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Preface

When the Series Editors for the Springer Verlag Pediatric Oncology Series
first approached us to consider developing a comprehensive text focused on
Imaging in Pediatric Oncology, we were enthusiastic. Not since 1992, when
Cohen published his text Imaging of Children with Cancer, has there been a
textbook dedicated to pediatric oncologic imaging. To be sure, there have
been numerous clinical pediatric oncology texts with chapters devoted to
imaging, as well as a variety of pediatric imaging textbooks with chapters or
sections describing the imaging features of particular tumor types, in addition
to textbooks focusing on radiology/pathology correlation in pediatric oncol-
ogy. But a comprehensive reference text that could serve both pediatric
oncologists and pediatric radiologists, and that focused primarily on the
imaging techniques used in caring for children with cancer, was lacking.

In approaching this project we had two major considerations: firstly, this
text was not simply to be focused on providing detailed discussions of the
role of imaging and the imaging characteristics for each individual cancer
observed in the pediatric age group—while of interest, there are ample other
reference materials devoted to these topics. Rather we chose to focus on the
imaging techniques available and currently in use, including guidelines for
response assessment, use of functional imaging techniques and molecular
imaging, as well as newer developments within the field of radiology.
Secondly, in an effort to appeal to a broad readership and to provide a bal-
anced perspective, we were encouraged to invite colleagues from both North
America and Europe to serve as chapter coauthors, taking advantage of the
insights and expertise of pediatric imaging experts active in multiple interna-
tional consortia, such as the Children’s Oncology Group (COG) and the
International Society of Pediatric Oncology (SIOP).

The result has been better than we could have anticipated. We were thrilled
by the willingness of so many of our colleagues from institutions around the
world to contribute their knowledge and expertise in putting together the vari-
ous chapters contained in this text. In many cases chapters were written
together by colleagues from both the USA and Europe, and that is a testament
to the close working relationships that have developed among pediatric radi-
ologists with a major interest in oncology. The result is a series of contribu-
tions that span the breadth of pediatric radiology as it relates to the imaging
of children with cancer. All of the authors are well-known leaders in their
respective fields, and most also contribute their imaging expertise and knowl-
edge by being active in ongoing clinical trials. By inviting input from both
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North American and European institutions, we feel we have been able to pro-
vide a varied perspective on the different approaches to imaging, particularly
as it is used in the context of both North American and European clinical tri-
als. In another edition we will endeavor to make this effort an even more
global phenomenon with contributions from Australasia and hopefully else-
where also.

The text initially focuses on technical aspects of pediatric oncologic imag-
ing, and then moves into how the multiple imaging techniques are applied to
specific challenges inherent to the imaging of children being treated for can-
cer, such as assessing response to therapy and treatment-associated complica-
tions. Chapters focused on radiation safety considerations and on radiotherapy
are necessary in any text such as this, as are the sections related to interven-
tional techniques. We conclude with chapters focusing on emerging tech-
niques (molecular imaging) as well as on the use of imaging to guide new
clinical management paradigms, such as for screening patients with a cancer
predisposition syndrome, and considerations related to survivorship and
imaging surveillance.

Understandably, some topics could not be specifically addressed in this
text. For example, the topics of quality of life, ethical considerations, global
disparities, and communication with patients are all worthy topics, but beyond
the scope of this text. There is no doubt that differences in healthcare eco-
nomics between countries can and do influence how imaging is utilized and
which techniques are deployed in the management of children with cancer.
For example, whole body MRI is not currently reimbursed in the USA as
there is presently no CPT billing code. As such many institutions must either
forgo these exams or develop creative strategies for reimbursement. In most
Canadian and European centers, in contrast, whole body MRI is reimbursed
as with other examinations and there are no barriers to performing the studies
in the majority of patients.

We hope you will agree that a book such as this is long overdue and that
you find it to be a valuable reference and resource for imaging and imaging-
based therapy used in the care of children with cancer.

Boston, MA, USA Stephan D. Voss
London, UK Kieran McHugh



Imaging in Pediatric Oncology: New Advances

and Techniques . ............. .. ... ... ... .. ... . ..., 1
Daniel A. Morgenstern, Carlos Rodriguez-Galindo,

and Mark N. Gaze

Imaging in Paediatric Oncology: Pitfalls, Acceptable

and Unacceptable Imaging. . .. ........................... 9
Joy Barber and Kieran McHugh

PET/CT in PediatricOncology .........ccovvvievinnnennnns 29
Lisa J. States and Stephan D. Voss

PET/MRI. ...ttt ittt iittineneennennenns 63
Sergios Gatidis and Jiirgen F. Schifer

SPECT/CT in Pediatric Oncology. .........cvvvvivieennnn. 75
Helen Nadel and Lorenzo Biassoni

Functional MRI: DWIand DCE-MRI .. ................... 91
Govind B. Chavhan and Paul D. Humphries

Whole-Body MRI in Pediatric Oncology ................... 107
Rutger A. J. Nievelstein and Annemieke S. Littooij
Contrast-Enhanced Ultrasound: The Current State. .. ....... 137
M. Beth McCarville, Annamaria Deganello,

and Zoltan Harkanyi

Tumor Response Assessment: RECIST and Beyond. . . . ... ... 157

Kieran McHugh and Simon Kao

Neuro-oncology: Assessing Response in Paediatric

BrainTumours .......... ... ... ... ... ... .. ... ... ...... 171
Felice D’ Arco, Kshitij Mankad, Marvin Nelson,

and Benita Tamrazi

Complications of Therapy ............................... 197
Eline E. Deurloo and Anne M. J. B. Smets

Non-neurologic Late Effects of Therapy.................... 223
Sue C. Kaste and Anurag Arora

Vii



viii

13

14

15

16

17

18

19

20

21

22

Complications and Pitfalls in Neuro-oncology Imaging . . ... ..
Stavros Michael Stivaros, John-Paul Kilday, Bruno P. Soares,
and Thierry A. G. M. Huisman

Radioisotope Therapies: Iodine-131, I-131-MIBG,
andBeyond ......... ... .. .. ... ...
Neha S. Kwatra, Marguerite T. Parisi, and Barry L. Shulkin

Interventional Radiology in Pediatric Oncology .............
Derek J. Roebuck and John M. Racadio

Tumour Tissue Sampling . . ..............................
Sam Stuart and Premal Amrishkumar Patel

Radiation Treatment Planning in Pediatric Oncology. . .. ... ..
Naomi A. Lavan and Henry C. Mandeville

Radiation Dose Considerations in Pediatric
OncologicImaging ........coiiiiiiiiiiiiirnenrernnsnns
Karen E. Thomas and Frederic H. Fahey

Pediatric Molecular Imaging............civiviiiinennnn.
Benjamin L. Franc and Heike Elisabeth Daldrup-Link

Imaging of Children with Cancer Predisposition Syndromes . .
Sudha A. Anupindi, Ethan A. Smith, and Nancy A. Chauvin

Surveillance Imaging in Pediatric Oncology ................
Martijn V. Verhagen, Kieran McHugh, and Stephan D. Voss

Perspectives and Future Directions. . . .....................
Stephan D. Voss and Kieran McHugh

369

Contents



®

Check for
updates

Imaging in Pediatric Oncology:
New Advances and Techniques

Daniel A. Morgenstern, Carlos Rodriguez-Galindo,

and Mark N. Gaze

1.1 Introduction

The discovery of X-rays by Wilhelm Rontgen in
1895 was translated with remarkable speed into
routine clinical practice. Less than 1 year later,
the world’s first radiology department was estab-
lished at the Glasgow Royal Infirmary. One of the
earliest images was of a foreign body lodged in
the esophagus of a 6-month-old boy, and thus
pediatric radiology was born [1, 2]. Since that
time there has been astonishing progress in imag-
ing technology, including the development of
medical ultrasound in the 1950s and computer-
ized tomography (CT), magnetic resonance
imaging (MRI), and positron emission tomogra-
phy (PET) from the 1970s to the 1990s. Over
time, technological advances coupled with clini-
cal research have led to an expanding array of
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more sophisticated and sometimes more costly
imaging investigations. These include the use of
various types of contrast, additional functional
MRI sequences such as diffusion weighting and
arterial spin labeling, a wider choice of molecular
imaging tracers, and image fusion with hybrid
imaging platforms bringing together single pho-
ton emission computed tomography (SPECT)
and PET with CT and MRI. This bewildering
range of imaging options brings with it a require-
ment to choose wisely, to get the most clinically
important information from the smallest number
of scans.

Radiologists have emerged from an initial
role, focused on the technical aspects of obtain-
ing images and their interpretation, to become a
vital part of the multidisciplinary team caring for
pediatric oncology patients. Imaging is now cen-
tral to the management of patients with a variety
of CNS and non-CNS solid tumors, including for
initial diagnosis, staging and risk stratification,
treatment response assessment, surgical and
radiotherapy planning, and surveillance both
after completion of therapy and in patients with
cancer predisposition syndromes. In addition,
children with all types of cancer are at risk of
infective and other treatment-related complica-
tions for which radiological investigations are
required. The new subspecialty of pediatric inter-
ventional radiology is essential to modern pediat-
ric oncology, its practitioners undertaking a range
of image-guided minimally invasive techniques

S. D. Voss, K. McHugh (eds.), Imaging in Pediatric Oncology, Pediatric Oncology,
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including core biopsies, central venous catheter
placement, fluid drainage, stent placement, arte-
riography and tumor embolization, and lesion
ablation.

Cancer in children is comparatively rare, rep-
resenting only 1% of all cancer diagnoses, yet the
burden of disease is significant, and in North
America and Western Europe, cancer remains the
leading cause of childhood death by disease
occurring after infancy. While breast, prostate,
lung, and gastrointestinal carcinomas represent
the most common diagnoses in adults, the pattern
of disease in children is radically different. Acute
lymphoblastic leukemia (26%), brain tumors
(21%), neuroblastoma (7%), and non-Hodgkin
lymphoma (6%) represent the most common
diagnoses in patients aged 0-14 years, with
Hodgkin lymphoma (15%), thyroid carcinoma
(11%), brain tumors (10%), testicular germ cell
tumors (8%), and bone cancers (including osteo-

5-9

Age group (years)

10-14

15-19

sarcoma and Ewing sarcoma) most common in
the 15-19-year-old adolescent population [3].
Most  well-recognized pediatric embryonal
tumors such as neuroblastoma, Wilms tumor
(nephroblastoma), hepatoblastoma, and retino-
blastoma rarely occur in adults. Thus, the varying
spectrum of disease across the pediatric age
group and in adolescents and young adults is very
different from that in older adults, and an under-
standing of these changing disease patterns
within childhood and adolescence is crucial to
interpretation of imaging (see Fig. 1.1).

There has been remarkable progress in
improving the outcomes for patients with child-
hood cancer, resulting from various factors, not
least of which has been the development of better
imaging for diagnosis, risk stratification, treat-
ment planning, response assessment, and surveil-
lance. In addition, the implementation of
multi-agent chemotherapy regimens, and more
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Fig. 1.1 Distribution of cancer types by age group.
Summary from multiple international pediatric and gen-
eral cancer datasets showing the dramatic changes in pro-

portions of different cancer diagnoses depending on age.
From [5] with permission
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refined use of the local treatment modalities of
surgery and radiotherapy, coupled with a strong
ethos of clinical research built on national and
international collaborations has been transforma-
tive. Overall childhood cancer mortality rates
have more than halved in the period 1975-2006
from 5.14 to 2.48 per 100,000 [4]. Currently the
combined 5-year overall survival (OS) rate is
around 80%, although this single figure masks a
wide range of outcomes, depending on the under-
lying diagnosis (see Fig. 1.2). For acute lympho-
blastic leukemia (ALL), 5-year OS is nearly
90%, while for non-infant neuroblastoma
(>12 months of age), 5-year OS is 65% [4]; for
diagnoses such as diffuse intrinsic pontine gli-
oma (DIPG), outcomes remain dire with 5-year
OS less than 1%. Overall childhood cancer inci-

Fig. 1.2 Trends in 12 —
pediatric cancer

mortality rates by site.

Data showing changes in

pediatric cancer

mortality in the United 10
States obtained from

National Center for

Health Statistics, -
Centers for Disease
Control and Prevention.
ONS indicates other
nervous system. Overall
mortality rates have
declined dramatically
since 1975, particularly
for ALL but also across
the range of most solid
tumors. From [3] with
permission

Rate per million
(o]
|

dences have been slowly increasing since 1975
(for reasons that are not entirely clear), with a
current incidence rate around 170 per 100,000 in
North America and Western Europe. However,
there is incomplete knowledge on the incidence
and epidemiology of childhood cancer globally
since large proportions of the world’s population
are not covered by cancer registries; this is par-
ticularly true in the areas of the world where pre-
dictions indicate that the cancer burden is
growing with the fastest rates, such as in Asia and
Africa. Existing data suggest noticeable differ-
ences in incidence and patterns of disease by eth-
nicity, race, and geography [5]. In the United
States, it is estimated that 1 in 408 children will
be diagnosed with cancer before the age of 15
and 1 in 285 before the age of 20 years [3].
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Improved survival rates have also led to a grow-
ing number of adult survivors of childhood can-
cer, many of whom will be at risk of significant
late effects as a result of their original oncology
treatment, prompting new considerations related
to off-treatment surveillance, both for detecting
late relapses and the late effects resulting from
the original therapies.

Most children with cancer will initially pres-
ent to a primary care doctor or general practitioner
or to a local hospital emergency department and
be referred to a general pediatrician for further
investigation. Patients in secondary care settings
with suspected or confirmed malignancies will
then be referred on to an appropriate regional
specialist tertiary center. Those with brain tumors
will normally be managed initially by a pediatric
neurosurgical service, while those with extracra-
nial solid tumors or leukemia/lymphoma will be
referred directly to a pediatric oncology center.
Different pathways may exist for adolescents and
younger adults suspected to have cancer
compared with those for younger children,
depending on the local structure of health ser-
vices. Once at a pediatric oncology center, the
care of patients with proven or suspected cancer
is usually coordinated by a site-specialized pedi-
atric or adolescent oncologist or hematologist
working together with members of a diagnostic
and therapeutic multidisciplinary team (MDT).
As subsequent care, including imaging, may be
shared between the tertiary principal treatment
center and local secondary services at the pediat-
ric oncology shared care unit, it is good practice
for there to be close communication between
radiologists and clinicians regarding any radio-
logical investigations requested closer to home,
established protocols for the secure transfer of
imaging studies between institutions, and taking
steps to ensure that the optimal imaging examina-
tions are performed in order to avoid the need for
suboptimal investigations to be repeated.

Initial management is focused on stabilizing
the patient, obtaining a diagnosis, and defining
risk factors which will guide treatment options.
The choice of imaging technique is dependent
on the history and clinical examination indicat-
ing the body part affected. For suspected brain

tumors, contrast-enhanced MRI of the whole
central nervous system (CNS) with functional
sequences including diffusion weighting will
give the best information. For neck, abdominal,
pelvic, chest wall, and extremity lesions, ultra-
sound may be a very useful first step, followed
by either CT or MRI. Intrathoracic lesions may
be better demonstrated by chest X-ray and
CT. These cross-sectional imaging techniques
will contribute to determining disease burden
and delineate the primary tumor prior to inter-
ventional radiology percutaneous (or surgical)
biopsy to provide a histological diagnosis and
tissue for relevant biological studies. These stud-
ies are also essential for demonstrating the pres-
ence of lymph node or distant metastatic disease
and establishing disease stage. In some cases,
such as diffuse intrinsic pontine glioma, retino-
blastoma, or Wilms tumor, a presumptive diag-
nosis may be made on imaging appearances
alone. In other cases, typical imaging appear-
ances coupled with elevated blood, cerebrospi-
nal fluid, or urinary tumor marker levels may be
sufficient to diagnose, for example, hepatoblas-
toma, cortical or medullary adrenal tumors, and
gonadal, extra-gonadal, and intracranial germ
cell tumors. Biopsy may still be required to
obtain tissues to complete diagnosis and facili-
tate risk stratification.

Part of the role of the MDT discussion is to
decide on the most appropriate imaging investi-
gations and the order in which they should be
performed in individual patients. Because of the
carcinogenic risk of ionizing radiation exposure
[6], investigations such as ultrasound and MRI
are preferred, especially in undiagnosed children
who may not, in fact, have cancer. Even in those
with a confirmed diagnosis, a balance has to be
struck between obtaining the most useful clinical
information for disease management and mini-
mizing radiation exposure. The aim of keeping
the radiation exposure as low as reasonably
achievable (ALARA) can be helped by the selec-
tion of optimal technical parameters in imaging
protocols,  avoiding  unnecessary  over-
investigation, and minimizing the frequency of
reassessment and surveillance imaging by fol-
lowing evidence-based guidelines.
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Staging investigations depend on an under-
standing of the likely (or confirmed) diagnosis
and anticipated potential sites of metastatic
spread. Patients with CNS malignancies typically
require imaging of the entire neuraxis. Many
extracranial solid tumors (such as sarcomas and
Wilms tumor) metastasize preferentially to the
lungs requiring CT evaluation, with many sarco-
mas additionally requiring *™Tc bone scintigra-
phy or BF-fluorodeoxyglucose (FDG) PET/CT
evaluation for distant metastases. For neuroblas-
toma, 'I-mIBG (meta-iodobenzylguanidine)
scintigraphy has now largely replaced **Tc bone
scans for the evaluation of skeletal metastases
[7]. This is an important element in the diagnostic
process as it can define future therapeutic options
with the use of *'I-mIBG for relapsed or refrac-
tory disease [8]. FDG-PET/CT has now been
routinely adopted for staging and response evalu-
ation in Hodgkin lymphoma and is increasingly
used for metastatic evaluation in patients with
rhabdomyosarcoma, Ewing sarcoma, and other
pediatric sarcomas [9].

There are considerable complexities around
the details of primary tumor evaluation and stag-
ing that require a detailed knowledge of the
underlying diagnosis and relevant clinical trial
protocols. Improvements to the resolution of tho-
racic CT have led to the identification of more
sub-centimeter nodules, raising difficult ques-
tions about defining lung metastases on the basis
of imaging appearances alone [10]. Improving
imaging resolution leading to the identification of
ever smaller lesions also risks leading to stage
migration (i.e., upstaging of patients in whom
metastases might not previously have been iden-
tified)—the so-called Will Rogers phenomenon
[11]. For many pediatric cancers, staging strate-
gies have moved from those based on a surgical
evaluation to those based on imaging alone. For
neuroblastoma, for example, the International
Neuroblastoma Staging System (INSS) defini-
tions are based on tumor surgical resectability
and disease involvement of nearby lymph nodes
[12]. In contrast, the more recent International
Neuroblastoma Risk Group (INRG) staging sys-
tem focuses on imaging-defined risk factors [13].
Thus, radiological interpretation coupled with a

detailed understanding of the relevant staging
systems and newly developed imaging-based
risk-stratification criteria is crucial to appropriate
staging. Other diagnoses have disease-specific
staging systems that are based on relevant anat-
omy and future decisions relating to surgical
resectability, for example, the pretreatment extent
of disease (PRETEXT) staging system for hepa-
toblastoma [14].

The role of imaging in pediatric oncology of
course extends well beyond the initial diagnostic
work-up and staging. For both CNS and extracra-
nial solid tumor imaging, evaluation of tumor
response to therapy is crucial for treatment deci-
sions, and again a detailed understanding of rel-
evant diagnoses and treatment protocols is
important for appropriate interpretation. In the
research context, response of solid tumors is
often defined on the basis of the response evalua-
tion criteria in solid tumors (RECIST) guidance
[15]. However, for many pediatric cancer diagno-
ses, disease-specific criteria have been estab-
lished, often using three-dimensional volume
assessments. For example, the European
Paediatric Soft Tissue Sarcoma Study Group
(EpSSG) guidelines are not interchangeable with
RECIST [16], whereas for neuroblastoma, a mul-
tinational analysis concluded that none of the
methods of primary tumor response assessment
was predictive of outcome, and therefore future
tumor response assessment will be based on the
RECIST guidance [17], together with semiquan-
titative assessment (such as Curie scoring) of
MIBG-positive disease response. Similar issues
arise in neuro-oncology, particularly in the evalu-
ation of malignant embryonal tumors such as
medulloblastoma that have the propensity to dis-
seminate throughout the neuraxis, leading to the
development of disease-specific response criteria
[18]. The example of medulloblastoma also fur-
ther highlights the critical importance of compre-
hensive disease evaluation and the potential role
for central radiology review. The Children’s
Oncology Group (COG) ACNS9961 study
reported significantly inferior EFS for patients
with inadequate studies, compared with those
with centrally reviewed adequate examinations
[19]. Outcome was particularly poor for patients
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in whom disseminated disease was only detected
retrospectively upon central review. Nuclear
medicine modalities also play an important role
in response evaluation. In Hodgkin lymphoma,
early response assessment based on FDG-PET
predicts outcome [20], and resolution of FDG-
avid lesions is now used to guide decisions about
radiotherapy, while for patients with high-risk
metastatic neuroblastoma, post-induction mIBG
response predicts outcome [21] and is used to
determine adequacy of response for the patient to
progress to consolidation therapy.

Imaging also plays an important role in sur-
veillance after the end of therapy for early detec-
tion of disease recurrence and the late effects of
therapy. Clinical trials that incorporate event-free
survival as a primary endpoint have detailed
schedules of disease evaluation post-therapy, typi-
cally requiring cross-sectional imaging with CT/
MRI every 3 months initially. These schedules
have frequently been adopted for routine monitor-
ing of patients outside the context of therapeutic
trials, although the benefit of intensive surveil-
lance in improving overall outcomes (through the
early detection of relapse) has rarely been estab-
lished. Growing concerns about the risks of expo-
sure to CT-associated radiation [22], gadolinium
contrast for MRI [23], and the impact on the
developing brain of recurrent general anesthesia
often required to facilitate imaging in young chil-
dren [24] mean that the appropriateness of such
imaging needs to be carefully considered.

In summary, the excellent outcomes seen
today for the majority of children and young peo-
ple with cancer, and hope for future improve-
ments for those tumor types where the prognosis
is less good, are based in no small part on the
wide range of imaging techniques now available
and the knowledge and skills of diagnostic and
interventional radiologists working as part of the
wider pediatric oncology MDT. The selection of
the most appropriate investigations for an indi-
vidual patient should be evidence-based and
made in discussion with experienced pediatric
radiologists. The radiologist will identify the site,
extent, and nature of the primary tumor and dem-
onstrate the presence or absence of metastases.
The radiologist may biopsy the tumor for histo-

logical diagnosis and molecular pathology sub-
typing and may well support care by insertion of
a central venous catheter and other interventions.
The radiologist is an essential supporter of sur-
geons and clinical oncologists as they plan com-
plex radical tumor surgery and sophisticated
modern radiation treatments and provide con-
tinuing evaluation with the assessment of
response to chemotherapy, surgery, and radiation
therapy. Finally, the involvement of the radiolo-
gist in the follow-up of the patient after complet-
ing therapy is critical in the evaluation of local or
metastatic recurrence or treatment-related com-
plications and second tumors.

For future improvements in the care of children
and young people with cancer, it is essential that
pediatric radiologists are not simply fully inte-
grated as core members of the pediatric oncology
MDTs in principal treatment centers but are also
involved in national and international clinical trial
groups. Further research into imaging biomarkers
and the best use of radiological investigations is as
fundamental to the progress of pediatric oncology
as randomized trials of treatment.
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2.1  Introduction

Cancer in the paediatric age group is rare and in
most countries is usually managed in a small
number of specialist centres in order to maximise
expertise. The first presentation of a child with
cancer is most frequently however at a smaller
local hospital where the initial diagnostic tests
are often undertaken. Some follow-up imaging
may also be performed locally for patient conve-
nience. This arrangement results in imaging from
a wide variety of district hospitals being sent to
regional cancer centres for review. Our chapter
sets out to illustrate potential errors made in the
imaging of children with cancer, from selecting
an incorrect modality or using suboptimal proto-
cols to incorrect identification and interpretation
of abnormalities. Whilst this chapter illustrates
some of the pitfalls in the imaging of childhood
cancer we have encountered, it comes with a plea
for a collaborative approach to imaging between
specialist and general hospitals with an encour-
agement of an open dialogue and constructive
feedback to referring centres.
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2.2 How to Scan

2.2.1 Choosing Imaging Modalities
Survival rates for childhood cancer are very
good, with a 5-year survival of 82% for children
diagnosed between 2006 and 2010 [1]. For this
reason, it is particularly important to minimise
potential morbidity due to the side-effects of
radiation exposure incurred during diagnosis,
treatment and later surveillance. The risks of
treatment-dose radiation in children are well
established [2]. More controversial currently are
the risks attributable to diagnostic level radiation,
with arguments both for [3, 4] and against [5] it
posing significant hazard. At worst, a lifetime
risk of cancer in the order of 1 in 550 has been
quoted for a 1 year old child following a CT of
the abdomen [6]. Given the uncertainty regarding
the risk of diagnostic radiation doses, the ALARA
principle is recommended for safety. On the other
hand, MRI is not an entirely risk-free alternative,
with sedation or anaesthesia required for long
scans in young children carrying an associated
morbidity [7]. There is growing concern in the
literature regarding the effects of gadolinium
deposition in tissues albeit without any evidence
of harm to children as yet [8]. Certainly, if CT or
other techniques involving ionising radiation are
to be used, the protocol must be optimised to
ensure the maximum useful information will be
gained.
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2.2.2 Plain Radiographs

2.2.2.1 Chest Radiographs
Chest radiographs will, quite reasonably, be per-
formed in most patients with a suspected new
tumour for staging purposes. With the exception of
children with obvious pulmonary metastases, most
abnormalities identified on chest radiographs will be
inflammatory/infective abnormalities such as round
pneumonia or occasionally congenital lesions such
as bronchopulmonary foregut malformations. This
is largely due to the low incidence of primary tho-
racic malignancy in children although bronchogenic
tumours, carcinoids, pleuropulmonary blastomas
and mesenchymal tumours are occasionally seen.
Misidentification of normal structures on plain
film is easily done on a rotated radiograph. The
thymus can look particularly large in infants and
toddlers, however should always maintain its
normal gently lobulated contour and not exert
any mass effect (Fig. 2.1). Malignant mediastinal
masses however do also occur in children.
Locating the mass within the anterior or posterior
mediastinum can help to narrow the differential,
lymphoma being the most common malignant
anterior mediastinal mass and neuroblastoma
(Fig. 2.2) being a posteriorly located mass often
erodes or splays the posterior ribs. Chest radio-
graphs are used as part of follow-up of patients
following treatment for cancers with a risk of

Fig. 2.1 Normal gently lobulated thymic contour on
chest radiograph, conforming to the overlying ribs. Note
also the added left lower lobe density in this example—a
sequestration

lung metastatic disease, for instance, Wilms
tumour, rthabdomyosarcoma, osteosarcoma and
Ewing sarcoma. In addition to the usual sites
where pathology is commonly missed on chest
radiographs—for instance, behind the clavicles
(Fig. 2.3), behind the heart and in the costo-
phrenic recesses projected below the dia-
phragm—another potential pitfall which is
peculiar to paediatrics is misidentification of ster-
nal ossification centres. Although more com-
monly mistaken for rib fracture on oblique chest

Fig. 2.2 A posterior mediastinal mass (neuroblastoma)
on chest radiograph—note the distortion of the posterior
ribs, helping to confirm the posterior location

Fig. 2.3 This Ewing tumour is located behind the right
clavicle but is also detectable by the deviation it causes to
the adjacent trachea—demonstrating the importance of
systematic review areas
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radiographs, sternal ossification centres may on
occasion be mistaken for calcified metastases.
Thankfully with patient age and progressive ossi-
fication, this becomes a less common pitfall.

The bones imaged on chest radiographs are a
minefield for potential missed diagnoses. In addi-
tion to the posterior rib distortion and erosion that
may help to identify a mediastinal mass as a pos-
terior thoracic neuroblastoma (Fig. 2.2), meta-
static bone disease and non-malignant but
nonetheless aggressive processes may also be
demonstrated. Lucency within the proximal
humeral metaphyses may be the first manifesta-
tion of metastatic bone disease, for instance, in
neuroblastoma, or diffuse marrow space involve-
ment in the setting of haematological malignancy
(Fig. 2.4). Whilst metabolic bone disease should
also be considered in cases where the abnormality
is symmetrical and the margins ill-defined, the
imaging features of cupping and fraying of the
metaphyses in rickets are well described and quite
characteristic and distinct from the bony changes
seen in malignancy. It is well recognised that ifos-
famide treatment for tumours can also be compli-
cated by rickets. The presence of abnormality
elsewhere in the skeleton and the overall clinical
picture usually allow differentiation.

The ribs, whilst also a site of potential meta-
static disease, may also be affected by primary
bone lesions including PNET/Ewings (Fig. 2.5).

Non-malignant lesions such as enchondromas,
fibrous dysplasia and mesenchymal hamartoma
may also be seen (Fig. 2.6). Of note, osteochon-
dromas are the commonest rib tumour induced by

Fig. 2.5 (a, b) Note the sclerotic, expanded left third rib,
with associated soft tissue mass—an Ewing sarcoma

Fig. 2.4 Infiltrative lucency in both proximal humeri was
the presenting abnormality in this child with metastatic
neuroblastoma

Fig. 2.6 Unusual but characteristic chest radiograph
appearance of a mesenchymal hamartoma
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radiation, and these were frequently seen in the
era when children had total body irradiation prior
to bone marrow transplant and are still encoun-
tered following mediastinal radiation for Hodgkin
lymphoma. The likelihood of each differential is
influenced by patient age at presentation and the
often distinctive imaging appearances.

Vertebral lesions may also be detectable on
chest radiograph although easily missed if not
looked for—in particular vertebral collapse
which may be secondary to infiltration in
haematological malignancy and metastatic dis-
ease or secondary to Langerhans cell histiocyto-
sis (LCH) (Fig. 2.7).

2.2.2.2 Abdominal Radiographs

A calcified neuroblastoma mass can often be
seen on a plain abdominal radiograph in the
upper abdomen or pelvis. Calcification in a
germ cell tumour or teratoma of the ovary may
also be evident occasionally. These findings
may help in the diagnosis of those tumours but
seldom provide any other useful information. In

addition, these findings are generally evident at
initial ultrasound examination also. In rare
cases of high-risk metastatic neuroblastoma,
lytic skeletal metastases may be visible, but
that is an exception rather than the rule.
Abdominal radiographs for abdominal masses
in children usually show a nonspecific mass in
the abdomen, with pelvic masses appearing
often identical to a distended bladder. Their
role is virtually always superseded by cross-
sectional imaging, notably ultrasound. In gen-
eral an abdominal radiograph at initial
presentation of an abdominal mass may be
avoided unless there is a concern over bowel
obstruction or perforation.

2.2.2.3 Appendicular Radiographs

Whilst they are performed for LCH, extended
skeletal surveys are not recommended for routine
identification of metastatic disease in children
with malignancy, and where clinically required,
radiographs should be targeted to a specific indi-
cation. Whilst not as sensitive as scintigraphy or

Fig. 2.7 (a, b) There is collapse of the T7 vertebral body, secondary to infiltration by Langerhans cell histiocytosis
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Fig. 2.8 The plain radiograph appearance is sometimes
sufficiently distinctive to allow identification of specific
patterns of calcification or ground glass changes—such as
in fibrous dysplasia shown here

MRI for detecting bone lesions, plain radiographs
are particularly valuable in identifying patterns
of calcification or typical osseous changes which
may assist in identifying ‘don’t touch’ lesions—
such as the ground-glass appearance in fibrous
dysplasia (Fig. 2.8).

2.2.3 Ultrasound

There are many merits of ultrasound in paediatric
oncology. Ultrasound requires neither ionising
radiation nor sedation and is low risk and poten-
tially high yield. The dynamic nature of the study

and direct patient interaction allow for assess-
ment of mobility of structures relative to each
other and on respiration. For instance, ultrasound
can allow relatively easy assessment of whether a
right upper quadrant tumour is tethered to adja-
cent liver—allowing the oncologic surgeon to
more accurately assess operative risk and take
mitigating steps as appropriate. In the authors’
experience, this useful information is often over-
looked on preoperative ultrasound scanning.

With a distressed or uncooperative child, it
can take time and patience to acquire an optimal
ultrasound study, sometimes requiring ‘time-out’
for both child and operator. A systematic
approach can help avoid critical components of
the study being missed. Colour Doppler should
always be applied to lesions—to assist in differ-
entiation between solid and cystic lesions and to
help establish the relationship to adjacent vessels
(Fig. 2.9). Regional lymph nodes should always
be systematically assessed when soft tissue
lesions are examined and followed up (Fig. 2.10).

High-frequency linear probes (at least
10-12 MHz) should be used to interrogate the
solid organs when metastases are suspected or
when fungal infection is suspected in a
neutropenic child following treatment. Use of
lower-frequency curvilinear probes may mask
pathology or at the very least may make it much
more difficult to identify lesions which are pres-
ent (Fig. 2.11).

Ultrasound microbubble contrast (Sonovue/
Lumason, Bracco, Milan, Italy) has recently been
approved by the FDA in the United States for intra-
vascular use in adults and children for assessment
of focal liver lesions. It continues to be used ‘off
label’ in Europe for a multitude of indications in
children. There is a paucity of literature currently
regarding the accuracy of intravascular ultrasound
contrast in assessing paediatric solid organ lesions,
although the limited data available is encouraging
with one study reporting a specificity of 98% for
identifying benign lesions and a negative predictive
value of 100% [9]. It is anticipated with the recent
FDA approval that the body of evidence surround-
ing paediatric ultrasound contrast will be signifi-
cantly expanded in the coming years.



Fig.2.9 (a, b) Colour Doppler interrogation allows char-
acterisation of this para-testicular mass as a solid lesion
(rhabdomyosarcoma) rather than, for instance, a heterog-
enous haematoma

-
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Fig. 2.10 Regional lymph node recurrence of rhabdo-
myosarcoma, identified at follow-up ultrasound

An easy error on ultrasound is to mistake a
calcified left upper quadrant mass for gas in the
stomach and vice versa (Fig. 2.12). Similarly a
cystic mass in the low midline can be dismissed
as bladder. In both of these cases, careful
delineation of the surrounding anatomy can avoid
these pitfalls. For instance, correct identification

J. Barber and K. McHugh

Fig. 2.11 Focal parenchymal lesions in the liver, spleen
and kidneys are more apparent on high-frequency ultra-
sound scanning with a linear probe—such as these hepatic
fungal deposits

LOGIO
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Fig. 2.12 The echogenic foci casting posterior acoustic
shadows are not gas within the stomach but calcification
within a left upper quadrant solid mass

of the stomach can be confirmed with recognition
of the pylorus, and correct identification of the
bladder can be confirmed with recognition of the
urethral opening.

224 (CT

Whilst the risks of diagnostic level ionisation are
debated [3-6], the ALARA principle has driven
the development of technology centred around
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reducing dose. Choice of scanner plays a role in
the dose reduction techniques available, and it
would be remiss for a paediatric radiologist to not
be involved in specifying the requirements for
new acquisitions of CT scanners and establishing
paediatric-specific CT protocols. From optimis-
ing pitch and collimation to tube current modula-
tion and iterative reconstruction, there are a
wealth of techniques that can be implemented to
ensure radiation can be minimised without
impairing image quality [10]. At our institutions,
paediatric chest CT is currently delivered with an
effective dose in the range 0.5—-1 mSv. Dose ref-
erence levels have been developed by Image
Gently and the European Society of Radiology
through the Eurosafe project [11] and should be
used as a guide to optimise departmental proto-
cols. However even a perfectly optimised,
paediatric-friendly CT scanner can be used in
error if the wrong scan or protocol is performed.

2.2.4.1 Only Perform Necessary

Studies
For children with radiation sensitivity syndromes
such as Li-Fraumeni, ataxia telangiectasia,
Nijmegen breakage syndrome, or Fanconi anae-
mia, extra effort should be made to avoid CT and
substitute with US or MRI whenever possible.

CT imaging of the chest is not required in all
tumour types; in particular it has been shown to
be unnecessary in neuroblastoma [12], where
pulmonary metastatic disease is uncommon,
although including the thorax may be helpful in
characterising potential supraclavicular lymph
node involvement (Virchow’s node) identified by
MIBG. Chest CT is nonetheless more sensitive
for detecting metastatic lung disease than plain
radiographs and is invaluable in pathologies with
a tendency to spread to the lungs including osteo-
sarcoma, Ewing sarcoma, rhabdomyosarcoma,
hepatoblastoma and Wilms tumours.

The frequency of follow-up imaging in children
can also be moderated. For instance, most tumour
relapses can be detected clinically, and repeated
surveillance CT does little to improve outcome in
tumour types including lymphoma [13, 14].

CT of the abdomen/pelvis provides poorer
soft tissue resolution than MRI, particularly

important in young children who have high body
water contents and little internal fat to separate
organs. New MRI sequences allow excellent spa-
tial resolution, and well-performed MRI is now
generally preferable for investigation of a new
abdominal mass. The main drawback is regard-
ing the risk of sedation or anaesthesia, which
may be required for longer MRI studies and can
often be avoided for CT.

2.2.4.2 Do Not Use Thick or
Noncontiguous Slices

This should rarely occur; however, where a
scanner has acquired thin section data, this
needs to be available for review and reformat
by the reporting radiologist. Some lesions are
much easier to identify and characterize on
coronal or sagittal reformats than the standard
provided axial images. Indeed, review of prop-
erly reformatted images in axial, sagittal and
coronal planes using soft tissue, lung and bone
windows is considered standard of care and
should take place with every examination.
Noncontiguous slices are unacceptable in can-
cer staging.

2.2.4.3 Eliminating Movement

Whilst the increased speed of scanners reduces
the severity to which images are degraded due to
patient movement, it is not acceptable to repeat-
edly image a child with CT due to poor immobili-
sation. Whilst sedation or anaesthesia was
previously widely employed to ensure children
were sufficiently still for CT, this is less neces-
sary in the era of sub-second scan times.
Immobilisation techniques such as trauma
evacuation-style ‘vacuum’ bags are well toler-
ated by most children, easy to use and compatible
with CT and MRI. A small number of children
will nonetheless require anaesthetic support for
CT, in particular those with neck or mediastinal
masses at risk of compromising the airway. In
these patients, if the risk of lying supine is felt to
be too great, such as in a child with T-cell non-
Hodgkin lymphoma and a large anterior medias-
tinal mass compressing the trachea, lateral
decubitus or prone imaging may still be
possible.
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2.2.4.4 Intravascular Contrast

Iodinated contrast is not inherently safe, with
potential risks of extravasation, anaphylactoid
reactions and contrast-induced nephropathy.
Thankfully these are uncommon in children.
Extravasation can be reduced by careful IV line
placement, line flushing and auto cut-offs on
injector pumps in the case of a rapid rise in resis-
tance. Mild or moderate anaphylactoid reactions
occur in up to 0.5% of patients and severe ana-
phylactoid reactions only in approximately
0.02% [15, 16]. The risk of unexpected contrast-
induced nephropathy can be mitigated by check-
ing of renal function in at-risk patients.

With their higher body water content and
lower body fat content compared with adults,
giving contrast for paediatric CT is rarely an
error. With the exception of spotting lung nod-
ules, non-contrast scans in children often result
in relatively homogenous shades of grey with
poor differentiation between tissues (Fig. 2.13)
and should be avoided in the assessment of a
new mass [17]. The only useful information
gleaned from a non-contrast CT in a child is
whether a lesion is calcified or not, but this is
also readily apparent after contrast administra-
tion (see Table 2.1). Even for CT studies primar-
ily assessing for metastatic lung disease, contrast
can be useful to delineate the mediastinal and
vascular structures.

There has been some debate in the literature
regarding the timing of contrast boluses in onco-
logic CT [18, 19] with some advocates of a dual-
bolus approach—achieving both arterial and
portal venous phase contrast in a single pass. This
can be helpful in certain scenarios but is not nor-
mally required. Arterial phase imaging is gener-
ally preferred for the chest.

Ideally, the abdomen and pelvis should be
imaged with MRI. Where CT imaging of the
abdomen is necessary, the phase of imaging must
be tailored to the question. Single-phase imaging
at CT is all that is necessary for the majority of
abdominal mass lesions in young patients. Triple-
phase scanning (arterial, portal, delayed venous)
seldom adds useful additional information and
triples the effective dose. It should be borne in

Fig. 2.13 This right upper limb soft tissue lesion is
poorly delineated on non-contrast CT (a) but much better
seen and assessed on both MRI (b) and ultrasound (¢)

mind that prior ultrasound with Doppler vascular
assessment of any abdominal mass should have
been performed before CT. If both arterial and
portal venous phase imaging are required simul-
taneously, the dual-bolus technique can be
considered.

2.2.5 MRI

2.2.5.1 MRI Sequences

MRI sequences can generally be grouped into
those which aid detection of disease (fat-
suppressed T2 imaging/STIR, DWI), those
which allow assessment of lesion contents
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Table 2.1 Important ‘Do’s’ and ‘Don’ts’ in paediatric
oncology imaging

Don’t do non-contrast CT. Post-contrast scanning
should generally suffice

Don’t do multiphase CT scanning; single-phase scans
should be sufficient. Remember that ultrasound to
assess vascularity should have been performed before
CT

Do perform ultrasound evaluation initially of
superficial lesions

Don’t forget to assess the regional lymph nodes with
ultrasound and MRI. For limb tumours this means
assessing the popliteal and inguinal nodes of a leg or
the epitrochlear and axillary nodes for an upper limb
primary

For MRI do try to perform diffusion weighted imaging
(DWI) and ADC maps for all new tumours. This helps
assess lesion cellularity and may guide biopsy

At MRI a volumetric sequence is useful for
reconstruction in the other orthogonal planes for
surgical planning

Don’t routinely perform an abdominal radiograph for
an abdominal mass; it is seldom useful

Do consider performing MRI instead of CT for all
limb, abdominal (particularly pelvic and liver),
paravertebral and neck tumours

(T1, in- and out-of-phase, T2, and contrast-
enhanced imaging) and those which are par-
ticularly good at anatomic localisation and
resection planning (isotropic, small voxel T2
imaging). An oncology protocol needs to sat-
isfy all these demands but will be tailored to
an individual institution’s machine and coil
capabilities and adapted based on the patient
and pathology.

The plane of imaging is important. Midline
lesions, for instance thymus or prostatic/vaginal
lesions, are difficult to delineate on coronal imag-
ing, and sagittal imaging is often a better choice
for the second acquired plane.

MRI sequence selection involves trade-offs.
High-resolution MR imaging has the ability to
replace CT of the abdomen and pelvis in terms of
spatial resolution (Fig. 2.14) but takes a long time
to acquire in order to maintain an adequate
signal-to-noise ratio (10—15 min for a T2-SPACE/
CUBE of the abdomen and pelvis) and therefore
often requires sedation/anaesthesia.

Fig. 2.14 High-resolution T2 SPACE/CUBE imaging pro-
vides excellent delineation of a left renal tumour and sur-
rounding vascular anatomy but at the cost of a long study
time often requiring general anaesthetic in younger children

2.2.5.2 Gadolinium

Although the risk of NSF is low with modern
macrocyclic gadolinium agents, it should not be
given to children with known renal impairment
without a careful risk-benefit assessment [20].
Gadolinium carries lower but non-zero risk of
anaphylaxis compared with CT-iodinated con-
trast. More recently, concerns have increased
regarding deposition of gadolinium within brain
and bone tissue. Although the long-term effects
of this are unknown, it has been found to occur
both in patients with normal renal function and
with macrocyclic agents previously thought to be
more stable [21, 22]. The need to give gadolin-
ium to assess enhancement needs to be weighed
carefully against potential risks in each child.

2.2.6 Nuclear Medicine

SPECT and PET/CT are increasingly used in the
investigation of childhood malignancies. ['*F]fluo-



18

J. Barber and K. McHugh

rodeoxyglucose (FDG) remains the most com-
monly used tracer, and FDG-PET can be used in
staging disease, in evaluating the response to che-
motherapy and as a surveillance test. Pitfalls with
FDG are its relatively low specificity—with inflam-
matory lesions also FDG avid—and exposure to
ionising radiation. It is also possible to misinterpret
normal physiologic uptake of FDG in the body as
disease. Physiologic FDG uptake can be seen
within the lymphoid tissue, salivary glands, mus-
cles, heart, liver, spleen, breast tissue and bowel,
and it is seen excreted in the renal tract and bladder.
Metabolically active brown fat can also show
increased FDG uptake, which can be reduced by
keeping the child warm and still during preparation
for the scan. Each tracer in nuclear medicine has a
different distribution in normal tissues with which
the interpreting radiologist needs to be familiar.

Treatment effects can also cause confusion in
FDG-PET, with both radiotherapy and chemother-
apy causing posttreatment flare effects. At least
2 months should elapse between radiotherapy and
a follow-up FDG-PET scan, and ideally 1 month
after chemotherapy, to reduce the chance of misin-
terpreting flare. The flare following chemotherapy
can in part be due to bone marrow hyperplasia, and
a similar effect is seen post-granulocyte colony-
stimulating factor (GCSF) with homogenously
increased uptake in the skeleton.

The most common gamma-emitting radiophar-
maceuticals used in paediatric oncology are likely
[123[]MIBG and [99mTc]methylendiphospho-
nates (MDP). [123I]MIBG scan is used in assess-
ment of neurogenic tumours, most commonly
neuroblastoma, at diagnosis and in monitoring
response to treatment. Radiolabelling of MIBG
with 1231 is highly preferable to 1311, as it gives
better quality images and a much lower radiation
burden. A number of drugs can interfere with
MIBG uptake, in particular antihypertensives,
anti-depressants and sympathomimetics [23]. Not
all neurogenic tumours are MIBG positive, with a
sensitivity of approximately 90% for neuroblasto-
mas. Non-avid primaries may result in non-avid
metastases, and a negative MIBG scan in this case
cannot rule out metastatic disease. Approximately
10% of neuroblastomas are MIBG negative, and
FDG-PET is the recommended alternative tracer

in this context. More differentiated neurogenic
tumours show a lower avidity for MIBG.

Technetium bone scans, whilst sensitive for
detecting metastatic bone disease when scrupu-
lously performed, are not particularly good at
assessing response to chemotherapy or
radiotherapy, as reactive changes can persist even
when viable tumour is no longer present. Bone
scans are only indicated at diagnosis for staging
in some tumours, but their utility has recently
been questioned for the evaluation of several pae-
diatric tumours, including rhabdomyosarcomas
[24] and neuroblastoma [25].

2.2.6.1 Imaging at the Wrong Time

There are several time points when children with
cancer will require imaging: at diagnosis, to
assess response to treatment, on surveillance and
when imaging for complications of treatment.
Chong et al. have clearly demonstrated how easy
it is for excess non-mandated CT scanning in
particular to be done during the course of treat-
ment, adding to the radiation burden [26]. In
their lymphoma cohort, 66% of studies were
non-mandated, described as discretionary (for
disease surveillance, good patient care or radi-
ologist request). Given the excellent outcome of
this group and the long-term risks, rational use
of discretionary surveillance procedures is nec-
essary. Guidelines for the appropriate use of sur-
veillance imaging based on probability of risk
recurrence must be developed in order to mini-
mise ionising radiation exposure, and this advice
applies not just to lymphoma but to all tumour
types.

One of the most common pitfalls in timing of
imaging is to not perform a baseline study prior
to changing treatment—for instance, making it
difficult to assess whether changes in disease
appearance truly represent progression on treat-
ment or are due to a deterioration prior to com-
mencing the latest treatment.

When planning for surgical resection, high-
resolution imaging (CT or MRI) should be per-
formed just prior to the planned operation, to ensure
disease status is up to date. This is particularly rele-
vant in cases of delayed resection of low malignant
potential lesions in order to allow for child growth
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(for instance, a neonatal teratoma) and in patients
receiving induction chemotherapy in an effort to
reduce tumour size prior to surgical resection (e.g.
neuroblastoma and hepatoblastoma).

2.2.6.2 Imaging the Wrong Area

Whilst few would fail to image the primary
mass lesion, it is surprisingly easy to not image
correctly for local or metastatic disease. A com-
mon error is not imaging the entire limb for soft
tissue and boney lesions and miss second skip
lesions or nodal spread. Locoregional spread of
a tumour such as rhabdomyosarcoma upstages
the disease and thus has important therapeutic
implications.

Conversely, it is surprisingly easy to become
fixated on detailed imaging of a soft tissue or
bony lesion and not recognise that it is a manifes-
tation of metastatic or systemic disease and not
the primary site (Fig. 2.15).

Another pitfall is not considering variations in
lymphatic drainage pathways—for instance, for
testicular tumours—and therefore not including
sufficient coverage of the draining lymph nodes
of the abdomen and pelvis in imaging.

2.3  Pitfalls in Identifying
and Characterising
Abnormality

2.3.1 Missing and Overcalling Lung

Disease

Using transverse maximum intensity projections
(MIPs) when reviewing for lung metastases
increases the sensitivity of detection of lung nod-
ules, particularly for less experienced readers
[27]. MIP images are easy to generate from avail-
able axial data, and it is hard to justify not using
them. However, it is not just lung metastases that
can be identified on chest CT. Pulmonary emboli
are also critical to look for, and the detection of
embolic disease is an argument for giving con-
trast even when the primary question is detection
of lung nodules (Fig. 2.16).

Deciding whether a lung nodule is or is not
metastatic disease is not straightforward. Despite

Fig. 2.15 Initial assessment of this right proximal
humerus bony lesion included MRI of the site (a), before
evaluation of the abdomen with ultrasound demonstrated
that it represented a site of metastatic disease from neuro-
blastoma (b) rather than a bony primary

suggestions in some early guidelines for rhabdo-
myosarcoma and Ewing sarcoma that size thresh-
olds could be used for identifying metastatic
disease, subsequent research has shown no clear
relationship between nodule size or indeed any
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Fig. 2.16 Acute right pulmonary artery embolus is dem-
onstrated on a contrast-enhanced CT thorax performed for
staging of Wilms tumour

Table 2.2 Definition of pulmonary metastases in the
European Paediatric Soft Tissue Sarcoma Study Group
(EpSSG)

Nodule size Classified as

>1 nodules >10 mm Metastatic disease
>2 nodules 5-10 mm

>5 nodules <5 mm

Metastatic disease
Metastatic disease

<4 nodules <5 mm Equivocal disease, treat

as localised disease

0 nodules Localised disease

other imaging factor and likelihood of
representing metastatic versus benign/inflamma-
tory disease [28, 29]. As a result different arbi-
trary thresholds as to what is considered to
represent unequivocal pulmonary metastatic dis-
ease are now used in some collaborative coopera-
tive paediatric oncology trials. For example, the
next European  Wilms  tumour  study
(UMBRELLA) will categorise all lung nodules
>3 mm as lung metastases, having used 1 cm
nodules as the lesion threshold size for pulmonary
metastatic disease in the prior study. Local radi-
ologists should be aware of these definitions
within the various trials, or they should be made
aware by their paediatric oncology colleagues
(Table 2.2, definition of lung metastases in the
EpSSG study). That said, the dilemma of what
constitutes a normal chest CT, equivocal and
unequivocal pulmonary metastatic disease is
probably best dealt with by central radiology
review.

J. Barber and K. McHugh

2.3.2 Finding Fat

Sometimes the identification of fat in a lesion can
help to significantly narrow a differential diagno-
sis. Recognition of the characteristics of different
MRI imaging sequences is crucial for this. Whilst
both short-tau inversion-recovery (STIR) and
chemical selective fat suppression sequences can
demonstrate macroscopic fat, gradient-echo in and
out-of-phase imaging is the technique of choice
for demonstrating microscopic fat. Pre-contrast T'1
imaging is typically performed with chemical fat
suppression (gadolinium enhancement being more
clearly assessed on fat-suppressed images) and
can provide a ‘free’ opportunity to detect macro-
scopic fat if other fat-suppressed sequences have
not been performed. Indeed, not fat suppressing
for contrast-enhanced MR images can make it
extremely difficult to differentiate true enhance-
ment from surrounding fat and other intrinsically
high T1 signal structures (Fig. 2.17).

Modified Dixon techniques are also increas-
ingly used and generate four sets of images from
a single acquisition—in/out of phase, water only
and fat only images—allowing for efficient char-
acterisation. Where CT imaging is performed,
macroscopic fat is clearly seen, although micro-
scopic fat is less accurately assessed.

2.3.3 Calcification and Bone Lesions
on MRl vs.CT

Calcification and abnormal ossification can be
much more subtle on MRI than on CT, with the
surrounding soft tissue abnormality often the
dominant feature on MRI. In some cases, this
can lead to the causative lesion being overlooked
in favour of secondary soft tissue changes, such
as oedema (Fig. 2.18). An awareness of the sub-
tlety of calcification on MRI can help to mitigate
this risk. On CT, when identification of bone ero-
sion is critical to diagnosing or staging disease—
such as pterygoid plate involvement in
parameningeal rhabdomyosarcoma—the bones
need to be very carefully interrogated on dedi-
cated bone windows as subtle erosion is easily
overlooked.
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Fig. 2.17 An abdominal teratoma containing macro-
scopic fat, demonstrated as an area of signal drop-out on
the fat-sat T2 (b) compared to the non-fat-suppressed T2
sequence (a). The macroscopic fat is easily seen on a CT
study also performed (c) but at the expense of radiation

Fig. 2.18 An osteoid osteoma of the cervical spine. The
dominant feature on MRI is the associated soft tissue
inflammation (a) with the primary bony abnormality eas-
ily overlooked. The bony lesion is more clearly delineated
on CT (b, ¢)
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Fig. 2.19 There is diffusely abnormal marrow signal in
the bones in keeping with metastatic infiltration—best
appreciated in the femoral heads which should contain

CT is relatively poor at identifying bone marrow
infiltration, for instance, in neuroblastoma, which is
more clearly seen on MRI and bone marrow biopsy.

2.3.4 Missing the Symmetrical
Abnormality

Diffuse or symmetrical processes can be very
difficult to detect unless they are systematically
assessed for and normal appearances are known.
This can be particularly difficult with bone mar-
row changes, as this requires a knowledge of
how the pattern of red/yellow marrow changes
with age. A good guide is that epiphyses should
be bright on T1 imaging, that is, they contain
fat, within months of developing ossification.
Low T1 signal epiphyses therefore are concern-
ing for abnormal marrow infiltration (Fig. 2.19).

An additional possible pitfall here however
is children who have received granulocyte

fatty marrow which should be high signal on T1 (a). The
primary left suprarenal neuroblastoma is also seen (b)

colony-stimulating factor (GCSF) to combat
bone marrow suppression, for instance, during
treatment for leukaemia, which can drive recon-
version of fatty bone marrow to haematopoietic
bone marrow and simulate marrow infiltration
or metastases. Clinical history here is key.

2.3.5 Over-Interpreting Artefact

Particular tumour types lend themselves well to
particular types of error in identification of abnor-
mality. The known diffuse cortical abnormality in
nephroblastomatosis can be misdiagnosed with
overcalling of thin rims of reduced T2 signal
along the renal cortex as ‘rinds’ of abnormal tis-
sue when they may in fact be attributable to chem-
ical shift artefact (Fig. 2.20). Similarly, it can be
tempting to overcall rims of abnormally restricted
diffusion along the renal cortex in this context as
persistent nephrogenic rests, particularly in the
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Fig. 2.20 Originally described as ‘rinds’ of abnormal T2
signal, the dark rings along the margins of the kidneys rep-
resent chemical shift artefact, not nephroblastomatosis (a, b)

presence of convincing more nodular sites of cor-
tical disease elsewhere. When in doubt on the
DWI imaging, the high b-value images should be
turned to, as failure to recognise subtle misregis-
tration on ADC maps or combined DWI/ADC
images can lead to overcalling of disease.
Concern over intravascular extension associ-
ated with Wilms tumour can lead to
overenthusiasm in diagnosing IVC thrombus in
cases where the low attenuation in the IVC at the
level of the renal veins is often due to mixing
effects at CT. Vascular artefact and flow voids at
MRI can also produce a pseudothrombus appear-
ance. These artefacts should easily be identifi-
able by normal opacification and non-expansion
of the draining renal vein (Fig. 2.21), and in
cases where confusion persists, ultrasound can
usually clarify. Altering the phase and frequency
direction during MRI acquisitions can usually
eliminate flow-related artefacts. Foot vein con-

Fig.2.21 There is mixing artefact within the IVC on this
contrast-enhanced CT, generating a ‘pseudo-thrombus’
appearance

trast injections in addition should be avoided at
CT as the unopacified blood from one lower
limb may also mimic thrombus in the IVC.

2.4  Pitfalls in Interpreting
Findings and Reaching
a Differential Diagnosis

2.4.1 Patient Age Is Critical

to the Most Likely Diagnosis

The differential diagnosis of masses in children is
age-dependent, with very different pathologies at
birth, in infancy and in an older age group. For
instance, embryonal tumours including neuro-
blastoma, PNET, Ewing sarcoma, Wilms tumour,
retinoblastoma and rhabdomyosarcoma are most
common in the first few years of life and rare in
older children, whereas lymphoma is rare in chil-
dren under 2 years of age, and the incidence
increases thereafter with age.

Renal tumours are a good example of how the
likelihood of pathology changes with age, with
mesoblastic nephroma the most common renal
mass in neonates, Wilms tumour more likely
after 6 months of age and into early childhood
and renal cell carcinoma increasingly common in
older adolescents.
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For instance, a suprarenal cystic lesion present-
ing immediately after birth is most likely to be an
adrenal haemorrhage, whereas a suprarenal lesion
presenting in an infant is statistically more likely
to be a neuroblastoma even if it does contain cystic
elements. Where diagnosis is uncertain, biopsy
may be required for confirmation prior to com-
mencing treatment. This point, of course, empha-
sises the importance of knowing which tumours
are common in each age group. For example, a
soft tissue scalp lesion initially detected by physi-
cal exam and further characterised by US and MRI
(Fig. 2.22) was the presenting feature of lympho-
blastic leukaemia in this child.

2.4.2 Anterior Mediastinal Masses

It is worth making a specific comment on anterior
mediastinal masses. Unless routinely reporting
paediatric imaging, the appearance of the thymus
in children of different ages can be confusing and
easily over- and under-called. The thymus can
appear large in neonates, and ‘benign’ thymic
hyperplasia can occur in some children after ces-
sation of chemotherapy or other physiologic
insult, persisting for up to 3—4 months after com-
pleting treatment. However, the normal thymus
should always be homogenous, never exert mass
effect and rebound thymic hyperplasia should
resolve [30].

i

Fig.2.23 Normal thymus should cause no mass effect on
mediastinal structures. Although difficult to appreciate on
plain film, (a) the anterior mediastinal mass causes poste-

Anterior mediastinal soft tissue in children
which exerts mass effect raises the possibility of
tumour (Fig. 2.23). Most commonly in the

Fig.2.22 This soft tissue scalp lesion was the presenting
feature of acute lymphoblastic leukaemia in this child,
seen on ultrasound (a) and MRI (b)

rior displacement of the heart and great vessels (b) in
keeping with lymphoma
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paediatric age group, this is lymphoma, although
itis rare to see it before 2 years of age. Alternative
anterior mediastinal masses are less common but
do occur, including germ cell tumours which typi-
cally contain fat and calcium and are more com-
monly seen in children less than 2 years of age.

2.4.3 Reaching the Limits
of Imaging Assessment

Whilst imaging is invaluable in assessing the
extent of disease and assessing for response, it
generally does not allow a definitive histological
diagnosis of a lesion, which requires biopsy.
Even with ultrasound it can be difficult to be sure
whether lesions are adherent to or invading adja-
cent organs. Clinical examination is often invalu-
able in addition to determining the level of
suspicion of tethering to surrounding structures,
with lesions that are not mobile on palpation
more likely to be difficult to excise intact at
surgery.

Soft tissue lesions in particular can be very
nonspecific on imaging or indeed show features
which can be misleading and correlation with
clinical findings, and a healthy level of scepti-
cism regarding definitive diagnosis on imaging is

Fig.2.24 A cystic-looking lesion on STIR (a) and T2 (b)
MRI sequences that enhanced homogenously was hard on
palpation raising the suspicion that it represented a mass

required. For instance, despite having clearly
defined borders and a homogenous cystic appear-
ance on imaging suggesting a vascular malfor-
mation, a lesion which is firm to palpation on
clinical examination needs to be treated with sus-
picion (Fig. 2.24). Vascular malformations where
palpable should be soft and fluctuant. Soft tissue
sarcomas in particular can look similar to venous
malformations on imaging, and synovial sarcoma
is often initially misinterpreted. A low threshold
for biopsy is recommended.

Alternative investigations such as endoscopy
or bronchoscopy can also be better than standard
radiological imaging in determining the cause of
pathology in certain situations. For instance, a
lobar collapse may be due to bronchial obstruc-
tion due to foreign body or endobronchial tumour
(Fig. 2.25), but differentiation between these is
better achieved with bronchoscopy than CT, and
bronchoscopy also may allow for therapeutic
removal of a benign polypoid lesion.

2.4.4 Non-neoplastic Differentials
Non-neoplastic differentials also need to be con-

sidered when assessing new lesions, including
Langerhans cell histiocytosis (LCH) and infec-

lesion rather than a vascular malformation. It was found to
represent a rhabdomyosarcoma on biopsy
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Fig. 2.25 An endobronchial tumour causes collapse of
the left lower lobe seen on plain radiograph (a). Although
the intraluminal lesion is detectable in the airway on CT
(b, ¢), bronchoscopy was required for definitive charac-
terisation and initial treatment

tion for lytic bone lesions. Some non-neoplastic
differentials are diagnoses of exclusion and
require treating with suspicion initially such as

Fig. 2.26 A homogenous echogenic suprarenal lesion in
keeping with an extralobar sequestration, which progres-
sively reduced in size on follow-up

chronic recurrent multifocal osteomyelitis
(CRMO) which may require biopsy to differenti-
ate it from malignant bone lesions such as Ewing
sarcoma (Fig. 2.5).

Congenital lesions may also present as
masses, and it is an awareness of their typical
features which can be most helpful in making
the diagnosis. Close monitoring to ensure
expected regression, for instance, is also pru-
dent in cases of extralobar sequestrations
(Fig. 2.26) or infantile hepatic haemangioma
(Fig. 2.27). In other instances the distinction
between a benign congenital lesion such as a
CPAM and a similar appearing malignant pleu-
ropulmonary blastoma cannot be reliably made
based on imaging, and surgical resection is
indicated.

2.5 Conclusion

Here we have reviewed common pitfalls in onco-
logical imaging and how to avoid them, including
selecting the correct modality and protocol,
avoiding pitfalls in identification of abnormali-
ties and correctly interpreting findings.

In particular, low-yield approaches such as
unenhanced CT should be avoided, and imag-
ing should be performed only when it is going
to affect patient management. Protocols should
be optimised to allow the reader to glean the
maximum useful information from imaging
studies at the least cost in terms of radiation and
sedation. Readers need to be familiar with the
common age-specific diagnoses and remember
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Fig.2.27 Although MRI (a) was used for the early char-
acterisation of these extensive infantile hepatic haeman-
giomas, they were well seen on ultrasound (b), allowing
radiation and anaesthesia-free follow-up during which
time they became progressively lower echogenicity before
reducing in size and extent (c)

that unusual presentations of common tumours
including metastatic disease are more likely
than very rare tumours. The limitations of

imaging also need to be borne in mind, with the
need for correlation with clinical findings and
biopsy.
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PET/CT in Pediatric Oncology

Lisa J. States and Stephan D. Voss

3.1 Introduction

Positron emission tomography (PET) combined
with computed tomography (CT) has trans-
formed the diagnosis, evaluation, and treatment
of cancer in adults. In pediatric practice, PET/CT
has evolved as an imaging technique and is
increasingly becoming integral to the treatment
of pediatric cancer patients [1]. Oncologic imag-
ing with "®F-fluorodeoxyglucose (FDG) is now
considered standard of care for the diagnosis,
staging, and posttreatment response assessments
in both common and rare pediatric malignancies
[2—4]. Factors that have contributed to the rela-
tively slow early adoption and standardization of
PET/CT practices in the pediatric population
include the relative rarity of pediatric tumors,
availability of PET/CT scanners, access to PET/
CT scanners shared with adult practices, devel-
opment of pediatric-specific protocols, and rap-
idly changing technology that has focused largely
on the imaging needs of adult patients. Pediatric-
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specific challenges have included radiation dose
concerns, intravenous contrast use, and impaired
neurodevelopment related to the need for seda-
tion/anesthesia. This chapter will focus on the
use of FDG PET/CT and review the current tech-
nology, protocol options, normal variations in the
pediatric patient, and present evidence-based lit-
erature for specific cancer types and tumor-like
non-cancerous lesions. Multiparametric imaging
and personalized medicine are drivers in the
development of treatment protocols and techno-
logic advances in hybrid PET technology and in
the field of molecular imaging, which includes
use of novel radiotracers and molecular imaging-
based therapies, and will continue to drive devel-

opment of enhanced PET/CT acquisition,
processing, and quantitative data analysis
techniques.

3.2 Technology

PET/CT is a hybrid imaging technology that con-
tinues to evolve [5]. Positrons emitted from PET
tracers such as FDG annihilate on contact with
electrons after traveling a short distance (~1 mm)
within the body. Each annihilation event results
in liberation of two 511 keV photons that travel
in opposite directions, and the simultaneous or
coincident detection of these photons is central to
all PET imaging technologies. In conventional
PET the coincidence detection electronics are
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used to determine the line of response (LOR)
along which an annihilation event has occurred.
With advances in detector technology and pro-
cessing hardware, the development of time-of-
flight (TOF) PET takes coincidence detection one
step further, using measured differences in arrival
times between the two emitted 511 keV photons
to more precisely determine the approximate
position of the annihilation event along the line of
response (Fig. 3.1). Advances such as the devel-
opment of time-of-flight techniques (which are
available from all major vendors) contribute to
improved image resolution and potentially
decreased acquisition time. The increasing use of
solid-state digital detector technology in place of
conventional systems based on scintillator crys-
tals such LSO and photomultiplier tubes [6]
allows for further improvements in PET imaging

Real annihilation event

Conventional PET Time-of-flight PET
Fig.3.1 Time-of-flight PET. Positron emission tomogra-
phy (PET) is based on the principle of an annihilation
event occurring when an emitted positron encounters a
nearby electron, triggering the release of two opposed
511 keV photons originating from the point of annihila-
tion. In conventional PET, the two photons travel along
the line of response (LOR) from which an annihilation
event has occurred. Coincidence electronics are used to
determine the path along which a given event arose and
with tomographic image reconstruction techniques, the
approximate origin of the annihilation event can be deter-
mined from multiple LORs. Time-of-flight (TOF)-PET
extends this principle, and by using measured differences
in arrival times for the respective coincident photons, a
more precise approximation of the point of annihilation
can be determined along the line of response. Reproduced
with permission from Vandenberghe et al. [6]

techniques. Options for the computed tomogra-
phy (CT) component of hybrid PET/CT systems
include multi-slice, multi-detector imaging up to
128 slices, allowing diagnostic quality CT images
to be produced, single-source dual-energy imag-
ing, and the use of continuous table motion in
place of existing step-and-shoot mode PET
acquisition techniques [7]. Future advances
include a long axial field of view total-body PET
capability (Fig. 3.2), with predictions of up to
40-fold gains in sensitivity, leading to enhanced
lesion detection, reduction in artifacts, and sig-
nificant decreases in overall scan duration [8, 9].
As with all hybrid imaging techniques, optimiz-
ing each component of the examination, i.e., both
the PET scan and the CT scan, is essential for the
success of this technique. It is well recognized
that the acquisition and interpretation of inte-
grated PET/CT examinations is superior to inter-
preting either the CT or PET study alone [10],
capitalizing on both the increased sensitivity for
lesion detection afforded by FDG PET and the
specificity and correlative anatomic detail pro-
vided by CT, all of which are necessary for accu-
rate lesion localization and characterization, and
which are essential for disease staging, surgical
management, and radiation treatment planning.

3.3 Radiopharmaceuticals

PET imaging in children, at present, primarily
involves the use of ®F-fluorodeoxyglucose
(FDG), although a number of other radiopharma-
ceuticals are either in development or undergoing
early-phase clinical testing in children. These
include the DNA thymidine nucleoside analogue
BE-FLT [11], neurotransmitter analogues
BFE-fluorodopa, '*F-fluorodopamine [12], amino
acid analogue ''C methionine [13, 14], soma-
tostatin receptor targeting peptides
88Ga-DOTATATE [15] and *Cu-SARTATE [16],
and BF-MFBG, targeting neuroendocrine/neuro-
blastoma tumors overexpressing the norepineph-
rine transporter (NET) [17].

FDG is a glucose analog, the uptake of which
provides a measure of metabolic activity in the
cell. In contrast to most normal tissues, the
mechanism of glucose uptake in cancer cells
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Fig. 3.2 Whole-body PET (a) vs. total-body PET (b).
The principle of total-body PET is based on a scanner that
encompasses and images the entire body within a single

FOV, without requiring table movement and co-
registration of multiple bed positions. A single acquisition
FOV allows imaging of all the tissues and organs of the
body simultaneously, and the increase in geometric cover-
age of total-body PET results in increased sensitivity,

does not require insulin. Just as with glucose,
FDG is transported into cancer cells by a group
of structurally related glucose transport (GLUT)
receptors present on the cell membrane [18].
These receptors have been found to be upregu-
lated in cancer cells and provide the malignant
cells with continuous anaerobic glycolytic activ-
ity, known as the Warburg effect [19]. When the
radiolabeled glucose analogue FDG is taken up
by cancer cells, the FDG is phosphorylated by
hexokinase as the first step in glycolysis. FDG
cannot, however, enter the glycolytic pathway
and is trapped, allowing high intracellular con-
centrations of FDG to accumulate within the
cell. Together with the increased metabolic
activity characteristic of tumors, the high levels
of FDG retained in the cells results in the rela-
tively intense patterns of FDG uptake character-
istic of tumor PET imaging. FDG uptake is not
specific for malignancy, and high levels of FDG
uptake may also be seen with inflammatory cells,
which—while nonspecific—can play a pivotal
role in the body’s ability to fight cancer. In addi-
tion, local factors, systemic treatment response,
tumor physiology, presence of necrosis, and his-
topathology can all influence the amount of FDG
taken up by the tumor.

improved signal to noise, and potentially decreases in
injected activity and scan length, all of which are impor-
tant considerations in pediatric imaging. (Note: The first
clinical total-body PET/CT scanner (uEXPLORER,
United Imaging Healthcare ) was recently cleared by the
FDA for clinical use and will be available in the U.S. in

2019). Reproduced from Cherry et al. with

permission

[91.

3.4  Accuracy
The diagnostic and prognostic accuracy of FDG
PET/CT is superior to conventional anatomic
imaging [3, 4, 20]. In a recent comprehensive
meta-analysis of FDG PET imaging in pediatric
malignancy, the reported sensitivities and speci-
ficities of 8F-FDG PET/CT for tumor staging
ranged from 90-97% and 99-100%, respectively
[4]. While these data referred primarily to the
common pediatric malignancies such as lym-
phoma and small round blue cell neoplasms such
as Ewing sarcoma, RMS, and LCH, they under-
score the fact that PET/CT was found to be the
accurate modality in the majority of cases, with
the PET/CT results impacting clinical decision-
making in a significant number of cases. In addi-
tion to providing a comprehensive whole-body
survey of disease burden, FDG PET addresses
problematic issues with conventional imaging,
including defining local extension versus reactive
edema, distinguishing residual nonviable soft tis-
sue from tumor, and providing characterization of
potential false-positive and false-negative lesions
evaluated by conventional imaging techniques.
Treatment protocols using conventional ana-
tomic imaging rely on size criteria as the primary
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determinant of tumor stage, response to therapy,
and presence of malignant lymphadenopathy.
For the majority of non-lymphomatous solid
tumors, the most commonly used criteria for
assessing response to therapy are the RECIST
criteria (Table 3.1) [21]. RECIST 1.1 provides a
guideline for radiologists to choose, measure,
and report target and nontarget lesions and
lymph nodes, both at the time of initial staging
and in response to therapy (see Chap. 9 for addi-
tional details). Target lesions are characterized
by their single longest dimension, typically mea-
sured in the axial plane, although other planes
(e.g. sagittal and coronal) are allowed, provided
the images are acquired with isotropic resolu-
tion. Lymph nodes are characterized by their
short axis; to be considered as measureable tar-
get lesions enlarged lymph nodes must have a
short axis measurement of > 15 mm. The tumor
burden used for response determination is
defined by the sum of these measurements from
up to five representative target lesions. However,
as has been highlighted by several recent reviews
[22-24], there are many limitations to relying

solely on changes in tumor size to assess
response to therapy, particularly in the era of
molecularly targeted and metabolically active
agents, agents that have unequivocal antitumor
activity, but that do not produce the immediate
changes in tumor size that are typical of conven-
tional cytotoxic agents.

In part to address these limitations, and in
acknowledgement of the widespread use of FDG
PET in oncologic imaging, a corresponding
method for response assessment using PET has
been proposed: the so-called PERCIST (PET
Response Criteria in Solid Tumors) criteria
(Table 3.1) [25, 26]. Based on the PERCIST crite-
ria, which propose use of a consistent PET meth-
odology to allow quantitative assessments of
tumor response, target lesions characterized as
having achieved a partial response (PR) to therapy
show >30% decrease in FDG uptake based on
standardized uptake value (SUV) measurements
normalized to lean body mass, while progressive
disease (PD) requires an increase in SUV of >30%
relative to baseline or the presence of new lesions.
Stable disease (SD) identifies those patients whose

Table 3.1 Brief summary of imaging response assessment criteria

Complete response

Partial response

Stable disease

Progressive disease

RECIST | Complete Decrease of at least Not meeting criteria Increase of at least 20%
disappearance of all 30% in sum of the for partial response or | in sum of longest
target lesions longest diameters of progressive disease diameters of target
target lesions lesions, or presence of
Complete Non-target lesions (if | new lesions
disappearance of all Non-target lesions (if present) either stable
non-target lesions (if present) either stable or | or complete response | Unequivocal progression
present) complete response of non-target lesions
PERCIST | Decrease in FDG Reduction in peak Not meeting criteria Increase in peak SUV of
uptake similar to SUV of at least 30% for partial response or | greater than 30%
background blood pool progressive disease
Presence of new lesions
iRECIST" | Complete Decrease of at least Not meeting criteria Increase of at least 20%

disappearance of all
target and non-target
lesions

30% in sum of the
longest diameters of
target lesions

for partial response or
progressive disease

in sum of longest
diameters of target
lesions = iUPD
(unconfirmed PD). If
confirmed to be PD at
next timepoint = iCPD;
otherwise either iSD or
iPR.

PD if new lesions
develop.

4RECIST accounts for transient flares or apparent increases in target lesion size that accompany a robust immune
response, followed by return to baseline (iSD) or showing further decrease in size (iPR)
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Table 3.2 Response criteria for FDG-avid malignant lymphoma: Lugano classification

Complete response | Partial response

Stable disease Progressive disease

Soft tissue, Deauville Score of

Deauville Score of 3 or 4.

Deauville Score | Deauville Score of 4 or 5.

nodal and 1,2, 0r3. Residual mass(es) permitted | of 4 or 5, with Either increased intensity

extranodal Residual mass, provided the degree of FDG | no change in of FDG uptake (from

sites nodal or extranodal | uptake is decreased FDG uptake baseline) at nodal or
sites may be compared to baseline compared to extranodal sites, new FDG
present if baseline avid foci compatible with
FDG-negative lymphoma, or both.

Bone No FDG avid Residual marrow uptake at No change in New or recurrent

Marrow marrow disease baseline sites of disease; bone marrow FDG-avid marrow disease

uptake is higher than normal
marrow uptake but reduced
compared to baseline.
Persistent focal marrow
findings to be evaluated by
MRYI, biopsy or close f/u

FDG uptake
from baseline.
No new marrow
findings

disease does not meet either complete response
(CR), PR, or PD criteria. This promising approach
has not yet been validated and incorporated into
routine practice in the pediatric population.

The use of functional imaging, initially with
%Gallium citrate, and now with F-FDG is the
standard of care for staging and response
assessment in pediatric Hodgkin [27, 28] and
non-Hodgkin lymphoma [29, 30]. Multiple stud-
ies have confirmed the superiority of FDG PET
for staging and assessing treatment response in
pediatric  lymphoma.  Specific  lymphoma
response criteria have been proposed and widely
adopted in both adult and pediatric practice. The
so-called Lugano classification (Table 3.2) [31,
32] was established by the International
Malignant Lymphoma Working Group, follow-
ing many years of work, in an effort to standard-
ize posttreatment response assessments in
lymphoma patients and provide semiquantitative
criteria for defining response both by PET and
conventional imaging techniques.

The development of novel immunotherapeutic
agents aimed at stimulating antitumor immune
activity and providing improved survival via pro-
longed stable disease has also led to new response
criteria that reflect the unique mechanisms by which
these agents produce their antitumor responses. In
particular, based on studies investigating cytokines,
cancer vaccines, monoclonal antibodies, and
immune checkpoint inhibitors, we have learned that
measurable responses, both by conventional tech-
niques and by PET, may take longer to achieve than

for cytotoxic therapies and responses to immuno-
therapies (particularly with the checkpoint inhibi-
tors) may occur after an initial apparent progression
of disease. This so-called pseudo-progression is
now well recognized in this treatment setting and is
the basis for the iRECIST criteria for immune-
based therapies (Table 3.1) [33, 34].

3.5 Image Analysis

In clinical practice, most analysis is based on a
combination of qualitative visual assessment and
assessment of semiquantitative FDG uptake (stan-
dardized uptake value, SUV) data. Visual analysis
in most cases is adequate for the detection of meta-
static lesions at the time of initial staging and as a
baseline for assessing response to therapy. 3D-MIP
images provide a rapid and comprehensive global
assessment and provide PET imaging results that
are the easiest to recognize and understand for non-
imaging specialists. All other analyses of the PET
imaging data, independent of the choice of radio-
pharmaceutical, should include a systemic and
comprehensive review of all imaging data [1].
Images should be reviewed in axial, coronal, and
sagittal planes, with and without fusion of the PET
and CT data (Fig. 3.3). This should be done either
on a dedicated nuclear medicine processing and
viewing workstation or using a PACS-integrated
nuclear medicine viewing functionality. Regardless
of the viewing environment chosen, the PET fusion
workstation should have adjustable and scalable
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Fig. 3.3 PET/CT multimodality viewing workstation.
The PET/CT viewing console should be configured to dis-
play the PET/CT as a 3-D MIP reconstruction, in addition
to presenting the PET images in axial, sagittal, and coro-

image thresholds and should be able to display
fused images with different percentages of PET
and CT blending. PET quantitation requires options
for measuring SUV, both from single slices and
from volumetric ROIs. The CT images should be
viewed in soft tissue, bone, and lung windows.
Review of non-attenuation corrected images may
be helpful in the assessment of unusual foci of
uptake or artifacts of reconstruction.

To the extent that tumor metabolic activity can
be viewed as reflecting the relative aggressiveness
of a lesion, in some settings higher levels of FDG
uptake have been seen with more aggressive
malignant lesions as compared with low grade or
benign tumors [35-37], thus providing potential
prognostic information regarding tumor type.
There has been great interest in using semiquanti-
tative analysis with SUV as a prognostic tool and
imaging biomarker for tumor grade and aggres-
siveness by evaluating SUVmax at diagnosis [38].
Similarly, establishing SUV-based response crite-
ria to guide response-based treatment decisions
provides an attractive noninvasive means of deter-
mining which patients will benefit from continua-
tion of treatment and which may benefit from

L.J. States and S. D. Voss

nal planes, both fused and unfused to the co-registered
diagnostic or attenuation CT images. CT images should
be reviewed separately at the PACS workstation

alternative therapies. Semiquantitative methods to
evaluate response to therapy include determining
an absolute SUV,,,, cutoff value and tumor to
background ratio at baseline as compared to post-
therapy scans or simply using % change in SUV
relative to baseline as indicative of response to
therapy [39]. Dual-time-point imaging can poten-
tially provide information regarding the aggres-
siveness of a lesion but is not realistic in routine
practice due to workflow considerations [40].
Measurements of total lesion glycolysis and met-
abolic tumor volume may prove to be useful in
characterizing the entire tumor rather than a rep-
resentative region of interest; however, workflow
considerations have hampered the incorporation
of these rigorous quantitative methods into rou-
tine practice, and they remain investigational.

3.6 Patient Preparation

3.6.1 Precautions

In many institutions part of the standard procedure
is the determination of lack of pregnancy prior to



3 PET/CT in Pediatric Oncology

35

injection in menstruating females. A urine or serum
pregnancy test is recommended by the SNMMI as
part of the Standard Procedure Guideline for
General Imaging (although not specifically for
PET/CT), while published EANM guidelines do
not specifically recommend pre-procedure preg-
nancy testing in all patients, with the caveat that in
Europe national guidelines may apply [41]. In two
studies of women being staged for malignancy dur-
ing pregnancy estimates of absorbed dose to the
fetus from the F-FDG were low, “below the
threshold for non-cancer health effects throughout
pregnancy” [42] and “significantly below the
threshold dose for deterministic effects due to radi-
ation exposure” [43]. Inasmuch as the guidelines
do not provide specific recommendations, different
centers should develop their own respective proce-
dural requirements based on institutional policy.
For example, at Boston Children’s Hospital all
post-menarchal female patients age 12 and older
undergo urine pregnancy testing prior to the PET/
CT exam only if they are also having a diagnostic
CT of the abdomen or pelvis; pregnancy tests are
not obtained for routine PET/CT studies. In con-
trast, at the Children’s Hospital of Philadelphia
(CHOP) pregnancy tests are routinely conducted
on all PET/CT patients aged 10 and older.

3.6.2 Preparation

The main objective of patient preparation for FDG
PET imaging is to insure that both circulating insu-
lin and blood glucose levels are low. As noted ear-
lier, uptake of glucose by metabolically active
tumor cells is not insulin dependent; increased
serum glucose and insulin levels result in non-spe-
cific uptake of FDG by non-tumor cells, thereby
reducing the sensitivity of the PET examination
(Fig. 3.4). Standard guidelines recommend NPO
status for at least 4 h prior to injection, with no other
exogenous sources of glucose, such as dextrose in
IV fluids or tube feeds. Non-caloric artificial sweet-
eners such as Nutrasweet® can also stimulate insu-
lin secretion and are contraindicated [44]. Strenuous
activity should be avoided during the 24 h prior to
arrival, as this has been shown to result in high lev-
els of skeletal muscle uptake (Fig. 3.4). Blood glu-
cose should be <200 mg/dL prior to injection. In

most cases having the patient void prior to starting
the exam is sufficient to eliminate excreted FDG in
the bladder. For infants undergoing sedation, or if a
pelvic mass is the focus of concern, catheterization
of the bladder may be indicated.

Another focus of preparation is aimed at reduc-
ing the uptake of FDG into brown adipose tissue
(BAT), which is more common in adolescents than
adults or younger children [45]. Brown adipose tis-
sue can be seen in up to one third of patients [44]
undergoing FDG PET imaging and can compro-
mise lesion detection and characterization
(Fig. 3.4). Methods used to decrease BAT should
be as noninvasive as possible, and in many instances
simply insuring adequate warming of the patient
30 min prior to and during the 60-min FDG uptake
period may be sufficient [46]. Arrival in warm
clothes and being placed in a warm uptake room
with warm blankets has been shown to be effective.
A warm towel can be placed around the neck.
Medications that have been found to be effective in
inhibiting BAT include short-acting opioids such as
fentanyl, benzodiazepines such as midazolam
(Versed) or diazepam (Valium), or beta-blockers
such as propranolol [44, 47], although in practice
this may not be practical for institutions in which
administration of such agents is under the supervi-
sion of sedation and anesthesia services.

The overall process of preparing the patient,
including the uptake room environment, should
be focused on decreasing the anxiety of the child.
Child life specialists and technologists can also
make a significant difference in reducing anxiety
in older children, which may result in the exam
being completed without sedation or anxiolytics,
although children younger than 6 years of age
typically require sedation.

Pediatric consensus guidelines for performing
the PET portion of the PET/CT examination have
been published and are widely accepted [48].
However, because of differences in scanner technol-
ogy, technologist and physician training, child age
and indications for the examination, and institu-
tional practice, it has been challenging to implement
a universally accepted CT scanning protocol that
could be integrated into the PET/CT examination
for pediatric patients. All PET/CT examinations uti-
lize the CT for photon attenuation correction (AC
CT); however, the degree to which this AC CT can
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Fig. 3.4 Brown adipose tissue and skeletal muscle
uptake. (a) 17-year-old with DSRCT of the abdomen/peri-
toneal cavity, with multiple sites of nodal involvement at
diagnosis. A f/u scan after two cycles of chemotherapy
shows an excellent metabolic response at prior sites of
disease (arrows), but the examination in the neck and
upper thorax is limited by extensive brown fat uptake. (b)
16-year-old with Ewing sarcoma of the mandible. Diffuse

also be used for diagnostic purposes will depend on
the CT dose, as well as other acquisition parame-
ters, such as the use of IV contrast material. In gen-
eral, the ALARA principle should be adhered to;
various CT protocols have been described for PET/
CT imaging [1, 5, 49] and include:

— Lowest-dose non-contrast CT (NCCT) for
attenuation correction only

— Low-dose NCCT for attenuation correction
and anatomic localization

— Low-dose NCCT for attenuation correction
combined with diagnostic contrast-enhanced
CT (CECT) on same scanner

— Diagnostic quality CECT for both attenuation
correction and anatomic localization

. =

muscle uptake is related to recent vigorous exercise prior
to the PET examination. (¢) 7-year-old with metastatic
Ewing sarcoma undergoing off-therapy evaluation. The
scan is nondiagnostic secondary to diffuse muscle uptake,
related to the patient having eaten less than 4 h prior to the
exam. Serum glucose levels were normal, but postprandial
insulin levels were likely still sufficiently high to drive
FDG uptake into muscle

The CT scanner tube current (mA) and peak
voltage (kVp) vary with intended use and
anatomic site imaged. For an attenuation
correction-only CT, the effective mAs can be as
low as 10-30 mAs [50], depending on patient size
and vendor options. Alessio et al. have proposed
comprehensive weight-based whole-body proto-
cols using the NCCT for attenuation correction
and anatomic localization, with the CT dose opti-
mized to reduce the effective dose to the patient,
while preserving image quality [51]. They pro-
pose a kVp of 120 with variable mAs settings,
ranging from 10 to 40 based on patient weight.
While this approach complies with the ALARA
principal, it results in 11 distinct weight-based
PET/CT protocols, which may not be practical in
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many institutions. We have chosen a modification
of the Alessio protocol, using a weight-based pro-
tocol with 55 kg as the cutoff between small and
large child. For children >55 kg, the AC CT is per-
formed at 120 kVp, with a reference mAs of
35 mA. For smaller children weighing less than
55 kg the AC CT is performed at 100-120 kVp,
but with a reference mAs of 20 mA. In all cases,
automatic tube current modulation is activated to
further optimize the mA and adapt the AC CT
exam to account for tissues with large differences
in attenuation, such as the chest, abdomen, and
pelvis, which are included in nearly all PET/CT
exams. Further reductions in kVp are also possi-
ble for small children but may result in underesti-
mation of the linear attenuation coefficient for the
511 keV PET photons and lead to attenuation cor-
rection artifacts [50].

At many institutions, the protocol chosen will
depend on whether a diagnostic study has already
been performed. For example, if a diagnostic con-
trast-enhanced CT has already been performed,
an attenuation correction only CT may be suffi-
cient. If a diagnostic study has not been per-
formed, a diagnostic CT can be obtained as part of
the PET/CT exam and serve both as the attenua-
tion correction CT and the anatomic co-localiza-
tion CT. This provides the necessary diagnostic
quality cross-sectional imaging needed, but
avoids repeat CT imaging over the same anatomic
region of interest, thereby reducing the unneces-
sary radiation exposure from duplicate CT exami-
nations. The use of intravenous contrast media for
the low-dose attenuation correction CT can
improve the quality of the AC CT examination
(Fig. 3.5) and in many cases may provide suffi-
cient anatomical information to obviate the need
for a dedicated diagnostic quality CT [1], although
the routine use of intravenous contrast for all
PET/CT examinations is not standard practice in
most centers. A novel approach implemented at
several pediatric hospitals, referred to as a multi-
series PET/CT exam, uses a combination of CT
techniques, depending on the area of concern. For
example, a PET/CT examination of the torso for
follow-up of stage 2 Hodgkin lymphoma with
cervical and mediastinal disease could be per-
formed with a diagnostic quality CECT in the

neck and chest, combined with a low-dose local-
ization only AC CT in the abdomen and pelvis
(Fig. 3.6) [1, 49]. These options can have a signifi-
cant impact on radiation dose delivered, in addi-
tion to providing diagnostic quality CT data to aid
in co-localization of abnormalities identified on
the PET examination. Further discussion and col-
laboration are necessary to provide a standardized
approach to pediatric PET/CT imaging.

3.7 Normal Physiologic Patterns

of Uptake and Variations

Normal physiologic uptake patterns in children are
well recognized (Table 3.3) [44, 52] and vary with
age, activity, or diet or may be related to therapy.
Normal uptake can be seen in the lymphatic tissue
of Waldeyer’s ring—the tonsils and adenoids, the
cervical lymph nodes, and lymphoid follicles in the
terminal ileum. Patterns of uptake unique to chil-
dren include oral muscle and pharyngeal uptake
due to pacifier use and diaphragm and intercostal
muscle uptake due to crying, along with activity in
the vocal cords (Fig. 3.7). Toddlers may have
extremity muscle uptake due to physical activity
the day before the scan or during the uptake period.
The use of smart phones and other distracting
devices commonly results in upper extremity mus-
cle uptake. Asymmetric lower extremity uptake
may be seen with altered weight bearing due to
limp, presence of a lower extremity prosthesis, or
pain. Uptake patterns in the shoulder girdle can be
related to crutches or a heavy backpack. Alterations
in uptake related to physical activity resulting in
diffuse uptake in the muscles may obscure local
pathology and limit the sensitivity of the scan
(Fig. 3.4). Diffuse muscle uptake can also be seen
with steroid therapy, carbohydrate load, or meal
within 4 h of FDG administration (Fig. 3.4) [44].

Many benign bone lesions unique to the pedi-
atric age group have been shown to be FDG avid.
The list is long and includes benign bone lesions,
such as non-ossifying fibroma, fibrous cortical
defect, fracture, and fibrous dysplasia, which
have pathognomonic radiographic features, as
well as other more aggressive lesions such as
osteomyelitis.
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Fig. 3.5 Contrast-enhanced attenuation correction
CT. Fifteen-year-old with newly diagnosed rhabdomyo-
sarcoma of the right thigh. MRI (a) and PET/CT (b-f)
with contrast-enhanced low-dose attenuation correction

Fig. 3.6 Multi-series PET/CT. Stage 2A nodular scleros-
ing Hodgkin lymphoma, with neck MRI at outside facility
for left lower neck adenopathy; biopsy showed
HL. Staging FDG PET (a) and diagnostic CT (b) show
left supraclavicular, anterior mediastinal, paratracheal,
hilar, and subcarinal disease, consistent with stage 2 dis-
ease. Post-cycle two PET/CT using multi-series technique

CT, which nicely delineates right external iliac nodal
uptake from adjacent vessels (f, arrows) and complements
the earlier MRI examination by showing the relationship
of the tumor mass to the femoral vasculature (b, arrow)

(¢, d) merges a diagnostic quality neck and chest CT with
low-dose AC CT of the abdomen and pelvis to yield a
composite CT image composed from both the diagnostic
and AC CT data. The merged CT (d) is used for diagnostic
interpretation and attenuation correction of the accompa-
nying FDG PET scan (e) and reveals a complete meta-
bolic response to therapy
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Table 3.3 Normal uptake and pitfalls

Location Etiology

Diaphragm Crying

Ovaries, Menstrual cycle specific
endometrium

Testes Normal heterogeneous uptake

Facial uptake

Steroids with induction
chemotherapy

Marrow, spleen
uptake

Cytokines, therapy with G-CSF/
GM-CSF, anemia

Photopenic Radiation therapy, treated disease
bones

Surgical scar Granulation tissue/healing

uptake

Thymus uptake | Thymic rebound

GI uptake Graft vs. host disease, clostridium

difficile, Neutropenic typhlitis,
esophagitis, gastritis

Terminal ileum, | Lymphoid follicles
appendix
Bowel Peristalsis, swallowed radiotracer

Breast tissue

Puberty

Brain Varies with age
Thyroid Normal, thyroiditis, focal lesion,
e.g. papillary thyroid cancer (PTC)
Bones Benign bone lesions (see text)
a

Fig. 3.7 Physiologic patterns of uptake. (a) Focal uptake
in the tongue related to vigorous sucking on a pacifier dur-
ing the uptake period. (b) Diffuse diaphragmatic and

Diffusely increased activity in the axial skel-
eton, proximal extremities, and spleen can be
seen in the setting of anemia, due to physiologic
stimulation of the marrow. Diffuse bone marrow
uptake of FDG is also commonly seen in patients
with Hodgkin lymphoma and is thought to be
related to the generalized inflammatory state
(elevated ESR, CRP levels) present at the time
of diagnosis [53] and should not be interpreted
as diffuse infiltration of the bone marrow by
lymphoma (Fig. 3.8). Uptake in focal bone or
bone marrow lesions is typically distinctive and
easily distinguished from the surrounding low-
level diffuse marrow uptake (Fig. 3.8). A diffuse
FDG uptake pattern of marrow activation can
also be seen following treatment with colony-
stimulating factors such as granulocyte colony-
stimulating factor (G-CSF; Neulasta®), and
photopenic foci on post-therapy scans may be
related to radiation therapy or sites of treated
disease (Fig. 3.9). In order to reduce the con-
founding effect of treatment-related changes on
the PET scan, consensus guidelines recommend

intercostal muscle uptake in an inconsolable 28-month-
old child with bladder rhabdomyosarcoma, crying
throughout the uptake period
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Fig. 3.8 Hodgkin lymphoma staging. FDG PET/CT and
diffuse vs. focal bone uptake. Eleven-year-old with stage
4 Hodgkin lymphoma (HL) with mediastinal adenopathy,
focal osseous lesions in both acetabula (a, d, arrows), ster-
num (¢, arrow), and left scapulae (b, arrow) which have

an interval of at least 2-3 weeks following com-
pletion of the last cycle of chemotherapy and
3 months following completion of radiation
therapy before follow-up PET imaging is per-
formed [41, 54]. A questionnaire completed by
the parents on the day of imaging should include
the time and date of most recent chemotherapy,
radiation therapy, and surgery to aid in the
interpretation.

Normal physiologic uptake can be seen at the
gastroesophageal junction, in the stomach, or
scattered throughout small bowel and colon. A
more diffuse pattern of uptake in the esophagus,
stomach, and colon is often related to inflamma-
tion due to complications of therapy such as

L.J. States and S. D. Voss

patterns of focal uptake that are distinct from the diffuse
bone marrow uptake commonly seen at diagnosis through-
out the axial skeleton in HL (open arrow), the latter of
which is presumed to be related to a generalized height-
ened inflammatory state

esophagitis or graft-versus-host disease (GVHD).
Sharp et al. described a transient pattern of altered
FDG uptake in the superficial soft tissues and
reduced hepatic uptake in 6/11 children with
lymphoblastic lymphoma 1 month after initiation
of induction chemotherapy and high-dose ste-
roids [55]. Other treatment-related effects can be
seen, such as diffuse colonic uptake related to
infectious or inflammatory colitis, or following
immunotherapy with checkpoint inhibitors
(Fig. 3.10), or focal nodal uptake related to recent
immunizations, and knowledge of the patient’s
treatment history is crucial.

Another common finding in the pediatric
patient is thymic rebound. Thymic rebound or
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Fig.3.9 G-CSF
(Neulasta) stimulated
reactive bone marrow.
Five-year-old with
Ewing sarcoma of the
left humerus (arrows),
showing intense uptake
in primary tumor at
baseline (a), and after
three cycles of induction
chemotherapy and
G-CSF, showing diffuse
marrow stimulation
from G-CSF but no
uptake in the bone
marrow at the original
site of primary tumor
involvement (b)

benign thymic hyperplasia was first described in
children after treatment of childhood tumors
[56] and occurs following episodes of physio-
logic stress. Thymic rebound is defined by
regrowth of thymic tissue up to 50% greater than
baseline. With the advent of FDG PET, it was
noted that normal thymic uptake on FDG PET
scan is common in children younger than
10 years of age prior to therapy and can usually
be distinguished from pathologic uptake associ-
ated with a mediastinal mass [52]. In the oncol-
ogy patient, thymic rebound is most commonly
seen after completion of chemotherapy but can
also occur as a result of stress due to surgery or
radiation therapy [57].

3.8 FDG PET in the Management

of Specific Pediatric Cancers

FDG PET/CT imaging is increasingly being used
for the management of many pediatric malignan-
cies. Table 3.4 provides a brief summary of typical
patterns of disease spread for the most commonly
encountered pediatric cancers. An exhaustive dis-
cussion of the role that PET plays in staging, mon-
itoring treatment response, and detecting
recurrence in each of the many pediatric cancers is
beyond the scope of this chapter, and the reader is
referred both to the primary literature pertinent to
the specific malignancies and to recent compre-
hensive reviews of the value of PET/CT in pediat-
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Fig. 3.10 Treatment-related causes of FDG-uptake. (a)
13-year-old with scalp melanoma, on the PD-1 inhibitor
Nivolumab, known to result in diffuse colonic inflammation
and FDG uptake. (b) Teenage patient with new-onset colitis
and concern for lymphoma, showing diffuse colonic uptake

Table 3.4 Typical patterns of spread

related to colitis. (c). Fourteen-year-old with distal fibular
Ewing sarcoma. Staging PET/CT shows primary lesion in
the left fibula and FDG-avid lymph nodes in the right axilla.
Upon further questioning, the patient had received a flu vac-
cine in the right arm just days prior to the PET scan

Lymph node | Marrow

Cortical/osseous | Lungs | Peritoneum | Vascular

Osteogenic sarcoma

X

Rhabdomyosarcoma X

X

Ewing sarcoma/PNET

X

Germ cell- chest/mediastinum | x

Germ cell- abdomen/pelvis

>

P = X

Gastrointestinal stromal tumor

Hepatoblastoma

Wilms tumor

P R

Hodgkin disease

Non-Hodgkin lymphoma

P

Neuroblastoma

PR

ric oncology [4, 58, 59]. What follows is a brief
summary of the role PET imaging plays in the
most common pediatric cancers.

3.8.1 Lymphoma

The use of FDG PET imaging in the treatment of
children with lymphoma is now considered stan-
dard of care and has provided clinicians and
researchers alike with a reproducible, reliable

method for initial staging, evaluation of treat-
ment response, and response-based modifications
of therapy. FDG PET is more sensitive and spe-
cific, as compared to conventional imaging with
CT, in the detection of nodal and extranodal dis-
ease, splenic involvement, and bone marrow dis-
ease [28]. In the USA, staging bone marrow
aspirates are still included in most protocols to
assess for bone marrow involvement. European
investigators, however, now rely on FDG PET
imaging to determine the presence of bone
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marrow involvement based on several studies
showing both sensitivity and accuracy of PET in
identifying sites of marrow involvement [60, 61].

FDG PET/CT is increasingly being used to
predict response and to guide response-based
treatment decisions following initial chemother-
apy. Many studies have now shown that early
metabolic responses after two cycles of chemo-
therapy correlate with outcome and the so-called
post-cycle 2 PET/CT is now being used to predict
response to therapy, guide radiotherapy deci-

Fig. 3.11 PET/CT in Hodgkin lymphoma. Eighteen-
year-old female with stage 4 nodular sclerosing Hodgkin
lymphoma with bulky mediastinal, supraclavicular, and
hilar adenopathy at diagnosis (panel a). After two cycles

43

sions, and stratify treatment. In contrast to the
metabolic response to therapy, changes in tumor
size, measured either by CT or MRI, are not pre-
dictive of outcome [28]. Indeed it is common to
encounter Hodgkin lymphoma patients with
large bulky FDG-avid mediastinal tumors at
diagnosis who achieve a complete metabolic
response after just two cycles of chemotherapy,
despite having a significant residual non-avid
mediastinal mass (Fig. 3.11). Whether FDG PET
responses alone can dictate treatment decisions,

of chemotherapy (panel b), there is only faint uptake in
the residual mediastinal mass, the degree of which is
below the level of background liver uptake (Deauville 3),
consistent with a complete metabolic response to therapy
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in particular reductions in therapy for “good
responders,” or whether both changes in tumor
size and metabolic activity better correlate with
outcome is under investigation.

As more investigators began to incorporate
PET imaging into response-based treatment algo-
rithms, it became clear that establishing criteria
for interpreting PET findings was needed. The
Lugano classification [31, 32] is now widely used
in the evaluation of malignant lymphoma and
was established by consensus of an international
working group, in an effort to standardize post-
treatment response assessments in lymphoma
patients. The Lugano classification provides for
both CT and MRI-based response criteria
(Table 3.2) and establishes a semiquantitative
5-point scale (the Deauville scale, Table 3.5) for
determining responses based on FDG PET, using
mediastinal blood pool and hepatic uptake to
define normal levels of background FDG activity.
By providing easily implemented visual criteria
(SUV-based assessments are not used) for clas-
sifying FDG uptake as representative of disease
versus normal background, the Lugano criteria
have been widely accepted and incorporated into
both pediatric and adult practice. At baseline,
diagnostic quality CT or MRI images of the torso
are obtained, with coverage including Waldeyer’s
ring of lymphoid tissue in the neck and extending
through the inguinal nodal basin; the PET imag-
ing field of view should provide the same cover-
age. Some investigators have advocated for
whole-body PET imaging in lymphoma so as not
to miss peripheral sites of disease [62], but in
practice most centers rely on so-called “eyes-to-
thighs” imaging for their lymphoma patients. At

Table 3.5 Deauville criteria for interim FDG-PET
assessment

Score | Description of FDG uptake findings

1 No FDG uptake above surrounding background

2 FDG uptake is less than or equal to mediastinal
blood pool

3 FDG uptake is greater than mediastinal blood
pool but less than or equal to liver

4 Moderate increase in FDG uptake, greater than
liver

5 Marked increase in FDG uptake, greater than
liver

the time of interim response assessment, the
diagnostic CT coverage may be limited to initial
sites of disease. For example, in a patient with
stage 2 Hodgkin lymphoma, follow-up imaging
need not include diagnostic CT or MRI imaging
of the abdomen and pelvis; rather the diagnostic
CT coverage can be limited to the neck and chest.
As noted above, use of a multi-series PET/CT
acquisition can further reduce radiation exposure
by eliminating duplicate scanning over the same
anatomic regions (Fig. 3.6).

The use of FDG PET/CT in the management
of non-Hodgkin lymphoma (NHL) is also stan-
dard of care; however, the heterogeneous nature
of NHL has made it more difficult to standardize
the use of PET/CT in the various treatment algo-
rithms. For example, T-lymphoblastic lym-
phoma and Burkitt lymphoma often present
acutely with rapidly growing tumors that can
result in critical airway compromise, vascular
occlusion, and acute abdominal symptoms,
which precludes the use of PET/CT for initial
staging. For other tumors such as diffuse large
B-cell lymphoma or ALCL, PET imaging can
be effective in determining response to initial
chemotherapy and is being incorporated into
many treatment algorithms (Fig. 3.12). A com-
plete discussion of posttransplant lymphoprolif-
erative disease (PTLD) is beyond the scope of
this review, but inasmuch as PTLD represents a
premalignant lymphoma-like proliferation and
can degenerate into a Burkitt-like lymphoma,
the use of PET imaging for patients suspected of
developing PTLD, and in the management of
patients being treated for PTLD has been shown
to be effective in staging, establishing disease
burden, and in guiding therapy (Fig. 3.13). As
with HL, response criteria for NHL have been
proposed [29, 30]. These incorporate FDG PET
imaging results, anatomic imaging, and other
clinical criteria into the overall response assess-
ment and acknowledge the challenge of estab-
lishing a single set of criteria for all non-Hodgkin
lymphomas. These challenges aside, FDG PET
imaging plays a crucial role in the management
of NHL and when feasible should be incorpo-
rated into all NHL staging and response
assessments.
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Fig. 3.12 FDG PET/CT in non-Hodgkin lymphoma.
Fifteen-year-old with Crohn’s disease, on immunosuppres-
sion with knee pain. CT (a), and MRI (b) showed multiple
osseous lesions, renal lesions, and diffuse marrow replace-

3.8.2 Sarcoma

3.8.2.1 Soft Tissue Sarcomas

Rhabdomyosarcoma is the most common soft tis-
sue tumor in children. Compared to adults, chil-
dren have a more favorable prognosis [63].
Prognostic factors include patient age, histologic
type, primary site of disease, local/regional
spread, and distant metastases [64]. Staging
includes CT or MRI of the primary tumor site,

T -
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ment. Biopsy confirmed DLBCL. Staging PET (c¢) shows
widespread osseous disease, extensive nodal disease, and
multiple renal lesions. Restaging after four cycles of che-
motherapy showed complete response to therapy (d)

chest CT and bone marrow aspirate. If available,
FDG PET is the imaging study of choice for
detection of lymph node (LN) metastases and a
whole-body screen, vertex to toes, for cortical
bone and marrow metastases. Locoregional or
“sentinel” lymph nodes are the most common
site of tumor spread, particularly for extremity
tumors, followed by metastatic spread to the
lungs. Although FDG-avid hypermetabolic
lymph nodes may be reactive, PET imaging plays
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Fig. 3.13 FDG PET/CT and PTLD. Eleven-year-old s/p
heart transplant with palpable neck nodes (a) and CT
showing renal lesion (b, arrows). PET/CT (c) shows
FDG-avid cervical lymph node enlargement and right

an important role in identifying potential sites of
regional lymph node involvement and contributes
to preoperative planning for intraoperative lymph
node dissection and/or postoperative local con-
trol [65]. The presence of lymph node metastasis
impacts outcome, and survival can be improved
by intensification of therapy and irradiation of the
affected region [64]. Lymphoscintigraphy is still
used for intraoperative localization of sentinel
lymph nodes and may complement PET imaging
for guiding sentinel lymph node biopsy
(Fig. 3.14) [66, 67]. The presence of pulmonary
metastases also impacts survival in this patient
group, and dedicated chest CT remains the imag-
ing study of choice for detection of pulmonary
metastases [65-67].

lower pole FDG-avid renal lesion, all compatible with the
diagnosis of PTLD. After two cycles of rituximab, no
residual FDG-avid disease is demonstrated (d)

Non-rhabdomyomatous soft tissue sarcomas
are rare and include desmoplastic sarcoma,
malignant rhabdoid tumor, synovial sarcoma,
undifferentiated sarcoma, and angiosarcoma.
FDG PET imaging is not yet routinely performed
as a standard part of staging and response evalua-
tions but in selected cases has been found to be
useful in determining extent of disease and
metastases at diagnosis, response to therapy, and
recurrence [68]. Non-rhabdomyomatous tumors
of the head and neck in children include nasopha-
ryngeal carcinoma (NPC), adenoid cystic carci-
noma, and mucoepidermoid tumor. Cheuk et al.
compared FDG PET with MRI in 18 children
with NPC and found FDG PET to be useful in the
evaluation of response to therapy, and in patients
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Fig. 3.14 Sentinel lymph node identification in rhabdo-
myosarcoma (RMS). Ten-year-old with palpable left thigh
swelling, evaluated by MRI (e); biopsy showed
RMS. PET/CT (a—c) shows subtle uptake in an external
iliac lymph node, just above the inguinal ligament

who achieved complete remission, FDG PET/CT
showed disease clearance 3—-6 months earlier
than MRI [69].

3.8.2.2 Bone Sarcomas

Osteosarcoma

Osteogenic sarcoma (OS) is the most common
primary bone tumor in the pediatric population,
with the peak incidence occurring during puberty
and the adolescent growth spurt [70].
Osteosarcomas occur most often in the long
bones of the extremities, and the primary tumor
is typically located in the metaphyses of the dis-

(a—c, arrow). Sentinel lymph node lymphoscintigraphy
shows this to be the sentinel node (d, arrow). Two non-
avid femoral lymph nodes were negative. This external
iliac lymph node was positive

tal femur, proximal tibia, or proximal humerus.
Less commonly, lesions can arise in the axial
skeleton, in the ribs, and in the flat bones of the
pelvis and sacrum. In the pediatric population,
OS may be a secondary tumor at the site of pre-
vious radiation therapy, with a lag time of
7-15 years. Cancer predisposition syndromes,
such as Li-Fraumeni and bilateral retinoblas-
toma also put children at risk for osteogenic sar-
coma [70]. Predictors of poor outcome include
pelvic site, the presence of metastatic disease at
diagnosis, pathologic fracture at diagnosis, posi-
tive tumor margins, and a poor histologic
response to chemotherapy [71].
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At presentation, most patients with OS are
considered to have subclinical micrometastatic
disease that is below the limits of detection by
conventional imaging [70]. The most common
site of hematogenously spread metastatic dis-
ease is the lungs, followed by the bone and bone
marrow. Metastatic disease to the same bone,
called a skip lesion, is a feature of OS in the
long bones and can be detected by MRI or FDG
PET/CT. In rare cases, osseous metastases can
be disseminated. Up to 20% of cases have
detectable metastases at diagnosis [70]. When
present, lung metastases are often calcified, and
non-contrast CT of the thorax is the imaging
methodology of choice. The staging work-up
for OS includes imaging of the primary site with
MRI or combination of MRI and CT and lung
evaluation with non-contrast chest CT. Whole-
body imaging with bone scintigraphy is still
used for staging and long-term follow-up, but
recent studies with FDG PET/CT have shown
superiority of PET/CT for both staging and
response assessment [72, 73]. FDG PET is not a
reliable tool for the evaluation of metastases to
the lungs; however, it is superior to bone scin-
tigraphy and MRI in the detection of bone mar-
row and cortical bone metastases [74, 75],
although small calcified lesions may not have
increased uptake on FDG PET.

In addition to staging, FDG PET imaging
plays an important role in determining a biopsy
site that is safe and has the highest yield. Tumor
histology is an important determinant of out-
come, and FDG PET/CT can be used to guide
and increase the diagnostic yield of core needle
biopsies. Core biopsy has comparable yield to
surgical excisional biopsy and by virtue of being
less invasive than surgical biopsy is increasingly
the initial method of choice for obtaining a tissue
diagnosis. Bone sarcomas often appear hetero-
geneous by imaging. By identifying metaboli-
cally active sites of FDG uptake, the PET scan
can be used to guide the localization of an opti-
mal biopsy site. Histological response to treat-
ment and the ability to achieve complete surgical
resection remain the best predictors of outcome
in OS [70]. Repeat imaging is performed after
neoadjuvant chemotherapy for evaluation of

response and includes MRI of the primary tumor
site and chest CT. FDG PET has recently been
shown to be useful in evaluating response to
therapy [72] and is increasingly being incorpo-
rated into OS treatment and response assessment
algorithms [73].

Inasmuch as the goal of surgical resection for
osteosarcoma is achieving a wide margin, the
decision to proceed with amputation or rotation-
plasty versus a limb salvage procedure depends
on the tumor response to neoadjuvant chemother-
apy, the presence of disease progression, and the
location of the tumor [76]. Limb salvage surgery
is associated with a higher rate of local recur-
rence, without decreasing overall survival, and is
usually accompanied by multidrug chemother-
apy. FDG PET is not routinely in use but can be
helpful in the evaluation of local tumor recur-
rence, especially in the presence of a metallic
prosthesis (Fig. 3.15) [77].

Ewing Sarcoma

Ewing sarcoma (EWS) is a small, round, blue
cell tumor that derives from a primitive neuroec-
todermal cell with variable differentiation. Ewing
sarcoma accounts for 2-3% of all childhood can-
cers and is the second most common pediatric
bone tumor, after osteosarcoma [78]. EWS
affects primarily adolescents, with a peak age
range at diagnosis between 10 and 20 years. The
majority of EWS occur in the long bones of the
upper and lower extremities, followed by the pel-
vis, thorax, and spine [78]. Although EWS tumors
more commonly arise from the bone, soft tissue
primary tumors are frequently seen. Factors asso-
ciated with a worse prognosis include older age,
pelvic primary tumor, tumor size, and metastatic
disease at time of diagnosis [79]. The staging
evaluation for EWS includes evaluation of the
primary tumor with either CT or MRI and non-
contrast chest CT for pulmonary metastases.
FDG PET/CT has been found to be superior to
bone scintigraphy for the detection of skeletal
metastases, particularly bone marrow metastases,
and also had a higher sensitivity for detecting
bone marrow involvement than bone marrow
biopsy [80, 81]. Based on these and other retro-
spective studies, the data now point to replacing
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Fig.3.15 FDG PET/CT in osteosarcoma. Nineteen-year-
old with metastatic osteosarcoma who initially presented
with pathologic fracture of the left femur, s/p resection,
and distal femoral prosthesis. At followup he pre-
sented with a palpable mass along the medial thigh.
X-Ray shows a radiodense mass medial to prosthesis, in
the adductor compartment (a, arrow). FDG PET/CT

bone scintigraphy and bone marrow biopsy with
FDG PET/CT for staging EWS [73].

As with osteosarcoma, response to neoadju-
vant chemotherapy is a prognostic factor in
patients with Ewing sarcoma [82]. In studies
aimed at investigating the accuracy of FDG PET/
CT in predicting response to chemotherapy,
Raciborska et al. investigated the diagnostic
accuracy and the potential of FDG PET to predict
response to chemotherapy, with FDG PET/CT
imaging performed at diagnosis, after induction
chemotherapy, and prior to local control [83].
SUV at diagnosis was significantly lower in
patients with good histological response than in
patients with poor histological response, a find-
ing supported by results showing that SUVmax at
diagnosis was the only independent pretreatment
prognostic factor to retain statistical significance
[83, 84]. Several studies have also shown signifi-
cantly improved outcome in patients with favor-
able metabolic responses to therapy as measured
by reductions in tumor SUV on posttreatment

./

shows intense uptake at the site of recurrence (b, arrow; d,
g), which is easily distinguishable from adjacent hard-
ware. Also seen is a new lung lesion (c, e, f), faintly FDG
avid (f, arrow), and localizing to a right lung mass identi-
fied on the attenuation correction CT (¢, e). Biopsy
showed multifocal disease recurrence

FDG PET/CT (Fig. 3.16) [82—-84]. As encourag-
ing as these small retrospective studies have been
in establishing the potential utility of PET imag-
ing in EWS, larger prospective studies are needed
to confirm the utility of FDG PET in predicting
response and outcome.

3.8.3 Malignant Peripheral Nerve
Sheath Tumor

Neurofibromatosis type 1 is an autosomal domi-
nant disorder characterized by the development of
benign plexiform neurofibromas with the poten-
tial for sarcomatous transformation to malignant
peripheral nerve sheath tumors. Malignant trans-
formation is often suspected with the develop-
ment of new lesions, change in lesion size, or
increased localized pain. PET/CT has been valu-
able in detecting hypermetabolic lesions with
possible malignant transformation and is most
useful in identifying sites for biopsy or resection
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Fig. 3.16 FDG PET/CT response assessment in Ewing
sarcoma. Eleven-year-old with left humeral Ewing sar-
coma. FDG PET shows multifocal metastatic disease at
diagnosis (a). After six cycles of chemotherapy (b), there
has been near complete metabolic response at all sites of
disease. No residual disease was evident at completion of
induction and consolidation chemotherapy (c), with

(Fig. 3.17). Several studies have evaluated the use
of SUVmax cutoffs to distinguish benign versus
malignant lesions [36, 85]; however, there is sig-
nificant overlap, and benign aggressive lesions
and premalignant atypical neurofibromas can also
show increased FDG uptake. A meta-analysis by
Tovmassian et al. provides a comprehensive
review of the literature and concludes that the use
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diffuse bone marrow uptake throughout the skeletal
related to cellular marrow stimulation by G-CSF. Note the
absence of post-treatment marrow uptake in the left
humeral metaphysis at the primary disease site, indicating
a metabolic response of the tumor, but with no normal cel-
lular marrow recovery as yet at the treatment site

of FDG PET/CT for predicting malignant degen-
eration of plexiform neurofibromas in NF-1
patients is a useful noninvasive diagnostic tool
with excellent sensitivity and negative predictive
value, although further prospective trials are
needed to establish SUVmax values that opti-
mally predict malignant degeneration and mini-
mize false-positive lesion detection [86].
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Fig. 3.17 FDG PET/CT and MPNST in NF-1. Twenty-
five-year-old with NF-1 and optic pathway gliomas, now
with enlarging left thigh mass. FDG PET/CT shows het-
erogeneously FDG-avid mass (a, ¢) with SUVmax along
the upper margin of the lesion of 13.9. The earlier MRI (b)

3.8.4 Hepatoblastoma

MRI and CT are the imaging modalities of choice
for the initial evaluation of patients with hepato-
blastoma, and functional imaging with FDG PET
plays little role in hepatoblastoma staging.
However, FDG PET imaging can play a role in
the evaluation of tumor recurrence in select cases

also showed heterogeneously increased T2 signal, but the
areas of intense FDG uptake (a, ¢) helped guide biopsy
and resection. The contrast-enhanced AC CT (d) provides
adequate localization of the FDG-avid mass relative to the
femoral vasculature

of hepatoblastoma, particularly when rising AFP
levels raise concern for disease relapse and con-
ventional imaging techniques are unrevealing
[87]. In a study of nine patients, Cistaro et al.
showed that in the evaluation of hepatoblastoma
recurrence, FDG PET may better delineate and
be more predictive of tumor recurrence than con-
ventional imaging, noting regenerative nodules
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and necrotizing granulomas may cause false-
positive results [87]. Clearly larger studies are
needed to better determine the role of PET imag-
ing in hepatoblastoma.

3.8.5 Neuroblastoma

Neuroblastoma is the most common extracranial
soft tissue tumor in children. Up to 50% of patients
have metastatic disease at diagnosis. Whole-body
imaging  with  '?I-metaiodobenzylguanidine

(MIBG) is generally felt to be superior to FDG
PET in evaluation of metastatic osseous disease
and remains the imaging test of choice to deter-
mine the extent of disease for staging, for evalua-
tion of treatment response, and for determining
prognosis [88—90]. Tumor biopsy is the gold stan-
dard for diagnosis and provides key information

MIBG -/FDG +

Fig. 3.18 Examples of discordant patterns of '*I-MIBG
and ""F-FDG uptake in neuroblastoma. Patient (a) shows
no MIBG-avid disease, despite multiple foci of FDG-avid
disease, most notably an intensely FDG-avid posterior

including histopathology, genetic abnormalities
and cellular differentiation, which are essential
elements used for treatment planning and progno-
sis. MIBG is taken up by the norepinephrine trans-
porter (NET), and the majority of neuroblastomas
express NET. However, approximately 10% of
neuroblastomas cases do not take up MIBG, and
FDG PET is a useful adjunctive tool for imaging
these non-MIBG-avid neuroblastoma tumors. In
the evaluation of high-risk patients, FDG PET can
also be used to identify poorly differentiated tumor
which may be weakly or non-MIBG avid, and in
some cases, FDG PET/CT may show more lesions
than MIBG scintigraphy (Fig. 3.18), although in
practice most investigators rely on MIBG and
reserve FDG PET/CT for those few patients who
are MIBG-negative or when there are inclusive or
discrepant findings between MIBG and conven-
tional imaging techniques [89, 91].

MIBG +/FDG -

mediastinal mass, while another patient (b) shows exten-
sive MIBG-avid disease throughout the axial and appen-
dicular skeleton with no corresponding FDG uptake
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3.8.6 WilmsTumor

Wilms tumor is the most common malignant
renal tumor in children with a mean age at pre-
sentation of 3.5 years. In the USA, initial treat-
ment is based on histology and surgical staging,
and there has been very little use of FDG PET/
CT for initial disease characterization.
Conventional imaging with CT and/or MRI can
provide information regarding metastatic disease
and local extent for surgical planning. In the set-
ting of bilateral disease or when extrarenal spread
of disease is suspected, FDG PET may play a
role, although excretion of the FDG radiophar-
maceutical via the kidneys limits its utility
for characterizing subtle renal parenchymal
abnormalities. Hossain et al. showed that Wilms
tumor is a metabolically active tumor and that
FDG PET/CT can help in defining extent of
tumor involvement and presence of metastatic
disease, although FDG PET cannot distinguish
between tumors with favorable histology and
those with anaplasia, a distinction that has prog-
nostic and therapeutic significance in Wilms
tumor [92]. Another potential role for PET imag-
ing in Wilms tumor is for assessing treatment
response in patients not undergoing upfront sur-
gical resection and the evaluation of metastatic
disease in patients with recurrence.

3.8.7 Langerhans Cell Histiocytosis

In the evaluation of LCH, FDG PET has been
shown to be superior to conventional imaging,
including bone scintigraphy and radiographic
skeletal survey, in the detection of active disease
and in the determination of response to therapy
(Fig. 3.19). Several small series have shown its
utility in the evaluation of responses to therapy
that precede changes on bone scintigraphy [93,
94]. Comparison with other whole-body imaging
techniques such as wbMRI has not been well
studied, although the use of combined PET/MR
techniques for assessing pediatric LCH has
shown promise [95].

3.8.8 CNS Malignancies

Brain tumors are the most common solid tumors
occurring in childhood and are a significant cause
of morbidity and mortality in the pediatric popu-
lation. The use of FDG PET/CT imaging to stage,
assess response to therapy, and evaluate potential
sites of recurrence in pediatric brain tumors has
been hampered by the high levels of physiologic
FDG uptake that occur in the normal brain, which
makes identifying and characterizing subtle
lesions challenging against the high levels of

Fig. 3.19 FDG PET/CT in LCH. Thirty-month-old with
multifocal LCH, on treatment, with new refusal to weight
bear. Radiographs (a) showed subtle periosteal reaction in
the left ilium; MRI confirmed iliac involvement with soft

tissue extension (b). FDG PET showed left iliac uptake
and additional site of uptake in the right humerus (c), con-
sistent with progressive disease
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surrounding background activity. Although the
systematic use of FDG PET/CT in pediatric brain
tumor management has been difficult to imple-
ment, a study from the Pediatric Brain Tumor
Consortium suggested that ¥F-FDG PET and
MR imaging provide complementary informa-
tion in the evaluation of pediatric brain tumors
[96]. More aggressive tumors such as GBM and
medulloblastoma tended to be more FDG avid,
whereas more indolent neoplasms such as brain
stem gliomas and ependymomas were less FDG
avid. While some have suggested that the inten-
sity of FDG uptake correlates with histologic
grade, low-grade lesions such as pilocytic astro-
cytoma can also be hypermetabolic, arguing
against a strict association between FDG avidity
and aggressiveness [97]. In an effort to improve
the sensitivity and specificity of pediatric brain
tumor characterization, "*F-FLT has been investi-
gated as an alternative to 'F-FDG, with lower
physiologic background uptake in the brain and
greater specificity for actively dividing tumor
(Fig. 3.20) [98]. Whether this technique, or use of
other tracers such as ''C-methionine, will be
proven useful in the management of pediatric
CNS malignancies is the object of ongoing
investigation.

T .-

Fig. 3.20 FLT PET in pediatric CNS malignancies.
Twelve-year-old with bithalamic fibrillary astrocytoma
and new lesions seen on MRI. '*F-FDG PET (a), contrast-
enhanced brain MRI (b), and "F-FLT PET (c) were
obtained. The FLT PET shows increased uptake, indicat-
ing cellular proliferative activity and DNA turnover in the

3.8.9 PET/CT and Pulmonary
Nodules

Evaluation of pulmonary nodules by PET/CT
deserves special attention. Nodule size cannot be
used to distinguish between benign and malig-
nant lesions. In a small series of solid tumors,
predominantly sarcomas, McCarville et al. found
that 43% of nodules smaller than 0.5 cm were
malignant [99]. Comparison of PET/CT with the
diagnostic CT did not improve sensitivity, speci-
ficity or accuracy for predicting histologic diag-
nosis. Assessment of nodules larger than 0.5 cm
was also limited. Concurrent review of PET/CT
and diagnostic CT did improve the specificity in
the prediction of malignancy in the larger nod-
ules; however, there was significant inter-
reviewer variability. In addition, the sensitivity
and accuracy of chest CT alone, performed at
end-inspiration with diagnostic technique,
remained superior to PET/CT. The added value
of PET may be in using semiquantitative analysis
with SUVmax. Although the number of nodules
in this series was small, the median SUVmax of
malignant nodules was significantly higher than

benign nodules.
f \
\ |

4

- /
enhancing lesions demonstrated by MRI (arrows).
Because of the low background with FLT, uptake in the
lesions is easily seen. Only subtle FDG uptake is demon-
strated on the accompanying 'SF-FDG PET, with the
intense physiologic uptake in the brain limiting sensitivity
for lesion detection and characterization
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3.9 Non-FDG Tracers

for Oncologic Imaging

This chapter has focused largely on the use of
BE-FDG in pediatric PET/CT applications.
However, there are several new PET tracers on
the horizon that are currently either experimental
or not yet FDA approved for use in the USA, but
that will likely be of interest for pediatric onco-
logic imaging.

BE-MFBG has recently been shown to be
comparable to '*I-MIBG for staging neuroblas-
toma and once it becomes more widely available
could offer a more sensitive and quantitative
means of evaluating neuroblastoma, in addition
to providing a shorter time interval between
injection and imaging (2—4 h for "8F-MFBG com-
pared to 24 h with 'ZI-MIBG) [17]. Other tracers
being developed for neuroblastoma include
%8Ga-DOTATATE, which has recently been
approved for us in the USA, and the dopamine
analogues '8F-DOPA and '8F-Fluorodopamine
(Fig. 3.21). '8 F-DOPA has also been shown to be
effective in localizing focal pancreatic lesions in
congenital hyperinsulinism [100].

Amino acid analogues such as ''C-methione
have been evaluated in lymphoma and in pediat-
ric CNS tumors [13, 14], although high levels of
background uptake in the bone marrow and the
short half-life of !'C (~20 min), requiring an
onsite cyclotron to facilitate production, have
limited the use of this tracer. The thymidine
nucleoside analogue F-FLT offers promise for
evaluating tumor DNA turnover, but high uptake
in the bone marrow has limited its utility for the
most common pediatric tumors.

Finally, the use of ®F-sodium fluoride (‘*F-
Na) deserves mention as a potential replacement
for conventional bone scintigraphy. '*F-Na is rap-
idly incorporated into bone and can be used to
assess for skeletal metastatic disease. In addition,
owing to its favorable pharmacokinetics and the
superior imaging features of PET/CT, '8F-Na has
increased sensitivity over conventional *™Tc
MDP bone scintigraphy [101]. Osteosarcoma
metastases frequently calcify, increasing the like-
lihood of calcified nodules being malignant.
However smaller nodules, or non-calcified nod-

BE-DOPA PET/CT. Two-month-old with

Fig. 3.21
Beckwith-Wiedemann syndrome and hyperinsulinism
underwent PET/CT with "®F-DOPA. Increased "*F-DOPA
uptake is demonstrated in a left thoracic paraspinal lesion
(a) as well as in the markedly enlarged pancreatic body
and tail (b) Pathology revealed a poorly differentiated
favorable histology neuroblastoma and pancreatic find-
ings of increased endocrine tissue and nucleomegaly con-
sistent with diffuse disease of congenital hyperinsulinism

ules, may still have osteoblastic activity but have
indeterminate features by CT. We have taken
advantage of the sensitivity and high resolution
provided by '8F-NaF PET/CT and used it in a
small number of osteosarcoma patients suspected
of having recurrent or progressive disease, in
whom indeterminate pulmonary nodules or intra-
thoracic lymph nodes were identified, but for
which more definitive imaging was desired prior
to proceeding with thoracotomy. Figure 3.22
shows one example of a small non-calcified pul-
monary nodule showing intense accumulation of
8FE_fluoride, consistent with osteosarcomatous
metastasis.
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Fig. 3.22 (a, b) "F-NaF bone PET in osteosarcoma.
Sixteen-year-old with distal left femur osteosarcoma and
chest CT (a) showing a non-calcified indeterminate but
suspicious pulmonary nodule (arrow). '*F-NaF bone
PET (b) shows radiotracer localizing to the nodule, con-
sistent with metastatic osteosarcoma

3.10 Summary

PET/CT provides a noninvasive, quantitative,
physiologic method of detecting metabolically
active malignant processes. The use of imaging
in response assessment continues to evolve.
Current research is focused on the combination
of anatomical and functional imaging techniques
to determine how to best predict which patients
will benefit from modified, less toxic treatment
regimens, and which patients will require more
aggressive therapy. As we evolve from risk-
adapted treatment strategies to guide these deci-
sions and enter an era of response-based therapy,
the development of imaging surrogates of
response to therapy should give us more specific
information related to disease activity and
response to therapy. Discovery and validation of
noninvasive imaging biomarkers will contribute

to development of new response assessment par-
adigms. The development of standardized proto-
cols and reproducible image acquisition
techniques will allow the collection of standard-
ized, multi-institutional data. Further technologi-
cal advances are likely to further refine the
information provided by FDG PET imaging as
well as contribute to development of novel
imaging strategies with new more specific
radiotracers.
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4.1 Introduction

In contrast to other imaging techniques discussed
in this book, combined PET/MR is a relatively
new modality that was first introduced in 2010
for clinical applications [1]. Pediatric imaging
was identified as a potential key application of
PET/MRI from the beginning mainly due to the
significantly reduced diagnostic radiation expo-
sure compared to PET/CT [2]. From this starting
point, the discussion about PET/MR applications
in pediatric oncology moved forward with the
first clinical studies demonstrating technical fea-
sibility, diagnostic equivalence to PET/CT, and
the potential for advanced multiparametric and
functional tumor characterization [2, 3].

The backbone of pediatric PET/MR is a dedi-
cated MR examination providing detailed ana-
tomical and a significant amount of functional
information about tumor localization and biol-
ogy. The simultaneously acquired PET data
offers highly specific information about func-
tional tumor properties such as tumor vitality that
cannot be obtained using MRI. Thus, the combi-
nation of these two modalities promises compre-
hensive assessment of oncologic disorders [4].
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The discussion about differential indica-
tions of PET/MR compared to PET/CT has
evolved from a technical and diagnostic com-
parison of these two hybrid imaging modalities
to a careful consideration of strengths and
weaknesses of CT, MRI, and PET. Thus, there
is a consensus that—wherever available—PET/
MR can be used in pediatric oncology when-
ever a PET is indicated and MRI provides
equal or better diagnostic information com-
pared to CT [5].

In this chapter we will give an overview of
technical aspects of PET/MR imaging, review
practical aspects related to performing pediat-
ric PET/MR, and present a discussion of
potential clinical as well as scientific
applications.

4.2 Technical Aspects of PET/MRI

4.2.1 Acquisition

The primary challenge for the development of a
PET/MR system is the compatibility of high
magnetic field strengths of MRI and complex
detector  design  and  electronics  of
PET. Specifically, photomultiplier tubes con-
ventionally used in PET detector systems are
highly sensitive to strong magnetic fields. Thus,
the introduction of semiconductor-based PET
detectors has paved the way for integrated PET/
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MRI. Recent PET/MR scanner generations
have a fully integrated design with PET detec-
tors being placed within the MR gantry [1, 6].
In contrast to PET/CT, this allows for truly
simultaneous acquisition of both modalities.

In contrast to PET/CT, in which CT-based
attenuation correction factors can be calculated
directly from Hounsfield unit-based tissue den-
sity measurements, PET attenuation correction in
PET/MR presents unique challenges, as tissue
densities cannot be directly measured by
MRI. Thus, MR-based PET attenuation correc-
tion has been a field of research for many years.
The state of the art for MR-based attenuation cor-
rection is a combination of a segmentation
approach and atlas-based bone estimation. Using
a T1-weighted gradient-echo MR sequence, tis-
sues are first segmented into distinct classes (usu-
ally fat, lean tissue, lung tissue, and air), and
known attenuation coefficients for these tissue
classes are inserted; subsequently, the location of
bone structures is estimated using a preacquired

skeletal atlas. Using this method of attenuation
correction, PET SUV deviations compared to
CT-based attenuation correction can be reduced
to values below 5% [7]. For brain imaging, bone
structures can alternatively be visualized using
ultrashort echo time (UTE) MR imaging [8].

Because the PET and MR acquisitions can be
obtained simultaneously, PET/MR offers the
potential for improved image quality compared
to sequential hybrid imaging techniques
(Fig. 4.1). Where physiological motion or vary-
ing urinary bladder volume can cause substantial
displacement of adjacent structures, it has been
shown in early studies that spatial alignment of
PET and MRI is more accurate than with PET
and CT in PET/CT [9] (Fig. 4.2). Also, motion
information obtained by fast MR imaging can be
used to perform motion correction on PET data.
So-called joint reconstruction techniques can
potentially enhance diagnostic PET quality yield-
ing better spatial and quantitative accuracy in
moving organs [10].
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Fig. 4.1 PET in PET/CT and PET/MR. Direct compari-
son of PET from PET/CT (left figure, arms elevated) and
from PET/MR (middle figure, arms down) showing equiv-
alent diagnostic image quality. Increase in PET acquisi-

tion time (e.g., 6 min, right figure) allows for substantial
reduction in administered tracer activity (here from 4.5 to
2.1 MBg/kg) in PET/MR while maintaining high diagnos-
tic quality
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Fig. 4.2 Alignment quality in PET/CT and PET/
MR. Simultaneous PET/MR acquisition enables more
accurate alignment of anatomic structures between PET
and MRI compared to PET and CT in sequential PET/

4.2.2 Dose Aspects

The fundamental motivation for implementing
pediatric PET/MRI is the significantly reduced
diagnostic radiation exposure compared to con-
ventional PET/CT examinations. This can be of
considerable importance, as children with cancer
are often examined numerous times during the
course of disease resulting in high cumulative
radiation exposure with potential related risks in
long-term survivors. Depending on CT imaging
protocols, dose reduction of about 50-70% can
be thus achieved [2, 3, 11].

Moreover, simultaneous acquisition of MRI
and PET in combination with a large field of
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PET/MR fusion

CT. In this example, the bladder volume is different
between PET and CT resulting in misalignment compared
to perfect alignment in PET/MR

view and highly sensitive PET detectors allows
for reduction in administered tracer activities. In
theory, PET image quality is identical if the
product of administered tracer dose and PET
sampling time is the same [11]. Compared to
PET/CT, PET sampling time is two to three
times longer in PET/MR, with MRI usually the
time-limiting modality. Thus, tracer doses in
PET/MR can be reduced (Fig. 4.1) and are gen-
erally on the low side of international *F-FDG
recommendations. It is expected that these rec-
ommendations will be revised in the future, with
improving detector technology, introduction of
solid-state  detectors, and corresponding
increases in detector sensitivity.
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4.3  Practical Aspects
4.3.1 Preparation

Simultaneous PET/MR, mostly performed as a
whole-body examination in children, can be con-
sidered one of the most complex of the hybrid
imaging modalities and thus requires thorough
preparation and planning. Indication and choice
of PET tracer should be defined in a common
effort between pediatric oncologists, pediatric
radiologists, and nuclear medicine physicians.
Before performing the study, patients and legal
guardians should be informed about the rationale
and the nature of the examination including
information about total examination time and
preparation procedures. In this context, potential
contraindications should be addressed which are
in principle equivalent to MR contraindications
such as  noncompatible implants and
claustrophobia. In addition, necessary prepara-
tion steps for oncologic FDG-PET imaging, such
as fasting and minimizing strenuous activity,
have to be conveyed. Importantly, the necessity
for patient sedation should also be evaluated
early on in the process. In general, the prepara-
tion steps before the examination are in principle
the same as for wbMRI and PET/CT examina-
tions, which are described in detail in the respec-
tive chapters of this book.
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4.3.2 Protocol

Due to the high versatility of MRI, PET/MR pro-
tocols can vary significantly depending on the
clinical question, patient compliance, anatomi-
cal site, and particular local preferences [5, 12,
13]. For pediatric imaging, two aspects should
be considered in particular: patient compliance
can be limited, and the repetition of diagnostic
radiation exposure (related to repeat FDG tracer
administrations) should be avoided if possible.
Thus, it is advisable to begin pediatric PET/MR
examinations with the PET acquisition com-
bined with the essential MR sequences.
Typically, oncologic whole-body PET/MR pro-
tocols include simultaneous bed-per-bed mea-
surement of PET and whole-body MR sequences,
mostly a T1-weighted sequence (also used for
attenuation correction), a T2-weighted fat-satu-
rated sequence, and potentially diffusion-
weighted imaging (DWI) (Fig. 4.3).
Subsequently, MR-only acquisitions can be per-
formed freely, including local tumor imaging,
contrast-enhanced MRI, or CNS imaging.

Neuro-oncologic protocols are simpler as the
acquisition is mostly performed over a single sta-
tionary position allowing for continuously simul-
taneous PET/MR measurements.

Despite developments in MR sequence design,
with increased availability of motion-robust

[ simultaneous whole body PET + MR: 20-40 min ] [ local MR (+ local PET): 20-40 min ]

Fig. 4.3 Typical oncologic whole-body FDG-PET/MR
protocol in children (2-year-old boy). After 60 min of
uptake time, simultaneous whole-body PET and MR mea-
surements are performed including a sequence for attenu-
ation correction (AC), morphological imaging (in this

case coronal T2w STIR sequence), and optionally
diffusion-weighted imaging (DWI). Subsequently, local
MRI and contrast-enhanced (CE) MRI can be performed
as in any other MR scanner with the option of additional
simultaneous local PET imaging
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ultrafast sequences, examination times are still
relatively long for combined PET/MR examina-
tions, reaching between 45 and 90 min for
whole-body imaging studies, depending largely
on the extent of MR measurements.

As PET/MR is considered a comprehensive
oncologic imaging tool, image quality should be
as high as possible, even in children who cannot
cooperate well. Thus, acceleration techniques
and motion-robust MR techniques (e.g., radial
sampling) should be implemented where avail-
able. Furthermore, dedicated morphological lung
imaging is a central requirement in oncologic
PET/MR in order to avoid additional chest CT if
possible, although the routine use of MRI, as
opposed to CT, for detecting pulmonary nodules
has not been universally accepted. Advanced MR
techniques such as UTE sequences are being
developed and are of considerable value in
obtaining high-quality MR images of the thorax.

4.3.3 Post-processing
and Interpretation

PET/MR data are complex with respect to the usu-
ally large number of acquired images as well as
their multidimensional and multiparametric
nature. Thus, post-processing is an essential step
prior to reading and interpretation. High-
performance software solutions that provide image
processing tools for image fusion, image reforma-
tion, and advanced analysis of both PET imaging
results and functional MR imaging data such as
DWI or DCE are an absolute prerequisite and are
available from multiple commercial vendors.
Furthermore, examination results should be visu-
alized in a way that they can be presented to refer-
ring pediatricians as well as patients and parents.

Similarly, image interpretation is a challenge
in PET/MRI. PET/MR examinations should be
interpreted by pediatric imaging specialists (radi-
ologists and nuclear medicine physicians) and
finally presented and discussed in an interdisci-
plinary setting with referring clinicians.

Specific attention should be paid to possible
artifacts in MR-based attenuation correction that
can affect PET images. Thus the evaluation of the

attenuation map and of non-corrected PET images
are part of structured reading in PET/MR. Pitfalls
when reading the PET images are in large part the
same as in PET/CT. However, the danger of insuf-
ficient attention to single sequences must be
emphasized and is mainly caused by overly
lengthy MR protocols, resulting in large volumes
of often redundant image information (Fig. 4.4).
This is especially the case when focal lesions are
PET-negative, and the tendency to add multiple
additional MR sequences to the exam usually
adds little additional diagnostic information while
dramatically  lengthening exam  duration.
Therefore, in order to avoid misinterpretation,
sufficient time, technical expertise, optimal work
environment including a dedicated image viewer,
and a high level of experience by a team of dedi-
cated pediatric imaging specialists are essential to
the success of any PET/MR program.

4.4 PET/MR Applications

and Potential Advantages

In general, PET/MR can be used for children
whenever PET/CT is indicated, and no contrain-
dications for MRI are present. In general, a major
advantage of PET/MR is the possibility of both
whole-body staging and local tumor assessment
in a single session rendering additional examina-
tions unnecessary and thus potentially reducing
the number of necessary sedations. Moreover,
particularly in cases of equivocal or nonspecific
uptake (e.g., bowel uptake), the excellent soft-
tissue contrast of MRI offers the opportunity for
higher confidence differentiating between normal
and abnormal findings [14].

4.4.1 Lymphoma

FDG-PET is indicated for staging, therapy
response assessment, and detection of recurrence
in Hodgkin lymphoma and high-grade lymphoma
in children. As described in the previous chapter,
PET/CT in most centers remains the modality of
choice for this purpose. PET/MR offers equivalent
diagnostic information as PET/CT with respect to
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Fig. 4.4 Patient with recurrent paraganglioma.
DOMITATE-PET/MR reveals a mass adjacent to the uri-
nary bladder with marked diffusion restriction (DWI).

PET and potential advantages by MRI for assess-
ing bone marrow infiltration and involvement of
solid organs (Fig. 4.5). Concerning assessment of
pulmonary involvement in lymphoma, PET/MRI
using state-of-the-art lung MRI and MR-based
PET motion correction can be regarded as diag-
nostically equivalent to PET/CT. A significant
diagnostic advantage of PET/MR over PET/CT
can be expected in lymphoma with low or hetero-
geneous FDG avidity. In these cases, high soft-
tissue contrast and functional information (e.g.,
DWI) from MRI can provide decisive diagnostic
information [15].

4.4.2 Sarcoma

Due to its high soft-tissue contrast, MRI is the
modality of choice for imaging of children with
sarcoma offering information about local tumor
extent as well as whole-body staging [16]
(Fig. 4.6). FDG-PET can add information about
initial tumor metabolism that can be prognosti-
cally relevant as well as about tumor vitality after

PET/MR fusion

Due to the adjacent bladder, however, this uptake could
easily be missed in PET in this case showing how impor-
tant careful evaluation of all available image data is

neoadjuvant therapy [4, 17]. Furthermore, PET/
MR can help in distinguishing therapy effects
from residual or recurrent tumor after therapy
and thus increase specificity compared to MRI
alone [4]. A possible limitation of PET/MR over
PET/CT is the limited sensitivity for small pul-
monary metastases that can be prognostically and
therapeutically highly relevant in children with
sarcoma [18]. Thus, an additional chest CT
should initially be performed in these patients, as
well as in other patients with malignancies carry-
ing a high risk of pulmonary metastases. This
limitation may potentially be overcome with fur-
ther developments in MR lung imaging tech-
niques in the future.

4.4.3 Neuroblastoma

Although the 123I-mIBG scan is established as
the reference modality, MRI and FDG-PET
play important roles for the diagnostic work-up
in children with neuroblastoma [19, 20]. MRI
provides information about local tumor spread
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Fig. 4.5 PET/MR in lymphoma. Patient with Hodgkin lymphoma stage IV. MRI shows pulmonary and bone marrow
involvement (arrows) also in areas with only subtle FDG uptake

that is relevant for surgical planning, has high
sensitivity for the detection of distant metasta-
ses, and furthermore offers information about
tumor biology using DWI. MIBG-negative neu-
roblastomas are associated with a generally
better prognosis [21]. On the other hand, ele-
vated FDG uptake in neuroblastoma may indi-
cate poor prognosis [22] (Fig. 4.7). With the
recent development and expected clinical trans-
lation of the PET analogue of 123I-MIBG—
BE-MFBG—PET/MR can become the
comprehensive diagnostic tool in neuroblas-
toma assessing tumor spread and tumor biology
in a single examination [23].

4.4.4 Neuroendocrine Tumors (NETs)
Staging as well as tumor characterization of NETs

can be performed exceptionally well with PET
using specific tracers such as somatostatin recep-

tor (SSR) ligands ("*Ga DOMITATE and
DOTATATE) (Fig. 4.4) in well-differentiated
tumors or FDG in dedifferentiated tumors [24].
The degree of tracer uptake using receptor-specific
tracers or FDG thus also provides information on
tumor biology. PET/MR can be preferentially used
over PET/CT in cases of soft-tissue involvement,
e.g., for imaging small liver metastases [25].

4.4.5 Neurofibromatosis Typel

FDG-PET has been identified as a good marker
for the prediction of malignant transformation of
plexiform neurofibroma into a malignant periph-
eral nerve sheath tumor (MPNST) [26, 27]. MRI
on the other hand allows for detailed anatomical
depiction of soft-tissue lesions in these patients
and is thus highly relevant for biopsy and surgical
planning [28]. PET/MR combines both aspects
and in addition enables dedicated imaging of
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Fig. 4.6 FDG-PET/MR in sarcoma. This example shows
PET/MR images of a patient with metastatic Ewing sar-
coma of the right femur. Initial staging (top row) revealed
a large mass with FDG uptake in the right femur and osse-
ous metastases with marked diffusion restriction (arrow)
but low FDG uptake. After chemotherapy (bottom row),

CNS changes that are often present in these
patients. Furthermore, reduced radiation expo-
sure of PET/MR compared to PET/CT is of rele-
vance in these patients, who have an initially
benign condition but who are imaged repeatedly
during their lifetime.

4.4.6 Cancer Predisposition
Syndromes

Similarly to patients with NF-1, numerous rare
genetic syndromes with elevated risk for the
development of malignant tumors are known and
require close observation already in childhood. In
these patients, MR may be the first modality of
choice for screening. However, the addition of

S. Gatidis and J. F. Schéfer

DWI (ADC) FDG-PET

therapy response of the primary tumor was established by
reduced FDG uptake. In the metastases, however, DWI
was the relevant marker demonstrating response to
therapy, with increased diffusivity and high signal on the
DWI (ADC) images

PET using combined PET/MR can potentially
reduce the false-positive rate [29].

4.4.7 CNSTumors

Pediatric CNS tumors are mostly diagnosed using
multiparametric MRI. In certain clinical situa-
tions, i.e., poorly characterized brain tumors, prior
to biopsy and after treatment, additional PET using
dedicated tracers (amino acid tracers, e.g., methio-
nine or FET for glioma) can provide information
about tumor histology, tumor grade, and the pres-
ence of tumor recurrence [30] (Fig. 4.8). In these
situations, PET and MRI can be performed in a
single scan reducing total examination time and
potentially the number of sedations.
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Fig. 4.7 PET/MR in neuroblastoma. Patient with recur-
rent neuroblastoma stage IV. 123I-MIBG scintigraphy
(left figure) shows no pathologic uptake, while FDG-PET
(middle figure) reveals disseminated metastases weeks

Fig. 4.8 PET/MR in neuro-oncology. Patient with gan-
glioglioma WHO grade 1. MRI (left figure) reveals a
subtle lesion in the left temporal lobe. ''C-Methionine
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later implying poor prognosis. DWI MRI (lower right fig-
ure) provides information very similar to FDG-PET
(upper right figure)

PET/MR fusion

PET (right figure) shows focal uptake establishing the
likely diagnosis of a CNS tumor and enabling image-
guided biopsy and resection
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4.5 Research

Currently, the availability of PET/MR for imaging
children, both in the US and Europe, is limited to
a few major centers. Thus, despite the numerous
potential advantages and applications stated
above, PET/MR cannot yet be considered a stan-
dard modality in pediatric oncology. However,
PET/MR is certainly an exceptional tool for pre-
clinical and clinical research. The potential for
functional and metabolic imaging using PET and
MRI in a single scanner is unparalleled and can be
used to gain insight into the pathophysiology of
pediatric tumors, to better understand effects of
oncologic therapies, and to validate novel devel-
opments in radiopharmacy and MR technology.
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SPECT/CT in Pediatric Oncology

Helen Nadel and Lorenzo Biassoni

5.1 Background

Hybrid imaging scanners combining single-
photon emission computed tomography (SPECT)
imaging and computed tomography (CT) in one
single imaging device have been commercially
available since the beginning of the 2000s. These
imaging techniques can combine tumor avidity
provided by tumor-avid radiopharmaceuticals
with the anatomical definition of CT [1]. Hybrid
imaging with SPECT/CT has been shown to be
superior to side-by-side reading of SPECT and
CT scans [2] and has now become the state-of-
the-art radionuclide imaging modality in several
clinical conditions.

Although positron emission tomography
(PET) has a significant advantage in sensitivity
and a higher spatial resolution over conventional
SPECT imaging, due mostly to the methods of
collimation used in SPECT as compared to coin-
cidence photon detection in PET, SPECT argu-
ably has several advantages over PET. The
physical half-lives for many SPECT radionu-
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clides are generally longer and more aligned with
the biologic half-lives of physiologic processes
of interest; SPECT radiotracers are readily avail-
able and do not require the relatively close prox-
imity to a medical cyclotron and a rapid
distribution network; there is the potential for
simultaneous multi-tracer studies with different
radionuclides examining different biologic path-
ways in a single imaging session. The systems
are also of lower cost and have a much greater
installed base worldwide.

In pediatrics, similar to adults, SPECT/CT
imaging is attractive because, if used at its full
potential, it offers an opportunity to reduce the
number of equivocal studies, the need for fur-
ther diagnostic tests, and future hospital visits
(scintigraphic multitasking) [3]. However, it is
not without challenges, the main one being the
additional radiation dose from the CT compo-
nent of the study. Children are particularly sen-
sitive to ionizing radiation, and any radiation
exposure in a child should be justified to make
sure that the clinical benefits outweigh the
risks.

Previous published work has shown the supe-
riority of SPECT/CT with a hybrid imaging
device in diagnostic imaging interpretation [2,
4-T], with some reports also in pediatrics [1, 3].

Radionuclide imaging with SPECT/CT is now
commonly used in adult nuclear medicine prac-
tice, with a wide variety of indications ranging
from myocardial perfusion imaging, orthopedics,
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cancer imaging (including post-radionuclide
therapy scanning), brain imaging, and others. In
pediatric radionuclide imaging, the SPECT/CT
technique has been incorporated more slowly in
clinical practice. We discuss some clinical appli-
cations of this imaging technique in pediatric

oncology and present possible future
developments.
5.2  Technical Considerations

When a request to perform a radionuclide imaging
study with SPECT/CT is received in the nuclear
medicine department, consideration must be given
as to whether the study is indicated. The clinical
history of the patient must be available, as well as
the previous radiological examinations related to
the clinical condition under investigation.

The amount of radiopharmaceutical activity to
be administered is based on the patient’s weight.
The two most widely used methods to determine
the injected activity are the North American con-
sensus group recommendations and the European
Association of Nuclear Medicine (EANM) pedi-
atric dosage card [8, 9]; these have been updated
and incorporated into a unified dosage card with
recommendations for radiopharmaceutical use in
pediatrics.

Following the injection of the radiopharma-
ceutical, usually the planar images are acquired
first. The SPECT study follows and is centered
on the body segments of interest, based on the
clinical question, on the findings of the planar
images, and on previous imaging studies.

The CT component of the study is planned in
such a way that it will help answer the clinical
question with the lowest possible administered
radiation dose. Three options for CT imaging are
available, depending on the logistics of the radi-
ology department, on the patient’s disease status
and treatment-related considerations, and on the
model of SPECT/CT scanner available [10].
These include a fully diagnostic CT scan with
intravenous contrast, a low-dose unenhanced CT
scan for anatomical localization and image
fusion, and an ultralow-dose CT scan for attenu-
ation correction only.

The use of a contrast-enhanced CT scan with
fully diagnostic parameters in conjunction with a
SPECT study is justified only if it can avoid
another contrast-enhanced CT scan that would
have been necessary to guide clinical manage-
ment. In this case, i.v. access must be available at
the time of the study. Usually, the contrast bolus
is timed for portal venous opacification. The
dose of IV contrast to be administered is weight-
based; 2 mg/kg up to maximum of 100 mL con-
trast is typical although some variability will
exist between institutions. Although CT contrast
reactions in children are infrequent, nonionic
contrast is preferred. Contraindications and
allergies to contrast should be determined prior
to the study being performed. In some institu-
tions, confirmation of adequate renal function is
required, based on correlation with laboratory
values for BUN and creatinine (see Manual on
Contrast Media by the American College of
Radiology [11]).

In clinical conditions when the cross-sectional
imaging modality of choice is an MRI, the CT
component of a SPECT/CT study is usually
acquired with parameters for anatomical localiza-
tion and image fusion purposes, in order to sig-
nificantly reduce the radiation dose to the patient.
The scan will have lower resolution and greater
noise content than a fully diagnostic CT, with pos-
sible streak artifacts. However, a low-dose unen-
hanced CT scan can provide images of diagnostic
quality in the skeleton and therefore be of great
clinical utility when combined with bone scintig-
raphy in the context of musculoskeletal condi-
tions, waiving the need for another CT scan.

When a SPECT study only is needed, the CT
component of the study can be planned with
ultralow-exposure settings for attenuation correc-
tion only, reducing the CT dose to about 3% of a
diagnostic CT dose [12]. This is often the case
with brain scintigraphy examinations, when the
imaging modality of choice is a brain MRI and
the CT component is usually noncontributory
from a diagnostic point of view. The attenuation-
corrected SPECT images can be easily
co-registered to the brain MRI on a processing
workstation using one of the commercially avail-
able software packages.
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Fig. 5.1 Optimized SPECT/CT study showing contrast-
enhanced CT of the abdomen (a) and '*I-mIBG SPECT
imaging (b), together with co-registered '*I-mIBG
SPECT /CT, demonstrating normal physiologic uptake of

The added value of obtaining the optimized
post-contrast-enhanced CT study is an increased
sensitivity for lesion detection, improved local-
ization of lesions, and better activity delineation
that can help distinguish between likely benign or
physiologic activity and a pathologic process. In
addition, incidental findings that can be signifi-
cant may be detected when both SPECT and CT
are combined and viewed as co-registered imag-
ing versus their individual parts (Fig. 5.1).

An oncological radionuclide imaging exami-
nation is a lengthy procedure, requiring often
more than 1 h, and it is essential—particularly for
SPECT acquisitions—that the child keeps still
during the exam. Children younger than 5-6 years
of age may require sedation or general anesthesia
(GA). If pediatric anesthetic support is available
in the hospital, GA is usually preferable to seda-
tion, as the effect of sedation can diminish before
the end of the study, at which point providing
additional sedation may not be effective or desir-
able. The child is usually assessed by an anesthe-
siologist prior to tracer administration to make
sure that there are no contraindications for anes-
thesia. Sedated/anesthetized children are fully
monitored during the procedure and are recov-
ered by the anesthesiologist or nursing staff at the
end of the examination.

Once the SPECT/CT examination has been
acquired, the images are processed. The SPECT
and the CT images are checked for motion and
accuracy of co-registration. If a minor degree of
misregistration is noted, this may be corrected
with post-processing software; repeating the
SPECT acquisition because of motion artifacts

tracer in a normal appearing left adrenal gland (arrows).
The CT component also shows normal contrast-enhanced
abdominal viscera and normal opacification of the large
vessels

and misregistration is generally not necessary
and should be avoided whenever possible, par-
ticularly if repeat imaging will prolong sedation/
anesthesia. Once the images have been properly
processed and fused, the SPECT/CT study is
ready for clinical reporting by the radiologist.

While most SPECT/CT gamma cameras have
sodium iodide detectors, the introduction of new
solid-state detectors to full-field-of-view general-
purpose SPECT/CT gamma cameras provides an
option to develop different strategies to poten-
tially reduce administered activity of radiophar-
maceutical and/or reduce time to image for planar
imaging and SPECT. The improved special reso-
lution of the solid-state cadmium zinc telluride
(CZT) detectors can potentially detect lesions as
small as 2.5 mm compared to 4 mm for sodium
iodide detectors. This is due to their direct con-
version capability with reduced dead space time
between detection events. There is also increased
lesion conspicuity with sharpening of edges that
can increase the certainty of a diagnosis. These
detectors are optimized for *"Tc-based radio-
pharmaceuticals but in early studies are proving
beneficial for imaging with '*I-mIBG as well,
with some manipulation of processing parame-
ters [13] (Figs. 5.2, 5.3, and 5.9d).

The acquisition, processing, and review of
images from SPECT/CT gamma cameras are
dependent on specific hardware and software
installations. Therefore, specific parameters for
acquisition and processing are best optimized in
the imaging department setting, and other than
for conventional sodium iodide gamma camera
systems listed below will not be specified here.
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Sodium lodide detector

Fig. 5.2 Whole body 'I-mIBG planar imaging of a
7-year-old patient with neuroblastoma. Imaging was per-
formed at two different time intervals and on two different
full field of view detector gamma camera systems. Images
were acquired on a camera with conventional sodium
iodide detectors (a) using a scan speed of 10 cm/min and
a 15% energy window. Follow-up imaging was performed
on a cadmium zinc telluride (CZT) solid-state detector,

Table 5.1 identifies some general principles that
can be applied to all SPECT/CT imaging systems
with which oncologic imaging will be performed
(Table 5.1).

Viewing of co-registered images can be per-
formed on vendor-based nuclear medicine work-
stations. It is also possible to use third-party plug-in
and dedicated systems to provide higher-level pro-
cessing for the co-registered images and include
software packages that can view multi-planar
reformats of the co-registered images for multiple

CZT detector

full field of view, gamma camera system (b) using a scan
speed of 5 cm/min and an 11.5% energy window. While
there is increased background activity on CZT system,
there is sharper visualization of normal physiologic sali-
vary gland, thyroid, and cardiac activity. By optimizing
the energy window selection for CZT, there is improved
spatial resolution with the CZT detector system, despite
the shorter scan time

time-point studies. Co-registration of studies to
other cross-sectional imaging including MR, CT,
and PET/CT is possible. Higher-level processing of
the CT studies for liver segmentation, tumor lesion
tracking, RECIST, and WHO criteria are commer-
cially available. Some programs are available for
quantitation of activity based on SPECT imaging,
similar to the standardized uptake values (SUV)
commonly used with PET imaging. As yet, there is
no baseline value or validation of the programs for
pediatric studies available.
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Fig.5.3 '»I-mIBG SPECT/CT in a 2-year-old child with
stage 4 neuroblastoma. Coronal 'I-mIBG SPECT/CT
images show a large abdominal mass in the mid and right
upper abdomen (chevron). The primary tumor is charac-
terized by high mIBG avidity surrounding a central photo-
penic area, corresponding to regions of low attenuation on
the accompanying CT and most likely due to necrosis.

Table 5.1 SPECT/CT imaging systems

SPECT
SPECT Iterative
reconstruction
Resolution Utilized
recovery

CT
Scout acquisition | 80 kVp

CT scan
acquisition

Per pediatric CT protocol: kVP
range 70-110

Dose modulation

Applied

IV Contrast

2 mL/kg up to 100 mL maximum

administration nonionic contrast; no oral bowel
contrast
Phase of Portal venous; inject over 45 s;
opacification scan at 65-70 s
Acquisition slice | — As thin as possible with
thickness optimized dose estimate
— Scanner dependent, overlapping
cuts
Scan — Iterative reconstruction applied
reconstruction if available

— Soft tissue, bone, and lung
reconstructions in 2—-3 mm slice
thickness for axial scans

— Coronal and sagittal
reconstruction

The SPECT/CT study also identifies a focal mIBG avid
mass in the left upper thorax (arrow), indicating meta-
static spread to a left supraclavicular (Virchow) lymph
node. There is diffuse skeletal involvement, with mIBG
avid lesions seen in the visualized arms, spine, and pelvis.
The study was performed on CZT gamma camera detector
system

5.3  Clinical Applications
of SPECT/CT in Pediatric
Oncology

5.3.1 Neuroblastoma

Neuroblastic tumors are neuroendocrine tumors
that arise in the developing sympathetic nervous
system. They tend to occur in the adrenal glands
and sympathetic ganglia. The median age at diag-
nosis is 18 months, with 40% diagnosed in
infancy and 90% below 10 years of age [14].
Neuroblastic tumors are usually a very heteroge-
neous family of tumors from a biological point of
view. These tumors present with different degrees
of differentiation ranging from immature undif-
ferentiated or poorly differentiated neuroblastic
small round cells to differentiating neuroblas-
toma cells, ganglioneuroblastoma (composed of
both immature cells and tumor cells with differ-
entiation to ganglion cells), and ganglioneuroma
(composed predominantly of tumor cells that
show maturation to ganglion cells).
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Contrast-enhanced CT and MRI are the cross-
sectional imaging modalities of choice to stage
the primary tumor and establish its relationships
to surrounding structures such as vessels, organs,
spine, and musculature: imaging-defined risk
factors (IDRFs) have been described that define a
particular neuroblastoma as localized and surgi-
cally resectable (L1) or locally advanced and
unresectable (L2), requiring induction chemo-
therapy for tumor shrinkage [15].

The most frequent site of metastatic disease in
neuroblastoma is the skeleton (bone marrow and
cortical bone). The current gold standard imaging
modality to define the presence and extent of
skeletal ~metastatic ~ disease is  '*I-meta-
iodobenzylguanidine ('*I-mIBG) scintigraphy.
mIBG imaging also allows for the semi-quantitative
categorization of mIBG-avid disease burden using
either the Curie or SIOPEN (International Society
of Pediatric Oncology—Neuroblastoma) scoring
systems, both of which have been validated and
shown to provide prognostic information [16, 17].

5.3.2 Meta-iodobenzylguanidine
in Neuroblastoma

5.3.2.1 Biodistribution
Meta-iodobenzylguanidine (mIBG) is a norepi-
nephrine analog that is taken up by the norepi-
nephrine transporter (NET) expressed in cells of
neural crest origin and in neuroendocrine tumors
and accumulates in the neurosecretory granules
of adrenal chromaffin cells, similarly to norepi-
nephrine [18]. Approximately 90% of neuroblas-
tomas are mIBG-avid, due to the expression of
the noradrenaline transporter. Iodine-123 (*#) is
preferred to "*'I for the radiolabeling of mIBG
because it has a lower radiation dose and shorter
half-life, produces better-quality images, and has
lower thyroid toxicity than 3'T [19].

The '*I-mIBG scan has an estimated sensitiv-
ity of 90% and a specificity of 99% and enables
the assessment of both local and metastatic soft
tissue and bone marrow disease [20].

5.3.2.2 Indications
mIBG can help to differentiate residual primary
tumor from post-therapy changes [19]. It can also

assess the response of bone marrow metastases to
treatment, especially when the interpretation of
an MRI scan is difficult due to post-therapy bone
marrow changes [21].

Indications for radiolabeled mIBG imaging in
neuroblastic tumors include the following:

e Confirmation of suspected neuroectodermally
derived tumors, including neuroblastoma,
pheochromocytoma, and ganglioneuroma

e Staging of disease

e Therapy planning and assessment of response
evaluation

e Follow-up after treatment

e Before planning radionuclide
(selected theranostic indications)

therapy

The results of '»I-mIBG imaging can have
prognostic implications. At diagnosis, the extent
of mIBG-avid disease may predict response to
chemotherapy in children over 1 year of age who
have metastatic disease [22]. After initial chemo-
therapy, persistence of '2I-mIBG uptake in the
cortical bone and bone marrow may be associ-
ated with poor prognosis [23]. Post-induction
chemotherapy Curie scores of greater than 2 and
SIOPEN scores of greater than 3 are associated
with a poor prognosis and therefore can be used
as a biomarker for response, providing referring
clinicians with an early indication that a change
in therapy may be indicated [16, 17].

5.3.2.3 Imaging Acquisition

Images are acquired 20-24 h after '*I-mIBG
injection. Early images (4—6 h post-injection) to
avoid false-positive/false-negative and equivocal
results are no longer routinely recommended
[24]. Medium-energy collimator selection over
low-energy parallel hole collimator choice has
been recommended as more favorable to reduce
septal penetration for '>I-mIBG planar and
SPECT imaging with sodium iodide detector
gamma cameras [25]. Solid-state detector gamma
camera systems do not currently have options to
change collimators.

Images can be acquired as a whole-body
sweep in the anterior and posterior projections,
with a scan speed of 5 cm/min. Alternatively, spot
views of the different body segments can also be
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acquired. Each spot view is acquired for a maxi-
mum of 10 min (about 500,000 counts for spot
views of the torso; 100,000 counts for the spot
views of the lower limbs are sufficient) [24].

SPECT is an integral part of the '*I-mIBG
scintigraphy examination. The SPECT acquisi-
tion is usually centered to the area where further
essential clinical information is required. Almost
the entire body of small children can fit in the field
of view of a SPECT acquisition. A SPECT acqui-
sition can help to better define small lesions and
normal variants. A SPECT acquisition protocol
typically consists of 120 projections, in steps of 3
degrees each, in either continuous or step-and-
shoot mode, 25-35 s/step, with a 128 x 128
matrix. Multiple SPECT acquisitions can be
“stitched” together to provide, if necessary, a
whole-body view. Usually, however, *I-mIBG
SPECT imaging is performed either of the torso
or of the abdomen and pelvis to delineate the most
frequent sites of tumor. It is not usual to image the
extremities specifically with SPECT for '2*I-mIBG
imaging due to lack of significant counts in these
areas, even in the presence of disease. This spe-
cific tailoring of the study is an important part of
imaging with '®I-mIBG to ensure the optimal
study that will help the referring clinician. The
determination of the field of view of SPECT for
initial staging studies is confirmed by the nuclear
medicine physician after the whole-body planar
acquisition. Depending on the planar imaging
results, SPECT imaging of the head and neck may
be indicated to better delineate additional sites of
disease, for example, in the setting of periorbital
or skull base involvement. For follow-up studies,
this can be specified at the time of booking the
study depending on prior disease location.

SPECT/CT is increasingly available in many
centers and should be routinely utilized where
available to clarify the anatomical location of
abnormal foci of mIBG uptake. In comparison to
SPECT alone, SPECT/CT further improves the
anatomical localization of mIBG uptake and the
confidence of lesion detection [7].

There are several protocols for low-dose and
ultralow-dose CT acquisitions. CT parameters
may vary from one type of SPECT/CT scanner to
the other. A possible low-dose CT acquisition may
include a voltage around 80-100 kVp and a tube

current of approximately 1040 mAs. With a low-
dose CT acquisition such as this, and with a CT
scan limited to the region of interest, the radiation
dose administered to the patient is very low, usu-
ally within a range of 0.2-0.5 mSv [10] (Fig. 5.4).

The CT scan acquisition optimization should
occur after the SPECT is completed. The deter-
mination of field of view for the CT for SPECT/
CT need not always include the entire field of
view of the SPECT. This tailoring of the study
requires physician input at the time of the study
being acquired.

The CT scan imaging can also provide attenu-
ation correction for the SPECT images. In some
of the gamma camera systems, this is an auto-
matic background process and cannot be modi-
fied. In the solid-state CZT detector system, this
is mandatory to view the co-registered images,
but non-attenuation-corrected images may be
viewed as well, which is particularly important in
the cases for which the SPECT field of view is
larger than SPECT/CT field of view.

5.3.2.4 Added Value of 1231-mIBG
SPECT/CT in Neuroblastic
Tumors

SPECT/CT can add significant clinical value to
the planar images of a 'I-mIBG scintigraphy
examination. It can improve the anatomical local-
ization of mIBG-avid lesions, making the com-
parison with a recent MRI scan easier (Fig. 5.5);
it can show the presence of mIBG non-avid por-
tions of the primary tumor, which often demon-
strate foci of calcification on the CT component
of the SPECT/CT study (Fig. 5.6); it can also
show soft tissue metastatic lesions, especially
metastatic lymph nodes, with very-low-level or
absent mIBG uptake (Fig. 5.7). In the case of
mIBG-avid bone marrow metastases, the CT
component of the study usually does not show a
correlative abnormality, as the trabecular bone is
usually not affected; however, it will help to more
accurately identify the location of the bone mar-
row lesion. In the case of a cortical bone
metastasis, a lytic lesion will be often demon-
strated on CT, often with a sclerotic rim.

SPECT/CT can be very helpful in identifying
mIBG-avid metastatic lymphadenopathy. As the
primary neuroblastoma originates in the
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Stand alone CT follow-up

CTDI vol =5.3
DLP =211.9

CT from SPECT/CT at diagnosis

CTDI vol = 3.6
DLP =102

Optimized SPECT/CT = lower dose

Fig. 5.4 (a) Optimized '*I-mIBG SPECT/CT in child
with abdominal neuroblastoma at diagnosis. (b)
Comparison of CT from SPECT/CT with a stand-alone
diagnostic CT in this patient. The anatomical detail shown

by the contrast-enhanced SPECT/CT is very similar to the
follow-up stand-alone contrast-enhanced CT, despite
being acquired at approximately 50% lower CT dose
(from EJNMMI with permission)

Fig.5.5 '»I-mIBG SPECT/CT (a) of the abdomen in a 5-year-old boy with relapsed neuroblastoma, showing recurrent
disease in an aorto-caval lymph node, which is clearly confirmed on subsequent MRI (b)

sympathetic paravertebral ganglia and adrenal
glands, metastatic lymphadenopathy can occur in
the para-aortic, common iliac, external, and inter-
nal iliac lymph nodes, as well as in the retrocrural,
mediastinal, and supraclavicular lymph nodes.
Metastatic axillary lymph nodes from a primary
neuroblastoma have also been described (Fig. 5.8).

Neuroblastoma can metastasize to the liver;
however, 'ZI-mIBG has poor sensitivity for
liver metastases, owing to the normal tracer dis-
tribution in the liver parenchyma which gives a
high background activity, thus making it diffi-
cult to identify hepatic metastatic lesions. MRI
is usually the imaging modality of choice to
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Fig. 5.6 'I-mIBG SPECT/CT of the abdomen in a
3-year-old boy with a primary poorly differentiated neuro-
blastoma at diagnosis. The primary neuroblastoma is
mainly mIBG non-avid, with only some areas of high
mIBG avidity

Fig. 5.7 'I-mIBG SPECT/CT in a child with a neuro-
blastoma of the lower abdomen and pelvis at diagnosis
showing a large metastatic presacral lymph node with
low-grade mIBG avidity. The primary neuroblastoma in
the upper abdomen shows areas of intense mIBG uptake
alternating to areas of absent uptake

Fig. 5.8 '»I-mIBG SPECT/CT of the chest in a 4-year-
old girl with a primary intensely mIBG avid abdominal
ganglioneuroblastoma intermixed. There is an enlarged
mIBG avid right axillary lymph node, confirmed by ultra-
sonography and proven to be metastatic on excision
biopsy
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diagnose and follow wup liver metastases
(Fig. 5.9).

Lung metastases are uncommon in neuroblas-
toma; when they occur, they are often associated
with a poor outcome. '**I-mIBG SPECT/CT has
poor sensitivity for detecting small metastatic
lung lesions due to acquisition of both the SPECT
and the CT components during free breathing. A
chest CT has much higher sensitivity (with the
latest CT scanners, the acquisition of the relevant
images can occur in approximately 1 s), although
the presence of associated chest infections, often
fungal in origin, not uncommon during chemo-
therapy, can occasionally cause false positives.

The main pitfall with a SPECT/CT acquisition
during a '"»I-mIBG scan in a child not under GA is
related to motion artifacts. These can be difficult to
correct, as an mIBG scan does not present many
clear landmarks for co-registration with an unen-
hanced CT, the primary ones being the liver, the
heart (if it is in the SPECT field of view), or the blad-
der (which may be filled with a different amount of
urine relative to either CT or MRI exams). In the
case of significant patient motion during the SPECT
study, or between the SPECT and the CT, an accu-
rate co-registration can be very difficult.

Optimized contrast-enhanced mIBG SPECT/
CT has been shown to have significant added
value and clinical impact for both staging and
follow-up studies [26] (Fig. 5.3). These studies
can obviate the need for additional separate
stand-alone CT examinations, and improve the
non-specificity and localization of mIBG uptake.
When these optimized studies are performed, it is
usual that the SPECT/CT report is a combined
report or, if two reports are provided, these are
done with direct consultation of the two physi-
cians reporting the NM and CT studies.

5.3.3 Thyroid Cancer

Differentiated thyroid cancer (DTC) is an uncom-
mon tumor type in children, but incidences of this
cancer are increasing. This tumor type comprises
3.0% of all cancers in the USA. The median age
at diagnosis is 51 years. DTC in patients less than
20 years of age comprises 1.3% of new cases of
thyroid cancer [27].
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While the mortality rate is very low for this
tumor type in children, it is known that children
often have more aggressive and advanced dis-
ease. Recent guidelines have been developed as
to how to manage children with suspected thy-
roid cancer that include imaging and treatment
recommendations [28].

Preoperative imaging with I sodium iodide
is not routinely recommended for children with
thyroid nodules. The rare indication would be for
a suspicious thyroid nodule in a patient who has
a suppressed TSH nodule and hyperthyroidism.
As with any scintigraphy, the addition of SPECT

Fig. 5.9 (a) Anterior and posterior whole-body planar
21-mIBG images of a 12-month-old male infant with
neuroblastoma; (b) MIP image from SPECT study. It is
difficult to localize the activity to determine if this patient
has bony disease versus only soft tissue disease; (¢) select
SPECT/CT images delineate the activity in focal lesions
in enlarged liver, left adrenal area (green arrow), and
within soft tissues in the left axilla (red arrow) and left
lower chest wall (yellow arrow). SPECT/CT confirmed

and possibly SPECT/CT may help with interpre-
tation. Because of possible treatment of potential
thyroid cancer with "' radioiodine therapy, any
CT scan performed as part of a SPECT/CT study
in patients with suspected DTC should avoid the
use of intravenous iodinated contrast, as this can
interfere with the '3 therapy by saturating the
iodine receptors in the thyroid gland and result in
a delay in the initiation of the planned radioio-
dine therapy, potentially reducing the therapeutic
benefit.

Routine postoperative evaluation with '°I
scintigraphy is not recommended for low-risk

W

the extremity lesions to be within soft tissues and not in
bone (not shown) (d) Follow-up imaging on CZT gamma
camera system shows response with decrease in size of
the left axillary lesion and resolution of liver enlargement
and focal lesions. The left adrenal lesion is now better
visualized on coronal imaging and on the axial optimized
CT image from the SPECT/CT study. Lower extremity
soft tissue lesions are better delineated and also have
shown response

’
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Fig.5.9 (continued)
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thyroid cancer according to the ATA guidelines
[28]. Intermediate- and high-risk disease requires
postoperative staging after thyroid hormone
withdrawal or preferably TSH stimulation, for
thyroglobulin level measurement and '**I whole-
body scintigraphy. The addition of SPECT/CT
can again provide important information on
residual thyroid tissue, nodal disease, and distant
metastases including pulmonary metastases.

Preparation for these scans include withdrawal
of levothyroxine (LT4) for 14 days or use of two
doses of recombinant TSH given 24 h apart prior
to administration of '2’I. Use of '?’I in an adminis-
tered oral dose of 24 mCi (37-148 MBq) (min-
max) scaled to body weight allows for whole-body
anterior and posterior imaging, dedicated neck
imaging with and without markers, and then non-
contrast-enhanced SPECT/CT. The imaging is
performed 24 h following radiopharmaceutical
administration and on conventional sodium iodide
detector system using either low-energy high-res-
olution or medium-energy collimators [29].

BIT scanning for staging purposes using a
diagnostic dose of *'T will not allow for optimal
SPECT or SPECT/CT imaging. However, if ther-
apeutic activity of '*'Tis administered to a patient,
then scanning at 7 days posttreatment with
SPECT/CT may sometimes provide additional
information to complement the planar whole-
body acquisition. The CT for this hybrid study
would again be performed without intravenous
contrast to avoid potential interference with the
BIT therapy effect (Figs. 5.10 and 5.11).

Surveillance of children post *'I treatment
with stimulated thyroglobulin measurement and
1] whole-body scan is recommended 1-2 years
after treatment. Again in this instance, SPECT/CT
may be performed as necessary depending on pla-
nar imaging findings, clinical symptoms, and
laboratory results. In the absence of significant
clinical concern, perhaps based on correlative
ultrasonography, and in the absence of worrisome
activity on the planar whole-body imaging, given
the low counts present on the study, the addition
of SPECT or SPECT/CT imaging may not be
necessary.

A common site of physiologic activity on
these scans is noted in the thymus in up to 25% of

children imaged [29]. Co-registered SPECT/CT
can be helpful for this assessment.

5.4  Future Developments

Work is in progress to make quantitation of tracer
uptake available with SPECT/CT scanners rou-
tine [30], particularly given the success of quan-
titative PET imaging. Potential clinical

Fig. 5.10 A 14-year-old female who had total thyroidec-
tomy and node dissection for metastatic papillary thyroid
cancer. Post-thyroidectomy diagnostic '*I thyroid scan
was negative (not shown). She re-presented with rising
thyroglobulin and '**T whole body planar scintigraphy (a),
and subsequent diagnostic thyroid SPECT/CT scan (b)
identified increased activity in right neck node. Repeat
surgery identified recurrent metastatic disease. The sur-
geon utilized the SPECT/CT for presurgical planning
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Fig.5.10 (continued)

advantages include the measurement of radionu-
clide biodistribution and dosimetry prior to
molecular radiotherapy, quantitative measure-
ment of tracer uptake with bone scanning,
response assessment to radionuclide therapy in
thyroid cancer treated with 1, or, in general

nuclear medicine imaging, the use of standard-
ized uptake values (SUV) to assess disease
response to therapy. Quantitative gamma camera
imaging using SPECT/CT holds promise and is
likely to find a useful role in clinical nuclear
medicine.
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Fig.5.11 Recurrent
metastatic thyroid cancer.
16 year old, post I-131 ol
radioiodine therapy, with

rising thyroglobulin

> 1000 ng/ml. Diagnostic

1231 thyroid whole body

scan (a) and post-

treatment [-131 whole

body thyroid scan after
treatment with

5550 MBq (150 mCi)

(b). SPECT/CT study at

time of diagnostic scan
identified pulmonary

metastases on the CT

scan (¢, arrows). The
post-treatment scan did

not show focal or diffuse

activity

Hardware future development may include
SPECT/MR. Currently this is being directed to
small animal imaging, but the development of
silicon photomultipliers (SiPMs) that have
enabled technology for PET/MR may encourage
this development for full-field-of-view gamma
cameras.
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Functional MRI: DWI and DCE-MRI

Govind B. Chavhan and Paul D. Humphries

6.1 Introduction

In addition to providing images with exquisite
anatomic detail from superior soft tissue contrast,
magnetic resonance imaging (MRI) also provides
an opportunity to functionally assess various dis-
ease processes. Oncologic imaging will likely
benefit from the introduction of functional imag-
ing. Most cancers are densely cellular tissue
because of their high proliferative activity. The
dense cellularity of the cancer can be assessed by
diffusion-weighted imaging (DWI). Similarly,
most cancerous tissues have neoangiogenesis and
are more vascular than normal tissues, which can
be assessed using dynamic contrast-enhanced
(DCE) MRI. Various indices derived from these
functional MRI techniques can serve as biomark-
ers for detection, differentiation, monitoring, and
therapy response assessment of the tumors. Even
though these techniques are well established in
brain tumor assessment, their application to
extracranial tumors, particularly in children, is
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new and challenging due to different tissue char-
acteristics and different kinds of movements
associated with body organs.

In this chapter we discuss DWI and DCE-MRI
techniques in relation to pediatric body oncology
imaging.

6.2 Diffusion-Weighted Imaging

6.2.1 Principles

Random motion of water molecules in tissues
and structures is called diffusion. Water mole-
cules constantly diffuse to dissipate their thermal
energy. The variation in the diffusion of water
molecules between different tissues forms the
basis for contrast in DWI. Tissues with high
mobility of water molecules will appear low in
signal, while those with restricted mobility will
appear high in signal on diffusion-weighted
images. The degree and extent of water molecule
diffusion can be affected by various factors
including the compartment in which the water
molecules are located (intravascular, extracellu-
lar, or intracellular spaces), cellularity, cell
membrane integrity, and hindrances in the
fluid such as large molecules [1-3]. Water
molecule mobility is restricted in tissues with
higher cellular density, intact cell membranes,
and more complex fluid with hindrances
(Fig. 6.1). The differing signal intensities on DW
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Fig. 6.1 Diagrammatic representation of increased ver-
sus restricted diffusion. The voxel on the left placed
within the renal pelvis contains fewer cells, with resultant
large extracellular space that allows free diffusion of
water molecules. Also, this voxel has damaged cells that
allow mobility of water molecules across cell membrane.

images provide indirect information about the
tissue microenvironment.

6.2.2 Technique

6.2.2.1 Diffusion Weighting

The process of making the sequences sensitive to
the diffusion of water molecules is called diffu-
sion weighting and is achieved by applying two
diffusion gradients, one before and another after
the 180-degree radiofrequency pulse, in a
T2-weighted sequence. The degree of diffusion
weighting of the sequence increases with the
b-value (expressed in s/mm?). The b-value is
determined by and increases with the amplitude
and duration of application of two diffusion gra-
dients as well as how separate they are from each

G. B. Chavhan and P. D. Humphries

There are no mobility hindrances like macromolecules in
this voxel. Contrary to this the right voxel placed over the
spleen contains a greater number of cells, all cells with
intact cell membrane and macromolecules in the extracel-
lular space. One or all of these factors are restricting
mobility of water molecules in this voxel

other. As the b-value increases, the signal from
water molecules diminishes such that at a high
b-value, only tissues with either restricted water
molecule mobility or a very long T2 relaxation
time will retain high signal.

6.2.2.2 Sequences

A single-shot  fast-spin-echo  echo-planar
sequence is the most frequently used DWI
sequence in body imaging and can be acquired
with breath-hold, free-breathing, or respiratory
triggering [1]. Free-breathing techniques take
long acquisition times of about 4-5 min but pro-
vide better signal-to-noise ratio (SNR) and spa-
tial resolution. Breath-hold imaging is quick and
motion artifact-free but provides poorer SNR and
lower spatial resolution. Breath-hold imaging
also has the limitations of minimal slice thickness
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and the number of b-values that can be used. A
special DWI sequence used for whole-body
imaging is diffusion-weighted whole-body imag-
ing with background body signal suppression
(DWIBS) [4]. DWIBS is acquired with free-
breathing, heavy diffusion weighting (b-values
1000-1500 s/mm?), and fat suppression by a pre-
pulse [4].

6.2.2.3 Selection of b-Values

Three factors taken into consideration while
choosing the appropriate b-value include organ
of interest with its T2 relaxation time, the pur-
pose of DWI (lesion detection versus character-
ization), and to a certain extent field strength.
Lower “high b-values” than those typically found
in neuroimaging are used for body DWI to coun-
teract the low SNR from short T2 relaxation time
of solid organs like the liver [5]. High field
strength provides more SNR; hence, higher
b-values can be used on 3 T scanner as compared
to 1.5 T scanner. Typical high b-values used in
pediatric body imaging include 500-600 s/mm?
for liver imaging and 800-1000 s/mm? for kid-
ney, bowel, and musculoskeletal imaging [1]. At
least two b-values are required for calculation of
ADC. A greater number of b-values are required
for other quantitative models, as discussed below.

6.2.3 Qualitative Assessment of DW
Images

Qualitative interpretation of DW images gener-
ally makes use of the images obtained at a maxi-
mum b-value (diffusion-weighted image) and the
calculated ADC map (discussed below). Tissues
or structures with restricted diffusion will appear
bright on DW images and dark on an ADC map,
whereas tissues with increased diffusion of water
molecules will appear dark on DW images and
bright on an ADC map. Tissues or lesions with a
very high T2 relaxation time but without true
restricted diffusion will appear bright on both the
DW images and the ADC map, a phenomenon
known as T2 shine-through. Some vendors also
provide an exponential ADC map, which is
derived by dividing high b-value images by an

image in the same series obtained at b = 0 s/mm?
at the pixel level. Truly diffusion-restricted tis-
sues remain bright on an exponential ADC map.
Some body tissues, including lymphoid tissues
like the spleen and lymph nodes, spinal cord,
ovarian and testicular stroma, neonatal kidneys,
adrenal glands, and red bone marrow, normally
demonstrate qualitative diffusion restriction [1]
(Fig. 6.2). The spleen and spinal cord can serve
as a reference tissue to judge diffusion restriction
in other tissues and lesions.

6.2.4 Quantitative Assessment
of DW Images

Currently, there are four common mathematical
models used for quantitative assessment in
DWI including mono-exponential ADC maps,
intravoxel incoherent motion (IVIM), diffusion
kurtosis imaging (DKI), and stretched-expo-
nential model [6]. While ADC maps have been
used for the last three decades in clinical prac-
tice, the other three models are largely in the
research phase and not well established for
clinical use.

6.2.4.1 Apparent Diffusion Coefficient
(ADC) Maps

Parametric ADC maps are calculated from mul-
tiple b-value images. At least two b-values are
required for calculation of an ADC map, but the
accuracy of ADC measurement increases with
the number of b-values. A graph of decreasing
logarithm of signal intensity of tissues is plotted
against increasing b-values (Fig. 6.3). The slope
of the mono-exponential graph represents ADC
[7]. ADC calculation takes into account all b-
values and assumes that signal attenuation with
increasing b-value is linear and has a Gaussian
distribution. ADC values (mm?/s) can be derived
by drawing a region of interest on an ADC map.
Diffusion-restricted tissue will have a lower
ADC, whereas nonrestricted tissue will have a
higher ADC. ADC maps are also used in qualita-
tive assessment to differentiate between true dif-
fusion restriction and T2 shine-through, as
discussed above.
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Fig. 6.2 (a, b) Normal diffusion signal intensities of
upper abdominal organs in a 13-year-old girl. The spleen
(Sp) and conus medullaris of the spinal cord (arrow) are
normally restricted and appear hyperintense on
diffusion-weighted image (a) and hypointense on appar-
ent diffusion coefficient (ADC) map (b). The gallbladder
(GB) and to a lesser extent kidneys (K) show T2 shine-
through. The liver (L) and pancreas (P) show intermediate
signal on both diffusion-weighted image and ADC map.

Tissue B

Signal intensity (Log)

400 600 800 1000

b values (mm2/s)

0 200

Fig. 6.3 Apparent diffusion coefficient (ADC) map.
Logarithm of signal intensity of a tissue is plotted against
increasing b-values. The slope of the mono-exponential
line representing signal decay represents ADC. The slope
of the signal decay line characterizing tissue B is more
gradual and less than the slope of the line characterizing
tissue A. This indicates a lower ADC and more restriction
of water molecule mobility in tissue B, as compared to
tissue A, which as a greater slope and hence a higher ADC

(¢, d) Normal diffusion signal intensities of pelvic struc-
tures in a 16-year-old girl. (¢) Diffusion-weighted image
(DWI) and (d) apparent diffusion coefficient (ADC) map
demonstrating diffusion restriction of normal ovarian
stroma in the right ovary (RO) and left ovary (LO). The
endometrium (arrow) shows T2 shine-through, and the
junctional zone is hypointense on both DWI and ADC
images. Muscles show intermediate signal on DWI and
slightly hyperintense signal on ADC map

6.2.4.2 Intravoxel Incoherent Motion
(IVIM) Model

IVIM model separates signal attenuation in
DWI into two components: static tissue molec-
ular diffusion (also called as true diffusion) and
that related to perfusion (also called as pseudo-
diffusion) [6, 8]. The signal attenuation seen on
diffusion-weighted imaging, especially at low
b-values (<200 s/mm?), is caused by water dif-
fusion in tissues (cellular and extracellular
space) as well as microcirculation within the
normal capillary network [7]. Routine ADC
represents the slope of a mono-exponential
graph of signal attenuation plotted against
increasing b-values and takes into account all
the b-values. In contrast, with the IVIM model,
signal attenuation caused by capillary perfusion
and tissue diffusion is represented by a bi-expo-
nential graph in which the diffusion coefficient
calculated from low b-values (<200 s/mm?)
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Fig. 6.4 Mono-exponential versus bi-exponential appar-
ent diffusion coefficient (ADC) curves. Routine ADC rep-
resents the slope of a mono-exponential graph of signal
attenuation plotted against increasing b-values (solid line)
and takes into account all the b-values. The bi-exponential
curve (dashed line) shows rapid attenuation of signal at
lower b-values, below 150-200 s/mm?, from capillary per-
fusion as compared to more gradual signal attenuation at
higher b-values from true tissue diffusion. The ADC cal-
culated from lower b-values is called pseudodiffusion
(D*), while ADC calculated from higher b-values (>200 s/
mm?) represents pure tissue diffusion (D). Perfusion frac-
tion (f) is calculated from D* and D. (Reprinted with per-
mission from Ref. [3])

represents the perfusion component and is
termed pseudodiffusion or “D” (Fig. 6.4). The
diffusion coefficient calculated from higher
b-values (>200 s/mm?) represents true tissue
diffusion of water protons and is termed “D”
(Fig. 6.3). From these two, a perfusion fraction
(f) is calculated [9].

6.2.4.3 Diffusion Kurtosis Imaging (DKI)

DKI model involves a more advanced curve fit-
ting of the signal attenuation, which enables
characterization of non-Gaussian water diffu-
sion behavior [10]. Ultra-high b-values
(>1000 s/mm?, typically 1500-2000 s/mm? for
body imaging) are used for DKI, values at which
the signal contribution from water in the extra-
cellular space is significantly reduced making
the diffusion measurements more sensitive to
intracellular compartment fluid [6]. Two quanti-
tative parameters derived from DKI include D,
and K. D, is the diffusion coefficient equiva-
lent to ADC (measured in the same unit s/mm?)
but corrected to account for the observed non-
Gaussian behavior. K,,, (the apparent diffu-

sional kurtosis, unitless) represents the more
peaked distribution of tissue diffusivities occur-
ring in the setting of non-Gaussian diffusion
behavior [10]. It is proposed that increased kur-
tosis results from complexity of tissues and
irregularity and heterogeneity of cellular micro-
structure, including the increased nuclear-cyto-
plasmic ratio of tumor cells [10]. Malignant
tissues like prostate cancer (where DKI has
been extensively studied) typically show low
D,,, and elevated K,

app app*

6.2.4.4 Stretched-Exponential Model
(SEM)

Imaging voxels are typically at least a millimeter
in size, while water molecules typically diffuse
on the order of a few micrometers (pm) during a
course of diffusion measurement, resulting in
heterogeneity of diffusion coefficient estimates
due to non-Gaussian processes within the voxel
[6]. SEM takes into account this sub-voxel het-
erogeneity and provides a measure of the local
distribution of diffusion coefficients [11]. This
diffusion model considers water diffusion as
combination of multiple Gaussian compartments
with a wide distribution of diffusivities [10]. The
two main parameters derived in the SEM model
include a, a measure of heterogeneity in the intra-
voxel distribution of diffusion coefficient and
distributed diffusion coefficient (DDC). The
SEM model can be understood as an adjustment
to the mono-exponential model by «, such that
when a = 1, DDC and ADC (determined by
mono-exponential model) are equivalent [12].

6.2.5 Technical Challengesin DWI

DWTI acquisition usually involves EPI to make it
faster. EPI is prone to artifact and has low
SNR. Reduced spatial resolution (larger voxel
>2 mm and thicker slices >5 mm) and shorter TEs
are typically used to improve SNR. Geometric dis-
tortions can occur from inhomogeneities in BO as
well as B1 fields and are especially problematic at
higher field strengths [13]. Nonlinearity of diffu-
sion-encoding gradients may also lead to errors in
ADC measurements at the edges of large fields of
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view typically used in body imaging. Multiple sta-
tion acquisitions with each at the isocenter help to
reduce this error and distortions at the edges [13].
Despite recent advancements in radiofrequency
and gradient hardware resulting in improvement in
DWI, variability and poor reproducibility of ADC
measurement remain major issues in using ADC as a
quantitative biomarker. ADC variability can result
from multiple factors including operator-related
factors, protocols, acquisition techniques, and
algorithms to convert DWI to ADC. ADC variabil-
ity could also relate to tissue intrinsic factors from
non-Gaussian behavior. Advancements in hard-
ware have improved our ability to acquire multiple
b-values and higher b-values, allowing application
of other mathematical models like IVIM, DKI, and
SEM for more accurate analysis of diffusion behav-
ior in complex tissues. However, these methods are
still in their early phase of development, particu-
larly for body imaging applications.

6.2.6 DWI Applications in Pediatric
Oncologic Imaging

Diffusion-weighted imaging can indirectly pro-
vide information about the microenvironment of
a tumor, and quantitative parameters derived
from DWI can serve as biomarkers. In oncologi-
cal imaging, DWI can be useful for detection, for
characterization of tumors, for assessment of
therapy response, and for whole-body screening
and staging.

6.2.6.1 Tumor Detection

It is easier to detect a lesion with diffusion
restriction or a lesion with high T2 relaxation
time at most body locations because most of
the other normal structures lose their signal on
diffusion-weighted images (Fig. 6.5). DWI
can reliably detect and delineate malignant
tumors in children and adolescents [14]. This
is particularly true for the solid organs like the
liver. Diffusion-weighted images at lower
b-values (50-100 s/mm?) detect significantly
more liver lesions as compared to T2-weighted
images [3, 15, 16]. On low b-value images,

Fig. 6.5 Lesion detection by diffusion-weighted images.
A 15-year-old girl with history of renal cell carcinoma
requiring right nephrectomy. Follow-up MR images
including T2W (a), post-contrast TIW fat-saturated (b),
and b = 800 diffusion-weighted (¢) images demonstrate
recurrence in a retrocrural lymph node (arrows). The
lymph node stands out on DW image and is easily appre-
ciated as compared to other images

vessels appear dark, while most lesions retain
T2 signal and are easily detected. Some
authors have proposed replacing routine
T2-weighted images with low b-value DWI for
lesion detection in liver imaging [17]. High
b-value images alone cannot be reliably used
for lesion detection in the liver because only
restricted or very high T2 relaxation lesions
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can be seen on high b-value images. DW
images (high b-value) are useful for the detec-
tion of subtle peritoneal deposits from various
cancers, including ovarian cancer [18, 19].
The small nodular and subtle linear peritoneal
deposits are easily seen on DWI as compared
to other sequences.

6.2.6.2 Tumor Characterization

Studies in adults and children have indicated that
most malignant body tumors show diffusion
restriction and tend to have lower ADC values
[20-22]. DWI can potentially be used to differen-
tiate benign from malignant tumors. In a pediat-
ric study by Humphries et al. [20] evaluating
various benign and malignant tumors in 19 chil-
dren including neuroblastoma, Wilms tumor,
rhabdomyosarcoma, and others, there was a sig-
nificant relationship between cellularity and
ADC. The major extracranial tumors in children
including neuroblastoma, Wilms tumor, rhabdo-
myosarcoma, osteosarcoma, Ewing sarcoma
(Fig. 6.6), and hepatoblastoma show qualitative
diffusion restriction. Several studies have shown
the ability of DWI to differentiate neuroblastoma
from ganglioneuroma, which is not restricted
(Fig. 6.7) [23-27]. However, there is no consen-
sus regarding ADC cutoff values to reliably dif-
ferentiate benign from malignant lesions.

There have been pediatric studies demonstrat-
ing that DWI and ADC values can help to differ-
entiate between benign and malignant pediatric
abdominal tumors using ADC cutoff values of
1.29 x 103 mm?s and 1.11 x 103 mm?s, respec-
tively [21, 22]. In one recent study, for example,
all pediatric malignant liver tumors showed qual-
itative diffusion restriction, while all of the
benign lesions studied, with the exception of
abscesses, did not show restriction [28]. A limita-
tion common to several studies of this type is that
the benign entities are also morphologically
benign on standard anatomic imaging—for
example, simple cystic lesions—and hence the
DWI data does not add to the diagnostic pathway.
More data is thus needed providing exceptions to
this observation and on other benign neoplastic
processes showing diffusion restriction. In our
experience, for example, the fat/keratinous sub-

stance in ovarian germ cell tumors (mature or
immature) shows diffusion restriction. Hence dif-
fusion restriction in germ cell tumors alone can-
not be used to differentiate benign and malignant
tumors. Apart from differentiation of benign
from malignant lesions, researchers have also
attempted to differentiate histologic subtypes of
certain pediatric body tumors like nephroblas-
toma and osteosarcoma [29-31].

Even though there is a significant relation-
ship between cellularity and ADC, with malig-
nant tumors showing lower ADC, currently
ADC value is not a reliable method to unequivo-
cally differentiate benign from malignant
tumors. There is considerable overlap of ADC
among malignant and benign lesions as noted in
the above mentioned studies reporting different
ADC cutoff values, probably related to techni-
cal factors, biological variation within tumors,
and multiple other factors determining ADC
apart from cellularity [20]. There is also signifi-
cant variability and somewhat low reproducibil-
ity of ADC measurements [32, 33]. All these
factors have hampered utilization of ADC val-
ues for tumor characterization in clinical prac-
tice. More recent studies have shown some
improvement in intra- and interobserver vari-
ability and reproducibility of ADC in children
[34, 35]. Advances and standardization of the
technique in the future could make the routine
use of ADC values more useful in clinical
practice.

6.2.6.3 Therapy Response Assessment

An increased number of cells with an intact cell
membrane are one of the causes of restricted dif-
fusion seen in some malignant tumors. The ADC
values are reduced in these tumors. Cancer
therapy causes destruction of tumor cells and
damage to cell membranes, increasing water
molecule mobility and thereby increasing the
ADC of the tumors (Fig. 6.8). Such increases in
the ADC of the tumor following therapy can be
used for assessing, monitoring, and predicting
the response to therapy. Thus ADC value has
potential to be used as a biomarker for therapy
response. DWI and ADC values have been used
for assessing therapy response, detecting residual
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Fig. 6.6 Lesion characterization by diffusion-weighted
images. A 10-year-old boy with Ewing sarcoma of the
right femoral shaft. Coronal STIR image (a) shows a large
lobulated hyperintense mass around the femoral shaft
(arrows). The mass (arrow) shows avid enhancement on

maximum intensity projection (MIP) image reconstructed
from venous phase images of the MR angiogram (b). The
mass (arrows) demonstrates hyperintense signal on
b =800 DW image (c¢) and turns dark on ADC map (d)
consistent with diffusion restriction
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Fig. 6.7 Lesion characterization by diffusion-weighted
images. A 9-year-old boy with ganglioneuroma just infe-
rior to the aortic bifurcation (arrows). The mass is well
circumscribed and hyperintense on T2W image (a) and
shows enhancement on post-contrast TIW image (b). The

disease, and predicting response in various
tumors, including lymphoma [36], prostate can-
cer [37], metastatic bone disease [38], nasopha-
ryngeal carcinoma [39], and osteosarcoma [40,
41]. In a small pediatric study, treatment of hepa-
toblastoma and Wilms tumor resulted in a rise in
ADC within tumor following chemotherapy [42].
In this same study, two rhabdomyosarcomas did
not show an increase in ADC despite positive
response to chemotherapy on histopathology.
Recently, measurement of whole-tumor ADC
values of Wilms tumor, excluding necrotic areas,
was shown to be accurate for detection of chemo-
therapy-related change [34]. Despite these prom-
ising results, ADC remains an inconsistent and
imperfect biomarker for assessment of therapy
response for the reasons discussed above. The
focus of investigation for DWI-derived biomark-
ers has now shifted to the newer quantitative
models including IVIM, DKI, and SEM.

mass (arrows) demonstrates hyperintense signal on
b =600 DW image (c) and remains hyperintense on ADC
map (d) suggesting no diffusion restriction. ADC value
was 2.32 x 107 mm?/s

6.2.6.4 Staging and Whole-Body DWI

Most primary body malignant tumors have
restricted diffusion, as do their metastases. Whole-
body DWTI has the potential to detect metastatic
lesions and help in staging of the tumor. Whole-
body DWI was comparable to PET in the assess-
ment of early chemotherapeutic response in a
small study of eight patients with large B-cell
lymphoma [43]. Similarly, very good agreement
was seen between whole-body DWI and PET/CT
for nodal and extranodal sites for initial staging of
lymphoma in 33 children [44]. Recently, visual
whole-body DWI analysis and ADC values were
found to have very good sensitivity for detection
of viable residual disease after chemotherapy in
lymphoma [36]. Even though these promising
results demonstrate the potential of whole-body
DWTI to be a radiation-free alternative to positron
emission tomography (PET) for lymphoma evalu-
ation, there are some hindrances to its usefulness.
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Fig. 6.8 Therapy response assessment by diffusion-
weighted images. A 14-year-old boy with unusual stage
IV neuroblastoma and widespread bony metastases. T2W
image (a) demonstrates a lobulated presacral mass
(arrows) and diffuse involvement of the sacrum. The mass
(arrows) and the sacrum demonstrate hyperintense signal
on b = 800 DW image (b) and turn dark on ADC map (c)
consistent with diffusion restriction. The baseline ADC
was 0.68 x 107 mm?%s (oval region of interest (ROI)

The usefulness of DWI for staging is hampered by
potential poor sensitivity for lung lesions, in part
secondary to susceptibility from air, and for mar-
row involvement due to the normal heterogeneity
of cellular red marrow, which is normally
restricted. A major limitation for using whole-
body DWI in lymphoma assessment is the inabil-
ity to differentiate between normal and abnormal

marked over the left sacral ala). ADC map after six cycles
of chemotherapy (d) showed no significant improvement
in ADC that remained at 0.68 x 10~ mm?s. ADC maps
4 weeks after MIBG therapy (e) and subsequently 4 more
weeks after addition on a new chemotherapeutic agent (f)
demonstrate an increase in ADC to 1.027 x 10~ mm?s
and 1.68 x 10~ mm?s, respectively. Note the associated
decrease in the size of the presacral mass (arrows)

lymph nodes because both show diffusion restric-
tion. Whole-body MRI is used for screening chil-
dren with cancer predisposition syndromes
including Li-Fraumeni syndrome and hereditary
paraganglioma-pheochromocytoma  syndrome
[45]. Whole-body DWI could potentially be used
for this purpose given the better lesion detectabil-
ity on diffusion-weighted images (Fig. 6.9).
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Fig. 6.9 Whole-body DWI for screening of cancer pre-
disposition syndrome. A 12-year-old girl with hereditary
paraganglioma-pheochromocytoma syndrome and history
of previous resection of two pheochromocytomas.
Coronal reformatted image from axially acquired diffu-
sion-weighted images with b = 800 (a) and the inverted
gray scale of the same image (b) performed during routine
surveillance demonstrated no new lesion

6.3  Dynamic Contrast-Enhanced
MRI
6.3.1 Principles

Changes in the microvascular circulation and
new vessel development in neoplastic tissues
alter the normal physiological parameters, and
identifying these changes is an attractive target
for functional imaging. There are several MR
techniques that can be used to image tissue
microvascular processes, where there is an
exchange of oxygen and waste products between

the capillary bed and extravascular space. As
described above, IVIM/pseudodiffusion [7]
reflects tissue perfusion, and other techniques
such as arterial spin labelling [46] and blood oxy-
gen level-dependent (BOLD) imaging [47] have
also been described but are beyond the scope of
this chapter.

Functional changes in tissue microvascular
structure precede gross morphological changes,
such as size change, and may therefore be a valu-
able early biomarker, potentially enabling DCE-
MRI to identify neoplastic tissue, assess therapy
response, and prognosticate.

DCE imaging uses an injection of contrast
material followed by dynamic imaging of the tis-
sue of interest [48] and may be evaluated qualita-
tively or quantitatively using software-derived
mathematical models of tissue physiological
parameters.

6.3.2 Physiological Parameters

There are many physiological parameters that
can be assessed with DCE-MRI [49] and differ-
ences between normal and disease states
investigated:

1. Tissue blood flow [F,]—blood entering a vol-
ume of tissue (mL/min/100 mL of tissue)

2. Tissue blood volume [BV,]/blood volume
fraction [V, ]—volume of capillary blood con-
tained in a volume of tissue (mL/100 mL of
tissue or %)

3. Mean transit time [MTT]—mean time taken
through the capillary network (s)

4. Permeability/surface area product [PS]—flow
of molecules through capillary membranes in
a certain volume of tissue (mL/min/100 mL of
tissue)

5. Transfer constant [K,,]—complex combi-
nation of PS and tissue blood flow, depend-
ing on circulation and measurement
conditions

6. Extracellular and extravascular volume fraction
[V.]—interstitial volume (mL of extracellular/
extravascular volume per 100 mL of tissue)
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6.3.3 Technique

Dynamic enhanced MRI typically uses an intra-
venous contrast injection followed by repeated
acquisitions over a limited tissue volume to
assess the enhancement kinetics of the studied
volume. There are several overlapping processes
occurring during the acquisition, namely, micro-
circulation perfusion, accumulation of contrast
within the interstitial space, and release from the
interstitium via capillary leakage.

Pure tissue perfusion reflects the initial arte-
rial input to capillary network entry, followed
by circulation within the capillary bed, with
subsequent exit from the capillary bed into the
venous system. To image this, a rapid acquisi-
tion time is needed to accurately delineate the
maximum peak contrast enhancement and the
washout period during which contrast recircu-
lates and is slowly eliminated by renal
excretion.

Currently there is no standardized method for
the application of DCE-MRI. There are several
considerations that should be made when per-
forming DCE-MRI, including:

1. The temporal resolution of the acquisition

2. The total measurement time

3. Whether to use a single slice, multiple slices,
or a 3D dataset

The main challenges in pediatric imaging
include DCE acquisition time, owing to rapid cir-
culation of children; the overall examination
time, which may be poorly tolerated if prolonged,
leading to motion artifacts; and reduced signal-
to-noise ratio in smaller voxels required to image
children compared to adults. Strategies such as
rigid or nonrigid motion correction techniques
and noise filtering may be necessary to perform
DCE-MRI reliably in children.

6.3.4 Analysis

DCE-MRI data can be analyzed qualitatively
(visually), semiquantitatively, or quantitatively,

with vendor system software packages increas-
ingly available to readily facilitate this. Analysis
may be based on region of interest analysis, on
clusters of pixels with similar enhancement pat-
terns, or voxel by voxel.

Qualitative assessment of enhancement curves
derived from a lesion provides the most rapid
method of evaluation, as used in breast MRI, with
different enhancement curves suggesting a
benign or malignant lesion, visually assessing the
enhancement curve pattern [50].

Semiquantitative analyses perform calculations
based on the enhancement curve, for example, cal-
culating the area under the curve, and are often
compared to a reference tissue such as skeletal
muscle or an adjacent normal portion of an organ.

Quantitative analysis uses mathematical mod-
els based on tissue physiological parameters,
requiring an arterial input function from the ves-
sel supplying the tissue of interest. The most
widely used and recommended model is the
Tofts-Kety model [51, 52], which produces two
measures, K., and V.. The results obtained with
the Tofts-Kety model are only comparable
between different centers/systems if the condi-
tions of acquisition are identical. In addition to
the Tofts-Kety model, there are numerous other
physiological models available; however, these
are beyond the scope of this chapter.

6.3.5 Pediatric Applications
of DCE-MRI

There is limited data currently regarding the use of
DCE-MRI in pediatric oncology, with some
emerging studies testing its use in pediatric tumors.

6.3.5.1 Therapy Response Assessment
and Prognostication

The advent of anti-angiogenic agents has led to
an additional therapeutic option for some can-
cers, specifically targeting neovascularization of
tumors. The principle attraction of DCE-MR
imaging is to be able to determine changes in the
microvascular composition of tumors after ther-
apy, before size change occurs (Fig. 6.10).
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Fig.6.10 Dynamic contrast-enhanced (DCE) MRI: rep-
resentative images from a patient with clear-cell sarcoma
being treated on COG ADVLO0815, a phase | study of
pazopanib, a multitargeted receptor tyrosine kinase
inhibitor of vascular endothelial growth factor receptors
(VEGFR) -1, -2, and -3, c-kit, and platelet-derived growth
factor receptors, are shown. Conventional fat-saturated
FSE T2 images at baseline (a) and following 15 days of
pazopanib therapy (b) show no appreciable change in
size or signal intensity of metastatic lesions surrounding
the left iliac bone with infiltration of the left iliacus mus-
cle anteriorly and the gluteus medius muscle posteriorly.
DCE-MRI, obtained at baseline (¢, e) and following
15 days of pazopanib therapy (d, f), using a dynamic,
three-dimensional, T1-weighted gradient echo acquisi-

tion after bolus administration of a single dose of gado-
pentetic acid (0.1 mmol/kg), demonstrates a marked
decrease in tumor enhancement, as shown on the time vs.
signal intensity curve (yellow line: ¢, d) and the blood
volume maps (e, f) from the area of the lesions. These
results highlight the potential utility of DCE-MRI for
demonstrating changes in tumor vascularity following
treatment with targeted agents, such as anti-angiogenic
drugs like pazopanib, even when conventional imaging
techniques do not show any effect. With next-generation
drug treatment trials placing greater emphasis on molecu-
larly targeted therapies, techniques such as DCE-MRI
have the potential to provide imaging biomarkers for
drug activity, well before other clinical and imaging end-
points become evident. Reproduced with permission [57]
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There is some evidence that DCE-MRI can
detect microcirculation changes following anti-
angiogenic treatment in pediatric osteosar-
coma, with Guo et al. showing a change in
plasma volume fraction and vascular leakage in
a cohort of patients treated with bevacizumab
[53]. This study also showed an association
between lower K., and increased tumor necro-
sis and therefore longer event-free survival,
which has been demonstrated by other pilot
work [54]. The potential to identify patients
with an inadequate tumor necrosis fraction pre-
surgery could allow a more patient-centered
risk-adaptive therapy, a central tenet of person-
alized cancer care.

Similar prognostication may also be possible
in optic pathway glioma (OPG), with Jost et al.
showing a higher mean permeability in clinically
aggressive OPG compared to clinically stable
disease [55].

Although there are no current clinical studies
available, the effect of anti-angiogenic therapy in
neuroblastoma has been studied in a murine model
of aggressive MYC-N amplified neuroblastoma.
Jamin et al. have shown a reduction in K, within
tumors in a TH-MYCN mouse model following
therapy with cediranib, an anti-angiogenic agent
[56]. This not only demonstrates that DCE-MRI
functional parameters may be useful in monitoring
treatment responses but also facilitates the devel-
opment of newer novel agents that target tumor
vascularity, allowing their effect to be evaluated.

6.4  Conclusion

The use of functional MRI techniques such as
DWI and DCE-MRI in pediatric oncology is
promising, both for staging and lesion detection,
as well as for assessing response to therapy.
However, the clinical use of the elegant DWI and
DCE-MRI techniques presented here remains
primarily investigational at present. Nonetheless,
as these techniques become more refined with
greater reproducibility across a variety of plat-
forms, and become more widely available for
routine clinical use, the ability to interrogate tis-
sue microstructure using functional MRI will

inevitably lead to the development of newer anti-
cancer agents and increasingly personalized can-
cer care for children in the future.
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Whole-Body MRI in Pediatric

Oncology

Rutger A. J. Nievelstein and Annemieke S. Littooij

7.1 Introduction

Whole-body imaging is essential in pediatric
oncology as tumor spread may involve different
anatomical regions [1, 2]. Traditionally, ultraso-
nography (US) and computed tomography (CT)
are used to detect tumors and to assess the extent
of tumor spread before, during, and after therapy.
But nowadays, there is an increasing interest in
functional imaging techniques like positron
emission tomography (PET) and single-photon
emission computed tomography (SPECT) [3].
By combining these latter techniques with CT, it
has become possible to acquire imaging data on
the biological behavior of tumor as well as the
anatomical localization and extent of tumor
spread in one single examination throughout the
body. A major disadvantage of these techniques
is the use of ionizing radiation, which may be
associated with induction of second cancers later
during life. This small but not negligible health
risk is of particular concern in children as their
tissues are more radiosensitive than adults and
they have more years ahead in which cancerous
changes might occur. Magnetic resonance imag-
ing (MRI) is a radiation-free imaging technique
that allows for acquiring images with a high spa-
tial resolution and excellent soft tissue contrast
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throughout the body. Due to recent technological
advances in MRI such as moving table platforms,
multichannel/multielement surface coils, and
parallel imaging, it is now possible to cover the
whole human body in a reasonable period of time
[4-8]. This makes MRI an ideal imaging tool for
the detection of pathology, especially in paren-
chymal and bone marrow locations. Moreover,
with the introduction of new advanced MRI tech-
niques like whole-body diffusion-weighted
imaging (DWI), it has become possible to acquire
functional information for better tumor charac-
terization and therapy monitoring [9-13].
Although the feasibility of whole-body MRI in
pediatric oncology has been proven in the litera-
ture over the past 10 years [14-21], several chal-
lenges remain including the frequent need for
sedation or general anesthesia because of long
scan times, artifacts from motion, as well as the
suboptimal imaging of the lungs in the evaluation
for pulmonary metastatic disease. Despite these
challenges, whole-body MRI is nowadays being
increasingly used in children to evaluate the
extent of various oncologic entities at diagnosis
and during therapy. In this chapter, the current
status of the technique, major clinical applica-
tions, and future perspectives of whole-body
MRI in children with cancer will be discussed.
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7.2  Technique
Until now, there is no standardized technique or
protocol for performing whole-body MRI. In
pediatric oncology, whole-body MRI is often
restricted to the skull or skull base to groin region
in line with most hybrid imaging techniques, but
it can involve imaging of the entire body (from
vertex to toes). Most modern MRI scanners are
equipped with a moving table top for sequential
movement of the patient through the magnet dur-
ing imaging without the need for repositioning.
In whole-body MRI, the use of phased-array
surface coils is preferred over the use of the
quadrature body coil integrated in the magnet
bore, because of the better spatial resolution and
signal-to-noise ratio (SNR) of the former over the
latter. This is especially true when functional
imaging techniques like whole-body DWI are

planned to be included in the imaging protocol.
The way these coils can be used for a whole-body
image acquisition depends on the type of MRI
scanner available. A very practical and easy to
implement approach, the so-called “sliding table
and repositioning surface coil” approach, uses
tabletop spacers to place an additional table plat-
form on the original MR table allowing manipu-
lation of the lower part of a non-integrated
phased-array surface coil without repositioning
the patient (Fig. 7.1) [22]. However, nowadays,
on several modern MRI scanners, dedicated mul-
tichannel surface coil systems are available
allowing for whole-body imaging without the
need to reposition the coil at each station
(Fig. 7.2) [5].

Until now, whole-body MRI is mainly per-
formed on 1.5 T MRI equipment. MRI at 3 T has
the intrinsic advantage of a higher signal-to-noise

Fig. 7.1 Table preparation for whole-body MRI using a
sliding surface coil approach. (a) Spacers (white arrow-
heads) are placed on top of the original patient table to
create space for the lower part of the surface coil (black
arrowhead). (b) An additional table platform is mounted
on top of the spacers (black arrow). The lower part of the

surface coil (black arrowhead) can be moved freely below
the additional table platform (white arrows). (¢, d) Patient
is lying on top of the additional table platform; the surface
coil can be moved freely without patient repositioning
(white arrows) (adapted with permission from [22])
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Fig. 7.2 Tllustration of a dedicated multichannel surface
coil system for whole-body MR imaging, consisting of
multiple rows of coils covering large parts or the entire
body of the patient (Courtesy of Royal Philips, Best, NL)

ratio (SNR) but remains challenging because of
geometric distortion, image shearing, chemical
shift, and ghosting artifacts, especially in case of
larger fields of view. However, recent technical
developments have improved whole-body imaging
at 3 T, including the recently introduced dual-
source radiofrequency transmission technology to
reduce field non-homogeneities and the more
robust suppression of fat by the slice-selection gra-
dient reversal (SSGR) technique [10, 19, 23].
Furthermore, a recent study by Azzedine et al. in 23
adult patients has shown that 3 T whole-body DWI
is feasible and yields accurate assessment and stag-
ing of lymphoma comparable to 1.5 T [24].

7.2.1 Sequences

The choice of sequences will depend largely on
the type of tumor or clinical question, patient size,
and the time available. Sequences that are typi-
cally used in whole-body MRI include short tau
inversion recovery (STIR), T1-weighted fast spin-
echo (FSE, TSE), and contrast material-enhanced
(CE) TIl-weighted three-dimensional gradient
echo (VIBE, THRIVE, LAVA) sequences.
Furthermore, with the introduction of diffusion-
weighted whole-body imaging with background
body signal suppression (DWIBS) in 2004 by
Takahara et al., it became possible to perform
whole-body DWI under free breathing within a
clinically acceptable examination time [9].

7.2.1.1 ShortTau Inversion
Recovery (STIR)

STIR is the most commonly used sequence in
whole-body MRI. Due to the nulling of the fat
signal and the fact that pathologic tissues are usu-
ally proton-rich (with prolonged T1 and T2 relax-
ation times), they will be highlighted on STIR
images (Fig. 7.3) [5, 18, 19, 23, 25, 26]. Fat sup-
pression on STIR images is more robust and
homogeneous than on other types of T2-weighted
fat-saturated images. Furthermore, the signal of
other substances with a short T1 relaxation time
(like blood, liquid protein, melanin, and gadolin-
ium) will also be reduced. On STIR images, cer-
tain organs will have a physiological high signal,
such as lymph nodes, spleen, thymus, Waldeyer’s
ring, and kidneys. In these organs, pathology will
be more difficult to detect or appear as low signal
lesions [25]. Furthermore, as normal and patho-
logic lymph nodes usually show similar high sig-
nal intensity, distinction of pathologic nodes is
primarily based on size criteria. Finally, STIR is
a highly sensitive technique to detect
osteomedullary metastases, as in particular in
young children hypercellular red marrow zones
persist in large parts of the bone that will obscure
metastatic disease on TIl-weighted imaging
(Fig. 7.3). Several studies have investigated the
role of STIR in whole-body MRI [14, 17, 27, 28].
Although most studies did show that whole-body
STIR is a sensitive technique to detect pathologic
lesions, it is not specific for malignancy as
inflammatory, infectious, traumatic, necrotic, and
post-therapeutic changes, as well as benign
lesions such as cysts and hemangiomas, can also
present with high signal intensities. In addition,
possible motion artifacts from respiration or ves-
sel pulsation may obscure parenchymal lesions.

7.2.1.2 3D T2-Weighted Turbo
Spin-Echo (T2-TSE)

Recent technological advances have made it pos-
sible to acquire 3D T2-weighted turbo or fast
spin-echo images of large parts of the body
within clinically acceptable examination times
(Fig. 7.4). An important advantage of these
sequences is the better anatomical delineation
and higher signal-to-noise ratio when compared
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Fig. 7.3 Coronal whole-body short tau inversion recov-
ery (STIR) (a), T1-weighted (b) and maximum intensity
projection grayscale inverted diffusion-weighted (c)
whole-body MRI images of a 16-year-old boy with stage
IV B Hodgkin lymphoma, illustrating nodal involvement
of cervical, axillary, mediastinal, hilar, para-aortic, and
left para-iliac lymph nodes (arrows), as well as bone mar-
row involvement of vertebral body L4 (arrowhead). As

to STIR imaging. If fat suppression is required,
the use of the (three point) Dixon technique is
preferred over frequency-selective fat saturation
techniques, as the former will result in a more
uniform fat suppression especially in body
regions such as the neck that suffer from main
static magnetic field (BO) inhomogeneity [23,
29]. The Dixon technique allows generation of
four sets of images with different image contrast
in a single acquisition, i.e., fat-only, water-only,
in-phase, and opposed-phase images. Due to its
almost perfect fat suppression on the water-only
images and the enhanced image contrast, this
technique can be used to improve lesion detect-
ability and characterization on pre- and post-
contrast whole-body MRI [21, 23, 29-31].
Limitations of the Dixon technique include the
fat-water separation or swapping error that some-
times occurs in one leg or around the thorax and
the loss of signal around the heart due to cardiac

illustrated in (a) and (b), bone marrow involvement is
more easily detected on the STIR image when compared
to the T1-weighted image, in this case due to diffuse bone
marrow reconversion (asterisk in b) related to the lym-
phoma. On the maximum intensity projection grayscale
inverted diffusion-weighted whole-body MRI image (c),
an additional bone marrow lesion can be seen in the proxi-
mal femoral diaphysis (open arrowhead)

pulsatility. However, as large-scale studies in
children are still missing, it remains to be deter-
mined whether these promising new T2-weighted
imaging techniques will become a mainstay in
pediatric whole-body MRI beyond STIR
imaging.

7.2.1.3 T1-Weighted Fast Spin-Echo
(T1-FSE)

The TI1-FSE sequence is especially helpful for
anatomic delineation of lesions and to increase
the specificity of the detection of bone marrow
involvement in older children (Fig. 7.3) [18, 32,
33]. It is usually combined with whole-body
STIR imaging. In our clinical experience, STIR
is very useful for assessing the extent of disease
at presentation but is less suitable for assessing
response during treatment because the initial
involved sites often show a decrease in T2 signal
during treatment. Although not commonly used
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Fig. 7.4 Coronal 3D T2-weighted turbo spin-echo
(T2-TSE) image in a 3-year-old boy with stage IV neuro-
blastoma, illustrating the better anatomical delineation
and higher signal-to-noise ratio when compared to STIR
imaging. There is a left paravertebral tumor arising from
the left adrenal region with involvement of the left renal
hilar region (white arrows) and extension into the inferior
mediastinum (arrowhead)

in whole-body imaging, the addition of 3D
contrast-enhanced (CE) Tl1-weighted GRE
sequence can improve the diagnostic accuracy of
lesion delineation and characterization [4, 5, 18,
34]. In addition, it facilitates the combination of
better local tumor staging and evaluation of met-
astatic disease. A disadvantage of this sequence
is the suboptimal fat saturation. As mentioned
before, the Dixon technique might be a good
alternative for this as its almost perfect fat sup-
pression on the water-only images and the
increased image contrast will improve lesion
detectability and characterization on pre- and
post-contrast whole-body MRI [21, 23, 29-31].

7.2.1.4 Diffusion-Weighted Imaging
(DW1)

With the introduction of diffusion-weighted

whole-body imaging with background body

signal suppression (DWIBS) in 2004 by Takahara

m

et al., it became possible to perform whole-body
DWI under free breathing within a clinically
acceptable examination time [9, 10, 12, 13, 23].
Single-shot echo-planar imaging (EPI) is most
commonly used in whole-body DWI in order to
reduce motion artifacts. To optimize background
body signal suppression and avoid image degra-
dation due to severe chemical shift in EPI
sequences, either a STIR pre-pulse or a frequency-
selective (chemical shift selective, CHESS) pre-
pulse is used for fat suppression. Although the
selection of the method for fat suppression may
depend on the organ/body region under examina-
tion, STIR usually results in the most robust fat
suppression over an extended field of view, in par-
ticular in the neck/shoulder region and lower
extremities. In addition, for bowel signal suppres-
sion in the abdominal region, STIR is the pre-
ferred method as well. When performing
whole-body DWI at higher field strengths (e.g.,
3 T), the recently reintroduced slice-selection gra-
dient reversal (SSGR) technique allows for the
most robust fat suppression without prolonging
scan time or increasing SAR [10, 19]. Whole-
body DWI is usually acquired in the axial plane
with multiplanar reconstructions in the coronal
and sagittal plane, as direct coronal or sagittal
acquisitions are more vulnerable to image distor-
tion. To facilitate optimal whole-body multiplanar
reconstructions from different anatomic sections,
it is important to ensure that data acquisition is
performed in a way that minimizes voxel shifts
between imaging stations for accurate stack align-
ment. For visual assessment of whole-body DWI
high b-values up to 1000 s/mm? should be applied
to improve lesion conspicuity. In case quantitative
measurements of the diffusivity (apparent diffu-
sion coefficient, ADC) in pathological tissues are
required, the use of at least three b-values (includ-
ing b0) is recommended. Besides b0 this should
include two b-values at or above 100 s/mm? to
reliably separate perfusion from bulk diffusion
and allow for more accurate calculation of ADC
values [35, 36]. Furthermore, to minimize the
chance of misregistration, and thus incorrect ADC
mapping, it is better to choose high b-values that
maintain some background tissue signal, typically
around 500 s/mm?> up to 800 s/mm? This
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background tissue visibility is also important
when coregistration with conventional MRI
sequences is foreseen and is especially important
for free-breathing acquisitions. For a more in-
depth discussion of the technique of DWI in the
body, the reader is referred to Chapter 6 in this
book and the recent literature [11, 13, 35-37].

By adding DWI to a whole-body imaging pro-
tocol, lesion detection can be improved, reading
time can be decreased, and the functional informa-
tion on water diffusivity can be of help to better
characterize pathology and monitor therapy [10,
13, 36, 38-40]. For visual assessment an inverted
gray scale image from the highest b-value acquisi-
tion is often used, with disease areas appearing as
dark regions against a normal white background
due to the restricted diffusion in these areas
(Fig. 7.3). As mentioned above, the DWI images
can be fused with other standard anatomic MRI
sequences to further improve lesion localization
(Fig. 7.5). In addition, whole-body DWI images
should be reviewed in combination with conven-
tional T1-weighted and T2-weighted MRI images
to ensure accurate interpretation, as areas of diffu-
sion restriction are not specific for malignancy and
can be caused by normal red bone marrow or other
disease processes, such as inflammation.
Moreover, ADC maps should be used to ascertain
the presence of diffusion restriction by excluding
T2 shine through phenomena. Quantitative (ADC)
measurements facilitate differentiation of benign
versus malignant disease, although considerable
overlap in ADC values does occur [18, 41, 42].
Furthermore, comparison of the mean or median
ADC values of a lesion before and after treatment
can be used to monitor tumor response as ADC
values usually change (increase) after therapy. It
should be mentioned, however, that reproducibil-
ity of ADC measurements obtained with whole-
body DWT has not been established yet, particularly
with regard to ADC variations across anatomic
imaging stations.

Several normal structures do show diffusion
restriction due to its high cellularity, including red
marrow, brain, salivary glands, thymus, spleen,
adrenals, prostate, and gonads (Fig. 7.6) [10, 13,
18, 37]. Moreover, lymphoid tissue also shows
relative restricted diffusion and long T2 values,
which limits the detection of pathology in lymph

nodes, which are often involved in malignancies.
Therefore, current criteria for diagnosing nodal
involvement often rely on a combination of signs,
including nodal signal intensity (on its own or
compared with the primary tumor), ADC value,
and size criteria. As the apparent size of lymph
nodes on DWI images is dependent on the applied
window level and width, these size measurements
for prediction of nodal malignancy should be
performed on conventional TI1-weighted and
T2-weighted sequences. The use of an ultrasmall
superparamagnetic iron oxide (USPIO) contrast
agent allows for a better delineation of malignant
nodal (and bone marrow) infiltration, even in nor-
mal sized lymph nodes. USPIO nanoparticles are
retained in the normal reticuloendothelial system
of the lymph nodes, liver, spleen, and bone mar-
row with a resulting signal drop on T2, T2, and
DWI images, whereas malignant lesions lack
uptake, thereby improving the tumor-to-back-
ground contrast effectively [20, 43]. In addition,
USPIO nanoparticles result in long-lasting T1
shortening in vessels, which allows acquisition of
enhanced T1-weighted images for anatomical
localization. Unfortunately, USPIO nanoparticles
are not approved by most (inter)national drug
agencies, limiting their use in daily clinical prac-
tice. Furthermore, adverse reactions after intra-
vascular USPIO administration do occur with
hypersensitivity reactions in up to 3—7% and rare
events of serious anaphylactic reactions in 0-2%
in the adult population [20, 43]. For this reason
the FDA has issued a black box warning regard-
ing these risks, recommending clinicians to care-
fully consider the potential risks and benefits of
administering USPIOs including careful screen-
ing for any history of allergies, in particular
regarding dextran and iron compounds.

7.2.2 Scan Plane

The choice of scan plane will depend on the region
of interest, type of malignancy, and diagnostic
information required for optimal treatment plan-
ning and follow-up. However, because of time effi-
ciency (less slices needed), the coronal plane is
most often acquired and displayed in whole-body
MRI, in particular when STIR and T1-weighted
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Fig. 7.5 Coronal whole-body short tau inversion recov-
ery (STIR) (a), axial T2 spectral attenuated inversion
recovery (SPAIR) (b), diffusion-weighted b800 (c),
apparent diffusion coefficient (ADC) (d), and fused T2
SPAIR/DWI b800 images (e) in a 14-year-old girl with a
stage III Hodgkin lymphoma, nicely illustrating the
potential role of fusion of DWI/ADC images with other
standard anatomic MRI sequences to further improve

lesion localization. An additional pathologic lymph node
region was detected in the splenic hilum, best appreciated
on the fused T2 SPAIR/DWI b800 image (white arrow in
a, white arrowhead in b—e). The corresponding PET/CT
slice (f) shows increased tracer uptake in the same lymph
node region suspicious of disease involvement (white
arrowhead)
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Fig. 7.6 Coronal maximum intensity projection gray-
scale inverted diffusion-weighted whole-body MRI
images of a 9-year-old girl who underwent a whole-body
MRI for the follow-up of a lymphatic malformation (not
shown). The images nicely illustrate the normal diffusion

FSE sequences are used. The 3D contrast-enhanced
T1-weighted GRE and DWIBS sequences are usu-
ally acquired in the axial plane, but the obtained
images can be easily post-processed for multipla-
nar reconstruction (MPR) and maximum intensity
projection (MIP). In addition, it has been shown
that the axial plane is more sensitive, especially for
lesions in the ribs, scapula, and skull/brain [4-6,
18, 44]. If there is a specific interest in disease
involvement of the spine, a complementary sagittal
plane is recommended because of its physiological
curves [19]. Finally, a small overlap of 3-5 cm
between adjacent stations during multi-station
imaging is often indicated to compensate for signal
loss at the periphery of each station and facilitate
seamless whole-body reconstruction.

7.2.3 Reduction of Motion Artifacts

Several methods have been developed to reduce
or correct for motion artifacts, each suitable for
some tasks, but not for others. The methods for

restriction seen in (a) bone marrow (black arrows), kid-
neys (open arrow), spleen (black arrowhead), left ovary
(open arrowhead), and (b) the brain and spinal cord
(squared open arrow) as well as normal lymph nodes
(squared black arrows)

reduction of motion artifacts can roughly be
divided into three groups: motion prevention (e.g.,
feed and wrap, training, breath hold, and seda-
tion), artifact reduction (e.g., faster imaging, trig-
gering, and gating), and motion correction (e.g.,
navigators, PROPELLER technique, retrospec-
tive correction) [45]. The PROPELLER (periodi-
cally rotated overlapping parallel lines with
enhanced reconstruction) technique provides sub-
stantially reduced motion sensitivity due to strong
oversampling of the k-space center. This tech-
nique collects data in concentric rectangular
blades that rotate around the k-space center, which
(a) allows for correction of spatial inconsisten-
cies, (b) allows rejection of data based on a cor-
relation measure indicating through-plane motion,
and (c) further decreases motion artifacts through
an averaging effect for low spatial frequencies.
The PROPELLER imaging method is used by all
major vendors (e.g., MultiVane (Philips), BLADE
(Siemens), and PROPELLER (GE)). Imaging of
the thorax and upper abdomen is usually obtained
using respiratory compensation techniques,
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whereas antiperistaltic agents can be considered if
the abdomen is the site or predisposed area of the
known or suspected malignancy. In children, we
prefer the use of hyoscine butylbromide (scopol-
amine butylbromide; Buscopan™; not available
in the USA) since the administration of glucagon
is often associated with symptoms of nausea and
vomiting and most contraindications for hyoscine
butylbromide are rare in childhood.

7.2.4 Patient Preparation

As whole-body MRI scans are usually lengthy with
anticipated examination times of 40—60 min, ade-
quate patient preparation is essential to minimize
movement and anxiety. Children should be warned

that the scan could be noisy owing to the sequences
used and vibrations of the MRI bed. The applica-
tion of multiple surface coils to cover the whole
body might provoke anxiety, and by leaving the
head coil off (if not essential), patient tolerance can
be improved. Furthermore, one or both parents
should be asked to stay with their child in the MRI
room, and listening to their own music or viewing
a film can help to further reduce anxiety. The child
should be offered the opportunity for bladder emp-
tying before the examination to minimize discom-
fort during the scan. As with most lengthy MRI
scans, children under the age of 6 years usually
require sedation or general anesthesia.

In Tables 7.1 and 7.2, examples are given of
two different whole-body MRI protocols for
pediatric oncological indications used in the

Table 7.1 Whole-body MRI protocol—lymphoma (1.5 T, Ingenia, Philips Healthcare, Best, The Netherlands)

Parameter

Pulse sequence

T1-weighted TSE STIR DWI-STIR T2-weighted SPAIR
Repetition time (ms) 583 5231 8046 1250
Echo time (ms) 18 65 67 80
Inversion time (ms) - 165 180 -
Receiver bandwidth 465.9 502.7 57.3 647.0
(Hz)
Slice orientation Coronal Coronal Axial Axial
Slice thickness (mm) | 6.0 6.0 4.0 6.0
Slice gap (mm) 1.0 1.0 0 0.7
No. of slices per 30 30 60 36
station
Cranio-caudal 265 265 240 240
coverage per station
Field of view (mm?) 530 x 265 530 x 265 450 x 365.625 450 x 366.4286
Acquisition matrix 208 x 287 336 x 133 128 x 82 280 x 202
b-values (s/mm?) - - 0, 100, 800 -
No. of signal averaged | 1 1 1 1
Echo-planar imaging | — - 41 -
factor
Respiratory motion Breath hold in thorax | Breath hold in thorax | Free breathing Free breathing
compensation and abdomen and abdomen
technique
Acquired voxel size 1.27 x 1.85 x 6.00 1.58 x 1.98 x 6.00 3.52 x 4.46 x 4.00 1.61 x 1.81 x 6.00
(mm?®)
Reconstructed voxel 1.04 x 1.04 x 6.00 1.04 x 1.04 x 6.00 2.01 x 1.99 x 4.00 0.94 x 0.93 x 6.00
size (mm?)
Effective scan time 545 I min45s 4 min 45s
per station
Total number of 5 5 4 4
stations
Total effective scan 4min30s 8 min 45 s 16 min 3 min
time
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University Medical Center Utrecht, the
Netherlands.
7.3  Current Applications

7.3.1 Bone Marrow Imaging

MRI is a sensitive method for assessing bone
marrow, although it lacks specificity, especially
in younger children. Normal bone marrow is
composed of a combination of yellow (fatty)
marrow and red (hematopoietic) marrow that
together contribute to the signal seen in MRI. In
children the distribution of red marrow and its
cellular content varies with age. At birth, the
bone marrow is entirely hematopoietic and then
shortly after birth starts to become replaced by
yellow marrow in an orderly and predictable
sequence (Fig. 7.7) [46—48]. This transition from
red to yellow marrow begins in the peripheral
bones and progresses in a symmetrical manner to
the central skeleton. Within the individual long
bones, the marrow conversion occurs first in the
diaphysis and then progresses to the metaphysis.
The vertebral marrow remains predominantly

W Cartilage

B Red marrow

[] Yellow marrow

Infancy

Fig. 7.7 Normal age-related bone marrow conversion
within the long bone. Red to yellow marrow conversion
occurs in a predictable manner throughout childhood and
adolescence. The adult marrow pattern is reached around
25 years of age, characterized by red marrow confined to
the axial skeleton and proximal femora and humeri.

Childhood

hematopoietic during the first decade of life
except for some yellow bone marrow around the
central vertebral vein [49]. Good knowledge of
this physiological marrow conversion as a func-
tion of age is required to be able to distinguish the
areas of normal hematopoiesis from bone lesions.

On MRI, malignant infiltration of the bone
marrow usually presents with low T1 and high T2
signal due to the combination of free water and
edema in addition to replacement of the fatty
content of normal marrow by malignant cells
(Fig. 7.8) [33]. In children, the malignant bone
marrow infiltration may be focal, such as in lym-
phoma (Figs. 7.3 and 7.9), but is often diffuse,
e.g., in neuroblastomas and leukemias (Fig. 7.12)
[18, 48, 50]. Especially in young patients it can
be challenging to detect bone marrow disease,
because the high cellularity of the normal red
marrow can be misdiagnosed as diffuse bone
marrow infiltration or mask tumor deposits, in
particular on T1-weighted sequences. In these
cases, the STIR sequence can be of use as the
high signal intensity of the normal red marrow is
frequently less distinct than that of malignant
infiltration. On the other hand, it can be helpful to
compare the signal intensity of the bone marrow

|
i |
/ \ \
."I | I.l' 1
A M e~

L N J'
Early Adulthood
>25 years

Adolescence

During infancy there is hematopoietic marrow (red mar-
row) throughout the long bones. The secondary ossifica-
tion centers quickly convert from red to yellow marrow. In
childhood, the marrow conversion starts in the center of
the long bones and progresses proximally and distally
toward the metaphysis
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Fig. 7.8 3-month-old boy presenting with inspiratory
stridor due to thoracic tumor (a; white arrow) located in
the posterior mediastinum with extension in the neurofo-
ramen Th3-Th4 (open arrow). With ultrasound-guided
biopsy, a neuroblastoma, standard risk was diagnosed.
The bone marrow biopsy appeared normal. At presenta-
tion diffuse low T1 signal of the bone marrow is seen,
isointense compared to the intervertebral disc (b with
zoomed insets; white arrowhead indicating the interverte-
bral disc) and muscles consistent with red bone marrow.
Furthermore, the signal intensity of the bone marrow at

on T1-weighted sequences with adjacent muscles
or vertebral disc. Generally, after 1 year of age,
the signal intensity of bone marrow should be
iso- or hyperintense relative to the intervertebral
disc or muscles. One should be cautious when
evaluating bone marrow involvement during or
after chemotherapy, as the post-therapeutic signal

the sagittal STIR is within normal limits (¢). With watch-
ful waiting spontaneous regression of the tumor was
observed (d; white arrow) and no treatment was neces-
sary. After 6 months, there is a marked decrease in size of
the tumor (d; white arrow) with increased T1 signal inten-
sity related to internal calcifications. Furthermore, the
bone marrow signal showed an increase in signal intensity
(e with zoomed insets), especially centrally within the
vertebral body consistent with areas of fatty bone marrow.
The signal intensity at the sagittal STIR of the spine is
within normal limits (f)

changes seen may be difficult to distinguish from
active malignant bone lesions [46]. In addition,
anemic or treatment-related medullary hyperpla-
sia can obscure malignant infiltration. Finally,
heterogeneous sharply demarcated linear areas or
focal islands of red marrow can be encountered
as normal variants in children [46, 51].
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Fig. 7.8 (continued)

Although DWI is widely used for the assess-
ment of bone marrow disease, it is of limited
value due to the high cellular hematopoietic mar-
row that will exhibit impeded diffusion. This is
especially true for young children. Ording-Miiller
et al. demonstrated that areas of restricted diffu-
sion in the pelvic skeleton and lumbar spine are a

™" W

PR

AP

normal finding in 48% of healthy children [52].
Therefore, DWI should not be used in isolation
but in conjunction with T1- and T2-weighted
images. Another technique that has been pro-
posed as a complementary tool for the assess-
ment of bone marrow disease in adults is chemical
shift imaging (opposed-phase imaging) [53]. In
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Fig.7.8 (continued)

chemical shift imaging, the differentiation of
malignant bone marrow infiltration from normal
red marrow is based on the detection of small
quantities of fat.

Meyer et al. tried to identify the best MRI
sequence or imaging criteria for the diagnosis of
bone marrow metastases in children with neuro-
blastoma [54]. They found that homogeneous
low T1 signal had the highest sensitivity (88%),
whereas a heterogeneous pattern on the post-
gadolinium was highly specific (97%) but rela-
tively insensitive (65%) for detecting
metastasis.

R. A.J. Nievelstein and A. S. Littooij

7.3.2 Malignant Lymphoma

A pediatric malignancy for which whole-body
MRI has been widely used already for many
years is lymphoma. It is the third most common
malignancy in children and includes Hodgkin
lymphoma (HL) and non-Hodgkin lymphoma
(NHL) [55]. NHL is most frequent in children
younger than 15 years, whereas HL is predomi-
nantly diagnosed in teenagers. Pediatric lympho-
mas are staged using the modified Ann Arbor
(Lugano) and Murphy classifications for HL and
NHL, respectively [56, 57]. Recently, a new
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Fig. 7.9 Coronal whole-body short tau inversion recov-
ery (STIR) (a), T1-weighted (b) and maximum intensity
projection grayscale inverted diffusion-weighted (c)
whole-body MRI images in the same patient as Fig. 7.3
after two cycles of chemotherapy. Almost all initially
involved lymph node stations (cervical, axillary, mediasti-
nal, para-aortic, para-iliac) are normalized in size (white
arrows in a and b), and their restricted diffusion disap-

revised International Pediatric Non-Hodgkin
Lymphoma Staging System (IPNHLSS) has been
developed incorporating new histologic entities,
extranodal dissemination, improved diagnostic
methods, and advanced imaging technology [58].
Accurate assessment of disease extent at diagno-
sis and response to treatment are essential to opti-
mize therapy and prevent disease relapse while
minimizing late therapy-related side effects.
Current guidelines encourage the use of FDG-
PET/CT in staging and response assessment of
FDG-avid lymphomas [56]. As both PET and CT
involve substantial radiation exposure and chil-
dren often undergo several PET/CT examinations
during the course of treatment, there is an increas-
ing interest in the use of whole-body MRI as a
good radiation-free alternative for staging and
follow-up. Several studies have shown that
whole-body MRI is feasible in children (Fig. 7.3)
[14, 28, 59]. In the study by Punwani et al., a very

peared (black arrows in ¢). Several bone marrow localiza-
tions still show abnormal signal intensity on both the
STIR and T1-weighted images (white arrowheads in a and
b) as well as signs of diffusion restriction (black arrow-
head in ¢). Bone marrow reconversion, as seen in Fig. 7.3,
has disappeared as the signal intensity of the noninvolved
vertebral bodies has returned to that of normal fatty mar-
row (asterisk in b)

good agreement for nodal and extranodal disease
involvement between whole-body MRI com-
pared to an FDG-PET/CT reference standard was
reported, despite only using STIR for whole-
body MRI [28]. Due to the clear visualization of
lymphoid tissue, DWI is a potentially interesting
technique for the evaluation of lymphoma. Lin
et al. showed an excellent agreement between
whole-body DWI and FDG-PET/CT in 15 adult
patients with diffuse large B-cell lymphomas
[60]. Similar results have been reported by Gu
et al. and Stephane et al. based on studies per-
formed in adult patients with varying types of
lymphoma [38, 61]. However, in other studies the
additional value of DWI to conventional MRI
sequences could not be demonstrated [59, 62].
This could be related to the fact that both benign
and malignant nodes demonstrate restricted dif-
fusion. Furthermore, there are no validated ADC
values yet for discriminating involved from non-
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involved sites [41]. Therefore, the determination
of pathologic lymph node involvement in whole-
body DWTI is still mainly based on size criteria.
An additional issue with DWI is that several nor-
mal extranodal structures that can be involved in
lymphoma (including the brain, Waldeyer’s ring,
thymus, spleen, testes, ovaries, spinal cord,
peripheral nerves, and bone marrow) may dem-
onstrate  restricted diffusion (Fig. 7.6).
Consequently, pathology in any of these areas
may be obscured.

Klenck et al. prospectively compared
ferumoxytol-enhanced whole-body diffusion-
weighted MRI to FDG-PET/CT in 22 children
and young adults for staging lymphoma and sar-
coma [20]. This ultrasmall superparamagnetic
iron oxide (USPIO) contrast agent is thought to
overcome the limitations of conventional whole-
body MRI regarding detection of nodal, bone
marrow, and splenic involvement. Ferumoxytol
has been shown to discriminate normal lym-
phoid tissues, which take up the USPIO agent,
from lymphoid malignancies, which do not.
Thus the better detection of lymphomatous
involvement in the reticuloendothelial system
(RES) depends on the uptake of USPIO in the
noninvolved reticuloendothelial system (RES)
and the non-uptake by (metastatic) tumor
deposits.

Assessment of response to therapy is impor-
tant for determining treatment effectiveness and
predicting clinical outcome. The concept of early
response assessment with FDG-PET/CT in lym-
phoma has received considerable attention in the
past few years, although it is still not officially
recommended outside clinical trials [56]. In addi-
tion, the value of relying solely on interim and
end-of-treatment FDG-PET/CT in predicting
outcome was demonstrated to be unsatisfactory
by recent meta-analyses [63, 64]. The role of
whole-body MRI in response assessment in chil-
dren with lymphoma is still under investigation
(Fig. 7.9). Mayerhoefer et al. recently published
the results of their prospective study in 64 adult
lymphoma patients that showed that whole-body
MRI with DWI could serve as a feasible alterna-
tive for FDG-PET/CT during follow-up and
treatment response assessment [65]. Several,

mostly pilot, studies compared the quantitative
data from FDG-PET/CT (SUV) with DWI (ADC
values) for interim response assessment with
inconclusive results. They reported presence or
absence of an inverse correlation between ADC
and SUV [66-70].

7.3.3 Histiocytosis

Langerhans cell histiocytosis (LCH) is a rare dis-
ease with an incidence of approximately 5 cases
per 1 million children under age 15 years (median
age at presentation 30 months) and an equal dis-
tribution among boys and girls [71]. LCH can
involve almost any organ, but the most common
presentation includes skin rashes and/or painful
bone lesions. Less frequently, children present
with diabetes insipidus due to pituitary involve-
ment or back pain caused by vertebra plana.
Adequate staging at diagnosis is essential, first of
all because the presence or absence of liver,
spleen, and/or bone marrow involvement
determines whether the patient belongs to the
clinical “high-risk” or “low-risk” group. “High-
risk” LCH patients have a more than 85%
long-term survival rate, whereas the survival rate
of “low-risk” LCH patients approaches 100%.
Furthermore, the number and locations of lesions
at diagnosis influence the choice of (chemo)
therapy.

The standard approach to staging usually con-
sists of a combination of laboratory tests and
imaging [71, 72]. Traditionally, the imaging eval-
uation of patients with LCH includes chest radi-
ography and a complete skeletal survey. More
recently an abdominal ultrasound has been added
to rule out/demonstrate intra-abdominal organ
involvement. Skeletal involvement is the most
common radiographic abnormality with the skull,
ribs, spine (vertebra plana), pelvis, and scapula as
the most common sites of involvement. In case of
long bone involvement, the femora are the most
commonly affected site. Extension of the primary
bony lesion into the surrounding soft tissues and
epidural space can be seen, especially with bone
lesions in the skull, ribs, and spine. Bone scintig-
raphy has been used for the evaluation of LCH
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with a lesion detection rate compared to the skel-
etal survey. However, the scintigraphic appear-
ance of LCH may vary especially when the
lesions are small or fail to incite a significant
osteoblastic response [72, 73]. The use of
BE-FDG-PET for the evaluation of pediatric
LCH has been reported, with high sensitivity and
specificity of this imaging technique that is supe-
rior to the skeletal survey and bone scintigraphy
[74-76]. An advantage of "*F-FDG-PET over the
traditional techniques is the possibility of identi-
fying extra-osseous localizations of
LCH. Furthermore, '"SF-FDG-PET shows lesion
response to therapy earlier than conventional
radiography and CT.

Interestingly, a recent study by Mueller et al.
also showed that the overall sensitivity of
BE-FDG-PET was lower than whole-body MRI,
especially for small bony infiltrates (mean diam-
eter 12 mm) and central nervous system involve-
ment [76]. As stated before, whole-body MRI is
in particular well suited for the evaluation of
bone marrow involvement, accompanying soft
tissue masses, as well as other extra-osseous
manifestations. In LCH, most bony lesions will
show an intermediate to hypointense signal inten-
sity on T1-weighted images and a hyperintense
signal intensity on T2-weighted and STIR images
(Fig.7.10)[77,78]. On post-contrast T1-weighted
images, the LCH lesions usually show marked
enhancement, although predominantly peripheral
enhancement can be seen (Fig. 7.10e). Early-
stage lesions usually show edema in the adjacent
bone marrow, periosteum, and soft tissues.
During treatment, healing lesions will show
decrease in signal intensity on STIR imaging.

Unfortunately, large prospective studies on
the diagnostic accuracy of whole-body MRI in
pediatric LCH are missing. A small study in only
nine children with LCH by Goo et al. compared
the use of whole-body MRI to plain radiography
and bone scintigraphy [77]. Additional skeletal
lesions were identified by whole-body MRI in
38% of patients when compared with plain radi-
ography and in 25% when compared with scin-
tigraphy.  Furthermore, whole-body MRI
detected extra-osseous lesions in five of nine
patients exclusively (56%). In a study of six chil-

dren with LCH at diagnosis and during follow-
up, Steinborn et al. showed that whole-body
MRI also detected additional lesions in two
patients when compared to the skeletal survey,
which resulted in a change of therapy in both
children [78]. On the other hand, Mueller et al.
showed that, although whole-body MRI was
more sensitive for the detection of LCH lesions
when compared to F-FDG-PET, specificity was
significantly lower (sensitivity and specificity:
67% and 76% for PET vs. 81% and 47% for
whole-body MRI, respectively) [76]. This lower
specificity was mainly due to the detection of
false-positive bone lesions by whole-body
MRI. In addition, residual T2 hyperintense sig-
nal and contrast enhancement after treatment on
whole-body MRI resulted in false-positive find-
ings during follow-up. Similar findings have
been described by Goo et al. in 2006 [77].
Interestingly, Mueller at al. also described that a
combined analysis of F-FDG-PET and whole-
body MRI decreased the number of false-
negative findings at primary staging, whereas no
advantage over 'SF-FDG-PET alone was seen in
terms of false-positive or false-negative results
during follow-up [76]. In view of the limited
available literature, it seems justified to conclude
that the skeletal survey and skeletal scintigram
can be replaced by whole-body MRI (preferably
in combination with PET), although further
research is needed to replicate the initial findings
of Goo and Mueller in larger patient cohorts.

7.3.4 Neuroblastoma

Neuroblastoma is the most common solid extra-
cranial tumor in children and infants, represent-
ing approximately 6% of all cases of childhood
cancer [55]. The peak incidence of presentation
of neuroblastoma is around 2—3 years of age, and
90% of patients are diagnosed before 6 years. It is
an embryonic tumor arising from primordial neu-
ral crest cells that are the precursors of the sym-
pathetic nervous system. The most common site
of the primary tumor is within the abdomen (the
adrenal medulla in 35%), but it can occur any-
where along the sympathetic chain from neck to
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Fig.7.10 Sagittal short tau inversion recovery (STIR) (a)
and T1-weighted (b) images of the vertebral column in a
1.5-year-old boy with Langerhans cell histiocytosis
(LCH), illustrating the typical vertebral plana at the level
of Th12 (white arrow) as well as involvement of vertebral
body L4 and S2 (white arrowheads). Furthermore, a het-
erogeneous enlarged thymus is present (open white
arrow), suspicious of LCH involvement. Coronal 3D

pelvis [79]. Almost 70% of children with neuro-
blastoma will have metastatic disease at diagno-
sis in the bone marrow, lymph nodes, liver, and/
or skin. The prognosis is variable with some

T2-weighted turbo spin-echo (T2-TSE) image (c)
acquired to demonstrate/rule out intrathoracic and intra-
abdominal organ involvement, once again showing the
thymic involvement in LCH (white arrow). Coronal short
tau inversion recovery (STIR) (d) and contrast-enhanced
T1-weighted (e) images of the skull, showing two LCH
lesions in the skull with epidural extension (white arrows)

tumors behaving aggressively, while others, usu-
ally in the younger age group, regress spontane-
ously. Overall, neuroblastoma accounts for 15%
of cancer deaths in children.



7 Whole-Body MRI in Pediatric Oncology

125

In the past, staging of neuroblastoma was
based on a postsurgical staging system, the
International Neuroblastoma Staging System
(INSS). However, in 2009, a new staging system
was introduced, the International Neuroblastoma
Risk Group Staging System (INRGSS), shifting
focus to pre-treatment staging with identification
of imaging defined risk factors (IDRF) [80, 81].
These IDRFs describe the relationship between
the tumor and adjacent structures that ideally
should not be injured during surgery (e.g., major
vascular encasement, airway compression, nerve,
plexus, or CNS infiltration). The evaluation of
local and distant extent of disease at staging and
during follow-up is usually based on a combina-
tion of cross-sectional imaging (either CT or
MRI), I-123 MIBG scintigraphy, and bone mar-
row biopsy, although whole-body MRI is increas-
ingly used for anatomic imaging instead of CT
(Fig. 7.4) [79, 81, 82]. At presentation, neuro-
blastomas (and ganglioneuromas) usually occur
as relatively hyperintense solid masses at
T2-weighted imaging in the adrenal or paraverte-
bral region from neck to pelvis (Fig. 7.11). They
can be multifocal and present with areas of hem-
orrhage and/or necrosis, especially in case of
extensive disease at diagnosis. Vascular encase-
ment in the abdomen is common, and small calci-
fications are often seen, although the latter is
usually difficult to appreciate on MRI. Another
IDREF that is not infrequently seen in neuroblas-
toma is intraspinal extension of the primary
tumor. Lymphadenopathy is a frequent finding at
diagnosis with similar imaging appearances as
the primary tumor. On DWI, neuroblastomas
show diffusion restriction in the solid parts of the
lesions. In addition, DWI can guide biopsy as
more differentiated parts of lesions (ganglioneu-
roma/ganglioneuroblastoma)  show  relative
higher ADC values [83]. Bone marrow involve-
ment can be focal or diffuse with relatively low
signal intensity on T1-weighted imaging com-
pared to muscle or the intervertebral disc and
increased signal intensity on STIR imaging
(Fig. 7.12). Liver metastases usually present as
T2 hyperintense lesions (Fig. 7.13).

As in many other pediatric oncological enti-
ties, the role of whole-body MRI in neuroblas-
toma has not yet been thoroughly evaluated.

Pfluger et al. performed a retrospective study of
50 MRI and I-123 MIBG examinations in 28
patients acquired for the assessment of neuro-
blastoma lesions at presentation and follow-up
[84]. They concluded that integrated imaging
with [-123 MIBG scintigraphy and MRI increased
the diagnostic accuracy. Goo et al. showed that in
a group of 13 children with neuroblastoma,
whole-body MRI had a higher sensitivity for
detection of bone metastases than MIBG and CT
(100%, 25%, and 10%, respectively) but poor
positive predictive values for detection of skeletal
and extraskeletal metastases in comparison with
MIBG [15]. On the other hand, MIBG also has its
limitations including failure to detect bone mar-
row involvement, lack of MIBG avidity in up to
10% of patients, loss of MIBG avidity at relapse,
and suboptimal visualization of small lesions in
the liver [18]. In the study by Gahr et al., the role
of DWI in differentiating neuroblastoma, gan-
glioneuroblastoma, and ganglioneuroma was
investigated in 15 patients with 16 histologically
classified tumors [83]. They found that there was
a significant difference in ADC between neuro-
blastoma and ganglioneuroblastoma/ganglioneu-
roma, although there was a considerable overlap
between the two groups, and inter- and intraob-
server variability of their applied method was not
tested. Based on the above, it is suggested that a
combination of nuclear medicine techniques
(I-123 MIBG scintigraphy) and anatomical imag-
ing will increase the diagnostic accuracy, both at
staging and during follow-up, with whole-body
MRI increasingly being preferred over CT.

7.3.5 Other Tumors

There is an increasing use of whole-body MRI
for the staging (and follow-up) of other pediat-
ric malignancies such as Ewing sarcoma, osteo-
sarcoma, and rhabdomyosarcoma (Fig. 7.14)
[17, 20, 27, 32, 85, 86]. Most studies focus on
the detection of metastatic bone disease, with
comparable or often increased sensitivity when
compared to traditional imaging techniques. As
the bony metastases can be seen anywhere in
the skeleton, even the hands and feet, it is sug-
gested that whole-body MRI should include the
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Fig. 7.11 Whole-body MRI in a 3-year-old boy diag-
nosed with stage IV neuroblastoma (same patient as
Fig. 7.4). Coronal 3D T2-weighted turbo spin-echo
(T2-TSE) image (a) with sagittal reconstruction (b) dem-
onstrates the primary tumor arising from the left adrenal
gland with retroperitoneal extension (white arrows in a),
vascular encasement (arrowheads in a and b), and lifting

entire body from vertex to toe. The main limita-
tion of whole-body MRI in the context of stag-
ing is still its limited ability to detect small
pulmonary nodules, although there is some

of the aorta (open arrow in b). The contrast-enhanced
T1-weighted image (c) illustrates heterogeneous enhance-
ment of the retroperitoneal tumor (white arrows) and the
inferior mediastinal extension (white arrowhead). There is
diffusion restriction seen as high signal at the b1000
image (d) with corresponding low signal at the ADC map
(e)

recent literature on the detection of small pul-
monary nodules of >4 mm in size, in particular
when using ultrashort echo time MRI sequences
[87, 88].
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Fig.7.11 (continued)

Fig.7.12 Sagittal
T1-weighted (a) and
short tau inversion
recovery (STIR) (b) in
the same patient as

Fig. 7.11, illustrating the
bone marrow metastases
in several thoracic and
lumbar vertebral bodies
(white arrows)

Several studies have investigated the role of risk of developing malignant peripheral nerve
whole-body MRI in patients with neurofibromato-  sheath tumors (MPNSTs) [89-91]. Both Mautner
sis I (NF-1), as these patients have an increased et al. and Nguyen et al. found a strong association
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Fig. 7.13 Coronal whole-body 3D T2-weighted turbo
spin-echo (T2-TSE) image in a 6-month-old boy diag-
nosed with a stage IVs neuroblastoma, illustrating the dif-
fuse involvement of the liver (white arrows) as well as the
retroperitoneal primary tumor mass (white arrowhead)
which did arise from the left adrenal gland

between the benign whole-body tumor volume
and the occurrence of MPNSTSs in NF-1 patients
younger than 30 years [89, 91]. Furthermore, MRI
features like rapid growth, intratumoral lobulation,
ill-defined margins, and irregular enhancement on
post-contrast images can help to differentiate
benign from malignant nerve sheath tumors.
However, in the study by Derlin et al. evaluating
the accuracy of whole-body MRI and 8F-FDG
PET/CT for detection of MPNSTs in 31 people
with NF-1, PET/CT had a sensitivity of 100%,
whereas whole-body MRI had a sensitivity of
66.7% for identifying malignant tumors [90].
From these studies, it can be concluded that whole-
body MRI cannot replace FDG PET/CT for the

R. A.J. Nievelstein and A. S. Littooij

detection of MPNSTs in this patient population
but that the combination of PET and MRI might
improve the diagnostic accuracy thereby diminish-
ing the need for unnecessary biopsies or closer
clinical follow-up.

7.3.6 Cancer Predisposition
Syndromes

Whole-body MRI is a promising imaging tool for
cancer surveillance and evaluation of genetic
cancer predisposition syndromes (CPS), espe-
cially because of its lack of ionizing radiation [6,
92-96]. Children with CPS (including NF-1,
Beckwith-Wiedemann, multiple endocrine neo-
plasia, Li-Fraumeni, von Hippel-Lindau,
DICERI syndrome, and rhabdoid tumor syn-
drome) are at a significantly increased risk of
developing cancer. Whole-body screening on a
regular basis is usually recommended in these
children as it is difficult to predict in which
organs tumors will develop. The frequency of
imaging in this population depends on the spe-
cific syndrome and risk stratification. Although
several publications have presented guidelines
for the use of whole-body MRI as a screening
method in CPS, studies on the performance of
this technique in children are scarce. Friedman
et al. retrospectively investigated the role of
whole-body MRI as a screening tool in the fol-
low-up of children and adolescents with heredi-
tary retinoblastoma [92]. Whole-body MRI
detected suspicious lesions in 5 of 25 patients
during follow-up of which only two appeared to
be malignant (osteosarcoma). One additional
patient in this study was diagnosed with osteosar-
coma 3 months after a normal MRI. They calcu-
lated that the sensitivity of whole-body MRI to
detect subsequent malignant lesions in this
specific patient group was 66.7% and the speci-
ficity 92.1%.

In another study by Jasperson et al., the role
of screening whole-body MRI in a patient
population with succinate dehydrogenase
(SDH) mutation was investigated because of the
increased risk of developing paragangliomas
and pheochromocytomas related to this muta-
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Fig. 7.14 A 3-year-old girl presenting with abdominal
complaints was diagnosed with nephroblastoma stage 1V,
intermediate risk. Coronal 3D T2-weighted image shows
a large tumor arising from the right kidney with few cystic
areas (a; open arrows). Several metastases in the lungs are
seen (a; white arrow). There is shrinkage of the tumor

after preoperative treatment (b). The axial fat-suppressed
T1-weighted image (c) after intravenous contrast shows a
claw sign (arrowheads) indicating this lesion is arising
from and not compressing upon the renal parenchyma.
Axial T2-weighted image (d) shows the low T2 signal
pseudo capsule (open arrowhead)
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tion [93]. They evaluated 37 SDH mutation car-
riers as young as 10 years of age during a 4-year
follow-up period using annual biochemical test-
ing as well as biennial whole-body MRI includ-
ing non-contrast axial and coronal half-Fourier
acquisition single-shot fast spin-echo (HASTE)
sequences performed with a 5-mm slice thick-
ness from the skull base to pelvis. A total of six
tumors were detected in this cohort, one by bio-
chemical testing and five by whole-body MRI,
the latter of which were negative by biochemi-
cal testing. In this study, the sensitivity of
whole-body MRI was 87.5%, and the specificity
was 94.7%, while the sensitivity of biochemical
testing was 37.5% and the specificity was
94.9%.

Finally, in a recent retrospective study by
Anupindi et al., which included 50 WB-MRI
examinations in 24 children with genetic CPS,
they found that whole-body MRI is a valuable
screening tool with a high sensitivity of 100%
(95% CI, 6-100%), specificity of 94% (82-98%),
and negative predictive value of 94% (90-100%)
[94]. Suspicious lesions were detected in 9 out of
50 whole-body MRI examinations, including two
high-risk, two moderate-risk, and five low-risk
lesions. However, of the four high- to moderate-
risk lesions, only one lesion appeared to be
malignant resulting in a positive predictive value
of only 25% (95% CI, 1-78%). The other lesions
and all low-risk lesions had a benign origin. Of
interest, this study also showed that incidental
findings were detected in 23 of 24 patients, most
of which did not require imaging follow-up. All
abnormalities were best detected on the fluid-
sensitive STIR images. Based on their results,
Anupindi et al. recommend that interpretation of
these studies should be reserved to radiologists
who are familiar with whole-body MRI to appro-
priately risk stratify abnormalities and minimize
unnecessary interventions. None of the studies
cited investigated the role of DWI as a screening
technique. Based on the above, it can be con-
cluded that, although whole-body MRI can be
regarded as a valuable screening tool, larger
cohort studies are needed to validate its role and
cost-effectiveness in this specific group of
patients.

7.4  Future Perspectives

As illustrated in this chapter, whole-body MRI is
already widely used in pediatric oncology for
diagnosis and follow-up, despite the fact that vali-
dation through large prospective cohort studies is
still lacking. Although there are obvious technical
advantages of whole-body MRI over other imag-
ing modalities (including its high spatial resolu-
tion, excellent soft tissue contrast, and ability to
acquire functional information), the main reason
for this is our primary incentive to reduce radia-
tion dose to children as much as possible.

Nevertheless, there is a strong need for large
prospective cohort studies to better validate the
role and cost-effectiveness of whole-body MRI
in children with cancer, both for diagnosis and
therapy response assessment and post-treatment
surveillance. These studies should focus on fur-
ther optimization of anatomic sequences (includ-
ing reduction of scan duration), as well as on the
introduction and validation of functional tech-
niques such as DWI (including quantitative ADC
measurements). In addition to the potential addi-
tional role of DWI in increasing sensitivity and
establishing the extent of disease during staging,
DWI could be of special interest in assessing
response to treatment before size change can
occur. Response to treatment is generally based
on shrinkage of lesions. However, most often,
this is a rather late marker of treatment-related
changes, and sometimes volume change does not
correspond to histopathological response; tumors
that shrink can still contain considerable amounts
of aggressive tumor cells. On the other hand,
responding tumors can increase in size due to
hemorrhage and necrosis or during differentia-
tion as seen in nephroblastomas (Wilms tumor)
and neuroblastomas. This increase in differentia-
tion could be detected with an increase in ADC
values [83, 97].

Other functional techniques that can play a
role are dynamic contrast-enhanced MRI (DCE-
MRI) and arterial spin labelling (ASL). Both
techniques focus on tumor vascularization, with
the major advantage of ASL over DCE-MRI that
it does not need intravenous contrast material
injection. In line with this, the potential role of
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low b-value (<100 mm/s?) perfusion fraction as a
measure of tumor vascularization also needs fur-
ther exploration. Magnetic resonance spectros-
copy (MRS) allows for a noninvasive separation
of the MRI signal from a given tissue into its dif-
ferent chemical components, which may further
improve lesion characterization and prediction
of clinical outcome. Although ASL and MRS are
already established techniques in neuroradiol-
ogy, their possible role in (pediatric) malignan-
cies outside the brain has yet to be validated, in
particular in a whole-body imaging setting. In
this context, the recent development of inte-
grated PET/MRI systems is very interesting,
combining the superior structural imaging of
whole-body MRI with the functional (molecu-
lar) information of both imaging techniques
while decreasing the radiation dose. Although
the first publications in children show promising
results, it currently remains a technical challenge
to construct and use these hybrid systems
[98-100].

The major challenge will be to acquire enough
data in children that will allow for definitive and
statistically significant results. As most institu-
tions will not have sufficient patient volume for
this, due to the comparatively low incidence of
most pediatric malignancies, an increasing inter-
national multi-institutional collaboration and
establishment of multicenter clinical trials is
needed [101].

7.5  Conclusion

Whole-body MRI is a very promising and already
widely used imaging technique in pediatric oncol-
ogy. The main reasons for this are the lack of ion-
izing radiation, its superior spatial resolution and
soft tissue contrast, as well as its potential to non-
invasively generate functional information on
tumor biology. Whole-body MRI provides com-
plementary information to the increasingly used
molecular imaging techniques like PET/CT and
SPECT/CT and can be a useful alternative to
these techniques in patients in whom ionizing
radiation is contraindicated and in regions with
less availability. However, large-scale prospective

cohort studies are still needed to better validate
the role and cost-effectiveness of whole-body
MRI in pediatric oncology.
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Contrast-Enhanced Ultrasound:
The Current State

M. Beth McCarville, Annamaria Deganello,

and Zoltan Harkanyi

8.1 Introduction

Ultrasound (US) imaging in children has been a
widely accepted and routinely used imaging
modality for many decades. In fact, in many clin-
ical scenarios, US is the preferred, first-line
imaging modality to be performed. The attributes
of US, particularly in pediatrics, are many; it is
noninvasive, child-friendly, and portable, pro-
vides Doppler capabilities for vascular interroga-
tion, does not require sedation, and most
importantly does not expose the patient to the
potentially harmful effects of ionizing radiation.
The avoidance of radiation and sedation is par-
ticularly relevant in pediatric oncology because
children with cancer undergo innumerable imag-
ing examinations for diagnosis and staging, dur-
ing therapy to monitor treatment response and to
assess acute and chronic complications of ther-
apy and then during surveillance for years after
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completion of therapy. A recent study from Great
Britain showed an association between radiation
exposure from CT scans and an increased risk of
developing brain tumors and leukemia in chil-
dren [1]. In that study the reported brain tumor
risk was comparable to observed risk estimates
for brain tumors following childhood radiation
exposure in Japanese atomic bomb survivors.
These findings underscore the importance of
minimizing radiation exposure in children when-
ever possible.

Although US is often useful in identifying
pathology in the abdomen, pelvis, pleural spaces,
and extremities, image resolution of B-mode US
is limited, and further cross-sectional imaging
with CT or MRI may be required. In addition to
radiation exposure and sedation, these additional
tests add cost, can create anxiety, and frequently
necessitate the administration of an intravenous
contrast agent. There are risks associated with the
iodinated contrast agents used for CT and
gadolinium-based contrast agents used for
MRI. Neither of these types of contrast agents
can be safely administered in patients with renal
insufficiency due to the risk of nephrotoxicity
and nephrogenic systemic fibrosis, respectively.
Recently, gadolinium contrast agents have come
under increased scrutiny for the yet unknown, but
potential, long-term effects associated with gado-
linium deposition in the brain and other solid
organs [2]. Unlike the very small molecules that
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constitute iodinated and gadolinium-based con-
trast agents, ultrasound contrast agents (UCAs)
are comprised of microspheres approximating
the size of red blood cells. Due to their size,
UCAs remain in the vascular space and, because
they are not metabolized by the kidneys, can be
safely administered to patients with renal insuf-
ficiency. Numerous reports have shown that these
contrast agents have a high safety profile in adults
and there is a growing body of literature showing
similar safety in children [3-9]. A position state-
ment issued by the European Federation of
Societies for Ultrasound in Medicine and
Biology, published in 2016, stated: “The evi-
dence to date suggests that the safety profile of
UCA in adults is good, and comparable to con-
trast agents used in MR imaging, better than the
contrast agents in CT imaging. The more limited
safety data in children suggests that UCA are as
safe in children as in the adult population” [10].
Importantly, in 2016 the United States Federal
Drug Administration (FDA) approved the first
UCA for intravenous use in children to evaluate
liver lesions and intravesical administration to
assess for vesicoureteral reflux.

The addition of a contrast agent to ultrasound
imaging offers the opportunity to improve lesion
conspicuity and diagnostic confidence and could
obviate the need for additional cross-sectional
imaging in some circumstances. The use of
UCAs in adult practices is well established in
Europe and is increasing in North America. The
expansion of CEUS into pediatric applications
has lagged behind, primarily because of the lack
of regulatory approval and limited clinical expe-
rience outside of large academic centers. With the
recent US FDA approval of a UCA for children,
coupled with an increasing emphasis on medical
cost containment and radiation reduction, the
time is ripe for the development of this important
alternative imaging modality in routine pediatric
clinical practice. In this chapter we will discuss
the essential technical and safety features that are
vital to the successful performance of CEUS in
children. Although the role of CEUS in pediatric
oncology is currently somewhat limited, we will
present examples illustrating the value of CEUS
in this setting, particularly with regard to pediat-
ric liver lesions. Finally, we will discuss future

directions and potential applications of CEUS in
the diagnosis and management of pediatric
malignancies.

8.2  Safety Considerations

of CEUS Studies

All current UCAS consist of a gas surrounded by a
thin encapsulating shell. The most widely used
UCA is sulfur hexafluoride with a phospholipid
shell (SonoVue/Lumason®, Bracco, Milan, Italy),
which was introduced in 2001 and approved by the
US FDA for pediatric intravenous (IV) and intra-
vesical use in 2016. In the United States, there are
two additional UCAs that are approved only for
adult cardiac studies: Definity® (Lantheus Medical
Imaging, Billerica, MA), which is comprised of
octafluoropropane encapsulated in a phospholipid
shell, and Optison™ (GE Healthcare, Princeton,
NJ), an octafluoropropane gas within an albumin
shell. There are no data regarding pediatric appli-
cations of Sonazoid (GE Healthcare, Oslo,
Norway), a hepatocyte-specific agent composed of
perfluorobutane gas within a phospholipid shell,
that is widely used in Asia [10, 11].

The safety profile of SonoVue/Lumason®
UCA during intravenous administration has been
documented in a large cohort of 23,188 adults
with no fatal event encountered and only 29
adverse reactions noted (three severe, three mod-
erate, and 23 mild) [12]. The overall rate of
adverse events (0.0086%) was comparable to the
administration of contrast media used in MR
imaging (0.0088%) and lower than iodinated
contrast media used in CT imaging (0.6%) [10].
The safety profile of UCAs in children is based
on limited but growing information. Three dedi-
cated safety studies have included vital signs
monitoring, while using UCA containing a per-
fluorocarbon gas [5, 9, 13]. In a study of 13 chil-
dren who underwent IV CEUS with escalating
doses of Optison™ based on body surface area,
three children experienced mild adverse events;
two had altered taste and one mild tinnitus and
light-headedness [13]. In a further study by the
same group, 134 CEUS examinations in 34 chil-
dren (median age 8.7 years) were evaluated,
reporting a lower frequency of similar mild
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adverse reactions [5]. In a study of 20 children
(median age 15 years) receiving Optison™, four
experienced adverse reactions; three developed a
transient headache and one reported brief taste
alteration [9]. A sulfur hexafluoride gas contain-
ing UCA was also evaluated in a dedicated safety
study of 167 intravenous CEUS investigations in
137 children (median 10.2 years) [4]. In that
study, a single patient (0.6%) suffered severe ana-
phylactic shock that was potentially life threaten-
ing and directly related to the IV UCA
administration. Management consisted of oxy-
gen, I'V epinephrine, and fluids (0.9% NaCl) with
resolution in 2 h. In a survey of radiologists from
29 European centers, there were 948 CEUS
examinations performed in children with intrave-
nous sulfur hexafluoride gas-filled UCA. Five
minor adverse events were reported which
included skin reaction, altered taste, and hyper-
ventilation [14].

Ultrasound contrast agents are not metabo-
lized by the kidneys, and there is no evidence of
nephrotoxicity —associated with their
Therefore, unlike iodinated and gadolinium-
based contrast agents, UCAs can be safely
administered to patients with poor renal function.
However, a drawback is that UCAs cannot be
used to evaluate the renal collecting system when
they are administered intravenously.

History of a hypersensitivity reaction to any
of the ingredients in UCAs is a contraindication
to their use. During CEUS studies one must
always be prepared to manage an adverse reac-
tion. Resuscitation facilities including appropri-
ate drugs must be available in the examination
room, and a second person must be present dur-
ing the study.

use.

Technical Considerations
of CEUS Studies

8.3

The radiologist must clearly define the goal of the
CEUS study before its performance. It is almost
always a focused study in order to answer a spe-
cific diagnostic question. Basic training in
B-mode and color Doppler techniques are essen-
tial prerequisites for those wishing to perform
contrast studies.

Checklist for Performance
of a CEUS Examination [11]

8.3.1

1. Examination and documentation of the
region of interest with B-mode and color
Doppler US.

2. Review of any prior imaging studies (US/
CEUS/MR/CT). This is of utmost impor-
tance in long-term follow-up of pediatric
oncology patients to better characterize the
lesion of interest.

3. Determine whether a CEUS study is indi-
cated for the diagnostic question.

4. Assess patient for any contraindication to
CEUS.

5. Have a second person present during the
CEUS study to inject and monitor the patient.

6. Ensure that treatment and life support are
available for allergic reactions to UCA.

7. Obtain informed consent (verbal or written
as per local institutional practice) from par-
ents or patient as appropriate.

8. Determine dose of UCA and saline flush and
verify contrast agent expiration date.

9. Use a needle of 20-24 gauge for IV. If the
needle caliber is too small, it may result in
microbubble destruction.

10. Ensure capability of US machine to record
video clips during the CEUS study.

11. Be certain that the contrast-specific software
within the US scanner is functional.

12. Select appropriate US probe and scanning
parameters for CEUS study.

13. Start timer at the moment of injection.

14. Start recording cine loop after the arrival of
the first bubbles for approximately 20-40 s,
and then record in the venous and late phase
using short clips while scanning the whole
organ. Store images and video clips (e.g.,
picture archive and communication system
[PACS], DVD, CD).

15. Review the study at a PACS workstation
using stored images and cine clips and report
the examination.

The dose of UCA generally can be determined
by the patients’ age or weight depending on the
agent being used [3, 9]. When using SonoVue/
Lumason® to perform a liver CEUS study on a
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child, the following doses are suggested: between
the age of 0 and 6 years, 0.6 mL; 6-12 years,
1.2 mL; and between 12 and 18 years,
2.4 mL. Recommended doses for Optison™ are
0.3 mL for patients less than 20 kg and 0.5 mL
for others [9]. However, doses may need to be
adjusted depending on the size and body habitus
of the patient, depth of the lesion, underlying dif-
fuse hepatic parenchymal disease, type of trans-
ducer (convex or linear), and the CEUS software
version of the ultrasound system. In the case of
multiple parenchymal lesions (liver, kidney) or
when the characterization of a lesion remains
questionable, repeat injections can be performed
as needed after allowing the first dose to clear the
circulation (generally about 10 min). The manu-
facturer’s maximum cumulative dose recommen-
dation can be found in the package insert and
should be adhered to. The quality of CEUS stud-
ies has significantly improved with the introduc-
tion of contrast-specific software; however, the
sensitivity to display microvascularity (presence
of microbubbles at the capillary level) can vary
between US systems.

Imaging parameters, such as the mechanical
index (MI) and position of the focal zone, should
be adjusted at the beginning of the CEUS study
according to the diagnostic question. The use of a
split screen, with a grayscale image on one side
and the corresponding CEUS image on the other,
is quite helpful to maintain the proper scanning
plane during the study. In the later phase of imag-
ing, the CEUS display alone may be sufficient to
depict the lesion(s) and allows viewing of a larger
area of anatomy. The average time required to
perform a CEUS study in experienced hands is
15-25 min, including preparation of the UCA.

Contrast-Enhanced
Ultrasound Imaging
Features of Pediatric
Malignancies

8.4

To be incorporated into the routine management
of oncology patients, CEUS will need to demon-
strate added value or improved diagnostic per-
formance over existing imaging modalities. The

added value of CEUS, and its accuracy relative
to CT and MRI, has perhaps been best described
in the assessment of liver lesions. In a study of
147 adult patients by D’Onofrio and colleagues,
the late phase of CEUS was compared to the
hepatobiliary phase of contrast-enhanced MRI
for distinguishing benign from malignant liver
lesions. Contrast-enhanced ultrasound had a sen-
sitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and
accuracy of 90%, 93%, 97%, 80%, and 91%
compared to 91%, 93%, 97%, 81%, and 92%,
respectively, by MRI and rose to 98%, 98%,
99%, 95%, and 98 %, respectively, when findings
from both modalities were considered concur-
rently [15]. Similar findings were reported by
Quaia et al., who compared CEUS to contrast-
enhanced CT (CE-CT) in 46 non-cirrhotic adults
with 55 liver lesions. In that study, the sensitiv-
ity, specificity, PPV, NPV, and accuracy for two
reviewers were superior for CEUS compared to
CE-CT and improved when CEUS and CE-CT
images were reviewed concurrently [16]. In a
study of 134 adult patients with focal liver
lesions (FLLs) who underwent CEUS and con-
trast-enhanced CT and/or MRI, Trillaud and col-
leagues found that CEUS had a sensitivity,
specificity, and accuracy of 98%, 88%, and 93%
compared to 69%, 79%, and 72%, respectively,
for CT/MRI. Thirty patients in their study under-
went biopsy; compared to pathology CEUS had
a sensitivity, specificity, and accuracy of 96%,
75%, and 90% compared to 73%, 38%, and 63%
for CT and 82%, 43%, and 67% for MRI [17].
There are a small number of studies dedicated
to the role of CEUS in focal liver lesion (FLL)
characterization in pediatrics [4, 6, 8, 18, 19]. In
a study of 44 children with indeterminate FLLs
on grayscale ultrasound, investigators compared
CEUS with consensus cross-sectional imaging or
histology as the gold-standard method and
showed agreement in 85% of cases [6]. A more
recent dedicated pediatric study compared CEUS
to CT and MR of 60 liver lesions and anomalies
of portal vein perfusion. CEUS was able to dif-
ferentiate accurately between benign and malig-
nant lesions and could characterize 45 out of 49
FLLs; MRI and CEUS findings were concordant



8 Contrast-Enhanced Ultrasound: The Current State

141

in 84% of the cases and CT and CEUS were con-
cordant in five out of eight cases. In 21 lesions
CEUS was the only imaging modality used to
characterize the lesions and was deemed suffi-
cient to achieve a diagnosis [19].

A study by Smith et al. showed that the inci-
dence of new focal liver lesions in 273 children
treated for a solid malignancy who were followed
with abdominal imaging was 17% [20]. When
such lesions arise in a child with a history of
underlying malignancy, there is always a concern
for metastatic recurrence. Given the body of evi-
dence supporting the use of CEUS to distinguish
benign from malignant liver lesions, in conjunc-
tion with the recent FDA approval of a UCA for
assessment of the liver in children, this modality
should be given high priority in the management
of these patients. Taken together, the high spatial
resolution of ultrasonography and the accuracy
of CEUS in determining the nature of a FLL,
CEUS could become the modality of choice to
identify and characterize small liver lesions [21].

The assessment of pediatric FLLs with CEUS
does not differ from the adult population. The
purely intravascular nature of the UCA gives the
examiner the opportunity to visualize in real time
the vascular enhancement of a lesion during the
arterial, portal venous, and late phases. During
the arterial phase, it is important to establish the
position of initial enhancement within the lesion
(central, eccentric, or peripheral) and the pattern
of vascularization (uniform, stellate/spoke wheel,
haphazard, globular, or peripheral rim). During
the portal venous and late phases, the examiner
needs to establish whether the lesion fills in or
retains contrast or, conversely, if there is washout
of contrast from the lesion. Contrast washout is a
feature that is usually indicative of malignancy
[15]. Some benign lesions, such as focal nodular
hyperplasia (FNH) and hemangiomas (Fig. 8.1),
have specific patterns of enhancement in the arte-
rial phase (spoke wheel, centrifugal, or globular
peripheral, respectively). Benign lesions typi-
cally remain iso- or hyperenhancing (Fig. 8.2) or
continue to fill in during the portal venous and
late phases (Fig. 8.1). Focal nodular hyperplasia
may exhibit a central, non-enhancing scar
(Fig. 8.3). Therefore, the enhancement patterns

of these lesions can be established readily allow-
ing a quick and accurate diagnosis. This is espe-
cially desirable in examining a child because it
obviates the need for radiation exposure, seda-
tion, and iodinated or gadolinium-based contrast
infusion. An added, important benefit is that this
approach allows immediate feedback to the
patient/caregiver, thus alleviating the anxiety
associated with additional imaging and a delayed
diagnosis.

Primary liver tumors are uncommon in chil-
dren, and the majority are benign [22, 23]. Benign
lesions can, nevertheless, undergo malignant
transformation. The most common primary
malignant liver tumor in children is hepatoblas-
toma. Others include hepatocellular carcinoma
(HCC), embryonal sarcoma, and rhabdomyosar-
coma. In children with chronic liver disease, the
progression toward cirrhosis increases the risk of
developing HCC, and these patients require close
follow-up [11, 24].

On CEUS primary liver malignancies such as
HCC and hepatoblastoma both display early dis-
organized vessels and hyperenhancement
(Fig. 8.4) in the arterial phase. During the portal
venous phase, hepatoblastoma tends to have
rapid washout of contrast, whereas HCC
(Fig. 8.5) may show hypoenhancement or slow
washout only during delayed phase imaging
depending on the degree of differentiation of the
tumor. Undifferentiated embryonal sarcoma
(UES) of the liver is a rare mesenchymal tumor
of childhood but represents the third most com-
mon primary hepatic neoplasm after hepatoblas-
toma and HCC [25]. On CEUS, UES (Fig. 8.6)
may display a hyperenhancing rim (thought to
represent a fibrous pseudocapsule on pathology),
with lack of internal enhancement during the
arterial phase, followed by heterogeneous
internal nodular enhancement in the late phase
and late, faint washout of the peripheral rim.

Rhabdomyosarcoma of the liver is another
rare malignant tumor but represents the most
common biliary tract tumor in children; it often
arises from the common bile duct (but can arise
anywhere along the biliary tree) and, on B-mode
ultrasound, presents as a solid mass occupying
the bile duct lumen (Fig. 8.7), with or without
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Fig. 8.1 A 3-month-old boy underwent an ultrasound to
assess for pyloric stenosis and was incidentally found to
have a liver lesion. (a) Sagittal grayscale ultrasound shows
a large hyperechoic lesion in segments 5 and 6 of the liver
(arrows). (b) Sagittal contrast-enhanced ultrasound
(CEUS) image obtained in early arterial phase shows

extension into the liver parenchyma. On CEUS,
like other imaging modalities, this lesion does
not have specific features [26]. In our limited
experience, this lesion has CEUS features similar
to other liver malignancies, with variable arterial
contrast enhancement and early washout in the
portal venous phase (Fig. 8.7).

Metastases can either be hypoenhancing in all
phases, hyperenhancing in the arterial phase, or
hypoenhancing in the portal venous and late
phases (Fig. 8.8) or show a rim of arterial
enhancement followed by washout in the portal
venous and late phases.

peripheral, globular enhancement of the lesion (arrows).
(c) Sagittal portal venous phase CEUS shows centripetal
enhancement of the lesion (arrows). (d) Sagittal delayed
phase CEUS shows persistent, somewhat globular, central
hyperenhancement of the lesion (arrows). These CEUS
features are typical of hemangioma

When assessing liver lesions, it is crucial to
continue intermittent scanning for at least 4 min,
to avoid missing late washout and misdiagnosing
a malignant lesion as benign. Hyperenhancing
metastases, some malignant mesenchymal pri-
maries, and well-differentiated HCC may not
demonstrate washout until 4-5 min after injection
[27-29]. Therefore, caution and technique tuning
(such as image freezing and intermittent
scanning) must be applied to avoid microbubble
destruction caused by the insonating sound waves
and artifactual loss of enhancement that

could precede contrast washout. It should be
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Fig. 8.2 An 18-year-old boy with cystic fibrosis. (a)
Sagittal grayscale ultrasound image of the liver shows a
mass in segment 5 (cursors). Sagittal CEUS images (right
side of panels) (b) show the mass to be hyperenhancing in

the arterial phase (arrows) (¢) and isoenhancing in the
delayed phase (arrows) with no evidence of washout.
Clinical follow-up and MR imaging (not shown) were
suggestive of hepatic adenoma



Fig. 8.3 A 17-year-old girl with history of treated neu-
roblastoma and multiple focal nodular hyperplasia
(FNH) nodules. (a) Conventional sagittal grayscale
ultrasound image shows a hypoechoic solid nodule in
segment 6 of the liver (cursors). (b) Sagittal contrast-
enhanced ultrasound (CEUS) image obtained during the
portal venous phase shows the nodule is hyperenhanc-
ing and has a central scar (cursors). (¢) A second, larger
FNH in segments 7 and 8 (cursors) shows similar
enhancement features. The lesions did not wash out on
delayed phase imaging. These CEUS features are typi-
cal of FNH

remembered that no imaging modality is 100%
accurate all of the time. There are reported cases
of benign lesions, including adenomas and FNH,
showing hypoenhancement in the late phase

M. B. McCarville et al.

which was due to scarring or inflammation [6,
30]. Therefore, CEUS findings must be corre-
lated with the clinical scenario and the index of
suspicion for malignancy. When the CEUS and
clinical findings are equivocal or conflicting early
follow-up, alternative imaging modalities or
biopsy may be needed as clinically indicated.

Non-hepatic oncology applications of pediatric
CEUS is an expanding field with only a limited
number of publications that are mainly focused on
its safety profile [3, 5]. There are only sporadic
case reports of the value of CEUS to aid the diag-
nosis of solid tumors [31]. An important, potential
application of CEUS in pediatric oncology is
establishing solid tumor resectability by defining
tumor margins and identifying possible local vas-
cular invasion [13]. The optimal spatial and tem-
poral resolution of CEUS may make it the ideal
tool for this purpose, especially in cases where CT
and MRI are ambiguous. Likewise, CEUS can
identify viable tissue within a solid lesion, to target
biopsy and facilitate accurate sampling.
Intravenous renal applications of CEUS have been
evaluated in adults and can be applied to the pedi-
atric population. These include differentiation
between benign and malignant lesions and charac-
terization of complex renal cysts [32]. CEUS has
also proved to be useful in the evaluation of tes-
ticular lesions. Preliminary studies focused on
CEUS time-intensity curves show its potential in
discriminating Leydig cell tumors from semino-
mas on the basis of differing vascularity [33]. This
could prove extremely useful in adolescent boys
with the aim of testis sparing surgery.

8.5  Future Directions

The role of CEUS in oncology is rapidly expand-
ing and evolving. There are a wide variety of
potential applications of CEUS in the manage-
ment of adult and pediatric oncology patients.
Due to the relative rarity of pediatric malignan-
cies, much of the clinical research in this area is
occurring in the adult population. In addition to
the malignancies already discussed, investigators
have reported the value of CEUS in distinguish-
ing benign from malignant thyroid nodules,
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Fig. 8.4 A 2-year-old girl with hepatoblastoma. (a)
Transverse grayscale ultrasound image showing primary
tumor in segments 8 and 4A of the liver (arrows). (b)
Transverse CEUS image (left side of panel) obtained in
the early arterial phase shows hyperenhancement of tumor
(arrows) with disorganized feeding vessels. (¢) Transverse
CEUS image (left side of panel) obtained in the late arte-

rial phase shows diffuse hyperenhancement of tumor
(arrows). (d) Transverse CEUS image (left side of panel)
obtained at 43 s after injection shows early washout of
contrast in some areas of the tumor (arrows). (e) At
approximately 2 min after injection, there is continued
washout of contrast throughout the tumor (arrows). These
features are consistent with a malignant lesion
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SAG LIVER

SAG LIVER

Fig. 8.5 A 15-year-old boy with palpable right upper phase shows hyperenhancement of the tumor (arrows). (¢)
quadrant mass proven by biopsy to be fibrolamellar hepa-  In the portal venous phase, the tumor is isoenhancing
tocellular carcinoma (HCC). (a) Transverse grayscale (arrows), and (d) 1 min after injection, the tumor shows
image shows large intrahepatic tumor (arrows). Transverse ~ washout of contrast agent (arrows). These CEUS features
CEUS images (right side of panels) in the (b) early arterial ~ are typical of HCC
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SAG LIVER

Fig. 8.5 (continued)

distinguishing endometrial hyperplasia from
neoplasms, distinguishing benign from malignant
soft tissue masses, differentiating low- from
high-grade bladder carcinoma, distinguishing
benign from malignant lymph nodes, distinguish-
ing prostate carcinoma from benign prostatic
hypertrophy and to monitor response to therapy
in breast cancer, liver metastases, and liver
tumors treated with transarterial chemoemboliza-
tion and radiofrequency ablation [15-17, 34-53].
Clearly there is substantial interest in the devel-
opment of CEUS to diagnose and assess treat-
ment response in the oncology population.

It is widely accepted that angiogenesis (the
development of new blood vessels) is essential
for tumor development, growth, and metastasis
[54, 55]. Subsequently, accurate imaging and
quantitation of tumor vascularity is an important
area of investigation. Contrast-enhanced ultra-
sound is emerging as a reliable method of mea-
suring tumor vascularity and assessing therapy
response in a variety of adult malignancies [56—
66]. Ultrasound contrast agents can be given in
very small doses, remain in the vascular space
(due to their size), and are detectable at the capil-
lary level. With contrast-specific software pro-
grams, several CEUS time-intensity curve
parameters, such as peak enhancement intensity
(PI), rise time (RT), mean transit time (MTT),

and area under the curve (AUC), can be quanti-
tated. CEUS has unique attributes that make it
more appealing for measuring tumor blood flow
than other imaging modalities. Because UCAs
remain in the vascular space, the pharmacody-
namics are less complex than for CT and MR
contrast agents that freely diffuse across the vas-
cular membrane. It is less expensive than
contrast-enhanced CT and MRI, can be per-
formed at the bedside, does not require sedation,
and, most importantly in the pediatric population,
does not expose the patient to the potentially
harmful effects of ionizing radiation.

In one study of 13 children receiving Phase 1
anti-angiogenic therapy, investigators performed
quantitative, dynamic CEUS in children with
recurrent solid tumors to monitor the effect of anti-
angiogenic therapy. In that study a target lesion
(primary or metastatic) that was amenable to ultra-
sound visualization was chosen for baseline and
follow-up imaging. A contrast compatible trans-
ducer was placed over the largest diameter of the
target lesion in either the transverse or longitudinal
plane. The study subject was administered an
intravenous bolus of a UCA and dynamic contrast
imaging was obtained for 60 s after the injection.
Using the ultrasound machine contrast-specific
software, a region of interest was drawn just inside
the tumor margins, and time-intensity curves were
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Fig. 8.6 A 10-year-old girl with undifferentiated embryo-
nal sarcoma of the liver. (a) Sagittal grayscale ultrasound
image shows the largely cystic primary tumor. Sagittal
CEUS images (left side of panels) obtained in the (b) arterial
phase show enhancement of the solid rim of tumor. (¢) In the

obtained (Fig. 8.9). The investigators were careful
to include an anatomic landmark within the field
of view in order to ensure similar placement of the
transducer at follow-up imaging time points
(Figs. 8.10 and 8.11). From each time-intensity
curve, six parameters were derived including peak
enhancement (PE), rate of enhancement (RE),
time to peak enhancement (TTP), total area under
the curve (AUC), AUC during the first 10 s of
enhancement (wash-in, AUC)), and AUC during
the second 10 s of enhancement (washout, AUC,)
(Fig. 8.9). The investigators found that the PE, RE,
and AUC, were significantly associated with time

portal venous phase, there is further globular enhancement
toward the center of the lesion with lack of internal enhance-
ment. (d) At about 3 min after injection, there is faint, late
washout in the peripheral rim. These imaging features are
typical of embryonal sarcoma of the liver

to progression such that greater reductions in those
parameters from baseline to the end of course one
predicted alonger time to progression. Figures 8.10
and 8.11 show the difference in enhancement pat-
terns between a patient with a long time to pro-
gression and a patient with a short time to
progression [67]. These results are promising and
warrant validation in larger clinical trials. Recent
reports from the adult oncology community show
that this approach is useful not only in assessing
response to anti-angiogenic therapy, but to assess
response to conventional chemotherapy as well
[59-63, 68].
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Fig. 8.7 A 5-year-old boy with rhabdomyosarcoma of and expanding the lumen of the common bile duct
the biliary tree. (a) Transverse grayscale ultrasound image  (arrows). (c) heterogeneous enhancement in the early
shows tumor arising from the common bile duct (arrows). — arterial phase (arrows). (d) Early washout of contrast
Transverse CEUS images (left side of panels) show (b)  material at 32 s after injection (arrows)

Transverse T2ZW MR image shows the tumor occupying
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Fig. 8.8 An 1l-year-old girl with metastatic pancreatic
neuroendocrine tumor. (a) Transverse grayscale ultra-
sound image shows a slightly hyperechoic subcapsular
lesion with a hypoechoic halo and no visible internal vas-
cularity (arrows). (b) Transverse CEUS image (left side of
panel) obtained in the arterial phase shows the lesion to be
hyperenhancing. (¢) This CEUS image obtained in the
portal venous phase shows frank washout of the lesion
(arrows). These features are consistent with a liver
metastasis

M. B. McCarville et al.
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Fig. 8.9 (a) Time-intensity curve and parameters gener-
ated from a region of interest within the tumor shown in
Fig. 8.10. (b) This normalized time-intensity curve for
measurement of the area under the curve (AUC) was cre-
ated off-line from exported raw data for the same tumor
(reprinted with permission from reference [67]). A = base-
line, pre-contrast signal (dB). B = maximal enhancement:
peak enhancement (PE) = B — A in dB. C = time of arrival
of contrast agent into region of interest (s). D = time of
maximal enhancement (s): time to peak (TTP) =D — C
(s). E = rate of change in enhancement (RE) calculated as
PE/TTP in dB/s

The role of CEUS in oncology is extending
beyond diagnosis and treatment monitoring into
the realm of molecular imaging and targeted ther-
apy. Numerous methods of UCA-mediated drug
delivery are under investigation in preclinical and
clinical trials. These include the use of microbub-
ble contrast agents for direct and indirect drug
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Fig. 8.10 A 15-year-old girl with recurrent synovial sar-
coma. (a) Transverse color Doppler grayscale sonogram
of the largest transverse area of a left supraclavicular
tumor (T). Common carotid artery (arrow) was used as a
landmark to insure similar transducer placement on fol-
low-up studies. (b) Baseline CEUS with region of interest
(RO, solid line) drawn just inside tumor margins. Vertical
line in the inset time-intensity curve indicates that this
image was obtained at peak enhancement (PE) of 28.9 dB.
(c) Day 7 after initiation of therapy, image obtained at PE
of 2.0 dB giving a 93% reduction compared to baseline.
This subject’s time to progression was 242 days after
initiation of therapy (reprinted with permission from
reference [67])

Specify Phase

it lasride dobel Hsbisastastistisamsis et onsas bob st aslastisblsstontasstobe dob Hosashisbibai

284 RO

Fig. 8.11 A 21-month-old girl with recurrent rhabdoid
tumor. (a) Transverse grayscale sonogram shows a perito-
neal tumor (T) located posterior to the liver (L) and medial
to the right kidney (K). Tumoral calcification (arrow) and
adjacent organs were used as landmarks for transducer
placement. (b) Baseline CEUS image with ROI inside
tumor margins, obtained at PE of 33.5 dB. (¢) Day 7 after
initiation of therapy, CEUS image obtained at PE of
30.6 dB giving an 8.7% reduction compared to baseline.
This subject progressed at 22 days after initiation of ther-
apy (reprinted with permission from reference [67])
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delivery and nanoscaled UCAs. Using an ultra-
sound pulse microbubble, UCAs can be destroyed
to create micro-jets or excited to oscillate and
physically massage the vascular wall to create
pores in the vascular membrane. The resultant
enhanced vessel permeability allows for the
extravasation of co-administered drugs (indirect
drug delivery). Alternatively, the microbubble
shell itself can be loaded with a drug to be
released during microbubble destruction which
can then extravasate through the US-mediated,
permeabilized vascular membrane (direct drug
delivery). A limitation of this technique is the dif-
ficulty in achieving high enough doses of the
therapeutic agent. The use of nanoscaled UCAs
capitalizes on the fact that tumor vasculature has
disorganized architecture and wider, leakier,
endothelial fenestrations than normal vessels.
Despite this, the relatively large UCA microbub-
bles cannot pass through the endothelial open-
ings. This has led to the development of
nanobubble, nanoparticle, and nanodroplet UCAs
that are capable of passing through the damaged
endothelium and accumulate in the extracellular
space. Once in the extracellular space, they can
be manipulated to coalesce and form microbub-
bles which can be further induced to cause tissue
cavitation and to release drugs directly into the
tumor. This approach could be especially advan-
tageous in treating brain tumors by allowing the
drug to pass through the blood-brain barrier. A
variety of nanoscaled UCAs are currently under
investigation. Although some of these agents
have a short shelf life and handling difficulties,
they provide promising clinical directions and
exciting research opportunities [69].

8.6  Conclusions

Contrast-enhanced ultrasound is especially well
suited for pediatric use because the contrast agents
are safe in children, the equipment is portable,
and the technique does not require prescreening
laboratory testing or sedation and most impor-
tantly does not expose the patient to the harmful
effects of ionizing radiation. The latter point is
particularly relevant to the pediatric oncology

population because these children undergo innu-
merable radiological examinations during diagno-
sis and staging, throughout treatment and during
surveillance after the completion of therapy. We
have presented pediatric safety data and clinical
applications that support and promote the use of
this modality in pediatric oncology patients. There
is active ongoing research investigating the value
of CEUS to quantitatively monitor the effect of
therapy and as a theranostic tool in cancer treat-
ment. We believe that these developments will
significantly expand the role and increase the
impact of CEUS in the management of pediatric
oncology patients in the near future.
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Tumor Response Assessment:
RECIST and Beyond

Kieran McHugh and Simon Kao

9.1 Introduction

Objective assessment of the change in tumor bur-
den and size is known to be important for evaluat-
ing the response of tumors to anticancer drugs
and is generally regarded as a surrogate for symp-
tomatic response. In addition, objective response
has been shown to be closely correlated with pro-
longed survival in adult patients with solid
tumors. To quote from Eisenhauer et al., ‘agents
which produce tumor shrinkage in a proportion
of patients have a reasonable (albeit imperfect)
chance of subsequently demonstrating an
improvement in overall survival or other time to
event measures in randomised phase III studies’
[1]. Despite the increasing number of functional
imaging techniques at our disposal today, the use
of objective response based on change in tumor
size is supported by a body of evidence greater
than any other biomarker. The Response
Evaluation Criteria in Solid Tumors (RECIST)
guidance was introduced in 2000 [2] and later
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became known as RECIST version 1.0 in 2009
[1]. RECIST was put together by a task force set
up by the European Organization for Research
and Treatment of Cancer (EORTC), the National
Cancer Institute of the United States, and the
National Cancer Institute of Canada, with the
goal of standardising and simplifying tumor
response criteria. The important role of imaging
in response assessment was recognised, and spe-
cific imaging guidelines were included.

The key features of RECIST 1.0 (Table 9.1)
included definition of minimum size of measur-
able lesions on computed tomography (CT),
instructions on how many lesions to follow (then
up to 10, with a maximum of 5 lesions per organ),
and the use of unidimensional CT measures for
overall evaluation of tumor burden [2, 3]
(Fig. 9.1). RECIST rapidly became accepted in
adult oncology practice as the standard measure
of tumor response, especially in clinical trials
where the primary end points were objective
response or time to progression. However, over
the subsequent decade, limitations with the uni-
versal application of RECIST 1.0 to all tumor
types, and other technological developments
such as multi-detector CT (MDCT) and positron
emission tomography-CT (PET/CT), pointed to a
need for further revisions to the original RECIST
criteria.

In January 2009, a revised RECIST guideline
(version 1.1, Table 9.1) was published by the
RECIST working group, based in part on
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Table 9.1 Comparison of WHO, RECIST, and RECIST 1.1 response criteria

WHO RECIST RECIST 1.1
Characteristics 1976 2000 2009
Lesion 1. Measurable: bidirectional | 1. Measurable: 1. Measurable: unidimensional
measurability (product of LD and unidimensional (LD (LD only, size >20 mm with
LD = longest largest perpendicular only: size >20 mm with conventional CT and >10 mm
diameter diameter) conventional CT and for spiral CT; lymph nodes,
CT = computed 2. Non-measurable (such as >10 mm for spiral CT) target short axis >15 mm,
tomography pulmonary lymphangitic 2. Non-measurable: all non-target 10-15 mm, and
metastases) other lesions, such as normal <10 mm)
small lesions; not 2. Non-measurable: all other
recommended to be lesions, such as small lesions;
evaluable not recommended to be
evaluable
Objective 1. Measurable (change in Target lesions (change in Target lesions (change in sum of
response sum of products of LD sum of LD, maximum of 5 | LD, maximum of 2 per organ
CR = complete and largest perpendicular | per organ and up to 10 total | and up to 5 total (multi-organ)):
response diameters without (multi-organ)): CR = disappearance of all target
PR = partial specifying maximal CR = disappearance of all | lesions, confirmed at >4 weeks
response number of lesions): target lesions, confirmed at | PR = >30% decrease from

PD = progressive
disease

SD = stable
disease

NC = no change
PET = positron
emission
tomography

CR = disappearance of all
known disease, confirmed
at >4 weeks PR = >50%
decrease from baseline,
confirmed at >4 weeks
PD = 25% increase of one
or more lesions or
appearance of new lesion
NC = neither PR nor PD

2. Non-measurable:

CR = disappearance of all

known disease, confirmed at

>4 weeks

PR = estimated decrease of

>50%, confirmed at

>4 weeks

PD = estimated increase of

>25% or appearance of new

lesion

NC = neither PR nor PD

>4 weeks PR = >30%
decrease from baseline,
confirmed at >4 weeks
PD = >20% increase over
smallest sum observed or
appearance of new lesion
SD = neither PR nor PD
2. Non-target lesions:
CR = disappearance of all
non-target lesions and
normalisation of tumor
markers, confirmed at
>4 weeks

PD = unequivocal
progression of non-target
lesions or appearance of
new lesion

Non-PD = persistence of
one or more non-target
lesions or tumor markers
above normal limit

baseline, confirmed at 4 weeks
PD = >20% increase over
smallest sum observed and over
5 mm net increase or appearance
of new lesion

SD = neither PR nor PD

2. Non-target lesions:

CR = disappearance of all
non-target lesions and
normalisation of tumor markers,
confirmed at >4 weeks

PD = unequivocal progression of
non-target lesions or appearance
of new lesion; must be
unequivocal; can be new
PET+ve scan with confirmed
anatomic progression. Stable
PET+ve is not PD if it
corresponds to anatomic non-PD
Non-PD = persistence of one or
more non-target lesions or tumor
markers above normal limit

Overall response

1. Best response is recorded
in measurable disease

2. NC in non-measurable
lesions will make CR in
measurable lesions to
overall PR

3. NC in non-measurable
lesions will not reduce PR
in measurable lesions

1. Best response is
recorded in measurable
disease from start of
treatment to recurrence
or progression of disease

2. Non-PD in non-target
lesions will reduce CR
in target lesions to
overall PR

3. Non-PD in non-target
lesions will not reduce
PR in target lesions

4. Unequivocal new lesions
are PD regardless of
response in target and
non-target lesions

1. Best response is recorded in
measurable disease from start
of treatment to recurrence or
progression of disease

2. Non-PD in non-target lesions
will reduce CR in target
lesions to overall PR

3. Non-PD in non-target lesions
will not reduce PR in target
lesions

4. Unequivocal new lesions are
PD regardless of response in
target and non-target lesions

(continued)



9 Tumor Response Assessment: RECIST and Beyond 159
Table 9.1 (continued)
Duration of 1. CR: from date CR are 1. Overall CR: from date 1. Overall CR: from date CR
response first met to date PD is first CR first met to date first met to date recurrence
noted recurrence first noted first noted
2. Overall response: from 2. Overall response: from 2. Overall response: from date of

date of start of treatment

to date PD is first noted
3. In patients achieving only

PR, only period of overall

response is recorded 3. SD: from date of start of
treatment to date PD first

date of CR or PR first
met (whichever comes
first) to date of

recurrence first noted 3. SD: from date of start of

CR or PR first met (whichever
comes first) to date of
recurrence first noted

treatment to date PD first
noted

noted

Fig. 9.1 Axial CT section post-intravenous contrast
enhancement through the mid-abdomen in a 1-year-old
child shows a large right renal tumor which turned out to
be an intra-renal neuroblastoma at histopathology. The
lesion has been measured in its longest axial diameter
(anteroposterior in this case, as per RECIST), and to illus-
trate the old WHO lesion area approach, a second caliper
at right angles to the first (transverse here) is also included.
Measurement in the Z (cranio-caudal) axis was not
included in RECIST 1.0, but is allowed in RECIST 1.1. It
is good practice to select the image which was chosen to
be representative of a tumor’s maximal diameter with cali-
pers added and archive this image to PACS. This archived
image then aids the next reporting radiologist to know at
what level to measure the tumor at follow-up. The
RECIST guidance recommends the same cross-sectional
imaging modality should be used for all follow-ups,
although this can be impractical in children (CT at diag-
nosis followed by MRI later can in reality be acceptable)

investigations using a database consisting of
more than 6500 patients with more than 18,000
target lesions [1, 3]. The significant imaging-
related changes in RECIST 1.1 in comparison to
RECIST 1.0 included a reduction in the number
of lesions to be addressed, from a maximum of

10 to a maximum of 5 and from 5 lesions per
organ to 2 per organ; assessment of lymph node
size (lymph nodes >15 mm in short axis are con-
sidered abnormal and measurable and evaluable
as target lesions; and the lymph node’s short axis
measurement should be included in the sum of
lesions in the calculation of tumor response);
clarification of what constituted disease progres-
sion (in addition to a 20% increase in unidimen-
sional measurement, a 5 mm absolute increase is
now required as a minimum); and inclusion of
FDG PET/CT assessment exclusively in the sec-
tion on detection of new lesions [1].

The RECIST guidelines were originally formu-
lated to simplify and document change in tumor
size and to monitor treatment response in oncologi-
cal imaging [1]. Prior to RECIST 1.0, the World
Health Organisation (WHO), in its 1979 WHO
handbook, recommended the use of four specific
criteria (Table 9.1) for the codification of response
evaluation in solid tumors [4, 5]. These categories,
namely, complete response (CR), partial response
(PR), stable disease (SD) (also termed ‘no change’,
NC), and progressive disease (PD), came to be used
widely both in adult and paediatric oncology prac-
tice. However, the WHO criteria did not address the
minimal lesion size, the number of lesions to be
measured in patients with multiple lesions, and the
type of imaging modality to be utilised. The WHO
response categories have been retained with the
RECIST criteria. However, in order to appreciate
the evolution in tumor response criteria that has
taken place over the past four decades, it is impor-
tant to note four major problems with the WHO
classifications of response that had become apparent



160

K. McHugh and S. Kao

over time: (1) methods of integrating the change in
tumor size into response assessments varied
between research groups; (2) the minimum lesion
size and number of lesions to be documented varied
both between studies and reviewers; (3) disease pro-
gression was based on the change in size of a single
lesion by some authors and a change in the overall
tumor burden, including measurements of all
lesions, by others; and (4) new technologies, nota-
bly CT and magnetic resonance imaging (MRI),
further complicated matters with regard to the rele-
vance of volumetric and 3D measurements in
response assessments [2]. Consequently, a situation
arose whereby the WHO response criteria were no
longer comparable between research organisa-
tions—the very circumstance that the original
WHO publication had set out to avoid [2]. To
address these limitations in the WHO criteria, the
international RECIST working group convened and
developed a set of new guidelines presented as
RECIST 1.0. The RECIST guidelines originally
came in two parts: the RECIST definitions of
response and associated guidance on imaging tech-
niques (Table 9.1). RECIST 1.0 relied heavily on
repeated CT, which was worrisome from a paediat-
ric perspective, in part because of concerns that fre-
quent CT scanning carries an increased radiation
burden and also because some paediatric solid
tumors (e.g. soft tissue sarcomas) are better evalu-
ated by MRI [6, 7]. With RECIST 1.1, this problem
has been addressed as good quality multiplanar
MRI is permitted within RECIST 1.1 and this guid-
ance now also allows tumor assessment in any
plane. The single longest diameter (LD) can be
taken from any orthogonal plane on CT or MRI, but
it is important that this same plane and imaging
modality should also be used for later response
assessment whenever possible [1, 5], noting that the
longest diameter of the lesion should always be
measured even if the actual axis differs from the one
used to measure the lesion at baseline (e.g. AP/
oblique vs. AP at baseline).

While the four categories of response assess-
ment were retained within RECIST 1.0 and 1.1,
there has been slight alteration in their determina-
tion [8]. CR and SD remain essentially the same
under RECIST as with the older WHO system. It
was agreed that no major difference in the meaning
and the concept of partial response (PR) should

exist between the old and the new guidelines, but
measurement criteria would be different [1, 2, 9].
To achieve PR, the RECIST guidelines require that
at least a 30% decrease in the sum of the longest
diameters must be evident. This is roughly equiva-
lent to the previous WHO 50% reduction in the
product of the two maximal perpendicular diame-
ters [1, 9]. These criteria are equivalent if one
assumes tumors have a spherical shape and that the
longest diameter (LD) and the diameter perpen-
dicular to the LD (although the latter was not mea-
sured in the original RECIST assessment) both
decrease by at least 30% [10]. The only truly sig-
nificant change in definition has occurred with the
progressive disease (PD) category in that greater
volume increases are necessary to establish disease
progression, in comparison to the old WHO recom-
mendations. RECIST 1.1 requires a 20% increase
in longest dimension for a single lesion or in the
sum of the LDs of multiple masses to establish
PD. An absolute increase in target lesion size of
>5 mm is now required to avoid small changes in
size of very small lesions being over-interpreted as
disease progression. The need for greater tumor
burden to define PD came about as concerns had
been raised regarding the ease with which a patient
could have been mistakenly considered to have dis-
ease progression by the WHO criteria. Furthermore,
incorrectly designating a patient as having PD
could also lead to the inappropriate cessation of a
treatment that was having an anticancer effect.

9.2  Definitions Within RECIST

The RECIST guidelines define in detail whether
tumour lesions should be classified as measur-
able or non-measurable, target or non-target
lesions (Table 9.1). These concepts and terms
were new to imaging in paediatric oncology in
the year 2000 [6, 7]. They had greatest applica-
bility in the setting of adult phase II clinical trials
in metastatic malignancies but are now widely
employed in many pharmaceutically sponsored
phase I, II, and III oncologic trials in children. A
measurable lesion is defined as one that can be
accurately and reproducibly measured in at least
one dimension and measures 10 mm or more on
CT or MRI. Non-measurable lesions are lesions
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smaller than 10 mm, as well as bone metastases,
leptomeningeal secondaries, malignant ascites,
pleural or pericardial effusions, and lymphatic
spread, all of which are termed ‘truly’ non-
measurable [2]. Lesions in bone are generally
considered non-measurable unless there is an
associated soft tissue mass (>1 cm in diameter).

In RECIST 1.0, cystic lesions were considered
non-measurable, which posed a big problem in
paediatric oncology [6, 7]. Many solid tumors in
children are cystic or necrotic at first presentation,
and these apparently necrotic masses do frequently
shrink with chemotherapy. These necrotic masses
are probably pseudo-necrotic, accounting for their
change in response to treatment. Cystic lesions if
>1 cm are considered measurable in RECIST 1.1,
although if non-cystic (thus more solid) lesions or
metastases are present in the same patient, these
are preferred for selection as target lesions.

After establishing that measurable disease is
present, it is necessary to document target and
non-target lesions. Up to five measurable lesions
per organ and ten measurable lesions in total, rep-
resentative of all involved organs, were originally
required as target lesions within RECIST 1.0. In
RECIST 1.1, only five lesions in total and two per
organ system are now required to characterise
measurable disease. The sum of the diameter of
all target lesions constitutes the ‘baseline sum
longest diameter’. All other lesions (or sites of
disease) should be identified as non-target lesions
and should also be recorded at baseline.
Measurements of these non-target lesions are not
required, but their presence or absence should be
noted and documented throughout follow-up.
Non-target lesions may therefore be in the mea-
surable (>10 mm) or in the non-measurable
range. Pathological nodes of insufficient size to
be defined as target lesions, which thus measure
>10 mm but <15 mm in short axis, are consid-
ered non-target lesions.

CR and SD designations are possible with
both non-target and target lesions. As an entity,
PR with non-target lesions is not possible because
they are not measured. However, PD may be doc-
umented—if one or more new lesions are seen or
if there is an unequivocal progression of existing
non-target lesions with a minimum absolute size
increase of 5 mm (Table 9.1).

RECIST and Paediatric Solid
Tumors

9.2.1

Paediatric oncology trials have traditionally used
three-dimensional volumetric assessments for
tumor response evaluation. However, nowadays
most, if not all, pharma-sponsored phase I-III tri-
als have switched to the RECIST criteria. In addi-
tion, there has been some limited research into the
applicability of RECIST in paediatric tumors
[11-13]. In all three papers, two studying rhabdo-
myosarcomas and one neuroblastoma,
dimensional assessments were equivalent to
three-dimensional (volumetric) tumor response
assessments with no method clearly superior to
the other. In the next iteration of the International
Neuroblastoma Response Criteria (INRC), the
formal recommendations will include adopting
RECIST 1.1 for neuroblastoma tumor response
assessments, thus abandoning the need for 3D
volumetric evaluations of the tumor mass or
masses at each time point. It is also very likely
that for the next European pediatric Soft Tissue
Sarcoma (EpSSG) trial, a similar recommenda-
tion to switch to the simpler RECIST guidelines
will be made also.

To better understand the RECIST guidelines in
paediatric drug development, Carceller et al. eval-
uated a cohort of 61 children and adolescents
treated in 11 phase I trials from 2006 to 2015 in
two paediatric and adolescent drug development
units [14]. This group demonstrated that the degree
of radiological response assessed according to
RECIST correlated with the overall survival (OS),
which is as anticipated. More importantly those
patients who achieved disease stabilisation, which
historically had not been considered as an objec-
tive criteria of response, also had a survival advan-
tage [14]. As most targeted therapies being tested
nowadays have a cytostatic rather than a cytotoxic
effect, this finding is relevant as it supports the
hypothesis that cessation of tumor growth is also
associated with improved survival. Therefore sus-
tained disease stabilisation should also be consid-
ered evidence of both pharmacologic and
antitumor activity in early phase trials of targeted
agents in children. For these reasons the immune
response criteria mentioned below are more rele-
vant to the newer targeted therapies.

one-
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In a more recent retrospective study aimed at
assessing response to therapy in primary Ewing
sarcoma [15], authors compared the agreement of
three-dimensional (3D) measurements (using
manual tracing of tumor perimeters) to the
Children’s Oncology Group (COG) (3D measure-
ments taking into account all diameters in x, y,
and z axes), the RECIST (longest diameter only),
and WHO (taking into account the x and y axes
only) criteria. It was found that the agreement
with the reference standard (by 3D using manual
trace method) was significantly better using COG
(3D) than for RECIST (1D) and WHO (2D) mea-
surements on the basis of therapeutic thresholds.
Moreover, higher dimensional measurements
were significantly better predictors of overall sur-
vival. Whether this conclusion and the additional
time and effort required for accurate 3D measure-
ments can or should be applied to other paediatric
tumor types remains to be studied.

9.2.2 Other Tumor Response
Criteria

RECIST was never intended to be used for
response evaluation in malignant brain tumors or

for lymphomas [1]. There are adult and paediatric
neuro-oncology response criteria and also recently
revised adult and paediatric lymphoma response
assessments [16—19]. The ongoing development
of the Response Assessment in Pediatric Neuro-
Oncology (RAPNO) criteria illustrates the efforts
being made to address some of the unique issues
relating to radiological response assessment of
brain tumors in children [17]. Non-Hodgkin lym-
phoma (NHL) in children and adolescents
involves different histologies, dissimilar primary
sites of disease, patterns of metastatic spread,
approaches to therapy, and responses to treatment
compared with adult NHL [19]. International pae-
diatric NHL response criteria were developed
with the goal of incorporating both contemporary
diagnostic imaging and pathology techniques,
including novel molecular and flow cytometric
technologies used for the determination of mini-
mal residual disease (MRD), as MRD is essen-
tially beyond the resolution of standard diagnostic
radiologic techniques. The PET response criteria
in solid tumors (PERCIST, Table 9.2) and the
Lugano classification for adult lymphoma are
now well established, and both incorporate data
from PET studies as the basis for response evalu-
ation [18, 20]. Detailed description regarding

Table 9.2 PET response criteria in solid tumors (PERCIST 1.0)

PERCIST 1.0
Characteristics 2009
Lesion 1. Measurable: target lesion refers to the hottest single tumor lesion SUL of maximal 1.2 cm
measurability at diameter volume ROI in tumor (SUL peak). SUL peak is >1.5x greater than liver SUL
baseline mean + 2 SDs (in 3 cm spherical ROI in normal right lobe of the liver). If the liver is
SUL =SUV abnormal, primary tumor should have >2x SUL mean of blood pool in a 1 cm diameter

normalised to lean

ROI in descending thoracic aorta over 2 cm z-axis

body mass 2. Tumor with maximal SUL peak is assessed after treatment. Although this is typically in

TLG = total lesion

the same region of tumor as that of the highest SUL peak at baseline, it need not be

glycolysis 3. Uptake measurements should be made for the peak and maximal single-voxel tumor

SUL. Other SUV metrics, including SUL mean at 50% or 70% of SUV peak, can be
collected as exploratory data. TLG can be collected ideally on basis of voxels more intense
than 2 SDs above the liver mean SUL (see below)

4. These parameters can be recorded as exploratory data on up to five measurable target

lesions (typically the five hottest lesions), which are typically the largest, and no more than
2 per organ. Tumor size of these lesions is determined by RECIST 1.1

Uptake
normalisation

Normal liver SUL must be within 20% (and <0.3 SUL mean units) for baseline and
follow-up study to be assessable. If the liver is abnormal, blood-pool SUL must be within
20% (and <0.3 SUL mean units) for baseline and follow-up study to be assessable. Uptake
time of baseline study and follow-up study 2 must be within 15 min of each other to be
assessable. Typically, these are >60 min after injection but not <50 min after injection. The
same scanner, or the same scanner model at the same site, injected dose, acquisition protocol
(two- vs. three-dimensional), and software for reconstruction should be used. Scanners
should provide reproducible data and be properly calibrated
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Table 9.2 (continued)

Objective
response

CMR = complete
metabolic response
PMR = partial
metabolic response
SMD = stable
metabolic disease
PMD = progressive
metabolic disease
CR = complete
remission

PR = partial
remission

PD = progressive
disease

NC = no change

CMR = complete resolution of 18-F-FDG uptake within measurable target lesion so that it is
less than liver activity and indistinguishable from surrounding background blood-pool levels.
Disappearance of all other lesions to background blood-pool levels. % decline in SUL should
be recorded from measurable region, as well as time in weeks after treatment was begun. No
new 18-F-FDG-avid lesions in pattern typical of cancer. If progression by RECIST, must
verify with follow-up

PMR = at least 30% decrease in measurable target tumor 18-F-FDG SUL peak. Absolute
decrease in SUL must be at least 0.8 SUL units as well. Measurement is commonly in the
same lesion as baseline but can be another lesion if that lesion was previously present and is
the most active lesion after therapy. ROI is usually in the same area as baseline. No more
than 30% increase in SUL or size of target or non-target lesions. Reduction in extent of
tumor uptake is not a requirement for PMR. Percentage decline in SUL should be recorded
as well as time in weeks after therapy was begun. No new lesions

SMD = not CMR, PMR, or PMD. Record SUL peak in metabolic target lesion and time from
start of therapy

PMD = >30% increase in 18-F-FDG SUL peak, with >0.8 SUL unit increase in tumor SUV
peak from baseline scan in pattern typical of tumor and not of infection or therapy effect, or
visible increase in extent of 18-F-FDG tumor uptake (75% in TLG volume with no decline in
SUV), or new 18-F-FDG-avid lesions that are typical of cancer and not related to therapy
effect or infection. PMD other than new visceral lesions should be confirmed on follow-up
study within 1 month unless PMD also is clearly associated with progressive disease by
RECIST 1.1. PMD should be reported to include % change in SUV peak, time after therapy,
whether new lesions are present/absent, and their number. Because SUL is a continuous
variable, dividing response criteria also limited number of somewhat arbitrary response
categories loses much data. For this reason, PERCIST preserves % declines in SUV peak in
each reported category. Because rapidity with which scan normalises is important, PERCIST
asks for time from start of therapy as part of reporting. More than one measurement of PET
response may be needed at different times, and it may be treatment type-dependent.
PERCIST 1.0 evaluates SUL peak of only the hottest tumor. This is a possible limitation of
approach, but lesions and their responses are highly correlated, in general. Additional data
are required to determine how many lesions should be assessed over 1. A suggested option is
to include the five hottest lesions or the five observed on RECIST 1.1 that are most
measurable. % change in SUL can be reported for single lesion with largest increase in
uptake or smallest decline in uptake. Additional studies will be needed to define how many
lesions are optimal for assessment

Non-target lesions: CMR = disappearance of all 18-F-FDG-avid lesions,

PMD = unequivocal progression of 18-F-FDG-avid non-target lesions or appearance of new
18-F-FDG-avid lesions typical of cancer, non-PMD = persistence of one or more non-target
lesions or tumor markers above normal limits

Overall response

1. Best response is recorded in measurable disease from start of treatment to recurrence or
progression of disease

2. Non-PMD in measurable or non-measurable non-target lesions will reduce CR in target
lesions to overall PMR

3. Non-PMD in non-target lesions will not reduce PR in target lesions

Duration of
response

. Overall CMR: from date CMR criteria first met to date recurrence first noted

. Overall response: from date of CMR or PMR first met (whichever come first) to date of
recurrence first noted

3. SMD: from date of start of treatment to date PMD first noted

N —

response criteria for both NHL and Hodgkin lym-
phoma is beyond the scope of this chapter.
Readers can refer to references included here
[21-23]. Other response criteria relating to adult
cancers also exist. Gastrointestinal stromal tumors
(GISTs) do occur rarely in children. The Choi cri-
teria (Table 9.3) for adult GISTs rely on repeated
CT to assess tumor density and size [19, 20]. This

poses many problems for paediatric GIST patients
as these are typically indolent tumors and MRI or
contrast-enhanced ultrasound (CEUS) may be a
better alternative in young patients [24-26].
Modifications of Choi criteria have also been pro-
posed in adult metastatic renal cell carcinomas to
take into account size and CT attenuation changes
after therapy [27-29], such as SACT criteria [27]
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Table 9.3 Choi tumor response criteria in gastrointesti-
nal stromal tumors (GISTs) based on CT

Response Choi 2007

Complete Disappearance of all target lesions, no

response new lesions

(CR)

Partial >10% decrease in tumor size or

response >15% decrease in tumor attenuation

(PR) (Hounsfield Units) at CT; no new
lesions; no obvious progression of
non-measurable disease

Progressive >10% increase in sum of longest

disease (PD) | diameter (SLD) of lesions, does not

meet the criteria for PR by virtue of
tumor attenuation (HU), new
intratumoural nodules, or an increase
in the size of existing intratumoral
nodules

Stable disease
(SD)

None of the above; no symptomatic
deterioration attributed to tumor
progression

and the MASS criteria [28]. However, these crite-
ria have not been studied in children, and the
repeated use of CT for ongoing response assess-
ment may be problematic, particularly when other
imaging methodologies exist.

9.2.3 Immune Response

Assessment and iRECIST

In recent years there has been a paradigm shift
towards biology-driven early clinical trials with
molecularly targeted agents [30]. As a result of
this, biomarkers (which can be predictive, prog-
nostic, or pharmacodynamic) have become an
indispensable part of drug development. RECIST
does not take into account the mechanism of
action and therapeutic intent for many of these
newer anticancer agents, particularly the targeted
non-cytotoxic drugs, whose main aim may be to
provide improved survival via prolonged stable
disease. For example, with new immunothera-
peutic agents, SD is viewed as a meaningful ther-
apeutic effect [31]. In studies with cytokines,
cancer vaccines, and monoclonal antibodies
(such as ipilimumab for melanoma), CR, PR, and
SD have been seen to occur after an initial
increase in tumor burden, an increase that would
be incorrectly designated as PD by RECIST. The

apparent increases in tumor burden that some-
times precede responses in patients receiving
immune therapy may result from either contin-
ued tumor growth until a sufficient tumor
response develops or transient immune-cell infil-
trate with or without oedema. Examination of
tumor biopsies from ipilimumab-treated patients
with radiographic PD before response is consis-
tent with both hypotheses [32, 33]. T-cell infiltra-
tion into radiographically undetectable lesions
may easily be misinterpreted as PD due to the
development of small new lesions (tumor flare
reaction). This so-called pseudoprogression with
immune therapies is now well recognised such
that separate immune-related response criteria
(irRECIST and iRECIST) have been developed
[31, 34]. With regard to immune therapies, these
points are worth noting: (a) measurable antitu-
mor activity may take longer to achieve than for
cytotoxic therapies; (b) responses to immune
therapies may occur after apparent radiographic
PD; (c) discontinuation of immune therapies
after initial progression may be inappropriate; (d)
insignificant PD with a few new small lesions
may also occur; and (e) durable SD represents
antitumor activity [31].

Of note also, the initial immune response cri-
teria (irRC) had reverted to measuring tumor area
similar to the old WHO approach [31]. However,
a recent update by Seymour et al. has been pub-
lished as consensus guidelines—iRECIST—by
the RECIST working group [34]. This is in effect
a modified RECIST 1.1 for immune-based thera-
peutics. Their approach again utilises unidimen-
sional measurements of tumor size, and this
method is likely to be adopted into most new
pharmaceutical trials involving immunothera-
peutic agents in the future [34]. According to
Seymour et al., the earlier irRECIST had not
been consistently applied leading to concerns
regarding the comparability of data and results
across trials [34]. Because of the need to stan-
dardise and validate response criteria, the
RECIST working group put together a committee
of clinical, statistical, and imaging experts in
methodology and immunotherapeutics, represen-
tatives from pharmaceutical companies develop-
ing immunotherapeutics, and key regulatory
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authorities. The major change to iRECIST is
aimed at dealing with the possibility of pseudo-
progression and the concept of resetting the bar if
what appears to be progression by RECIST 1.1 is
followed at the next assessment by tumor shrink-
age. This approach allows atypical responses,
such as delayed responses that occur after
pseudoprogression, to be identified. It should be
noted, however, that most patients being treated
with these new agents have considerable disease
burdens refractory to conventional therapies. As a
result, most of the apparent episodes of progres-
sion with immunotherapies still represent actual
PD, with pseudoprogression occurring in a
minority (approximately 10%) of the patients.
iRECIST now incorporates a category of
unconfirmed progressive disease (iUPD).
Responses assigned using iRECIST have a prefix
‘I’ (for immune) [34]. Thus there is immune com-
plete response (iCR), partial response (iPR), and
confirmed progressive disease (iICPD). iRECIST
defines iUPD on the basis of RECIST 1.1 princi-
ples. However, iUPD requires confirmation of
disease progression, which may happen at the
next assessment with either a further increase in
size of the lesion category measured, with a mini-
mum size increase of 5 mm, or further new
lesions elsewhere, indicating that iCPD has
occurred [34]. If progression is not confirmed at
the next assessment, however, but instead tumor
shrinkage occurs (compared with baseline), then
either iCR, iPR, or iSD are possible, and, assum-
ing the patient remains well, the patient would
continue to take that particular immunotherapeu-
tic agent. Finally, iUPD can be assigned multiple
times during treatment as long as iCPD is not
confirmed at the next assessment [34].

9.2.4 Limitations to RECIST

Some weaknesses inherent to RECIST have
already been mentioned. As tumor response is
only assessed via anatomical imaging, RECIST
has many limitations. Situations exist in paediat-
rics where no tumour shrinkage may be evident
on radiological follow-up but a clear histological
response can be seen, e.g. ganglioneuromatous

change in neuroblastoma or rhabdomyomatous
change in bilateral Wilms tumour. In one Wilms
tumor study, a volume change following preop-
erative chemotherapy did not correlate with his-
topathological risk group [35]. It is well
recognised that changes in tumor cellularity as
measured by differences in diffusion restriction
on follow-up MRI can occur without a corre-
sponding change in tumor size. Conversely,
tumour progression can be inferred when a rise in
a serum tumour marker occurs, e.g. rising alpha-
foetoprotein levels in a child with a teratoma or
hepatoblastoma, possibly with no objective evi-
dence on imaging of tumour size change.

RECIST does not take functional imaging into
account. Functional imaging, however, is now
seen as a useful tool in the pipeline of drug devel-
opment that can inform on the mechanism of
drug action (Fig. 9.2), early treatment response,
potentially the prediction of treatment outcomes,
and disease prognostication [37]. It is becoming
increasingly clear from nuclear medicine func-
tional imaging, notably positron emission tomog-
raphy (PET), that metabolic and physiologic
changes antecede tumour size change [38]. Hence
responses based on changes in FDG uptake as
measured by either PET/CT or PET/MRI may be
a better surrogate for assessing treatment efficacy
than making complex tumour volume measure-
ments. In addition, functional imaging will
increasingly have a role in quantitating drug
effects on tumor perfusion, cellularity, hypoxia,
and metabolism. Although RECIST does not
account for the contribution of functional imag-
ing techniques in staging and response assess-
ment for most paediatric malignancies (the
criteria are primarily concerned with tumour size
change), metaiodobenzylguanidine (MIBG)
scintigraphy, for example, remains crucial for
accurate staging and assessment of response in
metastatic neuroblastoma for the foreseeable
future and is used in concert with RECIST crite-
ria for characterising response to treatment in
neuroblastoma [39].

Current RECIST guidelines state that the fre-
quency of tumour re-evaluation while on treat-
ment should be protocol specific and adapted to
the type and schedule of treatment [1]. Although
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Fig. 9.2 Reduction in FDG PET activity following treat-
ment with the insulin-like growth factor-I receptor
(IGF-IR) targeted agent, cixutumumab [36]. Coronal
contrast-enhanced MRI and FDG PET images in a patient
with IGFR-I+ fibrosarcoma, obtained at baseline (a) and
following 2 weeks of cixutumumab therapy (b), show

it is recommended that CR and PR should always
be confirmed with a follow-up study 4 weeks
later, the need to confirm response may only need
to be adhered to closely in the context of formal
phase I-III trials of pharmaceutical agents. Many
children with metastatic tumours have a good
prognosis, and thus the suggested frequency of
repeated CT may be problematic for paediatric
trials. For example, in metastatic Wilms tumour,
survival approaches 50%. In particular, for good

07/01

intense FDG baseline uptake in the primary thigh tumor.
Following just 2 weeks of cixutumumab therapy, there
was a significant reduction in FDG uptake at the primary
left thigh site, confirming activity of the IGFR-IR-targeted
agent, despite little apparent change in size of the tumor
(Image courtesy of Dr Stephan Voss)

prognosis tumours such as localised or favour-
able histology abdominal Wilms tumor, repeated
CT at four-weekly intervals is not justifiable.
Perhaps herein lies an opportunity for paediatric
radiologists to insist that either an overall reduc-
tion in the frequency of follow-up imaging
together with a shift away from CT to MRI for
these tumors is the way forward, a notion that is
supported by a recent COG report recommending
a dramatic reduction in surveillance CT imaging
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in patients with favourable histology Wilms
tumor [40]. Not all protocols demand four-
weekly follow-up, of course, but when there is a
formal requirement to confirm CR or PR by
repeating a study 4 weeks later, then upfront MRI
must be strongly recommended whenever possi-
ble, taking into account the requirements for
sedation or anaesthesia.

A perfect system for measuring response in
each type of paediatric malignancy, including the
brain, is difficult to envisage for a number of rea-
sons. Outcomes and treatment in paediatric
oncology are constantly changing. Paediatric
tumors encompass a variety of very different can-
cers, with differing biology even within the same
tumor groups. MRI (or ultrasound or CT) may
not be the best modality to objectively document
tumour size change 20 years from now. New
functional imaging parameters that reflect the
degree of tumour vascularity and cellular metab-
olism will undoubtedly become more widely
available and will increase the need for functional
imaging assessments in the future.

9.3  Conclusion

RECIST has become widely accepted by investi-
gators, cooperative groups, industry, and regula-
tory authorities and serves as the current yardstick
of reference in the assessment of response rate as
an intermediate endpoint in clinical trials of anti-
cancer agents for patients with extra-cranial solid
tumors. The same method of assessment and the
same technique should be used at baseline and
follow-up ideally. As this may lead to repeated
CT in young patients with cancer, it is important
to consider, whenever possible, whether MRI of
the primary site should be used either as the opti-
mal or as an alternative imaging technique both
for initial baseline and follow-up response
assessments.

The significance of functional imaging, such
as MIBG in neuroblastoma and FDG PET imag-
ing in other paediatric solid tumors, should not be
forgotten as the accuracy of tumour volume esti-
mations is not always the most important radio-
logical response criterion in an individual patient.

The paradigm of conventional radiological
assessments of drug efficacy remains particularly
attractive in oncology, however, because tumour
size can be monitored easily and serially [41].
Hence the RECIST criteria are likely to endure
for the foreseeable future. Finally, the authors of
RECIST 1.1 named it thus, acknowledging that
the fundamental approach to tumor response
assessment remained grounded in the anatomical
approach [1]. If and when functional imaging is
an integral component of RECIST, that iteration
of RECIST will likely be called RECIST 2.0.
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Part I: Assessment of Size
and Use of Structural MRI
Sequences

10.1

10.1.1 Introduction

In comparison to adults, paediatric patients show
unique challenges in application of the Response
Assessment in Neuro-Oncology (RANO) criteria.
This is why in 2013 the Response Assessment
in Paediatric Neuro-Oncology (RAPNO) Working
Group was established to address specific issues
in paediatric neuro-oncology [1].

In adults the majority of brain tumours are glio-
mas and particularly high-grade gliomas (HGGs),
and conversely in children most of the tumours are
low-grade gliomas (LGGs) which do not enhance
homogeneously and have very slow growth over
time. For these neoplasms, response to therapy
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(with cytostatic agents) can be achieved, even when
a tumour does not change significantly in size over
time, while a significant reduction in size is neces-
sary for response in the adult population [1].

Moreover, there are profound differences in
paediatric tumours when compared to their adult
counterparts relating to location, histology,
molecular biology and imaging characteristics.

The recent World Health Organization (WHO)
classification of tumours of the central nervous
system identified specific molecular characteris-
tics of paediatric tumours related to different bio-
logical behaviours and thus differences in terms
of methods of response assessment [2, 3].

Further, the fact that tumours like an optic
pathway glioma or diffuse midline gliomas (for-
merly called Diffuse Intrinsic Pontine Glioma
(DIGP)) cannot be resected and would not
undergo biopsy in the majority of cases makes
molecular subgrouping impossible.

For these reasons our ability to translate adult
methods for tumour assessment in children is con-
sidered suboptimal, and it is unlikely that in chil-
dren a single method for assessment of tumour
response will be applicable. At the moment, there
is no agreement on standards to define response or
progression for paediatric brain tumours in clinical
trials and, consequently, in clinical practice. As a
result, most of paediatric neuro-oncology trials are
still based on the same methods used in adults.

In summary, paediatric brain tumours are unique
entities that require the use of specific imaging
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criteria; a “one-size-fits-all” strategy may not be the
right approach for all paediatric brain tumour types.

In the first part of this chapter, we will sum-
marize current proposed methods, challenges and
controversies in assessing tumour response to
therapy in paediatric patients using structural
(conventional) MRI techniques. Mostly the evi-
dence presented is based on recommendations
for clinical trials from specialized international
groups. In the second part we will explore the use
of advanced MRI techniques.

10.1.2 Role of Contrast Enhancement

In adults response assessment of high-grade glio-
mas is based on measurement of the enhancing
lesion (Macdonald and RANO criteria) [4]. In the
case of paediatric tumours, particularly low-grade
gliomas, this method is difficult and often not pos-
sible since most of the paediatric CNS tumours do
not enhance or enhance inhomogeneously because
of their characteristic vasculature, presence of
cysts or areas of necrosis (Fig. 10.1).

Some authors have previously included cysts
(nonenhancing components) in clinical trials for

the evaluation of tumour size, while others have
not, and it is not clear at this point whether or not
reduction in the cystic aspect of a tumour, with-
out changes in the solid part, can be confidently
labelled as response to therapy [1].

Furthermore, tumoural enhancement can vary
even without treatment and without changes in
overall tumour size; thus an increase or reduction in
enhancement should not be considered as a sign of
definite tumour progression/response unless associ-
ated with a clear increase in tumoural volume, par-
ticularly in the case of pilocytic astrocytomas [5].
On the other hand, it is to be noted that interval
development of new areas of contrast enhancement
may correspond to new areas of tumour, thereby
increasing the sensitivity of the study for diagnosing
tumour progression (Fig. 10.2). Changes in the con-
trast characteristics can also vary for the same
patient in different scans due to technical reasons
(i.e. sequences used) and in the same scan between
consecutive sequences due to differences in timing
of the sequence acquisition after contrast injection.

Another important fact is that in cases where
changes in contrast enhancement reflect real
modification of the overall tumour volume, there
is not always a clear correlation between the

Fig.10.1 Low-grade glioma (LGG) in a child with NFI.
Axial T2 WI (a) shows infiltrative tumour involving hypo-
thalamus, optic tracts, midbrain and left mesio-temporal

lobe. Axial post-contrast T1 WI (b) shows patchy areas of
enhancement not corresponding entirely to the area of
abnormal signal noted on T2 WI
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Fig. 10.2 (a, a’) axial T1 WI post-contrast sequences. (b,
b’) axial T2 WI sequences in patient with LGG. First scan
(upper row) shows only minimal areas of enhancement and
abnormal T2 signal in hypothalamus, optic tracts and mid-

reduction in volume and improved survival. In
fact, several studies on paediatric LGGs demon-
strate that stable disease (i.e. no reduction in
tumoural size under treatment) correlates with
increased progression-free survival (PFS) and
indicates response to treatment [6].

Finally, significant interobserver variability in
measurements of the enhancing tumoural compo-
nents has been shown for both adult and paediat-
ric patients because assessment is difficult in the
case of invasive lesions with ill-defined borders
and variable patterns of enhancement.

10.1.3 Assessment of Paediatric
High-Grade Gliomas (HGGs):
RANO Criteria, Pseudoprogression
and Pseudoresponse

The Macdonald criteria were established in 1990
to assess the response to first line of treatment in
adult glioblastomas and were based on the bidi-
mensional measurement of the tumour in post-
contrast CT or MRI scans [7].

_‘ﬂ

brain. Follow-up scan (bottom row) demonstrates two new
areas of enhancement in the right hypothalamus and left
hippocampus (arrows in a’) corresponding to increased
tumour size clearly evident on T2 WI (arrows in b")

These criteria have several weaknesses relat-
ing to the fact that only contrast enhancement
was used to assess the tumour. The known phe-
nomena of pseudoresponse and pseudoprogres-
sion were not taken into account, as well as the
other causes of variation in enhancement already
mentioned in the previous paragraphs. This is
why they were subsequently replaced by
Response  Assessment in  Neuro-Oncology
Criteria (RANO) published in 2010 [4].

The RANO criteria were initially proposed to
assess the effect of anti-angiogenic agents and
radiotherapy in the treatment of HGGs in adults.
The main changes in comparison to the
Macdonald criteria were incorporation of T2/
FLAIR sequences and use of corticosteroids in
the evaluation of the response to therapy.
Subsequently RANO criteria were adapted for
response assessment in paediatric HGGs [8]. The
RANO criteria are summarized in Table 10.1 and
Fig. 10.3. To better understand the rationale of
RANO criteria, it is important to be familiar with
the definitions of pseudoprogression and pseudo-
response [8]:



174

F.D’Arco et al.

Table 10.1 RANO criteria modified from [9]

Complete Stable disease
Criterion response (CR) | Partial response (PR) (SD) Progressive disease (PD)
T1 weighted None at least 50% reduction in the | All others At least 25% increase in the
post-Gd sum of the products of sum of the products of
measurable perpendicular diameters of perpendicular diameters of
disease® the contrast-enhancing the contrast-enhancing

lesions lesions

T2/FLAIR Stable or Stable or reduced Stable or increase

reduced reduced
New lesions None None None Present
Non measurable None No progression No Significant progression
lesions progression
Corticosteroids None Stable or reduced Stable or N/A

reduced

Clinical Stable or Stable or improved Stable or worsened

improved improved
Requirement for All All All Any
response

aMeasurable disease: lesion showing contrast enhancement, clear margins, visible in two or more slices (preferably
<5 mm thickness), at least 10 mm thickness or 2 x slice thickness if slices >5 mm

Fig. 10.3 Axial post-contrast T1 W1 in patient with optic
pathway glioma (OPG). Example of RANO bidimen-
sional assessment: products of perpendicular diameters
are used as baseline for tumour assessment on follow-up

* Pseudoprogression is an increase in lesion
enhancement and/or T2 signal related to treat-
ment rather than true progression. This will be
discussed separately later in this chapter.

* Pseudoresponse is a reduction in tumour-
related contrast enhancement and oedema-
simulating response to therapy, while the
lesion has actually remained stable in size or
even progressed. Pseudoresponse can be

observed shortly after administration of anti-
angiogenic therapy [9] (i.e. bevacizumab,
aflibercept and cediranib) that affects vascular
permeability and thus reduces gadolinium
enhancement of the tumour. Reduction in con-
trast enhancement needs to last for more than
30 days to be called a true response. A quanti-
tative and qualitative evaluation of the mass
on T2/FLAIR sequences can help in diagnosis
of pseudoresponse when the solid tumour is
clearly stable in size despite reduction of the
enhancement [10].

Current international guidelines suggest fol-
low-up in high-grade tumours: (a) 1-2 days after
surgery and (b) after 12 weeks. However to date,
there have been no studies on evaluation of pseu-
doresponse/pseudoprogression in paediatric high-
grade tumours, and extrapolation of results from
adults to children is not appropriate. Consideration
of advanced techniques such as perfusion and dif-
fusion is suggested to help in differentiating
between these entities [11]. Interestingly, a new
trial for assessment of response in paediatric
HGGs defined criteria for tumour response and
progression, for the first time including the com-
bined use of structural MRI techniques (i.e.
RANO criteria) and advanced functional
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sequences (diffusion and perfusion sequences) to
provide more comprehensive assessment of
response. This is promising for future inclusion of
diffusion and perfusion in standardized scanning
criteria [8].

In conclusion, due to the limited information
available, at present there are no universally
accepted standards in use for evaluating tumour
response in children.

10.1.4 Assessment of Optic Pathway
Gliomas

Optic pathway gliomas (OPGs) are low-grade
neoplasms that grow in the optic nerves, chiasm
tracts, optic radiations and can also involve the
hypothalamus. OPGs are often associated with
neurofibromatosis type 1 (NF1) and are more fre-
quent in young children than in adolescents or
adults. These tumours have irregular and unpre-
dictable growth which causes challenges and
controversies in their clinical management and in
assessment of tumour response to therapy [12].
OPGs are histologically grade I juvenile pilocytic
astrocytomas and pilomyxoid astrocytomas or
grade II diffuse fibrillary astrocytomas. The diag-
nosis is made based on a combination of radio-
logical and clinical features.

Imaging protocols for OPGs should include
imaging of the brain, along with thin slices
through the orbits with fat-saturated T2 WI and
post-contrast T1 WI. As general rule these
tumours appear T2 hyperintense (sometimes
isointense) and T1 isointense to grey matter; they
also show variable degree of enhancement.
Typically, involved optic nerves and chiasm show
diffuse tubular enlargement with associated optic
nerve kinking due to distortion and mass effect of
the tumour (Fig. 10.4). Cystic components may
be present, which can sometimes be relatively
large with prominent mass effect on the surround-
ing brain structures and may further complicate
assessment during therapy.

MRI measurements for OPGs are non-
standardized to date, although prospective stud-
ies have demonstrated that these tumours can
remain stable, grow or regress irrespective of the

Fig. 10.4 Axial T2 WI fat-sat (a) and axial post-contrast
T1 WI fat-sat (b) of the orbits showing typical MR appear-
ances of OPG involving the left optic nerve

therapy and independently from the visual acuity
[1, 13]. Of note, there is an increasing interest in
advanced MRI techniques such as diffusion ten-
sor imaging (DTI) in the study of white matter
involvement in OPGs. [14].

The first step in the assessment of OPG is to
look for other radiological signs in keeping with
NF1, i.e. foci of abnormal signal intensity (FASI),
neurofibromas, etc. and the extension of the OPG
(pre- vs. post-chiasmatic). Studies on both NF1
and sporadic patients with OPGs show that there
is no single MRI criterion predictive of tumour
growth and prognosis; moreover there is no cor-
relation between tumour enhancement, internal
structure and the tumour clinical course [15, 16].
Finally, it is important to keep in mind that both
NF1-related and sporadic OPGs have shown
spontaneous regression on rare occasions [17].
Interestingly, it is possible that an OPG is grow-
ing while vision improves or is stable or alterna-
tively to have deteriorating vision in a
radiologically stable tumour.

Despite these controversies and pitfalls, the
literature data show that involvement of the pos-
terior visual pathway is associated with poorer
visual outcomes and thus the radiologic assess-
ment of these pathways can help in predicting
prognosis and guiding management [18].
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10.1.4.1 Radiological Approach

to Children with OPGs

NF1 patients should not be routinely screened
with MRI looking for OPGs unless unexplained
visual symptoms are present [19]. For newly
diagnosed OPGs, a follow-up scan is suggested
every 3 months for the first year and then every
6 months. New or progressive visual loss and
increase in the size of the tumour indicates need
for more frequent follow-up. If NF1 patients with
OPGs are asymptomatic for 8 years, they can
then be scanned every year.

There is no consensus about percentage of
volume change to identify tumour progression;
generally stable disease without new clinical
symptoms is considered tumour response. Given
the fact that radiotherapy is no longer recom-
mended for treatment of these tumours (due to
increased risk of visual or hormonal deficit and
development of vasculopathy), in our institution
we use linear measurements on T2/FLAIR
sequences, including cystic areas. The RANO
working group proposed response criteria for
LGGs that are similar to that for HGG, but the
recommendation is to measure T2/FLAIR signal
instead of contrast enhancement. In addition,
because responses are often relatively modest,
minor response criteria were introduced: decrease
in T2/FLAIR tumour of 25-50% [20].

Due to the association between location and
prognosis, it is important to clearly define the

anatomical location of OPGs, reporting tumours
as involving either the optic nerves alone, the chi-
asm with or without nerve involvement and the
hypothalamus or other adjacent structures
(Dodge classification) [21].

10.1.5 Medulloblastomas (MLBs)
and Other Leptomeningeal
Seeding Tumours

An international working group has recently
proposed recommendations for response
assessment of patients with medulloblastomas
(MLBs) and other leptomeningeal seeding
tumours [22].

MLBs have variable appearance and location
on images, depending on the molecular subtypes
recently included in the WHO classification of
CNS tumours [3]. One radiological feature
almost found universally in MLBs is relative dif-
fusion restriction due to their high cellularity—
this is why it is important to look for new areas of
diffusion restriction when assessing for the pres-
ence of recurrent/residual tumour. The presence
of metastatic deposits at diagnosis is associated
with a poor prognosis and needs to be carefully
evaluated on images [23].

Figure 10.5 summarizes the proposed differ-
ences in location for different MLBs subtypes
(WNT, SHH and non-WNT/non-SHH).

Fig. 10.5 Axial T1 post contrast showing three different
subgroups of medulloblastoma (MLB). (a) Wingless
(WNT)-MLB typical location in ponto-cerebellar angle.
(b) Sonic hedgehog (SHH) MLB typical location centred

in the periphery of the cerebellum with centripetal exten-
sion. (¢) Non-WNT/non-SHH type in typical midline
location. An overlap between radiological appearances
has been described. For details see references [24, 25]
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10.1.5.1 Issues on Assessment

of MLBs

One problem in the assessment of MLBs is
related to the different histological and molecular
subgroups which have been associated with sepa-
rate risk categories [26]. Specific molecular types
can have distinctive imaging characteristics (par-
ticularly based on location), and preliminary
results suggest that the MRI findings may differ
by subgroup, although more studies are needed
[24]. Therefore for response assessment, it may
be useful to try to diagnose the specific MLB cat-
egory, although currently there is no strong evi-
dence that different response criteria should
apply to different types of MLBs.

The other issue is the low sensitivity of detect-
ing leptomeningeal metastases on T1 post-
contrast images of the spine. The sensitivity can
increase when radiological assessment is used
together with CSF cytology.

The definition of the baseline scan is particu-
larly important: gold standard treatment for MLBs
is surgical resection so, in contrast to LGGs, pre-
operative size of the tumour cannot be used as
baseline for clinical trials; however, it is important
to carefully evaluate the imaging characteristics of
the original tumour (e.g. degree of enhancement
and restriction) because metastatic deposits would
have (often, but not always) similar MRI features
as compared to the original tumour.

10.1.5.2 Specific Recommendations [22]
Given the current scientific evidence, these rec-
ommendations apply to all the types of MLBs and
other CNS seeding tumours such as pineoblas-
toma, atypical teratoid rhabdoid tumour (ATRT),
other embryonal tumours (previously defined as
PNET), choroid plexus tumours and germ cells
tumours.

— Brain and spine MRI pre and post contrast is
mandatory. DWI sequence of the brain should
always be performed.

— Pre- and post-contrast T1-weighted image
acquisition utilizing isotropic volume (3D)
MRI sequences should be obtained. These
sequences allow for high resolution and better
detection of small lesions.

— Alternatively or in addition, 2D T1-weighted
images can be acquired in at least two planes.

— Maximum 2D slice thickness acquisition
should be 4 mm; a small interslice gap (of
10% of the slice thickness) can be introduced
to minimize any cross-talk artefacts if a con-
secutive image acquisition order is used.

— T2 FLAIR-weighted images should be prefer-
ably acquired post contrast because of the
high sensitivity to leptomeningeal metastases.

— As for other CNS tumours, postoperative MRI
should be done within 72 h.

— If any large postsurgical parenchymal change
is noted that can obscure residual tumour, an
early follow-up scan is suggested (2—3 weeks
postsurgery).

— The timing of follow-up varies depending on
the institution, risk and age of patients. In our
institutions in cases of high-risk MLBs, we
scan 4—6 weeks for the first five scans and then
every 3 months.

— No strong data are available regarding timing
of spinal images; therefore the committee rec-
ommends that surveillance spine imaging
should be done together with brain imaging.

— Response to treatment follows RANO criteria
(for both brain and spine). The size of measur-
able lesions should be at least two times the
thickness of the slices (adding the gap between
slices).

— Confirmed objective responses must be evident
in both the spine and brain, while for progres-
sive disease, showing disease progression in
either the brain and/or the spine is necessary.

— CSF cytology, neurological status of the
patient and steroid administration are included
in the evaluation.

10.1.6 Diffuse Midline Gliomas
(DMGs)

Diffuse midline glioma is a recently described
entity characterized by H3 K27 M histone muta-
tion that includes most of the diffuse intrinsic
pontine gliomas (DIPG) [2]. DMGs can be found
in both infra- and supratentorial compartments
along the midline.
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These tumours are very difficult to treat, no
surgical option is available and radio-/chemo-
therapy effects are minimal and temporary.
Diagnosis of brainstem DMGs is based on char-
acteristic image findings: tumour centred in the
pons, expansion of the brainstem and encasement
of the basilar artery. Although typically most of
these tumours do not enhance, localised areas of
enhancement can be seen and have been inter-
preted as possible anaplastic areas [27].
Furthermore, the presence of foci of haemor-
rhage is possible, as well as necrosis surrounded
by an enhancing rim.
10.1.6.1 Current Concepts
of Radiological Assessment
in DMG/DIPG
There are a number of problems when trying to
apply radiological response criteria (i.e. RANO) to
patients with DMG/DIPG. These criteria were
developed primarily for enhancing high-grade
supratentorial gliomas, and lack of homogeneous
enhancement in DMGs, together with their invasive
nature and indistinct borders, makes use of RANO
criteria unreliable. Consequently, significant interob-
server variability is expected when using standard
tumour measurement criteria in DMGs [28].

When clearly defined rim-enhancing lesions
are present, these can be used for the assessment
of the tumour according to RANO; however the
overall size of T2-weighted changes should also
be considered [29].

The criteria used for determining percent
change in size of enhancing lesions to establish
partial response, progressive disease or stable
disease are the same as described for adults.
However, as mentioned previously, the presence
of discrete enhancing lesions is not common. Of
note adult GBMs are completely different tumour
entities. Currently, most of the response assess-
ment is based on clinical data, in fact, even
though the tumour size may be reduced under
therapy, this is generally not sustained and does
not translate confidently to improved survival.

The limitation of structural MRI in assessing
tumours has been highlighted by several studies
in the last years. Lobel et al. demonstrated that
focal areas of T2 hypointensity (which do not

represent spared white matter bundles) are asso-
ciated with areas of lower ADC, higher CBV and
variable enhancement in comparison to the rest
of the tumour which is T2-hyperintense [27] and
may represent areas of anaplasia. These patterns
highlight the importance of analysis of these
areas, rather than all the tumour, as a radiological
marker of tumour response to therapy. In DMGs,
it is likely that whole tumour volume suffers the
confounding effect of the treatment since the
therapy can reduce the intrinsic oedema of the
lesion without acting on the cellular component
and without influencing the survival. On the con-
trary new enhancement months after radiation
therapy may represent treatment effect (e.g. radi-
ation necrosis), tumour progression or both.

In another recent study, the authors correlated
volumetric changes in radiologically visible
tumour (using T2/FLAIR) with changes in total
brain volume [30]. They normalized the reduc-
tion in volume of the tumour with the reduction
over time of the nonirradiated brain (supratento-
rial white matter) and concluded that most of the
volumetric changes may be due to adjuvant non-
tumour targeted therapy, although some effect of
the therapy on the tumour volume is still appre-
ciable after normalization. Therefore, those
changes likely develop in response to systemic
medication used during treatment, particularly
corticosteroids, which cause reversible changes
in the brain parenchyma. The implication of this
finding is that tumour volume reduction induced
by corticosteroids may be misinterpreted as
response to therapy. This is probably another rea-
son why structural MRI changes can be unreli-
able for appreciating a real antitumour effect (or
absence of it) and changes in size often have poor
correlation with clinical status of the patient and
are in many cases inadequate for assessment of
partial response or progressive disease.

Another study comparing volumetric changes
in the T2 hyperintense area and the MRS meta-
bolic profile in 31 children with pontine DMGs
showed a discrepancy between the two, with vol-
ume reduction but stable metabolic profile of the
tumour [31].

In conclusion assessing response to treatment
in DMGs by using linear or volume-based
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response criteria is challenging because the
“lesion” seen on structural MRI does not neces-
sarily correspond to the “real tumour”. Future
implementation and standardization of advanced
techniques in the assessment of DMGs is neces-
sary and desirable.

10.1.7 Leptomeningeal
Dissemination

Response assessment in leptomeningeal dissemi-
nation based on imaging can be very difficult
because radiological findings often do not corre-
late with clinical status of the patient and it is
problematic to measure leptomeningeal metasta-
ses [20]. The leptomeningeal metastasis (LM)
RANO working group recommends the assess-
ment of LM using neurological exam, CSF
examination and imaging [32].

LM is defined radiologically as presence of
pathological enhancement of cranial nerves, spinal
nerve roots, brain or spinal surface and within the
ventricles. Because of the small volume and/or
complex geometry, LM are often not measurable
with the current level of technology [33]. The cur-
rent definition of measurable disease for LM is
5 x 10 mm on orthogonal planes, and the LM
RANO working group recommends high-
resolution T1 post contrast of the brain and spine as
the method of choice for assessment; other tech-
niques such as PET, perfusion and diffusion have
no defined role at the moment. One important ele-
ment introduced in the LM assessment guidelines
is that only changes in size and extent of disease are
considered. Changes in the intensity of enhance-
ment are not emphasized in the guidelines.

T2 and FLAIR abnormalities without enhance-
ment should also be considered with caution
because of the possibility of false-positive find-
ings and are not part of the suggested criteria of
assessment in clinical trials [33]. Radiological
evaluation should focus on the presence of nodu-
lar metastases (easier to be measured and/or sub-
jectively evaluated), their evolution over time,
cranial nerve or nerve root enhancement and the
presence of hydrocephalus secondary to CSF
dissemination.

These guidelines have not been validated yet
for paediatric leptomeningeal disease and should
be considered as work in progress.

10.1.8 Volumetrics

A few studies in children have compared linear
and volumetric measurements and have found
generally good concordance between the two
methods; however, these focus on either high-
grade tumours [34] or have a small number of
patients [35]. In low-grade gliomas, a volumetric
analysis is intuitively more reliable due to their
slow growth, infiltrative nature and irregular
margins. Hence there is increasing interest in
application of volumetry to assess tumour
response which is supported by several publica-
tions showing that volume and growth measure-
ments based on semiautomated segmentation are
reproducible and sensitive to minimal volume
changes [36, 37].

Despite multidimensional measurements that
would best capture subtle and anisotropic growth
or response of LGGs, there is limited availability
of software for automated segmentation and
volumetric assessment. Linear two-dimensional
or three-dimensional assessments remain the cor-
nerstone for objective response assessment in
clinical trials. At present, due to technical limita-
tion, manual segmentation with dedicated soft-
ware seems to be the only reliable method,
although it is time-consuming.

Nevertheless, in NF1 patients with schwanno-
mas or neurofibromas in the body, MRI with
volumetric analysis is now recommended to eval-
uate changes in tumour size in clinical trials due
to their complex irregular shape which makes
uni- or bidimensional assessment inaccurate.
Volumetric analysis requires adherence to spe-
cific imaging recommendations; 20% volume
change was chosen to indicate a decrease or
increase in tumour size [38].

Currently, there are no cut-off values available
for volumetric changes in tumour response or
progression for brain tumours. When mathemati-
cally extrapolating volumetry from Macdonald
criteria, the definition of tumour progression
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becomes >40% volume increase and tumour
response as at least 65% volume reduction [39]
which is too big a variation to be applied confi-
dently in clinical practice. Despite this caveat,
when comparing volumetry with 2D measure-
ments in 70 paediatric patients with LGGs, sub-
stantial differences were found in defining
tumour response using these two different meth-
ods [40].

Additional studies will be required to estab-
lish reference values to be used clinically and to
evaluate the feasibility of additional cost and
complexity associated with making volumetric
measurements.

10.2 Partll: Role of Diffusion-
Weighted Imaging
Techniques

In this section, we will evaluate the expanding
role of diffusion-weighted imaging techniques in
the evaluation of paediatric brain tumours. We
shall also highlight some potential pitfalls that
the reading radiologist needs to be aware of.

As diffusion-weighted imaging (DWI) pro-
vides information on the biology of the tumour
and its surrounding environment, DWI provides
added value in the estimation of tumour response
in comparison with mere assessment of gadolin-
ium contrast-enhanced T1-weighted sequences.
This concept has been supported in recent studies
on response assessment in paediatric neuro-
oncology, and it has been proposed to expand the
current RANO criteria to incorporate diffusion
and perfusion metrics in the assessment of
tumour response [8].

This section introduces and discusses the fol-
lowing practical applications of diffusion-
weighted imaging techniques:

1. Qualitative and quantitative assessment of
apparent diffusion coefficient (ADC)

2. ADC at high b-values

Diffusion tensor imaging (DTI)

4. Diffusion kurtosis imaging (DKI)

hed

10.2.1 Standard Diffusion Imaging
Protocol

Diffusion-weighted imaging (DWI) should be
routinely performed in the initial evaluation and
surveillance of all brain tumours. We
recommend:

At1.5T:

Two-dimensional echo-planar imaging in three
orthogonal planes at b-values 0, 500 and
1000 s/mm?.

At3.0T:

Two-dimensional echo-planar imaging with
higher SNR and reduced susceptibility with
quicker scan times, again at three b-values

DTI protocol:

Sixty directions at b-value 1000 s/mm? with
echo-planar imaging read-out against a spin
echo preparation

10.2.2 Utility of Serial ADC
Monitoring: Pearls and Pitfalls

ADC is a measure of the diffusion of water mole-
cules within a tissue. In neuro-oncology ADC val-
ues are reduced in high-grade neoplasms because
of the high cellular concentration, whereas low-
grade tumours show higher ADC values. Lysis or
apoptosis of neoplastic cells, expected during ther-
apy, may result in an increase of the ADC values in
comparison to the baseline scan [41].

For quantitative analysis a region of interest
(ROI) should initially be placed on the entire
tumour volume being assessed. Separate ROIs
should be considered for what is judged to repre-
sent peritumoral oedema. Subsequently a more
focused evaluation of areas of internal tumour
heterogeneity should also be considered and doc-
umented, as this may assist with targeting initial
biopsy, as well as facilitate follow-up of more
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focal areas of anaplasia to monitor treatment
response [27].

We advocate that the minimum ADC values in
the ROI should be used for surveillance monitor-
ing, rather than the average reading.

ADC within a tumour should always be com-
pared with the grey and white matter of the “nor-
mal” appearing surrounding brain: ADC value of
normal white matter being approximately
0.705 + 0.014 mm?ms [42] and that of normal
grey matter being 0.75 + 0.3 mm?*ms [43].

A potential pitfall is that most intracranial
tumours (particularly low-grade gliomas) will
actually have ADC values higher than that of the
normal brain parenchyma which may be a reflec-
tion of the degree of internal oedema [44]. Then,
during treatment, ADC values may drop on serial
monitoring as the tumour mass responds to ther-
apy (Fig. 10.6). In fact, as therapy is initiated,
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areas within the tumour that show early response
may manifest as decreased diffusion values due
to transient swelling of tumour cells or secondary
to ischemic injury (cytotoxic oedema). Over
time, tumour showing response to therapy will
show increased diffusion (i.e. increase of ADC
values) due to cell lysis or apoptosis. However
areas resistant to therapy may not show any
appreciable change in their diffusion coefficients.
These concepts are extremely useful in the early
prediction of tumour response and in avoiding
premature change in management strategy [45].
Furthermore, with predominantly cystic
tumours, the absence of cellular complexity with
intact cell membranes can lead to higher ADC
values due to unrestricted diffusion; similarly the
destruction of cells with loss of cellular mem-
brane integrity in the context of tumour necrosis
can be associated with increased diffusivity and
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Fig. 10.6 Case of optic pathway glioma. Serial apparent diffusion coefficient (ADC) measurements on standard treatment
reveal a stepwise decrement in ADC with a concomitant tumour response to therapy in terms of volume reduction
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higher ADC values [46]. On the other hand, the
presence of dense calcification and/or haemor-
rhage even in low-grade tumours can restrict dif-
fusion and result in lower than expected ADC
values. Thus changes of ADC values during ther-
apy need to be evaluated in conjunction with
other conventional and advanced sequences to
avoid misinterpretation.

Diffusion changes observed at a later stage in
treatment can also be used to differentiate
radiation-induced injury from tumour recurrence
with ADC values significantly smaller in recur-
rence than in radiation necrosis [45, 47].

Certain studies have also compared the util-
ity of higher b-value diffusion-weighted imag-
ing (over 3000 s/mm?) with standard b-values
at 1000 s/mm?. Higher b-value has been shown
to improve the delineation of tumour from nor-
mal brain tissue with stronger inverse correla-
tion between the minimum ADC values and
tumour cellularity. This technique is particu-
larly useful on 3 Tesla systems [48], but, when
using high b-values, radiologists should be
aware of the higher rate of artefacts and of
false positives.

In summary, apart from differentiating
between normal and abnormal tissues, the diffu-
sion coefficient measure is a powerful tool as it
can evaluate alterations in the intra- and extracel-
lular fluid volume shifts as a tumour responds to
chemotherapy, radiotherapy as well as immuno-
therapy and/or gene therapy. At the moment,
there is no standardized ADC cut-off available to
differentiate active tumour from non-tumoural
tissue. Furthermore, the use of DWI/ADC in clin-
ical trials is not standardized, and DWI findings
should always be interpreted together with
standard MRI sequences and other advanced
MRI techniques (e.g. perfusion) [49, 50].

10.2.3 Diffusion Tensor Imaging (DTI)

Diffusion tensor imaging provides a direction-
dependent assessment of how movement of water
molecules is affected along fibre tracts in the
brain. Magnetic field gradients when applied in

multiple directions/orientations allow the assess-
ment of integrity of white matter bundles in the
brain. These microstructural changes cannot be
visualized on conventional DWI.

It is to be remembered that the primary appli-
cation of diffusion tensor imaging is to assess the
integrity of the structure of the white matter fibres
surrounding the lesion, rather than within the
tumour.

DTT allows measurement of fractional anisot-
ropy (FA) and mean diffusivity (MD) index
which represent an index of integrity of the white
matter tracts. Impairment of the tracts will result
in increased MD and reduced FA.

Tumour tissue typically shows low anisotropy
within its matrix, and therefore there may be little
benefit in evaluating or following up diffusion
anisotropy within tumours; nevertheless the
internal structural changes of the tumour matrix
may be evaluated with DTI using ADC, as
described with DWI, with the advantage of
increased resolution [51].

Four patterns of relationship between tumour
and white matter tracts can be described:

1. Normal signal with tract displacement. This is
caused by the mass effect and/or peritumoral
oedema (Fig. 10.7). The tract is not
infiltrated.

2. Decreased but present signal with normal
direction which corresponds to vasogenic
oedema within the tract.

3. Decreased signal with tract disruption corre-
sponding to tumour infiltration.

4. Loss of anisotropic signal representing tract
disruption or destruction by the lesion.

To recognize these different patterns is impor-
tant in baseline evaluation of the tumour, particu-
larly in order to assess the prognosis before
surgical treatment [52].

This information can also be used for radio-
therapy planning to map the exact extent of the
tumour, especially when more focused radiother-
apy is planned and the dose distribution can thus
be optimized focusing on the area of higher
tumour density [53].
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Fig. 10.7 Case of pilocytic astrocytoma (WHO grade 1). Note the right cortico-spinal tract being displaced by the
tumour laterally and posteriorly on these diffusion tensor imaging (DTI)-derived track density colour maps

10.2.4 Diffusion Kurtosis Imaging (DKI)

Traditional DWI and DTI are based on a simpli-
fied assumption that the diffusion of water mole-
cules follows a Gaussian distribution. The reality
however is that the complexity of intracellular
and extracellular environments makes the diffu-
sion of these molecules non-Gaussian rather than
Gaussian.

DKI attempts to analyse and measure this
variation and allows a more realistic evaluation
of the heterogeneous internal structure of the
tumour [54].

The relatively long acquisition time limits the
use of this technique in regular clinical practice.
This is an important opportunity for research and
further development, however, particularly
because the information generated by DKI can
provide more comprehensive insights about the
microstructure of the tumour environment as it
relates to its molecular and histological subtype.
Several studies have shown usefulness of DKI in
differentiating high- and low-grade gliomas in
adults [55], and a few recent papers showed the
usefulness of DKI in assessment of tumour
response in gastrointestinal or hepatic cancers

[56, 57]. Hence a future role of this technique in
the evaluation of response in paediatric brain
tumours is promising, although DKI will require
validation in clinical trial settings [58].

In conclusion, diffusion-weighted sequences
represent a useful technique to assess response to
therapy, especially in high-grade brain neoplasms
where internal structure is expected to change in
the case of tumour response (higher ADC values
representing cell lysis/apoptosis). More advanced
diffusion techniques (DTI and DKI) have the
potential to improve sensitivity in future assess-
ment of response to therapy and can be used for
preoperative planning. It is important to remem-
ber that DWI information needs to be always
evaluated together with other MRI sequences.

10.3 Partlll: Advanced Imaging
Assessment

of Pseudoprogression
10.3.1 Definition

The term pseudoprogression was first used in
2007 to describe the phenomenon mimicking
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tumour progression [59]. In brain tumour imag-
ing, specifically gliomas, it has been defined as a
treatment-related process characterized by
changes in tumour radiographic appearance, with
or without clinical symptoms that are suggestive
of disease progression and that subsequently
resolve or stabilize without additional treatment
[60, 61]. Radiographically, pseudoprogression
demonstrates a transient increase in the size/
extent of contrast enhancement, mimicking
tumour growth. It is considered part of a contin-
uum of treatment-related change that is histologi-
cally distinct from both true tumour progression
and other more delayed changes related to treat-
ment such as radiation necrosis, the latter specifi-
cally associated with the combination of
chemotherapy and radiation. This is a phenome-
non that has been almost exclusively described in
the adult glioma population.

Treatment-related changes have been catego-
rized based on timing after radiation therapy. In
the acute phase, there is often oedema, which is
mostly transient and reversible. In the subacute or
early delayed phase, occurring a few weeks to
3 months after radiation, there is characteristi-
cally an increase in the size/extent of enhance-
ment, often referred to as pseudoprogression,
with improvement in the changes within 6 weeks
(Fig. 10.8). In the late phase, occurring greater
than 3 months to years after radiation therapy,
there is irreversible, progressive and possibly
lethal injury, often referred to as radiation necro-
sis [62]. Pseudoprogression can be considered a
pathologic continuum between acute postradia-
tion therapy changes and radiation necrosis.

In adults, 20-30% of patients undergoing con-
current chemoradiation therapy show a size
increase in an enhancing lesion within the first
3 months. In children, the rates of pseudopro-
gression are similar, with 21% reported inci-
dence, and in children with diffuse midline
glioma (formerly DIPG) receiving radiation ther-
apy and temozolomide or immunotherapy, the
pseudoprogression rate is reported at 19-24%
[63—-65]. Additionally, patients who developed
pseudoprogression have been described as hav-
ing improved survival secondary to a favourable

correlation with methylguanine methyltransfer-
ase (MGMT) promoter status [66].

10.3.2 Imaging Analysis

10.3.2.1 Perfusion MRI

In order to understand the various imaging tech-
niques used to assess progressive disease versus
pseudoprogression, the physiological/histologi-
cal differences between tumour and treatment-
related changes must be discussed. Although
treatment-related changes including pseudopro-
gression and radiation necrosis could be indistin-
guishable from progressive high-grade tumour
on conventional MR sequences, as both can pres-
ent with an enlarging, enhancing mass, the under-
lying histology is distinct. Recurrent glioblastoma
multiforme (GBM) and other high-grade gliomas
are characterized by vascular proliferation,
whereas radiation necrosis results in decreased
microvascular density and capillary perfusion
secondary to endothelial and small vessel injury
[67]. Additionally, recurrent/progressive tumour
is further characterized by increased cellularity,
whereas treatment-related changes are not [66].
Pseudoprogression results from a robust inflam-
matory response to radiation therapy that tempo-
rarily increases the blood-brain barrier
permeability with increased contrast enhance-
ment seen on MRIL

Advanced imaging techniques such as perfu-
sion imaging can be used to differentiate
treatment-related response from progressive dis-
ease by identifying tumour angiogenesis and
increased microvascular density as is seen in
high-grade glial tumours. The types of perfusion
imaging used include dynamic susceptibility
contrast perfusion (DSC) and dynamic contrast-
enhanced perfusion (DCE), as well as arterial
spin labelling (ASL).

Dynamic susceptibility contrast perfusion
(DSC) is a functional imaging technique used
to assess tumour angiogenesis. DSC is a tech-
nique that essentially estimates vascular den-
sity with vascular volume and flow [68]. DSC
perfusion exploits the susceptibility-induced
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Fig. 10.8 Psecudoprogression after proton radiotherapy.
(a, b) Sagittal T2 and sagittal T1 post-contrast images
demonstrate signal abnormality and enhancement in a
patient with history of ependymoma status post resection

signal loss caused by paramagnetic contrast
agents on T2-weighted images. Gadolinium-
containing contrast is injected intravenously,
and rapid repeated imaging of the brain is per-
formed during the first pass. This leads to a
series of images with the signal in each voxel
representing intrinsic tissue T2/T2* signal

who received proton radiotherapy. (¢, d) 4-month follow-
up demonstrates resolution of signal abnormality and
enhancement consistent with pseudoprogression

attenuated by susceptibility-induced signal
loss proportional to the amount of contrast pri-
marily in the microvasculature. A signal inten-
sity-time curve is then generated, from which
perfusion parameters including relative cere-
bral blood volume and flow can be calculated
[69, 70].
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Fig. 10.9 Dynamic susceptibility contrast (DSC) perfu-
sion and pseudoprogression. (a—c) Axial T1 post-contrast
sequence with fat saturation demonstrating appearance of
enhancing nodule in the posterior limb of the internal cap-
sule on the right as well as enhancement of the subinsular

Relative cerebral blood volume (rCBV) is
used to measure contrast confined to the tissue
vasculature under interrogation and provides
information regarding vascular density. It is a
technique often used clinically to monitor angio-
genesis and response to treatment. Multiple prior
studies in high-grade glial neoplasms have
reported higher levels of rCBV within contrast-
enhanced regions of recurrent GBM as compared
to areas of radiation necrosis [11, 71, 72].
Although these studies predominantly focus on
adult GBM patients, similar findings of elevated
rCBV have been reported in children with pro-
gressive high-grade tumour, specifically pertain-
ing to differences in permeability of the tissue as
predicted by DSC perfusion in cases of angio-
genesis and anti-angiogenic agents [72]. The
development and progression of high-grade glio-

cortex in a patient with GBM after completion of chemo-
radiation. There was decreased conspicuity on 4-month
follow-up (c). (d) DSC perfusion demonstrating no cor-
responding elevation of rCBV in the enhancing nodule
consistent with pseudoprogression

mas is dependent on the promotion of angiogen-
esis (angiogenic switch), which ultimately helps
produce vessels that are leakier than normal brain
vasculature. Thus imaging, including DSC, can
be used to track changes in permeability and vas-
cular density of progressive tumour in the setting
of anti-angiogenic treatment [73-75]. Both pseu-
doprogression and radiation necrosis have simi-
lar findings on DSC with lower rCBV as opposed
to progressive tumour [66] (Fig. 10.9). DSC is
not without limitations however. In the paediatric
population, there are technical issues with
gadolinium-based perfusion methods in that they
require power injection with large-bore intrave-
nous access, which is difficult in children.
Additionally, the DSC technique is more sensi-
tive to susceptibility effects, which can become
problematic in hemorrhagic tumours or in
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patients with dental hardware, often more com-
monly seen in the paediatric population. Taking
these limitations into consideration, the sensitiv-
ity and specificity for differentiating pseudopro-
gression from tumour recurrence is still quite
high and is estimated at 80-90% [76].

Dynamic contrast-enhanced perfusion (DCE)
technique is used to estimate vascular permeabil-
ity by measuring contrast leakage through the
blood-brain barrier. DCE is dependent on
T1-shortening effects of gadolinium-based con-
trast agents. An intravenous contrast bolus is
injected and rapid repeated Tl imaging is
obtained. Regional increased signal occurs due to
gadolinium concentration that ultimately depends
on intravascular gadolinium and accumulation of
gadolinium in the extravascular space. DCE
relies on pharmacokinetic modelling which helps
derive regional values that include k-trans (trans-
fer constant), rate constant, fractional volume of
extravascular-extracellular space and fractional
volume of the plasma space [69].

The two values that are often used to assess
treatment response versus recurrent tumour with
DCE perfusion are the vascular transfer constant,
k-trans and the initial area under the curve
(1AUC). K-trans is dependent on blood flow and
endothelial permeability which helps predict the
neoangiogenic nature of tumour microvascula-
ture and vascular density [68]. In recurrent
tumour, both k-trans and iAUC are elevated as
compared to treatment-related changes [68].
DCE is often used in the setting of anti-angio-
genic therapy such as in patients with high-grade
gliomas receiving bevacizumab. In the paediatric
population, clinical trials of patients with recur-
rent ependymoma and gliomas, DCE-derived
k-trans demonstrated decreased permeability in
patients that were on anti-angiogenic therapy
such as bevacizumab [74]. During response to
therapy, there is a presumed decrease in tumour
neovasculature, reflected by decreased vascular
permeability seen on DCE. Alternatively, if there
is lack of response to treatment with progressive
tumour, the permeability will increase as a reflec-
tion of increased tumour neoangiogenesis, and
the k-trans will be increased [77]. The main dis-
advantage of DCE perfusion technique over DSC

is a longer scan time. Additionally, as with all
contrast-based perfusion techniques, large-bore
IV access is required for power injection of the
gadolinium contrast agent, a limitation that can
be a problem in the paediatric population.

In addition to perfusion techniques that require
an exogenous contrast agent such as DSC and
DCE perfusion, arterial spin labelling (ASL) is a
perfusion-based MRI technique that does not
require an exogenous contrast agent. ASL can be
used for evaluation of cerebral blood flow (CBF),
where arterial blood water is used as an endoge-
nous tracer. This perfusion technique is particu-
larly useful in the paediatric population, as it does
not require intravenous access, which is a major
technical limitation with both DSC and DCE per-
fusion. Prior studies have demonstrated the utility
of ASL in differentiating high-grade from low-
grade tumours [78, 79]. Yeom et al. demonstrated
that elevated CBF was seen in high-grade paediat-
ric brain tumours [79]. Furthermore, Choi et al.
explored the utility of ASL in the assessment of
treatment-related changes [80]. Progressive
tumour demonstrated elevated CBF as compared
to pseudoprogression/treatment-related change
[80]. Therefore ASL can be a potential tool to not
only assess tumour grade at initial presentation
but also to follow patients after chemoradiation to
decipher treatment-related changes from true pro-
gressive disease, especially in the paediatric brain
tumour population.

10.3.2.2 Diffusion MRI

Diffusion-weighted imaging (DWI) is an MRI
technique that maps the motion of water mole-
cules in tissue. Water molecules in theory are rela-
tively more restricted in their movement within
cells and less restricted in extracellular space, and
therefore, the apparent diffusion coefficient
(ADC) as measured by DWI reflects tumour cel-
lularity. It is well known that ADC values are
inversely correlative with tumour cellularity, with
hypercellular, high-grade tumour demonstrating
lower ADC values [81-83]. Prior studies have
examined the role of DWI and ADC values in
deciphering between posttreatment changes and
tumour. Recurrent high-grade tumours have been
shown to decrease ADC values as compared to
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Fig. 10.10 Diffusion-weighted imaging (DWI) and pro-
gressive disease. (a—d) Axial DWI, ADC, T2 FLAIR and
T1 post-contrast images demonstrating infiltrative mass in
the left thalamus with an enhancing, hypercellular compo-

radiation necrosis [47, 84-86] (Fig. 10.10). This
is thought to be due to degradation of cellular
integrity and treatment-related changes with
inflammation and necrosis, which ultimately
increase diffusivity and ADC values. Lee et al.
compared patients with true progressive disease
to those with pseudoprogression and found higher
signal intensity on DWI with lower ADC values
in the truly progressive disease group and either a
rim of high signal intensity or no increased signal
intensity on DWI in the pseudoprogression group
on imaging performed within 2 months of chemo-
radiation [87] (Fig. 10.11).

10.3.2.3 Multiparametric MRI

Multiparametric MRI sequences have also been
utilized for the assessment of progressive disease
versus treatment-related changes. As perfusion
techniques are used to assess tumour vascular
density and diffusion techniques are used for the
assessment of tumour cellularity, combining these
two sequences can potentially differentiate
recurrent-progressive tumour from treatment-
related changes. Prager et al. demonstrated
increased specificity in deciphering progressive

nent. (e-h) Enlargement of the hypercellular tumour as
seen on DWI/ADC with corresponding increase in size
and extent on T2 FLAIR and post-contrast TIW images
consistent with progressive disease

disease from pseudoprogression and radiation
necrosis when both ADC and CBV values were
examined concurrently [66]. Furthermore, Cha
et al. also endorsed the utility of multiparametric
MRI analysis of post chemoradiation therapy
patients to determine true progression versus
pseudoprogression [88]. The subtracted histo-
gram mode with a multiparametric approach was
higher than the single parametric MR approach
with a sensitivity of 81.8% and a specificity of
100% [88]. Additionally, a high mode of rCBV on
the subtracted histogram was found to be the best
predictor of true progression [88]. Park et al. dem-
onstrated similar findings with multiparametric
volume-weighted voxel-based clustering over
single parametric methods to decipher true pro-
gressive disease from pseudoprogression [89].

10.3.2.4 Emerging MRI Techniques

Additional MR techniques have been described in
the literature as potentially useful for the evalua-
tion of pseudoprogression. Dual-contrast perfu-
sion MRI in a single imaging session using
ferumoxytol has been described in the evaluation
of paediatric brain tumours. Ferumoxytol is an
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Fig. 10.11 DWI and pseudoprogression. (a—d) Axial
DWI, ADC, T2 FLAIR and T1 post-contrast sequences
demonstrating a hypercellular, nonenhancing, expansile
mass of the brainstem (anaplastic astrocytoma). Over time

ultrasmall superparamagnetic iron oxide (USPIO)
nanoparticle that remains intravascular at early
time points and therefore has advantages over
gadolinium-based contrast agents in identifying
active tumour [75]. This agent can potentially be
helpful in perfusion imaging to differentiate pseu-
doprogression from progressive disease. An addi-
tional MRI-based technique known as applied
parametric response mapping (PRM), formerly
known as functional diffusion mapping, has also
been described in the paediatric brain tumour
population as a tool to differentiate progressive
disease from pseudoprogression. PRM is used to
characterize temporal diffusion profiles with
higher specificity for true tumour progression

after chemoradiation, there is progressive increased
enhancement (h) that resolved (I). The follow-up ADC
demonstrate increased diffusivity (e, f, i, j) and stable size
(g, k) suggestive of pseudoprogression

than mean ADC measurements or tumour volume
measurements [65]. This advantage is based on
the concept that treatment-related changes cause
heterogeneity of tissue with areas of oedema and
necrosis mixed in with viable tumour. PRM helps
minimize the heterogeneity encountered to better
detect true progressive disease [65].

10.3.3 Nuclear Medicine

Multiple prior studies have examined the role of
nuclear medicine techniques for the evaluation of
progression versus pseudoprogression in brain
tumour patients. Hatzoglou et al. found that
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BE-FDG PET/CT had similar predictive capabili-
ties as compared to MR DSC perfusion in differ-
entiating posttreatment changes from progressive
tumour [67].

Pseudoprogression and radiation necrosis
reportedly demonstrate decreased FDG avidity
on PET/CT as compared to tumour [90]. PET/
MR is also being used increasingly in this regard.
There are studies that report the limitations of
FDG PET/CT, demonstrating the lack of specific-
ity for this technique as there are false positives
with increased uptake, which can be seen in
inflammatory processes and are not specific for
progressive tumour [62]. Furthermore, the use of
amino acid tracers in nuclear medicine has also
been described as a potentially helpful technique
to differentiate treatment-related changes from
progressive disease. Terakawa et al. reported that
1C-Methionine is better than FDG-PET in dif-
ferentiating radiation necrosis from tumour
recurrence [91]. Others have also reported the
utility of amino acid tracers in differentiating
between pseudoprogression and recurrent high-
grade glial tumours in patients, including L-Tyro-
sine PET techniques [92]. "*F-DOPA PET has
been used more recently and is reported to show
an increased conspicuity of tumour compared
with normal surrounding tissue [93].

10.4 PartlIV: MR Spectroscopy
for the Evaluation
of Treatment Response

MRS is a widely available noninvasive imaging
tool that provides information regarding the bio-
chemistry and metabolism of tissue. Often
obtained in conjunction with conventional MR
imaging, MRS can play an important diagnostic
role in the multiparametric MR imaging assess-
ment of brain tumours. 'H-MRS has often been
used to provide a specific diagnosis for brain
tumours in conjunction with conventional
MRI. Information gained from MRS has also
been used to guide biopsies, predict histologic
aggressiveness/grade and assess response to
treatment [94]. The MRS hallmark of brain
tumours relative to normal tissue is increased
choline (Cho) and decreased N-acetylaspartate

(NAA) levels. In general, decrease in NAA and
creatine (Cr) levels with a simultaneous increase
in Cho, lactate and lipids corresponds to increase
in histologic grade. Very aggressive, malignant
tumours typically demonstrate high metabolic
activity, which translates to depletion of energy
stores resulting in a decrease/absence of Cr, high
levels of Cho, high levels of lipids/lactate due to
necrosis and utilization of glycolytic pathways as
well as lower levels of NAA.

MRS is often used in combination with
diffusion-weighted imaging as well as perfusion
imaging as part of a multiparametric MRI approach
to evaluate progression and treatment-related
changes. For example, in the setting of increased
enhancement, if there is no significant change in
the metabolites, pseudoprogression is favoured
over true progression [95]. Furthermore, the
increase in Cho/Cr or Cho/NAA ratios and
decrease of NAA/Cr ratio in the treated area are
highly suggestive of tumour recurrence/progres-
sive disease rather than treatment-related change
[96, 97] (Fig. 10.12). Paediatric brain tumour met-
abolic profiles typically do not change signifi-
cantly from diagnosis to first relapse and thus can
aid in the confirmation of recurrent/progressive
disease [94].

Posttreatment changes can have characteristic
metabolic profiles. Walecki et al. described
elevation of the myoinositol-to-creatine ratio as
one of the first indicators of postradiation changes
[98]. Furthermore, prior studies have demon-
strated that late radiation necrosis changes cause
an overall decrease in all metabolites with the
exception of lipids [99]. Ultimately, the assess-
ment of treatment response and treatment-related
changes depend on serial MRS throughout the
patient’s treatment course. Alexander et al.
reported an evolving metabolite pattern identified
at week 4 of radiation therapy with normalization
of the choline-to-creatine ratio and lactate to
NAA as a marker for early treatment response
[100]. Quon also endorsed serial MRS for the
evolution of posttreatment related changes in
high-grade glioma patients, demonstrating that
changes in normalized choline levels at 2 months
postradiation therapy are prognostic of overall
survival. Specifically, they reported that patients
with greater than 40% reduction in normalized
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with elevated choline (Cho), decreased creatine (Cr), tively normal Cho and minimal lipids/lactate
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choline levels from week 4 to 2 months postra-
diation therapy had a worse overall survival than
the patients without such a change [101].

10.5 Conclusion

Pediatric brain tumors are unique when com-
pared to their adult counterparts, and as such
require a careful and systematic approach when
assessing response to therapy. As we have out-
lined here, different tumor types necessitate a tai-
lored approach to imaging that takes into account
tumor type and location, characteristic pathways
for disease spread, and history of both ongoing
and prior therapies, including surgery, radiation
and chemotherapy. These considerations are
essential when determining which of the many
anatomic and functional imaging techniques
available will provide the most accurate and
reproducible assessment of treatment response.
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11.1 Multisystem

11.1.1 Infections

Cancer therapy-related suppression of the bone
marrow and immune system and disruption of the
natural barriers of the body make patients more
vulnerable to infections. Infections are the most
important cause of morbidity and mortality dur-
ing cancer treatment and a common cause of hos-
pital admission. Neutropenia is the most
important risk factor (absolute count <500 cells/
mm?). Yet remarkably, only 20-30% of patients
with febrile neutropenia have positive blood cul-
tures [1]. Of the proven bloodstream infections,
about 70% are caused by gram-positive bacteria
(e.g., staphylococci, enterococci, streptococci),
23% by gram-negative bacteria (e.g., E. coli,
klebsiella, pseudomonas, serratia, proteus), and
7% by fungi or viruses (e.g., candida, aspergillus,
CMV, varicella zoster, adenovirus, Pneumocystis
Jjirovecii). Fungal infections typically occur in
patients with severe and prolonged neutropenia.
A higher incidence of invasive fungal infections
is reported in patients with a hematologic malig-
nancy (acute myeloid leukemia (AML) and acute
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lymphoblastic leukemia (ALL)), than in patients
with a solid tumor: 13.6% (AML) versus 5.9%
(ALL) versus 1.6% (solid tumors), respectively
[2]. If there is an intracranial fungal infection, in
up to 90% of patients, there is a concomitant pul-
monary infection or an infection elsewhere.

Besides neutropenia, other predisposing factors
for multisystemic fungal infection are the presence
of a central venous catheter, a high intensity of
treatment score, and corticosteroid treatment [2].

Infections are also the commonest cause of
death after relapse/progression [3] with mortality
rates between 1% and 3% in episodes of febrile
neutropenia.

Early diagnosis of invasive aspergillosis is
important, as it has been shown to improve treat-
ment success significantly [4].

In the 2017 update of the guideline for the
management of fever and neutropenia in children
with cancer and hematopoietic stem cell trans-
plantation (HSCT) recipients, imaging recom-
mendations are formulated [7]. A large systematic
review showed that the rate of pneumonia in
asymptomatic children is <3%, and therefore
chest X-ray should only be performed in patients
with respiratory signs or symptoms [4-6]. In
patients with prolonged (>96 h) neutropenic
fever, chest CT and abdominal ultrasound are
strongly recommended in search for signs of fun-
gal disease [7]. CT of the paranasal sinus is often
abnormal in patients with prolonged fever and
neutropenia and does not distinguish fungal
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infection from another cause in many instances.
It should therefore not be performed routinely in
children with neutropenic fever [1, 7].

Finally, the systemic distribution of fungal
infection (lungs, paranasal sinuses, muscles,
liver, spleen, kidneys) renders these patients can-
didates for WB-MRI [1, 8].

11.2 Central Nervous System
(CNS)

Acute complications of the central nervous sys-
tem can be divided into infections, treatment tox-
icity, and vascular complications.

11.2.1 Infection

The incidence of central nervous system infections
in children treated for cancer is reported to be
2-14% [9]. CNS infections can be due to disease-
or treatment-related immunosuppression, e.g., ste-
roid therapy, chemotherapy, and radiation therapy
[8], but occur most frequently in patients undergo-
ing neurosurgical procedures or hematopoietic
stem cell transplantation. Life-threatening infec-
tions are mainly caused by viruses (herpesvirus,
CMYV) or fungi (Aspergillus, Candida, and less
commonly Zygomycetes, Trichosporon, Fusarium).

CNS imaging is indicated to establish the
diagnosis of a CNS infection, to detect complica-
tions of the infection and to monitor response to
treatment [8]. On imaging studies, CNS infection
can present as focal cerebral lesions, invasive
sinusitis, cerebral infarction, demyelination,
encephalitis, or meningitis.

CT of CNS infection shows nonspecific areas
of hypoattenuation with no or minimal mass
effect [10] but often yields false-negative results,
particularly in the early stages. Therefore, chil-
dren suspected of having a CNS infection should
undergo MRI rather than CT.

11.2.1.1 Fungal

In immunosuppressed pediatric cancer patients,
fungi are the major causative organisms of
brain abscesses, in contrast to bacteria in

immune-competent children [10]. In the majority
of cases, CNS infections are caused by Aspergillus
[9]. The main clinical symptom of fungal CNS
infections is headache.

Imaging findings of fungal infections are
nonspecific. The age and the immune status of
the patient likely play a role in the distribution
of the lesions and the imaging characteristics,
but this has not been fully understood [11]. On
CT hypodense lesions with little or no mass
effect are found in the basal ganglia and the
juxtacortical white matter, typically showing no
enhancement (Fig. 11.1). On MRI the lesions
are of intermediate or high signal intensity on
T2-weighted images, with surrounding hyper-
intense perilesional edema (Fig. 11.2) [12].
They are hypointense on T1-weighted images
and may show rim enhancement after
gadolinium injection. However, in severe
immune-compromised patients, lesions from
angioinvasive aspergillus are often non-enhanc-
ing (Fig. 11.2) [11].

At times, there is a hemorrhagic component,
and infarction may secondarily occur due to
occlusion of vessels by hyphae. As a result of the
paramagnetic effect within the hyphae, suscepti-
bility artifacts may surround the aspergillus col-
lections (Fig. 11.2) mimicking calcifications or
hemorrhage.

Importantly, infectious lesions are most of the
time much more conspicuous on diffusion-
weighted imaging (DWI) than on conventional
T1- or T2-weighted images: DWI is the most sen-
sitive sequence with respect to the presence of a
fungal abscess within the brain. Fungal cerebral
abscesses typically show central restricted diffu-
sion similar to bacterial abscesses, most likely
because it contains highly proteinaceous fluid and
because there is cellular infiltration (Fig. 11.3)
[8]. However, the pattern of diffusion restriction
may be different, or diffusion restriction may even
be absent with certain organisms [11].

Invasive fungal sinusitis is usually caused by
aspergillus or mucormycosis. If sinus disease is
associated with brain lesions, Aspergillus infection
should be included in the differential diagnosis.
CT then shows nonspecific signs with an opaque
paranasal sinus without a fluid level [9].
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Fig. 11.1 Cerebral aspergillosis in a 15-year-old boy with AML and chloroma; neutropenic fever since 2 weeks and
recent signs of meningitis, change in behavior, and diplopia. Axial CT images (a, b) show hypodense cerebral lesions

Fig. 11.2 Cerebral aspergillosis in the same patient as in ~ imaging (SWI). Axial MRI: (a) T1-W, (b) FLAIR, (c)
Fig. 11.1. Multiple small cerebral lesions, only some T2-W, (d) SWI, (e) gadolinium-enhanced T1-W, (f) DWI,
enhancing and with artifacts on susceptibility-weighted  (g) ADC, (h) gadolinium-enhanced T1-W, (i) FLAIR
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Fig.11.2 (continued)
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Fig. 11.2 (continued)
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11.2.1.2 Viral

Patients with a viral CNS infection may show a
variety of presentations, ranging from infarc-
tion secondary to vasculitis (herpes zoster) to
encephalitis (herpes, EBV more often than
CMV) and progressive multifocal leukoenceph-

alopathy (JC virus) [9]. Reactivation of a latent
herpes virus occurs in 50% of patients who
have undergone bone marrow transplantation.
In a minority of patients, subsequent encepha-
lopathy may occur [8]. CT is relatively insensi-
tive for the detection of viral encephalitis: the

Fig. 11.3 Cerebral aspergillosis in a 16-year-old boy
with ALL with neutropenic fever, severe headache, and
altered mental status. Cerebral lesions showing restricted

diffusion and rim enhancement. (a) T1-W, (b) FLAIR, (¢)
T2-W, (d) DWI, (e) ADC, (f-h) gadolinium-enhanced
T1-W
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Fig. 11.3 (continued)

lesions are subtle and of low density, blurring
the junction between gray and white matter and
showing minimal contrast enhancement. MRI
shows unilateral or bilateral areas of high signal
intensity in the hippocampi, amygdalae, or
parahippocampal gyri, on T2-weighted and

FLAIR imaging, usually without diffusion
restriction.

If a CMV infection affects the ependymal and
subependymal tissue, decreased signal intensity
is seen on T1-weighted imaging, increased epen-
dymal signal intensity on FLAIR, periventricular
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enhancement after administration of gadolinium,
and ventriculomegaly.

11.2.2 Posterior Reversible
Encephalopathy Syndrome
(PRES)

Posterior reversible encephalopathy syndrome
(PRES) is a clinico-neuroradiologic disease, i.e.,
a combination of clinical neurologic alterations
with characteristic MRI findings. PRES occurs in
patients treated for a variety of tumor types but
predominantly in leukemia patients (in up to
1.6% of patients). It is also the most frequent
neurologic complication of oncologic therapy in
patients with ALL [13, 14]. Patients present with
headache, altered mental status, seizures, visual
disorders, and/or loss of consciousness [8, 15].

The cause of PRES is probably multifacto-
rial and related to hypertension, high-dose
poly-chemotherapy, transplantation, infection
or sepsis, graft-versus-host disease, immuno-
suppressive agents (e.g., cyclosporine, tacroli-
mus, and corticosteroids), and autoimmune
disorders [8, 16, 17].

One of the proposed theories is that oncologic
therapy may lead to a direct toxic effect on the
cerebrovascular endothelium. Injury to the endo-
thelium leads to local vasoconstriction followed
by hypoperfusion of the brain bordering the
involved vessels. Consequently, the blood-brain
barrier will be disrupted with subsequent vaso-
genic edema. Another hypothesis involves acute
hypertension or hyperperfusion, leading to a
breakdown of the blood-brain barrier, and extrav-
asation of fluid, potentially containing blood or
macromolecules, resulting in reversible vasogenic
edema [8, 16]. If the condition is left untreated,
cytotoxic edema may follow and result in
sequelae, such as epilepsy [8].

MRI is the imaging modality of choice when
PRES is suspected. It typically shows vasogenic
edema: non-enhancing hyperintense areas on

T2-weigthed imaging and ADC maps (Fig. 11.4)
[8, 13, 16, 17]. PRES is predominantly located in
the occipital lobes but can occur in any cerebral
lobe, as well as in the cerebellum (Fig. 11.4)
[8, 13, 16, 17]. Atypical features are hemorrhage,
contrast enhancement, and restricted diffusion
[8]. In the majority of patients, the lesions disap-
pear at follow-up imaging, but laminar necrosis,
micro-hemorrhage, and focal atrophy can be seen
as sequelae from PRES [15].

11.2.3 Toxic Effects to the White
Matter and Spinal Cord

Treatment-induced leukoencephalopathy (toxic
leukoencephalopathy (TE)) is a frequent compli-
cation, especially in patients receiving metho-
trexate (MTX) in a high dose or intrathecally, in
young children, and when associated with cranial
radiation therapy. In patients with ALL, the inci-
dence of TE is reported to be as high as 18% [18].
In addition to MTX, 5-fluorouracil, fludarabine,
cyclosporine, and tacrolimus are also reported to
be causative agents [8, 17].

Clinically, TE may vary from completely
reversible to irreversible severe neurological dam-
age. Patients present within the first 2 weeks of
treatment with a wide range of neurologic symp-
toms, including headache, lethargy, altered men-
tal status, seizures, transient ischemic attacks,
encephalopathy, ataxia, and myelopathy [15].

In the acute stage, areas of diffusion restric-
tion in the periventricular white matter, usually
showing no contrast enhancement, suggest cyto-
toxic edema. The abnormalities are typically
symmetrical and located bilaterally in the cen-
trum semiovale and the corona radiata. Signal
changes at DWI may precede the corresponding
abnormalities on FLAIR or T2-weighted imag-
ing. The acute cellular swelling is not necessarily
irreversible, and patients often recover
spontaneously. In a chronic setting, imaging may
show gliosis and encephalomalacia.
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Fig. 11.4 PRES in a 6-year-old boy treated with chemo-  the occipital lobes but also in the frontal lobes and cere-
therapy for ALL presenting with hypertension. Multiple — bellum; no diffusion restriction on the corresponding
hyperintense areas on T2-W, images localized not only in ~ ADC images. (a—d) T2-W, (e-h) FLAIR, (i—j) ADC
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Fig.11.4 (continued)
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Fig.11.4 (continued)

The main imaging differential diagnosis of TE
is PRES. Both entities have the same clinical
symptoms at onset, but cognitive dysfunction can
be more severe in acute TE [17]. On MRI the
distribution of abnormalities is different: TE
causes damage to the deep white matter, whereas
PRES causes signal changes to the cortex or sub-
cortical white matter. The prognosis of TE is
slightly worse than that of PRES.

Ascending  polyradiculoneuropathy
intrathecal MTX therapy is a rare complication.
At MRI lumbosacral ventral root enhancement is
shown that correlates with nerve conduction and
EMG abnormalities.

after

11.2.4 Cerebrovascular Complications

Cerebrovascular treatment complications can be
divided into hemorrhagic and ischemic
complications.

Risk factors for acute intracranial hemorrhage
are a platelet count less than 10 x 10%/L (10,000/

pL), when the patient has a coagulopathy or when
drugs such as prednisone or asparaginase are
administered [8, 17].

Cerebral venous thrombosis is a serious com-
plication encountered in patients with hemato-
logic malignancies. Risk factors are increased
thrombin generation related to leukemia, admin-
istration of asparaginase (leading to alterations in
the clotting system) and corticosteroids, infec-
tions, and an inherited prothrombotic state [8]. It
typically occurs in the third and fourth week of
therapy [10]. Clinical presentation is variable,
ranging from isolated headache to severe and
often multifocal neurologic deficits, seizures, or
even coma.

On CT venous thrombosis typically presents
as hyperdense lines in the deep veins and cortical
veins. Contrast-enhanced CT has a sensitivity of
60%; the sensitivity of MRI is higher [17]. On
T1-weighted images, a hyperintense thrombus is
seen, and T2* allows identification of the throm-
bosed vein (Fig. 11.5). MR venography shows a
flow void.
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Fig. 11.5 Cortical vein thrombosis in a 12-year-old boy with ALL presenting with hypertension and sudden onset of
headache. Hyperintense linear foci on T1-W (a—c¢) and blooming artifact (arrow) on SWI (d)
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11.2.5 Spinal Epidural Lipomatosis

Spinal epidural lipomatosis, or encapsulated
overgrowth of adipose tissue in the spinal canal,
is arare complication that can develop in children
with leukemia or lymphoma who are treated with
systemic or intrathecal corticosteroids [15].
Epidural thickening may impede repeated lumbar
punctures. Difficult lumbar puncture may be the
first sign. MRI shows accumulation of fat tissue
in the epidural space.

11.3 Chest
11.3.1 Infection

Risk factors for pulmonary infection in pediatric
oncologic patients are bone marrow aplasia due
to chemotherapy (mainly gram-positive or gram-
negative bacteria, less frequently Mycoplasma,
Chlamydia, M. tuberculosis, or fungi), the pres-
ence of a central venous catheter (candida), and
therapy with steroids and calcineurin inhibitors
(Aspergillus or other fungi) [19].

In children with neutropenic fever and pulmo-
nary infection, chest radiographs can initially be
normal due to their weak inflammatory response
[20]. In a large pediatric study, 73% of the
patients with proven pulmonary fungal infection
initially had a normal chest X-ray [4]. Chest
radiograph abnormalities are generally nonspe-
cific (e.g., segmental consolidation, multilobar
consolidation, perihilar infiltrate, single or mul-
tiple nodules, masses and pleural effusions,
ground-glass pattern, and cavitation), which
increases the risk of a delay in diagnosis and
treatment [19, 21, 22].

As mentioned before, chest CT is the recom-
mended imaging test in pediatric patients with
prolonged (>96 h) febrile neutropenia despite
broad-spectrum antibiotics [1, 7], because of its
higher sensitivity for the detection of pulmonary
infection. The drawback of chest CT is of course

the radiation exposure. Results on the value of
MRI of the lungs in neutropenic adult patients are
promising [23-26], and a few studies have been
performed in (neutropenic febrile) children,
showing technical feasibility [27, 28].
Furthermore, the correlation with HRCT was
high, and sensitivity and specificity to HRCT are
comparable [28]. However, more research is
needed to confirm the value of MRI of the lungs
as a diagnostic tool in these patients.

Patients with pulmonary aspergillus infection
present with fever, cough, chest pain, and hemop-
tysis or pneumothorax. Invasive pulmonary
aspergillosis can be divided into angioinvasive
and airway invasive aspergillosis, each entity
with its corresponding CT features.

The CT findings of angioinvasive pulmonary
aspergillosis depend on the immune response of
the patient and are nonspecific: nodules of vary-
ing size, irregular areas of consolidation, and
tree-in-bud and/or ground-glass opacities are
described [9, 22]. In neutropenic patients, a nod-
ule or consolidation surrounded by an area of
ground-glass attenuation can be seen, forming
the typical halo sign (Fig. 11.6) [19]. The central
nodule represents necrosis and fungi invading
pulmonary blood vessels, leading to thrombosis,
hemorrhagic infarction, and intra-alveolar

Fig. 11.6 Angioinvasive aspergillosis in an 11-year-old
girl with AML and neutropenic fever. A typical presenta-
tion with consolidation surrounded by ground-glass
changes
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hemorrhage, which in turn leads to ground-glass
changes in the surrounding lung parenchyma.
The halo sign is an early sign of infection, occur-
ring within 5 days from the onset of fever and
lasting 5 days. Despite effective therapy, increase
in lesion size and number of lesions may be
observed for 7-10 days, followed by a plateau for
a few days. When the patient recovers from neu-
tropenia, in about half of the patients, the air cres-
cent sign will develop after 2-3 weeks,
representing retraction of the necrotic nodule
from viable lung parenchyma. Cavitation is also
a late finding, in the recovery phase of neutrope-
nia [22], and usually appears in large areas of the
consolidation [19] (Fig. 11.7).

Nevertheless, the typical halo sign, air crescent
sign, and cavitation are less common in children

Fig. 11.7 Invasive pulmonary aspergillosis in a 12-year-
old girl with ALL. Chest X-ray (a) and non-contrast chest
CT (b) show a cavitating pulmonary lesion

than in adult patients, and this lower incidence is
not completely understood [1]. Also, none of
these signs is pathognomonic for angioinvasive
aspergillosis: other fungi and mycobacteria, bac-
terial pneumonia (e.g., S. aureus, Nocardia,
gram-negatives), and some viral infections (e.g.,
herpes) may cause similar radiological signs
[19].

Airway invasive aspergillosis is caused by
invasion of the basement membrane of the bron-
chial tree by Aspergillus, leading to exudative
bronchiolitis and air space infiltration. Chest
X-ray can be normal or show patchy consolida-
tion (usually in the lower lobes) or ill-defined
nodules. At chest CT, peribronchiolar consolida-
tion, lobar consolidation, centrilobular nodules,
and areas of ground-glass attenuation can be
present [19].

Pneumocystis

pneumonia is caused by

Pneumocystis jirovecii. Patients present with dys-
pnea, nonproductive cough, fever, and rarely chest
pain. Chest X-ray typically shows bilateral pro-
gressively coalescing interstitial infiltrates with a
perihilar distribution (Fig. 11.8). However, the
infiltrates may be unilateral; there may be consoli-
dations, nodules or cavitation, or no abnormalities

Fig. 11.8 Pneumocystis jirovecii (PJ) infection in a
4-month-old boy with localized neuroblastoma receiving
chemotherapy; he presented with dyspnea. Chest x-ray
shows bilateral coalescing interstitial opacity with a peri-
hilar distribution
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Fig. 11.9 Pulmonary candida infection in a 6-year-old boy with recurrent neuroblastoma with multiple nodules on
chest X-ray (a) and chest CT (b, MIP reconstruction)

at all. Pneumothorax and pneumomediastinum
are possible late complications [19].

Candida involvement of the lung is rare and
most often related to hematological dissemina-
tion from another location [19]. Findings at chest
CT are nonspecific, mainly consisting of bilateral
nodules and areas of consolidation (Fig. 11.9).

11.3.2 Pneumothorax Caused by
Cavitation of Lung Lesions
During Chemotherapy

Pneumothorax can be a complication in patients
with a pulmonary malignancy treated with che-
motherapy, radiation therapy, targeted biological
agents, or after radio-frequency ablation (RFA)
of a pulmonary nodule (Fig. 11.10).

The incidence of pneumothorax has been
reported to be 5-33% in patients with pulmonary
abnormalities [29]. The phenomenon is not com-
pletely understood, but necrosis of a subpleural
tumor leading to formation of a fistula between
the lung parenchyma and the pleural space,
infarction and necrosis of tumor emboli, overdis-
tension and subsequent rupture of alveoli due to
tumor progression, and increased intrathoracic

pressure following emetogenic chemotherapy are
all possible causes (Fig. 11.11) [29].

11.4 Abdomen
11.4.1 Infection/Abscesses

Fungal abscesses typically present as round
hypoechoic lesions in the liver and spleen that
may progressively calcify (Fig. 11.12).

11.4.2 Pancreatitis

Several chemotherapeutic agents are known to
induce pancreatitis in children, particularly drugs
used in the treatment of acute lymphoblastic leu-
kemia: doxorubicin, vincristine, prednisolone,
and particularly L-asparaginase. Pancreatitis, at
times severe necrotic pancreatitis [30], compli-
cates 5—18% of patients treated with asparagi-
nase [1]. Pancreatitis typically occurs early in the
course of treatment, but it can complicate every
treatment phase [31]. There is a high risk of
recurrent pancreatitis when the patient is rechal-
lenged with the inciting chemotherapy drug.
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Fig. 11.10 Pneumothorax in a 13-year-old girl with CT). Radio-frequency ablation (RFA) was performed (c),
osteosarcoma with a pulmonary metastasis in the left resulting in cavitation of the lesion and subsequent pneu-
upper lobe during follow-up ((a) chest X-ray, (b) chest mothorax (d—f)
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Fig.11.11 Cavitating pulmonary metastases from osteo-

sarcoma in a 9-year-old boy at chest CT (a). He developed

fever and coughing during chemotherapy and presented  Fig. 11.12 Systemic candida infection in a 6-year-old

with hypersonorous percussion due to secondary pneumo-  boy with recurrent neuroblastoma (same patient as in

thorax; (b) chest X-ray and (¢) CT Fig. 11.9). Ultrasound shows multiple hypoechoic lesions
in both the liver and spleen, optimally visualized with a
high-frequency transducer. (a) Liver, (b) spleen; (c) calci-
fication of the splenic lesions on follow-up examination
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Fig. 11.13 Pancreatitis in a 13-year-old boy with
ALL. Ultrasound image of the pancreas at the time of
ALL diagnosis (a) and when the patient presented with

Patients present with nausea and vomiting or
abdominal or back pain. On all imaging modali-
ties, diffuse enlargement of the pancreas, peri-
pancreatic fat streaking, and fluid collections can

pancreatitis (b, edematous pancreas). Abdominal CT scan
(c—e) shows the edematous pancreas, peripancreatic fluid,
and pelvic ascites

be seen (Fig. 11.13) [15, 30]. High blood levels
of amylase and lipase confirm the diagnosis. In
severe cases, pseudocysts may form (Fig. 11.14),
and pancreatic necrosis may occur.
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Fig. 11.14 Pancreatitis in a 6-year-old girl with ALL due to asparaginase treatment. CT (a, b) shows an edematous
pancreas and peripancreatic fluid. MRI (¢, d) demonstrated pseudocyst formation during follow-up

11.4.3 Hepatic Sinusoidal
Obstruction Syndrome
(Veno-occlusive Disease)

Hepatic sinusoidal obstruction syndrome
(HSOS), formerly known as veno-occlusive
disease (VOD), is a serious, potentially life-
threatening complication of chemotherapy. In
children it occurs with an incidence of 10-20%
[32]. The most common risk factor is high-

dose chemotherapy in a context of hematopoi-
etic stem cell transplantation (HSCT). Less
frequently, patients receiving conventional
chemotherapy may present with HSOS
although in a milder form which usually
resolves spontaneously [33-35]. The cause of
HSOS is damage to the hepatic venous micro-
vasculature leading to obliteration and a
decreased liver outflow, causing portal hyper-
tension. Symptoms are weight gain, fluid reten-
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Fig. 11.15 Hepatic sinusoidal obstruction syndrome
during chemotherapy in a 3-year-old boy with biliary
rhabdomyosarcoma. Ultrasound shows a thickened gall-
bladder wall (a) and hepatofugal flow in the main portal
vein (b)

tion and ascites, painful hepatomegaly, and
jaundice. Laboratory and imaging findings are
nonspecific: hepatomegaly, periportal edema,
ascites, diminished or reversed portal venous
flow, high resistive index of the hepatic artery,
attenuated but patent hepatic veins, gallbladder
wall edema, and splenomegaly may be present
(Fig. 11.15) [1, 9, 30].

A reliable predictive diagnostic test is lack-
ing, although according to recent publications,
an increase in maximum systolic velocity of
the hepatic artery and an increase in liver stiff-
ness evaluated by transient elastography might
be early findings of HSOS in children
[36-38].
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11.4.4 Portal Vein Thrombosis

A rare complication of chemotherapeutic treat-
ment is portal vein thrombosis. In pediatric patients
on intensive chemotherapy with autologous stem
cell support, it occurs with an incidence of 0.7%
[39]. Clinical symptoms are nonspecific abdomi-
nal distension and ascites. There may be thrombo-
cytopenia and a moderate elevation of bilirubin.
The diagnosis is based on imaging, and ultrasound
is a highly sensitive and specific modality in this
context. In the majority of patients, portal venous
thrombosis is preceded by HSOS [39].

11.4.5 Neutropenic Enterocolitis/
Typhlitis

Neutropenic enterocolitis or typhlitis is an
inflammatory syndrome of the bowel wall in neu-
tropenic patients. At histology, bowel wall edema
with ulceration and necrosis of the mucosa with
(almost) absent inflammatory infiltrates are seen
[40, 41].

It is most commonly encountered in patients
with acute leukemia, probably due to a combi-
nation of corticosteroid exposure, long periods
of neutropenia, frequent administration of anti-
biotics, and recurrent infections [42-45].
However, any neutropenic patient is at risk. The
precise pathogenesis and etiology are unclear,
but the association of immunosuppression,
mucosal injury, and bacterial invasion may be
responsible [41, 42, 46] with a significant asso-
ciation with C. difficile infection [46]. Antibiotic
treatment during more than 10 days before the
administration of chemotherapy also seems to
be a risk factor [47], and iatrogenic vincristine-
induced hypomotility of the bowel wall might
also play a role [41].

Interestingly typhlitis may also occur before
the initiation of treatment, supposedly as a result
of leukemic bowel wall infiltration [42, 48].

The incidence of typhlitis in pediatric patients
with cancer is strongly dependent on the criteria
used and has been reported between 0.2% and
9% [1, 41, 42, 46, 49]. If only patients on chemo-
therapy were included, the incidence increased to
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11% [41]. Several studies reported a mortality
rate of 8—11% in patients with typhlitis, but in the
last 10 years, it seems to have decreased to 2.5—
5% [30, 41, 46].

Patients typically present with the clinical
triad of fever, abdominal pain, and neutropenia.
Fever may be absent in the early stage. Other
common symptoms are abdominal tenderness,
often localized in the right iliac fossa, vomit-
ing, nausea, and constipation [15, 30, 41, 45].
Uncommon signs are prolonged anorexia,
intestinal hemorrhage, or a palpable mass due
to abscess formation [45]. Typhlitis most
commonly occurs in the terminal ileum or
cecum but can affect any part of the digestive
tract [30].

Imaging is indicated whenever typhlitis is
clinically suspected. The findings typically
consist of circumferential bowel wall thicken-
ing of the cecum (20.3-0.4 cm) extending into
the terminal ileum and ascending colon, but
other parts of the bowel can be involved as well.
Since bowel wall thickness can accurately be
evaluated with high-frequency ultrasound
transducers, it is a reliable technique for diag-
nosing typhlitis (Fig. 11.16). Other imaging
findings are pneumatosis intestinalis and peri-
intestinal fluid and inflammatory changes
[1, 30, 50].

In children CT is less suitable because of the
lack of intra-abdominal fat and its lower resolu-
tion compared to ultrasound. Moreover, radiation
in children should be kept as low as possible.
Only occasionally, in large patients or when
bowel gas is preventing ultrasound examination
of the bowel, CT might be necessary (Fig. 11.17).
Radiographs are only indicated when perforation
is suspected.

The differential diagnosis of typhlitis is
appendicitis.  Differentiation is important
because the therapeutic approach is obviously
different.

Treatment regimens of typhlitis consist of
broad-spectrum antibiotics, total parenteral
nutrition, bowel rest, granulocytic colony-
stimulating factor, and/or antifungal agents
[41, 45, 46, 51], depending on the extent and
severity of the disease. However, no controlled

Fig.11.16 Typhlitis in a 1-year-old girl with stage 4 neu-
roblastoma after stem cell reinfusion. She presented with
neutropenic fever and bloody diarrhea. Abdominal ultra-
sound shows bowel wall thickening of the terminal ileum
and stranding of the surrounding fat (a—c)

trials have been performed on the treatment of
typhlitis. Typhlitis can be complicated by
ulcerations, hemorrhage, fistula formation,
perforation, or abscess formation. Surgery is
required in case of perforation, uncontrolled
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Fig. 11.17 Typhlitis in a 14-year-old girl with leukemia treated with chemotherapy presenting with neutropenic fever
and abdominal pain. Abdominal CT shows thickened small bowel walls (a) and pneumatosis intestinalis (b)

Fig. 11.18 Benign pneumatosis intestinalis without clin-
ical symptoms in a 2-year-old boy with stage 4 neuroblas-
toma after stem cell reinfusion and during chemotherapy.

sepsis, and GI bleeding [41, 45]. In the latter,
an interventional radiology procedure can also
be attempted [52].

11.4.6 Benign Pneumatosis
Intestinalis

Pneumatosis intestinalis can be discovered inci-
dentally as an isolated finding in a pediatric can-
cer patient during therapy, in the absence of
clinical signs or symptoms. Risk factors are
immunosuppression and bone marrow transplan-
tation [53]. It is thought to be due to loss of bowel
wall integrity and mucosal disruption as a result

Portal venous air (a) and intestinal pneumatosis of the
colon (b) on ultrasound

of chemotherapy facilitating intramural intestinal
gas (Fig. 11.18) [54]. It is a self-limiting entity
[55]. However, soft-tissue bowel wall thickening,
free peritoneal fluid, extensive pneumatosis
intestinalis, and peribowel soft-tissue stranding
are alarming features [55] and should prompt fur-
ther investigation.

11.4.7 Hemorrhagic Cystitis

Oncological treatment (chemotherapy, radiother-
apy, bone marrow transplantation) and infections
may damage the transitional epithelium and
blood vessels of the urinary tract, with diffuse
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mucosal bleeding as a consequence [56].
Although the bladder is the most susceptible
organ, the entire urothelial surface is at risk,
including the renal pelvis and ureter [1].

The reported incidence of hemorrhagic cys-
titis in oncologic pediatric patients is about 6%
[56]. However, children who have undergone
HSCT have an increased risk of up to 25%.
Risk factors are cyclophosphamide, pelvic
irradiation, ALL, BK virus positivity, and total
body irradiation [56, 57]. Hemorrhagic cystitis
can occur within a few weeks to even several
years after completion of therapy. Severe cysti-
tis occurs more often in older children
(>5 years), after HSCT, and in patients with
BK virus in their urine. Patients with severe
cystitis have an increased risk of complications
such as bladder perforation, hydronephrosis
due to reflux or obstruction, and renal
impairment.

Ultrasound is the imaging modality of choice
and may show diffuse or focal bladder wall thick-
ening (>3 mm for a distended bladder, >5 mm for
a non-distended bladder) with hypervascularity
and intraluminal clots (Fig. 11.19) [57].

The majority of patients are treated noninva-
sively with hyperhydration, anticholinergic
drugs, and antiviral medication as indicated [56].

Fig. 11.19 Hemorrhagic cystitis in a 17-year-old girl
treated with chemotherapy and radiation therapy for a pel-
vic Ewing sarcoma; during cyclophosphamide therapy,
she presented with hematuria. Ultrasound shows focal
bladder wall thickening up to 1.3 cm
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11.5 Conclusion

Complications related to oncologic treatment can
present significant diagnostic and management
challenges in pediatric oncology patients. For
this reason, it is essential that the interpreting
radiologist has an understanding of the imaging
features” characteristic of specific treatment-
related complications. The aim of this chapter
was to present an overview of the imaging find-
ings seen in commonly encountered complica-
tions of therapy and to suggest strategies for
selecting the appropriate imaging technique to
provide a safe and effective approach to manag-
ing these complex patients.
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12.1 Introduction

Improved diagnostic techniques and contempo-
rary therapy have led to an increase in 5-year
overall survival of patients diagnosed with pedi-
atric cancers to over 80%. As of 2010, the num-
ber of living individuals in the United States,
who had been diagnosed with a childhood can-
cer, was estimated at nearly 380,000 [1, 2]. By
the year 2020, there may be as many as 500,000
survivors of childhood cancer living in the
United States [1]. Concurrently, the growing
population of survivors of childhood cancers is
burdened with adverse late toxicities that may
compromise quality and length of survival [3, 4].
Bhakta et al., from the St. Jude Lifetime Cohort
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Study of over 5500 patients treated at St. Jude
Children’s Research Hospital, who survived for
at least 10 years from initial cancer diagnosis
[5], found that the cumulative incidence for
developing a chronic health condition as defined
by the Common Terminology Criteria of Adverse
Events was 99.9% (95% confidence interval 99.9
to 99.9), by age 50 years and 96% for severe
chronic health condition. Each survivor devel-
oped an average of 17 chronic health conditions
by age 50 years as opposed to 9.2 in matched
community controls [5].

Therapy for childhood cancer is administered
during the time of most active patient develop-
ment and maturation, thereby contributing to dis-
ruption of normal growth and leading to long-term
adverse sequelae. A chronic medical condition
will develop in approximately 73% of survivors
of childhood cancers, with 40% being a life-
threatening or serious condition [4]. Thus, it is
paramount that radiologists and other healthcare
providers be familiar with late effects of treat-
ment that may alter and compromise the health of
this growing population.

12.2 Therapy

Although radiotherapy is well-recognized as an
effective therapeutic modality, exposure to radia-
tion therapy significantly increases the risk for
later treatment-related mortality [3]. Radiotherapy
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damages tumor cell DNA thereby reducing tumor
volume by inhibiting rapidly dividing cells with
high mitotic rates. The type and dose of the radia-
tion source also determine the type of late effects.
As the effects of radiotherapy are local, the sever-
ity and extent of late effects reflect the radiother-
apy field and dose [6, 7]. The tissue response to
radiotherapy depends on the tissue type. Atrophy
results from damage to epithelial tissue, while
fibrosis results from damage to stromal tissue. The
process of tissue fibrosis is complex involving
multiple pathways; investigations of the interac-
tion and roles of pathways leading to inflamma-
tory response, cell activation, oxidative stress, and
genetics are ongoing [7-10]. Chemotherapy is
typically given systemically. As such, its effects
are generalized and affect normal as well as
malignant cells. Since many children receive both
chemotherapy and radiation therapy, distinguish-
ing between effects caused by one therapy versus
the other may be difficult, and the interaction
between radiation therapy and chemotherapy may
be synergistic [11].

As the population of survivors of childhood
cancer has increased, guidelines have been devel-
oped for monitoring late effects, based upon
patient exposures to therapy and subsequent risk
for developing various toxicities [12]. This chap-
ter highlights many of the common late effects of
pediatric cancer therapy and the role of imaging
in their detection and monitoring based upon sev-
eral decades of experience. The impact of current
disease- and patient-specific therapeutic regi-
mens on long-term outcomes and sequelae will
undoubtedly be assessed in the future as will the
impact on the approach to imaging of these
patients [13—15].

Craniofacial late effects: The effect of radia-
tion on growing facial bones and cranium has
been reported in 35-100% of children who
receive high-dose radiotherapy, and many incur
craniofacial abnormalities [16—18]. Younger age
at treatment and increased radiotherapy volume
and dose contribute to the extent and severity.
Patients treated with both chemotherapy and
radiation doses in excess of 24 Gy when younger
than 5 years of age developed the most severe
craniofacial abnormalities [16].

Dysodontogenesis, salivary gland dysfunc-
tion, trismus, oral graft-versus-host disease, and
oral malignancies are among the radiation-related
late effects [19, 20]. Denys et al. found that,
although similar chemoradiation therapy was
given to patients with nasopharyngeal carcinoma
and nasopharyngeal rhabdomyosarcoma, dis-
rupted craniofacial growth was significantly
more severe in those with rhabdomyosarcoma
[21]. The main difference between these two
cohorts was the median age at diagnosis: those
with rhabdomyosarcoma being diagnosed at an
age about 10 years younger than those with naso-
pharyngeal carcinoma, 5.7 years versus
16.7 years, respectively [21].

Dental late effects: Mitosis of odontoblasts
is directly inhibited by radiation. Children in
whom odontoblasts are rapidly dividing are at
risk for disrupted odontogenesis [18, 22].
Radiation-induced damage to the tooth buds
may lead to hypodontia, anondontia, altered
eruption pattern, root stunting, deficient enamel
formation, and caries [16, 23] (Figs. 12.1, 12.2,
and 12.3). A radiation dose of 10 Gy damages
mature ameloblasts and 30 Gy arrests dental
development at the phase of maturation at which
the dentition is irradiated [24] (Fig. 12.1).

Fig. 12.1 Therapy-induced dysodontogenesis: A
15-year-old underwent allogeneic bone marrow transplan-
tation at age 10 years for hemophagocytic lymphohistio-
cytosis. The severity and distribution of the abnormally
formed teeth reflect the patient’s age at the time of ther-
apy. Panoramic radiograph demonstrates severe micro-
dontia of all first premolars, severe root stunting of all
central dentition, and all first molars. First premolars and
second molars are nearly normal. Of third molars, only
the right maxillary third molar has developed. The second
primary molars and second molars had already developed
at the time of therapy
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Fig. 12.2 Dysodontogenesis: A 15-year-old boy, diag-
nosed with bilateral retinoblastoma at 1 month of age.
Treatments included chemotherapy, 45 Gy radiation ther-
apy to both eyes, and unilateral enucleation. Panoramic
radiograph shows root stunting of all first permanent
molars, over-retained left mandibular, and bilateral maxil-
lary second primary molars. Also note foreshortened roots
of central dentition

Fig. 12.3 Radiation-induced caries: A 21-year-old
patient treated at the age of 9 years for Hodgkin lym-
phoma stage IIIB with chemotherapy and mantle (22 Gy),
lower mediastinal (2 Gy), and para-aortic splenic
(15.5 Gy) irradiation. He ultimately underwent complete
extraction of teeth. Panoramic radiograph demonstrates
extensive carious destruction of all teeth. Periapical
lucency surrounding the roots of the right mandibular first
molar, left mandibular second premolar, and minimally
around the roots of the left mandibular second molar is
indicative of multiple dental abscesses. Note severe
radiation-induced root stunting of mandibular canines,
premolars, and second molars, sparing the maxillary
dentition

Abnormal teeth may contribute to malocclusion,
subsequent temporomandibular joint dysfunc-
tion, and decreased growth of facial bones [23].
Variables which determine the late effects of
radiation upon dental health include patient age
and degree of dental development at the time of
treatment, total radiation dose, daily radiation
fraction, preexisting dental health, and interac-
tion with specific chemotherapeutic agents [19,
25, 26]. Standard orthodontic interventions may

require modification in survivors of childhood
cancer due to abnormally short dental roots [26—
28] (Figs. 12.1 and 12.2).

The affected dentition directly reflects the
radiation field (Fig. 12.1). Thus, in the cases of
mantle radiation therapy for Hodgkin lymphoma,
mandibular dentition may be affected, while
maxillary dentition is spared [29]. With total
body irradiation, extensive dysodontogenesis
may occur [30]. A retrospective study found that
prior to dental maturation, 43% of 73 patients
with acute lymphoblastic leukemia had treatment-
related alteration of dental development [31].
Children who undergo bone marrow transplanta-
tion are also at risk for dysodontogenesis [32,
33]. However, many of the dental abnormalities
may reflect therapy-induced changes that predate
bone marrow transplantation [34].

From the Childhood Cancer Survivor Study, a
report on approximately 9300 survivors found
that dose-dependent exposure to alkylating
agents significantly increased the likelihood of
dental abnormalities in patients who were
younger than 5 years at the time of treatment. The
investigators also found that treatment with
>20 Gy to the teeth was associated with altered
dental development [25].

Based upon these sequelae, rigorous dental
care is advised. Survivors of a childhood cancer
should obtain at least annual dental follow-up.
Those who received radiation therapy that included
the head and neck may warrant more frequent
evaluation to maintain oral-dental health [35].

12.3 Musculoskeletal Late Effects

The common long-term effects of oncotherapy on
the skeleton include pathologic fractures, bone
mineral density deficits (Fig. 12.4), limb length
discrepancy (Figs. 12.5 and 12.6), slipped capital
femoral epiphyses (Figs. 12.6 and 12.7), hemiat-
rophy (Fig. 12.8), osteonecrosis (Fig. 12.9), radia-
tion osteitis (Fig. 12.10), short stature,
osteochondromas (Figs. 12.6, 12.7, and 12.11),
and scoliosis (Figs. 12.8, 12.12, and 12.13). While
radiation therapy, chemotherapy, and surgery all
independently contribute to late musculoskeletal
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Fig. 12.4 A 1l-year-old girl was diagnosed with a non-
germinomatous germ cell tumor of the third ventricle and
treated with chemotherapy and radiation therapy. She
developed multiple endocrinopathies contributing to
severe bone mineral density deficit (Z-score of —5.49) and
multiple compression fractures of the thoracolumbar
spine, 1 year from diagnosis. (a) Lateral scout image from
the quantitative computed tomography study performed

sequelae, treatment with both radiation therapy
and chemotherapy may enhance toxicities affect-
ing the musculoskeletal system [36, 37].
Radiotherapy directly affects bone length,
bone volume, and bone mineral density in the
area irradiated due to disruption of not only
osteoclast and osteoblast balance but also a
decrease in hematopoietic stem cells, destruction
of chondrocytes, and induction of apoptosis in
relevant cell lines [18]. The resultant imbalance
between osteoblastic and osteoclastic activity

1 year from diagnosis shows multiple compression frac-
tures. Bone mineral density Z-score at this time was more
than 5 standard deviations below the mean. (b, ¢). Lateral
and frontal views from the corresponding scoliosis series
show severe demineralization throughout the skeleton,
numerous compression fractures, and severe thinning of
vertebral cortices

contributes to a decrease in bone mineral deposi-
tion and altered remodeling and growth [18, 38].
Vertebral body height may be stunted by radia-
tion therapy [39-42] as well as by deficiency in
growth hormone [43] and chemotherapy-induced
skeletal growth aberrations [40, 44], contributing
individually and collectively to short stature.
Indirect effects of radiotherapy on bone may
occur from hormonal imbalance, such as seen in
patients treated with cranial irradiation affecting
the hypothalamic-pituitary axis, and hormonal
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Fig. 12.5 Post-radiation growth disturbance: At the age
of 9 years, the patient was diagnosed with synovial sar-
coma left knee. She underwent surgical resection and
radiation therapy comprised of 24.8 Gy brachytherapy
and 50.4 Gy external beam. She developed progressive
varus deformity of her left leg and leg length discrepancy

imbalance, such as seen with pelvic irradiation
where the ovaries are included in the radiation
portals [45, 46]. High radiation dose, younger
patient age at the time of treatment, and asym-
metric radiation volume to bone contribute to the
overall late radiation therapy effects on the devel-
oping skeleton [36].

Chemotherapeutic agents, alone, can alter
bone metabolism through systemic and organ-
specific effects, contributing to decreased bone
mineral density. Glucocorticoids, a mainstay of
antileukemia therapy, primarily affect trabecular
bone through an imbalance between osteoclasts
and osteoblasts [45, 47]. The effects of ifos-
famide- and platinum-derived therapies on bone
metabolism result from their associated nephro-
toxicity [45]. Cyclophosphamide and doxorubi-

of 6 cm, ultimately requiring corrective osteotomy. (a)
Anteroposterior radiograph of the left knee showing
severe varus deformity and asymmetric physeal fusion.
(b, ¢) Corresponding coronal T1-weighted (b) and STIR
(c¢) images of the left knee showing marked asymmetric
growth of the distal femur with asymmetric physeal fusion

cin have both direct and indirect effects on bone
turnover, the latter secondary to drug-induced
ovarian failure [45, 48, 49] (Fig. 12.4).

Bone mineral density: Risk factors for defi-
cits in bone mineral density are male sex,
Caucasian race, treatment with cranial radiation
in excess of 18 Gy, high doses of steroids, and
methotrexate [46, 50, 51]. Hypogonadism has
also been associated with decreased bone mineral
density [46, 52] (Fig. 12.4). Patients receiving
high doses of antimetabolites have a tendency for
lower bone mineral density, though not reaching
statistical significance [53].

A long-term follow-up study of 845 patients
(median age at follow-up of 31 years) from the St.
Jude Lifetime Cohort found that 6% of young
adult survivors of childhood acute lymphoblastic
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Fig. 12.6 Therapy-induced leg length inequality: This
10-year-old who underwent bone marrow transplantation
at the age of 4 months for infant leukemia (also shown in
Fig. 12.7). Anteroposterior long scanogram demonstrates
bilateral slipped capital femoral epiphyses, a mild right-
ward pelvic tilt, multiple osteochondromas with resultant
leg length inequality of greater than 1 cm

leukemia had a deficit in bone mineral density
determined by quantitative computed tomography
(QCT) of at least 2 standard deviations (Z-score)
below the mean for age- and gender-matched
QCT controls. Approximately 24% had a Z-score
falling between —1 and —2. However, for a subset
of 400 participants for whom at least one prior
QCT was available, obtained a median of 8.5 years
earlier, the BMD Z-scores in 67% of those had
either improved or remained stable [54].

S.C.Kaste and A. Arora

Bone mineral density may be assessed using
quantitative computed tomography (QCT) or
dual energy X-ray absorptiometry (DXA) scans.
An initial assessment of BMD with entry into
long-term follow-up is recommended by the
Children’s  Oncology  Group Long-Term
Follow-up Guidelines for patients who have
received therapy known to be associated with
BMD deficits (e.g., glucocorticoids, methotrex-
ate, radiation therapy, hematopoietic stem cell
transplantation) and those with endocrinopathies
predisposing them to BMD deficits [12, 46].

Osteonecrosis is a common therapy-related
toxicity of leukemia therapy largely attributed to
prolonged therapeutic exposure to high-dose glu-
cocorticoids and reported in up to 74% of pediat-
ric patients treated for acute lymphoblastic
leukemia [55]. In addition to patients having
been treated for childhood acute lymphoblastic
leukemia, other high-risk survivor populations
include those who have undergone hematopoietic
stem cell transplantation and patients receiving
high-dose glucocorticoids for other reasons
[56-58].

Osteonecrosis may progress to a debilitating
chronic condition ultimately leading to joint col-
lapse and secondary arthritis [36, 59-64]. The
clinical factor most strongly and consistently
associated with the patient developing osteone-
crosis is adolescent age at the time of therapy [58,
59, 65, 66]. Unlike osteonecrosis developing after
trauma or radiation therapy, the systemic effect of
glucocorticoid therapy places all joints at risk for
its development; survivors of childhood cancer
typically develop multi-joint involvement [Fig.
12.9]. The hips have been most often evaluated
and are seen to be associated with greatest func-
tional morbidity. Large lesions of the femoral
heads portend a high likelihood of collapse; 80%
of femoral head lesions involving at least 30% of
the articular surface collapse within 2 years [67].
Though the hips are most often evaluated, the
knees are more commonly involved than the hips
[57, 68]. Involvement of shoulders and ankles
may be underestimated [69, 70].

MR is the most sensitive imaging method to
diagnosis osteonecrosis. Radiographs are insen-
sitive for detecting osteonecrotic involvement
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Fig. 12.7 Post-bone total body irradiation: At the age of
4 months, the patient was diagnosed with infant acute lym-
phoblastic leukemia and underwent hematopoietic stem
cell transplantation. He developed a 1 cm leg length dis-
crepancy, mild right-sided genu valgus. Radiographs
obtained approximately 10 years later demonstrate multiple
exostoses, chronic right-sided slipped capital femoral

early in its phase of development (Fig. 12.9) [55].
Patients are often asymptomatic until collapse of
the articular surface occurs, at which time, con-
servative methods of management have limited
efficacy [63, 71, 72].

Scoliosis: Historically, scoliosis developed
after unilateral or asymmetric radiation therapy
that included the developing spine (Figs. 12.8,
12.12, and 12.13). However, contemporary treat-
ment portals are designed to provide symmetrical
exposure of developing vertebral bodies in order
to offset potential development of scoliosis [39].

A recent study of long-term survivors of child-
hood sarcoma treated between 1964 and 2002
identified scoliosis in 27% (100 of 367) of young
adults followed for more than 10 years. Risk fac-
tors found to be identified with the development
of scoliosis were radiation to the chest and rib
resection. The authors found scoliosis to be asso-
ciated with decreased pulmonary function as well
as self-reported pain and impaired function [73].
Lucas et al. also found that the extent of surgical
resection, including the number and location of

epiphysis, and fragmentation left capital femoral epiphysis.
(a, b) Anteroposterior radiographs of the femurs demon-
strate a right-sided slipped capital femoral epiphysis, frag-
mentation of the left capital femoral epiphysis, and multiple
osteochondromas of the distal femoral metaphyses, bilater-
ally. (e, d) Anteroposterior radiographs of the lower legs
show multiple exostoses involving the knees

resected ribs, was associated with the severity
and extent of scoliosis but found no association
between radiation dose and tumor size and scoli-
osis in a group of 23 consecutive patients treated
for chest wall sarcomas [74].

Cardiovascular sequelae: Treatment toxici-
ties place survivors of childhood cancers at con-
siderably increased risk of cardiovascular disease
and cardiac deaths compared with the general
population. Recent estimates indicate that by the
age of 50 years, survivors will suffer from more
than twice the number of chronic and almost five
times the number of severe cardiovascular condi-
tions compared to the general population [5]. Risk
correlates to specific treatment exposures which
reflected the era in which the patient was treated
[75]. Development of congestive heart failure,
valvular disease, and cardiomyopathy may have a
delayed onset but, once initiated, are progressive
and have irreversible conditions [76-78].

Approximately 60% of childhood cancer sur-
vivors have been exposed to anthracycline ther-
apy or chest irradiation. As a result, these patients
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Fig.12.8 (a,b)

A 36-year-old man
diagnosed at age

10 months with right
renal Wilms tumor
treated with
chemotherapy, unilateral
nephrectomy, and
hemiabdominal radiation
therapy. Scoliosis series
demonstrates dysplastic
changes in the right
hemipelvis with
associated mild
rotoscoliosis. Surgical
staples in the right
retroperitoneum indicate
prior nephrectomy

are at 15-fold risk of cardiac complications par-
ticularly heart failure [4, 77, 79]. A report from
the Childhood Cancer Survivor Study indicated
that radiation therapy to the chest, spine, or total
body was associated with a greater than threefold
increased risk of cardiac death [3]. Patients who
received therapy that included greater than
300 mg/m? anthracycline had a nearly 12-fold
increased risk of developing clinically apparent
heart failure, compared with those treated with
lower doses [80, 81].

Although echocardiography has internation-
ally been recommended to evaluate late cardio-

vascular complications, high-quality cardiac MR
is evolving as a valuable method for screening
survivors of childhood cancer who received car-
diotoxic therapy, superseding 2-D echocardiog-
raphy in the detection of cardiomyopathy [82,
83]. As cardiac decompensation typically lies
dormant for a variable number of years, the first
indication of cardiovascular deterioration may be
seen on chest radiography obtained for other rea-
sons [76]. Cardiac CT may also be useful for esti-
mation of coronary artery disease, which Kupeli
et al. found in 16% of survivors of childhood
Hodgkin lymphoma [84]. Patients, who received
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Fig.12.9 Chemotherapy-induced osteonecrosis: Diagnosed
at age 17 years with lymphoblastic lymphoma, this patient
was treated with chemotherapy, total body irradiation, and
bone marrow transplantation for multiple disease relapses.
Among multiple late toxicities, the patient developed
advanced osteonecrosis involving her shoulders, hips, and
knees. (a—d) Coronal non-contrast T1 (b, ¢) and STIR (a, d)
images of the proximal humeri show extensive involvement
of both humeral heads by osteonecrosis. (e) Anteroposterior

mediastinal radiation therapy in addition to
chemotherapy, had a nearly sevenfold increased
risk of coronary artery disease compared with
those not treated with mediastinal irradiation.

Pulmonary late effects: The risk for develop-
ing pulmonary complications from therapy varies
with treatment exposures and doses of chemo-
therapy and radiation therapy, age at the time of
treatment, and smoking history [85].

Reported from the Childhood Cancer Survivor
Study, the cumulative risk for development of
pulmonary radiation fibrosis was approximately

radiograph of the pelvis is normal and specifically shows no
evidence of osteonecrosis. (f, g) Coronal non-contrast T1 (f)
and STIR (g) imaging of the pelvis and hips show extensive
involvement of both femoral heads, despite the normal
appearance on the radiograph obtained 1 month earlier. (h, i)
Coronal non-contrast T1 (h) and STIR (i) imaging of the
knees show extensive osteonecrotic involvement of both dis-
tal femoral diametaphyses, as well as involvement of both
proximal tibial diametaphyses

3.5% at 20 years from exposure, with chest irra-
diation being statistically associated with its
development (RR = 4.3; P = 0.001) [86].
Recurrent pneumonia (RR =2.2; P = 0.001) and
chronic cough (RR = 2.0; P < 0.001) have been
reported in children surviving 5 years or more
post cancer therapy [86]. Radiation-induced
injury to type II pneumocytes and endothelial
cells may progress over time to pulmonary fibro-
sis as evidenced by a cumulative incidence of
3.5% of patients 20 years after chest radiation
[86-88]. Though not reaching statistical signifi-
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Fig. 12.9 (continued)

cance, patients treated with total body irradiation
or radiation to the chest or spine have been
reported to be at increased risk for pulmonary
death [89].

However, some chemotherapeutic agents such
as busulfan, bleomycin, carmustine, and lomus-
tine can incite pulmonary fibrosis, chronic cough,
and dyspnea in the absence of radiation therapy
[86]. Chemotherapy also compounds the pulmo-
nary toxic effects of radiation therapy. Children
receiving both radiation and chemotherapy suffer
long-term pulmonary dysfunction in up to 72%
cases [90].

Chest radiography or CT is useful for detect-
ing pulmonary fibrosis, indicated by pleural
thickening, retraction, and scarring of the hila or
focally within the lung parenchyma (Fig. 12.14).
Post-radiation changes may extend beyond the
radiation portals [87]. The demonstration of pul-
monary interstitial or alveolar infiltrates without
infection by high-resolution chest CT is associ-
ated with decreased pulmonary function when
compared with pulmonary function studies of
patients with normal high-resolution chest
CT. Conversely, approximately 36% of studied
patients with normal chest CT had abnormal pul-

monary function tests [91]. Bronchiolitis obliter-

ans and bronchiolitis obliterans organizing
pneumonia (BOOP) may also be seen [92].

12.4 Gastrointestinal
and Hepatobiliary
Late Effects

Survivors of childhood cancer are at significantly
increased risk for the development of gastrointes-
tinal and hepatic diseases compared with the gen-
eral population [93, 94]. At 20 years after diagnosis
of a malignancy, the cumulative incidence of
adverse late effects affecting the gastrointestinal
system is estimated to be 38% [94]. The gastroin-
testinal effects of cancer therapy can be further
subcategorized into enteric and hepatobiliary com-
plications [92]. Combination therapy typically
imparts more frequent and severe toxicities.
Enteric complications: Ionizing radiation
compromises the integrity of the mucosal epithe-
lium of the gastrointestinal tract [95]. Chronic
radiation-induced bowel disease occurs in 0.5—
16.9% of patients receiving abdominopelvic irra-
diation, usually manifesting 624 months after
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Fig. 12.10 Radiation osteitis: This 15-year-old boy was
diagnosed at age 2 years with rhabdomyosarcoma of the
prostate and treated with chemotherapy and 50.4 Gy radi-
ation therapy to the prostate. Radiographs obtained
approximately 11 years later show extensive post-
radiation skeletal changes and growth disturbance. (a)
Anteroposterior radiograph of the pelvis shows diffusely
thickened trabeculae of midline pelvic bones and femoral
heads and necks in distribution of the radiation portals.
Note also the foreshortened femoral necks and thickening

of the acetabula. (b) Corresponding coronal T1-weighted
MR through the pelvis demonstrates heterogeneous min-
eralization with irregularity of the articular surface of the
right capital femoral epiphysis, worrisome for developing
osteonecrosis. (¢, d) Lateral (¢), and anteroposterior (d),
radiographs of the lumbar spine, sacrum, and coccyx
show growth disturbance defining the radiation portal.
The vertebral bodies within the radiation portal are small
compared to those outside of the treatment field
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Fig. 12.11 Post-radiation osteochondroma:
At the age of 3 years, this patient was
diagnosed with chronic myelogenous
leukemia and treated with chemotherapy,
total body irradiation of 12 Gy, and
allogeneic bone marrow transplantation.
She returned for routine follow-up and
complained of a lump in her right anterior
chest wall. Axial CT image with bone
windows through the level of the lower
thorax showing a small exostosis projecting
from the right anterior fourth rib, subjacent
to the skin marker

Fig.12.12 (a, b)
Therapy-related
scoliosis: A 37-year-old
treated for osteosarcoma
of the foot at age

14 years that included
chemotherapy and
below-knee amputation.
Scoliosis series,
anteroposterior and
lateral views, shows a
mild S-shaped
thoracolumbar scoliosis;
note subtle rightward
pelvic tilt, ipsilateral to
the side of amputation
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Fig. 12.13 Severe therapy-induced scoliosis: At the age
of 6 years, this patient was diagnosed with Ewing sarcoma
in the right sixth to eighth ribs. Treatment included che-
motherapy, multiple rib resection, and 50.4 Gy radiation
therapy. Scoliosis series performed 5 (a, b) years and 8 (c,
d) years, respectively, after completion of therapy. (a, b)
Lateral and anteroposterior scoliosis images demonstrate

radiotherapy [95, 96]. The long-term effects of
radiotherapy are thought to be due an admixture
of occlusive vasculitis, inflammation, collagen
deposition and fibrosis, and alteration of intesti-
nal flora [97-100]. Collagen deposition and
fibrosis account for the chronic complications
[98]. Usually, chronic radiation-induced small
bowel disease develops between 18 months and
6 years from completion of radiation therapy but
has been reported as early as 2 months and as late
as 30 years following radiation therapy involving
the colon [99-105]. Due to its rapid cell turnover,
the small bowel mucosa is the most radiosensi-
tive tissue in the gastrointestinal tract [106].
Symptoms of radiation-induced small bowel dis-

¥

surgical changes of the right lateral and posterior chest
wall resection. A minimal lower thoracic D-convex curve
is suggested on the anteroposterior image, with apex at
T11. (c, d) Repeat scoliosis series 3 years later shows
marked progression of the thoracic component, now with
flattening of the normal thoracic curve and progression of
radiation-induced right thoracic hypoplasia

ease may develop after as little as fractionated
5-12 Gy, although usually symptoms develop
after higher doses [99].

Mucosal ulcerations, strictures, bowel obstruc-
tion, and malabsorption are common enteric
complications in children surviving cancer ther-
apy [95, 107]. Bowel obstruction from stenosis or
adhesions has been reported in 36% of survivors
[20, 108]. Surgery-related late complications
result from formation of dense adhesions, a high
incidence of anastomotic dehiscence, re-
obstruction, and mortality after resection of pre-
viously irradiated bowel [98, 101, 103].
Strictures, bowel obstruction, and enteric fistulae
are common late enteric complications in chil-
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dren surviving cancer therapy [107]. Therapy-
related adhesions could lead to bowel obstruction
and intussusception.

Bowel obstruction requiring surgery has been
reported to occur with a cumulative incidence at

35 years in 5.8% of survivors of childhood cancer
(95% confidence interval, 4.4-7.3%) treated for
an abdominopelvic tumor and in 1.0% (95%
confidence interval, 0.7-1.4%) of those without a
tumor in the abdomen or pelvis. Intestinal

Fig. 12.14 Pulmonary fibrosis: A 17-year-old girl diag-
nosed with nodular sclerosing Hodgkin lymphoma and
treated with chemotherapy and modified mantle irradia-
tion of 25.5 Gy. She relapsed with Hodgkin disease
2 years later and underwent bone marrow transplantation
with irradiation to sites of relapse. She developed progres-
sive pulmonary fibrosis ultimately leading to her demise.
(a) Posteroanterior chest radiograph at the time of relapse
showed normal appearance of the mediastinum and lungs.
(b) Posteroanterior chest radiograph 1 year after comple-

tion of relapse therapy shows development of left lower
lobe pleural thickening with straightening of the left
mediastinal margin and left lower lobe scarring. Note
subtle coarsened interstitial markings in the right lower
lobe. (¢, d) Posteroanterior chest radiographs obtained
4 years and 5 years, respectively, after completion of ther-
apy show progressive and extensive pulmonary fibrosis
with thickened septa, scarring, retraction of mediastinal
tissues, and biapical pleural thickening
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obstruction occurred with an adjusted rate ratio
of 3.6 (95% confidence interval, 1.9-6.8,
P < 0.001) in those with an abdominopelvic
tumor and in those receiving radiation therapy
doses exceeding 50 Gy within 5 years of initial
diagnosis of cancer (adjusted rate ratio of 2.4;
95% confidence interval, 1.6-3.7; P < 0.001)
when compared with their siblings [109].
Development of an intestinal obstruction was
associated with increased mortality [109].

Imaging findings of radiation-related bowel
disease vary widely and include ileus, bowel
obstruction, ulceration, dysmotility, tubulation,
bowel wall thickening, fistulae formation,
abscess, or perforation [100, 110-113].
Approximately 15% of patients with chronic
radiation-related bowel disease have normal
imaging studies [101, 114]. As many of the imag-
ing findings are non-specific, correlation of the
clinical history of radiation therapy to the abdo-
men and/or pelvis with imaging findings is key to
making the correct diagnosis of radiation-related
bowel disease.

A report from the Childhood Cancer Survivor
Study of over 14,000 childhood cancer survivors,
median age at the time of post-therapy assess-
ment of 23 years (range, 7-49 years), revealed
that survivors self-reported sequelae nearly twice
as frequently as their siblings for the upper gas-
trointestinal tract (ratio rate 1.8; 95% confidence
interval 1.6-2.0), liver (ratio rate 2.1; 95% confi-
dence interval, 1.8-2.5), and lower gastrointesti-
nal tract (ratio rate 1.9; 95% confidence interval,
1.7-2.2). Increased risk of development of some
of the late sequelae included older age at the time
of therapy, radiation therapy to the abdomen, and
abdominal surgery [94]. Asdahl et al. reported in
a similar long-term follow-up study of over 31,
000 survivors a 60% increased relative risk in
survivors of childhood cancer for the develop-
ment of gastrointestinal or hepatic disease (risk
ratio, 1.6; 95% confidence interval 1.6-1.7) at a
median follow-up of 10 years (range, 0—42 years)
after therapy completion [93]. An unexpected
finding in this report was the prevalence of
esophageal stricture (risk ratio, 13; 95% confi-
dence interval 9.2-20), notably in survivors of
childhood acute lymphoblastic leukemia. The

authors attribute candida esophagitis as the likely
explanation [93].

Fluoroscopy-assisted contrast studies like loo-
pogram, esophagram, and upper GI studies with
small bowel follow-through are useful tools for
imaging of strictures, bowel obstruction, and fis-
tulae [107]. More recently, CT and MR enterogra-
phy have been shown to play a valuable role in
diagnosing radiation-related bowel sequelae [110,
112]. CT findings that may indicate post-therapy
bowel disease include bowel wall thickening,
increase in pelvic fat, soft tissue stranding, and
formation of strictures and fistulae [112]. Algin
et al. using MR enterography found that the most
valuable information obtained with this technique
was identification of an abnormal loop of bowel
within the radiation field [110]. Other reported
findings from this adult case series included bowel
wall thickening, contrast enhancement of the
bowel wall, small bowel wall thickening, nar-
rowed bowel lumen, and stranding of the mesen-
tery [110]. MR enterography is reportedly
well-tolerated by pediatric patients [115].

12.5 Hepatobiliary Complications

There is limited information regarding long-term
hepatic insufficiency in survivors of childhood
cancer. However, the reported incidence of such
is low without associated coexistent morbidities
such as infection [116]. Chemotherapy, radiation
therapy, and hepatic resections can independently
and additively lead to hepatic injury [39,
116-120].

Focal nodular hyperplasia (FNH) is the
most common entity seen within 2—12 years of
cancer therapy. Pediatric cases of FNH account
for only 7% of all reported cases. FNH are the
most common benign hepatic tumors within
2-12 years of cancer therapy with a median inter-
val of 6.7 years [121]. It is seen with increasing
frequency after treatment with chemotherapy and
radiotherapy [122]. FNH in cancer survivors may
be atypical, small, and multiple with lack of cen-
tral scar [123]. Pillon et al. found FNH to develop
in 5.2% (17 of 324) of patients who underwent
hematopoietic stem cell transplantation, 94% of
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those with FNH being younger than 12 years at
the time of transplantation [124].

FNH is a hepatocellular proliferation that is
induced by vascular injuries such as thrombosis,
intimal hyperplasia, high sinusoidal pressure, or
increased flow [122, 125] and in cancer survivors
is thought to be a manifestation of injury to the
vascular endothelium caused by chemotherapy or
radiotherapy.

The definitive diagnosis of FNH is based upon
specific imaging criteria. On CT scan a classic
FNH is a homogenous hypo-attenuating mass
enhancing avidly on arterial phase with a non-
enhancing central scar [122]. Ultrasound exami-
nation for screening and contrast-enhanced CT
scan or MRI may be used for definitive diagnosis
of FNH [92, 124, 126]. More recently, the use of
contrast-enhanced ultrasound has been shown to
be a valuable modality for differentiating FNH
from other hepatic lesions [126—130] (Fig. 12.15).
Please see Chap. 8, dedicated to contrast-
enhanced US as it relates to pediatric oncologic
imaging. Hepatocyte-specific MR contrast agents
are useful to characterize hepatic lesions and dif-
ferentiate focal nodular hyperplasia from other
lesions [127, 131, 132].

Hemochromatosis: Hepatic iron overload,
which can contribute to the development of endo-
crine and cardiac complications as well as being
associated with hepatic fibrosis and cirrhosis, is
common in patients who have received multiple
blood cell transfusions [133-137]. Based upon
serum ferritin levels and liver histology, 14—70%
of children treated for acute lymphoblastic leuke-
mia develop histologically positive siderosis [92,
136, 137]. From 26% to 93% of children who have
undergone hematopoietic stem cell transplantation
have been reported to have hepatic iron deposition
[134, 135]. MR quantification of hepatic iron con-
tent provides accurate noninvasive assessment of
hepatic iron deposition [138—140].

Steatosis: Fatty infiltration (steatosis) of the
liver results from deposition of triglycerides in
hepatocytes and is commonly seen in survivors
of acute lymphocytic leukemia [111, 136]. Other
patients in whom steatosis may be seen include
those with hepatoblastoma who were treated with
liver transplantation and those with metabolic

syndrome related to insulin resistance caused by
whole body irradiation and from immunosup-
pressive chemotherapy [92, 141]. Ultrasound
examination demonstrates increased echo-
genicity of liver parenchyma [39, 43]. In and out
of phase imaging on MRI is an accurate method
of diagnosis [92].

Fibrosis: Though seen less commonly than
hemosiderosis, hepatic fibrosis may occur with
variable frequency in patients treated for acute
lymphoblastic leukemia [136]. Portal hyperten-
sion, cirrhosis, and hepatocellular carcinoma are
potential fibrosis-related complications in chil-
dren [116, 135, 136].

Ultrasound assessment of liver stiffness, fibro-
sis, and steatosis and MR elastography are gain-
ing interest as adjunct methods for assessing
hepatic toxicity, though the experience of their
use in pediatric and young adult patient popula-
tions is not as robust as in adult populations
[142-149].

12.6 Genitourinary Late Effects

Renal atrophy and urinary bladder fibrosis are the
prime manifestation of cancer therapy diagnosed
on imaging [106].

Renal: Chemotherapy and radiation-induced
nephropathy can present as focal or diffuse renal
parenchymal volume loss and end-stage renal
disease [106] (Fig. 12.16).

Renal late effects are usually manifested
within 6-12 months after therapy [92]. Radiation
oncologists seek to minimize renal radiation as
kidneys are very radiosensitive. As the ureters are
relatively resistant to radiation-induced changes,
radiation-induced ureteral strictures are rare late
complications [106, 150]. Hypophosphatemic
rickets may result from ifosfamide-induced renal
disease [59, 151].

In patients who have undergone unilateral
nephrectomy, compensatory hypertrophy of the
remaining kidney is commonly seen, reported in
83% of survivors of Wilms tumor [152].
Contemporary nephron-sparing techniques con-
tribute to disease cure while decreasing therapy-
related renal morbidity [153, 154]. Ultrasound
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TRANS LIVER

Fig. 12.15 Post-therapy focal nodular hyperplasia: A
27-year-old male treated during childhood for leukemia
developed transfusional iron overload. Incidentally found to
have focal liver lesions on an MRI performed for liver iron
estimation (Courtesy, Dr. M. Beth McCarville). (a) Axial
T2W gradient echo image demonstrates two focal liver
lesions (arrows). (b) Grayscale transverse (left-hand side)
and sagittal (right-hand side) ultrasound images show the
lesion to be slightly hypoechoic. (c—f) Transverse contrast-
enhanced ultrasound images of the larger lesion shown,

obtained in (c) the early arterial phase, show feeding arteries
within the focal liver lesion (arrows). (d) During the late
arterial phase, there is centrifugal hyperenhancement of the
lesion (arrows). (e) During the portal venous phase, there is
continued hyperenhancement of the lesion (straight arrows).
Note enhancement of the main portal vein (curved arrow).
(f) During delayed phase imaging there is iso- to hyperen-
chancement of the lesion (arrows). There was no washout of
the lesion on further delayed imaging. These features are
consistent with focal nodular hyperplasia
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Fig. 12.15 (continued)
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Fig. 12.16 Therapy-induced renal failure: Diagnosed at
age 11 years with acute myelogenous leukemia, this teen
was treated with multi-agent chemotherapy and alloge-
neic bone marrow transplantation. Her recovery was com-
plicated by renal failure, ultimately requiring renal
transplantation. Longitudinal ultrasound image of the
right kidney shows marked homogeneous hyperecho-
genicity throughout the renal parenchyma

serves as a frontline modality for monitoring dis-
ease recurrence without patient exposure to ion-
izing radiation. MR urography can provide
quantitative assessment of renal function [155]
and is increasingly being used to evaluate renal
function in cancer survivors.

Urinary bladder: Urinary bladder fibrosis
exhibited as a contracted and poorly distended
bladder on imaging is most often seen as a late
effect of cancer therapy. It may also be accompa-
nied by hydronephrosis [156]. Decreased bladder
distensibility and bladder fibrosis are long-term
complications of cancer therapy usually seen
when a large portion of the bladder lies within a
high-dose radiation field [106]. Bladder fibrosis
is particularly seen as a late complication of
cyclophosphamide therapy-induced interstitial
fibrosis of the bladder wall [92]. Urinary bladder
fibrosis, exhibited as a contracted and poorly dis-
tended bladder on ultrasound and cystogram,
may also be accompanied by hydronephrosis
[156].

Rectovesical and rectovaginal fistulae occa-
sionally occur as complications of radiation-
induced cystopathy, commonly seen with
brachytherapy in adults [106, 156]. Enterocystic
fistulae may also develop.

Fig. 12.17 Acquired vaginal occlusion: A 15-year-old
girl diagnosed at age 2 years for vaginal alveolar rhabdo-
myosarcoma was treated with chemotherapy but subse-
quently required vaginal brachytherapy for local disease
control. She complained of amenorrhea and abdominal
pain. Due to repeated urinary tract infections, urinary
incontinence, and multiple colovaginal and urovaginal fis-
tulas, she ultimately underwent cystectomy, hysterec-
tomy, bilateral salpingo-oophorectomy, colostomy, and
ileal loop diversion. (a) Axial CT image through the pel-
vic after intravenous and oral contrast administration
shows a well-defined low-density midline pelvic mass
with enhancing thickened wall indicative of hematocol-
pos. (b) Axial CT image through the lower abdomen
showing the presence of colostomy and ileal loop
diversion

Other late complications of oncotherapy
resulting from local tissue damage such as
seen with acquired vaginal occlusion are
induced by chemotherapy and/or radiation
therapy [157, 158]. This entity may be unsus-
pected and can mimic local disease recurrence
(Fig. 12.17).

Ultrasound examinations are especially
valuable for assessing late effects on the kid-
neys and bladder but may be limited in assess-
ing non-dilated urinary tracts and in patients
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with large body habitus [155]. Both MR and
CT urography have the potential to provide
comprehensive assessment of renal paren-
chyma, urinary collecting system, as well as
surrounding structures. MR urography on the
other hand provides a method of disease detec-
tion without exposing the patient to ionizing
radiation [159].

The role of these modalities is especially
important in diagnosing urinary tract obstructions
unrelated to urolithiasis such as radiotherapy-
related ureteric strictures [155, 159], although as
noted earlier these are relatively uncommon. Post
contrast MR urography is effective in diagnosing
focal scarring and diffuse renal parenchymal loss
as a late effect of cancer therapy [155].

12.7 Endocrine Late Effects

In long-term survivors of pediatric malignancies,
endocrine toxicities may result from local or cen-
tral insults.

Thyroid: As irradiation of the thyroid gland is
inevitable when treating children with head,
neck, or mediastinal tumors, children are at risk
for developing thyroid disorders such as hypo-
thyroidism, hyperthyroidism, thyroid nodules,
and thyroid malignancies [160]. Histologic fea-
tures of long-term radiation on the thyroid gland
include atrophy of thyroid stroma, degeneration
of thyroid follicles, and obliteration of underly-
ing vasculature [96].

In a comprehensive literature review of 4012
survivors who were treated for Hodgkin lym-
phoma during childhood, 40% of the study popu-
lation were reported to have developed thyroid
disorders [161]. Hypothyroidism is the most com-
mon condition seen in survivors who undergo
radiotherapy [92]. Hancock et al. reported an
actuarial risk of developing abnormalities of the
thyroid gland of 52% at 20 years after radiation
therapy that included the thyroid gland [162].
They also found an increased incidence of hypo-
thyroidism in children who were treated at an
older age with the greatest risk during the first
5 years of treatment. The risk for hypothyroidism
was most closely related to an increasing relative

risk accompanying increasing radiation dose
[162]. In the presence of hypothyroidism, the thy-
roid gland is usually normal by ultrasound [92].

From the Childhood Cancer Survivor Study,
Sklar et al. reported on 1791 survivors treated
with irradiation that included the thyroid gland
[160]. Of the study cohort, the most common
abnormality found in 456 patients was hypothy-
roidism. However 146 patients developed thyroid
nodules, of which 11 were malignant; 82 devel-
oped hyperthyroidism representing an eightfold
greater incidence than in their siblings [160].

In comparison to the healthy population, there
is significant risk of developing thyroid malig-
nancies (Fig. 12.18) in cancer therapy survivors.
Sklar et al. studied 1700 lymphoma survivors
and reported 20 cases of thyroid carcinomas
[160]. The overall incidence of thyroid cancers
in cancer survivors who underwent neck radio-
therapy ranges from 2% to 65% [160, 163].
According to the literature, the majority of can-
cers were well differentiated and predominantly
papillary carcinomas with a latency period of
5-26 years from the time of therapy for child-
hood malignancy [160].

As clinical examination and thyroid function
tests are insensitive, ultrasound serves as the pri-
mary imaging modality for detecting thyroid abnor-
malities and is particularly applicable as a sensitive,
inexpensive, versatile modality that does not expose
patients to ionizing radiation [96, 163, 164].

A variety of sonographic findings related to
late effects from cancer therapy on the thyroid
gland have been described and include solitary or
multiple nodules (benign or malignant), diffuse
thyroid atrophy, and cysts (simple or complex)
[164]. The most common sonographic findings in
long-term survivors are thyroid volume loss,
atrophy, single or multiple echogenic or
hypoechoic nodules, and cysts (Fig. 12.19).
Soberman et al. studied 18 long-term survivors of
Hodgkin disease of whom 16 patients were found
to have a variety of findings on ultrasound [164].
Six patients exhibited diffuse atrophy of the thy-
roid gland, five patients demonstrated multiple
nodules, solitary nodules were noted in four of
them, and one patient had thyroid gland hetero-
geneity with calcifications [164].
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Fig. 12.18 Secondary thyroid cancer: A 17-year-old boy
diagnosed and treated 6 years earlier for posterior fossa
medulloblastoma. Treatment included gross total resec-
tion of the mass, chemotherapy, cranial-spinal irradia-
tion, and autologous bone marrow transplantation. At the
time of his first screening thyroid ultrasound, a right-
sided mass was palpable. A total thyroidectomy and
lymph node dissection was performed. Histologic evalu-
ation revealed a 2 cm dominant nodule with many micro-
scopic foci of papillary thyroid carcinoma distributed

throughout both lobes, extracapsular extension and posi-
tive lymph nodes. Screening ultrasound shows a poorly
marginated heterogeneous right thyroid lobe mass (a,
transverse and longitudinal grayscale images) with punc-
tate calcifications (b) and hypervascularity (c). Panel (b),
obtained with higher resolution technique, shows to bet-
ter advantage the heterogeneously solid mass with punc-
tate calcifications. Transverse and longitudinal images of
the left thyroid lobe showed tiny calcifications without
discrete mass. Microscopic foci of carcinoma were found
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Fig. 12.19 Multinodular goiter: A 44-year-old woman
treated at age 18 years for Hodgkin lymphoma with che-
motherapy and 19.6 Gy mantle field irradiation. Notably,
the patient subsequently also developed breast cancer

Malignant thyroid nodules can demonstrate
microcalcifications, irregular outline, and het-
erogeneous echo texture [165] (Fig. 12.18).
Though nodules vary widely in size and most
nodules are benign, malignancy may still be
found in small, millimetric lesions. Thus, routine
periodic monitoring of patients at risk for radia-
tion-induced thyroid malignancy is justified to
assess for potential change in size or ultrasound
appearance [165].

Gonads: Alkylating agents and pelvic radio-
therapy affect the gonads severely with significant
long-term gonadal dysfunction [92, 161]. Local
effects may mimic or be compounded by central
long-term effects of irradiation to the hypotha-
lamic-pituitary axis and may manifest as growth
hormone delayed or advanced skeletal age [41].

12.8 Second Malignant
Neoplasms

Second malignant tumors represent a significant
added health burden to survivors of childhood
cancer and vary by primary disease, treatment
exposures, and patient age at the time of therapy
[166-169]. At 30-year follow-up from therapy
for the first malignancy, the estimated cumula-
tive incidence of developing any second malig-
nancy was 20.5% (95%  confidence
interval = 19.1-21.8%) and, excluding non-mel-
anoma skin cancer, was 7.9% (95% confidence
interval = 7.2-8.5%). From the Childhood

Cancer Survivor Study, the median time to
development of any second malignancy was
17.8 years (range, 5.0-35.3 years). The investi-
gators found a median time between diagnosis
of the primary malignancy and secondary leuke-
mia to be 8.9 years (range, 5.0-31.1 years). The
longest time interval from primary to second
malignancy was for development of secondary
bowel malignancy with a median time to devel-
opment of 23.1 years (range, 7.0-29.4 years)
[167].

Primary malignancies associated with the
highest risk for development of a second malig-
nant neoplasm were Hodgkin lymphoma (stan-
dardized incidence ratio = 8.7, 95% confidence
interval = 7.7-9.8) and Ewing sarcoma (stan-
dardized incidence ratio = 8.5, 95% confidence
interval = 6.2-11.7) [167]. Patients who
received combined radiation and chemother-
apy are at greater risk for the development of
secondary neoplasms than those treated with
either radiation or chemotherapy alone [170].
Breast, thyroid, brain, and bone tumors are
strongly associated with radiation therapy; a
greater risk of developing second malignant
tumors is associated with higher radiation dose
and younger age at the time of therapy [92,
171].

Perhaps the best studied survivor cohort are
those treated for Hodgkin lymphoma. Compared
to the general population, these survivors have a
10% increased risk of any second malignancy at
20 years and 26% increased risk at 30 years of
age. The most common solid second malignant
neoplasm is breast cancer with a standardized
risk ratio of 56.7 [170].

Metayer et al. studied 5925 pediatric patients
treated for Hodgkin disease and found a total of
157 solid tumors and 26 acute leukemia [171].
The cumulative risk of developing solid tumors
was 6.5%, persisting for 20 years after cancer
therapy and increasing to almost 12% by
25 years. The most common solid tumors
observed in survivors of radiation therapy were
the thyroid, breast, connective tissue, stomach,
and esophagus. Children treated before age 10
had a 50 times increased risk of tumors of the
thyroid and respiratory tract. The second
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Fig. 12.20 Radiation-induced secondary malignancy: A
15-year-old complained of right shoulder pain. He had been
treated at age 3 years for rhabdomyosarcoma of the right
fifth posterior rib with chemotherapy, surgical resection, and
radiation therapy. (a) Anteroposterior radiograph of the right
shoulder showing aggressive periosteal reaction, Codman’s
triangles, and poorly defined sclerosis of the proxinal right
humeral neck. (b, ¢) Coronal non-contrast T1-weighted (b)
and post-contrast T1-weighted with fat saturation (¢) MR
images better demonstrate the histologically proven osteo-
sarcoma proximal humerus with extracortical extension and
brisk heterogeneous enhancement. A skip lesion was identi-
fied on other images in the mid-diaphysis

greatest number of malignancies occurred in the
digestive tract and breast in children older than
10 years at the time of exposure to radiotherapy
[171].

Based upon the significantly elevated risk for
developing breast cancer in young patients
receiving radiation therapy that includes the
chest and breast tissue, the Children’s Oncology
Group recommends MRI or mammography
beginning at age 25 or 8 years after radiation
therapy to the chest to screen for breast cancers
[92, 172, 173]. Similarly, ultrasound screening
coupled with clinical examination is recom-
mended as screening for thyroid cancer as dis-
cussed above.

Secondary bone tumors [benign tumors, such
as osteochondromas (Fig. 12.11), and malignant
tumors, such as bone sarcomas (Fig. 12.20)]
may develop and are strongly associated with
prior radiation therapy [36, 169, 174-176]. The
mean latency period to development of
radiation-related bone tumors is 10 years.
Myelodysplasia and acute myeloid leukemia are
strongly associated with prior chemotherapy
and develop within a shorter latency period
from the primary malignancy than do solid
tumors [169, 170].

12.9 Summary

Survivors of childhood cancers have a lifetime
risk for developing late effects that may affect a
variety of organ systems and compromise quality
and length of life. Knowledge of adverse treat-
ment effects, populations at risk, and time to
expression of such effects helps guide follow-up
care and proper diagnosis.
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13.1 Introduction

The identification of a neoplastic lesion in the
paediatric neuro-axis is the primary step in a
complex multidisciplinary process that leads
from primary diagnosis, through treatment,
assessment of treatment response and on to
short- and long-term follow-up. In the paediatric
cohort, this follow-up may either relate to com-
plete response to treatment and total disease
freedom, identification of local or metastatic dis-
ease relapse and in some tumour types, monitor-
ing of residual disease for both early and late
progressions. There exist potential pitfalls in
each step of this pathway. This chapter aims to
identify these potential complications and high-
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light imaging and reporting strategies that may
be used to minimise (as far as is practicable and
possible) the potential risk of such errors
arising.

We will consider pitfalls and complications
related to the imaging process itself, where the
radiologist must be aware of possible normal
variants specific to paediatric imaging, such as
the technical and practical aspects of imaging
assessment (e.g. timing of imaging). Whilst pre-
vious work has been published focusing on
tumour mimics [1], in this chapter we will high-
light where care must be taken to avoid either
erroneous imaging interpretation of a neoplastic
lesion or the potential for missing such a diagno-
sis as related to imaging technique.
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13.2 Technique-Related Pitfalls
and Complications

13.2.1 Changes to the Imaging
Paradigm

Even in the recent past extending back only a
decade or so, imaging assessment of the paedi-
atric brain generated studies numbering in the
tens of images. These CT- and MRI-based
studies mainly provided anatomical informa-
tion followed by the addition of contrast to
assess the integrity of the blood-brain barrier.
We are now generating imaging studies com-
prised of thousands of images per examination,
as we acquire not only anatomical but also
physiological, functional and molecular data as
part of routine paediatric neuro-oncology
imaging assessment. This so-called multi-para-
metric imaging assessment is being increas-
ingly assessed by novel techniques such as
texture analysis [2—4]. It is incumbent on the
reporting radiologist to interpret this increased
imaging dataset in the context of changes in
the pathological assessment of paediatric
neuro-axis tumours given that the updated
WHO tumour definitions include, for the first
time, the molecular subtypes of these lesions
[5, 6].

The previous approach to imaging study
assessment was heavily reliant on the recognition
of a characteristic radiological phenotype to aid
radiological diagnosis, in effect a form of pattern
recognition. This is now no longer recommended
or indeed feasible given the complexity of imag-
ing studies (as we enter the age of multi-
parametric imaging). Hence it is now incumbent
on radiologists to determine what the imaging
discloses not only from an anatomical context but
also incorporating both physiological and meta-
bolic imaging findings and how this additional
information impacts on both initial diagnoses
(informing on tumour biology) as well as predict-
ing both treatment response and longer-term out-
come. This is of particular importance as we
move towards an era of personalised medicine in
which imaging will continue to play a pivotal and
expanded role.

13.2.2 Imaging Technique

13.2.2.1 Imaging Dataset

Any MRI-based imaging assessment of the paediatric
brain should maximise the available data presented
to the reporting physician. Consensus recommenda-
tions from the Childhood Cancer and Leukaemia
Group (CCLG) as well as the International Society
of Paediatric Oncology Europe (SIOPE) on brain
tumour imaging propose a standardised imaging
dataset of “standard” (Table 13.1) as well as “addi-
tional” (Table 13.2) imaging sequences desirable in
the context of paediatric neuro-oncology.

Table 13.1 Essential brain MRI sequences

Sequence ‘ Technique ‘ Plane

1-1.5 T scanner

W 2D SE, TSE/FSE | Axial (along
AC-PC axis)

T,W 2D SE, TSE/FSE | Axial

FLAIR 2D TSE/FSE Axial or coronal

T,W + contrast | 2D SE, TSE/FSE | Axial, coronal

and sagittal

DWI with ADC | 2D EPI Axial

3 T scanner

T\W 3D gradient echo | Axial or sagittal
T,W 2D SE, TSE/FSE | Axial

FLAIR 2D TSE/FSE Axial or coronal

T,W + contrast | 2D SE, TSE/FSE | Axial
T,W + contrast | 3D gradient echo | Axial or sagittal
DWI with ADC | 2D EPI Axial

Additional Notes

3D gradient echo (GRE) sequence is the inversion recov-
ery GRE sequence (MPRAGE/IR SPGR/Fast SPGR/3D
TFE/3D FFE).

2D sequences: Slice thickness <4 mm, and slice gap
<1 mm (10% of slice thickness is desirable). For very
small lesions, consider a slice thickness of 3 mm or less.
3D sequence: Slice thickness <1 mm with no slice gap.
An isotropic voxel resolution of 1 mm x 1 mm x 1 mm is
desirable depending on scanner capability.

Resolution parameters: Field of view, 230 mm (range
220-250 mm depending on head size); matrix size, mini-
mum 256 (512 is desirable for better resolution; 96—128
for EPI sequences).

Some centres perform T1 FLAIR, T1 inversion recovery
(IR) or T1 gradient echo instead of T1 SE sequence due to
its suboptimal quality on 3 T scanners. This is acceptable
as long as the diagnostic quality of the imaging is not
compromised and the same sequence is used consistently
for the individual patient.

There are increasing concerns of long-term gadolinium
deposition, and the use of macrocyclic gadolinium-based
contrast agents is recommended.
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Table 13.2 Recommended brain MRI sequences (1.5 T
or 3 T) that may provide additional information

Sequence Technique Plane
W 3D gradient echo Axial or
(on1.5T) sagittal
FLAIR 3D gradient echo® Axial or
sagittal
Heavily 2D or 3D CISS/B Axial or
weighted T,W | FFE/FIESTA® coronal or
sagittal
Advanced DTI, perfusion and
MRI spectroscopy®

Slice thickness for 3D sequences <1 mm with no slice
gap. An isotropic voxel resolution of | mm x 1 mm x 1 mm
is desirable depending on scanner capability

23D FLAIR can be used instead of 2D FLAIR but not if
2D sequences have been used for the same individual on
previous occasions

"The heavily weighted T2 W sequence localised to a
region of interest is useful in assessment of lesions (in par-
ticular poorly/non-enhancing) within the extra-axial space
or along the parenchymal surface

Please see Table 13.3 below

Failure to adopt and adhere to these suggested
guidelines can lead to several potential pitfalls.
The first obviously relates to primary diagnosis
where often tumours can show little or no
enhancement, and as such FLAIR and
T2-weighted imaging and multi-parametric data
gain even more significance on an individual case
basis. Secondly failure to standardise imaging on
follow-up will lead to errors in the comparison
between imaging assessment time points. Finally
patients being considered and then enrolled into
clinical trials require a minimum imaging dataset
for recruitment, and standardising imaging for all
patients makes it more likely that cases will not
“fall through the gaps” and receive suboptimal
assessment at any particular assessment point.

The addition of further physiological assess-
ment including perfusion imaging and spectros-
copy will need to be based on local expertise and
physics support. The SIOPE recommendations
for such imaging are detailed below (Table 13.3),
and as we shall see, such additional techniques
can significantly improve lesion characterisation
and follow-up.

For the sake of completeness, the correspond-
ing spinal recommendations are also included in
Table 13.4.

13.2.2.2 Incomplete Imaging
Assessment

Once an imaging protocol for neuro-axis assess-
ment has been established, it becomes imperative
that the standard operating procedures are
adhered to. Deviation from such, whilst often for
the best of intentions, can lead to missed opportu-
nities for diagnosis or to incorrect phenotyping.
Spinal imaging assessment should be included in
this regard, both in terms of neuro-axis assess-
ment for metastasis from suspected brain tumours
and to primary spinal lesions. A good example of
this is the child referred for vague lower limb
neurological symptoms referred from commu-
nity paediatrics for spinal imaging, which identi-
fied the syrinx shown in Fig. 13.1. The
identification of the syrinx should not be the end-
point of the imaging assessment. Indeed, this
should include an attempt to ascertain why this
syrinx has developed ensuring that the radiologist
is satisfied that the imaging assessment is com-
plete. In this case there was no evidence of any
structural abnormality to account for the syrinx,
e.g. a Chiari malformation. Imaging in cases such
as this should include post-contrast assessment
which was not performed until a later assess-
ment. In this case assessment only included a
sagittal post-contrast T1 sequence which identi-
fied a seemingly innocuous enhancing region
thought to be vascular. It was not until a formal
neuro-oncology assessment was obtained when
trans-axial post-contrast imaging was performed.
This revealed the enhancing nodule to be intrin-
sic to the spine and was proven at biopsy to be a
pilocytic astrocytoma.

Similar pitfalls can ensue when the imaging
assessment of a lesion within the brain is not fully
characterised using all available imaging tech-
niques as appropriate. As imaging physicians,
radiologists have a suite of imaging tools available
to them for lesion assessment. These include mul-
timodality imaging (ultrasound, MRI, PET) as
well as specific intra-modality techniques such as
differing MRI sequences. The next example given
here illustrates a common pitfall resulting from
both search satisfaction and incomplete imaging
assessment. A 6-year-old child presented with a de
novo recent history of seizures to their local
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Table 13.4 Recommended MRI sequences for spine imaging

Essential

Sequence Technique Parameter Plane

TIW + contrast 2D SE/TSE Slice thickness <3 mm Sagittal whole spine (entire dural sac)

Slice gap <0.5 mm

T1W + contrast 2D SE/TSE or Slice thickness 4-5 mm Axial—suspicious areas®
3D gradient No slice gap

Sequences that may provide additional information

Sequence Technique Plane

T2W 2D SE/TSE Sagittal whole spine

T2W 2D SE/TSE Axial—suspicious areas

Heavily weighted T2W 2D or 3D CISS/B FFE/FIESTA® Sagittal + axial

“Physiological veins over the surface of the cord can be mistaken for nodules of dissemination, and therefore axial slices
without gaps (slice thickness should be 4 or 5 mm) are essential for all suspicious areas

1.5 T is preferred to 3 T for spinal imaging as the quality on older 3 T systems is often inferior and more unpredictable.
More recent generation 3 T scanners now enable good, diagnostic quality spinal imaging, but there must be a low
threshold to reimage the spine on a 1.5 T scanner if it is of a suboptimal quality

As fat suppression often leads to artefacts and is not necessary for the delineation of meningeal disease, it should not be
used routinely

"The heavily T2 weighted sequence, localised to a region of interest, can be useful in the assessment of spinal lesions
also. In particular non enhancing/nodular lesions on the surface of the cord or within the extra-axial but intradural space

Fig. 13.1 Patient presented with
vague lower limb neurological
symptoms and imaging of the spine
showed a syrinx that was high signal
on T2 (arrow, panel a). Initial sagittal
T1 post-contrast imaging only
showed some vague enhancement
(panel b, black arrow). Transaxial
imaging is vital as this more clearly
shows an enhancing nodule

(panel ¢, white arrow), which at
biopsy was a pilocytic astrocytoma
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emergency department. Urgent CT of the brain
was performed and reported as showing a haemor-
rhagic lesion in the left temporal lobe, most likely
representative of an underlying tumour mass.
Referral to the local neurosurgical unit was under-

taken, and disclosure of this underlying tumour
diagnosis was made to both patient and parents on
the basis of a left temporal haemorrhagic lesion
with intrinsic areas of enhancement (Fig. 13.2).
Upon arrival at the paediatric tertiary level neuro-

Fig. 13.2 (Panel a) initial post-contrast CT shows a mass
lesion in the left temporal lobe (white arrow) with features
of presumed haemorrhage and surrounding oedema. The
axial T1 images (pre-contrast (panel b) and post-contrast
(panel ¢)) show high-signal foci in the lesion in keeping
with haemorrhage as well as some vague solid component
showing contrast enhancement. The presence of haemor-

rhage mandated further imaging sequence assessment. In
this instance, a susceptibility-weighted study was per-
formed (panel d) which showed haemorrhage relating to
the primary lesion (white arrow head) and multiple haem-
orrhagic lesions scattered throughout the brain (white
arrows). The findings were in keeping with multiple
cavernomas
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surgical unit, repeat imaging was performed
including susceptibility-weighted imaging (SWI),
given the haemorrhagic nature of the primary
mass. This clearly demonstrates multiple SWI
lesions throughout the brain not identified on other
sequences. A diagnosis of multiple cavernomatous
lesions was made with a referral for genetic testing
confirming an underlying CMCI1 abnormality.
This cautionary tale illustrates that imaging assess-
ment is not complete until consideration has been
made to all imaging modalities and sequences nec-
essary for a thorough assessment on an individual
patient basis.

With regard to search satisfaction, the report-
ing radiologist must always remain vigilant
when attributing imaging findings to an appar-
ently obvious oncological abnormality and
thereby failing to recognise paediatric-specific
developmental mimics. The case represented in
Fig. 13.3 is such an example. A 3-year-old child
presented from an outside hospital with a diag-
nosis of a posterior fossa tumour. Multi-
parametric assessment of the tumour and tumour
resection confirmed a medulloblastoma. Initial
assessment had only included a post-contrast
sagittal T1 sequence of the spine and the filum
terminale and showed a T1 bright lesion near the
filum which had been interpreted as an enhanc-
ing metastatic lesion given the primary diagno-
sis. Repeat spinal imaging, in combination with
awareness of developmental abnormalities of the
spine, demonstrated that the lesion had increased
T1 signal on pre-contrast non-fat-suppressed
images, with complete suppression of the T1 sig-
nal on the fat saturation assessment, findings that
are keeping with a lipoma. It is therefore appar-
ent that a non-metastatic benign filum terminale
lipoma has significant importance to the patient
and to the clinical treating physicians and as
such one should always beware of such potential
errors.

13.2.2.3 Timing

Pitfalls in neuro-oncological imaging in children
relating to temporal considerations fall into two
main categories: the imaging assessment as
related to the timing of the disease process which
will be discussed in Sect. 13.2.4 below and imag-

ing timing as related to diagnosis, treatment and
imaging follow-up.

In general terms once a mass lesion has been
identified and is being assessed neuro-
radiologically, it becomes incumbent on the
imaging team to ensure that the whole neuro-axis
has been assessed adequately. In some instances
this will require additional scanning as the patient
may have been transferred from an outside unit
with a presumptive diagnosis but incomplete
imaging assessment, and in some cases the
accepting neuro-oncology unit will be undertak-
ing the complete imaging assessment de novo. If
the baseline MRI does not conform to the previ-
ously stated requirements, it should either be
repeated preoperatively, or the post-operative
imaging should be performed in a way (e.g. addi-
tional sequences to the standard protocol) that
will ensure comparability with the preoperative
MRI recommendations. However, this latter
approach can introduce a complication in assess-
ment, underscoring the importance of completing
a full neuro-axis assessment prior to therapy. This
is vital in ensuring that errors relating to interven-
tion (surgery) are not misinterpreted as disease
dissemination.

An example of such (Fig. 13.4) is a 4-year-old
international referral in whom initial imaging
demonstrated an intrinsic fourth ventricular
tumour. No spinal imaging was performed prior
to initial tumour resection surgery, with spinal
imaging being undertaken 2 weeks following
surgical clearance. Once the cranial vault had
been breached during neurosurgery, the normal
cerebrospinal fluid and haemodynamic homeo-
static mechanisms within the neuro-axis will be
disrupted. This can then lead to abnormal
enhancement around the spinal cord, which in
this case was wrongly identified as disseminated
spinal disease. Follow-up imaging 6 weeks later
confirmed this to be the case.

Similar consideration must be given to the
immediate post-operative imaging assessment
following tumour resection. The current recom-
mendation is for such assessment to be under-
taken within 48 h of surgery (and certainly within
72 h) to ensure that abnormal enhancement due
to postsurgical granulation tissue, breakdown of
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Fig. 13.3 (Panel a) axial T2 brain image at presentation,
shows the primary lesion in the posterior fossa (white aster-
isk), which was on imaging assessment and histology con-
firmed as representing a medulloblastoma. At presentation
there was increased signal on the post-contrast T1 sagittal
image of the spine (panel b) in the filum terminale. This

raised concerns regarding a possible metastasis. Further
imaging assessment was performed which confirmed this
lesion to have high T1 signal pre-contrast (panel ¢, white
arrow) which fully suppressed on the post-contrast fat satu-
ration axial imaging (panel d, white arrow head), thereby
confirming a filum terminale lipoma and not a metastasis
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Fig. 13.4 Patient presentation scan showed a posterior
fossa tumour with some scattered contrast enhancement
(panel a, asterisk). Spinal imaging was not performed
until 2 weeks following surgery, and this showed exten-
sive leptomeningeal enhancement over the surface of the
brainstem, pons, medulla and cord extending down to the

the normal CSF/haemodynamic homeostasis, iat-
rogenic material left at the surgical site, electro-
coagulation or post-operative bleeding does not
mask residual disease or mimic residuum when
in fact none exists. However, even within this
time window, it must be noted that nodular
enhancement can be seen, and it is vital to ensure
careful evaluation of the pre- and post-contrast
T1-weighted images in combination with the sig-
nal intensities on the T2-weighted and FLAIR
sequences.

We refer the reader to the other neuroradiol-
ogy chapter within this work (Chap. 10) on
assessing tumour response to therapy, but it is
worth mentioning at this point the increasing use
of intra-operative MRI assessment (ioMRI) in
paediatric neuro-oncology. It is becoming more
apparent that such scanning has significant bene-
fit on obtaining gross tumour resection and maxi-
mising surgical efficacy [7, 8]. Recently
completed work has shown that at the end of the
procedure, ioMRI may be used to replace a stan-
dard post-operative assessment following tumour
resection surgery [9]. If further studies confirm
no difference between the two time points in
identifying tumour residuum and the degree of

conus. This was interpreted as metastatic leptomeningeal
disease (panels b and ¢, white arrows). (d) Follow-up
imaging 6 weeks later showed complete resolution of the
leptomeningeal enhancement, confirming that the initial
interpretation was erroneous and related to the previous
surgical intervention

related enhancement, then such errors relating to
timing following surgery will be minimised.
Indeed such early imaging may actually show
reduced perioperative diffusion and oedema
changes on the ioMRI scan compared with the
immediate post-operative scan suggesting that
such imaging, if available at the neurosurgical
centre, is preferable and as such may reduce the
burden on the imaging department by reducing
the duplication of post-operative assessments.

13.2.3 Anatomical Considerations

It remains true that one of the primary imaging
assessments of any intracranial mass lesion is the
anatomical location of the mass itself. The dif-
ferential assessment of a mass varies on the basis
of its intra-/extra-axial and supra-/infratentorial
location, and as such close attention with regard
to the compartment in which a lesion lies is a
vital first step in tumour assessment.

Until recent times improvements in radiologi-
cal imaging have focused mainly on increased
anatomical resolution, with the result that radio-
logical analyses of imaging studies have relied
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primarily on pattern recognition and the associa-
tion of imaging patterns with recognised radio-
logical phenotypes. Such approaches have had
significant yield in our understanding of disease
processes, such as high-resolution imaging of the
vestibular-cochlear nerves in neurofibromatosis
type 2 in children, informing on the multifocal
origin of vestibular schwannomas in these chil-
dren and hence the difference in tumour treat-
ment response compared to sporadic tumours.

A classic pitfall in paediatric brain assessment is
the study in which slice thickness and inter-slice
distance is not adequate enough to delineate lesions
potentially amenable to treatment. Consider the
case shown in Fig. 13.5, in which a 7-year-old boy
with severe intractable epilepsy has been referred
for consideration for vagal nerve stimulation in
what was considered lesion-negative epilepsy. The
referral imaging had not revealed any lesional cause
for his epilepsy, but it became clear once high-reso-
lution imaging was employed that there was a corti-
cally based lesion which following successful

surgical resection was proven to be a dysembyro-
plastic neuroepithelial tumour. This case serves to
illustrate that in an era where volume and thin slice
imaging is readily available on the majority of clini-
cal scanners, failing to optimise scan protocols to
achieve such will only lead to false-negative imag-
ing studies. Avoiding this outcome has the potential
to speed up time to diagnosis and hence treatment.
Indeed, for the case shown in Fig. 13.5, improved
accuracy would have resulted in earlier surgery,
reducing the patient’s seizure burden and increasing
his developmental trajectory.

Whilst optimising anatomical resolution and
correct localisation of a mass lesion to a specific
anatomical location is obviously paramount, one
must also be aware of using anatomy as the sole
radiological discriminator of a lesion, as potential
pitfalls exist in such approaches.

For example, the case presented in Fig. 13.6
illustrates a 12-year-old child referred with a
bilateral hearing impairment. He was noted on
imaging to have loss of signal with both of his

Fig. 13.5 Initial assessment imaging did not include
high-resolution imaging and was reported normal. An
exemplar of this is the coronal FLAIR sequence acquired
at 5 mm slice thickness, shown in panel (a). Prior to vagal
nerve stimulation, a comprehensive epilepsy protocol

scan was performed including a high-resolution (sub
I mm?) volume T1 (panel b) which clearly showed a
cortical-based lesion (white arrow), which cannot be seen
on the thick slice imaging (panel a, white arrow)
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Fig. 13.6 Initial high-resolution T2-weighted imaging
(panel a) shows complete “filling” of the [AMs bilaterally
(white arrows), with loss of normal T2 signal. This filling
shows contrast enhancement (panel b). Assessment of this
post-contrast T1 sequence shows further thickening and
enhancement of multiple cranial nerves including the fifth
nerves bilaterally (panel ¢, white arrows). At this point a

internal auditory meatii on standard internal
auditory meatus heavily T2-weighted high-
resolution imaging. A referral to the neurofibro-
matosis service ensued on the basis of this

diagnosis of neurofibromatosis type 2 was considered.
However the diffusion-weighted sequences showed these
thickened nerves to have diffusion restriction (panel d,
white arrows). This suggested increased cellular density
along the nerves, a finding that is not in keeping with the
expected diffusivity profile for cranial nerve schwannomas.
CSF analysis confirmed this to be granulomatous disease

anatomical assessment and a presumptive diag-
nosis of neurofibromatosis type 2. Post-contrast
imaging confirmed enhancing masses related to
not only the IAMs but also involving multiple
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cranial nerves. This seemingly confirmed the
diagnosis. However, this was incongruous to the
relative rapidity of the child’s hearing loss and
diffusion-weighted imaging which demonstrated
increased cellular density relating to the cranial
nerve thickening. A cellular diagnosis of granulo-
matous disease was eventually made following
CSF analysis. This is an example of how the
multi-parametric evolution of paediatric imaging
enables the diagnostic process to overcome the
limitations of purely anatomical assessment.

A further example of how anatomical location
coupled with the radiologist focusing on limited
imaging parameters can become a tumour assess-
ment pitfall includes tumour mimics, in which
imaging suggests a particular phenotype, but
close consideration must be made to all the imag-
ing correlates in a case to avoid being misguided.
Consider a cerebello-pontine (CP) mass and the
radiological phenotypes this may suggest [10]. In
this example (Fig. 13.7), a right CP angle mass
lesion was identified which demonstrated
increased density on CT. The mass was interme-
diate to low signal on post-contrast T1 and had a
high-signal homogenous pattern on FLAIR. There
was significant diffusion restriction within the
mass. The location and diffusion restriction,
along with the lack of enhancement, led to an ini-
tial diagnosis of an epidermoid or a radiological
“benign do not touch lesion” being made.
However close attention to detail shows that this
lesion was not similar to CSF on any sequence.
Despite no interval change over a 2-month period,
a decision to operate was made, and histologi-
cally this was then proven to represent a
medulloblastoma.

13.2.4 Scanning in Relation
to the Temporal Evolution
of the Disease Process

As discussed above the timing of an imaging
study must always be considered in relation to
treatment or other iatrogenic interventions.
However the radiological assessor must also
remember to consider temporal evolution of a

disease process. It is clear that as a disease pro-
cess evolves, so too do the imaging characteris-
tics of the pathology. Radiologists often refer to
diseases as being representative of an “Aunt
Minnie”, in that the imaging phenotype is charac-
teristic of a disease process, and as such their rec-
ognition of the pathology is absolute, just like
their ability to recognise their parental sibling.
However in many situations, the radiological dif-
ferential is derived through the radiological
equivalent of a surgical sieve. In these cases one
is often left with a differential list that includes
neoplastic causes as well as inflammatory, infec-
tious or demyelinatory origins, and it becomes
incumbent on the treating clinicians and allied
health professionals to help refine and order the
imaging differential. These considerations are
discussed in further detail below, but it is impor-
tant to remember that as one images later in the
disease, the radiological phenotype will also
evolve, potentially refining the differential list.
Being aware of the pitfall of having potentially
imaged early in a disease process before
“characteristic findings” have declared them-
selves is therefore of paramount importance.

An example of this is shown in Fig. 13.8,
with a child who presented with new onset sei-
zures and little other clinical history. Initial
imaging demonstrated multifocal non-enhanc-
ing T2 hyperintensity involving both grey and
white matter leading to a wide differential. The
spectroscopic profile, as detailed in other chap-
ters, was not indicative of a typical tumour spec-
trum but did reveal a mildly elevated
myo-inositol peak and slightly reduced NAA,
suggesting a loss of neuronal density but of
uncertain aetiology. This mimicked a similar
case from several years earlier in which the
myo-inositol peak rise was the only spectral
abnormality seen, a finding that was dismissed
as of little diagnostic importance, resulting in a
delay in diagnosis until the imaging findings
progressed and a diagnosis of a high-grade glial
tumour was made. In this current instance, a
recommendation was made for early biopsy, and
the diagnosis of a glioblastoma multiforme was
made histologically at the earliest possible
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Fig. 13.7 Initial presentation CT scan (non-contrast)
showed a right CP angle mass (panel a, asterisk). This
lesion was high signal on FLAIR (panel b, white arrow)
and did not enhance on T1 imaging (panel ¢). The mass
had diffusion restriction within it (panel d) and as a result
was erroneously interpreted as representing an epider-

imaging time point. Further imaging assessment
only 4 weeks later clearly now demonstrates a
rapidly increasing myo-inositol peak despite the
lack of a more characteristic tumour spectral
profile and no enhancing lesion. This clearly
indicates, therefore, that just as the standard

moid lesion. Beware of search satisfaction based on lesion
location and selective bias to specific imaging sequences,
with failure to pursue an appropriate interpretation of the
other imaging findings. This lesion was histologically
proven to represent a medulloblastoma

imaging appearances on T1 and T2 and post-
contrast imaging can evolve over time, so too
can the multi-parametric imaging parameters,
noting that sampling errors may also lead to a
falsely reassuring imaging assessment when
performing complex multi-parametric exams.
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Fig. 13.8 Initial presentation scan showed T2 hyperin-
tensity bilaterally with both cortical grey and white matter
involvement. No significant contrast enhancement was
seen, and the spectroscopy was relatively reassuring
showing minor myo-inositol increase (panel a white

Whilst we may be reassured by an initial
spectral profile that does not point to an onco-
logical cause, this may indeed change over time,
and in both of the cases presented, the need to
biopsy early and confirm the diagnosis was
vital, as the imaging profile early in the disease

arrow). Imaging 4 weeks later shows again no significant
enhancement (panel b, white arrow) but with a clearly
increasing myo-inositol peak (panel ¢, white arrow).
Biopsy at that time confirmed glioblastoma multiforme

process was not able to provide diagnostic con-
firmation. One should also be aware that the
myo-inositol peak is now thought of as being a
precursor to the more traditional finding of NAA
reduction and choline/creatine peak reversal as
a spectroscopic marker for neoplastic disease.
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13.2.5 Consideration of Advanced
Imaging Metrics

13.2.5.1 Spectroscopy

The previous section discussed the evolution of
spectroscopic imaging assessment over time as a
correlate to the evolution of an aggressive neo-
plastic process. The correlate to this is the fact
that within a specific disease type, imaging fea-
tures may be identified that cannot be differenti-
ated on standard imaging but require spectroscopic
assessment if imaging pitfalls are to be avoided.
An excellent example of this is the child with
neurofibromatosis type I (NF1). As well as hav-
ing an increased risk of developing optic nerve/
chiasm/optic radiation gliomas, this disease pro-
cess results in myelin vacuolation changes
throughout the neuro-axis characterised by T2
signal hyperintensities that may wax and wane
over time. These signal alterations may also pres-
ent with minor mass effect and peripheral subtle
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contrast enhancement. Given that NF1 is a
genetic tumour predisposition syndrome, prob-
lems arise in cases where T2 signal alteration is
identified and differentiation between tumour
and myelin vacuolation will have significant
import in regard to follow-up and monitoring of
the patient. Previous work has illustrated that the
myelin vacuolation spectral profile deviates little
from normal, with our own experience clearly
demonstrating that low-grade tumour lesions in
NF1 have a similar characteristic spectroscopic
appearance to an expected tumour profile. As
such, therefore, this is a condition in which a
comprehensive imaging assessment requires the
inclusion and understanding of characteristic
spectroscopic findings, in addition to the conven-
tional anatomic imaging sequences. Indeed such
an assessment can also be used to track changes
within a tumour during and following treatment.
The case shown in Fig. 13.9 illustrates this point,
with a child aged 11 years, whose tumour appears

Fig. 13.9 Case 5: Left globus pallidus T2 signal change
(panel a, white arrow) has a spectral profile with flattening
of the major metabolite peaks (e.g. NAA) which is con-
cerning for early tumour infiltration. Follow-up MRI
6 months later is unchanged on T2 (panel b), but there is
now a clear tumour spectral pattern, with elevated Cho
and further decrease in the NAA peak. Follow-up imaging

again after 6 further months (panel ¢) now shows T2 sig-
nal progression as well as worsening of the spectroscopy
profile. After chemotherapy the T2 signal change shows
marked resolution on the coronal T2 (panel d) with nor-
malisation of the spectral profile. Note there was no evi-
dence of any contrast enhancement relating to the lesion at
any time
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stable on routine imaging assessment but clearly
is worsening on spectroscopy. Decision to treat is
therefore made on the spectroscopic assessment,
and follow-up during and following therapy
clearly shows normalisation of this spectroscopic
profile, a radiologic feature that was more sensi-
tive for worsening disease than the T2 signal
changes alone.

13.2.5.2 Diffusion-Weighted Imaging
Diffusion-weighted imaging (DWI) is now a
mainstay in paediatric neuro-oncological imag-
ing and as such is not strictly an advanced imag-
ing metric. However the inclusion of DWI
imaging in the initial diagnostic and post-
treatment setting is vital to prevent both diagnos-
tic and follow-up complications. We have already
discussed the relevance of diffusion-weighted
imaging earlier in this chapter in the context of
completing the imaging assessment of a child
with multiple cranial nerve lesions (case 6),
which was a good example of the importance of
assessing cellular density at presentation and
how this might affect the initial diagnostic dif-
ferential. Diffusion-weighted imaging is also of
importance in differentiation between tumour
mimics and primary neoplasia. However even at
the time of primary diagnosis, the failure to per-
form a complete diffusion assessment, which
includes both DWI and ADC maps, can poten-
tially contribute to a pitfall in imaging diagnostic
accuracy. Consider the patients shown in
Fig. 13.10, with two identical tumours as assessed
on T2, FLAIR, T1 and T1 post-contrast imaging.
There is a definite difference in the DWI pattern,
with one lesion having free diffusivity within the
tumour and the other having significant diffusion
restriction. This is informing the radiologist that
the tumour type shown in Fig. 13.10a is of a cel-
lular dense nature and as such more likely to rep-
resent a medulloblastoma, rather than a less
cellular dense tumour such as the pilocytic astro-
cytoma shown in Fig. 13.10b.

When considering diffusion assessment, one
must be aware of complicating one’s imaging
assessment by failing to examine the ADC map
during interpretation of the DWI study. T2 shine

through is a common phenomenon seen on
diffusion-weighted images and can be misinter-
preted as restricted diffusion, with the result that
differential considerations are incorrectly skewed
towards tumour types with increased cellular
packing such as medulloblastoma or lymphoma
erroneously. This potential pitfall is easily
avoided by reviewing both the DWI and ADC
images together.

Similarly adequate consideration must be
given to the inclusion of a DWI assessment in
imaging follow-up, especially when this relates
to the assessment of a patient in whom their pri-
mary diagnosis was a cellular dense tumour such
as a medulloblastoma. Studies have shown that in
certain instances DWI will represent the most
sensitive imaging modality with regard to detect-
ing tumour relapse or metastatic disease [11]. An
example of just such a case is represented in
Fig. 13.11. A 6-year-old child in whom the pri-
mary diagnosis was medulloblastoma, with com-
plete surgical clearance and no initial
disseminated disease, was under imaging surveil-
lance. At 2 years post-surgery, DWI imaging
identified a solitary right peri-Sylvian focus of
diffusion restriction, with no enhancement and
subtle FLAIR signal change. No other imaging
metric abnormality was identified. The lesion
was resected and histologically proven to be met-
astatic. This clearly illustrates the sensitivity of
DWTI sequences in such cases.

13.2.5.3 Perfusion-Weighted Imaging

Recent work has looked at the two main imaging
paradigms for producing MRI-based perfusion
maps: dynamic susceptibility-weighted imaging
and arterial spin labelling. The comparison
between these techniques is outside of the scope
of this chapter, but given the increasing evidence
relating to gadolinium deposition within the
brain, ASL does appear to be an attractive solu-
tion to producing perfusion maps within the brain
in children. As previously discussed, in recent
years we have had a change in the imaging para-
digm relating to neuro-axis oncological assess-
ment, and as such our differential diagnoses in
such cases may exhibit anchoring bias based
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Fig. 13.10 Two patients with similar standard imaging
appearances of their posterior fossa tumour as shown on
their coronal FLAIR imaging (panels a and b, asterisks).
There is clear difference in their diffusion patterns (with
significant restriction in the medulloblastoma (panel a,

upon our previous teaching and experiences
relating to diagnoses made on the basis of pattern
recognition and anatomical location. An example
of just such a case was discussed above, in which
a presumed epidermoid lesion was in fact found
to be a medulloblastoma.

The use of advanced radiologic techniques to
develop any additional novel imaging metrics
and characteristic imaging profiles must be wel-

white arrow) compared to the low-diffusivity pilocytic
astrocytoma shown in panel b (white arrow). This is
reflective of the difference in cellular density between the
two tumour types

comed in an effort to provide a more definitive
characterisation of those lesions that either lack
distinguishing qualities on conventional imaging
or indeed have overlapping imaging features that
can help in realigning our interpretation of a
lesion away from such diagnostic approaches. In
keeping with the other techniques previously
discussed, perfusion imaging is just such a
technique that can help to overcome some of the
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Fig. 13.11 At presentation (panel a), there was an
intensely enhancing fourth ventricular mass (asterisk)
with diffusion restriction throughout the lesion (white
arrow) in keeping with a medulloblastoma which was
confirmed at resection. At follow-up 2 years after surgical
resection, there was very subtle change seen on FLAIR
(panel b) with (unlike the primary tumour) no associated

pitfalls of brain tumour imaging. An example of
such would include intra-ventricular tumours
[12] where the initial radiological imaging
assessment would indicate a likely diagnosis of a
choroid plexus lesion mainly due to intense
enhancement and physical location of the tumour
(Fig. 13.12). Diffusion-weighted imaging tends
to have little benefit in such cases, and indeed
imaging metrics for intra-ventricular tumours can
be very similar. In this instance two vividly
enhancing masses in female children aged
10 years and 13 years, respectively, are shown

enhancement (panel ¢) but very significant diffusion
restriction (panel d) in the right Sylvian fissure. The lesion
was resected and histologically proven to be recurrent
medulloblastoma. One can appreciate that in such a case,
the DWI sequence is the most sensitive for identifying dis-
ease relapse unlike the standard imaging sequences

(Fig. 13.12). Note however a significant differ-
ence in their perfusion characteristics. This
clearly introduces an imaging metric plane of
separation that distinguishes between the imag-
ing phenotypes of these two tumours, which at
surgery were found to represent a meningioma
and choroid plexus lesion, respectively.

We have discussed cases where cellular den-
sity was vital in the imaging follow-up of tumour
subtypes. Similarly, perfusion imaging can be
used to overcome the pitfall of an aggressive
tumour which demonstrates no significant change
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Fig.13.12 Two different intra-ventricular tumours (post-
contrast T1 images, panels a and b) have very similar
imaging appearances (white asterisks). The only distin-
guishing feature between the two tumours was the perfu-
sion imaging which was significantly high in patient A

on conventional imaging yet shows an increase in
perfusion imaging despite the lack of change
using standard imaging metrics. In keeping with
the other chapter on imaging follow-up in neuro-
oncology, one can sometimes see similar
improvement in patient follow-up using perfu-
sion imaging rather than standard imaging met-
rics. In an age where we are moving towards
more advanced treatment options including anti-
angiogenic agents such as bevacizumab, we need
to be aware of, and use in standard practice, these
more subtle indicators of disease response to
treatment.

One pitfall of imaging follow-up is how to
interpret residual tissue at the site of primary or
metastatic disease and how to interpret change in
areas of the brain in which the therapy, be it sur-
gical, radio-oncological or even chemotherapeu-
tic, has caused derangement to the normal signal
characteristics of the residual brain. In some
instances the changes in the primary tumour
appearance may be related to a dramatic change
in both signal characteristics and morphology.
This is shown in Fig. 13.13, where there is clearly
progressive T2 signal and FLAIR derangement,
accompanied by a focus of increasing perfusion
within the resection cavity, which was the first
indication of disease recurrence. Cases such as

(not shown) and low in patient B (panel ¢). Meningiomas
are known to have high perfusion as was confirmed for
patient A, with the tumour in patient B representing a cho-
roid plexus carcinoma

this emphasise that early changes in increased
perfusion can confirm suspicious anatomic
changes and should consider and present a clear
indicator of disease relapse in such patients.

13.2.6 Summary

This chapter has hopefully identified and high-
lighted to the reader the importance of stan-
dardised imaging protocols in the setting of
paediatric neuro-oncology. It has illustrated pit-
falls relating to both imaging technique and tim-
ing of acquisition and follow-up and hopefully
served to illustrate the benefits of multi-
parametric imaging data acquisition within this
domain.

As radiologists we do not take lightly the fact
that undertaking an imaging study on a child is
complex and for every study any risk needs to be
outweighed by potential benefit. Such studies
often require sedation, general anaesthesia and
contrast injection and will by necessity result in
anxiety to both patient and parent/guardian.
Hence any imaging strategy that can improve the
diagnostic and follow-up efficacy of a radiologi-
cal examination should be welcomed, and this
includes maximising the information gleaned
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Fig. 13.13 A [2-year-old girl with histologically proven
glioblastoma multiforme. Presentation imaging (panel a)
shows a heterogeneous mass within the left parietal lobe
(black asterisk). Following surgical resection there is
some residual FLAIR signal change seen around the supe-
rior aspect of the resection cavity which is stable 6 months
following surgery (panel b) white arrow. No abnormal
perfusion is seen, and the peri-resection cavity actually

from such studies by employing multi-parametric
assessment when necessary to try to reduce diag-
nostic and follow-up failure as much as is
practicable.
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14.1 Introduction

The value of radionuclides in cancer therapy has
been recognized for several decades. The first use
of radioisotope therapy in oncology was in the
1940s when radioactive iodine (I-131) was used
to treat thyroid cancer [1-3]. Targeted radionu-
clide therapy involves the delivery of high-energy
particles in close proximity to malignant cells,
with their preferential uptake due to specific bio-
logic features at the molecular or cellular level [4,
5]. The important considerations for physical
characteristics of therapeutic radionuclide agents
are their physical half-life (preferably between
6 h and 7 days), energy of radiation (high linear
energy transfer radiations such as alpha and beta),
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daughter products, and method of production and
radionuclide purity [6]. The biochemical charac-
teristics that need to be considered are in vitro sta-
bility, tissue targeting, retention of radioactivity in
the tumor, in vivo stability, and toxicity.

There has been a recent resurgence of interest in
targeted radionuclide therapy due to the develop-
ment of several new agents and the ability to com-
bine these with both conventional and newer
anticancer drugs in assorted multimodality treat-
ment regimens. The noninvasiveness of radionu-
clide therapy and its relatively low toxicity in
comparison to conventional chemotherapy and
radiation therapy make it an attractive treatment
modality. An increasing interest in targeted radio-
nuclide therapy has also been related to the evolu-
tion of theranostics, which is the use of a compound
labeled with a radionuclide initially for diagnostic
imaging of a specific disease and then labeled with
a different radionuclide for targeted therapy of that
same disease process, including malignancies.

This chapter focuses on the relatively com-
mon pediatric applications of targeted radionu-
clide therapy including radioactive iodine (I-131)
therapy of pediatric differentiated thyroid carci-
noma (DTC) and I-131-metaiodobenzylguanidine
('T-mIBG) therapy of high-risk neuroblastoma.
A brief overview of other novel radionuclide
agents that show promise for the treatment of
neuroblastoma and other solid tumors of child-
hood is also provided.
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14.2 Pediatric Thyroid Cancer
Epidemiology

Thyroid cancer is a rare pediatric malignancy,
with new cases of thyroid cancer in patients
<20 years representing only 1.8% of all thyroid
malignancies diagnosed in the United States [7,
8]. The incidence of thyroid cancer is 0.2 per
100,000 in children <10 years, 0.8 per 100,000 in
children between 10 and 14 years of age, and
2.9 per 100,000 in the 15-19-year age group
according to the Surveillance, Epidemiology,
and End Results (SEER) program [7]. The inci-
dence of childhood thyroid cancer is increasing
by 1.1% per year [9, 10]. Prepubertal rates of thy-
roid cancer are similar in girls and boys, but in the
postpubertal pediatric population, females are
four times more likely to have thyroid cancer than
males.

DTC, which includes the papillary and fol-
licular types, constitutes the vast majority (90—
95%) of thyroid cancers in children [11].
Medullary thyroid cancers comprise only 5-8%,
and the undifferentiated thyroid cancers are very
rare. Papillary thyroid carcinoma (PTC), which
is the most common type of thyroid cancer, and
follicular thyroid carcinoma (FTC) have some
key differences. PTC is often bilateral, multifo-
cal, and associated with the presence of regional
lymph nodal metastases [8]. Hematogenous pul-
monary metastases occur in up to 25% of cases,
usually in patients with a significant nodal dis-
ease burden. FTC is usually unifocal and more
likely to demonstrate hematogenous pulmonary
and skeletal metastases. Nodal metastases are
infrequent.

As compared to adults, children with DTC
more frequently present with more advanced dis-
ease and are more likely to develop recurrence
[12]. Lymph node involvement at diagnosis is
present in 40-90% of children in comparison to
20-50% in adults. The prevalence of distant
metastases in children is also higher, at 20-30%,
in contrast to only 2-14% in adults. Multifocal
disease is also more common in children. Even
so, the mortality rates are lower in children than
adults, with a 10-year mortality rate of <10% and
overall survival of 98% [13-16].

14.3 Current Status
of Radioactive lodine (I-131)
Therapy in Differentiated
Thyroid Cancer

Traditional management of pediatric patients
with DTC included postoperative I-131 therapy
in all patients. The goal was ablation of any resid-
ual thyroid tissue in order to more effectively use
serum thyroglobulin (Tg) as a biomarker for
recurrent disease, to decrease the risk of recurrent
disease, and to decrease mortality.

There are numerous reports of improved sur-
vival and decreased recurrence rates with postop-
erative I-131 therapy in both adults and children
with advanced DTC [17-23]. However, in vari-
ous adult studies, postoperative I-131 therapy has
not clearly been shown to be of benefit to those
with low-risk thyroid cancer after a complete sur-
gical resection [24-28]. Further, there have been
reports of an increasing incidence of secondary
cancers in low-risk DTC patients treated with
postoperative I-131 [25]. Based on the existing
data, recent ATA recommendations suggest that
thyroid remnant ablation can be withheld for
such adult patients [8]. However, consensus has
not been reached in the pediatric age group where
there is conflicting data in regard to the benefit of
thyroid remnant ablation in the low-risk thyroid
cancer patient [15, 29, 30].

There is a growing awareness of the potential
long-term risks associated with I-131 treatment
including the development of secondary malignan-
cies, among others [15, 31, 32]. Therefore, it is
important to identify those children with DTC who
have a high likelihood of benefit from I-131 ther-
apy and to steer away from empiric administration
to all patients. Recent guidelines from a pediatric
thyroid cancer task force commissioned by the
ATA have attempted to address this by developing
risk-stratification groups for pediatric patients with
DTC. This ATA task force developed three risk-
stratification groups for children with PTC based
on the use of the TNM classification system: low-,
intermediate-, and high-risk groups (Table 14.1).

Definitive therapy for children with DTC
includes thyroidectomy and, when appropriate,
lymph node dissection and possible I-131 radio-
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Table 14.1 American Thyroid Association risk levels in
pediatric papillary thyroid carcinoma based on TNM clas-
sification of malignancies [1]

ATA
pediatric-risk TNM
group Disease description classification
Low Disease grossly Tl1, 2, or 3
confined to the thyroid | No/Nx or
gland incidental
Nla MO
Intermediate | Patients with extensive | T1, 2, or 3*
nodal disease who are Nlaor
at low risk for distant minimal
metastatic disease, but | N1b
at increased risk for MO
incomplete nodal
resection and persistent
cervical disease
High Patients with locally T4
invasive or regionally Extensive
extensive disease, who | N1b
are at highest risk for Any M
incomplete resection,
persistent disease, and
distant metastases

aThe impact of the pathologic identification of micro-
scopic extrathyroidal extension (ETE), T3 disease, on
management and outcomes has not been well studied in
pediatric patients with papillary thyroid cancer, but
patients with minimal ETE are probably either ATA pedi-
atric low- or intermediate-risk, depending on other clini-
cal factors [16]

therapy for intermediate- and high-risk patients.
Per the ATA pediatric guidelines, staging is usu-
ally performed within 12 weeks after total or sub-
total thyroidectomy in order to identify patients
who could benefit from more treatment, includ-
ing additional surgery or I-131 therapy. ATA
pediatric low-risk patients are initially assessed
and followed only with physical examination and
TSH-suppressed Tg levels, whereas both TSH-
stimulated Tg levels and diagnostic whole-body
scintigraphy (DxWBS) are typically recom-
mended to assess for persistent disease in the
intermediate- and high-risk patient groups. I-131
therapy is indicated for iodine-avid persistent
locoregional and/or nodal disease that cannot be
resected and iodine-avid distant metastases. In
patients who have persistent disease following
1-131 therapy, the decision to administer addi-
tional I-131 therapy should be based on prior
response and clinical data in individual patients.

14.4 Diagnostic Whole-Body
Scintigraphy

As mentioned above, per the recent ATA pediat-
ric guidelines, diagnostic whole-body scintigra-
phy (DxWBS) is performed postoperatively in all
patients with intermediate- and high-risk disease
to help guide further management including the
necessity for [-131 therapy. DxWBS is no longer
recommended in the low-risk population, as was
the practice previously. Whenever possible, [-123
rather than I-131 should be utilized for diagnostic
imaging, using the lowest possible dose, due to
several putative benefits including lower patient
radiation exposure, improved image quality, and
the ability to perform single-photon emission
computed tomography (SPECT)/CT, as well as to
avoid possible stunning [16].

DxWBS may also be included in surveillance
imaging. Traditionally, sequential DxWBS at
variable intervals had been utilized in routine sur-
veillance to detect persistent or recurrent disease
in children with DTC [33-36]. However, accord-
ing to the recent ATA pediatric guidelines [8],
there is no role for surveillance DxWBS in chil-
dren with DTC who have not received I-131 ther-
apy unless evidence exists for persistent or
recurrent disease, based on physical examination,
ultrasound, or serum Tg levels. Also, once a neg-
ative DxWBS is obtained, there is no benefit
from serial DxWBS to survey for disease recur-
rence as long as the patient otherwise remains
without clinical evidence of disease.

Follow-up DxWBS can be used in these situa-
tions [8]:

— In children suspected to have residual disease
to determine the need for [-131 therapy and to
aid in determination of the therapeutic dose to
be administered

— To confirm the absence of iodine-avid disease
in children with DTC who were previously
treated with I-131 and who have no evidence
of disease 1-2 years after initial therapy

— In children with high-risk disease who under-
went I-131 therapy previously or are known to
have iodine-avid metastatic disease based upon
a previous posttreatment scan. The DxWBS
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should be obtained after at least 12 months of
clinical follow-up (unless there is a change in
clinical status) and deferred even longer in
children who continue to demonstrate a clini-
cal response to previous treatment.

Patient preparation prior to DxWBS includes
discontinuing  levothyroxine = (LT4)  for
2—-6 weeks. Liothyronine (LT3) supplementation
may be given to reduce the duration of hypothy-
roidism during prolonged LT4 withdrawal or in
patients who are sensitive to hypothyroid symp-
toms. LT3 can be administered up until 2 weeks
of the scheduled whole-body imaging [16, 37].
Instead of thyroid hormone withdrawal, TSH
stimulation can be performed by the use of
recombinant human thyrotropin (thTSH) stimu-
lation. The experience using thTSH in children
is more limited than in adults but has been shown

Ant.

Fig. 14.1 Anterior whole-body image from a surveillance
1-123 scan (a) demonstrates expected physiologic distribu-
tion of 1-123 including activity within the salivary glands,
nasal mucosa, oral cavity, gastrointestinal tract, and uri-
nary system. Linear activity in the neck and chest on a

Ant. 5uS

to be effective with no reported side effects [16,
38-40].

A low-iodine diet is also started about 2 weeks
before imaging to maximize uptake within any
potential residual iodine-avid disease. Laboratory
studies that are typically obtained prior to
DxWBS include serum TSH, stimulated Tg lev-
els, antithyroglobulin antibodies (TgAb), and
complete blood counts. TSH level >30 mIU/L is
required to ensure adequate stimulation for imag-
ing. A negative pregnancy test should be con-
firmed in all women of childbearing age.

DxWBS is typically performed at 24 h after the
oral administration 2—4 mCi of I-123 Nal. Anterior
and posterior whole-body images are acquired,
with and without markers. It is important to recog-
nize the physiologic sites of radiotracer uptake
including some anatomic variants (Fig. 14.1).
Physiologic thymic uptake is common in children

I-123 scan in a different patient (b) demonstrates oral
secretions within the esophagus that decreased following
eating and drinking clear water. Anterior upper body image
from a 1-123 scan in a female patient (¢) demonstrates
physiologic uptake of iodine in normal breast tissue
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with DTC, occurring in as many as 9% DxWBS
and 30% post I-131 therapy whole-body scans
(Fig. 14.2) [41]. The scan may demonstrate uptake
within the thyroidectomy bed, which reflects thy-
roid remnant and/or thyroid bed disease, in locore-
gional nodes or at sites of possible distant

Ant.

Fig. 14.2 A 12-year-old boy with papillary thyroid can-
cer, status post thyroidectomy. Anterior image from a
postoperative I-123 scan (a) demonstrates two foci of
intense uptake in the thyroid bed (thick arrow) most con-
sistent with remnant thyroid. Faint diffuse uptake in the

Ant.

Fig. 14.3 An 11-year-old girl with papillary thyroid can-
cer, status post thyroidectomy. Anterior upper body
images from postoperative I-123 scan (a) and post I-131
therapy scan (b) demonstrate an area of intense focal
uptake in the expected location of the left thyroid bed,
with the corresponding ultrasound image (c¢) demonstrat-
ing a circumscribed hypoechoic focus (white arrow), most

metastases (Figs. 14.2, 14.3, and 14.4). Additional
imaging, initially with SPECT/CT when available,
or alternatively using anatomic modalities such as
neck ultrasound (US), MRI, or CT without iodin-
ated contrast can be used to accurately localize
uptake noted on a DxWBS (Fig. 14.5).

upper midline chest (long thin arrow) is consistent with
thymic uptake, much more evident on the anterior (b) and
lateral images (c) of the chest from a post I-131 therapy
scan (long thin arrows). The uptake in the thyroid bed is
demonstrated in (b) and (c¢) (thick arrows)

consistent with remnant thyroid and/or residual disease in
the thyroid bed. Two smaller foci of mild uptake in the
right neck on images (a) and (b) (long thin arrows) are
most consistent with nodal metastases, with one of the
nodes in the right submandibular region (asterisk) shown
on the corresponding ultrasound of the right neck (d)
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Fig. 14.3 (continued)

Fig. 14.4 An 18-year-old female
status post thyroidectomy and left
neck dissection for metastatic
papillary thyroid cancer. Anterior
whole-body image from a
postoperative I-123 scan (a)
demonstrates intense focal uptake
within the thyroid bed consistent with o
remnant thyroid/residual disease. .
Two foci of uptake in the bilateral
supraclavicular regions represent
nodal metastases. A focus of uptake
in the right lower chest is indicative
of a pulmonary metastasis. Subtle
diffuse lung uptake suggesting more
widespread pulmonary involvement
is also present. Anterior whole-body
image from a I-131 post therapy scan
performed 7 days after the oral
administration of 155.3 mCi of I-131
(b) demonstrates diffuse intense
bilateral lung uptake that is much
more prominent compared to the
pre-therapy I-123 scan. Note is made
of mild hepatic uptake, consistent
with functioning thyroid tissue (the
result of radioiodine being
assimilated into thyroxine in remnant
thyroid tissue and then metabolized
in the liver). The pattern of iodine

uptake in the thyroid bed and the 2 _'..
right supraclavicular node is similar AR A e

to the pre-therapy scan. lodine-avid
left supraclavicular lymph node
disease seen on the pre-therapy I-123
scan is not well appreciated

ot

Ant . . 4 Wl Ant
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Fig. 14.5 A 6-year-old girl who underwent total thyroid-
ectomy for a right-sided 4.2-cm papillary carcinoma with
extra-thyroidal extension and angiolymphatic invasion.
There was a right cervical 4-cm matted lymph node with
extranodal extension. Anterior (a) and posterior (b) upper
body images from a postoperative [-123 scan demonstrate
considerable activity in the neck and a small focus of

14.5 Treatment-Related
Considerations

14.5.1 1-131 Dose and Dosimetry

Approaches to choosing an appropriate dose of
I-131 for treatment of DTC include empiric dos-
ing or the use of dosimetry, which is typically
based on bone marrow dose limits, but can be
lesion-based as well. There are no standard admin-
istered activities of I-131 for the treatment of DTC
in children. Further, there are no data that compare
the safety or long-term outcomes using empiric
and dosimetry-based treatment approaches or
administered doses. Typically empiric dosing in
children is based on adult guidelines, which are
risk adapted to the pediatric population and
adjusted for patient weight. In patients with rem-

moderate uptake on the left side of the chest. Pinhole view
of the thyroid (c) shows at least five foci of the uptake
within the neck. Transverse SPECT (d), attenuation cor-
rection CT (e), and fusion (f) images through the mid-
chest show markedly elevated uptake of I-123 in a small
lingular nodule

nant disease in the thyroidectomy bed alone, the
dose may be as low as 30-50 mCi [16], but up to
100-150 mCi [33] depending on a variety of fac-
tors, whereas it is usually higher for those with
cervical nodal disease (150-175 mCi and distant
metastases (175-200 mCi)) [16, 33].

For children with diffuse lung uptake or exten-
sive distant metastases, in those undergoing mul-
tiple I-131 treatments, or in children with
potentially limited bone marrow reserve due to
prior chemotherapy or radiation therapy, whole-
body dosimetry can be used to calculate the larg-
est possible administered dose of I-131. This
allows practitioners to limit the absorbed activity
to the blood to <200 rads (cGy) and whole-body
retention at 48 h after administration to <4.44 GBq
(120 mCi) in the absence, or 2.96 GBq (80 mCi)
in the presence, of iodine-avid diffuse pulmonary
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metastases, respectively [42—44]. Lesional dosim-
etry may aid in selecting effective activities of
I-131 for children with substantial lung disease or
large metastatic burden at other sites [43, 45-48].
Lesion-based toxicity constraints have not been
validated in pediatrics and may potentially be
higher in young children [8]. Additionally, these
protocols are lengthy and not routinely available
at all centers. The ATA pediatric task force recom-
mended that all activities of I-131 should be cal-
culated by experts with experience in dosing
children due to differences in body size and iodine
clearance in children in comparison to adults.

14.5.2 Outpatient Versus Inpatient
Treatment Settings:
Considerations

The current Nuclear Regulatory Commission
(NRC) Patient Release Criteria allow the majority
of the patients to undergo I-131 therapy for DTC
as outpatients [49, 50]. A licensee is able to release
patients, irrespective of administered activity,
using dose rate measurements and total effective
dose equivalent (TEDE) in mrem or mSv to meet
NRC criteria. Patients can be released when the
I-131 measured dose rate is <7 mrem per hour (h)
at 1 m as measured by a dose rate meter [51].
Patients can also be released when the TEDE of a
caretaker or family member is unlikely to exceed
500 mrem (5 mSv). If there is a possibility of the
TEDE exceeding 100 mrem (1 mSv) in any per-
son, relevant written and verbal precaution
instructions are necessary [49, 52].

Inpatient therapy and consultation with the
radiation safety officer (RSO) should be consid-
ered when [8, 50]:

1. Proposed treatment dose of I-131 is >200 mCi
(7400 MBq) or TEDE is likely to exceed
500 mrem (5 mSv) to an adult family member
or caregiver or to exceed 100 mrem (1 mSv) to
a pregnant woman, child, or a member of the
general public.

2. Patient is of a young age or unable to compre-
hend and comply with the tasks required for
outpatient therapy.

3. Various other issues including incontinence,
travel/housing limitations, cognitive/psychiat-
ric limitations, etc.

In general, children and adolescents with PTC
impart the highest dose of radiation to others dur-
ing the initial 1-2 days following I-131 therapy.
For young children, this may be especially prob-
lematic, particularly if they are not yet toilet
trained or are unable to sleep alone.

14.5.3 Patient Preparation,
Education, and Radiation
Safety

The patient’s ability to comply with preparatory
regimens (described in the Sect. 14.4) should be
established prior to therapy in order to maximize
the efficacy of I-131 treatment. A negative preg-
nancy test needs to be confirmed in all females
of childbearing age. Pregnancy and breast-feed-
ing are absolute contraindications to I-131 ther-
apy. Likewise, an appropriate response to
withdrawal or r-TSH stimulation should be veri-
fied by demonstrating a serum TSH level of
greater than 30 mIU/L. Risks (both short- and
long-term side effects) and benefits of I-131
therapy need to be discussed and radiation safety
instructions reviewed, with written educational
materials provided. Written informed consent
for I-131 treatment is obtained from the patient,
parent, or legal guardian, depending on the age
of the patient. After verification of the prescribed
I-131 activity, the nuclear medicine physician
(authorized user) should directly witness or
administer the radioiodine to the patient orally.
Just before the administration of I-131, the child
is duly identified, preferably using two forms of
identification. Those children who are candi-
dates for outpatient treatment are discharged
from the nuclear medicine department shortly
after the administration of the therapeutic dose.
For patients undergoing inpatient therapy, stan-
dard hospital orders are typically written by the
admitting pediatric endocrinologist/oncologist.
The radiation safety officer or nuclear medicine
technologist obtains baseline patient radiation
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emissions immediately following the oral admin-
istration of the I-131 dose and once every
12-24 h during the inpatient stay until release
criteria are met and the patient discharged.

ATA pediatric guidelines recommend that all
children receiving I-131 therapy for DTC receive
adequate hydration in order to facilitate clearance
of the radioisotope. Additional supportive care
with antiemetic medications and stool softeners/
laxatives can be administered as needed. Per
these guidelines, sour candy or lemon drops may
be given after [-131 treatment, but routine use of
other adjunct agents such as lithium and amifos-
tine is not recommended [8].

14.5.4 Posttreatment Whole-Body
Scintigraphy

All patients undergoing I-131 therapy should be
imaged 4-7 days after treatment [8] as there is a
dose-related sensitivity of I-131 in disease detec-
tion [53, 54]. The post-therapy scans may detect
new or additional foci of disease, although it
remains unclear if this knowledge informs future
treatment or outcomes (Fig. 14.6). The addition
of SPECT/CT may aid in localizing uptake and
particularly in distinguishing remnant thyroid
tissue from nodal metastases in the thyroid bed
[55].

Fig. 14.6 A 19-year-old female with history of papillary
thyroid cancer status post thyroidectomy, radioiodine
therapy, and neck dissection, with interval decreased, but
persistently detectable thyroglobulin. Anterior (a) and
posterior (b) upper body images from a I-123 scan reveals
no definite abnormal focal uptake. Anterior upper body
image from a post-therapy I-131 scan (¢) demonstrates a

focus of mild tracer uptake in the midline neck in the thy-
roid bed that likely represents thyroid bed disease.
Multiple foci of tracer activity within bilateral lungs are
concerning for pulmonary metastases. Single transaxial
image of the lower chest CT image (d) demonstrates a
tiny right pulmonary nodule. Multiple similar appearing
nodules were seen throughout both the lungs
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14.5.5 Risks of I-131 Therapy

There can be early-, intermediate-, and long-term
side effects related to I-131 therapy. Short- and
intermediate-term risks include sialadenitis,
xerostomia, thyroiditis, stomatitis, gastroenteri-
tis, xerophthalmia, nasolacrimal duct obstruc-
tion, transient gonadal dysfunction, transient
leukocytopenia and thrombocytopenia, and very
rarely recurrent laryngeal nerve injury or acute
radiation pneumonitis [8, 23, 56, 57]. Late side
effects include chronic sialadenitis and xerosto-
mia, xerophthalmia, decreased fertility, pulmo-
nary fibrosis, bone marrow aplasia, genetic
defects including chromosomal damage, and the
development of second primary malignancies
[23, 32, 58].

Even a single dose of I-131 may lead to per-
manent salivary gland dysfunction, an increased
incidence of dental caries, and an increase risk of
salivary gland malignancy [59, 60]. The use of
preventative measures such as sour candies or
lemon juice beginning 24 h following I-131 dos-
ing in conjunction with robust hydration for
3-5 days [50] may prevent salivary gland dys-
function, although none of these prophylactic
measures have been formally evaluated in chil-
dren treated with I-131. Pain and swelling in thy-
roid remnant or nodal metastases are seen in
10-20% of cases. Transient leukocytopenia and
thrombocytopenia occur in up to two-thirds of
patients a few weeks after treatment, with return
to baseline by 3 months [61]. Long-term bone
marrow suppression is rare, but reported, and
therefore it is essential to allow for recovery of
bone marrow between I-131 treatments [62, 63].

Gonadal damage has been described in both
women and men [64, 65]. Temporary menstrual
irregularities including amenorrhea or oligomen-
orrhea may occur after I-131 therapy in about
8-27% of women. However, long-term rates for
infertility, miscarriages, and fetal malformations
do not appear to be increased in females after
I-131 therapy, particularly when conception is
delayed up to a year following I-131 treatment
[64, 66—68]. In postpubertal males, a transient
rise in follicle-stimulating hormone is common
and may persist for up to 18 months [65, 68, 69].

Increasing cumulative activities of I-131 may
lead to decreased spermatogenesis with postpu-
bertal testes more vulnerable than prepubertal
testes to these radiation effects [70]. Current
guidelines recommend that males avoid attempts
at conception for at least 4 months post I-131
therapy. Additionally, postpubertal males should
be counseled and sperm banking considered for
postpubertal males receiving cumulative activi-
ties of 400 mCi (14.8 GBq) [14].

Several recent studies have suggested the
occurrence of genetic damage related to I-131
therapy, evidenced by an increase in the number
of dicentric chromosomes in peripheral leuko-
cytes as well as by the presence of chromosomal
aberrations most prevalent in chromosomes 1, 4,
and 10; such aberrations have persisted for up to
4 years after treatment [71-73].

Large long-term follow-up studies by Brown
and Rubino et al. [31, 32] have confirmed that
I-131 radiotherapy is associated with an
increased risk of the development of second
malignancies as well as with an increase in over-
all mortality for patients with DTC. The risk for
the development of secondary malignancies was
found to be greater in younger patients. An
increased risk of both solid tumors and leuke-
mias was found with increasing cumulative
activities of I-131 administered [32]. A recent
systematic review and metanalysis of the above
two studies by Sawka et al. reported a small but
significant increased relative risk of second pri-
mary malignancy, in particular leukemia, in
patients treated with I-131 [74].

An important long-term effect of I-131 radio-
therapy is the development of pulmonary fibrosis
in patients with lung metastases. The risk of pul-
monary fibrosis correlates with the intensity of
I-131 uptake and is seen in 10% of children com-
pared to only 1% of adults with DTC [21, 63].
The risk of pulmonary fibrosis appears to be
dependent on the retained dose of I-131 in the
lungs of patients with DTC and pulmonary
metastases. Therefore it is recommended to
obtain dosimetry, using a treatment limit of
80 mCi (2.96 GBq) whole-body retention of
I-131 at 48 h in DTC patients with pulmonary
metastases [16, 42, 75, 76].
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14.6 Neuroblastoma
Epidemiology

Neuroblastoma is the most common extracranial
solid tumor in children and constitutes ~30% of
infantile cancers [77-80]. The median age at diag-
nosis is 15 months. It is derived from primordial
neural crest cells that inhabit the sympathetic gan-
glia and adrenal medulla. The most common sites
of origin are the adrenal glands (48%), followed
by extra-adrenal retroperitoneum (20%) and chest
(16%), although it can occur anywhere along the
sympathetic chain from the neck though the pel-
vis [81, 82]. Metastases most commonly involve
the bone marrow or cortical bone, lymph nodes,
and liver [83]. Approximately 50% of patients
present with hematogenous metastases [78].
There are two different staging systems for neu-
roblastoma. The International Neuroblastoma
Staging System (INSS), developed in 1988 [80, 84,
85], bases staging on the extent of residual disease
following surgery. Features of the INSS are sum-
marized in Table 14.2. Since the INSS is based on
the degree of surgical resection and pathologic find-
ings, it is not suitable for pretreatment risk classifi-
cation of disease necessary for evaluating the
success of large clinical trials. More recently, the
International Neuroblastoma Risk Group Staging
System (INRGSS) was developed to facilitate the
comparison of risk-based clinical trials and pub-
lished in 2009. Features of this image-based, pre-
treatment staging system are listed in Table 14.3
[80, 82, 86]. The INRGSS differs from the INSS in

Table14.2 Summary of the International Neuroblastoma
Staging System (INSS)

Stage | Description

1 Localized tumor with complete gross resection
No regional lymph node involvement

2 Localized tumor with incomplete gross
resection or ipsilateral lymph node involvement

3 Tumor crossing midline or contralateral lymph
node involvement

4 Tumor with distant metastases

45 Patient <12 months with localized tumor and
metastases confined to the liver, skin, and/or
bone marrow

Table reproduced with permission from Elsevier publish-
ing company [80]

Table 14.3 International Neuroblastoma Risk Group
Staging System (INRGSS)

Stage | Description

L1 Localized tumor not involving vital structures
and confined to one body compartment (neck,
chest, abdomen, or pelvis)

L2 Localized/regional tumor with one or more
imaged-defined risk factors (i.e., involvement
of two body compartments, encasement of
major vascular structures, invasion of adjacent
organs or intraspinal extension)

M Tumor with distant metastases
MS

Patient <18 months with metastases confined
to the liver, skin, and/or bone marrow

Table reproduced with permission from Elsevier publish-
ing company [80]

that the extent of disease is determined by the pres-
ence or absence of image-defined risk factors and
metastatic disease at the time of diagnosis, prior to
receiving any type of treatment including surgery.
Image-defined risk factors are surgical risk factors,
identified on imaging, that render total tumor resec-
tion risky or difficult at the time of diagnosis. In the
INRGSS, localized tumors are classified as stage
L1 when no image-defined risk factors are present;
L2 disease is present if one or more image-defined
risk factors are identified; stage M indicates dis-
seminated disease, which is comparable to the INSS
stage 4. Similar to the 4S category of the INSS sys-
tem, the INRGSS also has a special MS category
where metastases are confined to the liver, skin,
and/or marrow in patients <18 months of age versus
<12 months of age in INSS. Compared with the
focus on surgical and pathologic findings in the
INSS, the emphasis in the INRGSS has shifted to
diagnostic imaging using either contrast-enhanced
CT or MR of the primary tumor and '*I-mIBG
whole-body imaging as requisite evaluations to be
obtained at diagnosis [86]. Since imaging records
can be retrospectively reviewed, a system such as
the INRGSS, which is based on preoperative imag-
ing, is more reproducible and robust than one based
on surgical findings. Additionally, experts can cen-
trally review the imaging data, thus increasing the
likelihood of uniform evaluation of disease extent
and thus facilitating the comparison of risk-based
clinical trials conducted in different centers world-
wide by defining homogeneous pretreatment patient
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cohorts. Of note, the INRGSS is not intended to be
a substitute for the INSS, but rather, it is recom-
mended that both systems be used in parallel.

The consensus INRG classification scheme
includes the following criteria for risk group strat-
ification—INRG stage, age, histologic category,
grade of tumor differentiation, MYCN status,
presence/absence of 11q aberrations, and tumor
cell ploidy. Based on these criteria, children with
neuroblastoma are placed in four different pre-
treatment risk subsets: very low risk (5-year
event-free survival (EFS) >85%), low risk (5-year
EFS >75-85%), intermediate risk (5-year EFS
>50-75%), and high risk (5-year EFS<50%) [82].
The high-risk patients are generally treated with
aggressive multimodality treatment regimens
including chemotherapy, surgical resection, autol-
ogous stem cell transplant (SCT), external beam
radiation, and minimal residual disease therapy
that includes tumor-directed monoclonal antibody
therapy and use of the differentiating agent 13-cis-

Ant.

Post.

Fig. 14.7 A 5-year-old girl with recurrent neuroblastoma.
Anterior (a) and posterior (b) whole-body images 24 h after
injection of '“I-mIBG reveal multifocal skeletal disease
including a prominent focus in the midline lower abdomen,

N.S. Kwatra et al.

retinoic acid [87, 88]. Despite the increasing
intensities of therapy employed, prognosis for
these patients remains poor.

When radiolabeled with either '*'T or preferably
for diagnostic imaging '*’I, mIBG is concentrated
by approximately 90% of neuroblastoma tumors,
with uptake identified in primary soft tissue tumors
as well as in sites of osseous and marrow metastases
[89]. The physiologic distribution of mIBG includes
uptake/activity in the salivary glands, heart, liver,
adrenal glands, kidneys, urinary bladder, bowel,
muscles, and occasionally brown fat and thyroid
gland (if not blocked pharmacologically). The use
of I-123 labeled mIBG in comparison to *'I-mIBG
allows for superior image quality and disease detec-
tion. With '>I-mIBG, SPECT or SPECT/CT can be
used, which helps increase the sensitivity of disease
detection and allows for improved localization, par-
ticularly in the torso (Fig. 14.7). '»’I-mIBG is the
cornerstone of staging and treatment response
assessment in neuroblastoma.

2,

which appears to localize to the lower lumbar spine on
these planar images. Transverse (c) and sagittal SPECT (d)
and SPECT/CT (e, f) images localize this uptake within the
vertebral canal at L5 rather than the vertebra itself
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The high mIBG avidity and the known radiosen-
sitivity of neuroblastoma combined with the poor
prognosis of high-risk neuroblastoma make
BIT-mIBG an attractive targeted therapeutic agent in
this patient group. *'I-mIBG has been studied as a
targeted therapy in the setting of both relapsed and
newly diagnosed neuroblastoma. The combination
of '2I-mIBG for diagnostic and *'I-mIBG for ther-
apy of neuroblastoma is an example of theranostics.

14.7 Background and Current
Status of *'I-mIBG Therapy

Metaiodobenzylguanidine is a norepinephrine
analog that concentrates in sympathetic nervous
tissue. It was first developed and utilized for adre-
nal imaging by Wieland and Beierwaltes in 1979
[90, 91]. The cytocidal effect of beta-particle
emission by *I-mIBG was recognized soon after
its development leading to the prompt exploration
of the use of *'I-mIBG in the therapy of neuroen-
docrine tumors. *'I-mIBG therapy was first
attempted in pheochromocytoma patients in 1983
[92]. In 1986, the first report of the use of
BI-mIBG to treat six children with neuroblas-
toma was published [93]. Since then, several trials
using therapeutic *'I-mIBG in patients with neu-
roblastoma have been performed.

14.7.1 Mechanism of *'I-mIBG
Uptake in Neuroblastoma

BI-mIBG is an aralkylguanidine, which is a struc-
tural analog of the neurotransmitter norepinephrine
(NE). ®'I-mIBG enters neuroendocrine cells by
two different pathways, a specific uptake system
(uptake-one) and a nonspecific uptake system.
Uptake-one is an active process via a NE trans-
porter (NET) with a high affinity but a low capacity
for BI-mIBG. It is the predominant uptake system
for *'I-mIBG. The nonspecific uptake pathway is a
passive diffusional mechanism [94-98]. Most neu-
roendocrine cells store *'I-mIBG in neurosecre-
tory granules, while in contrast, neuroblastoma
cells typically store !'I-mIBG in the cytoplasm and
mitochondria [99, 100].

14.7.2 ¥'I-mIBG Therapy: The Past
and Present

BIT-mIBG remains an experimental agent in the
treatment of high-risk neuroblastoma, although
several phase I and phase II studies have demon-
strated efficacy of *'I-mIBG therapy for this dis-
ease. PI-mIBG therapy has been most widely
studied in the setting of relapsed or refractory
neuroblastoma, i.e., patients whose disease pro-
gressed after an initial response or those who
failed to respond to induction chemotherapy.
More recently, *'I-mIBG has also been used as a
first-line treatment (during induction) and in con-
junction with myeloablative chemotherapy after
response to initial chemotherapy (consolidation).
A recent systematic review of *'I-mIBG therapy
in neuroblastoma by Wilson et al. [101] that
included 30 studies previously reported in 51
publications concluded that even though the true
effectiveness of *'I-mIBG in comparison to other
treatments remains unknown in the absence of
randomized controlled trials, the high response
rates of approximately 30% justify further stud-
ies of this agent in patients with relapsed or
refractory high-risk neuroblastoma. The authors
also concluded that it is difficult to adjudicate the
role of B'T-mIBG therapy during induction and
consolidation given the limited existing data.
14.7.2.1 Relapsed/Refractory
and Consolidation Studies
Several studies have used *'I-mIBG therapy in
the setting of relapsed or refractory high-risk
neuroblastoma, either as a monotherapy or in
combination with chemotherapy. A recent meta-
analysis of 27 of these studies [101] reported an
overall mean tumor response of 32%, although
there was a wide variability ranging from 4% to
75%. Tumor-response rate was 39% (48/124) in
patients who received chemotherapy concomi-
tantly with *!I-mIBG compared to 32% (199/629)
for those receiving *!'I-mIBG alone.
Monotherapy: Historically, beginning around
1987, B'I-mIBG had been used as single agent
(monotherapy) in therapeutic trials in both
Europe and North America. Multiple phase I and
phase II trials have evaluated feasibility, toxicity,
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and the most appropriate '*'I-mIBG treatment
dose [102-113]. In 2007 Matthay et al. [114]
reported the results of the largest trial using
BI-mIBG as a monotherapy in patients with pro-
gressive, refractory, or relapsed high-risk
BIT-mIBG-avid neuroblastoma. In this three-
institution phase II trial, 148 patients with cryo-
preserved stem cells available received 18 mCi/
kg (666 MBg/kg) of *'I-mIBG, whereas an addi-
tional 16 patients without available cryopre-
served stem cells received 12 mCi/kg (444 MBq/
kg) of "'I-mIBG. Overall response rate to
BI1-mIBG therapy in this trial was 36%. An age-
related response was also noted. The safety and
efficacy of administering multiple doses of
BII-mIBG (tandem infusions) have also been
studied, with some evidence that the most benefit
occurs with the first "'I-mIBG treatment
[115-117].

Combination therapies: To maximize the ther-
apeutic effect of *'I-mIBG therapy (and to avoid
the development of resistant tumor clones), sev-
eral groups have performed combination thera-
pies of *'I-mIBG with high-dose chemotherapy
and autologous SCT. In a phase II trial of the
New Approaches to Neuroblastoma Therapy
(NANT) consortium, the largest '*'I-mIBG trans-
plant trial to date, 12 mCi/kg (444 MBg/kg) of
BI-mIBG in combination with a chemotherapy-
conditioning regimen was incorporated into a
myeloablative transplantation regimen in two
cohorts of patients with refractory neuroblas-
toma. The addition of *'I-mIBG therapy did not
increase bone marrow or organ toxicity compared
to the use of chemotherapy alone [118].
Klingebiel et al. [119] recruited 11 patients from
the German Neuroblastoma Study NB90. These
11 patients who had INSS stage 4 disease and a
response to initial chemotherapy received a sin-
gle high dose of "'I-mIBG, immediately fol-
lowed by chemotherapy, stem cell support, and
subsequent anti-GD2 antibody therapy. Objective
tumor responses, assessed after recovery from
stem cell transplantation, were identified in 4/11
patients, and 4/11 patients had a continued
response from induction.

A useful approach to improve response to
BI-mIBG therapy in high-risk neuroblastoma is

to enhance the expression and function of NET by
combining *'T-mIBG, with other agents, which in
turn increases mIBG uptake and therapeutic
effect. Different strategies to augment NET
expression include pretreatment with corticoste-
roids, gamma interferon, retinoic acid (in combi-
nation with gamma interferon), cisplatin, or
doxorubicin; the use of radiosensitizers such as
vorinostat, irinotecan, or topotecan; and the use of
hyperbaric oxygen, gene therapy, or ionizing radi-
ation from external beam radiation [120, 121].

14.7.2.2 First-Line Therapy

Although historically mIBG has been utilized in
the treatment of relapsed or refractory high-risk
neuroblastoma, small pilot studies suggest effi-
cacy when given at the time of diagnosis when
followed by surgery or in conjunction with induc-
tion chemotherapy, i.e., when B!I-mIBG is used
as a frontline treatment [122, 123]. The use of
frontline radionuclide therapy helps to reduce
overall tumor volume, thus enabling surgical
resection; it decreases the toxicity associated
with chemotherapy as well as decreases the like-
lihood of early drug resistance [124].

In an early study by Hoefnagel et al. [125], the
response rate with 'I-mIBG administered at
diagnosis in 31 children with inoperable neuro-
blastoma was greater than 70% and resulted in
significantly less side effects than traditional che-
motherapeutic regimens. De Kraker et al. [124],
administering two sequential fixed dose cycles of
BIL-mIBG treatment at induction in 44 patients
with newly diagnosed high-risk neuroblastoma,
reported a response rate of 73%. A recent retro-
spective multicenter analysis of a cohort pilot
regimen of upfront ®'I-mIBG therapy in newly
diagnosed stage IV neuroblastomas, prior to the
standard German Pediatric Oncology Group neu-
roblastoma 2004 protocol, reported that induc-
tion therapy with *'I-mIBG therapy was feasible,
tolerable, effective, and induced early responses
in this patient population [126]. Within the
Children’s Oncology Group (COG), B'I-mIBG
therapy during induction is currently being inves-
tigated in ANBLO9P1, in which therapeutic doses
of B¥I-mIBG are being administered after the
fifth cycle of induction chemotherapy [120].
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14.8 Establishment
of a Multidisciplinary
131]-mIBG Treatment Program

The administration of *'I-mIBG therapy in neu-
roblastoma is presently being performed in more
than 15 centers in North America. The planning
and operational aspects of 'I-mIBG therapy
program have been published previously [120,
127-131], but it is important that each center
develops an individualized program utilizing
their institutional resources and strengths. Central
considerations and processes that are involved in
the development and execution of a successful
BIT-mIBG therapy program are described below.

14.8.1 Preliminary Planning

The first consideration in the establishment of an
BI-mIBG therapy program is to determine the
clinical need and the institutional resources avail-
able. Active commitment and participation of
personnel across different specialties during both
the planning and implementation phases of the
BI-mIBG therapy program are the keys to devel-
oping a successful program. Pediatric oncolo-
gists who treat patients with neuroblastoma and
identify a cohort eligible for 3'I-mIBG therapy
typically drive the clinical demand for a therapy
program and also take responsibility for the med-
ical care of these patients during the inpatient
admission for this treatment. Nuclear medicine
staff, including physicians, technologists, and
physicists, usually direct the receipt, handling,
testing, and administration of the '*'I-mIBG. The
institutional RSO needs to be involved not only
in the planning process but in the operational pro-
cesses as well. It may be useful to include a
radiopharmacist in the planning stages depending
on the commercial pharmacy supplying the
BIL-mIBG for treatment. Nursing managers and
staff are integral members of the planning and
operations team and often help facilitate schedul-
ing and planning the patient admission as well as
providing direct patient care conjointly with fam-
ily members. Finally, hospital engineers and
managers have a significant role in planning,

facilitating, and supervising any needed facility
renovations or new construction.

14.8.2 Treatment Room Location,
Design, and Shielding

Both clinical and radiation safety criteria drive
the location and design of the therapy room
where the patient is treated on an inpatient basis.
It is important to locate the treatment room on a
clinical floor where the staff are familiar with car-
ing for oncology patients. The treatment room
should be designed to minimize the radiation to
the caregivers and other individuals. In general, a
private room with a dedicated bathroom and sink
is required. The room should preferably be in a
corner location or, if not feasible, be isolated to
an area with limited patient and personnel occu-
pancy in neighboring spaces. Determining the
amount of shielding necessarily requires knowl-
edge of the layout of the treatment room and
adjacent areas as well as the radiation level allow-
able in the adjacent space, the latter being driven
by its occupancy factor. It is useful to have an
anteroom adjacent to the isolation room so that
the caregiver(s) can stay close to but still be
shielded from radiation exposure from the
patient. The anteroom is also used for storage of
radiation monitoring equipment and of the pro-
tective clothing that is worn when caregivers
enter the therapy room. The floor plan of the
treatment room and adjacent space at Boston
Children’s Hospital is provided in Fig. 14.8.

14.8.3 Operational Planning,
Training, and Education

A multidisciplinary effort is indispensable in
planning the operations and procedures of an
BI-mIBG therapy program. As B!I-mIBG is an
investigational agent and entails the human
administration of large doses of radioactivity,
appropriate regulatory approval is necessary. An
oncologist is typically the principal investigator
on the research protocols required to administer
BI1-mIBG therapy, but in some settings, it may be
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Patient room 1
(treatment room)

©

Anteroom

Patient room 2

Fig. 14.8 Treatment room design. The *'I-mIBG treat-
ment room design at Boston Children’s Hospital. There is
an anteroom between the treatment room and hallway.
The treatment room is located between another patient
room (PATIENT ROOM 2) and a stairwell. On the floor
above is a general space and below is a two-story high
mechanical space. Shielding calculations were deter-
mined by the patient being located at point P, 1.2 m from
the wall. On the basis of our calculations, the wall between

a nuclear medicine physician who undertakes this
responsibility. Approval of the *'I-mIBG therapy
program from internal hospital committees,
including the institutional review board for human
subjects and the Radiation Safety Committee,
should be obtained during the design process and
before it is operational. In general, the RSO, sup-
ported by the Radiation Safety Committee, is the
most suitable institutional liaison to interact with
the governmental regulatory authorities when
obtaining licensing of the facility.

Training and education are essential compo-
nents in successful implementation of an
BII-mIBG therapy program. Training includes
developing medical, nursing, and radiation safety
guidelines for the safe administration of this or

the treatment room and the adjacent patient room (A)
required 2.5 cm of lead, the wall adjacent to the stairwell
(B) required 0.65 cm of lead, the wall between the treat-
ment room and the anteroom (C) and the ceiling required
1.3 cm of lead, and the floor required 0.32 cm of lead.
Walls D and E did not require additional shielding as ade-
quate protection was afforded by the primary barriers and
distance. Semin. Nucl. Med. 2011;41:354-63. Reproduced
with permission from Elsevier

other targeted radiotherapeutic agents to the
patient. It also involves developing educational
tools, including radiation safety training, for the
patients, parents, and all staff involved in caring
for these patients (Fig. 14.9).

14.8.4 Logistics of '*'I-mIBG Therapy
Delivery to Patients

Nuclear Medicine

and Clinical Care Processes
High-dose B!I-mIBG therapy is administered on
an inpatient basis and only to medically stable
patients. Once the oncologist establishes the can-
didacy of a patient for *'I-mIBG therapy, he or

14.8.4.1
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Patient education brochure

1-131 MIBG Treatment for High-Risk Neuroblastoma

Q) Seottie Childreny

A Guide for Parents and Caregivers

Fig. 14.9 Example of one of the educational slides created for family caregivers whose children are undergoing
311-mIBG therapy for neuroblastoma Semin. Nucl. Med. 2016;46:184-202. Reproduced with permission from Elsevier

she works with the nuclear medicine department
to determine not only the date of treatment but
the appropriate administered therapeutic activity.
The administered dose is based on the require-
ments of the specific clinical trial protocol that
the patient is enrolled in and typically varies from
5 to 18 mCi/kg at the investigators’ discretion.
Any dose >12 mCi/kg requires that the patient
have stored stem cells available. Once all require-
ments are met, the nuclear medicine division
contacts the appropriate radiopharmacy at such
time as to order and ensure the availability of the
required amount of *!'I-mIBG for the day of the
therapy.

On the day of the treatment, the *'I-mIBG is
received and processed in the pharmacy of the
receiving nuclear medicine department. Quality
control testing should be performed at the receiv-
ing facility and/or at a contracted commercial

radiopharmacy following appropriate established
guidelines. The agent is diluted in normal saline
and drawn into a syringe, which is placed in a
shielded pump apparatus (Fig. 14.10). The dose
is transported to the therapy room after verifica-
tion of the activity in a dose calibrator and after
completion of all steps ensuring the patient and
staff are ready for the infusion. Informed written
consent is obtained, and patient identification is
performed prior to administration of the thera-
peutic agent by the nuclear medicine staff.
BI-mIBG is infused intravenously over
90-120 min. EKG monitoring and automated
blood pressure measurements are done during
infusion. Younger patients are catheterized, while
older patients are encouraged to void frequently.
All caregivers are required to wear personal pro-
tective clothing and dosimeters to reduce direct
radiation exposure, to monitor exposure levels,
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Fig. 14.10 Shielded syringe pump. An example of a
shielded syringe pump used for administration of
31T-mIBG. The shielded syringe pump (Graseby Injection
Pump Shield, Biodex) is located behind an L-block shield
on a specially designed steel cart. The dose of *'I-mIBG
is drawn into a 30-mL syringe that is placed in the pump
before transport to the treatment room. Semin. Nucl. Med.
2011;41:354-63. Reproduced with permission from
Elsevier

and to prevent contamination of spaces outside
the patient room. Within the patient isolation
room, mobile lead shields are used to shield par-
ents and personnel.

Since the majority of the direct care of the
patient after 'I-mIBG therapy is provided by
one or two adult family members, they undergo
training in basic patient care, appropriate use of
personal protective clothing, handling and dis-
posal of body fluids, and radiation safety issues.
As neuroblastoma patients undergoing *'I-mIBG
therapy are typically young children who must
stay in the hospital for several days during this
procedure, it is extremely advantageous to have a
child life specialist involved in the patient’s care.

For most patients, discharge timing is driven by
radiation safety concerns. Discharge generally
depends on patient physiognomies as well as the
administered dose and usually occurs 3-5 days
after ¥'I-mIBG administration. Criteria for dis-
charge are determined by regulatory commitments
made during the licensing process. Licensees are
permitted to authorize discharge if the TEDE to
any other individual from exposure to the released
patient is not likely to exceed 500 mrem (5 mSv).
The licensee is also required to provide the released
individual or their family with specific instructions

on recommended actions to maintain low doses to
other individuals if the TEDE to any other indi-
vidual is likely to exceed 100 mrem (1 mSv) [130].
Patients can also be released when the dose rate
measured at 1 m has fallen to less than 7 mrem/h
(0.07 mSv/h) [129].

14.8.4.2 Post-therapy Imaging
Whole-body imaging is obtained in the nuclear
medicine department prior to patient discharge.
Static images are usually obtained for 300,000—
500,000 counts using a high-energy collimator.
During this short imaging session, which is best
performed early in the morning at the start of a
regular workday, it is recommended that the adja-
cent imaging rooms be empty in order to mini-
mize radiation exposure to other patients and staff
and to minimize the likelihood of high-energy 31
photons penetrating cameras/detectors in adjacent
rooms and compromising image quality. These
post-therapy images demonstrate the distribution
pattern of the therapeutic dose within the body
(Fig. 14.11). Often, post-therapy scans demon-
strate physiologic uptake in the cerebellum and
basal ganglia not appreciated on diagnostic
12[-mIBG scans. Likewise, on post-therapy scans,
mIBG uptake in the normal adrenal gland may be
more pronounced than on diagnostic imaging.
Further, as also occurs on post-therapy imaging of
children with DTC, there is a dose-related sensi-
tivity of disease detection on post-therapy
BI-mIBG scans, which frequently demonstrate
more sites of disease than appreciated on diagnos-
tic pre-therapy scans [132—134].

14.8.5 Radiation Safety
Considerations

14.8.5.1 Minimizing Radiation

Exposure to Care Providers

The RSO is actively involved in planning and
implementing each therapy admission including
patient, parent, and staff education. Three impor-
tant variables determine the amount of radiation
exposure to an individual from a treated patient.
These variables include the retained radioactivity
in the patient, the distance of an individual from
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Fig. 14.11 An

11-year-old with a
recurrent neuroblastoma.
Anterior (a) and

posterior (b) whole- .\
body images obtained

3 days status post
high-dose 'I-mIBG
therapy reveal abnormal
uptake in known osseous
metastases in the L1
vertebra (short arrow)
and in the right
acetabulum (long
arrow), better visualized
than on diagnostic
pre-therapy scans (not
shown). There is also a
subtle soft tissue lesion
in the pelvis, cephalad to
the bladder on the left
(arrowhead), not seen on
pre-therapy '*I-mIBG
imaging. As expected
following high-dose
mIBG therapy, there is
physiologic uptake in
the cerebellum and,
when present, in
bilateral adrenal glands

Ant.

the treated patient, and the duration of the expo-
sure to the treated patient [50]. Therefore much
emphasis is placed on education about these fac-
tors to minimize the radiation exposures to fam-
ily and staff caregivers [120]. All nursing staff
and family caregivers involved in patient care
should wear personal dosimeters. The staff and
caregivers also can be trained to use a Geiger-
Mueller-based radiation survey instrument that is
located outside the therapy room. Caregivers
should be encouraged to limit the time spent in
the patient room whenever feasible and avoid,
unless absolutely necessary subject to the
patient’s medical needs and age, sleeping in the
therapy room. Family members who are not
involved in patient care are not permitted to enter
the treatment room. A recent study by

Post.

Markelewicz et al. [135] determined that all the
caregivers, including nursing staff, involved in
BIT-mIBG therapies received radiation doses well
below the regulatory limit of 5 mSv. They con-
cluded that sharing patient care among nurses
and family caregivers is a safe and feasible treat-
ment model to minimize radiation exposure.

14.8.5.2 Radiation Waste Disposal

Before the patient is admitted for *'I-mIBG ther-
apy, radiation safety staff members prepare the
patient room by lining the floors, walls, and equip-
ment with plastic covering to limit contamination.
After the patient is discharged, the plastic cover-
ing is removed, and the room floor, fixtures, and
equipment are surveyed for both fixed and remov-
able contamination. The allowable limits for fixed
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and removable contamination for release of items
and areas for unrestricted use are based on criteria
established during the licensing process. Waste
materials should be segregated to limit the amount
of material requiring radioactive waste manage-
ment. Contaminated items and materials should
be held in a dedicated storage space for decay.

14.8.6 Risks of *'I-mIBG Therapy

The most common early side effects of *'I-mIBG
therapy are acute elevations in blood pressure and
tachycardia during the infusion process [136].
Nausea and vomiting occur in 10-25% of patients
within the first few hours and days following
treatment [120].

Hematologic toxicity (notably thrombocyto-
penia) is the most frequent and serious side effect,
commonly occurring with doses >12 mCi/kg
(444 MBq/kg). Myelosuppression typically
occurs within 2—4 weeks after therapy, with the
nadir observed after 4-6 weeks. Autologous
peripheral blood stem cell rescue is often neces-
sary after higher administered doses to abrogate
the hematologic toxicity [103, 114, 137].

Thyroid disorders, including hypothyroidism
and thyroid nodules, are a late complication of
BI-mIBG therapy and can occur despite thyroid
blockade. Continued follow-up of neuroblas-
toma survivors after treatment with "*'I-mIBG
for monitoring thyroid function and thyroid mor-
phology (palpation or ultrasound) is therefore
advised [138]. Another late radiation-induced
toxicity includes the development of secondary
malignancies, with acute myelogenous leukemia
and myelodysplatic syndrome occurring at an
overall frequency of 2-4% [137, 139, 140].

Gastrointestinal, renal, pulmonary, neurologic,
and cardiac complications are rare, each occurring
in less than 5% of patients receiving *'I-mIBG
monotherapy with doses ranging from 12 to
18 mCi/kg [120]. Organ toxicities increase when
BI-mIBG is used in combination with myeloabla-
tive doses of chemotherapy [120]. Primary ovarian
insufficiency has recently been reported in two
children who were treated with 3'I-mIBG mono-

therapy suggesting that exposure to "*'I-mIBG
alone may damage the female gonads [138].

14.9 Novel Radionuclide
Therapies

14.9.1 Peptide Receptor
Radionuclide Therapy

Somatostatin receptor expression is seen in pediat-
ric embryonal tumors, in greater than 90% of neu-
roblastoma and medulloblastomas as well as in
approximately 35% of Ewing sarcomas [141,
142]. Somatostatin analogs labeled with beta-
emitting radionuclides are being investigated for
therapy of these and other neuroendocrine tumors.
The most common of these radiopharma-
ceuticals are *°Y-DOTA’-Tyr*-octreotide (*Y-
DOTATOC) and "Lu-DOTA’-Tyr’-Thref-octreotide
(*""Lu-DOTATATE). A few small pilot studies in
children have recently evaluated the safety and
feasibility of using these agents in the treatment of
somatostatin-expressing refractory solid tumors
and neuroblastoma. A phase 1 trial [143] of
PY-DOTATOC therapy in 17 children and young
adults with somatostatin-receptor expressing
refractory solid tumors demonstrated a 12% par-
tial response and a 29% minor response rate.
Although  the  dose-limiting factor  for
PY-DOTATOC is renal radiation exposure, no
dose-limiting toxicities were observed in the
aforementioned phase I trial. In another pilot study
[144] of eight children with refractory or relapsed
high-risk neuroblastoma, ®Ga-DOTATATE was
found to be useful to image children with neuro-
blastoma and identify those suitable for molecular
radiotherapy with '"Lu-DOTATATE. Treatment
with "7Lu-DOTATATE was found to be feasible,
practical, and well tolerated. In a recent study by
Kong et al. [145] in eight patients, similar results
were obtained with responses observed in patients
with progression despite multimodality treatment.
They found that a high proportion (6/8; 75%) of
their neuroblastoma patients demonstrated suffi-
cient somatostatin receptors indicating their suit-
ability for targeted therapy.
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14.9.2 Radionuclide Antibody
Therapy

Radioimmunotherapy (RIT) for pediatric tumors
has immense potential as a therapeutic modal-
ity. The radiation sensitivity of most pediatric
tumors is a strong justification for exploring
RIT as an adjunct to standard multimodality
therapies. The use of RIT in pediatric cancer
however remains limited. The largest number of
children undergoing RIT has been patients with
neuroblastoma treated with anti-GD2 (anti-gly-
colipid disialoganglioside) antibodies ('*'I-3F8)
[146]. The radiation toxicities of '*'I-3F8 were
defined in a phase 1 dose-escalation study [147]
performed in 24 high-risk neuroblastoma
patients (aged 0.3-24.2 years at diagnosis) at
Memorial Sloan Kettering Cancer Center. Acute
toxicities included pain during infusion, fever,
and mild diarrhea. No late extramedullary tox-
icities were reported, except for biochemical
hypothyroidism. Based on the lack of extramed-
ullary toxicities encountered in this phase I
study, *'I-3F8 at a dose of 740 MBq/kg was
added to a multimodality program (N7) for all
high-risk NB patients. With continued long-
term follow-up (610 years from diagnosis) in
this study, overall survival for this patient cohort
was almost 40% [148].

Brentuximab vedotin (BV; SGN-35) uses a
CD30 monoclonal antibody to cause apoptosis
of targeted lymphoma cells. The initial experi-
ence with BV in children was limited to case
reports of pediatric patients with relapsed or
refractory Hodgkin or anaplastic large cell lym-
phoma (ALCL) [149]. The safety of BV was
confirmed in a phase I/Il study of pediatric
patients with relapsed or refractory lymphomas
with maximum tolerated dose determined to be
1.8 mg/kg administered every 3 weeks. The
response to BV was documented among pediat-
ric patients with Hodgkin lymphoma with over-
all response rates of 64%. The results for patients
with ALCL included in that trial are not yet
available [150, 151]. Currently, COG is conduct-
ing a randomized phase II trial of BV or crizo-
tinib in combination with standard chemotherapy

for newly diagnosed pediatric patients with
ALCL [152].

The feasibility of using RIT in children with
relapsed ALL has been tested in seven children
(aged 3-16 years) with second or subsequent lep-
tomeningeal relapse who received an intrathecal
injection of anti-CD19 (*'I-HD37) or anti-CD10
(BT-WCMHI15.14) [153, 154]. The murine IgG1
BIT-8H9, which recognizes a glycoprotein anti-
gen expressed on a broad range of pediatric solid
tumors, is also being studied [146]. A recently
published experimental study [155] assessed the
therapeutic potential of a novel radioiodinated
alkyl-phospholipid ether analog (**'I-CLR1404)
in rodent pediatric xenograft models. The authors
found that single-dose intravenous injection of
BI[-CLR 1404 significantly delayed tumor growth
and extended survival, with a favorable side
effect profile. *'I-CLR1404 has already entered
clinical trials in adults and may potentially
become a tumor-targeted radiotherapeutic drug
with broad applicability in pediatric oncology as
well.

14.9.3 Palliative Bone-Seeking
Radionuclide Therapies

Osteosarcoma, the most common primary bone
tumor in children, is usually treated with chemo-
therapy and surgery. In palliative situations,
bone-seeking radionuclide therapies (strontium-
89 [Sr-89], rhenium-186 hydroxyethylene
diphosphonate [Rh-186 HEDP], and samarium-
153-ethylene diamine tetramethylene phos-
phonic acid [Sm-153-EDTMP]) may be offered
to a subgroup of these patients with painful osse-
ous metastases or in cases of recurrent sites of
bone involvement inaccessible to local therapies
such as surgery or external beam irradiation
(Fig. 14.12). Radium-223 dichloride (Xofigo) is
an alpha particle-emitting radiopharmaceutical
which is now being used clinically in patients
with metastatic castration-resistant prostate can-
cer. The same agent has generated interest for
the treatment of progressive or recurrent osteo-
sarcoma in children. A clinical trial at MD
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Fig. 14.12 A 9-year-old boy with widely metastatic
angiosarcoma treated with *3Sm-EDTMP for intractable
bone pain. Posterior maximal intensity projection image
from FDG-PET scan (a) shows widespread abnormal
skeletal uptake throughout the axial and appendicular
skeleton. Posterior whole-body image from bone scan (b)

Anderson is currently recruiting patients to
determine the maximum tolerated dose of
Ra-223 dichloride in those with progressive,

-»

Post.

shows abnormal uptake in the left humerus, pelvis, fem-
ora, and proximal tibia. Posterior whole-body image
obtained 48 h after administration of 37 mCi of
153Sm-EHDTP (¢) shows distribution similar to bone scan.
Note the lack of renal and bladder activity

locally recurrent, or metastatic osteosarcoma
(https://clinicaltrials.gov/ct2/show/record/
NCT01833520).
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14.10 Conclusion

Radionuclide therapy continues to evolve as a
complementary targeted treatment choice in
selected pediatric tumors. Therapeutic radionu-
clides have a relatively safe toxicity profile in
comparison to more traditional anticancer
agents and can be utilized as monotherapy or in
combination with other treatment modalities.
1-131 therapy of differentiated thyroid cancer is
the oldest and most widely used targeted ther-
apy, with objective evidence of decreasing
recurrence rates of DTC when administered fol-
lowing thyroidectomy in intermediate- and
high-risk patient groups. '*'I-mIBG remains an
experimental agent for treatment of neuroblas-
toma but has been demonstrated to be an effec-
tive and well-tolerated therapy in those patients
with relapsed or refractory high-risk disease,
both as a monotherapy and in combination with
other multimodality treatments. *'I-mIBG also
shows promise as a frontline agent for therapy
of high-risk neuroblastoma. Novel radionuclide
therapies are actively being investigated in
pediatric oncology, most prominently peptide
receptor radionuclide therapy and radio-
immunotherapy, for treatment of a variety of
solid tumors. The current attention to
well-established agents such as "I for DTC,
and the successful implementation of *'I-mIBG
therapy for neuroblastoma and pheochromocy-
toma, coupled with the development of new as
well as novel agents, has the potential to allow
targeted radionuclide therapy achieve a tremen-
dous impact in pediatric oncology in this era of
personalized and precision medicine.
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