
123

Principles and Practice

Eric L. Chang · Paul D. Brown 
Simon S. Lo · Arjun Sahgal 
John H. Suh   Editors 

Adult CNS
Radiation Oncology



Adult CNS Radiation Oncology



Eric L. Chang • Paul D. Brown • Simon S. Lo 
Arjun Sahgal • John H. Suh
Editors

Adult CNS Radiation 
Oncology

Principles and Practice



Editors

Eric L. Chang, MD, FASTRO
Department of Radiation Oncology
Keck School of Medicine of USC,  
Norris Cancer Hospital
Los Angeles, CA
USA

Simon S. Lo, MB, ChB, FACR, FASTRO
Department of Radiation Oncology
University of Washington Medical Center
Seattle, WA
USA

John H. Suh, MD, FACR, FASTRO
Department of Radiation Oncology
Taussig Cancer Institute Cleveland Clinic
Cleveland, OH
USA

Paul D. Brown, MD
Department of Radiation Oncology
Mayo Clinic
Rochester, MN
USA

Arjun Sahgal, MD
Department of Radiation Oncology
Sunnybrook Health Sciences Centre
University of Toronto
Toronto, ON
Canada

ISBN 978-3-319-42877-2    ISBN 978-3-319-42878-9 (eBook)
https://doi.org/10.1007/978-3-319-42878-9

Library of Congress Control Number: 2018948825

© Springer International Publishing AG, part of Springer Nature 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
express or implied, with respect to the material contained herein or for any errors or omissions that may have been 
made. The publisher remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer International Publishing AG part of Springer Nature.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-319-42878-9


Adult Central Nervous System Radiation Oncology is dedicated to our 
parents, our families, and mentors who have greatly supported our careers.

We also dedicate this new textbook to countless patients who continue to 
motivate and inspire us. It is hoped that by disseminating and advancing 
knowledge through this new textbook, we will improve our collective 
capability to control disease, palliate patient suffering, and alleviate 
caregiver burden related to CNS disease.

—Eric L. Chang, Paul D. Brown, Simon S. Lo,  
Arjun Sahgal, John H. Suh, the editors
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Thirty-one years ago, I became interested in adults patients with both benign and malignant 
brain tumors. I had to travel from the medical mecca of America (Boston) to do a mini- 
fellowship in San Francisco to work with Drs. Sheline, Liebel, Gutin, Larson, and Wilson—
some of the most distinguished neuro-oncologists in the world—all in one institution (UCSF). 
In the first week of my time there, I saw more patients with benign and malignant brain tumors 
than I had in my entire residency in Boston. In San Francisco, I was exposed to research and 
clinical investigators, neuropathologists, and neuroradiologists who had dedicated their lives 
to improving the outcome for patients with these diseases. While the first comprehensive text-
book on cancer had just been printed (Cancer: Principles and Practice on Oncology, Editors 
DeVita, Hellman, and Rosenberg), only a few chapters were dedicated to brain tumors. Fast- 
forward 31 years later and I am so excited to review this textbook completely dedicated to the 
role of radiation oncology in the treatment of these tumors.

Twenty years of studying the impact of treatment volume, fractionation schemes, dose, 
concurrent chemotherapy, and radiation sensitizers yielded little in the overall outcome for 
patients with malignant primary and metastatic disease. However, in the mid-1980s the intro-
duction of MRI and internal and external stereotactic technologies allowed for better imaging 
definition of disease and the ability to deliver the most conformal treatments ever available. 
Intensity-modulated photons and protons soon followed to expand our armamentarium to 
increase dose and reduce late effects of radiation on normal brain tissue.

The editors and authors should be congratulated in putting together this fabulous new peda-
gogical addition to document where we are currently and where our dreams will take us in the 
future for the role of radiation in the treatment of our patients with brain tumors. I am particu-
larly proud and humbled that I had a role in the training of two of the editors.

Boston, MA, USA Jay S. Loeffler, MD, FACR, FASTRO

Foreword
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As active clinicians, educators, and researchers in the field of neuro-radiation oncology, the 
co-editors of this book identified a strong need to fill a gap in the medical textbook literature 
which until now lacked a modern comprehensive book dedicated to addressing the intersection 
of two important fields: radiation oncology and adult central nervous system (CNS) diseases.

The past two decades have witnessed remarkable developments and rapid advances in the 
field of neuro-radiation oncology, aided by image guidance, increasing sophistication of com-
puters, software, radiation technology delivery, and ongoing development of molecular prog-
nostic and predictive factors leading to improvements and refinement in the patient selection, 
and care of patients with CNS diseases.

Most recently, the World Health Organization classification of CNS tumors was updated in 
2016 and now includes molecular subtypes in diagnoses as an important component. Therefore, 
indication for neuro-radiation oncology now requires an understanding of molecular diagnosis 
that will lead to appropriate utilization. Effective complication avoidance strategies employed 
when prescribing various forms of radiation therapy are more important than ever since patients 
with primary and secondary tumors of the CNS are now living longer than ever before.

This book is first organized into diseases afflicting the brain, skull base, and spine including 
benign tumors, vascular disorders and conditions, and malignant tumors. A chapter dealing 
with palliative radiation therapy of CNS tumors is also included. Then, radiation-related com-
plications involving the brain, spinal cord, optic apparatus, neuroendocrine system, and neuro-
cognition performance are covered. Finally, radiation treatment modalities including 3-D 
conformal therapy, intensity-modulated radiation therapy, LINAC-based radiosurgery, gamma 
knife, spine SBRT, proton beam therapy, and brachytherapy are addressed. Strategies to avoid 
CNS complications are covered across multiple chapters when appropriate, and radiation ther-
apy is interwoven as a common theme in all chapters. Chapters include key learning objectives, 
and will frequently conclude with a highlighted case illustration, and self-assessment ques-
tions to help the reader consolidate their learning of the subject matter. It is hoped that this 
comprehensively organized book will help the reader achieve focused learning according to 
his/her own educational agenda and gain a thorough and nuanced understanding of specialty 
discipline of adult CNS radiation oncology.

Los Angeles, CA, USA Eric L. Chang,  MD, FASTRO 
Rochester, MN, USA  Paul D. Brown,  MD 
Seattle, WA, USA  Simon S. Lo,  MB, ChB, FACR, FASTRO 
Toronto, ON, Canada  Arjun Sahgal,  MD 
Cleveland, OH, USA  John H. Suh,  MD, FACR, FASTRO 

Preface



xi

Part I  Brain Tumors: Benign

 1  Meningioma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    3
Timothy J. Harris, Samuel T. Chao, and C. Leland Rogers

 2  Pituitary Adenoma  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   19
Lindsay M. Burt, Gita Suneja, and Dennis C. Shrieve

 3  Craniopharyngioma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   37
Joshua D. Palmer, Andrew Song, and Wenyin Shi

 4  Vestibular Schwannoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   51
Michael Mayinger and Stephanie E. Combs

Part II  Brain Tumors: Malignant Gliomas

 5  Low-Grade Glioma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   65
David M. Routman and Paul D. Brown

 6  High-Grade Gliomas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   83
Gregory Vlacich and Christina I. Tsien

Part III  Spine: Benign

 7  Schwannomas and Neurofibromas  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  105
Marcello Marchetti, Elena De Martin, and Laura Fariselli

 8  Spinal Meningioma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117
Nima Alan, John C. Flickinger, and Peter Carlos Gerszten

Part IV  Spine: Malignant

 9  Astrocytic Tumors of the Spinal Cord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  129
Tania Kaprealian

 10  Spinal Cord Ependymoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  147
Martin C. Tom, Ehsan H. Balagamwala, John H. Suh, and Samuel T. Chao

Part V  Spine: Metastatic

 11  Metastatic Epidural Spinal Cord Compression:  
Conventional Radiotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  159
Dirk Rades and Steven E. Schild

 12  Vertebral Body Metastasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  177
Amol J. Ghia and Anussara Prayongrat

Contents



xii

Part VI  Leptomeningeal Disease

 13  Evaluation and Workup of Leptomeningeal Disease . . . . . . . . . . . . . . . . . . . . . . .  191
Sushma Bellamkonda and David M. Peereboom

 14  Palliative Radiation Therapy for Leptomeningeal Disease . . . . . . . . . . . . . . . . . .  201
Alysa M. Fairchild

Part VII  Optic Pathway Tumors

 15  Optic Pathway Gliomas  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  221
Arnold C. Paulino

 16  Optic Nerve Sheath Meningioma. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  229
Balamurugan A. Vellayappan, Lia M. Halasz, Yolanda D. Tseng,  
and Simon S. Lo

Part VIII  Ocular Oncology

 17  Uveal Melanoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  243
Richard L. S. Jennelle, Jesse L. Berry, and Jonathan W. Kim

Part IX  Skull Base Tumor

 18  Skull Base Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  261
Ugur Selek, Erkan Topkan, and Eric L. Chang

Part X  Primary Central Nervous System Lymphoma

 19  Primary Central Nervous System Lymphoma . . . . . . . . . . . . . . . . . . . . . . . . . . . .  287
Sarah A. Milgrom and Joachim Yahalom

Part XI  Rare Tumors

 20  Choroid Plexus Tumors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  299
Christina Snider, John H. Suh, and Erin S. Murphy

 21  Hemangiopericytoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  307
Vincent Bernard and Amol J. Ghia

 22  Stereotactic Radiosurgery for Hemangioblastomas  . . . . . . . . . . . . . . . . . . . . . . .  317
Paul Y. Windisch, Erqi L. Pollom, and Scott G. Soltys

 23  NF2-Related Tumors and Malignant Peripheral Nerve Sheath Tumors . . . . . . .  327
Timothy D. Struve, Luke E. Pater, and John Breneman

 24  Germ Cell Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  339
Kenneth Wong, Chenue Abongwa, Eric L. Chang, and Girish Dhall

 25  Pineal Region Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  355
Nicholas Trakul and Jason Ye

 26  Glomus Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  365
Jenny Yan and Kristin Janson Redmond

Contents



xiii

 27  Adult Medulloblastoma  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  377
Anthony Pham, Kenneth Wong, and Eric L. Chang

 28  Intracranial Ependymoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  399
Jaipreet S. Suri, Paul Youn, and Michael T. Milano

 29  Central Neurocytoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  407
Shireen Parsai, Senthilkumar Gandhidasan, and John H. Suh

Part XII  Metastatic Brain Disease

 30  Prognostic Classification Systems for Brain Metastases . . . . . . . . . . . . . . . . . . . .  419
Paul W. Sperduto

 31  Neurosurgical Management of Single Brain Metastases . . . . . . . . . . . . . . . . . . . .  431
Sherise D. Ferguson, Richard G. Everson, Kathryn M. Wagner, Debra Nana 
Yeboa, Ian E. McCutcheon, and Raymond Sawaya

 32  Multiple Brain Metastases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  449
Isabella Zhang, Masaaki Yamamoto, and Jonathan P. S. Knisely

 33  Postoperative Treatment for Brain Metastasis . . . . . . . . . . . . . . . . . . . . . . . . . . . .  471
G. Laura Masucci and David Roberge

Part XIII  Vascular Conditions of the CNS

 34  Vascular Malformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  487
John C. Flickinger, Hideyuki Kano, and L. Dade Lunsford

 35  Trigeminal Neuralgia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  499
Peter Y. Chen

Part XIV  Radiation Associated Complications

 36  Brain Radionecrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  519
Caroline Chung and Timothy J. Kaufmann

 37  Spinal Cord Tolerance and Risk of Radiation Myelopathy  . . . . . . . . . . . . . . . . .  533
Majed Alghamdi, Shun Wong, Paul Medin, Lijun Ma, Young Lee, Sten 
Myrehaug, Chia-Lin Tseng, Hany Soliman, David A. Larson, and Arjun Sahgal

 38  Radiation Optic Neuropathy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  549
Andrea L. H. Arnett and Kenneth Wing Merrell

 39  Cerebral Atrophy and Leukoencephalopathy Following Cranial Irradiation  . .  571
Morgan Prust and Jorg Dietrich

 40  Hypopituitarism  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  581
Sara J. Hardy, Ismat Shafiq, Michael T. Milano, G. Edward Vates, 
and Louis S. Constine

 41  Neurocognitive Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  591
Jane H. Cerhan, Alissa M. Butts, Michael W. Parsons, and Paul D. Brown

 42  Cranial Nerve Palsies, Vascular Damage, and Brainstem Injury . . . . . . . . . . . . .  605
Aryavarta M. S. Kumar and Simon S. Lo

Contents



xiv

Part XV  Radiation Modalities Applied to CNS Tumors

 43  3-D Conformal Therapy and Intensity- Modulated Radiation 
Therapy/Volumetric-Modulated Arc Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . .  619
Raymond Chiu, Nicole McAllister, and Fahad Momin

 44  Linac-Based Stereotactic Radiosurgery and Hypofractionated 
Stereotactic Radiotherapy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  639
Evan M. Thomas, Richard A. Popple, Markus Bredel, and John B. Fiveash

 45  Gamma Knife® Stereotactic Radiosurgery and Hypo-Fractionated 
Stereotactic Radiotherapy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  665
Dheerendra Prasad

 46  Spinal Stereotactic Body Radiotherapy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  687
Annie Carbonneau, Arjun Sahgal, and G. Laura Masucci

 47  Proton Beam Therapy (For CNS Tumors) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  709
Divya Yerramilli, Marc R. Bussière, Jay S. Loeffler, and Helen A. Shih

 48  Brachytherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  723
Amandeep Singh Taggar, Antonio L. Damato, Gil’ad N. Cohen, Laszlo Voros, 
and Yoshiya Yamada

 Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  745

Contents



xv

Editors

Paul D. Brown, MD Department of Radiation Oncology, Mayo Clinic, Rochester, MN, USA

Eric L. Chang, MD, FASTRO Department of Radiation Oncology, Keck School of Medicine 
of USC, Los Angeles, CA, USA

Radiation Oncology Program, Children’s Center for Cancer and Blood Diseases, Children’s 
Hospital Los Angeles, Los Angeles, CA, USA

Department of Radiation Oncology, University of Texas MD Anderson Cancer Center, 
Houston, TX, USA

Simon S. Lo, MB, ChB, FACR, FASTRO Department of Radiation Oncology, University of 
Washington, Seattle, WA, USA

Department of Neurological Surgery, University of Washington, Seattle, WA, USA

Arjun Sahgal, MD Department of Radiation Oncology, University of Toronto, Toronto, ON, 
Canada

Department of Radiation Oncology, Sunnybrook Odette Cancer Centre, Toronto, ON, Canada

John H. Suh, MD, FACR, FASTRO Department of Radiation Oncology, Taussig Cancer 
Institute, Cleveland Clinic, Cleveland, OH, USA

Rose Ella Burkhardt Brain Tumor and Neuro-oncology Center,  Cleveland Clinic, Cleveland, 
OH, USA

Contributors

Chenue  Abongwa, MD Department of Pediatrics, Loma Linda University School of 
Medicine, Loma Linda, CA, USA

Nima  Alan, MD Department of Neurological Surgery, University of Pittsburgh Medical 
Center, Pittsburgh, PA, USA

Majed  Alghamdi, MD Department of Radiation Oncology, Sunnybrook Odette Cancer 
Centre, University of Toronto, Toronto, ON, Canada

Faculty of Medicine, Al Baha University, Al Baha, Saudi Arabia

Andrea L. H. Arnett, MD, PhD Department of Radiation Oncology, Mayo Clinic, Rochester, 
MN, USA

Ehsan H. Balagamwala, MD Department of Radiation Oncology, Taussig Cancer Institute, 
Cleveland Clinic, Cleveland, OH, USA

Sushma  Bellamkonda, MD Department of Neurology, University of Tennessee Health 
Science Center, Memphis, TN, USA

Editors and Contributors



xvi

Vincent  Bernard, MS Department of Pathology, MD Anderson Cancer Center, 
Houston, TX, USA

Jesse L. Berry, MD USC Roski Eye Institute, Keck School of Medicine of USC, Los Angeles, 
CA, USA

Markus  Bredel, MD, PhD Department of Radiation Oncology, University of Alabama at 
Birmingham, Birmingham, AL, USA

Lindsay  M.  Burt, MD Department of Radiation Oncology, University of Utah School of 
Medicine, Salt Lake City, UT, USA

Huntsman Cancer Institute, Salt Lake City, UT, USA

Marc R. Bussière, MSc Department of Radiation Oncology, Massachusetts General Hospital, 
Boston, MA, USA

Alissa M. Butts, PhD Department of Psychiatry and Psychology, Mayo Clinic, Rochester, 
MN, USA

Annie  Carbonneau, MD Department of Radiation Oncology, Jewish General Hospital of 
Montreal, Montreal, QC, Canada

Jane H. Cerhan, PhD, ABPP-CN Department of Psychiatry and Psychology, Mayo Clinic, 
Rochester, MN, USA

Samuel T. Chao, MD Department of Radiation Oncology, Taussig Cancer Institute, Cleveland 
Clinic, Cleveland, OH, USA

Rose Ella Burkhardt Brain Tumor and Neuro-oncology Center, Cleveland Clinic, Cleveland, 
OH, USA

Peter Y. Chen, MD, FACR Department of Radiation Oncology, Beaumont Health System, 
Oakland University-William Beaumont School of Medicine, William Beaumont Hospital, 
Royal Oak, MI, USA

Raymond Chiu, BS, CMD Department of Radiation Oncology, Keck School of Medicine of 
University of Southern California, Los Angeles, CA, USA

Caroline Chung, MD, MSc, FRCPC, CIP Department of Radiation Oncology, University of 
Texas MD Anderson Cancer Center, Houston, TX, USA

Gil’ad  N.  Cohen, MS Department of Medical Physics, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

Stephanie E. Combs, PhD, MD Department of Radiation Oncology, Klinikum rechts der 
Isar, Technische Universität München, Munich, Bavaria, Germany

Institute of Innovative Radiotherapy (iRT), Department of Radiation Sciences (DRS), 
Helmholtz Zentrum München, Oberschleißheim, Bavaria, Germany

Louis  S.  Constine, MD, FASTRO Department of Radiation Oncology, University of 
Rochester Medical Center, Rochester, NY, USA

Department of Pediatrics, University of Rochester Medical Center, Rochester, NY, USA

Antonio L. Damato, PhD Department of Medical Physics, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

Elena  De Martin, MSc Radiotherapy Unit, Department of Neurosurgery, C.  Besta 
Neurological Institute Foundation, Milan, Italy

Girish  Dhall, MD Neuro-Oncology Program, Children’s Center for Cancer and Blood 
Diseases, Children’s Hospital Los Angeles, Los Angeles, CA, USA

Department of Pediatrics, Keck School of Medicine of USC, Los Angeles, CA, USA

Editors and Contributors



xvii

Jorg Dietrich, MD, PhD Department of Neuro-oncology, Massachusetts General Hospital, 
Boston, MA, USA

Richard G. Everson, MD Department of Neurosurgery, UCLA Medical Center, Los Angeles, 
CA, USA

Alysa M. Fairchild, BSc, MD, FRCPC Department of Radiation Oncology, Cross Cancer 
Institute, Edmonton, AB, Canada

Laura Fariselli, MD Radiotherapy Unit, Department of Neurosurgery, C. Besta Neurological 
Institute Foundation, Milan, Italy

Sherise  D.  Ferguson, MD Department of Neurosurgery, The University of Texas MD 
Anderson Cancer Center, Houston, TX, USA

John  B.  Fiveash, MD Department of Radiation Oncology, University of Alabama at 
Birmingham, Birmingham, AL, USA

John C. Flickinger, MD Department of Radiation Oncology, UPMC Presbyterian-Shadyside 
Hospital, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

Senthilkumar  Gandhidasan, MD Department of Radiation Oncology, Illawarra Cancer 
Care Centre, Wollongong, NSW, Australia

Peter Carlos Gerszten, MD, MPH, FACS Department of Neurological Surgery, University 
of Pittsburgh Medical Center, Pittsburgh, PA, USA

Department of Radiation Oncology, University of Pittsburgh Medical Center, Pittsburgh, PA, 
USA

Amol  J.  Ghia, MD Department of Radiation Oncology, MD Anderson Cancer Center, 
Houston, TX, USA

Lia M. Halasz, MD Department of Radiation Oncology, University of Washington, Seattle, 
WA, USA

Department of Neurological Surgery, University of Washington, Seattle, WA, USA

Sara J. Hardy, MD Department of Radiation Oncology, University of Rochester Medical 
Center, Rochester, NY, USA

Timothy J. Harris, MD, PhD Department of Radiation Oncology, Virginia Commonwealth 
University, Richmond, VA, USA

Richard L. S. Jennelle, MD Department of Radiation Oncology, Keck School of Medicine 
of USC, Los Angeles, CA, USA

Hideyuki Kano, MD, PhD Department of Neurological Surgery, University of Pittsburgh, 
Pittsburgh, PA, USA

Tania  Kaprealian, MD Department of Radiation Oncology, University of California, Los 
Angeles, Los Angeles, CA, USA

Timothy J. Kaufmann, MD Department of Radiology, Mayo Clinic, Rochester, MN, USA

Jonathan W. Kim, MD Children’s Hospital Los Angeles, Keck School of Medicine of USC, 
Los Angeles, CA, USA

Jonathan P. S. Knisely, MD Department of Radiation Oncology, Weill Cornell School of 
Medicine, New York Presbyterian Hospital, New York, NY, USA

Aryavarta  M.  S.  Kumar, MD, PhD Department of Radiation Oncology, Louis Stokes 
Cleveland VA Medical Center, Cleveland, OH, USA

Editors and Contributors



xviii

David A. Larson, MD, PhD Department of Radiation Oncology, University of California 
San Francisco, San Francisco, CA, USA

Young  Lee, PhD Department of Radiation Oncology, Sunnybrook Odette Cancer Centre, 
University of Toronto, Toronto, ON, Canada

Jay S. Loeffler, MD, FACR, FASTRO Department of Radiation Oncology, Massachusetts 
General Hospital, Boston, MA, USA

L. Dade Lunsford, MD, FACS Department of Neurological Surgery, University of Pittsburgh, 
Pittsburgh, PA, USA

Lijun Ma, PhD Department of Radiation Oncology, University of California San Francisco, 
San Francisco, CA, USA

Marcello  Marchetti, MD Radiotherapy Unit, Department of Neurosurgery, C.  Besta 
Neurological Institute Foundation, Milan, Italy

G.  Laura  Masucci, MD Department of Radiation Oncology, Centre Hospitalier de 
l’Universite de Montreal (CHUM), Montreal, QC, Canada

Michael Mayinger, MD, MSc Department of Radiation Oncology, Klinikum rechts der Isar, 
Technische Universität München, Munich, Bavaria, Germany

Nicole McAllister, BS Radiation Health Physics, CMD Department of Radiation Oncology,  
Keck School of Medicine of University of Southern California, Los Angeles, CA, USA

Ian  E.  McCutcheon, MD Department of Neurosurgery, The University of Texas MD 
Anderson Cancer Center, Houston, TX, USA

Paul  Medin, PhD Department of Radiation Oncology, University of Texas Southwestern, 
Dallas, TX, USA

Kenneth  Wing  Merrell, MD, MS Department of Radiation Oncology, Mayo Clinic, 
Rochester, MN, USA

Michael T. Milano, MD, PhD Department of Radiation Oncology, University of Rochester 
Medical Center, Rochester, NY, USA

Sarah A. Milgrom, MD Department of Radiation Oncology, MD Anderson Cancer Center, 
Houston, TX, USA

Fahad  Momin, BS Medical Dosimetry, CMD Department of Radiation Oncology, Keck 
School of Medicine of University of Southern California, Los Angeles, CA, USA

Erin S. Murphy, MD Department of Radiation Oncology, Taussig Cancer Institute, Cleveland 
Clinic, Cleveland, OH, USA

Rose Ella Burkhardt Brain Tumor and Neuro-oncology Center, Cleveland Clinic, Cleveland, 
OH, USA

Sten Myrehaug, MD Department of Radiation Oncology, Sunnybrook Odette Cancer Centre, 
University of Toronto, Toronto, ON, Canada

Joshua D. Palmer, MD Department of Radiation Oncology, The James Cancer Hospital and 
Solove Research Institute at The Ohio State University Wexner Medical Center, Columbus, 
OH, USA

Shireen Parsai, MD Department of Radiation Oncology, Taussig Cancer Institute, Cleveland 
Clinic, Cleveland, OH, USA

Michael W. Parsons, PhD Burkhardt Brain Tumor Center, Cleveland Clinic, Cleveland, OH, 
USA

Editors and Contributors



xix

Luke E. Pater, MD Department of Radiation Oncology, University of Cincinnati, Cincinnati, 
OH, USA

Arnold C. Paulino, MD, FACR, FASTRO Department of Radiation Oncology, MD Anderson 
Cancer Center, Houston, TX, USA

David  M.  Peereboom, MD Department of Medical Oncology, Taussig Cancer Institute, 
Cleveland Clinic, Cleveland, OH, USA

Rose Ella Burkhardt Brain Tumor and Neuro-Oncology Center, Cleveland Clinic, Cleveland, 
OH, USA

Anthony Pham, MD Department of Radiation Oncology, Keck School of Medicine of USC, 
Los Angeles, CA, USA

Erqi L. Pollom, MD, MS Department of Radiation Oncology, Stanford University, Stanford, 
CA, USA

Richard  A.  Popple, PhD Department of Radiation Oncology, University of Alabama at 
Birmingham, Birmingham, AL, USA

Dheerendra  Prasad, MD, MCh (Neurosurgery), FACRO Department of Radiation 
Medicine and Neurosurgery, Roswell Park Comprehensive Cancer Center, Buffalo, NY, USA

Anussara  Prayongrat, MD Department of Radiation Oncology, King Chulalongkorn 
Memorial Hospital, Bangkok, Thailand

Morgan Prust, MD Department of Neurology, Center for Neuro-Oncology, Massachusetts 
General Hospital, Harvard Medical School, Boston, MA, USA

Dirk Rades, MD, PhD Department of Radiation Oncology, University of Lübeck, Lübeck, 
Schleswig-Holstein, Germany

Kristin Janson Redmond, MD, MPH Department of Radiation Oncology and Molecular 
Radiation Services, Johns Hopkins University, Baltimore, MD, USA

David Roberge, MD Department of Radiation Oncology, Centre Hospitalier de l’Université 
de Montréal (CHUM), Montreal, QC, Canada

C.  Leland  Rogers, MD, FACRO, FACR, FASTRO Department of Radiation Oncology, 
Barrow Neurological Institute, Phoenix, AZ, USA

David M. Routman, MD Department of Radiation Oncology, Mayo Clinic, Rochester, MN, 
USA

Raymond Sawaya, MD Department of Neurosurgery, The University of Texas MD Anderson 
Cancer Center, Houston, TX, USA

Steven  E.  Schild, MD Department of Radiation Oncology, Mayo Clinic, Scottsdale, AZ, 
USA

Ugur Selek, MD Koc University, School of Medicine, Department of Radiation Oncology, 
Istanbul, Turkey

University of Texas, MD Anderson Cancer Center, Radiation Oncology Department, Houston, 
TX, USA

Ismat  Shafiq, MD Division of Endocrinology and Metabolism, University of Rochester, 
Rochester, NY, USA

Wenyin  Shi, MD, PhD Sidney Kimmel Cancer Center, Thomas Jefferson University, 
Philadelphia, PA, USA

Editors and Contributors



xx

Helen A. Shih, MD, MS, MPH Department of Radiation Oncology, Massachusetts General 
Hospital, Boston, MA, USA

Dennis C. Shrieve, MD, PhD Department of Radiation Oncology, University of Utah School 
of Medicine, Salt Lake City, UT, USA

Huntsman Cancer Institute, Salt Lake City, UT, USA

Christina Snider, BA Cleveland Clinic Lerner College of Medicine, Cleveland, OH, USA

Hany Soliman, MD Department of Radiation Oncology, Sunnybrook Odette Cancer Centre, 
University of Toronto, Toronto, ON, Canada

Scott G. Soltys, MD Department of Radiation Oncology, Stanford University, Stanford, CA, 
USA

Andrew Song, MD Sidney Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, 
PA, USA

Paul  W.  Sperduto, MD, MPP, FASTRO Minneapolis Radiation Oncology and Gamma 
Knife Center, University of Minnesota Medical Center,  Minneapolis, MN, USA

Timothy  D.  Struve, MD Department of Radiation Oncology, University of Cincinnati, 
Cincinnati, OH, USA

Gita  Suneja, MD, MSHP Department of Radiation Oncology, Duke University Medical 
Center, Durham, NC, USA

Jaipreet S. Suri, MD Department of Radiation Oncology, University of Rochester Medical 
Center/James P. Wilmot Cancer Center, Rochester, NY, USA

Amandeep  Singh  Taggar, MD, MSC Department of Radiation Oncology, Sunnybrook 
Odette Cancer Center, Toronto, ON, Canada

Department of Radiation Oncology, University of Toronto, Toronto, ON, Canada

Evan M. Thomas, MD, PhD Department of Radiation Oncology, University of Alabama at 
Birmingham, Birmingham, AL, USA

Martin C. Tom, MD Department of Radiation Oncology, Taussig Cancer Institute, Cleveland 
Clinic, Cleveland, OH, USA

Erkan Topkan, MD Baskent Department of Radiation Oncology, University Adana Medical 
Faculty, Adana, Turkey

Nicholas  Trakul, MD, PhD Department of Radiation Oncology, Stanford University, 
Stanford, CA, USA

Chia-Lin Tseng, MD Department of Radiation Oncology, Sunnybrook Odette Cancer Centre, 
University of Toronto, Toronto, ON, Canada

Yolanda  D.  Tseng, MD Department of Radiation Oncology, University of Washington, 
Seattle, WA, USA

Christina I. Tsien, MD Department of Radiation Oncology, Washington University School 
of Medicine, St. Louis, MO, USA

G. Edward Vates, MD, PhD, FACS Department of Neurosurgery, University of Rochester 
Medical Center, Rochester, NY, USA

Editors and Contributors



xxi

Balamurugan  A.  Vellayappan, MBBS, FRANZCR, MCI Department of Radiation 
Oncology,  National University Cancer Institute, National University Health System, Singapore, 
Singapore

Gregory Vlacich, MD, PhD Department of Radiation Oncology, Washington University in 
St. Louis, St. Louis, MO, USA

Department of Radiation Oncology, Washington University School of Medicine, St. Louis,  
St. Louis, MO, USA

Laszlo Voros, MS, DABR Department of Medical Physics, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

Kathryn  M.  Wagner, MD Department of Neurosurgery, Baylor College of Medicine, 
Houston, TX, USA

Paul  Y.  Windisch Department of Molecular Genetics, German Cancer Research Center 
(DKFZ), Heidelberg, Germany

Kenneth Wong, MD Department of Radiation Oncology, Keck School of Medicine of USC, 
Los Angeles, CA, USA

Department of Radiation Oncology, Children’s Center for Cancer and Blood Diseases, 
Children’s Hospital Los Angeles, Los Angeles, CA, USA

Shun  Wong, MD Department of Radiation Oncology, Sunnybrook Odette Cancer Centre, 
University of Toronto, Toronto, ON, Canada

Joachim  Yahalom, MD Department of Radiation Oncology, Memorial Sloan Kettering 
Cancer Center, New York, NY, USA

Yoshiya Yamada, MD Department of Radiation Oncology, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

Masaaki Yamamoto, MD, PhD Department of Neurosurgery, Katsuta Hospital Mito Gamma 
House, Hitachi-naka, Ibaraki, Japan

Jenny Yan, MS Department of Radiation Oncology and Molecular Radiation Services, Johns 
Hopkins Hospital, Baltimore, MD, USA

Jason Ye, MD Department of Radiation Oncology, Keck School of Medicine of USC, Los 
Angeles, CA, USA

Debra Nana Yeboa, MD Department of Radiation Oncology, The University of Texas MD 
Anderson Cancer Center, Houston, TX, USA

Divya  Yerramilli, MD, MBE Harvard Radiation Oncology Program, Department of 
Radiation Oncology, Massachusetts General Hospital, Boston, MA, USA

Paul Youn, MD Department of Radiation Oncology, University of Rochester Medical Center/
James P. Wilmot Cancer Center, Rochester, NY, USA

Isabella Zhang, MD Department of Radiation Medicine, Northwell Health, Lake Success, 
NY, USA

Editors and Contributors



Part I

Brain Tumors: Benign



3© Springer International Publishing AG, part of Springer Nature 2018
E. L. Chang et al. (eds.), Adult CNS Radiation Oncology, https://doi.org/10.1007/978-3-319-42878-9_1

Meningioma

Timothy J. Harris, Samuel T. Chao, and C. Leland Rogers

 Learning Objectives

• Epidemiology and natural history of meningiomas.
• The role of surgery in the management of meningiomas.
• Various radiation modalities used for meningiomas, spe-

cifically external beam radiation therapy and stereotactic 
radiosurgery.

• Guidelines for utilization of radiation for meningiomas, 
depending on extent of resection and grade.

 Background

Meningiomas are typically characterized as benign tumors 
that ostensibly arise from arachnoid cap cells in the dura. 
However, 20–30% of meningiomas are WHO grade II or III 
and have aggressive features that result in a higher risk of 
recurrence, morbidity, and mortality [1]. Symptoms from 
meningioma may arise from local mass effect on the brain, 
cranial nerves, or vasculature which, depending upon tumor 
location and extent, may include motor and sensory deficits, 
vision loss, diplopia and other cranial nerve deficits, cerebel-
lar dysfunction, headaches, and/or seizure. Surgery and radi-
ation (including conventional and stereotactic radiosurgery) 
are the mainstays of treatment.

Chemotherapy, hormonal therapy, immunotherapy, and 
targeted therapies are being investigated, but to date, none has 
been shown to have a frontline role. Some meningiomas per-
sist or recur after multiple surgeries and radiation, and thera-
peutic advances are clearly needed to optimize management 
for these challenging patients. Leading the way, trials from 
the Radiation Therapy Oncology Group (RTOG 0539) and 
the European Organisation for Research and Treatment of 
Cancer (EORTC 22042-26042) have helped blaze the path by 
prospectively studying the role of radiation for meningioma, 
including patients with recurrence. This chapter will review 
the practical management of patients with meningioma.

 Epidemiology

It is estimated that 27,000 new cases of meningioma will be 
diagnosed in the United States in 2017 [2, 3]. This represents 
8 cases per 100,000 people, rendering meningioma the most 
prevalent primary intracranial neoplasm, accounting for 
approximately 37% of all primary brain tumors [3, 4]. These 
numbers are likely an underestimate of actual cases as 
meningioma has been discovered in as many as 2% of people 
in autopsy studies [5].

Meningiomas, much less common in the pediatric popula-
tion, are most frequently diagnosed in the sixth and seventh 
decades of life; however, they remain the second most com-
mon CNS tumor in adolescents and young adults (ages 
15–30) after tumors of the pituitary gland. With more fre-
quent use of MRIs, particularly in evaluation of uncompli-
cated headaches, we may find the age at diagnosis, especially 
for subclinical meningiomas, to decrease [2, 6, 7]. Considering 
all WHO tumor grades, meningioma is more common in 
women than men. Nonmalignant meningiomas are identified 
two- to threefold more frequently in females than males [3, 8, 
9]. This predilection is less apparent in childhood and with 
higher-grade histology. Males may be more likely to develop 
anaplastic (WHO Grade III) meningioma [3].
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 Risk Factors

There are well-documented associations in the development 
of meningiomas with specific genetic, environmental, and 
hormonal risk factors; however, the majority is diagnosed 
without a known cause.

 Genetic Syndromes

Type 2 neurofibromatosis is a rare genetic syndrome that 
most commonly occurs due to cytogenetic alteration in the 
NF2 (Merlin) gene found on chromosome 22q12 [10, 11]. 
Patients with NF2 are more prone to develop schwannomas 
and meningiomas [12, 13]. Development of meningiomas in 
patients with NF2 usually occurs at a younger age compared 
to patients without this germline mutation.

Multiple endocrine neoplasia type 1 (MEN1) is another 
rare genetic syndrome with a possible association of 
increased risk of meningioma [13, 14]. Patients usually have 
a mutation in the MEN1 gene on chromosome 11q13, which 
encodes the protein menin. Such patients may present with 
neoplasias of the pituitary, parathyroid, and pancreas, but 
meningioma were also found in this patient population at a 
higher frequency than that of the general population.

 Radiation

Exposure to ionizing radiation is an accepted risk factor for 
meningioma. Data supporting radiation-induced meningi-
oma largely comes from children treated with scalp irradia-
tion for maladies such as tinea capitis, as well as from atomic 
bomb survivors [15–19]. In one study of children who immi-
grated to Israel following World War II treated with scalp 
irradiation for tinea capitis, there was a sevenfold increase in 
neoplasms of the central nervous system, diagnosed an aver-
age of 18  years following radiotherapy. Out of 11,000 
patients treated with scalp irradiation, there were 19 inci-
dences of meningioma and 7 of glioma [18]. Another study 
estimated the risk of developing a radiation-induced menin-
gioma at 0.53% and 8.18% at 5- and 25-year postradiation, 
respectively [19].

 Staging/Diagnosis

Staging is not used for meningiomas, but diagnosis and 
pathology are critical to treatment decision-making. The pre-
ponderance of data regarding the clinical presentation of 
meningioma comes from surgical series. This results in a 
bias toward symptomatic tumors. Symptoms depend largely 
on the location and size of the tumor and can further be influ-

enced by the presence of cerebral edema. Whereas sphenoid 
wing meningiomas may present with seizures, skull base 
meningiomas can present with cranial nerve deficits [20, 21]. 
With the increasing use of contrast-enhanced CT and MRI 
for the evaluation of head trauma and headache, the number 
of incidentally diagnosed meningiomas has risen.

Meningiomas are typically diagnosed or suspected fol-
lowing contrast-enhanced neuroimaging, classically appear-
ing on MRI as an enhancing extra-axial mass with a dural tail 
[22–25]. Calcifications, which may be present and best visu-
alized on unenhanced CT, have occurred more commonly in 
lower-grade lesions [26]. Either benign or higher-grade 
meningiomas can invade the bone. Necrosis or brain inva-
sion may also be noted on MRI and portend higher grade.

Meningiomas can generally be identified by imaging with 
relatively high reliability. Differential diagnoses include, 
among other entities, dural-based metastases, schwannoma, 
and hemangiopericytoma. The majority of cases of dural- 
based metastases occur in patients with known metastatic 
cancer. Thus in a patient with no personal history of malig-
nancy, and with no evidence of an extracranial primary lesion 
or metastatic disease, an isolated dural-based metastasis is 
rare. Although a consideration, hemangiopericytoma is rare, 
accounting for less than 1% of CNS tumors. While the com-
mon imaging characteristics of meningioma are largely diag-
nostically  predictive, there is far less certainty 
determining  tumor grade by imaging. Appreciating this, 
WHO Grade I meningiomas, associated with slower growth, 
more often exhibit homogeneous enhancement, calcifica-
tions, iso- or hypo-intense T2 signal, and smooth surface 
contour [22–25]. Advanced imaging may ultimately predict 
aggressive features with greater certainty, but to date, multi-
ple studies of MR spectroscopy, diffusion-weighted MR, 
MR perfusion, and positron-emission tomography have not 
identified definitive correlations between imaging findings 
and pathologic grade [27–34].

 Prognostic/Predictive Factors Including 
Pathology

Meningiomas likely derive from arachnoid cap cells, the epi-
thelioid cells on the outer surface of arachnoid villi. 
Arachnoid cap cells are cytologically similar to meningioma. 
Arachnoid cap cells are as well found in greater number at 
sites where meningioma more commonly occurs, and 
increase with age in keeping with the age-related incidence 
of meningioma [1].

The WHO recently published new meningioma grading 
criteria in 2016. Building upon the prior criteria of 2000 and 
2007, the new grading parameters solidify brain invasion as 
an independent criterion for WHO Grade II, and as with the 
prior two iterations incorporate mitotic activity, sheet-like 
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growth, hypercellularity, nucleolar prominence, nuclear-to- 
cytoplasmic ratio, spontaneous necrosis, and certain menin-
gioma variants into the assignment of grade. Strong 
associations between grade, recurrence-free survival, and 
overall survival have now been independently validated 
[35–37].

Before adoption of the 2000 WHO criteria, Grade II his-
tology was identified in approximately 5% of meningiomas. 
However, with incorporation of the recent criteria, 20–35% 
of meningiomas are identified as Grade II. Based upon the 
most recent 2016 definitions, a WHO Grade II (atypical) 
meningioma has 4–19 mitoses per 10 high-power field (hpf), 
brain invasion, or exhibits three of five atypical features 
(sheeting architecture, hypercellularity, prominent nucleoli, 
high nuclear/cytoplasmic ratio, necrosis). Choroidal and 
clear cell meningiomas are also defined as WHO Grade 
II. WHO Grade III, also referred to as malignant or anaplas-
tic, is defined by 20 or greater mitoses per 10 hpf, frank ana-
plasia, or papillary or rhabdoid meningioma variants. These 
are aggressive tumors, but with modern grading, only about 
1–3% of meningiomas are WHO Grade III.  Atypical or 
malignant histology carries a higher risk of recurrence, mor-
bidity, and mortality and, thus, influences management [1]. 
Extent of resection may influence risk of recurrence and sur-
vival, which will be discussed later in this chapter as part of 
management.

 Multimodality Management

 WHO Grade I Meningiomas

 Surgery
Surgery remains the primary therapy for meningiomas, and 
numerous publications have demonstrated relationship 
between resection extent and recurrence. Simpson, in 1957, 
reported on 265 patients managed with surgery and carefully 
described resection extent [38]. Based on this data, Simpson 
resection grades, still in common usage, were defined [38]. 
Table 1.1 summarizes the Simpson resection grades, along 
with the rate of clinical recurrence he reported for each 
grade. Contemporary surgical series have generally con-
firmed the association between the degree of resection of the 
meningioma, adjacent dura and any involved bone, and local 
recurrence.

There have been some contemporary surgical series that 
challenge the Simpson grading scheme. In one study, there 
was no significant difference in 5-year progression-free sur-
vival when comparing Simpson Grades I through IV [39]. 
Others have reported no significant difference in local pro-
gression risk with Simpson Grades I–III, although typically 
with improved progression-free survival comparing Grades 
I–III with Grade IV surgery [40, 41]. However, in support of 

findings from earlier series, a recent, large report by Hasseleid 
analyzed 391 patients and found a significant difference in 
progression-free survival comparing outcomes with Simpson 
Grade I, Grades II and III, and Grades IV and V [42]. 
Together the majority of reports support the use of Simpson’s 
grading system and suggest that, similar to gliomas, the sur-
gical goal should be maximal safe removal of tumor, which 
for many convexity meningiomas would be gross total and 
correspond to Simpson Grades I–III.  Indeed, Simpson 
Grades I–III resection is achieved in up to 95% of convexity 
tumors and about two-thirds of all meningiomas treated sur-
gically [43]. For WHO Grade I meningioma, a gross total 
resection is considered definitive therapy; however, with 
long follow-up, local recurrence after gross total resection is 
not infrequent. As shown in Table  1.2, single-institution 
reports with long-term follow-up have identified local recur-
rence in 7–27% at 5 years, 18–53% at 10 years, and 21–68% 
at 15 years [37, 40, 44, 45].

As one might expect, subtotal resection (Simpson Grades 
IV and V) has resulted in considerably higher rates of pro-
gression in most studies. As reviewed in Table  1.3, 

Table 1.1 Simpson grade

Simpson 
grade Definition of resection extent

Clinically 
apparent 
recurrence risk

I Gross total resection of tumor, dural 
attachments, and abnormal bone

9%

II Gross total resection of tumor, 
coagulation of dural attachments

19%

III Gross total resection of tumor without 
resection or coagulation of dural 
attachments or extradural extensions 
(e.g., invaded or hyperostotic bone)

29%

IV Partial resection of tumor 44%
V Simple decompression (biopsy) N/A

Definition of Simpson resection grade according to Donald Simpson’s 
initial publication [38]. All recurrences were clinically apparent. Some 
were confirmed at reoperation or necropsy

Table 1.2 Local recurrence risk following gross total resection

First author Year n 5-year (%) 10-year (%) 15-year
Mirimanoff 1985 145 7 20 32%
Taylor 1988 90 13a 25a 33%a

Condra 1997 175 7 20 24%
Stafford 1998 465 12 25 –
Soyuer 2004 48 23 39 60%a

McGovern 2010 124 27 53a 68%a

Gousias 2016 901 12 18 21%a

Total 1976 7–27 18–53 21–68%

Reported risks of local recurrence at 5, 10, and 15 years from several 
studies with long-term follow-up after gross total resection of a known 
or presumed Grade I meningioma. Many of these patients were treated 
predating modern WHO grading criteria
aActuarial data taken from graph
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 single- institution reports have identified local progression 
following subtotal resection of benign meningioma in 
37–63% of patients at 5  years, 52–100% at 10  years, and 
70–91% at 15  years [9, 40, 44–46]. Furthermore, in one 
study cause- specific survival was significantly decreased in 
patients receiving subtotal compared to gross total resection, 
with 15-year cause-specific survival 51% versus 88%, 
respectively [40].

 Radiotherapy
For WHO Grade I meningioma, gross total resection is con-
sidered definitive treatment. However, as detailed in 
Table  1.2, with extended follow-up, even following gross 
total resection of a WHO Grade I meningioma, there remains 
considerable local recurrence risk. In a contemporary study, 
recurrence following gross total resection was 23% at 
5 years, 39% at 10 years, and 60% at 15 years [46]. A more 
recent report confirmed a high recurrence risk, approxi-
mately 65% at 15 years [37]. It can be postulated that the 
higher rates of recurrence in recent series are the result of 
improved surveillance imaging. For patients with subtotal 
resection, the risk of long-term progression is, as expected, 
greater, 70% or more at 15 years [40, 45, 46].

For a WHO Grade I tumor that either recurs following 
gross total resection or is not gross totally resected, radio-
therapy is the only validated nonsurgical intervention. 
Radiotherapy is commonly delivered with conventionally 
fractionated (1.8–2.0  Gy per fraction) external beam 
approaches or via stereotactic radiosurgery, whether single 
fraction or hypofractionation.

External Beam Radiotherapy
Numerous retrospective studies have demonstrated 
improvement in progression-free survival with conven-
tionally fractionated external beam radiotherapy as a 
definitive therapy for unresected tumors, as an adjuvant to 
subtotal resection, and as salvage for recurrence or pro-

gression. External beam radiotherapy may also be 
employed as definitive therapy for tumors diagnosed radio-
graphically or via biopsy. Imaging alone is the appropriate 
method of diagnosis for optic nerve sheath meningioma, 
and the diagnosis is commonly reached in this fashion for 
patients who either refuse biopsy or surgery, or are not 
appropriate candidates. Imaging has also been used in 
many series as the sole method of diagnosis preceding 
radiosurgery. In contemporary studies, 5- to 10-year rates 
of progression-free survival and local control rates follow-
ing primary external beam radiation therapy (EBRT) or 
stereotactic radiosurgery (SRS) have been approximately 
90%, readily comparable with local control rates after 
gross total resection [47–54].

Optic nerve sheath meningiomas are an illustrative sub-
group. They arise from the meningeal lining of the optic 
nerve. Growth rates are typically slow, but eventually the 
optic nerve and/or its vascular supply may become compro-
mised. Surgical resection is technically possible but is asso-
ciated with a high risk of vision loss from disruption of blood 
supply to the optic nerve. The standard therapy for optic 
nerve sheath meningioma is radiotherapy without biopsy or 
resection. From multiple clinical experiences, local control 
with conventionally fractionated radiotherapy is approxi-
mately 95%, which is readily comparable to local control of 
meningioma at other intracranial sites with fractionated 
EBRT, with radiosurgery, or with gross total resec-
tion. Moreover, vision often improves with EBRT [55–58].

Dose and Toxicities
Recommended doses for external beam radiotherapy for 
WHO Grade I meningiomas generally range from 45 to 
54 Gy in 1.8–2.0 Gy fractions. Goldsmith and colleagues 
suggested improved 10-year local control with doses 
greater than 52 Gy; however, in further analysis, this was 
not established unequivocally [59]. In one study, there was 
no correlation between the local control and dose ranging 
from approximately 36 Gy to as high as 79.5 Gy in 1.5–
2.0 Gy fractions [60]. In general WHO Grade I meningio-
mas are treated to approximately 54  Gy in 1.8–2.0  Gy 
fractions, but this may be reduced (e.g., 50 Gy) when the 
optic pathway is involved or abuts the gross disease. A total 
dose in the range of 45–54 Gy has been effective for optic 
nerve sheath meningioma, appreciating that meningiomas 
at this site tend to be smaller when diagnosed and treated 
[55, 57, 58, 61].

Peritumoral edema occurs frequently with intracranial 
meningioma, whether at diagnosis or following radiation 
therapy, particularly radiosurgery. The reported rates of 
edema preceding treatment vary depending upon how it is 
defined, for instance, by imaging findings alone or by signs 
or symptoms. A wide range of rates between 11 and 92% 
have been reported [62–64].

Table 1.3 Local recurrence risk following subtotal resection

Author Year n 5-year (%) 10-year (%) 15-year
Wara (UCSF) 1975 58 47 62 –
Mirimanoff (MGH) 1985 80 37 55 91%
Barbaro (UCSF)a 1987 30 40 100a –
Miralbell (MGH)a 1992 79 40 52 –
Condra (U Florida) 1997 55 47 60 70%
Stafford (Mayo) 1998 116 39 61 –
Soyuer (MDA) 2004 32 62 82a 87%a

McGovern (MDA) 2010 69 63 75a 87%a

Total 519 37–63 52–100 70–91%

Reported progression risks at 5, 10, and 15 years from several studies 
with long-term follow-up after subtotal resection of a known or pre-
sumed Grade I meningioma. Many of these patients were treated pre-
dating modern WHO grading criteria
aActuarial data taken from graph
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As a sequela of treatment, intracranial edema occurs less 
frequently following fractionated external beam irradiation 
than single-fraction radiosurgery [65].

Edema, and in particular symptomatic edema, has been 
rarely reported following conventionally fractionated exter-
nal beam radiotherapy and appears to occur in approximately 
1% of patients so treated [65]. Selch and colleagues serially 
evaluated patients for post-external beam radiotherapy edema, 
and in 45 patients none had developed post treatment edema, 
with median follow-up of 3 years [66]. In a separate study by 
Tanzler and colleagues, 2 of 146 patients—or 1.4%—devel-
oped edema following external beam radiotherapy [67].

Cranial neuropathies are rare when radiation doses are 
kept to 54 Gy or less and dose per fraction is 2 Gy or less. 
One report, evaluating 140 patients, found only five compli-
cations related to external beam radiotherapy including reti-
nopathy, optic neuropathy, and brain necrosis [59]. Another 
found no optic pathway complications when median the dose 
was 50.4 Gy in 2 Gy fractions or less [68]. Regarding the 
cavernous sinus, Selch et al. found no cases of cranial neu-
ropathies with doses of 50.4 Gy [66].

Stereotactic Radiosurgery
Stereotactic radiosurgery is a newer technique than conven-
tionally fractionated radiotherapy but has been utilized 
extensively in the treatment of meningioma over the past 
three decades. The reported rates of 5- and 10-year local con-
trol have been excellent, commonly 90% or greater 
[69–71].

Given the excellent local control and limited edema and 
other side-effect risks with conventionally fractionated exter-
nal beam radiotherapy, patient selection for stereotactic 
radiosurgery is crucial. In general, smaller lesions (10 cc and 
less) with well-defined borders located at a suitable distance 
(approximately 5 mm or more) from critical structures are 
good candidates for stereotactic radiosurgery. Parasagittal 
meningiomas are at higher risk of peritumoral edema, espe-
cially those with preexisting edema, so this needs to be con-
sidered when deciding on radiation approach [72].

Marginal doses of 12–16 Gy have been found to confer 
local control of 90% or greater at 5 years and over 80% at 
10 years. Ganz and colleagues reported that marginal doses 
of 10  Gy or less resulted in greater local failure risk than 
12 Gy or higher [73, 74]. Stafford and colleagues found no 
improvement in local control with dose in excess of 16 Gy 
[7]. Likewise, Kondziolka and colleagues found no benefit in 
doses above 15 Gy [75].

Regarding tumor size, there does appear to be inferior 
local control with larger lesions. DiBiase and colleagues 
reported 92% 5-year local control with lesions ≤10 cc, com-
pared with 68% exceeding 10 cc[76]. Additionally, Pollock 
et  al. found less treatment-related toxicity with smaller 
lesions (<9.6 cc) [77].

Traditionally stereotactic radiosurgery has been delivered 
in a single session, but there are now many reports of hypo-
fractionated stereotactic radiotherapy, a common fraction-
ation scheme being 25 Gy in 5 fractions. In multiple studies 
this appears to have local control similar to single-fraction 
radiosurgery, potentially with fewer side effects, particularly 
edema [78, 79].

There remains considerable controversy regarding the 
management of patients with WHO Grade I meningioma. 
There is a broad consensus that gross total resection of a 
newly diagnosed WHO Grade I meningioma is definitive but 
little consensus regarding the optimal approach to patients 
following subtotal resection or following recurrence of a 
benign tumor. Figure 1.1 shows a bar and whiskers plot com-
paring results from gross total resection (GTR), subtotal 
resection (STR), STR with fractionated external beam radia-
tion therapy (EBRT), EBRT alone, and stereotactic radiosur-
gery (SRS). The studies evaluated are those using modern 
WHO grading parameters.

 WHO Grade II (Atypical) Meningioma

 Surgery
Prior to the year 2000, WHO Grade II meningioma was diag-
nosed in only approximately 5% of cases; however, with the 
updated 2000, 2007, and now 2016 WHO criteria, atypical 
meningioma is now identified in 20–35% of cases. It cannot 
be overstated that when reviewing the literature for manage-
ment of atypical meningioma, care must be given to identify 
what grading system was used to distinguish atypical menin-
gioma and, even if WHO standards were used, whether the 
criteria predated WHO 2000.

There is a general consensus that postoperative radiother-
apy is of benefit following subtotal resection of WHO Grade 
II meningioma, but this is by no means uniform and is ame-
nable to discussion given the lack of prospective data. In a 
recent publication from McGill University, only 4 of 30 
patients with a subtotally resected WHO Grade II meningi-
oma received postoperative radiation [80]. Goyal and col-
leagues reported on 22 patients with atypical meningioma, 8 
of whom received radiotherapy. Ten-year local control was 
only 17%, and they found no significant improvement with 
radiotherapy [81]. However, several recent studies using 
modern WHO grading parameters have found improvements 
in progression-free survival with postoperative RT following 
GTR or STR [42, 80, 82–87].

With respect to adjuvant RT following Simpson Grade I 
GTR of a WHO Grade II meningioma, Aghi et al. used mod-
ern grading criteria and with mean follow-up of 39 months 
found a 5-year local recurrence risk of 50% in 100 patients 
after GTR alone [87]. A small cohort (n = 8) received adju-
vant radiotherapy following GTR, with no recurrences. In a 
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separate contemporary study, GTR alone (Simpson Grades 
I–II) resulted in 42% recurrence rate at 5 years versus 20% 
with the addition of adjuvant radiotherapy [85]. In patients 
with recurrent WHO Grade II meningioma, neither repeat 
surgery nor salvage radiotherapy reliably provide durable 
tumor control. Aghi and colleagues noted that following first 
recurrence, 10-year disease-specific survival was reduced to 
69%, even with active treatment interventions [87]. 
Additionally, Komotar and colleagues concluded that recur-
rence of a WHO Grade II meningioma resulted in worsened 
overall survival [85]. Talacchi et  al. have shown that, for 
atypical meningioma, both the disease-free interval and the 
pattern of progression change with successive recurrence 
[88]. The mean interval declines from about 33 months with 
first recurrence down to 5–10  months with fourth or fifth 
recurrence. This occurs even when histologic grade remains 

unchanged. Stable histology grade at recurrence is seen on 
about 80% of cases [89]. A large retrospective study by 
Kessel and colleagues found no survivors at 15 years follow-
ing recurrence of a WHO Grade II meningioma, compared 
with 64% in patients without recurrence [90]. There is thus 
compelling justification in a management strategy that 
decreases recurrence risk if this can be safely achieved.

 Radiotherapy

External Beam Radiotherapy
Based on the above data demonstrating detriment in survival 
following recurrence of WHO Grade II meningioma, many 
clinicians recommend postoperative radiotherapy for atypi-
cal meningioma regardless of the extent of resection. 
However, others, including Goyal [81], Hardesty [91], and 

100%

1 to 5 years 5 to 10 years
Progression-Free Survival

Meningioma - Various Txs

75%

50%

25%

GTR STR STR+RT EBRT SRS GTR STR STR+RT EBRT SRS

GTR

STR

STR+RT

EBRT

SRS

Fig. 1.1 Progression-free survival (PFS) rates in patients with 
meningioma in the era of modern microsurgery and/or fractionated 
radiation therapy (RT) or radiosurgery (RS). The outcomes are 
grouped by median duration of clinical and radiographic follow-up 

(1–5  years [left panel] and 5–10  years [right panel]) and mode of 
treatment (gross total resection [GTR], subtotal resection [STR], 
STR  +  RT, RT, and RS). [Courtesy of Igor Barani, Barrow 
Neurological Institute 2017]
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Jenkinson [92], have found no clear improvement in disease 
control with postoperative radiotherapy and have concluded 
that it should not be routinely recommended, especially fol-
lowing GTR. Figure 1.2 compiles recent data with modern 
grading and compares 5-year PFS following GTR alone or 
GTR and external beam RT. This suggests a benefit to adju-
vant RT, but with the cited data to the contrary, randomized 
trials are required in order to resolve this important contro-
versy. Two phase III cooperative group studies are currently 
addressing adjuvant RT following complete resection: the 
ROAM trial and NRG BN-003.

Based on a completed phase II clinical trial, NRG/RTOG 
0539, and the current NRG BN-003 phase III trial, the dose 
recommendations for patients following GTR are 54–59.4 Gy 
in 1.8  Gy fractions. Following STR or recurrence, 59.4–
60 Gy with standard fractionation (1.8–2.0 Gy) is conven-
tional [93]. More data will be required to better establish 

optimal dosing for patients with gross residuum. The phase 
II EORTC 22042-26042 trial employed a boost to 70  Gy 
after subtotal surgery.

Stereotactic Radiosurgery
Stereotactic radiosurgery (SRS)  has generally been 
employed in the setting of residual/recurrent disease. Stafford 
and colleagues reported on 13 patients (12% of their patient 
cohort) with atypical meningioma treated with radiosurgery. 
The median marginal dose was 16 Gy and resulted in 5-year 
local control of 68% compared to 93% for patients with 
WHO Grade I histology [7]. Harris and colleagues reported 
on 30 patients with non-benign meningiomas treated with 
SRS, of which 18 were WHO grade II. Five-year progression- 
free survival (PFS) was 83% [94]. Huffman and colleagues 
treated 15 patients with atypical meningioma, median 16 Gy; 
local control was 60% [95]. Kano et al. reviewed 12 patients 
with non-benign meningioma (10 WHO Grade II) with SRS, 
mean margin dose 18  Gy. Five-year PFS was 48%; they 
found improved PFS with 20 Gy or higher [96].

Attia and colleagues evaluated dose and conformality 
index, defined as the prescription dose volume divided by the 
tumor volume. Local recurrence was described as progres-
sion within 2 cm of the original tumor margin. With radiosur-
gery at a median 14 Gy, 5-year local control was 44%. Lower 
conformality index associated with in-field and marginal 
failure, but when conformality index was considered, margin 
dose was not predictive of local control [97]. This raises 
interesting questions, such as whether higher doses employed 
for WHO Grade II meningioma in some radiosurgery studies 
might, in part, be a proxy for a larger conformality index and 
whether the appropriate target for higher-grade meningio-
mas exceeds new or residual enhancing tumor alone [98].

Several studies have suggested that atypical meningioma 
often progresses outside the SRS target yet inside the initial 
tumor and resection bed. Huffmann reported 15 patients 
treated with single-fraction radiosurgery to a median 16 Gy. 
At 18–36 months, 9 were progression-free, for a crude local 
control rate of 60%. Six (40%) progressed, one (17%) in 
field, but all within the surgical approach or resection bed 
[95]. Similarly, Choi reported 25 WHO Grade II patients 
treated to a median dose of 22 Gy in 1–4 fractions; 9 devel-
oped recurrence, 3 (33%) within the targeted region, 5 (56%) 
elsewhere in the resection bed, and 1 (11%) in both regions 
[99]. Recently Zhang [100] reported 5-year locoregional 
control of 36% after SRS for atypical meningioma and 
Valery [101] a 3-year PFS of 23%. In both these analyses, 
many of the recurrences were regional. These findings imply 
that a volume beyond residual or recurrent enhancement is at 
risk, including the entire tumor and resection bed. 
Hypofractionated SRS or standard fractionation external 
beam approaches may safely and effectively address this 
important issue.
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Fig. 1.2 Five-year progression-free survival for gross total resection 
(GTR) versus GTR and external beam irradiation. Note: in the Park 
2013 study the majority of patients (67%) were treated prior to three- 
dimensional techniques
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 WHO Grade III (Anaplastic/Malignant) 
Meningioma

WHO Grade III meningiomas account for about 1–2% of 
newly diagnosed meningiomas. As a result there are fewer 
than 500 newly diagnosed malignant meningiomas annually 
in the United States. There thus is far less data to guide man-
agement than for patients with WHO Grade I or II meningi-
oma. However, anaplastic meningiomas behave aggressively, 
with significantly poorer local control and overall survival 
than lower-grade meningiomas. In some studies, median 
overall survival has been less than 3 years. Given the poor 
prognosis of these tumors, there is a general consensus 
toward aggressive upfront therapy, including surgery and 
postoperative radiotherapy regardless of the extent of resec-
tion. Moreover, effective systemic therapies are needed and 
remain a challenge for future investigation.

 Surgery
Surgery is the first-line therapy and indeed is necessary to 
assign tumor grade. Similar to lower-grade meningiomas, the 
extent of resection impacts recurrence; however, surgery as a 
sole modality is insufficient. Jaaskelainen observed a 5-year 
recurrence rate of 78% following GTR in patients with malig-
nant meningiomas managed with surgery alone. Similarly, 
Dziuk and colleagues reported a 5-year progression- free sur-
vival of 28% following gross total resection and 0% following 
subtotal resection [102]. Most clinicians recommend adjuvant 
radiotherapy after initial surgery for a WHO Grade III menin-
gioma, irrespective of resection extent.

Regarding extent of resection, Sughrue and colleagues 
noted that heroic surgery did not improve survival, rather 
near total resection (defined as >90% tumor removal) 
resulted in superior overall survival and neurologic outcomes 
than gross total resection, provided that adjuvant radiother-
apy was given [103]. They also reported that salvage surgery 
was beneficial with median survival of 53 months with sal-
vage surgery compared to 25 months without [103].

 Radiotherapy
There are yet no published prospective studies regarding 
multimodality therapy with surgery and adjuvant radiother-
apy (RT) in the management of WHO Grade III meningio-
mas. We await publication of the RTOG-0539  high-risk 
cohort which includes WHO grade III patients.  However, 
multiple retrospective series, although varying in treatment 
approach, dose, and definition of malignant meningioma, do 
strongly suggest benefit with adjuvant RT.

External Beam Radiotherapy
Milosevic and Dziuk both demonstrated benefit with the addi-
tion of RT as a surgical adjuvant, rather than reserving radio-
therapy for salvage [102, 104]. This is now, in general, the 

standard approach for managing malignant meningioma. 
Milosevic demonstrated that radiation doses of less than 50 Gy 
were insufficient and associated with poor cause- specific sur-
vival [104]. Dziuk reported that adjuvant external beam RT 
improved 5-year PFS from 28% to 80% for gross totally resec-
tion lesions [102]. Regarding salvage radiotherapy, some stud-
ies have demonstrated a modest advantage, whereas others 
have found little to no benefit. Dziuk et al. reported that exter-
nal beam radiotherapy for recurrent malignant meningioma 
improved the 2-year progression-free survival from 50% to 
89% but had no such impact at 5 years [102]. This corrobo-
rates other studies showing poor tumor control even with sal-
vage therapy for non-benign meningioma [82].

Radiation dose appears to correlate with disease control 
for WHO Grade III meningioma. Milosevic demonstrated 
improvement with a 5-year cause-specific survival of 42% 
with 50 Gy or greater and 0% with less than 50 Gy [104]. 
Likewise, Goldsmith reported that 5-year PFS improved 
from 17% to 63% with radiation doses exceeding 53  Gy 
[59]. With protons, DeVries and Hug noted improvement 
in  local control and survival with doses above 60  Gy [16, 
105]. Specifically, Hug demonstrated improved overall sur-
vival at 5 and 8 years to 87% with at least 60 CGE, compared 
to 15% with less than 60 CGE [16].

 Recurrent Meningioma
Despite appropriate therapy including surgery and radiother-
apy, meningiomas can recur. Tumor volume, grade, location, 
and other factors have been correlated with recurrence risk 
following upfront therapy. For a meningioma that recurs fol-
lowing initial therapy, repeat resection should be considered 
[39]. If radiation has not been given initially, it should be 
considered after resection of a recurrent meningioma, irre-
spective of resection extent. Ultimate control of a meningi-
oma is compromised by recurrence [82, 88, 106]. Onodera 
compared patients with newly diagnosed benign meningi-
oma to those with recurrence. With median 90-month fol-
low- up, they found better overall survival, progression-free 
survival, and local control in patients who received radia-
tion therapy, 48–54 Gy in 2 Gy fractions with or without sur-
gery as initial compared to salvage therapy. OS, PFS, and LC 
were 100%, 91.7%, and 100%, respectively, with initial 
EBRT, versus 90.9%, 68.2%, and 68.2% if radiation was 
given after relapse. The difference in local control was statis-
tically significant with p = 0.01 [106].

For progression outside of previous fields, RT may clearly 
be considered. Re-irradiation, either external beam RT or SRS, 
may also be applied judiciously for in-field or marginal failure, 
particularly if there has been a long disease-free interval.

 Systemic Therapy
Multiple systemic therapy regimens have been evaluated for 
meningioma, primarily in phase I and II studies. To date 
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there has only been one published phase III clinical trial. The 
ribonucleotide reductase inhibitor, hydroxyurea, demon-
strated 6-month progression-free survival of only 3–10% in 
nonrandomized studies [107]. Somatostatin analogues (e.g., 
Sandostatin LAR, octreotide) have demonstrated 29–44% in 
nonrandomized trials [108, 109]. Tyrosine kinase inhibitors, 
also in nonrandomized trials, have demonstrated 6-month 
progression-free survival of 28–61.9% [110, 111]. 
Bevacizumab in nonrandomized studies demonstrated 
6-month progression-free survival of 43.8–85.7% [112].

Yong Ji and colleagues published data from the SWOG 
S9005 phase III study of mifepristone, the anti-progesterone. 
To date, this is the only drug with published randomized data in 
meningioma. In this trial 164 patients with unresectable menin-
giomas were randomized to receive mifepristone versus pla-
cebo. Only one-quarter of the patients had previously received 
radiotherapy. At 2  years failure-free survival was approxi-
mately 30% in both arms [113]. Pharmacological approaches 
have thus met with limited results, and considerable opportu-
nity exists for the development of systemic or targeted agents 
for the treatment of recurrent or high-grade meningioma. A 
current phase II Alliance trial is evaluating SMO, AKT, and 
NF2 inhibitors for patients with progressive meningioma.

 Contemporary Clinical Trials

EORTC 22042-26042
This EORTC phase II trial evaluated progression-free sur-
vival with WHO Grades II and III meningioma. Patients were 
stratified by extent of resection and pathologic grade. Patients 
with gross total resection, defined by Simpson Grades I–III, 
received postoperative radiotherapy to 60 Gy in 2 Gy frac-
tions, whereas patients with gross residual disease received 
an additional 5-fraction boost to a total dose of 70 Gy. This 
study is closed to accrual and data analysis is pending.

RTOG 0539
The RTOG 0539 clinical trial utilized a risk stratification 
approach to postoperative management of meningiomas. 
Low-risk was defined as a gross totally resected or subtotally 
resected WHO Grade I meningioma, and patients  were 
observed. Intermediate-risk included recurrent/progressive 
WHO Grade I and gross totally resected WHO Grade II 
patients. Intermediate-risk patients received radiotherapy, 
54 Gy in 1.8 Gy fractions. High-risk was defined as subto-
tally resected or recurrent WHO Grade II or new or recurrent 
WHO Grade III regardless of extent of resection. These 
patients received 60  Gy in 2  Gy fractions. This study has 
closed to accrual and initial  analysis  or some of the risk 
groups is pending. An informative report of pathology con-
cordance from this trial has been published [93]. 

The results of the intermediate risk arm of RTOG 0539 
are in press [114]. The primary endpoint was 3-year PFS, 

with both progression and death considered as events. With 
48 fully evaluable patients 3-year PFS was 93.8%, and 3-year 
OS was 96%. Only two patients developed local recurrence 
within 3 years, resulting in 3-year actuarial local failure rate 
4.1%. Treatment was well tolerated, with CTCAE adverse 
events related to protocol therapy limited to Grade 1 or 2.

NRG Oncology BN003 and ROAM/EORTC1308
Presently, one of the most controversial subjects in menin-
gioma management is the appropriate therapy for a grossly 
resected WHO Grade II meningioma. This phase III trial, 
opened in the summer of 2017, will randomize patients with 
a grossly resected WHO Grade II meningioma to either 
observation or radiotherapy (59.4  Gy in 33 fractions). 
Created in concert, a very similar trial ROAM/EORTC1308, 
is also open internationally. These studies will address one of 
the most clinically relevant topics in meningioma manage-
ment and will include, in addition to tumor control outcomes, 
neurocognitive and quality of life endpoints.

 Treatment Field Design/Target Delineation

 External Beam Radiotherapy

For WHO Grade I meningioma, external beam radiotherapy 
is generally applicable only for gross residual disease either 
following subtotal resection or recurrence. Patients are com-
monly immobilized with a thermoplastic mask, typically 
with the head in neutral position. A contrast-enhanced T1 
sequence MRI is used for delineation of gross tumor volume 
(GTV). Overlying hyperostotic bone should be included in 
the GTV as this generally represents tumor invasion; how-
ever, the dural tail does not need to be included in the GTV 
[115]. Clinical tumor volume (CTV) expansion from GTV 
for WHO Grade I meningioma can range from 0 to 1 cm pri-
marily along dural surface and the hyperostotic bone, with 
margin restrictions to spare uninvolved normal tissues such 
as the adjacent brain and respecting natural barriers to tumor 
growth such as uninvolved falx and bone. The planning tar-
get volume (PTV) is a geometric expansion of the CTV and 
is institutionally defined to account for setup and treatment 
delivery uncertainties and is usually at least 3 mm. Radiation 
dose generally ranges from 50.4 to 54  Gy in 1.8–2.0  Gy 
fractions.

For WHO Grade II meningiomas, as discussed in detail 
above, radiation is commonly recommended with gross 
residual but is also an appropriate strategy following a gross 
total resection (GTR). After GTR, the GTV is defined as the 
tumor bed. The CTV is the GTV plus an approximately 
0.5 cm anatomically constrained expansion. Known or sus-
pected brain invasion with a WHO Grade II meningioma 
must be addressed, and it is thus reasonable to include a rim 
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of the adjacent brain  in such cases. The PTV expansion is 
similar to that previously discussed for WHO Grade I menin-
giomas. Recommended dosing for atypical meningioma fol-
lowing GTR is at least 54 Gy in 1.8–2.0 Gy fractions, some 
clinicians advocating for 59.4–60 Gy. The NRG Oncology/
RTOG 0539 trial employed 54 Gy in 30 fractions following 
GTR of a WHO Grade II meningioma; however, supported 
by several intervening studies, the upcoming second- 
generation randomized trial stipulates 59.4  Gy in 33 frac-
tions in the same setting [93]. Following subtotal resection 
(STR) or recurrence, at least 60 Gy in fractions of 1.8–2.0 Gy 
is recommended, and higher doses in the range of 66 Gy may 
be considered when organs at risk permit. The EORTC trial 
(22042, 26042) uses a final 70 Gy for gross residual disease 
in these settings. Total doses of this extent should be used 
vigilantly until their utility is confirmed.

For WHO Grade III meningioma, radiation is recom-
mended regardless of resection extent. GTV is defined as T1 
post-contrast-enhancing tumor bed and any remaining nodu-
lar enhancement and hyperostosis. Based upon NRG 
Oncology/RTOG 0539, two CTVs may be defined for a 
simultaneous integrated boost. CTV54Gy is the GTV plus a 
2 cm expansion and CTV60Gy is GTV plus a 1 cm expan-
sion. The standard institutional PTV, typically 3–5 mm, is 
used to expand each of these volumes to define a PTV54Gy 
and a PTV60Gy. Dose escalation beyond 60, up to 70 Gy—
see the separately referenced EORTC trial—have been 
reported but should be used cautiously, with careful attention 
to normal tissue (organ at risk) constraints [116].

 Stereotactic Radiosurgery

Stereotactic radiosurgery is an appropriate option with gross 
residual WHO Grade I and possibly WHO Grade II tumors. 
Immobilization, or another form of stereotaxis, is required 
generally resulting in setup uncertainties on the order of a 
single millimeter. The GTV is defined by the T1 post- contrast 
MRI.  There is commonly no CTV margin, and the PTV is 

routinely defined as GTV plus 0–2 mm. For a WHO Grade I 
meningioma, a marginal dose of 12–15 Gy is recommended. 
Figure 1.3 shows a stereotactic radiosurgery plan for a patient 
with a left petrous meningioma. For WHO Grade II meningi-
oma, recommended marginal doses from varying reports are 
14–20 Gy. This is an important arena additional research to 
help define optimal dosing for higher-grade meningioma 
based upon factors such as location, volume, and perhaps even 
molecular characteristics. For larger (>10 mL) WHO Grade I 
meningioma, fractionated stereotactic radiotherapy, such as 
5 Gy times 5 (total dose 25 Gy), may be considered, and for a 
WHO Grade II or III tumor 5.5–6 Gy times 5 (27.5–30 Gy).

 Normal Critical Structure Constraints

Restriction of dose to critical structures reduces the risk of tox-
icities. Table 1.4 summarizes the normal critical structure con-
straints used in RTOG 0539 and in NRG-BN003. With these 
considerations, radiation is well tolerated with 5% or less long-
term toxicity rate when modern techniques are used [114].

Fig. 1.3 Petrous apex meningioma stereotactic radiosurgery plan, 13 Gy in 1 fraction

Table 1.4 Organ-at-risk point dose constraints (point defined as 
0.03 cc volume)

Critical 
structure

RTOG-0539 
group 2 (Gy)

RTOG-0539 
group 3 (Gy)

NRG-BN003 
(acceptable variation) 
(Gy)

Lenses 5 7 ≤7 (>7 to 10)
Retinae 45 50 ≤45 (>45 to 50)
Optic nerves 50 55 ≤54 (>54 to 58)
Optic 
chiasm

54 56 ≤54 (>54 to 58)

Brainstem 55 60 ≤54 (>54 to 58)

RTOG-0539 included two groups. Group 2 was defined as intermediate- 
risk meningioma treated with IMRT, 54 Gy in 30 fractions. Group 3 
was high risk, treated to 60 Gy in 30 fractions, with differing organ-at- 
risk constraints. NRG-BN003 includes patients with a gross totally 
resected WHO Grade II meningioma, treated to 59.4 Gy in 33 fractions. 
Note that desirable organ-at-risk doses in patients with WHO Grade I 
meningioma may indeed be less than those with WHO Grade II or III
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Debus et  al. reviewed 189 patients treated to a mean 
56.8  Gy with fractions of 1.8  Gy and reported that 2.2% 
developed clinically significant toxicity [48]. In patients 
without a preexisting neurological deficit, this was even 
lower (1.7%). Reduced vision, visual field cut, and trigemi-
nal neuropathy were noted as the most common toxicities. 
Goldsmith et al. reported a 3.6% toxicity rate for subtotally 
resected meningioma patients who received EBRT.  Of the 
five patients with side effects, retinopathy developed in two, 
optic neuropathy in one, and radiation necrosis in two [59].

A more recent study by Farzin et al. focused on optic tox-
icity in 213 treated with radiation for meningiomas [117]. 
Dry eye developed in 7% and cataracts developed in 11.2%. 
Two patients developed visual issues due to radiation. They 
received a maximum and median dose to their neuro-optic 
structures of 57.3 Gy and 54.6 Gy, respectively.

Selch et  al. looked at 45 cavernous sinus meningioma 
patients who received a total dose of 50.4 Gy at 1.7–1.8 Gy 
per fraction and found no patients with treatment-related cra-
nial neuropathies [66]. Pituitary dysfunction, cerebrovascu-
lar effects, secondary malignancy, orbital fibrosis, and edema 
have been described but are rare as well.

Cognitive morbidity may occur following radiation. 
Steinvorth et al. prospectively evaluated patients treated with 
fractionated radiation for meningioma [118]. By using a 
comprehensive neurocognitive battery, they found a decline 
in memory with an increase in attention after the first frac-
tion. There was no cognitive loss with further follow-up. On 
the other hand, Meyers et al. assessed patients treated to the 
paranasal sinuses and demonstrated memory impairment in 
80% of the patients [119]. This study did use older tech-
niques however.

For stereotactic radiosurgery, optic nerve constraints 
range from 8 to 12 Gy in the literature. Tishler et al. reported 
a 24% risk of optic neuropathy with doses greater than 8 Gy 
to the optic pathways [120]. Other studies have suggested 
that slightly higher doses than 8 Gy are perhaps safe. Leber 
et  al. looked at 50 patients and did not see radiation optic 
neuropathy in patients who received less than 10 Gy [121]. 
Optic neuropathy, however, developed in 26.7% of patient 
receiving 10 to less than 15 Gy and 77.8% for those receiv-
ing 15 Gy or more. According to a series of patients treated 
at the Mayo Clinic, only 1.1% of the patients developed optic 
neuropathy at 12 Gy or less to the optic nerves and chiasm 

[122]. As long as doses are kept reasonably low to the optic 
nerve and chiasm, risk of vision loss is also low.

 Conclusion

The main management options for meningioma are surgery 
and radiation. The evidence supporting radiation, up until 
recently, had relied upon retrospective studies, which made it 
difficult—especially in an era with considerable revisions in 
grading criteria—to establish widely acceptable treatment 
guidelines. Controversy remains over the use and timing of 
radiation particularly for Grade II atypical meningiomas. With 
the completion of EORTC 22042-26042 and RTOG 0539, the 
role of radiation will be better defined. The NRG BN003 and 
ROAM/EORTC1308 trials, once completed, will further elim-
inate controversy for patients with gross totally resected atypi-
cal meningiomas. While the role of radiosurgery for Grade I 
meningioma is well supported by retrospective data with long-
term follow-up, its use for atypical and anaplastic meningioma 
is less clear. There remain important questions regarding the 
optimal target volume. Beyond radiation therapy, more studies 
are needed for targeted therapies and immunotherapy, espe-
cially for patients who fail surgery and radiation therapy.

 Case Study

A 60-year-old woman presented with increasing difficulty 
with balance. Her past medical and family history were non-
contributory. Given her symptoms, her neurologist ordered an 
MRI of the brain without and with contrast. She was found to 
have two separate parasagittal masses and a left posterior 
fossa dural-based mass consistent with multiple meningio-
mas (Fig. 1.4a). Given the size of her parasagittal meningio-
mas, she underwent a Simpson Grade II resection of these 
masses (Fig.  1.4a). Pathology was consistent with WHO 
Grade II (atypical) meningiomas. After discussion of options 
which included observation, she elected to proceed with radi-
ation to the resection bed to decrease risk of local recurrence, 
with plans to watch the posterior fossa meningioma. She 
received a total dose of 54 Gy (Fig. 1.4b). Given the histo-
logic grade, a CTV margin was included, but given the extent 
of resection (GTR), the CTV margin was limited to 0.5 cm.

1 Meningioma
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 Self-Assessment Questions

 1. Which of the following statements is true regarding surgi-
cal resection of a meningioma?
 A. The extent of surgery is classically defined according 

to the “Cushing Grade” of resection.
 B. In modern surgical series, gross total resection is 

accomplished at initial surgery in over three-fourths 
of patients.

 C. Gross total resection alone results in excellent local 
control, exceeding 90% at 15 years.

 D. The intracranial primary site with the greatest likeli-
hood of achieving gross total resection is the sphenoid 
wing.

 2. Which of the following is not true regarding meningioma 
cooperative group trials?
 A. Two cooperative group trials evaluating gross total 

resection (GTR) alone versus GTR and adjuvant frac-
tionated external beam RT for WHO Grade II menin-
gioma are underway.

 B. Targeted systemic interventions are being evaluated in 
an Alliance trial.

 C. Mifepristone improved failure-free survival for 
patients with recurrent or progressive meningioma in 
a phase III SWOG trial.

 D. The EORTC phase II trial (22042-26042) will report 
on final RT doses of 70 Gy for patients with subtotally 
resected high-grade meningioma.

 3. Which of the following statements regarding the inci-
dence of meningiomas is false?
 A. Historically, the incidence increased following radia-

tion therapy for tinea capitis.
 B. Meningiomas often occur with type 2 

neurofibromatosis.
 C. Nonmalignant meningiomas are more common in 

males than females.
 D. Meningiomas are the second most common primary 

intracranial tumor, following gliomas.

 4. Meningiomas are graded histopathologically by the 
World Health Organization (WHO) criteria. Which of the 
following is false regarding various WHO grades?
 A. Approximately 70% of meningiomas are benign 

(WHO Grade I).

Preoperative MRI Post-operative MRI

a

b

Fig. 1.4 (a) Gross totally resected multifocal parasagittal WHO Grade II meningioma. (b) Isodoses in axial, sagittal, and coronal planes for post-
operative radiation therapy, 54 Gy in 30 fractions

T. J. Harris et al.
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 B. According to WHO 2007–2016 criteria, approxi-
mately 25% of meningiomas are atypical (WHO 
Grade II).

 C. Atypical meningiomas treated with surgery alone 
have 10-year progression-free survival rates exceed-
ing 75%, similar to WHO Grade I.

 D. Anaplastic meningiomas (WHO Grade III) carry a 
median overall survival of less than 3 years.

 5. Which of the following is not true concerning the use of 
radiation therapy (RT) in the management of meningioma?
 A. There is a large body of retrospective literature indi-

cating that (RT) improves local control following sub-
total resection.

 B. Progression-free survivals following either fraction-
ated RT or stereotactic radiosurgery (SRS) for a 
known or supposed WHO Grade I meningioma are 
very similar.

 C. With fractionated RT or SRS, it is necessary to include 
the “dural tail” within the target volume.

 D. Fractionated RT or SRS may be employed in selected 
patients diagnosed by imaging criteria, without 
histopathologic confirmation.

Answers

 1. B
 2. C
 3. D
 4. C
 5. C

References

 1. Perry A. Meningiomas. In: Rosenblum M, McLendon R, Bigner 
DD, editors. Russell & Rubinstein’s pathology of tumors of the 
nervous system. London: Hodder Arnold; 2006. p. 427–74.

 2. Claus EB, Bondy ML, Schildkraut JM, et al. Epidemiology of 
intracranial meningioma. Neurosurgery. 2005;57:1088–95; dis-
cussion 1088–95.

 3. Ostrom QT, Gittleman H, Xu J, et al. CBTRUS statistical report: 
primary brain and other central nervous system tumors diagnosed 
in the United States in 2009–2013. Neuro Oncol. 2016;18:v1–
v75. https://doi.org/10.1093/neuonc/now207.

 4. Wiemels J, Wrensch M, Claus EB.  Epidemiology and etiol-
ogy of meningioma. J Neurooncol. 2010;99:307–14. https://doi.
org/10.1007/s11060-010-0386-3.

 5. Nakasu S, Hirano A, Shimura T, et al. Incidental meningiomas in 
autopsy study. Surg Neurol. 1987;27:319–22.

 6. Adegbite AB, Khan MI, Paine KW, et al.  The recurrence of 
intracranial meningiomas after surgical treatment. J Neurosurg. 
1983;58:51–6. https://doi.org/10.3171/jns.1983.58.1.0051.

 7. Stafford SL1, Pollock BE, Foote RL, et al. Meningioma radio-
surgery: tumor control, outcomes, and complications among 190 

consecutive patients. Neurosurgery. 2001;49:1029–37; discussion 
1037–8.

 8. Longstreth WT Jr, Dennis LK, McGuire VM, et al. Epidemiology 
of intracranial meningioma. Cancer. 1993;72:639–48.

 9. Miralbell R, Linggood RM, de la Monte S, et al. The role of radio-
therapy in the treatment of subtotally resected benign meningio-
mas. J Neurooncol. 1992;13:157–64.

 10. Louis DN, Ramesh V, Gusella JF. Neuropathology and molecular 
genetics of neurofibromatosis 2 and related tumors. Brain Pathol. 
1995;5:163–72.

 11. Riemenschneider MJ, Perry A, Reifenberger G.  Histological 
classification and molecular genetics of meningiomas. 
Lancet Neurol. 2006;5:1045–54. https://doi.org/10.1016/
S1474-4422(06)70625-1.

 12. Asthagiri AR1, Parry DM, Butman JA, et al. Neurofibromatosis 
type 2. Lancet. 2009;373:1974–86. https://doi.org/10.1016/
S0140-6736(09)60259-2.

 13. Perry A, Dehner LP. Meningeal tumors of childhood and infancy. 
An update and literature review. Brain Pathol. 2003;13:386–408.

 14. Perry A, Giannini C, Raghavan R, et al. Aggressive phenotypic 
and genotypic features in pediatric and NF2-associated menin-
giomas: a clinicopathologic study of 53 cases. J Neuropathol 
Exp Neurol. 2001;60:994–1003.

 15. Al-Mefty O, Topsakal C, Pravdenkova S, et al. Radiation-induced 
meningiomas: clinical, pathological, cytokinetic, and cytoge-
netic characteristics. J Neurosurg. 2004;100:1002–13. https://doi.
org/10.3171/jns.2004.100.6.1002.

 16. Hug EB, Devries A, Thornton AF, et al. Management of atypi-
cal and malignant meningiomas: role of high-dose, 3D-conformal 
radiation therapy. J Neurooncol. 2000;48:151–60.

 17. Ron E, Modan B, Boice JD Jr. Mortality after radiotherapy for 
ringworm of the scalp. Am J Epidemiol. 1988;127:713–25.

 18. Ron E, Modan B, Boice JD Jr, et al. Tumors of the brain 
and nervous system after radiotherapy in childhood. N 
Engl J Med. 1988;319:1033–9. https://doi.org/10.1056/
NEJM198810203191601.

 19. Strojan P, Popovic M, Jereb B.  Secondary intracranial menin-
giomas after high-dose cranial irradiation: report of five cases 
and review of the literature. Int J Radiat Oncol Biol Phys. 
2000;48:65–73.

 20. Bindal R, Goodman JM, Kawasaki A, et al. The natural history of 
untreated skull base meningiomas. Surg Neurol. 2003;59:87–92; 
discussion 92.

 21. Whittle IR, Smith C, Navoo P, et al.  Meningiomas. 
Lancet. 2004;363:1535–43. https://doi.org/10.1016/
S0140-6736(04)16153-9.

 22. Ayerbe J, Lobato RD, de la Cruz J, et al. Risk factors predicting 
recurrence in patients operated on for intracranial meningioma. A 
multivariate analysis. Acta Neurochir. 1999;141:921–32.

 23. Drape JL, Krause D, Tongio J. MRI of aggressive meningiomas. J 
Neuroradiol. 1992;19:49–62.

 24. Rohringer M, Sutherland GR, Louw DF, et al.  Incidence and 
clinicopathological features of meningioma. J Neurosurg. 
1989;71:665–72. https://doi.org/10.3171/jns.1989.71.5.0665.

 25. Schubeus P, Schorner W, Rottacker C, et al.  Intracranial menin-
giomas: how frequent are indicative findings in CT and MRI? 
Neuroradiology. 1990;32:467–73.

 26. Kuratsu J, Kochi M, Ushio Y.  Incidence and clinical features 
of asymptomatic meningiomas. J Neurosurg. 2000;92:766–70. 
https://doi.org/10.3171/jns.2000.92.5.0766.

 27. Buhl R, Nabavi A, Wolff S, et al. MR spectroscopy in patients with 
intracranial meningiomas. Neurol Res. 2007;29:43–6. https://doi.
org/10.1179/174313206X153824.

 28. Demir MK, Iplikcioglu AC, Dincer A, et al.  Single voxel pro-
ton MR spectroscopy findings of typical and atypical intracra-

1 Meningioma

https://doi.org/10.1093/neuonc/now207
https://doi.org/10.1007/s11060-010-0386-3
https://doi.org/10.1007/s11060-010-0386-3
https://doi.org/10.3171/jns.1983.58.1.0051
https://doi.org/10.1016/S1474-4422(06)70625-1
https://doi.org/10.1016/S1474-4422(06)70625-1
https://doi.org/10.1016/S0140-6736(09)60259-2
https://doi.org/10.1016/S0140-6736(09)60259-2
https://doi.org/10.3171/jns.2004.100.6.1002
https://doi.org/10.3171/jns.2004.100.6.1002
https://doi.org/10.1056/NEJM198810203191601
https://doi.org/10.1056/NEJM198810203191601
https://doi.org/10.1016/S0140-6736(04)16153-9
https://doi.org/10.1016/S0140-6736(04)16153-9
https://doi.org/10.3171/jns.1989.71.5.0665
https://doi.org/10.3171/jns.2000.92.5.0766
https://doi.org/10.1179/174313206X153824
https://doi.org/10.1179/174313206X153824


16

nial meningiomas. Eur J Radiol. 2006;60:48–55. https://doi.
org/10.1016/j.ejrad.2006.06.002.

 29. Ghodsian M, Obrzut SL, Hyde CC, et al.  Evaluation of meta-
static meningioma with 2-deoxy-2-[18F]fluoro-D-glucose PET/
CT. Clin Nucl Med. 2005;30:717–20.

 30. Hakyemez B, Yildirim N, Gokalp G, et al.  The contribution of 
diffusion-weighted MR imaging to distinguishing typical from 
atypical meningiomas. Neuroradiology. 2006;48:513–20. https://
doi.org/10.1007/s00234-006-0094-z.

 31. Nagar VA, Ye JR, Ng WH, et al. Diffusion-weighted MR imag-
ing: diagnosing atypical or malignant meningiomas and detecting 
tumor dedifferentiation. AJNR Am J Neuroradiol. 2008;29:1147–
52. https://doi.org/10.3174/ajnr.A0996.

 32. Ogawa T, Inugami A, Hatazawa J, et al. Clinical positron emis-
sion tomography for brain tumors: comparison of fludeoxyglucose 
F 18 and L-methyl-11C- methionine. AJNR Am J Neuroradiol. 
1996;17:345–53.

 33. Sibtain NA, Howe FA, Saunders DE. The clinical value of proton 
magnetic resonance spectroscopy in adult brain tumours. Clin Radiol. 
2007;62:109–19. https://doi.org/10.1016/j.crad.2006.09.012.

 34. Toh CH, Castillo M, Wong AM, et al. Differentiation between 
classic and atypical meningiomas with use of diffusion tensor 
imaging. AJNR Am J Neuroradiol. 2008;29:1630–5. https://doi.
org/10.3174/ajnr.A1170.

 35. Combs SE, Schulz-Ertner D, Debus J, et al. Improved correlation 
of the neuropathologic classification according to adapted world 
health organization classification and outcome after radiotherapy 
in patients with atypical and anaplastic meningiomas. Int J Radiat 
Oncol Biol Phys. 2011;81:1415–21. https://doi.org/10.1016/j.
ijrobp.2010.07.039.

 36. Domingues PH, Sousa P, Otero Á, et al. Proposal for a new risk 
stratification classification for meningioma based on patient age, 
WHO tumor grade, size, localization, and karyotype. Neuro 
Oncol. 2014;16:735–47. https://doi.org/10.1093/neuonc/not325.

 37. Olar A, Wani KM, Sulman EP, et al. Mitotic index is an indepen-
dent predictor of recurrence- free survival in meningioma. Brain 
Pathol. 2015;25:266–75. https://doi.org/10.1111/bpa.12174.

 38. Simpson D. The recurrence of intracranial meningiomas after sur-
gical treatment. J Neurol Neurosurg Psychiatry. 1957;20:22–39.

 39. Sughrue ME, Kane AJ, Shangari G, et al. The relevance of Simpson 
Grade I and II resection in modern neurosurgical treatment of 
World Health Organization Grade I meningiomas. J Neurosurg. 
2010;113:1029–35. https://doi.org/10.3171/2010.3.JNS091971.

 40. Condra KS, Buatti JM, Mendenhall WM, et al. Benign menin-
giomas: primary treatment selection affects survival. Int J Radiat 
Oncol Biol Phys. 1997;39:427–36.

 41. Oya S, Kawai K, Nakatomi H, et al.  Significance of Simpson 
grading system in modern meningioma surgery: integration of the 
grade with MIB-1 labeling index as a key to predict the recurrence 
of WHO Grade I meningiomas. J Neurosurg. 2012;117:121–8. 
https://doi.org/10.3171/2012.3.JNS111945.

 42. Hasseleid BF, Meling TR, Ronning P, et al. Surgery for convex-
ity meningioma: Simpson Grade I resection as the goal: clinical 
article. J Neurosurg. 2012;117:999–1006. https://doi.org/10.3171/
2012.9.JNS12294.

 43. Morokoff AP, Zauberman J, Black PM.  Surgery for convexity 
meningiomas. Neurosurgery. 2008;63:427–33; discussion 433–4. 
https://doi.org/10.1227/01.NEU.0000310692.80289.28.

 44. Stafford SL, Perry A, Suman VJ, et al. Primarily resected menin-
giomas: outcome and prognostic factors in 581 Mayo Clinic 
patients, 1978 through 1988. Mayo Clin Proc. 1998;73:936–42. 
https://doi.org/10.4065/73.10.936.

 45. Mirimanoff RO, Dosoretz DE, Linggood RM, et al. Meningioma: 
analysis of recurrence and progression following neurosurgical 
resection. J Neurosurg. 1985;62:18–24. https://doi.org/10.3171/
jns.1985.62.1.0018.

 46. Soyuer S, Chang EL, Selek U, et al. Radiotherapy after surgery for 
benign cerebral meningioma. Radiother Oncol. 2004;71:85–90. 
https://doi.org/10.1016/j.radonc.2004.01.006.

 47. Litré CF, Colin P, Noudel R, et al. Fractionated stereotactic radio-
therapy treatment of cavernous sinus meningiomas: a study of 100 
cases. Int J Radiat Oncol Biol Phys. 2009;74:1012–7. https://doi.
org/10.1016/j.ijrobp.2008.09.012.

 48. Henzel M, Gross MW, Hamm K, et al. High efficacy of fraction-
ated stereotactic radiotherapy of large base-of-skull meningiomas: 
long-term results. J Clin Oncol. 2001;19:3547–53. https://doi.
org/10.1200/JCO.2001.19.15.3547.

 49. Henzel M, Gross MW, Hamm K, et al. Stereotactic radiother-
apy of meningiomas: symptomatology, acute and late toxicity. 
Strahlenther Onkol. 2006;182:382–8. https://doi.org/10.1007/
s00066-006-1535-7.

 50. Korah MP, Nowlan AW, Johnstone PA, et al. Radiation therapy alone 
for imaging-defined meningiomas. Int J Radiat Oncol Biol Phys. 
2010;76:181–6. https://doi.org/10.1016/j.ijrobp.2009.01.066.

 51. Dufour H, Muracciole X, Métellus P, et al. Long-term tumor 
control and functional outcome in patients with cavernous sinus 
meningiomas treated by radiotherapy with or without previous 
surgery: is there an alternative to aggressive tumor removal? 
Neurosurgery. 2001;48:285–94; discussion 294–6.

 52. Pourel N, Auque J, Bracard S, et al. Efficacy of external fraction-
ated radiation therapy in the treatment of meningiomas: a 20-year 
experience. Radiother Oncol. 2001;61:65–70.

 53. Wenkel E, Thornton AF, Finkelstein D, et al. Benign meningioma: 
partially resected, biopsied, and recurrent intracranial tumors 
treated with combined proton and photon radiotherapy. Int J 
Radiat Oncol Biol Phys. 2000;48:1363–70.

 54. Maguire PD, Clough R, Friedman AH, et al. Fractionated exter-
nal-beam radiation therapy for meningiomas of the cavernous 
sinus. Int J Radiat Oncol Biol Phys. 1999;44:75–9.

 55. Liu JK, Forman S, Hershewe GL, et al. Optic nerve sheath menin-
giomas: visual improvement after stereotactic radiotherapy. 
Neurosurgery. 2002;50:950–5; discussion 955–7.

 56. Pitz S, Becker G, Schiefer U, et al. Stereotactic fractionated irra-
diation of optic nerve sheath meningioma: a new treatment alter-
native. Br J Ophthalmol. 2002;86:1265–8.

 57. Baumert BG, Villà S, Studer G, et al. Early improvements in vision 
after fractionated stereotactic radiotherapy for primary optic nerve 
sheath meningioma. Radiother Oncol. 2004;72:169–74. https://
doi.org/10.1016/j.radonc.2004.04.008.

 58. Becker G, Jeremic B, Pitz S, et al. Stereotactic fractionated radio-
therapy in patients with optic nerve sheath meningioma. Int J 
Radiat Oncol Biol Phys. 2002;54:1422–9.

 59. Goldsmith BJ, Wara WM, Wilson CB, et al.  Postoperative irra-
diation for subtotally resected meningiomas. A retrospective 
analysis of 140 patients treated from 1967 to 1990. J Neurosurg. 
1994;80:195–201. https://doi.org/10.3171/jns.1994.80.2.0195.

 60. Winkler C, Dornfeld S, Schwarz R, et al. The results of radiother-
apy in meningiomas with a high risk of recurrence. A retrospective 
analysis. Strahlenther Onkol. 1998;174:624–8.

 61. Brower JV, Amdur RJ, Kirwan J, et al. Radiation therapy for optic 
nerve sheath meningioma. Pract Radiat Oncol. 2013;3:223–8. 
https://doi.org/10.1016/j.prro.2012.06.010.

 62. Otsuka S, Tamiya T, Ono Y, et al. The relationship between peri-
tumoral brain edema and the expression of vascular endothelial 
growth factor and its receptors in intracranial meningiomas. J 
Neurooncol. 2004;70:349–57.

 63. Cai R, Barnett GH, Novak E, et al. Principal risk of peritumoral 
edema after stereotactic radiosurgery for intracranial meningioma 
is tumor-brain contact interface area. Neurosurgery. 2010;66:513–
22. https://doi.org/10.1227/01.NEU.0000365366.53337.88.

 64. Lee KJ, Joo WI, Rha HK, et al. Peritumoral brain edema in menin-
giomas: correlations between magnetic resonance imaging, angi-

T. J. Harris et al.

https://doi.org/10.1016/j.ejrad.2006.06.002
https://doi.org/10.1016/j.ejrad.2006.06.002
https://doi.org/10.1007/s00234-006-0094-z
https://doi.org/10.1007/s00234-006-0094-z
https://doi.org/10.3174/ajnr.A0996
https://doi.org/10.1016/j.crad.2006.09.012
https://doi.org/10.3174/ajnr.A1170
https://doi.org/10.3174/ajnr.A1170
https://doi.org/10.1016/j.ijrobp.2010.07.039
https://doi.org/10.1016/j.ijrobp.2010.07.039
https://doi.org/10.1093/neuonc/not325
https://doi.org/10.1111/bpa.12174
https://doi.org/10.3171/2010.3.JNS091971
https://doi.org/10.3171/2012.3.JNS111945
https://doi.org/10.3171/2012.9.JNS12294
https://doi.org/10.3171/2012.9.JNS12294
https://doi.org/10.1227/01.NEU.0000310692.80289.28
https://doi.org/10.4065/73.10.936
https://doi.org/10.3171/jns.1985.62.1.0018
https://doi.org/10.3171/jns.1985.62.1.0018
https://doi.org/10.1016/j.radonc.2004.01.006
https://doi.org/10.1016/j.ijrobp.2008.09.012
https://doi.org/10.1016/j.ijrobp.2008.09.012
https://doi.org/10.1200/JCO.2001.19.15.3547
https://doi.org/10.1200/JCO.2001.19.15.3547
https://doi.org/10.1007/s00066-006-1535-7
https://doi.org/10.1007/s00066-006-1535-7
https://doi.org/10.1016/j.ijrobp.2009.01.066
https://doi.org/10.1016/j.radonc.2004.04.008
https://doi.org/10.1016/j.radonc.2004.04.008
https://doi.org/10.3171/jns.1994.80.2.0195
https://doi.org/10.1016/j.prro.2012.06.010
https://doi.org/10.1227/01.NEU.0000365366.53337.88


17

ography, and pathology. Surg Neurol. 2008;69:350–5; discussion 
355. https://doi.org/10.1016/j.surneu.2007.03.027.

 65. Rogers L, Barani I, Chamberlain M, et al. Meningiomas: knowl-
edge base, treatment outcomes, and uncertainties. A RANO 
review. J Neurosurg. 2015;122:4–23. https://doi.org/10.3171/201
4.7.JNS131644.

 66. Selch MT, Ahn E, Laskari A, et al. Stereotactic radiotherapy for treat-
ment of cavernous sinus meningiomas. Int J Radiat Oncol Biol Phys. 
2004;59:101–11. https://doi.org/10.1016/j.ijrobp.2003.09.003.

 67. Tanzler E, Morris CG, Kirwan JM, et al.  Outcomes of WHO 
Grade I meningiomas receiving definitive or postoperative radio-
therapy. Int J Radiat Oncol Biol Phys. 2011;79:508–13. https://
doi.org/10.1016/j.ijrobp.2009.11.032.

 68. Uy NW, Woo SY, Teh BS, et al. Intensity-modulated radiation 
therapy (IMRT) for meningioma. Int J Radiat Oncol Biol Phys. 
2002;53:1265–70.

 69. Hakim R, Alexander E 3rd, Loeffler JS, et al. Results of linear 
accelerator-based radiosurgery for intracranial meningiomas. 
Neurosurgery. 1998;42:446–53; discussion 453–4.

 70. Kollová A, Liscák R, Novotný J Jr, et al. Gamma Knife surgery for 
benign meningioma. J Neurosurg. 2007;107:325–36. https://doi.
org/10.3171/JNS-07/08/0325.

 71. Skeie BS, Enger PO, Skeie GO, et al. Gamma knife surgery of 
meningiomas involving the cavernous sinus: long-term follow-up 
of 100 patients. Neurosurgery. 2010;66:661–8; discussion 668–9. 
https://doi.org/10.1227/01.NEU.0000366112.04015.E2.

 72. Patil CG, Hoang S, Borchers DJ 3rd, et al. Predictors of peritu-
moral edema after stereotactic radiosurgery of supratentorial 
meningiomas. Neurosurgery. 2008;63:435–40; discussion 440–2. 
https://doi.org/10.1227/01.NEU.0000325257.58684.92.

 73. Ganz JC, Schrottner O, Pendl G. Radiation-induced edema after 
Gamma Knife treatment for meningiomas. Stereotact Funct 
Neurosurg. 1996;66(Suppl 1):129–33.

 74. Ganz JC, Backlund EO, Thorsen FA.  The results of Gamma 
Knife surgery of meningiomas, related to size of tumor and dose. 
Stereotact Funct Neurosurg. 1993;61(Suppl 1):23–9.

 75. Kondziolka D, Flickinger JC, Perez B.  Judicious resection and/
or radiosurgery for parasagittal meningiomas: outcomes from a 
multicenter review. Gamma Knife Meningioma Study Group. 
Neurosurgery. 1998;43:405–13; discussion 413–4.

 76. DiBiase SJ, Kwok Y, Yovino S. Factors predicting local tumor 
control after gamma knife stereotactic radiosurgery for benign 
intracranial meningiomas. Int J Radiat Oncol Biol Phys. 
2004;60:1515–9. https://doi.org/10.1016/j.ijrobp.2004.05.073.

 77. Pollock BE, Stafford SL, Link MJ, et al. Single- fraction radiosur-
gery for presumed intracranial meningiomas: efficacy and compli-
cations from a 22-year experience. Int J Radiat Oncol Biol Phys. 
2012;83:1414–8. https://doi.org/10.1016/j.ijrobp.2011.10.033.

 78. Unger KR, Lominska CE, Chanyasulkit J, et al. Risk factors for 
posttreatment edema in patients treated with stereotactic radiosur-
gery for meningiomas. Neurosurgery. 2012;70:639–45. https://
doi.org/10.1227/NEU.0b013e3182351ae7.

 79. Girvigian MR, Chen JC, Rahimian J, et al.  Comparison of early 
complications for patients with convexity and parasagittal meningio-
mas treated with either stereotactic radiosurgery or fractionated ste-
reotactic radiotherapy. Neurosurgery. 2008;62:A19–27; discussion 
A27–18. https://doi.org/10.1227/01.neu.0000325933.34154.cb.

 80. Shakir SI, Souhami L, Petrecca K, et al.  Prognostic factors for 
progression in atypical meningioma. J Neurosurg. 2018. https://
doi.org/10.3171/2017.6.JNS17120.

 81. Goyal LK, Suh JH, Mohan DS, et al. Local control and overall 
survival in atypical meningioma: a retrospective study. Int J Radiat 
Oncol Biol Phys. 2000;46:57–61.

 82. Bagshaw HP, Burt LM, Jensen RL, et al. Adjuvant radiotherapy 
for atypical meningiomas. J Neurosurg. 2017;126:1822–8. https://
doi.org/10.3171/2016.5.JNS152809.

 83. Aizer AA, Arvold ND, Catalano P, et al. Adjuvant radiation ther-
apy, local recurrence, and the need for salvage therapy in atypi-
cal meningioma. Neuro Oncol. 2014;16:1547–53. https://doi.
org/10.1093/neuonc/nou098.

 84. Hammouche S, Clark S, Wong AH, et al.  Long- term survival 
analysis of atypical meningiomas: survival rates, prognostic 
factors, operative and radiotherapy treatment. Acta Neurochir. 
2014;156:1475–81. https://doi.org/10.1007/s00701-014-2156-z.

 85. Komotar RJ, Iorgulescu JB, Raper DM, et al. The role of radio-
therapy following gross-total resection of atypical meningiomas. 
J Neurosurg. 2012;117:679–86. https://doi.org/10.3171/2012.7.
JNS112113.

 86. Ohba S, Kobayashi M, Horiguchi T, et al. Long-term surgical 
outcome and biological prognostic factors in patients with skull 
base meningiomas. J Neurosurg. 2011;114:1278–87. https://doi.
org/10.3171/2010.11.JNS10701.

 87. Aghi MK, Carter BS, Cosgrove GR, et al. Long-term recur-
rence rates of atypical meningiomas after gross total resection 
with or without postoperative adjuvant radiation. Neurosurgery. 
2009;64:56–60; discussion 60. https://doi.org/10.1227/01.
NEU.0000330399.55586.63.

 88. Talacchi A, Muggiolu F, De Carlo A, et al. Recurrent atypical 
meningiomas: combining surgery and radiosurgery in one effec-
tive multimodal treatment. World Neurosurg. 2016;87:565–72. 
https://doi.org/10.1016/j.wneu.2015.10.013.

 89. McGovern SL, Aldape KD, Munsell MF, et al. A comparison of 
World Health Organization tumor grades at recurrence in patients 
with non-skull base and skull base meningiomas. J Neurosurg. 
2010;112:925–33. https://doi.org/10.3171/2009.9.JNS09617.

 90. Kessel KA, Fischer H, Oechnser M, et al. High-precision 
radiotherapy for meningiomas: long-term results and patient-
reported outcome (PRO). Strahlenther Onkol. 2017. https://doi.
org/10.1007/s00066-017-1156-3.

 91. Hardesty DA, Wolf AB, Brachman DG, et al. The impact of 
adjuvant stereotactic radiosurgery on atypical meningioma recur-
rence following aggressive microsurgical resection. J Neurosurg. 
2013;119:475–81. https://doi.org/10.3171/2012.12.JNS12414.

 92. Jenkinson MD, Waqar M, Farah JO, et al. Early adjuvant radio-
therapy in the treatment of atypical meningioma. J Clin Neurosci. 
2016. https://doi.org/10.1016/j.jocn.2015.09.021.

 93. Rogers CL, Perry A, Pugh S, et al. Pathology concordance levels 
for meningioma classification and grading in NRG Oncology RTOG 
Trial 0539. Neuro Oncol. 2016;18:565–74. https://doi.org/10.1093/
neuonc/nov247.

 94. Harris AE, Lee JY, Omalu B, et al. The effect of radiosurgery 
during management of aggressive meningiomas. Surg Neurol. 
2003;60:298–305; discussion 305.

 95. Huffmann BC, Reinacher PC, Gilsbach JM. Gamma knife surgery 
for atypical meningiomas. J Neurosurg. 2005;102(Suppl):283–6.

 96. Kano H, Takahashi JA, Katsuki T, et al. Stereotactic radiosur-
gery for atypical and anaplastic meningiomas. J Neurooncol. 
2007;84:41–7. https://doi.org/10.1007/s11060-007-9338-y.

 97. Attia A, Chan MD, Mott RT, et al. Patterns of failure after 
treatment of atypical meningioma with gamma knife radiosur-
gery. J Neurooncol. 2012;108:179–85. https://doi.org/10.1007/
s11060-012-0828-1.

 98. Rogers L, Jensen R, Perry A. Chasing your dural tail: factors pre-
dicting local tumor control after gamma knife stereotactic radio-
surgery for benign intracranial meningiomas: In regard to DiBiase 
et  al. (Int J Radiat Oncol Biol Phys 2004;60:1515–1519). Int J 
Radiat Oncol Biol Phys. 2005;62:616–8; author reply 618–9. 
https://doi.org/10.1016/j.ijrobp.2005.02.026.

 99. Choi CY, Soltys SG, Gibbs IC, et al. Cyberknife stereotactic radio-
surgery for treatment of atypical (WHO grade II) cranial menin-
giomas. Neurosurgery. 2010;67:1180–8. https://doi.org/10.1227/
NEU.0b013e3181f2f427.

1 Meningioma

https://doi.org/10.1016/j.surneu.2007.03.027
https://doi.org/10.3171/2014.7.JNS131644
https://doi.org/10.3171/2014.7.JNS131644
https://doi.org/10.1016/j.ijrobp.2003.09.003
https://doi.org/10.1016/j.ijrobp.2009.11.032
https://doi.org/10.1016/j.ijrobp.2009.11.032
https://doi.org/10.3171/JNS-07/08/0325
https://doi.org/10.3171/JNS-07/08/0325
https://doi.org/10.1227/01.NEU.0000366112.04015.E2
https://doi.org/10.1227/01.NEU.0000325257.58684.92
https://doi.org/10.1016/j.ijrobp.2004.05.073
https://doi.org/10.1016/j.ijrobp.2011.10.033
https://doi.org/10.1227/NEU.0b013e3182351ae7
https://doi.org/10.1227/NEU.0b013e3182351ae7
https://doi.org/10.1227/01.neu.0000325933.34154.cb
https://doi.org/10.3171/2017.6.JNS17120
https://doi.org/10.3171/2017.6.JNS17120
https://doi.org/10.3171/2016.5.JNS152809
https://doi.org/10.3171/2016.5.JNS152809
https://doi.org/10.1093/neuonc/nou098
https://doi.org/10.1093/neuonc/nou098
https://doi.org/10.1007/s00701-014-2156-z
https://doi.org/10.3171/2012.7.JNS112113
https://doi.org/10.3171/2012.7.JNS112113
https://doi.org/10.3171/2010.11.JNS10701
https://doi.org/10.3171/2010.11.JNS10701
https://doi.org/10.1227/01.NEU.0000330399.55586.63
https://doi.org/10.1227/01.NEU.0000330399.55586.63
https://doi.org/10.1016/j.wneu.2015.10.013
https://doi.org/10.3171/2009.9.JNS09617
https://doi.org/10.1007/s00066-017-1156-3
https://doi.org/10.1007/s00066-017-1156-3
https://doi.org/10.3171/2012.12.JNS12414
https://doi.org/10.1016/j.jocn.2015.09.021
https://doi.org/10.1093/neuonc/nov247
https://doi.org/10.1093/neuonc/nov247
https://doi.org/10.1007/s11060-007-9338-y
https://doi.org/10.1007/s11060-012-0828-1
https://doi.org/10.1007/s11060-012-0828-1
https://doi.org/10.1016/j.ijrobp.2005.02.026
https://doi.org/10.1227/NEU.0b013e3181f2f427
https://doi.org/10.1227/NEU.0b013e3181f2f427


18

 100. Zhang M, Ho AL, D’Astous M, et al. CyberKnife stereotactic 
radiosurgery for atypical and malignant meningiomas. World 
Neurosurg. 2016;91:574–81 e571. https://doi.org/10.1016/j.
wneu.2016.04.019.

 101. Valery CA, Faillot M, Lamproglou I, et al. Grade II meningiomas 
and Gamma Knife radiosurgery: analysis of success and failure 
to improve treatment paradigm. J Neurosurg. 2016;125:89–96. 
https://doi.org/10.3171/2016.7.GKS161521.

 102. Dziuk TW, Woo S, Butler EB, et al. Malignant meningioma: an 
indication for initial aggressive surgery and adjuvant radiotherapy. 
J Neurooncol. 1998;37:177–88.

 103. Sughrue ME, Sanai N, Shangari G, et al. Outcome and survival fol-
lowing primary and repeat surgery for World Health Organization 
Grade III meningiomas. J Neurosurg. 2010;113:202–9. https://
doi.org/10.3171/2010.1.JNS091114.

 104. Milosevic MF, Frost PJ, Laperriere NJ, et al.  Radiotherapy for 
atypical or malignant intracranial meningioma. Int J Radiat Oncol 
Biol Phys. 1996;34:817–22.

 105. DeVries A, Munzenrider JE, Hedley-Whyte T, et al.  The role 
of radiotherapy in the treatment of malignant meningiomas. 
Strahlenther Onkol. 1999;175:62–7.

 106. Onodera S, Aoyama H, Katoh N, et al. Long-term outcomes of 
fractionated stereotactic radiotherapy for intracranial skull base 
benign meningiomas in single institution. Jpn J Clin Oncol. 
2011;41:462–8. https://doi.org/10.1093/jjco/hyq231.

 107. Chamberlain MC. Hydroxyurea for recurrent surgery and radiation 
refractory high-grade meningioma. |J Neurooncol. 2012;107:315–
21. https://doi.org/10.1007/s11060-011-0741-z.

 108. Chamberlain MC, Glantz MJ, Fadul CE.  Recurrent menin-
gioma: salvage therapy with long-acting somatostatin ana-
logue. Neurology. 2007;69:969–73. https://doi.org/10.1212/01.
wnl.0000271382.62776.b7.

 109. Johnson DR, Kimmel DW, Burch PA, et al. Phase II study of 
subcutaneous octreotide in adults with recurrent or progressive 
meningioma and meningeal hemangiopericytoma. Neuro Oncol. 
2011;13:530–5. https://doi.org/10.1093/neuonc/nor044.

 110. Norden AD, Raizer JJ, Abrey LE, et al. Phase II trials of erlotinib 
or gefitinib in patients with recurrent meningioma. J Neurooncol. 
2010;96:211–7. https://doi.org/10.1007/s11060-009-9948-7.

 111. Wen PY, Yung WK, Lamborn KR, et al. Phase II study of ima-
tinib mesylate for recurrent meningiomas (North American Brain 

Tumor Consortium study 01-08). Neuro Oncol. 2009;11:853–60. 
https://doi.org/10.1215/15228517-2009-010.

 112. Kaley T, Barani I, Chamberlain M, et al. Historical benchmarks 
for medical therapy trials in surgery- and radiation-refractory 
meningioma: a RANO review. Neuro Oncol. 2014;16:829–40. 
https://doi.org/10.1093/neuonc/not330.

 113. Ji Y, Rankin C, Grunberg S, et al. Double-blind phase III ran-
domized trial of the antiprogestin agent mifepristone in the treat-
ment of unresectable meningioma: SWOG S9005. J Clin Oncol. 
2015;33:4093–8. https://doi.org/10.1200/JCO.2015.61.6490.

 114. Rogers L, Zhang P, Vogelbaum MA, et al.  Intermediate- risk 
meningioma: initial outcomes from NRG Oncology/RTOG- 0539. 
J Neurosurg. 2017. https://doi.org/10.3171/2016.11.JNS161170.

 115. Pieper DR, Al-Mefty O, Hanada Y, et al. Hyperostosis associated 
with meningioma of the cranial base: secondary changes or tumor 
invasion. Neurosurgery. 1999;44:742–6; discussion 746–7.

 116. Katz TS, Amdur RJ, Yachnis AT, et al. Pushing the limits of radio-
therapy for atypical and malignant meningioma. Am J Clin Oncol. 
2005;28:70–4.

 117. Farzin M, Molls M, Kampfer S, et al. Optic toxicity in radiation 
treatment of meningioma: a retrospective study in 213 patients. 
J Neurooncol. 2016;127:597–606. https://doi.org/10.1007/
s11060-016-2071-7.

 118. Steinvorth S, Welzel G, Fuss M, et al. Neuropsychological out-
come after fractionated stereotactic radiotherapy (FSRT) for base 
of skull meningiomas: a prospective 1-year follow-up. Radiother 
Oncol. 2003;69:177–82.

 119. Meyers CA, Geara F, Wong PF, et al. Neurocognitive effects of 
therapeutic irradiation for base of skull tumors. Int J Radiat Oncol 
Biol Phys. 2000;46:51–5.

 120. Tishler RB, Loeffler JS, Lunsford LD, et al. Tolerance of cranial 
nerves of the cavernous sinus to radiosurgery. Int J Radiat Oncol 
Biol Phys. 1993;27:215–21.

 121. Leber KA, Bergloff J, Pendl G. Dose-response tolerance of the 
visual pathways and cranial nerves of the cavernous sinus to ste-
reotactic radiosurgery. J Neurosurg. 1998;88:43–50. https://doi.
org/10.3171/jns.1998.88.1.0043.

 122. Stafford SL, Pollock BE, Leavitt JA, et al. A study on the radiation 
tolerance of the optic nerves and chiasm after stereotactic radio-
surgery. Int J Radiat Oncol Biol Phys. 2003;55:1177–81.

T. J. Harris et al.

https://doi.org/10.1016/j.wneu.2016.04.019
https://doi.org/10.1016/j.wneu.2016.04.019
https://doi.org/10.3171/2016.7.GKS161521
https://doi.org/10.3171/2010.1.JNS091114
https://doi.org/10.3171/2010.1.JNS091114
https://doi.org/10.1093/jjco/hyq231
https://doi.org/10.1007/s11060-011-0741-z
https://doi.org/10.1212/01.wnl.0000271382.62776.b7
https://doi.org/10.1212/01.wnl.0000271382.62776.b7
https://doi.org/10.1093/neuonc/nor044
https://doi.org/10.1007/s11060-009-9948-7
https://doi.org/10.1215/15228517-2009-010
https://doi.org/10.1093/neuonc/not330
https://doi.org/10.1200/JCO.2015.61.6490
https://doi.org/10.3171/2016.11.JNS161170
https://doi.org/10.1007/s11060-016-2071-7
https://doi.org/10.1007/s11060-016-2071-7
https://doi.org/10.3171/jns.1998.88.1.0043
https://doi.org/10.3171/jns.1998.88.1.0043

	Foreword
	Preface
	Contents
	Editors and Contributors
	Part I: Brain Tumors: Benign
	1: Meningioma
	Learning Objectives
	Background
	Epidemiology
	Risk Factors
	Genetic Syndromes
	Radiation

	Staging/Diagnosis
	Prognostic/Predictive Factors Including Pathology
	Multimodality Management
	WHO Grade I Meningiomas
	Surgery
	Radiotherapy
	External Beam Radiotherapy
	Dose and Toxicities
	Stereotactic Radiosurgery


	WHO Grade II (Atypical) Meningioma
	Surgery
	Radiotherapy
	External Beam Radiotherapy
	Stereotactic Radiosurgery


	WHO Grade III (Anaplastic/Malignant) Meningioma
	Surgery
	Radiotherapy
	External Beam Radiotherapy

	Recurrent Meningioma
	Systemic Therapy
	Contemporary Clinical Trials
	EORTC 22042-26042
	RTOG 0539
	NRG Oncology BN003 and ROAM/EORTC1308



	Treatment Field Design/Target Delineation
	External Beam Radiotherapy
	Stereotactic Radiosurgery

	Normal Critical Structure Constraints
	Conclusion
	Case Study
	Self-Assessment Questions
	Answers
	References

	2: Pituitary Adenoma
	Learning Objectives
	Epidemiology
	Diagnosis and Prognosis
	Overall Treatment Strategy
	Indications for Radiotherapy
	Treatment Field Design/Target Delineation
	Radiation Dose Prescription and Organ at Risk Tolerances
	Complication Avoidance
	Radiation Toxicity: Acute and Late Effects
	Outcomes: Tumor Control and Survival
	Follow-up
	Cases
	Case 1
	Case 2

	Summary
	Self-Assessment Questions
	Answers
	References

	3: Craniopharyngioma
	Learning Objectives
	Craniopharyngioma
	Epidemiology
	Diagnosis and Prognosis
	Clinical Presentation
	Imaging

	Pathology and Pathogenesis
	Prognosis

	Overall Treatment Strategy
	Radiotherapeutic Management
	Conventional External Beam Radiation
	Stereotactic Radiosurgery
	Proton
	Treatment Outcomes

	Treatment-Related Toxicity
	Conclusions
	Case
	Summary
	Self-Assessment Questions
	Answers
	References

	4: Vestibular Schwannoma
	Learning Objectives
	Background
	Epidemiology
	Pathogenesis and Risk Factors
	Staging
	Staging of Acoustic Neuroma/Vestibular Schwannoma

	Diagnosis
	Pathology
	Prognosis
	Overall Treatment Strategy
	Observation
	Surgery
	Complications

	Radiation Therapy
	Indications for Irradiation
	Target Volume Delineation
	Complication Avoidance
	Radiation Toxicity: Acute and Late
	Outcomes: Tumor Control
	Fractionated Stereotactic Radiotherapy
	Stereotactic Radiosurgery


	Comparison of Stereotactic Radiosurgery and Fractionated Stereotactic Radiotherapy
	Hypofractionated Stereotactic Radiotherapy
	Proton Beam Therapy


	Predictive Factors of Tumor Growth and Course of the Disease
	Predictive Factors of Treatment Outcomes of Vestibular Schwannoma
	Follow-Up: Radiographic Assessment

	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References


	Part II: Brain Tumors: Malignant Gliomas
	5: Low-Grade Glioma
	Learning Objectives
	Background Epidemiology
	Risk Factors
	Diagnosis, Staging, Pathology, and Prognosis
	Symptoms and Presentation
	Radiographic Findings
	Pathology
	Molecular Classification
	1p/19q Codeletion
	Isocitrate Dehydrogenase (IDH 1 and IDH 2)
	Alpha-Thalassemia/Mental Retardation Syndrome X-Linked (ATRX)
	TP53
	Methyl Guanine Methyl Transferase (MGMT)
	Telomerase Reverse Transcriptase (TERT)

	Prognosis

	Treatment Strategy: A Multimodality Management Approach for Diffuse LGG
	Observation
	Surgery
	Radiation
	Chemotherapy
	Future Trials

	Radiation Dosing and Treatment Volumes
	Radiation Therapy: General Principles of Simulation and Target Delineation
	Radiation Dose Prescription, Organ-At-Risk Tolerances, and Toxicities
	Radiation Toxicity, Acute and Late: Complication Avoidance

	Proton Therapy
	Follow-Up and Recurrence
	Follow-Up: Radiographic Assessment
	Recurrent Disease

	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References

	6: High-Grade Gliomas
	Learning Objectives
	Diagnosis and Prognosis
	World Health Organization Pathologic Criteria 2016 Edition
	Overall Treatment Strategy
	Surgery
	Radiation
	Chemotherapy
	Treatment of Elderly Patients

	Indications for Irradiation
	Target Volume Delineation
	Radiation Dose Prescription and Organ at Risk Tolerances
	Conventional and Hypofractionated Radiation
	Stereotactic Radiation Therapy
	Brachytherapy

	Treatment Planning Complication Avoidances
	Radiation Toxicity, Acute and Late
	Outcomes: Tumor Control and Survival
	Follow-Up: Radiographic Assessment
	Recurrent Disease
	Chemotherapy
	Re-irradiation


	Key Studies
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References


	Part III: Spine: Benign
	7: Schwannomas and Neurofibromas
	Learning Objectives
	Epidemiology
	Diagnosis
	Pathology, Anatomical Considerations, and Prognosis
	Clinical Features
	Radiology

	Treatment Strategy
	Radiotherapy
	Radiosurgery
	Indications
	Target Delineation and Treatment Schedule
	Clinical Experiences
	Toxicity


	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	8: Spinal Meningioma
	Learning Objectives
	Epidemiology
	Diagnosis and Prognosis
	Overall Treatment Strategy
	Indications for Radiotherapy
	Indications for Radiosurgery
	Target Volume Delineation
	Radiation Dose Prescription
	Radiation Toxicity and Complication Avoidance
	Outcomes and Radiographic Assessment
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References


	Part IV: Spine: Malignant
	9: Astrocytic Tumors of the Spinal Cord
	Learning Objectives
	Background Epidemiology
	Risk Factors
	Staging
	Diagnosis
	Prognostic and Predictive Factors
	Multimodality Management Approach
	Surgery
	Radiation Therapy
	Radiation Techniques
	Prescribed Dose and Fractionation
	Treatment Field Design/Target Delineation
	Normal Critical Structure Tolerance Constraints
	Radiation Toxicity, Acute and Late
	Chemotherapy
	Failure Pattern
	Outcomes: Tumor Control and Survival
	Follow-Up
	Case Presentation

	Summary
	Self-Assessment Questions
	Answers
	References

	10: Spinal Cord Ependymoma
	Learning Objectives
	Background Epidemiology
	Familial Syndromes and Risk Factors
	Presentation and Diagnosis
	Classification, Pathology, and Imaging
	Prognostic and Predictive Factors
	Spinal Cord Myxopapillary Ependymoma, A Unique Subset
	Overall Treatment Strategy
	Indications for Irradiation
	Target Volume Delineation
	Radiation Dose Prescription and Organ at Risk Tolerances
	Complication Avoidance, Radiation Toxicity, Acute and Late
	Outcomes: Tumor Control and Survival
	Follow-Up: Radiographic Assessment
	Case Presentation: Highlight RT Management with Neuroimaging and Thought Process
	Summary
	Self-Assessment Questions
	Answers
	References


	Part V: Spine: Metastatic
	11: Metastatic Epidural Spinal Cord Compression: Conventional Radiotherapy
	Learning Objectives
	Background
	Epidemiology
	Pathophysiological Aspects
	Clinical Symptoms
	Diagnostic Procedures

	Prognostic and Predictive Factors
	Prognostic Factors for the Effect of Radiotherapy on Motor Deficits and Ambulatory Status
	Prognostic Factors for Local Control of MESCC
	Prognostic Factors for Overall Survival

	Multi-Modality Management Approach
	Radiotherapy Supplemented by Corticosteroids
	The Role of Bisphosphonates and Denosumab
	Chemotherapy in Addition to Radiotherapy
	Decompressive Surgery Followed by Radiotherapy

	Radiation Techniques and Dose Fractionation of Conventional Radiotherapy
	Radiotherapy Techniques
	Dose-Fractionation Regimens of Conventional Radiotherapy

	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References

	12: Vertebral Body Metastasis
	Learning Objectives
	Epidemiology
	Risk Factors
	Prognostic and Predictive Factors
	Multimodality Management Approach
	Radiation Treatment
	Conventional Radiotherapy
	Stereotactic Body Radiotherapy
	Indication for Spine SBRT
	Clinical Application of Spine SBRT
	Radiotherapy Techniques
	Simulation and Immobilization
	Target Delineation
	Organs-at-Risk Delineation and Dose-Volume Constraints
	Dose Prescription
	Treatment Planning and Delivery
	Treatment Verification

	Toxicity of SBRT
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References


	Part VI: Leptomeningeal Disease
	13: Evaluation and Workup of Leptomeningeal Disease
	Learning Objectives
	Introduction
	Incidence
	Anatomy
	Pathogenesis
	Clinical Presentation
	Prognosis
	Evaluation
	Neuroimaging
	MRI Brain
	MRI Spine
	Pitfalls
	CSF Flow Study
	Cerebrospinal Fluid Analysis
	Typical CSF Picture for LMD
	CSF Biomarkers
	Novel Techniques
	Circulating Tumor Cells (CTC)
	Cell-Stabilizing Agents

	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	14: Palliative Radiation Therapy for Leptomeningeal Disease
	Learning Objectives
	Background
	Diagnosis
	Multimodality Management Approach
	Supportive Care
	Pharmacotherapy
	Hydrocephalus and VP Shunt Placement

	Radiation Therapy for Leptomeningeal Metastases
	Involved-Field RT
	Involved-Field Treatment Planning
	Craniospinal Irradiation (CSI)

	Radiotherapy Toxicity
	Is WBRT Protective Against Subsequent Development of LM?
	Outcomes: Symptom Control
	Outcomes: Recurrence
	Outcomes: CSF Cytology Conversion
	Outcomes: Survival
	Results from Landmark and Modern Series
	Follow-Up
	Conclusions
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References


	Part VII: Optic Pathway Tumors
	15: Optic Pathway Gliomas
	Learning Objectives
	Epidemiology
	Risk Factors
	Diagnosis
	Clinical Presentation
	Diagnostic Imaging
	Pathology

	Overall Treatment Strategy
	Tissue Diagnosis
	Observation
	Surgery
	Chemotherapy
	Indication for Irradiation
	Target Volume Delineation and Radiotherapy Dose Prescription
	Organs at Risk and Tolerance Doses
	Radiation Toxicity: Acute and Late

	Radiotherapy Outcomes
	Tumor Control and Survival
	Visual Acuity

	Follow-Up: Radiographic Assessment
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References

	16: Optic Nerve Sheath Meningioma
	Learning Objectives
	Epidemiology
	Risk Factors
	Clinical Presentation
	Patterns of Growth
	Radiological Features
	Pathology

	Overall Treatment Strategy
	Observation
	Surgery
	Radiation Therapy
	Indications for Irradiation

	Target Volume Delineation
	Radiation Dose Prescription and Organ-at-Risk Tolerance
	Complication Avoidance When Treating ONSM with SFRT
	Toxicities
	Outcomes: Tumor Control and Survival
	Recommended Follow-Up Schedule
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers

	References


	Part VIII: Ocular Oncology
	17: Uveal Melanoma
	Learning Objectives
	Epidemiology
	Diagnosis
	Pathology
	Prognosis
	Treatment Paradigms
	Trans-Scleral Local Resection

	Transpupillary Thermotherapy (TTT)
	Brachytherapy
	Surgical Complications
	Brachytherapy Dose

	Charged Particle Radiation
	Stereotactic External Radiation
	Radiation Complications

	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References


	Part IX: Skull Base Tumor
	18: Skull Base Tumors
	Learning Objectives
	Introduction
	Admission Signs, Incidence, and Prevalence
	Risk Factors
	Common Signs and Symptoms
	Physical Examination Tips
	Incidence and Prevalence
	Olfactory Neuroblastoma
	Chordoma
	Chondrosarcoma
	Distinguishing Between Chordoma and Chondrosarcoma
	Jugulotympanic Paraganglioma (JTP; Glomus Jugulare Tumor, GJ)


	Diagnosis
	Imaging [49, 50]
	Case Study
	Staging

	Multimodality Management Approach
	Olfactory Neuroblastoma
	Chordoma
	Chondrosarcoma
	Jugulotympanic Paraganglioma

	Radiotherapy
	Indications for Radiotherapy
	Target Volume Determination and Delineation Guidelines
	Treatment Planning Assessment Steps
	Normal Critical Structure Tolerance Constraints
	Radiation Toxicity



	Conclusion
	Self-Assessment Questions
	Answers
	References


	Part X: Primary Central Nervous System Lymphoma
	19: Primary Central Nervous System Lymphoma
	Learning Objectives
	Epidemiology
	Risk Factors
	Diagnosis and Prognosis
	Treatment Strategy
	Surgery
	Radiation Therapy Alone
	Combined Chemotherapy and Radiation Therapy
	Omission of WBRT
	Altered WBRT Dose and Fractionation
	Autologous Stem Cell Transplantation
	Intensive Polychemotherapy Alone
	Ongoing Studies
	Salvage Therapy

	Indications for Irradiation
	Target Volume Delineation
	Radiation Dose Prescription and Organ-at-Risk Tolerances
	Complication Avoidance
	Radiation Toxicity
	Outcomes
	Follow-Up
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References


	Part XI: Rare Tumors
	20: Choroid Plexus Tumors
	Learning Objectives
	Background Epidemiology
	Risk Factors
	Prognostic and Predictive Factors
	Staging
	Imaging
	Multimodality Management Approach with Emphasis on Radiation Techniques with Guidance on Prescribed Dose and Fractionation
	Indications for Irradiation
	Treatment Field Design or Target Delineation
	Radiation Dose Prescription and Organ-at-Risk Tolerances
	Complication Avoidance
	Radiation Toxicity, Acute and Late

	Outcomes: Tumor Control and Survival
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	21: Hemangiopericytoma
	Learning Objectives
	Background Epidemiology
	Risk Factors
	Diagnosis: Pathologic and Radiographic
	Staging
	Multimodality Management Approach
	Indications for Irradiation
	Target Volume Delineation, Radiation Dose Prescription, and Organ at Risk Tolerances
	Radiation Toxicity: Acute and Late
	Prognostic and Predictive Factors
	Follow-Up: Radiographic Assessment
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References

	22: Stereotactic Radiosurgery for Hemangioblastomas
	Learning Objectives
	Background Epidemiology
	Risk Factors and Familial Syndromes
	Symptoms
	Diagnosis
	Multimodality Management Approach
	Expectant Management with Observation
	Surgical Management
	Indications for Irradiation
	Target Volume Delineation
	Radiation Dose Prescription and Normal Critical Structure Tolerance Constraints
	Radiation Toxicity: Stereotactic Radiosurgery Adverse Radiation Effects
	Prognostic Factors of Outcome
	Follow-Up
	Conclusion
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	23: NF2-Related Tumors and Malignant Peripheral Nerve Sheath Tumors
	Learning Objectives
	Background
	Epidemiology
	Risk Factors and Genetics
	Clinical Presentation
	Diagnosis and Screening
	NF2-Related Tumors
	Vestibular Schwannoma
	Epidemiology
	Diagnosis
	Overall Treatment Strategy for NF2-Related Vestibular Schwannoma
	Surgery
	Systemic Therapy

	Indications for Irradiation
	Radiation Technique
	Target Delineation
	Radiation Dose Prescription
	Toxicity and Normal Tissue Constraints
	Outcomes
	Follow-Up and Radiographic Assessment

	Meningioma
	Epidemiology
	Diagnosis
	Overall Treatment Strategy
	Indications for Irradiation
	Radiotherapy Technique
	Outcomes
	Follow-Up and Radiographic Assessment

	Malignant Peripheral Nerve Sheath Tumor
	Diagnosis and Prognosis
	Overall Treatment Strategy for Malignant Peripheral Nerve Sheath Tumors
	Surgery
	Systemic Therapy

	Indications for Irradiation
	Radiation Technique
	Target Delineation
	Radiation Dose Prescription
	Toxicity and Normal Tissue Constraints
	Outcomes
	Follow-Up and Radiographic Assessment

	Challenging Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	24: Germ Cell Tumors
	Learning Objectives
	Epidemiology
	Incidence and Prevalence
	Standard Mortality Ratio CBTRUS (Central Brain Tumor Registry of the United States)
	Risk Factors
	Familial Syndromes
	Non-suprasellar or Pineal Location

	Diagnosis and Prognosis
	Pathologic or Radiographic
	World Health Organization Pathologic Criteria (2016 Edition)
	Prognostic Factors and Molecular Subtypes


	Overall Treatment Strategy
	Chemotherapy Only
	The Role of High-Dose Chemotherapy

	COG Trials

	Indications for Irradiation
	Newly Diagnosed IGCT
	Recurrent Tumors

	Target Volume Delineation
	CSI
	Whole Brain or WVI
	Focal or Radiosurgery

	Radiation Dose Prescription and Organ-at-Risk Tolerances
	Complication Avoidance
	IMRT
	Proton

	Radiation Toxicity, Acute and Late
	Outcomes: Tumor Control and Survival
	Follow-Up: Radiographic Assessment
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References

	25: Pineal Region Tumors
	Learning Objectives
	Epidemiology
	Presentation and Symptoms
	Diagnosis
	Imaging
	Pineocytomas
	PPTIDs
	Pineoblastomas
	Papillary Tumors of the Pineal Region
	Histology and Prognosis
	Overall Treatment Strategy
	Indications for Irradiation
	Target Volume Delineation
	Fractionated Radiation

	Radiation Dose Prescription and Organ-at-Risk Tolerances
	Complication Avoidance
	Radiation Toxicity, Acute and Late
	Outcomes: Tumor Control and Survival
	Follow-Up: Radiographic Assessment
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	26: Glomus Tumors
	Learning Objectives
	Introduction
	Background/Epidemiology
	Diagnosis and Prognosis
	Pathologic or Radiographic
	Prognostic Factors and Molecular Subtypes

	Overall Treatment Strategy
	Indications for Radiation Therapy

	General Principles of Simulation and Target Delineation
	Treatment Planning Techniques
	Outcomes: Tumor Control and Survival
	Follow-Up: Radiographic Assessment
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	27: Adult Medulloblastoma
	Learning Objectives
	Epidemiology
	Incidence and Prevalence
	Standard Mortality Ratio CBTRUS (Central Brain Tumor Registry of United States)
	Risk Factors:
	Radiation and Heritable

	Familial Syndromes
	Diagnosis and Prognosis
	Radiographic Characteristic
	Staging Work-Up
	World Health Organization Pathologic Diagnostic Criteria 2016
	Molecular Subtypes
	Prognosis
	Multi-Modality Management Approach
	Surgery
	Chemotherapy
	Indication for Irradiation
	Treatment Field Design and Target Delineation
	Normal Critical Structure Tolerance and Constraints
	Complication Avoidance
	Radiation Toxicity, Acute and Late Toxicity
	Outcomes: Tumor Control and Survival
	Follow-Up: Radiographic Assessment
	Case Illustration
	Summary
	Self-Assessment Questions
	Answers
	References

	28: Intracranial Ependymoma
	Learning Objectives
	Introduction/Epidemiology
	Diagnosis and Prognosis
	Prognostic Factors
	Management
	Radiation Dose, Target Volume Delineation, Tumor Control, and Survival
	Acute- and Late-Term Sequelae of Radiation Toxicity
	Follow-Up
	Case Presentation: Highlight Radiation Therapy Management with Neuroimaging and Thought Process
	Summary
	Self-Assessment Questions
	Answers
	References

	29: Central Neurocytoma
	Learning Objectives
	Background/Epidemiology
	Diagnosis and Prognosis
	Clinical Presentation
	Radiologic Findings
	Pathologic Characteristics

	Overall Treatment Strategy
	Indications for Irradiation
	Target Volume Delineation
	Radiation Dose Prescription and Organ at Risk Tolerances
	Complication Avoidance
	Outcomes: Tumor Control
	Follow-Up: Radiographic Assessment
	Case Presentation
	Summary
	Self-Assessment Questions
	Answers
	References


	Part XII: Metastatic Brain Disease
	30: Prognostic Classification Systems for Brain Metastases
	Learning Objectives
	Introduction
	Classification Systems
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	31: Neurosurgical Management of Single Brain Metastases
	Learning Objectives
	Introduction
	Single Brain Metastases
	Surgery
	Radiosurgery
	Post-resection SRS
	Pre-resection SRS

	Self-Assessment Questions
	Answer Key
	References

	32: Multiple Brain Metastases
	Learning Objectives
	Background/Epidemiology/Risk Factors
	Presentation/Imaging Findings
	Prognostic and Predictive Factors
	Overall Treatment Strategy
	Surgery
	Radiation
	WBRT with or without SRS
	SRS with or without WBRT
	Radiation Planning for Single-Fraction SRS
	Fractionated SRS
	Systemic Therapy

	Specific Scenarios
	EGFR-Mutated and ALK-Rearranged Lung Cancer
	Small-Cell Lung Cancer
	Germ Cell Tumors
	Leptomeningeal Carcinomatosis

	Outcomes
	Radiation Toxicity
	Toxicities of WBRT
	Radiation Necrosis
	Damage to Other Normal Tissues
	Neurocognition

	Follow-Up
	Management of Recurrent or New Brain Metastases

	Specific Case Scenario
	Summary
	Self-Assessment Questions
	Answers
	References

	33: Postoperative Treatment for Brain Metastasis
	Summary
	Learning Objectives
	Factors Influencing Local Recurrence
	Whole Brain Radiation Therapy
	Radiosurgery to the Cavity Bed
	Distant Failure After Radiosurgery to Cavity
	Postoperative Treatment of Large Cavities
	Radiation to Resection Cavity with Whole Brain Radiation Therapy
	Preoperative SRS to Metastases
	Cavity Dynamics
	Adverse Effects of Radiosurgery to  the Cavity Bed
	Planning for Radiosurgery to Cavity
	Other Treatment Options
	Clinical Case Discussion
	Summary
	Self-Assessment Questions
	Answers
	References


	Part XIII: Vascular Conditions of the CNS
	34: Vascular Malformation
	Learning Objectives
	Background
	Epidemiology
	Presentation and Diagnosis
	Pathologic and Radiographic Findings
	Classification, Prognostic, and Predictive Factors
	Bleeding Risk
	Cavernous Malformations
	Grading Scales
	Multimodality Choices for Management Options

	Treatment Field Design/Target Delineation
	Normal Critical Structure Tolerance Constraints
	Complication Avoidance and Radiation Toxicities (Acute and Late)
	Outcomes
	Follow-Up/Radiographic Assessment
	Case Summary
	Summary
	Self-Assessment Questions
	Answers
	References

	35: Trigeminal Neuralgia
	Learning Objectives
	Background Definition/History
	Epidemiology
	Risk Factors

	Pathophysiology
	Clinical Presentation
	Diagnosis/Diagnostic Work-Up
	Multimodality Management Approach
	Medicinal Therapy
	Surgical Alternatives
	Microvascular Decompression
	Percutaneous Rhizotomies

	Irradiation Approach
	Effectiveness of SRS for TN
	SRS Treatment Morbidity and the Avoidance of Toxicity
	SRS Dose Prescription
	SRS Optimization of the Therapeutic Ratio
	Target Localization and Isocenter Placement
	SRS Target Delineation/Field Design
	SRS for MS Patients
	Repeat SRS Treatment for Recurrent TN After Initial GK SRS
	Comparative Analysis of SRS vs Other Surgical Alternatives for TN
	Follow-Up of GK SRS for TN

	Stereotactic Radiosurgical Technique and Procedure for Treatment of TN
	Patient Selection/Indications for GK SRS Treatment
	Imaging Protocol for GK SRS Treatment
	GK SRS Treatment Planning

	Illustrative TN Case Treated by GK SRS
	Summary
	Self-Assessment Questions
	Answers
	References


	Part XIV: Radiation Associated Complications
	36: Brain Radionecrosis
	Learning Objectives
	Incidence
	Presentation and Symptoms
	Diagnosis

	Radiographic Findings
	Conventional MRI
	Perfusion MRI
	MR Spectroscopy
	PET Imaging
	Imaging Summary

	Pathological Findings
	Management of Condition
	Medical Therapy
	Corticosteroids


	Antiangiogenic Agent: Bevacizumab
	Antioxidants Agents
	Edaravone
	Vitamin E and Pentoxifylline

	Hyperbaric Oxygen Therapy (HBOT)
	Local Therapies
	Surgery

	Laser Interstitial Thermal Therapy (LITT)
	Case Illustration
	Summary
	Self-Assessment Questions
	Answers
	References

	37: Spinal Cord Tolerance and Risk of Radiation Myelopathy
	Learning Objectives
	Introduction
	Structure and Function of the Spinal Cord
	Radiation Myelopathy (RM)
	Clinical Features
	Pathophysiology and Histopathology

	Radiobiology
	Mathematical Radiobiologic Modeling of Spinal Cord Data
	Radiobiological Issues Related to Spinal Cord Tolerance and SBRT

	Preclinical Studies of Spinal Cord Tolerance
	De Novo Radiation
	Uniform Versus Nonuniform Irradiation (Lateral Dose-Volume Effect)
	Longitudinal Dose-Volume Effects (Length Effect)
	Homogeneous Dose Distribution
	Inhomogeneous Dose Distribution (Bath and Shower Effect)
	Regional Variation in Cord Tolerance


	Re-irradiation
	Re-irradiation with Conventional Doses
	Re-irradiation with Single Dose Following Conventional Treatment
	Re-irradiation with SBRT Following Conventional Treatment
	Re-irradiation with Single Dose Following Hypofractionated Treatment and Effect of Timing Interval

	Clinical Data of Spinal Cord Tolerance
	De Novo Spinal Cord Tolerance with Conventionally Fractionated Radiation
	Spinal Cord Tolerance to De Novo Stereotactic Body Radiation Therapy (SBRT)
	Spinal Cord Tolerance to Re-irradiation with Conventional Fractionation
	Spinal Cord Tolerance to Re-irradiation with SBRT
	Following Previous Conventional External Beam Radiation
	Following Previous SBRT

	Extreme Re-treatment (>Two Courses of Radiation)

	Strategies to Mitigate RM
	Suggested Considerations and Guidelines for Safe Practice
	Summary
	Self-Assessment Questions
	Answers
	References

	38: Radiation Optic Neuropathy
	Learning Objectives
	Background and Epidemiology
	Diagnosis
	Diagnostic Tests
	Presentation and Symptoms
	Radiographic Findings
	Pathogenesis
	Associated Risk Factors

	Normal Critical Structure Tolerance and Constraints
	Retina
	Optic Nerve and Chiasm

	Treatment Options
	Case Illustration
	Radiation-Induced Optic Neuropathy

	Retinopathy
	Callout Text Boxes
	Section: Diagnosis
	Fundoscopic Findings of Radiation Retinopathy

	Section: Pathogenesis
	Risk Factors Associated with Radiation-Induced Optic Neuropathy


	Summary
	Self-Assessment Questions
	Answers
	References

	39: Cerebral Atrophy and Leukoencephalopathy Following Cranial Irradiation
	Learning Objectives
	Introduction
	Pathophysiology
	Risk Factors
	Leukoencephalopathy
	Cerebral Atrophy and Neurocognitive Decline
	Conclusions and Key Points
	Self-Assessment Questions
	Answers
	References

	40: Hypopituitarism
	Learning Objectives
	Background
	Introduction
	Normal Hypothalamic-Pituitary Axis (HPA)

	Neuroendocrine Dysfunction in Brain Tumor Patients
	Radiation and Hypothalamic-Pituitary Axis Injury
	Clinical Syndromes
	Growth Hormone Deficiency
	Gonadotropin Deficiency
	Early Sexual Maturation
	TSH Deficiency
	ACTH Deficiency
	Hyperprolactinemia


	Tolerances
	Growth Hormone Deficiency
	LH/FSH Deficiency
	Precocious Puberty
	TSH Deficiency
	ACTH Deficiency
	Hyperprolactinemia
	Stereotactic Radiation Therapy

	Screening
	Management
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	41: Neurocognitive Changes
	Learning Objectives
	Cancer-Related Cognitive Impairment
	Cognitive Symptoms Related to Brain Tumor
	Cognitive Effects of Systemic Treatment

	Radiation Treatment and Cognition
	Mitigating and Protective Interventions

	Neuropsychological Assessment
	Testing for Research
	Test Interpretation
	Measuring Change

	Case Example
	Background
	Neuropsychological Evaluation
	Results
	Impression

	Recommendations
	Summary
	Self-Assessment Questions
	Answers
	References

	42: Cranial Nerve Palsies, Vascular Damage, and Brainstem Injury
	Learning Objectives
	Detection and Diagnosis
	Tests to Evaluate
	Presentation, Symptoms, and Data from the Literature
	Optic Neuropathy
	CN III, IV, V, and VI
	CN VII and CN VIII
	CN IX, X, XI, and XII

	Vascular Injury
	Brainstem Injury
	Radiographic Findings
	Pathologic Findings
	Management of Complications
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References


	Part XV: Radiation Modalities Applied to CNS Tumors
	43: 3-D Conformal Therapy and Intensity-Modulated Radiation Therapy/Volumetric-Modulated Arc Therapy
	Learning Objectives
	Three-Dimensional Conformal Radiotherapy (3D-CRT)
	Intensity-Modulated Radiation Therapy (IMRT)
	Volumetric-Modulated Arc Therapy (VMAT)
	Plan Evaluation
	Planning Strategies: Glioma
	Case Study: Plan Comparison between Coplanar VMAT and Noncoplanar IMRT for a Right Frontoparietal Glioblastoma Multiforme Lesion
	Planning Strategies: Hippocampal Avoidance Whole Brain Radiation Therapy (HA-WBRT)
	Planning Strategies: Craniospinal Irradiation (CSI)
	Planning Strategies: Craniopharyngioma
	Planning Strategies: Pituitary Tumors
	Normal Tissue Tolerances
	Summary
	Self-Assessment Questions
	Answers
	References

	44: Linac-Based Stereotactic Radiosurgery and Hypofractionated Stereotactic Radiotherapy
	Definition of Stereotactic Radiosurgery and Hypofractionated Stereotactic Radiotherapy
	Principles and Techniques of Linac-Based Stereotactic Radiosurgery and Hypofractionated Stereotactic Radiotherapy
	History
	Important SRS/hfSRT Concepts
	Linac SRS/hfSRT Treatment Planning Considerations

	Clinical Applications of Stereotactic Radiosurgery and Hypofractionated Stereotactic Radiotherapy
	Hypofractionation
	Benign Tumors
	Vestibular Schwannomas (Acoustic Neuromas)
	Meningiomas
	Pituitary Adenomas


	Malignant Tumors
	Intracranial Metastasis
	Malignant/High-Grade Gliomas

	Physical Characteristics and Technical Considerations of Modern Linear Accelerator Platforms
	Radiation Production and Delivery with a Linear Accelerator
	Flattening Filter-Free Delivery

	Importance of Six Degrees of Freedom (6DOF) Immobilization, Setup, Verification, and Intrafraction Motion Monitoring
	Workflow in Linac-Based Radiosurgery
	Quality Assurance in Linac-Based Radiosurgery
	Conclusions
	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	45: Gamma Knife® Stereotactic Radiosurgery and Hypo-Fractionated Stereotactic Radiotherapy
	Learning Objectives
	Description and Evolution of Modality
	Immobilization Techniques and Image Guidance
	Leksell Stereotactic Frame
	Thermoplastic Mask
	Cone Beam CT
	Intra-Fraction Motion Management
	Treatment Planning
	Typical Dose Distribution
	Measures of Plan Quality
	Forward Planning
	Optimizer-Assisted Forward Planning
	Inverse Planning

	Dose Specification
	Single Session: SRS
	Multisession SRS (Hypo-Fractionated SRT)

	Treatment Delivery
	Frame-Based SRS
	Mask-Based SRS or Hypo-Fractionated SRT

	Quality Assurance and AAPM Task Group
	Purpose
	Method

	Case Study
	Summary
	Self-Assessment Questions
	Answers
	References

	46: Spinal Stereotactic Body Radiotherapy
	Key Terms
	Learning Objectives
	Introduction
	Modern Technical Standard for Practice
	Technology
	CyberKnife
	Technical Innovations to Adapt LINAC
	Treatment Delivery Unit Considerations

	Immobilization
	Image-Guidance System and Online Correction
	Planning Imaging
	Target Volumes
	Treatment Planning

	Patient Selection
	Epidural Disease Grading
	Mechanical Instability
	Neurologic Deficit
	Life Expectancy
	Indications and Contraindications

	Challenges with Response Interpretation
	Clinical Outcomes
	De Novo Spine SBRT
	Spine SBRT Following Previous Conventional External Beam Radiation
	Spine SBRT Following Previous SBRT
	Postoperative Spine SBRT

	Pattern of Relapse
	Toxicities and Dose Limits for Organs at Risk
	Pain Flare
	Vertebral Body Compression Fracture (VCF)
	Radiation Myelopathy
	GI Toxicity
	Toxicity Specific to Spine SBRT Following Previous Radiation
	Toxicity Specific to Postoperative Spine SBRT
	Optimal Dose and Fractionation

	Special Circumstance: Concurrent Spine SBRT with Targeted Therapy
	Cost-Effectiveness
	Treatment Surveillance and Follow-Up
	Ongoing Studies
	Clinical Case Discussion

	Summary
	Self-Assessment Questions
	Answers
	References

	47: Proton Beam Therapy (For CNS Tumors)
	Learning Objectives
	Description and Evolution of Proton Beam Therapy
	Clinical Indications

	Benign CNS Tumors
	Malignant CNS Tumors
	Re-irradiation
	Participation in Clinical Trials
	Immobilization Techniques and Image Guidance
	Treatment Planning
	Target Delineation
	Treatment Delivery Systems

	Typical Dose Distribution
	Dose Specification
	Quality Assurance
	Case Study
	Special Considerations
	Summary
	Self-Assessment Questions
	Answers
	References

	48: Brachytherapy
	Learning Objectives
	Evolution of Brachytherapy in CNS
	Radiobiology of Brachytherapy
	Physics of Brachytherapy
	Types of Sources Used for Brachytherapy
	Dose Specification

	Treatment Delivery Methods
	Permanent Seed Implant
	Temporary Seed Implant
	Other Treatment Options
	Spinal Plaques
	Spinal HDR Catheters

	Summary of Clinical Use of Brachytherapy for CNS Lesions
	Brain
	Introduction
	High-Grade Glioma
	Summary
	Low-Grade Glioma
	Summary
	Recurrent Gliomas
	Summary
	Metastatic Lesions
	Summary

	Spine
	Introduction
	LDR Brachytherapy in Management of Spinal Lesions
	Dural Plaque Brachytherapy of Spinal Lesions
	HDR Brachytherapy in Management of Painful Vertebral Lesions
	Summary


	Case Studies
	Case 1
	Case 2

	Summary
	Self-Assessment Questions
	Answers
	References


	Index

