Pediatric Hematology and Oncology

Pediatric Hematology and Oncology: Scientific Principles and Clinical Practice
Edited by Edward J. Estlin, Richard J. Gilbertson and Robert F. Wynn
© 2010 Blackwell Publishing Ltd. ISBN: 978-1-405-15350-8



This book is dedicated to all past, present and future children with cancer and the
people who care for them.



Pediatric
Hematology and
Oncology

Scientific Principles and Clinical Practice

EDITED BY

EDWARD J. ESTLIN BSc (Hons), PhD, MRCP, FRCPCH

Macmillan Consultant in Paediatric Oncology
Department of Paediatric Oncology

Royal Manchester Children’s Hospital
Manchester, UK

RICHARD J. GILBERTSON B.Med.Sci (Hons), MRCP, PhD

Co-Leader, Neurobiology and Brain Tumor Program
Director, Molecular Clinical Trials Core

Departments of Developmental Neurobiology and Oncology
St Jude Children’s Research Hospital

Memphis, TN, USA

ROBERT E. WYNN BA, MD, MRCP, FRCPath

Consultant Paediatric Haematologist and

Programme Director, Blood and Marrow Transplant Unit
Royal Manchester Children’s Hospital

Manchester, UK

%)WILEY-BLACKWELL

A John Wiley & Sons, Ltd., Publication



This edition first published 2010, © 2010 by Blackwell Publishing Ltd

Blackwell Publishing was acquired by John Wiley & Sons in February 2007. Blackwell’s publishing program
has been merged with Wiley’s global Scientific, Technical and Medical business to form Wiley-Blackwell.

Registered office: John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial offices: 9600 Garsington Road, Oxford, OX4 2DQ, UK
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK
111 River Street, Hoboken, NJ 07030-5774, USA

For details of our global editorial offices, for customer services and for information about how to apply for
permission to reuse the copyright material in this book please see our website at www.wiley.com/
wiley-blackwell

The right of the author to be identified as the author of this work has been asserted in accordance with the
Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted,
in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as
permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not
be available in electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand
names and product names used in this book are trade names, service marks, trademarks or registered
trademarks of their respective owners. The publisher is not associated with any product or vendor mentioned
in this book. This publication is designed to provide accurate and authoritative information in regard to the
subject matter covered. It is sold on the understanding that the publisher is not engaged in rendering
professional services. If professional advice or other expert assistance is required, the services of a competent
professional should be sought.

The contents of this work are intended to further general scientific research, understanding, and discussion
only and are not intended and should not be relied upon as recommending or promoting a specific method,
diagnosis, or treatment by physicians for any particular patient. The publisher and the author make no
representations or warranties with respect to the accuracy or completeness of the contents of this work and
specifically disclaim all warranties, including without limitation any implied warranties of fitness for a
particular purpose. In view of ongoing research, equipment modifications, changes in governmental
regulations, and the constant flow of information relating to the use of medicines, equipment, and devices, the
reader is urged to review and evaluate the information provided in the package insert or instructions for each
medicine, equipment, or device for, among other things, any changes in the instructions or indication of
usage and for added warnings and precautions. Readers should consult with a specialist where appropriate.
The fact that an organization or Website is referred to in this work as a citation and/or a potential source of
further information does not mean that the author or the publisher endorses the information the organization
or Website may provide or recommendations it may make. Further, readers should be aware that Internet
Websites listed in this work may have changed or disappeared between when this work was written and when
it is read. No warranty may be created or extended by any promotional statements for this work. Neither the
publisher nor the author shall be liable for any damages arising herefrom.

Library of Congress Cataloging-in-Publication Data

Pediatric hematology and oncology : scientific principles and clinical practice / edited by Edward J. Estlin,
Richard ]. Gilbertson, Robert F. Wynn.
p.;cm.

Includes bibliographical references.

ISBN 978-1-4051-5350-8

1. Pediatric hematology. 2. Tumors in children. I Estlin, Edward J. II. Gilbertson, Richard J.
III. Wynn, Robert F.

[DNLM: 1. Hematologic Diseases. 2. Child. 3. Neoplasms. WS 300 P3702 2010]

RJ411.P37 2010

618.92"15~-dc22

2009018585

ISBN: 978-14051-5350-8
A catalogue record for this book is available from the British Library.

Set in 9.25pt/12pt Minion by Toppan Best-set Premedia Limited
Printed in Singapore

1 2010



Contents

Contributors, vii

1 Introduction, 1

Edward ]. Estlin, Richard ]. Gilbertson and Robert F. Wynn

Part | Central Nervous System Tumors of
Childhood, 7

2 Low- and High-Grade Glioma, 9
Ian E. Pollack

3 Ependymoma, 24
Thomas E. Merchant and Richard ]. Gilbertson

4 Embryonal Tumors, 34
Amar Gajjar and Steven C. Clifford

5 Pediatric Spinal Cord Tumors, 52
Annie Huang, Ute Bartels and Eric Bouffet

6 Pediatric Craniopharyngioma, Mixed Glioneuronal Tumors,

and Atypical Teratoid/Rhabdoid Tumor, 62
Adrienne Weeks and Michael D. Taylor

Part Il Hematological Disorders, 75

7 Acute Lymphoblastic Leukemia, 77
Robert E. Wynn

8 Acute Myeloid Leukemia and Myelodysplastic
Disorders, 95
David K.H. Webb

9 Non-Hodgkin’s Lymphoma, 109
Angelo Rosolen and Lara Mussolin

10

11

Hodgkin’s Lymphoma, 130
Wolfgang Dérffel and Dieter Korholz

Histiocytic Disorders, 149
Sheila Weitzman and R. Maarten Egeler

Part lll Solid Tumors of Childhood, 163

12

13

14

15

16

17

18

19

Neuroblastoma, 165
Sucheta J. Vaidya and Andrew D. ]. Pearson

Renal Tumors, 193
Edward ]. Estlin and Norbert Graf

Soft Tissue Sarcoma, 216
Gianni Bisogno and John Anderson

Bone Tumors, 234
Richard Gorlick, Martha Perisoglou and Jeremy Whelan

Hepatic Tumors, 258
Penelope Brock, Derek ]. Roebuck and Jack Plaschkes

Germ Cell Tumors, 275
James Nicholson and Roger Palmer

Retinoblastoma, 306
Edward ]. Estlin, Frangois Doz and Michael Dyer

Rare Tumors, 319
Bernadette Brennan and Charles Stiller

Part IV Supportive Care, Long-Term Issues, and
Palliative Care, 333

20

Supportive Care: Physical Consequences of Cancer and its
Therapies, 335
Bob Phillips and Roderick Skinner



Contents

21 Psychosocial Needs of Children with Cancer and Their
Families, 360
Ged Lalor and Louise Talbot

22 Late Effects in Relation to Childhood Cancer, 367
Louise Talbot and Helen Spoudeas

23 Palliative Care, 392
Lynda Brook

vi

24 Clinical Trials Involving Children with Cancer —
Organizational and Ethical Issues, 415
Sue Ablett and Edward ]. Estlin

Index, 421

Colour plate appears facing page 184



Contributors

John Anderson BA MRCP PhD

Senior Lecturer in Paediatric Oncology

Honorary Consultant Paediatric Oncologist
Institute of Child Health and Great Ormond Street
Hospital

London, UK

Sue Ablett BA, PhD, MRCPCH

Executive Director

Children’s Cancer and Leukaemia Group (CCLG)
Leicester, UK

Ute Bartels mp

Pediatric Brain Tumor Program
The Hospital for Sick Children
Toronto, Ontario, Canada

Gianni Bisogno mp, Php
Consultant Paediatric Oncologist
Division of Hematology and Oncology
Department of Paediatrics

University Hospital of Padua

Padua, Italy

Eric Bouffet mp, Frcp(c)

Director of the Paediatric Brain Tumour Program
Professor of Paediatrics

Division of Haematology and Oncology

The Hospital for Sick Children

Toronto, Ontario, Canada

Bernadette Brennan MBcChB,

FRCPCH, MD

Consultant Paediatric Oncologist
Royal Manchester Children’s Hospital
Manchester, UK

Penelope Brock mp, PhD, FRCPCH
Consultant Paediatric Oncologist

and Honorary Senior Lecturer

Great Ormond Street Hospital for Children NHS
Trust

and Institute of Child Health

London, UK

Lynda Brook mBchB, MRCP, MSc

Macmillan Consultant in Paediatric Palliative Care
Alder Hey Children’s Hospital Specialist Palliative

Care Team

Department of Pediatric Oncology
Alder Hey Children’s Hospital
Liverpool, UK

Steven C. Clifford php

Professor of Molecular Paediatric Oncology
Northern Institute for Cancer Research
Newecastle University

The Medical School

Newecastle-upon-Tyne, UK

Wolfgang Dorffel mp
Hospital for Children and Adolescents
HELIOS-Klinikum Berlin-Buch
Berlin, Germany

Francois Doz mp
Department of Pediatric Oncology
Institute Curie;

University René Descartes

Paris, France

Michael Dyer phDp

Department of Developmental Neurobiology
St Jude Children’s Research Hospital;
Department of Ophthalmology

Howard Hughes Medical Institute

University of Tennessee Health Science Center
Memphis, TN, USA

R. Maarten Egeler mp, php
Professor of Pediatrics

Head, Division of Immunology, Hematology,
Oncology, Bone Marrow Transplantation and
Auto-immune Diseases

Department of Pediatrics

Leiden University Medical Center

Leiden, The Netherlands

Edward J. Estlin BSc(Hons), PhD,

MRCP, FRCPCH

Macmilllan Consultant in Paediatric Oncology
Department of Pediatric Oncology

Royal Manchester Children’s Hospital
Manchester, UK

Amar Gajjar mp

Director, Division of Neuro Oncology
Co-Leader, Neurobiology and Brain Tumor
Program

Co-Chair, Department of Oncology

St Jude Children’s Research Hospital
Memphis, TN, USA

Richard J. Gilbertson mp, phD
Co-Leader

Neurobiology and Brain Tumor Program
Director

Molecular Clinical Trials Core

Departments of Developmental Neurobiology
and Oncology

St Jude Children’s Research Hospital
Memphis, TN, USA

Richard Gorlick mp

Associate Professor of Pediatrics and Molecular
Pharmacology

Albert Einstein College of Medicine;

Vice Chairman

Division Chief of Pediatric Hematology and
Oncology

Department of Pediatrics

The Children’s Hospital at Montefiore

Bronx, New York, USA

Norbert Graf mp

Department of Paediatric Haematology and Oncology
University Hospital of Saarland

Homburg, Germany

Annie Huang M, PhD, FRCP(C)
Pediatric Brain Tumor Program

The Hospital for Sick Children
Toronto, Ontario, Canada

vii



Contributors

Dieter Kérholz mp

Chairman, Department of Pediatrics
Martin Luther University Halle/Wittenberg
Halle/Saale, Germany

Ged Lalor BA (Hons), cQsw
Social Worker

Department of Paediatric Oncology and
Haematology

Royal Manchester Children’s Hospital
Manchester, UK

Thomas E. Merchant po, php
Member and Chief

Division of Radiation Oncology

St Jude Children’s Research Hospital
Memphis, TN, USA

Lara Mussolin, php

Clinica di Oncoematologia Pediatrica
Azienda Ospedaliera-Universita di Padova
Padova, Italy

James Nicholson pm, MA, MB, Bchir,

MRCP, FRCPCH

Consultant Paediatric Oncologist
Addenbrooke’s Hospital
Cambridge, UK

Roger Palmer Bsc (Hons), PhD MB, BChir,

MRCP(UK), MRCPCH

MRC Career Development Fellow
MRC Cancer Cell Unit
Cambridge, UK

Andrew D. J. Pearson mp, FRCP,

FRCPCH, DCH

Chairman of Paediatric Oncology

The Institute of Cancer Research & Royal
Marsden Hospital

Sutton, Surrey, UK

Martha Perisoglou mp
Richard Scowcroft Research Fellow
Department of Oncology
University College Hospital
London, UK

Bob Phillips ma, BM BCh, MMedsci,
MRCPCH

Consultant in Paediatric Oncology,

Leeds Teaching Hospitals Trust, Leeds
UK;

MRC Research Fellow, Centre for Reviews
and Dissemination,

University of York,

York, UK

viii

Jack Plaschkes mp, Frcs

Senior Pediatric Surgeon and Consultant for
Pediatric Surgical Oncology (Ret.)
University Children’s Hospital

Bern, Switzerland

lan F. Pollack, mp, FAcs, FaAP
Chief, Pediatric Neurosurgery

Children’s Hospital of Pittsburgh

Walter Dandy Professor of Neurosurgery
Vice Chairman for Academic Affairs
Department of Neurological Surgery
Director, UPCI Brain Tumor Program
University of Pittsburgh School of Medicine
Pittsburgh, PA, USA

Derek J. Roebuck MRCPCH FRCR FRANZCR
Consultant Interventional Radiologist

Department of Radiology

Great Ormond Street Hospital for Children

NHS Trust

London, UK

Angelo Rosolen mp

Clinica di Oncoematologia Pediatrica
Azienda Ospedaliera-Universita di Padova
Padova, Italy

Roderick Skinner Bsc (Hons), MB ChB
(Hons), PhD, FRCPCH, DCH, MRCP(UK)

Consultant and Honorary Clinical Senior Lecturer
in Paediatric and Adolescent Oncology / BMT
Children’s BMT Unit

Newcastle General Hospital

Newcastle upon Tyne, UK;

Department of Paediatric and Adolescent Oncology
Royal Victoria Infirmary

Newcastle upon Tyne, UK

Helen Spoudeas DRCOG, FRCPCH,

FRCP, MD

Consultant in Neuro-Endocrine and Late Effects of
Childhood Malignancy

Honorary Senior Lecturer in Paediatric
Endocrinology

London Centre for Paediatric and Adolescent
Endocrinology Neuroendocrine Division
University College London & Great Ormond Street
Hospital for Children NHS Trust

London, UK

Charles Stiller msc

Senior Research Fellow

Childhood Cancer Research Group
University of Oxford

Oxford, UK

Louise Talbot b.Clin.Psy., BSc (Hons)
Macmillan Clinical Psychologist

Paediatric Psychosocial Department

Royal Manchester Children’s Hospital
Manchester, UK

Michael D. Taylor mp, Php, FRCS
Assistant Professor

Department of Neurosurgery

The Hospital for Sick Children

Toronto, Ontario, Canada

Sucheta J. Vaidya mess, bcH, MB, MD
Consultant in Paediatric Oncology

Royal Marsden Hospital

Sutton, Surrey, UK

David K.H. Webb wmb, FrRcp, MRCPath,
MRCPCH

Consultant Haematologist

Department of Haematology and Oncology
Great Ormond Street Hospital for Children
NHS Trust

London, UK

Adrienne Weeks mp
Department of Neurosurgery
The Hospital for Sick Children
Toronto, Ontario, Canada

Sheila Weitzman mB Bch, FCP (SA),

FRCP (C)

Senior Staff Oncologist

Associate Director Clinical Affairs

The Division of Haematology and Oncology
The Hospital for Sick Children

Professor, Department of Pediatrics
University of Toronto

Toronto, Ontario, Canada

Jeremy Whelan mp, Frcp
Consultant Medical Oncologist
Department of Oncology
University College Hospital
London, UK

Robert F. Wynn BA, MD, MRCP, FRCPath
Consultant Paediatric Haematologist

and Programme Director

Blood and Marrow Transplant Unit

Royal Manchester Children’s Hospital
Manchester, UK



Plate 3.1 Pathology image demonstrating rosette formation.
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Plate 3.2 Dosimetry differences based on clinical target volume (CTV) margins.
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Plate 4.1 Medulloblastoma histopathological
variants. a, The classic medulloblastoma consists of
uniform densely packed cells with round nuclei
(x400). b, The desmoplastic/nodular
medulloblastoma contains nodules of neurocytic
cells and internodular desmoplastic regions of more
pleomorphic cells with polyhedral nuclei (x40).

¢, Pleomorphic nuclei molded to one another in a
paving-stone pattern and abundant mitotic figures
characterize the anaplastic variant (x120).

d, Such cells are also seen in the large cell
medulloblastoma, which also contain groups of
large cells with a single nuceolus (x120). All
hematoxylin & eosin. (Pictures courtesy of Dr David
Ellison, MD, PhD.)

Plate 9.1 Histologic and immunophenotypical
analysis of pediatric non-Hodgkin lymphoma. a,
Burkitt's lymphoma: a low-power view of a lymph
node involved by Burkitt's lymphoma demonstrating
numerous tangible body macrophages conferring the
‘starry sky appearance’ (x50, hematoxylin & eosin
stain). b, High-power view of the same specimen as
(a). A vesicular chromatin and a relatively
monomorphic pattern is evident. Burkitt lymphoma
cells have a scant cytoplasm and prominent nucleoli
(x600, hematoxylin & eosin stain). ¢, Anaplastic
large cell lymphoma (ALCL): classic variant of
anaplastic large-cell lymphoma with numerous large
tumor cells including multinucleated and wreath-like
forms (x400, hematoxylin & eosin stain). d, ALCL:
classic pattern of anaplastic lymphoma kinase (ALK)
staining of an ALCL with a t(2; 5) containing tumor
with nuclear and cytoplasmic staining (x20,
anti-ALK immunohostochemical stain). e, Precursor
T-lymphoblastic lymphoma. Lymph node is
completely infiltrated by blast cells with minimal
cytoplasm, inconspicuous nucleoli and fine
chromatin (x400, hematoxylin & eosin stain). f,
Precursor T-lymphoblastic lymphoma. The panel
shows diffuse effacement of lymph node architecture
by an infiltrate of blast cells with minimal cytoplasm
and typical intense staining with anti-TdT antibody
(%400, anti-TdT immunohistochemical stain).



Plate 12.1 Undifferentiated neuroblastoma.
Plate 12.2 Differentiating neuroblastoma.

Plate 12.3 Ganglioneuroblastoma (intermixed). Plate 12.4 Ganglioneuroma.

Plate 17.1 Neonatal sacrococcygeal teratoma (Altman Type ).



Plate 18.1 Retinoblastoma as visualized by retinography (a—e) and indirect ophthalmoscopy (f) as examples of the ABC Grouping System for retinoblastoma. The Figure
designations denote the equivalent description from the ABD Grouping System.



Introduction

Edward J. Estlin’, Richard J. Gilbertson’ and Robert F. Wynn?

! Department of Pediatric Oncology, Royal Manchester Children’s Hospital, Manchester, UK, > Departments of Developmental
Neurobiology and Oncology, St Jude Children’s Research Hospital, Memphis, TN, USA and *Blood and Marrow Transplant
Unit, Royal Manchester Children’s Hospital, Manchester, UK

Scope and aims

The aim of this textbook is to provide the reader with a focused
but comprehensive overview of the clinical and scientific princi-
ples that guide current treatments for childhood cancer. For this
purpose, the book is divided into four sections, namely central
nervous system tumors, hematological malignancies, non-central
nervous system (CNS) solid tumors of childhood, and a final
section which covers psycho-social support, palliative care and
survivorship issues.

For each of the disease specific chapters, our aim is to present
the reader with information that is visually distinctive and should
allow easy access to key factual information that relates to the
epidemiology, presentation, diagnosis, treatment, and prognosis
for individual categories of childhood malignancy, along with a
brief overview given of the history of therapeutic developments
for any given disease type. To facilitate this, the paragraphs will
contain regular bullet points to highlight the presentation of key
factual information, tables and fact boxes which we hope will
enable any reader to quickly pick out important information in
relation to the disease type they are interested in.

Progress for the treatment of children’s cancers has tradition-
ally involved advances at the scientific interface such as the rec-
ognition of the importance of chromosomal abnormalities,
oncogene amplification and aberrations of tumor suppressor
gene functions. In more recent times, advances in our under-
standing of the cellular biological characteristics of cancers is
leading towards new insights that can enable a more rational
treatment stratification and is also leading towards the develop-
ment of specific and targeted therapies. Therefore, each of the
disease-specific chapters will focus on an integration of the sci-
entific and clinical principles that guide the treatment for these
individual cancer types, and introduce the reader to advances in
the field that are at the level of the clinical interface. Therefore,
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in order to help orientate the reader with the scientific informa-
tion that is incorporated into individual chapters in the rest of
the text book, the aim of this introduction is to help define those
key scientific principles that pertain to the contemporary man-
agement of children with cancer, and which are currently inform-
ing novel therapies that are now close to or actually at the clinical
interface.

For the descriptions that will be presented below, our aim is
not to provide an exhaustive text and reference resource for the
reader, but really to highlight the key terms and scientific princi-
ples that will serve as a glossary for the main body of the text book
to follow, and which will involve referencing against contempo-
rary textbooks and review articles that act as a starting point for
further reading.

The epidemiology of childhood cancer

When compared with the adult population, cancer in children is
rare and comprises less than 1% of the national cancer burdens
of industrialized countries [1]. Moreover, whereas most adult
cancers are carcinomas, the cancers that occur in childhood are
histologically very diverse and comprise [2]:

+ Leukemia, myeloproliferative diseases and myelodysplastic
diseases.

+ Lymphomas and reticuloendothelial neoplasms.

+ CNS tumors.

+ Neuroblastoma and other peripheral nervous cell tumors.

+ Retinoblastoma.

+ Renal tumors.

+ Hepatic tumors.

+ Malignant bone tumors.

+ Soft tissue and other extra osseous sarcomas.

* Germ cell tumors, trophoblastic tumors, and neoplasms of
the gonads.

+ Other malignant epithelial neoplasms and malignant
melanoma.

+ Other unspecified malignant neoplasms.



Chapter 1 Introduction

Thus, for children, carcinomas are rare, and the majority of
cancers present as acute leukemia, lymphoma (non-Hodgkin’s
lymphoma, Hodgkin’s disease), sarcoma (osteogenic sarcoma,
rhabdomyosarcoma), germ cell tumor and embryonal malignan-
cies (neuroblastoma, nephroblastoma, medulloblastoma, hepa-
toblastoma). Embryonic tumors, which are thought to arise
during intra-uterine or early post-natal development from an
organ rudiment or immature tissue, and form structures that are
characteristic of the affected part of the body, are rare in adults.

The age-standardized incidence of all cancers in children under
the age of 15 years is between 70 and 160 per million children per
year, corresponding to a risk of 1 in 100 to 1 in 400, and an annual
worldwide incidence of approximately 160 000 new cases per year
[2]. The epidemiology of childhood cancers is characterized by
[1,2]:

+ The incidence is highest in the first 5 years of life, reaches a
nadir at 9-10 years of age and then rises thereafter.

+ Boys are affected more than girls.

+ While total incidence rates vary only modestly between world
regions, there is more marked variation for diagnostic subgroups.
For example, among children of North America and Europe,
acute leukemia forms the largest diagnostic sub-group, account-
ing for one-third of the total number of cases, with a lower
incidence seen for sub-Saharan Africa, where lymphomas pre-
dominate as the most frequent childhood cancer.

+ Within geographical regions, there are indications that racial
influences may form a part in the susceptibility of children to
cancer. For example, whereas in the USA, the incidence rates for
acute lymphoblastic leukemia are highest for children of Hispanic
origin, and lower for those of Afro-American ethnicity, the inci-
dence of Wilms’ tumor is lowest for this latter ethnic group.

+ Brain and spinal cord tumors are second only to leukemia in
industrialized countries, where they account for 20-25% of child-
hood cancer. The lower recorded incidence in developed coun-
tries may represent under diagnosis.

+ Neuroblastoma and nephroblastoma have a fairly constant
incidence rate worldwide.

+ Environmental influences play a part in the variations of the
incidence rate for individual cancers types found worldwide.

+ Embryonal tumors and common acute lymphoblastic leu-
kemia tend to affect younger children, osteogenic sarcoma and
Hodgkin’s disease are more a diagnosis of adolescence, and rhab-
domyosarcoma has bi-modal peaks with both younger children
and adolescents being affected.

However, for the great majority (>95%) of cases of childhood
cancer the causation is unknown, but those factors that are
known to increase the risk of childhood are indicated in Box 1.1,
and can be generally categorized as:

* Genetic causes — The largest contributions here come from
heritable retinoblastoma, neurofibromatosis type 1 (NF1), tuber-
ous sclerosis and the Li-Fraumeni syndrome. For example, chil-
dren with NF1 have a relative risk for glioma and soft tissue
sarcoma of 40, and germline mutations of the tumor suppressor
gene TP53 (Li-Fraumeni genetic abnormality) are present in

Box 1.1 The epidemiology of childhood cancer.

+ Genetic causes — retinoblastoma, neurofibromatosis type 1,
tuberous sclerosis, Li-Fraumeni cancer family syndrome

Constitutional chromosomal disorders — Down’s syndrome,
Turners syndrome

Inherited immunodeficiency and bone marrow failure
syndromes

* Irradiation

* Infection

most children with adrenocortical carcinoma and about 10% of
children with rhabdomyosarcoma.

+ Infection — associated with Epstein-Barr virus (Hodgkin’s
lymphoma & nasopharyngeal carcinoma), hepatitis B (hepatocel-
lular carcinoma) and Human Herpes Virus 8 (Kaposi sarcoma),
a phenomenon that at least in part explains some of the world-
wide differences for the incidence rates of these diseases.

+ Although the subject of extensive investigation, the influence
of other environmental factors such as ultraviolet light, electro-
magnetic fields is uncertain, although the Chernobyl nuclear dis-
aster has seen an associated increase in thyroid cancer in children
of the affected geographical region.

Genetics in relation to children’s cancers

The study and investigation of the genetics of children’s cancers
has led to important advances in the understanding of the epide-
miology and causation of certain malignancies such as retinoblas-
toma; the recognition of karyotypic abnormalities provides a vital
part of the diagnosis and risk stratification for therapy of many
children’s cancers. Some examples are described as follows:

+ Philadelphia chromosome, which represents translocation
between chromosomes 9 and 22 [t(9;22)], confers an adverse
prognosis when this is associated with the diagnosis of acute
lymphoblastic leukemia in children [3].

+ Other translocations such as the translocation involving chro-
mosomes 11 and 22 [t(11;22)] can help define disease entities
such as Ewing’s tumor and malignant peripheral neuroectoder-
mal tumor from their differential diagnoses [4].

+ Chromosome losses from 1p and 11q and gain of chromo-
somal material for 17q for neuroblastoma are associated with an
adverse outcome for this cancer type [5].

The chromosomal translocations described for acute lym-
phoblastic leukemia (ALL) and Ewing’s tumor above promote
the malignant phenotype of these cancers. For example, the
Ewing’s tumor gene translocation results in an oncogenic tran-
scription factor, EWS-Fli-1, and the Philadelphia translocation
results in production of a constitutively active receptor kinase,
ber-abl, which has influences on proliferation, cell cycle control,



and cell death. The recognition of the links between the genetics
of cancer and subsequent cellular biological functions are leading
to advances in therapy with mechanism-based compounds, such
as imatinib in the case of ber-abl positive leukemia [3].

Cellular and molecular biology in relation to
children’s cancers (Box 1.2)

Receptor kinases and intracellular signalling

Although underlying genetic abnormalities such as loss of tumor
suppressor function and gain of oncogenic gene activity may
underlie the pathogenesis of individual cancers in children,
science is now bringing us insights into the processes that are
important as biological determinants of the malignant phenotype
in cancer cells. For example, extracellular growth factor/cytokines
or mitogens can bind to receptors on the cell surface that are
linked to receptor kinases, or these cell surface receptors can be
constitutively active [6]. Such ligand/receptor interactions can
lead to:

+ The activation of intercellular signalling pathways such as Akt/
PI3, mTOR and MAP kinases, which in turn leads to:

+ The dysregulation of various cellular activities such as gene
expression, mitosis, differentiation, cell survival/apoptosis and
motility, and invasiveness.

Moreover, genetic mutations can also lead to dysregulation of
intracellular signalling, as in the example of loss of the inhibitory
effect of PTEN function on Akt/PI3 signalling by gene deletion
[7], or the loss of tumor suppressor gene function by gene pro-
moter methylation as in the example of Ras-association domain
family 1. Proteins in the ras family are very important molecular
switches for a wide variety of signal pathways that control such
processes as cellular skeletal integrity, proliferation, cell adhe-
sion, apoctosis and migration. Ras-related proteins are often
deregulated in cancers, leading to increased invasion and metas-
tases, and decreased apoctosis. Ras activates a number of path-
ways, but especially an important one seems to be the mitogen-
activated protein kinases, which themselves transmit signals
downstream to other protein kinases and gene-regulatory pro-
teins. Inappropriate activation of the gene can occur when tumor

Box 1.2 Cancer biology and immunology.

Loss of tumor suppressor function or amplification of
oncogenic function promotes malignant phenotype

Dysregulation of cellular signalling

Deregulation of cell cycle control

Disordered proliferation, metastases and survival

Knowledge informing treatment stratifications and novel
therapies

Immunological properties exploited in diagnosis and therapy.

Chapter 1 Introduction

suppressor genes are lost, such as the tumor suppressor gene
NF1, and ras oncogenes can be activated by point mutations to
be constitutively activated [8].

The biological characteristics of cancers are also influenced by
their environment. For example, tissue hypoxia is known to con-
tribute to the pathogenesis and maintenance of the malignant
phenotype, and interaction between the physicochemical proper-
ties of cancers and biological systems that control cellular prolif-
eration, migration, and survival is now increasingly well
understood. As a particular example of this, the vascular endothe-
lial growth factor family of ligands and receptors are modulated
by hypoxia, and has now been extensively studied for both chil-
dren’s and adult malignancies. This in turn is bringing forward
the rational introduction of novel mechanism-based therapies
that aim to disrupt specific processes important for the pathogen-
esis of cancer [9], rather than attempting to cause cancer cell
death by non-specific DNA damage as in the case of most con-
ventional cytotoxic agents as will be discussed below.

Cell cycle control

Cell cycle progression is monitored by surveillance mechanisms,
or cell cycles checkpoints, that ensure that initiation of a later
event is coupled with the completion of an early cell cycles event.
Dysregulation of the progression of cells through the cell cycles
is also a feature of malignant cells, and defects in certain mol-
ecules such as p53, the retinoblastoma protein (pRb) and cyclin
kinase inhibitors (e.g. p15, p16, p21) that control the cell cycle
have been implicated in cancer formation and progression [10].
Virtually all human tumors degregulate either the retinoblast-
oma (pRb/p16(INK4a)/cyclin D1) and/or p53 (p14 (ARF)/mdm?2/
p53) control pathways [10].

One of the most studied control systems in cancer involves
p53, otherwise known as protein 53, a transcription factor that
regulates the cell cycle, and hence functions as a tumor suppres-
sor [11].

+ p53 has many anti-cancer mechanisms in that it can activate
DNA repair proteins when DNA has sustained damage, it can
hold the cell cycle at the G1/S regulation point upon DNA damage
recognition, and it can initiate apoptosis if the DNA damage
proves to be irreparable [11].

+ In normal cells, p53 is usually inactive, bound to the protein
MDM2, which prevents its action and promotes its degradation
by acting as a ubiquitin ligase. Upon DNA damage or other stress,
various pathways will lead to the association of P53 and the
MDM2 complex [12].

Once activated, P53 will either induce cell cycle arrest to allow
repair and survival of the cell or apoptosis to discard the damaged
cell. How p53 makes this choice is currently unknown.

If the p53 gene is damaged, then tumor suppression is severely
impaired. People who inherit only one functional copy of the p53
gene, TP53, are at risk of developing tumors in early adulthood,
a disease known as the Li-Fraumeni cancer family syndrome.
Indeed, more than 50% of human tumors contain a mutation or
deletion of the TP53 gene [2]. The occurrence of retinoblastoma
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serves as a paradigm for the effects of loss of the tumor suppressor
function of pRb, and this will be discussed in Chapter 18 of the
textbook.

Cancer biology and risk stratification

Advances in our understanding of the biology of childhood
cancer are providing new insights into prognosis and will serve
to underpin rational approaches to the stratification of treat-
ments. For example, whereas an adverse prognosis for childhood
medulloblastoma is found to relate to the growth factor receptor
erb-b2 expression [13], nuclear accumulation of beta-catenin is
associated with the activation of the Wnt/Wg signalling pathway
and a more favorable prognosis [14]. This information may allow
a staged reduction in the radiotherapy burden for the treatment
of medulloblastoma, and also promote the development of spe-
cific mechanism-base therapies [15].

Cancer immunology

Knowledge of the immunology of childhood cancer is important
for the diagnosis of childhood leukemias and can also be exploited
for the therapy of childhood cancers. For example, the cluster of
differentiation (CD nomenclature) has been developed to char-
acterize the monoclonal antibodies that have been generated
against epitopes on the surface molecules of leucocytes.

+ The CD system is commonly used as cell markers; this allows
cells to be defined based on what molecules are present on their
surface.

+ CD molecules are utilized in cell sorting using various methods,
including flow cytometry, and can be used for the recognition of
stem cells (CD34+, CD31-): all leukocyte groups, (CD45+): T
lymphocytes, (CD3+) and B leukocytes, (CD19+).

The immune system can also be utilized to direct therapy
against the cancers themselves. For example, dendritic cell-based
immunotherapy utilizes dendritic cells, which are antigen-pre-
senting cells that are harvested from patients to activate a cyto-
toxic response towards an antigen. Briefly, the dendritic cells are
harvested from patients, these cells are then either incubated with
an antigen or infected with a viral vector, and the activated den-
dritic cells are then transfused back into the patient. These cells
then present the tumor-associated antigens to the effector lym-
phocytes, namely CD4+ T-cells and CD8+ T-cells, and some
classes of B lymphocyte also. A similar procedure exists for T
cell-based adoptive immunotherapy, which sees T-cells that have
a natural or genetically-engineered reactivity to a patient’s cancer
expanded in vitro and than adoptively transferred into the cancer
patient [16].

In the situation of bone marrow transplantation, in particular
in the case of allogeneic bone marrow transplantation, a balance
is sought between rejection of the transplanted graft, eventual
immune tolerance of the graft and maintenance of a controlled
degree of graft versus host disease in order to maximize anti-
leukemic effect [17].

The general principles of pharmacology in
relation to childhood cancer

Radiotherapy continues to form an important part of the treat-
ment of many childhood cancers, and this will be discussed
further in the subsequent disease-specific chapters of this text-
book. The cornerstone for the treatment of many cancers of
childhood remains conventional chemotherapy agents, and a
summary of these is presented below. Although a detailed descrip-
tion of the properties of anticancer agents in terms of their phar-
macokinetic profiles, and a description of the cellular and
molecular pharmacological processes that can limit or potentiate
their effectiveness in cancer cells, is beyond the scope of this
chapter, the reader is referred to the excellent reference text by
Chabner and Longo for further information [18]. Basically, con-
ventional chemotherapy agents usually act to promote DNA
damage in all cells of the body, and the cure for cancer thus relies
on there being a therapeutic index allowing eradication of the
tumor at acceptable toxicity to the patient. The conventional
cytotoxic agents commonly employed in the therapy of children’s
cancer include the following classes of agent:

+ Alkylating agents that cross-link DNA — examples include ifos-
famide, cyclophosphamide, cisplatin, carboplatin, busulphan,
melphalan, and temozolomide.

+ Anti-metabolites that cause fraudulent incorporation of bases
into DNA — examples include methotrexate, 6-mercaptopurine
and cytarabine.

+ Anti-tumor antibiotics that have variety of actions such as
free radical formation, DNA intercalation, topoisomerase II
inhibition — examples include doxorubicin, daunorubicin and
actinomycin-D.

+ Topoisomerase inhibitors that prevent normal conduct of DNA
relaxation to facilitate repair and replication — examples include
etoposide (topoisomerase II inhibitor) and topotecan and iri-
notecan (topoisomerase I inhibitor).

* Vinca alkyloids that promote microtubular instability and
inhibit the polymerization of tubulin — examples include vincris-
tine and vinorelbine.

+ Miscellaneous agents — examples include prednisone, dexam-
ethasone and L-asparaginase.

The science of pharmacology has contributed to the progress
of the cure of children’s cancers over the years, and also the
pharmacokinetic profiles (how the drug is handled by the body)
and pharmacodynamic effects (the effect the drug has on the
body) remains important for the rational selection of treatment
schedules for existing and novel therapies. These concepts have
been extensively studied, mainly in relation to acute lymphoblas-
tic leukemia, and in particular in an elegant series of studies
performed at St Jude Children’s Research Hospital in Memphis,
USA.

When considering the pharmacological properties of antican-
cer agents, the plasma concentration-versus-time profile is
important as this allows a measurement of peak, maximum, or



steady-state drug concentrations, the half-life of decline of drug
concentration, measures of system exposure, and the volume of
distribution found. Pharmacological studies also define the routes
of elimination and metabolism of chemotherapeutic agents [18].

When studied, pharmacological parameters have generally
been shown to be important for the prognosis of childhood
cancers. For example, the dose intensity (amount of chemother-
apy received over a period of time) of chemotherapy agents has
been shown to be important for diseases as diverse as infant
ependymoma [19] and acute lymphoblastic leukemia [20]. The
clinical pharmacological studies performed at St Jude’s Children’s
Research Hospital with methotrexate, in the context of the treat-
ment of acute lymphoblastic leukemia, serve as a paradigm for
the investigation of the relationship between pharmacokinetics,
cellular pharmacology, and the cellular determinants of chemo-
sensitivity and prognosis.

+ Over a series of studies performed in the 1980s up to the present
day, successive investigations have demonstrated the importance
of high-dose methotrexate steady-state concentration and sys-
temic exposure, and also the relationships of these to the optimal
intracellular metabolism of methotrexate in leukemic blasts for
children with ALL. They have led to therapeutic strategies that
have improved survival for children with this disease [20].

+ Similar findings for dose intensity and systemic exposure have
been described for the metronomic/maintenance chemotherapy
phase of treatment of childhood ALL, where the influence of
genetic polymorphisms that related to the metabolism of this
thiopurine agent have been related to factors such as toxicity and
survival [21].

Pharmacological studies are an essential part of the structure
of Phase I studies and also, in many cases, Phase 2 studies where
relationships between the pharmacokinetic profiles of new agents
and pharmacodynamic effects, such as toxicity and disease
response, could be identified at as early a stage as possible in order
to inform rational scheduling, and even in some cases, adaptive
dosing.

The conduct of clinical studies in children with
cancer (Box 1.3)

At a national and increasingly international level, the various
phases of clinical trials in children with cancer are conducted as
multicenter or even multinational collaborations [22]. New drug
development is performed through the auspices of multicenter
collaborations, such as the Innovative Therapies for Children’s
Cancers in Europe, or the Children’s Oncology Group Early
Clinical Studies Committee or the Pediatric Brain Tumor
Consortium in North America. International guidelines have
been established for the prioritization of new agents and also for
the methodological considerations involved in Phase I trials.

« Upon completion of developmental pre-clinical studies in
adults and children, which would include efficacy, toxicity, and
pharmacokinetic information, a new drug can enter a Phase I
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Box 1.3 Key facts — clinical trials and pharmacology
in childhood cancer.

International collaborations are now the norm

Phase I studies define the safe dose to take forward for phase
IT studies of efficacy

Phase III trials compare first-line treatments

Pharmacokinetic and pharmacodynamic studies now
embedded in phase I/II trial process

Pharmacogenetics, dose intensity, pharmacokinetics and
cellular pharmacology guides the rational use of
chemotherapy agents

study to assess the safety, tolerability, pharmacokinetics, and
pharmacodynamics of the agent.

+ These studies are usually dose-ranging and involve escalation
of cohorts of patients, and children who have no other hope of
cure or significant palliation are eligible for such studies, which
are designed to describe dose limit and toxicities that prevent
further dose escalation and thereby establish the maximum-
tolerated dose to take forward for Phase II study.

Once the initial safety of this new drug is confirmed in the
Phase I trial, Phase II trials are performed, usually in children
with relapsed disease, to assess how well the drug works at the
prescribed dose and schedule. Such studies involve an initial
cohort of patients to determine that some clinical activity could
be expected and Phase II trials in pediatric oncology usually
follow a two-stage design, which allows early termination of
studies if the efficacy level is too low or is adequately high, and
in general objective response rates of 20-30% are deemed as
interesting enough to take a new agent forward.

Phase III trials are the staple activity of the national and inter-
national study groups in pediatric oncology. Phase III trials
compare the effectiveness of an experimental therapy with that
of a standard or control therapy and are only feasible in a col-
laborative group or multicenter setting. Phase III clinical trials
usually include a randomization between treatment times and are
commonly based on sequential or factorial designs, and generally
require the recruitment of hundreds of children with a given
disease type in order to answer questions of statistically signifi-
cant differences between different treatments.

Summary

The treatment of children with cancer in the western industrial-
ized world has been long held as a model for multicenter
collaborations involving a wider multidisciplinary team. Over the
past 40 vyears, the survival for many children’s cancers has
improved markedly, and the overall survival rates are now in the
area of 75-80%. However, diseases such as diffuse intrinsic
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pontine glioma, metastatic sarcoma in adolescence, and high-risk
neuroblastoma are still associated with a poor prognosis and new
therapies will be needed to improve this for the future.

The early clinical trial study groups for Europe and North
America are increasingly working with the pharmaceutical indus-
try to develop new compounds of interest. A major challenge
ahead will be to prioritize their introduction into upfront treat-
ment protocols for high risk diseases and to design study meth-
odologies that optimize the scientific information gained for each
clinical trial. In addition, our discipline has traditionally held a
strong interest in the late physical and psychological effects of the
treatment of children’s cancer, and this also will be important as
new therapies are introduced and perhaps more children survive,
but maybe in difficult circumstances following treatment with
modalities such as cranial radiotherapy. Having introduced the
scientific terminologies that the reader may encounter in the
various disease-specific chapters of this textbook, we hope that
the integration of the clinical and scientific principles that follow
for the different tumor types will reflect our practice in terms of
where we have come from, where we are at present, and where
we might be going for the future.
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Introduction

Gliomas account for more than half of childhood central nervous
system neoplasms [4, 5]. On a regional basis, they comprise at
least 60% of supratentorial hemispheric tumors, 50% of supraten-
torial midline tumors and 40% of infratentorial tumors. The
majority of such lesions are World Health Organization Grade I
or II (i.e. low-grade) astrocytomas [4, 5] or other low-grade glial
and glioneuronal neoplasms, such as oligodendrogliomas, oli-
goastrocytomas, gangliogliomas, and a number of less common
lesions, such as pleomorphic xanthoastrocytoma, dysembryo-
plastic neuroepithelial tumor, and desmoplastic infantile gangli-
oglioma [6-11]. In contrast to the situation in adults, grade III
or IV (i.e. high-grade or malignant) gliomas account for a minor-
ity of glial neoplasms in children in all locations within the neu-
raxis, with the notable exception of the brainstem, in which
so-called diffuse malignant gliomas are substantially more fre-
quent than lower grade lesions [3]. Given the diversity in the
types of gliomas that arise in children, there are a wide range of
therapeutic approaches, based both on histology and tumor loca-
tion, and a correspondingly diverse profile of outcomes, incor-
porating the prognostically most favorable (e.g. cerebral and
cerebellar pilocytic astrocytoma) and least favorable (e.g. diffuse
brainstem glioma) tumor subtypes in pediatric neuro-oncology.

Epidemiology

For the vast majority of gliomas, contributory environmental or
genetic factors have yet to be elucidated. However, there are a
handful of genetic syndromes that predispose children to the
development of gliomas. The most common of these is type 1
neurofibromatosis (NF1), which is caused by inactivation of the
neurofibromin gene on chromosome 17q11.2 [12] that encodes
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a protein with GTPase-activating properties, loss of which
may promote G-protein-mediated signaling [13]. Although the
most characteristic intracranial tumors in children with NF1 are
low-grade visual pathway gliomas, many patients develop glial
neoplasms in other locations, which can occasionally be malig-
nant [14].

A second genetic syndrome that predisposes to glial tumor
development is tuberous sclerosis (TS). This syndrome has been
linked to mutations in another member of the GTPase-activating
protein family [15], loss of which promotes downstream signal-
ing via the mTOR pathway. Subependymal giant cell astrocyto-
mas are the characteristic intracranial neoplasm in patients with
TS; conversely, these tumors are seen almost exclusively in
patients with this syndrome. Affected children characteristically
have seizures, mental retardation, and adenoma sebaceum in
addition to non-neoplastic cortical and subependymal tubers,
and various systemic manifestations.

Other, much less common, syndromes that have been associ-
ated with an increased incidence of gliomas are Turcot’s and
Li-Fraumeni. The former is associated with mutations in the
mismatch repair or adenomatosis polyposis genes and affected
patients typically have multiple intestinal polyps [16]. Affected
patients generally have malignant gliomas or primitive neuroec-
todermal tumors (PNETs) [17]. The latter is associated with
mutations in the p53 gene [18], and affected patients can have
neoplasms in a variety of systemic locations.

Histopathology classification (Box 2.1)

Low-grade gliomas can be broadly separated into distinct histo-
logical groups, based on their microscopic appearance and pre-
sumed cell of origin [6]. These are: (1) astrocytic tumors,
including pilocytic and non-pilocytic astrocytoma, pleomorphic
xanthoastrocytoma, and subependymal giant cell astrocytoma;
(2) oligodendroglial tumors; (3) mixed gliomas; and (4) benign
neuroepithelial tumors, such as ganglioglioma, desmoplastic
infantile ganglioglioma, and dysembryoplastic neuroepithelial
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Box 2.1 Histological subgroups of low-grade glial
and glioneuronal tumors of childhood.

Low-Grade Astrocytomas

Pilocytic

Non-pilocytic (fibrillary)

Low-Grade Astrocytoma variants:
Pilomyxoid astrocytoma
Pleomorphic xanthoastrocytoma
Subependymal giant cell astrocytoma

Low-Grade Oligodendroglial Tumors

Oligodendroglioma

Mixed oligoastrocytoma

Low-Grade Neuroglial Tumors

Ganglioglioma

Desmoplastic infantile ganglioglioma

Dysembryoplastic neuroepithelial tumor

Malignant Gliomas

Anaplastic astrocytoma

Anaplastic mixed glioma

Anaplastic oligodendroglioma

Anaplastic ganglioglioma

Glioblastoma multiforme

Gliosarcoma

tumor. Malignant gliomas are subdivided into anaplastic (grade
III) astrocytoma, mixed glioma, and oligodendroglioma; and
glioblastoma multiforme (grade IV).

The grading of non-pilocytic astrocytomas has evolved signifi-
cantly over time from the classification scheme of Bailey and
Cushing [19]. Kernohan [20] proposed a four-tiered classification
that was further simplified by several groups into a three-tiered
system [21]. Because both approaches incorporated a large
number of subjectively determined features, neither entirely
resolved difficulties with tumor categorization. To provide a more
straightforward classification schema, Daumas-Duport et al. pro-
posed a relatively simple grading system based on a limited
number of histological features [22]. Lesions were given one point
for each of the following: nuclear atypia, mitoses, endothelial
proliferation, and necrosis. Grade 1 lesions had none of these
characteristics, grade 2 had 1, grade 3 had 2, and grade 4 had 3 or
4. Because these features often appeared in sequence, grade 2
tumors were generally characterized by nuclear atypia, grade 3 by
mitotic activity, and grade 4 by the presence of either necrosis or
endothelial proliferation. More recently, the revised World Health
Organization classification guidelines [6] have incorporated a
modified four-tier classification scheme, which has seemed to
reduce (although not eliminate) the frequency of discordance
between reviewers examining individual tumor samples [23-25].
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The categorization of other types of glial tumors is somewhat
more straightforward, particularly in the appropriate clinical
setting. Pilocytic astrocytomas characteristically have areas of
compact bipolar astrocytes alternating with loosely packed areas
containing microcysts. Eosinophilic granular bodies and
Rosenthal fibers are also commonly observed.

Pleomorphic xanthoastrocytomas contain cells with nuclear
atypia, pleomorphism and multinucleation with abundant lipid-
rich cells and pronounced reticulin reactivity. Most lesions arise
in the temporal or parietal lobes and often incorporate an under-
lying cyst. Some of these tumors also exhibit more malignant
features with pronounced mitosis, necrosis, and endothelial pro-
liferation [26, 27].

Subependymal giant cell astrocytomas almost exclusively occur
in the setting of tuberous sclerosis in the region of the foramen
of Monro. These tumors are comprised of large cells resembling
astrocytes with immunoreactivity for both glial and neuronal
markers [6, 28].

Oligodendroglial tumors are composed of spherical cells with
a ‘fried egg appearance, resulting from hyperchromatic nuclei
and pale cytoplasm surrounded by a well-defined plasma mem-
brane. Some lesions include a major astrocytic component, and
are classified as mixed oligoastrocytomas. Oligodendroglial
tumors can exhibit features of anaplasia with mitoses, necrosis,
and vascular proliferation, and such cases are referred to as ana-
plastic oligodendroglioma or oligoastrocytoma.

Gangliogliomas are classified as benign neuroglial tumors, and
exhibit binucleated neurons in a background of neoplastic astro-
cytes [29]. Desmoplastic infantile ganglioglioma is characterized
by the young age of affected patients and by the presence of
a pronounced desmoplastic component that incorporates neo-
plastic astrocytes and neurons [10, 11]. Finally, dysembryoplastic
neuroepithelial tumors are cortically based lesions that exhibit a
characteristic multinodular architecture that incorporates
neoplastic oligodendrocytes, neurons, and astrocytes, with an
internodular neuroglial component comprised of neurons that
appear to be suspended in a background of oligodendroglial cells
6,9, 30].

Molecular biology

Although tremendous energy has been directed at unraveling the
steps in the development of adult astrocytomas, comparatively
little work has been focused on pediatric tumors, particularly
lower grade lesions. Although pilocytic astrocytomas have been
noted to exhibit deletions of chromosome 17q [31], the site of
the neurofibromin gene that is commonly mutated in patients
with NF1, an association with neurofibromin mutations has not
been confirmed for most sporadic lesions. More recently, pilo-
cytic astrocytomas have been noted to have characteristic altera-
tions in the BRAF gene, characterized by duplications, activating
mutations, and translocations to produce a constitutively active
variant [1-3]. Studies of other pediatric low-grade gliomas have



not demonstrated a consistent pattern of genetic abnormalities.
For example, mutations of the p53 gene are uncommon in low-
grade pediatric astrocytomas [32], in contrast to the situation in
adult low-grade gliomas [33], which suggests that tumors in these
two age groups arise from different molecular events.

Pediatric high-grade gliomas also appear to differ from their
adult counterparts in terms of their molecular abnormalities. Our
analysis of three cohorts of childhood malignant gliomas found
p53 mutations in approximately 40% of tumors, comparable to
the frequency in adult secondary malignant gliomas, which begin
as low-grade non-pilocytic lesions, evolve into anaplastic astro-
cytomas, and ultimately become glioblastomas [33—37]. However,
because this evolution is infrequently observed in pediatric
gliomas, it is doubtful whether such tumors are analogous to the
secondary adult subgroup. Moreover, a worse prognosis has been
noted in childhood malignant gliomas with p53 mutations than
those without, which contrasts with the lack of such an associa-
tion in adult lesions [37]. In addition, studies in adult primary
malignant gliomas indicate that this group of tumors may well
encompass several molecularly defined subsets of lesions, and the
relevance of these categories to the pediatric context remains to
be defined [135]. A second molecular pathway in adult gliom-
agenesis involves so-called ‘de novo’ or primary development of
a glioblastoma, which is characterized by loss of a portion of
chromosome 10 in and around the region of the PTEN gene [36,
38], in association with amplification and/or rearrangement of
the epidermal growth factor receptor gene, but without mutation
of the p53 gene [33, 35]. Recent studies by our group and others
indicate that EGFR amplification and PTEN deletion occur in less
than 10% of pediatric malignant gliomas, suggesting that this
pathway is less commonly implicated than in adults [39-42]. In
addition, secondary adult malignant gliomas have also been
observed to commonly have mutations in the IDHI gene, and
such changes are relatively uncommon in pediatric malignant
gliomas (1,2), further calling into question the similarities of
these groups [136, 137]. A third group of adult malignant gliomas
arise by a distinct pathway, with characteristic deletions of chro-
mosomes 1p and 19q [43]. Such tumors typically have oligoden-
droglial morphology, and carry a better prognosis than other
groups of malignant gliomas [43]. Although such changes are
observed in about 20% of childhood gliomas, a favorable associa-
tion between 1p/19q loss and outcome has not been observed
[44].

In contrast to the above markers, which indicate molecular
differences between childhood and adult malignant gliomas,
other biological factors associated with drug resistance mecha-
nisms have been reported to similarly influence prognosis in both
adult and pediatric malignant gliomas. In particular, several
studies have noted that the response of malignant gliomas to
alkylating agents may be strongly influenced by expression of
proteins that contribute to drug resistance, such as methylgua-
nine methyltransferase (MGMT) and mismatch repair (MMR)
[45-47]. In several independent studies in adults, tumors with
MGMT overexpression had a significantly worse prognosis for
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event-free survival after treatment with nitrosoureas [45, 46] and
temozolomide [47]. Recent studies have identified a comparable
association in childhood malignant gliomas, in independent
blinded analyses of two cooperative group cohorts, one involving
treatment with a nitrosourea and a second involving use of temo-
zolomide [48, 49]. Because nitrosoureas, such as lomustine, and
temozolomide have each formed an important element in the
therapy of malignant gliomas, an evaluation of their combined
activity in the context of MGMT status is being undertaken in a
prospective fashion in the recently completed ACNS0423 high-
grade glioma study, which administers temozolomide in con-
junction with irradiation and lomustine.

Clinical presentation

The mode of presentation of a glioma is influenced by the age of
the child, tumor histology, and the location of the lesion. Tumors
in infants often manifest with non-localizing signs of increased
intracranial pressure, such as lethargy, irritability, failure to
thrive, macrocephaly, and a bulging fontanel [50, 51]. Tumors in
older children more commonly present with localizing symptoms
and signs that suggest the site as well as the histological grade of
the tumor [4]. For example, cerebral hemispheric gliomas often
produce seizures, headaches, and focal neurological deficits, such
as hemiparesis. Symptoms generally progress insidiously with
low-grade tumors, and more rapidly with malignant gliomas.
Low-grade lesions are more likely than high-grade tumors to
present with seizures as an isolated finding [4], whereas high-
grade gliomas tend to present with headaches and focal neuro-
logical deficits. Chiasmatic-hypothalamic gliomas often present
with visual loss, eye movement abnormalities, neuroendocrine
dysfunction, behavioral and appetite disturbances, and failure to
thrive.

Infratentorial tumors manifest in a variety of ways, depending
on tumor type. Cerebellar astrocytomas often exhibit a several-
month, and occasionally several-year, history of ataxia and head-
aches resulting from increased intracranial pressure due to
obstruction of the fourth ventricle. In contrast, diffuse intrinsic
brainstem gliomas characteristically manifest with rapidly pro-
gressive cranial neuropathies and long-tract signs, such as hemi-
paresis or quadriparesis.

Diagnostic investigation and staging

Either computed tomography (CT) or magnetic resonance
imaging (MRI), performed with and without intravenous con-
trast, may be employed to establish the diagnosis of a brain
tumor. MR, if feasible to obtain, better delineates the location
and anatomical relationships of the tumor, and is preferred in
most circumstances. For certain types of gliomas, such as diffuse
intrinsic brainstem glioma [52] and chiasmal gliomas in patients
with NF1 [14], the MRI appearance is often sufficiently
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characteristic to establish the diagnosis without the need for
biopsy confirmation. For tumors in which a resection has been
attempted, post-operative imaging provides an objective measure
of the amount of residual tumor, which is of major prognostic
significance for several types of childhood glial tumors, guiding
subsequent therapy. Ideally, such studies should be performed
within 48 hours of surgery to minimize post-surgical enhance-
ment, which complicates assessment of disease status. Staging
evaluations are generally not warranted for childhood glial
tumors, unless the patient manifests symptoms or signs suspi-
cious for tumor dissemination, or suggestions of multifocal
disease are apparent on the cranial MRI.

Treatment and outcome (Box 2.2)

Cerebral hemispheric low-grade gliomas

Surgical resection is typically the initial management approach
for superficially situated low-grade hemispheric gliomas. Pilocytic
tumors are often well circumscribed and amenable to complete
removal in most cortical locations (Figure 2.1a). In comparison,
non-pilocytic lesions often have less distinct margins and a
greater tendency to infiltrate normal brain, and can be challeng-
ing to safely remove in functionally significant cortical regions
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Box 2.2 Summary of treatment options.

Tumors in which extent of resection has been associated with
progression-free survival

Low-grade cerebral and cerebellar astrocytomas
Oligodendrogliomas

Subependymal giant cell astrocytoma

Glioneuronal tumors

Malignant non-brainstem gliomas

Tumors in which chemotherapy plays a role in management

Unresectable/progressive low-grade gliomas and
oligodendroglial tumors in young children

Non-brainstem malignant gliomas
Tumors in which radiotherapy plays a role in management

Unresectable/progressive low-grade gliomas and
oligodendroglial tumors in older children and selected younger

children
Non-brainstem malignant gliomas

Diffuse brainstem gliomas

Figure 2.1 Cerebral hemispheric astrocytomas.
(a), This superficial pilocytic astrocytoma
incorporated a cyst with a well circumscribed mural
nodule. (b), The margins of this low-grade
non-pilocytic astrocytoma are poorly circumscribed
on T1-weighted images. (c), The T2-weighted image
of this tumor highlights the lesion’s infiltrative
nature. (d), This malignant glioma demonstrates
irreqular enhancement, significant mass effect, and
a large area of central necrosis.



(Figure 2.1b, c). Because several studies, including an analysis of
a large pediatric cooperative group natural history cohort, indi-
cate that extent of resection is the most important predictor of
outcome for these tumors [53, 54], there has been increasing
interest in applying cortical mapping strategies (e.g. functional
MRI and magnetoencephalography) and neuronavigational tech-
niques to enhance the percentage of tumors amenable to gross
total resection.

After a gross total resection, 5-year overall and progression-
free survival rates exceed 90% [53-55]; as a result, adjuvant
therapy is generally not used. In contrast, following incomplete
resection, there is at least a 50% risk of disease progression within
5 years [53, 54]. Although children with pilocytic tumors seem to
have a better prognosis than those with non-pilocytic lesions
[53], a confounding factor is that pilocytic tumors are more likely
to be well circumscribed and amenable to resection. Defining a
prognostic effect of histology that is independent of resection
extent has been difficult, even in large studies [54].

Management for patients with post-operative residual disease
is controversial. Although at least half of such patients will
progress within 5 years, overall 5-year survival for children with
subtotally resected low-grade gliomas exceeds 90% [54], which is
substantially better than results observed in adults [56-58], and
provides some rationale for managing small amounts of residual
disease in high-risk locations expectantly, particularly if the
patient is asymptomatic. This prognostic difference reflects that
progressive low-grade gliomas in adults commonly exhibit
malignant transformation [56—59], whereas the vast majority of
pediatric low-grade gliomas remain histologically benign at
progression [53].

Although an attempt was made to define the role of radio-
therapy for children with subtotally resected low-grade gliomas
in the CCG9891/POG8930 study, this aim was not feasible
because of persistent difficulties in accruing randomized patients.
In a non-randomized institutional series, the use of radiotherapy
after an initial incomplete resection significantly improved the
frequency of progression-free survival, but had no influence on
overall survival [53], reflecting that irradiated patients were more
likely to develop malignant lesions within the treatment fields, a
change that was not observed in the non-irradiated patients.
Other groups have also noted an improvement in progression-
free survival with irradiation, without a discernible advantage in
terms of overall survival [56, 58, 60]. New methods of delivering
fractionated radiotherapy using three-dimensional image-based
treatment planning and delivery, coupled with the use of narrow
peritumoral margins (i.e. stereotactic radiotherapy, conformal
irradiation, intensity-modulated radiation therapy (IMRT)) have
been developed in an effort to minimize treatment-induced mor-
bidity [61-63]. This approach has been applied in a recent pilot
study involving 47 children with progressive low-grade gliomas,
in whom the target included the pre-operative tumor volume
with a 2mm margin, and doses ranged from 5000 to 5800 cGy in
standard fractions. After a median follow-up of 3.4 years, there
was only one local recurrence and no marginal failures [61].
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Recent observations in a series of 17 patients indicated that cogni-
tive function was unaffected in all but one patient with a four-
year follow-up, suggesting that sequelae may be less than with
conventional irradiation [63]. A conformal irradiation strategy is
currently being evaluated in further detail in a cohort of 100
children in the Children’s Oncology Group ACNS0221 study
for children older than 10 years of age with progressive or high-
risk residual low-grade gliomas, and for children younger
than 10 years of age who have progressive disease after previous
chemotherapy.

An alternative strategy, particularly in young children, involves
the administration of chemotherapy to treat the unresectable
residual disease [64, 65], thereby avoiding or delaying the risks of
radiation to the developing nervous system [66-68] and the
potential for radiation-induced malignancies [69], which together
may counterbalance any improvements in progression-free sur-
vival that are potentially achieved by up-front irradiation [53].
This approach has been extensively evaluated in children with
visual pathway gliomas (discussed below), but separate studies
in children with hemispheric gliomas have not been performed.
A third alternative is expectant management, since it is clear that
a subset of incompletely resected lesions will show long-term
stability without additional intervention. Because malignant
degeneration of non-irradiated childhood low-grade gliomas is
uncommon, lesions that progress after initial operation can
potentially be treated with repeat resection [53, 70].

An additional consideration in the management of hemi-
spheric low-grade gliomas is that many of these lesions manifest
with seizures, which in some cases can prove intractable. In such
instances, surgical strategies for tumor removal are coupled with
extra- and intraoperative techniques, such as cortical mapping
and electrocorticography, and functional imaging to enhance the
likelihood of seizure control post-operatively, which is an impor-
tant element of long-term quality of life in affected patients.

Supratentorial malignant (high-grade) gliomas

Current therapy for children older than three years of age with
supratentorial malignant gliomas (Figure 2.1d) consists of
maximal safe resection followed by irradiation to the tumor bed
and a margin of surrounding brain to a dose of 5000-6000 cGy
in 180cGy/day fractions, in conjunction with some form of
chemotherapy. This follows from the results of the Children’s
Cancer Group (CCG)-943 study, in which the use of adjuvant
chemotherapy with lomustine (CCNU), vincristine, and pred-
nisone was shown to enhance survival in comparison with treat-
ment with irradiation alone [71]. An attempt to further improve
outcome using the ‘8-in-1" regimen in the subsequent CCG-945
study was unsuccessful [72]. This provided the impetus for a
series of subsequent studies by the CCG, the Pediatric Oncology
Group, and European cooperative groups, which examined the
efficacy of administering more intensive chemotherapy regimens
in a neoadjuvant (pre-irradiation) setting [73—75]. Unfortunately,
the results with several strategies were disappointing. For
example, the CCG-9933 study compared the use of three
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different alkylating agents (carboplatin, ifosfamide, and cyclo-
phosphamide) with etoposide, before irradiation. Each of these
combinations was associated with a high rate of early disease
progression, and progression-free survival was only in the range
of 15% at 2 years [75]. In addition, the POG 9135 study exam-
ined the use of neoadjuvant cisplatin-BCNU versus cyclophos-
phamide-vincristine. The cisplatin-BCNU arm was associated
with a 20% 5-year event-free survival, which was comparable to
the results with adjuvant CCNU and vincristine, versus less than
5% for cyclophosphamide-vincristine (P < 0.05). Similarly, POG
9431 noted relatively poor activity of neoadjuvant procarbazine
and topotecan [74].

A parallel strategy that attempted to enhance the efficacy of
chemotherapy involved administering highly intensive myeloab-
lative regimens coupled with autologous bone marrow or periph-
eral blood stem cell rescue. Although some studies suggested an
improvement in outcome with this approach [76], the results
were severely discouraging in others, and the potential for signifi-
cant treatment-induced morbidity and mortality with some
highly intensive regimens was a deterrent to further cooperative
group application [77]. Although CCG-9922 noted an encourag-
ing 2-year progression-free survival rate of 46% among 11
patients with newly diagnosed high-grade glioma who were
treated with a highly intensive regimen that included carmustine
(BCNU), thiotepa, and etoposide, there was a substantial inci-
dence of significant pulmonary and/or neurologic toxicity, and
an 18% toxic death rate, which limited enthusiasm for further
exploration of this regimen [77].

As an alternate approach, more recent studies have attempted
to enhance the efficacy of chemotherapy by administering active
agents concurrently with, as well as after, irradiation [25], follow-
ing up on the results of a trial for adults with malignant gliomas
conducted by the EORTC in which treatment with radiation and
concurrent as well as adjuvant temozolomide improved outcome
compared to treatment with irradiation alone [78]. This study
was not, however, designed to demonstrate that results with
temozolomide were superior to those achieved with adjuvant
nitrosourea therapy. In that context, a recently completed study
of the Children’s Oncology Group (ACNS0126), which evaluated
the activity of administering temozolomide on a daily basis
during irradiation and on a standard five-day schedule after irra-
diation, found that initial results were no better than those
achieved in CCG-945 with adjuvant CCNU and vincristine [25].
An important observation of both the ACNS0126 and CCG-945
studies was that patients who had tumors that overexpressed
MGMT, as assessed by immunohistochemistry, had a 2-year sur-
vival rate approaching 0%, significantly worse than those with
non-overexpressing tumors [48, 49]. This mirrored the observa-
tions of the adult temozolomide study, in which MGMT status
was assessed by promoter methylation, using methylation-spe-
cific PCR [47]. The impact of MGMT status on outcome was also
examined in a follow-up study, which built upon the ACNS0126
backbone by adding CCNU in conjunction with temozolomide,
based on promising results in the COG ADVLO0011 study that

14

incorporated both agents in children with high-grade glioma who
had bulky post-operative residual disease [79]. It is conceivable
that subsequent studies will further extend these results by
administering temozolomide with other chemotherapeutic and
biologically targeted agents, by incorporating stratification based
upon MGMT status, and by expanding on current pilot studies
of the Pediatric Brain Tumor Consortium that are combining
temozolomide with 06-benzylguanine as a way of reversing
MGMT overexpression.

Another factor that has been associated with outcome in chil-
dren with high-grade glioma, and has therefore constituted a
stratification factor in a number of more recent studies, is the
extent of post-operative residual disease. Patients who have
undergone extensive tumor removal have had a significantly
better outcome than those undergoing more limited surgery or
biopsy alone [72, 80]. Although it impossible to exclude the pos-
sibility that certain tumors with more favorable biological char-
acteristics are inherently more amenable to radical resection [80],
molecular studies that have attempted to control for biologically
important factors have nonetheless noted a strong independent
association between resection extent and outcome [24].

A second clinical factor associated with outcome is tumor his-
tology [71]. Children with glioblastoma seem to fare worse than
those with anaplastic astrocytoma, in agreement with data
derived from adults [71, 72], although the trend is less striking.
In addition, high-grade gliomas with an oligodendroglial com-
ponent have a better prognosis than purely astrocytic malignant
gliomas [72], possibly reflecting that oligodendroglial lesions are
often more sensitive to adjuvant therapies [43]. Although in
adults, this sensitivity correlates with 1p and 19q chromosomal
deletions [43], no such association has been noted in childhood
lesions [44].

Optic-hypothalamic glioma

Although optic-hypothalamic gliomas, also commonly referred
to as visual pathway gliomas, are generally low-grade neoplasms
histologically, they can vary widely in behavior between patients.
Accordingly, their management is typically individualized. In
patients with NF1, who are commonly found to have asympto-
matic or minimally symptomatic lesions on screening imaging,
management is often conservative initially, with intervention
deferred until there is clear evidence of disease progression,
because many such lesions will never progress. Accordingly, it
warrants emphasis that not all chiasmal gliomas in children with
NF1 require treatment [14]. Moreover, in rare cases, lesions have
been observed to regress spontaneously. In those NF1 patients
with symptomatic tumors, the etiology of the lesion is rarely in
question and biopsy strictly for histological confirmation is
usually not required [14, 81]. In contrast, biopsy confirmation is
often prudent in patients with non-NF1-related suprasellar
masses to rule out other histologies. In both the NF1 and non-
NF1 subgroups, resection is generally limited to tumors that are
exophytic and causing mass effect or hydrocephalus [82] (Figure
2.2a). Although complete resection is not safely feasible because



Figure 2.2 Supratentorial midline gliomas.

(a), This exophytic, partially cystic chiasmatic
hypothalamic glioma was amenable to debulking,
which avoided the need for shunt insertion to

treat the associated hydrocephalus. (b), This
subependymal giant cell astrocytoma also presented
with obstructive hydrocephalus, which resolved
following tumor removal.

these lesions infiltrate the optic chiasm and hypothalamus, sub-
stantial cytoreduction can sometimes be achieved [82, 83]. An
alternate strategy in such cases is to obtain a histological diagnosis
by stereotactic or endoscopic biopsy and then give chemotherapy
or irradiation initially, reserving resection for lesions that fail to
respond.

The behavior of optic hypothalamic gliomas after treatment
varies widely [84]. Whereas some lesions regress substantially,
others enlarge rapidly despite treatment. Jenkin et al. [85]
observed that survival was significantly better in patients with
NF1 than in those without this diagnosis. A similar observation
has been made in the recently completed Children’s Oncology
Group A9952 study, in which patients with NF1 had a signifi-
cantly better prognosis than those without this diagnosis [86].
It has also been suggested that chiasmal gliomas that extend into
the hypothalamus carry a worse prognosis than lesions situated
exclusively in the chiasm [84]. In addition, tumors tend to
behave more aggressively in infants than in older children [82—
84, 86]. Recently, a histological subset of these tumors with ‘pilo-
myxoid’ features has been identified, and this group has been
noted to have a more aggressive behavior than typical pilocytic
lesions [87].

Radiation therapy has historically been the initial adjuvant
treatment for these lesions and yields 5-year survival rates of
75-90% [84, 88]. However, because this modality, as adminis-
tered in the past to young children with these midline tumors,
has been associated with potentially disabling late effects of cogni-
tive deterioration, endocrinopathy, moya moya syndrome, and
second malignancies [66—69], chemotherapy has become the pre-
ferred approach in recent years in patients younger than 5-10
years [64, 65, 86]. A variety of regimens have been employed (e.g.
carboplatin/vincristine and 6-thioguanine/procarbazine/CCNU/
vincristine), with response or stabilization rates in excess of 75%
[64, 65]. These two regimens were compared in terms of activity
and tolerability in the A9952 study, the results of which are cur-
rently pending [86]. Another agent that has demonstrated activity
against low-grade gliomas is temozolomide [89, 90], and the
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feasibility of adding this agent to the carboplatin/vincristine back-
bone is being examined in the ACNS0223 study. More recently,
studies have also been conducted using vinblastine, which has a
lower incidence of neurological toxicity than vincristine and
appears to exhibit promising independent activity [91]. Although
some patients initially treated with chemotherapy later require
radiotherapy for disease control, the deferral of irradiation for
several years is probably beneficial in improving functional
outcome. As a way to potentially minimize late effects from this
modality, the ACNS0221 study is examining the efficacy of three-
dimensional image-based conformal radiotherapy treatment
planning and delivery in children who require irradiation for
these tumors [92].

Ganglioglioma and benign neuroepithelial tumors

As with pilocytic astrocytomas, gangliogliomas are generally well
circumscribed lesions amenable to complete resection with >90%
10-year survival rates in the absence of adjuvant therapy [93]. The
role of radiotherapy for incompletely resected benign gangliog-
liomas remains unclear [93], and is generally reserved for tumors
that progress after resection and are not deemed appropriate for
repeat resection [94]. Notwithstanding the generally benign
nature of these tumors, there is clearly a subgroup in which
malignant progression and even dissemination can occur, calling
attention to the need for close surveillance of lesions that are not
amenable to complete removal.

Several other uncommon benign neuroepithelial tumors of
childhood, such as desmoplastic infantile ganglioglioma [10, 11]
and dysembryoplastic neuroepithelial tumor (DNET) [9] are also
typically managed surgically. DNETs are indolent lesions that
generally present with seizures and exhibit a favorable long-term
outcome, although late recurrences have been reported [9, 30].
These tumors are often well circumscribed and amenable to
complete resection. Accordingly, adjuvant therapy is commonly
deferred [9, 30]. As with low-grade gliomas, post-operative
seizure control is an important element in evaluating long-
term functional outcome, and measures to localize and resect
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epileptogenic foci in the vicinity of the tumor have a role in
improving ultimate seizure control.

In contrast to the above groups of tumors, desmoplastic infan-
tile gangliogliomas often present with signs and symptoms of
increased intracranial pressure. Although complete resection is
the operative goal for these tumors and is associated with a favo-
rable prognosis [10, 11, 95, 96], their size and vascularity in an
infant with a limited blood volume may preclude a safe complete
tumor removal in some cases. Several groups have examined
administering adjuvant chemotherapy to patients with residual
tumor [11] to prevent disease progression and induce tumor
shrinkage, although this has not been systematically examined.
This approach may provide a temporizing measure to allow
a second-stage complete tumor resection, where clinically
warranted. Other groups advocate expectant management and
re-exploration in the event of tumor progression, because spon-
taneous regression of the residual tumor has sometimes been
observed [97, 98].

Pleomorphic xanthoastrocytoma

Although these tumors have histological features that can some-
times be misinterpreted as malignant, they have a reasonably
good prognosis, with survival rates in the range of 70-80 % at 10
years [26]. However, tumors with evidence of necrosis and
increased mitotic activity or proliferation labeling have been
noted to have a higher risk of progression than those without
these features [27, 99-101]. As with other gliomas of childhood,
extent of resection appears to have a strong association with
outcome, with long-term survival in approximately 90% of
patients after gross total resection versus only 65% after incom-
plete resection [99, 102]. The observation that tumors that recur
often show evidence of necrosis at reoperation suggests that
incompletely resected lesions exhibit a potential for malignant
progression. However, the role of adjuvant radiotherapy in the
treatment of such cases remains uncertain [27, 99].

Subependymal giant cell astrocytoma

These tumors arise almost exclusively in children with tuberous
sclerosis in the vicinity of the foramen of Monro. As with tumors
in children with NFI, many lesions are indolent and do not
require treatment. Indications for operative intervention are large
size or obstruction of the ventricular system. These tumors can
be quite vascular and their juxtaposition to deep venous drainage
can complicate attempts at complete removal [103]. The progno-
sis for long-term disease control is excellent after total or near
total resection [104, 105] (Figure 2.2b). After less extensive resec-
tions, the residual tumor can enlarge slowly over time [103],
although such lesions can be radically resected at a subsequent
operation. Radiotherapy or stereotactic radiosurgery has on occa-
sion been used for the management of unresectable recurrent
lesions, although the efficacy of this strategy remains uncertain.
More recently molecularly targeted therapy using inhibitors of
mTOR have demonstrated promise in inducing disease regres-
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sion, and these data suggest a potential alternative to surgery or
radiation in the management of these lesions [138].

Oligodendroglioma and mixed oligo-astrocytoma
Oligodendrogliomas and mixed oligoastrocytomas of childhood
are similar to low-grade astrocytomas in terms of their frequent
presentation with seizures and their favorable response to surgical
therapy. Lesions that are amenable to complete resection have an
excellent long-term prognosis in children, with a 5-year survival
rate in the range of 90%, which is superior to results reported in
adults [53, 106, 107]. The adjuvant management of subtotally
resected lesions remains controversial. Several groups have
reported that incompletely resected childhood oligodendroglio-
mas show a low incidence of disease progression with several
years of follow-up [106]. In that context, it has been noted that
one of the strongest predictors of outcome among patients with
oligodendrogliomas is the mode of presentation [107], and mani-
festation with seizures (the most frequent presenting symptom of
these lesions during childhood) has been noted to be a favorable
prognostic feature. However, our own experience suggests that
many lesions will eventually progress slowly over time. Data from
some adult cohorts have suggested that long-term disease control
in patients with residual disease is favored by the use of involved
field radiotherapy [108—110], although others have obtained con-
tradictory data [111, 112]. In the absence of conclusive data for
childhood oligodendroglial tumors, it is common to follow chil-
dren with known residual disease expectantly, reserving further
surgery or adjuvant therapy for those with tumor progression.
In recent years, there has been a trend for adult oligodendro-
glial tumors and to some extent in childhood lesions to treat
patients with residual disease using chemotherapy, based on the
observation that many tumors are chemosensitive [43]. In par-
ticular, adult low-grade and anaplastic oligodendroglial tumors
with deletions of chromosomes 1p and 19q frequently have a
favorable response to chemotherapy [43]. However, a similar
association has not been detected in childhood lesions [44].

Cerebellar astrocytoma

Cerebellar pilocytic astrocytomas (Figure 2.3) are similar to cer-
ebral cortical lesions in having an excellent prognosis after gross
total surgical resection, with 10-year survival rates exceeding 95%
[113, 114]. Non-pilocytic astrocytomas also generally have a
favorable outcome if an extensive resection can be achieved
[114]. As with other low-grade gliomas, prognosis is strongly
affected by the extent of resection determined by post-operative
imaging, and some surgeons advocate re-exploration if the post-
operative MRI demonstrates accessible residual disease. However,
in cases in which the residual tumor is deeply embedded in the
vermis or adherent to the brainstem, expectant management is
often advisable with intervention reserved for tumor remnants
that eventually progress. In recent years, we have treated selected
patients with small foci of deep-seated recurrent disease with
stereotactic radiosurgery, with rates of disease regression and
control that seem comparable to those achieved by reoperation



Figure 2.3 Cerebellar low-grade astrocytomas.
(a), A cerebellar hemispheric pilocytic astrocytoma.
(b), Histologically similar lesions can arise in the
vermis.

Figure 2.4 Brainstem gliomas. (a), A dorsally
exophytic medullary glioma that was amenable to
extensive resection. (b), A diffuse intrinsic brainstem
glioma.

[115]. Alternatively, patients may be treated with conventionally
fractionated radiotherapy or chemotherapy. Although histologic
features suggestive of malignancy (e.g. vascular proliferation, lep-
tomeningeal invasion, or occasional mitotic figures) in pilocytic
astrocytomas do not necessarily indicate a poor prognosis [116],
the same does not apply to non-pilocytic tumors, in which fea-
tures of anaplasia are an adverse prognostic factor. Such lesions
are treated identically to cerebral high-grade gliomas, with adju-
vant radiotherapy and chemotherapy.

Brainstem gliomas

Brainstem gliomas have historically been considered to have an
extremely poor prognosis, but reports during the MR era have
highlighted the wide range of outcomes that characterize such
lesions, depending on the growth characteristics of the tumor (i.e.
focal or diffuse) [52]. On the most benign end of the spectrum
are the intrinsic tectal tumors [117], which usually present with
obstructive hydrocephalus, and are generally managed by cere-
brospinal fluid (CSF) diversion, typically a third ventriculostomy,
and expectant follow-up for the tumor. In our series of more than
40 such lesions managed without specific treatment for the
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tumor, less than 25% have exhibited progression with a median
follow-up in excess of 5 years. Dorsally exophytic brainstem
gliomas are less indolent than the tectal tumors (Figure 2.4a), but
nonetheless have an excellent prognosis with extensive resection,
which is usually feasible [118-120]. Most prove histologically to
be pilocytic astrocytomas or other low-grade glial lesions. Focal
intrinsic midbrain, pontine, medullary, and cervicomedullary
tumors are also histologically benign in most cases, although their
removal carries higher risks because of the greater potential for
brainstem injury [118, 119]. In some cases, such lesions have been
effectively treated with biopsy or limited debulking in conjunc-
tion with focal radiotherapy or radiosurgery.

In contrast to the above groups of benign brainstem gliomas,
diffuse intrinsic brainstem gliomas are biologically and generally
histologically malignant lesions, and have a dismal prognosis with
a median survival of less than one year [121-125]. The diagnosis
is made based on a characteristic imaging appearance (Figure
2.4b) in the appropriate clinical setting, characterized by rapidly
progressive cranial neuropathies and long-tract signs. Treatment
is non-operative, apart from the need for CSF diversion in
about 20% of cases, and has typically consisted of external beam
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irradiation to a dose of 5400-6000cGy, administered to the
tumor and a margin of surrounding brain. Radiotherapy fre-
quently produces transient disease regression and symptomatic
improvement, although the salutary effects are generally brief. To
improve on these results, numerous studies have examined the
efficacy of pre- and post-irradiation chemotherapy, although to
date no regimen has been found to improve prognosis. In an early
CCG study comparing irradiation alone versus irradiation plus
adjuvant CCNU, vincristine, and prednisone, there was no sur-
vival benefit in patients who received chemotherapy [122], and
subsequent studies using intensive pre- or post-irradiation chem-
otherapy have been equally disappointing [123—125].

Based on the ability of radiotherapy to promote at least tran-
sient tumor regression, there has been a rationale to examine
approaches to enhance the efficacy of irradiation as a way to
increase survival. Unfortunately, studies from both CCG and
POG that attempted to escalate the dose of irradiation to as high
as 7800cGy using hyperfractionated delivery observed no
improvement in survival [121, 123, 125, 126], even when com-
bined with chemotherapy [123, 125], which dampened enthusi-
asm for further evaluating this approach.

A more recent strategy to potentially enhance the efficacy of
irradiation has involved administering radiosensitizing or con-
ventional chemotherapeutic agents concurrently with irradiation
in order to potentiate the effect of this modality. This approach
has been examined in studies of the SIOP and CCG involving
topotecan, POG studies of cisplatin, phase I and II COG studies
involving gadolinium texaphyrin and phase II studies of temo-
zolomide. In addition, ongoing studies by the Pediatric Brain
Tumor Consortium are exploring the efficacy of combining irra-
diation with molecularly targeted agents (see below — Novel
Therapies) [127]. A limitation in validating the biological ration-
ale for such therapies has been the lack of evaluable tissue for
molecular characterization, which has necessitated a conjectural
approach to agent selection based on assumptions that molecular
data from non-brainstem high-grade gliomas in children and
adults apply to diffuse brainstem gliomas. Although some studies
have been conducted on archival material from the pre-MR era,
during which brainstem gliomas still underwent biopsy [128], it
is difficult in the absence of MR imaging to be certain what
percentage of these cases were diffuse brainstem gliomas versus
more benign brainstem tumors. The lack of contemporary tissue
specimens for biological analysis clearly represents an addi-
tional challenge to making progress in the management of these
tumors.

Strategies for follow-up and late effects

In terms of surveillance for tumor recurrence, there are no clear-
cut guidelines for imaging or clinical follow-up in children with
gliomas, and practices vary widely between institutions. Clearly,
the frequency of monitoring needs to be tailored to the aggres-
siveness of the glioma being treated. For patients with benign
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intrinsic tectal tumors, annual or biennial follow-up visits and
imaging are often sufficient. For completely resected cerebral and
cerebellar astrocytomas, a follow-up scan and visit 3-6 months
after surgery may be appropriate followed by a scan 1 year post-
operatively and periodically thereafter. On the other hand, in
patients with malignant gliomas or diffuse intrinsic brainstem
tumors, follow-up should occur every 2-3 months because of the
high risk of early progression.

Another aspect of follow-up relates to monitoring for late
effects among long-term survivors, a particular issue in children
who have received irradiation. Many of the most troubling seque-
lae in this regard are detected several years after diagnosis, which
highlights the need for long-term multidisciplinary follow-up.
Young children who have received whole brain irradiation
have been noted to have a gradual decline in intelligence during
the first 2 years after treatment [66, 67]. This may be mitigated
by the use of focal irradiation, particularly if the medial temporal
lobes and hypothalamus are outside the treatment volume.

Children who have received cranial irradiation also have an
increased incidence of vasculopathy, particularly in those treated
for chiasmatic-hypothalamic gliomas, presumably because of
irradiation to the circle of Willis. Endocrine dysfunction is also
common in children with these tumors [68], even in the absence
of irradiation. As noted earlier, second neoplasms are also
observed in up to 5% of children with brain tumors [69, 129].
The most common lesions in this regard are malignant gliomas,
meningiomas, and sarcomas that occur within radiotherapy
treatment fields 5-20 years after irradiation. In addition, the use
of alkylating chemotherapy agents has been associated with an
increased incidence of hematological malignancies.

Novel therapeutic approaches

Given the emergence of a variety of platforms to characterize
tumors based on their protein expression, genotypic abnormali-
ties and gene transcription, it is likely that future treatment will
increasingly incorporate molecular phenotype into treatment
planning [48]. Efforts to unravel the molecular pathways of
tumor development have identified a number of genomic altera-
tions and expression patterns that are commonly observed in
malignant gliomas [130]. The involvement of transmembrane
tyrosine kinases, such as EGFR and PDGFR, in tumorigenesis has
fostered a series of studies of receptor inhibitors, such as erlotinib,
gefitinib, and imatinib, in both the Children’s Oncology Group
and the Pediatric Brain Tumor Consortium. In parallel with these
efforts, studies have examined the effect of interfering with down-
stream signaling transduction, by blocking Ras, Raf, PI3K and
mTOR signaling.

An alternative approach for targeting cellular receptors that are
overexpressed in brain tumors has involved the use of immuno-
toxin conjugates, in which binding to a cell surface receptor by a
ligand or antibody conjugated to an immunotoxin provides a
basis for toxin internalization and cell killing [131, 132]. Because



such agents are large molecular weight molecules, drug adminis-
tration typically involves convection-enhanced delivery in which
the conjugates are delivered to the tumor and peritumoral brain
by interstitial infusion and bulk flow.

A third experimental approach involves the use of immuno-
therapy in which tumor-specific antigens are delivered to the host
immune system in the setting of dendritic cells or immunoadju-
vants to promote antitumor immunoreactivity. Anecdotal reports
of such studies suggest the potential for some activity [133, 134].
Finally, recent studies have begun to examine the effect on out-
come of interfering with tumor-induced angiogenesis. Because
this approach is predominantly considered cytostatic, rather than
cytotoxic, ongoing studies are examining how best to combine
such agents with conventional therapeutic approaches.

Summary and future directions
for management

The management and outcome for children with gliomas varies
widely as a function of tumor type. For low-grade gliomas, the
factor that has the strongest impact on outcome is resection
extent. For tumors that are amenable to extensive resection,
outcome is excellent without the need for adjuvant therapy.
Survival results appear to be significantly better than for similar
lesions in adults. For unresectable midline low-grade gliomas,
disease control can often be achieved with a combination of
chemotherapy and irradiation, with the preferred option in part
determined by the age of the patient. The optimal chemotherapy
regimen remains to be defined as does the efficacy and activity of
conformally directed irradiation. Despite these approaches, a per-
centage of children exhibit intractably progressive disease that
ultimately proves fatal. For children with high-grade gliomas, the
prognosis is even more discouraging, despite numerous studies
over the last two decades. In view of the recently identified asso-
ciations between molecular and biological markers and treatment
response, it is likely that stratification of therapy based on such
features will occur in future studies. Unfortunately, even in the
best biological subgroups of high-grade gliomas, survival is less
than 40%, calling attention to the need to continue to explore
novel therapeutic approaches, as outlined above. The necessity
for such approaches is even more strikingly demonstrated in
children with diffuse intrinsic brainstem gliomas, for which prog-
nostically useful biological information has been lacking. The
outcome for children with such tumors has shown no improve-
ment during the last two decades, highlighting the need for radi-
cally different treatment strategies and innovative therapies for
these challenging neoplasms.
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Introduction

Ependymomas are one of four types of ependymal tumor that
originate throughout the central nervous system (CNS) from the
wall of the ventricular system and the spinal canal [1]. These
tumors display moderate cellularity, ultrastructural properties of
ependymal cells and express markers of glial differentiation [1].
Ependymomas arise in all age groups, but children and adults are
predisposed to develop these tumors in different parts of the CNS
[2]. Posterior fossa ependymoma presents most often in patients
aged less than 10 years, while spinal tumors are largely a disease
of adults [3]. The variable patterns of histology and clinical pres-
entation of ependymoma, and the separation of pediatric and
adult oncology services, have hindered efforts to coordinate clini-
cal trials in this disease. As a result, no new therapeutic approaches
have been identified to treat ependymoma during the last 20 years
and up to 40% of patients’ tumors remain incurable [4, 5].
Current treatments for ependymoma include aggressive surgical
resection and radiation therapy. No effective conventional chem-
otherapy regimens to treat ependymoma have been identified,
although clinical trials for novel therapies that target specific cell
signal pathways are being undertaken by the Pediatric Brain
Tumor Consortium (PBTC) and the Children’s Oncology Group
(COG).

Ependymoma remains a challenging disease to treat, but labo-
ratory and clinical research conducted during the last decade has
resulted in important discoveries that are likely to provide a new
direction for the management of this disease. Translating these
discoveries into curative combinations of conventional and novel
treatments for all patients with ependymoma will require close
collaboration between clinicians and scientists.
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Epidemiology

Ependymoma is the third most common CNS tumor in children,
accounting for 6-12% of brain tumors in this age group. The dis-
ease is characterized by the following epidemiological features:

+ Most often found in children aged less than 4 years [3].

+ Male:female ratio, 1.6:1 [3, 6].

+ No apparent variation in the incidence of ependymoma by
geographic region or socioeconomic class, but the disease might
be more common in Caucasians [6, 7].

+ Around 50-60% of pediatric cases occur within the posterior
fossa (floor or roof of the IV ventricle or cerebellopontine angle)
(Figures 3.1 and 3.2). The tumor can arise also from the IIT and
lateral ventricles or within the parenchyma of the cerebral hemi-
spheres (30—40% of pediatric cases). Although ependymoma is
the most frequent form of spinal tumor in adults, this tumor
rarely arises in the spine of children [1].

Histology

Ependymomas are characterized by pseudorosettes of tumor cells
that surround a central blood vessel and that punctuate fields of
tumor cells that display a glial immunophenotype and ultrastruc-
tural properties of ependymal cells (Plate 3.1). A number of
ependymoma histologic subtypes are recognized:

+ Myxopapillary and sub-ependymomas occur almost exclusively
in the cauda equina and are relatively benign tumors (WHO
grade I).

+ Classic ependymomas can display papillary or clear cell features
(WHO grade 1I).

+ Anaplastic ependymoma display increased cellularity, cytologic
atypia, and microvascular proliferation (WHO grade III).

Prior attempts to correlate ependymoma histologic grade with
prognosis have proved controversial; although more contempo-
rary studies of relatively large cohorts suggest that anaplastic his-
tology predicts a poor clinical outcome [8].



Figure 3.1 Transverse and sagittal pre- and
post-operative T1- and T2-weighted MR imaging of
a IVth ventricular ependymoma.

Figure 3.2 Transverse T1- and T2-weighted MR
images demonstrating a left cerebellopontine angle
ependymoma. Arrows shows position of the
displaced medulla.

Genetics and tumor biology

Until recently, knowledge of the genetic alterations in ependy-
moma was limited to lists of large chromosomal gains and losses,
e.g. +1q, —6q, +7p, —9p, —16q, and —22q [9-16] and a very small
number of tumor suppressor genes (TSG) identified by studies
of heritable tumors. Ependymoma is associated with certain
tumor predisposition syndromes:

+ Patients with neurofibromatosis type 2 are predisposed to
spinal ependymoma [17] and around 25% of sporadic forms of
this tumor contain somatic mutations in neurofibromin 2 (NF2,
22q12.2) [18, 19].

+ Ependymomas have also been reported in two patients with
Turcot’s syndrome (germline mutation in APC) [20, 21], and in
one patient with Li-Fraumeni syndrome (germline mutation in
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TP53) [22]. However, mutations in CTNNBI, APC or TP53
occur in less than 1% of sporadic ependymomas [23-25].
More recently, genomic tools that detect genome-wide patterns
of gene expression and chromosomal alteration have provided
some key insights into the biology of ependymoma. Of particular
note, these studies have shown that ependymomas from the
different regions of the CNS are molecularly distinct diseases
[26-30]. For example, while the great majority of cerebral epend-
ymomas activate the NOTCH signal pathway and delete the
INK4A/ARF TSG locus, spinal ependymomas express high-levels
of members of the HOX gene family [26, 29]. Efforts are now
underway to apply technologies of higher resolution (500 K single
nucleotide polymorphism mapping arrays) to pinpoint specific
oncogenes and TSG among large cohorts of ependymoma.
Studies of the gene expression profiles of ependymoma have
also provided considerable clues to the cellular origin of the
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disease. A recent analysis of over 100 ependymomas, demon-
strated that ependymomas share the gene expression profiles of
neural progenitor cells, termed radial glia, in the corresponding
region of the CNS [26]. These studies suggest:

+ Radial glia in different parts of the CNS are predisposed to
acquire distinct genetic abnormalities that transform these cells
into ependymoma cancer stem cells (CSC).

+ Ependymomas arise from radial-glia and ultimately contain
radia glia-like CSC that are both required and sufficient to gener-
ate tumors in vivo.

+ More recently, CSC in ependymoma were shown to reside in
aberrant vascular stem cell niches, reminiscent of those observed
in the normal brain, providing further evidence that ependymo-
mas are maintained by stem-like cancer cells [31, 32].

Clinical presentation

The symptoms and signs caused by ependymoma vary with
tumor site. Symptoms and signs of ependymomas of the poste-
rior fossa relate to raised intracranial pressure (headache worse
in the morning, vomiting, lethargy, papilledema) and cerebellar
dysfunction (ataxia, nystagmus).

Ependymomas of the cerebrum cause hemiparesis, visual field
defects, seizures and cognitive impairment depending upon the
affected lobe.

Ependymomas are generally slow growing tumors and there-
fore symptoms may be present up to a year prior to diagnosis and
may wax and wane in severity. Although very rare, ependymomas
may metastasize to extraneural tissues including lymph nodes,
liver and lung [33].

Investigation and staging

Neuroimaging
Ependymomas appear as densely cellular and sometimes calcified
lesions when imaged.

Magnetic resonance imaging (MRI) of posterior fossa
ependymomas:
+ Often reveals extension of the tumor through the foramen
magnum into the upper cervical spinal canal and involvement of
other structures in the posterior fossa including cranial nerves,
brainstem, basilar, and vertebral arteries.
+ Rostral extension along the brainstem to the level of the tento-
rial incisura is considered extensive disease and presents a par-
ticularly difficult therapeutic challenge.

MRI of cerebral ependymomas:
+ Often reveals large and cystic tumors that may mimic some
features of malignant glioma; but ependymomas lack the invasive
features of these high-grade tumors (Figure 3.5).
+ Ependymomas of the suprasellar region, diencephalon, thalami,
and brainstem appear similar on MRI to the more common
tumors that arise at these sites.
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Staging

There is no official staging classification of ependymoma, but the
diagnosis of metastatic disease is important for assigning appro-
priate treatment. Disseminated disease is detected using neuraxis
MRI and cerebrospinal fluid (CSF) cytology; however, for a
number of reasons these modalities are rather inaccurate and
unreliable:

+ Spinal MRIs often contain movement artifacts as a consequence
of inadequate patient preparation, sedation, or anesthesia.

+ Metastatic ependymomas do not manifest the clear linear
enhancement observed in embryonal tumors, and non-specific
transient enhancement along the surface of the brainstem and
spinal cord can be observed in patients with non-metastatic
disease [34].

+ CSF cytology is a poor predictor of disease dissemination since
patients with surgically confirmed neuraxis dissemination after
focal irradiation often contain no tumor cells in the CSF [33].
The development of reliable methods to detect metastatic epend-
ymoma is remains an important challenge. Such tests are likely
to become more important since improvements in surgery and
radiation therapy have shifted patterns of disease failure from
local to disseminated relapse.

Treatment of ependymoma

A historical perspective

Surgery and radiation have been used as treatments for ependy-
moma for more than 40 years [35]. Twenty years ago, less empha-
sis was placed on the extent of surgery; but it is now recognized
that complete removal of ependymoma is critical if the disease is
to be treated successfully [36-38]. Previous methods of delivering
radiation to children with ependymoma were also suboptimal.
Investigators often treated all patients with craniospinal irradia-
tion on the erroneous assumption that many tumors were dis-
seminated at the time of diagnosis. This exposed patients to the
risk of debilitating side-effects for the sake of the minority with
disseminated tumors. Further, conventional techniques for deliv-
ering radiation restricted doses to the primary tumor site of 54 Gy
and irradiated large volumes of normal tissue. Consequently,
many patients developed early local tumor recurrence and only
20% achieved long-term event-free survival.

In the early 1990s investigators began to explore the possibility
of increasing the dose of radiation to the primary tumor bed as
well as the efficacy of systemic chemotherapy. However, event-
free and overall survival rates remained largely unchanged since
many patients continued to receive only partial tumor resections
and chemotherapy proved ineffective [39, 40]. Concerns associ-
ated with irradiating the brains of very young children meant that
most children with ependymoma aged less than 3 years experi-
enced early tumor recurrence and inferior outcomes when com-
pared with older patients.

The results of clinical studies conducted in the last 10 years
have led to a general consensus in the US regarding the treatment
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Figure 3.3 Disease control data from the St Jude
Children’s Research Hospital Experience. Local 0.0
control, solid line. Overall survival, dashed line. 0

Event-free survival, dotted line [72].

of non-disseminated ependymoma. A landmark prospective
phase II trial of conformal radiation therapy (RT-1) was con-
ducted at St Jude Children’s Research Hospital (SJCRH) between
1997 and 2003 [41]. RT-1 accrued 88 patients including 48 chil-
dren aged less than 3 years at the time of irradiation. Importantly,
over 85% of children enrolled on RT-1 achieved a gross-total
tumor resection, since patients with residual disease were referred
routinely for second surgery prior to radiation therapy. Con-
sequently, local disease control was achieved in 80% + 6% and
95% £ 4% of children with anaplastic and differentiated ependy-
moma, respectively, and the overall event-free survival rate was
75% =+ 4% at 3 years (Figure 3.3). Importantly, longitudinal pro-
spective assessment of neurologic, endocrine and cognitive func-
tion among children treated on RT-1 has shown that most
function within the normal range following therapy [75]. The
encouraging survival rates associated with RT-1 have been attrib-
uted to a combination of factors that include better tumor
imaging, the high-rate of gross-total tumor resection and
improved radiation planning and delivery methods. The
Children’s Oncology Group (COG) subsequently conducted a
clinical trial (ACNS0121) with more than 350 subjects that used
the same methods of irradiation and strongly encouraged second
surgery. This trial was completed in 2007 and the results are
expected in 2011.

Surgery

Total tumor resection remains the most important treatment for
patients with localized ependymoma [36-38]. Resection of
tumors arising in the supratentorial brain follows the same prin-
ciples as those used to remove other supratentorial tumors.
Tumors in the infratentorial brain, especially those involving the
lateral aspect of the brainstem and lower cranial nerves, often
present a particular challenge to the neurosurgeon. A two step
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approach is often required based on the configuration of the
tumor (Figure 3.4) Operative mortality is rare for these patients;
however morbidity remains high and includes cranial nerve dys-
function, deficits of coordination and fine motor skills and, less
commonly, swallowing dysfunction with vocal cord paralysis [42,
43]. Tracheostomy and gastrostomy are temporarily required in
a small subset of patients, but the great majority of these recover
with almost normal function [73, 74].

Surgical planning and evaluation has benefited greatly from
improvements in neuroimaging and the absence of detectable
tumor on post-operative imaging remains a core component of
the definition of a gross-total resection. However, the trial
divided these cases further between those that did or did not
contain evidence of residual tumor by intraoperative micros-
copy. Patients who displayed no evidence of detectable disease
by either imaging or intraoperative microscopy were managed
with observation alone following surgery. This approach was
based on data, albeit limited, that these patients did not require
adjuvant therapy [44].

Patients who undergo less than gross-total resection have been
classified as receiving either near-total or sub-total resection in
an attempt to determine if residual disease burden correlates with
survival. However, these terms are inexact. For example, sub-total
resection is used in an all encompassing manner to describe any-
thing from a limited volume of residual tumor to a large residual
mass after tumor biopsy. Some investigators have applied to
ependymoma the same definitions used to define subtotal
(>1.5cm’ residual of tumor on a single cross sectional image) and
near-total (residual tumor <1.5cm?) resection of medulloblast-
oma [36]. The COG trial ACNS0121 defined residual tumor by
‘thickness’ on serial image slices rather than tumor area: near-
total resection was defined as <0.5cm residual tumor thickness
and sub-total as >0.5cm thickness. Thin linear enhancement
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<0.5cm, regardless of the area involved, was regarded as near-
total resection. It remains to be determined which, if any, clas-
sification of surgical resection is useful for predicting prognosis.

Second surgery

If a gross-total resection is not achieved at first surgery, careful
consideration needs to be given to the use of additional or second
surgery. There are a number of reasons why gross-total resection
may not be achieved at a first attempt, e.g. patients in extremis at
presentation, or tumors that require two different surgical
approaches. Second surgery may be accomplished safely and in
most cases has been shown to be effective at achieving a gross-
total resection ([45] and [76]. Second surgery should be per-
formed as soon as possible. Chemotherapy might be helpful in
reducing further the size of the primary tumor in between first
and second look surgery and improving the chance of achieving
a complete resection [46]. This strategy was studied in the
ACNSO0121 trial. Although, a gross-total resection is an important
goal for all patients, radiation is an effective therapy and aggres-
sive surgery should not be conducted at the expense of damaging
the cranial nerves or brainstem that could result in devastating
side-effects.

Chemotherapy

Although ependymoma is sensitive to conventional chemother-
apy, there is no convincing evidence that this treatment improves
overall patient survival:

+ Cisplatin is the most active agent against ependymoma, with
reported response rates of 30% [47—49].

+ Carboplatin [50, 51], ifosfamide [52] and etoposide [53, 54]
have each demonstrated modest activity against the disease; but
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Figure 3.4 Cerebellopontine angle tumor that
required two surgical approaches.

combination chemotherapy regimens have proved ineffective at
improving the cure rates achieved with surgery and radiation
therapy alone.

+ Combination regimens have proved equally ineffective.

+ A randomized trial of lomustine (CCNU), vincristine and pred-
nisone, versus no chemotherapy for one year following surgery
and radiation conducted by the Children’s Cancer Group (CCG),
failed to show any added benefit of the chemotherapy [55].

+ A second CCG study of children aged >2 years with newly
diagnosed ependymoma that randomized patients to receive
either CCNU, vincristine and prednisone or the eight-drugs-in-
1-day regimen, also demonstrated no advantage of chemotherapy
relative to historical controls [36]. The German HIT 88/89 and
91 trials failed to show any benefit of chemotherapy for patients
with newly diagnosed anaplastic ependymoma [56].

+ Very young patients with ependymoma have shown responses
to chemotherapy and this modality may have a role in delaying
radiation of the brains of very young patients. The role of dose
intensive chemotherapy in this age group, however, is unclear.

+ Pediatric Oncology Group 8633 reported a 48% response rate
to a combination of vincristine, cyclophosphamide, cisplatin and
etoposide among 25 children with post-operative residual tumor
[57].

+ The French Society of Pediatric Oncology reported a 4 year
overall survival rate of 23% among patients aged <5 years receiving
seven cycles of adjuvant alternating ‘procarbazine and carbopla-
tin’-’etoposide and cisplatin’-’vincristine and cyclophosphamide’
and no radiation, [58]. Early reports that dose intensification of
chemotherapy might improve survival rates among young chil-
dren with ependymoma have not been validated. More recent
studies suggest that myeloablative chemotherapy and autologous
stem cell rescue does not improve survival of patients with ependy-



Figure 3.5 Supratentorial ependymoma before (upper) and after (lower)
gross-total resection. MR T2-weighted imaging of cystic and solid anaplastic
ependymoma in the left parietal region.

moma but is associated with unacceptable toxic death-rates [40,
59, 60]. The current strategy in COG is to test the ability of post-
irradiation chemotherapy to improve event-free and overall sur-
vival in children with ependymoma after gross- or near-total
resection. This trial known as ACNS0831 was opened in 2010. It
will randomize patients between observation after radiation
therapy and treatment with four cycles of chemotherapy including
the followingt agents: vincristine, cyclophosphamide, etoposide
and cisplatin.

Radiation therapy

Focal irradiation

Most children with ependymoma present with localized disease
and may be treated with post-operative focal irradiation directed
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to the primary tumor site. This has been made possible by tech-
nological improvements in radiation planning and delivery. The
volume of irradiation required to treat patients adequately, while
sparing normal tissue, is one of the primary questions under
investigation by radiation oncologists. The ability of new treat-
ment systems to limit the highest dose of radiation to the tumor
bed and spare surrounding normal tissues has been demonstrated
in the RT-1 trial [41]. Patients enrolled on RT-1 were treated with
54-59.4Gy of conformal radiation with a 1cm clinical target
volume margin targeted to the post-operatively-defined tumor
bed. Serially evaluation of patients using a variety of objective
measures of cognitive function identified no decline in cognitive
function [77].

Craniospinal irradiation

Although rare, ependymoma can disseminate throughout the
neuraxis, and craniospinal irradiation is required treatment for
these patients. In pediatric neuroradiotherapy, craniospinal irra-
diation is defined as irradiation of the entire neuraxis with addi-
tional focal or ‘boost’ treatments of the primary tumor and
metastatic sites. Historically, all patients were treated with this
extensive volume based on the erroneous assumption that a large
proportion of ependymomas are disseminated throughout the
neuraxis at diagnosis. Retrospective studies have since shown that
neuraxis irradiation does not improve the survival of patients
with adequately staged disease compared with focal irradiation
[61, 62]. Craniospinal irradiation continues to be employed for
the less than 7% of patients who present with metastatic ependy-
moma. Doses in excess of 36 Gy, and typically 39.6 Gy, are pre-
scribed prior to boost treatment of the primary (59.4Gy) and
metastatic sites (>54 Gy). Radiosurgery (high-dose single fraction
radiation therapy) to small intracranial or spinal lesions has been
used with limited success as a supplement to craniospinal irradia-
tion or focal fractionated irradiation [63, 64]. Despite aggressive
surgery and radiation therapy, disseminated ependymoma is
extremely difficult to cure. Long-term survival rates for this pop-
ulation are unknown but are likely to be in the 20-30% range
when measured at 5 years.

Radiation therapy has contributed increasingly to the contem-
porary care of children with ependymoma. This has been made
possible by the advent of more sophisticated planning and deliv-
ery methods that can reduce the radiation dose to normal tissues
(Plate 3.2). The dosimetric and theoretical safety advantages of
proton beam therapy should be explored among children with
ependymoma now that it is becoming increasingly available. It is
important to note that proton radiotherapy has commanded the
attention of parents and caregivers and will have a significant
effect on future protocol development and will likely concentrate
patients in centers with this capability.

Long-term side effects
The side effects of ependymoma therapy depend on the age of the
patient and tumor location, as well as the impact of specific treat-
ments on normal tissues.
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+ Surgery (including cerebrospinal fluid shunting) and chemo-
therapy are both associated with relatively rare treatment com-
plications, e.g. incidental infections.

+ Exposure of the brain to radiation results in long-term endo-
crine and cognitive deficits (including learning, memory atten-
tion, and behavior disorders).

+ In addition to damaging the hypothalamic—pituitary axis
(Figure 3.6), radiation therapy can disrupt normal growth by
impacting directly bone and soft tissues within the field of
treatment.

+ Rare but devastating complications of radiation therapy include
symptomatic vasculopathy, brain and spinal cord necrosis, and
secondary malignancies. Some patients show changes on MRI in
brain tissues that receive the highest doses of radiation. These
changes may be more apparent in children who receive chemo-
therapy and may indicate tissue damage or treatment effects that
do not necessarily result in serious complications and often
resolve with time.

+ Recent data suggest that IQ after radiation therapy may be
predicted on the basis of 3-dimensional radiation dosimetry [65].
If validated, these models should prove useful for designing the
next generation of clinical trials and in particular implementing
intensity-modulated radiation therapy.

When parents and caregivers seek information about ependy-
moma, their interest alternates between the effectiveness of treat-
ment and the potential for side effects. The balance of concern
about disease control and side effects is modulated by the age of
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line), growth (dashed line) and glucocorticoid
(dotted line) replacement based on 148 patients
with a median follow-up of 71 months.

the patient and time after diagnosis. With younger patients tol-
erating aggressive surgery and newer methods of radiation
therapy, concerns about treatment-related effects give way to
fears of disease progression and the lack of effective therapy in
patients who fail frontline treatment. Improving our understand-
ing about side effects of treatment, especially radiation therapy,
and appreciating that limited objective and prospective data has
been published about radiation-related side effects, will help
patients, parents and caregivers make important decisions.
Proactive surveillance for side effects, regardless of their attri-
bution, will also serve to improve functional outcomes for all
children.

Future strategies

Continued improvements in the use of

conventional therapies

In the future, risk-adapted strategies for the treatment of ependy-
moma may be developed with knowledge from ongoing clinical
trials and tumor biology research. The ACNS0121 trial results will
provide more information about patients who might be observed
after microscopic complete resection, the value of chemotherapy
to improve gross-total resection rates, and the feasibility of con-
formal radiation therapy administered in a cooperative group
setting. Other important findings will include correlation of func-
tional outcomes with the effects of therapy and important infor-
mation about tumor pathology, the value of medical imaging and
the follow-up care provided to these patients. Current data



indicate that local tumor control is greatest among patients with
differentiated ependymoma who receive 59.4 Gy after gross-total
resection. Indeed, all patients treated with gross-total resection
have relatively high rates of local tumor control but distant meta-
static spread has become a more common mode of failure. New
methods are required to define residual disease at the primary site
or evidence of metastatic dissemination. There are patients who
might benefit from craniospinal irradiation or chemotherapy or
delays in the administration of adjuvant therapy. Differences in
outcome need to be determined with optimally treated patients;
prognostic factors from the past may be less relevant when state
of the art therapy is administered.

Development of novel therapies

While improvements have been made in the use of conventional
treatments, these will not cure all patients with ependymoma.
There is therefore a great need for new treatments of ependy-
moma. Seminal studies of a variety of hematologic and solid
tumors have identified gene mutations as targets of effective new
anti-cancer therapies [66-70]. Thus, the characterization of
oncogenic mutations in ependymoma could lead to the develop-
ment of new treatments. Further, the recent discovery that epend-
ymomas are derived from radial glia-like cancer stem cells that
reside in perivascular niches [26, 31] has identified a series of
completely new potential drug targets to treat this disease [71].
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Introduction

Embryonal tumors are the most common type of malignant brain
tumor to arise during the first and second decades of life [1, 2].
This group of tumors includes a range of different histologic
disease types (Table 4.1). In this chapter we will focus on medul-
loblastoma, the most common childhood embryonal tumor,
alongside providing a consideration of its rarer embryonal tumor
counterparts; the supratentorial primitive neuroectodermal
tumor (PNET) and the atypical teratoid rhaboid tumor (ATRT)
(see Box 4.1 and Table 4.2).

Medulloblastoma

Histological classification of medulloblastoma

The latest (2007) World Health Organization (WHO) classifica-
tion of tumors of the CNS lists the classic medulloblastoma and
several variants: desmoplastic, anaplastic and large-cell medul-
loblastomas, and the medulloblastoma with extensive nodularity
(MBEN) (Table 4.1 and Plate 4.1) [3].

Classic medulloblastoma

This is the most common histologic subtype accounting for
around two-thirds of all tumors:

+ Tumors are composed of small round or ellipsoid cells with a
high nuclear:cytoplasmic ratio and round-to-oval or triangular
hyperchromatic nuclei.

+ Uniform cells with round nuclei, in which the chromatin is
less condensed, are frequently intermingled with the hyperchro-
matic cells, and occasionally form the dominant population
(Plate 4.1).

+ Cell turnover in most medulloblastomas is high; indices of
proliferation and apoptosis can be as great as in any other neu-
roepithelial tumor. However, these measures can be unexpectedly
low in some classic tumors.
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+ Opverall, the mitotic index for childhood medulloblastomas is
usually in the range of 0.5 to 2% [5, 6]. The growth fraction, as
assessed by Ki-67 immunolabeling, is generally greater than 20%
(6, 7].

Anaplastic and large-cell medulloblastomas (Plate 4.1)

« Form a continuum; all large-cell medulloblastomas have
regions of anaplasia.

+ Large-cell and anaplastic tumors make up between 2 and 4%,
and 10 and 22% of medulloblastomas, respectively [5-7].

Desmoplastic medulloblastomas

Desmoplastic medulloblastomas encompass the nodular/desmo-
plastic medulloblastoma and the MBEN which contribute
approximately 7% and 3% of all medulloblastomas, respectively
(Plate 4.1) [7, 8].

* Defined as having a biphasic architecture consisting of regions
with dense intercellular reticulin and nodular reticulin-free
zones, in which tumor cells show a neurocytic phenotype [8].

+ Desmoplasia, a pericellular deposition of collagen in this
context, and a nodular architecture may occur together or sepa-
rately in medulloblastomas.

+ Desmoplasia can be a reactive phenomenon when medullob-
lastoma cells invade the leptomeninges. The desmoplastic his-
topathological sub-type is common in infants (<3 years of age;
~50% of cases), but occurs less frequently in older children (=3
years; ~5% of cases) [8].

Biology of medulloblastoma

Genetics and epigenetics

A series of key non-random molecular genetic and epigenetic
abnormalities have been identified in medulloblastoma which: (i)
have informed our understanding of the molecular mechanisms
underlying its pathogenesis; (ii) identified key signaling pathways
involved in medulloblastoma and; (iii) offer significant potential
for improved treatment stratification and/or the identification of
novel therapeutic targets.

Chromosomal aberrations in medulloblastoma

+ Abnormalities of chromosome 17 are the most common chro-
mosomal aberrations in medulloblastoma: isochromosome 17q
(iso(17q)) is observed in approximately 40% of cases [9-13].



Table 4.1 World Health Organization 2007 pathological classification of
childhood central nervous system (CNS) embryonal tumors|[3].

Medulloblastoma

Desmoplastic/nodular medulloblastoma
Medulloblastoma with extensive nodularity (MBEN)
Anaplastic medulloblastoma

Large cell medulloblastoma

CNS primitive neuroectodermal tumor
CNS neuroblastoma

Medulloepithelioma

CNS ganglioneuroblastoma
Ependymoblastoma

Atypical teratoid rhabdoid tumor

Box 4.1 Key points regarding the epidemiology of
embryonal tumors.

+ Approximately 461 patients younger than 20 years of age are
diagnosed with embryonal central nervous system tumors in
the United States each year, the most common form being
medulloblastoma.

+ Peak incidence is between 4 and 9 years of age.

+ Predominate in males (7.3 per million relative to 4.2 per
million in females) and are more common in Caucasians as
compared with African Americans.

+ Arise most frequently in the posterior fossa.

+ Isolated loss of 17p is observed in an additional ~20% of cases
[10, 11, 13, 14].

+ Gain of chromosome 7 occurs in ~40% of cases.

+ Extensive non-random losses of chromosomes 8,9, 10q, 11 and
16q are each observed in ~30% of cases [11, 13, 15].

Gene amplification

+ MYCN (at 2p24) and MYC (at 8q24) are the most commonly
amplified loci occurring in 5-15% of medulloblastomas, associ-
ated with the large-cell/anaplastic medulloblastoma variant [10,
16, 17].

+ Additional rare gene amplifications have been documented
including OTX2, NOTCH2, hTERT, MYCLI, PDGFRA, KIT,
MYB, PPMID and CDK6 [18-21]. The incidence and biological
and clinical significance of these events, require clarification.

Tumor predisposition syndromes

+ Although only a small proportion of medulloblastomas (<5%)
are associated with an inherited familial predisposition (Table
4.3), many of the genetic defects which cause these syndromes
have subsequently been shown to play a more extensive role in
sporadic medulloblastoma development.
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Table 4.2 Medulloblastoma/primitive neuroectodermal tumor descriptive
factors[4]. Percentages may not add to 100% due to rounding.

Age (years)

0-3 244 (32%)
4-9 315 (41%)
10-14 140 (18%)
15-19 69 (9%)
All ages 768
Gender

Male 487(63%)
Female 281(37%)
Ethnicity

White 626(82%)
Black 70(9%)
Other 72(9%)

Anatomic location

Supratentorial 53(7%)
Infratentorial 649(85%)
Mixed/overlapping 21(3%)
Brain (not otherwise specified) 45(6%)

+ Mutations of TP53, APC, and PTCH in sporadic medulloblas-
toma have been uncovered through their causative roles in Li-
Fraumeni, Turcot and nevoid basal cell carcinoma (NBCC)
syndromes, respectively [22-26, 28, 29,36—42].

+ Fanconi anemia subtype-D1 and subtype-N kindreds associ-
ated with BRCA2 and PALB2 mutations carry an increased risk
of medulloblastoma [30, 31]. It is not known if these genes are
mutated in sporadic medulloblastomas.

Epigenetic events in medulloblastoma

« Epigenetic alterations cause changes in gene expression which
are not associated with changes in the nucleotide sequence, e.g.
gene expression silencing caused by hypermethylation of pro-
moter-associated CpG islands [43].

+ Unlike genetic mechanisms of gene inactivation (e.g. gene
mutation or deletion), gene silencing by DNA hypermethylation
is reversible by DNA methyltransferase inhibitors or demethylat-
ing agents, and therefore may represent a potential therapeutic
target [44].

+ Multiple loci in medulloblastoma have been shown to be meth-
ylated [45-48], e.g. RASSFIA (in >90% of cases), CASP8 (35—
40%) and HIC-1 (35-40%) [49-55].

+ Epigenetic events may serve as prognostic biomarkers, e.g.
methylation of CASP8 has been associated with non-desmoplas-
tic tumors and S100A6 methylation is associated with the aggres-
sive large cell/anaplastic disease sub-type. HICI methylation
levels in excess of those observed in the normal brain, and weak
or low expression of the CASP8 protein, have both been reported
as independent indicators of poor survival [48, 51, 53, 56].
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Table 4.3 Medulloblastoma in hereditary cancer syndromes.

Syndrome OoMIM Gene Locus Tumour susceptibilities Risk Reference
Brain tumor-polyposis syndrome 2/Turcot syndrome Type 2 175100 APC 5q21- Medulloblastoma 79% [22, 23]
q22 Multiple colorectal adenomas 100%
Nevoid basal cell carcinoma syndrome (NBCCS)/ 109400 PICH 9q22.3 Medulloblastoma 3-5% [24-27]
Gorlin syndrome Basal cell carcinoma 100%
Li-Fraumeni syndrome 151623 P53 17p13.1 Medulloblastoma ~2% [28, 29]
Multiple primary neoplasms 3-25%
Fanconi anemia (FA) subtype ‘D1’ 605724 BRCA2 13q12.3 Medulloblastoma High [30-32]
Wilms" tumor
Neuroblastoma
Fanconi anemia (FA) subtype ‘N’ 610832 PALB2 16p12.1 Hematological malignancies
(pediatric kindred members)
Breast cancer
(adult kindred members)
Rubenstein-Taybi syndrome 180849 CREBBP 16p13.3 Medulloblastoma Rare [33]
Other nervous system tumors Rare
Neural crest tumors Rare
Coffin-Siris syndrome 135900 - - Medulloblastoma Rare (34, 35]

Key cell signal pathways in medulloblastoma tumorigenesis
The discovery that genetic alterations target multiple members of
the same signal pathways has identified these signaling systems as
key regulators of medulloblastoma tumorigenesis.

Sonic hedgehog pathway

The sonic hedgehog (SHH) pathway plays a key role in normal
cerebellar development. SHH is secreted by Purkinje neurons and
promotes mitogenesis in external granule layer (EGL) progenitor
cells during early development [57, 58]. Response to the SHH
signal is controlled through two trans-membrane proteins, PTCH
and its associated protein ‘smoothened’ (SMO) (Figure 4.1). In
the absence of SHH ligand, PTCH suppresses SMO activity.
Upon SHH stimulation, this inhibition is removed, leading to a
SMO-induced transcriptional response, mediated by the activa-
tion and repression of target genes by the ‘GLI" family of zinc-
finger-containing transcription factors (GLI-1, GLI-2, GLI-3). In
human cells, suppressor of fused (SUFU), co-operates with
BTRCP, to inhibit GLI-1-mediated transcription. However, the
mechanisms by which SMO activation is coupled to nuclear pro-
teins in the mammalian SHH pathway are otherwise not well
understood [57-59]. Key observations regarding SHH signaling
in medulloblastoma include:

+ Aberrant SHH pathway activation by genetic mutation occurs
in at least 15% of medulloblastomas and include inactivating
mutations in PTCH (~10% of cases), SMO activating mutations
(~5% of cases), and inactivating mutations in SUFU (0-10% of
cases) [37, 38, 41, 42, 60-62].

+ Gene expression microarray studies indicate up to 25% of
medulloblastomas display aberrant SHH signaling suggesting
mechanisms in addition to mutation of PTCH, SMO and SUFU
components operate in the disease [63].
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*+ Mice in which the Shh pathway is aberrantly activated develop
cerebellar tumors that mimic human medulloblastoma at both
the histologic and gene expression level (e.g. Ptch*~ or Ptch*",
Tp537™ mice; Sufu™, Tp53™"~ mice; ND2:SmoAl mice) [64—67].
+ Aberrant SHH pathway activation appears to be associated with
development of the nodular/desmoplastic medulloblastoma his-
tological sub-type [11, 27, 37, 60]. However, the relationship
between SHH defects and nodular/desmoplastic medulloblasto-
mas is not absolute and pathway activation is also observed in
classic and large cell/anaplastic tumors [41, 63].

The WNT/Wingless (WNT) pathway

APC is an essential component of the canonical WNT signaling
pathway, which is necessary for normal development, including
roles in the determination of neural cell fates [58, 68]. The canon-
ical WNT pathway regulates intra-cellular localization of B-
catenin, a key transcriptional activator (Figure 4.1). In the absence
of pathway stimulation, B-catenin is phosphorylated and targeted
for degradation by a complex that includes APC, GSK-3f3 and
AXIN1 proteins. Stimulation of WNT signaling destabilizes the
APC/GSK-3B/AXIN1 complex resulting in B-catenin accumula-
tion and signaling [58, 69, 70]. Key observations regarding WNT
signaling in medulloblastoma include:

+ 10% of medulloblastomas contain oncogenic mutations in the
CTNNBI gene (which encodes B-catenin). Mutations of alterna-
tive pathway components (APC, AXINI and AXIN2) each affect
a further ~2.5% of cases [39, 40, 71-74].

+ Nuclear B-catenin protein stabilization provides a indication of
WNT pathway activation in medulloblastoma, and affects 18—
30% of cases overall [72, 75].

« WNT pathway activation defines a unique molecular sub-
group of medulloblastomas, which display a distinct gene
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Figure 4.1 (a), The Sonic hedgehog and (b), Wnt/Wingless cell signaling pathways. Pointed arrows, stimulatory effect. Blunted arrows, inhibitory effect. P,
phosphorylation. See text for detailed descriptions of each signaling cascade. Mutations in pathway components marked ** have been reported in medulloblastoma,
associated with aberrant pathway activation. SHH, sonic hedgehog. PTCH, patched. SMO, smoothened. SUFU, suppressor of fused. GLI, GLI family of transcription factors.
FRZ, frizzled. DSH, disheveled. GSK3, glycogen synthase kinase 3 beta. APC, adenomatous polyposis coli protein. AXIN1, axis inhibition protein 1. TCF/LEF, TCF/LEF

transcriptional complex. CCND1, cyclin D1.

expression profile and monsomy 6 and very favorable prognosis
(63, 75-77].

TP53 and associated pathways

TP53 is a critical regulator of the cell cycle and apoptosis, and
disruption of this gene occurs commonly in multiple cancer
types. The TP53 pathway includes p14**, a cell cycle inhibitor
encoded by the INK4A/ARF locus. p14** expression is induced
in response to cellular stresses including oncogene activation.
p14*%F stabilizes TP53 by sequestering MDM?2 (a negative regula-
tor of TP53), thus diverting cells to either cell cycle arrest or
apoptosis. Disruption of the TP53 pathway in cancer can occur

4"*F inactivation

by genetic events including mutation of TP53, p1
(by hypermethylation, mutation, or deletion) or amplification of
the MDM?2 oncogene [78, 79]. Key observations regarding TP53

signaling in medulloblastoma include:

+ TP53 mutations have been found in around 10% of sporadic
cases [36, 80-83]. A further 10% of medulloblastomas may
contain mutually exclusive alterations in ARF (homozygous dele-
tion or promoter hypermethylation); however, MDM2 amplifica-
tion is rarely observed [80, 83, 84].

+ Elevated expression of the TP53 protein is observed in a signifi-
cant proportion of cases and has been associated with a poor
clinical outcome [82, 85, 86], and disruption of the TP53 pathway
has been associated with the anaplastic histologic phenotype [80].

Additional aberrant cell signals in medulloblastoma

+ Mutations in PIK3CA, a member of the family of the phos-
phatidylinositol 3’-kinase (PI3K) signaling pathway, have been
reported in ~5% of medulloblastomas [87], and suggest that
PI3K, its pathway components, and effectors may play a role in
medulloblastoma tumorigenesis.
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+ Additional signaling networks, including those regulated
through the neurotrophin, PDGFR, and ERBB2 receptor families,
have been implicated by gene expression studies in human
primary medulloblastomas. However, a genetic basis for their
disruption has not yet been uncovered [88-92].

Clinical presentation

The typical presentation of a child with medulloblastoma
includes:

+ Morning headache relieved by projectile emesis.

+ Irritability and lethargy.

+ Infants whose fontanelles have not fused, often present with an
enlarging head circumference.

+ Ataxia, blurred vision, sixth nerve palsy, deterioration in hand-
writing at school, and on rare occasions back pain in patients with
bulky spinal metastatic disease.

+ Fundoscopy should be included in the examination of any child
presenting with these symptoms. This will often reveal papille-
dema that is indicative of raised intracranial pressure and man-
dates further investigation.
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Investigation and staging

Imaging

High-quality neuroimaging is required to stage accurately patients
with medulloblastoma. For most patients, the initial modality
used for imaging is computerized tomography (CT) of the head.
The classic finding on CT scans is a mass in the fourth ventricle
that is hyperdense on non-contrast imaging and enhances uni-
formly with contrast. Occasionally medulloblastomas only
enhance centrally with contrast or present as hypodense non-
enhancing masses [93].

All contemporary protocols stage patients according to the
results of magnetic resonance imaging (MRI) [94]. MRI scans of
the head are usually obtained with and without contrast pre-
operatively and within 24-48 hours of surgical resection.
Particular care should be taken to identify both the enhancing
and non-enhancing portions of the tumor on the pre-operative
MRI, so as to accurately determine the extent of tumor resection
on the post-operative MRI. Care should also be taken to inspect
all areas of the brain for metastasis, and especially the frontal
horns of the lateral ventricles and folia of the cerebellum that are
often overlooked (Figure 4.2a-c). Fluid attenuated inversion

Figure 4.2 Medulloblastoma, showing

(a), metastasis beyond the thecal sac,

(b), metastasis in the anterior horn of the lateral
ventricle, and (c), discrete enhancement in the folia
of the cerebellum.



Figure 4.3 Fluid attenunated inversion recovery (FLAIR) sequences distinguish
metastatic disease from non-specific enhancement.

recovery (FLAIR) sequences can often assist in distinguishing
subtle metastatic disease from non-specific enhancement (Figure
43).

MRI of the spine can be obtained either pre-operatively or
10-14 days post-operatively. Caution needs to be exercised when
evaluating the spinal cord for metastatic disease. The entire length
of the spinal cord needs to be imaged with sagittal T1 sequences
both pre- and post-gadolinium enhancement. Note that meta-
static deposits are often located at the tip of the conus or just
caudal of this point and can be missed if the entire neuraxis is
not imaged (Figure 4.2a). Any areas of concern within the spine
should be reimaged with axial T1 sequences that can help to
determine the presence of metastases. Since clinical outcome is
correlated so closely with disease stage, it is recommended that
all imaging studies of patients treated on prospective clinical trials
undergo central review.

Imaging changes seen during the post-therapy period have
been known to mimic recurrent disease; hence extreme cau-
tion needs to be exercised when interpreting scans during this
period [95].

Risk stratification

The extent of tumor resection and presence of metastatic disease
are the key factors that determine disease risk for newly diagnosed
patients with medulloblastoma (Tables 4.4 and 4.5). The current
system is based on the Chang staging system developed in the
1960s; however, improvements in surgical management have
reduced the relevance of the tumor (T) stage component [96].
The presence of tumor cells in the cerebrospinal fluid (CSF) is
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Table 4.4 Risk-adapted classification for medulloblastoma (older children)[77].

Standard risk High risk

Gross total resection Residual disease > 1.5cm?
or < 1.5em? of
residual disease

No metastatic disease

Extent of
resection

Presence of Presence of metastatic disease
metastatic documented by lumbar
disease cerebrospinal fluid cytology or
gadolinium-enhanced magnetic
resonance imaging scan of the

head/spine
Table 4.5 Staging of metastatic disease[96].
MO No metastatic disease
M1 Tumor cells present in the cerebrospinal fluid
M2 Presence of metastatic disease limited on the intracranial region only
M3 Presence of metastatic disease coating the spine
M4 Presence of metastatic disease outside the neuraxis

best confirmed on CSF that is obtained by lumbar puncture 2
weeks after surgical resection of the tumor [97]. Although the
prognostic significance of several biologic factors have been eval-
uated, none of these factors are currently being used to assign
disease risk [8, 85, 98, 99].

Staging of infants is similar to that of older children. Emerging
data from several studies document that infants with desmoplas-
tic medulloblastoma have an improved survival as compared to
those infants with either classic or large cell/anaplastic histology
[100]. The same principles of staging are utilized for staining
PNET and ATRT patients. Similar to medulloblastoma patients,
the extent of resection and presence of metastatic disease are
important determinants of prognosis.

Treatment

Infants

Surgical resection, neuraxis radiation therapy, and chemotherapy
are the three modalities that are used to successfully treat children
diagnosed with medulloblastoma. Due to the devastating conse-
quences of radiation therapy to the young brain, investigators
have devised research protocols that seek to avoid or delay radia-
tion therapy in children aged less than 3 years [101, 102] (Table
4.6). These studies demonstrated that radiation could be delayed
or even omitted without compromising survival in a subset
of medulloblastoma patients younger than 3 years of age at
diagnosis.

Delayed radiation

The Pediatric Oncology Group (POG) and Children’s Cancer
Study Group (CCG) adopted a delayed radiotherapy approach
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Table 4.6 Summary of outcome for infant studies.

S n 5-year 5-year Reference

Trial n Event-free survival (+SE)* Overall survival (+SE)*

MO no residual

Baby POG 13 69% (103, 104]

CCG 9921 38 41+ 8% 54 + 8% (105]

Early studies that showed that these patients can be cured with chemotherapy and radiation therapy

SFOP 47 29% 73% [106]
(95% Cl 18-44) (95% Cl 59-84)

HIT-SKK92 17 82+ 9% 93+ 6% [100]

Head Start | + Il (age > 3 year) 14 64 +13% 86 £ 9% [107]

Next generation of studies that showed that >70% of infants can be cured with more aggressive chemotherapy or radiation therapy at the time of relapse

MO with residual

CCG 9921 23 26 £9% 40 £ 1% [105]

SFOP 17 6% 41% [106]
(95% CI 1-27) (95% CI 22-64)

HIT-SKK92 14 50 £ 13% 56 £ 14% [100]

Head Start | + Il (age > 3 year) 7 29+ 17% 57 £ 19% [107]

Infants with residual disease at the time of surgery had a lower event-free survival despite aggressive combined modality therapy

Metastatic (M+)

CCG 9921 31 25+ 8% 31+ 9% (105]

SFOP 15 13% (95%Cl 4-38) 13% (95%Cl 4-38) [106]

HIT-SKK92 12 33+ 14% 38+ 15% (100]

Head Start Il * (age < 6 year) 21 3-year EFS 49% 3-year OS 60% [108]

(95%Cl 27-72)
Infants with metastatic disease have a dismal prognosis despite aggressive therapy.

(95%Cl 36-84)

*The Head Start Il protocol only included nine patients <3 years of age.

(POG 8633/34 [termed Baby POG-1] [103, 104] and CCG 921
trials [109]).

+ Baby POG-1: children under the age of 3 years were treated
with chemotherapy consisting of vincristine, cyclophosphamide,
etoposide, and cisplatin. Neuraxis radiation was delivered after 1
or 2 years following diagnosis, but was successfully delayed in
only 40% of patients. The 5-year progression-free survival (PFS)
and overall survival (OS) for all medulloblastoma patients were
31.8 * 8.3% and 39.7 £ 6.9% respectively. Patients with non-
metastatic and gross totally resected tumors (MORO) had much
better outcomes, with 5-year OS of 69%.

+ POG study 9233/34 (termed Baby POG-2) intensified the
chemotherapy regimen. Patients were randomized between
standard Baby POG-1 treatment or an intensified version of Baby
POG-1 therapy in which the same drugs were administered at
higher doses and more frequently. No difference in event-free
survivial (EFS) or OS was observed between patients receiving
standard or intensified Baby POG therapy (unpublished data).

+ CCG 921 [109] included children younger than 18 months of
age. Patients were treated with the ‘8 in 1’ chemotherapy regimen,
followed by delayed neuraxis radiation or focal radiotherapy.
Only 10% (nine of 91) of patients received the planned radio-
therapy (RT) treatment. Patients with medulloblastoma had a
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3-year PFS of 22%. The outcome for patients with MORO disease
was marginally superior (5-year PFS 30%) [109].

+ CCG 9921 [105] used a strategy of more intensive chemo-
therapy to improve outcome. Children younger than 3 years of
age were randomly assigned to receive one of two five-cycle
induction chemotherapy regimens, followed by a uniform
regimen of maintenance chemotherapy for 56 weeks. Patients
with residual or metastatic disease were to receive focal radiation
or neuraxis radiotherapy at the end of maintenance or at 3 years
of age, whichever came earlier. Only a minority (40%) of patients
received RT treatment as planned. There was no difference in
EFS or OS between chemotherapy arms.

Neuraxis radiation restricted to disease recurrence

or progression

The Baby Brain Societe Francaise d’Oncologie Pediatrique
(BBSFOP) trial treated patients younger than 4 years of age with
conventional chemotherapy alone, reserving radiation (focal to
the posterior fossa only) combined with high-dose chemotherapy
and autologous stem cell rescue (ASCR), for patients whose
tumors progressed or recurred [106]. The BBSFOP chemotherapy
regimen resulted in a 5-year PFS of 29% (95% CI, 18-44) for
MORO patients, revealing that this subset can achieve long-term



survival with no radiation and relatively mild chemotherapy.
Many patients were successfully salvaged with focal radiation and
high-dose chemotherapy with ASCR, resulting in a 5-year OS for
MORO patients of 73% (95% CI, 59 to 84) [106].

Strategies to avoid neuraxis radiation

+ High-dose systemic and intensive intraventricular methotrex-
ate combined with standard chemotherapy [100]. Using this
approach, the HITSKK92 trial achieved the best results to date
for children aged less than 3 years old with MO/M1R0O medul-
loblastoma (n = 17), with 5-year PFS and OS of 82 £ 9% and
93 * 6% respectively. Outcomes for patients with residual disease
(n = 14) were also somewhat better than in prior series, with
5-year PFS and OS of 50 & 13% and 56 + 14% respectively. Only
patients with macroscopic metastasis (M2-M3) (n = 12) faired
poorly, with 5-year PES and OS of 33 * 14% and 38 * 15%
respectively. This study reported no toxic deaths, but there was a
very high frequency (19 of 23 [83%] evaluated patients) of
asymptomatic leukoencephalopathy noted on MRI, most likely
attributable to the intensive use of intrathecal methotrexate. This
study revealed that the majority of young children without mac-
roscopic metastasis and completely resected medulloblastoma
can be cured with chemotherapy alone, but at a cost of meth-
otrexate-induced neurotoxicity [100].

+ Myeloablative chemotherapy with ASCR has also been investi-
gated as an alternative to neuraxis irradation. This approach was
used by the Head Start II trial, which utilized five cycles of induc-
tion chemotherapy very similar to CCG 9921, but with the addi-
tion of high-dose intravenous methotrexate, followed by a single
consolidation course of myeloablative therapy using carboplatin,
thiotepa, and etoposide with ASCR. Using this strategy the Head
Start II trial has achieved the best results to date for young chil-
dren (defined as age less than 6 years in this trial) with metastatic
medulloblastoma (M1-M3) (n = 21), with 3-year EFS and OS of
49% (95% CI, 27-72) and 60% (95% CI, 36-84), respectively
[108]. Though promising, interpretation of these results is limited
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by the small size of the study and inclusion of older children (only
nine patients under age 3 years at diagnosis were enrolled).
Children aged less than 3 years with M0 medulloblastoma treated
on Head Start I and II trials were treated with identical therapy
as patients with metastatic disease, except they did not receive
high-dose methotrexate. For patients with MORO medulloblast-
oma (n = 14) the results of this trial are comparable with those
of the German group, with 5-year EFS and OS of 64 + 13% and
86 =+ 9% respectively (unpublished data). This strategy appears to
add no benefit for patients with non-metastatic residual disease
(MOR1) (n = 7), since the 5-year EFS of 29 £ 17% for this group,
is comparable to the CCG 9921 trial result of 26 * 9%, which was
achieved without the use of myeloablative chemotherapy with
ASCR [105].

Older children with average-risk disease

Collectively, studies conducted among these patients have dem-
onstrated that the addition of adjuvant chemotherapy has
improved the cure rates for average-risk medulloblastoma (Table
4.7).

Reduced dose radiation
A series of initial studies demonstrated the efficacy of reduced-
dose neuraxis radiation (23.4 Gy) with chemotherapy [110-112].
POG-CCG A9961. Patients were treated with neuraxis radia-
tion (23.4Gy) and with posterior fossa boost (55.8 Gy); vincris-
tine was administered weekly during radiotherapy. After the
completion of radiotherapy, patients were randomly assigned to
groups that received either the standard regimen of lomustine,
cisplatin, and vincristine or the alternative regimen of cyclophos-
phamide, cisplatin, and vincristine. The 5-year EFS for the 379
eligible patients enroled on the study was 81 + 2% and there was
no difference in the EFS of either arm of the study [113]. Based
on this result, the current Children’s Oncology Group (COG) is
conducting a randomized study that is seeking to reduce further

Table 4.7 Results of prospective clinical trials for older children with standard-risk medulloblastoma. Large prospective studies demonstrating that approximately 80% of
patients with standard-risk medulloblastoma can be cured with either standard dose (35Gy) or lower dose (23.4 Gy) neuraxis radiation and adjuvant chemotherapy.

Trial Treatment Radiotherapy dose (Gy)
Neuraxis radiation PF
Average risk (MORO)
CCG 9892 (1990-1994) Reduced dose RT with weekly VCR followed by CHT (VCR, CDDP and CCNU) 23.4 55.8
SIOP-PNET3 (1992-2000) Standard dose RT only vs Pre-RT CHT (VCR, VP-16, CBDA and Cyclo) 35 55
HIT-91 (1991-1997) Pre-RT CHT (Ifos, ara-C, VP-16, HD-MTX, CDDP) vs Post-RT CHT (VCR, CDDP and CCNU) 35.2 55.2
A9961 (1996—2000) Weekly VCR during RT then CCNU, CDDP, VCR vs. Cyclo, CDDP, VCR 23.4 55.8
SIMB96 (1996-2003) Reduced dose RT followed by four cycles of high-dose CHT with ASCR (VCR, CDDP and Cyclo) 23.4 55.8

EFS, event-free survival. Radiation, radiation therapy. CHT, chemotherapy. RD, residual disease. Neuraxis radiation, craniospinal irradiation. PF, posterior fossa. Cyclo,
cyclophosphamide. CDDP, cisplatin. VCR, vincristine. CCNU, lomustine. VP-16- Etoposide, MTX, methotrexate; etoposide. 8-in-1, 8 chemotherapeutic agents administered
in one day (consisting of VCR, methylprednisolone, CCNU, CDDP, hydroxyurea, procarbazine, ara-c and cyclo). *Unless otherwise stated.
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the dose of neuraxis radiation to 18 Gy in patients >3-< 8 years
of age while maintaining the same degree of disease control.

Timing of radiation

Studies by the International Society of Pediatric Oncology (SIOP)
have attempted to answer the question of timing of chemother-
apy in relation to radiation.

+ SIOP II clearly demonstrated that use of prolonged pre-radia-
tion chemotherapy negatively affects the EFS estimate for aver-
age-risk patients. The negative result could also be attributed to
the choice of drugs given before radiation, because this chemo-
therapy regimen did not contain cisplatin, a drug that is particu-
larly effective against medulloblastoma [114].

+ SIOP III compared EFS estimates for patients treated with
radiation alone with those for patients treated with vincristine,
carboplatin, cyclophosphamide, and etoposide for four cycles
and subsequent radiation. The dose of neuraxis radiation was
36 Gy, and the dose to the posterior fossa was 56 Gy. In contrast
to United States studies that exclude M1 patients from average-
risk protocols, patients with M0 and M1 disease were enroled on
this study; therefore the comparison of these data with those from
the United States is difficult. Of the 217 patients enrolled on the
SIOP III study, 179 were eligible for analysis. The EFS probability
at 5 years for the group that received chemotherapy and radiation
was 74%, whereas that for the group that received only radiation
was 60% (P = 0.036). This study confirms that post-operative
standard-dose neuraxis radiation alone achieves 5-year EFS rates
of between 60 and 65% and that this can be improved with the
addition of platinum-based chemotherapy [115].

« HIT 91 compared the outcome of patients receiving pre- or
post-radiation chemotherapy [116]. Two-hundred and eighty
patients were enrolled on the study. Patients with M1 disease and
residual tumor following surgery were included in the average-
risk group. Included among the 234 average-risk patients were 69
patients with residual tumor and 49 patients with M1 disease.
Once again, these disease risk criteria render any comparisons
with US study data problematic. Post-radiation chemotherapy
included eight cycles consisting of lomustine, cisplatin, and vin-
cristine. Radiation for all patients consisted of neuraxis radiation
(35.2Gy) and irradiation of the posterior fossa (55.2 Gy). Pre-
radiation chemotherapy included procarbazine, ifosfamide/
etoposide, high-dose methotrexate, cisplatin, and Ara-C. Patients
whose tumor responded poorly to the pre-radiation chemother-
apy were given additional chemotherapy consisting of carbopla-
tin, lomustine, and vincristine after radiation. The 5-year PFS
estimate for patients in the post-radiation chemotherapy arm was
78% + 6%, whereas that for patients in the pre-radiation chemo-
therapy group was 65% * 5% (P = 0.03) [116]. The results for
the post-radiation chemotherapy arm confirm those seen in
United States studies in which a similar approach was used, albeit
with a lower dose of neuraxis radiation and a more clearly defined
group of average-risk patients.

Treatment of high-risk patients

Attempts to improve survival estimates for high-risk patients
(=1.5cm’ residual disease or presence of metastatic disease) have
relied on a variety of chemotherapy regimens administered before
or after radiation (Table 4.8). Historically, high-risk patients

Table 4.8 Prospective studies documenting poor survival for high-risk patients treated with neoadjuvant chemotherapy. The best results are documented in patients
treated with high dose neuraxis radiation post-RT followed by moderately intense adjuvant chemotherapy.

Trial Treatment Radiotherapy dose (Gy) PF 5-year EFS
Neuraxis radiation (+SE)*

High risk

(M1-M3 £ R1)

HIT-91 Pre-RT CHT (Ifos, ara-C, VP-16, HD-MTX, CDDP) vs Post-RT CHT 35.2 55.2 30+ 15%

(M2-M3) (VCR, CDDP and CCNU) (3 year EFS)

(1991-1997) Separate results for the two treatment arms were not provided)

SIOP-PNET3 Pre-RT CHT 35 55 34.7%

(M2-M3) (VP-16 VCR, Cyclo and CBDA)

(1992-2000)

CHoP Weekly VCR during RT then CCNU, CDDP, VCR 36 55.8 67 £ 15%

(M1-M3)

SJIMB96 Topotecan window pre-RT followed by four cycles of high dose CHT 36 55.8 70%

(M1-M3) with ASCR (VCR, CDDP and Cyclo) -39.6 (95%Cl 55-85)

(1996-2003)

EFS, event-free survival. Radiation, radiation therapy. CHT, chemotherapy. Neuraxis radiation, craniospinal irradiation. PF, posterior fossa. Cyclo, cyclophosphamide. CDDP,
cisplatin. VCR, vincristine. CCNU, lomustine. VP-16, Etoposide. MTX, methotrexate. * Unless otherwise stated.
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treated with radiation alone have had 5-year PFS estimates of
25-40% [117].Inatrial conducted at five institutions and reported
by Packer et al., the 5-year PFS probability was 67% * 15% for 15
patients with M+ disease treated with radiation with concurrent
vincristine and adjuvant chemotherapy consisting of lomustine,
cisplatin, and vincristine [118]. The impact of combined modality
therapy on the PFS probability of high-risk patients has been
confirmed in a recently reported POG study (POG 9031) [119].
Of the 224 patients enroled on the study, 94 patients had M+
disease. Patients were randomly assigned to groups that received
three cycles of cisplatin and etoposide either before or immedi-
ately after RT; all patients subsequently received eight cycles of
cyclophosphamide and vincristine. Patients with M1 disease
received 35.2 Gy neuraxis radiation, and most patients with M2/
M3 disease received 40 Gy neuraxis radiation with a boost of
4.8 Gy to gross sites of metastatic disease. The dose of irradiation
to the posterior fossa ranged from 53.2 to 54.4 Gy. The 5-year EFS
estimate for the patients with M+ disease was approximately 55%,
a result that confirms the pilot experience of Packer et al.

Another large study in which pre-radiation and post-radiation
arms were randomized was the CCG 921 study. This study
enrolled 203 eligible patients with high-risk medulloblastoma;
188 patients were randomly assigned to two treatment groups.
The experimental arm got two cycles of ‘8 in 1’ chemotherapy
pre-radiation and then received an additional six cycles of the
same chemotherapy. In the standard arm, the chemotherapy was
similar to the study by Packer et al. described above [118].
Patients received 36 Gy neuraxis radiation with a further radia-
tion boost to the primary tumor site. The 5-year estimate of PFS
for the entire cohort of patients was 54% =& 5%. Patients treated
with the standard regimen of lomustine, vincristine, and pred-
nisone had a 5-year PFS probability of 63% =+ 5%. This estimate
is similar to those noted from the Packer study and the POG
study and superior to those achieved with the investigational ‘8-
in-1’ regimen [120].

For high-risk patients, the use of pre-radiation chemotherapy
for a prolonged period of time yielded results that were clearly
inferior to those obtained by the use of a shorter window (approx-
imately 6-8 weeks of chemotherapy). Results from the PNET III
trial and the HIT 91 trial that used pre-radiation chemotherapy
did not demonstrate a survival advantage for patients despite the
use of drugs that were active against medulloblastoma. The EFS
for M2—-M3 patients were 34.7% (n = 68) and 30% (n = 19) at 5
years and 3 years for the PNET III and HIT trials respectively
[116, 121].

The best result for high-risk medulloblastoma to date has
been published by a consortium of investigators led by St Jude
Children’s Research Hospital. Following maximal surgical resec-
tion of the tumor, therapy consisted of neuraxis radiation (36 Gy
MO0-M1; 39.6 Gy M2-M3) with an additional radiation boost
to the primary tumor bed and a 2cm margin delivered by a 3-
dimensional conformal technique. Six weeks post-completion of
radiation these investigators used four courses of cyclophospha-
mide-based dose intensive chemotherapy, with hematopoietic
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stem cell support, over 16 weeks. The 5-year EFS for 48 patients
with high-risk medulloblastoma was 70% at 5 years [77]. This
study suggests that chemotherapy does significantly improve the
survival for patients with high-risk medulloblastoma, but the
timing of chemotherapy in relation to radiation is critical to
achieve good results. Despite using drugs with proven efficacy
against medulloblastoma, neo-adjuvant chemotherapy used for a
duration of greater than 6 weeks may have a detrimental impact
on EFS in high-risk patients.

Prognostic factors
Only clinical variables are currently used in the therapeutic strati-
fication of patients with medulloblastoma; molecular markers
and histopathological subclassification do not currently influence
therapeutic strategy. However, variability in outcome exists
within current clinical risk groups. The accurate identification of
disease risk thus remains a major goal, as a more robust stratifica-
tion of disease-risk would facilitate the targeted use of adjuvant
therapies; intensive regimens for aggressive tumors and reduced
long-term side effects for patients with responsive tumors.
Assessment of the prognostic significance of molecular defects
in medulloblastoma has frequently been limited by the retrospec-
tive analysis of individual markers in small, heterogenously
treated cohorts. Nonetheless, a range of molecular markers with
prognostic potential have now been identified in trial-based
studies (Table 4.9).
+ Markers associated with good prognosis: nuclear immunore-
activity of B-catenin [75, 77], expression of TRKC neurotrophin
receptor [90]. The MBEN, which is a tumor of infancy, is associ-
ated with a good prognosis [122], and the wider desmoplastic
variant (including MBENs) has consistently been associated
with a more favorable outcome in trials-based studies in infants
(8, 100].
+ Markers associated with poor prognosis: amplification and or
expression of the MYC and MYCN oncogenes [10, 98, 99], defects
of chromosome 17 [10], and expression of the ERBB2 receptor
tyrosine kinase [98]. Among the histopathological variants of
medulloblastoma, an aggressive biological behavior has been
established for the overlapping large-cell and anaplastic variants,
which have been associated with a poor outcome in several clini-
cal trial cohorts [6, 8, 77, 123, 124].

Treatment of other forms of embryonal tumors

Atypical teratoid rhabdoid tumors

Atypical teratoid/rhabdoid tumor (ATRT) has only recently been
recognized as a distinct tumor entity from other CNS embryonal
tumors [125, 126]. Key features are:

+ Highly aggressive tumor.

+ Occurs primarily in children younger than 2 years of age and
frequently presents with metastatic disease at diagnosis 127, 128].
+ Characterized by alterations in the SMARCBI (also known as
INII/hSNF5) gene on chromosome 22q11 [129].
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Table 4.9 Molecular and histopathological markers of disease-risk in medulloblastoma, showing disease features which display consistent associations with prognosis in

two or more clinical trials-based studies.

Disease feature Method of Prevalence Survival Statistical Clinical trial Cohort age Reference
detection (risk-group analysis range (years)
vs others)
Favorable risk IHC 271109 (25%) 92% vs 65% P=0.006" PNET3 3-16.8 [75]
Wnt/Wg pathway (5 year 09)
activation-catenin 10/69 (14%) 100% vs 68% P=0.03" SIMB96 3.1-20.2 [77]
nuclear((stabilization) (5 year EFS)
Desmoplasia (in infants Histopathological 20/43 (47%) 85% vs 34% P< 0.001™ HIT-SKK'92 <3 [100]
<3 years) assessment (7 year PFS)
17/28 (61%) 53% vs 17% NR CNS9204 <3 [8]
(5 year 09)
Adverse risk MYC FISH 5/84 (6%) All dead at P< 0.001 PNET3 >3 [10]
gene amplification 5 years*
gPCR 5/111 (4.5%) 40% vs 66% NS HIT '91 3-18 [99]
(7 year 09)
Large-cell/anaplastic Histopathological 23/116 (20%) 57% vs ~80% P=10.04" SJIMB96 3.1-20.2 [77]
histology assessment (5 year EFS)
52/315 (17%) ~55% vs ~75% P=0.024" PNET3 2.7-16.4 18]

(5 year 0S)

IHC, immunohistochemistry. FISH, fluorescence in situ hybridization. gPCR, quantitative polymerase chain reaction. OS, overall survival. EFS, event-free survival. PFS,
progression-free survival. ™ multivariate analysis. “univariate analysis. NR, not reported. NS, not significant. COG, Children’s Oncology Group. * Cases showing high-level

gene amplification in >25% of tumor nuclei.

+ The majority (85%) of ATRTs have inactivation of the
SMARCBI gene, either through homozygous deletions or loss of
one allele with concomitant mutation of the other copy.

+ Older children with ATRT have been successfully treated with
a combination of complete resection, neuraxis radiation, and
high-dose chemotherapy with ASCR [130]. In contrast, possibly
because of the omission of neuraxis radiation, outcomes for chil-
dren younger than 3 years of age with a highly aggressive tumor
are dismal. The 2-year EFS for 28 children less than 3 years old
treated on the CCG 9921 trial was 14 £ 7% [105]. Likewise, in
the St Jude experience reported by Tekautz et al. the 2-year EFS
for the 22 children less than 3 years of age at diagnosis was
11 + 6% [130]. Effective chemotherapy regimes for young chil-
dren with ATRT remain elusive.

Supratentorial primitive neuroectodermal tumors
including pineoblastoma

Supratentorial primitive neuroectodermal tumors (SPNET) in
children are rare and represent less than 2.5% of childhood brain
tumors [131]. Key features are:

1 SPNET are histologically similar to medulloblastomas [132].
2 SPNET are thought to be less curable than medulloblastoma
(Table 4.10) [133, 134].

3 Higher doses of radiation therapy are used routinely to treat
SPNET, regardless of the stage of the disease.

4 Pineal tumors have a better outcome as compared with non-
pineal SPNET [133-137].
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5 SPNET and medulloblastomas are molecularly distinct
[138-141].
+ SPNET display chromosomal losses affecting 1p12-22.1 and
9p, and gains at 19p, which are not commonly observed in
medulloblastoma.
+ SPNET show a reduced frequency of imbalances involving
chromosome 17, the most common chromosome defect in
medulloblastoma [142, 143].
6 Radiation therapy is an important component of the treatment
of SPNET (Table 4.10).
« Timmerman et al. have recommended treating the entire
neuraxis of patients with SPNET with at least 35Gy and the
primary tumor with at least 54 Gy [144].
+ Massimino et al. treated children older than 4 years with
SPNET with initial chemotherapy and then hyperfractionated
craniospinal radiation therapy (31.2-39 Gy) and boost to the
tumor site to a total dose of 59.7-60 Gy [145]. After the com-
pletion of hyperfractionated radiation therapy, these patients
received either standard or high-dose chemotherapy followed
by autologous stem-cell rescue. The 3-year EFS for all 15
patients was 34%.
+ In the SIOP/UKCCSG experience by Pizer et al., 68 patients
were treated with radiation therapy that consisted of neuraxis
radiation (35 Gy) with an additional 20 Gy boost to the primary
tumor site [135]. Forty-four of these patients also received four
cycles of chemotherapy before the start of radiation therapy,
whereas the others received radiation therapy alone. The 5-year



Chapter 4 Embryonal Tumors

Table 4.10 Results of prospective studies demonstrating that supratentorial primitive neuroectodermal tumors (PNET) have an inferior event-free S survival as compared
with posteria fossa PNET despite aggressive therapy. Patients with pineoblastoma have a better prognosis in this age group.

Study n Radiation dose (neuraxis radiation ) Survival estimates Pineal/non-pineal Reference

CHOP/CNMC 22 34-40 Gy 5-year PFS, 37% 13/9 [137]

CCG 44 36-40Gy 3-year PFS, 45% 17127° [133]

CCG 27 36 Gy for those older than 3 years 5-year PFS, 31% 0/27 [136]
23.4Gy for those 1.5-3 year (n=9)

HIT 88/89 63 35.2Gy 3-year PFS, 39% 11/52° [144]

CCG 17 36 Gy for those older than 3 years (n = 15) 3-year PFS, 61% 1710 [134]
23.4Gy for those 1.5-3 years (n = 2)

SIOP/UKCCSG 68 35Gy 5-year EFS, 47% 14/54 [135]

Milan/Rome 15 31.2Gy for those younger than 10 years 3-year EFS, 34% 3/12¢ [145]

39 Gy for those 10 years or older (6 patients)

3-year PFS, 54%

Neuraxis radiation, craniospinal irradiation. PFS, progression-free survival. EFS, event-free survival. °PFS estimate for those with pineal tumors, 61%; PFS estimate for
those with non-pineal tumors, 33%. " Disease in 46 patients was classified as M,. “Ten patients received high-dose thiotepa and stem-cell rescue after the completion of
neuraxis radiation (hyperfractionated). Second tumors developed in two patients. All patients received high dose chemotherapy prior to radiation. CHOP, Children’s
Hospital of Philadelphia. CNMC, Children’s National Medical Center. CCG, Children’s Cancer Group.

EFS was 40.7% for patients with non-pineal PNET and 71.4%
for those with pineal PNET (14 patients). The overall 5-year
EFS estimate was 47% for the entire group. The addition of
pre-irradiation chemotherapy did not impact favorably on the
EFS. This European experience demonstrates the relatively
good outcome for pineal SPNET compared with non-pineal
SPNET with all patients receiving at least 35 Gy to the cranios-
pinal axis.

Treatment strategies for relapsed disease

Considerable debate remains as to the best therapeutic approach
for patients who have recurrent disease. Infants who have not had
irradiation as part of their original therapy and have a local
relapse can clearly be salvaged by surgical resection and local
radiation + high dose chemotherapy (HDCT) [146]. For infants
with metastatic relapse of medulloblastoma, HDCT alone is not
effective and though neuraxis radiation can salvage a propor-
tion of these patients the neurocognitive outcome is devastating
(101, 102].

The outcome for patients with embryonal brain tumors who
relapse following previous neuraxis radiation and who are
retreated with ‘conventional therapy’ is abysmal. In this respect,
HDCT has been widely investigated to improve the outcome of
such patients. More than a decade ago, Finlay et al. published a
landmark article in which they demonstrated that a subset of
patients with recurrent brain tumors of diverse histological diag-
nosis could be salvaged with high-dose chemotherapy followed
by ASCR [147]. Observations from this early series suggested that
patients with minimal residual disease at the time of high-dose
chemotherapy may be the appropriate candidates for this retrieval
strategy. Patients with bulky, metastatic recurrent disease or

disease that did not respond to retrieval chemotherapy may not
be the best candidates for this intervention. The toxicity of this
approach was also a concern in this early series. Subsequently
other investigators have further explored the role of high dose
chemotherapy in patients with recurrent medulloblastoma [148,
149]. Recent data has demonstrated that high dose chemotherapy
has failed to cure patients treated with radiation therapy and
chemotherapy as part of their initial treatment [150].

The lack of randomized prospective studies that use HDCT vs
standard dose chemotherapy for patients with recurrent disease
make it difficult to compare the efficacy and short- and long-term
toxicities between the two approaches.

Complications of treatment and important
late-effects

Patients treated with multimodality therapy unfortunately do
suffer from multiple early and late consequences of therapy. Early
side effects include the expected side effects of therapy, many of
which are reversible. Irreversible consequences of therapy are
hearing loss [151, 152], endocrine deficiencies [153—158], neuro-
cognitive decline [159-161], secondary malignancies [162], and
sterility [163]. Age of the patient and dose of neuraxis radiation
are key factors implicated in the degree of neurocognitive decline
with the younger patients who are treated with higher dose irra-
diation suffering the worst decline [102, 164]. In addition to the
decline in global IQ, these patients also demonstrate a decline in
memory, attention, and processing speed [165-167]. Current
attempts to reduce the dose of neuraxis radiation in standard-risk
patients are seeking to reduce the degree of neuroendocrine
and neurocognitive decline in this patient population while
seeking to maintain a high cure rate [168, 169]. Current research
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initiatives are focusing on introduction of intervention programs
to compensate for the neurocognitive decline [170].

Novel therapeutic approaches

There has been a paucity of effective new traditional cytotoxic
drugs which have shown efficacy against recurrent medulloblas-
toma [171-174]. In a phase II study in newly diagnosed patients
with medulloblastoma/PNET, topotecan, a topoisomerase I
inhibitor with good CSF penetration, showed efficacy in a third
of the patients demonstrating response [175, 176]. However, this
lack of newer effective chemotherapy agents has impeded the
development of therapeutic strategies for medulloblastoma.

The application of novel small molecule inhibitors targeted
against specific biological pathways offers promise for the
improved therapy of embryonal brain tumors, with long-term
potential for the development of therapies tailored to the biologi-
cal profile of individual tumors, coupled with enhanced drug
specificity and reduced toxicity/late-effects. Pre-clinical studies of
compounds which target pathways constitutively activated by
gene mutations in medulloblastoma pathogenesis are underway;
small molecule inhibitors of the SHH pathway show significant
pre-clinical activity against both xenograft models and tumors
which arise spontaneously in transgenic (ptch™™; p537") models
[177-179], while effective inhibitors of the canonical Wnt/Wg
pathway are at much earlier stages in their development [180].
Additionally, inhibitors which target other pathways overex-
pressed in subsets of medulloblastomas (e.g. ERBB2, PDGFR and
the RAS/MPK pathway) are at various stages of clinical develop-
ment and merit investigation. The identification of specific bio-
logical pathways which could be targeted therapeutically in ATRT
and SPNETSs remains the focus of ongoing basic research inves-
tigations. Alongside the potential benefits offered by targeted
therapies, careful consideration must be given to potential toxici-
ties, associated with the delivery to young children of compounds
which inhibit critical development pathways, in the planning of
early clinical trials [181].

Summary and future directions
for management

Therapeutic approaches to medulloblastoma have yielded very
encouraging results over the last three decades; cure rates have
gradually increased as a result of improvements in multimodality
based therapy. Despite these successes, significant challenges
remain, particularly in improving the long-term neurocognitive
outcome for survivors and improving the cure rate for infants
and high-risk presentations. Significant insights have been gener-
ated into the patho-biology of medulloblastoma using advanced
molecular genetics. Future studies will seek to integrate this
knowledge into front-line treatment protocols, through the
development of risk-tailored stratification schemes, and therapies
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which target critical aspects of tumor biology [182]. International
collaborations that increase the accrual to clinical protocols and
tissue acquisition will be a cornerstone to making advances in
curative strategies for this disease.

References

—

Cushing H. Experiences with the cerebellar medulloblastomas: a
critical review. Acta Pathol Microbiol Scand 1930; 1: 1-86.

2 Park TS, Hoffman HJ, Hendrick EB, Humphreys RP, Becker LE.
Medulloblastoma: clinical presentation and management. Experience
at the Hospital For Sick Children, Toronto, 1950-1980. ] Neurosurg
1983; 58: 543-52.

Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classifica-
tion of tumors of the central nervous system. Acta Neuropathol
2007; 114: 97-109.

4 McNeil DE, Cote TR, Clegg L, Rorke LB. Incidence and trends in
pediatric malignancies medulloblastoma/primitive neuroectoder-

w

mal tumor: a SEER update. Surveillance Epidemiology and End
Results. Med Pediatr Oncol 2002; 39: 190—45.

5 Giangaspero E Rigobello L, Badiali M, et al. Large-cell medulloblas-
tomas. A distinct variant with highly aggressive behavior. Am J Surg
Pathol 1992; 16: 687-93.

6 McManamy CS, Lamont JM, Taylor RE, et al. Morphophenotypic
variation predicts clinical behavior in childhood non—desmoplastic
medulloblastomas. ] Neuropathol Exp Neurol 2003; 62: 627-32.

7 Ellison D. Classifying the medulloblastoma: insights from morphol-
ogy and molecular genetics. Neuropathol Appl Neurobiol 2002; 28:
257-82.

8 McManamy CS, Pears ], Weston CL, et al. Nodule formation and
desmoplasia in medulloblastomas — defining the nodular/desmo-
plastic variant and its biological behavior. Brain Pathol 2007; 17:
151-64.

9 Bigner SH, Mark J, Friedman HS, et al. Structural chromosomal
abnormalities in human medulloblastoma. Cancer Genet Cytogenet
1988; 30: 91-101.

10 Lamont JM, McManamy CS, Pearson AD, Clifford SC, Ellison DW.
Combined histopathological and molecular cytogenetic stratifica-
tion of medulloblastoma patients. Clin Cancer Res 2004; 10:
5482-93.

Nicholson JC, Ross FM, Kohler JA, Ellison DW. Comparative
genomic hybridization and histological variation in primitive neur-
oectodermal tumors. Br J Cancer 1999; 80: 1322-31.

12 Biegel JA, Rorke LB, Packer R], et al. Isochromosome 17q in primi-

1

—

tive neuroectodermal tumors of the central nervous system. Genes
Chromosomes Cancer 1989; 1: 139-47.

13 Reardon DA, Michalkiewicz E, Boyett JM, et al. Extensive genomic
abnormalities in childhood medulloblastoma by comparative
genomic hybridization. Cancer Res 1997; 57: 4042-7.

14 Gilbertson R, Wickramasinghe C, Hernan R, et al. Clinical and
molecular stratification of disease risk in medulloblastoma. Br J
Cancer 2001; 85: 705-12.

15 Avet—Loiseau H, Venuat AM, Terrier—Lacombe M]J, Lellouch—
Tubiana A, Zerah M, Vassal G. Comparative genomic hybridization
detects many recurrent imbalances in central nervous system primi-
tive neuroectodermal tumors in children. Br J Cancer 1999; 79(11—
12): 1843-7.



17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Eberhart CG, Kratz JE, Schuster A, et al. Comparative genomic
hybridization detects an increased number of chromosomal altera-
tions in large cell/anaplastic medulloblastomas. Brain Pathol 2002;
12: 36-44.

Aldosari N, Bigner SH, Burger PC, et al. MYCC and MYCN onco-
gene amplification in medulloblastoma. A fluorescence in situ
hybridization study on paraffin sections from the Children’s
Oncology Group. Arch Pathol Lab Med 2002; 126: 540—4.

Boon K, Eberhart CG, Riggins GJ. Genomic amplification of
orthodenticle homologue 2 in medulloblastomas. Cancer Res 2005;
65: 703-7.

Di G, Liao S, Adamson DG, et al. Identification of OTX2 as a medul-
loblastoma oncogene whose product can be targeted by all-trans
retinoic acid. Cancer Res 2005; 65: 919-24.

Fan X, Mikolaenko I, Elhassan I, et al. Notchl and notch2 have
opposite effects on embryonal brain tumor growth. Cancer Res
2004; 64: 7787-93.

Fan X, Wang Y, Kratz J, et al. hTERT gene amplification and
increased mRNA expression in central nervous system embryonal
tumors. Am J Pathol 2003; 162: 1763-9.

Hamilton SR, Liu B, Parsons RE, et al. The molecular basis of
Turcot’s syndrome. N Engl ] Med 1995; 332: 839-47.

Paraf F, Jothy S, Van Meir EG. Brain tumor-polyposis syndrome:
two genetic diseases? J Clin Oncol 1997; 15: 2744-58.

Hahn H, Wicking C, Zaphiropoulous PG, et al. Mutations of the
human homolog of Drosophila patched in the nevoid basal cell
carcinoma syndrome. Cell 1996; 85: 841-51.

Johnson RL, Rothman AL, Xie J, et al. Human homolog of patched,
a candidate gene for the basal cell nevus syndrome. Science 1996;
272: 1668-71.

Evans DG, Farndon PA, Burnell LD, Gattamaneni HR, Birch JM.
The incidence of Gorlin syndrome in 173 consecutive cases of
medulloblastoma. Br J Cancer 1991; 64: 959-61.

Schofield D, West DC, Anthony DC, Marshal R, Sklar J. Correlation
of loss of heterozygosity at chromosome 9q with histological subtype
in medulloblastomas. Am ] Pathol 1995; 146: 472—-80.

Malkin D, Li FP, Strong LC, et al. Germ line p53 mutations in a
familial syndrome of breast cancer, sarcomas, and other neoplasms.
Science 19905 250: 1233-8.

Kleihues P, Schauble B, zur Hausen A, Esteve J, Ohgaki H. Tumors
associated with p53 germline mutations: a synopsis of 91 families.
Am ] Pathol 1997; 150: 1-13.

Hirsch B, Shimamura A, Moreau L, et al. Association of biallelic
BRCA2/FANCD1 mutations with spontaneous chromosomal
instability and solid tumors of childhood. Blood 2004; 103:
2554-9.

Offit K, Levran O, Mullaney B, et al. Shared genetic susceptibility to
breast cancer, brain tumors, and Fanconi anemia. ] Natl Cancer Inst
2003; 95: 1548-51.

Reid S, Schindler D, Hanenberg H, et al. Biallelic mutations in
PALB2 cause Fanconi anemia subtype FA-N and predispose to
childhood cancer. Nat Genet 2007; 39: 162—4.

Taylor MD, Mainprize TG, Rutka JT, Becker L, Bayani J, Drake JM.
Medulloblastoma in a child with rubenstein-taybi syndrome: case
report and review of the literature. Pediatr Neurosurg 2001; 35:
235-8.

Fleck BJ, Pandya A, Vanner L, Kerkering K, Bodurtha J. Coffin-Siris
syndrome: review and presentation of new cases from a question-
naire study. Am ] Med Genet 2001; 99: 1-7.

35

36

37

38

39

40

4

—_

42

43

44

45

46

47

48

49

50

5

—

52

53

Chapter 4 Embryonal Tumors

Rogers L, Pattisapu J, Smith RR, Parker P. Medulloblastoma in
association with the Coffin-Siris syndrome. Childs Nerv Syst 1988;
4:41-4.

Cogen PH, Daneshvar L, Metzger AK, Duyk G, Edwards MS,
Sheffield VC. Involvement of multiple chromosome 17p loci in
medulloblastoma tumorigenesis. Am ] Hum Genet 1992; 50:
584-9.

Pietsch T, Waha A, Koch A, et al. Medulloblastomas of the desmo-
plastic variant carry mutations of the human homologue of
Drosophila patched. Cancer Res 1997; 57: 2085-8.

Raffel C, Jenkins RB, Frederick L, et al. Sporadic medulloblastomas
contain PTCH mutations. Cancer Res 1997; 57: 842-5.

Huang H, Mahler-Araujo BM, Sankila A, et al. APC mutations in
sporadic medulloblastomas. Am J Pathol 2000; 156: 433-7.

Koch A, Waha A, Tonn JC, et al. Somatic mutations of WNT/wing-
less signaling pathway components in primitive neuroectodermal
tumors. Int ] Cancer 2001; 93: 445-9.

Wolter M, Reifenberger J, Sommer C, Ruzicka T, Reifenberger G.
Mutations in the human homologue of the Drosophila segment
polarity gene patched (PTCH) in sporadic basal cell carcinomas of
the skin and primitive neuroectodermal tumors of the central
nervous system. Cancer Res 1997; 57: 2581-5.

Vorechovsky I, Tingby O, Hartman M, et al. Somatic mutations in
the human homologue of Drosophila patched in primitive neuroec-
todermal tumors. Oncogene 1997; 15: 361-6.

Jones PA, Baylin SB. The fundamental role of epigenetic events in
cancer. Nat Rev Genet 2002; 3: 415-28.

Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human
disease and prospects for epigenetic therapy. Nature 2004; 429:
457-63.

Fruhwald MC, O’Dorisio MS, Dai Z, et al. Aberrant promoter meth-
ylation of previously unidentified target genes is a common abnor-
mality in medulloblastomas — implications for tumor biology and
potential clinical utility. Oncogene 2001; 20: 5033—42.

Vibhakar R, Foltz G, Yoon JG, et al. Dickkopf-1 is an epigenetically
silenced candidate tumor suppressor gene in medulloblastoma.
Neuro-oncology 2007; 9: 135-44.

Waha A, Koch A, Hartmann W, et al. SGNE1/7B2 is epigenetically
altered and transcriptionally downregulated in human medulloblas-
tomas. Oncogene 2007; 26: 5662-8.

Lindsey JC, Anderton JA, Lusher ME, Clifford SC. Epigenetic
events in medulloblastoma development. Neurosurg Focus 2005;
19: E10.

Harada K, Toyooka S, Shivapurkar N, et al. Deregulation of caspase
8 and 10 expression in pediatric tumors and cell lines. Cancer Res
2002; 62: 5897-901.

Harada K, Toyooka S, Maitra A, et al. Aberrant promoter methyla-
tion and silencing of the RASSF1A gene in pediatric tumors and cell
lines. Oncogene 2002; 21: 4345-9.

Lindsey JC, Lusher ME, Anderton JA, et al. Identification of tumor-
specific epigenetic events in medulloblastoma development by
hypermethylation profiling. Carcinogenesis 2004; 25: 661-8.
Lusher ME, Lindsey JC, Latif F, Pearson AD, Ellison DW, Clifford
SC. Biallelic epigenetic inactivation of the RASSF1A tumor suppres-
sor gene in medulloblastoma development. Cancer Res 2002; 62:
5906-11.

Rood BR, Zhang H, Weitman DM, Cogen PH. Hypermethylation of
HIC-1 and 17p allelic loss in medulloblastoma. Cancer Res 2002;
62: 3794-7.

47



Part I Central Nervous System Tumors of Childhood

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

48

Zuzak TJ, Steinhoff DE, Sutton LN, Phillips PC, Eggert A, Grotzer
MA. Loss of caspase—8 mRNA expression is common in childhood
primitive neuroectodermal brain tumor/medulloblastoma. Eur J
Cancer 2002; 38: 83-91.

Waha A, Koch A, Meyer-Puttlitz B, et al. Epigenetic silencing of the
HIC-1 gene in human medulloblastomas. ] Neuropathol Exp Neurol
2003; 62: 1192-201.

Pingoud-Meier C, Lang D, Janss AJ, et al. Loss of caspase-8 protein
expression correlates with unfavorable survival outcome in child-
hood medulloblastoma. Clin Cancer Res 2003; 9: 6401-9.
Wechsler-Reya R, Scott MP. The developmental biology of brain
tumors. Ann Rev Neurosci 2001; 24: 385-428.

Taipale ], Beachy PA. The Hedgehog and Wnt signalling pathways
in cancer. Nature 2001; 411: 349-54.

Stone DM, Murone M, Luoh S, et al. Characterization of the human
suppressor of fused, a negative regulator of the zinc-finger transcrip-
tion factor Gli. J Cell Sci 1999; 112 (Pt 23): 4437—48.

Taylor MD, Liu L, Raffel C, et al. Mutations in SUFU predispose to
medulloblastoma. Nat Genet 2002; 31: 306-10.

Koch A, Waha A, Hartmann W, et al. No evidence for mutations or
altered expression of the Suppressor of Fused gene (SUFU) in primi-
tive neuroectodermal tumors. Neuropathol Appl Neurobiol 2004;
30: 532-9.

Reifenberger J, Wolter M, Weber RG, et al. Missense mutations in
SMOH in sporadic basal cell carcinomas of the skin and primitive
neuroectodermal tumors of the central nervous system. Cancer Res
1998; 58: 1798-803.

Thompson MC, Fuller C, Hogg TL, et al. Genomics identifies
medulloblastoma subgroups that are enriched for specific genetic
alterations. J Clin Oncol 2006; 24: 1924-31.

Wetmore C, Eberhart DE, Curran T. The normal patched allele is
expressed in medulloblastomas from mice with heterozygous germ-
line mutation of patched. Cancer Res 2000; 60: 2239—46.

Goodrich LV, Milenkovic L, Higgins KM, Scott MP. Altered neural
cell fates and medulloblastoma in mouse patched mutants. Science
1997; 277: 1109-13.

Lee Y, Kawagoe R, Sasai K, et al. Loss of suppressor-of-fused func-
tion promotes tumorigenesis. Oncogene 2007; 26: 6442-7.
Hallahan AR, Pritchard JI, Hansen S, et al. The SmoA1 mouse model
reveals that notch signaling is critical for the growth and survival of
sonic hedgehog-induced medulloblastomas. Cancer Res 2004; 64:
7794-800.

Marino S. Medulloblastoma: developmental mechanisms out of
control. Trends Mol Med 2005; 11: 17-22.

Clevers H. Axin and hepatocellular carcinomas. Nat Genet 2000; 24:
206-8.

Morin PJ. Beta-catenin signaling and cancer. Bioessays 1999; 21:
1021-30.

Zurawel RH, Chiappa SA, Allen C, Raffel C. Sporadic medulloblas-
tomas contain oncogenic beta-catenin mutations. Cancer Res 1998;
58: 896-9.

Eberhart CG, Tihan T, Burger PC. Nuclear localization and muta-
tion of beta-catenin in medulloblastomas. ] Neuropathol Exp Neurol
20005 59: 333-7.

Dahmen RP, Koch A, Denkhaus D, et al. Deletions of AXINI, a
component of the WNT/wingless pathway, in sporadic medulloblas-
tomas. Cancer Res 2001; 61: 7039-43.

Baeza N, Masuoka J, Kleihues P, Ohgaki H. AXIN1 mutations but not
deletions in cerebellar medulloblastomas. Oncogene 2003; 22: 632—6.

75

76

77

78

79

80

8

—_

82

83

84

85

86

89

90

9

—_

92

93

Ellison DW, Onilude OE, Lindsey JC, et al. Beta—catenin status pre-
dicts a favorable outcome in childhood medulloblastoma: the
United Kingdom Children’s Cancer Study Group Brain Tumour
Committee. ] Clin Oncol 2005; 23: 7951-7.

Clifford SC, Lusher ME, Lindsey JC, et al. Wnt/Wingless pathway
activation and chromosome 6 loss characterize a distinct molecular
sub-group of medulloblastomas associated with a favorable progno-
sis. Cell cycle 2006; 5: 2666—70.

Gajjar A, Chintagumpala M, Ashley D, et al. Risk-adapted cranios-
pinal radiotherapy followed by high—dose chemotherapy and stem—
cell rescue in children with newly diagnosed medulloblastoma
(St Jude Medulloblastoma-96): long-term results from a prospec-
tive, multicentre trial. Lancet Oncol 2006; 7: 813-20.

Sherr CJ. The INK4a/ARF network in tumor suppression. Nat Rev
Mol Cell Biol 2001; 2: 731-7.

Sherr CJ, McCormick E The RB and p53 pathways in cancer. Cancer
Cell 2002; 2: 103-12.

Frank AJ, Hernan R, Hollander A, et al. The TP53-ARF tumor
suppressor pathway is frequently disrupted in large/cell anaplas-
tic medulloblastoma. Brain Res Mol Brain Res 2004; 121:
137-40.

Badiali M, Iolascon A, Loda M, et al. p53 gene mutations in medul-
loblastoma. Immunohistochemistry, gel shift analysis, and sequenc-
ing. Diag Mol Pathol 1993; 2: 23-8.

Burns AS, Jaros E, Cole M, Perry R, Pearson AJ, Lunec J. The molec-
ular pathology of p53 in primitive neuroectodermal tumors of the
central nervous system. Br ] Cancer 2002; 86: 1117-23.

Adesina AM, Nalbantoglu J, Cavenee WK. p53 gene mutation and
mdm2 gene amplification are uncommon in medulloblastoma.
Cancer Res 1994; 54: 5649-51.

Batra SK, McLendon RE, Koo JS, et al. Prognostic implications
of chromosome 17p deletions in human medulloblastomas.
J Neurooncol 1995; 24: 39-45.

Ray A, Ho M, Ma J, et al. A clinicobiological model predicting sur-
vival in medulloblastoma. Clin Cancer Res 2004; 10: 7613-20.
Woodburn RT, Azzarelli B, Montebello JF, Goss IE. Intense p53
staining is a valuable prognostic indicator for poor prognosis in
medulloblastoma/central nervous system primitive neuroectoder-
mal tumors. ] Neurooncol 2001; 52: 57-62.

Broderick DK, Di C, Parrett TJ, et al. Mutations of PIK3CA in ana-
plastic oligodendrogliomas, high-grade astrocytomas, and medul-
loblastomas. Cancer Res 2004; 64: 5048—50.

Gilbertson RJ, Clifford SC. PDGFRB is overexpressed in metastatic
medulloblastoma. Nat Genet 2003; 35: 197-8.

Gilbertson RJ, Langdon JA, Hollander A, et al. Mutational analysis
of PDGFR-RAS/MAPK pathway activation in childhood medullob-
lastoma. Eur J Cancer 2006; 42: 646-9.

Grotzer MA, Janss AJ, Fung K, et al. TrkC expression predicts good
clinical outcome in primitive neuroectodermal brain tumors.
J Clin Oncol 2000; 18: 1027-35.

Hernan R, Fasheh R, Calabrese C, et al. ERBB2 up-regulates SI00A4
and several other prometastatic genes in medulloblastoma. Cancer
Res 2003; 63: 140-8.

MacDonald TJ, Brown KM, LaFleur B, et al. Expression profiling
of medulloblastoma: PDGFRA and the RAS/MAPK pathway as
therapeutic targets for metastatic disease. Nat Genet 2001; 29:
143-52.

Tsuchida T, Tanaka R, Fukuda M, Takeda N, Ito J, Honda H. CT
findings of medulloblastoma. Childs Brain 1984; 11: 60-8.



94

95

96

97

98

99

100

10

—_

102

103

104

105

106

107

108

109

Buhring U, Strayle-Batra M, Freudenstein D, Scheel-Walter HG,
Kuker W. MRI features of primary, secondary and metastatic medul-
loblastoma. Eur Radiol 2002; 12: 1342-8.

Fouladi M, Chintagumpala M, Laningham FH, et al. White matter
lesions detected by magnetic resonance imaging after radiotherapy
and high-dose chemotherapy in children with medulloblastoma
or primitive neuroectodermal tumor. J Clin Oncol 2004; 22:
4551-60.

Chang CH, Housepian EM, Herbert C, Jr. An operative staging
system and a megavoltage radiotherapeutic technic for cerebellar
medulloblastomas. Radiology 1969; 93: 1351-9.

Gajjar A, Fouladi M, Walter AW, et al. Comparison of lumbar and
shunt cerebrospinal fluid specimens for cytologic detection of lep-
tomeningeal disease in pediatric patients with brain tumors. J Clin
Oncol 1999; 17: 1825-8.

Gajjar A, Hernan R, Kocak M, et al. Clinical, histopathologic, and
molecular markers of prognosis: toward a new disease risk stratifica-
tion system for medulloblastoma. J Clin Oncol 2004; 22: 984-93.
Rutkowski S, von Bueren A, von Hoff K, et al. Prognostic relevance
of clinical and biological risk factors in childhood medulloblastoma:
results of patients treated in the prospective multicenter trial HIT’91.
Clin Cancer Res 2007; 13: 2651-7.

Rutkowski S, Bode U, Deinlein F, et al. Treatment of early childhood
medulloblastoma by postoperative chemotherapy alone. N Engl J
Med 2005; 352: 978-86.

Gajjar A, Mulhern RK, Heideman RL, et al. Medulloblastoma in very
young children: outcome of definitive craniospinal irradiation fol-
lowing incomplete response to chemotherapy. J Clin Oncol 1994;
12: 1212-6.

Walter AW, Mulhern RK, Gajjar A, et al. Survival and neurodevel-
opmental outcome of young children with medulloblastoma at St
Jude Children’s Research Hospital. ] Clin Oncol 1999; 17: 3720-8.
Duffner PK, Horowitz ME, Krischer JP, et al. The treatment of
malignant brain tumors in infants and very young children: an
update of the Pediatric Oncology Group experience. Neuro-
oncology 1999; 1: 152-61.

Duffner PK, Horowitz ME, Krischer JP, et al. Postoperative chemo-
therapy and delayed radiation in children less than three years of age
with malignant brain tumors. N Engl ] Med 1993; 328: 1725-31.
Geyer JR, Sposto R, Jennings M, et al. Multiagent chemotherapy and
deferred radiotherapy in infants with malignant brain tumors: a
report from the Children’s Cancer Group. J Clin Oncol 2005; 23:
7621-31.

Grill J, Sainte-Rose C, Jouvet A, et al. Treatment of medulloblastoma
with postoperative chemotherapy alone: an SFOP prospective trial
in young children. Lancet Oncol 2005; 6: 573-80.

Finlay J, Sands S, Gardner I, Dunkel G, et al. Nondisseminated
medulloblastoma in children less than three years of age: final report
of the Head Start I and II protocols. Neuro-oncology 2006; 12th
International Symposium on Pediatric Neuro-oncology (ISPNO):
Abstract 107.

Chi SN, Gardner SL, Levy AS, et al. Feasibility and response to
induction chemotherapy intensified with high-dose methotrexate
for young children with newly diagnosed high-risk disseminated
medulloblastoma. J Clin Oncol 2004; 22: 4881-7.

Geyer JR, Zeltzer PM, Boyett JM, et al. Survival of infants with primi-
tive neuroectodermal tumors or malignant ependymomas of the
CNS treated with eight drugs in 1 day: a report from the Childrens
Cancer Group. J Clin Oncol 1994; 12: 1607-15.

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

Chapter 4 Embryonal Tumors

Deutsch M, Thomas PR, Krischer J, et al. Results of a prospective
randomized trial comparing standard dose neuraxis irradiation
(3,600 cGy/20) with reduced neuraxis irradiation (2,340cGy/13) in
patients with low-stage medulloblastoma. A Combined Children’s
Cancer Group-Pediatric Oncology Group Study. Pediatr Neurosurg
1996; 24: 167-76; discussion 76—7.

Thomas PR, Deutsch M, Kepner JL, et al. Low-stage medulloblast-
oma: final analysis of trial comparing standard-dose with reduced-
dose neuraxis irradiation. J Clin Oncol 2000; 18: 3004—11.

Packer RJ, Goldwein J, Nicholson HS, et al. Treatment of children
with medulloblastomas with reduced-dose craniospinal radiation
therapy and adjuvant chemotherapy: a Children’s Cancer Group
Study. J Clin Oncol 1999; 17: 2127-36.

Packer RJ, Gajjar A, Vezina G, et al. Phase III study of craniospinal
radiation therapy followed by adjuvant chemotherapy for newly
diagnosed average-risk medulloblastoma. J Clin Oncol 2006; 24:
4202-8.

Bailey CC, Gnekow A, Wellek S, et al. Prospective randomised trial
of chemotherapy given before radiotherapy in childhood medul-
loblastoma. International Society of Paediatric Oncology (SIOP)
and the (German) Society of Paediatric Oncology (GPO): SIOP II.
Med Pediatr Oncol 1995; 25: 166-78.

Taylor RE, Bailey CC, Robinson K, et al. Results of a randomized
study of preradiation chemotherapy versus radiotherapy alone for
nonmetastatic medulloblastoma: the International Society of
Paediatric Oncology/United Kingdom Children’s Cancer Study
Group PNET-3 Study. J Clin Oncol 2003; 21: 1581-91.

Kortmann RD, Kuhl J, Timmermann B, et al. Postoperative neoad-
juvant chemotherapy before radiotherapy as compared to immedi-
ate radiotherapy followed by maintenance chemotherapy in the
treatment of medulloblastoma in childhood: results of the German
prospective randomized trial HIT *91. Int J Radiat Oncol Biol Phys
20005 46: 269-79.

Hughes EN, Shillito ], Sallan SE, Loeffler JS, Cassady JR, Tarbell NJ.
Medulloblastoma at the joint center for radiation therapy between
1968 and 1984. The influence of radiation dose on the patterns of
failure and survival. Cancer 1988; 61: 1992-8.

Packer RJ, Sutton LN, Elterman R, et al. Outcome for children with
medulloblastoma treated with radiation and cisplatin, CCNU, and
vincristine chemotherapy. ] Neurosurg 1994; 81: 690-8.

Miralbell R, Fitzgerald TJ, Laurie F, et al. Radiotherapy in pediatric
medulloblastoma: quality assessment of Pediatric Oncology Group
Trial 9031. Int J Radiat Oncol Biol Phys 2006; 64: 1325-30.

Zeltzer PM, Boyett JM, Finlay JL, et al. Metastasis stage, adjuvant
treatment, and residual tumor are prognostic factors for medullob-
lastoma in children: conclusions from the Children’s Cancer Group
921 randomized phase III study. ] Clin Oncol 1999; 17: 832—45.
Taylor RE, Bailey CC, Robinson KJ, et al. Outcome for patients with
metastatic (M2-3) medulloblastoma treated with SIOP/UKCCSG
PNET-3 chemotherapy. Eur J Cancer 2005; 41: 727-34.
Giangaspero F, Perilongo G, Fondelli MP, et al. Medulloblastoma
with extensive nodularity: a variant with favorable prognosis.
J Neurosurg 1999; 91: 971-7.

Brown HG, Kepner JL, Perlman EJ, et al. ‘Large cell/anaplastic’
medulloblastomas: a Pediatric Oncology Group Study. ] Neuropathol
Exp Neurol 2000; 59: 857-65.

Eberhart CG, Kepner JL, Goldthwaite PT, et al. Histopathologic
grading of medulloblastomas: a Pediatric Oncology Group study.
Cancer 2002; 94: 552-60.

49



Part I Central Nervous System Tumors of Childhood

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

50

Packer RJ, Biegel JA, Blaney S, et al. Atypical teratoid/rhabdoid
tumor of the central nervous system: report on workshop. J Pediatr
Hematol Oncol 2002; 24: 337-42.

Kleihues P, Louis DN, Scheithauer BW, et al. The WHO classifica-
tion of tumors of the nervous system. ] Neuropathol Exp Neurol
2002; 61: 215-25; discussion 26-9.

Hilden JM, Meerbaum S, Burger P, et al. Central nervous system
atypical teratoid/rhabdoid tumor: results of therapy in children
enrolled in a registry. ] Clin Oncol 2004; 22: 2877-84.

Reddy AT. Atypical teratoid/rhabdoid tumors of the central nervous
system. ] Neuro-oncol 2005; 75: 309-13.

Biegel JA, Kalpana G, Knudsen ES, et al. The role of INI1 and the
SWI/SNF complex in the development of rhabdoid tumors: meeting
summary from the workshop on childhood atypical teratoid/rhab-
doid tumors. Cancer Res 2002; 62: 323-8.

Tekautz TM, Fuller CE, Blaney S, et al. Atypical teratoid/rhabdoid
tumors (ATRT): improved survival in children 3 years of age and
older with radiation therapy and high-dose alkylator-based chemo-
therapy. J Clin Oncol 2005; 23: 1491-9.

Gaffney CC, Sloane JP, Bradley NJ, Bloom HJ. Primitive neuroecto-
dermal tumors of the cerebrum. Pathology and treatment. ] Neuro-
oncol 1985; 3: 23-33.

Rorke LB. The cerebellar medulloblastoma and its relationship to
primitive neuroectodermal tumors. ] Neuropathol Exp Neurol 1983;
42:1-15.

Cohen BH, Zeltzer PM, Boyett JM, et al. Prognostic factors and
treatment results for supratentorial primitive neuroectoder-
mal tumors in children using radiation and chemotherapy: a
Childrens Cancer Group randomized trial. J Clin Oncol 1995; 13:
1687-96.

Jakacki RI, Zeltzer PM, Boyett JM, et al. Survival and prognostic
factors following radiation and/or chemotherapy for primitive neu-
roectodermal tumors of the pineal region in infants and children: a
report of the Childrens Cancer Group. J Clin Oncol 1995; 13:
1377-83.

Pizer BL, Weston CL, Robinson K]J, et al. Analysis of patients
with supratentorial primitive neuro-ectodermal tumors entered
into the SIOP/UKCCSG PNET 3 study. Eur ] Cancer 2006; 42:
1120-8.

Albright AL, Wisoff JH, Zeltzer P, et al. Prognostic factors in chil-
dren with supratentorial (nonpineal) primitive neuroectodermal
tumors. A neurosurgical perspective from the Children’s Cancer
Group. Pediatr Neurosurg 1995; 22: 1-7.

Reddy AT, Janss AJ, Phillips PC, Weiss HL, Packer R]. Outcome for
children with supratentorial primitive neuroectodermal tumors
treated with surgery, radiation, and chemotherapy. Cancer 2000; 88:
2189-93.

Burnett ME, White EC, Sih S, von Haken MS, Cogen PH.
Chromosome arm 17p deletion analysis reveals molecular genetic
heterogeneity in supratentorial and infratentorial primitive neuroec-
todermal tumors of the central nervous system. Cancer Genet
Cytogenet 1997; 97: 25-31.

Nicholson J, Wickramasinghe C, Ross F, Crolla J, Ellison D.
Imbalances of chromosome 17 in medulloblastomas determined by
comparative genomic hybridisation and fluorescence in situ hybridi-
sation. Mol Pathol 2000; 53: 313-9.

Pomeroy SL, Tamayo P, Gaasenbeek M, et al. Prediction of central
nervous system embryonal tumor outcome based on gene expres-
sion. Nature 2002; 415: 436—42.

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

Russo C, Pellarin M, Tingby O, et al. Comparative genomic hybridi-
zation in patients with supratentorial and infratentorial primitive
neuroectodermal tumors. Cancer 1999; 86: 331-9.

Li MH, Bouffet E, Hawkins CE, Squire JA, Huang A. Molecular
genetics of supratentorial primitive neuroectodermal tumors and
pineoblastoma. Neurosurg Focus 2005; 19: E3.

Pfister S, Remke M, Toedt G, et al. Supratentorial primitive neur-
oectodermal tumors of the central nervous system frequently harbor
deletions of the CDKN2A locus and other genomic aberrations dis-
tinct from medulloblastomas. Genes Chrom Cancer 2007; 46:
839-51.

Timmermann B, Kortmann RD, Kuhl J, et al. Role of radiotherapy
in the treatment of supratentorial primitive neuroectodermal
tumors in childhood: results of the prospective German brain tumor
trials HIT 88/89 and 91. J Clin Oncol 2002; 20: 842-9.

Massimino M, Gandola L, Spreafico F, et al. Supratentorial primitive
neuroectodermal tumors (S—-PNET) in children: a prospective expe-
rience with adjuvant intensive chemotherapy and hyperfractionated
accelerated radiotherapy. Int J Radiat Oncol Biol Phys 2006; 64:
1031-7.

Ridola V, Grill ], Doz F, et al. High-dose chemotherapy with autolo-
gous stem cell rescue followed by posterior fossa irradiation for local
medulloblastoma recurrence or progression after conventional
chemotherapy. Cancer 2007; 110: 156-63.

Finlay JL, Goldman S, Wong MC, et al. Pilot study of high-dose
thiotepa and etoposide with autologous bone marrow rescue in chil-
dren and young adults with recurrent CNS tumors. The Children’s
Cancer Group. J Clin Oncol 1996; 14: 2495-503.

Dunkel IJ, Boyett JM, Yates A, et al. High-dose carboplatin, thiotepa,
and etoposide with autologous stem-cell rescue for patients with
recurrent medulloblastoma. Children’s Cancer Group. J Clin Oncol
1998; 16: 222-8.

Guruangan S, Dunkel IJ, Goldman S, et al. Myeloablative chemo-
therapy with autologous bone marrow rescue in young children with
recurrent malignant brain tumors. J Clin Oncol 1998; 16: 2486-93.
Shih CS, Hale GA, Gronewold L, et al. High-dose chemotherapy
with autologous stem cell rescue for children with recurrent malig-
nant brain tumors. Cancer 2008; 112: 1345-53.

Bertolini P, Lassalle M, Mercier G, et al. Platinum compound-related
ototoxicity in children: long-term follow-up reveals continuous
worsening of hearing loss. J Pediatr Hematol Oncol 2004; 26:
649-55.

Knight KR, Kraemer DE, Neuwelt EA. Ototoxicity in children receiv-
ing platinum chemotherapy: underestimating a commonly occur-
ring toxicity that may influence academic and social development.
J Clin Oncol 2005; 23: 8588-96.

Chin D, Sklar C, Donahue B, et al. Thyroid dysfunction as a late
effect in survivors of pediatric medulloblastoma/primitive neuroec-
todermal tumors: a comparison of hyperfractionated versus conven-
tional radiotherapy. Cancer 1997; 80: 798-804.

Gurney ]G, Kadan-Lottick NS, Packer RJ, et al. Endocrine and car-
diovascular late effects among adult survivors of childhood brain
tumors: Childhood Cancer Survivor Study. Cancer 2003; 97:
663-73.

Laughton SJ, Merchant TE, Sklar CA, et al. Endocrine outcomes for
children with embryonal brain tumors after risk-adapted craniospi-
nal and conformal primary-site irradiation and high-dose chemo-
therapy with stem-cell rescue on the SJMB-96 trial. J Clin Oncol
2008; 26: 1112-8.



156

157

158

159

160

161

162

163

164

165

166

167

168

169

Oberfield SE, Allen JC, Pollack J, New MI, Levine LS. Long-term
endocrine sequelae after treatment of medulloblastoma: prospective
study of growth and thyroid function. J Pediatr 1986; 108: 219-23.
Pasqualini T, Diez B, Domene H, et al. Long-term endocrine seque-
lae after surgery, radiotherapy, and chemotherapy in children with
medulloblastoma. Cancer 1987; 59: 801—6.

Spoudeas HA, Charmandari E, Brook CG. Hypothalamo-pituitary-
adrenal axis integrity after cranial irradiation for childhood posterior
fossa tumors. Med Pediatr Oncol 2003; 40: 224-9.

Mulhern RK, Merchant TE, Gajjar A, Reddick WE, Kun LE. Late
neurocognitive sequelae in survivors of brain tumors in childhood.
Lancet Oncol 2004; 5: 399-408.

Mulhern RK, Palmer SL, Merchant TE, et al. Neurocognitive conse-
quences of risk-adapted therapy for childhood medulloblastoma.
J Clin Oncol 2005; 23: 5511-9.

Ris MD, Packer R, Goldwein ], Jones-Wallace D, Boyett JM.
Intellectual outcome after reduced-dose radiation therapy plus adju-
vant chemotherapy for medulloblastoma: a Children’s Cancer
Group study. J Clin Oncol 2001; 19: 3470—6.

Morris EB, Gajjar A, Okuma JO, et al. Survival and late mortality in
long-term survivors of pediatric CNS tumors. J Clin Oncol 2007; 25:
1532-8.

Heikens J, Michiels EM, Behrendt H, Endert E, Bakker PJ, Fliers E.
Long-term neuro-endocrine sequelae after treatment for childhood
medulloblastoma. Eur J Cancer 1998; 34: 1592—7.

Mulhern RK, Horowitz ME, Kovnar EH, Langston J, Sanford RA,
Kun LE. Neurodevelopmental status of infants and young children
treated for brain tumors with preirradiation chemotherapy. J Clin
Oncol 1989; 7: 1660-6.

Mabbott DJ, Penkman L, Witol A, Strother D, Bouffet E. Core neu-
rocognitive functions in children treated for posterior fossa tumors.
Neuropsychology 2008; 22: 159-68.

Nagel BJ, Delis DC, Palmer SL, Reeves C, Gajjar A, Mulhern RK.
Early patterns of verbal memory impairment in children treated for
medulloblastoma. Neuropsychology 2006; 20: 105-12.

Palmer SL, Goloubeva O, Reddick WE, et al. Patterns of intellectual
development among survivors of pediatric medulloblastoma: a lon-
gitudinal analysis. J Clin Oncol 2001; 19: 2302-8.

Xu W, Janss A, Packer RJ, Phillips P, Goldwein J, Moshang T, Jr.
Endocrine outcome in children with medulloblastoma treated with
18 Gy of craniospinal radiation therapy. Neuro-oncology 2004; 6:
113-8.

Jakacki RI, Feldman H, Jamison C, Boaz JC, Luerssen TG,
Timmerman R. A pilot study of preirradiation chemotherapy and
1800cGy craniospinal irradiation in young children with medul-
loblastoma. Int ] Radiat Oncol Biol Phys 2004; 60: 531-6.

170

171

172

173

174

175

176

177

178

179

180

181

182

Chapter 4 Embryonal Tumors

Thompson SJ, Leigh L, Christensen R, et al. Immediate neurocogni-
tive effects of methylphenidate on learning-impaired survivors of
childhood cancer. J Clin Oncol 2001; 19: 1802-8.

Fouladi M, Blaney SM, Poussaint TY, et al. Phase II study of oxali-
platin in children with recurrent or refractory medulloblastoma,
supratentorial primitive neuroectodermal tumors, and atypical tera-
toid rhabdoid tumors: a pediatric brain tumor consortium study.
Cancer 2006; 107: 2291-7.

Nicholson HS, Kretschmar CS, Krailo M, et al. Phase 2 study of
temozolomide in children and adolescents with recurrent central
nervous system tumors: a report from the Children’s Oncology
Group. Cancer 2007; 110: 1542-50.

Bomgaars LR, Bernstein M, Krailo M, et al. Phase II trial of irinote-
can in children with refractory solid tumors: a Children’s Oncology
Group Study. J Clin Oncol 2007; 25: 4622-7.

Turner CD, Gururangan S, Eastwood J, et al. Phase II study of
irinotecan (CPT-11) in children with high-risk malignant brain
tumors: the Duke experience. Neuro-oncology 2002; 4: 102-8.
Stewart CF, Iacono LC, Chintagumpala M, et al. Results of a phase
IT upfront window of pharmacokinetically guided topotecan in high-
risk medulloblastoma and supratentorial primitive neuroectodermal
tumor. J Clin Oncol 2004; 22: 3357-65.

Zamboni WC, Gajjar AJ, Mandrell TD, et al. A four-hour topotecan
infusion achieves cytotoxic exposure throughout the neuraxis in the
nonhuman primate model: implications for treatment of children
with metastatic medulloblastoma. Clin Cancer Res 1998; 4:
2537—-44.

Berman DM, Karhadkar SS, Hallahan AR, et al. Medulloblastoma
growth inhibition by hedgehog pathway blockade. Science 2002;
297: 1559-61.

Romer JT, Kimura H, Magdaleno S, et al. Suppression of the
Shh pathway using a small molecule inhibitor eliminates medul-
loblastoma in Ptcl(+/—)p53(—/—) mice. Cancer Cell 2004; 6:
229-40.

Taipale J, Chen JK, Cooper MK, et al. Effects of oncogenic mutations
in Smoothened and Patched can be reversed by cyclopamine. Nature
2000; 406: 1005-9.

van Es JH, Clevers H. Notch and Wnt inhibitors as potential new
drugs for intestinal neoplastic disease. Trends Mol Med 2005; 11:
496-502.

Kimura H, Ng JM, Curran T. Transient inhibition of the Hedgehog
pathway in young mice causes permanent defects in bone structure.
Cancer Cell 2008; 13: 249-60.

Gilbertson RJ, Gajjar A. Molecular biology of medulloblastoma: will
it ever make a difference to clinical management? J Neuro-oncol
2005; 75: 273-8.

51



Pediatric Spinal Cord Tumors

Annie Huang, Ute Bartels and Eric Bouffet

Pediatric Brain Tumor Program, Division of Hematology and Oncology, The Hospital for Sick Kids, Toronto, Ontario, Canada

General overview

Spinal cord tumors are between eight and 20 times less frequent
than childhood brain tumors [1-3] and comprise 3-5% of all
pediatric central nervous system (CNS) neoplasms [1]. Pediatric
and adult tumors differ in location and histologies; 60% of intrin-
sic cord tumors in children are intramedullary compared with
only 15-20% of adult tumors. Cervico-thoracic astrocytomas are
most common in children; rare tumors include malignant astro-
cytoma, mixed gliomas, and primitive neuroectodermal tumors
(PNET).

Intrinsic cord tumors include lesions of various histologies [4]
that largely mirror the normal composition of the spine and
associated coverings. Except for radiation exposure, no specific
environmental factors are implicated; incidence of brain and
spinal cord tumors are highest in Western, particularly European,
countries [1], and reported to be lower in native and emigrant
Asian populations, suggesting a strong genetic influence on
tumor incidence. Although intramedullary tumors represent the
majority of pediatric spinal neoplasms, their overall low inci-
dence and varied histologies has significantly limited prospective
evaluation. Existing literature report largely retrospective studies
of adult and pediatric tumors collected over decades; thus extrap-
olation of these data to current practice is difficult. Nonetheless,
management of intra-medullary pediatric tumors has evolved
based on several observations.

Epidemiology and genetics

+ Sixty to seventy percent present at >5 years of age.

+ Neurofibromatosis (NF) types 1 and 2 predispose to spinal

astrocytomas and ependymomas; one fifth of children with these

tumor predisposition syndromes have intramedullary tumors

[5], but only 7-10% of lesions are symptomatic [6, 7].
Malignant spinal tumors occur in the Li-Fraumeni syndrome,

hereditary non-polyposis coli or Turcot, and rare uncharacter-

ized familial glioma syndromes [8].
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Histology and clinical presentation

+ More than 85% of pediatric intra-medullary tumors are benign
and compatible with long survival.

+ Prodromes may span months to years.

+ More than 70% present with back pain.

+ Other signs at diagnosis include gait disturbances with sensory
or motor deficits (>50%), spinal deformities (~30-40%), sphinc-
ter dysfunction (~20%) and hydrocephalus (~10%).

+ Upper cervical tumors may cause torticollis, lower cranial nerve
and brainstem dysfunction [9].

+ Spinal tumors in children are associated with disease and treat-
ment-related morbidities that are different to those observed in
adults.

Diagnosis and clinical management (Table 5.1)

+ Full sequence brain and spine magnetic resonance imaging
(MRI) should be repeated within 24-48 hours post-surgery to
provide an accurate assessment of tumor residuum, since non-
specific changes that confuse image interpretation increase with
time. Specific intra-spinal histology is not predicted reliably by
MRI.

+ Spine X-rays should be performed for associated scoliosis.

+ Systemic investigations should be performed only as indicated
by clinical history or exam.

+ Aggressive measures, such as radical surgeries and radiation, do
not always provide survival benefits and may compound treat-
ment-related toxicity.

+ Low dose chemotherapy is effective in a proportion of low
grade astrocytomas, the most common pediatric intramedullary
tumor.

Disease specific issues

Gliomas (Box 5.1)

Clinical presentation, investigations and staging

Spinal gliomas are characteristically large cervical tumors span-
ning five to seven vertebral segments and associated frequently
with cysts or syrinx (40-50%); 5-10% are holocord [16]. Spinal
deformities, seen in 40%, are associated with long histories, holo-
cord, and lower grade tumors [14, 17].



Table 5.1 Differential diagnoses of pediatric spinal tumors.
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Intradural - Intramedullary tumors
Astrocytoma

Ependymoma

Ganglioglioma

Hemangioblastoma

Intradural — extramedullary tumors
Myxopapillary ependymomas

Nerve sheath tumors (schwannoma, neurofibroma)
Meningioma

Dermoid/epidermoid

Teratoma

Lipoma

Primitive neuroectodermal tumor

Extradural tumors
Neuroblastoma
Sarcoma

Lymphoma
Metastatic tumors

Box 5.1 Glioma key facts.

[2, 6, 10] (Table 5.2).

Ninety percent present by 10 years of age [10]; and <10% are
seen in children <3 years old [11].

Gliomas are the most common intramedullary spinal tumor

WHO grade 1 (juvenile pilocytic astrocytoma [JPA]) and

grade II (fibrillary astrocytoma) tumors are the most common
to arise in children.

Pilomyxoid astrocytoma, a recently described aggressive

intracranial pilocytic astrocytoma variant, arise occasionally in

the spine [12].

Less than 10% of spinal tumors are malignant astrocytomas.

Higher proportions (30-50%) reported in multi-institutional
studies [13,14] may reflect referral biases and differences in
grading criteria. Approximately 70% of malignant spinal
gliomas are grade III; grade IV tumors are more frequent in
patients treated with prior radiotherapy [15].

Malignant spinal gliomas are rare in very young children [11,
16].

Table 5.2 Epidemiological features of pediatric intraspinal tumors.

Frequency Median age range M:F ratio Associated genetic syndromes
Astrocytoma >50% 5-7 years (3 months—18 years) 1-1.3:1 NF1, NF2,
Li—Fraumeni
Turcot
Ganglioglioma <10% 7 years (7 months—18 years) 1:1 None known
Ependymoma 8-10% 11-12 years 1:1 NF2 >NF1
Chromosome 22 familial
ependymoma
Myxopapillary ependymoma 5-10% >8 years 2.2:1 Spinal dysraphismt

Klinefelter's syndromet
MENT

tIsolated cases.

Benign and malignant spinal gliomas manifest similar symp-
toms that differ in onset and severity. Low grade tumors may have
minimal manifestations even with holocord involvement [17];
50% of malignant tumors present with significant deficits.
Prodromes in low grade tumors span a median of 9—12 months
with 30-50% exceeding 1-2 years [17, 18]; median prodromes in

malignant tumor is 5 weeks [19].

Shorter prodromes (median 5 months) are reported in chil-
dren <3 years, without correlation to tumor grade, and probably

disease.

tumors present with hydrocephalus due to leptomeningeal

Spinal gliomas enhance variably therefore diagnostic investiga-
tions should include MRI T2 or FLAIR sequences to delineate
tumors completely. MRI spine is best for staging as cerebrospinal
fluid (CSF) cytology is frequently negative in both benign and

malignant tumors [13, 19]. Elevated CSF protein often accompa-

reflects easier detection of motor delays which present in 50% of

young children at diagnosis [11].

Intraspinal, leptomeningeal, or intracranial dissemination may
be seen in both low (10-20%) and high grade (30-50%) spinal
tumors [13, 19, 20]. Twenty to thirty percent of malignant spinal

nies leptomeningeal disease [9] and may be used to follow treat-
ment response.

Treatment of low grade spinal astrocytoma

Surgery
Treatment guidelines for spinal cord gliomas are lacking. Since

the first reported resection in the early 1900s [21], surgery
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continues to be an important diagnostic and treatment modality
for intrinsic spinal tumors. Tumor resectability is dependent on
histology; circumscribed tumors like JPA are frequently com-
pletely respectable [22], radical removal of infiltrative grade II
tumors is difficult with risk of additional neurological morbidity.
Early studies advocated radical resection for all spinal tumors [17,
23]; however, longer follow-up studies indicate no significant
benefit of radical resection on recurrence risk or overall survival
for tumors with similar histology [14, 18, 23]. Therefore, maximal
safe surgery to improve or preserve neurological function is most
often undertaken.

Over 80% of children with grade 1 spinal gliomas survive >10
years even without radical surgery [14, 24]. Grade II spinal
gliomas have variable outcomes and the role of adjuvant treat-
ment for these tumors remains controversial. Multi-institutional
studies have reported limited benefits of radiotherapy for improv-
ing long-term survival of primary and recurrent tumors [14, 25].
Therefore radiation is often deferred or avoided in pediatric low
grade spinal gliomas to limit toxicity.

For progressive or recurrent tumors, repeat surgeries may be
necessary to limit or reverse neurological symptoms, and may
alone provide long-term control in a proportion of patients.
Limited experiences suggest low grade spinal astrocytoma, like
intracranial gliomas, may be chemoresponsive. Tumor reduction
or stabilization, with neurological stabilization or recovery, has
been reported in most progressive spinal tumors treated with
various agents, including low dose carboplatin-based and more
intensive regimens (Table 5.3). Treatment intensification appears
to provide no additional benefits; the North American CCG 945
study, which used multi-agent chemotherapy and radiation in a
small number of patients, reported 5 year progression free sur-
vival (PFS) (67%) and overall survival (OS) (83%) [26] compa-
rable to more modest regimens [27, 28].

Table 5.3 Chemotherapy experience in treatment of low grade spinal tumors.

Chemotherapy

Similar to intracranial gliomas, response and duration of control
with chemotherapy may be unpredictable for spinal tumors [26,
30]. Spinal gliomas are included in several prospective trials of
vincristine and carboplatin in progressive low grade gliomas.
These include the North American Children’s Oncology Group
CCG 9952, the German HIT and the European International
Society for Paediatric Oncology (SIOP) glioma studies. Although
formal results remain pending, vincristine—carboplatin is often
used as first line treatment in recurrent spinal astrocytomas
largely based on promising preliminary reports and published
data on intracranial tumors. Monotherapy with temozolomide or
vinblastine has also been used successfully in patients with inad-
equate response or poor tolerance of vincristine-carboplatin [27].
The relative efficacy of different drugs regimens in primary versus
recurrent spinal astrocytoma remains unknown.

In addition to recurrent tumors, chemotherapy has been used
in primary treatment of disseminated or inoperable spinal astro-
cytomas [30]. Although, a small study reported good neurological
outcome and tumor control after conservative surgery and adju-
vant chemotherapy in patients with focal spinal astrocytoma [33],
the precise impact of chemotherapy on the unpredictable natural
history of spinal astrocytomas remains to be studied in larger
populations. In the absence of prospective data, our institutional
approach for low grade spinal astrocytoma has been:

+ Upfront chemotherapy only for patients with significant resid-
ual disease and/or persistent clinical signs/symptoms.

+ Stable patients with small or no residual tumor are followed
clinically and with surveillance MRI.

+ Chemotherapy is considered if patients develop persistent clini-
cal signs and symptoms not explained by reactive changes such
as cysts or syrinx, and/or tumor progression on serial imaging,
with or without change in clinical status. For symptomatic or

Study No. of patients Chemotherapy Objective response or Histology
stable disease

Packer et al. (1993) [28] 1 Carboplatin/vincristine 1 LGA

Lowis et al. (1998) [29] 1 Carboplatin/vincristine 1 LGA

Doireau et al. (1999) [30] 6 BB SFOP 6 JPA, OA, A

Merchant et al. (2000) [31] 2 CDDP/VP16 1 LGA
Carboplatin

Hassall et al. (2001) [32] 2 Carboplatin 2 JPA

Fouladi et al. (2003) [26] '8:1'chemotherapy 6 LGA

Townsend et al. (2004) [33] 4 Carboplatin/vincristine 3 LGA

Lafay-Cousin et al. (2005) [27] 1 Carboplatin/vincristine 1 LGA
Vinblastine

Khaw et al. (2007) [34] 3 Temozolomide 3 LGA

Mora et al. (2007) [35] Irinotecan/CDDP 2 LGA

LGA, low grade astrocytoma. OA, oligoastrocytoma. A, astrocytoma. JPA, juvenile pilocytic astrocytoma.

54



significant tumor re-growth, repeat surgery is considered prior to
chemotherapy.

+ Radiation is considered primarily for patients who have failed
several lines of chemotherapy or earlier for patients with tenuous
neurological function or deterioration on chemotherapy.

Clinical prognostic factors
Tumor grade is the strongest predictor of outcome [9, 14, 18, 25].
Bouffet ef al. [14] reported progressive decline in 10 year OS of
83%, 69%, 40% and 0% respectively for grades 1—4 spinal astro-
cytoma. Not surprisingly, brief prodromes, increased neurologi-
cal symptoms, and lower baseline function at diagnosis mirror
aggressive pathology and correlate with decreased PFS and OS
[14, 18, 33]. Interestingly, poor post-operative neurological status
also correlates with worse median survival [24, 36], perhaps
reflecting more aggressive surgical attempts at infiltrative tumors.
Spinal deformity at diagnosis, reflecting indolent tumor growth
with gradual bony displacement [14, 33], predicts better outcome
(Figure 5.1).

Figure 5.1 Progressive spinal deformity in a child with holocord low grade
astrocytoma. (a), Images at diagnosis. (b), Images 9 years later, depict severe
kyphoscoliosis due to progressive cysts and syrinxes.

Chapter 5 Pediatric Spinal Cord Tumors

Unlike in intracranial gliomas, younger patients are reported
to fare as well or better than older children. A study of spinal
astrocytoma in children <3 years old reported 3 and 5 year PFS
(81 and 76%) [11] comparable to that in older children [11].
Similarly, better 10 year OS (76%) has been reported in children
<7 years compared with those >7 years (38% 10 year OS) [14].

Factors inconsistently correlated with prognosis include tumor
location, extent and patient gender [14, 23].

Treatment of high grade spinal astrocytoma

Malignant spinal gliomas have a 5-10 year OS of 20-30%. Factors
associated with poorer outcome include prodrome (<2 months),
grade IV histology, and dissemination [13, 19, 37]. Glioblastoma
multiforme (GBM) with leptomeningeal dissemination have
dismal outcomes with rapid death (<2 months) and no reported
survivors. Extent of surgery trends with better outcome with
shorter survival reported after incomplete surgery or biopsy [13].

With only limited survivors reported from heterogenous
studies, optimal treatment strategies remain unclear. Despite
upfront post-operative radiation most tumors exhibit distant and
local progression within 10 months [15, 19]. Up to two-thirds of
tumors disseminate at recurrence indicating a need for CNS
prophylaxis. Best outcomes of 46% 5 year PFS and 54% OS were
reported in a small cohort of tumors treated with a ‘sandwich
regimen’ of post-operative ‘8 in 1’ chemotherapy and involved
field, spine, or craniospinal radiation in the North American
CCG 945 study [13]. Although objective response to chemo-
therapy was reported in five of ten evaluable patients, the specific
contribution of chemotherapy is unclear as most patients also
received cranio-spinal irradiation.

For localized malignant spinal astrocytoma, the standard
approach involves maximum safe surgery and focal radiation;
whether specific chemotherapeutic agents, such as temozolo-
mide, add survival benefits is unknown. The best approach to
disseminated tumor is uncertain and may include high dose
chemotherapy with or without craniospinal radiation.

Biological prognosticators and prospects for novel therapy
of spinal cord glioma

Very few dedicated biological studies of spinal tumors have been
published. Limited observations in the CCG945 study indicate an
MIB-1 index >7% correlate with worse 5 year OS in low grade
spinal astrocytoma [26]. Recent studies link telomere length [38],
tumor vascularity [39], infiltrative histology and myelin basic
protein expression with recurrence risk in intracranial low grade
gliomas [40]. Similarities in clinical phenotypes of intracranial
and spinal low grade astrocytoma suggest these factors are also
likely to be relevant to spinal tumors.

For malignant spinal astrocytoma, increased mitotic indices,
necrosis, and endothelial proliferation in grade III tumors are
reported to correlate with worse outcome [24]. Whether genetic
changes such as 1p/19q loss in mixed spinal tumors, and p53 gene
mutations in grade III/IV spinal tumors have the same prognostic
implications as intracranial tumors is unknown.
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Chemotherapeutic approaches to spinal gliomas has largely
been empirically extrapolated from intracranial tumors. Although
direct comparative studies are pending, the similar clinical phe-
notypes of intracranial and spinal astrocytoma is suggestive of
common molecular pathogenesis. Thus, emerging novel thera-
peutics in both low and high grade intracranial gliomas is likely
to be relevant to treatment of spinal astrocytomas. Promising new
agents include rapamycin and other inhibitors of mTOR - a
direct NF1 target frequently upregulated in NF1-deficient astro-
cytomas [41]. Modulators of tumor angiogenesis and prolifera-
tion respectively by specific tyrosine kinase inhibitors and
telomerase inhibition are also candidate novel therapies for spinal
gliomas [42].

Spinal ependymomas (Box 5.2)

Epidemiology of intramedullary ependymomas

Only 8-10% of childhood spinal tumors are ependymomas [2, 3,
6] in contrast to adults where >50% of spinal tumors are ependy-
momas [43]. Incidence increases with age: <10% arise in children
<5 years, and >50% are diagnosed in children >10 years old
(2, 10].

Most tumors are sporadic, however, genetic associations are
suggested in up to 20% of cases [44] (Table 5.2) with up to 15%
reported in NF2 individuals [7]. Truncating NF2 mutations
which is associated with earlier onset of NF2 predispose to
intramedullary tumors [45, 46]. NF2 mutations are also frequent
in sporadic tumors [47] and indicate an essential role for NF2 in
the pathogenesis of spinal ependymoma.

Spinal and intracranial ependymomas have distinct genetic
and biological features. Chr22q loss, NF2 mutations [47, 48]
or decreased NF2 protein expression [49] seen in 30-70% of
intramedullary ependymomas, are uncommon in intracranial
tumors [50, 51]. Intracranial tumors also rarely exhibit chr 7 and
9 gains that is reported in most spinal ependymomas. Consistent
with these observations, recent gene expression and genomic pro-
filing studies [52, 53] indicate derivation of intracranial and spinal
ependymomas from distinct precursor cell populations [53].

Histopathology and clinical presentation of intramedullary
ependymomas

Intramedullary and intracranial ependymomas have similar his-
tological spectra; World Health Organization (WHO) grade 2

Box 5.2 Spinal ependymomas key facts.

Commonly intramedullary cervico-thoracic tumors of cellular
histology.

Conal and cauda equina tumors are less common and
characteristically of myxopapillary histology.

Differ genetically from, and have superior outcomes
compared with intracranial ependymomas.

Grade I and II tumors are surgically curable.
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tumors are most common, while grade 3 anaplastic tumors are
rare. Grading criteria for ependymoma remains controversial,
thus reported incidence of anaplastic spinal ependymoma is vari-
able; although smaller pediatric series report incidence of <2—-3%
[23], a large series of 117 tumors reported no anaplastic spinal
ependymoma [43]. Clinical presentation resembles that of low
grade spinal astrocytoma. Some cases may present acutely with
intra-tumoral hemorrhage after a trivial injury; a small propor-
tion (<3%), have signs and symptoms of intracranial metastases
at diagnosis.

Treatment, outcome and prognosis of

intramedullary ependymomas

Pediatric intramedullary ependymomas have excellent outcomes.
Lonjon et al. reported 5 and 10 year actuarial survival of 90%,
and 5 and 10 year PFS of 93% and 70% respectively in the only
exclusive study of 20 childhood spinal ependymomas [7]. Similar
results have been reported from combined retrospective studies
of adult and pediatric tumors [54]; in contrast intracranial
ependymomas have a PFS of 30-50% [55].

Maximum surgery offers the best long-term outcome with 10
year OS of 86-100% achievable with surgery alone [7]. Most
ependymomas are well circumscribed and >80% are completely
respectable [10]; subtotal removal results in substantially
decreased OS [10, 56] with ultimate progression in 20-50% of
partially resected tumors. A multivariate study of 126 pediatric
and adult spinal ependymomas, identified radiotherapy and
extent of surgery as key predictors of survival. However, only
surgical extent correlated with 15 year PFS [25], thus indicating
survival advantages of radiation may not be independent of
surgery. Sustained control of post-radiation relapse has been
reported with repeat radical surgery [2, 7].

Adjuvant radiation has historically been advocated for partially
resected tumors; however, in contrast to sustained remission in
all patients with complete tumor resection [7], up to two-thirds
of patients with irradiated incompletely resected tumors can
recur, sometimes 67 years after radiotherapy.

Failures of spinal ependymomas are confined to the neuraxis,
and in the majority of cases to the primary tumor location.
Recurrent spinal ependymomas may have a higher incidence of
intracranial metastases (6%) [57], thus full re-staging with MRI
studies and CSF analysis are recommended for recurrent/pro-
gressive tumors.

Epidemiology of myxopapillary ependymoma

Less than 10% of childhood spinal tumors are myxopapillary
ependymomas (MPE) [58] compared to 40% of adult spinal
ependymomas are MPE [25].

Histopathology and clinical presentation of

myxopapillary ependymoma

MPE is a distinct histopathological entity first described by
Kernohan in 1931. These WHO grade 1 tumors typically arise in
the conus and/or cauda equina and seldom at other CNS sites.



Rare cases of subcutaneous MPE are proposed to originate from
ependymal rests, or vestigial neural tube remnants. MPE are not
linked to known genetic syndromes. However, rare cases are
reported in sporadic [59] or syndrome-associated spinal dysra-
phism [60] . Unlike in intramedullary ependymomas, NF2 gene
alterations are uncommon in MPE [48].

MPE are associated with a very favorable clinical outcome thus
accurate histologic diagnosis is important. Histologically, MPE
contain ependymal or perivascular rosettes, abundant peri-
vascular myxoid deposits, low mitotic indices, rare nuclear pleo-
morphism, and frequent hemorrhage. MRI typically shows
well-circumscribed, avidly enhancing, lumbar lesions with an
enlarged filum, and multiple lumbar and sacral segments with
associated cysts; tumors may extend to lower thoracic segments
[61]. The indolent growth of MPE may result in bony displace-
ment/deformity visible on X-rays.

Childhood MPE is typically localized. However, retrospective
series indicate metastases in up to one-third of new or recurrent
tumors [61-65]. Metastasis is usually confined to the neuraxis
and may manifest as leptomeningeal infiltration, subarachnoid
drop metastasis, or multifocal lesions; rare recurrent MPE involve
extraneural sites [64]. Clinical presentation resembles that of
other low grade spinal tumors with long non-specific prodrome
(median 10.4 months; range 2—66 months). Almost all patients
(>80%) present with back pain, lower extremity paresthesias,
motor and gait abnormalities; one- to two-thirds have sphincter
dysfunction [66]. Rare presentation of MPE include subarach-
noid hemorrhage after minor trauma [67] and communicating
hydrocephalus [68].

Treatment, outcome and prognosis of

myxopapillary ependymoma

Only ~60 cases of pediatric MPE are reported to date; treatment
approaches are extrapolated from adult data. Overall retrospec-
tive data indicate pediatric and adult MPE have a comparable
excellent long-term outcome with 85-100% 5 year OS [61, 67].

Surgery is the primary treatment for MPE:

+ Complete removal which can be safely achieved in 70-90% of
tumors.

+ Adjuvant treatment is unnecessary for completely resected
MPE [58, 61, 67, 69].

MPE recurs in 15-30% of patients:

+ Local recurrence is most common and can occur years after
initial treatment.

+ Incomplete surgery is more frequently associated with disease
extension beyond the filum [61, 62, 67, 70, 71] and symptom
durations <1 year [70] are associated with diminished 5 and 10
year PES.

Due to favorable overall outcome of MPE, we generally advo-
cate conservative management with surgery only. For children
with new or recurrent unresectable tumors, histology and extent
of tumor residual, time to progression, and risk of clinical dete-
rioration are considered in deciding whether repeat surgery or
radiation may be used.

Chapter 5 Pediatric Spinal Cord Tumors

Novel therapeutic approaches to spinal ependymomas
Therapeutic studies of pediatric spinal ependymomas are limited.
The relatively good outcome of MPE and intramedullary ependy-
moma after surgery and radiation [72, 73] has precluded inves-
tigations of novel therapies in these rare tumors. Existing studies
indicate that spinal and intracranial ependymomas are biologi-
cally distinct [52,53]. However, whether spinal tumors share the
chemoresistant phenotypes of intracranial ependymoma is
unknown. Promising responses has been reported in a few
patients with recurrent spinal ependymomas or MPE using pro-
longed low dose etoposide with or without tamoxifen (74, 75],
or Gleevec [76]. Cox-2 is overexpressed in up to 40% of spinal
ependymomas [77], thus Cox-2 inhibitors which have demon-
strated promising in vitro effects on intracranial ependymomas
cell lines [78] represent additional novel agents. The role of other
agents with activity against glial tumors [79], such as temozolo-
mide, remains unexplored.

Rare intramedullary tumors

Gangliogliomas

+ Gangliogliomas comprise 1-5% of pediatric cord tumors [31];
higher incidences (27-35%) reported in large single institutional
series [18, 43] suggest referral bias.

+ Most tumors are WHO grade I lesions with characteristic
glioneuronal histology resembling cerebral gangliogliomas
and present as cervico-thoracic or holocord lesions with clinical
and radiologic features resembling low grade spinal gliomas;
tumors may disseminate (Figure 5.2).

+ Spinal gangliogliomas are reported at younger ages (mean age
7 years) than cerebral tumors.

+ Data is limited to case reports [80, 81] and one large mixed
pediatric and adult series [82]. Treatment approaches have been
empiric and follow that of other low grade spinal tumors.

+ Overall survival at 5 years and 10 years is excellent at 88-77%
with surgery alone. However, spinal tumors have a three- to four
fold higher recurrence risk [83] and inferior 10 year PFS (58%),
indicating biological differences between cerebral and spinal gan-
gliogliomas (Figure 5.2) [84].

Hemangioblastomas

+ Hemangioblastomas are benign vascular lesions that may arise
sporadically but are characteristically associated with Von-Hippel
Lindau (VHL) disease.

+ They comprise only 15% of all pediatric hemangioblastomas,
most commonly present in the second decade [85].

+ They are typically focal with associated syrinx/cysts and avid
enhancement on MRI.

+ Work-up for VHL disease is reccommended for all children with
CNS hemangioblastoma.

+ VHL-associated hemangioblastomas may have unpredictable
growth patterns [86]; therefore treatment is usually only under-
taken with persistent and symptomatic tumor growth [86, 87].
Surgery, and more recently microsurgery, with or without embol-
ization is the preferred treatment. SU5416, a VEGF receptor
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inhibitor, has demonstrated promising results in retinal heman-
gioblastomas [88] and is currently on trial for surgically challeng-
ing CNS lesions [89]. It is exciting to anticipate future applications
of such therapies for pre-symptomatic intervention in pre-dis-
posed individuals.

Strategies for follow up and important
late effects

Despite their benign nature, childhood spinal astrocytoma and
ependymoma have significant risk of late recurrence or
progression.

+ We follow all patients with low grade spinal tumors with sur-
veillance MRI for 3-5 years after completion of treatment. Initial
MRI are scheduled every 3—4 months, and then weaned to an
annual schedule over 2-3 years.

+ Up to 50% of children have residual neurological and spinal
deficits after treatment. In addition to sensory and motor deficits,
bladder/bowel dysfunction may also persist [2, 18, 90, 91].
Worsening neurological symptoms may result from tumor asso-
ciated cyst or syrinx, maturation of an old deficit (e.g spasticity),
or progressive spinal deformities and may require neurosurgical,
orthopedic, or plastic surgery intervention.

+ Early post-operative rehabilitation is essential for minimizing
morbidity, and maximizing functional recovery. Brief low dose
steroid treatment to relieve cord edema may help early neurologi-
cal recovery [92].
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Figure 5.2 Intracranial and leptomeningeal
dissemination of a spinal ganglioglioma.

+ Spinal deformity is the most significant and common late effect
seen in almost all long-term survivors; up to 70% of children who
received post-operative radiation required spondylodesis [3].

+ Children often have progressive deficits that peak during
periods of normal rapid growth. Uncorrected spinal deformities
in extreme cases can result in cord compression and progressive
myelopathy.

+ All children require routine clinical monitoring for changes in
neurological status, and imaging as clinically indicated.

+ Children who receive spinal or cranio-spinal radiation should
be followed for growth or thyroid hormone deficiencies, neuro-
cognitive sequelae, malignant transformation of residual tumor,
and second malignancies within the radiation field.

+ Despite frequent and substantial physical morbidity, surpris-
ingly, a small study reported psychosocial outcomes comparable
to that of healthy controls in spinal tumor survivors [91].

Conclusions

As childhood intramedullary tumors are rare, establishment of
treatment guidelines will continue to be challenging. Regardless
of specific treatments, most children with intramedullary tumors
will have long survival, often with substantial and progressive
neurological deficits. Therefore, a multi-disciplinary approach is
essential both in treatment planning and in follow up to maxi-
mize and preserve neurological function in this highly vulnerable
population.
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Introduction

Craniopharyngioma, mixed glioneuronal, and atypical teratoid/
rhabdoid tumors are among the rarest pediatric brain tumors.
The treatment of these diseases remains controversial. The mixed
glial neuronal tumors are a surgical success story with patients
usually achieving a cure with a high quality of life after surgical
resection alone. While craniopharyngioma can be cured also, this
is often achieved at significant price to the child, and there is
considerable debate within the medical community on how best
to treat this disease. In contrast, atypical teratoid/rhabdoid tumor
(ATRT) has a grave prognosis despite aggressive treatment.

Craniopharyngioma

Epidemiology

+ Rare parasellar and sellar tumor accounting for approximately
1.8-4.4% of pediatric intracranial neoplasms [1, 2].

+ No sex predilection.

+ No known geographic distribution bias.

+ Frequent juxtaposition to vital structures such as the optic
apparatus, hypothalamus, cavernous sinus, cranial nerves, and
the circle of Willis can result in high surgical morbidity.

Pathology and pathogenesis
Two subtypes of craniopharyngioma are recognized, the adaman-
tinomatous and the papillary subtypes.

Adamantinomatous subtype

This occurs in childhood, is often highly calcified and cystic.

+ Cysts contain fluid with a characteristic ‘motor oil’ consistency
that is rich in cholesterol crystals [3].
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+ The cyst walls contain whorls and sheets of pallisading colum-
nar cells arranged around stellate epithelial cells [3].

+ Cysts can contain calcium or bone arising from desquamated
cells of eosinophilic masses termed ‘wet keratin’

Histologically, these tumors resemble the embryonic tooth and
therefore, the adamantinomatous subtype is thought to arise
from epithelial cells derived from stomadeum in the remnants of
the craniopharyngeal duct [4].

Papillary subtype

The papillary subtype occurs predominantly in adults.

+ Typically solid.

+ Usually not calcified.

+ Well-differentiated squamous epithelium surrounding a fibrov-
ascular core [4].

+ Thought to arise as a result of metaplasia of the squamous
epithelial rests in the craniopharyngeal duct remnants.

Clinical presentation and imaging characteristics
Symptoms at presentation depend on patient age and tumor
location but often include one or more of three main problems
[5, 6].

* Visual impairment: secondary to compression of the optic
apparatus. The location of the lesion to some extent predicts
visual changes, as impairment in acuity is higher in pre-chias-
matic lesions [7].

+ Headache, nausea, and vomiting: secondary to hydrocephalus
due to third ventricular compression.

+ Endocrinopathies: secondary to compression of the hypotha-
lamic-pituitary axis.

Initial CT imaging of craniopharyngioma shows an enhancing
cystic sellar and/or suprasellar mass with calcification [8, 9]
(Figure 6.1 and Box 6.1). The solid focus predominates in the
sella with a suprasellar cystic extension [10].

Treatment
There is ongoing long-standing debate regarding the optimal
treatment of craniopharyngioma.



Figure 6.1 Radiographic appearance of
craniopharyngioma. (a), Non-contrast CT showing
suprasellar mass with calcification. (b), Axial T1 MRI
showing suprasellar mass. (c, d), Coronal T1 MRI
images with and without gadolinium showing
suprasellar mass, compression of the Foramen of
Monroe and associated hydrocephalus. (e), Coronal
T2 images showing the cystic nature of suprasellar
mass. f, Sagittal T1 MRI of suprasellar mass.

+ Some clinicians advocate initial radical resection with the aim
of achieving cure, improving visual function, and avoiding radia-
tion treatment.

+ Others advise a more conservative surgical approach followed
by adjuvant radiation therapy in an effort to avoid the consider-
able risk of surgical morbidity that includes endocrine dysfunc-
tion, obesity, and neurocognitive decline.

Chapter 6 Rare Brain Tumors

+ The longevity of the debate indicates that no single approach
can be applied to all tumors, children, and families.

Surgical management

Surgical management has evolved dramatically since Harvey
Cushing first attempted to reach the sellar/suprasellar region and
remove a craniopharyngioma. The advent of the operating
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Box 6.1 Key points regarding imaging of
craniopharyngioma.

1 Can present a wide range of imaging characteristics:
T1 MRI sequences:

+ Often isointense to hyperintense depending on the protein
content of the cystic structure.

+ Cholesterol clefts, fat, hemorrhage, and calcification can
contribute to high T1 signal [11].

T2 MRI sequences:
* Heterogeneous solid component with a high signal in the
cystic portion [9].
Gradient Echo images are useful to identify calcification.

Diffusion weighted imaging can be useful to exclude an
epidermoid tumor [9].

2 Differential diagnosis of lesions in the sella include [9]:
« Pituitary adenoma.
+ Hypothalamic/optic glioma.
+ Rathke’s pouch cyst.
+ Epidermoid, thrombosed aneurysm.

+ Simple arachnoid cyst.

microscope, advances in microsurgical technique, and the use of
image-guided stereotactic surgery have allowed surgeons to
access the sella/suprasellar regions and make gross total resection
of craniopharyngioma possible. A variety of surgical approaches
has been used to reach the sellar/suprasellar region, subfrontal,
pterional, transcallosal, transtemporal, subtemporal, transfacial,
transpheniodal, as well as combinations of the above [12].

Gross total resection
Proponents of radical resection suggest that in skilled hands with
modern operating techniques, up front gross total resection
should always be the goal. Key points relating to gross total resec-
tion of chraniopharyngioma include:
+ Recurrence rates following gross total resection range from zero
to 52.8% [13]. Van Effenterre and Boch reviewed their series of
122 adult and pediatric craniopharngiomas with 59% obtaining
complete resection with an 11% total mortality rate, excellent
functional outcome in 85% and an 18% recurrence rate [14].
1 Other contemporary series suggest post-operative endocrine
dysfunction is present in over 80% of patients, and approxi-
mately 15% of patients suffer from hypothalamic dysfunction
[7, 14-18].
+ Diabetes insipidus is almost unavoidable: 80% of cases require
replacement of two or more hormones, and non-endocrine mor-
bidity secondary to hypothalamic damage (obesity, cognitive
impairment, and decreased sociability) are probably underesti-
mated at 15% [15, 19].
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2 The debilitating hypothalamic syndrome is unique to the
pediatric population and may be underestimated in mixed
adult and pediatric series [19].
3 Improved MRI image-based assessment of surgical resection
suggest recurrence rates may be lower in cases of ‘true’ gross
total resection.
* Zuccaro reported zero recurrence in the 69% of patients that
had radiographic gross total resection (n=153) with a range of
follow up from 1 to 16 years. Sixty-nine patients required com-
bined surgical approaches [20]. Mortality rate was of 7%.
+ Caldarelli et al. reported a recurrence rate of only 7.5% among
40 patients with radiographic evidence of gross total resection
(five cases had multiple operations) [21]. Mortality rate was 3.5%.
+ Morbidity was deemed acceptable in both studies, although
endocrine dysfunction was present in over 80% of patients post-
operatively in both series.

Conservative surgical approach
Other groups have taken a more conservative surgical approach,
suggesting that pre-operative imaging characteristics such as
hypothalamic involvement should guide decisions regarding
gross total versus subtotal resection [15, 22].
1 Puget et al. reported a prospective study of children with crani-
opharyngioma plus hypothalamic involvement. Treatment
included subtotal resection and radiation; none of the 22 children
treated in this manner experienced hyperphagia, morbid obesity,
or behavioral dysfunction [22].
2 A review by De Vile et al. suggested that the deleterious effects
of radical surgery can be predicted pre-operatively by:

+ Degree of hydrocephalus.

« Tumor size (classified by intracranial compartments

involved).

+ Age less than 5 years.

+ Presence of hypothalamic dysfunction at presentation.
3 During surgery vascular complications and the degree of
hypothalamic involvement may predict poor outcome [15, 23].
4 A more flexible approach that restricts radical surgical resection
in those predictive of a good outcome may decrease surgical mor-
tality, and improve cognitive status, but endocrine dysfunction
and degree of hypothalamic dysfunction remain unchanged [15].

Radiation therapy
The serious morbidities associated with radical surgery, coupled
with the variable rates of recurrence, has lead to the exploration
of adjuvant treatments of craniopharyngioma [5, 7, 24-26]. The
most common adjuvant treatment strategy is radiotherapy fol-
lowing subtotal resection.
1 The Royal Marsden Hospital reported the largest series of
patients treated in this manner:
+ 173 cases of craniopharyngioma, 148 having limited surgery
plus radiation.
* 45% were pediatric patients.
+ 10-year progression free and overall survival rates were 83%
and 77% respectively [27].



 Younger age, and modern radiation therapy techniques were

predictive of survival, but extent of surgical resection was not

[27].

2 Boston’s Children’s Hospital series:

+ 61 patients, 37 patients treated with radiation (mean dose of

54.6 Gy) and surgery.

* 10-year survival 91%.

« After 10 years of follow up there was statistical advantage in

local control rates when radiation was employed [24].

+ Diabetes insipidus and pituitary deficiency rates may be less

than in aggressive surgical counterparts [24,27].

3 University of Pennsylvania:

+ 10 year control rate was significantly lower (42% vs. 84%)

among patients receiving surgery alone versus subtotal resec-

tion and radiation.

+ Survival rates were similar for the two groups, and were

attributed to the efficacy of salvage radiation [28].

4 Neurocognitive and neuropsychological sequelae from subto-
tal surgery and radiation may be less than that following radical
surgery alone [29-31].

5 Radiation may be useful as a salvage strategy following recur-
rence after surgery [29].

Radiation therapy is not without serious complications. The
proximity of the optic apparatus (tolerance of 54 Gy/30 fractions
or 8-9 Gy in a single fraction), brainstem, hypothalamus, and
pituitary present the same restrictions to radiation as they do to
aggressive surgical treatment. The majority of these complica-
tions are dose related and must be balanced with the advantage
of surgical sparing.

1 Optic neuropathy:

+ Does not appear to occur in patients treated with 1.5 Gy

fractions to total doses of 50 Gy [27], but may result when the

total dose exceeds 60 Gy [32].

2 Neurocognition:

+ Children less than 3 years are at particular risk.

+ Surgical management, either radical resection or temporiz-

ing surgery, is indicated until such time as radiation is deemed

safer.
3 Vasculopathy, and of moyamoya syndrome:

+ Advances in stereotactic surgery, such as the gamma knife,

may show some benefit. However, large and long-term studies

are still pending and currently only small lesions <2.5cm that
are <3 mm away from the chiasm are amenable to radiosurgery

[33-35].

4 Second malignancy:

+ While rare, ependymomas, meningiomas, brainstem glioma,

and glioblastoma multiforme have all been reported after radi-

ation therapy for craniopharyngioma [28, 36-40].

+ In the Royal Marsden series with a follow up of 12 years, no

secondary malignancies have yet been reported [27].

Intracavitary treatments
Approximately 90% of craniopharyngiomas will present with
cystic cavities as a portion of the tumor, either at initial diagnosis
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or at time of recurrence. These cyst cavities have been used as a
means of delivering chemotherapy or radiotherapy to the lesion
via catheters placed into the cyst [41,42]. Catheters are placed
into the cyst using stereotactic, ultrasonic, or endoscopic guid-
ance and attached to an Ommaya reservoir. Intracavity agents
have included:
1 Bleomycin:
+ Takeuchi first used the antitumoral antibiotic, bleomycin, in
1975 with favorable results [43].
+ Standard dosing is 2—-5ml of bleomycin over a course of days
to weeks [41].
+ Bleomycin works on the walls of the cyst and is best used in
patients harboring monocystic lesions with minimal solid
components [44].
+ The majority of studies show at least 50% reduction (from
50 to 100%) of the cystic component in a majority of patients
undergoing this therapy for purely cystic craniopharyngiomas
(45, 46].
+ Toxicity has been reported with the use of intracavitary
bleomycin. Death (rare) and hypothalamic injury secondary
to bleomycin leakage outside the cyst walls, and acoustic
nerve injury, optic neuritis, and vascular injury as a result of
leakage into the subarachnoid space have been reported
[47-50].
+ Most authors support continual MRI evaluation during
treatment to monitor for leakage and high-dose steroids to
control bleomycin toxicity [41, 50].
2 Interferon alpha (IFN-o.):
+ Used in the treatment of cystic craniopharyngioma.
+ Followed the use of systemic IFN-o that demonstrated mod-
erate activity against craniopharyngioma [51].
+ Cavalheiro et al. used IFN-o. intralesionally via a catheter
inserted subfrontally and attached to an Ommaya reservoir in
10 patients [52]. Patients had alternative days of IFN-o admin-
istration and cyst drainage with seven of the 10 having com-
plete disappearance of the cyst in follow-up imaging [52]. This
same group reported on these initial 10 patients plus 11 more
in 2007, follow up ranging from 6 months to 4 years, 11 of 21
had a complete response, 7 of 21 had a partial response and
three were non-responders [53]. It is unclear to what extent
the reduction in lesional size can be attributed to IFN-o. versus
cyst decompression.
3 Intracavitary irradiation:
+ Most commonly yttrium-90 and 32-phosphorus have been
employed to treat cystic craniopharyngioma. Lack of cyst pro-
gression ranges from 55 to 100% [42, 54-60].
« Toxicity to intracavitary irradiation includes amarosis,
chemical meningitis, moyamoya vessel changes, and death [24,
56, 58].

Conclusion

The optimal treatment of craniopharyngioma remains unclear.
Arguably, the most strategic approach accounts for patient factors
such as pre-operative endocrine and hypothalamic function, age,
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and imaging characteristics such as cystic size, and degree of
hypothalamic involvement.

Mixed glioneuronal tumors

Overview
Mixed glial neuronal tumors present a rare, interesting, and
diverse group of tumors (Box 6.2).

Ganglioglioma
Gangliogliomas (GG) represent 1% of all primary intracranial
neoplasms and 4% of pediatric central nervous system (CNS)
neoplasms. Of all tumors associated with epilepsy, 40% are iden-
tified pathologically as GG [62]. Histologically, GG are comprised
of a dysplastic neuronal component and a variable glial compo-
nent: pilocytic astrocytoma (93%), fibrillary astrocytoma (6%)
[65]. The diagnosis may be aided by the identification of the
marker CD34 in the neuronal component [61]. Malignant trans-
formation of the glial (anaplastic or glioblastoma multiforme)
constituent is rare, but occurs in approximately 2% of cases [65].
Clinically, the majority of GG present in patients with a history
of epilepsy [66]. The most common location is the temporal lobe:
temporal mesial (50%) and temporal lateral (29%) [65]. However,
GGs can occur in the brainstem, spinal cord, mid-brain, as well
as other cortical locations. On imaging they appear as circum-
scribed solid or cystic lesions, which are hypo- to iso-dense on
non-contrast CT, with or without calcification, with approxi-

Box 6.2 Key facts about mixed neuronal glial
tumors.

1 Comprised of large dysplastic neurons mixed with a back-
ground of neoplastic glial cells. The World Health Organization
(2007) recognizes six variants of mixed neuronal glial tumors:
+ Ganglioglioma.

+ Anaplastic ganglioglioma.

+ Desmoplastic infantile ganglioglioma (DIG).

+ Papillary glioneuronal tumor.

+ Rosette forming glioneuronal tumor of the fourth ventricle.

+ Benign biological behaviour and a low proliferative index
(61, 62].

2 As a group they usually present with epilepsy in the pediatric
population and are probably related to the focal cortical
dysplasias [62].

3 Cortical dysplasia can often be found in the cortex adjacent
to the glioneuronal tumor and it has been postulated that the
focal cortical dysplasias and the glioneuronal tumors
originate from the same precursor cells and/or the tumor
arises from dysplastic cortical tissue [62—64].
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mately 50% showing enhancement [10]. On T1 MRI imaging the
mass is hypo- to iso-intense to grey matter with possible associ-
ated areas of cortical dysplasia and broadening of the gyrus. T2
imaging shows a hyper-intense signal [67].

Complete surgical resection is curative, with only 3% of
patients experiencing recurrent tumor and a 7.5 year survival rate
of 97% [65]. Complete and sustained seizure relief after resection
will be experienced by 60-84% of patients [65, 68]. Given the
success of gross total resection there is little role for adjunctive
chemotherapy or radiation in low-grade GG. Recurrences can
usually be treated with re-operation [69]. The role of adjunctive
therapy for completely resected high grade GG is limited given
the rarity of the lesion, with some authors showing no difference
between progression free survival rates regardless of grade in the
setting of gross total resection [69]. However, adjunctive therapy
is reccommended in those instances where subtotal resection of a
high-grade lesion has occurred [69].

Desmoplastic infantile ganglioglioma

Desmoplastic infantile ganglioglioma (DIG) is a very rare tumor
that occurs predominantly in infants with a peak age of occur-
rence between 3 and 6 months [70]. Recent case reports have
shown DIG can occur in older patients (eldest 25 years of age)
[71-74]. The disease was first described in 1987 by VandenBerg
et al. [75] as a tumor displaying:

+ Divergent astrocytic and ganglionic differentiation.

+ Prominent desmoplastic stroma.

+ Voluminous size.

+ Cystic component.

+ Presentation within the first 18 months of life.

+ Good prognosis.

The World Health Organization (WHO) classifies DIG as a
grade I neoplasm. With the exception of one case in the literature,
DIG occurs almost exclusively supratentorially [71]. Imaging
reflects a solid superficial mass or plaque attached to the dura and
associated with a large septated cystic component (Figure 6.2).
The solid portion of the tumor is hyperdense on CT with marked
contrast enhancement; on MRI the solid portion is hypointense
on both T1 and T2 sequences [70]. The cystic portion does not
enhance with contrast, and usually is large enough to cause ven-
tricular compression [10].

Given the young age at presentation and the large size of DIG,
patients present with a brief clinical history. Signs and symptoms
of intracranial hypertension predominate, including a rapidly
enlarging head circumference, bulging anterior fontanelle, cranial
bulge at tumor location, lethargy, and vomiting [70].

The treatment of choice is gross total surgical resection result-
ing in an excellent prognosis [76]. However, gross total resection
is attainable in less than 50% of cases [70, 76]. There are too few
case studies to determine the effectiveness of adjunctive chemo-
therapy in these residual cases. Follow up of these residual tumors
often shows no growth, or diminishing growth over time, and
thus the majority of neuro-oncologists delay adjunctive chemo-
therapy until progression occurs [71].



Figure 6.2 Radiographic appearance of
desmoplastic infantile ganglioglioma.

(a), Sagittal T1 MRI showing large cystic lesion.

(b, ¢), Coronal and axial T1 MRI with gadolinium
showing a large non-enhancing cystic lesion
associated with an enhancing solid portion. There is
a large mass effect and ventricular compression.
(d), Axial T2 MRI showing the large cystic
component of the tumor.

Dysembryoplastic neuroepithelial tumor

Daumas-Duport et al. first described dysembryoplastic neuroepi-
thelial tumor (DNET) in 1988 as a tumor characterized by the
following features:

+ Indolent and highly epileptogeneic.

+ Multiple nodules composed of astroyctoma, oligodendrogli-
oma, and oligoastrocytoma intermixed with foci of dysplastic
cortical organization arranged in columns perpendicular to the
cortex [77, 78].

Focal cortical dysplasia is present in the surrounding cortex,
suggesting this lesion is in the spectrum of a malformation. Reports
of malignant transformation are rare and is usually from the glial
component [79]. DNETs typically present as medically refractory
seizures in children and young adults prior to the age of 20 [77].

The CT and MRI imaging are quite characteristic for DNET.
DNETs are most commonly found in the temporal and frontal
lobes. However, subcortical locations have been described [67]
(Figure 6.3). DNETs are usually well circumscribed, wedge-
shaped lesions involving a single expanded gyrus. They are typi-
cally described as ‘bubbly’ in appearance. There is often
remodeling of the cranial vault overlying the lesion [80]. CT
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imaging reveals a hypoattenuating cortical/subcortical lesion with
possible calcification (20-36%) [10]. DNETs are usually non-
enhancing. However, faint or patchy enhancement may be seen
in up to 20% of cases and this may indicate a higher rate of recur-
rence [10]. A multinodular hypointense lesion on T1-weighted
and hyperintense lesion on T2-weighted MRI sequences is char-
acteristic. Again, faint contrast enhancement can be seen in
approximately 20% of cases [10].

Treatment of DNET is surgical resection, either complete or
partial with no adjunctive chemotherapy or radiotherapy required
[81]. Clinically, DNET comprise 14% of epilepsy associated
tumors [64]. Given the rarity of this lesion most series include
DNET with other low grade gliomas in determining favorable
seizure control rates after surgery (Engel class I rates of 50-90%)
(64, 77, 81-86].

Atypical teratoid rhabdoid tumors

Malignant rhabdoid tumors were first described as a highly
malignant subtype of Wilm’s tumor [87]. It is now recognized
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that rhabdoid tumors occur throughout the body. Biggs et al.
first described the malignant intracranial rhabdoid tumor in
1987 [88]. These tumors were first termed atypical teratoid rhab-
doid tumors (AT/RT) in a landmark paper in 1995 because of
their histological constellation of neuroepithelial, peripheral epi-
thelial, and mesenchymal elements [89]. The WHO first recog-
nized AT/RT as a separate tumor entity in 2000.

Epidemiology

+ AT/RT comprise 2-3% of all pediatric CNS tumors.

+ AT/RT comprise 10-20% of primary intracranial malignancies
in infants [89, 90].

+ Median age of diagnosis is 20 months.

+ Slight male predominance of 1.6:1 [89-91].

+ Occur both supratentorially and infratentorially, notably in the
cerebellopontine angle and cerebellum [90]. AT/RT have been
reported to occur as intradural extramedullary/intramedullary
lesions in the spine [92-96].

+ At the time of presentation approximately 20% of patients will
have disseminated disease [90]. Prior to the advent of intense
multi-modal therapies, the vast majority children succumbed to
their disease within a year [90].

+ Two-year survival rate for AT/RT is around 15%.
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Figure 6.3 Radiographic appearance of
dysembryoplastic neuroepithelial tumor. (a, ), Axial
and sagittal T1 with gadolinium images showing a
left frontal non-enhancing hypodense lesion
expanding the gyrus. (b, d), Coronal T1 and T2 MRI
images.

Histology and molecular biology

AT/RT was diagnosed initially on the histological presence of
rhabdoid cells (bland cells with eosinophilic cytoplasm) [97].
However, only a minority of AT/RT is composed entirely of nests
or sheets of rhabdoid cells. Two-thirds of AT/RT contain rhab-
doid cells intermixed with areas indistinguishable histologically
from primitive neuroectodermal tumors (PNET) or medullob-
lastoma [89]. This variability underscores the importance of sam-
pling error when biopsies for AT/RT are performed. AT/RT can
less commonly resemble choroid plexus carcinoma, ependy-
moma, germ cell tumors, or glioblastoma [90, 91]. Improved
understanding of the pathology and molecular biology of AT/RT
has increased diagnostic accuracy considerably.

The majority of AT/RT stain positive for EMA (embryonal
membrane antigen), vimentin, cytokeratin and SMA (smooth
muscle actin), whereas PNET are histologically negative for these
markers [91, 97]. AT/RT do not stain for germ cell markers such
as alpha-fetoprotein, placental alkaline phosphatase, or human
chorionic gonadotropin, allowing for differentiation from germ
cell tumors [97].

Cytogenetic studies of AT/RT reveal minimal genetic altera-
tions and lack of the classic isochromosome 17q typical of medul-
loblastoma [98].



Biegel et al. showed a high proportion of rhabdoid tumors have
monosomy of chromosome 22 [98]. Further analysis revealed
that a specific region of chromosome 22, 22q11.2 was deleted or
translocated in AT/RT [95]. Using cloning strategies integrase
interactor-1 (INI-1) was identified as the putative tumor suppres-
sor in rhabdoid tumors [99].

INI-1 is part of the SWI/SNF complex:

+ Remodels chromatin by disrupting the nucleosome and remov-
ing DNA from the histone octamer surface [100].

+ Allows the SWI/SNF complex to transcriptionally activate or
repress specific genes, although the signals for recruiting SW1/
SNF to specific gene targets has yet to be elucidated [101].

+ Truncating germline mutations of INI-1 have been described
by several groups with loss of the remaining wild type allele
within the rhabdoid tumor [99, 101].

+ Heritable truncating germline mutations of INI-1 predisposing
to rhabdoid tumors [102, 103]. Interestingly, in each case there
was an asymptomatic adult carrier of the INI-1 mutation.

+ Deletion of Ini-I in mice is embryonically lethal; however,
5-10% of haploinsufficient mice (developmentally normal)
develop rhabodid tumors later in life [104, 105].

+ The precise mechanism of INI-I tumor suppressor function has
yet to be determined but current studies suggest it may play a role
via the p16INK4a/cdk4/RB pathway [106].

+ Two large series have been published that describe lack of INI1
nuclear staining as a marker for AT/RT:

i Judkins et al. reviewed 53 pediatric CNS tumors. Twenty-five

tumors had a microscopic diagnosis of AT/RT. Nineteen of the

AT/RT had INI-I mutations, and one had lack of INI-1 RNA

expression. All of these tumors had lack of INI-1 nuclear stain-

ing. Five of the microscopic AT/RTs were re-classified as PNET
due to a lack of INI-1 mutation, and the presence of INI-1
nuclear positivity on immunohistochemistry [107]. Four of
these five lacked the robust EMA staining typical of AT/RT. Of
the 53 tumors, only two had negative nuclear staining for INI-1
without a diagnosis of AT/RT, one was a recurrent ependy-
moma (which on re-biopsy showed characteristic rhabdoid

cells) and the other was an oligodendroglioma [107].

ii Haberler et al. reviewed a larger series of 289 pediatric CNS

tumors. All 17 tumors microscopically diagnosed as AT/RT

lacked INI-1 nuclear staining. Six medulloblastomas and two

PNET microscopically had negative INI-1 nuclear staining.

These eight cases were re-reviewed and found to harbour no

rhaboid cells. However, six of eight were positive for EMA

[108]. In two of the eight post-mortem analysis of the tumor

tissue found small focal areas of rhabdoid tumor cells, under-

scoring the importance of INI-1 nuclear staining in AT/RT
diagnosis.

Clinical presentation

Signs and symptoms are dictated by both tumor location and age
at presentation. Posterior fossa tumors often present with symp-
toms of hydrocephalus. Therefore vomiting, lethargy, irritability,
headache, and macrocephaly (in infants) are common presenting
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features. Other signs and symptoms include cranial nerve palsies,
ataxia, hemiplegia, reversal of motor milestones and head tilt.
Supratentorial lesions may present with seizure, focal cortical
neurological symptoms, and regression of previously attained
milestones [90, 109]. Given the aggressive nature of AT/RT the
duration of symptoms are relatively short prior to diagnosis.

Imaging characteristics

There are no distinguishing features on radiographic imaging
that specifically distinguish AT/RT from other fourth ventricular
tumors such as medulloblastoma (MB), ependymoma, choroid
plexus carcinoma and cerebellar astrocytoma (Figure 6.4).
Similarly to MB, the solid portions of AT/RT are predominantly
hyperdense on CT, due to the tumor’s high cellularity [109, 110].
The lesions commonly contain cysts, hemorrhagic foci (in con-
trast to MB), and flecks of calcium [94, 110-112]. There is het-
erogeneous contrast enhancement on CT. AT/RT are usually
isointense on T1-W with foci of hyperintensity corresponding to
areas of hemorrhage or cysts [110, 111, 113-117]. T2 images show
heterogeneous areas within the tumor bed reflecting cystic and
hemorrhagic areas. Administration of gadolinium results in het-
erogeneous enhancement and may reveal leptomeningeal spread,
although a minority of AT/RT will homogenously enhance or not
enhance at all [110]. In fact, 20-30% of imaging studies show
leptomeningeal spread at initial imaging studies [90, 110, 117,
118]. Unlike AT/RT, cerebellar astrocytomas tend to have cystic
lesions with an enhancing mural nodule with no evidence of
leptomeningeal spread. In contrast to AT/RT, ependymomas can
be seen to extend through fourth ventricular outlets (Magendie
and Luschka). Unlike MB, supratentorial PNETs often show
areas of hemorrhage and calcification making the differential
diagnosis more difficult.

Treatment and outcome studies

Three major series have reported outcomes of AT/RT. Given the
close similarity between AT/RT and other tumor types that can
display very different prognoses, it is important to consider the
diagnostic tools used when assessing the validity of studies of the
clinical outcome of AT/RT.

The landmark paper defining AT/RT by Rorke et al. included
52 infants and children with microscopically diagnosed AT/RT.
1 Diagnosis:

+ Fluorescence in-situ hybridization (FISH) was performed on

15 cases, nine of which showed abnormalities of chromosome

22.

+ INI-1 nuclear staining was not yet described at the time of

publication [90].

2 Chemotherapy:

+ Thirty-nine children received chemotherapy by a variety of

protocols (baby POG, augment baby POG, high dose chemo-

therapy with stem cell rescue). Six had a documented 50%

reduction in tumor mass. Ten children were treated with

chemotherapy after relapse: none had an objective response to
treatment.
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Figure 6.4 Radiographic appearance of atypical
teratoid rhabdoid tumor. (a), Non—contrast CT
showing fourth ventricular mass causing
hydrocephalus. (b, ¢, e), Axial and sagittal T1
without and with gadolinium showing heterogenous
mass with some enhancement invading the
brainstem. (d), Sagittal T2 imaging showing the
partially cystic nature of the lesion. f, FLAIR MRI

sequence.
3 The median overall survival was 6 months. + Twenty-two tumors underwent gene sequence analysis: eight
The second case series was published in 2004 and presented had no identifiable mutation. However, two of these patients
43 patients with AT/RT from a central registry in Cleveland harbored 22q deletions.
[117]. + INI-1 staining was not performed.
1 Diagnosis: 2 Surgery:
+ Seventy-five percent of patients had a deletion of chromo- + Twenty patients had gross total resection. The median sur-
some at 22q. vival and event-free progression were 20 and 14 months
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respectively. Of the 22 children receiving partial resection or
biopsy, median survival and event-free progression was 15
months and 9.25 months, respectively. Ten of the 14 long-term
survivors had gross total resection [117].

3 Chemotherapy:
+ Forty-two patients received various chemotherapy regimes
(in general combinations of cisplatin, etoposide, cyclophos-
phamide, and vincristine) including intrathecal chemotherapy
(n=13) and high dose chemotherapy with stem cell rescue
(n=16). Of the 22 patients assessable for response to chemo-
therapy (i.e. residual disease after surgery), 18 showed com-
plete or partial response with a variety of protocols [117]. Of
the 14 long-term survivors, six had surgery and chemotherapy
alone without radiation [117]. Four of the six had high dose
chemotherapy with stem cell rescue and one had intrathecal
chemotherapy [117].

4 The median overall survival was 16.5 months [117].

The most recent case series was from St Jude Children’s Research

Hospital and includes 31 patients with AT/RT [118].

1 Diagnosis:
« Seventy-six percent of patients had deletion of chromosome
22q by FISH.
+ Neither mutational analysis, nor INI-1 nuclear staining was
performed.

2 Surgery:
+ Extent of resection correlated positively with outcome.

3 Chemotherapy:
+ Twenty-two children under 3 years of age were treated
with various forms of intense chemotherapy (differing com-
binations of vincristine, cisplatin, cyclophosphamide, and
carboplatin).
+ Eighteen developed recurrent disease and succumbed to
their disease despite.
+ No change in median survival with rescue chemotherapy (3.6
months) or radiation (4.8 months) alone.
+ Children receiving a salvage treatment of combined radia-
tion and chemotherapy died with a median survival of 7.2
months.
+ Of four survivors, one died of complications of surgery unre-
lated to disease, two are long-term survivors (both received
radiation), and one received chemotherapy alone and was free
of disease 10 months out [118].
+ Of children >3 years of age (1=9), treated with the SJMB96
protocol including radiation (n=7), ICE only (n=1), and
surgery only (n=1), four had relapse of disease [118]. Two of
these relapses received no up-front radiation. Of the four
relapses, three survived using a salvage treatment of chemo-
therapy and radiation.

4 Radiation:
+ The addition of radiation therapy to AT/RT treatment regimes
has probably done the most to increase long-term survivors.
+ Of the 10 long-term survivors in the St Jude study (eight in
the >3 years old group and two in <3 years old group) all but
one received up-front radiation therapy [118].
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5 Two-year overall survival was 78% for children >3 years old,
and 11% for children aged <3 years [118].

Conclusion

AT/RT is an aggressive CNS tumor that presents a therapeutic

challenge to clinicians. Long-term survivors are possible with a
combination of surgery, intense chemotherapy and irradiation.
However, the impact of treatment on quality of life is high.
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Acute Lymphoblastic Leukemia
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Introduction

Acute lymphoblastic leukemia (ALL) is the commonest leukemia
of childhood. It accounts for 30% of new cases of childhood
cancer in the USA and Western Europe and in absolute numbers
about 2000 cases per annum in the USA and about 400 cases per
annum in the UK or France.

The story of ALL is the story of childhood cancer. It is the story
of improving treatment success through clinical trial. It is the
story of childhood cancer epidemiology and pathogenesis. With
increasing treatment success in ALL it is also the story of treat-
ment refinement so that treatment intensity reflects disease risk.
The numbers of patients with ALL have allowed focus on the
costs of treatment success in terms of late effects to be set against
the risk factors that can be identified for failure of treatment.

Our job as clinicians in the management of childhood cancer
is this juggling of risk. Childhood ALL is a fatal disease without
treatment. Our treatment also carries risk — both short-term mor-
bidity and mortality during treatment and long-term morbidities.
As clinicians we must neither inadequately treat the disease and
risk treatment failure, nor over treat the disease and risk unneces-
sary toxicity. Understanding the disease through careful scientific
study and well designed clinical trials over 40 years have allowed
us to make these risk-based decisions and explain them, during
treatment consent, to patients and their families.

In this chapter we will discuss first the pathology of ALL and
its classification. Its epidemiology and pathogenesis will be
reviewed before a discussion of the clinical features of ALL and
its treatment, with a focus on risk-based therapy.

Epidemiology of acute lymphoblastic leukemia

Incidence
ALL is the commonest malignancy of childhood and accounts for
85% of childhood leukemias. Its incidence in the UK is 30 per
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million children per year [1]. It has a peak incidence between the
ages of 2 and 5 years and is commoner in white than black chil-
dren. Its incidence is greater in developed than developing coun-
tries [2]. It is unclear whether it is becoming commoner with time
as there are conflicting studies, but it is not thought that in devel-
oped countries there is much significant change [3-5].

Etiology

For any individual child the cause of leukemia is seldom apparent
and is little more than an interesting question to family and clini-
cian. For that child and his family this leukemia will represent a
desperately unlucky chance and will not represent something that
they as a family have done wrong or that is more likely to affect
other children.

However the etiology of ALL is a research field in its own right
and, on a population level, it is possible to make some statements
about the origins of this leukemia.

Many cases of leukemia will have their clonal origin during
fetal life. This is especially true of the ALL of early life, including
the peak incidence leukemias of early childhood. This can be
shown by:

+ The increased concordance rate of leukemia in monozygotic as
compared with dizygotic twins. It can be shown that this increased
concordance rate is a consequence of twin to twin leukemia
metastasis through a shared circulation [6].

+ Backtracking leukemia specific genotypic change to a blood
sample (usually the Guthrie card) taken in early life. Using the
polymerase chain reaction (PCR) the leukemia-specific DNA
(e.g. a leukemia specific translocation such as TEL-AML) can be
found in this neonatal sample and long before the clinical pres-
entation of leukemia [7].

The clinical relevance of this is that twins and especially monozy-
gotic siblings of an index case diagnosed early in life should be
regarded at high risk of leukemia and screened as such after dis-
cussion and consent.

Various possible causes of leukemia have been described.

Infection
In certain animal leukemias it is clear that there is a direct rela-
tionship between virus infection, usually with retrovirus, and
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leukemogenesis [8]. There is no such direct viral cause of leuke-
mia in children. Epstein-Barr virus (EBV) is strongly associated
with endemic Burkitt’s lymphoma /leukemia but the molecular
biology of this disease — c-myc translocation to the immunoglob-
ulin gene — is the same as sporadic forms demonstrating that the
virus has a facilitating effect rather than a causative effect [9].

However, the peak incidence of ALL strongly suggests an
infectious etiology. This is not directly causal. Several other lines
of evidence (international comparison, geographical clusters,
inverse correlation with breast feeding, decreasing incidence with
birth order) suggest that ALL is a rare response to a common
infection and delayed exposure to the agent is critical to this aber-
rant response. Population mixing may bring this agent into a
susceptible community and some individuals are more prone
genetically to such a response as shown by an association with
HLA type [10, 11].

Genetic causes

Few cases of ALL have an association with a genetic syndrome.
Down’s syndrome (DS), Bloom syndrome, ataxia telangiectasia
(AT) [12, 13] and neurofibromatosis (NF1)[14] all have an
increased incidence of ALL compared with the general popula-
tion [15]. In DS and NF1 the increased leukemia incidence is
reduced for ALL compared with myeloid leukemia. A search for
AT with genetics and measurement of serum alpha-fetoprotein
should be undertaken in any individual with cerebellar ataxia
and ALL, however mild the former might be. As discussed above
there may be inherited differences that influence response to
infection and that therein influence leukemia risk.

Physical causes

Undoubtedly, exposure to ionizing radiation is a cause of ALL.
This will include pre-natal exposure during maternal X-rays [16]
and there was an increase in the incidence of ALL following the
nuclear bombs dropped in World War 2. However, there has
been no detectable increase in ALL following the nuclear acci-

Table 7.1 Modalities of classification of acute lymphoblastic leukaemia (ALL).

dents and fallout at Chernobyl and Three Mile Island [17].
Similarly, there has been no increase in ALL close to nuclear
plants that cannot be explained by other factors such as popula-
tion mixing. It is unlikely that low energy electro-magnetic fields
produced by electricity supply pylons will cause ALL as it does
not damage DNA in the laboratory, although it has been a matter
of considerable public debate [18].

Chemical and pesticide exposure

Exposure to certain chemicals and pesticides has been asso-
ciated with leukemia but not usually ALL. The suggestion that
parenteral vitamin K administration to neonates leads to an
increased incidence of ALL has been disproved with further
study [19].

Pathology of acute lymphoblastic leukemia

These are neoplasms of lymphoblasts committed to either B-cell
lineage or T-cell lineage. Our understanding of leukemia is that
it is a clonal disease and originates by mutation in a single cell
and that the remainder of leukemia cells within the clone are
derived from this one cell.

About 80-85% of ALL in childhood is of B-lineage. Several
levels of classification are attempted as scientific techniques have
advanced. Thus ALL can be classified according to clinical fea-
tures, blast cell morphology, cytochemistry, immunophenotype,
cytogenetics and molecular genetics.

In employing any classification system in ALL there are two

questions to be answered:
+ Am I certain that this is ALL and can treatment be instituted?
+ Does this classification of ALL tell me anything about the risk
that this leukemia poses the patient? This is the era of risk-based
therapy and only at the beginning of therapy can a complete clas-
sification of the clinical and biological features of the presenting
leukemia be made (Table 7.1).

Classification mode Question Aid definitive diagnosis? Risk stratification?

Clinical What are the presenting features of this leukemia? No Yes

Blast cell morphology Do the blast cells appear as typical lymphoblasts using standard haematological Yes No
stains? (FAB classification)

Cytochemistry Do the blast cells lack cytochemical evidence of myeloid lineage commitment Yes No
(MPO) and / or show the typical cytochemical properties of lymphoblasts
(B or T-lineage) with PAS or AP stains.

Immunophenotype Does the leukemia cell possess the membrane antigens that are present in Yes No
normal precursor B and T-cells?

Cytogenetics What are the chromosomal changes associated with the clone and are these Yes Yes
recognized findings in ALL?

Molecular Genetics Is there clonal immunoglobulin gene rearrangement (B-lineage ALL) or is there Yes Yes

clonal T-cell receptor rearrangement (T-cell ALL)? Are there fusion genes that

are described in ALL?
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Morphology

For all our sophisticated immunophenotype tools and cellular
and molecular genetics ALL is still diagnosed firstly by light
microscopy of a bone marrow smear taken from a child with a
suggestive history and abnormal peripheral blood cell counts.
Diagnostic immunophenotyping should only be performed on a
morphologically abnormal marrow or mistakes will be made.

The FAB classification is a morphological sub-classification of
ALL. It describes three types of ALL — L1, L2 and L3 [20].

» In L1 disease the blast cells are small, uniform with a high
nuclear/cytoplasmic (N/C) ratio, inconspicuous nucleoli and
variable cytoplasmic vacuolation.

+ In L2 disease there is pleomorphism with larger and more vari-
able blasts, with variable cytoplasmic volume and vacuolation.
Nucleoli may be multiple and prominent.

+ In L3 ALL the blasts are large and uniform. There is moderate
intensely basophilic cytoplasm with prominent vacuolation.
There are multiple, prominent nucleoli.

Only the recognition of L3 leukemia has any modern relevance
to diagnosis or relevance to therapy. As in acute promyelocytic
leukemia (APML) a molecular change — in this case translocation
of the c-myc oncogene to the transcriptionally active heavy
or light chain regions of the immunoglobulin gene — defines a
disease with typical clinical features, morphology, immunophe-
notype, cyto- and molecular genetics that responds poorly to
standard leukemia therapy.

Otherwise morphology alone does not distinguish T- and
B-lineage ALL and does not distinguish lymphoblastic leukemia
from certain myeloid leukemias where there is little maturation
of the abnormal clone (FAB AML MO and M1).

Cytochemistry

The principle of cytochemistry is that an apparently primitive and
microscopically bland blast cell will show lineage commitment in
its enzymes. The principle importance in ALL is that ALL blasts
do not have myeloperoxidase and are therefore Sudan Black
negative and distinguishable from most cases of AML. ALL blasts
of T- and B-lineage may be positive for periodic acid Schiff (PAS)
stain, often in a characteristic block pattern and T-lineage leuke-
mia may be positive in a characteristic polar pattern for acid
phosphatase (AP) [20].

Immunophenotyping
Immunophenotyping is the cornerstone of modern leukemia
diagnosis [21]. Just as cytochemistry assigns lineage commitment
to an undifferentiated cell by its enzymatic capability, so immu-
nophenotyping classifies leukemia by the membrane and cyto-
plasmic antigens it shares with cells of a certain lineage. In
B-lineage leukemia there are therefore B-lineage antigens and in
T-lineage leukemia there are T-lineage antigens. These antigens
are specific to the lineage and not to the leukemia.

During normal B-cell or T-cell ontogeny or development there
is serial and characteristic gain and loss of specified antigens.
Thus the developmental stage of a B-lineage cell from uncommit-

Chapter 7 Acute Lymphoblastic Leukemia

ted stem cell to antibody producing plasma cell can be defined by
its pattern of antigen expression. Leukemia may arise as a clonal
disease from cells of different developmental stages and the
antigen expression of the subsequent malignant clone reflects the
antigen expression of the developmental stage at which malig-
nancy arose.

Usually immunophenotypic analysis consists of two stages
[22]:
+ In the first instance a broad panel of antibodies is employed.
Such a panel includes antibodies directed at common T-lineage,
B-lineage and myeloid — including monocytic and erythroid —
antigens. This will enable a broad immunophenotypic classifica-
tion of leukemia to be made — in conjunction with morphology
and cytochemistry.
+ A second panel of more lineage specific antibodies will enable
a more exact diagnosis and sub-classification of leukemia to be
made. In the case of precursor B and precursor T lymphoblastic
leukemias this second panel of antibodies will allow classification
according to the normal cell ontogeny (Tables 7.2 and 7.3).
It should be noted that several different classifications of B-lineage
ALL can be attempted. In the modern treatment era the impor-
tance of immunophenotyping is to make a certain diagnosis of
precursor B-lineage leukemia and to make a certain diagnosis of
B-cell leukemia as this has important treatment implications. The
sub-classification of precursor B disease has little impact on prog-
nosis compared with other criteria of risk stratification and little

Table 7.2 An immunophenotypic classification of acute lymphoblastic
leukaemia (ALL).

Leukemia  Immunophenotype/  Discriminatory Leukemia
common antigens antigens frequency
Early pre-B,  CD19, CD22, CD79a TdT+, CD10- 8
CD10-
Early Pre-B,  CD19, CD22, CD79a TdT+, CD10+, 70
CD10+ Surface pu—
Late pre-B (D19, CD22, CD79a cytoplasmic p+, 18
Slgu—, CD10+/—,
Mature B CD19, CD22, CD79a TdT—, CD10+/—, 4
Slgu+

Table 7.3 An immunophenotypic sub-classification of T-acute lymphoblastic
leukaemia (ALL).

Leukemia Immunophenotype/ Discriminatory antigens
common antigens

Pro-T cyCD3, CD7 TdT+

Pre-T cyCD3, CD7 TdT+, CD5+/—

Cortical T cyCD3, CD7 TdT+, CD1a+, CD5+, CD4/8+/—

Mature T cyCD3, CD7 TdT—, sCD3+, CD5+, CD4 or CD8+

79



Part Il Hematological Disorders

sleep should be lost by the practising clinician in making such an
exact diagnosis. Indeed the WHO classification of acute B-cell
neoplasms is into precursor-B leukemia/lymphoma and Burkitt
leukemia/lymphoma and further sub-grouping is based on
cytogenetic abnormalities [21].

A similar sub-classification of T-cell ALL can be attempted
where the leukemia immunophenotype reflects the stage of T-cell
ontogeny in which malignant change has arisen. As in sub-clas-
sifications of B lineage ALL there is limited relevance to the treat-
ing clinician and the WHO classification does not attempt any
classification beyond this, even with cytogenetics. The frequency
of T-ALL is about 12% of all ALL.

Aberrant antigen expression is not uncommon in ALL and
refers to the expression of antigens that are not associated with
that leukemia’s lineage. Aberrant antigens do not influence the
diagnosis where there are immunological, cytogenetic and molec-
ular features of a strong commitment to ALL. Over half of ALL
cases will express some aberrant myeloid marker — usually CD13,
33 or 15. In these cases blasts are myeloperoxidase (MPO) nega-
tive and have the other typical immunophenotypic features of
B-ALL (CD19, CD22 and CD79a positive) or T-ALL (CD7 and
cyCD3). Such aberrant antigen expression does not appear to
independently influence outcome after treatment. Myeloid
antigen aberrant expression is common in infant ALL with
the t(4;11) translocation which is associated itself with a poor
prognosis.

Where there are co-expression of MPO and these typical ALL
markers then this is a true bi-phenotypic leukemia. Mixed T-ALL
and B-ALL leukemias are also described. Gene rearrangement
and expression may help accurately classify these leukemias
which pose otherwise a therapeutic difficulty for the clinician.
Rarely there are two clear populations of blast cells expressing
different antigens — this is termed bi-lineage leukemia.

Cytogenetics

Cytogenetics is the study of cellular chromosomal re-arrange-
ments associated with leukemia and may find typical rearrange-
ments that both confirm the diagnosis and aid prognosis and
therefore therapy [23]. There are two techniques:

+ Conventional cytogenetics. This remains the standard screen-
ing for karyotypic abnormalities in newly diagnosed leukemia. It
will pick up abnormalities only in dividing cells (metaphase).

+ ‘Molecular cytogenetics’ In fluorescent in situ hybridization
(FISH) a probe that is specific for normal (e.g. for a specific
chromosome) or abnormal (e.g. for a particular translocation)
part of the genome is applied to the cell that need not necessarily
be dividing. It cannot be readily be used as a screen as it can only
determine whether a particular probe binds or not, but it is useful
for monitoring known abnormalities as in disease response
monitoring.

Two patterns of cytogenetic alteration are described — alterations
of chromosome number and structural abnormalities. Both can
confer prognostic information.
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Alterations of chromosome number

ALL can be classified into five types according to the number of
chromosomes:

1 Hyperdiploidy (>50 chromosomes). This is a common finding
and as many as 30% of ALL cases have a chromosome number
between 51 and 68. Such hyperdiploidy, especially where the
chromosome number is 51 to 55 chromosomes, is associated with
other good risk features and an improved cure rate. Rarely there
may be near tetraploid or, more rarely still near triploid karyo-
type. These do not appear in more recent analysis to have adverse
outcome [24, 25]. The pattern of chromosome gain in hyperdip-
loidy is not random and the commonest chromosome gained is
chromosome 21 and chromosomes 6, X and 14 are also com-
monly gained. Hyperdiploidy can also be detected by flow cytom-
etry — expressed as DNA index, and this may sometimes be more
sensitive than conventional cytogenetics [26].

2 Low hyperdiploidy (47-50 chromosomes). This does not
confer such a good prognosis as higher hyperdiploidy but the
prognosis is not adverse [27]. Where only chromosome 21 is
gained then the prognosis is good [28] and where chromosome
8 is gained it is usually associated with T-cell disease and the
prognostic significance is uncertain [29].

3 Pseudodiploidy. In this group, although there are 46 chromo-
somes, there are structural or numeric abnormalities. This is a
heterogenous group therefore whose outcome with therapy will
reflect the specific abnormality within the apparent normal chro-
mosome number.

4 Diploidy. In this group there is apparent normal chromosome
number and structure. About 10-15% of ALL are in this group.
It may be commoner in T-cell ALL [30]. This group will contain
children with cryptic translocations, e.g. t(12;21) in B-ALL and
t(5;14) in T-ALL which will themselves confer prognostic
significance.

5 Hypodiploidy and near haploidy. In this there are a reduced
number of chromosomes. Where there is near haploid karyotype
there is a poor prognosis even where there are relatively good
presenting National Cancer Institute (NCI) features [23].

Structural chromosome changes

The commoner structural abnormalities in ALL , their lineage
specificity and prognostic significance are given in Table 7.4
[23, 31].

Molecular genetics

Molecular genetics is the application of molecular biological tech-
niques to determine the genes involved in ALL. Such techniques
include analysis of the clonal origin of T and B leukemias and the
acquired genetic origin of these illnesses [31].

B-cells and T-cells generate the antibody and T-cell receptor
diversity necessary for an adaptive immune system by rearranging
the germ line variable (V), diversity (D) and junctional (J) regions
of the IG/TCR gene complexes. Each developing lymphocyte
therefore obtains a specific VD] combination and diversity is
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Table 7.4 The commoner structural chromosome abnormalities in acute lymphoblastic leukemia (ALL).

Structural Lineage Genes Frequency (%) Prognostic significance
chromosome change specificity

(1: 19) B E2A-PBX1 5 Adverse*®

t(17; 19) B E2A-HLF 1 Adverse

t(4; 11) B MLL-AF4 5% (higher in infants) Adverse

11923 trans, inv, deletion Usually B Variable Adverse, except deletion or inversion — these are neutral
t(9; 22) B BCR-ABL <5 Adverse

(12; 21) B TEL-AML 25 Good

Tan dup (21) B AML1 amplification 2 Adverse

Del (6q) Non-specific Unknown 10 Neutral

10q24, various partners T HOX11 0.5 Good

19p13, various partners T LYL1 1.5 Adverse

1p32 T TAL1 6 Adverse

8q24 True B-cell C-myc over expression 2 Goodt

*This adverse treatment outcome can be overcome with intensive therapy. T Prognosis is good with short-term intensive chemotherapy.

further generated by nucleotide insertion and deletion during the
VDJ coupling. As ALL is a clonal disorder arising from a develop-
ing lymphoid cell this unique DNA — specific to that developing
cell — will act as a DNA “fingerprint’ for all its progeny. There are
two implications in terms of leukemia diagnosis and risk
stratification:

1 The presence of clonal TCR or IG gene rearrangement may aid
diagnosis in difficult cases of leukemia such as biphenotypic or
bilineage leukemias [32].

2 The unique DNA may be used as a target for monitoring the
disappearance of the leukemia clone during therapy [33]. Thus
primers for junctional regions are matched to either side of the
junctions, generally within a distance of less than 500bp. Usually
consensus primers will be used that recognize virtually all V or ]
gene segments — germ line DNA will not be amplified because of
the long distance between these regions in unrecombined DNA.
The PCR product — specific to the leukemia clone — can then be
sequenced and patient specific (or allele specific) primers can be
designed for the further monitoring of that leukemia clone during
therapy. This is the basis of minimal residual disease (MRD)
monitoring during ALL therapy and is strongly predictive of
treatment outcome.

The structural chromosomal alterations usually disrupt genes

that encode transcription factors. Leukemia specific transloca-
tions can activate transcription factors either by generating new
fusion genes with oncogenic properties or by translocating those
transcription factors to transcriptionally active portions of the
genome — those coding for IG or the TCR. The importance to the
clinician is twofold:
1 The chimeric gene is unique DNA and specific, within that
patient, to the leukemic clone and can be monitored either by
PCR or by FISH as analysis of MRD in the same way as the IG/
TCR gene rearrangement [33].

2 The action of the fusion oncoprotein or the translocated tran-
scription factor will enable us to better understand the molecular
etiology of the leukemia and may in future allow the leukemia to
be targeted more specifically [34]. In an analogous fashion the
BCR-ABL fusion oncogene is specifically targeted in chronic
myeloid leukemia (CML) and ALL by tyrosine kinase inhibitors
such as imatinib [35].

Clinical presentation of acute
lymphoblastic leukemia

Typical presentation and plan of investigation

In most cases the diagnosis of ALL is not difficult to make once
there is sufficient clinical suspicion to merit investigation with
blood tests. Leukemic blast infiltrate leads to marrow failure and
the typical symptoms and signs of anemia, thrombocytopenia
and leucopenia. There is frequently bone pain and fever. On
physical examination there is frequently generalized lymphaden-
opathy and hepato-splenomegaly. The illness usually arises in a
previously well child as there are few predisposing conditions
(see Etiology).

In this typical case all institutions will have a standard series of
investigations so that all information about the leukemia that
might be conceivably useful can be gathered. Once therapy is
initiated then the leukemia will soon be gone to sight and this
opportunity will be lost. Most institutions will do these and any
subsequent invasive bone marrows and lumbar punctures under
general anesthetic or deep sedation. A comprehensive, clinical
assessment of the fitness for such procedures should form part of
the initial assessment of the child. Several points should be noted:
+ In certain circumstances, e.g. large mediastinal mass (see
below) causing respiratory compromise or superior vena cava
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obstruction then it may not be possible to safely anesthetize or
sedate. In these circumstances then as much as possible must be
done without anesthetic. Where there are circulating blast cells
then diagnosis may be made and samples taken for MRD and
cytogenetic tests using the peripheral blood alone. Treatment
may then be initiated and invasive procedures requiring anesthe-
sia or sedation deferred until anesthetic or sedation is safe. The
safety of the patient must not be compromised for the sake of
the completeness of the diagnosis. This is sometimes a more
critical issue in T-cell non-Hodgkin’s lymphoma (NHL) where
there is no circulating disease but a large mediastinal mass.
Steroid therapy may be given in these circumstances to shrink
the presenting tumor which is making anesthetic unsafe. Often
over a matter of days this mass will shrink and the anesthetic
will be perfectly safe. The child will require daily assessment
by an experienced pediatric anesthetist to identify the window
in which both anesthesia is safe and the tumor mass is not
completely resolved.

+ Tumor storage will require consent that is additional to the
consent for the anesthesia and investigations.

« It is clearly appropriate to do as many investigations under the
same anesthetic. It is our practice to give intrathecal chemo-
therapy at the time of first investigations where there are une-
quivocally circulating peripheral blood blasts. This saves the child
returning for a second procedure (therapeutic lumbar puncture)
once a diagnosis is made on a first marrow and means that
intrathecal chemotherapy is always given with lumbar puncture
and there is reduced risk of contamination of the CSF leading to
later central nervous system (CNS) relapse through traumatic
puncture (see CNS disease, below) [36].

Other presentations of acute lymphoblastic luekemia
Other organs might be involved. The commonest site of involve-
ment is clearly the lymph nodes, liver, and spleen. Involvement
of these organs may be in a patient with typical features as above
or be the site of presenting symptoms and signs.

Central nervous system leukemia

Involvement of the CNS is more common in ALL than in other
types of leukemia. It is more commonly a site of relapsed disease
than presenting disease. It is commoner in T-cell disease, true
B-cell leukemia and where the circulating white cell count is
high. Its presentation may be on routine lumbar puncture or
there may be symptoms and signs of disease including headache,
vomiting, papilloedema or cranial nerve palsies and abnormal
eye movements (cranial nerves III, IV or VI) or facial asymmetry
(VII).

Diagnosis of CNS disease is on microscopic examination of a
CSF cytospin in which the total white cell concentration has been
counted. Three patterns of CSF are recognized:

1 CNS-1. No blast cells in the cytospin. There may be other cells
present — often in considerable numbers either with infection or
as a reaction to continuing intrathecal therapy. The frequent pres-
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ence of other cells underlines the importance of experience
in making this diagnosis of CNS involvement. Immunopheno-
typing of CSF can be helpful in difficult cases — where there is
limited material the range of markers employed might be limited
and will be guided by the immunophenotype of the patient’s
leukemia. TdT is useful in this circumstance in precursor B and T
lymphoblastic leukemias.
2 CNS-2. There are unequivocally blasts in the CSF but their
number is less than 5 x 106/litre.
3 CNS-3. There are unequivocally blasts and their number is
greater than 5 X 106/litre.
Occasionally the pattern of disease is predominantly parenchy-
mal. The presenting features are related to mass effect, neurologi-
cal deficit, or seizures. Such pattern of involvement is more
usually seen at relapse and parenchymal involvement is thought
to be a later event in CNS invasion than meningeal involvement
(which leads to CSF positivity). Epidural deposit of leukemia
with spinal cord compression with a leukemic deposit is a rare
presentation of ALL requiring urgent institution of appropriate
therapy, including steroid therapy.

The management of CNS leukemias is separately discussed
(below).

Hypoplastic presentation of acute lymphlastic leukemia
Rarely the diagnosis of ALL is preceded by an aplastic phase. This
occurs in about 1-2% of these leukemias and the pathophysiol-
ogy of this process is unclear. Characteristically there is fever with
pancytopenia followed by restoration of normal counts and good
health prior, within 6 months, to a diagnosis of overt leukemia.
Uncommonly, there is no recovery of the peripheral blood counts
but usually in these cases there might be marrow fibrosis and foci
of blasts expressing TdT and (usually) CD10 [37].

Testicular disease

Testicular disease is rarely overtly present at diagnosis in boys,
although it is commonly present at a sub-clinical level — as was
demonstrated by studies of testicular biopsy at diagnosis of leuke-
mia of boys without clinically apparent disease and is not associ-
ated with an adverse outlook [38]. Overt testicular disease was
formerly a not uncommon site of relapse but the frequency of
such relapse has diminished as protocol intensity has increased
[39].

Mediastinal mass

This is usually a manifestation of T-cell leukemia although it is
described to occur in precursor B disease rarely. It may be asymp-
tomatic and simply noted on a posterior-anterior chest x-ray that
is routinely done on all children presenting with leukemia at the
time of initial investigations. It may present, however, as respira-
tory compromise or as a superior vena cava obstruction. In these
circumstances, management of the presenting emergency is the
physician’s priority and investigations may be deferred whilst this
is brought rapidly under control.



Bone and joint disease

Bone pain is common. In some children — usually with precursor
B lymphoblastic disease, and often with a relatively normal blood
count — bone pain may be the dominant finding leading to pres-
entation to orthopedic or rheumatology teams and diagnostic
difficulty and delay. In addition to these features there may be
characteristic X-ray changes including transverse metaphyseal
radiolucent lines, osteolytic lesions, diffuse osteoporosis and
fracture [40]. No specific orthopedic intervention is necessary
in these circumstances — simply management of the underlying
leukemia.

Ocular disease

The incidence of eye involvement will depend on the intensity
of the search [41]. Overt involvement is only commonly seen at
relapse, and then more commonly in association with CNS
disease. Like testicular disease contemporary treatment protocols
have reduced the incidence of relapse in this site.

Treatment of acute lymphoblastic leukemia

Historical aspects

ALL treatment has proceeded from palliation to curative over the
last 60 years. The majority of patients presenting with ALL can
now expect to be cured of their disease [42]. The obstacles to
successful treatment that have been progressively overcome have
been:

+ Alack of belief that anything other than transient responses and
palliation of leukemia could be achieved with drug and radiation
therapy.

+ The lack of effective drugs capable of inducing response. Drugs
that individually had some action in inducing response of
the leukemia have been developed. The earliest drugs that had
action were aminopterin (an early methotexate-like folate antag-
onist), corticosteroids, and the purine antagonists, 6MP and
thioguanine.

+ Primary and acquired resistance to applied anti-leukemia drug
therapy. The use of multi-agent drug schedules that form the
backbone of ALL therapy today were first employed in order to
overcome such acquired resistance where children responded and
achieved remission but later relapsed. Separate multi-agent
schedules are employed in remission induction, consolidation
and continuing therapy.

+ CNS relapse leading to treatment failure even where there had
been a medullary response. The development of strategies to
prevent CNS relapse was initially achieved with prophylactic
irradiation and subsequently with intrathecal administration of
chemotherapy.

+ The lack of a framework in which to test newer drugs and
schedules. The concept of the randomized clinical trial in which
new drugs, or different scheduling of the same drug, e.g. meth-
otrexate or different combinations of drugs has allowed leukemia
therapy to progressively and incrementally improve. These recent
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incremental steps of the large cooperative oncology groups study-
ing ALL therapy are discussed in more detail below.

Principles of treatment

ALL treatment is toxic and an important component of therapy
is supportive care. Improvements in outcome are partly due to
improvements in supportive care. Supportive care components
are discussed separately in this book but any such care will
require:

+ Knowledge of the likely adverse effects of any applied therapy
so that primary preventative therapy (prophylaxis) can be given.
+ Early detection of problems so that therapy can be given early
in the course of any complication.

« Effective drugs for the complications of the disease.

ALL treatment is risk directed. The risk of treatment failure in
ALL is influenced by clinical factors and the National Cancer
Institute has developed a uniform classification based on age at
presentation and presenting white blood cell count [43].
Biological features of the leukemia including cytogenetics and
molecular genetics will further inform this risk assessment and a
treatment schedule will be selected. However, this risk assessment
will be inaccurate and some children with apparently good disease
by NCI criteria and disease biology will relapse during or after
appropriate therapy. Conversely, some children with apparently
poor risk disease by these criteria will apparently be cured with
such treatment. One reason for the incomplete relation between
applied therapy outcome and pre-treatment risk assessment is the
individual response to drug treatment. Risk assessment can be
improved by assessment of the disease response to therapy which
will be influenced by pharmacodynamic and pharmacogenetic
factors [44] — this response may be assessed crudely by morpho-
logical assessment of blast disappearance or using more sophisti-
cated and quantitative measures of disease disappearance (flow
cytometric or PCR molecular). This mode of disease assessment
is summarized in Figure 7.1 and Box 7.1.

Results of cooperative studies in acute lymphoblastic
leukemia treatment

There are several large collaborative consortia that have per-
formed randomized trials in the therapy of childhood ALL. These
trials have sometimes asked not dissimilar questions. Progress has
been incremental, with each successive national trial testing the
proposed improved treatment strategy against previous best
(standard) therapy. The results of different national trial groups
is summarized in Table 7.5 and in the succeeding section the
accepted components of ALL therapy — remission induction, con-
solidation, re-induction and continuing therapy, and the drugs
used in these components are discussed.

Components of acute lymphoblastic leukemia therapy
There is probably more randomized clinical trial information
concerning the treatment of ALL in children than any other
human malignancy. Therapy of ALL continues along the lines
established in the early days of therapy:
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Presenting clinical features
Of leukemia

Biological features
of leukemia

Risk assessment

Response to
instituted treatment

Treatment schedule

Figure 7.1 Determination of risk in acute lymphoblastic leukemia. Risk of
treatment failure can be determined by clinical features of the patient and the
leukemia, biological features of the leukemia, and the response of the disease to
instituted therapy.

Box 7.1 Risk assessment in acute lymphoblastic
leukemia (ALL) — what might change your
treatment.

Consensus clinical criteria in ALL presenting outside infancy:
+ High white blood cell count (>50)

+ Age >10 years

Cytogenetics

+ Philadelphia — some may be cured with chemotherapy alone
but poor responders / with other risk criteria are usually
transplanted

+ MLL — some may be cured with chemotherpy alone, as Ph+
disease

+ Near haploid karyotype — continuing dismal prognosis
Response to therapy
+ Assessed by steroid response of peripheral blood blasts

+ Assessed by repeat marrow aspirates during and at end of
induction

+ Assessed by MRD levels at end of induction chemotherapy
and after consolidation therapy

+ Remission induction therapy.

+ Intensification/consolidation/re-induction therapy.

+ CNS-directed therapy.

+ Continuing/maintenance therapy.

Selected collaborative treatment group results are given in Table
7.5. This section will review these treatment phases and summa-
rize the objectives of each phase, the consensus treatment and the
evidence for that treatment.
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Remission induction therapy

Definition and aim

This is the therapy that is given to a patient after a diagnosis is
reached and once the patient’s condition has been stabilized. Its
aim is remission. Remission is defined as absence of detectable
disease. The method of disease assessment needs to be defined in
describing remission as different tools will have different sensi-
tivities (Figure 7.2).

For any tool used, remission is defined as absence of detectable
disease and residual disease is disease that remains present but
undetected. This is a difficult concept for families. Leukemia cells
are analogous to weeds in a flower bed and normal blood cells
are the flowers in that flower bed. At presentation the gardener
can only see weeds. After treatment there are only flowers to see
but there might still be weeds within the flower bed that would
grow back if treatment were stopped. The difference between cure
and remission is that in cure there are no weeds left to grow back.
MRD technology is a special test the gardener has developed
for telling how many weeds are left behind even when he cannot
see them.

The level of remission is not an academic issue. About 99%
of children will be in remission at the end of remission induc-
tion therapy. Treatment failures will reflect a roughly equal mix
of death due to toxicity and refractory disease. Patients with
refractory disease have a dismal outcome with intensified therapy
and transplant. With MRD, high level MRD (above 1%) have
similarly dismal outcomes despite morphological remission
[82].

MRD is currently estimated usually after induction (week 5)
and after consolidation therapy (week 11). In current trials, high
risk disease by MRD is defined as disease levels greater than
0.01% (10e-4) at week 5, and low risk disease as undetectable
disease at week 11, having not been greater than 0.01% at week
5. Some disease is indeterminant by MRD, e.g. disease detectable
but less than 0.01% at both time points. In the current UK trial
the risk of subsequent relapse is about 5% in the high risk group
and less than 0.5% in the low risk group. MRD is therefore a
highly useful tool and it is hoped that treatment interventions
based on MRD will improve overall survival — these interventions
will usually be intensification of therapy in children with high risk
disease and reduction of therapy in those with good risk disease
as defined by MRD.

Drugs used

Remission induction therapy is a multiple drug regimen, follow-
ing the earliest observation that multiple drug use has higher rates
of remission induction that were translated into improved rates
of overall survival. The leukemic clone is rapidly diminished so
that drug resistant disease cannot emerge. Remission induction
schedules in all current regimens will include both vincristine and
steroids, and one or both of an anthracycline and L-asparaginase.
In most cases, a three drug remission induction will be employed
in standard risk disease. Four drugs will be reserved for those
judged high risk by NCI criteria and for those with adverse geno-
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Table 7.5 Key advances from collaborative group trials in the treatment of acute lymphoblastic anemia.

Study Enrolment Event free Lessons learned References
years survival

AEIOP-91 1991-95 71 (1) Randomized exended Erwinia asparaginase did not improve response in [45-47]
intermediate risk ALL. (2) Multiple intensive blocks did not improve outcome in
high risk ALL. (3) Intrathecal chemotherapy could replace cranial radiotherapy

AEIOP-95 1995-99 73 (1) Eight drug re-induction blocks (administered twice) improved outcome in high [48-50]
risk children (prednisolone poor response, t(9,22) or t(4; 11)) compared with the
multiple intensive blocks of AEIOP-91. ( 2) Treatment reduction led to inferior
results in good risk patients

BFM-90 1990-95 78 Continued improved outcome of ALL despite (1) reducing total anthracycline dose [51, 52]
and (2) cranial radiotherapy dose

BFM-95 1995-2000 79 (1) Vincristine and dexamethasone pulses do not add to therapy outcome in [53, 54]
maintenance. (2) Increased relapse risk in CNS 2 (contaminated) LP

MRC-UKALL XI 1990-1997 63 (1) No improvement in EFS and improved OS was due to better management of [55-57]
relapse. (2) Intensified treatment benefits all groups

MRC-ALL-97 81 (1) Benefit for dexamethasone as steroid in EFS and CNS relapse. (2) 6-MP is [58, 59]
superior to 6-TG in maintenance therapy. (3) 6-TG in maintenance is associated
with high incidence of liver disease

POG 1986—1994 70.9 (B) and 51 (T) (1) Intensive treatment blocks do not improve outcome in high risk ALL. (2) i.v. [60-63]
methotrexate is superior to oral in intensification. (3) i.v. mercaptopurine is not
helpful to improving outcome. (4) NCI criteria did not predict outcome in T-cell
disease which fared poorly

CCG-1800 1989-95 75 (1) Slow early responders have improved outcome with increased post-induction [64-66]
therapy. (2) Double delayed intensification improves outcome in intermediate risk
ALL

CCG 1992 1993-1995 81 (1) Dexamethasone improves outcome in ALL and reduced CNS relapse in ALL. (2) [67-69]
ALL survival is not improved by i.v. 6-MP. (3) Triple intrathecal therapy does not
improve outcome over IT methotrexate alone. (4) Any possible benefit in terms of
disease control through use of 6-TG is offset by liver adverse effects

EORTC-58881 1989-98 71 (1) E.Coli asparaginase is superior (although more toxic) to Erwinia asparaginase. [70-73]
(2) Cytarabine added to methotrexate during continuing therapy does not improve
outcome in ALL. (3) i.v. 6-MP is not helpful in improving EFS

NOPHO ALL92 1992-98 77 (1) High dose i.v. methotrexate can replace cranial irradiation. (2) 6-MP [74, 75]
pharmacokinetics affects outcome including response and second malignancy

SJCRH 13 1991-98 81 (1) i.v. 6-MP not helpful. (2) Additional early intrathecal therapy (triple) reduces CNS [44, 76-79]
events

TCCSG L92-13 1992-1995 63 Continuing therapy cannot be reduced despite earlier intensive therapy in standard [80, 81]

risk but can be in high risk leukemia with good prednisolone response

ALL, Acute lymphoblastic leukemia. LP, Lumbar puncture. EFS, Event free survival. OS, overall survival. CNS, Central nervous system. IV, Intravenous. NCI, National Cancer
Institute. 6-MP, 6-mercaptopurine. 6-TG, 6-thioguanine.

type or who fail to respond appropriately to an instituted three
drug regimen.

* Vincristine. This is administered on a weekly schedule. The
usual dose is 1.5mg/m*/dose. Its toxicity is principally neuro-
pathic. Excessive neurotoxicity is seen in hereditary sensori-
motor neuropathies such as Charcot-Marie-Tooth disease, which
might be revealed in family history and diagnosed genetically.

+ Steroids. These are given by mouth. Several collaborative
studies (Child’s Cancer Group [CCG]J, Medical Research Council
[MRC]) have addressed the question of which steroid should be
used. There is evidence from these studies that use of dexametha-

sone has improved overall survival and reduced CNS relapse [58,
68]. It is unclear whether the dose of steroids is equipotent or
whether the improved results seen with dexamethasone reflect
simply higher glucocorticoid effect with the selected dose. There
is increased toxicity with this dose of dexamethasone, which
affects the bones with increased osteopenia, and causes behavioral
disturbance, myopathy, and weight gain (both adding to the neu-
ropathy of vincristine in reducing mobility of children during
induction) [58].

+ Asparaginase. Asparaginase cleaves asparagines into aspartic
acid and ammonia. As asparagine is rate-limiting, it interrupts
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Figure 7.2 The sensitivities of different methodologies in
determining the level of residual disease in children with ALL.

protein synthesis. Asparaginase is an important drug in the treat-
ment of ALL and children who are under-dosed for asparaginase
have an inferior outcome to those that receive a more intensive
treatment schedule. There are different preparations, with several
products of different potency derived from E. Coli and a single
commercial product of reduced potency derived from Erwinia. If
the different half-lives (and there is a pegylated version of the
Medac E. Coli asparaginase) and potencies of the different prop-
erties are taken into account in scheduling then comparable
results will be achieved. Whilst its importance in ALL treatment
is undoubted, the timing of administration in leukemia therapy
is uncertain. It has considerable toxicity with thrombotic, infec-
tious, and hepatic complications and these are especially evident
in leukemia induction therapy. The Dana Faba cancer consor-
tium has moved the administration of asparaginase into the post-
induction period and demonstrated the importance of prolonged
exposure whilst maintaining high remission induction rates [83,
84]. Therefore, the most appropriate timing of administration of
the drug will remain the subject of further study.

+ Anthracycline. The most extensively used anthracycline in ALL
treatment has been daunorubicin. It is myelotoxic and signifi-
cantly increases infection risk during induction therapy. It has a
cumulative cardiac toxicity when doses above 400 mg/m’ are
used. It may not be necessary to use an intensive four drug
remission induction therapy in standard risk cases where post-
remission intensification therapy is being undertaken.

Intensification therapy

Definition and aim

In the early days of leukemia treatment, remission was main-
tained by prolonged continuing anti-metabolite (maintenance)
therapy. Consolidation, intensification, and re-induction therapy
is the therapy that follows achievement of morphological remis-
sion and that interrupts continuing therapy. The addition of such
intensification blocks improves the outcome of all types of ALL,
even those of lowest risk. The intensity should be sustained over
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weeks rather than short blocks of chemotherapy, with a pro-
longed interruption in therapy thereafter as a consequence of
bone marrow aplasia.

Drugs used

Different groups have evolved different schedules:

+ Intensification therapy which is delivered following achieve-
ment of remission and is used principally in high risk leukemia.
Usually cyclophosphamide, cytarabine and mercaptopurine are
given which may be intensified further in those achieving remis-
sion more slowly by the addition of further agents including
vincristine and asparaginase. This approach of augmented inten-
sification has been shown in CCG trials to be beneficial in
improving outcome in these high risk leukemias [64].

+ Re-induction therapy in which the induction drugs are repeat-
ed 3 months after achieving remission and was pioneered by
the Berlin-Frankfurt-Munster (BFM) group [39,51] or ‘doubly’
(repeated again at 32 weeks) which has been shown to improve
outcome in higher risk disease [65].

+ There are various other drugs used after induction that have
been shown to be of benefit. The replacement of induction aspar-
aginase with post-induction asparaginase was carried out by the
Dana Faba group and shown to be beneficial [85] and asparagi-
nase is an important component of the augmented delayed BFM
consolidation therapy of CCG trials. Methotrexate after induc-
tion has been beneficial, especially in T-cell disease, where the
blasts accumulate its active metabolites [51, 52].

Central nervous system prophylaxis

Definition and aim

This is therapy delivered specifically to the sanctuary site of the
CNS. It is the story of leukemia therapy:

+ CNS relapse was a huge problem in the early days, even where
systemic leukemia control had been achieved, with as many as
50% of children suffering such relapse.

+ Identification of a therapy that reduced such relapse — cranio-
spinal irradiation.

+ Identification of risk factors associated with CNS relapse
(Box 7.2).

+ Realization that radiation had long-term adverse sequelae on
growth, neurocognitive function, and endocrine function.

+ Gradual replacement of cranio-spinal irradiation with cranial
irradiation and intrathecal therapy, then reduction of radiation

Box 7.2 Risk factors for central nervous system
relapse.

High white blood cell count

T-cell immunophenotype

Traumatic lumbar puncture (LP) or CNS 2 LP at diagnosis
Adverse genotype — t(4; 11) or t(9; 22)




dose, and finally abolition of radiation with only intrathecal
therapy and improved systemic therapy.

Drugs used

Effective prophylaxis of CNS relapse requires both effective sys-
temic therapy and locally applied therapy. Local therapy is
increasingly intrathecal therapy and there is equivalence of each
treatment in meta-analysis of different trials [86]. Both St Jude’s
and MRC treatment protocols no longer give any CNS radiation
therapy. Intrathecal therapy is either with single agent methotrex-
ate or with triple agent therapy (methotrexate, hydrocortisone,
and cytarabine). There is no proven benefit to triple therapy
(67, 87].

Systemic therapy is better with dexamethasone, although this
may reflect that those trials that have shown a beneficial dexam-
ethasone effect did not select equivalent glucocorticoid efficacy
in the prednisolone arm. Where a higher dose of prednisolone
was used then no advantage of dexamethasone was demonstrated
[88]. High dose methotrexate reduces systemic relapse rate but
has little impact on CNS relapse. However, perhaps the effect is
only at higher doses of methotrexate (5g/m?) [86].

Continuing (maintenance) therapy

Definition and aim

ALL is a unique malignancy in its requirement for a prolonged
period of low dose but sustained and continuously delivered
chemotherapy. Universally, it includes 6-mercaptopurine (6-MP)
given daily and low dose methotrexate given weekly. This phase
of treatment proceeds from achievement of completion of remis-
sion to completion of therapy but is interrupted for intensifica-
tion or re-induction therapy. Children are relatively well during
this phase of treatment and life can return to normal. However,
children are significantly immune suppressed during this therapy
and virus infection can be significant, even overwhelming.
Particular problems are seen with parvovirus and prolonged red
cell aplasia and transfusion may be needed.

Drugs used and duration

6-MP and methotrexate are the synergistic backbone of mainte-
nance therapy. Methotrexate inhibits de novo purine synthesis
and thereby enhances the conversion of mercaptopurine to its
active metabolite thioguanine. In maintenance therapy:

+ There is considerable variation in the individual patient’s
response to the administered drugs. In every day practice the dose
of the drugs is adjusted so as to achieve myelosuppression, so that
tolerant patients receive more of the drug. The effect on normal
hematopoiesis is used as a surrogate for a presumed effect on
malignant hematopoiesis. There is some evidence for the use of
such a strategy, with children interrupting therapy for neutrope-
nia faring better [89].

« Some children are deficient in the enzyme thiopurine-S-
methyltransferase and these children show extreme sensitivity
to 6-MP. Heterozygotes may show some sensitivity to the drug.
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+ The 6-MP is usually better given on an empty stomach and
away from milk products. Methotrexate is as effective orally as
parenterally [90].

+ There is conflicting evidence about the benefit that the addition
of pulses of vincristine and steroid beyond re-induction therapy
brings and it is probably not very significant [91]. Such therapy
brings continuing steroid toxicity.

+ There is clear evidence that continuing therapy is necessary and
despite the increased intensity of earlier therapy, and the evidence
that such intensity is effective in improving cure rates, it has not
been possible to reduce the duration of continuing therapy below
2 years. Some trials continue to offer increased therapy for boys
(3 years), as opposed to 2 years for girls but there is little evidence
for such a strategy and evidence that prolonging maintenance
therapy beyond 3 years is not helpful [92, 93].

Treatment failure: predicting treatment failure and
accounting for it

The factors associated with an increased risk of treatment failure
are well described:

+ Clinical factors encapsulated by the NCI consensus criteria.

+ Disease-related factors, principally cytogenetic and molecular
genetic factors.

There is considerable overlap between these assessment systems
— thus genotypically favorable leukemias more typically have
good clinical risk features. It is hoped that using gene expression
profiles from an individual’s leukemia might improve the sensi-
tivity of risk determination by giving a molecular profile of the
actual leukemia cells.

Some children with apparently good risk disease relapse and
some children with apparently adverse leukemia are cured with
standard chemotherapy. Assessment of leukemia disappearance
using morphology or MRD is an attempt to take account of this
variation in expected response. Some of this variation in response
is due to inter-individual difference in drug metabolism. These
pharmacogenomic differences mean that the drug dose delivered
to leukemia cells is vastly different in some children than others
and will explain why those drugs delivered in a formulaic fashion
are sometimes more effective than expected and sometimes less
so. Knowing these resistant mechanisms might mean that drug
treatment can be more guided. Some of these differences are
given in Table 7.6.

Special situations

Infant acute lymphoblastic leukemia

Features [110]

1 The cell from which ALL in infancy arises is a primitive cell in

the early stage of commitment to the B lineage. As such:
+ There is a high incidence of co-expressed myeloid antigens.
« It is frequently of a null phenotype with CD19+ and
CD10-.

2 Eighty per cent of cases have MLL gene re-arrangement with

the commonest translocation being t(4;11).
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Table 7.6 Examples of inherited ('pharmacogenomic’) differences in the handling of drugs used in the treatment of ALL that may be associated with differences in

treatment outcome.

Drug Metabolism

Pharmacogenomics

Methotrexate (1) Entry into cell by folate carrier [94]. (2) Metabolism to
methotrexate polyglutamates (MTXPG) by folylpolyglutamate
synthetase (FPGS)[95]. (3) Hydrolysis and inactivation of

MTXPG by gamma glutamyl hydrolase [96]

Cytarabine (1) Prodrug that is phosphorylated intracellularly into Ara-CTG
[101, 102]. (2) Cellular uptake by membrane transporter
(standard dose) or diffusion (high dose) [103, 104]

6-MP (1) Metabolized by HPRT to 6-TGNs. (2) Inactivated by TPMT

[120]

(1) Lower steady state concentrations during HD Mts infusion have increased
risk of treatment failure [97, 98]. (2) Hyperdiploid blasts show higher levels
of MTXPG [99]. (3) Increasing the dose of methotrexate overcomes this
resistance in children whose blasts accumulate MTXPG less well [100]

(1) Failure to retain intracellular AraCTP is commoner in relapsed compared with
de novo ALL [105]. (2) Decreased activating enzyme as a means of resistance
in ALL [106, 107]

(1) Accumulated intracellular TGN related to outcome [108, 109]. (2) Product of
red cell MTXPG and TGN is predictive of outcome [109]. (3) Low TGN can
discriminate compliance from pharmacological resistance

HPRT, hypoxanthine phosphoribosyl transferase. 6-TGN, 6-thioguanine nucleotides. TPMT, thiopurine methyl transferase.

3 Usually there are adverse clinical and genotypic risk factors
and there is frequently a poor response to steroid induction
chemotherapy.

4 Very young children do even worse.

Treatment

Because of the primitive nature of the leukemia, the co-expres-
sion of myeloid antigens, and because of the in vitro sensitivity to
cytarabine, a recently reported protocol Interfant [99] attempted
to improve treatment outcome with a protocol that included
myeloid as well as lymphoid treatment elements, including
cytarabine and high dose cytarabine [111]:

+ This protocol reports an event-free survival (EFS) at 4 years of
about 50%, which is an improvement on previous reports.

+ MLL gene, high white blood cell count, younger than 6 months
and poor steroid response were all independently associated with
a poor outcome.

+ CNS disease in infant leukemia is managed with intrathecal and
systemic therapy only — radiotherapy is not employed in this age

group.

Acute lymphoblastic leukemia in Down’s syndrome

The incidence of ALL is increased in children with DS although
the incidence of AML is increased even further, especially in
young children. Usually there are no additional cytogenetic
abnormalities in the ALL of DS, either favorable or adverse.
Outcome is similar to children who do not have DS, in contrast
to AML where a more favorable outcome is generally seen.
Therefore, standard treatment protocols should be followed.
Increased toxicity might be expected, especially with methotrex-
ate administration [112].

Relapsed acute lymphoblastic leukemia
The salient features of relapsed ALL are summarized in the
Box 7.3.

Many relapses will be predictable from adverse clinical or
biological factors at diagnosis or from an observed slow response
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Box 7.3 Relapsed acute lymphoblastic
leukemia (ALL).

Affects about 15% of children in current leukemia protocols:
+ May be systemic or extra-medullary

+ CNS is commonest extra-medullary relapse

Prognosis depends on:

+ Timing of relapse — earlier the worse

« Site of relapse — isolated CNS relapse of therapy will have
prognosis as high as 70%

+ Phenotype — T-cell will do worse

+ Even extra-medullary relapse should be regarded as a
manifestation of inadequately controlled systemic disease and
requires systemic therapy as well as locally directed therapy

+ The disease may show immunophenotypic, cytogenetic, or
molecular clonal evolution compared with the original disease

to treatment. Relapse occurs most commonly in the first year after
completing therapy and is uncommon, but not unheard of, 4 years
after completing therapy. Relapse is managed as a systemic disease;
even isolated extra-medullary disease is regarded as a failure of
systemic therapy and a harbinger of systemic relapse [113].

Isolated, late CNS relapse has the best prognosis of relapse. As
many as 70% of children will be cured with systemic therapy
(including re-induction, consolidation and maintenance therapy
for 24 months total therapy duration) and local radiotherapy
[76].

For higher risk relapse (early, T-cell and where there has been
a poor response to relapse therapy — as assessed molecularly),
then allogeneic stem cell transplant will often form part of the
relapse therapy. This is the major role for transplant in ALL
although it may be offered to high risk leukemias in first remis-
sion. Usually transplant is applied in relapsed disease after remis-



sion re-induction therapy and consolidation therapy, and as
continuing therapy would otherwise be starting. A chemotherapy
approach alone may be adopted in lower risk cases — usually in
non T-cell disease where there has been a prolonged first remis-
sion [114].

Transplant in acute lymphoblastic leukemia

Transplant is clearly effective in ALL and the following points can
be made:

« It is a toxic therapy with appreciable short-term mortality risks
and long-term morbidity risks (growth, infertility). Cases should
be selected for transplant where it is unlikely that they will be
cured by chemotherapy alone. Such cases may be in CR1, CR2 or
>CR2. Different collaborative groups will have their own indica-
tions which are broadly similar — Children’s Oncology Group
(COG) indications are given (see Table 7.7).

« It should be a full intensity procedure with total tody irradia-
tion (TBI) as part of the conditioning — usually with etoposide or
cyclophosphamide.

+ There is a clear relationship between burden of disease before
transplant and relapse of disease after transplant. The higher
the level of MRD then the greater the risk of relapse following
transplant. Pre-transplant strategies should be directed therefore
at monitoring and reducing the burden of disease prior to
transplant.

+ There is a reduced mortality risk for non-family donors, but
this benefit is probably offset by increased transplant-related
mortality.

Strategies for follow up and important late effects

(Table 7.8)

Follow up, as in all pediatric oncology, has two purposes:

Table 7.7 Indications for stem cell transplant in acute lymphoblastic anemia.
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+ To monitor disease response and detect relapse.

+ To determine complications of applied treatment.

During therapy, patients are usually seen at least weekly during
intensive phases of therapy and fortnightly during maintenance.
Most children who will go on to relapse will do so in the first year
of treatment. The remainder of relapses occurs usually by the end
of the 4th year of treatment. During this period, marrow relapse
can be detected by marrow examination, after abnormalities in
the peripheral blood count have been detected. There is no need
for serial bone marrow examinations. These may even be confus-
ing as lymphoblasts (even CD10+ ones) may be seen in the
marrow of normal children. CNS relapse will be diagnosed by
examination of the CSF after suggestive symptoms are raised by
the patient. Other extra-medullary relapses will be diagnosed on
biopsy of the affected organ after suggestive history or findings
on clinical examination.

With time, from completion of therapy, the focus of follow up
will gradually change from detection of relapse to monitoring for
adverse and long-term complications of therapy. A spectrum of
complications will be seen in the long-term follow up clinic. The
least complications will be in those treated on low intensity pro-
tocols and the most those that have received intensive therapy
including allogeneic stem cell transplant and cranial or cranio-
spinal radiation therapy.

Summary and future directions

The treatment of pediatric ALL is a success story and a story that
the field of oncology is trying to replicate. It is not yet a finished
story. Some children relapse. Children still die of ALL. Some
children are cured but affected by the long-term consequences of

Remission status Indication

CR1 Alternative or sibling donors:
e Ph+ patients requiring transplant

e Extreme hypodiploidy (DNA index <0.81 or <44 chromosomes)
e 11923 (MLL) plus slow early response (>25% blasts at day 14 or MRD >0.1% at day 29)
e Primary induction failure: overt disease at day 29 or <25% blasts or MRD >1% at day 29 who then fail consolidation with M2 or

M3 marrow or MRD >1% at day 43
CR2 Matched sibling donor:

o B-lineage after late bone marrow relapse (>36 months after diagnosis)
e B-lineage ALL after early (<18 months from diagnosis) isolated extramedullary relapse

Alternative or sibling donor:

e B-lineage bone marrow relapse within 3 years of diagnosis

e T-lineage bone relapse at any time
e Ph+ positive marrow relapse at any time

e T-lineage relapse isolated early extramedullary relapse)

CR3 Any lineage and at any time

MLL, Mixed Lineage Leukemia gene involvement. MRD, Minimal residual disease.
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Table 7.8 Long-term effects of treatment of acute lymphoblastic leukemia.

Bone (1) Reduced bone mineral density in survivors of childhood ALL, especially in those that have received cranial radiotherapy. It can occur
but much less so in children treated with chemotherapy alone [115].
(2) Avascular necrosis (AVN) can occur during therapy for ALL and is more common in older children, girls and those treated with
dexamethasone. AVN may present after completion of therapy and will cause ongoing problems in many cases for the affected child

[116].

CNS Complicated field. Can see imaging abnormalities. Can see global (e.g. Q) and specific change in performance. Might have impact on
educational performance. Probably more common in children receiving radiation and therapy at an early age. Changes certainly seen
with children receiving systemic therapy and intrathecal therapy only. Important is recognition assessment and support, including

school support [117-119].

Cardiac (1) The principle risk in chemotherapy protocols is related to anthracycline. The cumulative dose in non-relapse patients is 200—-260 mg/
m? and is below the threshold for risk of cardiac damage. However, some reduction in cardiac function is seen (especially young age

at treatment, girls more than boys).

(2) If there is reduction in cardiac function then this might be increased during pregnancy, with isometric exercise, and with cocaine/

alcohol misuse.

(3) Relapse treatment will give more anthracycline. TBI and cyclophosphamide will contribute to cardiac dysfunction after treatment.

Growth and pubertal

development hypothyroidism.

(1) Cranial radiation is associated with significant effect on final height due to GH deficiency, abnormal including early puberty,

2) BMT with TBI causes significant effect on growth with irradiation of epiphyses of vertebral column and lower limbs and GH deficiency.

Pubertal development

)

(3) Probably little effect from chemotherapy only ALL schedules.

(1) Cranial radiation for ALL causes early puberty. This is more marked in treated girls than boys.
)

2) Allogeneic transplant may cause ovarian failure and will be more marked with chemotherapy only conditioning (e.g. busulfan and
cyclophosphamide). In girls who enter puberty after chemotherapy — TBI may subsequently experience premature menopause. Boys

after TBI will retain hormonal function of testis.

(3) Chemotherapy only schedules should not affect puberty.
Fertility Will be markedly reduced or absent after stem cell transplant regardless of conditioning regimen. In children treated with chemotherapy
fertility is preserved and there does not appear to be an effect on subsequent pregnancy or offspring.

Second malignancy

Second malignancy is NOT common — perhaps 5% at 10 years.

CNS tumors, particularly meningiomas, are the commonest and cranial irradiation is the usual cause. Possible relation with genetic

defects in thiopurine metabolism.

Risk of AML is low unless etoposide used at regular scheduling and high dose.

ALL,Acute lymphoblastic leukemia. TBI, Total body irradiation. GH, Growth hormone. BMT, Bone marrow transplant. AML. Acute myeloid leukemia.

their treatment. Over the next 20 years of ALL therapy we would
all wish to see fewer relapses and fewer long-term adverse conse-
quences of therapy in cured children.

We contend that there are four areas where progress can be
expected to take place in order to achieve these goals:
1 We need to be able to identify those children who are going to
do well (better biological definitions of good risk with gene
expression profiles, etc.) or who are doing well with therapy
(MRD that has been shown to be reliable in allowing treatment
reduction) so that good risk children receive even less treatment.
No more children who are cured of their disease should die in
delayed intensification blocks.
2 We need to be able to identify those who are going to do badly
(better biological definitions of poor risk with gene expression
profiles, etc.) or who are doing badly with therapy (MRD that has
been shown to be reliable in predicting subsequent treatment
failure) so that appropriate therapy can be offered in first response
to children who will later fail that therapy.
3 We need to find better therapies for high risk disease including
a better definition of the role and strategies of allogeneic stem cell
transplant.
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4 Basic scientific research into the mechanisms of leukemia
needs to be translated into better and more specific drugs in the
way that imatinib has transformed the therapy of CML. Rather
the brown tablets taken twice a day than the intensive polyche-
motherapy and allogeneic stem cell transplant.
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Introduction

In this chapter three separate but closely related malignant
myeloid disorders will be considered — acute myeloid leukemia
(AML), myelodysplastic syndromes and myeloid disorders of
Down’s syndrome. The relevant features of epidemiology, patho-
genesis, clinical presentation, investigation, and therapy of each
will be considered in turn.

Acute myeloid leukemia

Epidemiology
AML comprises 5% of childhood cancer, with around 70 new
cases in British children each year [1]. The age-specific incidence
is highest in young children, and 20% of cases occur in the first
5 years of life, after which the incidence is essentially stable
throughout childhood. The sex incidence is equal. The incidence
shows geographical variation, and AML is more common in
China, but less common in the Indian subcontinent. Environ-
mental factors resulting in damage of DNA may be contribu-
tory. The diet of the mother in pregnancy (especially in regard
to foods containing topoisomerase II inhibitors) may be influ-
ential, as a result of genetic polymorphisms. Exposure to petro-
leum products, benzene, heavy metals, or ionizing radiation
are risk factors that are not generally implicated in most child-
hood cases.

Although the etiology of most cases is unknown, AML is more
common in children with certain syndromes:
« Down’s syndrome (considered separately, see page 104).
+ Klinefelter syndrome.
+ Bloom syndrome.
+ Neurofibromatosis type L.
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+ Ataxia telangectasia.

+ Congenital bone marrow failure disorders (Fanconi anemia,
severe congenital neutropenia, Shwachman syndrome, Diamond-
Blackfan anemia, thrombocytopenia-absent radius syndrome).

Classification

The first comprehensive classification used in AML was the
French-American-British (FAB) type (Table 8.1) [2]. A diagnosis
of AML required 30% leukemia cells (blasts) in the bone marrow.
Patients with 5-30% had myelodysplasia (MDS, see below).

As immunophenotypic, cytogenetic, and molecular character-
istics have been described, the usefulness of the FAB classification
has proved limited, with the exception of acute promyelocytic
leukemia (APL, FAB type M3) which is readily recognizable on
light microscopy, and has critically important clinical features
(see APL section). More recently, the World Health Organization
(WHO) classification (Table 8.2) [3] has incorporated cytoge-
netic data, whilst lowering the percentage of blasts in the bone
marrow necessary for the diagnosis of AML in adults to 20%.

Clinical presentation
AML presents with signs and symptoms attributable to bone
marrow infiltration and bone marrow failure. Accordingly,
pallor, bruising, fever, and bone pain are common. Organ infil-
tration results in hepatosplenomegaly. Gum infiltration, particu-
larly in monocytic disease, and skin infiltrates may be observed.
Some children present with an isolated, extramedullary mass of
AML, termed a chloroma (as the cut surface is of greenish hue)
or granulocytic sarcoma, and may have low percentages of leuke-
mic blasts in the bone marrow, or no visible blasts at all. These
masses commonly occur in and around the orbit, but may be
paraspinal and cause cord compression. Where bone marrow
disease is present, extramedullary masses are usually associated
with FAB types M1 and M2 and cytogenetics most commonly
show a t(8;21). Some cases, however, have a monocytic compo-
nent, with FAB type M4 or M5.

Several groups of children with AML are at high risk of early
life-threatening complications:
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Table 8.1 French-American-British (FAB) classification of acute myeloid

leukemia.

MO Undifferentiated myeloblastic leukemia
M1 Myeloblastic leukemia without maturation
M2 Myeloblastic leukemia with maturation
M3 Acute promelocytic leukemia

M4 Acute myelomonocytic leukemia

M5 Acute monoblastic leukemia

M6 Acute erythroblastic leukemia

M7 Acute megakaryoblastic leukemia

Table 8.2 World Health Organization classification of acute myeloid leukemia
(AML).

AML with recurrent genetic abnormalities

AML with 1(8;21)

AML with abnormal bone marrow eosinophils inversion 16 or t(16;16)
AML with t(15;17) and variants (Acute promyelocytic leukemia )

AML with 11923 abnormalities

AML with multilineage dysplasia

AML and myelodysplasia, therapy related
AML not otherwise categorized

AML minimally differentiated

AML without maturation

AML with maturation

Acute myelomonocytic leukemia
Acute monoblastic leukemia

Acute erythroid leukemia

Acute megakaryoblastic leukemia
Acute basophilic leukemia

Acute panmyelosis with myelofibrosis
Myeloid sarcoma

AML of ambiguous lineage
Undifferentiated acute leukemia
Bilineal acute leukemia
Biphenotypic acute leukemia

+ Patients with APL may have a severe coagulopathy, due to the
release of cytoplasmic granules with procoagulant activity, with
life-threatening bleeding or thrombosis.

+ High count AML, especially monocytic disease, carries a risk of
hyperviscosity syndrome, hemorrhage, and thrombosis in the
CNS, and pulmonary infiltrates and respiratory insufficiency.
Release of lysozyme from these monoblasts causes renal potas-
sium loss, and hypokalemia may be profound. Monocytic AML
is also associated with tumor lysis syndrome and coagulopathy.
As a result, treatment is a medical emergency, and rapid white
cell count reduction is important in symptomatic high count
patients. Anthracyclines are the most useful drugs in this regard
and should be given on day 1 of therapy.

96

Investigations

The complete diagnosis of AML will involve morphological,
immunophenotypic, cytogenetic, and molecular aspects.

+ The diagnosis of AML or MDS requires examination of a good
quality blood film and bone marrow aspirate.

+ Immunophenotyping is readily available in treatment centres
and is able to ascribe lineage to most leukemia blast cell
populations.

+ Bone marrow cytogenetics should be obtained in every case,
and G banding is now complemented by rapid assessment using
fluorescent in-situ hybridization (FISH), and reverse transcriptase
polymerase chain reaction (RT-PCR) for common fusion genes.
In AML, favorable karyotypes comprise the t(15;17) characteris-
tic of APL, t(8;21) and inversion of chromosome 16. Adverse
karyotypes include monosomy 7, deletions of 5q, abnormal 3q,
t(9;22), and complex karyotypes with three or more abnormali-
ties. All remaining karyotypes are intermediate risk [4].

+ Inversion 16 and t(8;21) involve genes encoding subunits of the
core binding factor (CBF). The t(8;21) generates a novel fusion
protein AML1/ETO, causing abnormal protein—protein signal-
ling. The AMLI/ETO interacts with CBF but recruits proteins
involved in repression of transcription. Inversion 16 creates
another fusion protein, CBF/MYHII, which also disrupts tran-
scription via CBF by inhibiting binding of AMLI. Accordingly
the two karyotypic changes affect a common transcriptional
pathway, leading to their description as CBF leukemias. The CBF
pathway is under investigation for targets for new therapies. The
match between FAB types and CBF leukemias is not exact, but
most children with t(8;21) have FAB type M1 or M2, whilst most
with inversion 16 have M4 with eosinophilia (M4Eo). The
t(15;17) is tightly associated with APL, and is discussed in detail
in the APL section of this chapter. In AML, abnormalities of 11q
with a breakpoint at 11q23, the site of the MLL gene, are particu-
larly but not exclusively associated with monocytic leukemia.
These mutations disrupt the role of the MLL gene in transcrip-
tional regulation. A large number of partner genes are observed,
and it is possible that the different fusion genes have varying
impact on prognosis — for example, several groups report a better
outcome for children with the t(9;11). However, these findings
are not consistent across studies, and require further elucidation,
especially as the influence of prognostic factors may be protocol
dependent [4].

Adverse karyotypes are associated with a reduced complete
remission (CR) rate and increased relapse risk, with overall sur-
vival of less than 50%. Monosomy 7 carries a poor prognosis in
AML and MDS, and occurs as a single abnormality, or as part of
a more complex karyotype. Why monosomy 7 is adverse in AML
and MDS is unknown, and this situation contrasts with several
congenital bone marrow failure syndromes where monosomy 7
occurs as an opportunistic change which may disappear on follow
up, without adverse influence on prognosis. Abnormalities of 5q,
3q and the t(9;22) are adverse risk factors in adults, but are very
rare in children with AML. Complex karyotypes, varyingly
defined as more than three or more than five different changes



are also adverse, and there is some evidence that the addition of
abnormalities of 5q or 3q to monosomy 7 is especially high risk.
Molecular characterization of AML has gained increasing impor-
tance, as a number of molecular markers may be used to refine
the assessment of prognosis, and may be molecular targets (see
section on new therapies).

Treatment
Emergency management of difficult clinical presentations — high
white count, electrolyte disturbance, coagulopathy is discussed
above. This section deals with chemotherapy treatment sched-
ules, supportive care, role of stem cell transplant, management of
relapsed disease, and important prognostic factors. Subsequent
sections detail the management of APL and the summary experi-
ence of the major childhood cancer collaborative groups.
* Modern AML therapy is based on induction chemotherapy
with an anthracycline combined with cytarabine, although sch-
edules vary in choice of anthracycline (usually daunorubicin,
idarubicin or mitozantrone), total doses, and methods of admin-
istration [5]. There is no convincing evidence for superiority of
any anthracycline over daunorubicin. Most schedules include a
third induction agent, although the superiority of additional
agents compared with anthracycline and cytarabine alone has not
been shown in a randomized study. With this combination 80—
90% of children achieve CR after two courses. Induction death
rates are in the region of 5%, with the remainder of induction
failures due to resistant disease [6].
+ Consolidation chemotherapy is necessary for cure, although the
number of courses given varies between collaborative groups, and
the optimum number within each regimen remains unknown.
Consolidation courses usually contain high dose cytarabine, and
it is unknown whether the addition of other drugs improves
efficacy. This issue is being addressed in the current MRC AML
15 study.
+ There is no evidence that extended maintenance therapy is
beneficial in children treated with intensive induction and con-
solidation, although the Berlin-Frankfurt-Munster group proto-
cols contain this element [7].
+ Involvement of the central nervous system (CNS) at diagnosis
occurs in 2% of children, and is associated with monocytic leuke-
mia and AML in infants. The importance of CNS-directed
therapy for the majority of children is unclear as CNS relapse is
uncommon, and affects around 3% of children. A limited number
of intrathecal injections with combinations of methotrexate,
cytarabine and hydrocortisone are generally administered rou-
tinely to children who are CNS negative at diagnosis. There is no
role for prophylactic cranial radiation, although this is included
in BEM protocols because of a reduction in bone marrow relapse
observed in a subgroup of patients in BEM 87 (see below).
AML chemotherapy is intensive, myelosuppressive, and associ-
ated with mucositis which may be severe. Treatment-related
death rates of up to 20% have been described, but are now typi-
cally under 10%. Accordingly, supportive care needs are high,
and therapy should only be administered in experienced units. It
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is standard practice to keep children in hospital until bone
marrow recovery occurs. Planned progressive therapy is required
for febrile neutropenia, with early introduction of empiric anti-
fungal drugs if fever persists. Since the early introduction of broad
spectrum antibiotics for fever has become standard, Gram nega-
tive sepsis has been better controlled and most infection-related
deaths are now fungal, although occasionally viral infections
(cytomegalovirus, adenovirus, respiratory syncitial virus) have
proved fatal.

Stem cell transplant (SCT) now has a very limited role in first
line AML therapy, although this area remains contentious. There
is no evidence that SCT improves outcome for children with
adverse cytogenetics, and SCT is contraindicated in those with
favorable cytogenetics due to the high cure rate with chemo-
therapy, and the toxicity associated with SCT (up to 20% of
treatment-related deaths in most series). The situation is more
complex in patients with intermediate karyotypes; although SCT
may reduce relapse, the treatment-related death rate means that
the overall survival benefit is small and European groups have
generally discontinued SCT in first remission for these children.
However, SCT continues to be considered in the United States
for intermediate and poor risk cases.

Prognostic factors are to an extent protocol dependant but
include [8]:

+ Age (worse in adolescents and young adults).

Presenting white cell count (worse with high counts).
Presence of Down’s syndrome (better prognosis).

FAB type (M3 superior).

Cytogenetics.

Race (worse in African Americans treated in the United States).
Response to therapy (patients with more than 15% blasts in the
bone marrow on recovery from course 1 have an adverse
prognosis).

« Performance score (worse with low score).

« Some molecular markers (see Table 8.11).

Of these prognostic factors, cytogenetics, M3 FAB type, response
to therapy, Down’s syndrome and internal tandem duplications
of the fms-like tyrosine kinase (FLT3-ITD) are the most impor-
tant on multivariate analyses.

Overall survival (OS) and event-free survival (EFS) range from
25 to 66% and 47 to 56% respectively in major collaborative
studies (Table 8.3), with relapse rates of 30-50% the main cause
of treatment failure. Although survival rates are broadly similar
between leading collaborative groups, cumulative doses of
anthracycline and cytarabine vary considerably (Table 8.4).

Salvage therapy cures around 25% of children who relapse, and
the main prognostic factors at relapse are length of first remission
and cytogenetics [9]. Children with favorable cytogenetics usually
have long first remissions and the best outcome with retreatment,
whilst those with adverse cytogenetics relapse early and are very
difficult to cure. A wide range of standard AML chemotherapy
regimens are satisfactory for reinduction of remission, achieving
remission rates of 60—-70% overall and with no clear differences
in efficacy between them. In the United Kingdom high dose
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Table 8.3 Key features of recent large (over 100 children registered) collaborative trials for the treatment of acute myeloid leukemia (AML) in children aged under 15

years.
Trial n CR rate (%) Death in CR (%) Relapse BMT EFS 0s
(%) (%) (%) (%)
AML 12 564 92 6 35 15 56 66
BFM 93 427 83 4 28 7 51 58
NOPHO 93 223 92 2 39 25 49 66
AIEOP 92 160 89 7 32 29 54 60
CCG 2891 750 78 15 47 34 47 25
EORTC 58921 166 84 6 34 20 48 62
LAME 91 247 91 6 36 30 48 62
POG 8821 511 77 8 45 13 32 42

Children with Down’s syndrome, secondary AML, and preceding myelodysplasia excluded. CR, complete remission. BMT, bone marrow transplant, EFS, event-free survival.

05, overall survival.

Table 8.4 Cumulative doses of anthracycline, cytarabine, and etoposide in
major collaborative trials.

Trial Anthracycline Cytarabine Etoposide
mg/m? g/m? mg/m?
AML 12 550 10.6 1500
BFM 93 300-400 41 950
NOPHO 93 300-375 49-61 1600
CCG 2891 180 14.6 1100
EORTC 58921 380 23-29 1350
LAME 91 460 9.8-134 400
POG 8821 360 55.7 2250

cytarabine and fludarabine (FLA) has been favored in recent years
due to the high anthracycline dosage used in first line therapy.

Consolidation is usually by SCT, either from a matched donor
or using autologous cells. The survival following SCT is around
40% with no significant differences between the source of stem
cells — matched unrelated donor SCT has a lower rate of relapse
but more treatment-related deaths than matched family donor
SCT. Autologous SCT has the lowest treatment-related mortality
but also the highest rate of relapse. Haploidentical SCT has been
successfully used in the absence of a matched donor, but has the
highest treatment-related mortality. Some children survive after
chemotherapy alone in second remission, so this is an option if
treatment toxicities preclude SCT.

Experience of major collaborative trial groups

Medical Research Council AML 10 and AML 12 trials [10, 11]
These two studies assessed different combinations of anthracy-
cline and cytarabine-based induction chemotherapy (ADE versus
DAT, AML 10), and found no difference in efficacy whether thio-
guanine or etoposide was used as the third drug. If mitozantrone
was substituted for daunorubicin (MAE versus ADE, AML 12),
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there was increased myelotoxicity with delayed recovery of the
full blood count, but no difference in OS or EFS. The addition of
either autologous or allogeneic SCT to four courses of chemo-
therapy reduced relapse in AML 10, but allogeneic SCT was asso-
ciated with an increased treatment-related death rate which
largely offset the reduction in relapse. As the reduction in relapse
observed with SCT in AML 10 may have been due to a fifth course
of treatment rather than SCT per se, AML 12 randomized chil-
dren between four or five courses of treatment in all (fifth course
of chemotherapy high dose cytarabine plus asparaginase). The
addition of a fifth course was well tolerated but there was no
improvement in OS or EFS. Analyses of AML 10 demonstrated
that karyotype was a prime determinant of prognosis, with
t(8;21), t(15;17) and inversion 16 favorable, whilst monosomy 7,
abnormal 5q, abnormal 3q, t(9;22) or complex karyotypes were
adverse. All other karyotypes were intermediate risk. This risk
score was adapted to include response to the first course of chem-
otherapy (more than 15% blasts adverse) to define three risk
groups for AML 12.

Berlin-Frankfurt-Munster (BFM) Group [12, 13]

BFM protocols have a backbone of induction, consolidation, and
extended maintenance chemotherapy, currently to a total of 18
months treatment. Cranial radiation (CRT) is incorporated for
all patients over 1 year of age, as children who did not receive
CRT in BFM 87 had a higher relapse rate, both in bone marrow
and the CNS. Accordingly, BFM therapy has major differences in
design to most contemporary regimens. Children were divided
between two risk groups; standard risk had FAB type M1 or M2
with Auer rods, M3, or M4Eo with <5% blasts in bone marrow
at day 15, whereas all other children were high risk. In effect, FAB
types were used as a surrogate for favorable cytogenetics as karyo-
types were not uniformly available. BEM 93 was associated with
improved survival compared with BFM 87, and randomized ida-
rubicin and daunorubicin in induction for all patients, and high
dose cytarabine with mitozantrone (HAM) in consolidation for



high-risk patients. HAM was given either before (early) or after
(late) a standard BFM consolidation block. Results in high-risk
patients improved compared with BEM 87, but not for the stand-
ard risk group. Although there was more rapid clearance of blasts
as assessed on a day 15 bone marrow aspirate in children receiv-
ing idarubicin, there was no difference between idarubicin and
daunorubicin in any measure of survival. There was some evi-
dence that children given daunorubicin benefited from early
rather than late HAM.

Children’s Cancer Study Group (CCG) [14, 15]

Three studies were conducted between 1979 and 1995. The most
recent study, CCG-2891, compared standard with intensified
timing of induction chemotherapy using a five drug regimen
(DCTER). In standard timing, hematologic recovery was allowed
between courses unless there was evidence of resistant disease
on a day 14 bone marrow, whereas with intensified induction
therapy DCTER was timetabled for days 0-3 and 10-13.
Remission rates were similar, but treatment-related deaths were
more common, and relapse risk reduced in the intensive arm
with a superior EFS. Children with Down’s syndrome had better
survival with standard intensity treatment, due to fewer therapy-
related deaths. However, overall survival was disappointing and
the current Children’s Oncology study is based on the MRC
AML 12 backbone.

Acute promyelocytic leukemia (APL) [16-19]

APL is uncommon, and comprises 8% of AML in children but
has important biological and clinical characteristics. Around 95%
of cases of APL are associated with a t(15;17) translocation, result-
ing in the PML/RAR fusion gene. In the remaining cases, RAR is
fused to an alternative partner, in children most commonly the
nucleophosmin gene (NPM1) in the t(5;17). Other subtypes
include fusion with NuMA in the t(11;17), or the promyelocytic
zinc finger (PLZF) gene. RAR is a member of the RA nuclear
receptor family that acts as a ligand inducible transcription factor.
PML controls p53 dependent induction of apoptosis, growth
suppression, and is required for transcriptional repression by
other tumor suppressors. The PML-RAR fusion protein functions
as an aberrant retinoid receptor, and is resistant to physiologic
concentrations of retinoic acid. The block is overcome, however,
by therapeutic concentrations produced by all — transretinoic acid
(ATRA), and arsenic trioxide (ATO) degrades the protein whilst
also inducing apoptosis via induction of the proenzymes of
caspase 2 and 3 and activation of caspases 1 and 3.

Besides the high risk of coagulopathy, APL has two unique
features, namely a high sensitivity to anthracyclines, possibly due
to low expression of P glycoprotein, and marked responsiveness
to ATRA and ATO. ATRA as a single agent achieves a high CR
rate, but relapse was common unless consolidation chemother-
apy was administered. Several clinical trials demonstrated that
ATRA administered prior to chemotherapy was associated with
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improved survival compared with chemotherapy alone due to
reduced relapse, but these results were subsequently improved by
the simultaneous administration of ATRA with chemotherapy,
until CR was achieved. Although anthracyclines are key compo-
nents of therapy, questions remain as to whether any one anthra-
cycline is superior to the others, and whether the addition of
other agents, especially cytarabine, improves outcome.

Supportive care during induction therapy is of critical impor-
tance. ATRA usually leads to rapid resolution of DIC, but support
of coagulation by transfusion of fresh frozen plasma, cryoprecipi-
tate, and platelets must be used as necessary until the coagulopa-
thy resolves. A standard approach is maintenance of fibrinogen
above 1g/l and platelets above 50 X 109/1. A risk of both ATRA
and ATO is the development of a differentiation syndrome char-
acterized by fever, tachypnoea, hypoxia, pulmonary infiltrates,
headaches, and confusion in around 10% of patients. This com-
plication is more common with presenting white cell count above
10 x 109/1, and should be treated with dexamethasone 10 mg/m’
twice daily. ATRA/ATO should be temporarily discontinued if
the syndrome is severe, or fails to respond to dexamethasone. Up
to 40% of children present with a white blood cell count over
10 x 109/1, associated with M3 variant morphology, FLT3-ITD,
and a higher risk of treatment failure due to both increased
induction deaths and relapse.

Evaluation of treatment response must be circumspect.
Abnormal promyelocytes may persist for 40-50 days, and CR is
achieved in virtually all patients. Molecular and cytogenetic tests
at the end of induction have no prognostic value, and must not
be misinterpreted as indicating resistant disease. Anthracycline-
based consolidation therapy is associated with very high levels of
molecular remission. The advantage of continued ATRA after
remission has been achieved has not been proven in a rand-
omized study. The role of cytarabine in consolidation is contro-
versial. Variables confounding conclusions from the published
series include differing combinations of anthracyclines, and total
anthracycline doses. Cytarabine may be important in regimens
with lower total anthracycline exposure.

The role of ATO is still under evaluation. Several studies have
demonstrated high CR rates with ATO alone or especially when
combined with ATRA. ATO has now been included in phase III
studies for newly diagnosed disease in both children and adults,
and as salvage therapy for molecular or hematologic relapse. The
role of hemopoietic stem cell transplant (HSCT) is very limited.
Children with persistent molecular disease (by end-stage polymer-
ase chain reaction with low sensitivity of 10-3) at the end of
consolidation, or following relapse, are considered for HSCT
after salvage therapy with ATO and gemtuzamab. Autologous
HSCT may be adequate in children who become molecularly
negative, with allogeneic HSCT reserved for persistent molecular
positivity. Molecular monitoring is important, as a better outcome
has been shown for patients diagnosed and treated for molecular
relapse rather than at hematological relapse.

Maintenance therapy with ATRA, mercaptopurine and meth-
otrexate is of unproven benefit in APL. A study by the European
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APL group indicated that maintenance was beneficial, especially
for patients with a high white cell count at presentation, whereas
a study by the GIMEMA group showed no benefit for mainte-
nance (although the total dose of anthracycline was higher in this
study). It is possible that efficacy is related to the intensity of
initial therapy, that is maintenance is of benefit for patients
receiving less intensive protocols with lower doses of anthracy-
cline in induction and consolidation. Iin the future, the use of
molecular monitoring may allow selection of patients for main-
tenance therapy.

Myelodysplastic syndromes

Classifications of myelodysplastic syndromes
Myelodysplastic and myeloproliferative disorders comprise
under 5% of childhood leukemias. The myelodysplastic syn-
dromes (MDS) were historically characterized by a cellular
marrow with peripheral pancytopenia and were first described as
smouldering leukemia or pre-leukemia; they were predominantly
disorders of late adult life and have since been well classified in
the extensive adult literature. Early reports of chronic leukemias
in childhood made no distinction between chronic myeloid
leukemia (CML) and what would now be deemed MDS and only
in the last few years have any serious attempts been made to clas-
sify pediatric MDS [20], which differs in many important respects
from the disease in adults [21-26].

The morphologic classification of MDS in adults was rational-
ized by the efforts of the FAB group (Table 8.5) [27], and terms
such as pre-leukemia tended to be abandoned in favour of the
appropriate FAB type of MDS. This FAB classification is unsatis-
factory for childhood MDS for a number of reasons:

+ Many children with MDS have a monocytosis which thus auto-
matically classes them as having chronic myelomonocytic leuke-
mia (CMML) which is clinically inappropriate [28].

Table 8.5 French-American-British (FAB) classification of myelodysplastic
syndromes.

Type Blood film Bone marrow

Blasts < 5%

As in RA but > 15% of
erythroblasts as ringed
sideroblasts

Blasts 5-20%

Blasts < 1%
As in RA

Refractory anemia (RA)
RA with ringed
sideroblasts (RARS)

RA with excess of blasts  Blasts < 5%

(RAEB)
RAEB in transformation Blasts > 5% As RAEB but 20-30%
(RAEBt) Auer rods blasts

Auer rods
Chronic myelomonocytic Blasts < 20%

leukemia (CMML)

Monocytes > 1 x 10%I
Blasts < 5%

*CMML in children is often associated with a higher blast count in the blood,
but marrow blasts should not exceed 20% and Auer rods should not be present.
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+ There are a number of patients, e.g. those with eosinophilia and
dysplastic blood and bone marrows, for whom it is impossible to
assign an FAB type.

+ Both therapy-induced MDS and MDS occurring in association
with congenital bone marrow disorders may defy classification by
the scheme, the bone marrow showing hypoplasia and/or fibrosis
in addition to dysplasia.

More recently, an international consensus has been developed,
adapting the recent WHO classification (Table 8.6) [29], and
subdividing MDS in children into a proliferative group com-
prising juvenile myelomonocytic leukemia, a group of adult-
type MDS, and a number of very rare or secondary disorders
[30]. MDS and AML of Down’s Syndrome are dealt with
separately.

Epidemiology and causes

There have been a number of recent estimates of the incidence of
MDS in childhood. A population-based study in Denmark esti-
mated that the incidence of MDS approximated that of AML at
4.0 new cases/million children/year, thus representing 9% of all
hematologic malignancies, whereas in the northern region in
England the estimated incidence was 0.53/million or 1% of malig-
nancies [30]. A report from the national UK childhood MDS
registry gave an annual incidence of 1.4/million over a 10-year
period, with around 15 new cases each year [31]. These discrep-
ancies could be due in part to the inclusion or exclusion of more
aggressive forms (e.g. refractory anemia with excess of blasts in
transformation) as either MDS or AML rather than any true vari-
ation in incidence. The diagnosis of MDS implies the finding of
consistent hematologic abnormalities over a period of time, thus
excluding patients with morphologic abnormalities in association
with infection which may resolve spontaneously or patients
whose abnormalities progress to frank AML within weeks. The

Table 8.6 Pediatric modification of the World Health Organization classification
of myelodysplastic disorders.

Proliferative
Juvenile myelomonocytic leukemia

Down'’s syndrome disease
Transient abnormal myelopoiesis
Myeloid leukemia of Down syndrome

Myelodysplastic syndrome

Refractory cytopenia

Refractory anemia with excess blasts

Refractory anemia with excess blasts in transformation
Refractory anemia with ring sideroblasts*

Myelodysplasia with eosinophilia

Other

* Extremely rare in children.



Table 8.7 Conditions associated with myelodysplasia in children.

Congenital

Down’s syndrome
Neurofibromatosis type |
Noonan syndrome

Fanconi anemia
Diamond-Blackfan anemia
Shwachman-Diamond syndrome
Severe congenital neutropenia
Familial myelodysplasia

Acquired
Aplastic anemia
Prior cytotoxic or radiation therapy

distinction between refractory anemia with an excess of blasts
with or without transformation and AML is an arbitrary one since
patients may present with an abnormal count but a low percent-
age of blasts in the marrow and develop overt AML within weeks
or even days. The diagnosis of true MDS implies a more indolent
course demonstrating consistent hematologic abnormalities
without evolution to AML over a 2-month period. The distinc-
tion is helped by careful review of morphology since patients
with true MDS will exhibit multilineage dysplasia and also by
the cytogenetic findings; t(8;21), t(15;17), t(9;11) and inv (16)
all being associated with de novo AML (see section on
investigations).

MDS arises more rarely in the previously well child than acute
myeloid or lymphoid leukemias. Its causes and associations are
given in Table 8.7 and discussed in greater detail here.

A characteristic feature of MDS in childhood is a strong asso-
ciation with congenital disorders and genetic syndromes. In
recent non-population-based reports between one-quarter and
one-half of patients have shown some phenotypic abnormality.
There are a number of families described in the literature with no
apparent congenital or genetic abnormality in whom more than
one member has developed MDS or AML. MDS with monosomy
7 has been described in infant siblings, but in other families more
than one member has developed AML or MDS in later childhood
or adult life, sometimes in association with a familial platelet
storage pool disorder. In several instances, the development of
MDS has been associated with evolution of a cytogenetic abnor-
mality in the bone marrow, most often monosomy 7 or 5.

Immunosuppressive therapy with antilymphocyte globulin
and cyclosporin A has improved survival in patients with acquired
aplastic anemia, particularly those without a histocompatible
sibling donor. However, children treated by immunosuppression
are at increased risk of MDS [32]. Secondary MDS with a predi-
lection to development of AML was first described in patients
treated for Hodgkin’s disease, multiple myeloma, and ovarian
cancer who had received alkylating agents, and more recently
after high-dose chemoradiotherapy and infusion of autologous
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bone marrow [33-37]. By contrast, secondary acute leukemia in
patients who have been treated with topoisomerase II inhibitors
usually occurs without any dysplastic prodrome.

Alkylating agent-induced MDS/AML tends to occur after 4-5
years, is associated with a preceding phase of MDS and is char-
acterized by deletions from chromosomes 5 and 7. This disease
is refractory to chemotherapy. The second, more recently
described type of acute leukemia, is related to treatment with
topoisomerase II inhibitors and is associated with a shorter
induction period and presentation as acute leukemia without a
preceding MDS. Alkylating agent-induced MDS does not always
conform to the FAB subtypes. There is often a relatively low
proportion of blasts at the time of diagnosis but this is accompa-
nied by marked morphologic changes in all cell lines. There may
be basophilia in both blood and bone marrow and cellularity is
variable, with fibrosis in some cases producing a dilute aspirate.
Clonal cytogenetic abnormalities are found in >90% of cases and
the majority involves chromosomes 5 and 7. Topoisomerase
inhibitor-related leukemia, which may be lymphoblastic or mye-
loblastic, has been more systematically studied in children because
of its increased incidence in children with ALL receiving intensive
epipodophyllotoxin treatment. This risk is protocol dependent.
In one series, secondary AML was diagnosed in 21 of 734 patients
treated for ALL [38]; the overall cumulative risk was 3.8% at 6
years, but in a subgroup of children receiving epipodophyllins
weekly or twice weekly the risk was 12%. The scheduling of drug
administration influenced the development of AML; the total
dose, type of leukemia and radiotherapy had no influence on the
risk of AML [39]. More detailed study showed that the majority
of patients had myeloid or myelomonocytic leukemia and that
chromosomal translocations predominantly involved the 11q23
region, most commonly as t(9;11) or t(11;19).

More recently, another group of therapy-related leukemias has
been described in association with t(8;21), inv(16) and t(8;16)
and t(15;17) after topoisomerase inhibitor therapy, alkylating
agent therapy, or anthracycline therapy. These do not usually
have a dysplastic prodrome and the risk factors have not been
so precisely defined, but there is a similar correlation between
the cytogenetic findings, morphology, and response to treatment,
asin de novo AML, so that patients may respond to chemo-
therapy [40].

Clinical presentation

The symptoms and signs of MDS are more insidious than those
of acute leukemia, and the diagnosis may even be made inciden-
tally. Pallor is common, bacterial infections may be a conse-
quence of neutropenia or defective neutrophil function and
bruising may be due to thrombocytopenia or defective platelet
function. Patients may also present with a prolonged history of
repeated infections which is suggestive of congenital immune
deficiency. Some children with juvenile myelomonocytic leuke-
mia (JMML) develop weight loss and failure-to-thrive. Lymph
node enlargement is unusual except in JMML. The liver and
spleen may be enlarged or impalpable. A characteristic skin rash
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may occur on the face or trunk in JMML, and occasionally in
infants with other types of MDS in association with mono-
somy 7.

JMML is an extremely heterogeneous disease which is more
common in boys and in children aged less than 2 years. There is
an association with neurofibromatosis, which may be found in
14% of patients, and Noonan syndrome. The clinical spectrum
varies from a relatively benign disease in infants with hepat-
osplenomegaly and monocytosis to the classical disease usually in
older children with bleeding, thrombocytopenia, enlarged lymph
nodes and splenomegaly. Progression of the disease is accompa-
nied by wasting, fever, infections, bleeding and pulmonary infil-
trations. The typical skin rash, which may precede other symptoms
by months, is classically of a butterfly distribution but may be
more extensive, and on biopsy shows a non-specific infiltration
with lymphocytes and histiocytes. The appearance of the blood
film is more diagnostic than that of the bone marrow, and clas-
sically shows abnormal monocytes and blast cells with dysplasia
in all cell lines.

The original detailed hematologic description of JMML has
been complemented by a recent retrospective review of 110 cases
strictly classified by the FAB criteria, except that >5% blasts were
allowed in the blood. The median leukocyte count was 35 x 109/1
and exceeded 100 X 109/1 in only 7% of cases, eosinophilia was
present in 8% of cases and basophilia in 28% while over half the
patients had thrombocytopenia of <50 x 109/1.

Investigations

General considerations

+ Table 8.8 gives the diagnostic criteria for MDS and these criteria
should be specifically sought for during investigation. It is im-
portant to consider differential diagnosis in this rare condition.

Table 8.8 Diagnostic criteria for myelodysplasia and juvenile monocytic
leukemia in children.

At least two of the following
Blood cytopenia

Bilineage dysplasia

Excess of blasts in the bone marrow
Cytogenetic clone in bone marrow

Diagnostic criteria for juvenile myelomonocytic leukemia

Essential

Monocyte count >1 x 10%
<20% blasts in the bone marrow
Absence of t(9;22)

Plus two from

White blood count >10 x 10/

Myeloid precursors on blood film

Cytogenetic clone in bone marrow

Hypersensitivity to granulocyte-macrophage colony stimulating factor (GM-CSF)
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+ In the diagnosis of MDS (Table 8.8), it is essential to examine
the blood film and bone marrow in tandem. The blood film is
often more informative in reaching a diagnosis. A trephine biopsy
of the bone marrow should be obtained in all cases and important
observations include overall cellularity of the bone marrow, rela-
tive proportions, and morphology of the three cell lines, espe-
cially the megakaryocytes, presence of fibrosis and reticulin, and
of abnormally-localized immature precursor cells (ALIP). These
are aggregates of myeloblasts and promyelocytes in the inter-
trabecular region in the bone marrow biopsy.

+ Other investigations, such as measurement of haemoglobin F
(HbF), neutrophil function, and platelet function may serve to
confirm abnormalities of development of the three cell lines.
Measurement of the HbF before any transfusions of red cells is
essential in JMML. Immunologic abnormalities may include low
immunoglobulins, autoantibodies or even abnormalities of lym-
phocyte subsets. There may be antinuclear antibodies, anti-IgG
antibodies, and autoimmune haemolysis and thrombocytopenia.
+ It may be necessary to exclude congenital viral infections. The
hematologic appearances of HIV infection in adults may mimic
MDS but this presentation has not been described in children.

Investigation of juvenile myelomonocytic leukemia

A characteristic feature of JMML is an increase in the HbF level,
which may increase progressively as the disease progresses,
and a fetal pattern of alpha-globin chain synthesis. This is accom-
panied by a raised mean corpuscular volume (MCV), fetal
pattern of 2,3-DPG and red cell enzyme production, red cell i/I
antigen and carbonic anhydrase. While the diagnosis usually
presents little difficulty, some patients with classic clinical fea-
tures, including a grossly raised HbE, have a blood film with
dominant normoblasts, almost suggestive of erythroleukemia,
while in others the distinction from monocytic AML may be a
fine one. Cytogenetic analysis in classical JMML with a grossly
raised HbF is usually normal, but monosomy 7 may be found
in some cases.

Investigation of refractory anemia

Refractory anemia must be distinguished from secondary changes
due to systemic inflammatory disorders, congenital dyserythro-
poietic anemias and megaloblastic anemia and the presence of
clonal cytogenetic abnormalities is helpful in confirming the
diagnosis; without such abnormalities the diagnosis should be
entertained with caution.

Refractory anemia with ringed sideroblasts (RARS) is excep-
tionally rare in pediatrics with only one case identified in the UK
registry and can only be diagnosed with confidence in the pres-
ence of a cytogenetic abnormality. Several sideroblastic disorders
must be excluded. Congenital sideroblastic anemia, due to abnor-
malities of heme synthesis, is usually associated with a dimorphic
blood film; abnormalities of megakaryocytes and granulocytes are
not seen. Sideroblastic anemia is also a feature of mitochondrial
cytopathies, a group of disorders characterized by cortical neuro-



logic impairment, metabolic acidosis and multiorgan involve-
ment. The most typical of these is Pearson’s syndrome of
pancreatic insufficiency, neutropenia and a bone marrow showing
vacuolated precursors and ringed sideroblasts. Hematologic
abnormalities may be the dominant and indeed the only clinical
feature of mitochondrial cytopathies at presentation and thus the
distinction from MDS may be difficult. Mitochondrial cytopa-
thies should be excluded in any patient with apparent sideroblas-
tic anemia and it may be necessary to look for abnormal
mitochondrial DNA on several occasions and to perform a
muscle biopsy to confirm the diagnosis.

Reduced cellularity is a feature of around one-third of children
with refractory cytopenia, and minor dysplastic changes are fre-
quently observed in acquired aplastic anemia so on occasion there
may be diagnostic uncertainty in distinguishing these disorders.
The hypoplastic trephine appearances, absence of ALIP and
absence of cytogenetic abnormalities in aplasia should help to
make the distinction apparent.

The significance of cytogenetic abnormality

Cytogenetic abnormalities are found in about 50% of cases of
primary MDS in both children and adults and in > 90% of
patients with therapy-induced MDS. The results of cytogenetic
analyses in children with JMML and MDS and included in the
UK national registry are shown in Table 8.9. The most notable
distinction between the cytogenetic findings in MDS and those
in AML is the predominance of whole chromosome losses or
partial deletions and the relative infrequency of translocations in
MDS.

Monosomy 7 has a strongly adverse prognostic significance in
refractory cytopenia and refractory anemia with excess blasts
(RAEB), whilst age over 2 years, high HbE and low platelet count
are adverse in JMML.

Treatment of myelodysplastic syndromes

There is limited information about the role of chemotherapy in
children with MDS as those data available are selected series, and
differentiate poorly between the different FAB or WHO types.
Generally it is possible to state:

Table 8.9 Cytogenetic findings in children with juvenile myelomonocytic
leukaemia (JMML) and myelodysplasia (MDS) in the UK registry.

Abnormality JMML (%) MDS (%)
Normal karyotype 66 37
Monosomy 7 15 32

Other 7 abnormality 1.6 8
Trisomy 8 3.2 8
Complex 4.8 0

Others 9.6 13.6
Failed 1.3
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+ RAEB has responded more poorly to chemotherapy than de
novo AML.

+ Refractory anemia is unresponsive.

+ JMML is not cured by chemotherapy, although temporary
control of symptoms may be achieved.

In a series from the United Kingdom, children with RAEB in
transformation had similar survival (63%) to those with de novo
AML when treated with the same chemotherapy [41]. Although
children with typical AML cytogenetic changes were excluded it
was unclear whether all these children had stable MDS before
treatment. Outcome for children with RAEB was significantly
worse (28%). Monosomy 7 carried a strong adverse prognosis in
both groups, and after allowance for adverse cytogenetics, which
were more common in MDS, survival was similar to that for
children with de novo AML.

High-dose chemotherapy and/or radiotherapy with SCT is the
only curative treatment for most patients with MDS [42, 43]. The
choice between chemotherapy alone for conditioning and regi-
mens including TBI is in part dictated by consideration of the
potential late effects of treatment, naturally an issue of extreme
concern in the growing child (see late effects section). Currently,
therefore, it seems appropriate to use chemotherapy alone as a
preparative regimen, at least in standard transplants from an
HLA-identical sibling. Reduced intensity conditioning may be
appropriate for selected children with refractory cytopenia, for
example children with normal cytogenetics or hypocellular bone
marrows, or those with other organ system abnormalities and at
increased risk of treatment toxicity.

There is a risk of relapse after SCT as after all other forms of
treatment for MDS. This varies with the type and stage of MDS,
and the type of donor and the results of treatment after relapse
are unsatisfactory. Donor leukocyte infusions have shown some
promise in the management of relapse in JMML, and should be
considered as part of therapy in this setting [44].

Refractory anemia

An expectant approach is reasonable if the patient is well, not
blood-product dependent, and has no evidence of disease pro-
gression, and is recommended particularly in the absence of any
cytogenetic abnormality. Children who are transfusion depend-
ent, with failure to thrive, infections or monosomy 7 should be
considered for matched donor SCT.

Refractory anemia with excess of blasts and RAEB

in transformation

In many national studies these patients are eligible for treatment
with chemotherapy as if they had frank AML. In most centers
these children are eligible for SCT, at least if they have a matched
donor. However, the use of chemotherapy where SCT is planned
is contentious, and many centres recommend elective SCT
without prior AML chemotherapy in stable patients. If chemo-
therapy is used, and a CR obtained, it is reasonable to withhold
SCT in children who do not have an adverse karyotype.
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Juvenile monomyelocytic leukemia

Most children with JMML require SCT [43, 45]. In ill children,
cytoreduction by chemotherapy and/or splenectomy are
beneficial before SCT. A small proportion of children, especially
those with Noonan syndrome, who clinically appear to have
JMML have an indolent course, and gradually stabilize. Such
individuals then remain well indefinitely. The molecular basis
for this behaviour needs elucidation.

Myelodysplastic syndromes with eosinophilia

A raised eosinophil count is characteristic of chronic myelopro-
liferative disorders, CMML and the idiopathic hypereosinophilic
syndrome, and may be secondary to infections or infestation.
Rarely, children have eosinophilia and myelodysplasia, and this
eosinophilic MDS 1is associated with translocations involving
chromosome 5q [46, 47]. Other children have mutations of chro-
mosome 4 at q12, with constitutive activation of a fusion tyrosine
kinase gene formed between the platelet derived growth factor
and the FIP-like-1 gene [48]. Recently, successful therapy with
the tyrosine kinase inhibitor imatinib has been described in a
number of these patients, and the mutation should be screened
for in children with eosinophilic MDS.

Although both hydroxyurea and interferon therapy have been
recommended in eosinophilic MDS, this has not been born out
in clinical experience, and SCT would appear to be the most
appropriate form of treatment provided that there is strong evi-
dence of a clonal disorder.

Therapy-related myelodysplastic syndromes

There is relatively little reported pediatric experience in the man-
agement of secondary malignancies. It appears that the response
to treatment can be predicted by the biology of the leukemia, but
any remissions achieved tend to be short lived. Thus, secondary
AML with chromosome 5 and 7 abnormalities is highly resistant
to chemotherapy and while remissions can be achieved with com-
bination chemotherapy in children with 11923 leukemia, and
even in half those receiving 2-chlorodeoxyadenosine as a single
agent, the long-term survival rate is extremely poor. The only
exception to this poor prognosis is the small group of patients
with more favorable translocations such as t(8;21) or t(15;17),
who tend to have a better response to treatment.

A recent study of intensive chemotherapy for secondary AML
showed a 2-year disease-free survival of only 8% for patients with
abnormal cytogenetics, thus confirming the dismal prognosis. It
would appear that SCT affords the only chance of cure.

Down'’s syndrome and myeloid malignancy

Classification and pathogenesis

The association between Down’s syndrome (DS) and leukemia
was first described by Krivit and Good in 1957 [49]. The overall
risk of leukemia is increased 10-20 fold, and is especially marked
in the first 5 years of life, when it is 50 times that in normal
children.
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The spectrum of myeloid disease includes:

« A usually self-limiting myeloproliferative disorder of the
newborn called transient abnormal myelopoiesis (TAM) or tran-
sient leukemia (TL) [50].

+ MDS.

« AML [51].

MDS and AML in DS are closely linked with biological and
clinical features distinct from the diseases in non-DS children,
and are now recognized as a single specific entity. Myeloid leuke-
mia of Down’s syndrome (ML-DS) is the proposed WHO clas-
sification [52].

Although there are insufficient data to be precise regarding the
incidence of TAM in DS, best estimates suggest 10—20% of all DS
babies may be affected. The leukemic blasts in TAM and ML-DS
are typically, but not exclusively, classified as FAB group M7.
Recently, GATA-1 mutations have been described in DNA
extracted from blast cells in DS children with TAM and ML-DS,
and are already considered pathognomonic [53]. GATA-1 muta-
tions have also been detected in Guthrie spot cards of several DS
infants without TAM, although follow up was insufficient to
exclude the later development of ML-DS in these infants. GATA-
1 is a transcription factor necessary for the development of
normal megakaryocytes, erythrocytes, eosinophils and mast cells,
and in animal knockout models, absence of GATA-1 results in
increased megakaryocyte proliferation with megakaryocyte dys-
plasia, differentiation arrest, and apoptosis in erythroid progeni-
tors. As TAM is self-limiting, further unidentified genetic changes
are considered necessary to produce the ML-DS phenotype.

Gene dosage or disomy of a leukemia predisposition gene or
genes regulating haemopoiesis on chromosome 21 is a presumed
mechanism of leukemogenesis in DS, although there is a lack of
clear evidence to favor this hypothesis. The AML-1 gene (on
chromosome 21 at q22.1-22.2), a partner in several leukemia
translocations implicated in ALL, AML and MDS, is situated
within the critical region for DS (21q22), and has a role in
megakaryocyte differentiation, but has no proven role in
ML-DS.

Clinical presentation and investigation

Transient abnormal myelopoiesis may affect the fetus, and is a
cause of hydrops fetalis and intrauterine death. However, the
majority of affected infants are asymptomatic, and TAM is
detected with leucocytosis and circulating blasts on blood counts
and blood films undertaken for other reasons. Some infants also
have hepatosplenomegaly or skin infiltrates. In those most
severely affected there may be ascites, pleural, or pericardial effu-
sions, or liver dysfunction with obstructive jaundice from hepatic
fibrosis, due to tissue infiltration and production of platelet-
derived growth factor. In this group the disease may prove fatal,
but TAM is usually self-limiting, with resolution of clinical and
laboratory features over several months. Around 25% of children
diagnosed with TAM subsequently develop ML-DS between 1
and 4 years of age. Rarely, ML-DS evolves directly from TAM
with no intervening period of normality.



Table 8.10 Results of treatment of acute myeloid leukemia in Down'’s syndrome.

Chapter 8 Acute Myeloid Leukemia and Myelodysplastic Disorders

Study Anthracycline Cytarabine CR rate Resistant Relapse Treatment related Event-free
cumulative dose cumulative dose (%) disease (%) (%) deaths (%) survival (%)
(mg/m?) (g/m?)

BFM 98 220-240 23-29 100 0 6 5 89

NOPHO 93 350 49 95 . " - 83

CCG 2861/2891 standard 350 31.5 95 2 8 9 74

CCG 2861/2891 intensive 350 315 64 4 8 32 52

MRC AML 12 550 9.6 94 0 3 12 85

BFM, Berlin Frankfurt Munster group. NOPHO, Nordic Organisation for Paediatric Haematology Oncology. CCG, Children’s Cancer Study Group. MRC, Medical Research

Council. CR, complete remission.

In children with TAM, haemoglobin and neutrophil numbers
are most often normal, but wide variation in platelet counts is
found, from severe thrombocytopenia to marked thrombocyto-
sis. The white cell count is elevated, on occasion to very high
levels, with blasts on the blood film. The blasts are deeply
basophilic and may demonstrate characteristic cytoplasmic bleb-
bing. Nucleated red cells and fragments of megakaryocyte cyto-
plasm are often present on the blood film. The bone marrow is
hypercellular with an increase in blasts proportionate to the
changes in the blood. Dysplastic changes are common in the
erythroid series and megakaryocytes, which are increased in
number. Immunophenotyping shows the blasts to be myeloid
(CD33, CD34) with expression of megakaryocyte (CD41, CD61),
and often erythroid markers (glycophorin A). Aberrant expres-
sion of CD7, a T lymphoid marker, is commonly found.
Cytochemistry is negative for myeloperoxidase, Sudan black,
chloracetate esterase and periodic acid-Schiff, but diffusely posi-
tive for acid phosphatase and non-specific esterase. Bone marrow
cytogenetics invariably reveals trisomy for chromosome 21, even
in recorded cases of TAM in phenotypically normal infants.
Additional clonal cytogenetic abnormalities occur uncommonly,
but include pentasomy 21, additional chromosomes 12 and 14,
and polyploidy with 57 chromosomes.

Therapy of myeloid leukemia of Down’s syndrome

A remarkable feature of ML-DS is the sensitivity of the leukemia
to therapy, with disease resistance and relapse uncommon [54].
Conversely, DS children suffer high rates of treatment toxicity,
with an increased risk of treatment-related death, primarily due
to mucositis and infection [55]. TAM also shows marked sensi-
tivity to treatment, and short courses of low dose cytarabine have
proved effective in reducing white blood cell count in selected
children. A number of genes have been identified on chromo-
some 21 where gene dosage could influence the effectiveness of
chemotherapy. Most particularly in regard to therapy for AML,
overexpression of cystathionine alpha synthase appears to confer
increased sensitivity to cytarabine in the blasts of children with
ML-DS. Assay of Ara-C triphosphate levels has shown a median

fivefold increase to non-DS blasts. In vitro studies using the MTT
assay indicate a 12-fold increase in sensitivity to cytarabine for
ML-DS blasts compared with non-DS blasts. This study also
demonstrated increased sensitivity to anthracyclines ( two- to
sevenfold), mitoxantrone (ninefold), and etoposide (20-fold) in
ML-DS [56].

Results of studies by several collaborative groups are shown in
Table 8.10. Given the high potential for cure in ML-DS, but the
risk of complications of therapy, the refinement of treatment to
optimize cure rates whilst minimizing toxicity is the major focus
of modern treatment protocols. As studies using reduced doses
of anthracycline have proved very effective and limit mucositis
and infective deaths, contemporary regimens for ML-DS include
reduced doses of anthracycline compared with those for other
children with AML.

Most children with TAM require observation alone, usually as
outpatients, and the blood count normalizes within several
months. Children with complications may benefit from therapy
with low dose cytarabine [57], e.g. 20 mg/m®/day for up to 7 days,
and it is increasingly common to electively start treatment
promptly in children with high white cell counts. Several collabo-
rative groups (BFM group, Children’s Oncology Group) have
recently established clinical and laboratory studies of TAM,
including treatment guidelines, to improve the epidemiology,
understanding and therapy of the disorder.

Strategy for follow-up and important
late effects

Most relapses of AML occur in the first 2-3 years from diagnosis,
with 60% of relapses in the first year. It is customary to review
children every 4—6 weeks in the first year off treatment, gradually
extending the interval between visits as the relapse risk declines.
Molecular monitoring, where it is applicable, will have an impact
on this approach, and children treated for APL now have routine
off treatment bone marrows for detection of RAR-PML tran-
scripts because early detection and salvage therapy is beneficial in
these cases.
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Late effects of AML chemotherapy, unlike those of SCT, are
limited, although there is considerable concern regarding the life-
time risk of cardiac failure due to anthracycline cardiomyopathy.
The best cardioprotection strategy is reduced exposure, and so
dose reduction is a prime issue in contemporary trials. The use
of cardioprotectants remains limited, and the efficacy of lipo-
somal daunorubicin is being studied by the BEM group. There is
risk of otoxicity due to the routine use of aminoglycosides in the
management of febrile neutropenia and this occurs in some chil-
dren despite routine monitoring of serum levels of these drugs.
Otoxicity is especially prevalent in rare children who carry the
A1555G mitochondrial DNA mutation, a cause of familial deaf-
ness which confers exceptional sensitivity to aminoglycoside oto-
toxicity. This mutation should be screened for if there is a history
of familial deafness [58].

Total body irradiation (TBI) used in SCT is associated with
additional complications and younger children are most vulner-
able. Children who have received TBI have growth failure which
is in part due to spinal shortening and partly to hypothalamic-
pituitary failure; this will be exacerbated if there is chronic
GVHD. Delayed puberty and gonadal failure are common and
there is a variable risk of hypothyroidism, cataracts, and learning
problems. The combination of busulfan and cyclophosphamide
has not been subjected to such rigorous long-term follow up
studies as TBI and it may induce sterility, but it is unlikely to have
such a significant effect on skeletal growth and neuropsychologic
development.

Novel therapeutic approaches

Gemtuzamab is a new agent with considerable promise in AML,
both as a single drug, and as part of combination chemotherapy.
The drug comprises a recombinant, humanized anti-CD33
antibody conjugated to the anti-tumor antibiotic calicheamicin,
a DNA damaging agent. CD33 is expressed by myeloid precursors
in bone marrow and over 80% of cases of AML. The drug is
myelotoxic, but in particular is hepatotoxic causing elevation of
bilirubin and transaminases, and veno-occlusive disease of the
liver in a minority of patients. Gemtuzamab shows good activity
in relapsed AML, and has now been incorporated into phase III
studies in de novo disease in adults and children [59].

A variety of molecular changes have been identified that are
associated with prognosis (Table 8.11), and hold promise as a
method of further refining prognosis or offering the prospect of
targeted therapy. Internal tandem duplications of FLT3 are clearly
a poor prognostic factor, particularly where the mutated to wild
type allelic ratio is high, and FLT3 mutations have been shown
as the strongest prognostic factor within cytogenetically normal
AML. There is no clear evidence that treatment intensification
improves prognosis, and inhibition of constitutively activated
FLT3 is now the subject of phase III studies. Mutations of c-kit
are found in up to 40% of patients with CBF leukemia, and spe-
cific tyrosine kinase (TK) inhibitors have activity against specific
c-kit mutations. Accordingly, phase III studies considering TK
inhibition are of interest in these patients [60].
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Table 8.11 Genetic alterations affecting prognosis in patients with acute
myeloid leukemia and normal karyotypes.

Genetic change Effect

Fms-related tyrosine kinase (FLT3)
gene internal tandem
duplications

Mixed lineage leukemia (MLL) gene
partial tandem duplication

Brain and acute leukemia (BAALC)
gene overexpression

v-ets erythroblastosis virus E26
(ERG) oncogene overexpression

Nucleophosmin (NPM1) gene
mutations

CCAAT/enhancer binding protein
(CEBPA) gene mutations

Adverse prognosis, especially when
high FLT3 mutant to wild type
allele ratio

Adverse prognosis

Adverse prognosis

Adverse prognosis

Favourable in absence of FLT3-ITD

Favourable prognosis

Summary and future directions
for management

The prognosis of AML has steadily improved through a combina-
tion of intensive chemotherapy and better supportive care.
Prognostic groups have been identified, largely based on cytoge-
netics and response to therapy. The role of SCT has been restricted.
It is likely further refinement is possible by the incorporation of
molecular markers. However, further improvements to the
control of disease by adjustments in conventional chemotherapy
protocols are likely to be limited. This is especially true for chil-
dren with poor risk disease. Increasingly, strategies will be devel-
oped for subgroups of children; this has already proved necessary
in APL and Down’s syndrome, and new targeted therapies, for
example to FLT3-ITD or the CBF pathway, are needed or are
under evaluation. Treatment strategies for MDS are mainly based
on SCT. Progress in these diseases depends on improved knowl-
edge of underlying biology to identify useful targets and treat-
ment strategies.
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Introduction

Non-Hodgkin’s lymphoma (NHL) represents a group of malig-
nancies that combine features typical of the acute leukemias with
a number of characteristics of solid tumors. As with most solid
tumors, NHL form masses and can often be diagnosed due to
signs and symptoms that such masses may cause. Nevertheless,
they are usually generalized diseases from their very onset and
have patterns of spread that mimic the physiological migration
pattern of lymphoid cells.

NHL are among the pediatric malignancies that have benefited
the most from recent advances in diagnosis, staging and treat-
ment and, whilst once considered fatal diseases, at present they
are among the most curable malignancies of childhood.

Combination chemotherapy introduced in the 1960s for acute
leukemias has been adopted also for NHL. Histological diagnosis
also improved from the pure morphological classification to a
more complex definition of the different entities based on the
identification of T- and B-cell lineage specific markers that gradu-
ally were associated with well defined immunophenotypic and
clinical features. Table 9.1 summarizes landmarks in the manage-
ment of these tumors.

The history of NHL may be considered to begin in the 1950s
in Uganda, when the surgeon Denis Burkitt first described a
disease, still identified by his name, that was originally believed
to be a sarcoma [1]. At the same time it was recognized that a
proportion of childhood lymphomas, defined then as lymphosa-
rcomas, in Europe and in the United States were indistinguish-
able from Burkitt lymphoma as it was described in Africa,
although the characteristic presenting features of a jaw tumor
without bone marrow involvement were less frequent.

In the same period, early reports of limited, single institution
series of children, described a low percentage of survivors with
rather limited and differing treatments [2], indicating though
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that a high percentage of patients suffered a leukemic transforma-
tion of their disease. By the late 1960s, investigators suggested that
chemotherapy combined with radiotherapy could achieve cure in
localized lymphosarcoma patients, thus encouraging further
developments of combination therapy for these diseases [3].
From those early observations, it was accepted that radiation and
multi-agent chemotherapy should be the standard approach to
pediatric NHL. This was, however, accompanied by severe and
irreversible acute and long-term side effects.

It was only with the first randomized trial conducted at St Jude
Hospital, Memphis, that Murphy and Hustu demonstrated that
addition of involved field irradiation to combination chemo-
therapy was of no benefit in advanced stage NHL [4].

In addition to the St Jude efforts in improving the outcome of
pediatric NHL, a combination chemotherapy derived from the
leukemia regimen LSA2-L2 in conjunction with local radiation
therapy on bulky disease was used by Wollner at Memorial Sloan
Kettering Hospital. Results of the leukemia-derived therapy in the
treatment of childhood NHL proved successful and demon-
strated that intensive combination chemotherapy could signifi-
cantly impact the poor prognosis of NHL [5].

More recently, a great deal of clinical knowledge has been
gained that has allowed improvement in the diagnostic and thera-
peutic approach to pediatric NHL. This has been supplemented
by an increase in the biological knowledge in the field of NHL
and has led to the awareness that several distinct clinical, histo-
logical and biological subtypes of NHL exist and that they require
specific management and therapy in order to reach satisfactory
results. It is the consequence of the combined efforts of clinicians,
pathologists, and biologists that NHL, with few exceptions, can
be now considered among the pediatric malignancies with the
best cure rates. A summary of the most significant early achieve-
ments in the field of pediatric NHL is reported in Table 9.1.

Epidemiology

NHL represent approximately 10-15% of all malignancies of
childhood and constitutes the third most frequent group of
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Table 9.1 Historical overview of early significant achievements in the field of pediatric non-Hodgkin's lymphoma (NHL).

Author/Group Period Findings Reference

Denis Burkitt, Uganda 1958 First description of lymphoma (defined as a sarcoma of the jaw) 1]

Memorial Hospital, New York 1958 Report of a series of 69 children with lymphosarcoma; 17% 2]
survivors with surgery, radiotherapy and single agent
chemotherapy

St Jude Children Hospital, Memphis 1971 Effectiveness of multi-agent chemotherapy and radiotherapy 3]

St Jude Children Hospital, Memphis 1975-78 First randomized clinical trial: no benefit of radiotherapy in addition [4]
to combination chemotherapy in advanced stage NHL

Memorial Hospital, New York 1976 Effectiveness of multi-agent chemotherapy used for acute [5]
lymphoblastic leukemia (LSA2-L2 regimen) in advanced stage NHL

Children’s Cancer Study Group, USA 1977-79 Importance of stage and of histological subtype for treatment [7]
outcome; demonstration of differential efficacy of different
chemotherapy regimen on lymphoblastic NHL

Pediatric Oncology Group, USA 1976-79 Efficacy of the leukaemia-like regimen LSA2-L2 in lymphoblastic (8]
lymphoma

Berlin-Frankfurt-Munster (BFM) Group, Germany 1975-81 Confirmed the prognostic relevance of stage, histology and 9]
immunophentotype in pediatric NHL

Societé Francaise de Oncologie Pediatrique (SFOP), 1986 Efficacy of high-dose methotrexate and cytosine-arabinoside in B-cell [10]

France NHL and B-cell acute leukemia
Berlin-Frankfurt-Munster (BFM) Group, Germany 1983-90 Optimization of outcome using stratification of therapy by biological [11]

subtype and stage

cancers in Europe and USA, after leukemias and central nervous
system tumors. According to the National Cancer Institute
(NCI) Surveillance, Epidemiology and End Results program
(SEER), the annual incidence rate of NHL in the age group 0-19
years was 1.1 per 100000 in the period 1999-2003 [6]. In the
recent epidemiological reports for Western Countries, NHL con-
stituted approximately 7% of all cancers in individuals below 20
years of age. Unlike Hodgkin’s lymphoma that has a bimodal
age distribution, NHL show a steady increase with age, although
specific NHL categories have significant differences in age-
distribution. Males are affected almost twice as frequently as
females.

There is evidence that NHL incidence in childhood has
increased during the last decades. During the period 1988-1997,
the overall incidence of NHL was 9.4 per million in children
under the age of 15 years with an increase in incidence rate of
0.9% per year on average. In adolescents aged 15-19 years, the
age-specific incidence rate was 15.9 per million, increasing annu-
ally by 1.7% [12]. This increase in NHL prevalence was also
observed in the USA.

It should also be considered that the incidence and relative
frequency of NHL varies by geographic regions: within Europe,
the South has the highest incidence rates for the individual diag-
nostic subgroups. The incidence of NHL is significantly higher in
adults compared with children and this may reflect, at least in
part, the different cellular composition of the immune system at
different ages and, possibly, the different exposure to lymphom-
agenic stimuli, as environmental agents, that have been impli-
cated in NHL pathogenesis.
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In addition to the marked difference in incidence from region
to region of the world, the relative frequency of the different types
of NHL also varies greatly. In equatorial Africa, around 50% of
all childhood cancers are NHL, and this is mostly the conse-
quence of the high incidence of Burkitt lymphoma and the low
incidence of acute leukemias, based on available information. In
Europe and the USA 50-60% of NHL are mature B-cell NHL
(Burkitt, Burkitt-like, large B-cell lymhomas), 30% are lymphob-
lastic lymphomas, 10—15% are anaplastic large cell NHL and less
that 5% other rare histological subtypes.

It is especially important to distinguish the epidemiology of
endemic (African) and sporadic Burkitt lymphoma. The inci-
dence of Burkitt lymphoma in equatorial Africa is far higher than
in Europe and USA, with an intermediate incidence in other
regions of the world, from which, however, we lack reliable epi-
demiological data. African Burkitt lymphoma has distinct clinical
features compared with the sporadic form (Table 9.2), and they
include site of presentation, association with Epstein Barr virus
(EBV) infection and characteristics of the chromosomal translo-
cations involving the MYC oncogene. EBV genomes are found in
more than 90% of the tumors in Africa, but only in 10-20% in
sporadic Burkitt lymphoma. Also, a striking difference is that the
vast majority of children have been EBV infected before the age
of 3 years in Africa, whereas in the USA and Europe most indi-
viduals experience primary EBV infection during adolescence.
Although the role of EBV is not fully understood yet, the expres-
sion of the EBV protein EBNA-1, that has some tumorigenic
activity, is believed to play a role in the transformation process
leading a normal B-lymphocyte to become a malignant cell in



young individuals. This may have some relationships with the
proliferation potential of lymphocytes in young children but is
likely helped by the concomitance of other infections affecting
individuals in the same region, such as malaria, that causes
immunosuppression and has the same geographic distribution as
Burkitt lymphoma in Africa.
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* B-cell NHL

+ Lymphoblastic lymphomas

+ Anaplastic large cell lyphoma

+ Other subtypes, including peripheral T-cell lymphomas, fol-
licular lymphomas and other rare entities that in total represent
less than 3—5% of the cases.

Classification

NHL differ significantly in children compared with adults. In
children, NHL are typically high grade, clinically aggressive,
tumors whereas in adults the majority of NHL are low-grade
lymphomas [4, 13, 14]. Contrary to adult lymphomas, NHL in
childhood are diffuse cancers and follicular/nodular lymphomas
are rare.

Immunophenotypically pediatric NHL are of T-cell phenotype
in approximately 40% of the cases, whereas in adults T-cell NHL
make up less than 10% of NHL.

A number of different classifications exist for NHL as they have
developed based initially on morphology and cytochemical stain-
ing. They have evolved to classification systems incorporating
immunophenotypic and molecular characteristics, thus giving
more objective diagnostic elements to the pathologist. The most
recent and used classification systems are the REAL [15] and the
WHO (World Health Organization) [16] classification systems.
However, in children there are four major categories of NHL,
whose features are summarized in Table 9.3:

Table 9.2 Characteristics of sporadic and endemic Burkitt lymphoma in children.

Sporadic Endemic

Average annual
incidence
Sites involved

0.4 per 100000 10 per 100000

Jaw, abdomen, orbit,
central nervous
system, paraspinal

Association with Epstein 15% 95%
Barr virus

MYC breakpoint in the
1(8;14) chromosomal
translocation

Abdomen, bone marrow,
Waldeyer's ring

Within MYC gene Upstream of the

MYC gene

Clinical presentation

Children with NHL usually present with clinical features that
depend on histological subtype, localization, and stage of disease
[17,18].In contrast to older patients who most often present with
lymph node disease, children commonly have extranodal disease
involving the abdomen (35-45% of cases), mediastinum (25—
30%), or head and neck (25-30%) (Figure 9.1).

There is a close relationship between primary site of disease at
presentation and Burkitt and lymphoblastic histologic subtypes.
With very few exceptions, patients with Burkitt lymphoma present
with primary involvement of the abdomen or head and neck
region but not with mediastinum involvement, whereas children
with lymphoblastic lymphoma usually have a mediastinal or head
and neck presentation, but very rarely abdominal primary.

Often multiple sites are involved and dissemination to bone
marrow (BM) and central nervous system (CNS) are not infre-
quent at diagnosis. This is a consequence of the characteristics of
pediatric NHL as rapidly growing tumors, with a high cellular
growth fraction, short doubling times ranging from 12 hours to
a few days [19], and with a high predisposition to dissemination
to distant sites via the blood stream.

Abdominal primary

In Europe and the USA, children with Burkitt and Burkitt-like
lymphoma present with an abdominal mass in about 80% of the
cases [20]. Although at physical examination the main finding is
a palpable mass, often of large size, there are two types of abdomi-
nal primary.

+ The first is a diffuse abdominal involvement of the mesentery
and omentum with frequent involvement of the kidney, liver, and
spleen and possible dissemination to the bone marrow and CNS.
Patients often complain of abdominal pain or swelling, changes
in bowel habits, nausea and vomiting with gastrointestinal bleed-
ing and/or perforation possible, although infrequent before start-
ing treatment.

Table 9.3 Summary of World Health Organization categories, immunophenotype and major clinical features of childhood non-Hodgkin's lymphoma (NHL).

Histologic subtype Immunophenotype

Cytogenetics Primary site

Burkitt/Burkitt-like lymphoma, large B-cell
B-cell lymphoma
Lymphoblastic lymphoma

Anaplastic large cell lymphoma T-cell or null

Precursor T-cell (80%), precursor B-cell (20%)

1(8;14), 1(2;8), 1(8;22) Abdomen, head and neck

Many abnormalities Medistinum, lymph-nodes
t(2;5) Lymph-nodes, skin, mediastinum

m
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Parotid 3 (0.9%)

Rhynopharynx 18 (5.6%)

Mediastinum 32 (10%)

Lymph nodes 37 (11%)

Skin 2 (0.6%)

(a) B-cell LNH: total 323

Maxillary sinus 1 (0.9%)

Parotid 4 (3.7%)

Rhynopharynx 2 (1.8%)

Mediastinum 72 (66.7 %)

Abdomen 3 (2.8%) ! U—
Lymph nodes 19 (17.6%) j

Skin 4 (3.7%)

Bone 3 (2.8%)

(b) Lymphoblastic lymphoma: total 108

+ The second type includes tumors localized to the bowel wall,
most frequently involving the terminal ileum, believed to arise in
Peyer’s patches. This is a rarer presentation than the rapidly
growing and diffuse abdominal form, and can be mistaken some-
times for acute appendicitis. A palpable right iliac fossa mass is
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Bone 6 (8.2%)

ALCL: total 73

Maxillary sinus 5 (1.5%)
Waldeyer ring 44 (13.6%)

Abdomen 160 (50%)

Testis/ovaries 1 (0.3%)

Bone 21 (6.5%)

Soft tissues 3 (4.1%)
Mediastinum 36 (49.3%)

\> L Abdomen 3 (4.1%)
|

Lymph nodes 12 (16.4%)

Skin/subcutis 13 (17.7%)

Figure 9.1 Primary sites of disease in children
affected by non-Hodgkin's lymphoma (NHL).
Numbers indicate the prevalence (and percentage)
of primary sites of patients enrolled in the Italian
Association of Pediatric Hematology and Oncology
protocols for NHL during the period 1998-2006.
(a), B-cell NHL. (b), Lymphoblastic lymphomas (left)
and anaplastic large cell lymphoma (ALCL) (right).

frequently appreciated and intussusception can be the first sign
of presentation of an ileum—cecal Burkitt lymphoma. Indeed, this
is the most frequent cause of intestinal intussusception in chil-
dren aged 5-10 years and may allow early diagnosis and therefore
limit the subsequent treatment extent.



In both instances ascites and pleural effusion may occur and a
number of other sites may be involved. Only occasionally do
children present with jaw involvement, whereas in African Burkitt
lymphoma, this localization accounts for up to 60% of primary
site of disease, particularly in young children [21].

Mediastinal primary

Children with precursor T-cell lymphoblastic lymphoma usually
have a mediastinal mass (50-70%) often with pleural effusion
[14, 18] (Figure 9.2). Symptoms may include persistent slight
cough, but more often severe respiratory distress resulting from
airway compression or swelling of the neck, face, and upper limbs
due to superior vena cava obstruction. Lymphadenopathy is
usually supradiaphragmatic, involving neck, supraclavicular
regions, and axillae. Abdominal nodes are rarely involved, with
the exception of precursor B-cell lymphoblastic lymphoma that
only occasionally can localize to the mediastinum. Hepato-
splenomegaly is not uncommon and bone marrow and CNS

Figure 9.2 Typical clinical aspect of a T-cell
lymphoblastic lymphoma at diagnosis. A 13-year-old
boy underwent X-ray of the chest for cough and
shortness of breath. The X-ray demonstrated an
abnormally enlarged mediastinum. A subsequent CT
scan of the chest confirmed the presence of a large
mass of 13 x 12 x 9cm in the anterior
mediastinum.
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involvement may occur. Lung involvement is very rare, except in
the case of anaplastic large cell lymphoma (ALCL). Mediastinal
localization represents a life-threatening condition if general
anesthesia is to be performed for diagnostic purposes.

Localized disease

Localized NHL is not frequent in childhood. However, lymph-
node swelling can be the only sign of presentation of a NHL, thus
posing the need for differential diagnosis with other lymphaden-
opathies (Figure 9.3). Although enlarged lymph nodes can occur
anywhere, most commonly they arise in the head and neck,
sometimes concomitantly with Waldeyer’s ring involvement.
Pharyngeal masses are usually of B-cell origin. ALCL is the most
frequent NHL that presents with isolated lymph-node involve-
ment, particularly in the inguinal region. Other sites of NHL
primaries include bone, skin, orbit, and kidney (mimicking
Wilms’ tumor). Testis can also be involved, usually by lymphob-
lastic lymphoma.

Lymphadenopathy

|

History + physical examination

|

Figure 9.3 Initial management of a No
lymphadenopathy. An accurate clinical history must

Significant signs or symptoms?
Including fever, weight loss,
hepatospenomegaly, etc.

> Observe + antibiotics

No

be collected in any individual with enlarged lymph
nodes in order to evaluate the likelihood of an

2-3 weeks

Y

. - . But ...
infectious lymph nodé enlargeme.nt. In ca.se no signs supraclavear Node(s) resolving
or symptoms suggestive of a malignant disease are -
) popliteal Yes
present, a wait-and-see approach can be adopted epitroclear
with/without antibiotic treatment. In case the lymph No Yes
nodes are in suspect areas (supraclavear, popliteal,
etc.) or if lymphadenopathy persists after 2—3 Y
weeks, further investigation, including biopsy, must > Investigate Observe
be undertaken.
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NHL localized to the bone can present as single lesion (requir-
ing a differential diagnosis with other malignancies, particularly
Ewing sarcoma/primitive neuroectodermal tumor (PNET)) or
with multiple lesions, often painful, sometimes associated with
hypercalcemia. Skin involvement may be found in T-cell lym-
phoblastic lymphoma, but is more common in ALCL, where it
can be the only site of disease.

Bone marrow and central nervous system involvement
The BM is frequently involved in pediatric NHL and the preva-
lence of BM dissemination varies based on the sensitivity of the
diagnostic approach used (morphology, molecular genetics, etc.).
When more than 25% of cells in the BM are tumor cells, conven-
tionally the disease is diagnosed as an acute leukemia. Depending
on the infiltration degree, BM involvement may cause abnormali-
ties of the peripheral blood cell counts in the same manner as a
leukemic presentation.

Isolated CNS lymphoma is uncommon and can be found in
immunodeficient children. More commonly the CNS is involved
as part of the presentation of pediatric NHL, often in patients
with BM dissemination of lymphoblastic or Burkitt lymphoma.
Headache, vomiting, papilledema and cranial nerve palsy are the
commonest signs of this disease localization.

Investigation and staging

Although the suspicion of NHL arises from clinical features that
often relate to disease localization, diagnosis relies mostly on
histology and immunohistochemistry. Immunophenotyping and
molecular diagnostics have recently acquired a more relevant role
in the diagnostic work-up.

Diagnosis should be made where possible on histological
examination of an excised tumor mass that allows a complete
histological, immunophenotypic and molecular characterization
of the disease [13]. In patients presenting in extremis, such as
with a large mediastinal mass, such an approach requiring general
anesthesia may be contraindicated for patient safety. In this
situation emergency control of the patient’s symptoms takes pri-
ority and cytology may be helpful, for example of an aspirated
pleural effusion. Every attempt should be made to obtain ade-
quate tumor material once the patient’s clinical condition has
been stabilized.

Histology and immunophenotype

Morphology represents the keystone for the diagnosis of NHL,
but immunohistochemical and flow-cytometric studies of tumor
cells are required to achieve the exact diagnosis that is required
before the institution of therapy. Specific features are associated
with the major NHL subtypes.

Burkitt and large B-cell lymphoma

+ Burkitt lymphoma cells have a high nuclear/cytoplasmic ratio,
with multiple discernible nucleoli. Cytoplasm is scant and
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basophilic, due to the high RNA content and vacuoles are often
present giving the typical L3 morphology (FAB classification)
[22]. In the context of a tumor biopsy the characteristic, though
not pathognomonic, pattern of ‘starry sky’ appearance is found
as a result of the presence of macrophages interspersed among
the tumor cells (Plate 9.1). While Burkitt lymphoma is composed
of cells with rather regular shape and size, the Burkitt-like lym-
phoma is more pleomorphic, sometimes indistinguishable from
large B-cell NHL.

+ Nevertheless the diagnosis of Burkitt and Burkitt-like lym-
phoma can be made only when a very high proliferation rate, as
evidenced by a high Ki-67 or MIB-1 positivity (>90%) is observed
[23]. Burkitt lymphoma express surface immunoglobulin (SIg),
being IgM, in more than 90% of the cases, associated with either
kappa or lambda light chains. Other B-cell antigens are expressed,
including CD19, CD20, CD22, CD79a and often CD10 [15, 23].
Terminal deoxynucleotidyl transferase (TdT) is negative. Large
B-cell lymphoma express similar phenotype as Burkitt lym-
phoma, but CD10 may be negative and up to one-third of the
cases are negative for Slg. SIg are generally absent from large
B-cell lymphoma of the mediastinum that originates from a
thymic B-cell.

Lymphoblastic lymphoma

+ This entity is morphologically indistinguishable from acute
lymphoblastic leukemia. Cells are usually of uniform appearance
with a high nuclear—cytoplasm ratio and finely dispersed chro-
matin with small or inconspicuous nucleoli. Nuclei may show
some indentations thus conferring a convoluted aspect [24].

+ The most distinctive immunophenotypic feature of lymphob-
lastic lymphoma is the expression of TdT [25], an enzyme that
participates in the generation of receptor diversity both in T- and
B-cells during the process of T- or B-cell receptor gene rearrange-
ments [26]. Only about 5% of cases are TdT negative [27]. Most
tumors also express CD99/MIC2. Most lymphoblastic lympho-
mas originate from T-cell precursors and express T-cell markers
corresponding to the stages of T-cell intra-thymic differentiation
[28]: in different combination they include CD7, CD2, CD5,
CD1, CD3, CD4 and CDS8, as in T-cell acute leukemia [29, 30].
Approximately 10-15% of cases are of B lineage express precursor
B-cell markers, including CD19, HLA-DR with CD10 but not
SIg [31].

Anaplastic large cell lymphoma

+ A relevant histological feature of this type of cancer is the pro-
pensity of the tumor cells to invade the lymph-node sinuses and
the frequent partial involvement of the lymph node which is
independent of the various morphological ALCL variants [32]
(Plate 9.1). Specific difficulties may arise in the differentiation of
ALCL from Hodgkin lymphoma, soft tissue sarcomas, lympho-
matoid papulosis and reactive conditions affecting lymph nodes.
Because marked hemohagocytosis can be present in the BM of
ALCL patients, hemophagocytic syndromes should also be ruled
out. Cells with abundant cytoplasm and horseshoe- or kidney-



Table 9.4 Immunophenotypic markers in use for anaplastic large cell
lymphoma diagnosis. This table summarizes the antigens that should be studied
by immunohistochemistry both as the minimal required panel (mandatory) or an
extended panel of antibodies (mandatory plus optional antibodies) for the
diagnosis of anaplastic large cell lymphoma (ALCL). Together with morphological
features they allow the diagnosis of ALCL and the differentiation between ALCL
and Hodgkin's lymphoma.

Mandatory antibodies Optional antibodies

B-cell (CD79a, CD20) T-cell (CD2, CD4, CD5, CD7, CDY)

T-cell (CD3, CD43) Mib1 or Ki-67

D30 perforin, TIA1, granzyme
ALK-1 Clusterin

EMA BNH-9

CD15
LMP-1 and/or EBER

shaped nuclei, the so called hallmark cells, are frequently found
in biopsies.

+ Among the mandatory antibodies to be used in the histological
diagnosis of ALCL are those recognizing CD30, EMA, CD15, T-
and B-cell specific antigens and, most importantly, the Alk
portion of the fusion protein originating from the reciprocal
chromosomal translocation characteristic of ALCLs. Antibodies
against NK cells, such as anti CD56, and those recognizing pro-
teins associated with cytotoxic granules (perforin, granzyme) are
useful (Table 9.4). A special group of CD30 positive lymphopro-
liferative lesions belonging to the ALCL are those localized to the
skin. They include lymphomatoid papulosis that is characterized
by a wax and wane behaviour, although it may precede a systemic
ALCL. Both isolated cutaneous ALCL and lymphomatoid papu-
losis are usually Alk negative and this characteristic, along with
morphology, is the basis for a correct diagnosis [33].

Cytogenetic and molecular features

Remarkable progress has been achieved in the last decade in the
field of pediatric NHL biology. This is particularly relevant as it
is hoped that through the understanding of the tumor biology we
can identify new tumor markers, novel risk factors and ultimately
devise new and more effective therapy approaches. Below is a
summary of the most relevant findings in each of the three major
NHL categories.

Burkitt and large B-cell lymphomas

Burkitt lymphoma (BL) often possess characteristic chromo-
somal translocations involving the MYC oncogene locus on chro-
mosome 8q24 [34]. The most common translocation, t(8;14)
(q24;q32), which involves the IgH gene locus, occurs in 80% of
cases [35]. The consequence of MYC rearrangements in BL is
deregulation of cMYC expression by juxtaposition to heterolo-
gous enhancers and by introduction of somatic point mutations
in its 5’ regulatory sequences as well as in exon 2. Because MYC
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is a transcription factor that promotes cell cycle progression and
cell transformation it is believed to be involved in tumorigenesis
[36]. The most common translocation, t(8;14)(q24;q32), can be
investigated by a long-distance polymerase chain reaction (LD-
PCR) assay at the genomic level with a sensitivity of 107%. By this
approach it is possible to analyze minimal BM infiltration at
diagnosis and its response to chemotherapy [37].

Differently from BL, there are no specific or recurrent cytoge-
netic abnormalities associated with diffuse large B-cell lymphoma
(DLBCL) in children and adolescents. Pasqualucci et al. [38] have
suggested that the majority of BL and DLBCL are derived from
lymph node germinal center (GC) regions where rapidly prolif-
erating B-cell blasts (centroblasts) differentiate into centrocytes
following hypermutation of the immunoglobulin variable region
genes and transform into malignant BL and/or DLBCL by either
activation of proto-oncogenes, disruption of tumor suppressor
genes, and/or somatic hypermutation of proto-oncogenes.

BCL-6, located on chromosome 3q27, is a transcriptional
repressor gene normally expressed within the GC of mature B
cells. It has been proposed that repressor activity of BCL-6 is lost
in DLBCL due to point mutations, thus contributing to lympho-
magenesis in DLBCL [38]. Lossos et al. additionally demonstrated
that low expression of BCL-6 mRNA in adult patients with
DLBCL was associated with a poor prognosis [39]. It remains to
be determined if similar genetic alterations are responsible for the
pathogenesis of childhood DLBCL.

Lymphoblastic lymphoma

The vast majority of lymphoblastic lymphomas arise from imma-
ture T-cells corresponding to well-defined stages of thymocyte
differentiation [40]. Fewer than 10% are of B-precursor cell
origin.

Most immature B- and T-lymphoid cells express terminal
deoxytidyl transferase (TdT), which can be detected by flow cyto-
metric, immunohistochemical, or cytochemical methods and is
an important marker of the disease. As a part of developing
antigen recognition capabilities, T- and B-lymphocytes rearrange
aseries of V (variable), D (diversity), J (joining), and C (constant)
genetic regions to produce unique antigen receptors. The antigen
binding domains of T-cell receptors (TCR) and immunoglobu-
lins (Ig) are unique and serve as clonal markers. Thus T- and
B-cell receptor gene rearrangements can also help to distinguish
the two subtypes. As a general rule, Ig gene rearrangements are
observed in B-lineage lymphomas whereas TCR gene rearrange-
ments are in T-cell disease. The recombinational events that lead
to the diversity in antigen recognition may also leave TCR and Ig
genes prone to recombination with oncogenes through chromo-
somal translocations. In contrast to other subtypes of NHL in
which one or a few chromosomal rearrangements alter the func-
tion of a single gene locus (e.g. c-myc in BL and anaplastic lym-
phoma kinase (ALK) in ALCL), a number of translocations
altering various proto-oncogenes (TAL1, TAL2, LMO1, LMO2,
HOX11, HOX11L2, LYL1, c-myc, NOTCHI1, LCK, FGFRI1)
occur in T-LL. A recent study demonstrated that pediatric
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lymphoblastic lymphoma had a high frequency of chromosome
abnormalities, and these were most often structural, but also
included numerical abnormalities [41].The variety of chromo-
somal abnormalities may contribute to different prognostic cat-
egories. Cytogenetic and molecular abnormalities in B-lineage
disease are less well characterized. Classical chromosomal trans-
locations which occur in B-precursor ALL, such as hyperdiploidy,
t(12;21), t(1;19), and t(9;22) appear to occur less frequently in
B-precursor lymphoblastic lymphoma. As expected, it usually
shows monoclonal Ig gene rearrangements, but lacks evidence of
somatic hypermutation [42].

Anaplastic large cell lymphoma

Systemic ALCLs are subdivided into two clinically significant sub-
types based on expression of ALK, a tyrosine kinase that impacts
many cellular responses including proliferation, growth, apopto-
sis, and cell transcription of specific genes(14]. About 90-95% of
pediatric ALCLs express ALK protein [43]. ALK is a novel recep-
tor tyrosine kinase of the insulin receptor subfamily with homol-
ogy to leukocyte tyrosine kinase. Its expression is highly
tissue-specific and is normally restricted to cells of the nervous
system where it is thought to play a role in neuronal development.
ALK over-expression is linked to tumorigenesis in ALK-positive
ALCL, as well as other tumors including inflammatory myofi-
broblastic tumors and some carcinomas [44]. In about 80% of
tumors, ALK over-expression arises due to a t(2;5)(p23;q35)
translocation that juxtaposes the ALK gene on chromosome 2p23
to the nucleophosmin (NPM) gene on 5¢35. This fusion gene
encodes a chimeric, constitutively activated tyrosine kinase,
NPM-ALK, consisting of the N-terminal portion of the NPM
fused to the catalytic domain of ALK.

The NPM-ALK fusion protein is detectable in more than 90%
of cases by immunohistochemistry, and its transcript can be iden-
tified by reverse transcriptase polymerase chain reaction (RT-
PCR), a highly sensitive and specific method for identification of
ALK-rearrangements at RNA level.

Imaging
Although the diagnosis of NHL is based on histology, imaging
studies are clearly involved in the investigation of a suspected
NHL and in the subsequent staging of confirmed disease. An
isolated anterior mediastinal mass would usually indicate, for
example, a T-cell lymphoblastic lymphoma although only histo-
logical examination would exclude a large B-cell lymphoma of
the mediastinum or even mediastinal ALCL. Conversely, a large
abdominal mass would suggest a B-cell NHL and where the
abdominal mass involves the bowel, the diagnosis of a Burkitt/
Burkitt-like lymphoma is very likely. These assumptions should
be considered with great caution but they form part of decision
making and the formation of diagnostic hypothesis.
Independent of the NHL subtype, imaging procedures are
similar for all patients with NHL.
+ Chest X-ray is performed in any child and can detect a medi-
astinal mass or a pleural effusion.
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+ CT scan of the neck, thorax, and abdomen should also be per-
formed. CT is the imaging approach of choice to study the medi-
astinum (and to define the volume of a mediastinal mass) and
the lungs.

+ The abdomen can be studied by ultrasonography, which is a
fast and inexpensive approach to define liver, spleen, and kidney
involvement. It may be less sensitive to define lymph-node
involvement, mainly retroperitoneally. In our experience,
however, it can complement CT scan findings: specific sites of
disease can be more amenable to be studied by ultrasound and
often it represents the method of choice for multiple consecutive
evaluations of tumor response.

+ A rather peculiar site of disease localization is the bone. Total
skeletal scintigraphy with Tecnetium-99 is the approach used to
assess possible bone localizations of NHL. Although it has been
used systematically in the past, its current role in staging is less
clear as accompanying bone localization apparently does not
impact significantly on outcome of NHL [45]. Because scintigra-
phy may be positive in case of bone remodelling independently
of any tumor involvement (i.e. post-traumatic bone lesions), all
suspected lesions identified by this means should in any case be
further studied by X-ray or MRI. In current clinical practice total
skeletal or single bone imaging is considered mandatory only
when there are symptoms of bone involvement such as pain.

+ Brain MRI or CT scan is also indicated at diagnosis to exclude
a CNS tumor. In case of symptoms or signs suggestive of CNS
localization, which is a rare condition, MRI is the method of
choice.

+ Positron emission tomography (PET) is increasingly available
for the investigation and follow up of lymphomas. PET is based
on the uptake of 18-fluorodeoxyglucose (FDG) which is higher
in malignant compared with normal cells. Indeed, incorporation
of FDG is a characteristic of all actively proliferating cells, includ-
ing inflammatory cells, and so caution must be exercised in the
interpretation of positive PET findings. Abundant data are avail-
able in the literature for adult Hodgkin and non-Hodgkin lym-
phomas, whereas little experience is available in pediatric
oncology [46]. PET has been evaluated in pre-treatment staging,
monitoring during therapy and post-therapy surveillance in
adults where it appears to be more sensitive than CT scan. The
role of PET in pediatric lymphoma requires evaluation in large
prospective trials although it is clearly a promising technique [47,
48]. In general, PET should be considered at present a useful tool
for staging and response evaluation, but in the absence of a
biopsy-proven result it is unwise to modify stage or therapy based
on PET scans alone.

Staging

Staging classifications provide a means of describing the extent
of disease and estimating prognosis. In NHL there is not infre-
quently widely disseminated disease at diagnosis. Staging reflects
both the tumor volume as well as the degree of spread of disease.
For this same reason, defining the ‘primary site of disease’ is dif-
ficult, except for the rare single site NHL, and consequently NHL



Table 9.5 St Jude staging system for pediatric non-Hodgkin's lymphoma.
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Table 9.6 Staging studies for non-Hodgkin's lymphoma.

Stage Criteria for extent of disease

| A single tumor (extranodal) or single anatomic area (nodal) with
the exclusion of mediastinum or abdomen
Il A single tumor (extranodal) with regional node involvement
Two or more nodal areas on the same side of the diaphragm
Two single (extranodal) tumors with or without regional node
involvement on the same side of the diaphragm
A primary gastointestinal tumor usually in the ileocaeacal area
with or without involvement of associated mesenteric nodes
only, grossly completely resected
Il Two single tumors (extranodal) on opposite sides of the diaphragm
Two or more nodal areas above and below the diaphragm
All primary intra-thoracic tumors (mediastinal, pleural, thymic)
All extensive primary intra-abdominal disease
All paraspinal or epidural tumors regardless of other tumor site(s)
v Any of the above with initial central nervous system and/or bone
marrow involvement

are mostly divided into ‘localized’ versus ‘extensive’ disease to
indicate the tumor burden.

Among localized diseases, stage I and stage II identify a single
or multiple site NHL, respectively. Staging classifications for NHL
have been influenced by staging systems used for Hodgkin lym-
phoma (Ann Arbor) [49], but this disease has a different pattern
of initial localization from NHL and spread to extra-nodal locali-
zation has a prognostic impact. NHL in children as well as in
adults are mostly extranodal and thus the considerations on
which Hodgkin disease staging is based do not apply.

The stage of the disease in children with NHL is usually deter-
mined according to the St Jude staging system modified by
Murphy [50] (Table 9.5) and relies on selected clinical, laboratory
and imaging investigations aimed to determine disease burden
and localization (Table 9.6).

In this staging classification, stage III (which accounts for 50—
60% of all pediatric NHL) includes patients with primary
intrathoracic (most often associated with lymphoblastic lym-
phoma, less frequently with primary mediastinal B-cell lym-
phoma (PBML) or extensive intra-abdominal tumor (most often
a B-cell NHL) disease on both sides of the diaphragm, and par-
aspinal/epidural tumors. Definition of ‘extensive’ has changed
with time as imaging techniques have evolved: this and other
aspects may have to be taken into consideration for a possible
update of the staging system.

Another condition that may be worth underlining, as pointed
out by Murphy, is the artificial subdivision between stage IV
disease due to less than 25% blast infiltration of the bone marrow
and acute lymphoblastic leukemia (above 25%).

With time, additional specifications have been adopted to
better define groups of patients with similar or different progno-
sis, based on additional parameters compared with those already
included in the St Jude classification. Thus, the German Berlin-

Physical examination

Blood cell count

Clinical chemistry Serum electrolytes; renal and liver tests;
serum lactate dehyogrogenase,
serum uric acid

Chest X-ray; chest CT if X-ray
suspiciously abnormal or abnormal;
abdominal ultrasound examination;
abdominal CT scan; FDP-glucose PET;
MRI (CT) of the brain

Imaging studies

Bone marrow aspirate, bilateral
(+bone marrow biopsies)
Cerebrospinal fluid examination

(cytology)
Bone scan

FDP, fluoro-deoxy-glucose. PET, positron emission tomography.

Frankfurt-Munster (BFM) group defined as stage IV those chil-
dren with multifocal bone disease and subdivided stage III B-cell
lymphoma in two different groups: stage III with serum (lactate
dehydrogenase) LDH between 5000 and 1000 IU/1 and those with
LDH above 10001U/ml [51]. In the French—American—British
protocols, B-cell lymphomas are also subdivided based on stage
and resectability, but serum LDH levels are not taken into account
for the risk group definition [52].

Similarly, most protocols subdivide patients with lymphoblas-
tic lymphoma based on disease extent and children with ALCL
based on specific sites of disease that impact prognosis [53, 54)
(Tables 9.7 and 9.8).

Within the pediatric NHLs ‘stage’ and ‘risk group’ refer to dif-
ferent categories: stage is more related to localization, distribu-
tion, and burden of the disease, whereas risk group is more
related to treatment and is relevant for choosing the most appro-
priate therapy arm.

Treatment

Historical perspective

The modern era in the field of pediatric NHL therapy might be
considered to have started in the early 1980s. From that time,
with the advent of treatment protocols conducted by cooperative
groups in the USA and in Europe, major advancements in remis-
sion and survival rates were made. There was increasing correla-
tion of clinical and biological information that enabled physicians
to adopt specific therapies for given subgroups of NHL.

In the late 1970s Wollner and co-workers had demonstrated
that combination chemotherapy derived from the leukemia pro-
tocol LSA2-12, in conjunction with irradiation of bulky disease,
could achieve the cure of poor prognosis NHL [5]. The first
randomized trial conducted by Murphy at St Jude Research
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Table 9.7 Definition of therapy groups for B-cell non-Hodgkin's lymphoma.

BFM protocols*

Risk group 1 Stage | and Il completely resected
Risk group 2 Stage | and Il, not resected;
Stage Ill and LDH < 500 U/I
Risk group 3 Stage Il and LDH 500-999 U/I;
Stage IV or B-cell leukemia and LDH < 1000 U/,
CNS negative
Risk group 4 Stage Ill and LDH > 1000 U/;

Stage IV or B-cell leukemia and LDH > 1000 U/I;
CNS positive

FAB protocols’

Group A Complete surgical resection stage | or
abdominal stage I

Group B Al patients not eligible for group A or C

Group C Any CNS involvement or bone marrow

involvement > 25%

*BFM, Berlin-Frankfurt-Munster protocols 95. 1 French-American-British
protocols 96. LDH, lactate dehydrogenase. CNS, central nervous system.

Table 9.8 Current definition of therapy groups for lymphoblastic lymphoma
and anaplastic large cell lymphoma within the European Intergroup for
Childhood Non-Hodgkin's Lymphoma.

Lymphoblastic lymphoma
Localized disease
Advanced stage disease

Stage I and Il

Stage IlI;

Stage IV with bone marrow blasts <25%
and CNS negative

Stage IV and CNS positivity

ALCL

Isolated skin lesions

Low risk Stage | completely resected

Standard risk No skin, mediastinal liver, spleen or lung
involvement

High risk Biopsy proven skin lesions (except isolated
lesions or lesions overlying an involved
node);

Mediastinal, liver, spleen or lung
involvement;

CNS involvement

CNS, Central nervous system.

Hospital demonstrated that treatment results in advanced stage
NHL were not improved by the addition of radiotherapy to sys-
temic chemotherapy [4]. In the early 1980s a randomized trial
conducted by the Children’s Cancer Study Group compared the
10-drug based LSA2-L2 regimen with COMP (cyclophospha-
mide-vincristine-methotrexate-prednisone) regimen and dem-
onstrated that, although both treatments were effective in curing
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most children with localized NHL, LSA2-L2 was significantly
more effective than COMP in high-stage lymphoblastic lym-
phoma whereas the latter was more active in non-lymphoblastic
lymphoma [7]. Concomitantly, the Pediatric Oncology Group
confirmed the effectiveness of LSA2-L2 in children affected by
NHL, excluding Burkitt lymphoma [8]. These trials not only
demonstrated the efficacy of combination chemotherapy in the
management of childhood NHL, but indicated that outcome
greatly depends on the histological subtype.

In the same period in Europe, the French Society of Pediatric
Oncology (SFOP) and the BFM groups designed the first trial for
the diagnosis and treatment of NHL, and was conducted recently
with very successful results. The BFM group developed treat-
ments derived from the acute lymphoblastic leukemia protocols
to treat NHL and confirmed the prognostic value of stage of
disease, but also clearly indicated different prognosis based on
immunophenotype [9] leading to further trials where B-cell
derived NHL were treated differently from non-B cell NHL.
Outcome of all NHL subtypes improved gradually to the current
event free survival rates of 80% or above in subsequent trials [11]
and results continue to improve. The French investigators, coor-
dinated by Catherine Patte at the Institute Gustave-Roussy in
Paris, designed a protocol to treat B-cell NHL and B-ALL, adding
high-dose methotrexate and cytosine arabinosyde to a chemo-
therapy regimen already in use, thus initiating the successful
series of LMB protocols, including LMB-89, that reached a fail-
ure-free survival of 91% [10]. Achievement of the LMB protocols
encouraged an international collaboration among the French—
American—British national groups who conducted a wide rand-
omized clinical trial FAB/LMB-96 for B-cell NHL and ALL, the
results of which have been published [55].

Description of major findings of most recent
co-operative studies

Following the initial therapeutic protocols that showed the criti-
cal role of stage, histology, immunophenotype, and other clinical
and biological risk factors, children with NHL were enrolled in
specific disease-oriented clinical trials, designed to improve
outcome and to optimize therapy intensity and duration. Three
major disease groups were identified: (1) B-cell lymphoma, (2)
lymphoblastic lymphoma and (3) ALCL, and the treatments of
these is considered separately.

B-cell non-Hodgkin’s lymphoma (Tables 9.9, 9.10 and 9.11)

Therapy for B-cell NHL has been developed based on clinical and
biological characteristics of Burkitt lymphoma, but are effective
also for DLBCL. Although the activity of cyclophosphamide
(CP), vincristine (VCR) and methotrexate (MTX) were demon-
strated from early studies in African Burkitt lymphoma [56], only
in the context of more recent clinical trials developed in the USA
(POG-Total B) and in Europe (French LMB and German—
Austrian—Swiss BFM) have modern and more effective therapeu-
tic approaches come into clinical practice. Burkitt lymphoma has



Chapter 9 Non-Hodgkin’s Lymphoma

Table 9.9 Treatment characteristics and results of the most recent BFM and LMB/FAB trials for B-cell non-Hodgkin's lymphoma.

Therapy group No. of patients

Chemotherapy cycles

BFM-95 (60) 505

R1: Stage |, Il, resected 10%

R2: Stage |, Il,non-resected; 46%
I, LDH < 500 U/l

R3: III-LDH > 500/< 999 U/I; 16%
BM+ and LDH < 1000 U/I

R4: LDH > 1000 U/l and/or 28%
CNS+

LMB/FAB-96 (55) (63) 1134

A: stage | resected; Il abdominal 12%

B: I-not resected; Il non-abdominal; 67%
III; IV BM blasts <25% and CNS

C: >25% BM blasts and/or CNS+ 21%

85% (3y)

81% (3y)

98% (3y)
90% (4y)

79% (4Y)

94% (3y) A-B
94% (3y)

P-A-B-A-B

P-AA-BB-CC-AA-BB

P-AA-BB-CC-AA-BB-CC

COPAD-COPAD
COP-COPADM1-*COPADM1/2-CYM-CYM £ M1

COP-COPADM1-COPADM2-*CYVE1-CYVE2-M1-M2-M3-M4

P, cytoreductive pre-phase. BM, bone marrow. CNS, central nervous system.

In the BFM-95 trial MTX was administered randomly in 4 vs 24 hour i.v. infusion (1g/m* in A and B; 5g/m? in AA and BB): in R3 and R4 the 4-hour infusion showed
lower efficacy that 24-hour. Equal efficacy in R1 and R2. *The LMB/FAB-96 trial, for Group B, was based on a factorial design to test, based on response after
COP-COPADM1, COPADM2 (cyclophosphamide 3 g/m?) vs COPADM1 (cyclophosphamide 1.5g/m?) and the role of adding cycle M1. Additionally, Group C was
randomized to receive reduced intensity CYVE and omission of M2-M3-M4; CNS+ patients received additional HD-MTX at 8 g/m? instead of 3 g/m? and additional

intrathecal therapy. Reduced intensity regimen showed inferior results in Group C.

a very high proliferation rate. In such a condition the use of high
dose chemotherapy with four to five alternating drugs with dif-
ferent toxicity profiles allows the maintenance of effective anti-
tumor concentrations of the individual chemotherapeutic agents
while limiting toxicity. In addition, this will also permit the
administration of subsequent cycles at relatively short time inter-
vals. The recent protocols are designed based on the principles
summarized in Box 9.1 and by using this approach, an event-free
survival (EFS) up to 90% was achieved in most experienced coop-
erative groups [51, 55, 57-60, 63].

Another serious and possibly lethal complication is the massive
tumor lysis syndrome (TLS) that, although with reduced inci-
dence after the introduction of a low-dose chemotherapy (corti-
costeroids and CP) pre-phase and the availability of urate-oxidase,
still remains a threatening clinical emergency to face at early
therapy onset [62].

The progress observed in the treatment of B-cell NHL is strictly
related to the aggressiveness of chemotherapy programs devel-
oped in the last two decades and tailored to well-defined prog-
nostic groups: the success of such an approach depends on the
availability of good supportive care. Consequently, treatment of
B-cell NHL should be delivered in experienced hemato-oncology
units by physicians who are familiar not only with the disease and
with high-dose chemotherapy but also with all the preventive and
supportive care measures to reduce the risk of lethal toxicity.

Lymphoblastic lymphoma (Table 9.11)
The initial management of a child with advanced stage lymphob-
lastic lymphoma might involve the potential oncologic emergen-

cies such as respiratory compromise from a mediastinal mass and
metabolic abnormalities.

The immediate priority is to stabilize the patient, achieve a
histological diagnosis and then to embark upon proven and effec-
tive chemotherapy. Drug therapy with steroids or low dose cyclo-
phosphamide (100mg/m*/dose) might be needed to achieve
clinical stability from a large tumor mass in order to allow surgi-
cal management. Decisions about investigating such a child
should be made between oncologist, anesthetist, surgeon and
pathologist.

The modern chemotherapy protocols originated from the early
studies demonstrating that, except for limited stage disease, a
leukaemia-like therapy is more efficacious than short chemo-
therapy regimens [7]. Thus, at present, most protocols for lym-
phoblastic lymphoma are modified versions of the 10-drug
LSA2-L2 protocol or of the BEM group strategy: both were treat-
ments designed for acute lymphoblastic leukemia.

The addition of high-dose MTX (3 g/m®) to the LSA2-L2 pro-
tocol by the French Group gave a significant increase in survival
bringing the EFS of stage III and IV to 79% and 72%, respectively
[64]. Although in this study cranial radiation was limited to CNS
positive patients only one of 77 CNS negative patients relapsed
in the CNS. The advantage of increasing the dose of MTX (from
0.5 to 5g/m’” by 24 hour i.v. infusion) was also demonstrated by
the BEM group that obtained a 5-year EFS of 73% compared with
the previous 56% [65]. Although the therapeutic potentials of
most single agents used in lymphoblastic lymphoma have not
been elucidated, the role of L-asparaginase in T-cell lymphoblas-
tic lymphoma has been demonstrated in the POG-8704 trial
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Cycle Daily dose Administration Days
Pre-phase
Dexamethasonet 5-10 mg/m*/day Orally or i.v. (in three fractions) 1-5
Cyclophosphamide 200 mg/m?/day iv. (1h) 12
MTX+ARA-C+Pdn 12mgt + 30mg + 10mg it 1
Cycle A
Dexamethasone 10 mg/m?/day Orally or i.v. (in three fractions) 1-5
MD-methotrexate 500 mg/m?/day i.v. (1710 in 30 min, 9/10 in 23,5h) 1
Ifosfamide 800 mg/m?/day iv. (Th) 1-5
Etoposide 100 mg/m?*/day iv. (1h) 45
Cytarabine 150mg/m’ every 12h iv. (1h) 45
MTX+ARA-C+Pdn 12mgt + 30mg + 10mg it 1
Cycle B
Dexamethasone 10 mg/m?/day Orally or i.v. (in three fractions) 1-5
MD-methotrexate 500 mg/m?/day i.v. (1/10 in 30min, 9/10 in 23,5h) 1
Cyclophosphamide 200 mg/m?/day i.v. (Th) 1-5
Adriamycin 25mg/m?/day iv. (Th) 45
MTX+ARA-C+Pdn 12mg# + 30mg + 10mg it 1
Cycle AA
Dexamethasone 10 mg/m?/day Orally or i.v. (in three fractions) 1-5
HD-methotrexate 5g/m*/da i.v. (1/10 in 30min, 9/10 in 23,5h) 1
Ifosfamide 800 mg/m?/day iv. (1h) 1-5
Etoposide 100 mg/m?*/day iv. (1h) 45
Cytarabine 150mg/m? every 12h iv. (Th) 45
Vincristine 1.5mg/m?/day (max iV 1
2mg)
MTX+ARA-C+Pdn 6mgt +15mg + 5mg it 1
Cycle BB
Dexamethasone 10 mg/m?/day Orally or i.v. (in three fractions) 1-5
HD-methotrexate 5g/m*/day i.v. (1710 in 30 min, 9/10 in 23,5h) 1
Cyclophosphamide 200 mg/m?/day i.v. (Th) 1-5
Adriamycin 25mg/m?/day iv. (Th) 45
Vincristine 1.5mg/m’/day (max iv. 1
2mag)
MTX+ARA-C+Pdn 6mgt +15mg + 5mg it 1
Cycle CC
Dexamethasone 20 mg/m?/die Orally or i.v. (in three fractions) 1-5
Etoposide 150 mg/m?/die i.v. (Th) 345
HD-cytarabine 2g/m? every 12h iv. (3h) 12
Vindesine 3 mg/m?/die (max 5mg) iV 1
MTX+ARA-C+Pdn 12mg# + 30mg + 10mg it 5

*The schema does not take into account the randomized schedule of HD-MTX used in the R3 and R4 patient
groups. T Dexamethasone in the pre-phase was given at 5mg/m?/day for the first 2 days and 10 mg/m*day in the
subsequent 3 days. ¥ Dose of intrathecal (i.t.) methotrexate (MTX, adjusted for children less than 3 years of age.
Central nervous system positive patients were administered i.t. therapy daily intraventricularly on days 2 to 5 of
each AA and BB cycles and on days 3 to 6 of CC cycles starting from the second cycle. Racemic folinic acid was
administered at hours 42—-48-54 from initiation of HD-MTX infusion and based on measured serum MTX levels
thereafter. Pdn, prednisolone. MD, medium dose. HD, high dose. i.v., intravenously. H, hours.
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Table 9.10 Treatment schema of the BFM-95
protocol for B-cell non-Hodgkin's lymphoma*.
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Table 9.11 Recent cooperative group studies in pediatric non-Hodgkin's lymphoma (NHL).

Study Period No. of patients Outcome (EFS) Reference
B-cell NHL

POG Total 1986-91 133 79% 4-year EFS for stage IV B-NHL; 65% for B-ALL [59]
CCG-Orange 1991-93 42 77% 5-year EFS stage IlI-IV + B-ALL (78]
LMB-89 SFOP 1989-96 561 91% 5-year EFS stage |-V NHL+ B-ALL (58]
BFM-90 1990-95 413 89% 6-year EFS stage I-IV + B-ALL [51]
BFM-95* 1996-2001 505 89% 3-year EFS stage I-IV + B-ALL [60]
FAB/LMB-96* 1996-2001 1109 89% 3-year stage -V + B-ALL [55, 57]
Lymphoblastic NHL

CCG-502* 1983-90 281 84% 5-year stage I-II; 67% stage IlI-IV [79]
POG 8704* 1987-92 180 64-78% 4-year CCRt; stage II-IV [66]
BFM-90 1990-95 105 90% 5-year EFS stage -V (53]
BFM-95 1995-2001 198 82% 5-year EFS stage -V [67]
LMT-96 SFOP 1997-2003 86 87% (80]
ALCL

HM89/91 SFOP 1988-97 82 66% 5-year EFS stage -V [74]
BFM-90 1990-95 89 76% 5-year EFS stage -V [73]
UKCCSG 1990-96 72 59% 5-year EFS stage |-V [75]
AIEOP 1993-97 34 65% 8-year EFS stage -V [70]
POG-8704 1994-2000 86 72% 4-year EFS stage -V [76]

EFS, event free survival. B-ALL, B-cell acute lymphoblastic leukemia (L3 ALL). ALCL, anaplastic large cell lymphoma.
*Randomized trials.  CCR, complete continuous remission: CCR for the two randomized arms.

Box 9.1 B-cell therapy

+ 5 to 7-day cycles.

+ Drug combinations from corticosteroids, VCR, CP or
ifosfamide, HD-MTX, ARA-C, antracyclines, etoposide.

The addition of intrathecal chemotherapy (usually MTX/
ARA-C/corticosteroids) as CNS prophylaxis.

Total treatment duration ranges from 1.5 to 5 months
approximately, depending on the number of cycles
administered, which is related to the prognostic group.

The current treatments carry a high toxicity rate and even in
the best clinical setting a 3-5% early toxic death rate may
occur.

Severe neutropenia and gastro-intestinal mucositis are the
most frequent toxicities and they predispose to life-
threatening infections that apparently cannot be prevented by
the use of granulocyte colony-stimulating factor (G-CSF)
[61].

where patients received or did not receive 20 weekly L-asparaginase
administrations during the maintenance phase [66].

The BEM protocol for T-cell disease, stage III and IV, achieved
a remarkable 90% EFS at 5 years in a cohort of 101 patients

treated for 2 years. Patients were treated according to stage, but
those who failed to achieve a reduction of the tumor mass of at
least 70%, less that 5% blasts in the BM and a negative CSF, were
shifted to a high-risk acute leukemia protocol [53]. Treatment
consisted of a rather intensive chemotherapy lasting approxi-
mately 7 months and including three consecutive phases: induc-
tion of remission, consolidation, and reinduction of remission.
Four doses of HD-MTX at 5g/m’ in 24 hour i.v. infusion were
administered at 2-week interval (consolidation) (Figure 9.4 and
Table 9.12). The results were excellent and relapses occurred
almost exclusively within the first year from diagnosis. All stage
III and IV patients older than 2 years received cranial irradiation
(1200 cGy in CNS negative children vs 2400 cGy in CNS positive
patients). In the subsequent BEM95 trial, cranial irradiation was
omitted for advanced stage CNS negative patients and CNS-free
survival was not inferior to the previous BFM86 and BFM90
studies in which patients received prophylactic cranial radiother-
apy [67], suggesting, together with the SFOP experience, that
omitting radiotherapy may not influence the outcome signifi-
cantly (Box 9.2).

Anaplastic large cell lymphoma (Table 9.11)

This specific histological subtype of pediatric NHL has been
described rather recently and has been treated more heterogene-
ously that others. Because of its frequent T-cell phenotype, some
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730
J

? 3|3 7|8 day 1|50
Stage -
-1l | Induction | | Protocol M | | Maintenance |
-1V | Induction | | Protocol M | | Re-induction | | Maintenance |

Response <70%
at day 33

v
High risk ALL
protocol

Residu
Il look
V'

Vital

al tumor
surgery

Necrotic

Drug (dose)

Route of administration

Day of administration

Induction

Prednisone (60 mg/m?)

Vincristine (1.5mg/m?)
Daunorubicin (30 mg/m?)
L-Asparaginase (10000 1U/m?)
Cyclophosphamide (1g/m?) +Mesna
Cytosine-arabinoside (75mg/m?)
6-mercaptopurine (60 mg/m?)
Methotrexate (12 mg)*

Protocol M
6-mercaptopurine (25mg/m?)
Methotrexate (5g/m?)t
Methotrexate (12 mg)*

Re-induction

Dexamethasone (10 mg/m?)
Vincristine (1.5mg/m?)

Doxorubicin (30 mg/m?)
L-Asparaginase (10000 1U/m?)
Cyclophosphamide (1g/m?) +Mesna
Cytosine-arabinoside (75mg/m?)
6-thioguanine (60 mg/m?)
Methotrexate (12 mg)*

Maintenance
6-mercaptopurine (50 mg/m?)
Methotrexate (20 mg/m?)

Oral

i.V.

i.v. in 60 min
i.v. in 60 min
i.v. in 60 min
i.V.

Oral

it

Oral
i.v. in 24 hours
it

Oral
i.v.
i.v. in 60 min

i.v. in 60 min
i.V.

Oral

it.

Oral
Oral

1-28 then tapering in 9 days
8,15,22,28

8, 15,22,28

12,15, 18, 21, 14, 27, 30, 33
36, 64

38-41, 45-48, 52-55, 59-62
36-63

1,15, 29, 45, 59

1-56
8,22, 36, 50
8,22, 36, 50

1-21 then tapering in 9 days
8,15,22,29

8,15, 22,29

8,11,15,18

36

38-41, 45-48

36-49

38, 45

Daily
Once a week

i.v., intravenously. i.t., intrathecal. * Doses according to age below age 3 years. t 10% of the dose in 30 minutes,
the remaining in 23.5 hours, with leucovorin rescue: 30 mg/m? after 42 hours, 15mg/m? after 48 and 54 hours
from start of methotrexate infusion (increased doses if serum MTX levels above expected values). Cranial
irradiation (CRT) was given to stage Il and IV disease patients older than 1 year between Protocol-M and
re-induction: 1200 cGy to CNS negative patients above 1 year; 1800 or 2400 cGy to CNS positive patients in the
second year of life or older, respectively.
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Figure 9.4 Schema of the BFM-90 protocol
structure for the treatment of lymphoblastic
lymphoma of childhood. All patients, independently
of disease stage, received treatment based on
induction, consolidation (Protocol M) and
maintenance phases for a total duration of therapy
of 24 months. Patients with stage Ill and IV disease
according to the St Jude staging system received
also a reinduction phase and prophylactic cranial
irradiation. In case of a poor response at day 33
from start of treatment, patients were shifted to an
intensified (high risk) chemotherapy protocol in use
for acute lymphoblastic leukemia.

Table 9.12 BFM-90 protocol for T-cell
lymphoblastic lymphoma.



Box 9.2 The German Berlin-Frankfurt-Munster
protocol for lymphoblastic non-Hodgkin's lymphoma.

Steroid pre-phase (7 days)

Four drug induction over 4 weeks — daunorubicin, vincristine,
prednisolone, L-asparaginase (protocol IA)

+ Three drug consolidation — cyclophosphamide,
6-mercaptopurine, cytarabine (protocol IB)

+ Four doses of methotrexate (5g/m?*) with late folinic acid
rescue

+ Reinduction protocol — similar to IA (but with
dexamethasone in place of prednisone) and IB (but only
50% of the dose of IB)

+ Maintenance daily 6-MP and weekly oral methotrexate to
complete 2 years treatment

Intrathecal methotrexate in protocol IA,B, with HD
methotrexate and in protocol IIB as CNS prophylaxis

groups, including the Italian group, treated these children with
an ALL protocol derived from the LSA2-L2 [68-70], others with
short, B-cell lymphoma like chemotherapy [71, 72]. This latter
strategy is at present more widely used in Europe and in the USA
— the total duration is significantly shorter than LSA2-L2 derived
therapies being approximately 5 rather than 24 months.

In the study BFM-90, patients with ALCL were treated with a
therapy derived from the B-cell NHL, based on 5-day courses of
combination chemotherapy, given at 3-week intervals. By this
approach an EFS of 76% at 9 years was achieved in the 89 patients
enrolled into the study [73]. The EFS was 66% at 5 years in the
French HM89/91 studies that used modified B-cell lymphoma
protocols [74]. A similar approach was used in the UKCCSG
study where advance stage disease patients were treated according
to the French B-cell lymphoma protocols [75]. In all of these
studies most relapses occurred within the first 20 months from
diagnosis, but relapses as late as 5 years from diagnosis were
observed.

A slightly different approach was employed by the POG study
with the APO (doxorubicin, prednisone, vincristine) regimen.
This treatment differed from the previous strategies in that it
contained higher cumulative doses of anthracyclines and no
alkylating agents and epipodophyllotoxins [76]. Therapy was
stratified based mostly on stage of disease in the BFM and
UKCCSG studies, whereas all children with ALCL received the
same treatment in the French, Italian and POG studies. Indeed
criteria for stratifying therapy in ALCL are not well established,
but from a very recent European retrospective analysis, stage of
disease may not be among the most relevant prognostic and
more weight should be given to the presence of skin involve-
ment, a mediastinal mass, or involvement of the lung, spleen,
or liver [54].
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Corticosteroids, vincristine, anthracyclines, and MTX were
present in all of the studies reported above, although the total
dose and fractionation differed significantly. Anthracyclines were
given at a higher level in the APO and in the French HM91 regi-
mens compared with the BFM, UKCCSG and AIEOP protocols.
MTX was administered at a medium high dose in all of the
studies, except for the APO regimen, that also did not include
cyclophosphamide and epipodophyllotoxins. Thus, although one
may speculate that anthracyclines, corticosteroids, and vincris-
tine are the key component in the treatment of ALCL treatment,
the role of other drugs is not clear. An interesting observation is
the efficacy of vinblastine in the management of ALCL. The
French group reported a high efficacy, even when used as single
agent, in relapsed ALCL [77]. The role of vinblastine in front line
therapy is one of the objectives of a large ongoing trial in Europe,
but also within the American COG Group.

Limited stage disease

Independently from the histological subtype, stage I-II NHL have
usually an excellent prognosis when treated with recent protocols.
The 5-year EFS in localized disease is generally in the range of
85-95% in most NHL series and this has led to attempts to
decrease intensity and/or duration of therapy with the aim of
reducing the acute and long-term toxicity [81]. Among others,
cardiac toxicity due to anthracyclines and sterility following
alkylating agents are of major concern, although insufficient
information on this specific issue is present in the literature.
Based on the available results, it seems that the difference in
outcome based on histology-oriented protocols (e.g. short-pulse
chemotherapy for B-cell NHL vs leukemia-like treatments for
lymphoblastic lymphoma) reported for advanced stage disease is
not observed for localized NHL. In the case of B-cell NHL, the
modern risk-oriented protocols that take into account other
parameters besides stage, already have incorporated a reduced
intensity and shorter duration of treatment, without a negative
impact on survival [51, 57, 58, 60].

In contrast, in the case of lymphoblastic lymphoma most coop-
erative groups have continued to treat with relatively long thera-
pies and a significant decrease in treatment duration may not be
beneficial. Two previous studies from the POG group have dem-
onstrated that omission of involved field radiation therapy and
reduction of maintenance therapy do not impact negatively in
B-cell and large cell NHL, but there was a benefit of maintenance
therapy for lymphoblastic lymphoma [81-83]. Thus, although a
prospective trial is warranted to determine whether treatment
duration can be reduced in lymphoblastic lymphoma, T- and
precusor B-lymphoblastic lymphoma behave differently. The
current optimal approach to limited stage lymphoblastic lym-
phoma remains controversial and is one of the objectives of
ongoing trials.

Rare subtypes (PMLBCL, peripheral T-cell)

In addition to the three main histological and immunological
groups of pediatric NHL, there are other less frequent entities for
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which the treatment is still uncertain. Among the large B-cell
NHL, the primitive mediastinal large B-cell lymphoma (PMLBCL)
is one of those. Previously known as large B-cell lymphoma of
the mediastinum with sclerosis, it affects mostly adolescents and
young adults, with a higher incidence in females than males.
Usually it presents with a large mediastinal mass, involving adja-
cent structures, and with vena caval obstruction.

Characteristically, PMLBCL is composed of B-cells expressing
CD79a, CD19, CD20, CD22 but negative for Ig and CD21 expres-
sion, thus suggesting a thymic origin of the disease [84]. Only a
few reports have been published on the epidemiology of this
disease in childhood [85, 86].

Intensive multiagent chemotherapy with radiation therapy
has proven to be efficacious in adults [87], but in children
radiation therapy is used less frequently due to the burden of
adverse late effects. The BEM experience suggests that high LDH
value has a negative prognostic impact in patients treated with
aggressive B-cell NHL-based therapy [84]. Whether other vari-
ables, including tumor volume, response kinetics and possibly
any biological data may impact prognosis, is not known yet.
Certainly the results obtained so far are inferior when compared
with other B-cell NHL, suggesting therefore that modified thera-
pies including a different use of standard chemotherapy or pos-
sibly the addition of anti-CD20 antibody may be of some
relevance.

Other rare B-cell NHL in childhood is follicular lymphoma,
which is the most frequent NHL in adults, and MALT (mucosa-
associated lymphoma tissue) lymphoma. The former often
presents as a localized disease, whereas the latter has frequently a
nodal localization. Together they account for approximately 1%
of all NHL of childhood. Optimal therapy for these very rare
diseases is difficult to define, but generally, limited treatment may
be used for localized and completely resected disease, whereas in
other circumstances a B-cell based treatment may be indicated
[88-90].

In the field of T-cell NHL, there is a wider heterogeneity of
histological subtypes. Among rare types of NHL, we find the
isolated CD30 positive cutaneous lesions, including lymphoma-
toid papulosis, the isolated cutaneous ALCL, the group of so
called ‘peripheral T-cell NHL, including panniculitis-like T-cell
lymphoma and hepato-splenic T-cell lymphoma. Mycosis fun-
goides and Sezary syndrome are other rare entities. At present, all
the CD30-positive lesions, which are usually localized to the skin,
should not be considered among the peripheral T-cell lympho-
mas as they have distinct features. As pointed out by several
authors, CD30 positive skin lesions, without involvement of
lymph nodes or other sites, should be subject to an initial watch-
and-wait approach as they may spontaneously regress [91]. This
is most evident for lymphomatoid papulosis for which a wax-
and-wane behaviour is part of the clinical definition of the disease
[92]. Although spontaneous complete remission occurs in virtu-
ally all the cases, patients with lymphomatoid papulosis have an
increased risk of developing a NHL, particularly an ALCL, or
other malignancies.
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Mycosis fungoides is a cutaneous lymphoma originating from
epidermotropic T-cells and is the most common type of cutane-
ous T-cell lymphoma. It is a disease of adult patients, but can be
occasionally diagnosed in childhood and adolescence. It may
present with waxing and waning skin eruptions that may delay
diagnosis. The outcome is excellent with a 5-10 year survival
close to 95% [93]. Treatment of limited disease consists of topical
steroids or retinoids. Ultraviolet A irradiation alone or combined
with psoralen (PUVA) may be used in more extensive disease,
whereas radiotherapy or systemic chemotherapy is rarely needed
[94].

Sezary syndrome is exceptional in children and is the leukemic
manifestation of mycosis fungoides that requires systemic
therapy.

Panniculitis-like T-cell lymphoma and hepato-splenic T-cell
lymphoma are rare in young individuals. They are often aggres-
sive diseases that respond poorly to systemic therapy. Cure often
depends on high-intensive treatment including bone marrow
transplant [95, 96]. Other peripheral T-cell lymphoma not-oth-
erwise specified (PTCL-NOS) have been described in children,
but little is known about clinical behaviour and treatment.

Clinical emergencies in non-Hodgkin's lymphoma
Life-threatening conditions in childhood NHL may arise fre-
quently due to the very high growth fractions of most of these
tumors as exemplified by Burkitt lymphoma. Among others,
mediastinal or superior vena cava syndrome, acute tumor lysis
syndrome, complications due to intra-abdominal lymphoma and
neurologic emergencies due to CNS involvement are the most
relevant.

Mediastinal syndrome and superior vena cava syndrome
Mediastinal syndrome is the consequence of airways obstruction
due to compression by a superior mediastinal mass whereas supe-
rior vena cava syndrome is caused by compression obstruction
or thrombosis of the vena cava. Dyspnoea, cough, neck and face
swelling and cyanosis are the most frequent symptoms in case of
a large mediastinal mass. The most accurate method to assess the
anatomical degree of compression is by CT scan. Severe airway
obstruction is usually managed by initiating specific anti-lym-
phoma therapy, usually with corticosteroid treatment, with or
without cyclophosphamide. Local radiation therapy has also been
used in the past, but presently it is employed in cases where no
symptomatic improvement has been achieved within a few days
of initiation of chemotherapy. In cases of large mediastinal
masses, bone marrow aspirate, biopsy of a peripheral lymph node
or possibly examination of pleural fluid for tumor cells, per-
formed under local anesthesia if needed, should be attempted to
achieve a diagnosis. General anesthesia and sedation must be
avoided as sudden death may occur in these conditions. If a
diagnosis cannot be made by any other way then the resolution
of the mass with instituted chemotherapy should be monitored.
Diagnostic surgery should be undertaken when it is safe to do so
and before the entire tumor has gone.



Because a large mediastinal mass may respond very rapidly to
emergency treatment, tumor lysis prevention should be instituted
during this early phase of therapy.

Acute tumor lysis syndrome (ATLS)

ATLS is frequent in NHL with a high growth fraction and high
tumor burden that are highly sensitive to chemotherapy. These
characteristics are more frequent in B-cell that in T-cell NHL [97,
98]. Tumor lysis syndrome may occur spontaneously in case of
rapid tumor cell turnover, but is frequently initiated by acute and
massive cell lysis induced by chemotherapy. Massive cytolysis
results in increased purine metabolism leading to hyperuricemia
and concomitant increase in plasma potassium and phosphate
and decrease in calcium. Due to uric acid crystal formation and
precipitation in the renal tubules, oliguric renal failure can
develop that may cause death. ATLS is a life-threatening condi-
tion that needs to be prevented. Although specific therapy has to
be initiated as soon as possible in NHL, in the presence of elevated
uric acid plasma concentration and reduced urine output, the
administration of chemotherapy would likely cause patient death
due to acute metabolic abnormalities if appropriate preventive
actions are not taken. Therefore biochemical abnormalities must
be corrected before the initiation of specific therapy.

The first measure is to increase diuresis thus allowing a better
elimination of the increased solute burden. Additionally, the
administration of allopurinol, a xanthine oxidase inhibitor, pre-
vents the formation of urate from xanthine, thus decreasing the
probability of urate precipitation. Because allopurinol does not
decrease the pre-existing urate, the use of urate oxidase has become
current clinical practice and in some protocols has been intro-
duced systematically at the early stage of therapy [62, 99, 100].

Because of the risk of sudden death from hyperkalemia that
may occur soon after initiation of therapy, it is important to avoid
additional potassium administration during the first days of
chemotherapy. Hypocalcemia, a consequence of hyperphos-
phatemia, should be treated only if symptomatic and intravenous
calcium chloride should be given with caution as it may favour
extraosseous calcification in the presence of high serum phos-
phate levels. In critical metabolic conditions and/or renal failure,
hemodialysis or hemofiltration should be used.

For all these reasons, protocols for the treatment of B-cell NHL
start usually with a low-intensity chemotherapy (cyclophospha-
mide, vincristine, corticosteroids) to reduce the rate of response,
thus reducing the risk of acute tumor lysis. Because of the quan-
tity and quality of monitoring required, it is advisable to treat
patients at high risk of ATLS in a critical care unit or in a unit
with good experience in prevention of ATLS and with the pos-
sibility of rapid access to an intensive care unit.

Novel therapeutic approaches

Although remarkable progress has been achieved recently in the
field of pediatric NHL a significant proportion of children with
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NHL still fail to be cured of their disease. The new techniques for
the study of gene expression profiles and gene polymorphisms
appear relevant to improve current diagnosis and to develop
novel targeted therapies.

A Detter risk assessment will identify small subgroups of
patients that need to be treated differently or more aggressively
to be cured, but also those who could be treated with a less inten-
sive therapy.

A form of NHL-directed therapy presently available is the use
of monoclonal antibodies reacting with surface proteins such as
CD20 and CD22. Anti-CD20 has entered clinical practice and has
an established role in conjunction with chemotherapy such as the
CHOP regimen in adult NHL of B-cell origin [101]. However,
anti-CD20 has been used rarely in children, mostly to treat lym-
phoproliferative disease arising after organ transplant and only in
a few cases of children with NHL in either first line or relapse
settings [102]. Thus, although promising, whether this targeted
therapy is beneficial in the treatment of pediatric B-cell NHL
remains to be defined and is presently the object of ongoing clini-
cal trials aiming to determine its activity. Less information is
available on the use and potentials of other antibodies, including
CD22.

Within the lymphoblastic lymphomas there is evidence that
patients who fail first line chemotherapy have very little chance
of being cured. The only patients who could be rescued after
relapse are those undergoing allogeneic bone marrow transplant.
This raises the question of whether some selected patients should
undergo intensified therapy as front line therapy, but we do not
have enough evidence that enables us to identify those children.
New potential drugs to be used in lymphoblastic NHL, particu-
larly of the T-cell subtype, as they have shown efficacy in acute
lymphoblastic leukemia, are nucleoside analogs such as nelarab-
ine [103], clofarabine [104] and forodesine [105]. Other novel
drugs, among which is the proteasome inhibitor bortezomib
which is undergoing preliminary clinical evaluation for its poten-
tial use in NHL [106], have distinct mechanisms of action that
may increase standard chemotherapy efficacy, when used in
combination.

In the field of ALCL, the anti-CD30 monoclonal antibody is
undergoing phase II clinical studies, as it has shown anti-tumor
activity and acceptable toxicity in preclinical and clinical studies
when used as a naked antibody [107] or conjugated with toxins
[108, 109]. Of great interest is the demonstration of anti-ALK
circulating antibodies [110] and the presence of a T-cell antitu-
mor response in patients with ALK-positive ALCL [111]. These
observations suggest a potential role of naturally occurring
immune-response to ALK-positive ALCL and open new possibili-
ties of designing anti-tumor vaccines and tumor-specific cell
therapies. They also give a strong rationale to consider allogeneic-
BMT in high risk patients. Other studies are ongoing to design
specific inhibitors of NPM-ALK kinase activity [112] that may be
used against ALK-positive ALCL.

Not only are there new drugs that may be included in current
therapeutic regimens, but also new formulations of drugs already
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in use, e.g. liposomal cytarabine that, due to its long half-life in
the CSE might be beneficial for the treatment of CNS disease
[113].

Based on the present status of research in the field of pediatric
NHL, in the immediate future a better risk-adaptation scheme in
the context of specific subgroups of disease and specific treat-
ments, together with new anti-lymphoma molecules that are now
in the pipeline, may allow further improvements in the results of
pediatric NHL treatment.

Summary and future directions
for management

The field of pediatric NHL has witnessed significant progress in
terms of knowledge and results in the last two decades. Most of
the clinical improvements have originated from collaborative
studies conducted at national and international levels in well-
defined groups of diseases. Because pediatric NHL have a rela-
tively low incidence and good to excellent prognosis with current
therapies, large collaborative studies are needed to further
improve results in selected subgroups of NHL that still show a
rather unsatisfactory outcome. There are two remaining objec-
tives for pediatric oncologists in this field:

+ The identification of more effective treatments for children
with aggressive and poor-responding NHL as salvage therapy for
relapsed or refractory disease is rarely successful in B- cell and
lymphoblastic lymphomas.

+ Reduction of potential long-term toxicities of the current thera-
peutic strategies.

We hope that both of these objectives can be accomplished
by increasing our knowledge of the biology of NHL and by
designing better disease-targeted therapies that may integrate
chemotherapy.

In considering NHL as a global pediatric health problem, one
cannot ignore that the highly effective protocols in use in affluent
countries are not feasible and affordable in limited resource
countries. Thus, while applying increasingly highly technological
approaches to diagnosis and treatment of NHL, consideration
should be given to improve the existing facilities and treatments
in developing countries. This will ultimately improve global sur-
vival rates of children with NHL and increase the knowledge of
disease diversity and of the biological mechanisms of lymphom-
agenesis that are the basis for further progress.
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Introduction

Hodgkin’s lymphoma (HL, synonym: Hodgkin’s disease, lym-
phogranuloma) is a malignant disease, histologically character-
ized by giant multinuclear Hodgkin’s and Reed-Sternberg (H-RS)
cells in the classical variant of HL (cHL), while lymphocytic and
histiocytic (L & H) cells are characteristic of the nodular lym-
phocytic predominant HL (nLPHL or LPHL). These tumor cells
usually account for less than 1% of cells in the tumor tissue and
are embedded in a reactive infiltrate consisting of T-cells, histio-
cytes, eosinophils, plasma cells and others. The discussion about
the origin of these cells and therefore of Hodgkin’s disease (HD)
itself has long been controversial and it has variably been consid-
ered an inflammatory or infectious disease, an unusual immuno-
logic reaction, a true neoplasm, or a combination of these. Today
there is clear evidence that the tumor cells in ¢cHL and nLPHL
differ in their immunophenotype and the mutational status of the
immunoglobulin heavy chain gene and that the diseases they
cause differ in clinical manifestations and course. Therefore, the
World Health Organization (WHO) classification distinguishes
these two different lymphomas as separate entities [1].

Prior to the middle of the last century HL was nearly always
fatal. However, in the late 1960s, with the introduction of an
effective treatment using high dose extended field radiotherapy
(RT) for local disease and combination chemotherapy for
advanced disease, the basis for the current high cure rates was
laid. Such intensive treatment in children often caused severe side
and late effects [2]. Therefore from the late 1970s onward coop-
erative study groups initiated trials for combined-modality
therapy in pediatric HL [3-5] with the aim to further increase
cure rates and to reduce the risk of potential late effects. Some
trials in pediatric HD soon obtained cure rates of 90% and more.
With risk and response adapted treatment strategies therapy of
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HL is a paradigm of tailored therapies that extends beyond the
field of pediatric oncology. Milestones in the history of HD, clas-
sification, and therapy are listed in Table 10.1.

Epidemiology and pathogenesis

In Germany incidence of HL is 0.7 children/100000 children
below the age of 15 years [14]. Distribution of HL regarding age
and gender in children are illustrated by the proportions in the
trial GPOH-HD 95 (Figure 10.1), but the number of adolescents
older than 16 years is underestimated because many such patients
were treated on adult treatment protocols.

The disease has two age peaks — at about 25 and later than 55
years. In developing countries the first peak appears earlier, sug-
gesting that infections might play an important role in the patho-
genesis of HL. In India the number of Epstein-Barr virus
(EBV)-positive HL is much higher than in Europe. A study by
Dinand et al. [15] showed that the prevalence of EBV was as high
as 90% in children with HL in North India compared with about
30-50% in Western Countries. EBV positivity was significantly
correlated with younger age and low socioeconomic status sup-
porting the hypothesis that infections could contribute to the
pathogenesis of HL in young patients.

The etiology of HL is so far unknown. Genetic factors might
contribute, because monozygotic twins have a 50-fold increased
risk of developing HL if one child is affected [16]. In addition,
immunodeficiencies with DNA breakage syndromes seem to be
associated with the development of HL. On the other hand, envi-
ronmental factors might also contribute to the pathogenesis of
the disease. Hjalgrim et al. [17] could demonstrate that infectious
mononucleosis increases the risk for EBV-positive, but not EBV-
negative HL about 3.2 fold. This risk was especially pronounced
in the group of younger patients (below 44 years of age). HL
occurred in these patients between 1.8 and 4.9 years after infec-
tious mononucleosis.

Kiippers et al. were the first to demonstrate that H-RS cells
mainly derive from pre-apoptotic germ center B-cells with less



than 1% from T-cells [12, 18]. In many H-RS cells destructive
mutations of the Ig genes were found, which normally lead to
apoptotic cell death in physiological germinal center B-cells.
However, in H-RS cells a constitutive overexpression of nuclear
factor NF-kappa-B was found. This factor is able to inhibit apop-
tosis induction [19].

Although H-RS cells originate from germinal center B-cells,
these cells mainly lack the B-cell gene expression profile of their
normal counterpart [20]. Some of the key regulators of B-cell

Table 10.1 Milestones in recognition and treatment of Hodgkin's lymphoma.

1832 First description of the eponymous lymphomatoid disease
by Thomas Hodgkin [6]

1898-1902 Description of the histological picture with characteristic
cells by Carl Sternberg and by Dorothy Reed

1902 First X-ray irradiation of HD in a 4 year old boy
(Pusey) [7]

1943 First chemotherapy of HD with nitrogen mustard
(Goodman et al. 1946)

1964 Introduction of the combined chemotherapy MOPP
(De Vita et al. 1970) [8]

1965 Rye-modification of the histologicical classification
(Lukes et al. 1966) [9]

1966 Concept of the tumoricidal irradiation (Kaplan 1966) [10]

1970 Combined chemoradiotherapy for children
(Donaldson and Link 1987) [3]

1971 Staging classification of Ann Arbor (Carbone et al) [11]

1994 H-RS cells are clonally, mostly B-cell-derived malignant
cells (Kippers) [12]

1997 WHO classification of lymphomas (Harris et a/.1999) [13]

HD, Hodgkin's disease. MOPP, mechlorethamine + oncovin (vincristine) +
prednisone + procarbazine. H-RS, Hodgkin's and Reed-Sternberg. WHO, World
Health Organization.

M Girls
100 [ Boys

Figure 10.1 Age and gender in trial GPOH-HD 95.
(Reproduced from Dorffel W [115], with permission
from Springer Science and Business Media.)
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specific gene expression such as E2A and EBF are retained but
most of the down-stream target genes are not expressed [21, 22].
Recently, it was demonstrated that in HL-cells inhibitors of E2A-
ID2 and ABF-1 are overexpressed. In normal B-cells overexpres-
sion of these proteins lead to inhibition of B-cell specific gene
expression. On the other hand, inhibition of ABF-1 in H-RS-cells
down-regulated aberrant T-cell specific genes expression, a phe-
nomenon typical for H-RS cells. In addition to overexpression of
ABF-1 or ID2, the expression of the transcription factor Notch-1
might explain the aberrant T-cell antigen expression which was
observed in up to 5% of H-RS cells [23]. In conclusion, while a
lot of facts are known about the potential molecular mechanisms
of aberrant B-cell development in H-RS cells, the process induc-
ing these aberrations is largely unknown.

The HL tumor mass consists mostly of less than 1% of classic
HL cells, while 99% of the tumor mass is composed of infil-
tration lymphocytes and other cell types. Thus, not only the
HL cells itself, but also the microenvironment and the interac-
tion between HL cells and microenvironment might play impor-
tant roles in the pathogenesis of this lymphoma. The HL cells
produce several cytokines such as IL-13 which could stimulate
an autocrine growth of HL-cells. Trieu et al. [24] report that
inhibition of IL-13 could reduce proliferation of HL cells. In
addition, HL cell growth was inhibited in vivo in mice by using
an inhibitory soluble IL-13 receptor. Finally, production of
Th-2 cytokines such as IL-13 by HL-cells could lead to infiltra-
tion of eosinophils, Th-2 and other regulatory cells as well as
fibroblasts.

Other cytokines, such as IL-10, have been shown to be relevant
for the development of systemic B-symptoms. In addition, Visco
et al. [25] could show that IL-10 is an independent risk factor and
that high IL-10 levels correlate with a poorer prognosis. This
might be explained by the immunosuppressive effects of IL-10.
Marshall et al. [26] found that HL infiltrating lymphocytes are

47% 54%
\"/

10-<15 years

<10 years

15-<18 years

5 6 7 8 9 10 11 12 13 14 15 16 17 18
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mainly IL-10 secreting regulatory T-cells and that these cells are
able to reduce function of regulatory T-cells.

Clinical presentation

The most common presenting sign in children and adolescents
with HL is progressive, painless lymphadenopathy, most fre-
quently in the neck. Figure 10.2(a) shows the incidence of lymph
node involvement and Figure 10.2(b) extra nodal involvement in
1018 patients (GPOH-HD 95 trial).

About 80% of the patients present with mediastinal involve-
ment, which can cause cough, shortness of breath or evidence of
venous obstruction. Palpable enlargement of the liver and spleen
or symptoms from osseous or pulmonary involvement are rare.
About one-third of children present with systemic B-symptoms
as defined by the Ann Arbor staging criteria (fever above 38°C,
drenching night sweats, unexplained weight loss >10% within 6
months). Itching is a rare sign in children and without prognostic
relevance.

The disease might present with paraneoplastic signs such
as nephrotic syndrome, immunothrombocytopenia, or other
syndromes. Children with HL can present with immunologic
deficiencies and infection from an acquired cellular immune
defect.

Waldeyer's tonsillar ring 2%

Cervical 80%

Supraclavicular  85%

Infraclavicular 9%
Axillar  27%

Hilar 10%

Mediastinal 82%
Costodiaphragmatic recessus 9%
Spleen 23%

Porta of the liver 20%

Splenic hilus  10%

Para-aortal 12%

lliacal 5%

Inguinal 7%

(a)

Anemia, leucocytosis or eosinophilia and, in advanced disease,
lymphopenia might be observed. Marked pancytopenia should
raise the suspicion of bone marrow involvement.

Investigation and staging

Accurate diagnosis of HL can only be made by histological exami-
nation of tissue from an excisional biopsy of enlarged lymph nodes
or other involved sites. Needle-aspiration biopsy is insufficient for
defining the histological pattern and for immunohistochemistry
and molecular genetics. Identification of the characteristic H-RS
cells, i.e. mono- (Hodgkin’s cell) or multi-nucleated (Reed-
Sternberg cells) giant cells with inclusion-like nucleoli can be made
by cytological or histological examinations. However they are
not pathognomonic for HL and can also be found in reactive
processes including infectious mononucleosis and phenytoin-
induced pseudolymphoma, and in non-Hodgkin’s lymphoma.

The current classification of HL by the WHO [1], follows the
Rye classification [9], but it describes two main entities: classic
HL (cHL) with four subtypes (Table 10.2) and in addition
nodular lymphocyte predominant HL (nLPHL).

Immunophenotyping of the H-RS cells (in ¢cHL) and of lym-
phocytic and histiocytic (L & H) cells is essential in order to
distinguish cHL and nLPHL.

Pleura 14%

Pericard 199%
Lungs 16%

Liver 29%

Bone 5%

Bone marrow 2%

(b)

Figure 10.2 (a), Relevant nodal involvement, % in trial GPOH-HD 95 (n = 1018). Each independent lymph node region is one field (e.g. cervical and supraclavicular
lymph node are together one field, but left and right are different independent fields). (b), Extranodal involvement, % in trial GPOH-HD 95 (n = 1018). (Modified from

Dorffel W [115], with permission from Springer Science and Business Media.)
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When a diagnosis of HL has been confirmed then staging pro-
cedures should be undertaken and carefully documented:
+ The exact history of disease (e.g. systemic symptoms, paraneo-
plastic syndromes) should be recorded.
+ Clinical examination of all palpable lymph nodes, palpation of
spleen and liver, and examination of Waldeyer’s tonsillar ring by
an otolaryngologist should be performed.
+ Laboratory tests are blood count, erythrocyte sedimentation
rate, liver and renal function, serum protein and electrophoresis,
immune status and serologic examinations for antibodies against
relevant viral infection, and toxoplasmosis.
+ Electrocardiogram and echocardiography are strongly
recommended.
+ The extent of diagnostic imaging depends on diverse factors
including trial enrolment and socioeconomic conditions.
Ultrasound, for example, is a reliable imaging procedure in the
hands of experienced investigators for the detection of involved
lymph nodes and the evaluation of abdominal organ enlarge-
ment, especially the spleen.

Table 10.2 WHO dlassification of Hodgkin's lymphoma and distribution (%) in
trial GPOH-HD 95 (n = 1018).

% of cases

Classic Hodgkin’s lymphoma (cHL): 91
Lymphocyte rich classical HL (LRcHL) 1
Nodular sclerosis (NS)* 68
Mixed cellularity (MC) 21
Lymphocyte depletion (LD) <1
Nodular lymphocyte predominant Hodgkin's 9

lymphoma (nLPHL)

* According to Bennett et a/[27] we can perform a grading in type 1 and 2
(relation in GPOH-HD 95 pts like 3:), which may have prognostic relevance
according to some trials.
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+ Chest radiograph is essential in all cases including measure-
ment of mediastinal tumor size (ratio of maximum transverse
tumor diameter to maximum intrathoracic diameter at T5/6
level). A ratio greater than or equal to one-third defines bulky
mediastinal disease and is considered in many trials an indication
of advanced disease, requiring intensified treatment. Thoracic
computed tomography (CT) is the best method for the demon-
stration of lung involvement. Neck, abdomen, and pelvis can be
investigated by CT or — without radiation exposure — with mag-
netic resonance imaging (MRI). Both imaging procedures can
detect contiguous extranodal involvement of pleura, pericar-
dium, or thoracic wall. Pleural effusions might also be secondary
to lymphatic or venous obstruction within the mediastinum. For
examination with regard to potential subdiaphragmatic involve-
ment ultrasound, CT, or MRI have replaced diagnostic laparat-
omy and lymphangiography in the detection of subdiaphragmatic
involvement. Splenectomy is obsolete and harmful in children
with HL. Selective laparoscopy is indicated only in the rare case
when subdiaphragmatic involvement cannot be excluded with
other imaging methods. A surgical procedure might become nec-
essary in females cases with subdiaphragmatic disease where the
ovaries have to be omitted from the RT fields.

+ Bone marrow biopsy remains mandatory in advanced cases
(stage IIB-IV).

+ Gallium scanning is a sensitive diagnostic procedure in HD and
used in many countries, but it has limited accuracy in subdia-
phragmatic sites. It will be replaced increasingly by fluor-deoxy-
glucose-positron emission tomography (FDG-PET or PET).

+ Bone scanning was mandatory in most trials but with the intro-
duction of PET it can be limited to those cases with suspicious
bone lesions.

FDG-PET is increasingly used in HL for initial staging and for
response assessment after therapy (for overview see [29]). It can
image the entire body and even detect foci in lung or bone. It can
be used for differentiation between viable tumor and residual
necrotic or fibrotic tissue and thus for evaluation of treat-
ment response (Figure 10.3). Today PET-CT more and more

Figure 10.3 Imaging of a patient with axillary lymphadenopathy. Left panel: CT and PET prior to chemotherapy. Right panel: MRI and PET after chemotherapy. While
the MRI shows residual lymph nodes, the PET is already negative. (Figures kindly provided by Prof. Dr R. Kluge, Leipzig.)
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Table 10.3 Ann Arbor/Cotswold staging classification of Hodgkin's lymphoma
(Lister et al. 1989 [28], modified phrase).

Stage

I Involvement of a single independent lymph node region (1) or
lymphoid structure (e.g. spleen, thymus, Waldeyer's ring) or
a single extralymphatic site (l)

Il Involvement of two or more lymph node regions on the same
side of the diaphragm without (Il) or with (Il¢) involvement
of extralymphatic organs or sites

Il Involvement of lymph node regions on both sides of the
diaphragm without (lll) or with (lll¢) involvement of
extralymphatic organs or sites

% Disseminated (multifocal) involvement of extra-nodal sites
beyond E'-sites

Annotations to stage definitions:
A. No B symptoms
B. At least one of the following systemic symptoms

1. Unexplained persisting or recurrent fever above 38°C

2. Drenching night sweats

3. Inexplicable weight loss of more than 10% during last 6 months
E. Extra-lymphatic structures or organs that are infiltrated per continuum out or
proximal of a lymphatic mass are termed E-lesion (examples: lung, pleura,
pericardium, bones) and do not automatically qualify for stage IV. Exceptions:
liver or bone marrow involvement always implies stage IV.

substitutes for CT/MRI and PET. However, for correct staging it
is absolutely necessary to have a CT scan with intravenous con-
trast to evaluate all lymph node regions correctly.

Clinical staging classification of HL uses the Cotswold revision
of the Ann Arbor classification [28] (Table 10.3).

Most study groups use this staging system for treatment strati-
fication and differentiate early (I, Il and IITA) from advanced (II1B
and IV) stages. Early stages can be further divided according to the
presence of additional risk factors into ‘early favorable’ and ‘early
unfavorable or intermediate’ stages. Generally B symptoms,
extranodal involvement and advanced stages were considered risk
factors for poor prognosis. Other factors like bulky disease (e.g.
mediastinal bulky disease, or a defined number and size of involved
lymph node regions), high erythrocyte sedimentation rate or
anemia are more dependent on treatment regimen. With effective
treatment strategies some of these factors have lost their impact
on prognosis, such as tumor burden and histological subtype.

Treatment

With modern RT alone, cure rates in early stage HL are up to
80-90% in early stages and are about 50% in advanced stages.
The recognition of the natural history with systematic spread of
the disease from an initially involved node along known lym-
phatic pathways led to the development of the extended field (EF)
RT technique; radiotherapy was not just applied to clinically

134

involved lymph nodes but also to the adjacent regions which
often are subclinically infiltrated by HL [30].

The supradiaphragmatic lymph node regions and the mediasti-
num were encompassed in a so-called ‘mantle field’ and irradi-
ated simultaneously, the lymph nodes below the diaphragm
(para-aortic, iliac and inguinal) and the spleen were treated using
the ‘inverted Y-techniques, with the combination of both
volumes resulting in ‘total nodal irradiation’ (TNI). In addition,
it became obvious that a fractionated dose of about 40Gy is
needed for permanent local tumor control [10]. This wide field
techniques and high dose RT can only be applied in a safe way
with modern treatment equipment (megavolt linear accelerators,
planning systems, customized blocks or leafs for the shielding of
surrounding healthy tissue). However, despite using these
modern techniques the very intensive RT can cause severe side
and late effects, especially in children [2].

When effective chemotherapy became available it was recom-
mended to reduce the dose [31] and volumes of RT [32] or both
[4] in pediatric trials. Low-dose irradiation of involved regions
only (IF-RT) in combination with chemotherapy (‘combined
modality therapy’) became the standard [3, 33] for some time. A
further reduction of the irradiation volumes to individualized or
‘reduced involved’ fields was performed in DAL trials (Figure
10.4) [34]. Nowadays efforts are directed towards response-
adapted strategies with the avoidance of radiotherapy whenever
it seems possible (see below).

During the past a variety of single antitumor agents were used
for induction of and maintenance of remission in HD, e.g. with
mechlorethamine, chlorambucil, vinca alkaloids, cyclophospha-
mide, procarbazine and others. But curative management of HD
was not successful until the development of combination chemo-
therapy. De Vita et al. [8] tried to combine various single cyto-
static agents with proven efficacy in HD but each agent had a
different mode of action and a different toxicity profile. The most
effective combination proved to be MOPP (mechlorethamine,
oncovin [vincristin], prednisone and procarbazine).

When 188 patients with advanced HD were treated with
MOPP the relapse-free survival (RFS) was 66% and the overall
survival (OS) 48% at 20 years [8, 45]. In the following years
several variants of MOPP with substitution of some agents were
tried, such as COPP (substitution of M by cyclophosphamide,
Table 10.4), LOPP (substitution of M by chlorambucil), ChlVPP
(substitution of M by chlorambucil and of O by vinblastine) and
others [46: overview]. Some of these combinations proved to be
less toxic in comparison to MOPP but not more effective. The
German-Austrian pediatric DAL group developed OPPA in
which mechlorethamine was replaced by adriamycin, and the
doses of prednisone and vincristine were increased. OPPA has a
high efficacy and is considered the backbone of the DAL/GPOH
trials. Another breakthrough was achieved with the development
of ABVD (adriamycin, bleomycin, vinblastine and dacarbazine)
by Bonadonna et al. [35]. ABVD proved equally efficacious in
trials either alone or together with MOPP in alternative or hybrid
regimens (e.g. COPP/ABV, Table 10.4) and superior to MOPP
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Figure 10.4 Radiation fields for total nodal irradiation, mantle field, involved field and individualized local field. (Reproduced from Dorffel W [115], with permission

from Springer Science and Business Media.)

[47]. ‘Stanford V’ [40] and BEACOPP [39] are noteworthy
examples of combination chemotherapy regimens, although
largely employed in adult trials. Important regimens for children
and adolescents are also VBVP, VAMP, OEPA and possibly
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combination chemotherapies.

COPDAC, which avoid some of the serious late effects of other

There are many publications about chemotherapy alone in
treatment of children with HL. They were reported either from
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Table 10.4 Chemotherapeutic regimens in Hodgkin's lymphoma.

ABVD 28d

Bonadonna et al. 1982 [35]

Adriamycin 25mg/m? V. d1+15
Dacarbacine 375mg/m’ V. d1+15
Bleomycin 10mg/m? i.v. d1+15
Vinblastine 6mg/m’ iV, d1+15

COPP, 28d, in brackets the modification used by the DAL/GPOH group
Morgenfeld 1972 [36]/ DAL: Breu 1982 [4]

Cyclophosphamide 650 (500) mg/m? V. d1+8
Vincristine (O = oncovin) 1.4 (1.5) mg/m?, max. 2mg V. d1+8
Procarbazine 100 mg/m*/d p.o. d1-14 (~15)
Prednison 40mg/m¥/d p.o. d1-14 (-15)

COPP/ABV 28d (regimen used by CCG)
Nachmann et a/. 2002 [37]

Cyclophosphamide 600 mg/m* iV, d1
Vincristine 1.4mg/m?, max. 2mg i.v. d1
Procarbazine 100 mg/m’/d p.o. d1-7
Prednison 40mg/m¥/d p.o. d1-14
Adriamycin 35mg/m? iV, ds
Bleomycin 10 U/m? V. ds
Vinblastine 6mg/m’ V. ds
OPPA 28d

Breu et al. 1982 [4]

Vincristine (O = oncovin) 1.5mg/m?,max. 2mg A% d1+8+15
Procarbazine 100 mg/m?/d p.o. d1-15
Prednison 60mg/m%d p.o. d1-15
Adriamycin 40mg/m? V. d1+15
OEPA 28d

Schellong et al. 1999 [34]
Schedule like OPPA, but Procarbazine substituted by:

Etoposide 125mg/m? V. d3-6

in the current version of the EuroNet —PHL-C1 trial 1 dose Etoposide more d1-5

COPDAC 28d

Kérholz 2006 [38]

Cyclophosphamide 650 (500) mg/m? V. d1+8

Vincristine (O = oncovin) 1.4 (1.5) mg/m?, max. 2mg i.V. d1+8

Dacarbazine 250mg/m¥/d V. d1-3

Prednison 40mg/m?/d p.o. d1-15

BEACOPP-escalated, and in brackets: BEACOPP-basis 21d
Diehl et al. 1997 [39]

Bleomycine 10 mg/m? PV ds
Etoposide 200 (100) mg/m? V. d1-3
Adriamycin 35 (25) mg/m? V. d1
Cyclophosphamide 1250 (650) mg/m? V. d1
Vincristine 1.4mg/m?, max. 2mg iv. d8
Procarbazine 100 mg/m? p.o. d1-7
Prednisone 40mg/m? p.o. d1-14
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Stanford V 28d
Bartlett et a/. 1995 [40]

Adriamycin 25mg/m?
Vinblastine 6mg/m?
Mechlorethamine 6mg/m?
Vincristine 1.4mg/m?, max. 2mg
Bleomycin 5U/m?
Etoposide 60 mg/m?
Prednisone 40mg/m?
VAMP 28d

Donaldson et al. 2002 [41]

Vinblastine 6mg/m?
Adriamycin 25mg/m?
Methotrexate 20 mg/m?
Prednisone 40 mg/m?
VBVP 21d

Landman-Parker 2000 [42]

Etoposide (V= VP 16) 100 mg/m?
Bleomycin 10mg/m?
Vinblastine 6mg/m?
Prednisone 40mg/m?
VEPA 28d

Friedmann 2002 [43]

Vinblastine 6mg/m?
Etoposide 200 mg/m?
Prednisone 40mg/m*/d
Adriamycin 25mg/m’
IEP 21d

Schellong 2005 [44]

[fosfamide 2000 mg/m?
Etoposide 125mg/m?
Prednisone 100 mg/m*/d

iv. d1+15
i.v. d1+15
i.v. d1

i.v. d8+22
i.V. d8+22
i.v. d15+16
p.o. alternating (each 2nd day)
i.v. d1+15
i.v. d1+15
iV, d1+15
p.o. d1-14
v, d1-5
i.v. d1

i.v. d1+8
p.0 d1-8
iv. d1+15
i.v. d1+15
p.o. d1-14
i.v. d1+15
in 24hiv. d1-5
in 2hi.v. d1-5
p.o. d1-5

countries with low resources and no availability of radiotherapy
[e.g.48-50] or from industrial countries, where pediatric oncolo-
gists have tried to avoid radiotherapy because of the unwanted
late effects. But although some trials showed remarkably good
outcome, they were not recognized, because most of these studies
comprised only small numbers of additionally selected patients.
Three large randomized US trials with and without RT as part of
the treatment had good results in the chemotherapy only arm [37,
51, 52], but a superior outcome for patients treated with RT and
therefore combined modality therapy remained standard treat-
ment [53].

In the response adapted GPOH-HD 95 trial the omission of
RT did not result in a poorer disease free survival (DFS) rate in
113 early stage patients who achieved a complete remission (CR)
with chemotherapy and had no RT, in comparison with the DFS
rate of 281 patients, who did not achieve a CR with chemotherapy

alone and therefore were irradiated (DFS after 5 years 97% versus
949%) [54].

Combined modality therapy is a strategy allowing the admin-
istration of less toxic, shorter chemotherapy and low-dose, lim-
ited-volume radiotherapy. In Table 10.5 pediatric treatment
schedules for early stage HL are listed, reporting dose intensity
and cumulative doses of different chemotherapeutics, RT dose
and the resulting EFS values.

The rules for stratification differ in these study groups.
Therefore different trials treat between 26% and 60% of all
patients as early stage. But all trials achieved EFS values above
91%. The differences in chemotherapy regarding the dose inten-
sity and cumulative dosage of the drugs are interesting. Dose
intensity means the quantity of a single chemotherapeutic dose
in mg/m” per week and determines, according to Hryniuk [57],
the efficacy. The cumulative doses of the drugs on the other hand
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Table 10.5 Pediatric treatment strategies and outcome in early stage Hodgkin's lymphoma. Chemotherapeutics with dose intensity in mg/m’/week and cumulative doses
in mg/m? (in brackets); applied radiotherapy and event-free survival (EFS). (Modified according to [114], with kind permission of Springer Science and Business Media.)

Trial AIEOP-MH 89 France: MHD 90 USA: SSD USA: CCG GPOH-HD 951
Publication Vecchi et al. Landman-P et al. Donaldson et al. Nachmann et a/. Dorffel et al.

[55] 1997 [42] 2000 [56] 2007 [37] 2002 [54] 2003
Number of cycles 3 ABVD 4 VBVP* 4 VAMP 4 COPP/ABV 2 OPPA (f) or OEPA (m)
Treatment duration 12 weeks 12 weeks 16 weeks 16 weeks 8 weeks
Adriamycin 12.5 (150) 12.5 (200) 8.75 (140) 20 (160)
Bleomycin 5 (60) 3.3 (40) 2.5 (40)
Cyclophosphamide 150 (2400)
Dacarbazine 188 (2250)
Etoposide 167 (2000) m = 125 (1000)
Methotrexate 10 (160)
Prednisone 93 (1120) 140 (2240) 140 (2240) 225 (1800)
Procarbazine 175 (2800) f =375 (3000)
Vinblastine 3(36) 4 (48) 3 (48) 1.5 (24)
Vincristine 0.35 (5.6) 1.1(9)
IF-RT-dose 21Gy 20 (—40) Gy and para-aortic 15 (-25.5) Gy 21Gy (36% of patients 20 (-35) Gy, 30% of

field + spleen without RT) patients without RT)

Patient (n=) 100 202 110 294 408
% of all HL-patients 39 60 34 26 40
EFS 91% (7 years) 91% (5 yearrs) 93% (5 years) 95% (3 years) 94% (5 years)

*In trial MHD 90 ‘poor responder’ patients (tumor regression <70%, n=27) received additionally 1-2 OPPA cycles. t In trial GPOH-HD 95 chemotherapy was different for

girls (f) and boys (m).

are more relevant for toxic late effects. Therefore we favour
schedules with high dose intensity and low cumulative doses. In
addition there should be a low risk for organ dysfunction, infer-
tility, and secondary malignant neoplasm, and for this reason
the schedule should avoid radiotherapy, procarbazine, and high
doses of adriamycin, bleomycin or alkylating agents. This strat-
egy is currently applied in the EuroNet-Pediatric Hodgkin’s
Lymphoma Group trial ‘EuroNet-PHL-C1’ [38].

Comparing results in intermediate and advanced stages of HL
is more difficult in view of the very different stratification of
patients between different study groups. Stage IV disease has the
most dismal outcome. For instance, the EFS of stage IV patients
was only 49% in the UKCCSG study [58] and 62% in the first
French pediatric study [59]. In the German-Austrian trial,
DAL-HD 82, all 50 patients of stage IIIB and IV were treated with
two cycles of OPPA, four cycles of COPP and involved field RT
with 25Gy (and boost doses up to 35Gy for larger residual
masses). The achieved EFS rate of 87% after 3.5 years was so
encouraging that the Italian and French pediatric Hodgkin’s
groups participated in the SIOP-study HD-1V-87 for children
with stage IV. The treatment was identical to the one employed
for advanced stages in DAL-HD 82, but the IF-RT dose was
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reduced to 20Gy. Sixty-five children treated in this manner
achieved an EFS of 77% and an OS of 93% after more than 7
years [60]. Nearly identical therapy was given in trial GPOH-HD
95, but boys received OEPA instead of OPPA and all patients who
achieved a CR (defined as tumor volume regression >95% and
maximal single lymphomas <2 ml) did not receive RT. The DFS
for this cohort with advanced stages, mostly IIIB or IV, were 91%
for 265 irradiated patients and 80% for 57 patients without RT
after 5 years [54].

Similar results were obtained by the Children’s Cancer Group
trial CCG 5942. In this trial stage I