surgery. For the
control group, patients without DJF were randomized at a
ratio of 5:1 (100 patients) to ensure the reliability of the study.
Hence, the failure group included only cases that required
revision within six years post-surgery. Medical histories,
surgical reports, follow-up reports, and diagnostic imaging
(radiographs, CT, and MRI) of all patients stored in the
hospital’s digital archive were reviewed.

A patient was assigned to the DJF group if a failure occurred at
the last instrumented fused level or the immediately adjacent
caudal vertebra and met one or more of the following criteria:

e Pullout or loosening of the pedicle screws,

e mechanical breakage of rods or screws,

» adjacent segment pathology (e.g., stenosis/disc/listhesis).
Inclusion Criteria

The inclusion criteria included patients who underwent poste-
rior transpedicular fixation with rigid rods in the thoracolumbar
region. There were no age restrictions. Patients who present-
ed with pain, neurological deficits, or other clinical symptoms
confirmed through imaging (e.g., CT, X-ray, or MRI) during fol-
low-up were included as part of the DJF group. Patients who
did not exhibit any clinical pain or neurological symptoms and
showed no evidence of DJF on radiological imaging were in-
cluded in the control group. Patients with a coronal balance
<5 degrees were included in the study.

Exclusion Criteria

Patients who underwent anterior or anterolateral fixation
as well as those who had fixation methods other than
transpedicular screw fixation were not included in the study.
Patients stabilized with dynamic or semi-dynamic systems
were also excluded. Patients were monitored for osteoporosis
using DEXA scans either preoperatively or postoperatively.



Those with advanced osteoporosis were excluded from the
study to avoid conflicts, as were patients who underwent
interbody fusion. Patients with a coronal balance >5 degrees
were excluded from the study.

Radiological Evaluation

Spinopelvic parameters were assessed in both groups using
available lateral standing radiographs that included the entire
spine or at least the C2 to femoral heads. For radiological
evaluation, pelvic parameters were assessed at three key time
points: preoperatively, within three months postoperatively,
and immediately prior to revision surgery (for the DJF group).
Spinopelvic parameters were analyzed using Surgimap
software (Nemaris Inc, New York, NY, www.surgimap.com), a
validated, freely available tool designed for surgical planning
and spinal measurement. Following prior studies, the following
spinopelvic parameters were measured for each patient.

Spinopelvic Parameters: Sagittal and pelvic parameters
included LL, PT, PI, SS, and PI-LL mismatch.

Timing of Failure: For the failure group, the time between the
first and second surgeries was calculated to determine the
timing of DJF onset.

Surgical Details: The number of levels stabilized, whether the
lumbar and/or thoracic regions were involved, and the lowest
instrumented vertebra (LIV) were recorded for all patients.

Statistical Analyses

Statistical analyses were conducted using the Shapiro-
Wilk test to assess normality of the data distribution. For
comparisons between groups, either the Student’s t-test or
Mann-Whitney U test was applied to continuous variables,
depending on whether the data were normally distributed.
Categorical variables were analyzed using the Chi-square
test or Fisher’s exact test as appropriate. Parametric variables
are presented as mean + standard deviation (SD) along with
minimum-maximum (min-max) values, while categorical
variables are reported as percentages (%).

Correlations were assessed using either Pearson or Spearman
correlation coefficients, based on data distribution. Statistical
significance was set at p<0.05. All analyses were performed
using SPSS (Statistical Package for the Social Sciences),
version 26.0.

B RESULTS

A total of 40 patients were included in the study, equally
divided between the control group (n=20) and the DJF group
(n=20). The overall mean age was 59.62 + 12.85 years, with an
interquartile range (IQR) of 55.0-68.0 years. The control group
had a mean age of 58.90 + 13.02 years (range: 23-80 years;
IQR 54.5-66.5 years), while the DJF group had a mean age
of 60.35 + 12.97 years (range: 25-80 years; IQR 57.25-68.25
years).

In terms of gender distribution, 67.5% of all patients were
female and 32.5% were male. The control group consisted
of 65.0% females and 35.0% males, while the DJF group
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consisted of 70.0% females and 30.0% males. Regarding
surgical location, 92.5% of patients underwent procedures
in the lumbar region, 5.0% in the thoracolumbar region,
and 2.5% in the thoracic region. Specifically, in the control
group, 95.0% of patients underwent lumbar surgery and 5.0%
thoracolumbar surgery. In the DJF group, 90.0% had lumbar
procedures, 5.0% thoracolumbar, and 5.0% thoracic.

The distribution of LIV varied. Across all patients, LIV was at
L5 in 65.0% of cases, S1 in 25.0%, L3 in 5.0%, L1 in 2.5%,
and T7 in 2.5%. In the control group, LIV was at L5 in 55.0%
of cases, S1in 40.0%, and L2 in 5.0%. In the DJF Group, LIV
was at L5 in 75.0% of cases, L3 in 10.0%, S1 in 10.0%, and
T7 in 5.0%.

The mean number of instrumented fused levels was 3.27 +
1.20 (range: 2.00-7.00 levels; IQR: 2.75-4.00) for all patients.
The control group had a mean of 3.10 + 0.91 fused levels
(range: 2.00-6.00), while the DJF group had a mean of 3.45
+ 1.43 fused levels (range 2.00-7.00). In the DJF Group, the
mean interval between the first and second surgeries was
39.40 + 29.21 months (range: 5.0-108.0 months; IQR: 18.75-
57.5 months) (Table I, Figure 1).

The preoperative LL for all patients was 47.33 + 14.37 degrees
(range: 18.3-73.9 degrees). The control group had a mean
preoperative LL of 43.97 + 15.08 degrees, while the DJF
group had a mean of 50.68 + 13.14 degrees. The difference
between the groups was not statistically significant (p=0.14).
Postoperatively, overall LL was 45.63 + 13.65 degrees. The
control group had a significantly higher mean LL (50.14 + 8.91
degrees) than the DJF group (41.11 + 16.13 degrees; p=0.03).

Preoperative PT averaged 21.30 + 11.97 degrees. The control
group had a mean of 19.06 + 12.93 degrees, while the
DJF Group had a mean of 23.53 + 10.78 degrees (p=0.24).
Postoperatively, PT decreased to 19.10 = 11.08 degrees
overall, with the control group at 15.83 + 10.92 degrees and
the DJF group at 22.37 + 10.49 degrees. This difference did
not reach statistical significance (p=0.06).

Pl averaged 54.45 + 11.27 degrees preoperatively, with no
significant difference between the control group (51.65 + 9.40
degrees) and the DJF group (57.24 + 12.49 degrees; p=0.12).
Pl remained stable postoperatively (p=0.24).

Preoperative SS was 33.43 + 11.74 degrees overall, with no
statistically significant difference between groups (control:
32.65 + 11.18 degrees; DJF: 34.21 + 12.51 degrees; p=0.68).
Postoperative SS increased slightly to 35.90 + 9.87 degrees
for all patients, without significant between-group differences
(p=0.43).

The preoperative PI-LL mismatch was 12.60 + 10.07 degrees
overall, with no statistically significant difference between
the control group (15.11 + 10.15 degrees) and the DJF group
(10.09 + 9.58 degrees; p=0.12). Postoperatively, the PI-LL
mismatch increased slightly to 13.56 + 11.89 degrees for all
patients. The DJF group had a significantly higher mismatch
(17.98 + 14.13 degrees) than the control group (9.13 + 7.02
degrees; p=0.02) (Table Il). Among patients with L5 as the LIV,
no statistically significant difference was observed in either
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Table I: Demographic and Clinical Characteristics of Patients in the Control and DJF Groups

Data All Patients (n=40) Control Group (n=20) DJF Group (n=20)
n (%) / M £ SD (min - max) [Q1 Q3]
Ade 59.62 + 12.85 58.90 + 13.02 (23-80) 60.35 + 12.97 (25-80)
9 [65.0-68.0] [54.5-66.5] [567.25-68.25]
Gender Female (67.5%) Female (65.0%) Female (70.0%)
Male (32.5%) Male (35.0%) Male (30.0%)
Lumbar (92.5%) o Lumbar (90.0%)
Region Thoracolumbar (5.0%) Lumbar (95.0%) Thoracolumbar (5.0%)

Thoracolumbar (5.0%)

Thoracic (2.5%) Thoracic (5.0%)

(o)
L5 (65.0%) L5 (75.0%)

[0) (o)
Lower Instrumented St (25'(3/’) L1 (55'05)) L3 (10.0%)
vertebra (LIV) L3 (5.0%) S1(40.0%) S1(10.0%)
L1 (2.5%) L2 (5.0%) 7 6.0%)
T7 2.5%) =7
nstrumental fused lovels 327 £ 1:20[2.00 - 7.00] 3.10 + 0.91 3.45 + 1.43
[2.75-4.0] [2.00 - 6.00] [2.00 - 7.00]
g:c:a;f:ogzt‘;"ieg:'m 39.40 = 29.21 (5.0-108.0) 39.40 + 29.21 (5.0-108.0)
gery [18.75-57.5] [18.75-57.5]

(month)

DJF: Distal junctional failure, LIV: Lower Instrumented Vertebra, M: Mean, SD: Standard Deviation, min: Minimum, max: Maximum, Q1: First
Quartile, Q3: Third Quartile.

Causes of Failure and LIV Distribution

Causes of Failure LIV Distribution - Overall Cohort

Adjacent Segment Issues

L5

Screw Breakage

Screw Loosening S1

LIV Distribution - Control Group LIV Distribution - DJF Group
Figure 1: Causes of Failure and

Distribution of Lower Instrumented
5 Vertebra (LIV) in the Overall Cohort,
55.0% Control Group, and DJF Group.

75.0% This figure illustrates the distribution
of failure causes, including screw
breakage, screw loosening, and
20k 0 7 adjacent segment issues, alongside

10.0% the distribution of the LIV in the
overall cohort, control group, and
DJF group. The pie charts provide a
visual breakdown of the distribution
s1 B of L5, 81, L3, L1, and T7 as the lower
instrumented vertebrae in each group.

L5

40.0% s1
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Table lI: Preoperative and Postoperative Spinopelvic Parameters of Patients in the Control and DJF Groups
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Parameter All Patients (n=40) Control Group (n=20) DJF Group (n=20) p-value
n (%) / M £ SD (min - max) [Q1 Q3]
Proonerative LL 47.33 + 14.37 (18.3-73.9) 43.97 + 15.08 (18.3-67.9) 50.68 + 13.14 (27.8-73.9) 0.14
P [35.63-57.38] [30.88-56.73] [43.05-62.57] :
. 45.63 + 13.65 (6.9-87.7) 50.14 + 8.91 (37.6-75.0) 41.11 + 16.13 (6.9-87.7) .
Postoperative LL [38.9-50.3] [45.25-53.65] [34.7-46.6] 0.03
. 21.30 + 11.97 (0.2-50.9) 19.06 + 12.93 (0.2-43.6) 23.53 + 10.78 (6.5-50.9)
Preoperative PT [13.15-29.58] [9.1-25.35] [14.9-30.53] 0.24
. 19.10 = 11.08 (3.0-50.9) 15.83 + 10.92 (3.0-40.1) 22.37 + 10.49 (4.4-50.9)
Postoperative PT [12.45-25.83] [6.88-19.92] [14.73-27.28] 0.06
Preonerative P 54.45 + 11.27 (34.9-80.2) 51.65 + 9.40 (34.9-68.2) 57.24 + 12.49 (36.8-80.2) 0.12
P [47.48-62.22] [45.75-57.55] [47.65-66.38] '
. 54.68 + 12.18 (35.3-83.3) 52.38 + 11.74 (35.3-83.3) 56.99 + 12.46 (36.5-80.3)
Postoperative Pl [45.73-61.13] [44.28-57.2] [48.0-65.98] 0.24
. 33.43 + 11.74 (4.4-56.3) 32.65 + 11.18 (8.3-48.4) 34.21 + 12.51 (4.4-56.3)
Preoperative SS [27.08-41.0] [25.23-40.8] [27.83-41.0] 0.68
. 35.90 + 9.87 (5.2-60.8) 37.16 + 6.42 (26.6-50.2) 34.63 + 12.47 (5.2-60.8)
Postoperative SS [30.65-40.88] [32.2-40.63] [26.8-42.3] 0.43
Preoperative PI-LL 12.60 = 10.07 (1.2-45.3) 15.11 + 10.15 (1.2-45.3) 10.09 + 9.58 (1.4-34.0) 0.12
mismatch [5.48-18.10)] [8.05-19.0] [2.65-12.65] '
Postoperative PI-LL  13.56 + 11.89 (1.6-68.4) 9.13 + 7.02 (1.6-29.5) 17.98 + 14.13 (1.72-68.4) 0.02¢
mismatch [7.8-16.55] [3.475-12.08] [9.48-20.03] .
Preoperative LL 4389+ 12,51 (22.7-595)  5284+14.16(27.8-739) ..
LIV L5) [35.05-53.85] [43.75-64.70] :
Postoperative LL 47.95 + 4.73 (38.9 - 55.0) 42.38 + 18.48 (6.9 - 87.7) 034

(LIV L5)

[45.95-50.40]

[34.20-50.25]

LL: Lumbar lordosis, PT: Pelvic tilt, PI: Pelvic incidence, SS: Sacral slope, PI-LL mismatch: Pelvic incidence - Lumbar Lordosis mismatch,
M: Mean, SD: Standard Deviation, min: Minimum, max: Maximum, Q1: First Quartile, Q3: Third Quartile, *: p<0.05.

preoperative or postoperative LL values (p=0.011, p=0.34,
respectively).

A comparison between preoperative and postoperative
spinopelvic parameters revealed significant changes in both
groups. Both groups showed significant improvement in LL
after surgery (control: p=0.03; DJF: p=0.01). PT, PI, and SS did
not show statistically significant preoperative to postoperative
changes in either group (PT: control p=0.22, DJF p=0.25; PI:
control p=0.51, DJF p=0.07; SS: control p=0.06, DJF p=0.68).
Postoperatively, the PI-LL mismatch significantly improved in
both the control group (p=0.01) and the DJF group (p=0.01)
(Table Il1).

The change in LL differed significantly between groups
(p=0.01). The DJF group showed a mean decrease in LL of
—9.58 degrees, while the control group had a mean increase of
6.18 degrees. Postoperatively, the PI-LL mismatch increased
in the DJF group by 7.9 degrees and decreased by 5.98 de-
grees in the control group, a statistically significant difference

(p=0.01). Changes in PT, PI, and SS did not significantly differ
between groups (p=0.45, p=0.37, p=0.11, respectively) (Table
IV, Figure 2).

The PI-LL mismatch and the change in PI-LL mismatch
were evaluated in terms of sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV).
For postoperative PI-LL mismatch, sensitivity was 0.65,
specificity was 0.75, PPV was 0.722, and NPV was 0.682.
When analyzing the change in PI-LL mismatch, sensitivity was
0.8, specificity was 0.9, PPV was 0.889, and NPV was 0.818
(Table V, Figures 3 and 4).

B DISCUSSION

The incidence of DJF has been reported to range between
1.8% and 15.6% (15). DJF refers to mechanical failure
occurring at the distal end of the instrumented spine. Some
patients may remain asymptomatic, with DJF identified only
through radiographic findings, while others may experience
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Table lll: Comparison of Preoperative and Postoperative Spinopelvic Parameters in Control and DJF Groups

Parameter Control Group p-value DJF Group p-value
Preoperative LL vs Postoperative LL 0.03* 0.01*
Preoperative PT vs Postoperative PT 0.22 0.25
Preoperative Pl vs Postoperative PI 0.51 0.07
Preoperative SS vs Postoperative SS 0.06 0.68
Preoperative PI-LL mismatch vs Postoperative PI-LL mismatch 0.01* 0.01*

LL: Lumbar lordosis, PT: Pelvic tilt, PI: Pelvic incidence, SS: Sacral slope, PI-LL mismatch: Pelvic incidence - Lumbar Lordosis mismatch,

* p<0.05.

Table IV: Postoperative Changes in Spinopelvic Parameters for DJF and Control Groups

Parameter DJF Group DJF G_-ro_up Control Group ControI_Gl_roup p-value
Change Description Change Description

LL change after surgery -9.58 Decreased 6.18 Increased 0.01

PT change after surgery -1.17 Decreased -3.23 Decreased 0.45

PI change after surgery -0.26 Decreased 0.73 Increased 0.37

SS change after surgery 0.42 Increased 4.51 Increased 0.11

PI-LL mismatch change after surgery 7.9 Increased -5.98 Decreased 0.01

LL: Lumbar lordosis, PT: Pelvic tilt, PI: Pelvic incidence, SS: Sacral slope, PI-LL mismatch: Pelvic incidence - Lumbar Lordosis mismatch,

* p<0.05.

Table V: Sensitivity, Specificity, and Predictive Values for
Postoperative and Change in PI-LL Mismatch

Postoperative Change in PI-LL

Metric PI-LL Mismatch Mismatch
Sensitivity 0.65 0.8
Specificity 0.75 0.9

PPV 0.722 0.889
NPV 0.682 0.818

PI-LL mismatch: Pelvic incidence - lumbar lordosis mismatch,
PPV: Positive predictive value, NPV: Negative predictive value.

more acute symptoms, often describing an audible sound or
a sensation linked to hardware failure, such as a rod or screw
fracture (15). In other cases, DJF presents more gradually,
with persistent postoperative pain, leading to the discovery
of pseudarthrosis or adjacent segment disease on advanced
imaging (14).

In our study, the primary causes of failure in patients undergo-
ing thoracolumbar posterior stabilization were adjacent seg-
ment disease (60%), screw loosening (35%), and screw break-
age (5%). This distribution aligns with findings in the literature,
although variations exist depending on patient demographics,
surgical techniques, and follow-up durations. Adjacent seg-
ment disease was the most frequent cause of failure in our
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cohort, accounting for 60% of all failures (7). Screw loosening
was responsible for 35% of failures, while screw breakage ac-
counted for 5%. Screw loosening is often attributed to poor
bone quality, incorrect screw positioning, or excessive stress
at the instrumented junctional segment. Screw-related issues,
including loosening and breakage, are particularly common in
patients with osteoporosis or those undergoing long instru-
mented fusions (3,20). Hardware complications such as screw
breakage are frequently preceded by loosening, as increased
micromotion weakens the screw-bone interface over time.
Additionally, variability in surgical technique (e.g., using stron-
ger, larger diameter screws or dual-rod systems) may also in-
fluence these outcomes.

In our study, most patients had LIV at L5, which is consistent
with literature emphasizing the importance of selecting the
distal-most instrumented vertebra, often referred to as the end
segment vertebra (ESV). The use of L5 as the LIV has been
a subject of ongoing debate due to its anatomical position
and the biomechanical stresses placed on the L5-S1. Studies
suggest that fusions ending at L5 may predispose patients to
degeneration, sagittal imbalance, and ultimately DJF (8). Thus,
while L5 may be appropriate for certain patients—particularly
those with a healthy L5-S1 disc and short fusions—surgeons
must carefully consider individual anatomical and alignment
factors.

LL is a crucial parameter in maintaining spinal sagittal balance.
Normal LL values typically range from 40 to 60 degrees,
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Figure 2: Preoperative and Postoperative Mean Values for Lumbar Lordosis (LL), Pelvic Tilt (PT), Pelvic Incidence (Pl), Sacral Slope
(8S), and PI-LL Mismatch in the Control and DJF Groups. This figure illustrates the comparison of mean preoperative and postoperative
values for LL, PT, PI, SS, and PI-LL mismatch between the control and DJF groups. The graphs depict the trends and differences in

each parameter after surgical intervention.
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Figure 3: ROC Curves for Postoperative PI-LL Mismatch
and Change in PI-LL Mismatch. This figure displays the
receiver operating characteristic (ROC) curves comparing
the postoperative PI-LL mismatch (AUC = 0.74) and the
change in PI-LL mismatch (AUC = 0.87), illustrating the
diagnostic performance of these metrics in predicting
outcomes.
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depending on pelvic morphology (9). This curvature facilitates
appropriate force distribution along the spine and plays a
critical role in overall posture and mobility (4). Achieving or
restoring optimal LL is essential, as inadequate correction
is associated with postoperative complications, including
DJF. In our study, the DJF group exhibited a postoperative
reduction in LL of —-9.58 degrees, whereas the control group
showed a mean increase of 6.18 degrees. Several studies
have suggested that overcorrecting LL, particularly when L5 is
selected as the LIV, may elevate the risk of DJF (10). However,
we found no statistically significant difference in DJF rates
between patients whose fusions ended at L5 and those whose
fusions did not, despite similar LIV selection across groups.

The PI-LL mismatch is widely considered a critical indicator
of sagittal balance. Pl is a constant anatomical parameter that
determines the optimal degree of lordosis for an individual
(18). A PI-LL mismatch greater than 10 degrees is considered
pathologic and has been strongly linked to poor surgical
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Figure 4: A, C) depict preoperative
images showing the measurement
of pelvic parameters in patient case
examples,

B, D) show the postoperative
measurements of the same pelvic
parameters in these cases,

E, F) are sagittal CT images from the
cases, highlighting screw loosening,
indicated by the red arrows.

outcomes, including DJF (17). In our analysis, patients who
developed DJF exhibited an increased postoperative PI-LL
mismatch, whereas those without DJF maintained a more
balanced alignment. These findings support previous reports
suggesting that both insufficient correction and overcorrection
of the PI-LL mismatch may contribute to the development
of DJF. Maintaining this mismatch within a physiologic
range is critical for minimizing the mechanical burden at
both the proximal and distal junctions. Ailon et al. similarly
observed a significantly increased DJF risk in patients with a
postoperative mismatch exceeding 15 degrees (1), reinforcing
our conclusions.

Limitations

This study has several limitations. First, its retrospective
design may introduce selection bias, as data were collected
from existing medical records, and not all relevant variables
could be consistently controlled. Second, the relatively small



sample size—40 patients divided into two groups—may
limit the generalizability of our findings. Nevertheless, given
the rarity of DJF, this number remains acceptable for initial
analysis. Another limitation is the variable follow-up period.
Although some patients were followed for up to six years,
longer-term data would offer deeper insight into the durability
of surgical corrections and the development of DJF over time.

Additionally, while the study focused on spinopelvic
parameters such as LL and PI-LL mismatch, other potentially
influential factors—such as bone quality, comorbidities, and
specific surgical techniques—were not comprehensively
analyzed. Our reliance on radiographic evidence to identify
DJF may have also overlooked subtler or purely clinical
manifestations, as some patients remain asymptomatic
despite radiologic evidence of failure. Future research should
incorporate advanced imaging modalities and detailed
functional assessments to better capture the full spectrum of
DJF.

We excluded patients with advanced osteoporosis to better
isolate other contributing factors to DJF. However, we
recommend future subgroup analyses focusing on osteoporotic
patients, as preoperative osteoporosis is a known risk factor
for postoperative DJF. The American National Osteoporosis
Foundation advises preoperative vitamin D and calcium
supplementation for surgical cases, and a study by Liu et al.
found a lower incidence of adjacent segment pathology in
patients receiving osteoporosis treatment (11). Furthermore,
the use of expandable or cement-augmented cannulated
screws has been suggested to reduce DJF risk in osteoporotic
individuals (14).

B CONCLUSION

To minimize the risk of DJF in posterior thoracolumbar
fusion surgery, it is essential to achieve an optimal LL. Both
overcorrection and undercorrection can disrupt sagittal
balance and increase mechanical stress on distal segments,
leading to DJF. Maintaining an appropriate PI-LL mismatch
is equally critical in reducing the biomechanical burden on
junctional regions and improving long-term surgical outcomes.
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ABSTRACT

AIM: To evaluate the efficacy of diffusion tensor imaging (DTI) and diffusion tensor tractography (DTT) in establishing the relationship
between cervical extramedullary tumors and the spinal cord with reference to, especially treatment planning, clinical outcome
prediction and diagnostic accuracy.

MATERIAL and METHODS: This was a retrospective study conducted on 15 patients diagnosed with cervical extramedullary
tumors, wherein each patient underwent standard 3.0-T magnetic resonance imaging, DTI, and DTT to evaluate microstructural
changes and neural tract displacement. Fractional anisotropy (FA) values were examined, and the relationship of tractography
results with clinical presentation and outcomes was evaluated.

RESULTS: FA values revealed disturbances in the microstructure, which exhibited marked changes in lesion areas compared with
that of normal tissue and displaced spinal cord (DSC). The DTT of each patient revealed neural tract anomalies or deformities related
to the degree of their clinical symptoms. Receiver operating characteristic curve analysis demonstrated the excellent diagnostic
accuracy of FA in separating lesions from normal tissue (AUC = 0.880) and DSC (AUC = 0.840).

CONCLUSION: FA values could help particularly in detecting early myelopathic changes due to cervical cord displacement, which
might be a critical indication for surgical decisions. This study supports the usage of DTl and DTT in evaluating cervical extramedullary
lesions, surgical planning, and outcome prediction by exposing microstructural changes and lesion-tract relationships.

KEYWORDS: Cervical extramedullary tumors, Diffusion tensor imaging, Diffusion tensor tractography, Cervical spinal cord, Surgical
planning

H INTRODUCTION provide spinal imaging with a novel viewpoint and essential
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onance imaging (MRI) is a basic technique for the diagnosis traumatic spinal cord injury. They provide comprehensive

gndldiﬁere.ntiation o,f lesions in.the cervical spinal corq, he]p- information on the directionality and integrity of fiber tracts
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DTl and DTT can effectively detect changes in neural tracts
and their surroundings. They can provide details on deviation,
deformation, and disturbance, which would be vital for
determining the degree of damage and organizing surgical
treatments (3,8,19,21,22). Furthermore, there is ongoing
research on the predictive power of these imaging techniques
in deciding outcomes and guiding therapy development.
Some studies have also demonstrated a correlation between
DTT results and neurological examination findings (19,22).
Despite these advances, it is necessary to investigate the
application of DTl and DTT in the framework of cervical
extramedullary lesions and their efficacy in this particular
context. Accordingly, this study was conducted to explore
the usefulness of DTl and DTT to address the knowledge gap
in the relationship between cervical extramedullary tumors
and the spinal cord. Moreover, by analyzing the impact, we
attempted to examine in detail how cervical extramedullary
tumors interact with the spinal cord, thus guiding treatment
strategies, clinical outcomes, and surgical approach.

B MATERIAL and METHODS
Ethical Considerations

This study was conducted according to the Declaration of
Helsinki and approved by the Yeditepe University Ethical
Committee (IRB Approval Number: 1344). Informed consent
was obtained from each study participant.

Study Design and Patient Population

This retrospective study was conducted between January
2018 and May 2024 in a tertiary care center on 15 patients,
including 8 men and 7 women, who were diagnosed with ex-
tramedullary cervical spine lesions. Patients were included,
irrespective of whether they were advised for either conser-
vative management or surgical intervention after confirming
extramedullary cervical spine lesions. All patients underwent
the cervical MRI protocol, which also included a focused DTI
sequence for microstructural analysis and lesion evaluation.
Exclusion criteria were incomplete or low-quality imaging
data, intramedullary or other cervical lesion type, and previous
cervical spine surgery.

Imaging Protocol

All participants underwent MRI on a 3.0-T system (GE
Discovery MR750w, GE Healthcare, Waukesha, USA) with
a 24-channel neck coil covering the C1-C7 levels. A T2-
weighted fast spin-echo (FSE) sequence was performed with
a TR of 3450 ms, a TE of 96.1 ms, and a matrix size of 416 x
288. The focused DTI sequence was acquired using a spin-
echo echo-planar imaging (SE/EPI) technique with a TR of
6000 ms, a TE of 71.9 ms, and a matrix size of 128 x 34,
applying diffusion weighting along 16 directions (b-values: 0
and 800 s/mm?). Both sequences were acquired in the sagittal
plane with a field of view (FOV) of 18 cm, a slice thickness of
3.0 mm, and 16 slices with no interslice gap.

Diffusion Tensor Tractography
A specialized workstation (GE, AWS Portal 3.2 Ext. 4.0) was
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used to generate fractional anisotropy (FA) maps and perform
tractography analyses. Although the FA maps were generated
automatically, regions of interest (ROIs) were manually placed
on the normal-appearing spinal cord, above and below the
lesion to initiate fiber tracking.

Data Analysis

Demographic and clinical data, including age, gender, and
clinical presentation, were recorded. Imaging findings from
conventional MRI, DTI metrics (FA values), and DTT results
were analyzed. FA measurements were obtained using ROIls
(10-30 mm in size) from the normal-appearing cervical spinal
cord, the cervical spinal cord near the lesion, and directly over
the lesion. Tractography results were analyzed to determine the
relationship between lesions and the surrounding structures,
which were categorized as normal, deviated, deformed, or
interrupted fibers. The relationship between DTT results and
clinical symptoms was evaluated to explore the potential
impact of extramedullary lesions on the microstructure and
function of the cervical spinal cord.

Statistical Analysis

Statistical analyses were conducted using the SPSS soft-
ware (version 27, IBM Corp., Armonk, NY, USA). Skewness
and kurtosis coefficients were calculated to determine wheth-
er the values for each continuous variable followed a normal
distribution. Categorical variables were expressed as frequen-
cies (n, %), and continuous variables were summarized using
mean and standard deviation.

The Mann-Whitney U test was applied to compare continu-
ous variables between two groups, whereas comparisons be-
tween more than two groups were performed using the Krus-
kal-Wallis test. Post hoc analysis to determine the groups that
contributed to significant differences was performed using
Dunnett’s multiple comparison test. Within-group repeated
measures were analyzed using the Friedman test, and sub-
group repeated measures were analyzed using the Wilcoxon
signed-rank test.

The diagnostic performance of FA scores in differentiating the
presence of lesions was evaluated using receiver operating
characteristic (ROC) curve analysis. The optimal FA cutoff
was determined using the Youden index. The diagnostic
performance of FA was expressed in terms of sensitivity,
specificity, positive predictive value, negative predictive value,
and accuracy. Categorical data were compared using Fisher’s
exact test. Results were considered statistically significant at
p<0.05 (two-tailed) within a 95% confidence interval.

B RESULTS

The mean age of the 15 participants was 48.73 + 12.55 (range:
33-68) years, and there were 7 (47%) women and 8 (53%)
men. The following tumor types were identified: meningioma in
6 patients (40%), schwannoma in 6 patients (40%), chordoma
in 2 patients (13%), and osteoblastoma in 1 patient (6.7%).
The mean tumor size was 34.80 + 18.16 (range: 12-88) mm.
Table | shows the detailed characteristics of the patients.



DTI Measurements and FA

The mean FA values for normal tissue, displaced spinal cord
(DSC), and lesion areas were 0.54 + 0.13, 0.51 = 0.12, and
0.31 + 0.16, respectively. The FA values showed a statistically
significant difference based on the measurement region (x? =
25.200; p<0.001). Subgroup analysis showed that FA values
were significantly lower in the lesion area than in the normal
tissue and DSC (p<0.001). However, the FA values were not

Table I: Patient/Lesion / MR Characteristics
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statistically significantly different between normal tissue and
DSC (p>0.05).

Patients classified as “normal” on DTI/DTT analysis exhibited
no significant differences in FA values between normal tissue,
DSC, and lesion areas (p>0.05). In contrast, patients classified
as “deviation” showed a significant decrease in FA values
from normal tissue to the lesion area (x? = 20.667; p<0.001).

Variables n (%)
Patient
Age (years) Mean + SD (range) 48.73 + 12.55 (33-68)
Gender
Female 7 (46.7)
Male 8 (53.3)
Lesion
Size (mm) Mean + SD (range) 34.80 + 18.16 (12-88)

Histological Type

Meningioma 6 (40)
Schwannoma 6 (40)
Others 3 (20)
Localization
C1 1(6.7)
Cc1-2 4 (26.7)
c1-4 1(6.7)
Cc2 3 (20)
C2-3 2 (13.3)
C2-5 1(6.7)
C6-7 2 (13.3)
C7-T1 1(6.7)
Magnetic Resonance Imaging Characteristics
T1 Signal Intensity
Hypointense 5(33.3)
Heterogeneous/Isointense 10 (66.7)
T2 Signal Intensity
Hyperintense 8 (53.3)
Heterogeneous/Isointense 7 (46.7)
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For meningiomas and schwannomas, the FA values of lesions
were significantly lower than those of normal tissue and DSC
(x> = 10.333-9.333; p<0.01). However, the FA values of DSC
were higher for meningiomas and schwannomas than for
other tumor types (Z = —2.028; p=0.043) (Table II).

FA Diagnostic Performance (ROC Analysis)

Although the ability of FA to differentiate normal tissue
from DSC was poor and not statistically significant (AUC =
0.607; p=0.320), FA demonstrated excellent performance
in distinguishing lesions from normal tissue (AUC = 0.880;
95% confidence interval (Cl): 0.756-1; p<0.001) and lesions
from DSC (AUC = 0.840; 95% CI: 0.693-0.987; p=0.002).
The optimal cutoff points for distinguishing lesions from
normal tissue and DSC were 0.39 and 0.36, respectively. The
sensitivity, specificity, and accuracy of FA for distinguishing

Table IlI: Fractional Anisotropy (FA) Measurement Results

lesions from normal tissue were 93.3%, 80%, and 86.7%,
respectively, and the respective values for distinguishing
lesions from DSC were 100%, 60%, and 80% (Table IlI).

Patient Complaints and Symptoms

The most common symptom was neck pain in 9 patients
(60%), followed by radiculopathy in 5 patients (33.3%),
numbness in 4 patients (26.7%), and loss of balance in 1
patient (6.7%). Multiple symptoms were found in 6 patients
(40%), and neurological findings were detected in 7 patients
(46.7%). Symptoms were more common in patients classified
as “deviation” on DTI/DTT analysis; however, these differences
did not reach statistical significance (p>0.05). There was also
no significant association between lesion type and symptom
frequency (p>0.05) (Table IV).

Variables Normal (a) DSC (b) Lesion (c) X2 p-value avsb avsc bvsc
All Patients 0.54 +0.13 0.51 £0.12 0.31+£0.16 25.200 <0.001* 0.053 <0.001* <0.001*
DTI/DTT Classification
Normal 0.46 £ 0.17 0.48 £0.13 0.32+0.13 4.667 0.097 - - -
Deviation 0.56 £ 0.12 0.52 £ 0.12 0.31 £0.17 20.667 <0.001* 0.023*** 0.002** 0.002**
Z/P-value 1.231/0.218  -0.362/0.717 -0.217/0.828
Lesion Type
Meningioma (1) 0.54 £ 0.15 0.49 + 0.11 0.38+0.17 10.333 0.006** 0.249 0.028*** 0.027***
Schwannoma (2) 0.61 +0.10 0.60 + 0.06 0.29+0.16 9.333 0.009** 0.345 0.028*** 0.027***
Others (3) 0.41 £0.03 0.37 £ 0.02 0.19+0.03 6.000 0.050 - - -
K-Wy2/P-value 5.057/0.080  7.592/0.022*** 3.651/0.161
Differencet 3<2
Lesion Type
g";:‘\:::;ﬁg“;g 057+013 054010 0.34+017 19500 <0.001* 0.136 0.002** 0.002**
Others 0.41 £0.03 0.37 £ 0.02 0.19+£0.03 6.000 0.050 - - -
Z/P-value -2.028/0.043*** -2.318/0.020*** —1.664/0.096

DTI: Diffusion tensor imaging, DTT: Diffusion tensor tractography

Table lll: Diagnostic Performance of FA (ROC Analysis Results)

Diagnostic Performance Normal Tissue vs. DSC

Normal Tissue vs. Lesion DSC vs. Lesion

AUC (95% Cl) 0.607 (0.401-0.813)

0.880 (0.756-1)* 0.840 (0.693-0.987)**

Cut-off Point 0.65 0.39 0.36

Sensitivity 40% 93.3% 100%
Specificity 86.7% 80% 60%
Positive Predictive Value 75% 82.4% 71.4%
Negative Predictive Value 59.1% 92.3% 100%
Accuracy 63.3% 86.7% 80%

DSC: Displaced spinal cord.
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Complaints/Symptoms n ?\L‘{_gg Deviation p-value (a)
Neck pain, n (%) 9 1(33.9) 8 (66.7) 0.525
Radiculopathy, n (%) 5 0(0) 541.7) 0.505
Numbness, n (%) 4 2 (66.7) 2(16.7) 0.154
Loss of equilibrium, n (%) 1 0(0) 1(8.3) >0.999
Multiple symptoms, n (%) 6 0(0) 6 (50) 0.229
Neurological findings, n (%) 7 2 (66.7) 541.7) 0.569
Lesion Type
Complaints/Symptoms n Meningioma/ Other p-value (a)
Schwannoma
Neck pain, n (%) 9 7 (58.3) 2 (66.7) >0.999
Radiculopathy, n (%) 5 4 (33.3) 1(33.3) >0.999
Numbness, n (%) 4 4 (33.3) 0(0) 0.516
Loss of equilibrium, n (%) 1 0(0) 1(33.3) 0.200
Multiple symptoms, n (%) 6 5(41.7) 1(33.3) >0.999
Neurological findings, n (%) 7 6 (50) 1(33.3) >0.999
DTI/DTT p-value
Normal, n (%) 3 3 (25) 0(0) >0.999
Deviation, n (%) 12 (75) 3 (100)

*p>0.05, Fisher’s exact test.

B DISCUSSION

The findings of this study emphasize the significance of DTI
and DTT in the evaluation of cervical extramedullary lesions
and indicate their possible impact on surgical planning and
neurological outcomes. Consistent with previous research
demonstrating the sensitivity of DTI in identifying minor patho-
logical changes within the spinal cord, the variations in FA val-
ues observed in our study patients indicate the microstructur-
al changes occurring near extramedullary lesions (4,7,13). The
ability of DTI to visualize the displacement or deformation of
neural tracts provides invaluable guidance for surgical plan-
ning, enabling the preservation of neural integrity and possibly
improving postoperative outcomes (19,22).

DTl and DTT have been confirmed to be valuable tools in dis-
tinguishing between intramedullary and extramedullary spinal
lesions (1). Furthermore, they provide functional insights that
complement conventional MRI (12,15). The general pattern
of extramedullary lesions typically displaces and compress-
es the spinal cord (14). Intramedullary lesions often infiltrate
and disrupt spinal cord tracts (10). DTI metrics such as FA
may predict damage to the axon, which remains relatively pre-
served in extramedullary tumors but is significantly reduced in
intramedullary lesions (9). In extramedullary lesions, DTT re-
vealed that intact white matter tracts were displaced, whereas

in intramedullary lesions, these tracts were disrupted or inter-
rupted. These findings are consistent with those of previous
studies, which indicate that DTl and DTT provide valuable mi-
crostructural information that helps in clinical decision-making
and accurately characterizing the lesions, particularly in the
context of surgical planning and predicting neurological out-
comes (12,20).

This study emphasizes that DTl and DTT can contribute to
surgical planning by supporting the diagnosis and clinical
findings. The significant reduction in FA values effectively
identified compression and microstructural changes in neural
pathways, playing a pivotal role in preserving neural integri-
ty during surgery and improving postoperative neurological
outcomes. The high diagnostic performance of FA in distin-
guishing cervical extramedullary tumors from normal tissue
and DSC underscores its clinical applicability. Moreover, the
differences in FA values between tumor types suggest that
DTI could serve as a complementary tool for tumor charac-
terization.

Our findings correlated with the clinical presentation of the
patients. Patients with pronounced deviation and deformation
of neural tracts often presented with more severe neurological
symptoms, including motor weakness and sensory deficits.
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Conversely, patients with less pronounced imaging changes
tended to have milder or asymptomatic changes, suggesting
that DTI and DTT findings have prognostic implications for
neurological outcomes. Previous studies have demonstrated
a correlation between DTI metrics and clinical symptoms,
suggesting that these imaging modalities are biomarkers
of the integrity and function of the spinal cord (19,22). In
addition, the use of DTT in surgical planning, as demonstrated

in our study subjects, reflects the potential of this technology
to minimize surgical morbidity by guiding the surgeon to avoid
critical neural structures (7,19).

Our findings demonstrate that cervical extramedullary tumors
impact spinal cord tracts differently based on tumor type and
location. Meningiomas caused variable displacement, rang-
ing from minimal to significant (Figures 1-2), whereas cystic
schwannoma resulted in complete tract displacement and

Figure 1: A 60-year-old woman with head and neck pain had a meningioma at C6-C7 (yellow arrows) with minimal displacement of the
spinal cord tract. T2-weighted sagittal image (A), tracts superimposed on a T2-weighted sagittal image (B), a T2-weighted fat-saturated

axial image (C), and a color-coded FA map (D).

Figure 2: A 61-year-old woman with numbness in her extremities had a meningioma at C1-C2 (yellow arrows) causing displacement
of spinal cord tracts. T2-weighted sagittal fat-saturated image (A), T2-weighted axial fat-saturated image with cervical cord tracts (B),
T2-weighted axial fat-saturated image (C), and color-coded FA map (D).
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Figure 3: A 35-year-old woman with arm pain and numbness of the fingers showed a schwannoma with a cystic component at C6-C7
(yellow arrows) causing complete displacement of the spinal cord tract. T2-weighted sagittal image (A), tracts superimposed on a T2-
weighted sagittal image (B), a T2-weighted fat-saturated axial image (C), and a color-coded FA map (D).

severe symptoms (Figure 3). These results emphasize the sig-
nificance of DTl and DTT in correlating neural compression
patterns with clinical presentation.

Although our study demonstrates the innovative and valuable
role of DTl and DTT in preserving neural structures, technical
challenges, such as motion artifacts, inhomogeneity, and the
need for specialized expertise in analysis, limit generalizability
(17). Moreover, the lack of a statistically significant relationship
between clinical symptoms and DTI/DTT findings emphasizes
the need for prospective studies with larger cohorts.

The limitations of our study include its retrospective design
and the small sample size. Technical issues, including motion
artifacts and the requirement for specialist analysis tools,
may also limit the clinical adoption of these techniques (4,22).
Nonetheless, their ability to advance knowledge and outcomes
in spinal cord pathology warrants further prospective studies
with larger cohorts (18).

Finally, the contribution of FA to the determination of micro-
structural changes may be important for decision-making
regarding treatment or surgical approach. By revealing the
microstructural changes and lesion-tract relationships, our
study supports the use of DTl and DTT in evaluating cervi-
cal extramedullary lesions for surgical planning and outcome
prediction.

B CONCLUSION

Although DTl and DTT are generally applied in the evaluation of
intra-axial brain tumors or intramedullary cervical tumors, they
can provide valuable input in some cases of extramedullary
cervical tumors, especially if the lesion causes displacement
or compression of vital white matter tracts, and can assist
in treatment and surgical planning. This study emphasizes
the important role and clinical utility of DTI and DTT in the
evaluation of extramedullary cervical tumors. The contribution
of FA to the determination of microstructural changes may
contribute to the early diagnosis of myelopathy findings,
which may be a critical indicator for surgical decision-making.

Differences in the type, location, and size of cervical extra-
medullary tumors can provide information regarding the ori-
entation of the tracts, the degree of spinal cord compression,
and the associated clinical picture. Although larger scale
studies are required to increase the reliability and clinical ap-
plicability of DTl and DTT in the evaluation of extramedullary
cervical tumors, our findings may provide important contribu-
tions for understanding the effects of DTl and DTT on neural
pathways in distinguishing extramedullary from intramedullary
tumors and predicting neurological outcomes.
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ABSTRACT

Back pain is a widespread and debilitating condition that significantly impairs quality of life, often eroding patients’ sense of
autonomy and independence, and contributes to global disability rates. The initial management of back pain generally follows
a conservative approach, encompassing physical therapy, pharmacological interventions, and lifestyle modifications aimed at
alleviating symptoms and restoring functionality. Spine surgery, while frequently beneficial in addressing underlying structural
issues, carries certain inherent risks. Among the most challenging outcomes of spine surgery is the persistence or recurrence of
pain, a condition commonly referred to as failed back surgery syndrome (FBSS). The effective management of FBSS requires a
comprehensive and meticulous approach. When conservative measures for FBSS fail to yield satisfactory results, revision surgery
can be considered. The role of advanced imaging techniques is critical in these cases. Standard imaging modalities each involve
unique advantages and limitations, and a multimodal approach is therefore important to achieve a comprehensive and accurate
evaluation of the patient’s condition. In recent years, single-photon emission computed tomography combined with computed
tomography (SPECT/CT) has gained recognition as a valuable tool in the postoperative assessment of spine surgery patients.
SPECT/CT has demonstrated superior efficacy in detecting specific complications, such as pseudoarthrosis, hardware failure, and
screw loosening. By integrating metabolic activity data from the spine and surrounding bony structures with the three-dimensional
reconstruction capabilities of CT, SPECT/CT enhances diagnostic accuracy and informs more precise treatment decisions. This
review aims to synthesize the current body of literature on the application of SPECT/CT in the postoperative evaluation of spine
surgery patients, while also providing a comparative overview of other imaging modalities within this context. Our objective is to
underscore the pivotal role that advanced imaging techniques play in improving patient outcomes after spine surgery, reducing the
incidence of FBSS, and shortening its duration.

KEYWORDS: Postoperative back pain, SPECT/CT, Pseudoarthrosis, Hypermetabolism, Hardware failure

ABBREVIATIONS: CT: Computerized tomography, MRI: Magnetic resonance imaging, SPECT: Single photon emission computed
tomography, CSF: Cerebrospinal fluid, PET: Positron emission tomography, ACR: American college of radiology, US: Ultrasound,
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B INTRODUCTION

ack pain is a leading cause of disability and diminished
B quality of life in the global population, with up to 85% of

individuals experiencing it at least once in their lifetime
(2,7,41). The related economic burden includes both direct
healthcare costs and societal impacts such as lost produc-
tivity and early retirement. Treatment strategies are individual-
ized, and initial emphasis is placed on conservative approach-
es such as physical therapy and analgesic medications. When
these fail or neurological symptoms arise, surgical intervention
may be necessary. While spine surgery is effective, it carries
risks, including major neurological deficits (<1%) and compli-
cations like instrumentation failure, infection, and persistent
pain (5,9,13,16,17).

A particularly challenging condition related to poor postoper-
ative outcomes is failed back surgery syndrome (FBSS). FBSS
is characterized by persistent or recurrent back pain, with or
without accompanying sciatica, following one or more spinal
surgeries (4,30). lts etiology is multifactorial, complicating
management. Radiological evaluation is critical in diagnosing
FBSS, typically utilizing plain radiography, CT, and MRI. While
effective, these methods are limited for evaluating metabol-
ic processes. Nuclear medicine imaging modalities, such as
SPECT/CT and PET/CT, integrate structural and metabolic
assessment and enhance diagnostic accuracy.

This review examines the role of SPECT/CT in postoperative
spinal evaluation, providing a comparison of various imaging
modalities to improve diagnostic accuracy and patient out-
comes.

B MATERIAL and METHODS
Literature Search

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and Me-
ta-Analyses (PRISMA) guidelines (1). Pubmed, ScienceDirect,
and Scopus databases were searched from 27.03.2024, us-
ing Medical Subject Headings (MeSH) terms and keywords.
The Boolean operators “OR and “AND” were used as follows:
(“SPECT/CT” OR “single photon emission computed tomog-
raphy”) AND (“postoperative spine” OR “spinal surgery” OR
FBSS OR pseudoarthrosis OR “screw loosening”) AND (diag-
nosis OR “diagnostic accuracy” OR sensitivity OR specifici-
ty) AND (comparison OR MRI OR CT OR “PET/CT”). Search
result references were uploaded into Rayyan (https://www.
rayyan.ai) for duplicate removal and screening.

Study Selection

Articles were screened under the following inclusion/exclusion
criteria. The inclusion criteria were 1) case reports or case
series reporting non-pooled data on clinical radiographic
evaluation by SPECT/CT imaging, treatment procedures, and
follow-up results; and 2) studies written in English. Exclusion
criteria were as follows: 1) literature reviews, meta-analyses,
autopsy reports, editorials, and conference abstracts; 2)
studies only reporting histopathologic or radiologic results
without any clinical, demographic, and follow-up data; 3) non-
English language articles and non-peer-reviewed sources.
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Data Extraction

The following data was extracted from the included studies:
first author, publication year, study design, sample size, the
primary indication for SPECT/CT (persistent postoperative
pain, infection, screw loosening, arthropathy), the type of
radiotracer (99mTc-MDP, 99mTc-UBI 29-41), reported spinal
level and location (lumbar vertebrae, facet joints, sacroiliac
joint, thoracolumbar fusion levels), type of instrumentation
(pedicle screws, interbody cages), postoperative infection
status, sensitivity, specificity, and AUC values when compared
with other modalities. One reviewer (M.D.Y.) extracted data
from each study, and two more reviewers (A.S.A.) and (K.D.T.)
independently verified the data.

Data Synthesis and Quality Assessment

Two independent authors (M.D.Y. and A.S.A.) evaluated the
risk of bias using the Joanna Briggs Institute checklists for
case reports and case series, and assessed the quality of
evidence according to the 2011 Oxford Centre for Evidence-
Based Medicine standards (2-4).

Statistical Analysis

The Jamovi (version 2.4.7) MAJOR module was used for all
statistical analyses. Continuous variables were summarized as
medians (ranges), and categorical variables were summarized
as frequencies (percentages). The themes of the studies
were categorized as Infection Diagnosis, Pseudoarthrosis/
Nonunion, Screw Loosening/Hardware Complications, and
Facetogenic/Mechanical Pain.

B RESULTS

Our search strategy yielded 391 results (PubMed: 26, Science
Direct: 351, Scopus: 14). Following duplicate removal and
screening, 15 studies, including several case reports, were
included in our review (Figure 1).

The studies included a total of 1022 patients. There were four
prospective case reports, and eight retrospective case series
with a weighted mean patient age of 55.1 years (43.4% Male).
The most common tracer utilized was 99mTc-MDP, appear-
ing in 14 studies. All studies included SPECT/CT in their as-
sessments. However, the limited number of studies reporting
demographic and clinical data, along with the heterogeneity
of these data and low evidence levels (IV-V), prevented the
calculation of hazard ratios and precluded a meta-analysis.

SPECT/CT vs Conventional Imaging Modalities for Spinal
Pathologies

Several studies compared conventional imaging and SPECT/
CT for postoperative patient assessment. These reports
revealed the superiority of SPECT/CT for diagnosing pathology
in cases where MRI results were ambiguous (1,3,8,19,23,26).
Lehman et al. reported that the management strategy was
altered in 79% of cases due to SPECT/CT results, for which
MRI had been inconclusive (23). Furthermore, Hudayana et al.
showed 100% sensitivity and 89.7% specificity in diagnosing
screw loosening through SPECT/CT imaging (19). However,
Paez et al. reported contradictory results for infection detection,
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Figure 1: PRISMA 2020 flow diagram for
new systematic reviews which included
searches of databases and registers only.
*Consider, if feasible to do so, reporting
the number of records identified from
each database or register searched

[ Identification of studies via databases and registers ]
'S
E Records identified from™ Records removed before the
E Pubmed (n = 26) screening:
= ScienceDirect (n = 351) > Duplicate records removed
T Scopus (n = 14) (n=80)
=
:
'S
Records screened Records excluded*™
(n=311) (n = 294)
Reports sought for retrieval Reports not retrieved
E’ (n=17) » (n=1)
; I
Reports assessed for eligibility
(n = 16) B
Reports excluded:
Not focusing on the spine (n=1)
—
A
E Studies included in review
E (n=15)
o
=

(rather than the total number across all
databases/registers).

**|f automation tools were used, indicate
how many records were excluded by a
human and how many were excluded by
automation tools (27).

with SPECT/CT producing suboptimal results compared to
MRI (26). Finally, Carsten et al. presented a case in which CT
results were normal, with pathology uncovered using SPECT/
CT; this case highlights the discordance between structural
integrity and metabolic activity (8).

Impact on Clinical Decision-Making

Several studies explored different clinical strategy options
based on SPECT/CT findings (3,19-21,23,34). Kaiser et al.
utilized SPECT/CT in degenerative disc disease patients and
showed significant improvements in VAS and ODI scores in
postoperative compared to preoperative assessments (20).
In an attempt to prevent extensive fusion, Kato et al. utilized
SPECT/CT to localize specific pain generators in elderly pa-
tients, using this information to manage these patients con-
servatively (21). Furthermore, in their cohort, Shapovalov et al.
demonstrated that patients benefited more and had greater
pain relief following SPECT/CT-guided revision surgeries (34).
SPECT/CT was also used to diagnose and alter the manage-
ment planning for patients with facet arthropathy and hard-
ware loosening (19,23).

Biomechanical Correlation and Metabolic Activity

Correlations between tracer uptake and several factors—in-
cluding mechanical stress, anatomical abnormalities, and de-
generative disease progression—were investigated in several
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studies (8,12,32). Russo et al. found that Modic type | changes
and Pfirrmann grade IV discs were associated with high tracer
uptake, indicating a more metabolically active region, presum-
ably connected to greater pain generation (32). Dharia et al.
found increased tracer uptake in patients with elevated pelvic
incidence and sacral slope, and sacroiliac joint pathologies
(12). Finally, Carsten et al. demonstrated increased uptake
associated with minimal degenerative changes; meanwhile,
severely degenerated regions exhibited minimal uptake, in-
dicating that metabolic activity represents early degenerative
changes (8).

Detection of Hardware Failure, Pseudoarthrosis, and
Other Complications

Detecting recent complications in the postoperative setting
can be challenging. Several studies aimed to clarify these
changes utilizing SPECT/CT. Rager et al. used SPECT/CT
to differentiate true and pseudoarthrosis from other causes
of pain, demonstrating greater sensitivity when compared to
CT (29). In further studies, Rager et al. demonstrated that the
absence of tracer uptake does not correlate with an absence
of complications in patients with broken screws (28). Tamm
and Abele reported that SPECT/CT is equivalent to spinal MRI
in the capacity to detect spinal infection. This is especially
useful when MRl is contraindicated (36).



DISCUSSION
Causes of Postsurgical Back Pain

Complication rates for spinal procedures range between
4% and 19%; these issues can be broadly categorized into
acute and chronic causes of pain (10,35,38) (Table I). Chronic
complications, such as hardware failure, may manifest
months after surgery and include problems like the loosening
or fracture of pedicle screws, cage migration, and rod
breakage, all of which can lead to fusion failure. Fusion failure
can result in spondylolisthesis and spinal instability, especially
in the case of rod fractures. Early radiologic assessment is
vital for detecting these complications, identifying sources of

Table I: Acute and Chroic Causes of Postoperative Back Pain

Acute Chronic
Hemorrhage Hardware Failure
Edema Chronic infection

Postoperative Inflammation Spondylolisthesis

Screw malpositioning Infection

Infection Dural tears

Nerve root injury Pseudoarthrosis

Facet joint degeneration

Adjacent segment degeneration

Sacroiliac Joint secondary to
previous spinal surgery

Cage subsidence

Table Il: Comparing the Imaging Modalities Utilized in The Studies
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pain, and enabling timely surgical revision to prevent further
deterioration.

In addition to hardware-related issues, other complications
such as infection, spinal or epidural hematoma, pseudome-
ningocele, and nerve root injury can contribute to persistent
postoperative pain. Early identification and management of
these complications are crucial, as they can quickly progress
to permanent neurological deficits or even death. Postsurgical
pseudomeningocele, though rare, often arises from inadver-
tent meningeal tears or inadequate closure during surgery,
and can lead to symptoms such as wound swelling, head-
aches, and radicular pain. Another potential issue, known
as “battered root syndrome,” can cause persistent radicular
pain following lumbar surgery. This is often due to prolonged
and aggressive root retraction, excessive bleeding, or the
presence of a conjoined nerve root. Surgery may also lead to
arachnoiditis, a condition where persistent inflammation of the
arachnoid mater causes irritation of the nerve roots, resulting
in pain that can affect both the spine and lower limbs.

Postoperative Radiologic Assessment of the Spinal
Column

Plain radiographs, CT, and MRI scans are the primary radio-
logical tools used for postoperative evaluation. These modal-
ities are crucial for monitoring spinal column alignment, hard-
ware integrity, and the progression of bony fusion. Regular
follow-up with thorough clinical and radiological assessments
is essential to ensure optimal outcomes. However, each of
these imaging techniques has limitations and should not be
relied upon in isolation; they must be interpreted in the context
of a patient’s symptoms and medical history to provide accu-
rate diagnoses (Table Il). Plain radiography is cost-effective
for evaluating bone structure and hardware integrity. Static
radiographs can detect hardware failure, while dynamic mo-

Modality Strengths Limitations Clinical Application
High sens!tlwty for 'detec"clng ‘ I.ncre.ased Radiation exposure; Postoperative back pain with
metabolically active pain limited in early postoperative phase . .
. : o ambigious CT/MRI scans;
generators (e.g., pseudoarthrosis, due to bone healing activity shows ;
SPECT/CT ; ) . suspected hardware loosening,
facet degeneration, screw loosening); as increased tracer uptake; cannot .
. . . . . . pseudoarthrosis, and facet
increased efficacy for postoperative effectively differentiate .
. . . . ; degeneration
assessment with metal hardware inflammation from infection
Superior for infection detection High cpst; I|m|teq avallablllt}/; Suspected po§t9perat|ve |.nfe.ct|on
o - not routinely used in mechanical or systemic inflammation;
PET/CT (FDG) (spondylodiscitis, osteomyelitis); . o . . e
. pain diagnosis; also increased early discitis/osteomyelitis with
less affected by metal artifact L .
radiation exposure negative MRI
Gold Standard for soft tissue, nerve Metal artifacts limits postoperative  Initial evaluation for soft tissue/
MRI root, and scar tissue as well as spinal  imaging; decreaced efficacy in  spinal pathology; radiculopathy or
cord and disc assessment visualizing fusion long scan time cord compression; disc herniation
Su'perlc')r bpne. detail and hardyv a.re No functional/metabolic Excellent structural evaluation of
visualization; 3D reconstruction; . . ) L L
CT information; increased radiation bone, hardware, and nonunion in

Effective in detecting nonunion and
foraminal stenosis

exposure the early postoperative period

Turk Neurosurg 36(1):108-118, 2026 111



Apaydin AS. et al: SPECT/CT in Postoperative Spine

dalities assess spinal instability (6,25). Spondylolisthesis can
be identified, but soft tissue and neural impingement cannot
be assessed. Meanwhile, CT provides detailed 3D visualiza-
tion of bone and hardware, excelling in detecting nonunion
and foraminal stenosis in FBSS (11,39). MRI is the best tool
for soft tissue evaluation, and can identify conditions like ste-
nosis, disc disease, and infections (37). Research has shown
that the extent of scar tissue is directly linked to the recur-
rence of radicular pain, with a 25% increase in scar tissue
doubling the risk (22,31). Despite its strengths, MRI has cer-
tain limitations, particularly in evaluating the bony cortex or
assessing fusion across operated levels. Metallic implants
can also introduce artifacts that complicate imaging, although
modern titanium hardware typically causes fewer problems.
Moreover, advances in metallic artifact reduction sequences,
when appropriately selected, can effectively address both in-
plane and through-plane artifacts by using multi-acquisition
variable resonance image combinations and slice-encoding
techniques to enhance image quality (24). However, patients
with chronic pain may struggle to remain still for the lengths of
time required to obtain high-quality multiplanar images, and
reactions to contrast agents can limit the widespread use of
MRI in the postoperative population. These considerations
highlight the importance of selecting appropriate imaging
modalities and techniques to maximize diagnostic accuracy
while minimizing patient discomfort.

Table Ill: Summarization of Studies with Key Findings

SPECT/CT

SPECT utilizes the pharmacokinetic properties of specific ra-
dionuclide substances to detect areas of altered or hypermet-
abolic activity within the bone structure of the spinal column.
This can identify anatomical or functional sources of postop-
erative pain. Common radiotracers include technetium-99m,
which binds to hydroxyapatite —a key mineral in the bone cor-
tex—"®F Sodium Fluoride ('®F-NaF), and '®F-fluorodeoxyglu-
cose ("®F-FDG). These tracers are incorporated into the bone
matrix with hydroxyapatite and are also taken up by inflam-
matory cells, enabling the detection of metabolically active
cells within the spine through SPECT and positron emission
tomography (PET) imaging.

Recent advancements in imaging technology have given
rise to hybrid techniques like SPECT/CT and PET/CT, which
seamlessly integrate the metabolic insights of SPECT and PET
with the detailed 3D anatomical reconstructions provided by
CT scans (2). This powerful combination enables the precise
evaluation of metabolically active sites, even in challenging
areas such as around implanted hardware or regions affected
by infection, where metabolic activity is often heightened. The
studies included in our systematic review have consistently
demonstrated the prognostic utility of SPECT/CT in revealing
pathologies missed by CT or MRI scans. This is especially
useful in the postoperative period, in which artifacts caused by
instrumentation can impede image quality (Table Ill). Lehman

. Added Benefit of SPECT/ Evidence &
Study Study Aim Key Results cT Quality
Patient management MRI scans cannot increased JBI: High
Lehman et al., (23) Postoperative back pain strategy changed in tracer uptake at facet joints OCEBM: IV
79% of cases
Hudyana et al., (19) Screw loosening, S:nES(IiI-I\-//IS Tahnaddggogz’ SPECT/CT outperformed CT JBI: High
y v Hardware Failure ¥, an 7R P OCEBM: IV
specifity
Rager et al., (29) Pseudarthrosis vs i;igz/cfg g?: me%rs;iz? Detected facet joint tracer JBI: High
9 . facet pain Y Inpain g uptake not visible on CT OCEBM:IV
localization
Increased uptake by
Kaiser et al., (20) DDD in patients with positive L?g::gi?tggsgg_r\;g? I-increased metabolic JBI: High
v SPECT/CT findings . . . activity has improved OCEBM: I
imaging targeted fusions
outcomes
Exploring, Management SPECT/CT has guided
Kato et al., (21) and assessment of elderly  and help avoid surgery in  Conservative management JBI: High
v patients presenting with  multilevel disease in elderly guided by SPECT OCEBM: IV
back pain with SPECT/CT patients
Systematic review and case ) . They have concluded
) - Confirmed superior . -
series on the utilization of detection of facet through systematic review JBI: High
Awosika et al., (3) SPECT/CT and PET scan . that SPECT/CT is a valuable ) g-
degeneration through OCEBM: |

on postoperative spine
assessment

SPECT/CT scan

adjunsct were traditional
imaging fails
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Study Study Aim

Key Results

Added Benefit of SPECT/ Evidence &
CT Quality

Multicenter, prospective
study in evaluating

Paez et al., (26) postoperative infection

FDG PET/CT superior to
SPECT with UBI in detecting

MRI + FDG has the AUC of
0.938

JBI: Moderate
OCEBM: 1l

assessment through PET/CT postoperative infections

and SPECT/CT

While SPECT/CT is superior

Increased uptake correlated in assessing postoperative

Dharia et al., (12) Sacroiliac joint pain

with increased pelvic tilt
and other spinopelvic
parameters

JBI: Moderate
OCEBM: IV

osteoblastic activity, PET/
CT showed incresed efficacy
in assessing postoperative
infectious assessment

Shapovalov et al., Postoperative cervical spine
(34) fusion syndrome

SPECT-guided revision
improved patient outcomes

Higher revision success
in patients assessed with
SPECT/CT vs non-SPECT

JBI: Moderate
OCEBM: IV

Increased Uptake

Evaluation of chronic back

Russo et al., (32) pain with SPECT/CT

associated with Modic |
and Pfirrmann grade 5 disc

JBI: Moderate
OCEBM: IV

Metabolic confirmation of
degenerative pain

degenerations

Differentiating
pseudoarthrosis from other
causes of postoperative
back pain

Rager et al., (28)

Controversially SPECT/
CT -failed to detect broken
screw

underscoring the importance
of metabolic activity in
SPECT/CT

JBI: Moderate
OCEBM: IV

SPECT showed increased
uptake in facet joints in
patients with no appearent without any symptoms and
facet disease on CT scan

Chronic facet joint pain

Carstensen et al., (8) assess by SPECT/CT

SPECT/CT showed
metabolic activity in patients JBIl: Moderate
OCEBM: IV

structural degeneration

Postoperative lumbar

Acosta etal., (1) spine fusion syndrome

Localized pain generator not
seen on MRI revealed by
SPECT/CT

Management strategy
altered based on metabolic
activity seen on SPECT/CT

JBI: Moderate
OCEBM: IV

Tamm and Abele, (36) spondylodiscitis

Assessment of suspected SPECT/CT is equivalent to
MRI in infection detection

Viable alternative in
stiuations where MRl is
contraindicated

JBI: Moderate
OCEBM: IV

SPECT/CT: Single photon emission computed tomography/computed tomography, PET/CT: Positron emission tomography/computed
tomography, FBSS: Failed back surgery syndrome, DDD: Degenerative disc disease, ODI: Oswestry disability index, VAS: Visual analog scale,
MRI: Magnetic resonance imaging, CT: Computed tomography, FDG: Fluorodeoxyglucose, UBI: Ubiquicidin, JBI: Joanna Briggs Institute,

OCEBM: Oxford center for evidence-based medicine levels.

et al. emphasized the clinical utility of SPECT/CT in treatment
planning; SPECT/CT findings led to changes in the treatment
plans of 79% of patients through the identification of facet
joint abnormalities previously missed by MRI (23). Meanwhile,
Rager et al. and Hudyana et al. reported that SPECT/CT
effectively revealed metabolically active areas with increased
tracer uptake in patients with postoperative back pain, which
had been missed on CT scans (19,29). Finally, Carstensen et
al. illustrated that ambiguous CT findings could be visualized
as metabolically active sites by SPECT/CT (8). This shows
the capacity of SPECT/CT to capture lesions before any
radiographically significant changes occur. Notably, focal

intensities detected by these hybrid methods can remain
positive for up to a year following surgery, potentially signaling
issues such as nonunion or pseudoarthrosis. In contrast, diffuse
activity may indicate increased bone turnover in a normally
fused spine, reflecting the body’s ongoing healing process.
Furthermore, the use of technetium-labeled white blood cells
enhances the ability to detect infections in the operated area,
providing a comprehensive toolset for assessing complex
postoperative conditions (37). The updated American College
of Radiology (ACR) Appropriateness Criteria endorse SPECT/
CT as the standard for identifying radiographically hidden
spondylosis as a pain generator in younger patients (Figure
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2) (14). SPECT/CT is also recommended as an adjunctive
imaging technique for detecting pseudoarthrosis and screw
loosening in patients who have undergone prior lumbar
surgery, with or without radiculopathy (14). Hudyana et al.
reported that SPECT/CT significantly outperformed CT for
the diagnosis of screw loosening, with sensitivity of 100%
and specificity around 90 (19). However, in consecutive
studies, Rager et al. underscored that metabolic activity
may not always be present in the event of mechanical
failure of a construct. While it can be deduced from these
studies that the presence of a metabolically active site can
confidently indicate pseudoarthrosis, a negative scan does
not necessarily exclude the possibility (28,29). In a systematic
review, Awosika et al. highlighted the superiority of SPECT/
CT in diagnosing pseudoarthrosis and adjacent segment

Figure 2: 71-year-old male who had a Lumbar MRI performed,
which demonstrated multilevel degenerative disc disease as well
as multilevel neural foraminal stenosis at L2-L3, L3-L4, and L5-S1
bilaterally. SPECT/CT demonstrated metabolic activity at multiple
levels, including T12-L1, L2-L3, and L3-L4, though the greatest
degree of tracer uptake was noted at L3-L4 end plates. He had
an L2-4 prone trans psoas lateral fusion and was followed up with
1 year later. He reported his pain level to be at a zero at his 1-year
follow-up.
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disease, and guiding further revision surgeries (3). One study
explored the relationship between SPECT/CT findings and
the outcomes of revision surgery in patients with FBSS, and
determined the modality’s use in identifying sources of pain
in patients with suspected inflammatory back pathology,
thereby guiding more effective treatment strategies (Figure
3). The utility of SPECT/CT for guiding patient management
has been indicated by several studies. Kaiser et al. found that
patients benefited more when treated at SPECT/CT positive
levels compared to SPECT/CT negative or other non-targeted
levels, reporting overall reduced postoperative pain and
increased functional improvement (20). Kato et al. investigated
the conservative treatment of active pain generators using
SPECT/CT in older patients. Use of the technique allowed
these patients to receive conservative management and avoid
surgery (21). Furthermore, Shapovalov et al. demonstrated
that SPECT/CT-guided revision surgeries had better outcomes
than traditional image-guided revision surgeries (34). These
findings underscore the wide utility of SPECT/CT, not only in
diagnosis but also in improving patient outcomes. Together,
these results suggest a paradigm shift for the assessment of
radiologically ambiguous cases.

Figure 3: 70-year-old Male with a history of L3-L4, L4-L5, and L5-
S1 transforaminal lumbar interbody fusion (TLIF) intervention. MRI
demonstrated multiple-level degenerative disease. His SPECT/CT
demonstrated activity at the L2-L3 disc space. He subsequently
had L2-L3 extension TLIF. Subsequently, pain improved from a 6
at his baseline consult visit to a 2 at 6 months follow.



Patients with positive SPECT/CT results —indicating conditions
such as facet arthritis, disc inflammation, or pedicle screw
loosening—responded better to re-operation than those with
negative SPECT/CT findings (18). While research on the use
of SPECT/CT as an adjunct to other imaging modalities is still
emerging, there is already substantial evidence demonstrating
its added value. Significantly, SPECT/CT can detect active
metabolic sites not only at operated levels but also those
adjacent and in other load-bearing structures, such as the
sacroiliac joints. This capability is particularly useful in guiding
targeted injections, which can provide significant relief for
patients. However, it is crucial to distinguish asymmetrical
increased uptake in the sacroiliac joints, often seen at bone
grafting sites, from inflammatory processes.

SPECT/CT has increasingly been established as a valuable
imaging modality for evaluating conditions such as pseu-
doarthrosis, hardware failure, metallic work fractures, screw
loosening, and misalignment, especially in cases where oth-
er imaging techniques yield inconclusive results. A recent
systematic review by Awosika et al. highlighted SPECT/CT’s
superiority in detecting facet degeneration compared to CT
alone (3). Their findings suggest that SPECT/CT has higher
diagnostic accuracy than conventional imaging methods and
can provide additional information for identifying pain-gener-
ating sites, including pseudoarthrosis, hardware loosening,
and facet joint degeneration. Furthermore, '®F-FDG PET/CT
was noted for its efficacy in detecting postoperative infections;
increased FDG uptake was associated with increased inflam-
matory activity, aiding in the diagnosis of suspected infec-
tion. Additionally, Hudyana et al. demonstrated that SPECT/
CT could detect screw loosening with remarkable accuracy,
boasting a sensitivity of 100% and a specificity of 89.7% (19).
Besides hardware assessments, SPECT/CT also showed ef-
ficacy in identifying other sources of recurrent back pain, in-
cluding active fact degeneration and degenerative changes in
the discs and sacroiliac joint.

SPECT/CT is particularly effective in identifying pain generators
related to adjacent segment degeneration following spinal
surgery, offering a clear differentiation between tracer uptake
by facet joints and pedicle screws. This is crucial in cases
of device subsidence, where CT scans might overestimate
lucencies, potentially leading to false diagnoses. SPECT/CT
helps to distinguish between physiological height loss and
pathological processes, with the latter showing increased
tracer uptake and CT evidence of subsidence (15). Huang et
al. investigated the utility of SPECT/CT in FBSS, and found
it to be effective in pinpointing sources of persistent pain
and identifying facet joint inflammation and pedicle screw
loosening (37). Moreover, patients exhibiting more positive
findings in SPECT were reported to have more favorable
outcomes following revision surgery compared to patients
with high uptake and increased signal intensity on imaging.

Pedicle screw loosening, seen in 18% to 31% of patients,
typically appears as a rim of lucency around the screw on
CT scans. SPECT/CT provides valuable information by
identifying increased metabolic activity associated with
this process (33,39). However, caution is advised when
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using SPECT/CT in the early postoperative period, as the
heightened metabolic activity of osteoblasts during tissue
repair may lead to misdiagnosis or overdiagnosis. Russo et al.
demonstrated increased tracer uptake with degenerative disc
changes, further showing the correlation between increased
uptake and inflammation (32). Further studies reported similar
observations in the sacroiliac and facet joints (8,12).

Experts, including Al-Riyami and Gnanasegaran, have recom-
mended the use of SPECT/CT in patients with persistent post-
operative pain lasting 12 months or more, especially when
other modalities produce inconclusive results (2,15). They also
underscored the robustness of SPECT/CT for detecting pseu-
doarthrosis and hardware failure even in very close proximity
to the instrumented level, yielding highly detailed information.
Gnanasegaran et al. further validated the efficacy of SPECT/
CT in detecting pseudoarthrosis, hardware failure, and adja-
cent segment disease (15).

Interestingly, SPECT/CT can also uncover significant findings
in asymptomatic patients with clean radiographic images. For
example, Rager et al. reported on six patients with normal CT
scans, who were later found to have facet joint disease upon
SPECT/CT evaluation (Figure 4) (29). Despite the normal CT
images, SPECT/CT was able to capture the active sites of
facet disease on the anatomical landmarks provided by the
original scan.

If we compare PET/CT and SPECT/CT for postoperative spinal
evaluation, both provide valuable information. While PET/CT
shows increased utility in identifying postoperative infection,
particularly with FDG tracers, SPECT/CT has demonstrated
superiority for detecting mechanical complications, including
pseudoarthrosis and hardware failure, due to its ability to
assess osteoblastic activity. The choice of imaging modality
should be based on the clinical scenario and initial evaluation.

SPECT/CT has certain limitations, particularly in the evaluation
of disc herniations, cord and root compressions, and listhesis,
where it may not provide sufficient detail. Furthermore, in the
immediate preoperative period, SPECT/CT may not be as well
adapted as it is in the later treatment periods. Inflammation
caused by the trauma of surgery and early osteoblastic activity
can be easily misinterpreted as infection or pseudoarthrosis.
Unfortunately, there is no established evidence-based cutoff
in follow-up duration for when best to utilize this modality.
As a further limitation, SPECT/CT may not be able to
differentiate infection from inflammation due to other causes,
including pseudoarthrosis, facet joint degeneration, adjacent
disease, and hardware failure; the patient’s clinical and other
biomarkers should be taken into account when making a
diagnosis of postoperative infectious disease. Finally, in cases
of concurrent multiple complications, SPECT/CT may fall
short in differentiation, and may lead to the underdiagnosis
of certain conditions. Moreover, this procedure requires
ingestion of certain chemicals, which may not be feasible in
patients with chronic kidney disease or allergies.

Future directions for SPECT/CT should focus on its imple-
mentation in preoperative planning, alongside improvements
in accounting for anatomical variations and individual meta-
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Figure 4: 51-years-old, Male with a history of T12-L1 Laminecto-
my. SPECT CT was performed and demonstrated L5-S1 disc &
facet joint uptake. He ended up receiving an L5-S1 TLIF. Pain at
baseline before most recent surgery was a 7, at 3 months it was a
0, and at 6 months it was a 4.

bolic profiles. Progress in these factors would allow for a more
individualized approach for patients and enhance the clinical
utility of SPECT/CT. Furthermore, research focused on ra-
diotracers specific to spinal pathologies could enhance the
diagnostic sensitivity of SPECT/CT. Integration with other im-
aging modalities, such as functional MRI, could also improve
preoperative planning and patient outcomes. Naturally, these
modalities are costly, so optimization and standardization of
imaging protocols are necessary, especially in the postopera-
tive term, for the differentiation of inflammation and bone heal-
ing from other common complications.

B CONCLUSION

Postoperative pain that recurs or persists despite initial treat-
ment necessitates a comprehensive approach, combining
both clinical evaluation and advanced radiological investiga-
tions. SPECT/CT and PET/CT have become widely used for
evaluating postoperative spinal conditions, and can effective-
ly pinpoint sources of persistent pain. These hybrid imaging
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techniques merge metabolic and anatomical data to accurate-
ly detect issues like nonunion, pseudoarthrosis, and infection.
Identifying active metabolic sites, both proximal and distal
from surgical areas, enables targeted treatments such as
guided injections, enhancing patient outcomes. As evidence
of its efficacy grows, SPECT/CT is poised to become a main-
stay in diagnosing complex spinal pathologies. Nevertheless,
clinicians must interpret results carefully to differentiate be-
tween pathological findings and normal postoperative chang-
es. Further large-scale patient studies are needed to better
define the role of SPECT/CT in managing complex postoper-
ative pain complications.
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ABSTRACT

AIM: To evaluate the surgical outcomes, extent of resection, and postoperative clinical improvement in 22 patients with brainstem
tumors.

MATERIAL and METHODS: We performed surgery on 22 patients with brainstem tumors using various approaches to access the
pathology. Our goal was to achieve gross total resection wherever feasible, although this was not possible in all cases. Spontaneous
breathing was preferred during surgery, and resection was halted if any disturbance occurred. Bipolar or monopolar coagulation was
avoided, and smooth compression and irrigation were used for bleeding control. Neuromonitoring was employed during surgery
for all patients.

RESULTS: Among the 22 patients included in this study, 4 presented with long tract symptoms, 3 had hydrocephalus, 5 had
papillary stasis, 4 had cerebellar findings, 3 had gait disturbances, 1 had respiratory disturbance, and 1 had dysphagia. Gross total
resection was achieved in 10 patients, near-total resection in 4, and partial resection in 8.

CONCLUSION: Surgery enables histologic diagnosis, relieves mass effect, and improves symptoms in brainstem tumors. While
gross total resection is ideal, it should not be insisted on in infiltrative tumors; partial or subtotal resection may provide long-term
benefit in focal and exophytic lesions. Careful neuromonitoring and anatomical planning are essential to minimize morbidity.

KEYWORDS: Brainstem tumors, Exophytic, Focal, Diffuse, Infiltrative

ABBREVIATIONS: CNS: Central nervous system, NF1: Neurofibromatosis type 1, NF2: Neurofibromatosis type 2, VA: Vertebral
artery, BA: Basilar artery, PICA: Posterior inferior cerebellar artery, BST: Brainstem tumor, GBM: Glioblastoma multiforme, GTR:
Gross total resection, DIPG: Diffuse intrinsic pontine glioma, MRI: Magnetic resonance imaging, PNET: Primitive neuroectodermal
tumor, RT: Radiotherapy, HE: Hematoxylin and eosin, GCS: Glasgow coma scale

B INTRODUCTION (6,11,23). Although these tumors are typically classified as
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posterior fossa tumors arise in the brainstem, with 80% tive, aggressive, and progressive characteristics, with no clear

. .ocated .in the. ppns .and. 86% of those histologically demarcation lines and symmetrical metastasis in vertical and
classified as diffuse infiltrative fibrillary astrocytoma grade Il transverse directions (11,18,23).
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Brainstem tumors (BSTs) are most commonly detected in chil-
dren, particularly males; moreover, these tumors often remain
asymptomatic until they reach a significant size due to their
midline location (7,28). The most common symptoms of BSTs
include headache, vomiting, and gait disturbances, where-
as the most prominent clinical findings include papilledema,
ataxia, strabismus, nystagmus, vertigo, cranial nerve deficits,
long tract signs, and head bobbing (27,28). In cases with hy-
drocephalus, shunt procedures may be required (2).

Approximately 90% of BSTs originate from astrocytic lineage
and include diffuse fibrillary, pilocytic, pilomyxoid, pleomor-
phic xanthoastrocytoma, and other histological variants
(11,19) The less frequent pathologies include oligodendrogli-
oma, ependymoma, primitive neuroectodermal tumor (PNET),
atypical teratoid/rhabdoid tumor (AT/RT), hamartoma, tuber-
culoma, and fungal granulomas (9,10,14).

Based on anatomical and radiological characteristics, BSTs
may be classified as focal, anterior, posterior, lateral, exophyt-
ic, diffuse, infiltrative, or intrinsic (18). Magnetic resonance im-
aging (MRI) is the most preferred imaging modality for BSTs
as it provides valuable data on their localization, extent, neigh-
borhood, and differential diagnosis (8,18,32).

Focal exophytic midbrain, medullary, and cervicomedullary
tumors can be treated via gross total resection (GTR), where-
as diffuse infiltrative pontine gliomas (DIPGs) without an exo-
phytic component cannot be treated surgically (23). Instead,
these lesions can be treated using radiotherapy, chemothera-
py, immunologic therapies, stereotactic radiosurgery, genetic
therapies, and targeted molecular agents including IL-13 re-
ceptor-targeted approaches (13,15,16,22).

In this study, we evaluated 22 patients with brainstem tumors
who had undergone surgical treatment between 2010 and
2023. We analyzed their outcomes based on the extent of re-
section—gross total, near-total, or partial—and assessed the
role of follow-up in stable lesions. A comprehensive literature
review was also performed.

B MATERIAL and METHODS

Of the 22 BSTs analyzed in this study, 3 were located in the
midbrain and 2 in the peduncle. These five tumors were
resected through pterional craniotomy. We reached the tumor
after opening the Sylvian fissure, opticocarotid complex, and
carotico-oculomotor triangle (Figure 1).

A tectal tumor was removed using the occipital transcallosal
approach by splitting the splenium.

We resected three DIPGs; of these, two were ventral exophytic
tumors that were resected through pterional craniotomy and
by opening the prechiasmatic and interpeduncular cisterns
(21). We used a thin-tipped ultrasonic suction tube to partially
resect the tumor. In a patient with a posterior exophytic
tumor, subependymal protrusion and portions obstructing the
aqueduct were surgically removed using a classic posterior
fossa approach through the cisterna magna, involving partial
vermis splitting (22). The same procedure was used for four
posterior exophytic medullary tumors. We resected 1/3 of
the bottom part of the vermis (18). The same approach was
used for two focal medullary tumors subjected to GTR. Three
lateral exophytic medullary tumors were accessed through
posterolateral incision and retromastoid craniotomy, similar
to the approach used for pontocerebellar angle (PCA) tumors

(25).

We did not perform a midline incision into the floor of the
fourth ventricle. Furthermore, we did not descend beyond the
base of the fourth ventricle, unless necessary (21). The tumor
was resected from the center to the periphery (Figure 2).

If there was uncertainty regarding tissue identification, a
frozen section was performed; meanwhile, the patient was
monitored, and a stimulator was used (28). We preferred
spontaneous respiration in all cases. If any alteration in
respiratory or cardiac rhythm was observed, the surgery was
stopped and resumed after recovery.

Figure 1: A) Surgical exposure via prechiasmatic, opticocarotid, and cortico-oculomotor triangle. B) Astrocytoma composed of fibrillary
astrocytic cells with cytoplasm and fusiform nuclei. Hematoxylin and eosin (H&E) staining, x100.
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Figure 2: Patient #11. Piecemeal removal of the tumor from center to periphery; no glial barrier observed, consistent with infiltrative

growth.

We gained access to the tumor through a cystic, discolored,
protruding area with abnormal vascularization, choosing the
shortest route to reach the exophytic region (22). We avoided
the use of laser and bipolar cautery whenever possible. Bleed-
ing ceased after applying gentle pressure with a wet cotton
compress. Seven cervicomedullary tumors were surgically
excised via a midline incision, adhering to standard microsur-
gical guidelines for accessing the fourth ventricle. However, a
midline approach was not used for all cases; instead, a me-
diolateral approach was used when a protruding cystic area
was present (28).

This retrospective study was conducted in accordance with
the principles of the Declaration of Helsinki (32). All surgical
and diagnostic procedures had been performed under the
standard institutional regulations in place at the time of
treatment, and written informed consent had been obtained
from all patients and/or their legal guardians.

B RESULTS

In 3 of the 22 patients with BSTs, the tumors were located in
the midbrain. One patient with a tectal tumor was 35 years
old and had papillary stasis and Parinaud’s syndrome. In
this patient, GTR was performed, and he was pathologically
diagnosed with mature teratoma. The conditions resolved
postoperatively. The other two patients were 3- and 7-year-
old girls with a peduncular tumor who were pathologically
diagnosed with pilocytic astrocytoma. Their symptoms,
i.e., headache, nausea, and vomiting, improved after partial
resection.

Two male patients aged 3 and 4 years had ventral exophytic
DIPGs. One patient had primary optic atrophy, hydrocephalus,
and a Glasgow Coma Scale (GCS) score of 5. In this patient,
partial resection was performed and a V-P shunt was
inserted for hydrocephalus. This patient was pathologically

diagnosed with pilocytic astrocytoma and was found to
gain consciousness postoperatively. However, the other
patient showed no neurological symptoms, underwent partial
resection, and was pathologically diagnosed with astrocytoma
grade Il

A 6-year-old male patient with a dorsal exophytic DIPG had
hydrocephalus and gait disturbance. After partial resection, the
hydrocephalus improved. He was pathologically diagnosed
with astrocytoma grade II.

Four patients had dorsal exophytic medullary focal tumors. The
first patient was a 38-year-old man with cerebellar findings.
He underwent GTR and was pathologically diagnosed with
glioblastoma multiforme (GBM). The second patient was an
18-year-old woman with hydrocephalus and papillary stasis.
She underwent GTR and was pathologically diagnosed
with GBM. The third patient was a 21-year-old woman with
cerebellar findings. She underwent near-total resection and
was pathologically diagnosed with GBM. The fourth patient
was an 11-year-old boy with multiple cranial nerve paralysis,
gait imbalance, and diplopia. He underwent GTR and was
pathologically diagnosed with ganglioglioma.

Three patients had lateral exophytic focal medullary tumors.
The first patient was a 3-year-old girl with hydrocephalus and
papillary stasis. She underwent GTR and was pathological-
ly diagnosed with ependymoma. The second patient was a
4-year-old boy with hemiparesis and strabismus. He under-
went partial resection and was pathologically diagnosed with
ependymoma. The third patient was a 9-year-old boy with gait
disturbance. He underwent partial resection and was patho-
logically diagnosed with pilocytic astrocytoma.

Two patients with focal medullary tumors underwent GTR. One
patient was an 8-year-old boy with imbalance and diplopia
who was pathologically diagnosed with astrocytoma grade |l
(Figure 3).
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multiforme (GBM), preoperative (C, D) and postoperative (E) views. F) GBM, Hematoxylin and Eosin (H&E) staining, x200. G) GBM,
immunohistochemical staining, x200. H) Thrombus mass in a dilated vessel of GBM, H&E, x200, consistent with vascular invasion.

The other patient was a 13-year-old girl with gait disturbance
who was pathologically diagnosed with oligodendroglioma.

Seven patients had cervicomedullary tumors. The first patient
was a 27-year-old man with quadriparesis and respiratory
disturbance. He underwent near-total resection and was
pathologically diagnosed with GBM. His findings improved,
except for the mild left hemiparesis. On postoperative day 2,
he experienced irregular nocturnal breathing, which occurred
at 7-8-h intervals. Breathing was supported, but the residual
tumor quickly expanded to the distal and proximal areas. The
patient died on postoperative day 75 due to respiratory arrest.

The second patient was a 20-year-old man with arm weakness.
He underwent GTR and was pathologically diagnosed with
GBM. The third patient was a 7-year-old girl with dysphagia.
She underwent GTR and was pathologically diagnosed with
pilocytic astrocytoma. Her condition improved in 1 week
(Figure 4).

The fourth patient was a 4-year-old girl with papillary stasis
and hydrocephalus. She underwent GTR and was pathologi-
cally diagnosed with ependymoma. Her pathological findings
improved after GTR. The fifth patient was a 5-year-old girl with
hemiparesis. She underwent partial resection and was patho-
logically diagnosed with astrocytoma grade Il. Her hemipare-
sis improved after partial resection. The sixth patient was a
41-year-old man with papillary stasis and quadriparesis who
was pathologically diagnosed with ependymoma (Figure 5).
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The seventh patient was a 38-year-old man with quadripare-
sis, left spasmodic torticollis, and glossopharyngeal neuralgia.
He underwent GTR and was pathologically diagnosed with
hemangioblastoma. We accessed the saccular aneurysm at
the origin of the posterior inferior cerebellar artery by following
the left vertebral artery. His conditions improved postopera-
tively (Figure 6).

Except for the children, all patients suffered from headache
and vomiting. The study population consisted of 22 patients,
including 12 female and 10 male patients. Of them, eight were
adults (mean age: 29.8 years) and four were children (mean
age: 6.2 years). The mean age of all patients was 14.7 years.

Of the 22 patients in this study, 4 had long tractus symptoms,
3 had hydrocephalus, 5 had papillary stasis, 4 had cerebellar
findings, 3 had gait disturbance, 1 had respiratory disturbance,
and 1 had aglutition. Ten, four, and eight patients underwent
GTR, near-total resection, and partial resection, respectively.

The detailed demographic and clinical characteristics of all 22
patients are summarized in Table I.

B DISCUSSION

Advances in anesthesia and asepsis led to significant im-
provements in abdominal and thoracic surgeries during the
19th century. However, brain tumor surgery could not be sig-
nificantly improved because it is difficult to accurately localize
these tumors (9). In 1884, Richman Godlee localized an IC
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Figure 4: Patient #18. Pilocytic astrocytoma extending to the fourth ventricle, posterior cranial area (PCA), and cervicomedullary region.
A) Preoperative T1W sagittal MR imaging. B) Multiple cystic structures and heterogeneous contrast enhancement in T1W sagittal MR
image. C) Early postoperative CT scan. D) Late postoperative period (1 year after surgery). E-G) Cervicomedullary tumor with exophytic
lateral extension into the PCA; postoperative follow-up shows resolution of hydrocephalus and gait disturbance.

tumor in a patient with focal epilepsy through neurological ex-
amination and performed a successful operation (17). During
this period, some brave surgeons attempted to treat des-
perate patients through craniotomy; however, most of them
were unsuccessful as they could not localize the lesion (15).
In the 1950s, advancements in neurology deepened our un-

Figure 5: (Patient #19)
T2W sagittal MRI scans.
Preoperative (A) and
postoperative (B).

derstanding of brain anatomy and physiology. Consequently,
a significant increase in the rates of intracranial tumor surgery
and GTR was observed, except for BSTs (3). At the end of the
20th century, advancements in imaging techniques allowed
for precise tumor localization and a preliminary understanding
of its histological characteristics (9). Furthermore, advances in
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o A T, -l S e — . :
Figure 6: Patient #22. A) Preoperative axial contrast enhanced T1W MRI, B-D) Cervicomedullary hemangioblastoma in operative
micrographs. E-H) PICA aneurysm coexisting with cervicomedullary hemangioblastoma. Complete removal of the hemangioblastoma
and associated PICA aneurysm confirmed.

Table I: Detailed Demographic and Clinical Characteristics of All 22 Patients

Case (yle\g;) Sex Tumor Location Surgical Approach ::;:2:;; Histopathology

1 35 F Midbrain Posterior transcallosal GTR Teratoma

2 3 F Peduncle Pterional Partial Pilocytic astrocytoma

3 7 F Peduncle Pterional Partial Pilocytic astrocytoma

4 3 M Pons Pterional Partial Pilocytic astrocytoma

5 4 M Pons Pterional Partial Astrocytoma, WHO Grade Il
6 6 M Pons Posterior fossa Partial Astrocytoma, WHO Grade Il
7 38 M Medulla Posterior fossa GTR GBM

8 18 F Medulla Posterior fossa GTR GBM

9 21 F Medulla Posterior fossa Near-total GBM

10 11 M Medulla Posterior fossa GTR Ganglioglioma

11 3 F Medulla Retromastoid GTR Ependymoma

12 4 M Medulla Retromastoid Partial Ependymoma

13 9 M Medulla Retromastoid Partial Pilocytic astrocytoma
14 8 M Medulla Posterior fossa GTR Astrocytoma, WHO Grade Il
15 13 F Medulla Posterior fossa GTR Oligodendroglioma

16 27 M Cervico-medullary Posterior fossa Near-total GBM

17 20 M Cervico-medullary Posterior fossa GTR GBM

18 7 F Cervico-medullary Posterior fossa GTR Pilocytic astrocytoma

19 4 F Cervico-medullary Posterior fossa GTR Ependymoma

20 F Cervico-medullary Posterior fossa Partial Astrocytoma, WHO Grade Il
21 41 M Cervico-medullary Posterior fossa GTR Ependymoma

22 38 M Cervico-medullary Posterior fossa GTR Hemangioblastoma

GBM: Glioblastoma multiforme, GTR: Gross total resection
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Figure 8: Enlarged (fat) pons [image(s) courtesy of the authors’
archive].

microsurgical instruments increased the likelihood of a suc-
cessful surgery. However, no success has been observed in
the treatment of BSTs because most of them are diffuse, ag-
gressive, highly invasive, infiltrative, and malignant. Moreover,
they lack clear demarcation and are surrounded by normal
tissues, leading to a high recurrence rate (17). BSTs exhibit
life-threatening, extensive, and critical anatomical structures
and progress rapidly. Furthermore, determining a functional
entrance route to reach the tumor is challenging (15,17).

The brainstem contains corticopedal and corticofugal path-
ways, projection tracts, nuclei of the reticular formation, and

Haciyakupoglu E. et al: Management of Brainstem Tumors

Figure 7: Sagittal (A) and
axial (B) T1W contrast
enhanced MR images show
symmetric expansion of
DIPGs in both transverse
and vertical planes [image(s)
courtesy of the authors’
archive].

centers responsible for respiratory and cardiovascular func-
tions (24). It plays a pivotal role in muscle tonus, conscious-
ness, awareness, and regulation of motor responses to stimuli
(15). The nuclei of all cranial nerves and neurons, except for
the first two cranial nerves, are settled in the brainstem (24).

Catecholamine, indolamine, encephalin, and many other
neurotransmitters are secreted from the brainstem. Therefore,
currently, these tumor types are not treated via surgery (24).

In the 2000s, developments in MRI technologies, including
diffusion tensor imaging, functional MRI, spectroscopic
MRI, and diffusion MRI, allowed for precise identification of
brainstem tumors, their cellular characteristics, surrounding
tissues, and functional access points (10). During operation,
the use of MRI, ultrasound (USG), somatosensory evoked
potential, motor evoked potential (12), multimodality evoked
potential, and nerve and nucleus stimulation along with
neuronavigation assistance enables successful BST resection
and minimizes morbidity and mortality (28).

Sulci, gyri, and a functional area at the base of the fourth
ventricle do not develop before the age of 4 years (6,15).
Furthermore, cortical stimulation is inexcitable before the
age of 8 years. Therefore, navigation (mapping) cannot be
performed. Since 75% of BSTs develop in children, problems
remain unsolved (1,8).

In DIPGs, which constitute 80% of BSTs, surgery is not
indicated if the exophytic component is absent. Although
approximately 86% of DIPGs in children are histologically
classified as diffuse infiltrative fibrillary astrocytoma grade
Il (15), these tumors often behave like supratentorial high-
grade gliomas in the pediatric population. They are infiltrative,
aggressive, and progressive in nature, lacking encapsulation
or clear demarcation lines, and tend to spread symmetrically
in both vertical and transverse directions (15,28) (Figure 7).

If RT is not applied, malignant transformation does not occur.
Pons enlarges (fat pons) (Figure 8). The midbrain, medulla, and
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peduncles sometimes have an anterior exophytic component
and rarely a posterior exophytic component (31).

It pushes the fourth ventricle back and causes a subependymal
bulging at the rhomboid fossa (Figure 9).

Subarachnoid spread occurs and envelops at the vertebral ar-
tery (VA) and basilar artery (BA) in 50% of the patients (19,31).
Tumor may spread to the prepontine, interpeduncular, prechi-
asmatic, and suprachiasmatic cisterns and diencephalon. It
spreads through fibers and attaches to critical areas. It can
be cystic, and focal growth may develop in 10% of cases.
Furthermore, leptomeningeal infiltration may be detected in
5%-25% of cases, which can often lead to death in a short
time. Spontaneous regression can also occur occasionally
(31) (Figure 10).

Pilocytic astrocytoma in the pons is the second most frequently
observed tumor. Dysembryoplastic neuroepithelial tumor,
PNET, AT/RT, ependymoma, and primary and secondary GBM

Figure 9: Infiltration of a tectal tumor into the pons [image(s)
courtesy of the authors’ archivel].

can also be detected (25). Hemisphere tumors can infiltrate
the pons (20) (Figure 11).

In 2018, we encountered a case of a patient with DIPG who
had hydrocephalus. The tumor had spread to the prepontine
prechiasmatic cistern. His GCS score was 5, and due to
his unconscious state, a ventricular drain was inserted. He
was later discharged from the hospital as he could not be
operated. Subsequently, he was admitted to our hospital and
subjected to ventriculoperitoneal shunt, pterional craniotomy,
and Sylvian dissection. We explored the tumor through the
triangular opening of opticocarotid and carotico-oculomotor.
Tumor tissues in the cisterns were removed using a thin
pointed ultrasonic suction until the BA was seen (9) (Figure
12).

The patient regained his consciousness and was discharged
from the hospital on the 10" day. He underwent chemotherapy
and was pathologically diagnosed with pilocytic astrocytoma.
He has been living without assistance for the last 5 years.

However, it was noted that attempting resection would
provide minimal benefit. We partially resected one ventral
exophytic pontine tumor and two midbrain peduncular
tumors using the same approach, without any complication.
The pathological diagnosis of the DIPG was astrocytoma
grade I, whereas the peduncular tumors were diagnosed as
pilocytic astrocytoma. Although 5% of pilocytic astrocytomas
are reportedly associated with neurofibromatosis types |
and Il (NF1 and NF2), none of our cases presented with NF.
Peduncular tumors can be removed using the infratemporal
approach, which involves opening the tentorium through the
corridor inside the transchoroideal fissure; however, we do not
have any experience in this approach (20).

A DIPG with a posterior exophytic component at the left
superior fossa occluded the aqueduct entrance of the fourth
ventricle and resulted in hydrocephalus. To reach the lesion, we
nearly had to totally separate the cerebellar vermis. In patients
who undergo total vermis separation, mutism can develop
due to the dentato rubro thalamic tract lesion; however, we

Figure 10: Infiltration of a ventral exophytic pontine tumor into the midbrain and medulla; basilar artery (BA) surrounded [image(s)
courtesy of the authors’ archive].
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Figure 11: Infiltration of a hemispheric tumor into the pons
[image(s) courtesy of the authors’ archive].
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did not detect mutism in any of our cases (1,23). We opened
the subependymal and obliterated parts of the aqueduct. No
additional neurological deficit developed. The pathological
diagnosis was diffuse fibrillary astrocytoma grade II.

Midbrain tectal tumor is rare and exhibits an indolent course
if hydrocephalus is absent (18). Surgical management of
these tumors requires careful planning and proper technical
approaches (30). A 35-year-old woman had headache,
hydrocephalus, and Parinaud’s syndrome. She underwent
GTR, in which the splenium was opened using the posterior
transcallosal approach, and was pathologically diagnosed
with teratoma. Her conditions improved postoperatively (12)
(Figure 13).

Smalltectal tumors have a high likelihood of being hamartomas;
moreover, they can be indolent for a long time. We followed
up three patients for 10 years and no changes were observed
during the follow-up (6,10) (Figure 14).

Most tectal tumors are astrocytomas and have an indolent
course (5). They can be cystic, low-grade, and anaplastic

Figure 12: Patient #3. A) Preoperative sagittal T1-weighted MRI demonstrating the brainstem tumor. B) Preoperative sagittal MRI
showing the lesion and its relationship to the surrounding structures. C) Early postoperative sagittal MRI confirming decompression
of the brainstem and adequate tumor debulking. D) Late postoperative sagittal MRI at follow-up demonstrating stable postoperative
changes without radiological progression. E) Intraoperative microscopic view after pterional craniotomy and Sylvian fissure dissection,
showing the tumor (T) and surrounding vascular structures (ICA, MCA). F) Intraoperative view demonstrating further tumor exposure and
debulking within the operative field. G) Intraoperative view showing the ultrasonic aspirator (UA) in the prechiasmatic cistern, used for
piecemeal tumor removal. H) Final intraoperative view after debulking, illustrating decompression of the critical neurovascular structures.
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Figure 13: Patient #1. Posterior transcallosal teratoma located at the superior colliculus. A) Removal of the collicular component.
B) Separation of vascular adherence. C) Tumor decompression. D) Total resection of the superior colliculus and pineal and cavum vergae
components. E) Teratoma composed of multiple germ layers, including gastrointestinal-type glands lined with columnar epithelium.
(H&E staining, x200).

Figure 14: A tumor in the mesencephalon remaining indolent over several years [image(s) courtesy of the authors’ archive].
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gangliogliomas, gangliocytomas, or oligodendrogliomas or
even PNETs (12). As observed in our cases, other conditions
such as Parinaud’s syndrome, head bobbing, Weber’s
syndrome, Benedict’s syndrome, and strabismus can also be
observed in patients with tectal tumors (1,23).

The midbrain has a perfect vascular structure (26). If tracts
and nuclei are not damaged, then neurological deficits are
not likely to occur. Sometimes, despite the development of
hydrocephalus, computed tomography does not reveal alesion
(11) and can be misdiagnosed as idiopathic aquaeductus
stenosis (25).

MRI enables the localization of tumors and identification of their
histological characteristics, rendering biopsy nonessential to
treatment (33). Sampling is inadequate in 35% of cases, and in
30%, it is inaccurate and lacks correlation with nondiagnostic
results, resulting in 3% mortality and 4% morbidity. Stimulation
of the trigeminal tractus results in an intense pain sensation
(4). In instances where MRI displays atypical presentation and
suggests the possibility of a noncancerous tumor, a diagnosis
is typically made via an image-guided stereotactic biopsy
in 96% of cases (14). DIPG is resistant to chemotherapy as
macromolecules are unable to pass through an intact blood-
brain barrier. Microantibodies (15) and cytokine overexpression
occur in 70% of cases (23). Inhibiting agents are used, but
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their effects remain controversial. Radiotherapy serves as the
primary treatment modality (31).

Most medullary and cervicomedullary tumors are of focal
and posterior exophytic types (28). They are demarcated
and convenient for GTR; however, GTR is not recommended
as most of these tumors are of low grade and pilocytic
astrocytomas (20) (Figure 15).

Even after partial resection, patients can live for a long
time independently (19). Anaplastic astrocytoma, GBM,
ganglioglioma, ependymoma, hemangioma, oligoastrocytoma,
and endothelioma are rare (18) (Figure 16).

In general, cervicomedullary tumors are unable to pass through
the decussation pyramidalis and tractus; therefore, they push
the medulla and fourth ventricle upward (28). At this site, the
tumor becomes distorted and forms an exophytic portion by
protruding posteriorly. The long tracts are also pushed and
become flattened (28). This area can be used for the careful
delivery of the tumor to the tracti (28).

Occasionally, the tumor extends to the decussation, fills the
cisterna magna, and displaces the obex (28). It can also
invade the CPA and attach to the 9th, 10th, and 11th cranial
nerves (low group). Aspiration pneumonia may develop due
to hydrocephalus and dysphagia (22). The children admit to

Figure 15: Patient #14.
Medullary focal tumor.

A) Preoperative sagittal T1W
contrast enhanced MRI.

B) Postoperative sagittal T1W
MRI. C) Low-grade astrocytoma
(H&E staining, x100),

D) immunohistochemical
staining, x200.
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Figure 16: Patient #15. Dorsal exophytic
medullary tumor. A and C) Preoperative T2W
sagittal MRIs. Postoperative B) sagittal T2W
MRI and D) axial CT images. No recurrence
observed on postoperative imaging.

gastroenterology and lung disease centers. The children have
a long natural history, with 80% of them having headache with
vomiting (27) (Figure 17).

In our patients with cervicomedullary tumors, the tumor passed
decussation pyramidalis, filled cisterna magna, and displaced
obex (28). Both patients had papillary stasis, and one had
hydrocephalus. In one of our patients with cervicomedullary
tumor, the tumor reached the PCA, involved the lower group,
and caused dysphagia. This patient developed aspiration
pneumonia and dysphagia and recovered in the first month.
Almost all patients experienced headache. Notably, headache
can be present with benign causes during childhood (27)
(Figure 4).

Lateral exophytic medulla tumors have symptoms similar to
those of PCA tumors and are resected through retromastoid
craniectomy (22). Cysts and mural nodules are present
in most of these tumors; furthermore, they expand to the
subependymal area and displace the fourth ventricle (29).
Tumors that fill the ventricles are resected in a similar manner
to posterior fossa tumors (28). C1-2 laminectomy can be
) used based on the situation of the occiput and tonsil. For
; — patients up to 4 years of age, the operation is performed in
Figure 17: Cervicomedullary tumor exceeding the decussation the concor.de p93|t|on (28’29)'_ For oldgrlchlldren. gnd adu!ts,
pyramidalis and occupying the fourth ventricle, causing hydro- the operation is performed in the sitting position, taking
cephalus in sagittal MR image [image(s) courtesy of the authors’ ~ Precautions for air embolism. Because we are used to the
archive].
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sitting position, we preferred this for patients over 8 years old,
with no complications other than pneumocephalus reported
(22,28) (Figure 18).

The symptoms of cervicomedullary tumors are similar to those
of spinal intramedullary tumors, and torticollis, irregular noc-
turnal breathing, and abscess can develop (28). They gener-
ally benefit from surgery. In one series 5 of 16 cases who un-
derwent medulla and cervicomedullary junction surgery had
favorable outcomes (28). A 38-year-old man was diagnosed
with a focal medulla tumor, and GTR was performed in 2011.
He was pathologically diagnosed with GBM. We recommend-
ed RT and chemotherapy and sent him to the oncology de-
partment (8). Subsequently, in 2017, he was admitted to our
clinic due to the complaints of headache and vomiting (17);
his MRI revealed tumor recurrence. Thus, we performed GTR
again. Multiple metastases developed 1 year later; thus, we
recommended chemotherapy (7) (Figure 19).

Of the seven patients who underwent surgery for cervicomed-
ullary tumors, five had long tractus defect, two had hemipare-
sis, one had bilateral arm weakness, two had quadriparesis,
and one had glossopharyngeal neuralgia and spasmodic torti-
collis. Based on these findings, we considered that the tumor
involved the left lower cranial nerves (22).

Figure 18: Patient #10. A) Preoperative
T1W contrast enhanced coronal MRI.

B) Postoperative coronal reconstructed
CT scan. C) Piecemeal tumor removal.
D) Gross total resection (GTR) confirmed.

Craniectomy was performed through a midline incision in the
posterior fossa, and laminectomy was performed up to the C3
level. The bleeding tumor with intermedullary components was
completely removed via resection, and temporary clips were
applied during the procedure to areas with severe bleeding,
where a possible vertebral aneurysm was suspected (28).
After the GTR procedure, we removed the clips and exposed
the fourth ventricle but found no evidence of a tumor. We then
followed the VA to locate the glossopharyngeal neuralgia and
identified and clipped a saccular aneurysm at the posterior
inferior cerebral artery’s exit (Figure 6).

We detected insignificant C7 hypoesthesia in two patients.
Postoperatively, these patients developed left hemiparesis,
and these symptoms resolved quickly after surgery.

We detected a cervicomedullary tumor in a 27-year-old
man who had hypoesthesia on the left arm. He refused to
undergo any operation. However, 3 months later, he was
admitted to our clinic due to quadriparesis and dyspnea.
Consequently, operation was performed urgently. We applied
near-total resection with C2-3 laminectomy and midline cord
incision. Postoperatively, deficits other than insignificant left
hemiparesis resolved, but breathing distress at intervals of
5-6 h continued. On the 3rd day, irregular nocturnal breathing
started (28). Tracheostomy was performed 1 week later, and
he was pathologically diagnosed with GBM. Diaphragmatic
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Figure 19: Patient #17. Medullary GBM. A) Preoperative sagittal TTW MRI at the time of diagnosis. B) T1W contrast enhanced sagittal

oa PN

MRI after first operation. C) FLAIR sagittal MRI after radiotherapy (2015). D) Sagittal T1W contrast enhanced MRI shows residual tumor
(2018). E) FLAIR sagittal MRI after second operation. F) T2W axial MRI shows multiple metastatic lesions (2020).

respiration was insufficient, and the intercostal muscles were
normal (Figure 3C-E).

Although Tsai and Rutka stated that recovery will be extremely
slow, all symptoms resolved, except for breathing (28).
Because of breathing distress, we could not apply RT and
chemotherapy. At 2 months postoperatively, breathing support
was provided at night. At the end of 2 months, proximal and
distal tumor progression was detected. The patient died 2.5
months later due to respiratory arrest. Among the other two
patients with medullary tumors, one with a cervicomedullary
tumor developed recurrence within 3 years following RT
and chemotherapy. Tsai and Rutka reported that 10%-20%
of cervical tumors are of high grade (28). Two of our seven
patients were diagnosed with GBM.

At times, it is impossible to differentiate tumor tissues from
normal tissues surrounding the tumor (22). In this case,
intraoperative MRI and USG can be used. However, due to the
lack of opportunity, we performed frozen biopsy (29). In one
case, we initially believed that the tumor had been completely
removed; however, frozen biopsy of the surrounding tissue
revealed astrocytoma grade Il

We avoided putting the patient at risk when the ultrasound
imaging was unable to distinguish between the normal
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and tumor tissues. Postoperative MRI revealed a near-
total resection. In another case, cavernous malformation
was observed at the medulla; moreover, bleeding tissues
were detected at the base of the fourth ventricle, but no
cavernomas were observed. We performed frozen biopsy and
pathologically diagnosed astrocytoma grade Il (29) (Figure 20).

We performed GTR. The primary treatment option for BST is
surgical intervention. Surgical intervention enables histologic
diagnosis, alleviates symptoms, removes the influence of
the tumor mass, and decreases the numbers of malignant
and stem cells. To obtain these effects, the tumor should be
resected at least 10 ml (18,29).

BSTs must be subjected to GTR; however, caution must be
exercised and this approach should not be insisted upon as
most midbrain, medullary, and cervicomedullary tumors are
focal, exophytic, and benign.

Partial, subtotal, and near-total resections enable free survival
with longer prognosis (19,29). RT and chemotherapy are
also effective. To demonstrate the benefits of chemotherapy,
a reduction of at least 50% of the tumor volume should be
observed. Operation should be performed with maximum
exposure and minimum retraction. The aim should be
maximum reduction (29).



Before opening the entrance to the tumor, the operation area
should be examined using a microscope; the fourth ventricle
and its base, subependymal cyst, discoloration, abnormal
vascularization, bulging, protrusion, asymmetry, and displace-
ment areas should be determined; and the shortest trajectory
for entrance should be identified (20). Entrance through the
medullary midline should be avoided due to the possibility of
bilateral nuclear lesion development. Entrance from the cer-
vicomedullary area should be preferred (28). Postoperative-
ly, filling of the blood in the spinal canal can be mistaken for
metastasis. Therefore, preoperative spinal MRI should be per-
formed and compared with MRI performed on postoperative
days 4-5 to confirm that the spinal canal is clear (28).

During the operation, to prevent the disruption of the tumor
and avoid confusion with normal tissue under the microscope,
thermal and biochemical coagulation using bipolar and laser
techniques should not be applied to stop bleeding (28).
The brainstem is highly sensitive to compression; therefore,
mechanical hemostasis is provided mildly with a wet cotton
compress. Normally, in the brainstem, perforating vessels
exit with opposite angle to reduce the blood flow. Bleeding
from vessels without laminin, fibronectin, and neuron can
be stopped with mild compression; in cases where it does
not work, Tisseel LYO (Baxter Turkey Renal Hizmetler A.S.,
Istanbul, Ttrkiye), fibrin sealant, can be used (28).
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Figure 20: Patient #13. A cerebellar
peduncular lesion initially suggestive

of cavernoma; however, it was finally
diagnosed as pilocytic astrocytoma.

A) Preoperative T1W contrast enhanced
axial MRI. B) Postoperative axial CT
scan. Intraoperative views C) before and
D) after resection. Final histopathology
confirmed pilocytic astrocytoma.

Using the posterior exophytic part of the medulla tumor as
an entrance, the tumor can be removed up to the base of
the fourth ventricle (22). A piecemeal technique can also be
applied for the removal of tumors, which involves removing a
tumor from the center to the periphery while staying within the
tumor boundaries (22). If a cyst is present, it can be used as
an entrance; a mural nodule should be totally resected (11).

In BSTs, a glial barrier is not present and the surrounding cuff
is normal tissue; therefore, maximal care should be taken for
this area (28).

Because flattened and distorted tracts are pushed even if they
are not touched, their movement to the original area following
tumor removal can lead to their damage (5).

We used nuclear and neuronal stimulators for BSTs (28). Al-
though we did not receive a pathological stimulus from the
monitor, we detected postoperative paresis of long tractus.
Therefore, we aimed for spontaneous respiration from anes-
thesia in all patients with posterior fossa tumors. We halted
the operation until the respiration and heart rhythm changes
recovered. We terminated the operation in cases with frequent
changes (28). The most important stimulus in operation was
the deterioration in heart and respiratory rhythms. In cases
where we were unsure about the differentiation of the tumor
tissues from the surrounding tissues, we performed frozen
section from a very small tissue.
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As a result, if a tumor forms a place for itself by pushing
the surrounding tissues, GTR can be applied if the entrance
is found. However, infiltrative, invasive tumors that spread
through the tractus are not amenable to safe resection; only
their exophytic components can be removed (11,28)

B CONCLUSION

Surgical treatment remains the cornerstone in the manage-
ment of BSTs, offering histological diagnosis, mass effect
elimination, symptom improvement, and cyst reduction. While
GTR is the ideal treatment goal, it should not be insisted upon,
particularly for midbrain, medullary, and cervicomedullary tu-
mors that are often focal, exophytic, and benign in nature. In
such cases, partial or subtotal resection can provide long-
term survival with favorable outcomes.

Critical intraoperative considerations include vigilant monitor-
ing of cardiac and respiratory parameters, maximal exposure
with minimal retraction, and avoidance of aggressive maneu-
vers in infiltrative tumors. GTR is feasible when the tumor dis-
places surrounding tissue and allows a safe entry corridor;
however, diffusely infiltrative tumors remain largely inoperable,
aside from their exophytic components.

Our 13-year single-center experience suggests that individu-
alized, anatomy-based surgical strategies, which are guided
by neuromonitoring and advanced imaging, can lead to mean-
ingful clinical improvement, even in complex cases.
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ABSTRACT

AIM: To evaluate the incidence and identify the risk factors of stereotactic radiosurgery (SRS)-induced peritumoral edema (PTE) in
the asymptomatic convexity, parasagittal, and parafalcine meningiomas without pre-existing PTE.

MATERIAL and METHODS: We retrospectively analyzed 52 patients with asymptomatic convexity, parasagittal, or parafalcine
meningiomas without pre-existing PTE who underwent single-fraction Gamma Khnife radiosurgery between 2019 and 2024. The
median tumor volume and the maximum tumor diameter were 3.3 cc (range: 0.31-10.2 cc) and 2.0 cm (range: 0.98-3.1 cm),
respectively. The median margin dose was 12 Gy (range: 11 Gy-13 Gy). The median radiological and clinical follow-up durations
were 21 months (range: 6-65 months) and 26 months (range: 12-66 months), respectively.

RESULTS: SRS-induced PTE occurred in 5.8% of patients (n=3), exclusively in elderly individuals (=65 years) with parasagittal or
parafalcine meningiomas. No cases were observed in convexity meningiomas (0/24). Multivariable analysis revealed a trend toward
statistical significance for the association between age and SRS-induced PTE (p=0.074). In the overall cohort, the incidence of SRS-
induced PTE was significantly higher in elderly patients compared to younger patients (<65 years) (3/14 vs. 0/38, p=0.016), and this
difference remained significant within the parasagittal/parafalcine subgroup (3/7 vs. 0/21, p=0.011).

CONCLUSION: SRS appears to be a safe treatment modality in terms of PTE risk in patients aged below 65 years with asymptomatic
convexity, parasagittal, or parafalcine meningiomas without pre-existing PTE. In contrast, elderly patients with parasagittal or
parafalcine meningiomas may be more susceptible to SRS-induced PTE, thereby warranting a more cautious approach to SRS in
this subgroup. Additional studies involving larger cohorts are warranted to validate these findings.

KEYWORDS: Stereotactic radiosurgery, Meningioma, Brain edema
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B INTRODUCTION

eningiomas are the most common benign brain tu-
Mmors (21). The detection of incidental meningiomas

has increased in recent years due to the rising use
and widespread availability of brain magnetic resonance
imaging (MRI) (30). Consensus guidelines recommend ac-
tive surveillance to avoid treatment-related complications in
patients with asymptomatic meningiomas (5,11). However,
delaying treatment until symptoms emerge could result in
inevitable surgical intervention or neurological deficits. In a
retrospective analysis, Kim et al. reported that approximately
two-thirds of patients with asymptomatic meningiomas exhib-
ited tumor growth, and one-third eventually requiring surgical
intervention during follow-up (14). In addition, a prospective
study that assessed the growth rate of incidental meningi-
omas revealed that 75% of tumors demonstrated a volume
increase of over 15% over a mean duration of 2.2 years (1).
Additionally, tumors that grow during surveillance may fall
outside the window of opportunity for stereotactic radiosur-
gery (SRS). Moreover, prolonging follow-up times can lead to
patient anxiety, referred to as “scanxiety” (2). Consequently,
the optimal management strategy for incidental meningiomas
remains a subject of ongoing debate.

The question of whether performing SRS constitutes over-
treatment in the management of incidental meningiomas
remains controversial; however, SRS has been shown to be
both safe and effective for treating these tumors. A recent
international multicenter study, the Incidental Meningioma
Progression During Active Surveillance or After Stereotactic
Radiosurgery (IMPASSE), demonstrated that SRS provides
superior radiological tumor control compared to the obser-
vation of incidental meningiomas (26). This enhanced tumor
control was achieved without an increased risk of neurological
deficits. The IMPASSE study provides a new perspective on
the management of asymptomatic meningiomas.

Although SRS is an effective treatment option, it carries the
potential risk of inducing or exacerbating peritumoral edema
(PTE). This represents the most common complication of SRS
for non-skull-base meningiomas. The reported incidence of
SRS-induced PTE in patients with meningioma ranged from
15.3% to 38.2% (3,4,7,8,15,19,20,27). While most cases were
asymptomatic, 5% to 15.1% of patients experienced new or
worsening neurological symptoms, including headache, sei-
zures, or focal deficits due to edema. Although a majority of
these symptoms resolve with corticosteroid treatment, 1%-
5.2% of patients may suffer progressive symptoms, with a few
patients requiring surgical intervention (15,23,27).

Further, several studies have revealed that convexity, parafal-
cine, and, in particular, parasagittal meningiomas are associat-
ed with an increased risk of SRS-induced PTE or radiation-re-
lated complications compared to skull-base meningiomas
(23,24,27). Additionally, pre-existing PTE has been identified
as a strong predictor of SRS-induced PTE (3,8,17). Therefore,
in our clinical practice, treatment with SRS for asymptomatic
meningiomas located in high-risk regions such as the con-
vexity, parasagittal, and parafalcine areas is usually avoided
if PTE is present. However, the safety of SRS in terms of the
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development of PTE for incidental meningiomas that lack
pre-existing PTE and are located in high-risk regions remains
unclear. Therefore, in this retrospective study, our objective is
to assess the incidence and factors associated with SRS-in-
duced PTE in asymptomatic convexity, parasagittal, and par-
afalcine meningiomas without PTE at the time of diagnosis.

B MATERIAL and METHODS
Patients

This study included patients diagnosed with incidental and
asymptomatic meningiomas located in the cerebral convex-
ity, parasagittal, or parafalcine locations, with no evidence of
PTE prior to SRS and a clinical follow-up period of at least 12
months. Patients with biopsy-confirmed World Health Organi-
zation (WHO) grades 2 or 3 meningiomas as well as those with
a history of prior radiotherapy or surgery were excluded. “As-
ymptomatic” was defined as the absence of any symptoms or
signs attributable to the tumor’s specific location (8). Between
2019 and 2024, 224 patients with meningioma underwent
Gamma Knife radiosurgery at our institution, of whom 52 met
the inclusion criteria and were enrolled in this study.

Ethical approval for this retrospective study was obtained
from the local ethics committee (ATADEK; Decision No: 2024-
10/379, Date: 18.07.2024). Informed consent was obtained
from all patients.

Treatment Decision Process

Treatment decisions were made after informing patients of the
available options, including surgery, SRS, or active surveil-
lance. A thorough discussion of the potential risks, benefits,
and side effects of each option was conducted with each pa-
tient, and informed consent from the patients was obtained
prior to SRS.

Radiosurgery Technique

All patients underwent single-fraction SRS using the Gamma
Knife Perfexion system (Elekta AB, Stockholm, Sweden). A
Leksell stereotactic frame was applied under local anesthesia.
Following frame placement, stereotactic MRl was performed,
obtaining post-contrast T1-weighted MPR sequence imag-
es with a slice thickness of 1 mm. Treatment planning was
collaboratively conducted by a neurosurgeon and a radiation
oncologist. The median margin dose was 12 Gy (range: 11
Gy-13 Gy), with a mean margin dose of 12.1 Gy. The median
isodose line was 50% (range: 45%-55%). Radiosurgery pa-
rameters are detailed in Table I.

Follow-Up

Post-SRS follow-up included a contrast-enhanced brain MRI
at six months, followed by annual imaging thereafter. Follow-
ing treatment, clinical evaluations were recommended twice
annually to assess the neurological status and identify any
potential complications.

The Primary Objective: SRS-Induced PTE

The primary objective of this study was to determine the in-
cidence and to identify the risk factors for SRS-induced PTE,
defined as the newly developed peritumoral T2 hyperintensity
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Table I: Radiosurgery Parameters

Radiosurgery Parameters Median (range)

Margin Dose (Gy) 12 (11-13)*
Maximum Tumor Dose (Gy) 24 (22-26.7)
Mean Tumor Dose (Gy) 16.9 (14.9-19.6)
Prescribed Isodose Line (%) 50 (45-55)
Tumor Coverage (%) 99 (98-100)

Gradient Index 2.83 (2.53-3.20)
0.86 (0.77-0.96)
22 (4-75)

*Among the total cohort of 52 patients, a margin dose of 11 Gy was
administered to 4 patients, 12 Gy to 39 patients, and 13 Gy to 9
patients.

Selectivity

Number of Shots

observed on MRI in the absence of tumor progression. Symp-
tomatic edema was defined as the presence of edema-related
symptoms that required corticosteroid therapy.

Tumor Response

Tumor responses were evaluated according to the Response
Assessment in Neuro-Oncology (RANO) criteria for meningio-
mas, based on the sum of the products of perpendicular di-
ameters of all target lesions. Partial response was defined as
a decrease of =50%, minor response as a decrease of >25%
but <50%, progressive disease as an increase of >25%, and
stable disease as changes not meeting the criteria for other
categories, with all changes sustained for at least eight weeks
or until the next scheduled scan, whichever was longer (9).

Statistical Analysis

Chi-Square (x?) test or Fisher’'s exact test was performed for
categorical variables, while the Mann-Whitney U test was ap-
plied for continuous variables. The Kruskal-Wallis test was
employed to assess differences between groups based on
tumor location. Variables included in the multivariable mod-
el were selected based on their statistical significance in the
univariable analysis and/or their established relevance to PTE
in previous studies, such as tumor location and volume. Due
to the relatively small sample size and the low event rate of
SRS-induced PTE, a post hoc power analysis was performed
to assess the robustness of statistically significant findings.

B RESULTS

The median patient age was 55 years (range: 34-76 years).
Among the 52 patients, 8 (15.4%) were male, and 44 (84.6%)
were female. SRS was performed in 14 patients (26.9%) due to
tumor progression detected during active surveillance, while
the remaining 38 patients (73.1%) underwent SRS immedi-
ately after diagnosis. The median tumor volume was 3.3 cc
(range: 0.31-10.2 cc), and the median maximum tumor diam-
eter was 2.0 cm (range: 0.98-3.1 cm). The median clinical fol-
low-up duration was 26 months (range: 12-66 months), while
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the median radiological follow-up duration was 21 months
(range: 6-65 months). A median of two MRI scans (range: 1-5)
were performed after SRS.

Local tumor control was achieved in 100% of cases. Accord-
ing to the RANO criteria, 7 patients (13.5%) exhibited a partial
response, 6 patients (11.5%) exhibited a minor response, and
the remaining 39 patients (75%) had stable disease. There
were no significant differences in age, gender, tumor volume,
maximum tumor diameter, margin dose, or follow-up durations
among patients with convexity, parafalcine, and parasagittal
meningiomas (Table II).

Among the 52 patients, one patient (1.9%) with a parasag-
ittal meningioma developed symptomatic PTE and two pa-
tients (3.8%) with a parafalcine meningioma developed as-
ymptomatic PTE. Notably, no cases of PTE were observed
in convexity meningiomas (0/24). Overall, SRS-induced PTE
(both asymptomatic and symptomatic) occurred in 5.8% of
patients. No additional late-onset complications related to
SRS were observed. A moderately positive and statistically
significant association was observed between age and tumor
volume (p=0.495, p<0.001). The univariable analysis revealed
a significant association between age and SRS-induced PTE
(p=0.026). The multivariable model demonstrated a good
overall fit (McFadden’s R? = 0.632), and age revealed a trend
toward statistical significance (p=0.074). Moreover, SRS-in-
duced PTE was detected in 3 out of 14 elderly patients (= 65
years), whereas no cases were observed in younger patients
(<65 years; 0/38), with this difference being statistically sig-
nificant (p=0.016). In addition, no significant association was
found between SRS-induced PTE and gender, maximum tu-
mor diameter, tumor volume, margin dose, or tumor location.
Comorbidities such as diabetes mellitus and hypertension
were also not found to be associated with the development of
SRS-induced PTE (Table IlI).

In the overall cohort, since SRS-induced PTE was exclusively
observed in patients with parasagittal/parafalcine meningio-
mas, these 28 patients were analyzed separately, excluding
those with convexity meningiomas. SRS-induced PTE was
found to be significantly more frequent in elderly patients
compared to younger patients with parasagittal/parafalcine
meningiomas (3/7 vs. 0/21, p=0.011).

Although the observed differences were statistically signifi-
cant for age in the univariable analysis and in comparisons
between elderly and younger patients—both in the overall co-
hort and among those with parasagittal/parafalcine meningi-
omas—the post hoc statistical power of these analyses was
<80%.

B DISCUSSION

SRS-induced symptomatic PTE typically manifests among
patients between three- and nine-months post-treatment,
with its cumulative incidence increasing until 12 months and
subsequently resolving within 2 years following SRS (8,29).
Based on this timeframe, we included only patients with a
clinical follow-up period of at least 12 months in this study.
The median radiological and clinical follow-up durations were
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Table Il: Patient, Tumor, and Treatment Characteristics and the Incidence of PTE

Entire Cohort Convexity Parafalcine Parasagittal "
n=52 n=24 n=17 n=11 p-value
Age, Median (range) (years) 55 (34-76) 59 (34-71) 51 (36-76) 47 (34-70) 0.275
Gender 0.795
Male, n (%) 8 (15.4) 4 (16.7) 3(17.6) 1(9)
Female, n (%) 44 (84.6) 20 (83.9) 14 (82.4) 10 (91)
Tumor diameter (max), median, range (cm) 2.0(0.98-3.1) 1.75 (1-3) 2.1 (0.98-3.1) 2.3 (1.4-2.9) 0.164
Tumor volume, median, range (ml) 3.3(0.31-10.2) 2.25(0.31-10.1) 4.1 (0.5-10.2) 4.3 (1.23-8.4) 0.444
Timing of SRS 0.924
Following tumor progression, n (%) 14 (26.9) 7(29.2) 4 (23.5) 3(27.3)
Immediately after diagnosis, n (%) 38 (73.1) 17 (70.8) 13 (76.5) 8 (72.7)
Margin dose (11 (155-% Gy (11 2532/-% Gy (11 éi-% Gy (11 éi-?g ay 008
Follow-up (months)
Clinical, median, (range) 26 (12-66) 24.5 (13-59) 32 (12-66) 26.5 (13-54) 0.714
Radiological, median, (range) 21 (6-65) 24 (7-48) 29 (6-65) 14.5 (6-35) 0.139
SRS-induced symptomatic PTE, n (%) 1(1.9) 0 (0.0) 0(0.0) 1(9.0) 0.155
SRS-induced asymptomatic PTE, n (%) 2(3.8) 0(0.0) 2(11.8) 0(0.0) 0.122
SRS-induced symptomatic or asymptomatic 3(5.8) 0(0.0) 2 (11.8) 1(9.0) 0251

PTE, n (%)

*Statistical differences among the convexity, parasagittal, and parafalcine groups. SRS: Stereotactic radiosurgery. PTE: Peritumoral edema.

Table llI: Risk factors for SRS-induced PTE (n=52)

Univariable Analysis = Multivariable Analysis

Factors
p-value

Age 0.026 0.074

>65 vs. <65 0.016 -
Gender

Male vs. Female 0.447 -
Tumor Diameter (maximum) 0.145 -
Tumor Volume 0.272 0.153
Margin Dose 0.407 -
Tumor Location 0.208 0.997
Convexity vs. Parafalcine 0.166 -
Convexity vs. Parasagittal 0.314 -
Convexity vs. Parafalcine/Parasagittal 0.240 -
Parasagittal vs. Parafalcine 0.823 -
Hypertension 0.546 -
Diabetes Mellitus 0.553 -

SRS: Stereotactic radiosurgery. PTE: Peritumoral edema.
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21 and 26 months, respectively, which were deemed sufficient
to assess SRS-induced PTE (3,17,29). Although the follow-up
durations were not sufficient to reliably evaluate tumor control
or response rates, these data were descriptively presented to
provide a comprehensive overview of post-SRS outcomes.
However, it should be emphasized that the primary focus of
this study was the evaluation of SRS-induced PTE.

While asymptomatic PTE is primarily a radiological finding,
symptomatic PTE is of greater clinical significance because
it necessitates medical or surgical intervention. In our cohort,
only one patient (1.9%) developed symptomatic PTE following
SRS. At four months post-SRS, this patient presented with
headaches and seizures, which were successfully managed
with antiepileptic and corticosteroid therapy, thereby resulting
in complete symptom resolution (Figures 1 and 2). In two pa-
tients (3.8%) with SRS-induced asymptomatic PTE, the ede-

ma did not require intervention and spontaneously resolved
during follow-up.

Although a moderate positive correlation between age and
tumor volume was observed in this study, this finding may be
influenced by our clinical approach to managing meningiomas
in elderly patients. In our clinical practice, small-volume me-
ningiomas in elderly patients are more likely to be managed
with surveillance rather than immediate intervention.

It is noteworthy that SRS-induced PTE was not observed in
any of the 38 patients (0%) aged below 65 years, whereas it
occurred in 3 out of 14 elderly patients (21.4%). Sheehan et al.
identified meningiomas located in the parasagittal/parafalcine
regions as being at higher risk for developing SRS-induced
PTE, likely due to tumor abutment or the invasion of venous
sinuses or other vascular structures (27). Although our study
did not demonstrate a statistically significant difference in the

Figure 1: Axial, sagittal, and
coronal post-contrast T1W MRI
images show an asymptomatic
parasagittal meningioma (tumor
volume: 4.2 ml) in a 68-year-old
female patient. The prescribed
Gamma Knife treatment plan
was a dose of 12 Gy to the 50%
isodose line (yellow contours).

Figure 2: T2W axial MRl images obtained before Gamma Knife treatment (A), post-treatment at 4 months (B), and at 11 months
(©).
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incidence of SRS-induced PTE between parasagittal/parafal-
cine and convexity meningiomas—possibly due to the small
sample size or limited number of events—all three cases of
SRS-induced PTE in our cohort occurred in elderly patients
with parasagittal or parafalcine meningiomas. In line with our
findings and those of previous studies, when the analysis was
restricted to parasagittal/parafalcine meningiomas, we found
that 42.9% (3/7) of elderly patients developed PTE, while none
(0/21) of the younger patients did.

While the limited number of SRS-induced PTE cases and small
sample size may constrain the statistical power to establish a
definitive association between age (or elderly status) and the
development of SRS-induced PTE, the complete absence of
edema among younger patients remains a key observation in
our study.

Thus, these findings suggest that SRS may represent a safe
treatment modality with respect to SRS-induced PTE devel-
opment in patients below 65 years of age and presenting with
asymptomatic convexity, parasagittal, or parafalcine meningi-
omas without pre-existing edema, as no cases were observed
in this group. In contrast, elderly patients with parasagittal or
parafalcine tumors may be at increased risk of developing
SRS-induced PTE. Therefore, the indication for SRS in this
subgroup should be approached with caution and further
evaluated in larger cohorts.

Several studies have investigated factors associated with the
risk of SRS-induced PTE. Well-established risk factors include
larger initial tumor volume, higher margin dose, pre-existing
PTE, and non-skull-base tumor location. Additionally, venous
sinus invasion and a large tumor-brain contact interface area
have been identified as significant predictors of SRS-induced
PTE (15,17). In a few studies, increased age has also been
associated with SRS-induced PTE (3,15). In a study evaluating
331 patients with meningioma treated with SRS, PTE was ob-
served in 15.4% of cases, and Kollova et al. reported that age
over 60 years was a significant risk factor for the development
of edema (15). Although the age threshold in our study was
slightly higher (=65 years), our findings support the previously
reported association between increasing age and a higher risk
of SRS-induced PTE.

Mechanism of SRS-Induced PTE

PTE in meningiomas is predominantly vasogenic, a phenom-
enon attributed to SRS-induced increases in capillary perme-
ability, which subsequently leads to enhanced edema forma-
tion (21). Elevated levels of vascular endothelial growth factor
(VEGF) have also been implicated in this process (13,22).
Moreover, Cai et al. proposed that SRS-induced damage to
the arachnoid membrane and pia mater at the tumor-brain in-
terface significantly contribute to the development of PTE (3).

Tumor Location

Several studies have examined the correlation between tumor
location and SRS-induced PTE in meningiomas (4,17,23). Al-
though skull-base meningiomas may present long-term com-
plications, such as cranial nerve deficits, SRS-induced PTE
is relatively uncommon in these tumors. In contrast, menin-
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giomas located in the convexity, parasagittal, and parafalcine
locations—often referred to as cerebral hemispheric meningi-
omas—demonstrate a higher incidence of SRS-induced PTE
compared to skull-base meningiomas. Chang et al. reported a
21.2% rate of symptomatic imaging changes in MRlIs for cere-
bral hemispheric meningiomas and a 40% rate for parasagittal
meningiomas, whereas skull-base meningiomas had a signifi-
cantly lower incidence of 1.3% (4).

In a multicenter retrospective study, Sheehan et al. examined
the risk factors for post-SRS PTE, specifically in parasagittal
and parafalcine meningiomas. At a median dose of 14 Gy, new
or worsening edema was observed in 38.2% of cases, and
5.2% of patients experienced progressive edema. Further-
more, 15.1% and 2.4% of patients required steroids or beva-
cizumab, respectively, while 7.1% underwent surgery due to
edema. The patient population in their study may have been
more susceptible to edema development because it includ-
ed grades 2 and 3 meningiomas, which necessitate higher
margin doses. Additionally, neurological deficits or symptoms
were common prior to SRS, with 45.3% of patients exhibiting
pre-existing PTE. In our study, SRS-induced PTE developed
in 3 out of 28 (10.7%) parasagittal/parafalcine meningiomas;
notably, all patients were asymptomatic at diagnosis and had
no pre-existing PTE prior to treatment (27).

In another study, Cai et al. reported that among 105 meningi-
omas without pre-existing PTE, 16.19% of the patients devel-
oped edema following SRS. They also identified the tumor-
brain contact interface area as one of the most significant risk
factors for post-SRS PTE; specifically, for each increase of
1 cm2 in the interface area, the likelihood of developing ede-
ma increased by 26% (3). Furthermore, some studies have
indicated that parasagittal locations are particularly suscep-
tible to PTE following SRS (17,23). Patil et al. demonstrated
that the risk of post-SRS symptomatic edema was four times
higher in parasagittal meningiomas compared to non-midline
supratentorial meningiomas, with symptomatic edema occur-
ring in 35.2% of parasagittal meningiomas versus 7.8% of
non-parasagittal supratentorial meningiomas (23).

In our study, although we were unable to establish a correla-
tion between tumor location and SRS-induced PTE, the ab-
sence of SRS-induced PTE in all 21 patients with parasagittal/
parafalcine meningiomas aged below 65 years and in all 24
patients with convexity meningiomas is a noteworthy finding
that may provide supportive evidence for the safety of SRS in
these subgroups.

Pre-Existing PTE

Pre-existing PTE is a critical predictor of the risk of SRS-in-
duced PTE (3,8,17). Cai et al. demonstrated that the risk of
SRS-induced PTE is six times higher in meningiomas with
pretreatment edema than in those without (3). Similarly, Hoe et
al. found that the presence of PTE prior to SRS is significantly
associated with an increased risk of developing SRS-induced
PTE, even in asymptomatic meningiomas (8). Consequent-
ly, we generally refrain from treating edematous convexity,
parasagittal, and parafalcine meningiomas in asymptomatic
patients due to the relatively high risk of SRS-induced PTE.
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Tumor Volume

Kollova et al. reported that the risk of post-SRS PTE reach-
es up to 30% in meningiomas that exceed 10 ml in volume,
compared to only 10% in tumors smaller than 5 ml (15). Sim-
ilarly, Han et al. found that large-volume meningiomas (>10
ml, median 15.2 ml) exhibited a 33.3% rate of symptomatic
complications, even when treated with relatively low SRS dos-
es (median dose of 12 Gy) (6). In a recent review, Islim et al.
stated that SRS is not recommended for meningiomas with a
volume that exceeds 10 ml (11). Based on these findings, our
clinical practice does not employ single-fraction SRS for me-
ningiomas larger than 10 ml. In our study, the median tumor
volume was 3.3 ml, with the largest tumor measuring 10.2 ml.

Margin Dose

In studies reporting SRS-induced symptomatic PTE in over
10% of cases, the median margin doses ranged from 13.6
Gy to 18 Gy (7,8,15,19,27). Higher margin doses have been
shown to significantly correlate with an increased risk of
SRS-induced PTE (17). Based on this evidence, we opted for
relatively lower doses, as inducing symptoms in asymptom-
atic patients with incidental meningiomas is undesirable. This
low-dose strategy may have contributed to the low incidence
of SRS-induced symptomatic PTE observed in our study,
with the majority of our patients receiving a dose of 12 Gy.
Although a dose of =13 Gy is generally considered effective
for treating meningiomas, multiple studies have demonstrat-
ed that a dose of approximately 12 Gy is also sufficient for
achieving long-term tumor control (10,15,28). Further, based
on recent findings, Lee et al. recommended a margin dose of
between 11 Gy and 14 Gy to achieve long-term local control
in non-skull-base meningiomas. They also demonstrated that
D98% —the dose received by 98% of the tumor volume —was
a significant factor for local control, with a cutoff value of 11
Gy (16). In our study, the median tumor coverage was 99%
(range, 98%-100%). Consequently, even for the meningiomas
that received a margin dose of 11 Gy (n=4) in our study, tumor
coverage was at least 98%, which is consistent with the rec-
ommendations of Lee et al. (16).

SRS-Induced Toxicity in Asymptomatic Meningiomas

Hoe et al. analyzed 320 asymptomatic meningioma patients
treated with SRS. Approximately two-thirds of the meningi-
omas were located in the hemispheric regions, while the re-
mainder were skull-base meningiomas. In their study, 5.9%
of patients exhibited pretreatment PTE. Following SRS (with
a median dose of 13 Gy), 15.3% of patients developed new
or increased PTE, 8.8% became symptomatic, and 1.3% ex-
perienced persistent neurological symptoms. Large tumor
volumes (>4.2 cc), hemispheric tumor locations, and the pres-
ence of pretreatment PTE were associated with an increased
risk of post-SRS PTE (8).

In the recent multicenter IMPASSE study, which included both
skull-base and non-skull-base asymptomatic meningiomas,
new neurologic deficits were reported in 2.3% of patients
treated with SRS, while excellent local tumor control was
achieved (99% over a mean follow-up of 57.2 months). The
mean margin dose was 12.9 Gy (26). Our toxicity outcomes
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were comparable to those of the IMPASSE study, with 1.9%
of our patients developing neurologic deficits due to SRS-in-
duced PTE.

SRS vs. Surgery

If therapeutic intervention is considered for a non-skull-base
asymptomatic meningioma, surgical resection is preferable
over SRS when the tumor volume exceeds 10 ml (4); this may
also be a more appropriate option in the presence of PTE
(8,8,17,29). Additionally, surgery may be considered even for
SRS-eligible tumors, such as those included in this study—
particularly when located in the convexity, parasagittal, or
parafalcine locations—as surgery can achieve high rates of
complete resection with low permanent morbidity (25). More-
over, a key advantage of surgery is the ability to establish a
pathological diagnosis, which is critical for detecting high-
er-grade tumors. However, it is well established that the vast
majority of incidental meningiomas (94%) are WHO grade 1,
while grade 3 tumors account for less than 1% (12). Notably,
the IMPASSE trial revealed that only 1% of patients with as-
ymptomatic meningiomas progressed after SRS, despite the
absence of histological confirmation (9). Furthermore, one of
the most significant advantages of SRS compared to surgery
is its minimally invasive nature—frame-based Gamma Knife
radiosurgery requires only local anesthesia, while mask-based
SRS is a completely non-invasive procedure. Importantly, SRS
does not appear to increase the risk of malignant transforma-
tion in meningiomas compared to surgery alone (19).

Limitations

The main limitations of this study include its retrospective
design, its single-institution setting, and the small number of
SRS-induced PTE cases (n=3), all of which may limit the gen-
eralizability of the results. Additionally, it is possible that the
relatively small sample size (n=52) limited the statistical power
to detect more subtle associations. Consequently, we were
unable to demonstrate an association between SRS-induced
PTE and factors such as tumor volume and margin dose,
which have been well established as predictors of SRS-in-
duced PTE in previous studies. Moreover, in our cohort, 75%
of patients received a margin dose of 12 Gy, 17.3% received
13 Gy, and only 7.7% (n=4) received 11 Gy. The limited vari-
ability in margin doses (11 Gy-13 Gy) possibly constrained our
ability to identify dose-related effects. In addition, we were un-
able to evaluate the effects of pre-existing PTE on the devel-
opment of SRS-induced PTE, as asymptomatic patients with
pre-existing PTE were not included in this study due to our
clinical policy of avoiding SRS in such cases.

B CONCLUSION

Considering that no SRS-induced PTE was observed among
patients below 65 years of age, our findings suggest that
SRS, when administered with a median margin dose of 12
Gy (range: 11 Gy-13 Gy), may be a safe treatment modality
in terms of PTE risk for this population, with asymptomatic
convexity, parasagittal, or parafalcine meningiomas without
pre-existing PTE. However, elderly patients with asymptom-
atic parasagittal or parafalcine meningiomas may be at an in-



creased risk of developing SRS-induced PTE. Therefore, the
decision to treat such patients with SRS should be made cau-
tiously, taking into account the potential risk of complications;
moreover, the safety profile of SRS should be further validated
in studies with larger patient populations.
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ABSTRACT

AIM: To investigate the anatomical characteristics, procedural constraints, and technical details of anterior endoscopic transcervical
approach (AETCA) through cadaveric dissection.

MATERIAL and METHODS: Nine human cadaver heads, transected at the C6-C7 level and preserved in 10% formalin for no
less than 4 weeks, were utilized. A 0° endoscope and surgical drills were used for odontoid removal. The resection extent was
determined through volumetric analysis using CT scans performed before and after the procedure. Fluoroscopy was employed for
orientation, and volumetric measurements were used to assess the resection outcomes.

RESULTS: Across the specimens, the average resection rate of the dens was 54%. Complete removal was achieved in two cases,
subtotal in another two, and partial in five. The use of angled drills yielded significantly greater resection compared to flat-ended
variants. No significant vascular or neurological injuries were noted. In seven cases, the resection extended to the odontoid’s
posterior wall. Challenges included the narrow and elongated operative corridor and difficulty maintaining midline orientation;
however, these were addressed with the assistance of a custom-designed tubular trocar.

CONCLUSION: AETCA offers notable benefits, such as reduced risk of postoperative infections, shorter hospitalization, and
decreased morbidity and healthcare expenditure. The study underscores the importance of technical expertise and enhanced
instrumentation in achieving successful outcomes, particularly for complete odontoid removal while preserving adjacent anatomy.
AETCA emerges as a viable and safer alternative for odontoidectomy, enhancing procedural efficiency. These findings contribute
to the understanding of anatomical and technical factors relevant to the approach, supporting its clinical adoption and potentially
shortening the learning curve.
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B INTRODUCTION

ultiple challenges are associated with surgical ap-
Mproaches to the craniocervical junction when ad-

dressing odontoid process pathologies (5,15). The
outcome of such procedures is influenced by the distinct an-
atomical and biomechanical properties of this region. In addi-
tion to the established transoral and transcervical approach-
es, endoscopic techniques have also been employed in recent
years.

The anterior endoscopic transcervical approach (AETCA)
offers certain benefits, including its extrapharyngeal trajectory,
which lowers the risk of bacterial contamination at the surgical
site, as well as postoperative morbidity and hospital stay
duration (3). Despite the inherent technical challenges of this
method, AETCA appears to provide an appropriate surgical
corridor for managing odontoid process pathologies. In this
study, our objective was to assess the anatomical features of
AETCA and explore its potential surgical limitations.

B MATERIAL and METHODS

This study was conducted in the Microsurgical Neuroanatomy
Laboratory of Cerrahpasa Medical Faculty and received
approval from the Institutional Ethics Committee (Approval
No: 83045809-604.01.02). A total of nine human cadaver
heads, sectioned at the C6-C7 level, were utilized. All
specimens have been preserved in a 10% formalin solution for
a minimum duration of 4 weeks. For the resection procedures,
a 5-mm diameter, 0° angled, 306-mm-long endoscope (Storz)
was employed. A modified lumbar spinal endoscopy trocar
was also used during the procedures.

Bone resections were conducted using different drill configu-
rations: for the first five specimens, a straight attachment and
straight-tip burr motor (Faro F632, Faro USA, Burlingame, CA,
USA) operating at 30,000 rpom was used. For the remaining
four specimens, a 30° angled burr motor (Medtronic, Midas
Legend) with AT10 and ATT12 attachments, running at 75,000
rpm and equipped with a 2-mm burr tip, was utilized.

Anatomy of the Craniovertebral Junction

The vascular supply of this region is provided by the vertebral
artery (VA) and the meningeal branches of the internal carotid
artery. The third segment of the VA (V3) begins after the C2
level, extending laterally toward the transverse foramen of C1.
After traversing this foramen, the artery reaches the posterior
atlanto-occipital membrane and subsequently the dura mater.
At this juncture, the fourth segment (V4) of the VA commences.
Notably, anterior fixation procedures in this region carry a risk
of complications due to possible screw penetration into these
arterial structures.

Surgical Technique

The dissection began at the C5-C6 level with the cadaver
positioned neutrally, using fluoroscopic assistance and
a standard Smith—-Robinson incision made from the right
anterior cervical region. A skin incision was made at this level,
and under fluoroscopic control, alignment with the odontoid
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process was achieved to establish the optimal trajectory. A
trocar was introduced through the incision, and the endoscope
was advanced via the trocar, allowing visualization of the
anterior C2-C83 disc space and the anteroinferior portion of
the C2 vertebral body. Following the opening of the platysma,
dissection proceeded medially to the sternocleidomastoid
muscle. The carotid sheath was retracted laterally, while the
trachea was retracted medially, continuing in a superomedial
direction. In the upper cervical region, after reaching the
anterior surfaces of the vertebral bodies, the prevertebral
muscles were retracted. The endoscopic trocar was then
repositioned at approximately a 30° angle at the level of the
odontoid process. Resection of the odontoid process was
carried out using an endoscope and a drill inserted through
the trocar (Figure 1).

Figure 1: Diagram illustrating the surgical technique for resecting
the odontoid process. The procedure starts with a right anterior
cervical Smith-Robinson incision at the C5-C6 level, guided
by fluoroscopy. The carotid sheath is retracted laterally and
the trachea medially to allow access to the cervical spine. The
prevertebral muscles are retracted to expose the anterior surface
of the vertebral bodies. An endoscopic trocar is positioned
at roughly a 30° angle at the odontoid process level, enabling
resection with a drill passed through the trocar. The inset shows
the endoscopic view, identifying key anatomical landmarks such
as the C1 arch, the posterior wall of the odontoid process, and
the C2 body. Figure 1 presents a basic anterior perspective of the
surgical approach, created by a medical illustrator. The trocar is
inserted through a skin incision at the C5-C6 level and advanced
toward the odontoid process under alignment guidance. An
example of the endoscopic view is shown in the upper right
corner.



Radiological Evaluation

Once the prevertebral region was accessed during the
procedure, the position of the odontoid process was identified
using fluoroscopy in both sagittal and coronal planes, guided
by the endoscopic trocar. Three-dimensional (3D) CT images
centered on the craniovertebral junction were obtained
for all specimens before and after the resection. Using the
Radiology Workstation (Carestream Solutions®), the volume of
resected odontoid tissue and its proportion relative to the total
odontoid volume were calculated. The quantification of the
resected volume was based on pre- and post-resection 3D
CT imaging, and the percentage of resection was determined
for each specimen.

B RESULTS

The resection data from the nine cadaveric specimens are
presented in Table I. On average, 54% of the dens volume
was resected. In the first five specimens, where a flat-end drill
tip was employed, the mean volume of resection was 28.5%.
In contrast, the use of an angled drill in the remaining four
specimens resulted in a markedly higher resection percentage,
averaging 85.8%. These volumetric values were calculated by
comparing pre- and post-resection 3D CT scans using the
Radiology Workstation software, which allowed for accurate
measurement of the removed odontoid volume in relation to
the original anatomical structure (Table Il). In seven specimens,
it was possible to resect the anterior arch of C1 and reach the
posterior cortical wall of the odontoid process. In cases where
near-complete resection of the odontoid was achieved, no
significant arterial, venous, or neural injuries were identified

Table I: Drill and Resection Data of All Specimens
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in any of the cadavers. Following resection, 3D CT imaging
focused on the craniovertebral junction was obtained for all
specimens (Figure 2).

B DISCUSSION

The dens axis represents an anatomically critical area,
where surgical intervention carries significant risk due to its
proximity to vital anatomical structures (7,10,11). Furthermore,
a thorough understanding of the complex anatomy of this
region—difficult to access because of its deep location and
limited surgical corridors—is essential for evaluating different
surgical techniques and selecting the most appropriate
method for individual patients (3,19,21). While transoral
(transpharyngeal) approaches offer a broad surgical view and
access for ventral decompression, particularly in cases of
basilar invagination, they have been associated with notable
postoperative morbidity in some instances (1,2,4,6,9). In
addition, when supplementary procedures such as Le Fort
osteotomy or mandibulotomy are required to enlarge the
surgical field, the overall morbidity increases and hospital
stays become longer (12,14). These concerns have prompted
the exploration of alternative approaches to the traditional
transoral technique. Advances in endoscopic technology
have played a key role in this development. The AETCA was
introduced as a means to avoid the complications linked to
traditional transoral and endonasal pathways in surgeries
addressing the dens, particularly in the context of platybasia.

Common complications associated with transpharyngeal
approaches—both transoral and endonasal—include direct
exposure to oral and nasal flora, extended intubation periods,

Resected of C1 anterior Extending posterior

Specimen No Drill type Resected volume ratio (%) arcus odontoid wall
1 Flat-end 17.8 No No
2 Flat-end 16.5 No No
3 Flat-end 35.7 Yes Yes
4 Flat-end 411 Yes Yes
5 Flat-end 31.4 Yes Yes
6 Angled 57.8 Yes Yes
7 Angled 85.7 Yes Yes
8 Angled 100.0 Yes Yes
9 Angled 100.0 Yes Yes

Table lI: Resection Data According to Drill Type

Drill type Resection ratio (%) Resection of C1 anterior arcus (%) Extending posterior odontoid wall (%)
Flat-end group 28.5 40
Angled group 85.8 100
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Figure 2: Three-dimensional CT images of the craniovertebral junction from cadaver specimens following odontoid process resection.
A-C) Axial, coronal, and sagittal views displaying partial resection of the posterior wall of the odontoid cortex and the anterior arch of
C1. D-F) Additional axial, coronal, and sagittal views demonstrating the odontoid process and adjacent anatomical structures after
complete resection.

the need for tracheostomy in certain cases, reliance on
nasogastric tube feeding postoperatively, cosmetic concerns
particularly in transmandibular approaches, and prolonged
hospitalizations. To address and potentially eliminate these
issues, the AETCA was developed (5,13,15,19,20,22). The
primary advantage of AETCA over endoscopic transoral and
endonasal techniques lies in the fact that the pharyngeal
mucosa remains intact, significantly reducing the risk of
bacterial contamination and subsequent infection. Since
this approach avoids mucosal incision, unlike the transoral
route, it minimizes the likelihood of postoperative infection.
As there is no clinical studies on AETCA currently available
in the literature, these anticipated benefits can only be
evaluated through cadaveric studies such as this one.
Moreover, minimizing infection risk and removing the need
for postoperative nasogastric tube placement can lead to
reduced hospital stays, thereby decreasing morbidity and
lowering overall healthcare costs. In a study by Dogan et
al., the authors noted that posterior endoscopic procedures
resulted in shorter hospital stays and were more cost-
effective than anterior approaches (8). Consequently, patients
undergoing AETCA experience no delay in postoperative
feeding, eliminating the need for further interventions such as
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PEG placement. It has also been demonstrated that AETCA
allows for earlier extubation and reduced hospitalization time,
thereby lowering associated morbidities and care expenses
(18).

There are several challenges when applying the AETCA
technique compared to transoral and endonasal approaches.
The primary anatomical difficulties include the length and
narrowness of the surgical corridor and the challenges of
accurately identifying the midline (18). To achieve precise
midline localization and complete resection in clinical practice,
technical aids such as neuronavigation, intraoperative CT, or
fluoroscopy should be available (14,16,17). In our dissections,
fluoroscopy in sagittal and coronal planes was used for
surgical orientation once the prevertebral area was reached.
The drawback of the long surgical corridor is lessened by
using a trocar, which allows retraction without tissue damage
within the corridor. Although the use of a specialized trocar
is necessary, familiarity with anterior dissection at the C5-C6
level is important when comparing this technique to other
endoscopic retropharyngeal approaches (16-18). A specially
designed tubular trocar is employed for AETCA. lts tubular
shape offers a 360° safe working space, and during our



dissections, no major arterial, venous, or esophageal-tracheal
injuries were noted in any cadavers. However, since three or
more surgical instruments (such as the endoscope, drill, and
aspirator) are often used simultaneously within the trocar,
surgical manipulation and the surgeon’s movements can
become relatively more difficult. This may prolong the surgical
time and potentially influence the success of the resection.
Additionally, trocar movement during surgery could cause
microtrauma in the neck region of patients, though there is
currently no data in the literature addressing this issue, and
further clinical studies are required.

In odontoidectomy performed via AETCA, the adequacy of
technical equipment is the primary factor influencing surgical
success. The type of drill used affected the dens resection
rates observed in cadavers. Clinical series in the literature
generally employed angled endoscopes (25-30°), but except
for one study, all have used non-angled drills (22). In our study,
a 0° endoscope was used, while bone resection was carried
out with drills of different angles. The use of drills with varying
angles also affected the odontoid resection rates in our
dissections. With a flat-end drill, reaching the posterior wall
of the odontoid was not possible. When comparing resection
amounts between the two drill types, cadavers treated with
angled drills showed significantly higher resection rates.

The second factor contributing to the AETCA’s success is
the accumulation of surgical experience (21). Two major
challenges to gaining proficiency in endoscopic surgery
are the steep learning curve and the absence of depth
perception due to two-dimensional imaging (22). Our study
also showed the impact of increased surgical experience on
resection outcomes. In cadavers where flat-end drills were
used, resection rates improved from 17.8% to 31.4% over
time, while in those with angled drills, the rate increased from
57.8% to 100%.

Other approaches, such as transoral and endoscopic
endonasal techniques, have the advantage of better access
to the posterior section of the odontoid (13,15). In AETCA,
accessing the posterior section of the dens is more challenging
because of the angle of the endoscope relative to the dens
axis. In odontoidectomies—especially those performed on
patients with basilar invagination—surgical success depends
on the adequacy of brainstem decompression, with the goal
of achieving sufficient decompression. Moreover, surgical
outcomes reported in the literature have not been evaluated
volumetrically, nor have specific criteria been established to
define the extent of resection. Our study measured the extent
of resection volumetrically and reported it as a percentage
of the original odontoid volume. This method allowed for an
objective comparison of different surgical instruments and
techniques employed during AETCA.

The first limitation of our study is that the AETCA technique
was mainly evaluated in terms of its anatomical features,
limitations, and characteristics. However, because this was
a cadaveric study, were unable to evaluate surgical success
or the risks of complications. The second limitation is the
absence of the cadavers’ bodies, which allowed us to adjust
the head position during dissection as needed —an advantage
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not possible in live patients. It is also important to note that
accessing the odontoid region via AETCA may be difficult
or impossible in patients with broad chests, severe obesity,
or marked thoracic kyphosis. The third limitation is that our
technical setup required resection of the C1 arch to achieve
complete odontoidectomy. With increased surgical experience,
advancements in endoscopic and drilling techniques, and
improved equipment, it may become possible to preserve the
C1 arch. Further anatomical and surgical studies are needed
to refine and enhance the technique.

B CONCLUSION

AETCA offers benefits including a reduced risk of postoperative
infection, shorter hospital stays, prevention of potential
morbidities, and lower healthcare costs. However, challenges
such as a long surgical corridor and difficulties with midline
orientation are associated with the technique. Nevertheless,
success can be achieved by utilizing specially designed
trocars, angled drills, and supplementary imaging methods.
This cadaver study, which focused on the technical and
anatomical aspects of AETCA, aims to shorten the learning
curve and help surgeons gain experience prior to performing
odontoidectomy on patients.

Future clinical studies are needed to evaluate patient outcomes
following AETCA.
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ABSTRACT

The concept of a mentor represents one of the most important pillars of medical training. It constitutes one of the oldest and noblest
arts that has contributed to the growth of this specialty for generations. Mentorship is the essential way to transmit knowledge and
values to future generations, ensuring the continuation of legacy in the field. Therefore, the experience and knowledge of current
neurosurgeons reflect the influence of previous neurosurgeons. This article aims to show respect to the educators and mentors who
passed away in 2024 around the world, with deep gratitude, as learning from those who preceded us helps build a lasting legacy
in neurosurgery.

A literature review was conducted to examine the deaths of neurosurgeons in 2024 worldwide, without limitation to the English
language.

A total of 35 neurosurgeons were identified worldwide: one from Africa (Egypt), ten from Asia (Bangladesh, Japan, South Korea,
India, and Pakistan); eleven from Europe (Greece, Poland, Spain and Tirkiye), seven from North America (Canada and the United
States), and six from South America (Argentina, Brazil, Chile, Colombia, and Mexico).

In 2024 there was a great loss to the global neurosurgical community. The deceased neurosurgeons left an indelible mark and
a legacy that will endure through their disciples and students. The main lesson is to remain proud and grateful for sharing this

discipline across generations, preserving the true values of human knowledge.

KEYWORDS: Ethics, Legacy, Medical education, Mentors

B INTRODUCTION

he concept of a mentor is profound and transcendent.

I It is much more than a friendship with a professor and
constitutes a cornerstone of medical training (1). This
tribute to the legacy of mentors serves as a reflection on and
acknowledgment of these individuals who unintentionally

guide their disciples to pursue neurosurgical training, clinically
and academically, and to transcend these boundaries (2,3).

In respect and honor of the neurosurgeons who passed away
around the world in 2024, we have prepared a humble tribute
highlighting their achievements in neurosurgery, categorized
according to their country of residence (Table ).
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Table I: Neurosurgeons Known to have passed away in 2024, Categorized by Continent-Country (4)

Full name Continent Country Field Date

Mohammed Tawfik Hosny Africa Egypt Skull Base 1980-2024
Tipu Aziz Bangladesh Functional Neurosurgery 1959-2024
Annaswamy Raja India Cerebrovascular diseases 1951-2024
Jagtar Singh Tiwana India Spine surgery 1936-2024
Raj Ghoniya India General neurosurgery 1990-2024
Sandip Chaterjee . India Pediatric neurosurgery 1960-2024
Sunil Pandya Asta India General neurosurgery 1940-2024
Vijay Kumar Kak India Pediatric neurosurgery 1938-2024
Takanori Fukushima Japan Skull Base 1942-2024
Saeed A. Bajwa Pakistan General neurosurgery 1951-2024
Tae Sung Park South Korea Pediatric neurosurgery 1947-2024
George Samandouras Greece Neuro-oncology 1967-2024
Jacek M. Malik Poland Spine neurosurgery 1957-2024
José Gerardo Martin Rodriguez Spain Functional neurosurgery 1941-2024
Ant Metin Atasoy Turkiye General neurosurgery 1951-2024
Aysima Altinok Turkiye General neurosurgery 1929-2024
Cahit Ozseker Europe Tarkiye General neurosurgery 1945-2024
Cem Akkurt Tarkiye Neuro-oncology 1958-2024
Mehmet Akif Ylrldrdurmaz Tuarkiye General neurosurgery 1963-2024
Nuriye Giizin Ozdemir Tuarkiye General neurosurgery 1969-2024
Osman Ekin Ozcan Turkiye General neurosurgery 1947-2024
Zeki Buharal Tarkiye General neurosurgery 1938-2024
Douglas Cochrane Canada Pediatric neurosurgery 1950-2024
David G. Kline United States Peripheral nerve 1934-2024
Frances Conley United States Spine neurosurgery 1940-2024
John P. Girvin Axoe:'tirc]a United States Functional neurosurgery 1934-2024
L. Nelson “Nick” Hopkins Il United States Endovascular neurosurgery 1943-2024
Mark E. Shaffrey United States Skull Base 1961-2024
Rupert Smith, Jr United States Skull Base 1932- 2024
Daniel D’Osvaldo Argentina Skull Base 1953-2024
Marcos Flavio Ghizoni Brazil Neuro-oncology 1946-2024
Renato Chiorino Radaelli South Chile Neuro-oncology 1930-2024
Victor Hugo Bastos Pardo America Colombia Cerebrovascular diseases 1968-2024
Antonio M. Zarate Méndez Mexico Cerebrovascular diseases 1944-2024
Fernando Rueda Franco Mexico Pediatric neurosurgery 1936-2024

The table is organized alphabetically by continent and country, respectively.
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B AFRICA
Prof. Dr. Mohammed Tawfik Hosny, Egypt (1980-2024)

Dr. Tawfik Hosny was a distinguished military neurosurgeon
from Egypt. He served as a professor of neurosurgery and
dean of the School of Medicine, achieving the rank of Major
General in the armed forces. He published several peer-
reviewed scientific articles in neurosurgery and participated
in numerous international conferences. Dr. Hosny left an
indelible legacy in the Egyptian Armed Forces and the field of
Egyptian neurosurgery.

H ASIA
Prof. Dr. Tipu Aziz, Bangladesh (1959-2024)

Born in Bangladesh in 1956, Dr. Aziz pursued his early
education there before moving to the United Kingdom, where
he studied neurophysiology at the University of London and
developed an interest in deep brain stimulation and functional
neurosurgery. He earned his doctorate from the University of
Manchester, focusing his research on Parkinson’s disease
in primates. His groundbreaking work greatly benefited the
medical community. In 2013, he received the “Service to
Medicine Award” at the British Muslim Awards, and in 2024,
he was honored by the British Society for Stereotactic and
Functional Neurosurgery for his outstanding contributions
to global neurosurgery. A legend in his field, Dr. Aziz will
always be remembered for his compassion, mentorship, and
dedication to patients.

Prof. Dr. Annaswamy Raja, India (1951-2024)

Dr. Raja was a distinguished neurosurgeon and educator in
India. He earned his MBBS from Madras University (1967-
1972) and completed his MS in Neurosurgery (1974-1979).
He served in Kasturba Medical College, Manipal, progressing
through academic ranks to become Head of the Department
in 2010. He published numerous papers in national and inter-
national journals. His expertise included aneurysm, vascular
surgery, arteriovenous malformations, acoustic schwannom-
as, microsurgical excision of spinal cord AVMs, and intramed-
ullary spinal cord tumors. He introduced several innovative
microsurgical techniques and is regarded as one of India’s
legendary neurosurgeons.

Prof. Dr. Jagtar Singh Tiwana, India (1936-2024)

Dr. Tiwana was a dedicated educator, mentor, and pioneer
in neurosurgery. He obtained his Master of Surgery from the
Sanjay Gandhi Postgraduate Institute of Medical Sciences
and later completed a fellowship in spine surgery. He worked
as a Professor of Neurosurgery at Park Hospital in Panipat,
Haryana, India. He authored several national and international
peer-reviewed publications. He was deeply respected as a
spine specialist and a compassionate human being.

Prof. Dr. Raj Ghoniya, India (1990-2024)

Dr. Ghoniya was a 34-year-old neurosurgeon who graduated
with an MBBS from R. D. Gardi Medical College, Vikram
University. He served at the Department of Neurosurgery at

All India Institute of Medical Sciences and authored several
papers in the field. He will be remembered for his energy,
professionalism, and commitment to excellence.

Prof. Dr. Sandip Chaterjee, India (1960-2024)

Dr. Chatterjee was born and raised in Kolkata, India, where
he graduated from medical school with outstanding academic
performance. Later, he moved to the United Kingdom, earning
the Fellowship of the Royal Colleges of Surgeons (FRCS)
in Edinburgh. He specialized in pediatric neurosurgery, was
regarded as a true master in his field, and made exceptional
contributions in his field. He served as a former president
of the Indian Society of Pediatric Neurosurgery and former
Editor-in-Chief of several prestigious indexed journals. With
over 150 published scientific papers and 30 book chapters to
his credit, his scholarly achievements were remarkable. His
students and colleagues will always remember his passion,
compassion, and dedication toward his patients. He lived with
courage and strength—his love, teachings, and contributions
will remain with us forever.

Prof. Dr. Sunil Pandya, India (1940-2024)

Dr. Pandya began his medical training at Seth GS Medical
College and KEM Hospital in Mumbai. He continued his
career at Jaslok Hospital and Research Centre in the same
city thereafter. His contributions to neurosurgery in Mumbai
and across India were exceptional. His passion and love for
his profession will always be remembered.

Prof. Dr. Vijay Kumar Kak, India (1938-2024)

Born in India in 1938, Dr. Kak was an educator, neurosurgeon,
and researcher who made significant contributions to
neurosurgery. He graduated with honors from Sarojini Naidu
Medical College in 1960 and completed his residency at the
Royal Victoria Hospital in Belfast, earning his FRCS from the
United Kingdom. Later, he joined the Postgraduate Institute
of Medical Education and Research, where he achieved
remarkable scientific advancements. Moreover, he served as
the Dean of the Post Graduate Institute of Medical Education
and Research (PGIMER) School of Medicine in Chandigarh for
several years. His interests included vascular and pediatric
neurosurgery. He will be fondly remembered for his devotion
to his patients and students.

Prof. Dr. Takanori Fukushima, Japan (1942-2024)

Dr. Fukushima graduated with honors from the School
of Medicine at University of Tokyo in 1968. He served for
nearly a decade as Professor of Neurosurgery and Chief of
Neurosurgery at Mitsui Memorial Hospital. He is recognized
as a pioneer in skull base surgery and the inventor of keyhole
surgery, earning worldwide acclaim as a true legend in his field.
His groundbreaking work and dedication to neurosurgical
education and innovation will continue to shape the field for
generations to come.

Prof. Dr. Saeed Bajwa, Pakistan (1951-2024)

Originally from Pakistan, Dr. Bajwa graduated from Nishtar
Medical College, University of Punjab, Lahore, and completed
his neurosurgery residency at the Military Hospital in Lahore.

Turk Neurosurg 36(1):151-157, 2026 | 153



Terzano F. et al: Honoring the Mentors from 2024

Later, he migrated to the United States of America in 1980 to
continue his medical career and worked for many years with
Universal Health Services. A leader in advancing neurosurgi-
cal techniques, Dr. Bajwa was known for his dedication, com-
passion, and patient-centered care. His demise is a great loss
not only to neurosurgery but also to his many patients and
mentees.

Prof. Dr. Tae Sung Park, South Korea (1947-2024)

Dr. Park was born in South Korea and graduated from Yon-
sei University College of Medicine, where he completed his
neurosurgery residency. He pursued advanced training in the
United States at the University of Virginia and Ohio State Uni-
versity, with research fellowships in pediatric neurosurgery at
Harvard Medical School and the University of Toronto. His re-
search focused on vascular injuries in neonatal brains and sy-
ringomyelia. A pioneer of selective dorsal rhizotomy, Dr. Park
was regarded as a legend in pediatric neurosurgery. He joined
Washington University in 1989 and served for over 35 years
as Professor and Surgeon in the Division of Pediatric Neuro-
surgery. He passed away at the age of 77, leaving a legacy
of excellence, compassion, and innovation that continues to
inspire neurosurgeons worldwide.

B EUROPE
Prof. Dr. George Samandouras, Greece (1967-2024)

Dr. Samandouras was born in Greece in 1967 and completed
his neurosurgery residency in Oxford in 2007, followed by
a neuro-oncology fellowship in France in 2008. His main
field of expertise was brain tumors. He was a consultant
neurosurgeon at the Victor Horsley Department and the editor
of The Neurosurgeon’s Handbook. He will be remembered for
his remarkable life philosophy, dedication to patient care, and
his status as a true legend in the field of neurosurgery.

Prof. Dr. Jacek M. Malik, Poland (1957-2024)

Dr. Malik was born in Wroclaw, Poland, in 1957, and graduated
with honors in Medicine from the Medical University of
Wroclaw. Later, he completed his neurosurgery residency
at the University of Virginia in Charlottesville. He served as
Professor of Neurosurgery and Head of the Department at the
Veterans Affairs Hospital in Little Rock, Arkansas, for several
years. Throughout his career, he specialized in spinal surgery.
We will always remember his great legacy and his deep love
for his patients and students.

Prof. Dr. José Gerardo Martin Rodriguez, Spain
(1941-2024)

Dr. Martin Rodriguez, affectionately known as “Pepe” among
Spanish and international neurosurgeons, was a highly
respected figure in the global neurosurgical community. Within
the World Federation of Neurosurgical Societies (WFNS), he
made significant contributions as Secretary under Dr. Ed
Laws and co-founded the WFNS Foundation alongside Dr.
Madjid Samii. For over three decades, this foundation has
supported the training of neurosurgeons and improved care in
underserved regions. In recognition of his lifelong commitment

154 | Turk Neurosurg 36(1):151-157, 2026

and enduring legacy, the Spanish Society of Neurosurgery has
dedicated the WFNS World Congress in Madrid 2025 to his
memory.

Prof. Dr. Ant Metin Atasoy, Tiirkiye (1951-2024)

Dr. Atasoy began his career in mining engineering but later
pursued medicine. He completed his medical degree and neu-
rosurgery residency at Ankara University. Eager to enhance
his skills, he undertook additional training and observation ex-
cursions in Japan, the United States, Switzerland, Germany,
Canada, and the United Kingdom. Upon returning to Turkey,
he applied the knowledge gained abroad to revitalize the De-
partment of Neurosurgery at Eskisehir Osmangazi University.
Dr. Atasoy served as a mentor and cornerstone for his stu-
dents, leaving a lasting legacy in Turkish neurosurgery.

Prof. Dr. Aysima Altinok, Tirkiye (1929-2024)

Dr. Aysima Altinok was born in 1929 in Erzincan, Turkey. She
graduated from Istanbul University School of Medicine with
honors, ranking third in her class. She completed her residency
under the mentorship of Dr. Hami Dilek at Haydarpasa
Numune Hospital. In 1959, she became Turkey’s first female
neurosurgeon and one of the earliest female neurosurgeons
in the world, serving as an inspiration for generations of
women in neurosurgery. In 1968, she became a clinic chief
and a founding member of the Turkish Neurosurgical Society.
She retired in 1992, continuing to engage in the activities she
loved. Her legacy remains indelible for future generations of
female neurosurgeons.

Prof. Dr. Cahit 62§eker, Tirkiye (1945-2024)

Bornin 1945 in Bursa, Turkey, Dr. Ozseker was an accomplished
educator and neurosurgeon. A graduate of Bursa Erkek
Lisesi, he was a lifelong and dedicated member of the Turkish
Neurosurgical Society, serving the profession for 50 years. His
steadfast commitment and contributions to neurosurgery will
always be remembered with the highest respect.

Prof. Dr. Cem Akkurt, Tirkiye (1958-2024)

Dr. Cem Akkurt was a remarkable Turkish neurosurgeon
specializing in neuro-oncology. He graduated from Istanbul
University Faculty of Medicine in 1981 and completed his
neurosurgery residency at Hacettepe University Faculty of
Medicine in 1990. Later, he served as a professor and attend-
ing neurosurgeon at Dizce Atatirk and Mus State Hospitals.
He passed away at the age of 66, leaving behind a legacy of
clinical excellence and dedication.

Prof. Dr. Mehmet Akif Yirirdurmaz, Tiirkiye (1963-2024)

Dr. YUrtrdurmaz graduated in medicine in Bursa and trained
in neurosurgery in Istanbul, achieving an outstanding profes-
sional career. Thereafter, he continued his practice in Izmir,
leaving an enduring impact on his patients, students, and the
history of neurosurgery in Turkey.

Prof. Dr. Nuriye Giizin Ozdemir, Tiirkiye (1969-2024)

Dr. Guizin Ozdemir was a dedicated Turkish neurosurgeon and
educator known for her compassion and professionalism. She
made significant contributions to primary cerebral lymphomas



and played an important role in the advancement of women in
Turkish neurosurgery. Her legacy remains a permanent part of
the country’s neurosurgical history.

Prof. Dr. Osman Ekin Ozcan, Tiirkiye (1947-2024)

Originally from Turkey, Dr. Ozcan was one of the key founders
of the Turkish Neurosurgical Society. He graduated with
honors from Hacettepe University School of Medicine. He will
be remembered as a great neurosurgeon for his dedication to
his patients and for his important role in shaping the history of
Turkish neurosurgery.

Prof. Dr. Zeki Buharali, Tiirkiye (1938-2024)

Dr. Buharall devoted his career to teaching and mentoring
countless neurosurgeons at Ankara Training and Research
Hospital. His lifelong commitment to education helped shape
the future of neurosurgery in Turkey. His contributions and
influence will forever be respected and honored.

H NORTH AMERICA
Prof. Dr. Douglas Cochrane, Canada (1950-2024)

Dr. Cochrane was born in Cambridge, Ontario, Canada,
in 1950. He studied medicine at the University of Toronto
Medical School and completed his neurosurgery residency
at the University of Calgary. Later, he pursued a fellowship
in Pediatric Neurosurgery at the Hospital for Sick Children in
Toronto. He enjoyed an outstanding 30-year partnership with
Dr. Paul Steinbok in the Division of Pediatric Neurosurgery
at the British Columbia Children’s Hospital. Over his career,
he performed more than 3000 neurosurgical operations
and trained generations of medical students, residents, and
fellows. Moreover, Dr. Cochrane served in several healthcare
leadership roles across the province. He is fondly remembered
for his dedication, intensity, and pursuit of excellence.

Prof. Dr. David G. Kline, United States (1934-2024)

Dr. Kline was born in Philadelphia in 1934 and became a
trailblazer in neurosurgery, revolutionizing the treatment of
nerve tumors and peripheral nerve injuries. He graduated
from the University of Pennsylvania and completed his
neurosurgical residency at the University of Michigan. Dr. Kline
served in the U.S. Army at Walter Reed General Hospital and
received the prestigious Cushing Medal in 2006. A member of
numerous national and international neurosurgical societies,
his humanity, compassion, and brilliance as a surgeon defined
his legacy. His passing marks a great loss to the field.

Prof. Dr. Frances Conley, United States (1940-2024)

Originally from Palo Alto, California, Dr. Conley completed
her medical studies at Stanford University in 1966 with
outstanding distinction. She became the first woman
to practice neurosurgery at Stanford University and, in
1975, the first female faculty member in the Department of
Neurosurgery. In 1986, she became the first woman to chair
a neurosurgery department at any North American university.
She will be remembered as an inspirational role model for
female neurosurgeons worldwide.
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Prof. Dr. John P. Girvin, United States (1934-2024)

Dr. Girvin was born in Detroit, Michigan, in 1934. He obtained
his MD from Western University in 1958 with honors, followed
by a PhD in neurophysiology and neurological training at the
Montreal Neurological Institute. He furthered his studies in
Glasgow and Cleveland. In 1977, he established the Epilepsy
Program at Western University and was deeply devoted to
the training of neurology residents and fellows. Dr. Girvin led
significant advances in surgical techniques, particularly in
brain electrical stimulation and awake epilepsy surgery. He
will be remembered forever as a passionate and dedicated
neurosurgeon.

Prof. Dr. L. Nelson “Nick” Hopkins Ill, United States (1943-
2024)

Dr. Hopkins was considered as one of the fathers of endo-
vascular neurosurgery and a world-renowned neurosurgeon,
neuroradiologist, and researcher. He completed medical
school at Albany Medical College with distinction, followed
by neurosurgical residency at Case Western Reserve Univer-
sity. He spent much of his career at Buffalo University, where
he was the chairman of the Department of Neurosurgery. A
former president of the AANS, Dr. Hopkins was a pioneer in
neuroradiology, ushering in a new era in stroke management
and leaving an indelible mark on the field.

Prof. Dr. Mark E. Shaffrey, United States (1961-2024)

Dr. Shaffrey was born in West Virginia, United States and
earned his Bachelor of Science degree in Biochemistry
and Biology in 1983. He completed medical school at the
University of Virginia. Then, he enlisted in the United States
Air Force. Dr. Shaffrey completed his neurosurgical residency
between 1988 and 1994, serving as Chief Resident from 1993
to 1994. After fulfilling his Air Force obligation, he joined the
University of Virginia Health Sciences Center as Associate
Professor and Vice-Chairman (1997-2003). From 2008 until
his passing, he held the David D. Weaver Professorship
and chaired the Department of Neurological Surgery. His
academic achievements included more than 150 publications,
and he was recognized as one of America’s Top Surgeons.
An active member of American Association of Neurological
Surgeons (AANS), Congress of Neurological Surgeons (CNS),
and Society of Neurological Surgeons (SNS), he was a healer,
mentor, and loyal friend who devoted his life to patient care—a
true legend in neurosurgery.

Prof. Dr. Rupert Smith, Jr., United States (1932-2024)

Dr. Smith was born in Greenville, lllinois. He completed medical
school at Washington University with distinction, followed by
neurosurgical training at Johns Hopkins and Barnes Hospital,
and fellowships in neuroanatomy at Washington University
and Oxford. In 1966, he became the founding Chairman of
Neurosurgery at Saint Louis University Hospital. A pioneer
in the field, Dr. Smith advanced neuroanatomical research,
trained generations of neurosurgeons, and contributed
significantly to professional organizations. His enduring legacy
lives on in the lives he touched.
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B SOUTH AMERICA
Prof. Dr. Daniel D’Osvaldo, Argentina (1953-2024)

He was an esteemed educator and neurosurgeon from
Argentina. He graduated with honors from the Facultad de
Medicina, Universidad de Buenos Aires (UBA), and completed
his neurosurgery training at the Hospital de Clinicas José de
San Martin in Buenos Aires. He pursued further studies at the
Instituto de Neurocirugia Costa Buero and at the Institute of
Rome, Italy. As a dedicated professor of neurosurgery at UBA
and a member of the Argentine College of Neurosurgeons, his
main fields of expertise included brain tumors, pituitary gland
tumors, and vascular malformations. His passion, energy, and
commitment to patient care were exceptional. We will always
remember his warmth, humility, and devotion.

Prof. Dr. Marcos Flavio Ghizoni, Brazil (1946-2024)

Dr. Marcos Flavio Ghizoni was born in Urubici, Santa Catarina.
After completing his formal educationin Neurosurgery, he joined
the medical staff of Hospital Nossa Senhora da Conceicao
in 1979. Then, he established the hospital’s Neurosurgery
Center and promoted the installation of its first CT scanner.
He earned a Master’s degree in Health Sciences from the
University of Southern Santa Catarina, where he also served
as a professor. In 2013, he was honored by the Legislative
Assembly of Santa Catarina for developing a novel surgical
technique for brachial plexus injuries—a procedure now cited
in more than 50 journals and presented internationally. He
was also recognized for performing awake brain surgeries for
tumor removal. Remembered as an educator and pioneer in
neurosurgery, his legacy continues to inspire the neurosurgical
community.

Prof. Dr. Renato Chiorino-Radaelli, Chile (1930-2024)

Dr. Chiorino was a pioneer in neurosurgery and neuropathology,
and a dedicated educator and mentor from Chile. He trained
at the Instituto de Neurocirurgia Capixaba, specializing in
neuropathology. At the age of 71, he received the “Dr. Héctor
Valladares Medal” from the Chilean Society of Neurosurgery
and was later honored by Society of Neurology, Psychiatry and
Neurosurgery (SONEPSYN) as a “Master of Neurosurgery.”
He founded one of Chile’s most advanced neuropathology
laboratories. His legacy remains indelible.

Prof. Dr. Victor Hugo Bastos Pardo, Colombia (1968-2024)

Dr. Bastos Pardo served as Professor of Neurosurgery at the
Universidad Nacional de Colombia and was affiliated with the
Hospital Universitario Nacional for over 20 years. He was an
active member of the Asociacién Colombiana de Neurocirugia,
making a significant impact on neurosurgery in Latin America.
His main area of expertise was vascular surgery. He will be
remembered for his passion for neurosurgery and for leaving
an enduring mark on the legacy of Colombian neurosurgery.

Prof. Dr. Antonio M. Zarate Méndez, Mexico (1944-2024)

Dr. Zarate Méndez was a renowned Mexican neurosurgeon
who dedicated his life to cerebrovascular and stereotactic
surgery, areas in which he became a true master. He studied
medicine at the Benemérita Universidad Auténoma de
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Puebla and completed his neurosurgery training at Centro
Hospitalario 20 de Noviembre. In 1994 and 1995, he pursued
advanced training in stereotactic surgery at the Detroit Medical
Center, Michigan, Wayne State University, as well as at the
Cologne University Hospital and Phillips University Hospital in
Germany. He published numerous papers in indexed journals
and authored several books. We will always remember his
unwavering dedication, focus, and pursuit of excellence.

Prof. Dr. Fernando Rueda Franco, Mexico (1936-2024)

Dr. Franco was born in Mexico City in 1936 and completed
his medical education at the Universidad Nacional Auténo-
ma de México, earning his degree in 1960 with a thesis titled
“Cerebral blood circulation and vascular malformations of the
brain,” and obtained his doctorate. In 1963, he began his neu-
rosurgery specialization at the Children’s Hospital of Mexico,
continuing at the Neurological Institute of New York. He spent
most of his career at the Neurology and Neurosurgery Service
of the Mexican Institution for Assistance to Children (IMAN),
now the National Institute of Pediatrics. A tireless researcher,
prolific writer, and critical reader, his publications addressed
important topics in pediatric neurosurgery. He will be remem-
bered as a true legend among Mexican neurosurgeons.

Limitations

The authors were unable to identify every neurosurgeon
worldwide who passed away in 2024. Another limitation was
the inability to include personal photographs in this manuscript
to protect intellectual property rights. We recognize these
limitations but still honor and respect these unsung heroes
whose legacies remain enduring and profound.

B CONCLUSION

In 2024, there was a profound loss for the global neurosurgical
community. Each of these neurosurgeons left a lasting legacy
that endures in their students, apprentices, and colleagues.
Their lives exemplified generosity, compassion, and profes-
sional mastery, leaving an indelible imprint on the scientific
world. We remain thankful and proud to continue passing this
science from generation to generation, preserving the authen-
tic values of human wisdom. Despite our best efforts, some
names may have been inadvertently omitted. We sincerely
acknowledge this limitation and honor all the unnamed pio-
neers whose contributions continue to shape the history of
neurosurgery.
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Percheron Artery Implicance in Bi-Thalamic Stroke
Following Endoscopic Endonasal Approach for Infundibulo-
Neurohypophysitis: A Combination of Two Rare Entities
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ABSTRACT

Bi-thalamic stroke is rarely reported in the literature as a complication of an endonasal endoscopic procedure. It has been associated
with presence of a Percheron artery variant, as well as with top of the basilar syndrome, both of which significantly increase
patient surgical morbidity. Infundibulo-neurohypophysitis in turn, is an unusual inflammatory disorder affecting the infundibulum,
the pituitary stalk, and the neurohypophysis. We present the case of a patient with visual impairment and an abnormal hormone
profile compatible with infundibulo-neurohypophysitis, in whom tumor resection was conducted through an endoscopic endonasal
approach (EEA). Patient developed postoperative bi-thalamic stroke due to Percheron artery infarct. A review of both conditions is
included. This is the fourth case reported in the literature of a Percheron artery infarct, and to the best of our knowledge, the first
linking it to endoscopic treatment of neurohypophysitis, itself an infrequent condition.

KEYWORDS: Bi-thalamic stroke, Endoscopic endonasal approach, Percheron artery, Infundibulo-neurohypophysitis, Diagnosis,

Outcome

ABBREVIATIONS: AOP: Artery of percheron, EEA: Endoscopic endonasal approach, INHP: Infundibulo-neurohypophysitis,
MRA: Magnetic resonance angiography, MRI: Magnetic resonance imaging, PCA: Posterior cerebral artery

B INTRODUCTION

nfundibulo-neurohypophysitis (INHP) is an uncommon in-
Iflammatory condition affecting the infundibulum, the pitu-

itary stalk, and the neurohypophysis (3,6,13,14). Patients
typically present with central diabetes insipidus and normal
anterior pituitary function. The most common pathogenesis
involves lymphocytic infiltration, with destruction of normal
structures and replacement by fibrotic tissue (6,14). Gadolin-
ium-enhanced pituitary magnetic resonance imaging (MRI) is

considered the diagnostic gold standard. Findings suggestive
of INHP include pituitary stalk thickening and absence of pos-
terior pituitary bright spot on T1 weighted images (3,4). Sur-
gery is usually indicated in cases not responding to conserva-
tive treatment, or presenting significant mass effect and visual
deficit (3,4). Endoscopic endonasal surgery may be indicated
when diagnosis is unclear and a biopsy is needed for diag-
nostic confirmation, or for total lesion excision for symptom
relief (10,11,14).
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The artery of Percheron (AOP) is a normal anatomical variant of
the posterior cerebral circulation. When present, it will impact
classification of the small branches at the P1 segment of the
posterior cerebral artery (PCA) as well as affect circulation and
hemodynamic blood flow characteristics within this part of the
brain (14).

Although extremely uncommon, injury to the AOP will usually
result in bi-thalamic stroke. AOP is present in 4-12% of the
population, and responsible for infarction in 0.5-2% of all
strokes (1,7,9,11).

Correlation with use of an endonasal sellar approach for
diagnosis or treatment is even more infrequent. To date, only
three AOP infarctions have been reported following pituitary
surgery. These occurred after endonasal resection of pituitary
adenomas (2,10,11). This case we believe is the first to be
linked to an inflammatory etiology.

B CASE REPORT

We present the case of a 47-year-old female patient with a
7-year history of pituitary incidentaloma, initially diagnosed as
a Rathke cleft cyst. Progressive growth observed on control
MRI prompted referral to our neurosurgical center. Imaging at
this time showed a 24.5 x 14.5 x 15.5mm retro-pituitary cyst
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(Figure 1). Hormonal profile and ophthalmological examination
were abnormal. Patient presented symptoms of ADH deficiency
and a bilateral inferior longitudinal visual defect. Differential
diagnoses considered included craniopharyngioma, Rathke
cleft cyst and hypophysitis.

Resection of the cyst and its dense content was performed
through an endoscopic endonasal approach (EEA) (Figure 2)
with no intraoperative complications.

Patient was extubated after surgery, but remained obtunded
for 24 hours. Signs of somnolence persisted after 48 hours,
and non-reactive right mydriasis, consistent with incomplete
third cranial nerve (CN Ill) palsy, as well as mild right hemipa-
resis were observed. No signs of hematoma or acute hydro-
cephalus were detected on CT. MRI and magnetic resonance
angiography (MRA) showed acute bi-thalamic infarction, and
presence of a fetal variant of the right posterior cerebral artery
(PCA), with Percheron artery origin from the P1 segment of the
right PCA. Vessel caliber reduction and distal signal attenua-
tion suggested artery of Percheron infarct (Figure 3).

Length of hospital stay was a total of 10 days, with 6 days
in ICU. Patient was discharged to a rehabilitation center, in
a stupor awareness state, with no significant changes on
neurological examination.

Figure 1: Preoperative T1W (A), T1W post-gadolinium (B), and T2W (C) Coranal Gnd sagittal images showing a homogeneous, mild
T1 spontaneously hyperintense, and T2 hypointense retro pituitary and infundibular lesion, with suprasellar extension and upward
displacement (C) of the optic chiasm (Och.). Notice pituitary gland enhancement (yellow dot) and stalk thickening due to the lesion (B).
Evidence of loss of posterior pituitary bright spot is observed on T1(A), sellar floor remains intact. In combination with clinical findings
these images suggest presence of infundibulo-neurohypophysitis. ON: Optic nerve; ACA: Anterior cerebral artery; MCA: Middle cerebral
artery; ICA: Internal carotid artery; White arrows: Oculomotor cistern and third cranial nerve (CN llI).
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Figure 2: Intraoperative endoscopic images illustrating extended EEA to the sella (A). Notice how the lesion is widening and displacing
the pituitary gland (Pit. Gd.) and stalk (Pit. St.), with no clear limit between them (B). Careful dissection is performed across the fibers of
the stalk to access the cystic lesion from behind. Careful capsulotomy allows purulent inflammatory content evacuation (B and D). Once
lesion is emptied, a thinned pituitary stalk is repositioned. The posterior arachnoid is preserved (E and F).

Figure 3: Early postoperative MRI shows bi-thalamic restrictive signal (A) on DWI sequence (diffusion-weighted), ADC (apparent
diffusion coefficient), and hyperintensity on T2/FLAIR correlating with bi-thalamic ischemia (B). MRA shows fetal variant of right PCA
and Percheron artery origin at P1 segment of the right PCA, with evidence of caliber reduction and distal signal attenuation (red arrow)
(C). Postop MRI at three months (D) showing bi-thalamic increased T2 and decreased T1 signal (yellow asterisk), as well as persistence
of pituitary stalk thickening (white arrow).
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Pathology report confirmed inflammatory disease compatible
with hypophysitis. Tissue cultures were negative.

Considerable neurological improvement was observed after
rehabilitation. Patient was discharged after 4 months, and
continued treatment as an outpatient. Both neurological and
visual field symptoms improved after the surgery. However,
panhypopituitarism and diabetes insipidus persisted, requiring
hormone replacement therapy and desmopressin.

Despite the presence of minor visual deficit and mild cognitive
impairment 1-year after surgery, patient was able to conduct
daily life activities independently.

B DISCUSSION

The artery of Percheron (AOP) is a normal anatomical variation
of the posterior cerebral circulation, originally described by
Gerard Percheron in 1973 (1). When present, not only does it
impact classification of the small branches at the P1 segment
of the posterior cerebral artery (PCA), it also affects circulation
and hemodynamic blood flow characteristics within this region
of the brain (14).

Prevalence ranges between 4 and 12% in the general
population, and AOP infarction accounts for 0.5-2% of all
isquemic strokes (1,7,9,11). Because it supplies blood flow
to bilateral paramedian thalamic regions, AOP infarction will
generate clinical symptoms reflecting midbrain involvement
of areas such as the corticospinal tract, subthalamic nucleus,
third cranial nerve nucleus, and the dentato-rubro-thalamic
tract. Neurological syndromes such as those described by
Weber, Benedikt and Claude have also been observed (1,8,9).

The most common underlying causes of an AOP occlusion are
small artery disease and cardiac embolism (1,5), but it can also
occur secondary to diabetes, smoking, tumors, inflammation,
coagulation disorders and hypotension, among others (10).

Not only is the presence of an AOP anatomically significant, as
it is a single trunk supplying both the right and left paramedian
thalamic nucleus, it also has hemodynamic consequences.
This territory is a “watershed zone” presenting increased risk
of infarction due to occlusion, inflammation, or hypotension
(1). In the case we describe, no direct involvement of the
artery or other perforating branches was observed during the
surgical procedure, and the arachnoid plane was preserved
(see Figure 2). However, the hypoplastic right P1 origin of the
AOP with a fetal variation of the CPA (Figure 3), as well as
the inflammatory nature of the underlying disease (aseptic
purulent hypophysitis) may have played a role in triggering
vessel occlusion/stenosis.

Infundibulo-neurohypophysitis (INHP) is an unusual inflamma-
tory disorder affecting the infundibulum, pituitary stalk, and
neurohypophysis (3,6,13,14). Overall, hypophysitis is classi-
fied according to extension of inflammation and etiology (3,4).
In cases of INHP, the usual MRI findings include loss of the
posterior pituitary “bright spot’ (which reflects normal vaso-
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pressin and oxytocin storage) and thickening of the pituitary
stalk. Bright spot absence in INHP indicates a vasopressin
storage defect, though it is not considered a pathognomonic
sign, as it can be absent in up to 20 % of normal individuals

©).

Other radiological signs that help differentiate INHP from
pituitary adenomas or craniopharyngiomas are ahomogeneous
pre-contrast appearance, full contrast enhancement, an intact
sellar floor and in some cases, a dural tail reaction (3,4).
(Figure 1).

Hypophysitis is defined as primary, if the inflammation involves
the pituitary gland. Autoimmune etiology is usually assumed.
Whereas hypophysitis is considered secondary, when
focal pituitary lesions are present. Possible causes include
craniopharyngioma, adenoma, germinoma, and Rathke cleft
cyst (6,3,13). Patients typically present with central diabetes
insipidus and normal anterior pituitary function.

Clinical signs and symptoms, biochemical parameters, and
MRI findings all contribute to a correct diagnosis (6,14).
The endoscopic endonasal approach can be used to obtain
a biopsy and confirm histology, or for complete surgical
excision in patients not responding to conservative treatment,
or presenting significant mass effect and loss of vision
(4,6,10,12).

We report a case of Percheron artery infarction, as postopera-
tive complication after endoscopic endonasal INHP resection.

B CONCLUSION

Both, artery of Percheron infarction as well as infundibulo-
neurohypophysitis are two extremely rare conditions. To the
best of our knowledge, their combined occurrence has not
been previously reported in the literature. We present the case
of a patient who, after endonasal endoscopic resection of a
pituitary lesion diagnosed as INHP, developed AOP infarction.
No further postoperative complications were observed.

The etiology of the resulting bi-thalamic stroke remains
unclear. Nevertheless, the fact that the AOP in this particular
case originated from a hypoplastic right P1, with a fetal
variation of the CPA, in addition to the inflammatory nature
of the underlying disease (purulent aseptic hypophysitis), may
have played an important role in causing vessel occlusion/
stenosis.
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Dural Amyloidoma Located in the Falx Cerebri and

Spinal Dura: Two Case Reports
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ABSTRACT

Amyloidosis is a progressive disorder marked by the aggregation of insoluble fibrillar proteins in various tissues, leading to tissue
damage. Localised amyloidosis, known as amyloidoma, is particularly rare in the central nervous system and may be mistaken for
a neoplastic lesion due to similar radiological features. Consequently, the general treatment approach often involves total excision.
However, it is important to consider that a biopsy of the amyloidoma, rather than total excision, may suffice for complete recovery
when paired with appropriate systemic treatment. This report presents two rare cases of amyloidoma: one located in the falx cerebri
and the other in the lumbar spine. Both cases were successfully operated on, with the patients recovering without complications

following treatment. (1)

KEYWORDS: Amyloidoma, Amyloidosis, Dural amyloidoma, Cerebral amyloidoma

ABBREVIATIONS: MRI: Magnetic resonance imaging, CT: Computed tomography, CNS: Central nervous system

B INTRODUCTION

myloidosis is a progressive, heterogeneous group of
disorders caused by the abnormal deposition of toxic,

insoluble fibrillar protein aggregates in various tissues,
leading to tissue damage. For this reason, it is called a protein-
folding disorder. The aetiology of amyloidosis remains unclear.
The disease can be localised, wherein amyloid accumulates
in different tissues and causes a mass effect. This condition
is known as amyloidoma, and its clinical presentation varies
depending on the affected tissue (1,4-6).

The incidence of amyloidosis is 1-2 per 100,000 per year in
Western countries. In the United States, 1,275 to 3,200 new

cases are reported annually (3). However, specific data on
amyloidoma are limited due to its rarity. Cerebral amyloidoma
cases are reported predominantly in middle-aged individuals,
with a female predilection. Amyloidoma is most frequently
seen in the kidneys and gastrointestinal system, whereas brain
involvement is uncommon. The involvement of the dura is also
quite rare, and information about this condition is primarily
based on case reports, challenging the acquisition of precise
epidemiological data (2). Intracranial amyloid accumulation is
extremely rare and can be seen in the cerebral parenchyma,
skull base, pituitary gland and cerebellopontine angle.
Parenchymal involvement is frequently observed in systemic
amyloidosis, particularly in AL amyloidosis. Amyloid deposits
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in the calvarium often show a predilection for the skull base
and are described as calcified lesions (5).

While the diagnosis of amyloidoma is confirmed through his-
tochemical methods, it is often mistaken for other conditions
before biopsy due to its radiological features. These lesions
are contrast-enhancing and can mimic high-grade lympho-
mas and glial neoplasms, as demonstrated in a case report on
a spinal extradural mass (1,2,4,6).

In this report, we present two cases: those of a young woman
presenting with headache and dizziness, diagnosed with an
amyloidoma involving the falx cerebri, and an older woman
presenting with lower back and leg pain, diagnosed with a
lumbar dural amyloidoma.

B CASE REPORTS
Cerebral Dural Amyloidoma

A 32-year-old female patient presented with headaches, diz-
ziness, and nasal bleeding lasting a few weeks. Her medical
history, neurological examination, and blood tests were nor-
mal upon admission. Cranial imaging revealed a gadolini-

um-enhancing, hyperintense lesion on T2-weighted magnetic
resonance images (MRI) and a hyperdense lesion on comput-
ed tomography (CT). The lesion measured 34 x 11 x 93 mm
and was extra-axial, located in the frontal interhemispheric
area and extending to both sides of the falx cerebri (Figure
1). Central nervous system (CNS) lymphoma, meningioma,
or glial tumours were considered primary differential diagno-
ses, and the patient underwent surgery using an anterior in-
terhemispheric approach. During the surgery, the tumour was
observed to be associated with the dura. The lesion was suc-
cessfully sub-totally removed. A pathological analysis con-
firmed the diagnosis of amyloidoma. Congo red and crystal
violet histochemical stains were positive, and immunohisto-
chemical analysis showed a polytypic reaction for kappa and
lambda light chains (Figure 2).

Postoperative examinations were normal, and the patient
was referred to the Haematology Department for further
investigation of systemic amyloidosis. No systemic
amyloidosis was detected, so systemic treatment was
required. Three months after the surgery, follow-up imaging
showed spontaneous regression of the tumour (Figure 3).

Figure 1: The patient’s non-enhancing axial CT (A), gadolinium-enhanced axial (B), coronal (C) TIW MR images show a parafalcine

extra-axial mass.
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Figure 2: Post-operative third-month
axial gadolinium-enhanced (A), and non-
enhanced (B) TIW MR images show that
the tumour spontaneously regressed.




Spinal Dural Amyloidoma

A 70-year-old female patient presented with lower back pain,
right-sided leg pain, left-sided leg numbness, and left foot
paresis lasting for a month. Her medical history and blood
tests were normal. Lumbar spinal MRI showed spinal stenosis
at the L3-4 level, with a suspected space-occupying lesion on
the posterior wall of the spinal canal and the interspinous area.
Gadolinium-enhanced MRI showed a contrast-enhancing
lesion on the right side of the posterior wall of the spinal canal,
possibly involving the dura (Figure 4). Surgery was performed
using a classical posterior spinal approach. Bilateral L3
hemilaminectomies were performed, the ligamentum flavum
was excised, and neural tissues were decompressed. During
the surgery, the ligamentum flavum appeared normal except
for hypertrophy and increased calcification. Following the
flavectomy, the lesion was observed to be associated

Aydin I. et al: Dural Amyloidoma

with the spinal dura. Tissue samples were obtained from
the interspinous and supraspinous ligaments, and these,
along with the excised ligamentum flavum, were sent for
histopathological examination.

After the surgery, the patient’s pain was relieved, and the
paresis remained stable. Pathological examination revealed
amyloidoma. Immunohistochemical analysis showed kappa
light chain positivity, but amyloid-A and lambda were
negative. Congo red and crystal violet histochemical stains
were positive (Figure 5).

The patient was referred to the haematology department for
systemic amyloidosis evaluation. No systemic amyloidosis
was detected during follow-up, and no recurrence was noted
on control imaging (Figure 6).

Figure 4: Preoperative T2W and gadolinium-enhanced T1W MR images show lumbar stenosis at the L3-4 level with contrast enhancement
on the right side of the posterior wall of the spinal canal (A, B, C).
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Figure 5: Accumulation of pink amorphous material in haematoxylin-eosin sections (A) (200x). Congo red-based histochemical
examination shows positively stained areas (B) (100x), and an apple-green appearance under polarised light (C) (100x). Kappa light
chain immunopositivity (D) (100x).

Figure 6: Postoperative T2W sagittal and axial (A, B), and gadolinium-enhanced T1W MR images (C, D) show that the contrast-
enhancing lesion disappeared and the neural tissues were decompressed.
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B DISCUSSION

The first patient presented with a homogeneously contrast-
enhancing extra-axial mass on each side of the falx cerebri.
Based on the radiological features, meningioma, lymphoma,
plasmacytoma, and subdural hematoma, albeit less likely,
were considered. Due to the lesion’s location and elongated
shape, a biopsy was recommended instead of total excision.
Given the rare pathology, the patient was referred to the
haematology department. Although cerebral amyloidoma
is rare, it can be easily mistaken for more common space-
occupying lesions. This case highlights the importance of
considering biopsy rather than rushing into total excision
when the pathology is uncertain.

The second patient presented with spinal stenosis caused
by a contrast-enhancing lesion located in the spinal canal
that initially appeared to be an extramedullary tumour
due to its contrast-enhancing characteristics. Successful
decompression was achieved. Pathological examination
revealed amyloidoma, which had not been considered initially
before the surgery. No systemic amyloidosis was detected
during follow-up, and there was no recurrence.

B CONCLUSION

Rare cases of amyloidoma located in structures covering the
CNS, such as the falx cerebri and spinal dura, are presented
and discussed. These lesions can easily be mistaken for other
extra-axial and extramedullary space-occupying lesions of
the CNS, such as meningiomas, high-grade gliomas, CNS
lymphomas, or metastases. In these cases, the lesions
appeared as contrast-enhancing masses and were initially
considered tumours. Rare pathologies like amyloidoma should
be considered, and decisions regarding surgical excision or
biopsy should be made based on the patient’s condition. A
multidisciplinary approach is essential once the pathology is
confirmed.

Aydin . et al: Dural Amyloidoma
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Recurrent Glioblastoma with Turcot Syndrome
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ABSTRACT

Turcot syndrome (TS) is an extremely rare genetic disorder characterized by the concurrent occurrence of primary brain tumors
and colorectal cancer. The prognosis for patients with TS is typically poor. A 57-year-old man with TS who developed recurrent
glioblastoma and had a family history of colon cancer is reported. In 2022, the patient underwent robot-assisted stereotactic
surgery for the resection of a central nervous system (CNS) tumor. Molecular genetic analysis identified microsatellite instability
in the DNA mismatch repair (MMR) gene, confirming the diagnosis of TS. Additional mutations in the ATM and TP53 genes were
also detected, which are rarely associated with TS. Despite treatment with the Stupp regimen, the patient experienced acute
neurological deterioration, ultimately resulting in death 15 months after the onset of symptoms. Molecular diagnostics play a crucial
role in guiding appropriate care and management for patients with TS. Early diagnosis, genetic testing, and preventive measures

are essential for the effective management of this condition.

KEYWORDS: Turcot syndrome, Diffuse astrocytoma, Recurrent tumors of the central nervous system

B INTRODUCTION

S is arare condition characterized by the co-occurrence
I of multiple gastrointestinal colon polyps and CNS neu-
roepithelial tumors (4). Brain tumors associated with TS
vary in type, often presenting as single glioblastomas, medul-
loblastomas, or astrocytomas (6). The presence of multiple
CNS tumors in TS is exceptionally rare, and the syndrome
typically manifests in early adolescence. TS can be genetically
classified into two subtypes: familial adenomatous polyposis
(FAP) or hereditary nonpolyposis colorectal cancer (HNPCC)
(12). Furthermore, TS is divided into Type |, characterized by
glial tumors with fewer polyps and cancers, and Type Il, char-
acterized by extensive polyps and a higher risk of medullo-
blastoma (4).

Since the initial identification of TS, the literature has been lim-
ited to isolated case reports and small case series. TS Type |
commonly involves glioblastomas associated with mutations
in DNA MMR genes, particularly in the hMLH1 gene. Herein,
we present a case of TS with a unique progression from wild-
type diffuse astrocytoma to glioblastoma, resulting in rapid
neurological decline and ultimately leading to the patient’s
death.

B CASE REPORT

A 57-year-old male presented with episodes of involuntary
head movement, left-sided facial numbness, and a skewed
mouth in July 2021. Each episode lasted approximately one
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minute and resolved spontaneously. The patient’s medical
history included open surgery for colon cancer in 2003, with
no recurrence noted during regular colonoscopies. He had a
40-year history of smoking and a family history of colorectal
cancer affecting his grandfather, father, and sister.

Physical examination revealed a 12-cm surgical scar extend-
ing from below the umbilicus to the symphysis pubis and a
café-au-lait spot on the skin (Figure 1). A brain MRI (Figure 1)
performed upon admission showed long T1 and T2 patchy

Fu Z. et al: Recurrent Glioblastoma with Turcot Syndrome

signals in the right frontal lobe-corona radiata, without en-
hancement on contrast imaging. MRS indicated a Cho/Cr
peak ratio of 0.81-1.94 (Figure 1), suggesting a non-neoplastic
lesion. However, 11C-methionine PET/CT (Figure 1) revealed
a slightly hypodense lesion in the right frontal lobe, exhibit-
ing increased methionine uptake, which was indicative of a
neoplastic process. Due to the lesion’s location in a functional
area of the right frontal lobe and its diffuse nature, a stereo-
tactic biopsy was performed after obtaining consent from the
patient’s family.

Figure 1: Axial A) T1W; B) T2W; C) fluid attenuated inversion recovery (FLAIR); and D, E, F) contrast enhanced T1W in axial, coronal,
and sagittal positions. Brain MRI revealed long T1 and T2 patchy signals in the right frontal lobe-corona radiata. G) MR Spectroscopy
indicated a Cho/Cr peak ratio of 0.81-1.94. H) Photograph of the patient skin caf’e-au-lait spot. I) 11C-methionine PET/CT showed

enhance signal in right frontal lobe-corona region.
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Figure 2: A, B) Postoperative X-ray images of the patient showing the surgical site. C, D) Hematoxylin and Eosin staining showed diffuse
astrocytoma (WHO grade ll) in the primary biopsy, magnification 100x and 200x, respectively. E) Brain MRI of patients 1 to 8 months

after surgery.

The patient underwent a robot-assisted stereotactic lesion
biopsy, and histopathology confirmed the presence of a
WHO grade |l diffuse astrocytoma (Figure 2). The immuno-
histochemistry results are summarized in Table |. Based on
the 5™ Edition WHO Classification of CNS Tumors, the mor-
phology was consistent with a grade Il IDH wild-type diffuse
astrocytoma, which warranted consideration as a higher WHO
grade. Subsequent gene sequencing (Table ) revealed high
microsatellite instability (MSI-H) with a tumor mutation bur-
den of 16.71. Furthermore, a frameshift mutation in the ATM
gene (c.640del, p.Ser214Profs*16) with 24.8% abundance,
along with an MSH2 mutation, confirmed the diagnosis of IDH
wild-type astrocytoma and TS type |. The patient received
treatment with the standard Stupp regimen, which included
one month of concurrent chemoradiotherapy. The radiother-
apy regimen consisted of GTV1: 2GY/30F/60GY and CTV1:
1.8GY/30F/54GY, while temozolomide was administered at a
dose of 200 mg/m?2 on days 1-5, every 28 days for six cycles.
Follow-up brain MRI demonstrated lesion shrinkage (Figure 2).

In June 2022, 10.5 months after the surgery and two months
following the completion of chemotherapy, the patient pre-
sented with blurred vision. Upon examination, the patient ex-
hibited clear consciousness, impaired cognition, slow move-
ments, slurred speech, binocular papilledema, grade 2 muscle
strength in the left limb, and grade 4 muscle strength in the
right limb. MRI revealed the presence of multiple space-occu-
pying lesions in the posterior third ventricle, right basal ganglia,
and subependymal area, accompanied by obstructive hydro-
cephalus (Figure 3). To alleviate the hydrocephalus, the patient
underwent a third ventriculostomy procedure under general
anesthesia. Simultaneously, an endoscopic tumor biopsy was
performed near the interventricular foramen, which revealed

170 | Turk Neurosurg 36(1):168-174, 2026

Table I: The Summary of Immunohistochemical Results and Gene
Detection Data

Protein Result Gene Result
IDH1 () IDH1 ()
EMA () IDH2 ()
ATRX ) 1p/19q Non-codeletion
H3K27TME3 () me'\t"smon )
H3K27M () ATRX ()
BCL2 (+) TERT ()
BCL6 () BRAF ()
MUMH “) EGFR “)
C-MYC ) PTEN ()
Ki-67 (+,>5%) PIK3CA ()
Olig-2 (+) CDKN2A ()
S-100 () CDKN2B ()
P53 () ATM Ser214Profs*16 24.8%
D411fs*2 36.5%

SYN 0 TPo3 R267W 33.3%
CD3 () NF1 ()
CD5 () NF2 ()
CD10 () MEN1 ()
CD19 () TSCH ()
CD34 (+) TSC2 ()
D20 () APC ()

MMR MSH2 deficiency
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the presence of IDH wild-type glioblastoma (WHO grade V) and CDKN2A/B(-). Following the surgery, a marked improve-
in the right basal ganglia (Figure 4). The molecular pathology ment in postoperative hydrocephalus was observed. Three
results included IDH1(-), ATRX(+), H3K27M(-), H3K27Me3(+), weeks after the surgical intervention, the patient reported im-

== N2 { 0 NG
Figure 3: Axial A) T1W; B) T2W; and C-H) contrast enhanced T1W in axial, coranal and sagittal sections. There was no significant

change in the original right-side lesions. MRI indicated multiple space-occupying lesions in the posterior third ventricle, right basal
ganglia, and subependymal area, with obstructive hydrocephalus.

infundibular
recess

<

choroid
EXUS

y after third
mammillary ventriculostomy
body C

Figure 4: A-D) Endoscopic third ventriculostomy and biopsy of the foramen of Monro tumor performed successively under ventriculoscopy.
(E, F) The postoperative hydrocephalus was significantly relieved. Histopathology revealed (G, H) Immunohistochemical staining for
IDH-1 revealed IDH wild-type glioblastoma (WHO grade V) in the right basal ganglia, magnification 40x and 200x, respectively.
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proved vision and relief from headaches. Muscle strength was
assessed as grade 4 in both the left and right limbs. The pa-
tient received treatment with temozolomide and bevacizumab
and was subsequently discharged on August 1, 2022. How-
ever, the patient was readmitted on August 12, 2022, due to
further alterations in consciousness. Repeat imaging revealed
a significant enlargement of the right thalamus lesion, which
compressed the brainstem (Figure 5). The patient experienced
an acute deterioration and ultimately succumbed to his illness
15 months after the onset of neurological symptoms.

This case report was written in accordance with COPE guidelines
and complies with the CARE statement. The manuscript adheres
to the principles outlined in the 1964 WMA Declaration of Helsinki.
All procedures performed and treatments received were part of
routine care. The patient and his family kindly provided consent for
the reporting of his case, which included imaging and histology.
Anonymity is guaranteed in keeping with Information Governance
stipulations of the National Health Service.

H DISCUSSION

The present case report discusses TS, a rare and heteroge-
neous syndrome characterized by the association between
primary brain tumors and colorectal polyposis, with only ap-
proximately 150 cases documented in the literature (2,9).

The onset of colonic polyposis during adolescence, which
carries a high risk of malignancy and eventual CNS involve-
ment, is a common feature of TS (11). In one notable family

case, three siblings had colorectal adenocarcinoma, with two
developing colonic adenomatosis and a 13-year-old relative
presenting with TS. These observations suggest that TS may
involve an autosomal gene with pleiotropic and variable ex-
pression (3). In the present case, a history of colorectal polyp-
osis across three generations suggests a possible dominant
inheritance pattern.

TS is considered a phenotypic variant of HNPCC and FAP.
HNPCC is attributed to germline mutations in DNA MMR
genes, including MLH1, PMS1, PMS2, MSH2, or MSH6 (5),
with an MSH2 mutation confirmed in the patient presented
here. Turcot syndrome is thought to develop from the loss of
two alleles of the tumor suppressor gene and is classified into
two main subtypes: Turcot syndrome 1 and Turcot syndrome
2, determined by the mutated genes. Turcot syndrome 1 is
caused by the loss of two wild-type alleles of one or more
genes involved in DNA MMR, while Turcot syndrome 2 is
caused by the loss of two wild-type alleles of the APC gene (8).
Characteristic skin manifestations, such as café-au-lait spots,
melanocytic nevi, or aggressive fibromatosis, are exhibited
by approximately 50% of TS patients. Café-au-lait spots are
more frequently observed in TS type | patients, which was
also noted in the case presented herein.

In the present case, the patient had a history of colorectal
cancer and glioma, with café-au-lait spots observed on phys-
ical examination. Molecular analysis of the tumor specimen
confirmed a deficiency in the MMR gene MSH2, leading to

#1.0

Figure 5: Axial A) T1W; B) T2W; C-F) contrast enhanced T1W images in axial, coronal and sagittal sections. G) CT images of the patient.

Head CT was re-examined on August 12 (G), and compared with brain MRI (A-F) on July 23, the lesions of the right thalamus were

significantly enlarged and compressed the brain stem.
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a diagnosis of TS type I. A stereotactic biopsy of the lesion
revealed a WHO grade Il diffuse astrocytoma with wild-type
isocitrate dehydrogenase (IDH) status. Although molecular al-
terations such as EGFR amplification, gain of chromosome 7
with loss of chromosome 10 (+7/-10), or TERT promoter mu-
tations could indicate a diagnosis of IDH-wildtype glioblasto-
ma, none of these alterations were identified in this particular
case. Given the prognostic implications associated with the
IDH wild-type status, treatment was administered following
a protocol typically used for higher WHO grade tumors, de-
spite insufficient evidence to support a grade IV classification.
Subsequent genetic sequencing confirmed the deficiency in
MSH2, with no mutation detected in the adenomatous polyp-
osis coli (APC) gene, and treatment was continued using the
Stupp regimen.

Distinguishing TS from similar syndromes, such as neurofi-
bromatosis type | (NF-1) or constitutional mismatch repair de-
ficiency syndrome (CMMRDS), is crucial due to overlapping
features, including café-au-lait spots and increased malig-
nancy risks. NF-1 increases susceptibility to CNS tumors and
gliomas, while CMMRDS predisposes patients to various ma-
lignancies (10). Genetic analysis plays a vital role in achieving
an accurate diagnosis, underscoring the critical importance
of molecular pathology in glioma diagnosis. Lynch syndrome,
another genetic disease caused by mutations in MMR genes
such as MLH1, MSH2, MSH6, and PMS2, results in defective
DNA mismatch repair function, increasing the risk of colorec-
tal, endometrial, ovarian, and other cancers. However, com-
pared to Turcot syndrome type |, the risk of developing central
nervous system tumors is relatively low in Lynch syndrome (1).
Differential diagnosis between TS type | and Lynch syndrome
should be based on clinical presentation, family history, and
genetic testing results.

TS is associated with a poor prognosis, especially in patients
presenting with both CNS tumors and colorectal cancer.
Among the various tumor types, glioblastoma multiforme gen-
erally confers the worst outcomes, with an average survival of
approximately 27 months (4). The management of TS primar-
ily focuses on early diagnosis, genetic testing, and preventive
care. Upon tumor development, treatment is supplemented
by surgical resection, chemotherapy, and, in some cases, ra-
diotherapy. In the present case, the patient underwent two bi-
opsies and received concurrent chemoradiotherapy, adjuvant
chemotherapy, dose-dense temozolomide, and bevacizumab.
Although the initial treatment showed effectiveness, the pa-
tient ultimately succumbed to tumor recurrence and ventricu-
lar dissemination, resulting in a survival period of 14 months.
In contrast, a case of CMMRD concurrent with glioblastoma
has been reported, in which the patient exhibited good toler-
ance and efficacy following combined treatment with nivolum-
ab and CCNU, leading to continuous tumor remission (7). This
suggests the potential efficacy of immune checkpoint inhibi-
tors in the treatment of hypermutated tumors.

B CONCLUSION

In conclusion, TS results from germline defects in either the
APC gene or DNA mismatch-repair genes. Molecular diag-

Fu Z. et al: Recurrent Glioblastoma with Turcot Syndrome

nostics play a crucial role in guiding appropriate care and
management for patients with TS. Effective management of
TS involves early diagnosis, genetic testing, and preventive
measures.
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To the Editor;

e read with great interest that the article by Boz-
Wkaya et al. entitled “A New Hope in the Treatment

of Intraventricular Haemorrhage in Preterm Infants:
Mesenchymal Stem Cells” in Turkish Neurosurgery 32(2):344-
346, 2022. https:// doi.org/ 10.5137/1019-5149.JTN.34850-
21.2”7 (2). In this article, Bozkaya et al. drawed the conclusion
that “Mesenchymal stem cell (MSC) transplantation may be a
promising treatment for premature infants to reduce morbidity
and mortality after intraventricular bleeding (IVH). However, a
need exists for studies that evaluate the optimal application
route, dose and time of administration, as well as its efffcacy
and safety” .

MSCs are widely used in clinical applications (11,12). It could
be envisioned that MSCs transplantation may be a promising
treatment for Neurological diseases. Current research high-
lights MSCs applications in modulating neurogenesis, an-
giogenesis, and immune regulation, particularly through their
capacity to promote progenitor cell differentiation. Notably,
preclinical and clinical trials demonstrate therapeutic efficacy
in premature infants with bronchopulmonary dysplasia (BPD)
and hypoxic-ischemic encephalopathy (HIE). For instance,
human umbilical cord blood-derived MSCs (UCB-MSCs) have
shown marked neuroprotective effects in severe intraventricu-
lar hemorrhage (IVH) models, significantly reducing brain injury
and post-hemorrhagic hydrocephalus (PHH) incidence in ro-
dent studies (1-3). These findings underscore MSC therapy’s
potential to mitigate morbidity and mortality in IVH patients.

Stem cell therapy is another medical revolution after drug
and surgical medication (11,12). Emerging evidence suggests
MSCs transplantation holds significant promise for treating
neurological diseases. MSCs are a class of cells with signiff-
cant self-renewal and multi-lineage differentiation properties
and MSCs characterized by immune regulation, suppression
of inffammation and promotion of angiogenesis. They are fa-
vorable for the treatment of various diseases and injuries (4-
8,11). MSCs therapies were anticipated to repair the structure
and function of diseased or damaged tissues via direct cell
replacement and/or pretended by-stander effect (9). MSCs
suppress T-lymphocyte proliferation and the infflammatory re-
sponse, changing in the cytokine release of T cells (3,6). Due
to, MSCs increase the production of anti-infflammatory cyto-
kines, such as IL-10, while reducing the infflammatory cyto-
kine release from dendritic cells, such as TNF-q, interleukin12
(IL-12) and interferon-y, in IVH patients (1,10). It is indicated
that the infflammatory reaction caused by Neurological injury
disease is a crucial factor (6,11), MSCs can affect immune
cells proliferation, differentiation, activation and infflamma-
tory cytokine secretion by cells interaction and secretion of
soluble immune regulatory factors and inhibit the proliferation
of T cells and microglia, regulate dendritic cells, monocytes
and macrophages and natural killer (NK) cells to Suppress the
infflammatory response. MSCs secret a variety of cytokines
and growth factors through paracrine, including vascular en-
dothelial growth factor (VEGF), basic firoblast growth factor
(BFGF), hepatocyte growth factor (HGF), that could stimulate
peripheral mature endothelial cells proliferation and migration,
improve the microenvironment of ischemic tissue to partici-
pate in angiogenesis (11,12).
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Figure 1: Representative applications of UCB-MSCs (Quoted from Reference #2).

We agree with the conclusions drawn from Bozkaya et al., and
propose these questions to advance MSC research. Elucidat-
ing these aspects will facilitate protocol standardization and
enhance therapeutic outcomes. Further investigation into dos-
age optimization, treatment timing, and mechanism validation
remains imperative for clinical translation. Some challenges
require resolution to standardize MSC therapeutics, such as
administration optimization: Is intravenous infusion the opti-
mal delivery route? Potential pulmonary sequestration may re-
duce therapeutic efficacy. Have recent studies explored alter-
native administration strategies? And the next question: what
is the mechanism behind the therapeutic effect of MSCs? Cell
replacement or paracrine-mediated microenvironment modu-
lation? or something else? We look forward the reply. These
questions awaiting to reply so as to better conduct relevant
research and provide support for the application of MSCs. To
solving these problems will benefit the further standardization
of MSCs therapy and to improve MSCs therapy.

Despite the positive features of MSCs, there are many unan-
swered questions concerning IVH cases, such as the method
of administration, dose and optimal timing, the mechanism
of MSCs therapeutic effect, is cell replacement or something
else? These all need to be studied in depth.
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Dear Editor,

“Multiple Intracranial Aneurysms Simultaneously Present-

ing with a Clinoid Meningioma,” authored by Zhou et al.
published in your journal (1). Although this case report is quite
unique and holds clinical relevance, | wish to present an elab-
orate critique considering the CARE guidelines for emphasiz-
ing areas of improvement that could be done in the report.

The introduction effectively portrays the rarity of the
coexistence of intracranial aneurysms with a meningioma
but could be strengthened by citing more recent literature to
situate the report better within the current body of knowledge.

Ihave been keenly interested in the case report entitled

The report simply mentioned a 53-year-old male with
hypertension for 20 years. There are no further insights into
the demographic information of the patient—past medical
history, medication use, family history, and environmental
factors such as tobacco, alcohol use—all of which may
result in serious implications for the pathogenesis of two
aneurysms and meningiomas. This lack of specific information
regarding the patient limits comprehensiveness with respect
to understanding the case in its context and reduces the
educational value of the report.

The report describes the clinical picture of sudden headache
and vomiting, but it is not very clear on a timeline of events: it
is vague when the patient first noticed symptoms, how rapidly
they developed, and the time from onset of symptoms to
admission to the hospital. A well-structured timeline, following
the CARE guidelines, will enable readers to understand and
appreciate the clinical course and the acuity of the situation.

All diagnostic work-up has been comprehensively documented
regarding CT, CTA, and DSA findings. However, the report
states that the meningioma of the left clinoid was not seen

preoperatively, which makes one wonder how comprehensive
the interpretation of the imaging study was. A critical
evaluation of this diagnostic oversight is required. The report
could have been enriched with the inclusion of a discussion on
the differential diagnoses that were entertained while making
the diagnosis and also the possibility of misinterpretation
of radiological findings, especially when other pathologies
coexist.

The surgical management has been well described with the
technical details of the procedure. However, some of the neg-
ative aspects of the report are that it does not outline alterna-
tive therapeutic options, such as endovascular treatment, and
it also does not justify why such an option was not chosen in
this specific case. Greater transparency in decision-making is
required, more so in complex cases where several treatment
modalities can be adopted. It also does not address perioper-
ative care or the complications that may occur, features con-
sidered by the CARE guidelines to be key.

The patient progressed well through the intervention without
any neurological deficits in the follow-up period. No duration
of follow-up was mentioned, though, and long-term results
along with recurrence were not indicated. Long-term follow-
up is necessary in such cases, especially with complex
neurosurgical interventions, to evaluate the durability of the
treatment in relation to quality of life. It would have been more
enhanced if it were to record the treatment and recovery
experience and perspective from the patient as per CARE
recommendations.

The discussion section adequately reflects how unusual this
case is but could have been more elaborate in the mechanisms
of pathophysiology that may be coexistent between intracranial
aneurysms and meningiomas. The authors only elaborate on
the possibility of increased local blood flow or mechanical
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pressure from the meningioma, but they fail to go one step
further in thinking about other hypotheses such as shared
genetic or environmental risk factors. Moreover, an enriched
discussion could be further enhanced with a critical appraisal
of the literature, including possible biases and limitations in
the cited studies.

The conclusion was very well done in bringing together
the case but lacked the expression of the larger insights,
including how this might impact or change clinical practice
and recommendations. Considering that cases of multiple
concurrent intracranial pathologies are very challenging,
further detailed insights would be appropriate in the report for
the sake of other clinicians who might come across this in the
future.

Sincerely,
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Dear Editor,

have read with interest the article by Pusat et al. (2), which
Ipresents a single-center experience of microvascular de-

compression (MVD) for hemifacial spasm (HFS) without the
use of neuromonitoring. While the authors assert that the dis-
appearance of lateral spread response (LSR) during surgery
does not correlate with postoperative symptom relief, our clin-
ical experience contradicts this finding.

Our institution has a longstanding practice of utilizing intra-
operative neuromonitoring for HFS surgeries. Our data, accu-
mulated over years of meticulous monitoring, indicate that the
elimination of LSR intraoperatively is closely associated with
positive patient outcomes. Most of our patients experience
significant symptom relief following surgery, aligning with the
disappearance of LSR. This observation is supported by the
systematic review and meta-analysis conducted by Thirumala
et al. (3), which assigns a high negative predictive value, near-
ing 93% to 96%, to the absence of LSR in the operating room.
The study concludes that persistent LSR is a significant risk
factor for the continued presence of HFS, with a probability
of symptom persistence ranging from 24.4% to 47.8% when
LSR does not resolve (3). Pusat et al. believe that the disap-
pearance of LSR may not be related to postoperative symp-
tom relief, possibly because some HFS patients have a dual
pathology involving both vascular compression and hyperex-
citability of the facial nerve nucleus (1). However, this does not
deny the importance of neurophysiological monitoring during
surgery.

In conclusion, our experience and the literature support the
continued use of LSR monitoring during MVD for HFS, as it
is helpful to achieve better surgical outcomes and patient
satisfaction. We are eager to engage in further discussions on
surgical techniques and neurophysiological monitoring.
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Dear Editor and Readers,

As the authors of the manuscript entitled “Anti-Inflammatory, Antioxidant and Neuroprotective Effects of Niacin on Mild Traumatic
Brain Injury in Rats” (1), we noticed an error after a retrospective review and want to apologize for the inconvenience in Figure 4.
We would like to replace the figure with the correct one as follows:

Figure 4: A-C) Representative
sections of the cortex,
hippocampal dentate gyrus (DG),
and CAS3 regions, in the control
group.

D-F) Representative sections of the
cortex, hippocampal DG, and CA3
regions in the TBI + placebo group.
G-l) Representative sections of the
cortex, hippocampal DG, and CA3
regions in the niacin group. H&E
stain. Scale bar: 50 ym.

The error relating to Figure 4.A-l in the published version did not affect any statistical data or the study outcome.

We hereby correct the mistake and present them as they should be in order not to misinform our colleagues who will read our
study.
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