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Preface

Benign and malignant endocrine neoplasms in childhood and adolescence form a
widely heterogeneous group of disorders often presenting with subtle clinical or
biochemical features that are often missed or misdiagnosed during a clinical encoun-
ter. Endocrine neoplasias developing in young patients are quite characteristic for
certain familial endocrine cancer syndromes that are usually inherited. A wide spec-
trum of non-malignant and malignant tumors within each syndrome exists, with
poor genotype-to-phenotype correlation. Thus, experienced clinicians working in
established centers of excellence are generally required to care for at-risk or affected
individuals with these syndromes.

Advancements in medical treatment and technology have increased the life
expectancy of children with special healthcare needs, the majority of whom are now
living into adulthood. Therefore, there is an increased need for planned programs
with extensive resources for transition of youth with special healthcare needs from
the pediatric system to adult health services. Currently, there is limited literature
that defines and identifies transition practices that produce positive outcomes.
However, there is a significant amount of qualitative data available on the patient,
parent, and healthcare provider perceptions of barriers to successful transition.

There is an increased need for direction, resources, and education in the develop-
ment of transition of care programs and guidelines for pediatric and adolescent
patients with familial endocrine syndromes. The transition of care from the pediat-
ric system to adult health services currently presents various emerging concerns and
barriers that ultimately leads to inefficient, delayed, and broken care; medical errors;
and psychosocial impact on the individual. Most healthcare providers are not
equipped with the necessary resources, skillset, and education to holistically care
for the individual during this critical period of their life and disease management.
These limitations lead to poor transfer experiences and changes in healthcare envi-
ronments to the patients.

To address these issues, we have compiled 13 informative chapters written by
world-renowned healthcare providers and researchers in the fields of endocrinology,
pharmacy, radiology, infertility, pediatrics, internal medicine, psychology, and
genetics. From topics covering psychosocial impacts to pharmacokinetic and
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homecare resources, the intent of this book is to provide guiding principles for a
safe and informative transition of care for pediatric and adolescent patients with
various familial endocrine cancer syndromes that are transitioning from pediatric to
adult health care. Transition research is growing and numerous models of imple-
mentation and evaluation are emerging. Through this comprehensive work, we hope
to provide resources, time, expertise, and research for our patients, their families,
and their healthcare providers.

Vancouver, BC, Canada Fady Hannah-Shmouni
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Chapter 1

The Psychosocial Impact of Familial
Endocrine Cancer Syndromes (FECS)
on the Patient and Caregiver

Check for
updates

Kate Hetherington, Jacqueline D. Hunter, Robin Lockridge, Meera Warby,
Margarita Raygadam, Claire E. Wakefield, and Lori Wiener

Introduction

Familial endocrine cancer syndromes (FECS) encompass a breadth of heritable
conditions with varying risks of developing cancer. A genetic diagnosis may pro-
vide important diagnostic, prognostic, and therapeutic benefits [1]. Offering genetic
testing to patients with a clinical suspicion of having an endocrine cancer syndrome
(either through single-gene or panel analysis), aims to identify a germline patho-
genic variant(s) in a known inherited endocrine cancer syndrome [2].
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Establishing a genetic diagnosis can be beneficial to the patient. Enabling pre-
dictive testing in at-risk relatives can also have potential health implications for
family members. With increased breadth and availability, cost reduction and overall
faster turn-around-time of genetic testing, individuals and their families are now
experiencing unprecedented exposure to information about their genetic risks and
health [3]. Family members identified as being at increased risk can receive appro-
priate screening and management, while relatives not harboring the variant can be
reassured. Predictive testing in childhood is endorsed by multiple advisory bodies
when testing in childhood would provide immediate benefit to their healthcare [1,
4]. Despite the benefits of knowing one’s risk, there may be a significant psycho-
logical impact associated with receiving a genetic diagnosis as well as practical
implications.

To address the complex issues associated with predictive testing, families under-
going genetic testing will typically see a genetic counselor as part of the process.
Genetic counseling aims to increase a family’s understanding of testing options,
deliver education on screening and management, and provide an environment for
exploration of the psychosocial impact of the information [5].

FECS require lifelong management and surveillance: understanding the impli-
cations of FECS may be particularly challenging when the information is received
in early childhood. As many cancer endocrine syndromes are transmitted in an
autosomal dominant fashion, it is important for risks for future offspring to be
addressed, including a discussion regarding reproductive options, such as pre-
implantation genetic diagnosis, prenatal diagnosis, and testing of children after
birth [6]. Revisiting genetic counseling in the mid- to late teenage years and again
at the time of family planning is also vital to ensure that patients understand their
diagnosis, medical management recommendations, and reproductive risks and
options [5].

The identification of a FECS is the beginning of a lifelong relationship with genetic
services that can assist with patient management and surveillance as well as facilitat-
ing predictive testing in relatives. Throughout this journey, it is critical to provide
age-appropriate information at important developmental stages to help children and
their families navigate their options and to provide psychosocial support [5].

In this chapter, we begin by reviewing research relevant to understanding the
impact of FECS on the wellbeing and quality of life of child and adolescent patients
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and their families. We discuss common FECS including multiple endocrine neopla-
sia (MEN) types 1, 2A, 2B, von Hippel-Lindau disorder (VHL), and hereditary
pheochromocytoma and paragangliomas linked to succinate dehydrogenase (SDH).
Next, the chapter describes implications associated with genetic testing, surveil-
lance, and reproductive considerations. This is followed by ethical issues that arise
in genetic counseling regarding FECS in children and adolescents. Throughout the
chapter, recommendations for future work in this area are presented. Of note, due to
the lack of research exploring the psychosocial impact of FECS on children and
adolescents we have at times relied on what we can learn about the impact of these
conditions from adults. At times we have also drawn from studies including young
people affected by Li Fraumeni syndrome (LFS). While LES is not considered an
endocrine cancer syndrome, it shares some characteristics with FECS, and in the
absence of FECS specific data may provide useful insights into the experiences of
children and adolescents affected by FECS.

Psychosocial Impact of Living with a Familial Endocrine
Cancer Syndrome on Patients and Their Caregivers

Studies examining quality of life and overall wellbeing of persons living with hereditary
cancer syndromes are still quite limited, especially in pediatric and adolescent popula-
tions. Despite recent advances in the diagnosis and management of FECS, data suggests
that the diagnosis of a chronic complex syndrome such as MEN1, MEN2, Von Hippel-
Lindau disease or the diagnosis of SDH related paragangliomas can have a negative
impact on an individual’s quality of life, and psychological wellbeing. In this section, we
review published findings on patients and caregivers, by condition. Given the lack of data
exploring the experiences of pediatric and adolescent patients we have included relevant
adult data to provide an indication of the possible psychosocial impacts. In examining the
impact on caregivers, we have drawn on data from parents of young people with, or at-
risk of, FECS as well as caregivers of adults with a FECS (including partners). Given the
hereditary nature of these syndromes, some affected children and adolescents will have a
parent/caregiver with a FECS, while others will not. Table 1.1 provides an overview of
the studies described below.
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Multiple Endocrine Neoplasia (MEN)
Multiple Endocrine Neoplasia, Type 1 (MEN1)

More than 1300 different pathogenic variants in the MENI gene have been found to
cause MENI [22]. This condition is characterized by an increased predisposition to
the development of benign and malignant tumors in the endocrine glands including
the parathyroid glands, pituitary glands, and pancreas [23]. While there do not
appear to be any pediatric or adolescent specific studies, several studies have exam-
ined health-related quality of life and emotional wellbeing in adults living with
MENI and compared scores with population norms.

Berglund et al. examined psychosocial outcomes in 29 adults with MEN1 who
were recruited during a hospital stay and then followed them up 6 months later
when at home [24]. The study found lower quality of life scores in the general health
and social functioning domains of MENT1 patients compared to population-based
norm values [24]. There were no significant differences on measures of anxiety,
intrusion, and avoidance between assessments in hospital and 6 months later at
home. Depression scores increased between these time points only for those MEN1
patients categorized as having a high burden of disease and treatment. The authors
also found optimism, assessed at the hospital, was a predictor of good mental health
6 months later.

Two recent studies have assessed quality of life in adults living with MEN1 using
the Patient-Reported Outcomes Measurement Information System (PROMIS)
29-item profile and compared responses with US population norms [11, 12]. In the
larger of these studies, Goswami et al. [12] found adults living with MEN1 (N =207)
reported worse quality of life compared with US normative data in all domains.
Persistent hypercalcemia after parathyroid surgery was associated with higher lev-
els of anxiety, depression, fatigue, and decreased social functioning. Patients less
than 45 years of age at diagnosis reported worse physical and social functioning.
Being older was associated with worse pain interference. Persistent hyperparathy-
roidism, traveling a considerable distance to attend doctor’s appointments, and high
frequency of doctor’s appointments were all associated with worse quality of life.

Peipert et al. [11] recruited 153 adult patients from an MEN1 support group and
found similar results to Goswami et al. Adult patients living with MEN1 reported
worse quality of life in the domains of depression, anxiety, fatigue, pain interference
and sleep disturbance compared with the US general population. Adults with MEN 1
also reported higher levels of anxiety, depression, and fatigue compared with many
other chronic conditions such as cancer, primary hyperparathyroidism, and rheuma-
toid arthritis.

Aside from Berglund’s et al. [24] study that included a second time point, each
of the studies with persons living with MEN1 were limited by a cross-sectional
design. Future studies should include biological markers (for example, PTH and
calcium levels) to determine whether symptoms could be part of neurocognitive
symptoms seen in primary hyperparathyroidism. Fifty percent of persons living
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with MEN1 have a parent with the same condition, however, we do not yet under-
stand the role this plays in the heightened anxiety found in these studies. There is
also a need for studies examining the impact of MEN1 in children and adolescents,
to determine whether they experience similar issues to those seen in adults.

Multiple Endocrine Neoplasia, Type 2 (MEN2)

MEN?2 is caused by pathogenic variants in the RET gene which lead to a moderate
to high risk of developing medullary thyroid cancer and other specific tumors affect-
ing the endocrine system [25]. MEN2 can be broken down into two further sub-
types with differing clinical characteristics; MEN2A and MEN2B [25]. Persons
living with MEN2A have certain disease manifestations that are not experienced by
patients with MEN2B (e.g., primary hyperparathyroidism and cutaneous lichen
amyloidosis) whereas persons living with MEN2B more often experience gastroin-
testinal or musculoskeletal manifestations [25]. A recent review of the literature
[26] illustrates how MEN2 can impact all areas of familial, social, financial, and
psychological wellbeing.

While research exploring MEN2 in pediatric or adolescent populations is limited
to interim analyses from a natural history study currently underway at the National
Cancer Institute [7, 27], a small number of studies have examined MEN2 in adult
populations. In a cross-sectional study, using semi-directed interviews, psychologi-
cal assessment measures, and review and analysis of medical records, Rodrigues
et al. [13] investigated disease-related issues and psychological distress that affects
quality of life in adults living with MEN2. The study included 43 adults, all of
whom had medullary thyroid carcinoma. Other disease manifestations included
pheochromocytoma (42%), postoperative hypoparathyroidism, and adrenal insuffi-
ciency after bilateral adrenalectomy (28%). Overall distress was present in 46% of
the patients, with 26% reporting symptoms of depression and 42% reporting symp-
toms of anxiety. One quarter of the patients required individual psychotherapy.
Those who were better informed about the disease presented with lower mean score
values for depression and anxiety and higher scores on scales reflecting cognitive
and emotional functioning and ability to do usual activities. Rodrigues et al. [13]
also identified feelings of guilt in 35% of respondents with MEN2-positive children.
Parents who had transmitted MEN2 to child experienced higher levels of anxiety
and guilt than parents who had not. Guilt associated with the transmission of a
genetic condition to offspring, also known as transmission guilt, was a consistent
theme among parents with FECS in multiple studies [13, 14, 26].

In the first study to use the PROMIS-29 to compare patient-reported outcomes
between MEN2A as a population distinct from MEN2B and other chronic condi-
tions, Mongelli et al. [10] recruited 45 adult patients with MEN2A. Compared with
the general US population, the MEN2A group reported worse quality of life in the
domains of anxiety, depression, fatigue, pain, physical functioning, sleep distur-
bance, and ability to participate in social roles. Those with MEN2A also reported
physical functioning scores similar to those of patients with MENI, major



1 The Psychosocial Impact of Familial Endocrine Cancer Syndromes (FECS... 13

depressive disorder, and neuroendocrine tumors. Aside from reporting greater
fatigue, those with MEN2A reported better physical functioning compared with
patients with congestive heart failure, chronic obstructive pulmonary disease, and
rheumatoid arthritis.

As part of an MEN natural history study underway at the National Cancer
Institute, psychosocial data is being collected from pediatric and adult patients with
MEN2B and Medullary Thyroid Carcinoma and/or their caregivers [7, 27].
Participants in this study are administered a structured psychosocial assessment, an
adapted Pediatric Distress Thermometer (DT) and a problem checklist. Interim
analysis including 87 participants aged 2—41 (mean age of 14.4 years) indicates that
more than half of youth respondents and nearly three quarters of adult patients
reported worry. Pain was commonly endorsed by participants, with approximately
half of the individuals surveyed indicating that pain interfered with their life. Nearly
two-thirds of adult patients also reported fatigue and only 18% reported their health
was “very good” to “excellent.” In comparison, more than 50% of youth reported
their health was “very good” to “excellent.” This suggests that medullary thyroid
carcinoma may be more difficult to live and cope with as individuals age. The
majority of youth and just over half of adult patients reported they had sought out
mental health treatment. There was variability among caregivers, youth, and adults
regarding preferred services; for example, whereas caregivers commonly reported a
desire for support groups, far fewer youth and adult patients endorsed a preference
for this service. Yet, 80% of youth and their caregivers endorsed a desire to connect
with others living with their same condition. Participants described the hardest parts
of living with medullary thyroid carcinoma and MEN2B as being the treatment and
general disease burden, uncertainty of the future, impact on social life, and impact
on physical wellbeing [27].

Von Hippel-Lindau Disease (VHL)

Von Hippel-Lindau disease (VHL), a hereditary tumor susceptibility syndrome, pre-
disposes individuals to be at increased risk of developing multiple benign and
malignant tumors at various sites and at different ages throughout the lifespan [28].
There are limited preventive options [28]. No studies have examined the psychoso-
cial impact of living with VHL in children and adolescents specifically, however, a
small number of studies have been done including adult patients and caregivers. To
assess the prevalence of distress among VHL affected families and factors associ-
ated with distress, Lammens et al. [18] invited 48 families with VHL in the
Netherlands to participate in a study. Seventy-two percent of the families approached
completed a self-report questionnaire, resulting in 123 participants over 16 years of
age (mean age 40.6 years). A considerable proportion of participants reported clini-
cally relevant levels of distress, including 50% of family members living with VHL,
40% of those who were carriers, and 36% of the non-carriers. Heightened levels of
distress were significantly associated with having lost a first degree relative due to
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VHL during adolescence. These findings suggest the importance of screening for
distress in VHL clinics and paying special attention to those who have experienced
the death of a close relative to VHL, particularly during adolescence.

Lammens et al. [17] also conducted a cross-sectional study of distress in partners
of individuals diagnosed with or at high risk of VHL or Li Fraumeni syndrome
(LFS). While LFS is not a FECS, it is another rare hereditary tumor syndrome char-
acterized by a high risk of developing multiple tumors at various sites or age [29].
Participants completed a self-report questionnaire assessing distress, worries, and
quality of life. Fifty-eight percent of individuals with a partner consented to having
their partner approached for the study. Of the 50 partners (91%) who completed the
questionnaire (n = 33, 66% with/at-risk of VHL; n = 17, 34% with/at-risk of LFS),
28% reported clinically relevant levels of syndrome-related distress. Partners’ levels
of distress and worries were significantly correlated with those of their high-risk
spouse. Younger age and a lack of social support were also associated with height-
ened levels of distress and worries. The majority of partners (76%) believed that
professional psychosocial support should be routinely offered to them. This study
also explored partners’ perspectives on the impact of VHL and LFS on their rela-
tionship, identifying both positive and negative impacts. Those who reported a posi-
tive impact (52%) described how the condition taught them to appreciate life and
their partner more, bringing them closer together. Fourteen percent of partners indi-
cated that the condition had negatively impacted their relationship, and described
challenges including difficulty discussing the condition, anxiety and stress associ-
ated with test results, arguments related to adherence to screening, and practical
issues over frequent hospitalization.

In 2015, Kasparian et al. conducted an exploratory study of the lived experi-
ences of families with VHL [14]. Purposive sampling was used to recruit patients
with VHL from a range of age groups and life stages and their caregivers. In
total, 23 participants over 18 years of age (n = 15 patients, n = 8 caregivers) were
recruited and invited to participate in semi-structured telephone interviews aimed
at understanding the psychosocial impacts of VHL across several life domains.
Participants in the study described psychological challenges associated with
VHL including sustained uncertainty about future tumor development, frustra-
tion regarding the need for lifelong medical screening, and feelings of isolation,
particularly among patients who were the first to be diagnosed with FECS in the
family. Patients and caregivers described career limitations, financial impacts
and difficulties accessing expert medical and psychosocial care and connecting
with others affected by the disease. Examples of psychological growth and resil-
ience, and efforts to improve supportive care services, were also voiced by
patients living with VHL. The authors suggested that more sophisticated systems
for connecting VHL patients and their families with holistic, empathic, and per-
son-centered medical and psychosocial care were needed.

Consistent with Lammens et al. [17] study, Kasparian et al. identified positive
and negative ways in which VHL can impact relationships. Some participants
described how VHL placed strain on family relationships, such as finding it difficult
to talk to unaffected siblings about the condition. As one participant put it, “I avoid
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talking about [VHL] with my siblings, because I know they don’t understand or
don’t want to” (woman with VHL, 41 years). Other participants described how VHL
had been positive for familial relationships, strengthening bonds with parents and
siblings. This strengthening appeared particularly prevalent between family mem-
bers who shared the condition in common, with affected siblings describing how
they found it easier to talk to other siblings who had the condition, compared with
those who did not. One participant described a sense of immense appreciation for
the dedication of their parents in managing their health needs, commenting “Mum
is the reason I’m probably still here, because mum keeps track of everything” (man
with VHL 23 years).

Caregivers in [14] study (including n = 3 partners, and n = 5 parents) reported
little reprieve from caregiving responsibilities, difficulties balancing the needs of
VHL affected and unaffected family members, fears about the future, and, for some,
guilt regarding the onset of tumors in their children. Parents also described strug-
gling to negotiate the disparate needs of their affected and unaffected children, and
the internal conflict they faced over this [14]. In particular, parents described diffi-
culties associated with ensuring they were able to adequately support and provide
for their affected children, without unfairly treating or neglecting their other chil-
dren [14].

SDH-Related Paraganglioma
and Pheochromocytoma Syndrome

While paragangliomas are usually slow growing, they can cause a wide variety
of symptoms. These include cranial nerve impairment and (paroxysmal) hyper-
tension, palpitations, sweating, and headache due to the high levels of catechol-
amines produced by pheochromocytomas [30]. Hereditary Pheochromocytoma
and Paraganglioma syndrome is caused primarily by pathogenic variants in the
SDH genes (SDHA, SDHAF2, SDHB, SDHC, SDHD) [30]. Penetrance is vari-
able and gene specific. High levels of catecholamines can cause anxiety, worry,
and distress [16]. While there were no studies exploring the psychosocial impacts
of SDH-related paraganglioma and pheochromocytoma syndrome on children
and adolescents, a small number of studies have examined this syndrome in adult
samples.

Van Hulsteijn et al. [16] examined quality of life and coping styles in 174 adults
living with paraganglioma, most of whom had pathogenic variants in succinate
dehydrogenase (SDH) sub-unit genes (including n =25 SDHB,n=2 SDHC,n =122
SDHD, n = 25 without an SDH pathogenic variant). One hundred peers were
enrolled as controls and participants were also compared with age-adjusted refer-
ence populations. Participants completed three validated quality of life question-
naires: the Hospital Anxiety and Depression Scale, the Multidimensional Fatigue
Index, and the Short Form 36, as well as a questionnaire describing possible signs
and symptoms associated with paragangliomas.
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Study participants reported significantly impaired quality of life compared with
their peer controls, mainly on the fatigue and physical condition subscales. They
also had significantly impaired scores on physical, psychological, and social sub-
scales compared with age-adjusted reference populations and reported greater seek-
ing of social support compared with other patient groups (patients with chronic
pain, patients with pituitary adenoma, and vestibular schwannoma patients).
Increased scores on the Hospital Anxiety and Depression Scale and decreased qual-
ity of life appeared to be mainly related to head and neck paraganglioma associated
complaints (i.e., hearing loss, tinnitus, hoarseness, and problems in swallowing).
There was no difference in quality of life between carriers of pathogenic SDH-
related variants and paraganglioma patients without an identified SDH-related
pathogenic variant. The quality of life of asymptomatic carriers did not differ from
the general population. The study investigators were able to follow-up with 41
patients, 5 years later, at which point quality of life scores remained lower than the
reference population but were stable over time.

The authors also explored coping styles using the Utrecht Coping List as well as
illness and risk perceptions, and disease-related worry [15]. The study cohort was
compared with a control group and data derived from the literature. No significant
differences were found in coping styles between various categories of SDH-related
pathogenic variant carriers or paraganglioma patients without an SDH-related
pathogenic variant. Illness perceptions, risk perception and disease-related worry
were strongly correlated. Pathogenic variant carriers with manifest disease reported
more negative illness perceptions and a higher perceived risk of developing subse-
quent tumors than asymptomatic carriers.

An earlier study by Havekes et al. [19] assessed quality of life with persons liv-
ing with head-and-neck paraganglioma. A total of 105 patients were invited to par-
ticipate in the study, with 82 returning questionnaires. Of these 82 patients 54 had
undergone genetic testing, with 45 (83%) found to have an SDHD pathogenic vari-
ant. Participants reported reductions in energy and increased social isolation com-
pared with controls. Patients also reported experiencing problems in physical and
social functioning and role limitations due to physical problems.

Key Points

* There is limited research exploring the psychosocial impact of FECS on children
and adolescents.

e Research on adults with FECS suggests that while the psychosocial impact var-
ies between syndromes these conditions result in significant psychosocial burden
and worsened quality of life.

e There is some data to suggest that the burden of disease and treatment is associ-
ated with poorer quality of life.

* Along with the challenges, positive impacts reported by adults with FECS
include strengthening of relationships with parents and siblings, emotional
growth, and resilience.
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* Research including caregivers of adults with a FECS suggests a proportion expe-
rience clinically relevant levels of syndrome related distress, correlated with the
distress experienced by their affected partner.

* Partners and parents report anxiety and distress over their loved one’s condition,
as well as caregiving responsibilities and relationship challenges.

» Studies of caregivers of adults with MEN2 and VHL indicate some parents who
transmit a FECS to their child experience guilt and anxiety, in some cases lead-
ing to strained relationships.

Genetic Testing Experiences

Families affected by hereditary cancer syndromes must decide whether to pursue
diagnostic testing for at-risk children. For child-onset conditions parents often act as
surrogate decision makers for their child, a role that some parents experience as
challenging. When arranging testing for a child, informed consent needs to be
obtained from parent(s)/guardian(s). In these situations, active age-appropriate par-
ticipation should be sought from the child and maximized in developmentally
appropriate ways. Despite concerns about potentially exacerbating parental and
patient anxiety, genetic counseling has been found to empower families by provid-
ing information and facilitating proactive surveillance programs [31-33]. Genetic
testing has been viewed by young people as a positive experience, although this may
be dependent on the family’s experience with cancer.

A small number of studies have explored families’ experiences of genetic testing
for FECS via studies of adults, including parents. No studies have focused specifi-
cally on the experiences of children and young people affected by these syndromes.
In the following section we first describe published studies exploring the experi-
ences of young people from families affected by Li-Fraumeni syndrome (LFS),
before going on to describe studies of adult patients and parents of at-risk children
seeking genetic testing for a FECS, presented by condition. Table 1.1 provides an
overview of the FECS focused studies described below. While LFS is not consid-
ered an endocrine cancer syndrome, it shares some characteristics with FECS. In
the absence of FECS specific data, research on LES may provide useful insights into
the issues faced by at-risk young people considering genetic testing.

Data from Adolescents At-Risk of Li-Fraumeni Syndrome (LFS)

Alderfer et al. [34] interviewed 12 adolescents and emerging young adults (aged
12-25) in families affected by LFS to obtain their perspectives on offering genetic
testing to young people. All the young people from LES affected families believed
genetic testing should be offered for children, and all thought children should be
involved in the decision about whether to pursue testing. However, participants
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qualified these perspectives suggesting that genetic testing should be optional, need
parent approval and that in some circumstances it was ok for parents to make the
decision to have a child tested without involving their child. Most young people felt
that the age of a child was an important consideration in determining their role in
decision making, with a consensus that children under 6 years did not need to be
involved, and children aged 1015 should have some say. Young people perceived
the advantages of testing to be to learn about risk status, enable disease prevention,
reduce uncertainty and associated anxiety, and imbue a sense of empowerment.
Perceived disadvantages included the experience of negative emotions associated
with a positive result and physically undergoing the required blood test. Among the
participants in the study who were aware of having undergone testing (n = 7) most
indicated they did not appreciate the seriousness and lifelong impact of a positive
result until after testing when they began to understand details of the surveillance
process. Most indicated that undergoing testing and receiving results had no impact
on their family relationships and had either no impact or resulted in a positive
change to their outlook. All the participants who had undergone genetic testing said
they would do the testing again.

Multiple Endocrine Neoplasia (MEN)

Research by Grosfeld et al. [20, 21] provides valuable insight into the experiences
of parents pursuing genetic testing for MEN2 or familial medullary thyroid carci-
noma for their child. Demographic, personality characteristics, attitudes, and dis-
tress were examined in a sample of parents applying for testing of their at-risk child
(aged <16), adults (>16 years) applying for testing for themselves, along with appli-
cants’ partners [21]. In a separate study they then investigated the psychological
reactions of 22 parent couples and 3 single parents following disclosure of their
child’s genetic test results [20].

In their study exploring pre-disclosure experiences, the most common reason
parents gave for pursuing testing was the desire for certainty (85% of parents), with
39% reporting feeling ambivalent about testing. With regards to expectations of
testing, roughly half of parents in the study expected their children to return a posi-
tive genetic test result indicating presence of MEN2. Parents expected that if their
child was found to have MEN2 that they would react with resignation, confirming
what they thought would happen. Parents felt reassured by the knowledge that chil-
dren identified as MEN2 positive would receive preventative treatment. Parents
anticipated that if their child was found not to have the condition, they would feel
relief, tempered by disbelief and confusion. Parents from MEN2A families antici-
pated finding it difficult to accept a favorable result for their children more than
those from familial medullary thyroid carcinoma families. On average parents did
not appear to experience significant psychological distress, with mean anxiety and
psychological complaints no higher than those in the general population, and mild
to moderate test-related anxiety. Participants in the sample of adults seeking testing
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for themselves (and their partners) reported greater psychological distress than par-
ents seeking testing for their child (and their partners).

While the authors did not report results by age for adults (>16 years) seeking
testing for themselves, they reported that two-thirds of the 14 participants reporting
high levels of distress in the sample were young adults (aged 15-20 years).
Compared with older adults, these younger participants had higher risk perception,
higher tendency towards depression, and a greater tendency to use avoidant coping.

Grosfeld et al.’s follow-up study involved 47 parents (n = 22 couples, n = 3 sin-
gles) from 13 families requesting testing for 40 children (<16 years, mean age of
6.2 years) [20]. Most parents in the study were applying to have one child tested
(56%), with the remainder applying to have 2 or more children tested (n = 11).
Parents received genetic counseling involving a clinical geneticist and social worker
or psychologist during the testing process and waited an average of 3 months after
applying for testing to receive their child’s results. Pathogenic variants in the RET
gene associated with MEN2 were found in 20 out of the 40 tested children. The
authors describe parents as experiencing “opposing reactions” after results were
disclosed, including feeling relief to have some certainty along with concern for
their child’s health. Parents who were told their child was found to have MEN2
responded with resignation, moderate to high levels of test-related and general anxi-
ety, but few psychological complaints such as depressive mood and sleep distur-
bance (measured using the Symptom Checklist 90). These parents reported limited
disruption to their future perspective apart from some increased concerns for carrier
children and some socioeconomic disadvantage. Forty-three per cent of parents
whose children tested positive also reported disruption in their daily activities.
Parents whose child tested negative for MEN2 showed significantly less anxiety and
no disturbances in their daily activities, although 55% of parents reported feelings
of guilt towards siblings who were found to have the condition.

Von Hippel-Lindau Disease (VHL)

Rasmussen et al. [35] explored the uptake of presymptomatic genetic testing for
VHL in 157 at-risk relatives from 12 families. All at-risk relatives were invited to
attend a genetic counseling session to learn more about VHL and consider options
for testing and surveillance. Ninety-two individuals (including n = 43 children less
than 18 years) attended a genetic counseling appointment, all of whom then went on
to have genetic testing. The remaining 65 at-risk relatives did not follow-up the
invitation for genetic counseling, receiving information about VHL and options for
testing/surveillance through family members. None of these individuals pursued
genetic testing.

Studies of VHL affected families indicate that parents are very motivated to have
their children tested early. Qualitative data from a study by Kasparian et al. [14]
including 23 VHL affected adults (including n = 15 patients and n = 8 carers) indi-
cated that most wanted their children to undergo genetic testing either before the
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age of ten (n = 10) or at birth (n = 3). Of the eight patients in this study who had
children, six had already requested testing for their children (with the remaining two
having undergone Pre-implantation Genetic Diagnosis (PGD) to ensure they had
unaffected children) [14].

These findings are consistent with those of an earlier study of 41 adults with
VHL (n = 24 women, n = 17 men) including 14 patients with children, that asked
parents about their attitudes towards presymptomatic genetic testing in their chil-
dren [36]. Most parents had either already had their children tested or indicated a
willingness to do so as soon as possible (11 yes, 3 undecided, O no). In 6 of these
families, 9 children (aged between 3 and 18 years) had already been clinically
tested. The authors noted an interesting discrepancy between parents’ willingness to
test their children and their attitudes towards getting tested themselves such that 3
of 10 patients who became aware of their own diagnosis after age 20 indicated they
would not have appreciated knowing this earlier, with another 3 indicating they
were unsure.

SDH-Related Paraganglioma
and Pheochromocytoma Syndrome

Martins and Carvalho [9] recently conducted a study examining the psychological
impact of genetic testing for pathogenic variants in SDH-related genes in individu-
als with and without pheochromocytoma/paraganglioma. Their study aimed to
explore the psychological impact of genetic testing for patients affected and unaf-
fected by tumors, as well as the association between demographic, clinical, and
personality factors and testing-related distress, uncertainty, and global suffering
(measured using the Multidimensional Impact of Cancer Risk Assessment). This
study included 103 participants who had received their genetic diagnosis an average
of 2.76 years earlier. Almost half of the participants had not developed pheochromo-
cytoma/paraganglioma. The sample’s mean global suffering score was 27.32, below
the cut-off for high scores (>32), although almost 30% of the sample scored on or
above 32.

Tumor affected carriers of pathogenic variants in SDH-related genes reported
higher testing-related distress, uncertainty, and global suffering and lower global
quality of life than unaffected carriers. Among participants with tumors, most felt
that finding out they had a pathogenic variant did not make it harder to cope with
their cancer, and more than half felt the genetic test result made it easier to cope
with their cancer. Feeling like the genetic test result made it easier to cope with
cancer was more often reported by individuals whose tumor was identified through
presymptomatic screening than those whose tumors were identified due to disease
Symptoms.

Seventy-one percent (n = 69) of the sample had children. Among these partici-
pants, receiving a positive genetic test result led to most (88.4%) worrying about the
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possibility of their children getting cancer, and almost half (46.4%) feeling guilty
about the possibility of passing the disease risk onto their children. There was an
interaction between having tumors, having children and higher distress, such that
participants who developed tumors and had children were more distressed than par-
ticipants who developed tumors but did not have children, or participants who did
not develop tumors (with or without children). Negative psychological impacts of
testing were associated with increased age, decreased education, and having chil-
dren. Testing-related distress and uncertainty were also positively correlated with
the personality characteristic of neuroticism and negatively correlated with
extroversion.

An earlier study looked at presymptomatic genetic testing in children and adoles-
cents at risk of paraganglioma and pheochromocytoma [37]. While the aim of this
study was to describe the genetic testing procedure with a view to developing qual-
ity criteria, the results provide some insights into families’ emotional experiences.
The authors report on genetic testing of 23 children and adolescents (mean age of
9.22) resulting in 16 positive cases (including n = 10 SDHB, n =4 SDHD, n =3
VHL, n =4 RET, n =2 AIP) and 7 negative cases. The authors categorized families’
emotional reactions to receiving results as either calm or tense, based on the emo-
tional atmosphere accompanying the announcement of the result. A family’s reac-
tion was categorized as calm if no major negative emotional reaction was observed
in the young person or parents and tense if an uncontrolled emotional reaction was
observed in the young person or parents. Emotional reactions to results were cate-
gorized as calm in 18/23 (78.3%) cases and tense in 5/23 (21.7%). The authors then
looked at the association between adherence to four criteria for a good testing pro-
cedure and families’ emotional reactions. A good quality testing procedure involves
the parents and child consulting with a geneticist and psychiatrist during the process
of deciding whether to pursue genetic testing for the child. Results indicated no
association between the nature of the result, age or sex of the child and families’
emotional reactions, however, the quality of the testing procedure differentiated
between families reactions to receipt of a child’s results, with adherence to good
testing procedures associated with calm rather than tense reactions.

Key Points

* There is a need for research exploring the experiences of genetic testing for chil-
dren and adolescents with an FECS. In the absence of FECS specific data, young
people at-risk of LFS believe at-risk children should be offered genetic testing
and where possible involved in the process of decision making around whether
to pursue it.

e Parents of children at risk for MEN2 reported seeking certainty with genetic test-
ing, with feelings of relief and resignation occurring after receiving results.

e Parents of children at risk for VHL were motivated to obtain genetic testing for
their children as soon as possible.

* A study of genetic testing for individuals with pathogenic variants in SDH-
related genes found highest distress in those who developed tumors and had
children.
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e In families undergoing genetic testing for children at risk of hereditary paragan-
glioma and pheochromocytoma, adherence to good testing procedure was asso-
ciated with “calm” rather than “tense” reactions to test results.

Experiences of Surveillance

If genetic testing identifies that a child or adolescent has a FECS, the young person
and their parents/caregivers are recommended to engage in clinical surveillance for
their condition. Surveillance protocols are designed to detect disease at an early
stage and typically include a combination of physical examinations, imaging (e.g.,
MRI), and laboratory investigations. Recommended surveillance protocols vary by
condition and country with specific age-related interventions advised. Very few
studies have explored the attitudes towards, and psychosocial impact of undergoing
medical surveillance in patients with a FECS. We identified one study of adoles-
cents’ experiences, which describes the experiences of a mixed sample of young
people with a cancer predisposition syndrome including four patients with FECS,
and a small number of studies which explored families’” experiences of surveillance
for FECS via studies of adults, including parents. Table 1.1 provides an overview of
the studies described below.

Van Engelen et al. [8] interviewed adolescents (n = 9) undergoing surveillance
for a cancer predisposition syndrome and parents (n = 11) whose children were
undergoing surveillance for a cancer predisposition syndrome. Study participants
included four adolescents with a FECS (n = 1 MEN2A, n=1 VHL, n =2 SDH) and
three parents of a child undergoing surveillance for a FECS (n = 1 MEN2A, n =2
SDH). Other genetic conditions affecting children and parents included in the study
included LFS, PTEN hamartoma syndrome, DICER1 syndrome, and rhabdoid
tumor predisposition syndrome. Both adolescents and parents reported experienc-
ing worry associated with surveillance, as well as practical and logistical challenges
with attending regular appointments. Worries were related to procedure-related
risks, and the risk of developing cancer, which surveillance was a reminder of.
Worries tended to be cyclical, peaking around surveillance appointments, and
decreasing over time as surveillance appointments became part of their routine.
Alongside these challenges, adolescents and parents described feeling reassured by
the proactive approach, giving some parents a sense of control. Several factors were
identified as important in helping adolescents and parents manage the worry associ-
ated with surveillance, including positive family connections, shared surveillance
experiences, open and honest communication with health care providers, and
approaching surveillance with the attitude of not worrying until there is something
to worry about.

The findings of van Engelen et al.’s study echoed those of Kasparian et al.’s qual-
itative study of the experiences of VHL affected adult patients’ and caregivers.
Participants perceived screening for tumors as a necessary but anxiety provoking
process. While screening was perceived as important and effective it was an
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unavoidable reminder of VHL, with the potential to provoke anxiety. While screen-
ing tests were described as a burden by some, most participants reported never hav-
ing missed a screening appointment. Caregivers typically accompany patients to
medical appointments, to help with understanding new information, provide sup-
port and to ease their own worries. Participants also talked about surveillance
appointments as being a family affair, organizing screening appointments for the
same day.

Rasmussen et al.’s [35] study of VHL affected families described earlier also
looked at adherence to surveillance among individuals identified as pathogenic vari-
ant carriers following genetic testing (n = 36, including n = 10 children). All were
offered screening and annual surveillance for VHL related tumors All undertook the
initial screening, however, after 5 years only 14 individuals (38.9%; from n = 8
families) continued with surveillance (with n = 3 participants having died). Having
been symptomatic before undergoing genetic testing was associated with continu-
ing surveillance and having significant pre-test anxiety was associated with prema-
turely dropping out of surveillance. There was no association between adherence to
surveillance and having children, pre-test depression, gender, education, income,
marital status or religiosity. The authors noted that in families with multiple gene
carriers, family members tended to take the same stance towards long-term surveil-
lance. They also observed that families led by a matriarch tended to have higher
levels of engagement in follow-up than those led by a patriarch, although their study
lacked the statistical power to confirm this observation.

Key Points

e There is limited research examining the experiences of and attitudes towards
surveillance for young people with FECS and their families.

e Data from a study of adolescents and their parents affected by a mix of cancer
predisposition syndromes, including FECS, reported worry surrounding cancer
surveillance appointments, as well as feeling reassured by continued surveil-
lance. This is consistent with qualitative data from adults with VHL and their
caregivers.

* A study of VHL affected families found that despite high uptake of initial screen-
ing, less than half of families adhered to surveillance recommendations in the
years following.

Reproductive Considerations

The possibility of passing an inherited cancer syndrome down to biological children
can have implications for a carrier’s reproductive decision making. Advances in
reproductive technology mean that in some countries patients now have the option
of Pre-implantation Genetic Diagnosis (PGD) in addition to prenatal testing. Giving
affected individuals access to these reproductive options is a consideration in
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decision making around the timing of genetic testing of young people in affected
families.

No studies have explored the impacts of having a cancer predisposition syn-
drome on reproductive considerations among young people with a FECS. The pre-
viously described qualitative study of young people at-risk of LFS, while not
specific to FECS, confirms the impact of genetic testing on reproductive consider-
ations for young people at-risk of an inherited cancer syndrome [34]. Of the seven
young people who were aware of having undergone genetic testing for LFS in this
study, four commented on the impact of genetic testing on future plans for having
children. There is a need for studies examining the impact of having a FECS on
reproductive considerations among affected young people. Below we describe stud-
ies of adults with a FECS exploring the impact of carrier status on reproductive
considerations, and awareness and acceptability of reproductive technologies.

Impact of Carrier Status on Reproductive Considerations

In Kasparian et al.’s [14] qualitative study of adults living with VHL 4 patients
(from a sample of n = 15) reported that the diagnosis had made them less willing to
have children. One parent in this study, who had been severely affected by tumors
himself and had a young child who was symptomatic, said he would not have had
children if he had been aware of his carrier status at the time. These findings are
consistent with an earlier report of 24 adult men and women living with VHL which
suggested carrier status impacted some patients’ reproductive intentions [36]. Ten
of these patients, including six without children, reported having decided not to
have children in the future because of the potential risk to their offspring.

Awareness and Acceptability of Reproductive Options

Decision making about the use of reproductive technology for families affected by
a cancer predisposition syndrome is contingent on patient awareness and percep-
tions of what is available. We currently have very limited data on awareness of
reproductive technology among families affected by FECS. A small number of
studies have explored the acceptability of reproductive technologies, including pre-
natal testing and PGD, among families affected by VHL and MEN1 and 2.

A 2014 study looking at attitudes towards PGD among adults with a cancer pre-
disposition syndrome recruited from a Clinical Cancer Genetics Program in the
U.S. included patients with MEN1 and MEN2 along with other predisposition syn-
dromes [38]. Ten out of 33 (30.3%) patients with MEN1 and 21/36 (58.3%) patients
with MEN2 reported being aware of PGD. This study also compared attitudes
towards PGD between patients with different hereditary cancer syndromes includ-
ing MEN1 and 2. Among patients with MEN1, 27/33 (81.8%) believed that PGD
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should be offered to individuals with their hereditary cancer syndrome, no patient
believed that it should not be offered, and 6/33 (18.2%) were unsure. Among patients
with MEN2 34/56 (60.7%) thought PGD should be offered, 8/56 (14.29%) thought
it should not and 14/56 (25%) were unsure. Comparing across syndromes, accept-
ability of PGD was highest among patients with MEN1 (and familial adenomatous
polyposis) and lowest among patients with MEN2. In terms of personally consider-
ing using PGD, 19/31 (61.3%) of the MEN1 patients reported they would consider
using PGD, 4/31 (12.9%) reported they would not, and 8/31 (25.8%) were unsure.
Among MEN?2 carriers, 23/54 (42.6%) said they would, 21/54 (38.9%) said they
would not, and 10/54 (18.5%) were unsure. PGD acceptance was associated with
syndrome, age of symptom onset, and perceived disease burden, suggesting accept-
ability of PGD may be associated with unique aspects of each syndrome.

An early study of attitudes towards prenatal testing among adult VHL patients
found 22/31 (71%) of those who wished to have children reported intending to use
prenatal diagnosis in pregnancy [36]. Of these, half considered termination of a
VHL affected pregnancy acceptable while the other half were either undecided or
disapproved of this. The authors note that the decisions of VHL affected patients
appear to be individual and difficult to predict but that hope for improved treatment
and management of the condition seemed to influence reproductive decisions. In
Kasparian et al.’s more recent qualitative study of adults living with VHL, patients
expressed a mix of perspectives towards prenatal testing to inform possible preg-
nancy terminations. Parents expressed more favorable attitudes towards PGD, with
the majority of patients (10/15) viewing it as a good option to avoid bearing a child
with the syndrome.

Lammens et al. [39] looked at attitudes towards PGD in families affected by
VHL or LFS. This study included 95 carriers, 34 family members at 50% risk, and
50 partners in the Netherlands. Two-thirds of respondents were from VHL affected
families and one-third LFS affected. None of the participants in the study had used
PGD but 35% said they would consider doing so, 27% were uncertain, and 38%
would not use PGD. A current desire to have children was associated with a positive
attitude towards PGD, but no medical or psychosocial variables were. Attitudes
towards PGD among partners were similar to those of affected individuals. Most
participants did not endorse any particular advantages or disadvantages of PGD,
which the authors suggested may have been due to limited knowledge of the
technology.

A study by Dommering et al. [40] compared the uptake of prenatal diagnostic
testing in the Netherlands for families affected by retinoblastoma with four other
autosomal dominantly inherited cancer syndromes, including VHL. During the
period covered by the study (1990-May 2013) 92 families were diagnosed with
VHL through genetic testing, of whom 6 couples (6.5%) underwent prenatal diag-
nostic testing (representing 7 prenatal diagnostic tests). There was no difference
between the percentage of VHL, retinoblastoma or LFS affected families seeking
prenatal diagnostic testing, but families affected by these syndromes opted for pre-
natal diagnostic testing more frequently than familial adenomatous polyposis and
hereditary breast and ovarian cancer affected families. The authors suggest that
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differences in uptake of prenatal diagnostic testing in couples affected by different
syndromes may be explained by differences in age of symptom onset, disease pen-
etrance, availability of risk-reducing options and perceived disease burden.

Key Points

* PGD and other reproductive technologies may be a consideration for adults with
FECS facing reproductive decisions, particularly when weighing risks for poten-
tial future children.

* The available evidence on adults with FECs indicates limited awareness of PGD.

e A study of MEN carriers indicated the majority thought PGD should be offered
to individuals with a cancer predisposition syndrome, and a smaller proportion
would personally consider using it. A study of VHL and LFS affected families
found more than a quarter would consider using PGD.

* The available evidence suggests syndrome specific factors such as perceived dis-
ease burden and age of onset may impact patients’ attitudes towards reproductive
technologies.

Ethical Issues That Arise in Genetic Counseling of Familial
Endocrine Cancer Syndromes in Pediatrics and Adolescents

This section will focus on the ethical dilemmas that are likely to be encountered by
genetic counselors and other clinicians working with pediatric and adolescent
patients affected by FECSs and their families.

Review of Guidelines and Framework

In 1995, the American Society of Human Genetics (ASHG) and the American
College of Medical Genetics/Genomics (ACMG) published their first joint state-
ment addressing the ethical concerns that genetic counselors faced when working
with children and adolescents [41]. The recommendations were geared towards pre-
paring healthcare providers to acknowledge and discuss the ethical issues surround-
ing the wellbeing of children when a genetic test was requested by the parents [41].
In 2015, 20 years later, an updated statement was published that incorporated the
new massive advances in genomic testing [42]. Table 1.2 includes excerpts from this
statement summarizing the general recommendations for clinicians involved in
offering genetic testing to children and adolescents.

American Society of Human Genetics (ASHG)/American College of Medical
Genetics/Genomics (ACMG) guidelines (see Table 1.2) suggest genetic testing in
children is justified when a medical intervention is available or when substantial
psychosocial distress can be alleviated by the results of the tests. As many
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Table 1.2 Excerpts from the American Society of Human Genetics (ASHG)/ American College
of Medical Genetics/Genomics (ACMG) statement on ethical concerns that genetic counselors
faced when working with children and adolescents

—_

Unless there is a clinical intervention appropriate in childhood, parents should be encouraged
to defer predictive or pre-dispositional testing for adult-onset conditions until adulthood or at
least until the child is an older adolescent who can participate in decision making in a
relatively mature manner.

2 | Adolescents should be encouraged to defer predictive or pre-dispositional testing for
adult-onset conditions until adulthood because of the complexity of the potential impact of
the information at formative life stages.

3 | Providers should offer to explore the reasons why parents or adolescents are interested in
predictive or pre-dispositional testing for adult-onset conditions.

4 | Providers can acknowledge that, in some cases, testing might be a reasonable decision, but
decisions should follow thorough deliberation.

5 | Adolescents should be provided the opportunity to discuss these issues without the presence
of their parents, although parents should be involved in, and supportive of, any final decisions
for testing. A referral to genetic counselors and mental-health professionals is appropriate if
the clinician and family need additional support for decision making or in assessing the
psychosocial dynamics.

6 | Facilitating predictive or pre-dispositional testing of children for adult-onset conditions can
be justified in certain circumstances. For example, after careful deliberations with the family
and older child, testing can be justified to alleviate substantial psychosocial distress or to
facilitate specific life-planning decisions.

7 | The impact of predictive testing on children and families remains uncertain and therefore can
be justified in specific cases when it is requested by families after informed deliberations and
when the testing is not clearly inconsistent with the welfare of the child.

8 | Empirical research on the psychosocial impact of predictive or pre-dispositional testing in
children is necessary for future policy recommendations.

9 | Genetic testing of children for adult-onset conditions in the research context can be ethically
justified because of its social importance and when risks are minimized by appropriate
counseling and support and when appropriate parental permission and child assent are
obtained.

interventions for FECS commence in childhood, predictive testing in children is
endorsed for these syndromes. But the question then remains, who can accurately
assess the impact of the test on the psychosocial wellbeing of the child when he/she
is an adult? As with many ethical principles, the answer to this question is, at times,
unclear. Research exploring the impact of FECS across the lifespan may prove help-
ful for families and clinicians weighing these complex decisions.

As advances in science and technology continue, genetic testing in children
remains a primary subject of ethical and, at times, legal debate. At the core of this
debate is the need to balance respect for a child’s autonomy with parental rights and
responsibilities. In order for a child to be considered able to make decisions about
their medical care, they must have sufficiently developed abilities in four capacities:
(1) the ability to communicate a choice; (2) understanding of information provided
about medical treatment or research; (3) reason and evaluate risks, benefits, and
possible consequences, and (4) an appreciation of the relevance of their medical
situation and the options provided to them [43]. Provided that development
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proceeds at an appropriate trajectory, children may begin and are encouraged to
have an increasingly active voice in their healthcare decisions. Several organiza-
tions including American Society of Human Genetics (ASHG)/ACMG/American
College of Medical Genetics/Genomics (ACMG) have released position statements
that provide some guidance on the appropriateness of predictive testing for indi-
vidual family circumstances [3]. Generally, the final decision is made by the parent
or legal guardian with advisement and education by medical providers, genetic
counselors and mental health professionals.

At times, a parent may make a decision that is not agreed upon by the provider
or other members of the multidisciplinary team. The case of Jane Smith, below,
illustrates some of the ethical issues that may arise in caring for a patient affected
by a FECS:

The Case of Jane Smith

Jane was a G4P3AB1 45 year-old female who presented to the genetic counseling
clinic with a previously diagnosed wild-type gastrointestinal stromal tumor (GIST)-
epithelioid and spindle type. At the time of her initial evaluation, she was status
post-gastrectomy, hepatic and partial hepatectomy with metastases to the liver. She
was referred for genetic counseling because the type of GIST she had is often part
of a hereditary condition known as Hereditary Paraganglioma-Pheochromocytoma
Syndrome (see Chap. 6 for detailed description of these conditions). The pre-test
counseling session focused mainly on discussing her risks of having a hereditary
cancer predisposing syndrome, the risks and benefits of genetic testing, and the
implications of the possible outcomes. Most of her concerns and questions were
about the risks to her 3 children who, at the time, were ranging in ages from 5 to
11 years of age. The family history was significant on the paternal side for her uncle
who had a paraganglioma and her paternal grandmother who died of “stomach can-
cer” of unknown type; consanguinity was denied.

After reviewing the pros and cons of genetic testing, Jane consented to having a
germline panel of cancer genes that included all currently known pathogenic vari-
ants associated with GIST, and a somatic panel of her tumor. The results revealed
that her tumor was SDHB-deficient and that she had a pathogenic germline variant
in the SDHA gene. She was called for an in-person post-test genetic counseling ses-
sion to discuss the implications of this result for her prognosis/treatment, and the
risks to her relatives. She came to the post-test counseling session with her husband;
they were both devastated to learn that Jane had a pathogenic variant that could be
passed onto her children. Each child had a 50% chance of inheriting this variant and
if positive they would be predisposed to developing GIST, paragangliomas, and
other tumors.

Testing of asymptomatic relatives of carriers of pathogenic variants in the suc-
cinate dehydrogenase sub-unit genes (SDHA/B/C/D) is performed so that
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preventive and screening guidelines can be implemented before the person develops
tumors. The clinical and practice guidelines for the management of patients who are
positive for pathogenic variants in the SDHA/B/C/D are evidence-based and have
been reviewed by several expert panels [44—46]. In general, the recommendation is
to refer the family to a specialized multidisciplinary team that will establish a per-
sonalized management plan in order to optimize a favorable outcome.

Jane and her husband were informed of the benefits of these recommendations;
she was given examples of the type of medical management that her children (if
positive) would undergo (e.g., annual MRIs, biochemical testing). In addition, the
recommended age at which these screening guidelines should begin, 8 years of
age, were discussed at length [47]. After a long discussion, the couple decided not
to test any of their children due to the extreme additional distress a positive find-
ing would bring to the family at a time when they were dealing with treatment
decisions and multiple medical visits for Jane. Given that two of their children
were within the range of recommended surveillance and one was closely approach-
ing, the genetic counselor was concerned about letting the couple leave the con-
sultation without further discussion. However, genetic counselors are trained to be
non-directive and accept the patient’s decision as long as this was an informed/
educated decision. The issue of nondirectiveness in genetic counseling has been
discussed and reviewed extensively [48—50] although recent approaches allow the
practitioner to be more “directive” based on clinical circumstances and medical
expertise [51]. In the case of Jane’s children, there were significant medical con-
sequences of not screening her positive offspring (e.g., undetected tumors may
become too large to resect). However, her state of mind at the time led her to avoid
the introduction of additional stressors in her life. Hence, she decided not to test
the children.

A subsequent visit was scheduled after Jane’s upcoming surgery. The couple
informed the team that they had decided to have their two older children tested
because they wanted to “spare their children all the suffering Jane had been through.”

Although difficult at times, healthcare providers are not responsible for deter-
mining whether a parent’s decision is morally right or wrong. The primary respon-
sibility of the healthcare team is to ensure that a parent’s decision is an informed one
and that they have adequate support that allows them to consider the risks and ben-
efits to the child both currently and in the future, and to make the best decision for
the child’s wellbeing. In the case described, the genetic counselor provided the
patient and her family with significant education and opportunities to discuss and
ask questions. Despite this, the counselor noted that Jane and her family were sig-
nificantly distressed and as a result, declined further testing. This presents an oppor-
tunity for further patient education and support. At the time, Jane and her family
expressed their concern that a positive result would lead to increased stress and
adverse effects within the family. It would be appropriate to share with the family
additional family and individual therapy resources as well as further patient educa-
tion on the psychological and social impact of genetic testing on children (described
elsewhere in this chapter).
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General Discussion

Familial endocrine cancer syndromes encompass a number of conditions with vary-
ing risks of cancer. Families affected by these conditions must make decisions about
whether to pursue genetic testing, and if a family member is found to be a carrier,
whether to engage with lifelong management and surveillance. Many of these syn-
dromes have a childhood onset, meaning parents may have to consider these deci-
sions for their at-risk children. Despite recent advances in the diagnosis and
management of FECS, and the benefits that come with knowing one’s carrier status,
available data suggests a FECS diagnosis can have a range of negative psychosocial
impacts on patients and introduce challenges for caregivers.

In the absence of studies examining the impact of FECS on children and adoles-
cents we reviewed research exploring the impacts of a FECS on adults in order to
understand the psychosocial impact of these conditions. Studies of adults living
with a MEN1, MEN2, VHL, and SDH-related syndromes indicate they have a sig-
nificant psychosocial burden, although the impact varies between syndromes.
Adults with a FECS report higher levels of depression, anxiety, fatigue, and pain
compared with population norms [10-12, 16]. They describe challenges associated
with the uncertainty of their condition and frustration and anxiety accompanying
lifelong medical screening [14, 27]. Caregivers, including partners and parents,
report anxiety and distress over their loved one’s condition, as well as caregiving
responsibilities and relationship challenges [14, 17]. Some caregivers who transmit
a FECS to their child report experiencing associated guilt and anxiety [13, 14, 26].
Alongside these challenges, adult studies indicate FECS can have some positive
impacts on relationships between patients and caregivers, bringing family members
closer together [14, 17].

While we found no studies exploring children’s and adolescent’s experiences of
genetic testing for a FECS, research involving adolescents from LFS affected fami-
lies suggests that young people believe at-risk children should be offered genetic
testing, and where possible, be involved in decision making about whether to pursue
it [34]. Parents in VHL affected families appear motivated to have their children
undergo genetic testing as soon as possible and parents pursuing testing for MEN2
reported doing so in search of certainty, experiencing feelings of relief and resigna-
tion after receiving results [14, 36]. The limited data available on the experiences of
adolescents engaged in surveillance for a FECS, and their parents, suggests that it is
both a trigger for worry as well as a source of reassurance [8].

The available data suggests that living with a FECS has consequences for repro-
ductive planning. While there is limited data from FECS affected families, available
evidence indicates limited awareness of available reproductive technologies but a
belief that individuals should be given the option to access PGD. Data on accept-
ability suggests use of these reproductive technologies may be appealing to some
individuals living with a FECS but not others, with some data to suggest that the
acceptability of PGD may be associated with unique aspects of each syndrome.

The available literature provides some indication of how best to support FECS
affected families pursuing genetic testing and living with a positive result. Studies
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of both patients and caregivers highlighted a desire for specialized psychosocial
support, and identified benefits associated with families being able to access infor-
mation, genetic counseling, and psychological services. Studies highlighted the
value of routinely offering FECS affected patients and their caregivers access to
such support, especially around the time of genetic testing. As caregivers are an
essential source of support for patients [14], and social support can be a buffer
between stressful events and psychological distress [17], providing caregivers with
ongoing psychosocial support along with those affected, is clearly warranted.
Available data suggests families living with a cancer predisposition syndrome and
their caregivers can benefit from a highly skilled, interdisciplinary medical team
that provides high quality psychosocial support and evidence-based psychosocial
interventions along with excellent medical care.

This chapter highlights the need for future research focused on understanding the
psychosocial impact of FECS on children and adolescents and their parents/caregiv-
ers. The lack of research exploring young peoples’ perspectives meant this chapter
had to rely on data from FECS affected adults and insights from young people with
other cancer predisposition syndromes. The majority of studies involving adults with
FECS have been limited by cross-sectional designs. These studies provide valuable
insights into patients’ experiences at a single point in time but provide no informa-
tion about how individuals’ psychosocial strengths and vulnerabilities may change
over time. There is a need for prospective studies, tracking the experiences of at-risk
young people from FECS affected families. Where possible, future studies should
include quantitative and qualitative measures and biological markers to determine
whether symptoms, such as heightened anxiety, could be part of symptoms seen in
primary hyperparathyroidism. Given the familial nature of these syndromes, and the
indications from adult data of their impacts on family relationships, future studies
should include child and adolescent patients as well as their parents and siblings.
Many unanswered questions remain regarding the impact of FECS on young peo-
ple’s wellbeing, experiences of genetic testing, and surveillance, and reproductive
considerations, and the impacts of caring for a FECS affected young person on par-
ents/caregivers. The lack of data regarding the psychosocial impact of FECS on chil-
dren and adolescents in part reflects the complexity and challenges associated with
researching the impacts of these syndromes. Small absolute numbers and lack of
consensus regarding which impacts to measure are two such challenges. We suggest
that collaboration across treatment centers, and harmonization of measures used to
assess syndrome impacts help to overcome some of these challenges.
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Chapter 2
Transitions of Care Models

Stéphanie Larose

Introduction

Transition of care is defined as a planned, deliberate process of identifying and
meeting the medical and psycho-social needs of adolescents and young adults
(AYA) as they move from pediatric to adult care [1]. Transition of care programs,
interventions, and clinics can be categorized into transition of care models, each of
which has its own common design features [2]. Developing evidence-based transi-
tion of care models will become increasingly important in the coming years. The
cure rate of endocrine pediatric cancers is increasing, leading to more young adult
survivors [3, 4] in need of transition of care planning. These patients can have a
variety of late complications, including psychological disorders, secondary malig-
nancies, and end-organ damage. Beyond the scope of endo-oncology, we are also
facing increasing numbers of adolescents and young adults surviving a variety of
complex diseases, such as hematological cancers, cystic fibrosis, and congenital
heart disease [5—8], just to name a few. The literature review of transition of care
models presented in this chapter is inclusive, going beyond the frontiers of
endo-oncology.

Current State of Transition of Care

Lack of transition of care planification (and thus of models) has negative outcomes
on AYA patients. The National Survey of Children’s Health found in 2016 that about
64% of American adolescents report not having discussed with their current
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pediatric health care provider (HCP) about transition of care to an adult HCP [9],
and only about 17% of those with special health care needs had transition of care
discussions and planning with their HCP [10]. This lack of planning diminishes the
adolescents’ own perceptions of transition readiness and future transition success
compared to those who do discuss transition of care [9]. When transition is not
properly planned, potential negative outcomes for AYA patients include being lost
to follow-up or experiencing lapses in care [11, 12], decreased adherence to treat-
ment [13], increased emergency department visits and hospitalizations [14, 15], use
of pediatric center for inpatient admission needs instead of adult centers [16, 17],
and increased morbidity, complications [5] (including graft loss [18, 19]), and mor-
tality [5]. Transition of care planning (or lack thereof) can impact psychosocial
outcomes as well: young adults with chronic illnesses, disabilities or a history of
cancer tend to have poorer social development, with decreased autonomy and
employment compared to their peers [5, 20]. On the other hand, having a structured
transition of care model has been shown to improve attendance to adult care visits,
adherence to therapy, self-care skills and decrease hospitalizations, although results
vary by type of intervention and disease studied [21-24], as we will see below.

Transition of Care Models

Various models of transition of pediatric-centered to adult-centered care exist, and
there are various ways of naming and classifying these models. It is important to
note that outside of oncology survivorship literature, model conceptualization to
help direct transition of care studies is often lacking [25] and no formal consensus
exists on a taxonomy of models in transition of care literature [26]. Evaluation of
the performance outcomes of the various models with the evaluation checklists
available [27, 28] is also limited. For example, transition programs’ outcomes are
inconsistently evaluated by the “Triple Aim” framework, a checklist used to evalu-
ate the programs’ experience of care for the patients, impact on population health
and care cost [28]. Despite these limitations, we present below one taxonomy and
classification of transition of care models that emerge from a broad literature review
of transition of care in various chronic disease settings (Table 2.1). One large group,
the HCP-based models (PCP-led model, shared-care model and specialized care-led
model) are derived in large part from the oncology survivorship literature, which
classifies models according to the setting (academic vs. community) and to the type
of HCP (generalist vs. specialist) who provides care [29, 30]. The navigator-led
model and the intervention-based model are ubiquitous in a variety of settings and
diseases. Due to the lack of formal, agreed-upon taxonomy, it is possible that some
models do not fit in any one of these descriptions or fit in more than one (e.g., one
theoretical model found is a shared-care model with a strong navigator component
and even a coaching intervention [31]). Thus, models are not mutually exclusive,
but this classification will be useful to compare the advantages, disadvantages, and
performance outcomes of each.
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Table 2.1 Transition of care models
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Transition of care models

Advantages

Disadvantages

HCP-based | PCP-led model
models

Wellness-oriented care

PCP less skilled to treat
rare, pediatric onset
chronic diseases

Access to routine care and
preventive medicine

PCP discomfort in
treating AYA patients
with special health care
needs

Convenient to the patient

Burden of advocacy for
specialized care on
patient’s shoulders

Potentially lower health care costs

Potential lack of access to
specialized or

care-led model

multidisciplinary
resources
Advantageous for the low-risk AYA
patient
Specialized Disease-oriented care May discourage AYA

patient from finding/
maintaining follow up
with PCP

Access to subspecialized, highly
skilled HCPs

Lack of access to routine
care and preventive
medicine

Potentially more access to a
multidisciplinary team

Potentially higher health
care costs

Disease-specific multidisciplinary
resources

More advantageous to the high-risk
AYA patient

Shared-care
model

Access to both wellness-oriented
and disease-oriented care

Difficulty in
implementing and
maintaining the model

Access to routine care and
preventive medicine

Burden of constant
communication between
physicians

Potential for PCP to be
relegated to secondary
role in transition planning

Navigator-based model

Burden of transition of care
management on navigator rather
than HCP

Human resource-intensive

Potential of systematizing transition
planning

Variable costs

May or may not be a disease-specific
navigator

(continued)
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Table 2.1 (continued)

Transition of care models Advantages Disadvantages
Intervention-based model Can be adapted to both a community | Initial difficulty of
and specialized center setting intervention
implementation

High engagement from AYA patients | High initial costs of more
with technology-based interventions | complex interventions

Potential for cost-effectiveness

AYA adolescents and young adults, HCP health care provider, PCP primary care provider
Partially adapted from Shannon [29] and Kinahan et al [32]

Health Care Provider (HCP)-Based Models

HCP-based models can and have been applied to a variety of pediatric onset chronic
diseases, but their conceptualization and subclassification is mostly derived from
the pediatric oncology literature. The latter tends to subgroup models in either of the
following three categories: PCP-led (sometimes called community-based) model,
specialized care-led model or shared care (between the PCP and a specialized medi-
cal team) [29, 32, 33]. The consultative model is sometimes distinguished from the
more general shared-care model [34].

Primary Care Provider (PCP)-Led Model

In this model, a PCP such as a family physician, registered nurse practitioner or
general internist in the community leads and assures the long-term follow-up of the
patient, in a clinic that may or may not be dedicated specifically to young adults [29,
32, 35, 36]. Often, the AYA patient is simply incorporated into the general mix of
the PCP clinic or center [35]. Having at least one communication with the past pedi-
atric team (e.g., to get a medical summary and recommendations) is helpful to better
incorporate these patients in a general practice [35].

Advantages of this model include the reintegration into primary care, which tend
to be more wellness-centered rather than disease-centered [29, 34, 37]. This well-
ness focus is important to assure that patients get routine care such as preventive
medicine measures [37], which they may not get in a highly specialized center (e.g.,
pap tests, tobacco smoking cessation, sexually transmitted diseases prevention and
screening, etc.) This model of transition of care is also convenient for the AYA
patients, easy to access and optimal for those who are at low risk of having late
complications of their pediatric disease [32]. Health system costs are potentially
lower as well [38, 39].

A disadvantage of this model is that PCPs are often less knowledgeable of the
late complications of complex, chronic diseases (such as pediatric cancers) and are
also less comfortable treating such patients [32]. They may not be up to date with
recent, highly specialized literature on these complications and this may put the
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burden on AYA patients to advocate for specialized care [34]. Cancer survivor AYA
patients in particular are noted to have low confidence in PCPs’ abilities to deliver
optimal care for them [40]. Depending on the location of the PCP, the latter may
also lack easy liaison with subspecialists to support them, and they may lack time
(and resources, such as psychologists, social workers, etc.) to devote to their AYA
patients’ complex medical or psychosocial issues [34, 38], unless they have access
to a well implemented multidisciplinary team with them [41]. Finally, the PCP’s
capacity to do research might be more limited [29, 38].

In a 2016 systematic review of PCP-led transition of care model programs, none
of the studies included examined transition of care in all three of the Triple Aim
Framework domains (i.e., some programs examined outcomes in only one or two of
the domains), giving us limited evidence to support the PCP-led model or guide
improvement of the programs formed on this model [42]. However, the PCP-led
model has been shown to be effective at implementing evidence-based core ele-
ments of a successful transition model in a pilot study [43]. The Comprehensive
Care Clinic, implemented by the Geisinger Health System in Pennsylvania was suc-
cessful in decreasing acute care utilization in AYA patients with special health care
needs of all kinds [39].

Specialized Care-Led Model

The specialized care-led model encompasses all transition programs and clinics that
are led by an adult specialist, often in the setting of a specialized center. It has many
names in the literature and varies according to the disease-specific literature: cancer
center care model [32], adult health care program model [44], and the joint adult
and pediatric clinics model [45] are just a few of the names found in oncology,
endocrinology, and neurology transition of care literature. The model is often
embedded in a disease-specific transition clinic centered around the pediatric and
the adult specialists; sometimes a multidisciplinary team is present to help manage
the transition and take care of the AYA patient’s psychosocial needs. The special-
ized care-led model has been applied, among many other diseases, to epilepsy [46],
type 1 diabetes [47, 48], cystic fibrosis [49], HIV [50], liver transplant [51], inflam-
matory bowel disease clinic [52], and hemophilia [53].

Major advantages of the specialized care-led model are the access to knowledge-
able specialists, to disease-focused care (which is especially useful for patients with
a high risk of long-term complications or an active disease) and to a multidisci-
plinary team, if there is one [29]. Indeed, this model may be more likely than the
PCP-led model to benefit from a multidisciplinary team (especially in large cen-
ters). Those multidisciplinary resources might be more tailored to the needs of cer-
tain AYA populations as well (e.g., presence of diabetes educators and dieticians for
diabetes patients or support of onco-psychologists for AYA cancer survivors, instead
of “generalist” dieticians and psychologists.) This model can also confer a certain
familiarity, if the pediatric and adult care specialists work in the same center.
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Disadvantages include the risk of discouraging AYA patients from forming or
maintaining a relationship with a generalist PCP, and thus missing the wellness-
focused, routine care of primary care medicine [29, 32]. Increased use of specialist
services contributes to make health care costs higher in young patients with special
health care needs [54]. Overall, this type of model is more suited to AYA patients
with rare diseases, complex chronic diseases that are still active or patients with a
high risk of relapse or late complications.

As noted above, there are multiple examples of implemented programs following
this transition of care model and the variability between them makes it difficult to
evaluate performance outcomes. A systematic review of various transition of care
approaches, including programs fitting the specialized care-led model, found mixed
results in terms of health outcomes (e.g., improvements in Alc lowering), develop-
ment of acute or chronic complications, development of self-management skills and
rate of either loss to follow up or clinic attendance for this model [55]. In a more
recent systematic review, two of the five programs included followed the special-
ized care-led model; both focused on diabetes and they had divergent results in
terms of success of transfer itself and in glycated hemoglobin measurements [23].

Shared-Care Model

In the shared-care model, both a specialist and a PCP are co-leading transition of
care for the AYA patient and are collaborating closely [32, 38]. A broader definition
of this model is widely used worldwide with success not just in AYA patients but in
patients of all ages living with chronic diseases [30]. The degree of involvement of
the specialist depends on how active the chronic condition is; the shared-care model
can thus be modulated according to a risk based approach [30], as is the case in the
risk-stratified shared-care model developed for AYA cancer survivors: in this variant
of the shared-care model, the intensity of follow-up with the PCP and the oncologist
is modulated according to the patient’s risk of late complications and recurrence
[32]. Other oncology authors call it the need-based care model [29]. Follow-up is at
least initially with both the specialist and a PCP. Collaboration between the two
physicians can take the form of the specialist providing screening recommendations
to the PCP, and the PCP in turn reporting to the specialist the evolution of the AYA
patient [31, 38]. Part of the process (e.g., sharing recommendations, support) can be
done virtually [56, 57].

Advantages include having access to both the generalist’s knowledge on routine
preventive medicine in adolescents and the specialist’s knowledge, and a strong
focus on communication and collaboration [29, 32]. There may be less risk to fol-
low up loss as well, as two physicians are following the patient at least initially.

The disadvantages include some of those of the PCP-led model, but also include
the fact that many resources are needed, contributing to the difficulty of implement-
ing and maintaining the model [29, 32]. The constant communication can be a bur-
den for both physicians involved, who may be geographically distant. Finally, in
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one study involving AYA patients with disabilities, it has been found that the PCP
may be faced with barriers to participation in the planning of transition of care [58].

Although the shared-care model applied to AYA patients’ transition exists out-
side of the cancer survivor literature [59], it is more explicitly mentioned and evalu-
ated in the latter. In an intervention study comparing the efficacy of a program based
on the shared-care model for AYA cancer survivors (n =271), the program improved
follow up with the general practitioner in the intervention cohort compared to the
control cohort [60]. Finally, in a pilot study of a shared-care program of AYA cancer
survivors in the Netherlands, the vast majority of both cancer survivors selected
(n = 123) and family physicians (n = 115) were satisfied with the share-care
model [61].

Navigator-Based Model

The transition navigator (also sometimes called case manager [62], transition coor-
dinator or facilitator [63]) can be one person (e.g., a specialized registered nurse, a
social worker, a psychologist or an administrative coordinator [2, 64]), a multidisci-
plinary team that is dedicated to transition planning and visit organization [65, 66],
a virtual system or application [67] or even a combination of human and virtual
resources [62]. This model creates a triad around the patient: the navigator, the pedi-
atric HCP, and the adult HCP.

A first advantage of this model is that the navigator’s presence lifts the burden of
transition management on someone else than the treating physicians. Transition
planification is less likely to be forgotten, as this is the navigator’s primordial task.
Furthermore, transition planification has the potential to be systematized if the navi-
gator is virtual, making the process more passive. Finally, navigators are transition
of care specialists that do not need to be disease-specific, and thus have the potential
to be used in parallel for a wide variety of pediatric subspecialties.

A disadvantage of this model, however, is that a human navigator or a multidis-
ciplinary navigator team are human resources that may not be available in certain
settings, especially outside of large academic centers. Costs of such a model vary
depending on who (or what) is the navigator and their degree of implication.

In a systematic review evaluating the capacity of various transition programs to
assure a successful transfer, three of the five programs fitted the navigator-based
model; two of those three had higher rates of successful transfer or clinic attendance
among patients in the programs than those in the comparison groups [23]. One
example of a successful implementation of the navigator-based model is the Maestro
Project, a multi-modal navigator system that was shown to help improve medical
surveillance for 2 cohorts of 18-25 year olds with type 1 diabetes in Manitoba,
Canada [62].
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Intervention-Based Model

The intervention-based model includes programs that are centered around an inter-
vention or a group of interventions that aim to improve transition of care. There are
multiple types of interventions. Incentive-based interventions, for example, incen-
tivize the AYA patient to engage more often with the new treating team. A contro-
versial example of an incentive-based intervention is to use a financial incentive to
promote autonomy and self-management [68, 69]. Education-based interventions,
on the other hand, are often geared towards the development of disease-specific
self-care skills (e.g., learning to self-inject a medication) or general self-care skills
(teaching the AYA patient how to make an appointment, how to deal with insurance
issues, etc.) Transition education programs have been used for AYA patients with
esophageal atresia [70], inflammatory bowel disease [71], and heart transplant [72].
Finally, e-coaching on web platforms and via text messages also fit the intervention-
based model [73-75]. Intervention programs can include both incentive and educa-
tional measures.

The first advantage of the intervention-based model is its flexibility: it can be
used in various settings, from a community PCP to the specialist in a large academic
center. The intervention-based model is also easy to hybridize with other models,
and can be relatively simple in terms of logistics (e.g., automated text messages).
AYA patients show high engagement with digital- or technology-based interven-
tions, when they are presented to them [76]. Simple, technology-based interventions
have the potential to be cost-effective [74].

A disadvantage may be the initial difficulty in developing and implementing the
intervention program. Indeed, this may necessitate the help of both medical and
non-medical specialists such as nurses, social workers, software designers, infor-
matic technicians, psychologists, and educators [72, 77]. This, in turn, might make
the cost of developing a new intervention program prohibitive.

As the intervention-based model encompasses a wide variety of programs, out-
comes of such interventions are mixed, with low certainty evidence that they can
slightly improve transition readiness and disease self-management [22]. A system-
atic review of incentive interventions found that they were often used to promote
cessation of adverse behaviors rather than to promote healthy behaviors in transi-
tioning AYAs, and that little follow up had been provided for the intervention itself
[78]. In turn, a systematic review of mobile- and web-based applications to promote
transition was also unable to provide evidence for their effectiveness overall [79].
However, some incentive-based interventions included were successful at increas-
ing knowledge and therapy adherence (including to medication) [79].
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Got Transition

Got transition is a federally funded program from the National Alliance to Advance
Adolescent Health that was designed to help health care professionals, health care
programs, AYA patients, parents, and caregivers improve transition of care from
pediatric centered to adult centered care [80]. It is a resource center entirely dedi-
cated to transition of care that developed and improved over the years the Six Core
Elements (Table 2.2), which are not a model in itself but rather an evidence-based
approach that can be used to develop transition of care models and implement tran-
sition programs [80]. They are, in other words, the “core elements” that should be
embedded in all transition of care models.

The Six Core Elements are already being used by treating teams to implement
programs and interventions fitting the various transitions of care models, and their
use leads to significant improvement in the transition of care process [81]. As an

Table 2.2 Six core elements of got transition

Six core elements Age group
1. Policy/Guide 1214 years old
(a) Development a transition and care policy or guide

(b) Education of treating team members on transition of care approach adopted and on the
roles of all stakeholders (AYA patient, caregivers, HCPs on pediatric and adult side)

(c) Display the policy or guide
(d) Discuss and share with the AYA patient and their caregiver

2. Tracking and monitoring ‘ 14-18 years old

(a) Development of standardized process to identify AYA patients in need of transition

(b) Integration of monitoring of the Six Core Elements
3. Readiness ‘ 14-18 years old
(a) Regular assessments of readiness to transition

(b) Ongoing education of self-care skills
(c) Identification of adult HCPs
(d) Orientation of AYA patients to identified adult HCPs
4. Planning ‘ 14-18 years old

(a) Transition of care planification: medical summary preparation and transfer, optimal timing
for transfer discussion, young adult plan of care with recommendations, etc.

5. Transfer of care ‘ 18-21 years old
(a) Sharing of key health information

(b) Communication between the pediatric and adult clinicians

(c) Confirmation of transfer date to adult care team

6. Transition completion 18-23 years old

(a) Confirmation of transfer of care completion

(b) Ongoing communication and collaboration with adult care team
(c) Solicit feedback on transfer of care experience

The Six Core Elements of Health Care Transition™ are the copyright of Got Transition®. This ver-
sion of the Six Core Elements has been modified and is with permission [80]. AYA adolescents and
young adults, HCP health care provider
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example, the implementation feasibility and customization of the Six Core Elements
were examined in a pilot study of AYA patients transitioning from two school-based
health centers in Washington D.C. to adult PCPs [82]. The Six Core Elements were
also used by a Texas team to successfully implement and then evaluate a transition
program for liver transplant AYA patients (specialized care-led model) [51]. Another
team from the University of Vermont used the Six Core Elements to implement a
text-messaging-based coaching system (intervention-based model) [73]. Finally,
the Six Core Elements were also successfully used to develop and implement the
Transition Intervention Program at the Virginia Commonwealth University;
designed for AYA patients with sickle cell disease, this program is following both
the specialized care model and the intervention model (with educators and educa-
tional material) [83].

Towards a New Transition of Care Model

Integrating aspects of the existing models and the framework of the Six Core
Elements, we now present a new transition of care model that can be adapted to
AYA patients with various special health care needs (including endocrine cancer
syndromes.) It is called the integrative model, as it integrates features of the risk-
based, shared-care model, the navigator-based model, and the Six Core Elements
(Fig. 2.1).

In the integrative model, the HCPs (pediatric specialist, adult specialist, and
PCP) are assisted by a transition navigator (ideally associated with the pediatric
clinic, as this is the starting point of the patient’s transition process.) The tasks asso-
ciated with each Core Element are shared between the navigator, the HCPs and the
multidisciplinary team (where available.) The navigator holds the responsibility of
assuring both the implementation of the Six Core Elements into the local program
and the collaboration and communication between all stakeholders (patient, par-
ents, physicians, multidisciplinary team members). Thus, the navigator will coordi-
nate the HCPs in the creation of a local transition of care policy and plan, and assure
the development of a tracking and monitoring system (e.g., the tracking system
could be embedded in the electronic medical record, with an automatic pop-up at a
patient’s 14th birthday to remind the team to start the transition process). Finally,
the navigator will also assure transition is complete and transmit constructive feed-
back between HCPs. As for the HCPs (and their multidisciplinary team), their Six
Core Elements tasks will include: readiness assessment of the patients at each visit
in the pediatric and primary care offices; education of the patient on disease-specific
self-care skills; preparation of care recommendations and of a medical summary to
the intention of the PCP and/or adult specialist; and collaboration with the other HCP.

There should be shared care between the pediatric team and at least one adult
care provider, ideally one of which is a PCP, to assure that the patient receives rou-
tine preventive care and not just disease-oriented care. This feature of the integrative
model fits into the broader definition of the shared-care model, making the new
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Fig. 2.1 The integrative transition of care model

model adaptable to various realities. Indeed, while shared care may only be appli-
cable with a PCP in specialist-poor, rural regions, it may also be limited to shared
care with an adult specialist (not necessarily part of a joint transition clinic) for
some patients who do not have yet access to primary care. While some settings face
more difficulty accessing specialized care [84], others show limited regular access
to a family physician [85]. The shared care is risk-based: collaboration will be more
frequent between the pediatric and adult specialists for an active disease, while both
specialists may adopt a more distant, consultative role for the PCP in the case of
quiet, low-risk disease.

Conclusion

In this chapter, we have presented the existing transition of care models that emerge
from the large literature on transition interventions, programs and models them-
selves. We then presented the new integrative model, which incorporates evidence-
based best practices for transition. To help current and future generations of AYA
patients with special health care needs, future research on transition of care models
should be directed by theory and by a consensus taxonomy [25, 26]. It should exam-
ine not only health outcomes but also AYA patients’ experience, adherence to visits
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and health care system use, and costs [86]. Finally, increasing transition of care
training during medical residency and adapting systems of care to make them more
supportive of transition of care models’ implementation will also contribute to
improving transition of care of AYA patients [86].
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Chapter 3

Genomic Endocrinology, Genome
Sequencing, and Applications in Genetic
Testing

Fady Hannah-Shmouni and Constantine A. Stratakis

Introduction

Medicine is an ever-changing art, continuously adjusting to the shifting principles
of ethics and society and adapting the constant discoveries of science; this was
beautifully said by Hippocrates: “...n 8¢ mnTpikn VoV T€ KOl XVTIKA OD TO AVTO
moteer...” (““...medicine does not do the same thing at this moment and the next...”)
[1]. In the mid-1980s, two advances revolutionized medicine in a way that is com-
parable only to some of the most important events in the approximately 3000 years
of its history. The first was theoretical; it was the introduction of the concept of
“positional cloning,” the idea that one can identify genes for human disease without
knowing anything, or with knowing very little, about their function. The second was
technical; the method of polymerase chain reaction (PCR) made DNA (the genome
in essence) available to biomedical researchers and, more importantly, clinicians.
Cancer medicine and traditional human genetics were the fields that benefited most
from the first applications of the new genomic concepts and technologies. The
human genome project (HGP) was then completed in 2003 using mostly PCR-based
Sanger sequencing. The latter was expensive, laborious, and impractical for study-
ing whole genomes; thus, HGP technologies that were grown out of necessity led to
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the development of next-generation sequencing methods that are now widely avail-
able [2]. The HGP also determined that the human genome is composed of 3.3 bil-
lion pairs of nucleotide bases and that all human beings share 99.9% similarity at
the DNA level with only 0.1% of genetic variation, the latter mostly due to single-
nucleotide polymorphisms (SNPs). Thus, there are about ten million SNPs in the
human genome. On the average, these SNPs occur once in every 300 nucleotides
mostly in non-coding DNA that is located between approximately 20,000 and
25,000 coding genes. Decades after the first successful disease-causing gene identi-
fications in endocrinology, the gene mutations in congenital adrenal hyperplasia
(CAH), the insulin and steroid hormone receptors, and RET, GNAS, MENI, PTE,N
and PRKARIA in the various forms of multiple endocrine tumor syndromes, a num-
ber of other genetic causes have been identified in diseases affecting the pituitary,
thyroid, parathyroid, pancreas, adrenal, the gonads, and so on [3]. In fact, progress
is so fast that we are already talking about post-genomic medicine in endocrinology
[4]. However important these discoveries were in helping us understand cellular
processes, glandular development, disease pathophysiology, even leading in some
cases to new, molecularly designed treatments, it is only now that genomic medi-
cine is in fact altering clinical practice. The changes are fast and far-reaching, from
defining the genotypes of each one of us, to linking electronic medical records to
genomic data, to direct-to-consumer genetic testing and its implications for patient-
doctor interactions, disease surveillance, ethics and beyond. Hippocrates, again,
noted that “Medicine cannot be learned quickly because it is impossible to create
any established principle in it, the way that a person who learns writing according
to one system that people teach understands everything; for all who understand
writing in the same way, do so because the same symbol does not sometimes become
opposite, but is always steadfastly the same and not subject to chance. Medicine, on
the other hand, does not do the same thing at this moment and the next, and it does
opposite things to the same person, and at those things that are self-contradictory”
[1]. The continuous shifting of ideas and practices is indeed very real in modern
medicine and endocrinology and is due to the advances of genetics.

Genetics in Pediatric and Adolescent Clinical Practice
and Next-Generation Sequencing Applications

The vast majority of our pediatric and adolescent patients with genetic conditions
including familial endocrine cancer syndromes were not, up until recently, candi-
dates for genetic testing. For most practicing endocrinologists, encountering a
patient with familial glucocorticoid resistance (FGR), for example, would be almost
unheard of. In these rare cases, a referral to a research academic center would be the
solution; there the patient of our example, with FGR, would undergo genetic testing
that could lead to the identification of the causative mutation in the glucocorticoid
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receptor gene [5]. The discovery would lead to a publication but would remain rela-
tively obscure for the average clinician. This was the case for most of medicine.

However, today, there are more than 10,000 rare diseases and even though each
is extraordinarily rare (like FGR), collectively, these diseases affect large numbers
of patients and represent an exceedingly disproportionate share of health care costs
[6]. The International Rare Disease Research Consortium (IRDRC; Paris, France)
estimates that a significant number of patients with rare diseases are seen and remain
undiagnosed at clinical practices [6]. Several of our patients with complex symp-
toms and signs are now offered genetic testing in routine clinical settings.

In addition, the chances are that most clinicians in developed countries will
encounter patients that have already been the recipients of direct-to-consumer
genetic testing [7]. In February 2019, it was estimated that over 26 million people
had taken home DNA tests. In 2015, a company known as “23andMe” was granted
approval by the federal drug administration (FDA; MD, USA) to include health risk
assessments in genetic reports. There are several such companies today from those
providing direct-to-consumer genetic testing for ancestry and various traits for a
relatively inexpensive fee, to others that provide full genome sequence analysis data
and discuss health risks for a higher price.

Genetic testing is a powerful tool in clinical practice for patients and their fami-
lies. The identification of the underlying genetic etiology will allow estimations of
recurrence risk, which will inform family planning decisions, facilitate preimplanta-
tion genetic testing, and allow accurate prenatal screening. Additionally, genetic
information will allow for the monitoring of disease progression and the introduc-
tion of timely treatment regimens to minimize complications and also provides
important knowledge of the underlying disease mechanism or mechanisms. The
complexity of these decisions, with their significant medical and psychosocial
implications, is an important aspect of managing patients and their families.

The identification of the genes responsible for the various pediatric or adolescent
familial endocrine cancer syndromes has enabled the genetic diagnosis and early
identification of patients and their at-risk family members. Genetic testing in clini-
cal practice for familial syndrome has become widely spread and considered routine
in tertiary medical centers. Most pediatric syndromes are familial and rarely spo-
radic. When faced with a rare endocrinopathy in pediatrics, such as pheochromocy-
toma, Cushing disease or thyroid cancer, clinicians are encouraged to obtain a
detailed family history and pedigree to deduce dominance and distinguish autoso-
mal from X-linked inheritance. Pattern recognition, age of onset, radiological and
histopathological features are key in distinguishing between the various CPSs.
Thus, when a clinician encounters a pediatric patient with any of the syndromic
features, genetic testing and counseling regardless of family history should be con-
sidered as many of these conditions may have decreased penetrance and first-degree
relatives that are carriers may not be affected. A low threshold for exploring genetic
testing is important particularly if the clinical phenotype warrants it. Genetic coun-
seling and testing strategies in the pediatric population are not without complexities
and ethical challenges which need to be considered. Screening should also be
offered to a first-degree relative when a germline pathogenic variant in a
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disease-causing gene has been identified. Additionally, the identification of a germ-
line pathogenic variant should prompt periodic clinical, biochemical, and radiologi-
cal screening for the syndrome in question. Periodic reassessment of the medical
literature and raw genetic data is encouraged to identify new genes or syndromes in
individuals with a suspected syndrome and an unidentified genetic mutation.

Genetic screening may begin as early as infancy in at-risk individuals, especially
with conditions that can manifest with early mortality, such as Carney complex, an
autosomal dominant condition manifesting with multiple endocrine neoplasia.
Given the complexity of choosing between the multiple candidate genes with over-
lapping clinical phenotypes, testing genes either singly or in a panel, particularly in
patients without known syndromic features, should be considered. Several sequenc-
ing technologies exist. The growing availability and use of whole genome sequenc-
ing (WGS), whole exome sequencing (WES), whole genome arrays, and multigene
panels increase the likelihood of detecting unintentionally or unexpectedly patho-
genic mutations or variances of undetermined significance (e.g., detection of TP53
mutations that predispose to adrenocortical cancers). After identifying a pathogenic
mutation, pro-band’s parents, siblings, and offsprings should be tested. If the muta-
tion is transmitted in an autosomal dominant fashion, then each sibling has a 50%
risk of having the mutation. In the case of 7P53 and other genes, if neither parent
carries the mutation, the risk to siblings is low, but the possibility of germline mosa-
icism exists.

On another front, it is not unusual for the average clinical practitioner to encoun-
ter pharmacogenomics (PGx) [8]. For example, in testing for abnormal cortisol lev-
els in response to the 1 mg overnight dexamethasone test, it is essential to know
whether the patient is a rapid or slow dexamethasone metabolizer. There are several
testing sites that now test for cytochrome P450, the liver enzymes responsible for
dexamethasone metabolism. In areas of medicine other than endocrinology, PGx is
already in daily practice from infectious diseases and the right choice of an antibi-
otic for a rapid or slow metabolizer, respectively, to how certain ethnic groups
respond to a drug, based on gene-specific and ethnicity-related genetic variants.
There are now more than 200 drugs that have PGx information included in their
FDA-approved labels and new clinical practice guidelines based on PGx are now
published frequently [9].

Finally, there is increasing use of genetic screening for preventive health and for
prenatal diagnostic testing. There are several efforts across USA and other countries
and in several health systems, private or government-run, to link cancer, cardiovas-
cular, and other risk factors to medical records (electronic medical records and other
types of records) with the intent to lead to behavior, diet and other modifications,
diagnostic and even invasive procedures that prevent disease [8].

Non-invasive prenatal testing relies on the detection of cell-free DNA (cfDNA)
on parental samples for the detection of trisomies and increasingly other genetic
defects [10]. Non-invasive prenatal testing represents one of the fastest adopted tests
by everyday clinical practice in the history of medicine and has revolutionized the
detection of fetal aneuploidies and other disorders, obviating the need for amnio-
centesis and several other procedures [2, 10].
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What made all the above possible were advances emanating from the HGP,
mostly massively parallel DNA sequencing technologies, which were first intro-
duced in 2005 and keep improving and becoming cheaper every day [2]. Collectively,
these new DNA sequencing technologies are known as next-generation sequencing
(NGS) and they can generate billions of short sequencing reads within hours; the
current cost for a near-comprehensive determination of one’s genome by NGS for
both frequent and rare variants is approximately $1000, whereas the cost is signifi-
cantly less for exome-only versions and even less if specific regions or a collection
of genes are targeted [11, 12].

In addition to NGS, a product of HGP was high density DNA microarrays based
on SNPs. They were first introduced in the late 1990s; however, at the beginning,
these microarrays were mostly used in population- or other large cohort-based
research studies to genotype human genomes for genetic variation and other asso-
ciation studies. Now, high density DNA microarrays are also used in clinical prac-
tice for the identification of structural variants of the human genome but also for the
rapid identification of any sequence variation: in fact, the most popular genetic tests
today are not sequencing-based tests, but genotyping tests utilizing technology
derived from the DNA microarrays that were first developed by HGP researchers
[11,12].

It is hard to predict the future in which NGS is heading [2]. It is safe to say, how-
ever, that it will expand in ways and applications that will intrude in every aspect of
medicine and indeed life. It is therefore essential for endocrinologists to understand
the basics of NGS, how it is applied today, and its impact on how we practice
medicine.

Genome Versus Exome Sequencing, Variant Interpretation,
Other Challenges

The goal of NGS is to provide a high-quality map of genome variation for each
sample. Whole genome sequencing (WGS) provides exactly that, with short-read
NGS technology that is widely available today [12]. Yet, it remains prohibitively
expensive for clinical use and cumbersome in data management. Since nearly 99%
of the ~3.3 billion nucleotides that constitute the human genome do not code for
proteins, and most human diseases are caused by variations of or defects of coding
genes (the exome), the alternative approach is whole exome sequencing (WES),
which currently costs less than $1000 and is widely available in developed countries.

Single-nucleotide variants and small insertion or deletion variants (indels) that
are less than 50 base pairs (bp)-long represent most variants in the human genome:
there are 3—4 million single-nucleotide variants and 0.4-0.5 million indels in every
human sample when compared with the reference genome [12]. However, only
approximately a few more than 100 lead to a premature stop codon for a coding
gene and only about 20 or so are potentially deleterious in everyone. Nevertheless,
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practically every variant can cause a phenotype: the variants that change the
sequence of molecules may affect the protein by an amino acid substitution—a
deletion or an insertion—whereas the variants that do not change the sequence may
affect binding of transcription factors, interactions with other molecules, RNA sta-
bility, and so on. Sequence variants that are identified by WGS or WES are reported,
therefore, as variants of unknown significance because unless there is previously
existing data documenting their function, they may not be called mutations and can-
not be linked to disease or even a risk factor [11, 12].

Structural variation (SV) is another form of genome variation, by definition
larger than 50 bp that includes copy number variants, which represent amplifica-
tions or deletions of variable size DNA segments, chromosomal rearrangements,
and mobile element insertions [12]. SVs account for approximately 0.2% of total
variants but they have much more of an effect on phenotype, representing, for exam-
ple, as many as 4—12% of high-impact coding alleles. Their phenotypic effect typi-
cally is proportionate to their size, although exceptions to this rule exist. SVs are not
easily detectable by short-read WGS and even less so by WES. Their architectural
diversity also poses additional challenges in their detection. For one to see the
impact of methodology, a typical human genome contains as many as 10,000 SVs
detectable by the commonly used short-read WGS but more than 20,000 SV's identi-
fied by long-read WGS. The complexity of variant interpretation increases when
one considers repetitive elements, such as short or variable number tandem repeats
and mobile element insertions.

Functional annotation for each one of the variants, whether they are variants of
unknown significance, SV (copy number variants or otherwise) or a repeat variant,
is constantly updated based on information in publicly available databases to which
genotypic and phenotypic data are added daily [8]. It is estimated that up to 25% of
patients with a rare disease may be found to have a causative defect upon first appli-
cation and reading of a WES test in specific cohorts studied by experienced clinical
centers [6]. Due to continuously available new information, reanalysis of previously
“negative” WES data may increase yield by more than 10% and even higher when
family and other data are added to the analysis [6, 12].

Variants may be classified as pathogenic or likely pathogenic variants, and
benign or likely benign, based on the structural effect on DNA and/or the coding
gene or protein, functional studies, in silico data, variant frequency in control popu-
lations, family studies (segregation analysis), and other factors [13]. There are strin-
gent and explicit guidelines followed now by all genetic testing laboratories and
endorsed by professional societies. Variant assessment also includes carefully
searching the available literature, but one must be careful with older nomenclature,
different gene symbols, sequence numbering, and phenotypic interpretations.

During NGS, one may also identify what have been called “secondary” findings,
which is understandable given the number of variations in the human genome, as
stated above. Currently, the American College of Medical Genetics and Genomics
(ACMGG; MD, USA) and other organizations have identified 59 medically action-
able genes in which if variants are identified, they need to be reported as secondary
findings, which may lead to additional testing and even invasive procedures [11,
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13]. Examples include the BRCAI and BRCA2 genes, associated with early breast,
ovarian, and other cancers; BMPRIA and SMAD4 associated with increased risk for
colorectal and other cancers, and other genes [11].

NGS and Cell-Free (cf)DNA in Cancer Medicine
and Prenatal Testing

Plasma-borne DNA was first described in 1948 but for years its origin and signifi-
cance were unknown [11]. In the 1980s, it was realized that tissues such as tumors,
the placenta, and the human fetus, shed DNA. In cancer medicine, cfDNA can lead
to early detection, identification of the mutational profile of a given tumor, and pro-
vide means for follow-up as a tumor marker and in response to therapy. The notion
of “liquid biopsy” is now well accepted in many oncological settings, despite the
challenges that remain: the relatively low proportion of tumor-derived cfDNA in the
circulation, the difficulty in assessing such abnormalities early during malignancy
and the high rates of false positives [11].

On the other hand, sequence analysis of cfDNA fragments that circulate in the
blood of pregnant women, along with the translation of this method into screening
for fetal chromosome abnormalities, is clearly a great success story of modern
genetics [2, 10]: as of late 2017, a total of 4—6 million pregnant women had had
DNA from their plasma analyzed to screen for fetal aneuploidy [10]. During preg-
nancy, DNA fragments are released from the placenta into the maternal circulation;
plasma contains both maternal and placental DNA and one calculates the ratio of
placental to total cfDNA, which is known as the “fetal fraction,” and increases as
pregnancy advances. Testing is performed from the tenth week of gestation onward.
The testing has revolutionized aneuploidy detection and obviated the need for more
invasive procedures (for example, amniocentesis). However, there are issues with
the relatively high rate of false positives, and the identification of secondary find-
ings governed by the same ACMGG-sponsored guidelines referred to in the previ-
ous section [13].

NGS, Mosaicism and Its Applications in Detecting Somatic
Genetic Defects

A “negative” WGS or WES in a tissue sample may be not only due to some of the
issues discussed above but also due to the increasingly recognized as frequent issue
of mosaicism: most commercially available NGS technologies may not detect
mosaicism for a pathogenic variant because the latter may not be present in the tis-
sue tested (for example, in peripheral blood in most cases), picking a variant at low
levels from the “noise” of a sequence is often impossible (unless one increases the
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“depth” of the sequence), and mosaicism levels for a variant change with aging at
various tissues (sequence variants detectable in blood in infancy may not be there in
adolescence) [11]. There are new diagnostic tools under development to detect
mosaicism but for most cases it remains a difficult issue to solve.

On the other hand, NGS is used frequently for the detection of the mutational
spectrum in cancers [11]. Tumors have a hugely variable genome that offers diag-
nostic and treatment opportunities if identified by NGS. Just like what was men-
tioned above in cfDNA analysis, challenges include the relatively high heterogeneity
of tumor samples, low frequency of single clonal DNA changes, and the high rate of
false positivity.

In endocrine diseases, McCune-Albright syndrome is a classic disorder due to
postzygotic mosaicism for an activating mutation of the GNAS gene [14]. NGS may
be used for the detection of mosaicism in peripheral tissues since frequently the
mutation is not detectable in peripheral blood. It is expected that the wider applica-
tion of NGS will lead to the identification of many more instances of mosaicism in
endocrine diseases, just like it did in other areas of medicine.
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Chapter 4
Familial Endocrine Cancer Syndromes
with Pediatric and Adolescent Presentation

Joselyne Tessa Tonleu, Rachel Wurth, and Skand Shekhar

Introduction

Benign and malignant endocrine neoplasms in childhood and adolescence form a
widely heterogeneous group of disorders often presenting with subtle clinical or
biochemical features that are often missed or misdiagnosed during a clinical encoun-
ter [1]. Endocrine neoplasia developing in young patients are quite characteristic for
certain familial endocrine cancer syndromes that are usually inherited. A wide spec-
trum of non-malignant and malignant tumors within each syndrome exists, with
poor genotype-to-phenotype correlation [1]. Thus, experienced clinicians working
in established centers of excellence are best suited to care for at-risk or affected
individuals with these syndromes.

The identification of the genes responsible for various pediatric-onset familial
endocrinopathies has enabled the genetic diagnosis and early identification of
patients and their at-risk family members [1]. Most pediatric endocrine syndromes
are familial and rarely sporadic (Table 4.1). When faced with a rare endocrine neo-
plasm in pediatric patients, such as pheochromocytoma, Cushing disease and thy-
roid cancer, pattern recognition, age of onset, radiological and histopathological
features are key in distinguishing various subtypes (Table 4.1). Genetic testing in
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Table 4.1 Genetics and pathogenesis of familial endocrine cancer syndromes

Familial Endocrine Cancer
Syndrome

Genetics and Pathogensis

Multiple endocrine neoplasia type

1[1]

e MENI, autosomal dominant

* Gastro-entero-pancreatic neuroendocrine tumors (typically
pancreatic), primary hyperparathyroidism adrenocortical
tumors, pituitary tumors

* Multiple facial angiofibromas, collagenomas, lipomas

Multiple endocrine neoplasia type
2a/familial medullary thyroid
carcinoma [2, 3]

¢ RET, autosomal dominant

* Medullary thyroid cancer, primary hyperparathyroidism,
pheochromocytoma, and paragangliomas, pituitary adenoma

* Cutaneous lichen amyloidosis

Multiple endocrine neoplasia type
2b (also referred to as MEN-3) [4,
5]

¢ RET, autosomal dominant

* Medullary thyroid cancer, C-cell hyperplasia, pituitary
adenoma (seen in MEN2A)

* Lip/tongue/eyelid mucosal neuromas, medullated corneal
nerve fibers, marfanoid habitus, ganglioneuromatosis of the
GI tract

Multiple endocrine neoplasia type
41, 6]

e CDKNIB, other

* Primary hyperparathyroidism, adrenocortical tumors,
neuroendocrine tumors, pituitary adenoma, differentiated
thyroid carcinoma

» Tumors of the kidney, ovary, meninges

von Hippel-Lindau [7, 8]

e VHL, autosomal dominant

* Pancreatic neuroendocrine tumors, pheochromocytoma
and paragangliomas

* Renal cysts, renal cell carcinoma (clear cell),
hemangioblastoma (retina/CNS) endolymphatic sac tumors,
pancreatic cysts, cystadenomas of the epididymis and broad
ligament

Neurofibromatosis type 1 [9, 10]

e NF1, autosomal dominant

* Pheochromocytoma and paragangliomas, growth hormone
excess, precocious puberty, pituitary adenomas,
neuroendocrine tumors

* Gastrointestinal stromal tumors, axillary/inguinal
freckling, neurofibroma, malignant peripheral nerve sheath
tumor, lisch nodules, optic pathway glioma, learning
disabilities, café-au-lait spots

X-linked acrogigantism [11, 12]

* GPRI101, sporadic>AD

* Pituitary adenoma, somatotropinoma or
somatomammotropinoma

PTEN hamartoma tumor
syndrome [13-15]

¢ PTEN, autosomal dominant

* Nodular thyroid hyperplasia

* Thyroid carcinoma, macrocephaly, autism/developmental
delay, skin features (oral papillomas, trichilemmomas,
lipomas, penile freckling), gastrointestinal polyps,
arteriovenous malformations, hemangioma

(continued)
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Table 4.1 (continued)

Familial Endocrine Cancer
Syndrome

Genetics and Pathogensis

Beckwith-Wiedemann syndrome
[16,17]

¢« CDKNIC, other; variable inheritance

* Adrenocortical cancer, hyperinsulinism, cytomegaly of the
fetal adrenal cortex

* Wilms tumor, hepatoblastoma, lateralized overgrowth,
macrosomia, macroglossia, omphalocele/umbilical hernia,
neonatal hypoglycemia

Carney complex [18, 19]

¢ PRKARIA, other; autosomal dominant

* Primary pigmented nodular adrenocortical disease, thyroid
cancer, pituitary adenoma

* Skin pigmentary anomalies (lentigines), myxoma of the
heart, breast and skin, large calcifying Sertoli cell tumors of
the testis, psammomatous melanotic schwannomas

Carney-Stratakis syndrome [20]

e SDHA, SDHB, SDHC, SDHD;, autosomal dominant

* Pheochromocytoma and paragangliomas, adrenocortical
tumors

¢ Gastrointestinal stromal tumors

Carney triad [21, 22]

* SDHC promoter methylation

* Pheochromocytoma and paragangliomas, adrenocortical
tumors, primary pigmented nodular adrenocortical disease
(PPNAD)

* Gastrointestinal stromal tumors, pulmonary chondroma,
esophageal leiomyoma, sarcoma

DICERI syndrome [23-25]

e DICER]I, autosomal dominant

* Multinodular goiter, pituitary blastoma, differentiated
thyroid carcinoma

* Pleuropulmonary blastoma, ovarian Sertoli-Leydig cell
tumor, cystic nephroma, embryonal rhabdomyosarcoma of
the cervix, ciliary body medulloepithelioma, pineoblastoma

Familial adenomatous polyposis
[26, 27]

¢ APC, autosomal dominant

* Non-medullary thyroid carcinoma

¢ Gastrointestinal adenomas, colorectal cancer, desmoid
tumors, Gardner fibroma, hepatoblastoma, medulloblastoma,
odontomas, osteomas

Familial isolated pituitary
adenoma [28]

¢ AIP, autosomal dominant

* Pituitary adenoma, including somatotropinoma,
somatomammotropinoma, corticotropinoma, prolactinoma,
and non-functional adenoma

Familial pheochromocytoma and
paraganglioma [29]

e SDHA, SDHB, SDHC, SDHD, SDHAF?2; autosomal
dominant

* Pheochromocytoma and paraganglioma

 Renal cell carcinoma

(continued)
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Table 4.1 (continued)

Familial Endocrine Cancer
Syndrome Genetics and Pathogensis

Hereditary leiomyomatosis renal | * FH, autosomal dominant

cell carcinoma [30-32] * Renal cell carcinoma (papillary type II), cutaneous and
uterine leiomyomatosis

* Pheochromocytoma and paragangliomas, adrenocortical
tumors, primary bilateral macronodular adrenocortical
hyperplasia

Hyperparathyroidism-jaw tumor | ¢ CDC73, autosomal dominant

syndrome/familial isolated * Primary hyperparathyroidism, parathyroid carcinoma
hyperparathyroidism [33]

¢ Ossifying fibroma of the jaw, renal cysts, and tumors

Li-Fraumeni syndrome [34] e TP53, autosomal dominant

¢ Adrenocortical cancer

* Hypodiploid acute lymphoblastic leukemia, pre-
menopausal breast cancer, choroid plexus carcinoma, brain
tumors, bone and soft-tissue sarcomas

Werner syndrome [35] * WRN, autosomal recessive

* Premature features of normal aging starting in the second
decade and the development of multiple cancer types
including non-medullary thyroid cancer

clinical practice for familial syndrome has become widely spread and considered
routine in tertiary medical centers [36]. Most pediatric and adolescent cancer-
predisposing syndromes are familial and rarely sporadic. Thus, when a clinician
encounters a pediatric patient with any of the syndromic features, genetic testing,
and counseling, regardless of family history should be considered as many of these
conditions may have decreased penetrance and first-degree relatives that are carriers
may not be affected. This review outlines several familial multiple neoplasia syn-
dromes with prominent endocrine presentations, summarized in Table 4.1.

Syndromes with Prominent Endocrine Presentations

Multiple Endocrine Neoplasia, Type 1
Background and Prevalence

Multiple endocrine neoplasia type 1 (MEN-1, OMIM #131100) is an autosomal
dominant disorder caused by heterozygous germline pathogenic variants in the
MEN] gene [36] (Table 4.1). The clinical manifestations of MEN-1 can vary sub-
stantially, with over 20 reported endocrine and non-endocrine tumors [36]. However,
three endocrine tumors are common features of the disease, including parathyroid
hyperplasia with hyperparathyroidism, anterior pituitary adenomas, and entero-
pancreatic tumors [1, 37]. The presence of two of the three main endocrine tumors,
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along with family history of one case of MEN-1 and one first-degree relative with at
least one of the three main endocrine tumors, and genetic screening strongly sup-
ports a diagnosis of MEN-1 [36]. Age of affected individuals can range from 5 to
82 years, but 83% of MEN-1 patients present after the age of 21 [38] and 12% of
MEN-1 patients will receive a diagnosis in the first two decades of life [1, 39]. A
study of 734 MEN-1 patients indicated a 57.8% female predominance, indicating
the disease may have a slight female predilection, and a delayed diagnosis in women
[39]. The prevalence of MEN-1 in the general population is estimated at 1:30,000 [1].

Clinical Characteristics

Parathyroid hyperplasia with hyperparathyroidism is present in 90% of MEN-1
patients with nearly 100% penetrance by age 50 [1, 36, 37]. Typical age of onset is
between 20 and 25 but presentation as early as 4 has been reported [1, 37].
Hyperparathyroidism is typically mild, and the recommended treatment is a subto-
tal parathyroidectomy, a 3 and Y2 gland resection, and associated removal of the
cervical thymus [38]. Rarely, parathyroid carcinoma may occur, and indicates a
poor prognosis [39].

Anterior pituitary adenomas previously associated with MEN-1 include: prolac-
tinomas, growth hormone (GH)-secreting, TSH-secreting, ACTH-secreting, and
non-functioning adenomas, with prolactinomas occurring most frequently [36].
While the prevalence of pituitary adenomas is 45%, less than 10% of MEN-1 cases
will present with a pituitary adenoma initially [1, 37]. A prolactinoma variant of
MEN-1 with an unusually high penetrance of prolactinomas and low penetrance of
gastrinomas has been reported [37, 40, 41].

Gastro-entero-pancreatic neuroendocrine tumors are found in 30-75% of MEN-1
patients [1, 37]. They can present as Zollinger-Ellison syndrome (ZES), which has
a prevalence of 20-25% of MEN-1 and an earlier age of onset [42]. The develop-
ment of medical therapies, such as proton pump inhibitors and Histamine
H2-receptor antagonists, have reduced the mortality in MEN-1 due to uncontrolled
gastric acid secretion associated with ZES [38].

Pancreatic adenomas or carcinomas in MEN-1 remain life-threatening due to
limitations in detection until they gain biochemical activity and become invasive
[37, 40]. While glucagonomas and VIPomas occur occasionally, insulinomas, which
typically manifest as a single benign nodule with multiple islet macroadenomas, are
the second most common functioning pancreatic tumors in MEN-1 [38, 39].

Adrenocortical tumors, which are typically non-functioning bilateral hyperplasia
or adenomas, occur in 36—41% of MEN-1 patients [1, 37]. Additional adrenal mani-
festations include adrenocortical carcinoma in 1.4— 6% of cases, and pheochromo-
cytomas [36, 37, 39].

Additionally, tumors previously reported in MEN-1 include cutaneous and vis-
ceral lipomas, facial angiofibromas, collagenomas, as well as thymic, gastric, and
bronchopulmonary carcinoid tumors [36, 37]. Approximately 33% of patients have
lipomas, which are typically non-recurrent after surgical resection. Multiple facial
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angiofibromas occur in 40-80% of MEN-1 cases [37]. Ultimately, carcinoid tumors
in MEN-1 are rare, however, type II gastric enterochromaffin-like cell carcinoid
tumors occur more frequently. Thymic carcinoid tumors have also been reported,
more frequently in men compared to women and are often treated with a thymec-
tomy [37, 38].

Multiple Endocrine Neoplasia, Type 2
Background and Prevalence

Multiple endocrine neoplasia type 2 (MEN-2) is an autosomal dominant disorder
caused by activating pathogenic variants in the rearranged during transfection (RET)
proto-oncogene (Table 4.1). The syndrome primarily affects three endocrine glands:
the thyroid, adrenal, and parathyroid glands. MEN-2 can be subclassified into three
phenotypic presentations: MEN-2A (OMIM #171400), MEN-2B (OMIM #162300,
also referred to as MEN-3), and familial medullary thyroid carcinoma (FMTC,
OMIM #155240) although FMTC is thought to be a variant of MEN-2A [2, 37, 43,
44]. MEN-2A makes up the majority (70-80%) of all MEN-2 cases whereas
MEN-2B is the least frequent but most aggressive phenotype [37, 45]. Biochemical
screening for tumors associated with the MEN-2 syndrome will be positive in 93%
of disease carriers by 31 years of age [46]. The prevalence of MEN-2 in the general
population is estimated at 1:35,000 [2].

Clinical Characteristics

While each subclassification of MEN-2 has discrete phenotypic characteristics, all
have a high penetrance for medullary thyroid cancer (MTC), with approximately
90% of patients showing some evidence of MTC [37, 47]. MEN-2A is characterized
by MTC, pheochromocytoma, and multi-gland parathyroid tumors [2, 37]. MTC
often acts as the first sign of MEN-2A, typically around the ages of 20-30, with
C-cell hyperplasia and multifocal carcinomas affecting the thyroid bilaterally [38,
45, 48]. In both MEN-2A and MEN-2B, bilateral MTC occurs in 100% of patients
and bilateral (sometimes unilateral) pheochromocytomas affect approximately 50%
of patients. Of the classifications of MEN-2, only MEN-2A presents with primary
hyperparathyroidism in 20-30% of cases [37, 38, 45]. Unlike other subgroups,
20-30% of MEN-2A patients also develop parathyroid hyperplasia and adenomas
[37]. Non-endocrine presentations which may occur in MEN-2A include
Hirschsprung’s disease [2, 37, 45].

The MEN-2B phenotype includes characteristic facial features such as enlarged
lips and eyelids, marfanoid habitus, and mucosal neuromas of the lips and tongue in
addition to MTC and pheochromocytomas [2, 37]. MTC presents in the first year of
life, is more aggressive, has greater metastatic potential and occurs universally in
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MEN-2B patients [37, 45]. If left untreated, MTC may lead to mortality by age 30
[38]. Other MEN-2B manifestations include gastrointestinal symptoms, and gastro-
intestinal ganglioneuromatosis occurs in approximately 40% of MEN-2B patients
[4, 49, 50].

Patients with a family history of MEN-2 and a RET mutation should be screened
at 5 years of age (or earlier). Surgical removal of the thyroid gland is recommended
if found to be affected during screening and if the thyroid gland is affected, it should
be surgically removed. Given the lethality of MTC in MEN-2B, thyroidectomy and
central lymph node dissection should be performed early. Management of a con-
firmed pheochromocytoma takes precedence over MTC and usually includes a uni-
lateral or bilateral adrenalectomy [38].

FMTC presents with isolated MTC and a very low likelihood of developing
endocrine or non-endocrine manifestations of the MEN-2 syndrome. FMTC
accounts for 10-20% of all MEN-2 cases, however, the prevalence may be underes-
timated due to the absence of other signs and symptoms outside of MTC, which
complicates the diagnosis [2, 45, 47].

Multiple Endocrine Neoplasia, Type 4
Background and Prevalence

Multiple endocrine neoplasia, type 4 (OMIM #610755) is the most recently recog-
nized MEN phenotype [1, 51, 52] (Table 4.1). In 2006, MEN-4 was recognized in
rat models who developed pituitary adenomas, thyroid C-cell hyperplasia, parathy-
roid hyperplasia, as well as intra- and extra-adrenal pheochromocytomas due to a
pathogenic variant in the cyclin-dependent kinase inhibitor 1B (CDKN1B) gene [1].
This finding led to the MEN-4 subclassification, which has been reported less than
30 times to date. Therefore, accurate assessments of prevalence, penetrance, and
genotype-to-phenotype correlations have not been performed [6, 51].

Clinical Characteristics

A formal clinical guideline for the diagnosis of MEN-4 has not been established,
however, the diagnosis is typically ascertained by age 40. The most frequently
reported manifestations of MEN-4 are parathyroid hyperplasia or adenomas, pitu-
itary adenoma, and entero-pancreatic neuroendocrine tumors [1, 6, 51].

There is considerable overlap between the clinical manifestations in MEN-1
and MEN-4, with some differences [51]. Hyperparathyroidism has an incidence
rate of 81% and is most frequently due to a parathyroid tumor. Compared to
MEN-1, hyperparathyroidism has a later age of onset in MEN-4, ranging from
ages 46 to 74 [1, 51]. Pituitary adenomas occur in 41% of MEN-4 patients. The
absence of prolactinomas in MEN-4 distinguishes it from MEN-1, however,
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gastrinomas and non-functioning pancreatic tumors occur in approximately 25%
of MEN-4 patients [6]. Adrenal masses, neuroendocrine carcinomas of the cervix,
as well as bronchial and stomach carcinoid tumors have been reported in MEN-4
[6, 51].

von Hippel-Lindau Syndrome
Background and Prevalence

von Hippel-Lindau syndrome (VHL) is an autosomal dominant multi-tumoral syn-
drome caused by germline pathogenic variants in the VHL gene encoding the VHL
protein (pVHL) and has [1] a prevalence of 1:36,000 among live births [53]. VHL
is characterized by highly vascularized tumors, including CNS and retinal heman-
gioblastomas, clear cell renal cell carcinoma (ccRCC), pheochromocytomas and
paragangliomas (PHEO/PGL), and pancreatic neuroendocrine tumors (pNET) [1,
54, 55]. Most children (80%) have an affected parent, however, 20% of cases are
due to de novo pathogenic variants [1, 55].

Clinical Characteristics

Clinical manifestations of VHL syndrome vary within and between affected fami-
lies, but most commonly include CNS and retinal hemangioblastomas, ccRCC,
PHEO/PGL, and endolymphatic sac tumors (ESTs) [54]. Patients usually develop
VHL syndrome between the ages of 18 and 30, with a mean age of onset of 26 [53].
Patients without a family history must present with at least two main tumor presen-
tations and a VHL pathogenic variant, whereas only one tumor manifestation is
required when a family history is present [54-56]. VHL syndrome has been subclas-
sified into Type 1 and Types 2a, 2b, and 2c, based upon genotype—phenotype char-
acteristics [1, 53, 57] (Table 4.2).

CNS hemangioblastomas are the most frequent tumor presentation in VHL and
the leading cause of mortality [1, 56]. Hemangioblastomas occur in 60-80% of
patients and are most commonly localized in the cerebellum, spinal cord, and brain
stem [58]. Retinal hemangioblastomas have a prevalence of 70% and are often mul-
tifocal and bilateral [54, 59]. The second leading cause of mortality in VHL syn-
drome patients is ccRCC [1, 56] with a mean onset age of 39% and 70% of affected
patients developing the tumor by age 60 [54, 59].

PHEO/PGL occur in 10-20% of patients with a mean age of onset of 20-25 years
[1, 59]. PGLs are usually non-functional and affect the sympathetic axis of the tho-
rax and abdomen [54]. Approximately 47% of VHL syndrome patients develop
pNETs, with a mean age of onset of 33-35 years and the greatest risk of onset by
late 30s. pNETs are typically multifocal and non-functional, whereas pancreatic
lesions are cystic and uniformly distributed across the pancreas [54, 60].
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Table 4.2 Genetic and phenotypic characteristics of von Hippel-Lindau (VHL) syndrome
subtypes. Source: [54]

von Hippel-Lindau syndrome subtypes

Type 1 Type 2A Type 2B Type 2C
Type 1b with pathogenic All Type 2 are Type 2b is Type 2c patients
truncating and exon characterized by associated with | present with
deletions (1a), or gene missense pathogenic a higher risk pheochromocytoma
deletions (1b) and a variants and a >60% for renal cell
0.5-10% risk of developing | chance of developing carcinoma
pheochromocytoma and tumors
paraganglioma
Presents a reduced risk for | Type 2a is associated Type 2b
renal cell carcinoma with a low risk for renal | consists of
cell carcinoma clear cell renal

cell carcinoma,

and in some

cases, type 2a

tumors
The risk of tumors is Presence of retinal and
non-existent or less than CNS hemangioblastomas
10% and pheochromocytomas

ESTs occur in 10-16% of patients with VHL; however, bilateral ESTs are
pathognomonic and occur in 30% of patients with ESTs [56]. The average age of
diagnosis with this tumor is 28 years [56]. Rarely, adenomas are bilateral and may
lead to infertility [54]. Interestingly, papillary cystadenomas, the female equivalent,
are extremely rare [54, 59].

Conclusion

There are a host of familial endocrine neoplasms that occur in childhood and ado-
lescence. Our improved understanding of these syndromes coupled with advance-
ments in genetics has enabled improved recognition and care of these patients. Due
to complexities and nuances in the management of these syndromes, experienced
clinicians working in established centers are best suited to care for these patients.
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MNG Multinodular goiter

MRI Magnetic resonance imaging

MTC Medullary thyroid cancer

NGS Next generation sequencing

PHTS PTEN hamartoma syndrome

PKA Protein kinase A

PPNAD Primary pigmented nodular adrenocortical disease
PRKARIA Protein kinase A regulatory subunit type 1-alpha
PRN Papillary renal neoplasia

PTC Papillary thyroid cancer

PTEN Phosphatase and tensin homolog

RET Rearranged during transfection

SEC23B SEC23 homolog B COPII coat complex component
SEER Surveillance epidemiology and end results
SRGAP Slit-Robo rho GTPase activating protein

TCO Thyroid carcinoma with oxyphilia locus

TITF-1 Thyroid transcription factor-1

TREC T-cell receptor excision circle

VEGFR Vascular endothelial growth factor receptor
Introduction

Familial thyroid cancer syndromes are classified into familial medullary thyroid
carcinoma (FMTC) and familial non-medullary thyroid cancer (FNMTC). FMTC
syndromes are associated with the development of thyroid cancer derived from neu-
roendocrine C cells, either as the sole presentation (FMTC) or as a part of multiple
endocrine neoplasia type II (MEN2A or B) [1] (Fig. 5.1). Approximately 25% of
patients with medullary thyroid cancer (MTC) have one of these familial forms,
which are typically caused by specific germline pathogenic variants in the RET
proto-oncogene.

FNMTC is associated with the development of thyroid malignancy of epithelial
origin—either papillary (PTC) or follicular thyroid cancer (FTC)—and again could
present as an isolated cancer or in a syndromic form associated with other manifes-
tations [2] (Fig. 5.1). Most cases of PTCs and FTCs are sporadic, but approximately
3-9% may have familial disease [1, 3].

Given the inherited component of FMTC and FNMTC oncogenesis, it is expected
that thyroid malignancies may develop in childhood and adolescence, dependent on
the penetrance of certain germline molecular drivers and their modulation by envi-
ronmental factors. According to the Surveillance, Epidemiology and End Results
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Fig. 5.1 Overview of sporadic and familial thyroid cancer presentations. M7TC medullary thyroid
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familial non-medullary thyroid cancer, MEN multiple endocrine neoplasia
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(SEER) program, new cases of thyroid cancer in children and adolescents younger
than 20 years old represent 1.8% of all thyroid malignancies diagnosed in the
USA. The incidence appears to be increasing among 15-19-year-old adolescents,
and thyroid cancer is the eighth most diagnosed cancer in this age group. Adolescents
have a ten times higher likelihood of developing thyroid cancer than younger chil-
dren, with a significantly higher incidence in females compared with males, result-
ing in a ratio of 5:1 [2]. In fact, thyroid cancer is the second most common
malignancy in female adolescents [4, 5]. Such gender disbalance is not observed in
younger children [2].

The most common presentation of thyroid cancer in children is a thyroid nodule,
but more aggressive cancer forms may present as either local or distant metastases
[2]. The diagnostic work-up usually includes fine needle aspiration biopsy (FNAB)
of the thyroid nodule and/or metastatic lesion with the appropriate malignancy risk
stratification based on the Bethesda system of cytologic classification of thyroid
nodules [3, 6]. The subsequent surgical and adjuvant therapy is guided by the histo-
logical type of the tumor, disease stage, likelihood of recurrence, and risks to benefit
estimates [6].

The goal of this chapter is to review the genetics, epidemiology, presentation,
and management of syndromic and non-syndromic forms of thyroid cancer that can
affect children and adolescents.
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Syndromic FNMTC

PTEN Hamartoma Tumor Syndrome (PHTS)
Genetic Background

PHTS is an autosomal dominant inherited disease spectrum that includes the more
commonly recognized Cowden syndrome (CS). The molecular signature of PHTS
is a germline inactivation of the phosphatase and tensin homolog (PTEN) tumor
suppressor gene, located on chromosome 10q23.3. It is believed that this gene pro-
duces an enzyme that is responsible for removing a phosphate group from proteins
and lipids involved in the regulation of cell division. A classic tumor suppressor
gene, PTEN gene appears to follow the Knudson two-hit hypothesis where one of
the two alleles is knocked out in every cell of the body (germline pathogenic vari-
ant) and then tumorigenesis occurs following a somatic acquired pathogenic variant
(or epigenetic downregulation) knocking out the working wild-type allele in one of
the cell types that relies on this gene to prevent aberrant cell division (second hit)
[7]. While a tumor or cancer of one of the PTHS-associated tissues can occur in
someone from the general population as the result of both PTEN alleles being
knocked out in the same cell through somatic acquired pathogenic variants, the
germline inactivation of one of the two PTEN alleles in every cell of the body in
someone with PTHS greatly increases the likelihood of developing one of more of
the tumors associated with this disorder and also makes it more likely to occur early
in life, such as in childhood or adolescence [7].

Epidemiology

The disease spectrum involves a group of disorders that include CS, Cowden-like
syndrome, Bannayan-Riley-Ruvalcaba syndrome, PTEN-related Proteus syndrome,
and Proteus-like syndrome. It has been reported that these disorders are likely
underdiagnosed as they may be hard to recognize; therefore, the determination of
their exact incidence and prevalence is difficult to assess. It has been reported that
CS is estimated to affect 1 in 200,000 individuals in the general population [8].
Proteus syndrome and Proteus-like syndrome are rare complex syndromes with an
estimated prevalence of less than 1:1,000,000 live births [9] (Table 5.1).

Clinical Presentation in Children and Adolescents

CS is the best-known of the PHTS group of disorders. It is named after the first fam-
ily that was diagnosed with this condition, which was identified by Lloyd and
Dennis in 1963. While most of the data on the increased cancer risks associated with
PTHS come from studies of CS, it is believed that all individuals with a germline
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pathogenic variant in PTEN carry the same increased risks for certain cancers,
including a one in three chance of developing thyroid cancer during their life [10].

CS can involve several organs and various systems. One way to diagnose CS is
based on pathognomonic criteria, either with central nervous system involvement
and/or skin pathology including dysplastic cerebellar gangliocytoma, facial trichil-
emmomas, acral keratosis or papillomatous lesions. The diagnosis could be estab-
lished also based on any two major criteria with or without minor criteria; or one

Table 5.1 Summary of genetics, epidemiology, and screening strategies in FNMTC and FMTC

Screening for

Syndrome Genetics Prevalence Clinical manifestations thyroid cancer
Syndromic FNMTC
PTEN Inheritance: Cowden Thyroid pathology: Screening for
Hamartoma autosomal Syndrome Adenoma, MNG, germline PTEN in
dominant Hashimoto thyroiditis, children with
FTC thyroid cancer, and
macrocephaly
PTEN gene ~1:200,000 in | Non-thyroid pathology: | Germline PTEN
following the | the general macrocephaly, dysplastic | present: baseline
Knudson population cerebellar gangliocytoma, | and annual thyroid
two-hit facial trichilemmomas, US before the age
hypothesis acral keratosis or of 18 or 5-10 years
papillomatous lesions, before the earliest
hamartomas, epidermal cancer diagnosis,
nevi, hamartomas, whichever occurs
fibrocystic breast disease, | first
breast cancer uterine
fibroid/cancer, renal cell
carcinoma
Proteus
syndrome and
Proteus like
syndrome
1:1,000,000

(continued)
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Screening for

Syndrome Genetics Prevalence Clinical manifestations thyroid cancer
DICER 1 Inheritance: Ranging Thyroid pathology: Genetic counseling
autosomal between multinodular goiter, and testing are
dominant 1:10,500 and | NMTC recommended for
1:2500 individuals who
have clinical
features of
DICERI1 and for
those with a family
history of DICER1
DICER 1 Non-thyroid pathology: | Annual thyroid
(14932.13) cystic nephromas, ovarian | ultrasound during
including sec cord-stromal tumors, | childhood/
missense Sertoli, Leydig cell adulthood
variants in the tumor, nasal, eye, recommended
RNaselllb pituitary blastoma,
domain pinealoblastoma, Wilms
responsible for tumors, and pleuro-
the processing pulmonary blastomas
of microRNAs
DICERI
operates under
the two-hit
tumor
suppressor
gene model
Carney Inheritance: >750 cases Thyroid pathology: Screening for
Complex autosomal since 1985 multinodular goiter, thyroid nodules
dominant follicular adenoma with ultrasound
after the second
decade of life
PRKARIA PTC, FTC
(17q24.2)
PRKACA and Non-thyroid pathology:
PRKACB spotty skin pigmentation

or blue nevi, muco-
cutaneous, breast or
cardiac myxomas,
primary pigmented
adrenal hyperplasia,
growth hormone
producing adenomas,
Sertoli cell tumors,
schwannomas,
osteochondromyxomas
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Screening for

Syndrome Genetics Prevalence Clinical manifestations | thyroid cancer
Ataxia Inheritance: 1:40,000 to Thyroid pathology: Lack of data
Telangiectasia | autosomal 1:300,000 in | PTC—2 case reports regarding screening
recessive general reported in children results given the
population rare occurrence of
thyroid cancer
ATM gene Non-thyroid pathology:
leukemias, lymphomas.
cerebellar ataxia,
oculomotor apraxia,
choreoathetosis,
oculocutaneous
telangiectasia,
immunological
deficiency, premature
aging, insulin-resistant
diabetes mellitus and
premature ovarian failure
Non-syndromic FNMTC
FNMTC Inheritance: 3-9% of all Thyroid pathology: PTC, | There is no specific
autosomal NMTC HTC, FTC recommendation
dominant with by the American
incomplete Thyroid
penetrance Association for or
against screening,
but screening with
thyroid ultrasound
every 2-3 years
should be
considered in
families with 3 or
more first-degree
relatives affected
by FNMTC
starting at teenage
years
The genetic Non-thyroid pathology:
susceptibility not applicable
is not

well-defined

(continued)
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Syndrome

Genetics

Prevalence

Clinical manifestations

Screening for
thyroid cancer

MEN2A

Inheritance:
autosomal
dominant

1:35,000 in
general
population

Thyroid pathology: MTC

Annual
assessments that
include physical
examination,
cervical ultrasound,
and serum
calcitonin
measurement in all
children with
MEN-2A
beginning at 3-5
years of age.
Prophylactic
thyroidectomy at
or before the age of
5 for high-risk RET
mutation. For
moderate-risk RET
mutation
thyroidectomy
when calcitonin
level becomes
elevated.

Activating
mutations in
RET gene:

Non-thyroid pathology:
primary
hyperparathyroidism,
pheochromocytoma,
cutaneous lichen
amyloidosis,
Hirschsprung’s disease

High-risk RET
mutation codon
634. Moderate
risk RET
mutations:
codon 321;
531, 515, 533;
600, 603 606;
649 666; 768,
777,790 791,
804, 819, 833
844; 866, 891,
912, 609, 611,
618, 620; 630,
631 and 633,
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Table 5.1 (continued)

Screening for

Syndrome Genetics Prevalence Clinical manifestations | thyroid cancer
MEN2B Inheritance: 0.9- Thyroid pathology: MTC | ATA guidelines
autosomal 1.6:1,000,000 recommend early
dominant general thyroidectomy
population before the age of 1

year in children
carrying the

M918T mutation
and by the age of 5
for affected with
germline
p-Ala883Phe RET
mutation

Activating Non-thyroid pathology:

mutations in pheochromocytoma,

RET gene: mucosal neuromas,

intestinal

ganglioneuromas,
skeletal abnormalities,
ophthalmologic
abnormalities

Highest risk:
p-Met918Thr
RET

High risk:
p-Ala883Phe
RET mutation

major and two minor criteria; or three minor criteria. Among major diagnostic cri-
teria are macrocephaly, as well as different types of malignancies, including breast
cancer, NMTC, and endometrial cancer. The minor criteria are less specific and
consist of hamartomas, multinodular goiter, intellectual disability, fibrocystic breast
disease, fibromas, uterine fibroids, and renal cell carcinoma.

Thyroid diseases like adenomatoid nodules, lymphocytic thyroiditis, follicular
adenomas or carcinomas are the most common presentations observed in about
50-68% of patients with CS [11, 12]. After breast cancer, NMTC is the second most
common malignancy in patients with CS, as it has been reported in about 3—14% of
patients. CS is associated with a high lifetime risk of thyroid cancer of about 35%
[13, 14]. FTC is more common than PTC in patients with PHTS. This is opposite to
non-syndromic forms of thyroid cancers, as PTC is the most common non-syndromic
thyroid cancer. NMTC in patients with CS has been reported as early as at 67 years
of age. Classic papillary and Hiirthle cell cancers have also been described in chil-
dren with PTHS [15, 16].

Bannayan-Riley-Ruvalcaba syndrome is associated with a wide spectrum of
phenotypic presentations [12]. It can manifest as angiomatosis, lipomatosis, and
macrocephaly [15]. Several types of thyroid tumors may occur in
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Bannayan-Riley-Ruvalcaba syndrome including follicular and Hiirthle cell adeno-
mas, multinodular goiter, PTC, and FTC. FTC has the highest prevalence in this
syndrome [17].

Proteus syndrome and Proteus-like syndrome are characterized by several con-
nective tissue abnormalities such as hamartomas, epidermal nevi, and hyperostosis.
These features are present at birth and persist throughout life, with a tendency to
progress. The connective tissue nevi are pathognomonic for diagnosis. Patients with
Proteus syndrome have a high risk of developing thyroid cancer, breast cancer, and
endometrial cancer. The management of Proteus syndrome is usually symptom-
based per standard care.

PHTS-Associated Thyroid Cancer Management

Initially, extensive medical and family history investigation is recommended to
assess the possible manifestations of PHTS. Genetic testing can be considered if
there is any evidence of the typical features in the proband or patients’ relatives.
Thyroid ultrasound is more accurate than physical examination to diagnose thyroid
nodules, and especially helpful in the pediatric population [13]. Baseline thyroid
ultrasound is recommended regardless of age. It is recommended to repeat the ultra-
sound on an annual basis in all patients harboring typical pathogenic variants caus-
ing PHTS [16, 18].

Ultrasound-guided fine needle aspiration (FNA) is indicated for any detected
thyroid nodule that is 1 cm or larger in a child with a normal TSH [19]. Surgical
resection and adjuvant therapy should follow the standard guidelines of the manage-
ment of thyroid nodules and cancer in children and adolescents [6].

Genetic Counseling

Identifying the causative PTEN pathogenic variant in an affected family member
allows for genetic counseling and testing of at-risk relatives, which can promote
early diagnosis of PHTS in those who carry the predisposition and early identifica-
tion and management of malignancies associated with PHTS. PHTS can exhibit
variable expressivity, meaning that the conditions can affect different people differ-
ently, even within the same family and the same mutation. However, PTHS exhibits
nearly complete penetrance with almost all individuals with CS developing muco-
cutaneous lesions by the fourth decade of life and most having macrocephaly [19].

Making a molecular diagnosis in the proband can allow for in-depth genetic
counseling about the increased risks for developing certain cancers and the recom-
mended screening and surveillance available to the patient. It is important for both
the patients and their physicians to understand these increased risks because, as
opposed to a member of the general population who develops cancer, a person with
PHTS is seven times more likely to develop a second primary cancer in their
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lifetime [20]. It also allows for counseling about the risk of passing the disorder on
to offspring, which is 50% chance for each child.

Testing for PTEN should be considered in children presenting with thyroid can-
cer, especially where macrocephaly co-exists [5, 6]. In a child found to have PHTS,
both parents should have targeted genetic testing for the pathogenic variant in PTEN
to determine if it was inherited, allowing for appropriate care of that parent and
cascade testing of that side of the family, or if it is a de novo pathogenic variant.
Approximately half of patients with CS inherited it from a parent, and up to half of
patients with PHTS in general have a de novo pathogenic variant in PTEN, with
almost all of PTEN-related Proteus syndrome and Proteus-like syndrome being
caused by de novo germline pathogenic variants [18]. If the parents of a child diag-
nosed with PHTS are found not to carry the pathogenic variant, confirming it as de
novo, then the risk for a sibling of the patient is low, probably <1%, although still
higher than the general population because of the small possibility of gonadal mosa-
icism (postfertilization genetic changes that is confined to the gamete precursors
and is not detected in somatic tissues) in one of the parents.

DICERI Syndrome
Genetic Background

DICERI syndrome is an autosomal dominant disorder caused by germline patho-
genic variants in the DICER] gene. The gene is located on chromosome 14q32.13
and is responsible for the processing of microRNAs (miRNA). Like PTEN, it is
believed that DICER] operates under the two-hit tumor suppressor gene model
whereby tumors and cancer associated with this syndrome, including NMTC, occur
after a somatic second hit alters the remaining working copy of the gene in a par-
ticular type of cell [21]. However, DICER] is different from the classic tumor sup-
pressor genes, which are associated with biallelic loss-of-function pathogenic
variants, because one of the hits to the gene must be a missense variant in the
RNaselllb domain, while the other is usually a truncating loss-of-function variant.
It is hypothesized that missense variants in this specific region of the gene lead to
aberrant miRNA processing that has downstream oncogenic effects, and this imbal-
ance in processed miRNA is covered up by a working second allele of DICERI.
This explains why the loss-of-function second hit is needed for tumorigenesis [22].
Moreover, the RNaselllb domain missense variant must occur in one of five key
amino acids and, for certain tissues, may need to be present at certain points of
embryogenesis or development to have an oncogenic effect.

This unique molecular etiology of DICER1 syndrome leads to a highly variable
presentation with reduced penetrance. On the other hand, if patients present with the
pathogenic RNaselllb missense variant, then it is much more likely for them to
acquire loss-of-function second hit in one or more cell types, leading to a more
severe variant of DICER1 syndrome with greater number of neoplasms and perhaps
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increased risk for the non-neoplastic manifestations. However, there is evidence that
suggests that a DICER] pathogenic missense variant in the RNaselllb domain can-
not be inherited in the germline, suggesting that it would be incompatible with life
if present in every cell of the body, so this more severe type of DICERI1 is associated
with mosaic de novo cases, adding further variability to the phenotype, since the
presentation will be affected by which tissues were hit and missed in that individ-
ual [22].

Epidemiology

The prevalence of DICERI pathogenic variants in the general population has been
calculated to be between ~1 in 10,500 people to as common as ~1 in 2500 [23] with
a second similar analysis using a different database arriving at a prevalence of ~1 in
4500 [24].

Clinical Presentation in Children and Adolescents

One copy of the altered DICERI gene is sufficient to cause an increased risk of
developing tumors, but the penetrance and presentation of DICER1 syndrome are
highly variable [25]. Typically, a patient starts with a pathogenic germline loss-of-
function variant and then, when certain tissues acquire a specific second somatic hit
that affects the catalytic activity of the enzyme, it leads to malignant transformation
and growth. This can happen at different times and locations of the body during
development, growth, and life, leading to different outcomes in the patients.

The disease may present with neoplastic and non-neoplastic manifestations. The
neoplastic manifestations include benign and malignant thyroid lesions, cystic
nephromas, ovarian sex cord-stromal tumors, nasal, eye, pituitary and pineal tumors,
Wilms tumors and renal sarcomas, and pleuropulmonary blastomas. Many of these
neoplasms are rare outside of DICER1, so one should consider this syndrome when
encountering NMTC or multinodular goiter in a person or family with other
DICER-associated manifestations, especially pleuropulmonary blastoma, pulmo-
nary cysts or pneumothorax in a child, Sertoli-Leydig cell tumor, gynandroblas-
toma, pituitary blastoma, or pineoblastoma [26]. Non-neoplastic manifestations can
include retinal changes, macrocephaly, and kidney and urinary tract anomalies.
Thirteen percent of male patients harboring DICERI pathogenic variants develop
multinodular goiter by the age of 20, while it affects up to 30% of females younger
than 20 years. Moreover, thyroid nodules in these patients are characterized by
16-24-fold higher risk of malignant transformation leading to NMTC [27].

Treatment of patients with DICER1 using chemotherapy and/or bone marrow
transplantation for pleuropulmonary blastomas can also be a predisposing risk fac-
tor for NMTC, as it may lead to second somatic hits in the thyroid tissue. In fact,
PTC has been reported to be associated with germline and somatic pathogenic vari-
ants of DICER]I [28]. Moreover, five cases of PTC/FTC associated with a history of
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high dose chemotherapy have been reported in patients with DICER1 syndrome
[21, 29]. Subsequently, Khan et al. reported six additional cases of NMTC develop-
ing after chemo-and radiotherapy to the lungs, all in female patients with a median
age of 10 years [27]. NMTC usually presents as a thyroid nodule, and follows an
indolent course, without an increased risk of invasion or metastasis [16]. Therefore,
the outcome is usually favorable.

DICER1-Associated Thyroid Cancer Management

Thyroid carcinoma in DICER1 syndrome is typically well-differentiated with low
likelihood for invasion, extrathyroidal extension, or metastasis; poorly differenti-
ated NMTC in DICERI1 has been reported very rarely [30]. In 2018, Shultz et al.
established DICERI surveillance guidelines that recommend annual thyroid physi-
cal examination for thyroid nodules or asymmetry along with the consideration of
thyroid ultrasounds starting at the age of 8 years and repeating every 3-5 years, if
normal [30]. If a patient develops MNG or NMTC, then management should follow
the standard guidelines as in sporadic cases [20, 29]. Given usually low risk of per-
sistent/recurrent disease at initial NMTC presentation, the surgical intervention
with total thyroidectomy is commonly sufficient, without radioactive iodine as adju-
vant therapy [3].

Genetic Counseling

DICERI is an autosomal dominant disorder caused by germline heterozygous
pathogenic variants. Up to 10% of pathogenic DICER] variants are large deletions
of an exon or more that could be missed by gene sequencing (e.g., Sanger single-
gene sequencing or Next Generation Sequencing exome sequencing), so deletion/
duplication testing must be included in the genetic testing to thoroughly rule out
DICERI as the cause of the affected patient’s manifestations [26].

Genetic counseling and testing are recommended for individuals who have clini-
cal features of DICER1 and for those with a family history of DICER1. For at-risk
individuals in affected families, surveillance measures should be discussed as the
treatment approach unless or until germline genetic testing rules out the familial
DICER]I pathogenic variant [30, 31]. Due to the reduced penetrance exhibited by
DICERI syndrome, a lack of identified clinical manifestations in a parent or sibling
is insufficient to rule them out as carriers. While a significant number of DICER1
cases may be caused by a de novo DICERI1 pathogenic variant, with one study of
patients with pleuropulmonary blastomas showing 20% of cases being de novo,
molecular genetic testing of both parents for the pathogenic variant identified in the
patient is necessary to confirm the de novo occurrence and clarify the recurrence
risk to siblings, which is 50% if a parent carries the variant and 1% if not [26].

In an apparently-sporadic case of DICER1 syndrome, if no DICER] pathogenic
variant is identified through germline testing (sequencing and deletion/duplication
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testing of blood or saliva), there is a possibility of somatic mosaicism; up to 10% of
de novo pathogenic variants have been found to exhibit mosaicism wherein germ-
line genetic testing might miss the pathogenic variant but tumor testing will reveal
biallelic pathogenic variants in the gene. In these cases, sequencing of buccal tissue
or of normal tissue around the tumor tissue, or deep sequencing of blood or saliva
DNA, can be helpful to confirm the mosaic diagnosis. Siblings of a patient with
mosaic disease are not at increased risk since the de novo pathogenic variant
occurred post-zygotically and was not inherited from a parent. If the pathogenic
variant that is present in multiple tissues of the patient (mosaic) is the missense
RNasellIb variant, which would often be the case in severe cases, then any children
that the patient might have in the future would be unlikely to inherit this condition
since these pathogenic missense variants have never been found in the germline,
suggesting they would be incompatible with life and would likely result in a miscar-
riage [22, 26, 32].

Carney Complex
Genetic Background

Carney complex is an autosomal dominant condition which was first described in
1985 as “myxomas, spotty pigmentation and endocrine overactivity” [33]. Most
cases of Carney complex are caused by a germline loss-of-function variant in
PRKARIA, which encodes protein kinase A regulatory subunit type 1-alpha on
chromosome 17q24.2. This leads to activation of protein kinase A (PKA), as the
regulatory subunit normally inhibits PKA activity. Other rare pathogenic variants
have been identified in patients who do not have PRKAR-a and have been associ-
ated with specific abnormalities. Pathogenic variants in PRKACA, the catalytic sub-
unit alpha of PKA located on 1p31.1, has been seen in isolated primary pigmented
nodular adrenocortical disease (PPNAD) [34] and variants in PRKACB, the cata-
lytic subunit beta of the PKA, located in 19p, have been seen in Carney complex
with acromegaly [35].

Epidemiology

Since 1985, over 750 cases of Carney complex have been reported but the exact
prevalence is unknown [36]. Carney Complex is slightly more common in females
(57%) compared to males (43%). The diagnosis can be made at birth in some cases
but median age at diagnosis was found to be 20 years [37]. In a specific study of ten
patients with Carney complex and thyroid tumors or thyrotoxicosis, the youngest
age at first diagnosis was 13 years and the oldest age was 57 years with median age
of 34 years [38].
Clinical Presentations in Children and Adolescents
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Carney complex is characterized by multiple neoplasias, including cardiac, skin,
and breast myxomas, endocrine tumors, spotty skin pigmentation, and endocrinopa-
thies [39]. Spotty skin pigmentation is the most common clinical manifestation
although it is not invariably present.

Major Diagnostic Criteria:

. Skin: Spotty skin pigmentations or blue nevi.

. Myxomas: cutaneous or mucosal or cardiac or breast tissue.

. Adrenal: primary pigmented nodular adrenal hyperplasia.

. Pituitary: growth hormone producing adenoma causing acromegaly.

. Gonadal: large cell calcifying Sertoli cell tumors.

. Thyroid: Thyroid carcinoma or multiple hypoechoic nodules on thyroid
ultrasonography.

. Psammomatous melanotic schwannomas.

. Breast ductal adenomas.

9. Osteochondromyxomas.

AN AW =

o0

Supplemental Criteria

(a) Inactivating PPKARIA variants.
(b) Positive family history in first-degree relatives.

Diagnosis is made when any two major diagnostic criteria are found or any one
of the major criteria along with one of the supplemental criteria is met [37].

Thyroid gland disease is a late developing feature of Carney complex and can
manifest as a spectrum from follicular hyperplasia and nodular disease to carcinoma
[40]. Thyroid nodules are detected usually as small hypoechoic lesions on ultraso-
nography in up to 60% of all patients and two-thirds among children and adolescent
[41]. Thyroid nodules often appear during the first 10 years of life [40]. Follicular
adenoma is the most common diagnosis, whereas PTC and FTC can be seen in up
to 10% of Carney complex patients with thyroid nodules [37, 42].

Carney Complex-Associated Thyroid Cancer Management

Thyroid nodules are rarely detected at an age less than 10 years, therefore screening
with physical examination and thyroid ultrasound do not have to be assessed until
the second decade of life [43]. Thyroid nodules detected by ultrasound are further
assessed based on the American Thyroid Association (ATA) guidelines with bio-
chemical examination and fine needle aspiration biopsy [41]. Follicular thyroid
adenomas can be treated conservatively, while PTC and FTC require thyroidectomy
with or without lymph node dissection, as appropriate. Patients are selected for
radioactive iodine therapy based on post-operative risk stratification per ATA pedi-
atric guidelines. Usually, RAI is indicated for children with tumors exceeding 4 cm,
with extrathyroidal extension or extensive regional nodal involvement, as well as
iodine-avid pulmonary metastases. Long-term follow-up for a child with differenti-
ated thyroid cancer is essential because disease can recur decades after initial
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diagnosis and therapy [44]. Prognosis of familial thyroid cancer is similar to spo-
radic cases after treatment [45].

Genetic Counseling

Any patients who meet diagnostic criteria for Carney complex should have
PRKARIA germline analysis, regardless of family history. Carney complex is an
autosomal dominant disorder caused by germline heterozygous loss-of-function
variants which can include large deletions of an exon or more that would be missed
by gene sequencing (e.g., single-gene Sanger or NGS exome sequencing), so dele-
tion/duplication testing must be included in the genetic test to thoroughly rule out
PRKARIA variants as the cause of the affected patient’s manifestations. If a germ-
line cause is identified, all first-degree relatives of affected patients should be offered
targeted genetic analysis for that same pathogenic variant as early as the first 2 years
of life [46]. Carriers of the pathogenic variant have a 50% chance of passing on the
disorder to each child. Males with Carney complex may have reduced fertility and
pregnancies that inherit the PRKARIA pathogenic variant from either parent may be
more likely to result in miscarriage, although the finalized data on this are not yet
available [47].

Approximately 30% of patients with Carney complex carry a de novo germline
pathogenic variant in PRKARIA [47, 48]. If a parent carries the pathogenic variant,
then each sibling of the affected patient has a 50% chance of having inherited it as
well. If neither parent carries the variant and it is presumed de novo, the recurrence
risk for another child is greater than for the general population but still less than 1%.
Prenatal genetic counseling is available to discuss prenatal genetic testing options.

Most cases (~60-80%) of Carney complex arise from pathogenic variants in
PRKARIA. Meanwhile, approximately 20% of families with Carney complex have
been linked to chromosome 2q16, and these have been referred to as having Carney
complex 2, although the causative gene in that region has not yet been established
[47, 49]. If a causative PRKARIA variant is not found, especially in patients with
isolated PPNAD, it may be possible to pursue analysis of additional genes that have
been implicated in rare cases of Carney complex, including PRKACA and PRKACB,
the so-called Carney complex 3 [41].

Ataxia Telangiectasia
Genetic Background

Ataxia telangiectasia is an autosomal recessive neurodegenerative disorder charac-
terized by immunodeficiency and an increased risk of developing cancer caused by
pathogenic variants in the Ataxia Telangiectasia Mutated (ATM) gene located on
chromosome 11q22-23 [50]. Most affected individuals in the USA inherit different
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pathogenic variants from each parent; thus, molecularly, they present as compound
heterozygotes. However, there are population-specific pathogenic biallelic homozy-
gotes observed in Amish, North African Jewish, and Sardinian populations [51].
The ATM tumor suppressor gene encodes the protein kinase ATM which plays a key
role in the cellular response to DNA (Deoxyribonucleic acid) damage and multiple
cell cycle checkpoint pathways. The ATM pathogenic variants result in the absence
of ATM protein expression or a lack of its kinase activity. Therefore, ataxia telangi-
ectasia is characterized by an extreme sensitivity of DNA to radiation-induced dam-
age which is a significant risk factor for oncogenesis [52]. The most common ATM
pathogenic variants are missense and truncating, detected by a sequence analysis in
single-gene testing or multi-gene panels (>90% of cases), while deletion/duplica-
tion analysis reveals pathogenic ATM variants in 1-2% of patients [53-55] .

Notably, even though the full spectrum of disease manifests in biallelic homozy-
gotes or compound heterozygotes, carriers of a single ATM pathogenic variant are
also at approximately four times increased risk of developing cancer compared to
the general population, attributed mainly to a breast cancer predisposition [51, 56,
57]. Carriers are also at increased risk of developing coronary artery disease [58].

Moreover, there is a genotype-phenotype correlation in ataxia telangiectasia
observed for some ATM variants. There are variants associated with milder pheno-
typic presentation of neurogenerative disorder, such as ¢.5762-1050A > G, c.1A > G,
c.7271T > G, ¢.8147T > C, and ¢.8494C > T, as well as variants associated with a
higher cancer risk such as ¢.6679C > T [56, 57, 59-63].

Epidemiology

The frequency of heterozygous ATM gene carriers varies between 0.1% and 5% in
the general population [64] and prevalence of the autosomal recessive disorder is
estimated to be 1:40,000 to 1:300,000 in the general population [51, 65]. The inci-
dence has been reported to be significantly higher in consanguineous marriages
[66]. Neurodegenerative features can be seen as early as at the age of 1-4 years.
Although thyroid carcinoma in adult patients with ataxia telangiectasia has been
reported, its occurrence in children is very rare—with only two case reports dis-
cussed below [67, 68].

Clinical Features

The classical form of ataxia telangiectasia is a childhood-onset disease character-
ized by progressive cerebellar ataxia, oculomotor apraxia, choreoathetosis, oculo-
cutaneous telangiectasia, and immunological deficiency associated with frequent
infections [68]. Ataxia telangiectasia is also associated with premature aging,
insulin-resistant diabetes mellitus, and premature ovarian failure [51]. The clinical
diagnosis becomes most apparent after the age of 10 years when ataxia, apraxia,
telangiectasia, and dysarthria are fully expressed. MRI shows cerebellar atrophy at
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this age, unlike in infants where diagnosis can be elusive and confused with mild
cerebral palsy, acute infectious or episodic ataxia. The three routine tests to support
a diagnosis are: (1) newborn screening for severe combined immunodeficiency
revealing reduced T-cell receptor excision circle (TREC) levels and lymphopenia,
(2) elevated serum alpha-fetoprotein (AFP) seen in 95% of patients, and (3) translo-
cation of chromosome 7;14 in peripheral blood cells [51, 69]. The diagnosis is con-
firmed in a proband either by molecular genetic testing documenting the presence
of biallelic ATM pathogenic variants or by immunoblotting showing absent or sig-
nificantly reduced ATM protein levels.

The occurrence of malignancies is approximately 100 times greater than in the
general population, most commonly consisting of lymphoproliferative disorders
such as leukemia or lymphoma. The thyroid malignancies are very rare in childhood
consisting of two case reports documented. PTC along with lymph node involve-
ment was seen in a 9-year-old female with ataxia telangiectasia as well as in a
13-year-old girl with follicular variant of PTC confined to the thyroid gland [67, 70].

Ataxia Telangiectasia-Associated Thyroid Cancer Management

There is a lack of data regarding screening results and prognosis of ataxia telangi-
ectasia associated with PTC. When diagnosed, it should be treated according to
standard guidelines and treatment recommendations [71]. However, given the pre-
disposition to DNA damage in patients with ataxia telangiectasia, treatment with
radioactive iodine should be implemented only in patients with metastatic disease,
preferably utilizing dosimetry to quantify the exposure to radiation of normal
organs [72].

Genetic Counseling

Notably, ataxia telangiectasia is one of the incidental findings of newborn screening
for severe combined immunodeficiency. Based on the study focusing on the parent’s
perspectives, early ataxia telangiectasia diagnosis in the pre-symptomatic phase of
the disorder via newborn screening is a preferred approach [73]. Molecular testing
of ATM can provide additional information for genetic counseling since certain
variants in the gene have a known genotype-phenotype correlation that may allow
for a more customized conversation and anticipatory guidance. Genetic counseling
can help parents understand the recurrence risk for this autosomal recessive condi-
tion, which is a one in four chance to have another affected child. A discussion
about the carriers in the family is especially important for this disorder since hetero-
zygous pathogenic variants also predispose to cancer development. This includes
the parents, who are both obligate carriers, and any unaffected siblings, who have a
2/3 likelihood of having inherited one of the ATM pathogenic variants.
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Non-syndromic FNMTC

Non-syndromic FNMTC was first described by Robinson and Orr in 1955 when it
was identified in monozygotic twins. Non-syndromic FNMTC is defined by the
presence of thyroid cancer of follicular origin in two or more first-degree family
members in the absence of hereditary or environmental causes like radiation [74].
However, several studies suggest that the FNMTC diagnosis should be established
only if three or more first-degree relatives are affected [2, 75, 76].

Genetic Background

FNMTC is inherited in an autosomal dominant pattern with incomplete penetrance.
The genetic susceptibility is not well-defined [4]. Some investigators suggest that
FNMTC is a polygenic disorder characterized by a low-to-moderate number of
pathogenic alleles with variable penetrance [4, 77, 78] Genome-wide association
studies reveal at least 10 loci associated with odds ratio of FNMTC development
ranging from 1.2 to 1.8, indicating that low penetrance predisposition may play an
important pathogenic role [78]. These loci include but are not limited to, thyroid
carcinoma with oxyphilia locus (TCO), first described in a French family and sub-
sequently confirmed with other pedigrees [79, 80], and fPTC/PRN the first locus
discovered in an American family, identified at position 1q21, and associated with
FNMTC and papillary renal neoplasia (PRN), hence the locus name [81]. Additional
susceptibility loci for “non-medullary thyroid carcinoma-1” NMTC-1 have been
identified on chromosome 2q21 [82].

Several additional low penetrance susceptibility risk loci or genes have been
identified, although none has been uniformly shown to have a causative role. These
include the Slit-Robo Rho GTPase activating protein (SRGAP), thyroid-specific-
enhancer-binding protein/thyroid transcription factor-1 (7ITF-1/NKX2-1), Fork-
head Box El (FOXEI), SEC23 Homolog B COPII Coat Complex Component
(SEC23B), hyaluronan binding protein 2 (HABP2), and mitogen-activated protein
kinase 5 (MAP2KS) [83-88]. None of the above-mentioned germline variants have
been shown to be uniformly associated with FNMTC or to be a common causative
factor for several families. There is also no genotype-phenotype correlation identi-
fied. Hence, there are no definitively known causative germline drivers of FNMTC
to date.

Epidemiology
FNMTC is diagnosed in 3-9% of patients with thyroid cancer [3]. There are limited

data on the prevalence of non-syndromic FNMTC in children. However, the disease
could present in children as early as the age of 8§ years [89].
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Clinical Presentation in Children and Adolescents

FNMTC-associated tumors present at an early age are often bilateral and multifocal
and have more nodal involvement and higher recurrence rate, although the latter
feature has not been uniformly reported [4, 74, 90, 91]. PTC is the most common
form of FNMTC. Benign thyroid diseases are also common in FNMTC families and
can manifest as follicular adenoma, MNG, and Hashimoto’s thyroiditis [74, 92].

There are mixed data about the clinical behavior of FNMTC whether following
a more aggressive or less aggressive course compared to sporadic NMTC [4, 78].
These conflicting data are likely due to a bias inherently associated with the low-
quality evidence coming from retrospective case-control studies characterized by
limited sample sizes. It was also reported that the second generation may develop
more aggressive disease, reflecting the clinical anticipation phenomenon, sugges-
tive of genetic background of FNMTC [91].

There are limited data on the presentation of FNMTC in pediatric and adolescent
population. However, in a recent study, Capezzone et al. showed that pediatric
FNMTC is more prevalent in males and associated with higher rate of bilateral and
multifocal tumors as well as lymph node metastases compared to sporadic NMTC
in this age group [4].

Management of FNMTC

There are limited data on screening and surveillance as well as clinical course and
prognosis of FNMTC compared to sporadic NMTC. However, ultrasound surveil-
lance of family members of affected probands has been shown to detect earlier
stages of disease in which tumors are smaller, characterized by a lower incidence of
extrathyroidal extension and fewer lymph node metastasis [2]. There is no specific
recommendation by the ATA for or against thyroid ultrasound screening, since there
is no evidence of decreased morbidity or mortality with screening [3, 6]. However,
based on the average age of presentation, screening with thyroid ultrasound occur-
ring in regular intervals (every 2-3 years) is justified to be implemented 10 years
before the peak incidence (starting in teenage years) or 10 years before the earliest
age of the diagnosis in the family, whichever occurs first [2]. There is no role for
prophylactic thyroidectomy in children of the affected parent, due to a very variable
disease penetration in individual patients.

The most common and definite treatment of FNMTC is total thyroidectomy in
patients with biopsy-proven thyroid cancer. There is also a lower threshold for a
surgical intervention in patients with indeterminate thyroid nodules [90]. Lymph
node dissection is highly considered, given the likelihood of lymph node involve-
ment, if there is a suspected evidence of nodal involvement on pre-surgical neck
ultrasound [91]. Adjuvant therapy with radioactive iodine is considered for children
and adolescents with either locally advanced FNMTC or distant metastases.
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Genetic Counseling

Increased awareness and screening for familial thyroid cancer can help with earlier
detection of the disease and a timely intervention. In clinical genetics, in the absence
of a known molecular etiology for which to test, we revert to the pedigree and epi-
demiological data for risk assessment and genetic counseling. Most patients intui-
tively know that they are at an increased risk to have or to develop a condition that
someone closely related to them has, and this is true for FNMTC. A recently-
published large epidemiological study in Korea calculated odds ratios of 4.76
(2.59-8.74), 6.59 (2.05-21.21), and 9.53 (6.92-13.11), respectively, for those with
a mother, father, or sibling who had a history of thyroid cancer [93].

Since there are no definitive causative genes to test in those affected with FNMTC
at this time, one cannot remove the risk conferred by the family history of FNMTC,
but there is still a benefit to discussing the increased risk to family members, facili-
tating decision making around screening options, and supporting patients psychoso-
cially, including in their communication about these matters to their relatives.
Furthermore, it is important for molecularly unsolved patients to know that clinical
genetics is a rapidly progressing field and that it is always a good idea to check back
in with genetics in the future to get the latest information.

Syndromic Forms of FMTC: Multiple Endocrine Neoplasia
Type 2 (MEN2)

MEN-2A
Genetic Background

MENZ2A is an autosomal dominant hereditary cancer syndrome that results from
pathogenic missense variants in the rearranged during transfection (RET) proto-
oncogene located on chromosome 10. The RET germline pathogenic variants lead
to gain-of-function of the tyrosine kinase receptors, promoting uncontrolled cell
growth and differentiation in various developing tissues, including those developed
from the neural crest. As many as 95% of patients with MEN2A will have germline
variants in codon 634 of exon 11 or codons 609, 611, 618, 620 of exon 10 [1, 94].
MEN2A syndrome consists of MTC, pheochromocytoma (often bilateral) and/or
tumors of the parathyroid glands that usually manifest as primary hyperparathyroid-
ism (PHPT) within a single patient or family and can sometimes include skin and
gastrointestinal manifestations in a form of cutaneous lichen amyloidosis and
Hirschsprung disease, respectively. There is a clear association between the geno-
types and the phenotype in terms of age of onset, aggressiveness of MTC, and the
evidence of other neoplasms. Notably, variants in codon 634 are associated with
high risk for aggressive MTC (up to 100% penetrance), while the penetrance for
pheochromocytoma is about 50%, primary hyperparathyroidism ~10-30%. There is
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also an association with cutaneous lichen amyloidosis [1]. Other pathogenic RET
variants, including exon 5, codon 321; exon 8, codons 531, 515, and 533; exon 10,
codons 600, 603, and 606; exon 11, codons 649 and 666; exon 13, codons 768, 777,
790, and 791; exon 14, codons 804, 819, 833, and 844; and exon 15, codons 866,
891, and 912, exon 10, codons 609, 611, 618, and 620; and exon 11, codons 630,
631, and 633, are associated with a moderate risk of aggressive MTC and a later
average age of onset as well as a variable presentation of pheochromocytoma, with
penetrance ranging from 10 to 30%, and PHPT ranging from O to 10%. These geno-
type—phenotype correlations help with determining the recommendations regarding
the age at which to perform prophylactic thyroidectomy and begin biochemical
assessments for catecholamine overproduction or hypercalcemia [94, 95].

Epidemiology

MEN-2A is the most common among MEN2 syndromes, representing 95% of
cases, and consists of classical MEN2A, MEN2A with cutaneous lichen amyloido-
sis, MEN2A with Hirschsprung disease, and FMTC diagnosed in families or indi-
viduals with RET germline mutations who have MTC but neither pheochromocytoma
nor hyperparathyroidism [1, 94].

The prevalence of MEN-2A is about 1/35,000 and depending on the type of
genetic background, may lead to MTC in children younger than 5 years old [1, 96].

Clinical Presentation in Children and Adolescents

MTC is generally the first manifestation of MEN-2A, occurring in 95% of patients
harboring a pathogenic RET variant, and it can develop in early years between 5 and
25 years of age, suggesting that C cells are more prone to oncogenic RET gene acti-
vation than adrenal medullary or parathyroid cells. Notably, solitary presentation of
FMTC has been recently categorized as MEN2A, as there are families diagnosed
initially solely with FMTC, for whom development of other endocrine tumors
occurred later in life. Hence to avoid any misdiagnosis, particularly of life-
threatening conditions, such as pheochromocytoma, FMTC is now a part of MEN2A
to assure that the management is similar to all patients with MEN2A [1].

PHPT has been reported in as young as 9 years old and can extend up to 70 years
of age. However, the most common age range is between 17 and 49 years [97].
Although PHPT is not common among children, with reported incidence of
2-5/100,000, it is associated with increased morbidity when it affects this age
group, as most of the children with PHPT will experience symptomatic hypercalce-
mia [98]. Pheochromocytoma is very rarely diagnosed during childhood. The aver-
age age at diagnosis has been reported in case series as ranging from 23 to 40 year
of age. There are few case reports of pheochromocytoma diagnosis at the age of
8 years of age in the setting of underlying MEN2A [99].
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MEN2A-Associated Thyroid Cancer Management

Total thyroidectomy before the age of 5 years is recommended for high-risk patients
harboring RET 634 mutation. There are no specific recommendations about the best
timing of surgery for patients with moderate risk RET variants and prophylactic
thyroidectomy is suggested in the teen age years [1]. The timing is guided by the
yearly screening with calcitonin measurements and thyroid ultrasound. Annual
assessments that include physical examination, cervical ultrasound, and serum cal-
citonin measurement are recommended in all children harboring germline RET
proto-oncogene variants and should begin at 3-5 years of age [1]. Children with
RET634 variants should also undergo screening for pheochromocytoma by the mea-
surement of plasma or urine metanephrines and normetanephrines starting at the
age of 11-years-old, while those with moderate risk variants listed above, should
start screening at the age of 16 years. For practical reasons this screening, occurring
every 1-3 years, should be accompanied by testing calcium levels to rule out hyper-
parathyroidism [1].

If thyroid nodules and/or elevated calcitonin levels are detected in children or
adolescents, the extent of surgical treatment depends on the risk of metastatic dis-
ease. Although there is a controversy regarding the calcitonin thresholds in decision
making process, for calcitonin levels exceeding 20—40 pg/mL, central neck dissec-
tion is advocated, as this concentration of calcitonin is associated with increased
risk of central neck lymph node metastases. Lateral neck dissection is recommended
if there is any evidence of pathologic lymph nodes determined by neck ultrasound.
However, when calcitonin levels exceed 200 pg/mL, bilateral lateral neck dissection
is proposed to treat likely macro- and micro-metastatic foci in the lateral neck lymph
nodes [1]. If serum calcitonin level is greater than 500 pg/mL, suggesting the pres-
ence of distant metastases, computed tomography (CT) of the neck and chest as
well as imaging evaluation of the liver with three-phase CT or contrast enhanced
magnetic resonance imaging (MRI), as well as axial MRI and bone scintigraphy to
screen for bone metastases, are recommended. In such patients with distant metas-
tases, less surgical involvement in treating the neck disease can be considered to
preserve speech, swallowing, parathyroid function, and shoulder mobility, as prior-
ity is given to systemic therapies [1]. Non-surgical treatment can also include exter-
nal beam radiotherapy (EBRT) to the neck as well as to the bone lesions, and local
thermo-or chemo-ablation of the liver metastases.

There are two tyrosine kinase inhibitors approved for the treatment of MTC,
vandetanib, and cabozantinib, in children older than 5 years as well as two specific
RET inhibitors, pralsetinib and selpercatininb, approved for children and adoles-
cents older than 12 years [1, 100]. Interestingly, it appears that vandetanib is more
effective in children than in adults, as median progression free survival in children
with MEN2 was 6.7 years and 5-year survival rate was 88.2% [101], while in adults
median progression free survival was 30.5 months compared with placebo
19.3 months [102]. Less is known about the efficacy of cabozantinib in the pediatric
population, while in adults treatment with this tyrosine kinase inhibitor results in the
improvement of median progression free survival from 4 months in the placebo
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group to 11.2 months in cabozantinib-treated patients [103]. However, therapy with
tyrosine kinase inhibitors, due to their wide spectrum targets including vascular
endothelial growth factor receptor (VEGFR), is associated with significant side
effects including, but not limited to hypertension, proteinuria or palmar-plantar
erythrodysesthesia [102, 103]. Treatment with specific RET inhibitors is associated
with a significant reduction of these VEGFR-mediated side effects. Moreover,
although the results of head-to-head comparisons between thyroid kinase inhibitors
and RET inhibitors from ongoing LIBRETTO-431 and AcceleRET-MTC are not
yet available, RET inhibitors have shown very promising efficacy in RET-mutant
tumors, with an overall response rate of 60% for those previously treated with tyro-
sine kinase inhibitors MTC and 71% for treatment-naive MTC [100]. That said, the
exact efficacy of RET inhibitors in children is currently unknown.

Genetic Counseling

Given that MEN2A is a monogenic disorder with an autosomal dominant pattern of
inheritance, affected individuals have a 50% chance of transmitting the defective
gene to each child. Because this disorder is caused by gain-of-function variants,
sequencing of RET will detect all pathogenic variants that cause MEN2 and dele-
tion/duplication testing is not needed.

Genetic testing of at-risk family members, including parents and siblings of
patients diagnosed with MEN2A, promotes early treatment and high likelihood of
cure from MTC [31]. The established genotype—phenotype correlations in MEN2
allow for more tailored genetic counseling discussion about the risks associated
with the family’s pathogenic variant and the corresponding surveillance
recommendations.

MEN2B Syndrome
Genetic Background

MENZ2B syndrome is a rare autosomal dominant condition caused by specific germ-
line pathogenic variants in RE7. The most common is p.Met918Thr, accounting for
95% of MEN2B and characterized by the highest risk of aggressive MTC of all
known RET variants [2]. The next most common cause of MEN2B is RET
p-Ala883Phe. MTC is seen in 100% of patients with MEN2B. These aforemen-
tioned gain-of-function RET variants are associated with about 50% chance of
developing pheochromocytoma, and approximately half of those will be multiple or
bilateral [6]. Unlike MEN2A, parathyroid tumors are uncommon in
MEN2B. Approximately 50-75% of patients with MEN2B have de novo germline
RET variants, while the rest inherit the disease from a parent [1].
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Epidemiology

MENZ2B accounts for 5-10% of MEN2 cases. The prevalence is about one in a mil-
lion [104]. MEN2B-associated aggressive MTC affects children as early as in the
first year of life.

Clinical Manifestations in Children and Adolescents

MTC due to germline RET918 variants develops within the first year of life, even as
early as the first few months of life, and lymph node metastases have been identified
within the first year as well [105]. The stage of MTC disease at diagnosis is the
strongest predictor of survival. MEN2B has a worse prognosis, with a 10-year sur-
vival of 75.5% compared with 97.4% in MEN2A. Moreover, patients with MEN2B
are also characterized by marfanoid habitus and skeletal deformations including
narrow long facies, pes cavus, pectus excavatum, high-arched palate, scoliosis, and
slipped capital femoral epiphysis, mucosal neuromas, intestinal ganglioneuromato-
sis, ophthalmologic abnormalities such as dry eyes, thickened and everted eyelids,
ptosis, and prominent corneal nerves as well as presence of pheochromocytomas.

Management of MEN-2B Associated Thyroid Cancer

Surgery is the first line treatment for MTC. The probability of surgical cure is
undoubtedly lower in MEN2B than that in MEN2A, likely due to an earlier age of
MTC appearance and a delayed diagnosis [106]. To avoid the risk of incurable
MTC, ATA guidelines recommend early thyroidectomy before the age of 1 year in
children carrying the RET918 variant [1, 107]. The surgery should be done in ter-
tiary referral centers by experienced surgeons. Carriers of RE7883 can undergo
prophylactic thyroidectomy by the age of 5 years, as the risk of aggressive MTC is
similar to the risk of RET634 carriers. Screening for pheochromocytoma should be
implemented at the age of 11 years old. Since these patients do not develop hyper-
parathyroidism, screening for hypercalcemia is not necessary. The management of
metastatic MTC in the setting of MEN2B is like that in the setting of
MEN2A. Appropriate education of pediatricians and other health care professionals
to recognize the early endocrine and nonendocrine manifestations of disease is
needed to improve outcomes [108].

Genetic Counseling

Because of the physical manifestations of MEN2B that affect appearance, including
mucosal neuromas of the tongue and lips, distinctive facies, and marfanoid habitus,
itis much less likely to go undiagnosed than MEN2A or other cancer predisposition
syndromes. Nonetheless, it may be appropriate to offer targeted germline genetic
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testing to the parents of an affected patient either to confirm the diagnosis in an
affected parent or to confirm that the child’s pathogenic variant occurred de novo.
Up to 75% of MEN2B cases occur due to de novo germline mutations [2]. In that
case, the recurrence risk for a sibling is greater than for the general population but
still less than 1%.

In addition to discussions of the tumor and cancer risks associated with MEN2B,
there is also significant psychosocial genetic counseling to be done related to the
physical differences caused by this syndrome. Some patients or their parents may
find syndrome-specific support groups to be helpful for navigating these psychoso-
cial issues and finding community. For those affected patients who choose to have
children, genetic counseling can help them understand their reproductive options,
including targeted genetic testing of a baby allowing for prophylactic thyroidec-
tomy before 1 year of age if the child inherits the pathogenic variant (50% chance),
targeted genetic testing of a fetus, in vitro fertilization with pre-implantation genetic
screening, adoption, or use of a donor egg or sperm.

Conclusion

In summary, several genetic disorders are associated with the presence of thyroid
nodules and thyroid cancer in children and adolescents. The diagnostic work-up
usually involves thyroid ultrasound and fine needle aspiration biopsy, but the crite-
ria for biopsy in children and adolescents should focus on clinical context and ultra-
sound features more than on size of the nodules, as thyroid volume continues to
change with age.

Unlike FNMTC, the familial forms of MTC are characterized by a well-known
genotype-phenotype correlation that can successfully guide the optimal manage-
ment. The aggressiveness and age of onset of familial MTC differs depending on the
specific germline genetic mutation and this should determine the timing and extent
of thyroid surgery [109]. Genetic testing helps to detect pre-invasive disease early
allowing prophylactic thyroidectomy even in infancy when indicated. Prophylactic
thyroidectomy is not routinely practiced in patients with syndromic or non-
syndromic FNMTC, as the penetrance of thyroid cancer is highly variable. Children
with thyroid cancer should be treated in centers with a multidisciplinary team,
including high volume surgeons and expertise in the disease, to minimize the
complications.

Areas of Future Research

Management of thyroid cancer is evolving toward a personalized approach based on
clinical context, risk stratification, and molecular and anatomical pathology leading
to the appropriate staging. More data are required for risk stratification of children
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and adolescents who would qualify for radioactive iodine therapy and to overcome
the challenges of defining the subgroup who will not experience increased morbid-
ity and mortality with deferred treatment. Studies are limited regarding the use of
tyrosine kinase inhibitors and systemic treatment for advanced thyroid cancer unre-
sponsive to initial treatment in children.

The genetic background of FNMTC is not elucidated, thus further studies should
focus on potential polygenic mode of inheritance or epigenetic modifications as the
underlying etiology of this familial disorder. Overcoming the limitations of existing
evidence could be achieved by a collaborative international multicenter clinical and
molecular data collection.
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Age at Diagnosis and Prevalence

Pheochromocytoma and paraganglioma (PPGL) which respectively arise from
intra-adrenal chromaffin cells and extra-adrenal sympathetic or parasympathetic
paraganglia, exhibit numerous differences when they present in childhood through
to early adulthood compared to later ages [1-3]. Many of these differences relate to
underlying pathogenic variants of specific tumor susceptibility genes that are asso-
ciated with a relatively early age of disease onset and contribute to disease preva-
lence in childhood. Prevalence of PPGL among children with hypertension is higher
than in adults, reaching up to 1.7% [4] compared to 0.2% in adults. This presumably
reflects the higher proportion of secondary forms of hypertension in children and
adolescents than adults.

Among different pediatric series, the average age at which PPGL are diagnosed
varies between 11 and 15 years [3, 5-15]. Among the larger series of patients, the
youngest age at diagnosis is generally reported at 4-5 years [3, 8, 11, 13, 15, 16],
but some isolated cases of the tumor have been reported as early as 2 years [14] or
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even younger [17]. Several studies have reported a male predominance [6, 11, 13,
15, 16, 18], but this has not been corroborated by other studies [5, 7, 12].

Among the limited numbers of studies that have included data from both pediat-
ric and adult patients with PPGL, about 8—-10% are usually described to present
during childhood and through adolescence [10, 11, 18]. However, in a series of 255
patients with PPGL, Barontini et al. reported 58 (23%) cases of the tumor detected
before the age of 20 [16]. In another more recent series of 748 patients with PPGL,
95 cases (12.7%) were first diagnosed <18 years of age [3].

When interpreting data about childhood prevalence of PPGL it is important to
recognize that for most cases of the tumor there is considerable delay from the time
a tumor first appears to initial presentation of signs and symptoms and then to final
diagnosis [19, 20]. Olson and colleagues clarified this delay using measurements of
plasma metanephrines in serum collected and banked from 30 US Department of
Defense active military service members for up to 20 years before diagnosis of
PPGL [21]. Elevated serum metanephrines of more than two-fold above upper cut-
offs of reference intervals were found at a medium of 6.6 years before diagnosis. The
study also indicated an average doubling time for increases in plasma metanephrines
of 3 years, which is in line with the slow growing nature of these tumors [22]. Since
plasma concentrations of metanephrines directly relate to tumor volume [23], and
assuming a doubling time of 2-3 years, it can be determined that it would take
6-9 years for a I cm diameter tumor to reach 2 cm in diameter and another 6-9 years
to reach 3 cm (i.e., overall a 27-fold increase in volume). Since the average diameter
of most chromaffin cell tumors at diagnosis is between 3 and 4 cm it can be appreci-
ated that most PPGL that are diagnosed in young adults must first develop during
childhood. Thus, the true prevalence of childhood PPGL is likely much higher than
the 8-13% observed in population-based studies [3, 10, 11, 18], and is more likely
to reach or even exceed the 23% prevalence indicated by Barontini et al. [16].

Based on a tumor doubling time of 2 years, it can be estimated from the data of
Pamporaki et al. [3] that the 12.7% prevalence of childhood PPGL increases to
29.8% when tumor size at diagnosis is considered (Fig. 6.1). Of course, at a starting
diameter of 1 cm, most tumors are unlikely to produce signs and symptoms of cat-
echolamine excess. The only possibility for detecting such tumors would be as part
of surveillance programs based on hereditary risk. Nevertheless, the likelihood of a
larger proportion of PPGL arising during childhood than is widely appreciated
raises the importance of these tumors for pediatricians. With this there is also a need
for improved coordination and communication among various pediatric and adult
care specialties, particularly since most of the clinical expertise for these tumors
resides with the latter.
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Fig. 6.1 Age distributions a
for patients with PPGL at
first diagnosis (a) versus
likely initial occurrence of
tumors at an initial
diameter of 1 cm (b), the
latter according to
calculations based on a
tumor volume doubling
time of 2 years as clarified
in panel (c) for both tumor
diameter (dashed line) and
volume (solid line drawn
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Although the importance of hereditary causes of PPGL has only truly become
established over the past 20 years, the familial association in pediatric cases of the
tumor was already recognized as far back as in the 1960s and early 1970s when
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Knudson proposed the two-hit hypothesis for involvement of tumor suppressor
genes in cancer [2]. As more and more genetic causes of PPGL were identified, the
prevalence of germline pathogenic variants in tumor susceptibility genes in pediat-
ric cases of the tumor has increased from 40% in studies of 2005-2010 [7, 16] to
estimates that now reach or even exceed 80% [3, 11, 14, 15]. In keeping with early
observations [1], the prevalence of germline variants of tumor susceptibility genes
in children remains about two-fold higher than in adults.

Most common pathogenic variants in tumor susceptibility genes in pediatric
cases of PPGL are observed in pseudohypoxic genes, particularly those encoding
the von Hippel-Lindau (VHL) tumor suppressor and succinate dehydrogenase sub-
units B (SDHB) and D (SDHD); these variants respectively account for up to
27-50%, 20-47%, and 2—10% of all pediatric cases of the tumor [3, 10, 11, 14, 15].
Pathogenic variants have also been observed for succinate dehydrogenase subunit C
(SDHC), MYC-associated factor X (MAX), and endothelial PAS domain-containing
protein 1 (EPASI), but at lower frequencies of 1-3% [10, 14, 15]. Apart from MAX,
all aforementioned genes encode components of the pseudohypoxic pathway and
involve mutations that lead to stabilization of hypoxia-inducible factors (HIFs), par-
ticularly HIF2a, encoded by EPAS].

In contrast to the pseudohypoxic pathway genes, pathogenic variants in kinase
signaling pathway genes, such as the rearranged during transfection (RET) pseudo-
oncogene and neurofibromatosis 1 (NFI) gene, account for relatively low propor-
tions of pediatric compared to adult pheochromocytomas [3]. Pathogenic variants in
MAX on the other hand, although rare, have been described not only in pediatric
cases of PPGL, but also in neuroblastoma [24]. This gene may, however, occupy a
pivotal place as a convergence pathway point for upstream mutations of both pseu-
dohypoxic and kinase signaling pathway genes [25].

A characteristic of PPGLs due to mutations of pseudohypoxic pathway genes is
that the tumors do not express appreciable amounts of phenylethanolamine-N-
methyltransferase (PNMT), the enzyme that converts norepinephrine to epinephrine
[25]. This contrasts with tumors due to pathogenic variants in kinase signaling path-
way genes, such as RET, NF1, TMEM127, HRAS, and FGFRI, all of which express
PNMT and produce variable amounts of both epinephrine and norepinephrine [23,
26]. Consequent to these differences and the high prevalence of variants in pseudo-
hypoxic pathway genes in pediatric cases of PPGL, these tumors are characterized
by predominant production, storage and secretion of norepinephrine with little epi-
nephrine [3]. These observations are also consistent with findings that PPGL that
produce norepinephrine rather than mixtures of epinephrine and norepinephrine
occur at earlier ages in both hereditary and sporadic cases of the tumors [27].

Although there are ethnic differences in the genomic landscape of presentation
of PPGL, tumors that occur in Caucasians due to mutations of kinase signaling
pathways and that produce epinephrine almost always have adrenal locations [23,
26]. In contrast, tumors due to pathogenic variants in pseudohypoxic genes occur at
both adrenal and extra-adrenal sites, with the latter particularly characteristic of
tumors due to mutations of SDHB and SDHD. This, therefore, accounts for differ-
ences in presentations of paragangliomas and adrenal pheochromocytomas in
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predominantly produced by the tumor. Results based on merged datasets of Pamporaki et al. [3]
and Redlich et al. [15]

children compared to adults (Fig. 6.2), including a higher proportion of adrenal than
extra-adrenal tumors in adults than children [3]. Other related characteristic features
of pediatric compared to adult cases of PPGL involve predominance in the former
of multifocal tumors, bilateral adrenal tumors, and recurrent disease [1-3, 10].
Some studies have also indicated that in addition to recurrent disease, childhood
cases of PPGL tend to metastasize more often than those detected at later ages [3,
14, 28].

The aforementioned features of pediatric PPGL can be partially ascribed to the
predominance of pathogenic variants in pseudohypoxic genes, which carry a higher
risk of metastatic disease than variants in genes involved in kinase signaling [29].
Nevertheless, analyses restricted to tumors from such patients have indicated that
multifocal PPGL occur at significantly younger ages than solitary tumors [27]. This
suggests other contributing factors for the high prevalence of multifocal and recur-
rent PPGL in children than adults, including possible origins from single tumor
precursor cells. This idea builds on the Knudson two-hit hypothesis [2], by
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proposing that the second somatic chromosomal “hit” in some individuals with
germline variants of VHL, SDHB or SDHD genes can occur during migration of
embryonic neural crest derivatives to different paraganglial or adrenal locations. As
affected cells migrate and divide, such second hits could lead to multiple tumors at
different sites that present as multifocal and/or new tumors at a younger age.

As initially suggested in 2004, a common feature of noradrenergic PPGL due to
pathogenic variants of pseudohypoxia genes involves expression of HIF2a [30]. It
has since been clarified that combined expression of the gene and stabilization of
the protein product blocks actions of glucocorticoids to induce PNMT, leading to
the lack of epinephrine production in PPGL that result from pathogenic variants in
pseudohypoxia genes [25]. Expression of HIF2« in neuroblastoma, a primitive neu-
ral crest derived tumor of early childhood, is associated with an immature and
aggressive phenotype [31]. Transient expression of HIF2a is critical to the prolifera-
tion and migration of the trunk neural crest cells that give rise to both neuroblasts
and chromaffin cell precursors [32]. These findings further support the possibility
that pathogenic variants of pseudohypoxic genes that lead to stabilization of HIF2a
would favor embryonic survival of immature chromaffin cells that lack expression
of PNMT, thereby explaining the high prevalence of noradrenergic, multifocal, and
more aggressive PPGL in children than in adults.

Clinical Presentation and Surveillance

The clinical presentation of PPGLs in children as in adults is, in general, dominated
by manifestations of catecholamines secreted by the tumors, which can result in
hypertension and numerous signs and symptoms of catecholamine excess
(Table 6.1). These signs and symptoms often have a recurrent paroxysmal nature,
but can also occur unexpectedly and in isolation after provocation by various stimuli
or pharmacological agents. Although hypertension is less common in children than
in adults, this alone is not usually sufficient to justify a search for PPGL until other
more common forms of secondary hypertension are excluded. Nevertheless, when
hypertension is paroxysmal or accompanied by other signs or symptoms of cate-
cholamine excess, then the possibility of PPGL should be considered. Signs and
symptoms that are particularly important to consider include palpitations, inappro-
priate sweating, tremor, pallor, and nausea or vomiting [33]. Although, there is no
clear distinction for the presentation of signs and symptoms in children versus
adults [5, 7, 13, 16], nighttime sweatiness, polyuria, and disturbances of vision or
mental status have been described in children that might warrant attention [6, 8, 16,
18]. Since hypertension may be intermittent and not always present at clinical eval-
uation [5], it is important not to discount a catecholamine-producing tumor in
apparently normotensive children who nevertheless present with other signs and
symptoms of catecholamine excess.
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Table 6.1 Clinical manifestations of catecholamine-producing chromaffin cell tumors in children

Signs and symptoms Frequency
Cardiovascular Hypertension* 60-90%
Tachycardia (heart rate above 80 bpm) 40-60%
Palpitations 45-55%
Neurologic Headache® 60-70%
Alterations in mental status/decline in school 40%
performance
Gastrointestinal Nausea/vomiting 45-55%
Dermatologic Diaphoresis (sweating) 45-55%
Pallor 45-55%
Red puffy hands and feet 10-20%
Urologic Polyuria/polydipsia 10-20%
Ophthalmologic Visual disturbances 20%
Metabolic Weight loss 20%

* Hypertension in children up to 12 years is assessed according to blood pressures beyond the 95th
percentile of age, height and sex normative data in normal weight children; for adolescents” hyper-
tension is defined by a systolic blood pressure > 130 and/or diastolic blood pressure > 80 mmHg.
Importantly children with PPGL may be normotensive or only present with intermittent hyperten-
sion, best assessed by ambulatory blood pressure monitoring

® Headache is a relatively non-specific symptom, but when throbbing in nature and combined with
other symptoms may be useful

It is the signs and symptoms of presumed catecholamine excess that have histori-
cally provided the basis for clinical suspicion of underlying PPGL. Significant pro-
portions of PPGL are now, however, being discovered for other reasons, including
findings of an incidental mass during imaging studies for unrelated conditions (i.e.,
incidentaloma) as well as during routine screening associated with familial tumor
syndromes or variants in tumor susceptibility genes. At some specialist referral cen-
ters more than 50% of PPGL are now being discovered as incidentalomas [34], but
this is mainly in adult patients.

Despite the changing nature in how PPGL are being discovered, the primary
reason for clinical suspicion and laboratory testing in children, as in adults, remains
based on presentation of signs and symptoms of presumed catecholamine excess. In
children, incidentalomas are more rarely encountered than in adults, particularly
older adults, and accordingly represent a relatively minor reason for testing. On the
other hand, germline variants in tumor susceptibility genes are twice as common in
pediatric than adult patients with PPGL; accordingly, biochemical testing as part of
routine surveillance in carriers of pathogenic variants of tumor susceptibility genes
is becoming increasingly important for disease discovery; there is a particular need
for this in children, though it must also be recognized that in many children the vari-
ants are de novo and not present in their parents [10].

To meet the need for PPGL surveillance programs in at-risk children, there are
now recommendations and even guidelines proposed for screening that allow for
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specific tumor susceptibility genes [35—37]. These recommendations and guidelines
build on an accumulating wealth of natural history and genotype—phenotype data
related to the presentation of childhood cases of PPGL according to not only affected
genes, but also specific pathogenic variants in tumor susceptibility genes [3,
28, 37-39].

Recognizing the high proportion of childhood cases of PPGL due to VHL patho-
genic variants, it is well established that screening for PPGL in VHL variant carriers
should be initiated in childhood [35, 40]. Furthermore, since PPGL in VHL variant
carriers can present at a young age, the emerging consensus is to initiate screening
for the tumors at an age of 5 years. Because the penetrance of different tumors in
VHL syndrome is impacted by whether gene variants involve missense versus trun-
cating or deletion variants [41-43], there are possibilities that surveillance for PPGL
in VHL variant carriers may be initiated at later ages or relaxed for some patients.
As yet, however, there are no clear recommendations related to variant-specific
screening and all patients with VHL variants should undergo periodic surveillance.

For pathogenic variants of genes encoding succinate dehydrogenase subunits,
the most clear recommendations for surveillance concern children with SDHB vari-
ants, which are associated with a significant proportion of childhood cases and carry
a high risk for multifocal, recurrent and metastatic disease [28]. Although disease
penetrance is not high in SDHB variant carriers, the young age at which PPGLs can
develop combined with the aggressiveness of disease has determined recommenda-
tions that routine screening should start at 5-6 years of age [36, 38]. For SDHA,
SDHC, and SDHD pathogenic variant carriers, current recommendations are for
screening to commence at 10 years of age and as in other patients to be repeated
every 2-3 years if earlier screening returns negative results [36].

Although most pheochromocytomas in patients with RET pathogenic variants
occur in adults, the tumors can also occur in children, so that screening beginning in
childhood is recommended. However, the risk for pheochromocytoma and age dis-
tributions of incidence vary according to specific variants and their associated acti-
vating strength [44]. Associated refinements to screening guidelines indicate a start
for PPGL screening at 11 years for high-risk variant carriers and at 16 or 26 years
for others, and with intensity of screening varying from 1 to 3-year intervals depen-
dent on age [44].

For patients with NF1, past recommendations for screening were based on
whether patients present with hypertension. Recommendations now indicate that
screening for pheochromocytoma in patients with NF1 be carried out once every 3
years starting at an age between 10 and 14 years [45].

In carriers of MAX, FH, MDH2, TMEM127, and pathogenic variants of other
tumor susceptibility genes, the rare nature of PPGL due to these variants precludes
any evidence-based recommendations for surveillance programs specific for these
genes. Nevertheless, since all carriers are at risk for PPGL, they should undergo
some form of periodic surveillance that probably should begin at least in adoles-
cence or early adulthood. Although PPGL due to EPASI pathogenic variants do
occur during childhood [14, 15, 46], these invariably are somatic in nature and when
involving the Pacak-Zhuang syndrome involve mosaicism due to post-zygotic
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pathogenic variants in early development [47]. Thus, for any patient found to have
an EPASI mutation whether in childhood or adulthood, there is the possibility of
additional new or different neoplasms that should be considered under some form
or a surveillance program.

As in adults, testing for an underlying pathogenic variant in a tumor susceptibil-
ity gene is recommended in all children with PPGL, but even more so because of the
higher proportion of hereditary cases in children than adults. Even if a variant is not
found it is important that opportunities for routine surveillance are provided post-
operatively in order to check recurrent disease, which can present many years after
apparently successful resection of a primary tumor [3].

Laboratory Diagnostics

The first step in all patients in whom PPGL is suspected, including children, is bio-
chemical testing. This also applies to patients who undergo periodic surveillance
due to past history of PPGL or hereditary predisposition, though in these cases
surveillance may also include imaging studies. As outlined in the 2014 Endocrine
Society guideline [48], biochemical testing should be initiated using measurements
of either plasma or urinary normetanephrine and metanephrine, which together are
referred to as metanephrines. Over the years since publication of that guideline,
there have been further developments such as addition of methoxytyramine to the
plasma test panel [49, 50], which may be particularly important in certain patient
groups. Other developments relevant to pediatrics include use of the same plasma
test panel for neuroblastoma and PPGL [51, 52] and formulation of age-specific
reference intervals for children [53-55]. Development of advanced mass spectro-
metric methods of analyses and new testing strategies such as measurements of free
metanephrines in spot or first morning collections of urine [56], dried blood spots
[57], and saliva [58] represent further developments relevant to the pediatric field.
More recent technological advances that involve in situ derivatization before sample
purification and mass spectrometry provide for high analytical sensitivity and mea-
surements of multiple analytes in single small volume samples [59]. This new tech-
nology looks to be particularly important for pediatrics where specimen volume can
be a limiting factor.

When selecting plasma or urinary measurements of metanephrines for diagnosis
of PPGL, it is of foremost importance for interpretation of test results to understand
the sources and different forms of these metabolites in different matrices. Also
important is how the metabolites are impacted by different pre-analytical factors or
physiological or pharmacological influences and according to different methods of
measurement.

Of primary importance to the above is recognition that increases in the metabo-
lites due to a catecholamine-producing tumor do not in any significant manner
reflect or depend on secretion of catecholamines from tumors. As such, measure-
ments of the metabolites cannot be used to assess secretory activity, including
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whether a tumor is secretory or not. As originally indicated by Crout and Sjoerdsma
in 1964 [60], the catecholamine metabolites produced by pheochromocytoma are
mainly derived from metabolism within tumor cells. At the same time Irwin J Kopin
described how the leakage of catecholamines from vesicular stores led to metabo-
lism of the catecholamines within the same cells of catecholamine synthesis; in
sympathetic nerves this involves deamination catalyzed by monoamine oxidase
(MAO), which converts both norepinephrine and epinephrine to dihydroxyphanylg-
lycol [61]. The importance of metabolism of catecholamines within cells of their
synthesis, including in sympathetic neurons, adrenal chromaffin cells and tumor
derivatives, was further clarified in subsequent publications by Kopin and col-
leagues [62—65].

In brief, compared to intraneuronal deamination of norepinephrine, extraneuro-
nal O-methylation of catecholamines after secretion from sympathetic nerves and
adrenal chromaffin cells makes only a minor contribution to total catecholamine
metabolism [66]. Catechol-O-methyltransferase (COMT), the enzyme that, respec-
tively, converts norepinephrine and epinephrine to normetanephrine and metaneph-
rine, is not present within sympathetic neurons, but is present within chromaffin
cells and at extraneuronal sites of metabolism. Thus, the O-methylated metabolites
are normally minor catecholamine metabolites that circulate at low concentrations
and are derived from metabolism of catecholamines either in extraneuronal tissues
following release from neurons or the adrenal medulla and within adrenal medul-
lary cells after leakage of catecholamines into the chromaffin cell cytoplasm. The
latter pathway, however, predominates for metanephrine, over 90% of which is
derived from intra-chromaffin cell metabolism of epinephrine; by contrast the
amounts of circulating metanephrine derived from epinephrine after release by
adrenal chromaffin cells are negligible. The same applies to normetanephrine, at
least 24% of which is derived from O-methylation of norepinephrine within chro-
maffin cells; most normetanephrine, however, is derived from extraneuronal metab-
olism of norepinephrine after release by sympathetic nerves.

As a consequence of the above pathways of catecholamine metabolism, tumors
that derive from adrenal and extra-adrenal chromaffin cells produce large amounts
of metanephrines from metabolism of catecholamines within tumor cells, a process
that is independent of catecholamine secretion. This then provides the basis for the
importance of measuring the metanephrines versus the catecholamines and their
deaminated metabolites, such as dihydroxyphenylglycol and vanillylmandelic acid.

When considering the choice of plasma or urinary metanephrines it should be
appreciated that urinary metanephrines are usually measured after an acid hydroly-
sis step and represent mainly sulfate-conjugated metabolites, which are produced in
gastro-intestinal tissues. For metanephrine this makes little difference since the
sulfate-conjugated metabolite is produced from the free metabolite, almost all of
which is derived from chromaffin cells or their tumor derivatives. However, for
normetanephrine and methoxytyramine there are differences, particularly for the
latter metabolite. Substantial amounts of these metabolites are derived from metab-
olism of norepinephrine and dopamine locally synthesized within gastrointestinal
tissues and it is largely only the sulfate conjugates that escape from the
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hepato-portal circulation to reach the systemic circulation. Substantial amounts of
dietary dopamine are also converted to sulfate-conjugated methoxytyramine, but
dietary dopamine can also impact the free metabolite [67]. For this reason measure-
ments of plasma free methoxytyramine for assessing tumoral dopamine production
should be performed after an overnight fast. This additional source of sulfate conju-
gates acts to dilute the signal strength of the sulfate-conjugated normetanephrine
and methoxytyramine derived from PPGLs. Consequently, the measurements of
plasma free metanephrines offer superior performance for diagnosis of PPGLs than
measurements of acid-hydrolyzed urinary metanephrines [50]. Urinary free
methoxytyramine, similar to urinary dopamine, is mainly derived from renal uptake
and decarboxylation of L-dopa and also shows little utility for assessing tumoral
dopamine production.

Although measurements of the O-methylated catecholamine metabolites offer
superior diagnostic performance over urinary measurements, blood draws should be
carried out under stress-free conditions and after resting supine for at least 20 min
(Box 6.1). These requirements can be troublesome in younger children or any child
with needle phobia. For children, blood sampling via and indwelling intravenous
line and after recovery from the venipuncture may be especially important to mini-
mize false-positive results due to the stress of venipuncture associated sympathetic
stimulation [68]. It is also important that the laboratory responsible for measure-
ments can provide age-appropriate reference intervals for children [54, 55, 69].
Under these circumstances the plasma test can provide close to 100% sensitivity at
a specificity that can be expected to exceed 90% [69].

Box 6.1 Biochemical Testing

Recommended assay methods include LC-MS/MS or HPLC coupled with electrochemical detection for both
either plasma or urinary metanephrines. Immunoassay measurements are not recommended

Optimal patient preparation for blood collections Optimal blood sampling
Fasting overnight when requesting plasma
methoxytyramine @
@ Avoid tobacco, I
® Z caffeinated . d
beverages and
zZ =
o e Intravenous cannula followed by ®
relevant in leenagers) lying fiat for 30 minutes. Blood kept |q
cold until plasma separated a
before sampling

Urine collections
For urinary metanephrines, spot urine collections may be preferred over 24 hr collections, depending on reliability of
urine collections. Either way laboratory reference intervals must be age specific

Exercise and stressful daily activities should be avoided for several hours preceding collections as well over the
course of any 24 hr collections.

Urine samples only require stabilization (e.g., with HCL) if rv nents of catecholamines are also requested
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Because of difficulties of blood sampling in children, as well as limited avail-
ability of laboratories that can offer mass spectrometric based measurements of
plasma metabolites for children, the most commonly employed testing strategy in
pediatrics remains measurements of urinary fractionated metanephrines (Box 6.1).
Difficulties in the collection of 24 h urine specimens and poor reliability of com-
plete collections in children make spot urine collections the more practical approach
for children. In this case concentrations of metabolites are usually normalized to
creatinine. Reference intervals for both 24-h and spot urine collections vary consid-
erably over wide ranges from younger children to adolescents and there are also sex
differences that should be considered. For 24 h urine collections, urinary outputs of
normetanephrine and metanephrine increase by as much as four-fold from young
children to older adolescents [70]. In contrast, for spot urines, normalization to cre-
atinine leads to ratios that show profound decreases from younger through to older
ages [53, 71-73]. The need for age-partitioning or age-adjusted reference intervals
as well need to consider sex pose difficulties for laboratories to establish pediatric
reference appropriate according to the methods they employ. Usually, reference
intervals are set up according values reported in the literature, but this may not be
ideal for methods that are not well standardized or harmonized.

Surveillance and Disease Management

Due to the increasing numbers of families and children identified with pathogenic
variants in tumor susceptibility genes, an increasingly important aspect of patient
management involves surveillance programs tailored according to mutated genes.
Central to these programs are strategies for laboratory testing that should reflect
genotype-phenotype relationships associated with the specific affected genes [74].

As outlined earlier for children with pathogenic variants in VHL or SDHB genes,
surveillance for PPGL should start as early as 4-5 years. Since such PPGL do not
produce epinephrine, the focus of biochemical tests should be on normetanephrine.
This also holds true for patients with pathogenic variants of other pseudohypoxia
pathway genes. However, for patients with pathogenic variants of SDHB and SDHD
genes, biochemical testing should also include methoxytyramine. The latter metab-
olite is important since in some patients with SDHB and SDHD pathogenic variants
it can be the predominant or only metabolite that is increased by a PPGL. Increases
in this metabolite can also be useful for pointing to an extra-adrenal location of the
tumors as well as increased risk of metastatic disease [23, 75]. Since measurements
of methoxytyramine in urine are of limited value [50], this means that plasma is the
preferred sample matrix for patients with pathogenic variants of SDHB and
SDHD genes.

Current surveillance programs in patients with SDHB and SDHD pathogenic
variants also include imaging studies, which may start as early as 10 years, but cer-
tainly in late adolescence [36, 39]. Imaging can be most important for head and
neck paraganglioma that are usually non-functional, but may also be relevant for the
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abdomen and thorax for centers without access to mass spectrometric measure-
ments of plasma normetanephrine and methoxytyramine. Tufton et al. have sug-
gested that for SDHB variant carriers, such imaging could begin as early as
5 years [39].

For patients with VHL pathogenic variants, imaging for PPGL is not required
until biochemical testing returns positive test results. Nevertheless, imaging in chil-
dren with VHL variants beginning in adolescence is indicated for other tumors, such
as clear cell renal carcinoma [76, 77].

Since pheochromocytoma due to pathogenic variants in RE7, NF1, and other
genes that involve kinase-signaling pathways invariable produce epinephrine, the
focus of biochemical screening in patients affected by these variants should be on
metanephrine and normetanephrine. Interpretation of test results should include
appreciation that tumors for most patients are characterized by increases in both
metabolites, but that on occasion only metanephrine may be increased. As in patients
with VHL syndrome, imaging studies need not be initiated until biochemical testing
returns a positive result.

For children, the decision for imaging studies and choice of imaging modalities
has to be carefully considered according to the likelihood of a PPGL and radiation
exposure. To avoid radiation exposure, magnetic resonance imaging is usually the
preferred modality in children, but may not be tolerated in some children without
sedation. For younger children ultrasound may be the preferred modality, but this is
not particularly sensitive and can be non-informative for smaller tumors.
Nevertheless, it may be considered during initial screening for most children with
suspected PPGL. For children in whom there is no hereditary syndrome and in
whom the pre-test probability of PPGL is low, the decision after a positive bio-
chemical test to immediately proceed to imaging studies should consider the mag-
nitude of increases in test results above reference intervals and thereby the post-test
probability of a tumor. With increases of metabolites less than two-fold above refer-
ence intervals and only involving one metabolite, a wait and retest approach may be
preferable to immediately moving to imaging studies. Alternatively, a clonidine
suppression test can be considered, but only when positive test results involve
increases of plasma normetanephrine [78].

Any decision to progress to functional imaging studies for tumor localization in
children should be made on the basis of several considerations; a first consideration
is that PPGL is highly likely but not clearly defined by conventional imaging in
terms of location and possible metastatic involvement. Large extra-adrenal tumors,
particularly those due to SDHB pathogenic variants or associated with increases in
plasma methoxytyramine, are those most likely to feature metastatic involvement
[75]. As in adults, the children with this presentation are those in whom functional
imaging studies can be immediately considered. In others, functional imaging may
be considered if after surgical resection there remains biochemical evidence of
residual disease. Similar to adult series, ®Ga-DOTATATE PET/CT appears to be
superior to other available functional imaging modalities for characterizing meta-
static involvement in children with PPGL due to SDHB variants [79]. This has been
subsequently extended to a larger series of pediatric patients that confirmed the
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utility of ¥Ga-DOTATATE PET/CT not only for PPGL due to SDHB variants, but
also VHL variants [80].

Once PPGL is diagnosed, as in adults, there is preoperative need for pharmaco-
logical blockade of the actions of catecholamines. Apart from body size or age-
adjusted doses for medications, the principles of peri-operative and anesthesiologic
management are similar in children and adults. Minimally invasive laparoscopy, via
either the transperitoneal or retroperitoneal approach, is preferred for surgery [81].
Cortical sparing partial adrenalectomies should be considered for children with
bilateral pheochromocytoma or in whom presence of a germline variant carries a
high risk of additional adrenal tumors. Post-operatively there should be follow-up
within 3 months after recovery from surgery to check that presurgical elevation of
tumor biomarkers have returned to within age-appropriate reference intervals.

As outlined earlier, children with PPGL carry a higher risk than adults of carry-
ing a pathogenic variant in a tumor susceptibility gene. Thus, unless a variant is
already established, all children with a PPGL confirmed by postoperative histo-
pathological examination should be provided with the opportunity of genetic coun-
seling and testing for variants [14]. Clearly for children counseling must involve
parents and if a variant is found, genetic counseling and testing should be extended
to other family members. Similarly, if a pathogenic variant in a PPGL susceptibility
gene is found in a parent, then genetic counseling and testing should also be extended
to first degree relatives, including children.

Even if a germline pathogenic variant in a tumor susceptibility gene is not identi-
fied, there remains considerable risk in children with PPGL of recurrent or meta-
static disease that may develop many years after resection of the original tumor
[14]. Post-surgical normalization of pre-surgically elevated biomarkers cannot be
assumed to equate with cure, so follow-up disease surveillance at periodic intervals
for at least 20 years remains mandatory. In children with PPGL, most recurrent or
metastatic disease appears in adulthood [3]. This makes it crucial that there is appro-
priate transition of pediatric to adult care, since earlier diagnosis and treatment of
such disease can be expected to result in improved therapeutic outcomes.

Future Perspective

The need for appropriate transition of pediatric to adult care for childhood cases of
PPGL remains important irrespective of the presence or absence of an identified
germline pathogenic variant in a tumor susceptibility gene. Also, as has become
clear over the first two decades of the twenty-first century, new genetic causes of
PPGL have been increasingly identified and as a consequence the prevalence of
hereditary childhood PPGL now reaches 80%. Associated with discoveries of new
genetic causes of PPGL, there has been an explosion in knowledge concerning the
underlying biology of the tumors and genotype phenotype relationships that can
assist in personalized disease management according to mutated genes. PPGL, how-
ever, remains a rare tumor and management of affected patients now requires a depth
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of knowledge that is out of reach for most pediatricians who might first encounter
children with a suspected PPGL. It has, therefore, become increasingly apparent that
appropriate management of all patients with PPGL requires a multidisciplinary
approach that involves centers of excellence staffed by personnel with experience
and wide-ranging expertise in these tumors. This need is now being recognized by
organizations with a focus on genetic syndromes or rare endocrine disorders who are
now establishing procedures for review and accreditation of centers with appropriate
resources and expertise. Through these and other efforts it is possible that the true
prevalence of childhood PPGL will be clarified and clinical outcomes will improve.
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Introduction

Recent advances in our understanding of the genetic and pathophysiologic mecha-
nism of human malignancies have led to the recognition of frequent hereditary basis
of many cancers. Hereditary cancer syndromes, which are now believed to cause up
to 5% of human malignancies, are characterized by the early onset of various, mul-
tifocal, often advanced malignancies of usually more than one organ system.
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Frequently multiple family members are involved. These hereditary cancer syn-
dromes may pose specific diagnostic and therapeutic challenges, as they warrant
contemporary paradigms for their screening protocols and targeted therapies. Here,
we review imaging approaches to the most common hereditary cancer syndromes,
including multiple endocrine neoplasia (MEN) syndromes, von Hippel-Lindau
(VHL) syndrome, and Li-Fraumeni cancer syndrome.

Multiple Endocrine Neoplasia Syndromes

Multiple endocrine neoplasia (MEN) syndromes are heritable neoplastic disorders
in which affected individuals characteristically develop two or more synchronous or
metachronous endocrine tumors. Germline mutations affecting the MENI, RET
(MEN2), and CDKNIB (MEN4) genes have been identified in driving a collection
of phenotypically distinct tumor syndromes [1-7]. Each syndrome is thought to
occur infrequently in the general population, with an estimated 1 in 30,000 indi-
viduals affected [7]. Neoplastic processes in MEN1 most classically affect the para-
thyroid gland (95%), pancreas (30-80%), and pituitary gland (15-50%), though
other associated neoplasms can include adrenal cortical tumors, collagenomas,
angiofibromas, lipomas, facial ependymomas, meningiomas, and foregut carcinoid
tumors [1-5, 7, 8]. Medullary thyroid carcinomas (MTCs) (95-99%) and pheochro-
mocytomas (50%) are common manifestations of both MEN2A/2B, with parathy-
roid tumors and mucocutaneous neuromas serving as differentiating features
between MEN2A and MENZ2B, respectively [1-5, 7]. Familial medullary thyroid
cancer (FMTC), a related MEN2 variant disorder, is characterized solely by the
heritable development of MTC in the absence of pheochromocytoma or hyperpara-
thyroidism [4, 6, 7]. A more recently described condition, MEN4 also predisposes
patients for developing neoplasms of the parathyroid (80-81%) and anterior pitu-
itary glands (42%), albeit arising from a different driver mutation than seen in
patients with MEN1 [1, 2, 5]. While diagnosis primarily relies on a combination of
genetic testing, clinical features, and biochemical screening, imaging nevertheless
remains essential to staging and surgical planning [3, 4, 7]. The following section is
focused on the optimal imaging modalities for investigating tumors of the major
organs affected by the MEN syndrome disorders collectively (Table 7.1).

Table 7.1 Summary of organs affected by Organ MEN syndromes affected
MEN syndrome disorders. MEN multiple

h . Pancreas MENI1
endocrine neoplasia .
Pituitary MENI1, MEN4
Thyroid MEN2

Parathyroid MENI, MEN2, MEN4
Adrenal gland | MEN1, MEN2
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Pancreas

Pancreatic neuroendocrine tumors (pNETSs) are responsible for the majority of
MENT-related deaths [1, 2, 5, 9]. Greater than half of pNETs occurring in MEN
patients are gastrinomas, with insulinomas the second most common occurring
pNET, which comprise approximately one-third of cases. Less than 5% of
pNETSs secrete pancreatic polypeptide, vasoactive intestinal peptide or gluca-
gon, which are commonly referred to as PPomas, VIPomas, and glucagonomas
[2, 7]. Initial detection and staging investigations often begin with conventional
cross-sectional imaging by computed tomography (CT) or magnetic resonance
imaging (MRI), each of which has demonstrated reported sensitivities of 73%
and 93%, respectively [3, 10-12]. While cross-sectional imaging has demon-
strated superiority compared to transabdominal ultrasound in the detection of
pNETSs secondary to poor sensitivity, endoscopic and intraoperative sonographic
evaluation has demonstrated great utility [1, 3]. Endoscopic ultrasound in par-
ticular boasts sensitivities approaching 100% and has demonstrated superiority
over advanced imaging modalities in head-to-head comparisons [9, 13-15].
While some authors suggest that endoscopic ultrasound may be used with equal
appropriateness in initial assessments of MENT1 patients, routine evaluation is
constrained by limited availability, operator skill, and the invasive nature of the
procedure [8, 10, 12].

Functional imaging techniques using somatostatin receptor scintigraphy are use-
ful in assessing for the presence of hepatic and distant metastatic disease, as well as
for identifying which patients will respond to therapeutic radionuclide administra-
tion [1, 3, 12, 16]. Historically, !"'In-pentetreotide was used in combination with
single-photon emission computed tomography (SPECT)/CT [1, 3], however, there
exists a growing body of literature supporting the use of positron emission tomog-
raphy (PET)/CT in conjunction with *Ga-labeled radiotracers or amine precursors.
Recent data suggest that *Ga-DOTA-SSA PET/CT (which utilizes gallium labeled
somatostatin analogs) is more accurate, yields superior spatial resolution, and
requires a lower radiation dose, in addition to allowing for shorter scanning times
[16] (Fig. 7.1). Amine precursors such as '*F-DOPA and ''C-5-HTP, while not as
widely available, may additionally serve a role in imaging tumors with minimal or
absent somatostatin receptor expression [3, 12, 16]. 8F-FDG PET/CT tends to be
less helpful for imaging well-differentiated tumors, which often demonstrate a more
indolent course and lower metabolic activity. However, poorly-differentiated pNETs
are more readily imaged by 8F-FDG PET, where increased radiotracer uptake has
in more recent studies been shown to correlate with histopathologic grade and Ki-67
positivity [1, 3, 10, 12, 16].
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Fig. 7.1 Staging PET/CT in a 57-year-old woman with history of MEN2A 3 years status post-
thyroidectomy for medullary thyroid carcinoma (MTC) who presented with elevated tumor mark-
ers and concern for MTC recurrence. (a) ®Ga-DOTANOC whole-body maximum intensity
projection (MIP) (b, ¢), transaxial, coronal, and sagittal images demonstrate heterogeneous hepatic
uptake along with a DOTA-positive left adrenal nodule and focal DOTA activity in the pancreatic
tail. Malignant pheochromocytoma with locoregional pancreatic and hepatic metastases was con-
firmed by histopathology. No abnormal DOTA activity was observed in the thyroid surgical bed or
surrounding cervical regions to suggest recurrent MTC. MTC medullary thyroid carcinoma, MIP
maximum intensity projection

Pituitary

The majority of MEN-associated pituitary tumors are prolactinomas (60-67%), fol-
lowed by somatotrophinomas (25%), adrenocorticorphinomas (5%), and nonfunc-
tioning adenomas (5%) [2, 3]. MRI is the standard-of-care imaging modality in
patients with characteristic biochemical abnormalities and suspected pituitary gland
pathology, as long as they have no contraindications to the imaging modality [3, 4,
17-19]. The anterior pituitary gland, also known as the adenohypophysis, normally
appears homogeneously isointense to gray matter on 7)-weighted sequences
whereas the posterior pituitary, also known as the neurohypophysis, typically
appears as a small focus of hyperintense signal of T2-weighted sequences. On non-
contrast enhanced sequences, the majority of microadenomas (<10 mm) are often
visualized as isointense to hypointense foci (relative to normal pituitary
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parenchyma) on T1-weighted imaging, while macroadenomas (>1 cm) tend to
appear as isointense masses that fill the sella turcica [1, 2, 17-19]. Microadenomas
are often hypovascular relative to the surrounding tissues and thus do not enhance
as avidly as normal pituitary gland following intravenous contrast administration.
By comparison, macroadenomas typically demonstrate appreciable post-contrast
enhancement, likely owing to their increased size and vascularity [18-20]. 7>-
weighted imaging is generally less helpful unless administration of intravenous
contrast is contraindicated [17]. For patients in whom MRI is contraindicated, pitu-
itary adenomas may be visualized as hypodense lesions on contrast-enhanced CT
[3, 19]. Regardless of the imaging modality chosen, thin-section cuts in sagittal and
coronal reformations are preferred for optimal detection of subtle lesions which
may not overtly distort the surrounding bony or intra-axial architecture [1, 3, 17, 19].

Thyroid

Nearly all patients with MEN2 driver mutations go on to develop MTC [21]. MTC
is an aggressive neoplasm of thyroid parafollicular C cells for which prophylactic
thyroidectomy is recommended in early childhood in patients with MEN2A and as
early as 6 months of age in patients with MEN2B [1, 2, 6, 22]. In contrast to the
sporadic form, MTC in patients with MEN2 tends to present more commonly with
bilateral, multicentric disease [1, 2]. Likewise, the American Thyroid Association
recommends that all patients with newly diagnosed MTC receive DNA analysis for
the presence of a germline RET mutation [6]. Ultrasound is the preferred imaging
modality for initial investigations of suspected MTC, which characteristically
reveals the presence of a hypoechoic mass with irregular or spiculated margins,
calcifications, microlobulations, absence of a halo, taller-than-wide shape, and/or
internal vascularity [6, 22-24]. Likewise, cross-sectional evaluation by CT or MRI
may reveal a solid or cystic calcified mass [1, 3, 22]. Yet, no singular imaging
modality provides absolute diagnostic certainty, as even ultrasound has only been
shown to be 72% sensitive for diagnosing MTC [23, 25].

As MTC is frequently locally invasive or metastatic on presentation, advanced cross-
sectional imaging by CT or MRI may also be of use for initial disease staging [3, 6, 22,
25]. Recent advances in whole-body diffusion-weighted imaging (WB-DWI) and
dynamic contrast-enhanced (DCE) MRI have also shown applicability in detecting dis-
tant metastases and response to anti-angiogenic therapies, though molecular imaging
still remains essential to evaluating overall oncologic burden [25]. Distant metastatic
sites most frequently include the lungs, liver, and bone [3, 23]. In the case of bone metas-
tases, Guidelines from the American Thyroid Association recommend use of both MRI
combined with bone scintigraphy for optimal detection [6]. However, despite conflicting
data on the reported sensitivities of many radiopharmaceuticals in detecting metastatic
lesions [1, 3, 6, 22, 25-27], recent data do suggest that metastatic skeletal tumor burden
evaluated using '*F-NaF PET/CT correlates with overall survival in patients with MTC
[28]. Additionally, somatostatin receptor scintigraphy may similarly serve a comple-
mentary role in identifying those patients whose tumors would be amenable to therapeu-
tic radionuclide administration, especially in the setting of unresectable disease [22, 25].
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Parathyroid

Historically, bilateral neck exploration was often pursued solely on the basis of bio-
chemical diagnosis, though recent trends in parathyroid surgical practices recognize
an increasingly prominent role for preoperative imaging localization to aid in surgi-
cal planning [3, 4, 29-31]. Imaging of the parathyroid glands is optimally done first
using high-frequency ultrasonography, which is 82% sensitive for detecting parathy-
roid adenomas [1, 3, 29, 32]. Parathyroid adenomas are commonly located posterior
to the thyroid gland and can typically be identified as discrete hypoechoic ovoid
masses [3, 29, 32]. Additionally, office-based ultrasound confers the added advantage
of incidentally detecting adjacent thyroid pathology that may warrant additional
investigations [32]. However, many authors agree that the addition of thin-section CT
does not provide any additional information except in localizing ectopic glandular
foci that would otherwise be inaccessible to ultrasound, such as in the mediastinum
and behind the trachea [1, 3, 29]. As such, localization by conventional CT scanning
is most frequently employed in the setting of persistent hyperparathyroidism prior to
re-operation [29]. Similarly, while MRI boasts a slightly higher sensitivity overall for
localization of ectopic parathyroid tissue, its use is typically reserved for investiga-
tions preceding operative revision and not as a first-line modality [1, 3, 29].

Sctintigraphic localization using *"Tc-MIBI planar and SPECT imaging is
highly sensitive in detection of parathyroid adenomas when used in conjunction
with ultrasound [4, 30]. Dual-phase imaging obtained after 10—15 min and 2-3 h
demonstrates sustained radiotracer uptake in adenomatous foci [3, 32]. As an imag-
ing modality, hybrid SPECT/CT scanners have in recent years allowed for increas-
ingly precise anatomic localization of metabolic activity [33]. Recent data have
shown that early-phase SPECT/CT used in combination with delayed-phase imag-
ing was superior for localization parathyroid adenomas [34, 35]. As such, recent
guidelines from the American Head and Neck Society Endocrine Surgery Section
support the use of early-phase SPECT/CT followed by delayed-phase planar imag-
ing for optimal preoperative imaging and to aid in intraoperative localization [32].
Similarly, in cases of persistent postoperative hypercalcemia, the addition of fusion
CT imaging to conventional SPECT acquisition may also further aid in localization
of ectopic glandular tissue [3, 36].

Adrenal

Anywhere from 5 to 40% of MENI patients will develop adrenal cortical adenomas
while approximately 50% of MEN2 patients will manifest pheochromocytomas,
which can arise from the adrenal medulla. Most adrenal adenomas in MENI1 are
nonfunctioning, though a minority of cases may present as Cushing’s or Conn’s
Syndrome. As part of hereditary syndromes such as MEN2, pheochromocytoma
occur in up to 25% of cases with additional syndromes including von Hippel-Lindau
syndrome type 2, in which there is a mutation in the VHL gene; and neurofibroma-
tosis type 1 (Recklinghausen’s disease), in which the neurofibromatosis type 1 gene
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Table 7.2 List of drugs to be Drug
withdrawn before testing
metanephrines or
normetanephrines in plasma

£
zZ
Z
£
zZ

Acetaminophen

Buspirone

Cocaine

Levodopa

Mesalamine/sulfasalazine

Monoamine oxidase inhibitors

Phenoxybenzamine

Sympathomimetics

IR IR KKK <] Z ]

Tricyclic antidepressants
a-Methyldopa

AP ARV AL A AL AR s

=<

MN metanephrine, NMN normetanephrine, Y
consider withdrawing the drug before testing (if
consistent with patient’s clinical condition), N
do not stop the medication

is mutated [37]. Bilateral disease in MEN2 is common and manifests about half of
the time [1-5, 7]. Malignant transformation in the case of either cortical or medul-
lary disease is uncommon [1, 3]. In either case, cross-sectional imaging with either
CT or MRI is preferred for anatomic investigations, where observation of character-
istic imaging findings in the appropriate clinical context may be helpful in narrow-
ing the differential diagnosis [1, 3, 38, 39]. Specific to pheochromocytomas, as
these lesions secrete catecholamines and their metabolites, measurement of serum
metabolites is also utilized for detection. Measuring fractionated plasma metaneph-
rine (the metabolite of epinephrine/adrenaline) is a highly sensitive method (97%)
for diagnosing pheochromocytoma and paraganglioma, and it is the choice of labo-
ratory diagnostics in particular for patients at high risk due to familial endocrine
syndromes [40, 41]. Certain drugs, such as sulfasalazine, acetaminophen, antihy-
pertensive drugs, and tricyclic antidepressants, can be responsible for false-positive
test results and, if possible, should be withdrawn before testing (Table 7.2).
Furthermore, caffeine, alcohol, nicotine, stress, and strenuous physical activity
should be avoided for approximately 24 h prior to the blood test [42, 43]. A flow
chart of baseline diagnostics and follow-up is provided below (Fig. 7.2).

The most sensitive method in the diagnosis of pheochromocytoma/paragangli-
oma is the CT, however, MRI can reach better specificity in the detection or differ-
entiation of these tumors. Another reason to favor MRI might be the avoidance of
radiation exposure. Ultrasound imaging can be useful in cases of superficially local-
ized tumors [44]. Pheochromocytomas have a heterogeneous pattern in the US:
from solid to partially cystic or necrotic and hemorrhagic lesions [45]. Most adrenal
cortical adenomas are lipid-rich and appear hypoattenuating on CT [1, 3]. In a land-
mark study, Boland et al. found that maintaining an upper limit of 10 Hounsfield
units (HU) to diagnose benign lesions on unenhanced CT yielded a test sensitivity
of 71% for correctly identifying benign lesions while maintaining a specificity of
98% [46], a guideline which is still commonly used today [38, 39, 47]. In compari-
son to malignant lesions, adenomas tend to enhance avidly and exhibit much more
rapid contrast washout [38, 39, 47, 48]. On dual-energy CT, decreased attenuation
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Baseline diagnostics
*+  Plasma:
*= metanephrine
= normetanephrine
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~

+ 24 hurine collection:

®= adreneline
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= dopamine
®= catecholamine metabolites

v

( Slightly elevated
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—

normal

I

Significantly elevated
> = 3-fold increase

v

If positive

[Exclusion of PCC/ PGL ]--...i .
1

Clonidine test
p.r.n. repeat the
testin 6 months

Imaging diagnostics
(US /CT/MRI/
molecular imaging)

J

p.r.n. clonidine test in cases
of high risk for PCC/PGL or
typical symptoms

Fig. 7.2 Flow chart of baseline diagnostics in adrenal masses in patients with MEN. PCC pheo-
chromocytoma, PGL paraganglioma, US ultrasound, CT computed tomography, MRI magnetic
resonance imaging, p.rn. “pro re nata,” as the circumstances require

at 80 kVp as compared to 140 kVp is highly specific for the presence of intracellular
lipid and thus consistent with a diagnosis of adenoma [39]. Similarly, signal drop on
opposed-phase imaging on chemical shift (CS)-MRI, which is consistent with the
presence of microscopic fat, is also suggestive of an adenomatous lesion [38, 39, 47,
48]. However, as both of these techniques rely on delineating characteristics specific
to intracellular lipid, imaging of lipid-poor adenomas remains a diagnostic chal-
lenge [3, 38, 39, 47]. On the other hand, pheochromocytomas almost uniformly
demonstrate avid enhancement on CT following intravenous contrast administra-
tion and characteristic “light bulb” brightness on T)-weighted imaging [3, 38, 39,
47, 48]. Despite previous concerns of triggering a hypertensive crisis following
administration of older iodinated contrast agents, administration of non-ionic iodin-
ated contrast agents appears to be safe and may be helpful in differentiating between
a cortical adenoma if there is diagnostic uncertainty [3, 47, 48].

The main indication for functional imaging is the search for metastatic disease or
the identification of multiple chromaffin tumors [37]. While not typically consid-
ered first-line for imaging the adrenal glands, functional imaging using "*F-FDG
PET/CT may aid in differentiating between benign and malignant adrenal lesions.
Qualitatively, increased '®F-FDG adrenal uptake relative to hepatic uptake can be
considered a positive finding [38, 39]. Quantitatively, Metser et al. found that main-
taining a SUV,,,, threshold value of 3.1 was 100% sensitive and 98% specific for
differentiating between benign and malignant lesions when combined with CT
attenuation analysis [49]. For pheochromocytomas, functional scanning using
MIBG-Iabeled radiotracers can be especially helpful in localizing disease [1, 38,
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ventral dorsal

Fig.7.3 A 55-year-old man with typical symptoms of pheochromocytoma demonstrated on ultra-
sound (not pictured) a left adrenal mass which was confirmed as pheochromocytoma with
12I-MIBG SPECT/CT. (a) Planar whole-body scan demonstrates a focal region of avidity in the
region of the left adrenal gland, suggesting pheochromocytoma. (b and ¢), Axial SPECT/CT and
SPECT/CT of the abdomen demonstrates focal high MIBG uptake in an enlarged adrenal gland

39]. MIBG is a guanethidine analog which is actively taken up and stored in
catecholamine-producing cells. '*I-labeling is preferred over '*'I-labeling as '*I is
more amenable to high-quality SPECT imaging and offers a more favorable
radiation-safety profile for the patient [47, 48, 50]. '**I-MIBG scintigraphy can thus
be used to visualize the adrenergic tissues of the adrenal medulla with greater sen-
sitivity than '8F-FDG PET [15, 38]. In patients with clinical or biochemical suspi-
cion of pheochromocytoma, multimodal imaging using I*'MIBG SPECT/CT,
compared to SPECT and planar imaging, has a significantly higher accuracy [51]
(Fig. 7.3). For the minority of pheochromocytomas that are MIBG-negative, soma-
tostatin scintigraphy using '''In-octreotide provides an excellent alternative and has
also been shown to be highly sensitive for detecting distant metastases [48].

Von Hippel-Lindau Syndrome

Von Hippel-Lindau (VHL) disease is an autosomal dominant familial syndrome
affecting multiple organ systems and characterized by a variety of cystic lesions in
addition to specific varieties of benign and malignant pathology [52, 53]. This syn-
drome is caused by a germline mutation in the coding sequence of the VHL tumor
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suppressor gene located on the short arm of chromosome 3 (3p25.5) [54]. This
syndrome is rare, with an incidence of one in 36,000 live births [55]. VHL can affect
multiple organ systems including the central nervous system including the retina
and the inner ear, the pancreas, the kidneys and the adrenal glands [56]. Of the mul-
tiple organ systems affecting patient’s with VHL, retinal hemangioblastoma and
renal cell carcinoma are the most common causes of death [57]. Although confirma-
tory genetic testing is available, various imaging modalities are necessary for
screening, diagnosis, monitoring, and management of individuals who carry the
VHL gene [58]. Screening of the central nervous system and abdomen typically
begins between the ages of 13 and 19 years old in an effort to readily identify
pathology with potentially life-threatening complications [59]. MRI is preferred
over multidetector CT due to the radiation related risk of CT imaging and the supe-
rior tissue characterization of MRI [60, 61]. Nuclear imaging modalities such as
SPECT and PET also play a significant role in detection of pathology in patient’s
suffering from VHL (Fig. 7.4).

Central Nervous System

Common lesions which are seen within the central nervous system in patients with
VHL including hemangioblastoma of the central nervous system (60-80%) and
retina (45-60%), in addition to endolymphatic sac tumors (10-15%) [62].
Hemangioblastoma of the central nervous system can occur within the spinal cord,
cerebellum, medulla, and supratentorial brain [52]. The standard imaging modality

»
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Fig. 7.4 52-year-old female with Von Hippel-Lindau syndrome. Axial contrast enhanced CT (a)
of abdomen demonstrates a large, intensely enhancing mass within the pancreatic body and tail
(arrow) and multiple cysts of varying sizes (*) in addition to tortuous blood peripancreatic and
perisplenic vessels. Axial PET (b) and PET-CT (c) demonstrate intense heterogeneous uptake of
68Ga-labeled-1-Nal3-Octreotide (68Ga-DOTANOC within the pancreatic mass [arrow]. Focal
68Ga-DOTANOC uptake was also seen in segment III of the liver (b, ¢, broken arrow) suggesting
liver metastasis, confirmed at fine needle aspiration. Axial contrast enhanced CT (d) of the abdo-
men also demonstrates another enhancing mass arising from the interpolar region of the left kidney
(arrow) suggestive of renal cell carcinoma. PET (e) and PET-CT (f) images reveal mild
68Ga-DOTANOC uptake within the renal mass (arrow). Axial PET (g) and PET-CT (h) images of
the brain show a focal area of 68Ga-DOTANOC uptake within a hypoattenuating cerebellar lesion
(arrow). Subsequent T2 weighted gadolinium enhanced MRI (i) of the brain reveals a nodular
lesion in the left cerebellar hemisphere with intense post contrast enhancement (arrow), suggestive
of hemangioblastoma. Transaxial PET (j) and PET-CT (k) images also revealed focal
68Ga-DOTANOC uptake in the left globe, corresponding to a heterogeneous nodular lesion
(arrow). Axial T2 weighted gadolinium enhanced MRI (1) demonstrates an eccentric, enhancing
nodule in the left globe, suggesting retinal hemangioblastoma (arrow). (Adopted from Sharma P,
et al. Von Hippel-Lindau syndrome: demonstration of the entire disease spectrum with (68)
Ga-DOTANOC PET-CT. Korean J Radiol. 2014 Jan-Feb;15(1):169-72)
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for early diagnosis and monitoring of central nervous system hemangioblastoma is
gadolinium-enhanced MRI, with annual screening suggested in patients older than
10 years old [63]. Cerebellar hemangioblastoma typically appears as a well-defined
relatively homogeneous cystic lesion with avid peripheral and septal post-contrast
enhancement or a solid mass with internal cystic components. Spinal hemangio-
blastoma typically appears as cord expansion associated with a syrinx, avidly
enhancing solid components and flow voids [64-66]. Retinal hemangioblastoma
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typically occurs between the ages of 10 and 30 years old, resulting in blindness in
6% of patients [66, 67]. On MRI, retinal lesions are hyperintense to normal vitreous
on Tl-weighted sequences, with contrast typically demonstrated in more severe
cases [68]. Endolymphatic sac tumors are typically slow growing and locally inva-
sive, typically located within the dorsal petrous bone, usually characterized as a
destructive or “moth eaten” mass. On CT images lesions typically demonstrate a
spiculated or reticular pattern of intratumoral bone growth, while on MRI lesions
demonstrate heterogeneity on T1-weighted sequences, hyperintense solid compo-
nents on T2/FLAIR-weighted sequences and “stippled” or “paintbrush” like hetero-
geneous post-contrast enhancement [59, 62, 64, 69, 70].

Pancreatic Cysts

Pancreatic cysts occur in 42% of patients with VHL and are typically benign, typi-
cally yielding the patient mild symptoms or absent symptoms and commonly char-
acterized as simple cysts [70, 71]. Ultrasound is typically used as a first-line
screening tool for detection of pancreatic cysts, with CT reserved for further clarifi-
cation of suspicious features identified on ultrasound. On CT, simple cysts will
appear as thin-walled fluid attenuation collections without calcification, mural nod-
ularity or post-contrast enhancement make appear as simple thin-walled cysts with-
out calcification, mural nodularity or enhancement. On MRI, simple cysts
demonstrate intrinsic hyperintense signals on T2-weighted sequences [72].

Pancreatic Serous Cystadenoma

Pancreatic serous cystadenomas will occur in 9% to 17% of patients with VHL [73,
74]. These lesions will appear as a multi-cystic mass on both CT and MRI, com-
monly characterized as a “bunch of grapes.” Ultrasound may demonstrate an echo-
genic mass, with or without small or multilocular cysts with regions of internal
heterogeneity [74, 75].

Pancreatic Neuroendocrine Tumors (pNET)

pNET will develop in approximately 15% of patients with VHL, typically multifocal in
nature and occurring in any anatomical region within the pancreas. These lesions are
typically asymptomatic, slow growing, and nonfunctional, which commonly result in
large in size on initial diagnosis [73, 76]. Lesions demonstrate early arterial enhance-
ment on post-contrast sequences, appearing hypointense on T1-weighted sequences,
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and hyperintense on T2-weighted sequences. Metastatic disease is most common to the
liver, which will also demonstrate hypervascularity on post-contrast sequences. Studies
report the sensitivity of CT in the identification of pancreatic NETSs to range between
29% and 94%, with this high variation favored secondary to the occurrence of lesions
<1 cm which may elude detection [62, 66, 74]. PET imaging also plays a role in treat-
ment and screening, as well-differentiated lesions will demonstrate increased '®F-FDG
avidity [77]. Many radiolabeled peptides such as somatostatin analogs like %Ga-DOTA
peptide (DOTATATE, DOTANOC, DOTATOC) have been utilized in patients with
NETs, in addition to various other malignancies which also overexpress the somatosta-
tin receptor (SSR). Studies have demonstrated ®*Ga-DOTATOC PET/CT as a sensible
screening tool when compared with CT and MRI, with a combination of abdominal
MRI and ®*Ga-DOTATATE PET/CT recommended to identify pancreatic NET associ-
ated with VHL. Shamim et al. evaluated the role of ®Ga-DOTANOC PET/CT in carriers
with a germline mutation of the VHL gene and found that ¥Ga-DOTANOC PET/CT
has potential as both a useful screening method and follow-up method for these particu-
lar demographics [78-83]. Furthermore, several case reports have demonstrated the
advantages of ¥Ga-DOTA-conjugated peptides in the detection and follow-up of VHL
patients [84-90]. pNETs can also be diagnosed with high sensitivity via octreotide
SPECT [60] and while small size tumors are not well visualized with this modality, PET
imaging with 5-hydroxytryptophan (5-HTP) or L-dopa serve as alternatives [91, 92].

Renal Cysts

Renal cysts occur in 50-75% of patients with VHL, either simple or complex includ-
ing a combination of solid and cystic components. Simple cysts appear as thin
walled, ovoid, fluid density lesions, with solid components worrisome for malignant
transformation. Ultrasound and CT are both recommended for periodic monitoring,
with ultrasound recommended for initial evaluation and CT recommended in small
lesions (< 2 cm) and in cases of multiplicity [66, 68, 93] (Fig. 7.5).

Clear Cell Renal Cell Carcinoma

Renal cell carcinomas (RCC) occur in 28-45% of patients with VHL, most com-
monly occurring in the third decade. Clear cell RCC is typically characterized by
necrosis with hypervascular solid components which enhances greater than the
adjacent cortex, with or without calcification [94, 95]. While contrast-enhanced
CT is the most common screening and surveillance modality, MRI is growing in
utilization secondary to lack of ionizing radiation exposure for young patients and
lack of need for intravenous contrast in patient with diminished renal function
[72, 75].
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Fig. 7.5 42-year-old female with Von Hippel-Lindau syndrome. Brain images shows multiple
subcentimeter enhancing nodules and cysts with enhancing moural nodularity in the right cerebel-
lar hemisphere and vermis as well as inferior right tentorium cerebelli and obex with perilesional
edema (FLAIR sequence), compatible with multiple hemangioblastomas

Pheochromocytoma

Pheochromocytomas are found in less than 30% of patients with VHL, occurring
bilaterally in approximately 50% of patients. While many of these lesions occur
within the adrenal glands, between 15% and 18% of cases are extra-adrenal in ori-
gin and are termed paragangliomas [75]. Pheochromocytomas are adrenal tumors
which arise from chromaffin cells within the adrenal medulla, while paraganglio-
mas arise from extra-adrenal paraganglia. The anatomical locations of these rare
catecholamine-producing neuroendocrine tumors are used to distinguish between
them because they cannot be differentiated based on histological findings [96]. The
term paraganglioma is also used for tumors derived from parasympathetic tissue
within the head and neck, most of which do not produce catecholamines [97].
Biochemical testing (serum and urinary catecholamines) and various imaging
modalities are the main diagnostic tests utilized for pheochromocytomas [98]. On
CT, pheochromocytomas appear as complex solid and cystic masses, occasionally
with calcification, necrosis and hemorrhage. On MRI, lesions will appear isointense
to hypointense on T1-weighted sequences, “light-bulb” bright on T2-weighted
sequences and markedly hypervascular on post-contrast sequences. In larger tumors,
there can be varying degrees of necrosis or cystic change [64, 72, 75]. In regard to
nuclear imaging modalities common tumor-specific radiopharmaceuticals utilized
in detection of pheochromocytoma include ''C-hydroxyephedrine (''C-HED),
12331 metaiodobenzylguanidine (MIBG), '|F-Fluorodopamine ('*F-DA), 18F
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—
8Ga-DOTATOC PET/CT 1Z3-MIBG 58Ga-DOTATOC PET/CT

Fig.7.6 A 62-year-old man with multiple metastases secondary to malignant pheochromocytoma
evaluated for radionuclide therapy. The patient received both SSTR PET and MIBG scans. (a)
Whole-body SSTR PET demonstrates multiple bone metastases. (b) Similar to the SSTR PET,
MIBG planar scans demonstrates high MIBG uptake in the osseous lesions. (¢) MIBG SPECT/CT
and (d) SSTR PET/CT demonstrating similar uptake in two bone metastases. Both therapies could
be effective in this case

dihydroxyphenylalanine ("*F-DOPA), and "*F-FDG [69]. While '*¥!3![-MIBG radio-
tracers are approved as a method for localization of pheochromocytoma, this modal-
ity demonstrates low sensitivity in detection of pheochromocytoma associated with
VHL. ¥F-DA using dopamine analog compared with [!/**!]]-MIBG scintigraphy
has demonstrated favorable results in the diagnosis and localization of VHL-related
adrenal pheochromocytoma [99-101]. Current guidelines recommend paraganglio-
mas and pheochromocytomas in VHL patients should be initially assessed utilizing
BE-DOPA PET/CT followed by '2I-MIBG [100, 102]. Specific radiotracers such
SSTR-PET can be used to target radionuclide therapy in the setting of
7L u-DOTATOC/DOTATATE, which serves as a theranostic radioactive medication
(Fig. 7.6) [103].

Epididymal and Broad Ligament Cystadenomas

Cystic and papillary cystadenomas of the epididymis occur in greater than 50% of
males suffering from VHL [75]. Epididymal cystadenomas are commonly asymp-
tomatic and are rarely reported as the first clinical manifestation of VHL. In a
small number of cases, obstruction of efferent ducts and spermatic cords has been
associated with infertility [76, 77]. On ultrasound, epididymal lesions demon-
strate mixed echotexture and are commonly associated with ductal ectasia of the
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rete testes and testicular atrophy [104]. In the papillary subtype, CT may demon-
strate a cystic mass. Typically, no intervention is planned unless it is associated
with acute local pain [64, 105, 106].

Li-Fraumeni Syndrome

Li-Fraumeni syndrome (LFS) is a rare syndrome caused by a germline mutation in
the tumor suppressor gene TP53 (chromosome 17p13), resulting in early onset of
malignancy including sarcoma, breast cancers, leukemia, brain tumors, and adrenal
tumors [107, 108]. Due to the variety of tumors associated with LES, whole-body
imaging serves as a main form of surveillance. For example, many asymptomatic
aggressive carcinomas and sarcomas, in addition to many other premalignant
lesions, are successfully detected through whole-body MRI [107]. Typical surveil-
lance protocol includes annual brain MRI and rapid whole-body MRI at all ages,
annual ultrasound of abdomen and pelvis in patients older than 18 years old, and
annual mammography/breast MRI screening for patients between 35 and 70 years
old. In patients aged from birth to 18 years old, ultrasound of abdomen and pelvis is
suggested every 3 to 4 months to detect adenoid cystic carcinoma [107, 109]. One
meta-analysis determined that whole-body MRI yielded a 7% detection rate for
unrecognized new, localized malignant lesions and a 42.5% false-positive rate in
asymptomatic early stage malignancy [110]. "®F-FDG PET-CT has been evaluated
for surveillance of patients with LFS, however its use has been limited due the risk
of false-positives and radiation exposure. Nevertheless FDG-PET/CT provides
unique opportunity to provide information on different cancer types at potentially
treatable stages, with some studies even demonstrating validity of an early diagnos-
tic and follow-up role of 8F-FDG PET/CT in patients with LFS [108, 111, 112].

References

1. Grajo JR, Paspulati RM, Sahani DV, Kambadakone A. Multiple endocrine neoplasia syn-
dromes: a comprehensive imaging review. Radiol Clin N Am. 2016;54(3):441-51. https://
doi.org/10.1016/j.rc1.2015.12.001.

2. Walls GV. Multiple endocrine neoplasia (MEN) syndromes. Semin Pediatr Surg.
2014:23(2):96-101. https://doi.org/10.1053/j.sempedsurg.2014.03.008.

3. Scarsbrook AF, Thakker RV, Wass JA, Gleeson FV, Phillips RR. Multiple endocrine neo-
plasia: spectrum of radiologic appearances and discussion of a multitechnique imaging
approach. Radiographics. 2006;26(2):433-51. https://doi.org/10.1148/rg.262055073.

4. Brandi ML, Gagel RF, Angeli A, Bilezikian JP, Beck-Peccoz P, Bordi C, Conte-Devolx B,
Falchetti A, Gheri RG, Libroia A, Lips CJ, Lombardi G, Mannelli M, Pacini F, Ponder BA,
Raue F, Skogseid B, Tamburrano G, Thakker RV, Thompson NW, Tomassetti P, Tonelli F,
Wells SA Jr, Marx SJ. Guidelines for diagnosis and therapy of MEN type 1 and type 2. J Clin
Endocrinol Metab. 2001;86(12):5658-71. https://doi.org/10.1210/jcem.86.12.8070.

5. McDonnell JE, Gild ML, Clifton-Bligh RJ, Robinson BG. Multiple endocrine neoplasia: an
update. Intern Med J. 2019;49(8):954—61. https://doi.org/10.1111/imj.14394.


https://doi.org/10.1016/j.rcl.2015.12.001
https://doi.org/10.1016/j.rcl.2015.12.001
https://doi.org/10.1053/j.sempedsurg.2014.03.008
https://doi.org/10.1148/rg.262055073
https://doi.org/10.1210/jcem.86.12.8070
https://doi.org/10.1111/imj.14394

7 Imaging Approach to Pediatric and Adolescent Familial Cancer Syndromes 143

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wells SA Jr, Asa SL, Dralle H, Elisei R, Evans DB, Gagel RF, Lee N, Machens A, Moley
JF, Pacini F, Raue F, Frank-Raue K, Robinson B, Rosenthal MS, Santoro M, Schlumberger
M, Shah M, Waguespack SG, American Thyroid Association Guidelines Task Force on
Medullary Thyroid C. Revised American Thyroid Association guidelines for the management
of medullary thyroid carcinoma. Thyroid. 2015;25(6):567-610. https://doi.org/10.1089/
thy.2014.0335.

. Lakhani VT, You YN, Wells SA. The multiple endocrine neoplasia syndromes. Annu Rev

Med. 2007;58:253-65. https://doi.org/10.1146/annurev.med.58.100305.115303.

. Daskalakis K, Tsoli M, Alexandraki KI, Angelousi A, Chatzellis E, Tsolakis AV,

Karoumpalis I, Kolomodi D, Kassi E, Kaltsas G. Magnetic resonance imaging or endoscopic
ultrasonography for detection and surveillance of pancreatic neuroendocrine neoplasms in
patients with multiple endocrine neoplasia type 1? Horm Metab Res. 2019;51(9):580-5.
https://doi.org/10.1055/a-0931-7005.

. Langer P, Kann PH, Fendrich V, Richter G, Diehl S, Rothmund M, Bartsch DK. Prospective

evaluation of imaging procedures for the detection of pancreaticoduodenal endocrine tumors
in patients with multiple endocrine neoplasia type 1. World J Surg. 2004;28(12):1317-22.
https://doi.org/10.1007/s00268-004-7642-7.

Tamm EP, Bhosale P, Lee JH, Rohren EM. State-of-the-art imaging of pancreatic neuro-
endocrine tumors. Surg Oncol Clin N Am. 2016;25(2):375-400. https://doi.org/10.1016/j.
50¢.2015.11.007.

Sundin A, Vullierme MP, Kaltsas G, Plockinger U, Mallorca Consensus Conference P,
European Neuroendocrine Tumor S. ENETS consensus guidelines for the standards of care in
neuroendocrine tumors: radiological examinations. Neuroendocrinology. 2009;90(2):167-83.
https://doi.org/10.1159/000184855.

Kartalis N, Mucelli RM, Sundin A. Recent developments in imaging of pancreatic neuroen-
docrine tumors. Ann Gastroenterol. 2015;28(2):193-202.

van Asselt SJ, Brouwers AH, van Dullemen HM, van der Jagt EJ, Bongaerts AH, Kema IP,
Koopmans KP, Valk GD, Timmers HJ, de Herder WW, Feelders RA, Fockens P, Sluiter W1J,
de Vries EG, Links TP. EUS is superior for detection of pancreatic lesions compared with
standard imaging in patients with multiple endocrine neoplasia type 1. Gastrointest Endosc.
2015;81(1):159-167 e152. https://doi.org/10.1016/j.gie.2014.09.037.

Power N, Reznek RH. Imaging pancreatic islet cell tumours. Imaging. 2002;14(2):147-59.
https://doi.org/10.1259/img.14.2.140147.

Anderson MA, Carpenter S, Thompson NW, Nostrant TT, Elta GH, Scheiman JM. Endoscopic
ultrasound is highly accurate and directs management in patients with neuroendocrine tumors
of the pancreas. Am J Gastroenterol. 2000;95(9):2271-7. https://doi.org/10.1111/j.1572-024
1.2000.02480.x.

Lee L, Ito T, Jensen RT. Imaging of pancreatic neuroendocrine tumors: recent advances, cur-
rent status, and controversies. Expert Rev Anticancer Ther. 2018;18(9):837-60. https://doi.
0rg/10.1080/14737140.2018.1496822.

Pressman BD. Pituitary Imaging. Endocrinol Metab Clin N Am. 2017;46(3):713-40. https://
doi.org/10.1016/j.ecl.2017.04.012.

Johnsen DE, Woodruff WW, Allen IS, Cera PJ, Funkhouser GR, Coleman LL. MR imag-
ing of the sellar and juxtasellar regions. Radiographics. 1991;11(5):727-58. https://doi.
org/10.1148/radiographics.11.5.1947311.

Evanson EJ. Imaging the pituitary gland. Imaging. 2002;14(2):93-102. https://doi.
org/10.1259/img.14.2.140093.

Yuh WT, Fisher DJ, Nguyen HD, Tali ET, Gao F, Simonson TM, Schlechte JA. Sequential
MR enhancement pattern in normal pituitary gland and in pituitary adenoma. AINR Am J
Neuroradiol. 1994;15(1):101-8.

Frank-Raue K, Rondot S, Raue F. Molecular genetics and phenomics of RET muta-
tions: impact on prognosis of MTC. Mol Cell Endocrinol. 2010;322(1-2):2-7. https://doi.
org/10.1016/j.mce.2010.01.012.


https://doi.org/10.1089/thy.2014.0335
https://doi.org/10.1089/thy.2014.0335
https://doi.org/10.1146/annurev.med.58.100305.115303
https://doi.org/10.1055/a-0931-7005
https://doi.org/10.1007/s00268-004-7642-7
https://doi.org/10.1016/j.soc.2015.11.007
https://doi.org/10.1016/j.soc.2015.11.007
https://doi.org/10.1159/000184855
https://doi.org/10.1016/j.gie.2014.09.037
https://doi.org/10.1259/img.14.2.140147
https://doi.org/10.1111/j.1572-0241.2000.02480.x
https://doi.org/10.1111/j.1572-0241.2000.02480.x
https://doi.org/10.1080/14737140.2018.1496822
https://doi.org/10.1080/14737140.2018.1496822
https://doi.org/10.1016/j.ecl.2017.04.012
https://doi.org/10.1016/j.ecl.2017.04.012
https://doi.org/10.1148/radiographics.11.5.1947311
https://doi.org/10.1148/radiographics.11.5.1947311
https://doi.org/10.1259/img.14.2.140093
https://doi.org/10.1259/img.14.2.140093
https://doi.org/10.1016/j.mce.2010.01.012
https://doi.org/10.1016/j.mce.2010.01.012

144

22

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

B. K. K. Fields et al.

. Ganeshan D, Paulson E, Duran C, Cabanillas ME, Busaidy NL, Charnsangavej C. Current
update on medullary thyroid carcinoma. AJR Am J Roentgenol. 2013;201(6):W867-76.
https://doi.org/10.2214/AJR.12.10370.

Lee S, Shin JH, Han BK, Ko EY. Medullary thyroid carcinoma: comparison with papillary
thyroid carcinoma and application of current sonographic criteria. AJR Am J Roentgenol.
2010;194(4):1090-4. https://doi.org/10.2214/AJR.09.3276.

Yun G, Kim YK, Choi SI, Kim JH. Medullary thyroid carcinoma: application of thyroid
imaging reporting and data system (TI-RADS) classification. Endocrine. 2018;61(2):285-92.
https://doi.org/10.1007/s12020-018-1594-4.

Kushchayev SV, Kushchayeva YS, Tella SH, Glushko T, Pacak K, Teytelboym OM. Medullary
thyroid carcinoma: an update on imaging. J Thyroid Res. 2019;2019:1893047. https://doi.
org/10.1155/2019/1893047.

Giovanella L, Treglia G, lakovou I, Mihailovic J, Verburg FA, Luster M. EANM prac-
tice guideline for PET/CT imaging in medullary thyroid carcinoma. Eur J Nucl Med Mol
Imaging. 2020;47(1):61-77. https://doi.org/10.1007/s00259-019-04458-6.

Giraudet AL, Vanel D, Leboulleux S, Auperin A, Dromain C, Chami L, Ny Tovo N, Lumbroso
J, Lassau N, Bonniaud G, Hartl D, Travagli JP, Baudin E, Schlumberger M. Imaging medul-
lary thyroid carcinoma with persistent elevated calcitonin levels. J Clin Endocrinol Metab.
2007;92(11):4185-90. https://doi.org/10.1210/jc.2007-1211.

Ueda CE, Duarte PS, de Castroneves LA, Flavio J, Marin G, Sado HN, Sapienza MT, Hoff
AO, Buchpiguel CA. Burden of metastatic bone disease measured on 18F-NaF PET/com-
puted tomography studies as a prognostic indicator in patients with medullary thyroid cancer.
Nucl Med Commun. 2020;41(5):469-76. https://doi.org/10.1097/MNM.0000000000001175.
Sohaib SA, Cook G. The parathyroid glands. Imaging. 2002;14(2):115-21. https://doi.
org/10.1259/img.14.2.140115.

De Feo ML, Colagrande S, Biagini C, Tonarelli A, Bisi G, Vaggelli L, Borrelli D, Cicchi P,
Tonelli F, Amorosi A, Serio M, Brandi ML. Parathyroid glands: combination of (99m)Tc
MIBI scintigraphy and US for demonstration of parathyroid glands and nodules. Radiology.
2000;214(2):393-402. https://doi.org/10.1148/radiology.214.2.r00fe04393.

Greene AB, Butler RS, Mclntyre S, Barbosa GF, Mitchell J, Berber E, Siperstein A, Milas
M. National trends in parathyroid surgery from 1998 to 2008: a decade of change. J Am Coll
Surg. 2009;209(3):332-43. https://doi.org/10.1016/j.jamcollsurg.2009.05.029.

Zafereo M, Yu J, Angelos P, Brumund K, Chuang HH, Goldenberg D, Lango M, Perrier
N, Randolph G, Shindo ML, Singer M, Smith R, Stack BC Jr, Steward D, Terris DJ, Vu T,
Yao M, Tufano RP. American head and neck society endocrine surgery section update on
parathyroid imaging for surgical candidates with primary hyperparathyroidism. Head Neck.
2019;41(7):2398-409. https://doi.org/10.1002/hed.25781.

Buck AK, Nekolla S, Ziegler S, Beer A, Krause BJ, Herrmann K, Scheidhauer K, Wester HJ,
Rummeny EJ, Schwaiger M, Drzezga A. Spect/Ct. J Nucl Med. 2008;49(8):1305-19. https://
doi.org/10.2967/jnumed.107.050195.

Lavely WC, Goetze S, Friedman KP, Leal JP, Zhang Z, Garret-Mayer E, Dackiw AP, Tufano
RP, Zeiger MA, Ziessman HA. Comparison of SPECT/CT, SPECT, and planar imag-
ing with single- and dual-phase (99m)Tc-sestamibi parathyroid scintigraphy. J Nucl Med.
2007;48(7):1084-9. https://doi.org/10.2967/jnumed.107.040428.

Wong KK, Fig LM, Gross MD, Dwamena BA. Parathyroid adenoma localization with
99mTc-sestamibi SPECT/CT: a meta-analysis. Nucl Med Commun. 2015;36(4):363-75.
https://doi.org/10.1097/MNM.0000000000000262.

Gayed IW, Kim EE, Broussard WF, Evans D, Lee J, Broemeling LD, Ochoa BB, Moxley
DM, Erwin WD, Podoloff DA. The value of 99mTc-sestamibi SPECT/CT over con-
ventional SPECT in the evaluation of parathyroid adenomas or hyperplasia. J Nucl Med.
2005;46(2):248-52.

Neumann HPH, Young WF Jr, Eng C. Pheochromocytoma and paraganglioma. N Engl J
Med. 2019;381(6):552-65.


https://doi.org/10.2214/AJR.12.10370
https://doi.org/10.2214/AJR.09.3276
https://doi.org/10.1007/s12020-018-1594-4
https://doi.org/10.1155/2019/1893047
https://doi.org/10.1155/2019/1893047
https://doi.org/10.1007/s00259-019-04458-6
https://doi.org/10.1210/jc.2007-1211
https://doi.org/10.1097/MNM.0000000000001175
https://doi.org/10.1259/img.14.2.140115
https://doi.org/10.1259/img.14.2.140115
https://doi.org/10.1148/radiology.214.2.r00fe04393
https://doi.org/10.1016/j.jamcollsurg.2009.05.029
https://doi.org/10.1002/hed.25781
https://doi.org/10.2967/jnumed.107.050195
https://doi.org/10.2967/jnumed.107.050195
https://doi.org/10.2967/jnumed.107.040428
https://doi.org/10.1097/MNM.0000000000000262

7 Imaging Approach to Pediatric and Adolescent Familial Cancer Syndromes 145

38

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

. Blake MA, Cronin CG, Boland GW. Adrenal imaging. AJR Am J Roentgenol.
2010;194(6):1450-60. https://doi.org/10.2214/AJR.10.4547.

Elsayes KM, Emad-Eldin S, Morani AC, Jensen CT. Practical approach to adrenal imaging.
Radiol Clin N Am. 2017;55(2):279-301. https://doi.org/10.1016/j.rc1.2016.10.005.

Peaston RT, Weinkove C. Measurement of catecholamines and their metabolites. Ann Clin
Biochem. 2004;41(Pt 1):17-38.

Sawka AM, Jaeschke R, Singh RJ, Young WF Jr. A comparison of biochemical tests for
pheochromocytoma: measurement of fractionated plasma metanephrines compared with the
combination of 24-hour urinary metanephrines and catecholamines. J Clin Endocrinol Metab.
2003;88(2):553-8.

Pacak K, Tella SH. Pheochromocytoma and paraganglioma. In: Feingold KR, Anawalt
B, Boyce A, Chrousos G, de Herder WW, Dungan K, et al. Endotext. South Dartmouth,
MA, 2000.

Lenders JW, Duh QY, Eisenhofer G, Gimenez-Roqueplo AP, Grebe SK, Murad MH, et al.
Pheochromocytoma and paraganglioma: an endocrine society clinical practice guideline. J
Clin Endocrinol Metab. 2014;99(6):1915-42.

Katabathina VS, Rajebi H, Chen M, Restrepo CS, Salman U, Vikram R, et al. Genetics and
imaging of pheochromocytomas and paragangliomas: current update. Abdom Radiol (NY).
2020;45(4):928-44.

Leung K, Stamm M, Raja A, Low G. Pheochromocytoma: the range of appearances on ultra-
sound, CT, MRI, and functional imaging. AJR Am J Roentgenol. 2013;200(2):370-8.
Boland GW, Lee MJ, Gazelle GS, Halpern EF, McNicholas MM, Mueller PR. Characterization
of adrenal masses using unenhanced CT: an analysis of the CT literature. AJR Am J
Roentgenol. 1998;171(1):201—4. https://doi.org/10.2214/ajr.171.1.9648789.

Taffel M, Haji-Momenian S, Nikolaidis P, Miller FH. Adrenal imaging: a comprehensive
review. Radiol Clin N Am. 2012;50(2):219-43. https://doi.org/10.1016/j.rc1.2012.02.0009.
Baez JC, Jagannathan JP, Krajewski K, O’Regan K, Zukotynski K, Kulke M, Ramaiya
NH. Pheochromocytoma and paraganglioma: imaging characteristics. Cancer Imaging.
2012;12:153-62. https://doi.org/10.1102/1470-7330.2012.0016.

Metser U, Miller E, Lerman H, Lievshitz G, Avital S, Even-Sapir E. 18F-FDG PET/CT in the
evaluation of adrenal masses. J Nucl Med. 2006;47(1):32-7.

Intenzo CM, Jabbour S, Lin HC, Miller JL, Kim SM, Capuzzi DM, Mitchell EP. Scintigraphic
imaging of body neuroendocrine tumors. Radiographics. 2007;27(5):1355-69. https://doi.
org/10.1148/rg.275065729.

Sharma P, Dhull VS, Jeph S, Reddy RM, Singh H, Naswa N, et al. Can hybrid SPECT-CT over-
come the limitations associated with poor imaging properties of 131I-MIBG?: comparison
with planar scintigraphy and SPECT in pheochromocytoma. Clin Nucl Med. 2013;38:e346.
Lonser RR, Glenn GM, Walther M, Chew EY, Libutti SK, Linehan WM, et al. von Hippel-
Lindau disease. Lancet. 2003;361(9374):2059-67.

Maher ER. Von Hippel-Lindau disease. Eur J Cancer. 1994;30:1987.

Seizinger B, Rouleau G, Ozelius L, Lane A, Farmer G, Lamiell J, et al. Von Hippel-Lindau
disease maps to the region of chromosome 3 associated with renal cell carcinoma. Nature.
1988;332(6161):268-9.

Latif F, Tory K, Gnarra J, Yao M, Duh F-M, Orcutt ML, et al. Identification of the von Hippel-
Lindau disease tumor suppressor gene. Science. 1993;260(5112):1317-20.

Glasker S, Neumann HP, Koch CA, Vortmeyer A. Von Hippel-Lindau Disease. Endotext:
MDText.com, Inc.; 2018.

Katabathina V, Vinu-Nair S. Cross-sectional imaging spectrum of von Hippel-Lindau disease.
J Transl Med Epidemiol. 2014;2(1):1021.

Linehan WM, Walther MM, Zbar B. The genetic basis of cancer of the kidney. J Urol.
2003;170(6):2163-72.

Choyke P, Filling-Katz M, Shawker T, Gorin M, Travis W, Chang R, et al. von Hippel-Lindau
disease: radiologic screening for visceral manifestations. Radiology. 1990;174(3):815-20.


https://doi.org/10.2214/AJR.10.4547
https://doi.org/10.1016/j.rcl.2016.10.005
https://doi.org/10.2214/ajr.171.1.9648789
https://doi.org/10.1016/j.rcl.2012.02.009
https://doi.org/10.1102/1470-7330.2012.0016
https://doi.org/10.1148/rg.275065729
https://doi.org/10.1148/rg.275065729

146

60

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

B. K. K. Fields et al.

. Linet MS, Slovis TL, Miller DL, Kleinerman R, Lee C, Rajaraman P, et al. Cancer risks
associated with external radiation from diagnostic imaging procedures. CA Cancer J Clin.
2012;62(2):75-100.

Ballinger ML, Ferris NJ, Moodie K, Mitchell G, Shanley S, James PA, et al. Surveillance in
germline TP53 mutation carriers utilizing whole-body magnetic resonance imaging. JAMA
Oncol. 2017;3(12):1735-6.

Ganeshan D, Menias CO, Pickhardt PJ, Sandrasegaran K, Lubner MG, Ramalingam P, et al.
Tumors in von Hippel-Lindau syndrome: from head to toe—comprehensive state-of-the-art
review. Radiographics. 2018;38(3):849-66.

Anupindi SA, Bedoya MA, Lindell RB, Rambhatla SJ, Zelley K, Nichols KE, et al. Diagnostic
performance of whole-body MRI as a tool for cancer screening in children with genetic
cancer-predisposing conditions. Am J Roentgenol. 2015;205(2):400-8.

Leung RS, Biswas SV, Duncan M, Rankin S. Imaging features of von Hippel-Lindau disease.
Radiographics. 2008;28(1):65-79.

Shuin T, Yamasaki I, Tamura K, Okuda H, Furihata M, Ashida S. Von Hippel-Lindau disease:
molecular pathological basis, clinical criteria, genetic testing, clinical features of tumors and
treatment. Jpn J Clin Oncol. 2006;36(6):337-43.

Malik A, Misra R, Chawla AS, Chandra R, Bajaj SK, Thukral BB. Imaging spectrum of von
Hippel-Lindau disease. Astrocyte. 2015;2(3):136.

Tootee A, Hasani-Ranjbar S. Von Hippel-Lindau disease: a new approach to an old problem.
Int J Endocrinol Metabol. 2012;10(4):619.

Choyke PL, Glenn GM, Walther M, Patronas NJ, Linehan WM, Zbar B. von Hippel-Lindau
disease: genetic, clinical, and imaging features. Radiology. 1995;194(3):629—42.

Manski TJ, Heffner DK, Glenn GM, Patronas NJ, Pikus AT, Katz D, et al. Endolymphatic
sac tumors: a source of morbid hearing loss in von Hippel-Lindau disease.
JAMA. 1997;277(18):1461-6.

Ayadi K, Ben Mahfoudh K, Khannous M, Mnif J. Endolymphatic sac tumor and von Hippel-
Lindau disease: imaging features. Am J Roentgenol. 2000;175(3):925-6.

Hough DM, Stephens DH, Johnson CD, Binkovitz L. Pancreatic lesions in von Hippel-
Lindau disease: prevalence, clinical significance, and CT findings. AJR Am J Roentgenol.
1994;162(5):1091-4.

Shanbhogue KP, Hoch M, Fatterpaker G, Chandarana H. von Hippel-Lindau disease: review
of genetics and imaging. Radiol Clin North Am. 2016;54(3):409-22.

Charlesworth M, Verbeke CS, Falk GA, Walsh M, Smith AM, Morris-Stiff G. Pancreatic
lesions in von Hippel-Lindau disease? A systematic review and meta-synthesis of the litera-
ture. J Gastrointest Surg. 2012;16(7):1422-8.

Keutgen XM, Hammel P, Choyke PL, Libutti SK, Jonasch E, Kebebew E. Evaluation and
management of pancreatic lesions in patients with von Hippel-Lindau disease. Nat Rev Clin
Oncol. 2016;13(9):537.

Taouli B, Ghouadni M, Corréas J-M, Hammel P, Couvelard A, Richard S, et al. Spectrum
of abdominal imaging findings in von Hippel-Lindau disease. Am J Roentgenol.
2003;181(4):1049-54.

Marcos HB, Libutti SK, Alexander HR, Lubensky IA, Bartlett DL, Walther MM, et al.
Neuroendocrine tumors of the pancreas in von Hippel-Lindau disease: spectrum of appear-
ances at CT and MR imaging with histopathologic comparison. Radiology. 2002;225(3):751-8.
Kok J, Lin M, Wong V, Campbell P, Lin P. [18F] FDG PET/CT in pancreatic neuroendocrine
tumours associated with von Hippel Lindau syndrome. Clin Endocrinol. 2009;70(4):657-9.
De Jong M, Breeman WA, Kwekkeboom DJ, Valkema R, Krenning EP. Tumor imaging and
therapy using radiolabeled somatostatin analogues. Acc Chem Res. 2009;42(7):873-80.
Haug AR, Auernhammer CJ, Wingler B, Schmidt GP, Uebleis C, Goke B, et al.
68Ga-DOTATATE PET/CT for the early prediction of response to somatostatin receptor—
mediated radionuclide therapy in patients with well-differentiated neuroendocrine tumors. J
Nucl Med. 2010;51(9):1349-56.



7 Imaging Approach to Pediatric and Adolescent Familial Cancer Syndromes 147

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Prasad V, Tiling N, Denecke T, Brenner W, Plockinger U. Potential role of 68 Ga-DOTATOC
PET/CT in screening for pancreatic neuroendocrine tumour in patients with von Hippel-
Lindau disease. Eur J Nucl Med Mol Imaging. 2016;43(11):2014-20.

Shell J, Tirosh A, Millo C, Sadowski SM, Assadipour Y, Green P, et al. The utility of
68Gallium-DOTATATE PET/CT in the detection of von Hippel-Lindau disease associated
tumors. Eur J Radiol. 2019;112:130-5.

Hopp AC, Collins JM, Nguyen CC, Yang M. Radiopathological correlation of a von Hippel-
Lindau syndrome associated pancreatic neuroendocrine tumour with clear cell features. BMJ
Case Rep. 2019;12(2):bcr-2018-227891.

Shamim SA, Arora G, Arunraj S, Shankar K, Hussain J, Kumar D, et al. Role of
68Ga-DOTANOC PET/CT scan in von Hippel-Lindau disease. J Nucl Med. 2020;61(supple-
ment 1):127.

Papadakis GZ, Millo C, Sadowski Veuthey MSD, Bagci U, Patronas NJ. Kidney tumor in a
von Hippel-Lindau (VHL) patient with intensely increased activity on 68Ga-DOTA-TATE
PET/CT. Clin Nucl Med. 2016;41(12):970-1.

Liberini V, Nicolotti DG, Maccario M, Finessi M, Deandreis D. 68Ga-DOTA-TOC PET/CT
of von Hippel-Lindau disease. Clin Nucl Med. 2019;44(2):125-6.

Papadakis GZ, Millo C, Jassel IS, Bagci U, Sadowski SM, Karantanas AH, et al. 18F-FDG
and 68Ga-DOTATATE PET/CT in von Hippel-Lindau disease-associated retinal hemangio-
blastoma. Clin Nucl Med. 2017;42(3):189-90.

Ambrosini V, Campana D, Allegri V, Opocher G, Fanti S. 68Ga-DOTA-NOC PET/CT detects
somatostatin receptors expression in von Hippel-Lindau cerebellar disease. Clin Nucl Med.
2011;36(1):64-5.

Banezhad F, Kiamanesh Z, Emami F, Sadeghi R. 68Ga DOTATATE PET/CT versus 18F-
FDG PET/CT for detecting intramedullary hemangioblastoma in a patient with von Hippel-
Lindau disease. Clin Nucl Med. 2019;44(6):e385—¢7.

Meneret P, Girard A, Pagenault M, Riffaud L, Palard-Novello X. Different manifestations
detected with 68Ga-DOTATOC PET/CT in patients with von Hippel-Lindau disease: a case
report. Nuklearmedizin. 2020;59(04):332—4.

Papadakis GZ, Millo C, Sadowski Veuthey MSD, Bagci U, Patronas NJ. Epididymal cystad-
enomas in von Hippel-Lindau disease showing increased activity on 68Ga DOTATATE PET/
CT. Clin Nucl Med. 2016;41(10):781-2.

Tamura K, Nishimori I, Ito T, Yamasaki I, Igarashi H, Shuin T. Diagnosis and management
of pancreatic neuroendocrine tumor in von Hippel-Lindau disease. World J Gastroenterol:
WIG. 2010;16(36):4515.

Plockinger U, Rindi G, Arnold R, Eriksson B, Krenning E, De Herder W, et al. Guidelines for
the diagnosis and treatment of neuroendocrine gastrointestinal tumours. Neuroendocrinology.
2004;80(6):394-424.

Lamiell JM, Salazar FG, Hsia YE. von Hippel-Lindau disease affecting 43 members of a
single kindred. Medicine. 1989;68(1):1-29.

Choyke PL, Glenn GM, Walther MM, Zbar B, Linechan WM. Hereditary renal cancers.
Radiology. 2003;226(1):33-46.

Chauveau D, Duvic C, Chrétien Y, Paraf F, Droz D, Melki P, et al. Renal involvement in von
Hippel-Lindau disease. Kidney Int. 1996;50(3):944-51.

Lam AK. Update on adrenal tumours in 2017 World Health Organization (WHO) of endo-
crine tumours. Endocr Pathol. 2017;28(3):213-27.

Lenders JW, Eisenhofer G, Mannelli M, Pacak K. Phaeochromocytoma. Lancet.
2005;366(9486):665-75.

Neumann HP, Bender BU, Berger DP, Laubenberger J, Schultze-Seemann W, Wetterauer
U, et al. Prevalence, morphology and biology of renal cell carcinoma in von Hippel-Lindau
disease compared to sporadic renal cell carcinoma. J Urol. 1998;160(4):1248-54.

Kaji P, Carrasquillo JA, Linechan WM, Chen CC, Eisenhofer G, Pinto PA, et al. The role
of 6-[18F] fluorodopamine positron emission tomography in the localization of adre-



148

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

B. K. K. Fields et al.

nal pheochromocytoma associated with von Hippel-Lindau syndrome. Eur J Endocrinol.
2007;156(4):483-7.

Tlias I, Pacak K. Current approaches and recommended algorithm for the diagnostic localiza-
tion of pheochromocytoma. J Clin Endocrinol Metabol. 2004;89(2):479-91.

Taieb D, Sebag F, Hubbard J, Mundler O, Henry J, Conte-Devolx B. Does iodine-131 meta-
iodobenzylguanidine (MIBG) scintigraphy have an impact on the management of sporadic
and familial phaeochromocytoma? Clin Endocrinol. 2004;61(1):102-8.

Timmers HJ, Kozupa A, Chen CC, Carrasquillo JA, Ling A, Eisenhofer G, et al. Superiority
of fluorodeoxyglucose positron emission tomography to other functional imaging techniques
in the evaluation of metastatic SDHB-associated pheochromocytoma and paraganglioma. J
Clin Oncol. 2007;25(16):2262-9.

Vyakaranam AR, Crona J, Norlen O, Granberg D, Garske-Roman U, Sandstrom M, et al.
Favorable outcome in patients with pheochromocytoma and paraganglioma treated with
(177)Lu-DOTATATE. Cancers (Basel). 2019;11(7):909.

Choyke PL, Glenn GM, Wagner JP, Lubensky IA, Thakore K, Zbar B, et al. Epididymal cyst-
adenomas in von Hippel-Lindau disease. Urology. 1997;49(6):926-31.

Gliasker S, Tran M, Shively S, Ikejiri B, Lonser R, Maxwell P, et al. Epididymal cystadeno-
mas and epithelial tumourlets: effects of VHL deficiency on the human epididymis. J Pathol.
2006;210(1):32-41.

Mehta GU, Shively SB, Duong H, Tran MG, Moncrief TJ, Smith JH, et al. Progression of
epididymal maldevelopment into hamartoma-like neoplasia in VHL disease. Neoplasia.
2008;10(10):1146-53.

Villani A, Shore A, Wasserman JD, Stephens D, Kim RH, Druker H, et al. Biochemical and
imaging surveillance in germline TP53 mutation carriers with li-Fraumeni syndrome: 11 year
follow-up of a prospective observational study. Lancet Oncol. 2016;17(9):1295-305.
Masciari S, Van den Abbeele AD, Diller LR, Rastarhuyeva I, Yap J, Schneider K, et al. F18-
fluorodeoxyglucose—positron emission tomography/computed tomography screening in li-
Fraumeni syndrome. JAMA. 2008;299(11):1315-9.

Schneider K, Zelley K, Nichols KE, Garber J. Li-fraumeni syndrome. In: GeneReviews®.
Seattle, WA: University of Washington; 2013.

Ballinger ML, Best A, Mai PL, Khincha PP, Loud JT, Peters JA, et al. Baseline surveillance
in li-Fraumeni syndrome using whole-body magnetic resonance imaging: a meta-analysis.
JAMA Oncol. 2017;3(12):1634-9.

Nogueira STS, Lima ENP, Nobrega AF, Torres IDCG, Cavicchioli M, Hainaut P, et al. 18F-
FDG PET-CT for surveillance of Brazilian patients with li-Fraumeni syndrome. Front Oncol.
2015;5:38.

Chadaz T, Hobbs SK, Son H. Chest wall sarcoma: 18F-FDG PET/CT in a patient with li-
Fraumeni syndrome. Clin Nucl Med. 2013;38(10):818-20.



®

Check for
updates

Chapter 8
Pharmacokinetics and Pharmacodynamics
in Adolescents Receiving Cancer Therapies

Amal Ayyoub

Pharmacokinetics and Pharmacodynamics in Adolescents
Compared to Adults

Age-associated changes in body composition and organ function are dynamic;
nonetheless, developmental changes in physiologic factors that influence drug dis-
position (absorption, distribution, metabolism, and excretion) approximate adult
levels by 12 years of age leading to common physiologic characteristics between
adolescents and adults [1]. Gastrointestinal structure and function represented by
hydrochloric acid production, bile acid secretion, intestinal length, and glutathione
conjugation capacity reach full activity between 5 and 10 years of age [2]. Expressed
as a percentage of total body weight, adolescents have the same levels of total body
water, extracellular fluid, and body fat compared to adults suggesting that the appar-
ent volume of distribution of drugs will be similar for children 12 years of age and
older compared with adults [2]. The drug metabolic capacity facilitated by phase I
cytochrome P-450 isoenzymes and phase II conjugation enzymes in the liver and
intestine also reach full maturation by adolescence leading to similar metabolic
drug clearance. The renal glomerular filtration rate and tubular secretion rise until
adult levels are reached at approximately 12 months of age suggesting similar renal
clearance compared to adults. Collectively, from a pharmacokinetic perspective,
differences would not be expected between adolescents, 12 years of age and older,
compared to adults. Indeed, apparent drug clearance, a fundamental parameter in
pharmacokinetics, in adolescents averaged 93% of adult values indicating that the
same adult dosage can often be used in adolescents [3, 4].

Unlike age-related physiologic factors that impact pharmacokinetics, the ontog-
eny of pharmacodynamics is not clearly understood. Little information exists on the
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age-related differences in the interaction of a drug with its specific receptor or in the
relation between the drug concentration in the plasma or site of action with the
pharmacologic effect or toxicity. Nonetheless, based on pharmacokinetic-
pharmacodynamic analyses for drugs administered to adolescents and adults, devel-
opmental changes that can alter the action and response to a drug are expected to
reach maturation by adolescence, and patient-specific factors such as pharmacoge-
netic factors are thought to potentially contribute to the individual variability of the
response. The latter is exemplified in altered sensitivity to the ototoxic effects of
cisplatin associated with variants in the thiopurine S-methyltransferase (TPMT)
gene [5, 6].

Considerations for Drug Development of Oncology
Therapeutics in Adolescents

Cancers in pediatric patients are often distinct from those in adult patients and
require unique treatment strategies; however, some cancer types found in adolescent
patients, including familial endocrine cancer syndromes, are similar in histology and
biologic behavior to those in adults. To expedite drug development of cancer prod-
ucts in adolescents, inclusion of children 12 years of age and older in adult oncology
trials at all stages of drug development is encouraged by the American Society of
Clinical Oncology/Friends of Cancer Research, ACCELERATE, the Innovative
Therapies for Children with Cancer, and the U.S. Food and Drug Administration
[7-10]. Combined adolescent-adult trials are recommended when the histology and
biologic behavior of the cancer under investigation is the same in, or the molecular
target of the drug is relevant to, cancers in both adult and adolescent patients. Indeed,
an analysis of combined pediatric and adult trials between 2012 and 2018 performed
by Tanaudommongkon et al. shows that a substantial number of adult clinical trials
across various therapeutic areas (56 trials in 24 products) included children between
12 and 18 years of age [11]. As described in FDA’s 2019 Guidance for Industry,
titled, “Considerations for the inclusion of adolescent patients in adult oncology
clinical trials” for drugs with body size-adjusted dosing for adults, adolescent
patients should receive the same body size-adjusted dose (mg/kg or mg/m?) that is
administered in adults. However, for drugs administered as a fixed dose in adults,
based on the lack of clinically meaningful body size effect on drug exposure and
toxicity in adults, a minimum body weight threshold should be defined to prevent
adolescent patients who have a lower body weight than average from exceeding
adult exposures. In general, a minimum body weight threshold of 40 kg, as the
approximate median body weight value corresponding to a 12 year old, is suggested.
The Guidance document further specifies that adolescents weighing less than 40 kg
should be administered body weight or surface area adjusted dosages [11].

In conclusion, considering that pediatric patients 12 years of age and older share
common physiologic characteristics between adolescents and adults, and inclusion
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of adolescents in adult oncology trials, specifically, is a successful strategy to accel-
erate access to potentially efficacious therapies to adolescents.
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Chapter 9

Surgical Indications for Pediatric
and Adolescent Familial Cancer
Syndromes: Thyroid Surgery

Areeba Saif and Samira Mercedes Sadowski

Introduction

Familial thyroid cancers are broadly characterized into two groups based on the
cells of origin in the thyroid gland. The first group, familial medullary thyroid can-
cer (FMTC), arises from the calcitonin-producing parafollicular C cells of the thy-
roid gland (Fig. 9.1), whereas cancers arising from the follicular cells are assigned
the nomenclature familial non-medullary thyroid cancer (FNMTC). FNMTC is fur-
ther divided into syndromic and non-syndromic types based on whether the thyroid
malignancy is a predominant feature (non-syndromic) or occurs as part of a constel-
lation of other nonthyroidal malignancies (syndromic) in syndromes such as
Cowden syndrome, Werner syndrome, Carney complex, familial adenomatous pol-
yposis, Pendred syndrome, Ataxia-telangiectasia, Bannayan-Riley-Ruvalcaba syn-
drome, Peutz-Jeghers syndrome, and PTEN hamartoma tumor syndrome [1]. While
there are clear American Thyroid Association (ATA) guidelines on the management
of hereditary MTC, the optimal clinical approach to FNMTC, given its rarity, is yet
to be established [2]. This chapter will review the surgical management of FMTC.
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Fig. 9.1 Pediatric Medullary Hyperplasia. (a) Focus of medullary hyperplasia in a 8 year old
patient with MEN2A (H&E). (b) Nests of C cells stained for Calcitonin. (Courtesy of Dr. Maria
Merino (National Institutes of Health, Bethesda, Maryland, USA))

Surgical Management of Hereditary Medullary
Thyroid Cancer

Medullary thyroid cancer, which accounts for 1-2% of all thyroid cancers in the
USA, occurs sporadically or in the hereditary form in 20-25% of cases as part of
syndromes associated with an activating RET-proto-oncogene mutation including
type 2 multiple endocrine neoplasia (MEN) syndromes, MEN2A and MEN2B, and
the familial MTC syndrome [2, 3]. MTC is extremely rare in the pediatric popula-
tion with an estimated incidence of 0.03 cases per 100,000 population years [4]. In
the USA, between 1998 and 2016, based on the results from Surveillance,
Epidemiology, and End Results (SEER) database, there were 110 pediatric cases
(<20 years) of MTC [4]. In a comparison of pediatric and adult MTC based on the
SEER database, Zhao et al. reported that the pediatric population was more likely to
have localized disease and a lack of regional lymph node involvement when com-
pared to adults [4]. Pediatric patients were also more likely to undergo a total/sub-
total thyroidectomy [4]. In this section, we will review the evidence-based approach
to surgical management of hereditary MTC in the pediatric population.

Indications for a Prophylactic Thyroidectomy

In the past, the term “prophylactic thyroidectomy” was defined as the early removal
of the thyroid gland in children with an inherited RET proto-oncogene mutation.
However, given that there is evidence of C-cell hyperplasia (CCH) or frank MTC in
most of these cases, the term has been re-defined by the ATA. The term “prophylac-
tic” thyroidectomy is now defined as the removal of the thyroid gland either before
MTC develops or while it is still intrathyroidal and consequently clinically unap-
parent [2].
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The diagnosis of hereditary MTC has evolved from using serum calcitonin levels
to the use of direct DNA analysis to detect a RET mutation. However, the substan-
tial variations in aggressiveness and age of onset of hereditary MTC within families
with the same RET mutation have led to the realization that direct DNA analysis
alone is not sufficient to determine the age of prophylactic thyroidectomy. Several
studies have recommended the use of basal and stimulated serum calcitonin levels
in RET gene mutation carriers to determine the timing of a total thyroidectomy [5,
6]. Elisei et al. reported that the timing of thyroidectomy in carriers of the RET
germline mutation with negative calcitonin could be personalized and planned inde-
pendently of the type of RET mutation and patient’s age when stimulated calcitonin
becomes positive [5]. However, there is a lack of established guidelines on the spe-
cific values of basal and stimulated calcitonin, due to which the ATA recommends
clinicians become familiar with the reference ranges in their institutions and develop
institution-based criteria for recommending prophylactic thyroidectomy in children
who are carriers of the mutated RET allele.

The ATA guidelines for the management of MTC in MEN2 patients differ based
on the perceived clinical behavior of the specific RET proto-oncogene mutation
causing MTC. There are at present three categories of RET mutations based on their
phenotypical patterns of aggressiveness and age of onset: highest risk (HST), high
risk (H), and moderate risk (MOD) [2].

While all patients with MEN2 syndrome ultimately require a thyroidectomy, the
timing differs based on the RET proto-oncogene mutation the patient carries
(Table 9.1). For carriers of the RET codon 634 and 883 mutations (ATA-H), it is
recommended that annual physical examination, cervical ultrasound, and measure-
ment of serum calcitonin levels are initiated at 3 years of age, as these patients
develop MTC during the early years of life. While serum calcitonin levels guide the
exact timing and extent of surgery, these patients should undergo a prophylactic
thyroidectomy at/or before 5 years of age. For patients with MEN2B and the RET
codon M918T mutation (ATA-HST), MTC is highly aggressive and a thyroidec-
tomy is recommended in the first year, perhaps even the first few months of life.
Conversely, children in the ATA-MOD category develop a less aggressive form of
MTC and at a later stage. For example, in a study investigating the role of prophy-
lactic thyroidectomy in patients with the RET codon 609 mutation, Calva et al.
reported that the youngest patient with a C609Y RET mutation and MTC was 21
years old while the youngest patient with C-cell hyperplasia was 15 years old [7].
The study concluded that in patients with RET C609Y mutations a prophylactic
thyroidectomy can be deferred until 10-15 years of age, with annual calcitonin
screening prior to surgery.

In summary, all children who are carriers of the RET codon M918T mutation
(ATA-HST) should undergo a prophylactic thyroidectomy in the first year of life.
For patients in the ATA-H category, a thyroidectomy should be performed at age 5
years or sooner based on the detection of elevated calcitonin levels. Finally, for
patients in the ATA-MOD category, a 6 month or annual physical examination,
ultrasound of the neck, and measurement of serum calcitonin levels should be
started at age 5 years. While the timing of the thyroidectomy would be determined
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Table 9.1 ATA-risk categories of RET mutations for development of MTC [2]

ATA risk level | RET Recommended age to Recommended age for
for MTC mutation Exon | begin screening for MTC | prophylactic thyroidectomy
Highest MI18T 16 | N/A < age 1 year
High C634F/G/R/ | 11 3 years < age 5 years
S/W/Y
A883F 15
Moderate G533C 8 5 years Childhood/adolescence
C609F/G/R/ | 10
SIY
C611F/G/S/ | 10
Y/W

C618F/R/S | 10
C620F/R/S | 10

C630R/Y 11
D631Y 11
K666E 11
E768D 13
L790F 13
V804L 14
V804M 14
S891A 15
RO12P 16

ATA American Thyroid Association, MTC Medullary Thyroid Cancer. (Data obtained from: Wells
SA, Jr, Asa SL, Dralle H, Elisei R, Evans DB, Gagel RF, et al. Revised American Thyroid
Association guidelines for the management of medullary thyroid carcinoma. Thyroid: official jour-
nal of the American Thyroid Association. 2015;25 (6):567-610)

by the detection of elevated serum calcitonin levels, parents may opt for a thyroid-
ectomy for their children at around 5 years of age if there are concerns about adher-
ence to the long-term follow-up plan [2].

The complications of a prophylactic thyroidectomy in children must be weighed
against the risks associated with delaying a potentially curative intervention for
MTC in patients with the RET proto-oncogene mutation.

Surgical Approach in Carriers of Germline RET Mutations

The preferred surgical intervention for patients with a RET proto-oncogene muta-
tion is a total thyroidectomy with or without central compartment neck dissection
(level VI dissection) [2]. All patients with MEN2 syndromes should be screened for
a pheochromocytoma prior to surgery.

A prophylactic central neck dissection should include surgical excision of lymph
nodes between the hyoid bone superiorly, the carotid arteries laterally, and the tho-
racic inlet inferiorly. This consists of removal of the prelaryngeal, pretracheal, and
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paratracheal lymph node basins, which requires meticulous dissection of the para-
thyroid glands, the external branch of the superior laryngeal nerves, and the recur-
rent laryngeal nerves [8, 9]. Central compartment neck dissection in children may
be associated with a higher risk of injury to the recurrent laryngeal nerves and para-
thyroid glands as these structures are more difficult to delineate in young chil-
dren [9].

In patients with a germline RET mutation undergoing a prophylactic thyroidec-
tomy, there is a lack of consensus on the role of a prophylactic central neck dissec-
tion. Per ATA guidelines, the inclusion of central neck dissection should depend
upon both the ATA-risk category and the basal serum calcitonin levels. In patients
with ATA-MOD and ATA-H mutations, a central neck dissection may not be per-
formed if basal calcitonin levels are <40 pg/mL and there is no evidence of lymph
node involvement on direct observation or imaging [2, 10]. However, in a consensus
statement on the timing and extent of thyroid surgery for carriers of the RET muta-
tion, the European Society of Endocrine Surgeons (ESES) cautions against the use
of ultrasonography (US) in guiding decision-making as US is insufficiently sensi-
tive in detecting micrometastases in lymph nodes [11, 12]. Per ATA guidelines, in
patients with the ATA-HST category mutation, in the absence of any suspicious
lymph nodes, a central neck dissection should only be performed if parathyroid
glands can be identified and left in situ or auto transplanted [2]. However, in a study
including 387 carriers of the germline RET mutation, 201 of whom were node-
negative and 186 were node-positive, Machens et al. reported that tumor progres-
sion to lymph node metastasis in MTC was independent of the underlying RET
mutation [13]. Patients with low-moderate risk mutations had comparable time to
lymph node involvement as those with high and highest risk mutations, leading the
authors to conclude that following disease onset, the biologic behavior of MTC is
the same irrespective of the underlying RET mutation [13]. This raises questions
about the necessity of a central lymph node dissection in all patients undergoing a
prophylactic thyroidectomy irrespective of their mutation status and serum calcito-
nin levels.

Auto-transplantation of the parathyroid gland should be performed if a parathy-
roid gland is devascularized. While in patients with FMTC or MEN2B syndrome,
the parathyroid gland can be autotransplanted into the sternocleidomastoid muscle,
in patients with MEN2A syndrome the parathyroid tissue should be autotrans-
planted into the non-dominant forearm due to the risk of development of primary
hyperparathyroidism in the remnant tissue [14].

In addition to a traditional open prophylactic thyroidectomy, the use of a mini-
mally invasive video-assisted approach for prophylactic thyroidectomy (MIVAT) in
children with MEN2 syndromes has been reported in the literature. Glynn et al.
published their experience of MIVAT in six children with the RET codon mutations
634, 620, 611, and 918 [15]. None of the children in the study underwent a central
lymph node dissection. They reported similar outcomes compared to the traditional
approach with possible benefits in terms of pain and cosmesis. There has also been
a report of video-assisted central compartment lymphadenectomy in 15 carriers of
RET proto-oncogene mutation [16]. The mean number of lymph nodes removed
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was 5.1 with the authors reporting a comparable complication rate with the open
approach, better cosmesis, and reduced post-operative pain. However, further multi-
institutional experiences with long-term follow-up are needed to establish the safety
and feasibility of these approaches.

Post-Operative Management and Surveillance

In the immediate post-operative period, children should be closely monitored for
the development of hypocalcemia secondary to hypoparathyroidism or signs of
injury to the recurrent laryngeal and the superior laryngeal nerves. Patients may be
admitted overnight for observation, pain control, and monitoring for neck hema-
toma formation. Long-term thyroid hormone replacement therapy is required to
maintain euthyroid status; however, suppressive doses are not required as the para-
follicular C cells are not thyroid-stimulating hormone (TSH) responsive [9].
Fluctuations in TSH levels are common in children secondary to growth and physi-
ologic changes and potentially due to medication non-compliance, hence TSH
should be routinely monitored to maintain a euthyroid state. However, there are no
clear ATA guidelines on the frequency of TSH monitoring [17].

Seib et al. have recommended routine thyroglobulin measurements following
prophylactic thyroidectomy in patients with germline RET mutations [17]. They
postulate that even in experienced hands, there may be residual thyroid tissue left
behind, especially in the posterolateral thyroid bed where there is an embryologic
predominance of parafollicular C levels. The measurement of post-operative thyro-
globulin levels may aid in the detection of residual thyroid tissue. However, the ATA
guidelines at present do not include recommendations for routine post-operative
measurement of thyroglobulin.

For patients with the MEN2B ATA-HST category and MEN2A-H category
mutations, long-term follow-up should include a thorough physical exam, ultra-
sound of the neck, and measurement of serum calcitonin and CEA levels every
6 months for 1 year and then annually [2]. The patients should also begin undergo-
ing screening for pheochromocytoma at 11 years of age. In patients with MEN2A
ATA-MOD mutations, long-term follow-up should include evaluation every 6
months for 1 year and then annually if serum calcitonin levels remain undetectable
or within the normal range [2]. These children should undergo screening for pheo-
chromocytoma beginning at 16 years of age. If during the follow-up period, the
serum calcitonin levels are found to be elevated but <150 pg/mL, they should be
measured along with serum CEA levels every 3—6 months to determine doubling
times, which is a prognostic indicator of the progression of MTC. However, if serum
calcitonin levels are >150 pg/mL, a full metastatic workup with imaging including
neck US, chest CT, contrast-enhanced CT/MRI of the liver, bone scintigraphy, and
PET/CT/MRI of the pelvis and axial skeleton should be performed and the patient
subsequently managed based on the site of metastasis [2, 6, 18].
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Complications

The most significant complications following a thyroidectomy in children include
hypocalcemia secondary to hypoparathyroidism, hoarseness, vocal cord paresis or
paralysis, and wound seroma or hematoma formation [19, 20]. A single-center study
including 464 patients undergoing prophylactic thyroidectomy, reported the inci-
dence of post-operative transient hypoparathyroidism to be 37% while the inci-
dence of persistent hypoparathyroidism was 0.6%. Young children have a much
higher rate of complications following thyroid surgery compared to adults, espe-
cially the occurrence of hypoparathyroidism. This is because the parathyroid glands
in younger children are small and translucent and much more challenging to iden-
tify [2]. For these reasons, several studies have established that prophylactic thy-
roidectomy for children is associated with better outcomes when performed at
high-volume tertiary care centers [2, 10, 20, 21].

Long-Term Outcomes

Machens et al. published a study outlining the long-term outcomes of prophylactic
thyroidectomy in a large cohort of 167 children with germline RET mutations [22].
They found that there was no increased surgical morbidity in younger children aged
3 years or less when compared to older children indicating a prophylactic thyroid-
ectomy is a viable option in affected infants and small children once calcitonin
serum levels have increased. In 114 of the 115 children with raised preoperative
serum calcitonin levels, post-operative normalization of calcitonin serum levels was
achieved. No residual structural disease or recurrence was observed in any patients.
Several studies have reported similar 100% disease-free rates in children undergo-
ing age-appropriate prophylactic thyroidectomy [23, 24].

Insufficient post-operative thyroxine replacement therapy leading to impaired
normal growth, development, and intellectual function was found to be a significant
problem in a study on the long-term outcomes of 46 gene carriers of the RET germ-
line mutation following a prophylactic thyroidectomy [25]. Consequently, the
authors recommend TSH monitoring every 3 months secondary to concerns regard-
ing both optimal dosage and non-compliance.
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Chapter 10
Long-Term Effects of Cancer Treatment

Kyle P. McNerney and Sina Jasim

Introduction

After the treatment of cancer, individuals still face the prospect of future complica-
tions and adverse health conditions. Survival after childhood cancer has continued
to increase, and 5-year relative survival rates are 83—-86% for children, adolescents,
and young adults [1]. With longer expected survival, providers must be vigilant and
monitor not only for recurrence or for complications from the underlying cancer or
disease, but also monitor for side effects from treatments that can occur even years
after therapy. Treatment complications typically fall into three broad categories:
radiation-related side effects, surgery-related side effects, and medication-related
side effects. Long-term outcome data from cohorts such as the Childhood Cancer
Survivor Study (CCSS) demonstrate that survivors of childhood cancer have
increased risk of adverse outcomes including second cancers, endocrine hormone
deficiencies, pulmonary complications, obesity, and worse scholastic outcomes [2].
Cancer survivors require long-term multidisciplinary follow-up to monitor for the
metabolic, neurocognitive, and psychosocial effects that can present or worsen even
years after cancer treatment [1].
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Radiation Therapy

Radiation therapy causes complications through damage to healthy cells and tissues
in proximity to the treatment area. The type, dose, and area of radiation treatment
are critical for predicting the extent of complications. Younger children are more
sensitive to the effects of radiation and have increased long-term complications [3].
Children exposed to therapeutic radiation may have different long-term effects due
to continued cellular development and anatomic differences that can place more
structures in close proximity to the radiation field. Short-term complications of
radiation therapy include skin changes, nausea/vomiting, fatigue, hair loss, and
hearing problems [4]. Long-term complications depend on the dose of radiation and
can have unique effects depending on the site, the method of delivery, and the tis-
sues involved.

Cranial Irradiation

Cranial irradiation has a broad spectrum of long-term complications that is more
profound in children. Cranial or whole brain radiation therapy in an infant or very
young child can have severe development sequelae, which impairs future cognitive
function and development. Cranial radiation therapy overall is associated with
increased cerebrovascular events and vascular damage, brain tissue necrosis, cra-
niosynostosis due to premature growth arrest of the calvarium, eye changes includ-
ing optic neuropathy or cataracts, and worsening cranial neuropathies [3]. The
hypothalamus and pituitary gland are particularly sensitive to radiation, and patients
can develop pituitary hormone deficiencies even years after cranial radiation. Long-
term monitoring for pituitary hormone deficiencies is critical for survivors of cancer
with cranial irradiation [5].

The development of pituitary hormone deficiencies after cranial radiation can
range from a single hormone deficiency to complete hypopituitarism. Risk factors
for pituitary hormone deficiencies include younger age at treatment, radiation fields
involving the hypothalamus/pituitary, and the amount of time elapsed since treat-
ment [6]. Additionally, the dose of radiation (Gy) is an important prognostic factor
for the future risk of pituitary hormone deficiencies. Pituitary hormone deficiencies
(e.g., growth hormone deficiency) and central precocious puberty can be seen with
cranial irradiation of 18 Gy and greater. Multiple pituitary hormone deficiencies can
be seen with a dose of 30 Gy or higher [7].

Growth hormone deficiency: Pituitary somatotrophs are highly vulnerable to
radiation. Growth hormone deficiency is the most common pituitary hormone defi-
ciency attributed to radiation therapy [6]. Growth hormone deficiency can occur
with cranial irradiation with a dose of 18 Gy or higher, single fraction total body
irradiation of 10 Gy or higher, or fractionated total body radiotherapy with 12 Gy or
higher. Growth hormone deficiency is often identified in children due to impaired
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linear growth. Growth impairment due to growth hormone deficiency can initially
be subtle, and longitudinal growth measurements at least every 6—12 months are
essential to identify growth changes. Concurrent sex steroids hormone exposure due
to puberty (precocious or otherwise) can mask growth deceleration due to growth
hormone deficiency. Measurement of random or prolonged sampling of growth hor-
mone levels over a 12-24 h period is not practical for the diagnosis of growth hor-
mone deficiency due to its pulsatile secretion, diurnal rhythm favoring growth
hormone secretion overnight, and substantial overlap in serial growth hormone
measurements between healthy controls and patients with growth hormone defi-
ciency [8]. IGF-1 levels, when adjusted for age and pubertal status, can help screen
for growth hormone deficiency. A significantly low IGF-1 level (=2 SD) is highly
suggestive of growth hormone deficiency, however, normal IGF-1 levels do not pre-
clude possible growth hormone deficiency. Provocative growth hormone stimula-
tion testing is recommended to diagnose growth hormone deficiency unless multiple
other pituitary hormone deficiencies are already present. Growth hormone stimula-
tion testing is performed with agents including glucagon, arginine, clonidine, or
levodopa [8]. Insulin tolerance tests are reliable tests for the growth hormone axis,
however, they are not used in many centers due to the risks associated with hypogly-
cemia [9]. Children with growth hormone deficiency can be retested for growth
hormone deficiency during the transition to adulthood and therapy can be continued
at a decreased, adult-appropriate dose if indicated.

Growth hormone therapy is given in injectable format usually daily. Longer-
acting growth hormone therapies are in development, which will allow extended
dosing intervals (e.g., once weekly). Treatment of growth hormone deficiency with
growth hormone significantly improves linear growth [10]. Children and adults with
growth hormone deficiency in general show increased muscle mass, decreased total
body fat, and increased bone mineral density when treated with growth hormone
therapy. Adverse effects of growth hormone therapy include insulin resistance,
edema, arthralgia, slipped capital femoral epiphysis, pseudotumor cerebri, and car-
pal tunnel syndrome [11]. For survivors of cancer, there is a theoretical concern for
recurrence of primary tumors or secondary tumor development with growth hor-
mone therapy since growth hormone and IGF-1 drive cellular proliferation [12].
Due to this concern, growth hormone therapy has traditionally been deferred until
1 year of disease-free survival, although some studies have not found harm with
earlier introduction of growth hormone, or treatment of growth hormone therapy in
patients with stable but present disease [7].

Precocious puberty: Alterations in the hypothalamic-pituitary gonadal axis are
common in survivors of childhood cancer. Precocious puberty (pubertal develop-
ment before 8 years of age in females or 9 years of age in males) is the second most
common manifestation of hypothalamic/pituitary dysfunction after growth hor-
mone deficiency, seen in 15% of children with a history of central nervous system
tumor or cranial radiation therapy [13]. Central precocious puberty can be seen after
cranial radiation therapy with 18 Gy or higher. It is most commonly seen in patients
with brain tumors near the hypothalamus/optic pathways, with a history of radiation
to the hypothalamus/pituitary, or with a history of hydrocephalus [14]. Precocious
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puberty can lead to early height acceleration but later produces early cessation of
growth leading to significant short stature in adulthood. Clinical monitoring of
growth and pubertal staging support identification of precocious puberty; however,
coexisting growth hormone deficiency or primary gonadal dysfunction due to cyto-
toxic chemotherapy can make interpretation of growth and pubertal development
challenging. Due to this, biochemical tests of gonadotropins and sex steroids
(Luteinizing hormone (LH), follicle-stimulating hormone (FSH), estradiol, and tes-
tosterone) or gonadotropin-releasing hormone (GnRH) suppression tests to evaluate
for gonadotropin production are frequently used for the diagnosis of precocious
puberty. Treatment with GnRH agonists can suppress gonadotropin production and
delay pubertal progression, leading to improved adult height [13].

Hypogonadism: In addition to the increased risk of central precocious puberty,
cancer survivors with a history of cranial irradiation are at increased risk for hypo-
gonadotropic hypogonadism [15]. Hypogonadotropic hypogonadism may present
as delayed or stalled puberty in children, or with symptoms of hypogonadism in
adults. Clinical assessment of growth and puberty, and biochemical evaluation of
gonadotropins and sex steroids are essential for diagnosis. Prolactin levels should
be assessed concurrently since hyperprolactinemia can present as hypogonadotropic
hypogonadism, and can occur with cranial irradiation, CNS tumors, or certain medi-
cations [7].

The testes and ovaries are highly sensitive to radiation. Gonadal dysfunction,
subfertility, infertility, or primary hypogonadism are all known consequences of
irradiation treatment. Testicular radiation of 0.3-0.5 Gy can induce temporary oli-
gospermia, and oocytes are also highly sensitive to DNA damage from irradiation
[16]. Depletion of oocyte count by ovarian irradiation can lead to decreased ovarian
reserve and early menopause. The adverse effects of radiation on testicular and
ovarian functions are most likely to occur with localized abdominal or pelvic radia-
tion, but can also occur from total body radiation or internal scatter of radiation
indirectly leading to exposure [16].

Hypogonadism and decreased sex steroid production has adverse effects on
pubertal or post-pubertal survivors of cancer including alterations in mood,
decreased quality of life, impaired fertility, and decreased bone mineral density
[17]. Diagnosis of hypogonadism in males requires finding signs and symptoms of
low testosterone (e.g., erectile dysfunction/low libido, decreased energy, reduced
bone mass) along with biochemical testing including LH, FSH, and testosterone
measured in the morning in the absence of illness. Diagnosis of hypogonadism in
females is suspected based on oligomenorrhea or amenorrhea and is confirmed with
measurement of LH, FSH, and estradiol in the absence of other causes of menstrual
irregularities such as hyperprolactinemia, thyroid disease, or hyperandrogenism.
Hypogonadism is treated with replacement of sex steroid hormones (testosterone or
estrogen) to achieve a level appropriate for age, and in adolescents is titrated to their
pubertal development [7]. Hormone replacement therapy in adult females can be
discontinued around the age for menopause [18].

Children, adolescents, and adults undergoing radiation or cytotoxic chemother-
apy with risk of gonadal dysfunction should receive counseling on the risk of future
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subfertility and infertility. The risks/benefits of treatment and potential options for
future fertility should be addressed through the use of a shared decision-making
framework between patients and providers, ideally with the involvement of subspe-
cialists familiar with oncology related fertility issues [19]. Ovarian tissue cryo-
preservation is established as a method for fertility preservation in pre-menopausal
females and is routinely offered to pubertal and post-pubertal females [15]. Data for
ovarian tissue cryopreservation in pre-pubertal females is limited, but is considered
an experimental option [20]. Use of GnRH agonists in females to suppress follicle
activation during chemotherapy treatment and preserve ovarian function is used
experimentally but currently lacks robust outcome data of efficacy and safety [21].
In pubertal and post-pubertal males, sperm banking with cryopreservation is effec-
tive and well established and should be considered prior to gonadotoxic therapy
[15]. Pre-pubertal males have limited established options for fertility preservation,
but ongoing research into cryopreservation of immature testicular tissue may offer
an experimental approach for fertility preservation [22].

TSH deficiency: A decrease in hypothalamic thyrotropin-releasing hormone
(TRH) or pituitary thyroid-stimulating hormone (TSH) can cause impaired produc-
tion of thyroid hormone and central hypothyroidism. Patients with hypothyroidism
may have symptoms including fatigue, cold intolerance, dry skin, constipation, or
irregular menstrual cycles. Notably, the TSH level can appear inappropriately nor-
mal in patients with central hypothyroidism with a corresponding low free T4 level
[23]. Therefore, the use of TSH only in screening for hypothyroidism may miss
patients with central hypothyroidism. The free T4 level is not only useful in diag-
nosing but also monitoring patients with central hypothyroidism treated with thy-
roid hormone replacement, with treatment aimed to maintain high normal T4 levels.

ACTH deficiency: Cortisol production occurs through the hypothalamic-
pituitary-adrenal axis, and relies on hypothalamic corticotropin-releasing hormone
(CRH) and pituitary adrenocorticotropic hormone (ACTH) production. Adrenal
insufficiency has an overall prevalence of ~4% in childhood cancer survivors that
received cranial irradiation, though prevalence varies based on the type and location
of tumor [24]. The development of adrenal insufficiency is more common in patients
receiving 30 Gy or more of hypothalamic/pituitary irradiation [7]. Mild adrenal
insufficiency may not be noted until a patient encounters severe stress such as ill-
ness, infection, or surgery. In patients at risk for pituitary hormone deficiency, a
morning cortisol level can be used to assess for adrenal insufficiency. In a patient
with equivocal cortisol levels, diagnosis of adrenal insufficiency can be made with
ACTH stimulation tests. Patients with adrenal insufficiency may require daily glu-
cocorticoids replacement (e.g., hydrocortisone or prednisone) along with instruc-
tions to give additional stress dose glucocorticoids during “stress” including fever,
illness, or surgery. Long-term follow-up of children with hypothalamic-pituitary
disorders shows a three—four fold increase in mortality compared to unaffected chil-
dren, with 12-25% attributable to hypoglycemia and adrenal insufficiency [25]. The
risk of increased mortality in patients with hypopituitarism continues into adult-
hood, though the attributable cause is often multifactorial. A meta-analysis of mul-
tiple studies on patients with hypopituitarism showed greater risk of death seen in
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patients diagnosed at a younger age, females, diagnosis of craniopharyngioma,
treatment with radiation or surgery, or presence of diabetes insipidus or hypogonad-
ism [26].

Diabetes Insipidus: Central diabetes insipidus occurs due to diminished or absent
anti-diuretic hormone (ADH) production by neurons of the posterior pituitary. This
leads to impaired urinary concentrating ability, which leads to characteristic poly-
uria, minimally concentrated urine, and rapid increases in serum osmolality and
sodium concentration if a patient is not able to hydrate adequately [27]. Thirst is
often significantly increased due to the hyperosmolality, but thirst may be impaired
or absent in association with a patient’s CNS disease. Diabetes insipidus is more
common with CNS tumors with pituitary and hypothalamic extension such as cra-
niopharyngiomas. Diabetes insipidus can be confirmed by fasting blood and urine
samples or during a water deprivation test. Desmopressin (DDAVP) administered at
the conclusion of the water deprivation restores urinary concentrating ability in
patients with central diabetes insipidus, and is also the mainstay of treatment of
central diabetes insipidus [28]. The circulating peptide Copeptin has recently been
shown to be a reliable surrogate measure for arginine vasopressin, so many centers
are now using measurement of osmotically-stimulated Copeptin levels to diagnose
central diabetes insipidus [29].

Spinal Radiation

Radiation delivered elsewhere in the body can affect development of bone and mus-
cle, leading to limb length discrepancy, atrophy, and predisposition to fracture.
Radiation to the spine can cause scoliosis, impaired bone mineralization, or
decreased height due to a relatively shorter trunk [30]. Increased risk of short stature
is seen with children treated with spinal radiation at young ages, with larger areas of
spine treated, and with doses >20 Gy [7]. Short stature arising from spine irradiation
typically causes a disproportionate short stature from impaired spinal height but
preserved extremity growth. This can be measured clinically by comparing arm
span length to height (arm span may greatly exceed height in children with spinal
growth impairment), measuring the sitting height, and monitoring for reduction in
the upper-to-lower segment ratio [7].

Organ-Specific Adverse Effect of Radiation Therapy

Radiation effect on the lungs: Thoracic radiation therapy in adults and children can
induce short- and long-term detrimental lung changes. Radiation pneumonitis is a
well described short-term complication causing cough, shortness of breath, and
sometimes fever, that can typically be managed conservatively [31]. However, chil-
dren with a history of thoracic radiation have long-term pulmonary symptoms, with
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greater than 15% having shortness of breath with exercise at 25 years from treat-
ment, and greater than 10% having chronic cough at 25 years from treatment [32].
Radiation fibrosis is a rarer long-term side effect that can occur years after radiation
but can significantly compromise lung function. Treatment for acute inflammation
such as in radiation pneumonitis may require glucocorticoids or immunosuppres-
sive therapy, but radiation fibrosis is managed with pulmonary rehabilitation and
oxygen supplementation if needed [32].

Radiation effect on the thyroid: Radiation to the head and neck can cause disrup-
tion of the hypothalamic-pituitary signaling (central hypothyroidism), or can cause
direct damage to the thyroid gland itself (primary hypothyroidism). Increasing
doses of radiation delivered to the hypothalamus/pituitary and to the thyroid gland
itself cause an increased rate of hypothyroidism in survivors of childhood cancer
[33]. The prevalence of hypothyroidism is increased in adult survivors of childhood
cancer, with a 7% overall prevalence of hypothyroidism after 16 years of follow-up
found in Britain [34]. Survivors of Hodgkin’s lymphoma have rates of hypothyroid-
ism as high as 32% by 30 years after diagnosis, with the majority attributable to
primary hypothyroidism [33]. Continued monitoring for hypothyroidism in survi-
vors of childhood cancer with a history of radiation is important, as the risk of
developing hypothyroidism remains elevated even 25 years after exposure [33].
Furthermore, head and neck radiation exposure is identified as a well-known envi-
ronmental risk factor for the development of papillary thyroid cancer.

Secondary Cancers: lonizing radiation therapy is associated with increased diag-
nosis of a subsequent malignant cancer that can occur years after therapy is com-
plete [35]. Childhood cancer survivors have a ten times greater risk of a new tumor
than the general population [36]. Notably, the risk of a secondary tumor does not
diminish with time, but actually continues to increase over the lifespan. Certain
organs are at higher risk, including thyroid, skin, breast, and the brain. Increasing
doses of radiation and younger age at radiation are frequently cited risk factors for
development of a secondary tumor [37].

Future of Radiation: Newer techniques show promise for reducing the complica-
tions of radiation therapy. Conventional external beam radiotherapy delivers photon
radiation to tissues but affects many surrounding structures. Photons deposit a burst
of energy shortly after entering the body, and they continue to release energy as they
travel to the target area and until exiting the body [38]. This can lead to substantial
field radiation effect on surrounding structures upon entry and until exit of the pho-
tons. Newer techniques such as intensity modulated radiation therapy (IMRT) uses
conformal radiotherapy to better target radiation to the tumor and minimize the
effect on surrounding tissue. Additionally, proton therapy is a newer form of exter-
nal beam radiotherapy that targets a specific depth with protons instead of photons
[39]. This allows for intensified local therapy and decreased dose effect on sur-
rounding tissues. Proton therapy is becoming more widely available, and clinical
evidence suggests that it offers improved tumor control with reduced adverse effects
compared to conventional external beam therapy [38].
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Long-Term Effects of Surgery and Chemotherapy

Surgery: Resection or surgical treatment of a childhood cancer carries short- and
long-term risks, mostly associated with the tissue and structures directly in the area
of surgery. Organ-specific surgery such as thyroidectomy has known complications
such as hypothyroidism and the possible risks of parathyroid dysfunction or vocal
cord palsy. Treatment of papillary thyroid microcarcinoma with surgical lobectomy
carries a risk of post-operative hypothyroidism as high as 64%, though a pre-
operative TSH level can help predict which of these patients will later have sponta-
neous remission [40]. In children with tumor syndromes such as von-Hippel-Lindau,
total adrenalectomy for pheochromocytoma can lead to adrenal insufficiency and
lifelong glucocorticoids dependence [41]. This has led to the adoption of surgical
techniques such as partial adrenalectomy or cortical-sparing adrenalectomy that
may preserve endogenous adrenal function while carrying a small risk of recurrence
of tumor [42]. The surgical resection of any CNS tumor carries risks of post-
operative neurological deficits. CNS tumors located near the pituitary/hypothala-
mus such as craniopharyngiomas carry substantial risk of pre- and post-operative
endocrine deficits including panhypopituitarism or hypothalamic obesity. Cancer
treatment is frequently multi-modal, and the combination of surgical treatment with
radiation or chemotherapy increases the risk of long-term complications [43].

Chemotherapy: Short-term endocrine effects of chemotherapy can cause
increased morbidity and mortality. Multiple chemotherapeutic agents induce hyper-
glycemia, which is associated with a worse prognosis for tumors including colorec-
tal cancer, glioblastoma, breast cancer, and prostate cancer [44]. Therapy with
mammalian target of rapamycin (mTOR) inhibitors acutely impair insulin secretion
while also worsening insulin resistance, and have an associated risk of new-onset
diabetes of 13% to 50% [45]. Similarly, glucocorticoid therapy causes peripheral
insulin resistance in skeletal muscle, and exposure to glucocorticoids has an associ-
ated increased odds ratio for the development of new-onset diabetes of 1.36-2.31
[44]. Immunotherapy with checkpoint inhibitors offer promising therapy for multi-
ple cancers including melanoma, non-small cell lung cancer, breast cancer, and
head and neck tumors, but has been found to increase the rate of immune-related
side effects affecting the endocrine system [46]. Therapy with the anti-CTLA4
agent ipilimumab has been associated with hypophysitis in about 13% of patients,
which can cause symptomatic pituitary changes and severely disrupt pituitary hor-
mone production [47]. Organ-specific changes from immune checkpoint inhibitors
can induce primary thyroid disease, adrenal insufficiency, hypoparathyroidism, and
hyperglycemia or the development of type 1 diabetes [48].

Long-term late effects of chemotherapy are seen years after treatment and can
cause life-limiting illnesses. Platinum based chemotherapy can cause sensorineural
hearing loss, particularly in children treated at a younger age [49]. Cardiomyopathy
and heart failure can occur with anthracycline chemotherapy, and some studies
report it is more common in females treated at a younger age (<5 years of age) [50].
Secondary tumors can result from the cellular damage of chemotherapy, and
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alkylating agents have been found to increase the future risk of therapy-related leu-
kemia [51]. Fertility and pubertal development can also be adversely affected by
chemotherapy with gonadotoxic alkylating agents which can cause infertility or
primary hypogonadism [52]. The assessment of primary hypogonadism in cancer
survivors may be challenging, as the increased LH and FSH levels used to diagnose
primary hypogonadism may not be present if the patient has coexisting CNS disease
and hypogonadotropic hypogonadism [36].

Long-Term Outcomes Childhood Cancer
Chronic Diseases, Quality of Life, and Neurocognitive Outcomes

Two-thirds of survivors of childhood cancer have a chronic illness, which is
increased compared to the general population due to the long-lasting adverse effects
of cancer and cancer therapy with radiation, surgery, and/or chemotherapy [36].
Obesity affects 50% of survivors of childhood cancer, and illnesses such as osteo-
porosis and diabetes are increased as well [53]. Heart disease and cardiovascular
complications are a leading cause of therapy-related morbidity and mortality in sur-
vivors of childhood cancer, with risk increased particularly for survivors who
received anthracycline therapy [50]. Early identification and structured treatment of
obesity, osteoporosis, diabetes, or heart disease can help modulate the substantial
risk that these diseases confer on survivors of childhood cancer [54]. Unfortunately,
the diagnosis of a chronic illness in survivors of childhood cancer is associated with
impaired quality of life including impaired physical activity, increased pain,
increased fatigue, and decreased perception of general health [36].

Neurocognitive sequelae can also be seen in survivors of childhood cancer and is
more common after surgery/radiation to the brain or treatment with systemic or
intrathecal methotrexate. The effect may initially be subtle, but children can develop
academic difficulties and information-processing deficits within 1-2 years of cra-
nial radiation [55]. Neurocognitive deficits can continue to progress into adulthood,
affecting job performance, relationships, and the ability to perform activities of
daily living. Neurocognitive testing of survivors of childhood cancers can identify
individuals with subtle or profound impairments so that specific therapy and inter-
ventions can be provided.

Monitoring of long-term outcomes for survivors of childhood outcomes is chal-
lenging given the multidisciplinary, long-term, disease-specific care that is required.
To address this, groups such as the Children’s Oncology Group (COG) has devel-
oped tools and monitoring programs for medical professionals and resources for
patients [56, 57]. These can help standardize care, however, many survivors still
may face additional barriers to treatment such as lack of access to specialists or lack
of insurance coverage, which has been shown to significantly decrease adolescent
and young adult access to medical care [58]. Digital health delivery programs and
mobile health interventions have shown that there are effective, novel ways to
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engage survivors of cancer and help them follow a survivorship care plan specific to
them [59].

Conclusion

Long-term survival from childhood cancer continues to increase, but it remains
critical to assess long-term health complications, which can develop or progress
over time. Knowledge of specific treatment effects due to radiation, surgery, or che-
motherapy helps guide monitoring. After treatment for childhood cancer, patients
are faced with increased rates of both rarer disorders such as pituitary hormone
deficiencies and more common but life-limiting illnesses such as obesity, osteopo-
rosis, and heart disease. Cancer survivors require long-term multidisciplinary fol-
low-up to recognize long-term complications after cancer treatment including
endocrine deficiencies, recurrence of disease, development of second cancers, pul-
monary complications, neurocognitive deficits, and metabolic disorders.
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Chapter 11

Metabolic Risk and Complications

in the Treatment of Pediatric

and Adolescent Neuroendocrine Neoplasms

Bader N. Alamri and Ivan George Fantus

Introduction

The incidence of neuroendocrine neoplasms or tumors (NETs) in the USA has
increased from 1.09 per 100,000 in 1973 to 6.98 per 100,000 in 2012 [1]. Based on
reports addressing NETs’ prevalence among pediatric and adolescent patients,
female dominance was observed [2, 3]. This was in keeping with the SEER
(Surveillance, Epidemiology and End Results) database analysis and subsequent
reports specifically investigating children and young adults [1, 4].

Although most NETs in children are benign or low-grade, about 10% present
with metastasis [5]. Their slow growth and advancements in therapy mean there is a
high survival rate and increased prevalence [5]. While midgut (especially the appen-
dix) is the most common NET site, the typical carcinoid syndrome seen in adults is
an uncommon presentation among the pediatric group. However, the late stage of
bronchial NETs may present with symptoms, such as cough and wheezing, which
can be misdiagnosed as asthma or reactive airway disease, delaying accurate diag-
nosis, and treatment [6].

While most NETS are sporadic, up to 30% are hereditary syndromes [7]. In mul-
tiple endocrine neoplasia type 1 (MEN1) syndromes, the mutation in the tumor
suppressor gene, Menin, results in the clinical phenotype of primary hyperparathy-
roidism (PHPT), associated with pancreatic and pituitary NETs. An activating
mutation in the RET tyrosine kinase proto-oncogene (MEN 2) manifests clinically
as medullary thyroid cancer (MTC) and pheochromocytoma and classified as sub-
types A and B. MEN 2B is characterized by neuromas and marfanoid habitus in up
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to 95% of cases. Von Hippel-Lindau (VHL) syndrome is another cancer syndrome
caused by an autosomal dominant gene mutation of the VHL tumor suppressor. This
leads to the activation of HIF-1a (hypoxia inducible factor- 1) and upregulation of
targets such as erythropoietin and VEGF (vascular endothelial growth factor). It
manifests as hemangioblastomas in the brain, pancreatic NETSs, pheochromocy-
toma, and clear cell renal carcinoma. In neurofibromatosis type 1, the gene mutation
in the Ras-GAP (GTPase activating protein), neurofibromin, leads to the clinical
features of skin café au lait lesions, neurofibromas, optic gliomas, Lisch nodules,
and pheochromocytomas. Pancreatic neuroendocrine tumors may occur more rarely
and usually are somatostatinomas. Mutations in the succinate dehydrogenase genes
(SDHA, SDHB, SDHC, SDHD, or SDHAF2) are known to cause hereditary
pheochromocytoma-paraganglioma syndrome [7, 8]. NETs, whether sporadic or
genetically-linked, appear to be significantly associated with short and long-term
metabolic risks such as obesity and diabetes as reviewed below.

Obesity and the Metabolic Syndrome

Overview

Obesity has become widespread, not only among adults, but also in children. Indeed,
over the last three decades, the prevalence of obesity in youth has increased almost
eight-fold [9]. This rising trend has been associated with an increased occurrence of
type 2 diabetes mellitus (T2DM) [10]. In addition to classical risk factors, e.g.,
increased calorie intake and sedentary lifestyle, treatment of childhood cancer
appears to increase the likelihood of obesity and T2DM among survivors [11].
Metabolic syndrome (MetS) (obesity, insulin resistance, glucose intolerance, high
blood pressure, and low HDL level), a precursor to the development of T2DM, is a
documented late complication among childhood cancer survivors [12]. It is more
prevalent among recipients of chemotherapy combined with cranial and abdominal
radiation in comparison to those who only undergo chemotherapy [13]. In addition,
among adult survivors of childhood acute lymphocytic leukemia (ALL) who were
treated with total body irradiation (TBI), both insulin levels and pancreas volume
were lower in comparison to a chemotherapy-only treatment group [14]. In the
Childhood Cancer Survivors Study, the adult survivors were 1.8 times more likely
to develop T2DM than their siblings (control group). Moreover, the survivors in the
TBI group had the highest risk of T2DM in comparison to the survivors that under-
went abdominal and cranial irradiation [15].

In a large cohort of childhood cancer survivors, patients who received pancreatic
radiation at a dose of 10 Gy or higher had a higher risk of developing T2DM in
adulthood. Interestingly, this risk was confined to pancreatic tail irradiation, where
the beta cells are concentrated, but not to other parts of the pancreas [16] suggesting
that p-cell functional impairment and/or loss plays a significant role. In a recent
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review, hypothalamic damage conferred the greatest risk for obesity and the MetS
followed by cranial irradiation and therapy with glucocorticoids [17, 18]. In addi-
tion, those receiving HSCT (Hematopoietic stem cell transplant) had a high risk of
developing insulin resistance (52%) and diabetes (5%) even in the absence of obe-
sity, reflecting atypical body fat distribution and likely pancreatic -cell impairment
[18, 19]. In the obesity literature, the role of gut microbiota in insulin resistance and
energy homeostasis has been a focus of research. Despite evidence that chemo-
therapy and radiation affect gut microbiota in children, the long-term effect and
contribution of these changes is yet to be investigated [11, 20]. The frequent use of
steroids in chemotherapy protocols, decreased physical activity, and poor dietary
habits are other factors contributing to obesity and T2DM in cancer survivors [11,
19, 21].

The literature on long-term treatment consequences, specifically of pediatric
neuroendocrine neoplasia, consists of studies of small cohorts. This is the case for
MetS. Most of the endocrine-related treatment complications of childhood cancers
come from research on pediatric solid and hematological malignancies. As described
for these non-endocrine cancers, many of the long-term endocrine complications
are related to the type of therapy rather than the actual tumor, especially if radio-
therapy is used [18-22]. Here, we address the long-term complications after sur-
vival of NETs, with a specific focus on MetS.

Hypercortisolism

Upon review of survivors of childhood endocrine tumors, most research on obesity
following treatment has been done on patients with Cushing’s disease (CD); namely,
ACTH-dependent hypercortisolism [23]. Although an uncommon tumor, it accounts
for most functional pituitary adenomas among the pediatric age group [24, 25].
Wedrychowicz et al. reported four female cases of CD with a median age at diagno-
sis of 12 years and 8 months. All had obesity as one of their presenting signs [26].
Despite a successful cure after transsphenoidal surgery (TSS), all remained obese
after a median follow-up of 16.5 months (range 12—-78 months). In a larger study
done by the NIH group, the records of 37 girls and 22 boys (mean age 14, range
4-12 years) with hypercortisolism (50 with CD, 6 with primary adrenal disease, and
3 with ectopic corticotropin secretion) were reviewed retrospectively [27]. All
patients underwent surgical treatment =+ pituitary irradiation (1 case) or + mitotane
(3 cases). The most common reported presenting symptom was weight gain (90%),
followed by growth retardation (83%). After a mean follow-up period of 22 months
(5—-60 months), 56 patients out of the 59 had no recurrence. A significant weight loss
was noted 1 year after surgery in the CD patients (N = 50) (mean SD of age- and
sex-matched weights of normal controls: before surgery; +1.5 = 1.8, 1 year after
surgery; —0.2 £ 1.6; p-value <0.001). In the primary adrenal disease group, similar
results were observed but with n = 6 did not reach statistical significance (SD of
normal, before surgery +1.2 + 1.7, after surgery —0.3 + 1.2).
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In a retrospective study of 73 pediatric and adolescent patients with hypercorti-
solism, obesity (BMI > 95th percentile) was observed in 52 patients [CD: 42
(72.4%); CS (ACTH- independent): 10 (66.6%)] and overweight (BMI > 85th per-
centile) was seen in 13 patients; CD group 11 (18.9%), CS group 2 (13.3%), before
surgery [28]. After a median follow-up time of 22.4 + 18.2 months post-treatment,
the obesity rate decreased by >50% in both groups to 32.8% (19 cases) in the CD
group, and 26.7% (4 cases) in the CS group. Notably, T2DM was diagnosed in four
cases among the overweight and obese cases before surgery (two cases each). All
these cases of T2DM resolved during the follow-up. Consistent with these data,
Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) showed an
improvement in insulin resistance after treatment with a significant difference
remaining between the obese and normal weight individuals as would be expected.

Taken together, these data suggest that the risk of obesity is present not only dur-
ing active disease, but also, in spite of some improvement with therapy, remains
increased after remission. The longest average follow-up study of CD and CS was
about 2 years after surgery. It is unknown whether the risk of obesity and T2DM
continues beyond this period. Therefore, longer follow-up studies addressing this
risk are needed.

Craniopharyngioma

Craniopharyngioma is another tumor that can affect the pituitary. It is a childhood
CNS tumor arising from Rathke’s pouch remnants. The effect on pituitary function
is due to the mass effect in up to 87% of cases [29]. Hyperphagia and hypothalamic
obesity (HO) are among the presenting symptoms and signs of craniopharyngioma,
occurring in 21% and 30% of cases, respectively [30]. In fact, the degree of obesity
is related to the severity of hypothalamic damage. While damage to the appetite
regulation center plays a major role in developing obesity, other hypothalamic dis-
turbances, such as daytime sleepiness and lack of physical activity, are contributing
factors [31]. Even after surgical resection, the prevalence of obesity and overweight
among adults that had childhood craniopharyngioma are higher than in the general
population, with a higher percentage of abdominal fat in relation to total body fat
[32]. In a small retrospective cohort of 22 cases of childhood craniopharyngioma
with a median follow-up of 18 years, 41% of the cohort were overweight
(25 < BMI < 30) in comparison to 28% of the control adult population. The obesity
(30 < BMI < 40) rate was also higher (36% vs. 24%). The rate of class 3 obesity
(BMI > 40) was not different among the two populations [33]. These rates appear
to be influenced by the hypothalamic damage after surgical resection. Comparing
extensive resection surgery (ERS) to hypothalamus-sparing surgery (HSS), the HSS
group had lower body weight. Thus, Elowe-Gruau [29] et al. reported that while
pre-operative weights were similar, 37 boys and 23 girls (median age, 8 years;
median follow-up time 103 months) who underwent ERS, and 38 boys and 27 girls
(median age, 9.3 years; median follow-up 33 months) who underwent HSS showed
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in the last follow-up that grade 2 obesity (BMI greater than +3 SD) was observed
more often among the ERS cohort than the HSS cohort (54% vs. 28%, p-value =0.05).
Furthermore, the rate of return to a normal weight was also higher in the HSS group
(38% vs. 17%, p-value = 0.01). Supporting these data, participants with Puget grade
2 had significantly higher BMI than those with grade 0 and grade 1 (grade 0 = no
hypothalamic involvement, grade 1 = tumor displacing the hypothalamus, grade
2 = hypothalamic involvement of the tumor) [33].

In addition to obesity, insulin resistance, T2DM, and dyslipidemia are other met-
abolic complications observed among craniopharyngioma patients [34]. When
comparing childhood craniopharyngioma post-treatment obese patients to controls
with exogenous obesity, the former group had a higher MetS rate (73.3% vs. 20%),
p-value = 0.03) despite matching BMI, age, gender, and pubertal status between the
two groups. While fasting insulin levels were not different between the treated cra-
niopharyngioma group and the controls, both the first and second phase insulin
release after the oral glucose tolerance test (OGTT) were significantly higher in the
craniopharyngioma cases, suggesting increased peripheral tissue insulin resistance.
Measures of insulin sensitivity were considerably reduced in the craniopharyngi-
oma group. While there was no difference in diastolic blood pressure or HDL cho-
lesterol, other markers of MetS, systolic BP and triglyceride levels were higher
among the craniopharyngioma cases [34]. Thus, tumors and/or therapy involving
the hypothalamus, a major site of regulation of food intake and energy expenditure,
are significant causes of long-term metabolic complications.

Hyperaldosteronism

Hyperaldosteronism, due to a mineralocorticoid-producing adenoma (Conn’s syn-
drome), is rare in pediatric and adolescent age groups, with fewer than 20 reported
cases in the literature [35]. Other etiologies, including autosomal dominant familial
hyperaldosteronism syndromes (types [-IV), are reported more frequently, yet over-
all remain unusual [36].

Clinical data have shown an association between hyperaldosteronism and
MetS. In the German Conn’s registry, the frequency of T2DM and MetS was higher
among primary aldosteronism (PA) cases in comparison to controls after adjusting
for sex, age, and BMI (17.2% vs. 10.4%, p-value = 0.03; 56.8% vs. 44.8%,
p-value = 0.02, respectively) [37]. In a meta-analysis comparing all essential hyper-
tension to PA, the risks of T2DM and MetS among PA cases were 1.3 and 1.5 times
higher, respectively [37]. Interestingly, even in the absence of autonomous hyperal-
dosteronism, a higher level of plasma aldosterone predicts new onset of T2DM and
obesity in the general population [38, 39]. It should be noted that these studies were
not specific to children or adolescents.

A number of studies have investigated the role of mineralocorticoids in energy
homeostasis, namely in adipose tissue and pancreatic f cells [40—42]. While a pri-
mary function of white adipose tissue (WAT) is to store energy as lipids, the
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function of brown adipose tissue (BAT) is to promote thermogenesis by utilizing
nutrient energy, including glucose. The excess accumulation of lipids in the WAT is
associated with insulin resistance and obesity. BAT is associated with improved
insulin sensitivity and protection against weight gain. Both tissues express miner-
alocorticoid receptors (MCRs). Thus, in human and rodent studies, blocking MCRs
in BAT significantly improved insulin sensitivity and glucose uptake. In WAT, while
MCR activation leads to adipogenesis and lipid accumulation, the use of MRC
antagonists prevents these effects [41, 42].

In an animal study of pancreatic f-cells, excess aldosterone diminished glucose-
stimulated insulin secretion and increased apoptosis [43]. However, these effects
seem to be non-MCR mediated. In clonal p-cells, glucocorticoid receptor antago-
nists mitigated the impairment of insulin secretion induced by aldosterone. These
data suggest that MCR’s may affect insulin sensitivity more directly than insulin
secretion [39, 43, 44].

Due to the low frequency of primary hyperaldosteronism among youths in com-
parison to adults, the data on aldosterone-induced metabolic abnormalities are lim-
ited. In a cohort of 15 children with idiopathic intracranial hypertension, a
12-year-old boy was reported to have MetS with obesity, systolic hypertension, and
impaired glucose tolerance; he was later diagnosed with hyperaldosteronism [45].
Other case reports have not specifically reported glucose intolerance or MetS; how-
ever, most of the reported weights were low prior to diagnosis of PA [46-48].
Further studies focusing on metabolic parameters, before and after PA treatment,
are needed.

Cranial Radiation

Cranial radiation therapy is a common modality of treatment of brain tumors. A
targeted field for the pituitary is sometimes used for recurrent pituitary adenoma or
unsuccessful surgical removal [49]. As with hypothalamic injury due to surgery or
direct tumor invasion, cranial irradiation can cause hypothalamic obesity (HO) that
can manifest more than a decade after the initial therapy. The risk of developing
obesity is higher among young patients (<6 years), females, those receiving a high
radiation dose (> 50 Gy), and those with a hypothalamic-pituitary axis (HPA) lesion,
especially craniopharyngioma [21].

In a case-control study, Cooksey et al. compared 60 childhood cancer survivors
who had been exposed to hypothalamic radiation with non-exposed controls [50].
After a mean survival time of 4.5 years (3.5-5.5 years), the MetS was significantly
higher among the irradiated group (15% vs. 4.9%, P-value = 0.03). While glucose
and HOMA-IR was high in the exposed cohort, there were no significant differences
in HDL, triglycerides, or blood pressure between the groups. Although BMI and
percentage of subcutaneous abdominal fat were similar between the two groups,
higher visceral fat was observed in the cranial irradiated patients. In a childhood
cancer survival study, the risk of developing T2DM after cranial irradiation was 1.6



11 Metabolic Risk and Complications in the Treatment of Pediatric and Adolescent... 183

times higher among the exposed cases in comparison to their siblings, even after
adjusting for BMI [15]. MetS was significantly higher among women who received
cranial radiation during childhood for ALL in comparison to the controls. While
BMI, waist circumference, insulin level and HOMA-index were higher in female
survivors, there were no significant differences detected in male survivors in com-
parison to the controls [51]. In another report of prophylactic cranial radiation for
ALL, 1 year of growth hormone (GH) replacement therapy improved body compo-
sition in comparison to the untreated controls; however, hyperinsulinemia and
impaired insulin sensitivity persisted [52]. These studies highlight the impact of
cranial irradiation on the future risk of MetS among childhood cancer survivors and
suggest the interesting possibility of a degree of sexual heterogeneity in the response.

Treatment

Weight gain and associated MetS, especially in HO, increase the risk of early car-
diovascular morbidity and mortality [53]. As for the general population, the main
treatment for obesity among childhood cancer survivors is diet and exercise.
However, interventional studies of diet and exercise in this population show mostly
insignificant weight loss [11].

HO treatment is challenging and usually unresponsive to such lifestyle therapy.
Recent pharmacological interventions used to treat obesity and MetS in HO show
mixed results. For instance, glucagon-like peptide-1 (GLP-1) agonists are approved
for T2DM and obesity treatment. In a small cohort of nine adult patients with HO
secondary to brain tumor treatment, GLP-1 agonist treatment resulted in significant
weight loss and HgbA 1c reduction in 8 patients [54]. A case series of five children
with HO treated with exenatide for 1 year showed only a meaningful weight loss in
1 participant [55]. In a recent phase 3 randomized clinical trial, 42 participants with
childhood-onset HO received either exenatide 2 mg once weekly (n = 23) or placebo
(n = 19) for 36 weeks [56]. While changes in BMI, HgbAlc, glucose, and lipid
levels were not observed, total body fat mass and waist circumference were signifi-
cantly reduced in the intervention arm.

Metformin was also investigated as a potential treatment for insulin resistance in
HO. Kalina et al. reported the use of metformin and fenofibrate in ten adolescents
with MetS following craniopharyngioma treatment [57]. After 6 months of treat-
ment, the decrease in triglyceride and HOMA-IR was significant in comparison to
the control group; however, BMI gradually increased in both groups.

In craniopharyngioma patients with HO, there is a parasympathetic-predominant
activation which leads, via the vagus nerve, to insulin hypersecretion [31]. With its
anabolic effect, insulin can contribute to the weight gain observed in affected indi-
viduals. To investigate the result of mitigating hyperinsulinemia in HO, Lustig et al.
conducted a double blind, placebo-controlled trial using octreotide in pediatric
patients [58]. After 6 months of therapy, weight and BMI were significantly lower
in the octreotide arm (n = 9). Moreover, the insulin response after the OGTT was
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lower in the octreotide arm in comparison to the control group (n = 9). While no
changes were detected in psychological and social functions, the octreotide cohort
reported improved physical functioning. This study’s results suggest that hyperinsu-
linemia may contribute to weight gain and decreased quality of life of hypothalamic
obese patients.

Diazoxide, used to suppress insulin secretion in the setting of insulinoma and
neonatal hypoglycemia, has also been studied in HO [59, 60]. In a 2-month random-
ized trial, 30 of 40 subjects completed the study. While leptin levels were reduced
and insulin levels tended to be lower (p = NS), there was no significant weight
reduction. However, the glucose levels were elevated in the diazoxide group sug-
gesting that compensatory hyperinsulinemia in the face of insulin resistance was
impaired [59]. In a second study of HO in patients with Prader—Willi syndrome, a
new formulation, diazoxide choline controlled release tablet, was administered
daily for 10 weeks in an open label phase. In the 11 subjects that completed the trial
there was a dose-dependent decrease in hyperphagia. This was associated with sig-
nificant improvements in body composition, a decrease in leptin concentrations,
triglyceride levels and of interest, in aggressive behaviors [60]. However, similar to
the previous report, there were marked increases in glucose levels manifested as
hyperglycemia/impaired glucose tolerance (eight subjects) and 1 with overt diabe-
tes. Thus, it is not clear whether the benefits of diazoxide therapy will outweigh
long-term risks in the context of HO.

In July of 2021, a novel treatment for HO and Prader—Willi syndrome was
granted orphan drug designation by the United States Food and Drug Administration
[61]. Tesomet is a fixed-dose combination therapy of a triple monoamine reuptake
inhibitor (tesofensine) and a beta-blocker (metoprolol). The data on adults with HO
was recently released [62]. Twenty-one adults with hypopituitarism and HO were
randomized to Tesomet or placebo (2:1) for 24 weeks. Tesomet resulted in a signifi-
cant weight loss in comparison to the placebo (6.3% vs. —0.3%; p-value = 0.017);
and a reduction in the waist circumference of 5.7 cm (p-value = 0.054). The
treatment-induced weight loss was primarily due to the reduction in fat mass and to
a small reduction in lean mass. Tesomet was generally well tolerated. In 2 cases
randomized to Tesomet, adverse events due to anxiety and dry mouth resulted in
discontinuation. The most frequently reported side effects included sleep distur-
bances, dry mouth, and dizziness. There were no reported side effects concerning
QTec, heart rate, or blood pressure. A phase 2a study of Tesomet was recently com-
pleted in adolescents and adults with Prader—Willi syndrome, and a phase 2b study
is planned. No longer term clinical data has yet been published [63].

Recently, a novel anti-obesity agent has been introduced. Setmelanotide, a
MCR4 receptor agonist, has shown positive results in treating genetic obesity syn-
dromes caused by POMC (proopiomelanocortin) and LEPR (leptin receptor) defi-
ciency [64]. It has also shown efficacy in a few subjects with Bardet—Biedl syndrome
[65]. It remains to be seen in further studies whether, and to what extent, HO follow-
ing tumors, e.g., craniopharyngioma, and their treatments, cranial irradiation, will
be responsive to this agent.
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Finally, surgical treatment, namely bariatric surgery, is very effective in weight
loss. Non-reversible methods (e.g., Roux-en-Y gastric bypass) showed great weight
reduction in HO in comparison to reversible adjustable gastric banding [31].
However, these interventions have mainly been studied in adults. They are contro-
versial in the pediatric population, due to ethical and legal concerns.

Growth

In addition to the medical treatment of CD, pituitary irradiation can be used in per-
sistent disease after TSS [24]. Both surgical and radiotherapy treatments affect nor-
mal pituitary function; this effect can range from mild hormonal deficiency to
panhypopituitarism. In hypercortisolism (either in ACTH-dependent or ACTH-
independent), linear growth is slower than in normal subjects, mainly due to GH
suppression. Even after achieving a cure, the catch-up growth is poor. In parallel to
this observation, there is a high frequency of GH deficiency (GHD) after pituitary
surgery = irradiation [24, 66]. In a small cohort of adolescents, the target height was
achieved with GH replacement after TSS or radiation therapy [67]. In a single-
center report of pediatric and adolescents with CD, 14 out of 19 cases had GHD in
the short-term assessment post-TSS =+ pituitary irradiation (mean interval 0.5 years)
[68]. In the long-term assessment (mean interval 8.5 years), 4 out of 9 investigated
patients had persisting GHD. Most had achieved adult height after GH replacement.
These limited studies indicate that linear growth among CD patients is impaired due
to steroid-induced GH suppression before treatment or can be iatrogenic after pitu-
itary surgery =+ irradiation. Clinical guidelines for growth hormone treatment in sur-
vivors of childhood cancers have been published [69]. As alluded to above, growth
hormone deficiency is associated with obesity and decreased lean body mass thus
contributing to MetS and cardiovascular risk [69].

Puberty

In general, the data on hypothalamic-pituitary disorders among childhood NET sur-
vivors are limited. Pre-pubertal CD manifests differently from adult disease, par-
ticularly in linear growth and puberty [70]. A small number of studies reporting on
pediatric and adolescent CD showed different presentations consistent with either
precocious or delayed puberty. In a cohort of 27 pediatric and adolescent patients,
Dupuis et al. reported 13 patients (11 male, 2 females; mean age 10.5 years; range
6-4—13-7) who had excessive virilization [71]. Despite advanced pubic hair growth,
the patients had unmatched testicular volume (in males) and breast growth stage (in
females), indicating delayed true puberty. Normalization of hypercortisolism, either
medically or surgically, restored normal puberty in most children with CD [72].
After adjuvant pituitary radiotherapy for CD adenomas, at a follow-up interval of
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1.4-12 years, Storr et al. reported seven patients with CD who had normalization of
cortisol as well as gonadotropin secretion [73]. It should be noted that in most cases
of children and adolescents with GHD post-treatment, gonadotropin analogue is
used to delay puberty and to allow time for linear growth.

Other Hormonal Functions

Among CD patients, transient adrenal insufficiency (Al) after surgical resection of
pituitary adenoma is a good indicator of cure. However, the recovery of the HPA
axis is expected. In a case series of children and adolescents with CD treated with
TSS, 75% achieved full recovery before 18 months post-TSS [74]. By changing the
threshold to 10 pg/dL cortisol level after 250 ng ACTH (instead of >18 pg/dL),
21.5% of the participants showed suboptimal response indicating partial HPA axis
recovery [74].

Data on HPA axis recovery in CD after radiotherapy in children are lacking.
However, one can extrapolate outcomes based on data from cranial radiation for
central nervous system (CNS) tumors. In a 1997 study conducted by Oberfield
et al., 17 patients with a median age of 3.75 years at diagnosis of CNS tumor were
investigated for Al after a median of 5-years after radiation therapy [75]. By admin-
istering corticotropin-releasing factor, all patients had lower cortisol peaks in com-
parison to the controls. However, no difference was observed in the ACTH level
between groups.

Surgery is the only curative intervention in treating medullary thyroid carcinoma
(MTC) (either sporadic or hereditary). Prophylactic total thyroidectomy is recom-
mended for germline (e.g., RET gene) mutation-associated MTC. Although hypo-
thyroidism requires thyroxine replacement, major surgical complications (e.g.,
recurrent laryngeal nerve palsy, hypoparathyroidism) are infrequent and mostly
transient, unless there is significant local invasion [76, 77].

Long-term data on childhood pancreatic NETs are limited. In an international
MEN/-related insulinoma cohort, 15 out of 96 cases were younger than 21 years at
the time of surgical intervention [78]. Only two cases of the young subgroup devel-
oped recurrent disease after surgical resection. Pancreatic insufficiency and new
onset diabetes among the total cohort were reported in 25 and 18 cases, respectively.
The authors did not specify the age of the cases in which these complications devel-
oped and diabetes onset would be expected to be influenced by the extent of pancre-
atic resection [17].
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Conclusion

Childhood and adolescent endocrine tumors and NET syndromes are relatively
unusual. Many of the complications associated with these syndromes are treatment
related. The long-term consequences of treatment vary based on the location of the
primary tumor and the treatment modality used (e.g., surgical, medical, or radia-
tion). The data available are limited due to the deficiency in prospective large
cohorts of pediatric and adolescent populations. The most well-documented and
studied NET is Cushing’s (both the syndrome and the disease). However, most
reports consist of a small number of cohorts and a brief follow-up time.

The treatment complications of endocrine tumors and NETs include HO, MetS,
and T2DM. The pathophysiology of these consequences, namely hypothalamic
injury and, in some cases, pancreatic radiation, is unique in patients with NET syn-
dromes in comparison to the general population with obesity, MetS, and
T2DM. Thus, the treatments approved for the general population may not necessar-
ily be effective in survivors of these tumors. Further studies and international col-
laborations are needed to address this knowledge gap in order to improve prevention
and therapy.
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Chapter 12 )
Fertility in Cancer Survivors

Check for
updates

Grace Whiteley, Alan DeCherney, and Jennifer Chae-Kim

Introduction

Individuals undergoing treatment for cancer may be at risk of treatment-related
infertility depending on their type of cancer and treatment modalities utilized.
Cancer treatments can damage gonadal tissue, gametes or sex hormones [1, 2].
Ovarian tissue is susceptible to damage during chemotherapy, radiation or surgery.
Ovarian damage from chemotherapy is drug and dose dependent and related to the
age at the time of cancer treatment. There is a higher risk of infertility and prema-
ture ovarian insufficiency in older women who receive, for instance, alkylating
agents with a high CED. By one estimate, the typical chemotherapy protocol can
result in depletion of 10 years’ worth of ovarian reserve [3].

Risk of Chemotherapy and Radiation on Fertility

There are three proposed mechanisms by which chemotherapy agents are thought to
lead to ovarian insufficiency or infertility. First, chemotherapeutic agents have been
shown to accelerate recruitment of primordial follicles, by activating the PI3K/
PTEN/Akt pathway. This leads to early activation of follicles, then a “burn out
effect” of the ovarian follicle deposit [3—5]. Secondly, chemotherapeutic agents can
directly damage quiescent follicles by way of DNA damage; particularly, alkylating
agents and doxorubicin, both of which cross-link with DNA leading to cellular
apoptosis. DNA damage-induced follicle death appears to be mediated by TAp63, a
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transcription factor in the p53 family [6]. Finally, chemotherapeutic agents are
thought to indirectly injure the ovary by disrupting vascularization in the ovary, and
lead to fibrosis of the ovarian cortex. The pre-pubertal ovary appears to be more
resistant to gonadotoxic chemotherapeutic agents, which may be due to the pres-
ence of more follicles of the absence of active folliculogenesis in this patient popu-
lation [7]. The testis, and specifically primordial sperm cells, are also extremely
susceptible to the toxic effects of both radiation and chemotherapy and treatment
can result in oligospermia or azoospermia.

Several risk stratifying calculators have classified the gonadotoxic risk of cancer
treatment into several categories: no risk, low risk (<20%), intermediate risk
(21-80%), and high risk (80%) [8]. The LIVESTRONG/American Society of
Clinical Oncology (ASCO) fertility risk calculator, in particular, describes the risk
of amenorrhea in women. Criteria used for this risk calculator include cancer type,
treatment dose and duration, age, and pubertal status. Although fertility risk calcula-
tors are frequently utilized in clinical decision-making, there are some issues to
keep in mind. Risk calculators that describe the risk of amenorrhea may not accu-
rately reflect the risk of infertility. Women who undergo chemotherapy may resume
regular menstrual cycles despite significantly diminished ovarian reserve [3].
Secondly, the wide range of risk in the intermediate category (ranging from 21% to
80%) makes counseling regarding actual risk and recommendations for fertility
sparing treatment more challenging. Furthermore, the LIVESTRONG risk calcula-
tor is based on cancer treatment protocols in the USA and Europe, and may not be
applicable to different demographics [9].

Other risk stratification systems include the alkylating agent dose (AAD) and
cyclophosphamide equivalent dose (CED). Both systems quantify the exposure to
an alkylating agent such as cyclophosphamide. The AAD is based on the drug dose
distribution of patients from the Childhood Cancer Survivor Study; the CED, on the
other hand, is independent of this study population. A classification chart reported
by Anderson et al., based on pretreatment AMH levels of women with early stage
breast cancer, is meant to predict loss of ovarian function, characterized as ongoing
menses or treatment-induced amenorrhea [10]. Per this chart, the resumption of
spontaneous menses was seen at AMH above 20.3 pmol/L, and amenorrhea follow-
ing AMH below 3.8 pmol/L. For AMH values between 3.8 and 20.3 pmol/L, an age
threshold of 38.6 years predicted menses or amenorrhea. A recent study also
reported on a standardized risk assessment for adolescent and young adult patients
[11]. Depending on the CED, the type of chemotherapy, or radiation exposure mea-
sured in Gy, treatment-related infertility or gonadal insufficiency is categorized into
“minimally increased,” “significantly increased” or “high level of increased”
risk [11].

Certain chemotherapeutic agents have been associated with various impacts on
gonadal tissue. Alkylating agents such as cyclophosphamide or chlorambucil,
known to be highly gonadotoxic, function as metabolites that cross-link with DNA,
leading to inhibition of DNA synthesis and function, and subsequent apoptotic
death of primordial follicles [3, 12]. Alkylating agents have an intermediate to high
chance of causing infertility based on the cumulative dose that is prescribed [1].
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Platinum agents, such as cisplatin and carboplatin, act by platination of DNA which
is similar to alkylation and also acts to induce apoptosis [13]. Platinum-based com-
pounds are considered to entail an “intermediate” risk of gonadotoxicity.
Additionally, higher doses of chemotherapy that are used for priming for hemato-
poietic stem cell transplant are associated with high risk of infertility, which can
often be permanent [14]. Other intermediate risk agents include anthracyclines and
taxanes [1]. Another “intermediate” gonadotoxic agent is doxorubicin, which inhib-
its the topoisomerase II enzyme and intercalates into DNA, to impair DNA replica-
tion. This has multiple effects, including the accumulation of DNA fragments
leading to cell death, as well as the production of oxygen-free radicals [3, 15].
Agents including methotrexate, 6-mercaptopurine, 5-fluorouracil, vincristine, bleo-
mycin, and actinomycin have little or no risk of causing infertility.

Radiation to the abdomen and pelvis, in addition to total body irradiation or
cranio-spinal radiation that can impact the hypothalamic pituitary gonadal axis, is
associated with a high risk of infertility. Whole abdominal/pelvic radiation >15 Gy
in pre-pubertal females, >10 Gy in post-pubertal females, and > 6 Gy in adults has
been associated with infertility [1]. The impact of radiation on future fertility is
additionally related to fractionation schedule and age at the time of radiation treat-
ment [16].

Workup Prior to Fertility Preservation

The gonadotoxic effects of cancer treatment has raised the need for a marker that
assesses ovarian reserve and can predict ovarian function after treatment. A bio-
marker that accomplishes both tasks is key to patient counseling regarding fertility
preservation treatment options. There are a number of markers of ovarian reserve,
including FSH, E2, AMH, inhibin B, ovarian volume and total AFC; of these, AMH
appears to have the most potential as a biomarker to track ovarian reserve and func-
tion prior to and after cancer treatment. AMH is produced by granulosa cells of
growing preantral and small antral follicles. Its value remains relatively constant
over the menstrual cycle. It can also be used as a marker in adolescent patients, for
whom FSH and inhibin B levels are not useful in measuring ovarian reserve.
Pretreatment AMH informs the clinician about the responsiveness of the functional
ovarian reserve in women planning for ovarian stimulation for gamete cryopreser-
vation [10]. While AMH level does not reliably predict clinical outcomes such as
pregnancy or live birth rate, it has been used to help determine the stimulation dose
of FSH in ovarian stimulation [4].

AMH also has been shown to predict ovarian function after cancer treatment,
depending on the woman’s age. Studies have shown that post-treatment AMH is
reduced compared to pretreatment baseline, however, the trajectory of AMH recov-
ery after cancer treatment depends on the pretreatment level, as well as type of
chemotherapy received and the woman’s age [3, 10]. Specifically, cancer survivors
older than 30 years of age the time of diagnosis had lower post-treatment AMH
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trajectories, compared to patients under the age of 30. Pretreatment AMH has been
used as part of an infertility risk calculus, as explained above [17].

There are a few caveats to keep in mind regarding the interpretation of
AMH. Pretreatment AMH levels may be decreased in women with lymphoma, as
well as women with BRCAI mutations [18, 19]. For women who receive GnRH
agonist therapy during chemotherapy, post-treatment AMH levels may be sup-
pressed as a result [20]. Further, interpretation of AMH values can be challenging in
puberty, when AMH levels tend to decline in the peri-pubertal stage. Lastly, there is
no standardization of commercially available assays measuring AMH, each with
varying reference ranges, and inter-assay differences make direct comparisons dif-
ficult [20].

When counseling patients on fertility preservation options, it is important to dis-
cuss infertility risks and predicted post-treatment ovarian function, whether by way
of risk calculators (as discussed above) or biomarkers such as AMH. Modifiable
risk factors to infertility, such as tobacco or alcohol use, environmental toxin expo-
sure and high body mass index, should also be taken into consideration. A previous
history of infertility should also be noted.

Importantly, reproductive-age cancer patients should be assessed for hereditary
or familial cancer syndromes, given their relatively early onset of cancer. They
should be referred for genetic counseling and testing. Identification of a hereditary
or familial cancer syndrome changes not only fertility preservation but also the
cancer treatment regimen. For women with BRCA 1/2 or Lynch Syndrome, for
instance, the recommendation for risk-reducing bilateral salpingo-oophorectomy
narrows the fertility preservation options and affects the timeline for treatment. As
noted above, women with BRCA mutations have been found to have lower AMH
levels; it is unclear whether this suggests decreased ovarian reserve or fertility in the
context of a germline mutation, however, patients should be counseled appropri-
ately. Patients with hereditary cancer syndromes should be offered sperm or oocyte/
embryo cryopreservation as the first line. This is particularly helpful because preim-
plantation genetic diagnosis (PGD) can be undertaken after IVE. PGD is a proce-
dure that tests the blastomere biopsy for aneuploidy or genetic disorders, before
embryo transfer. This genetic testing is particularly valuable for patients with hered-
itary cancer syndromes, such as BRCA1 and 2, Lynch Syndrome, familial adeno-
matous polyposis (FAP), Von Hippel-Lindau disease (VHL), Li-Fraumeni syndrome,
multiple endocrine neoplasia (MEN) syndromes or retinoblastoma. Other tech-
niques of prenatal diagnosis, such as chorionic villus sampling and amniocentesis,
can be discussed as well.

Fertility Preservation Options in Females

If it is possible to delay cancer treatment after diagnosis, established fertility pres-
ervation procedures should be considered prior to treatment, which include oocyte
cryopreservation and embryo cryopreservation (Fig. 12.1). Both procedures involve
approximately 10-14 days of controlled ovarian stimulation with gonadotropins
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prior to retrieval of oocytes, followed by cryopreservation of mature oocytes via
slow freezing or vitrification techniques [21]. Ovarian stimulation is not feasible
prior to puberty, given the inactive HPO axis in pre-pubertal girls. Since conven-
tional ovarian stimulation is associated with high serum estrogen levels, treatment
with selective estrogen receptor modulators like tamoxifen or aromatase inhibitors
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Fig. 12.1 Established fertility preservation technologies



198 G. Whiteley et al.

such as letrozole, may be beneficial to keep estrogen levels low during stimulation
in estrogen-sensitive cancers such as breast and endometrial cancer [22]. After
oocyte retrieval, embryo cryopreservation involves fertilization of harvested oocytes
with sperm via in vitro fertilization or intracytoplasmic sperm injection. Single
women who are not partnered, decline sperm donation, or are opposed to embryo
creation, may opt to cryopreserve oocytes as opposed to creating embryos for cryo-
preservation. The Italian Registry of Assisted Reproductive Technology (ART),
which has compiled outcomes on 2152 live births resulting from cryopreserved
oocytes, has shown no increase in rates of congenital anomalies associated with
these pregnancies [23].

An experimental technique, ovarian tissue cryopreservation, involves harvesting
ovarian cortical tissue, since the large majority of oocytes are located within primor-
dial follicles in the ovarian cortex, in order to preserve fertility [24]. Ovarian tissue
cryopreservation is the only fertility preservation method available for pre-pubertal
patients and may be the optimal treatment for post-pubertal patients with aggressive
malignancies that require immediate treatment prior to oocyte or embryo cryo-
preservation. This technique can also be considered in patients who cannot receive
hormonal ovarian stimulation based on their cancer type. This procedure involves
removal of approximately one-third to one-half of the ovary, via laparotomy or lapa-
roscopy, with subsequent creation of thin slices of tissue (0.3—2 mm thickness) prior
to cryopreservation. Before the tissue slices are cryopreserved, samples are tested to
ensure no malignant cells are present within the tissue. The risk of transplanting
malignant cells is an important consideration for women with known familial or
hereditary cancer syndromes. Once cancer treatment is completed and the patient
desires pubertal induction or fertility, the tissue is thawed and reimplanted, as an
auto-graft back into the ovarian fossa or to a heterotopic site [25]. Orthotopic auto-
transplantation back into the pelvis allows for attempts at natural conception.
Heterotopic transplantation of ovarian tissue, performed with reimplantation into
the forearm, abdominal wall and chest wall, does not allow for spontaneous preg-
nancy but permits ovarian stimulation, oocyte retrieval and IVF using ART tech-
nologies. Following autotransplantation, ovarian function has been shown to resume
between 2 and 9 months. Risks associated with ovarian tissue cryopreservation
include ischemic damage to the tissue and the possibility of reimplantation of
malignant cells. Autotransplantation of frozen-thawed ovarian tissue is currently
contraindicated in ovarian carcinomas and leukemia given the high risk of reintro-
duction of malignant cells [26]. To date, approximately 120 healthy babies have
been born from autotransplantation of ovarian tissue after ovarian tissue slow freez-
ing/thawing [27]. Ovarian graft survival depends on the amount of ovarian tissue
autotransplanted and the age at which the ovarian tissue was harvested. To date, the
longest graft survival has been 7 years [28].

Additionally, in vitro maturation, a process by which oocytes undergo matura-
tion in an in vitro setting, is a technique that can be utilized to obtain mature oocytes
from ovarian tissue. This technique can also be used when immature oocytes are
obtained from unstimulated ovaries, when utilized in pre-pubertal females or when
stimulatory cycles cannot be performed due to time limiting factors or treatment
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limiting factors [29, 30]. Immature oocytes are cultured for 24-48 h in order to
mature into metaphase (II) oocytes that can be used for IVF or be frozen through
slow freeze or vitrification processes. In vitro maturation is a promising method for
patients who cannot delay gonadotoxic therapy or for whom ovarian stimulation is
contraindicated [31]. Studies have demonstrated that the number of mature oocytes
achieved through IVM has been shown to be associated with AMH [32]. This sug-
gests that a patient with lower pretreatment AMH level may not achieve a sufficient
number of mature oocytes after [IVM.

For patients undergoing cancer treatment that has been associated with complete
ovarian failure, whole ovary cryopreservation prior to treatment with subsequent
slow freezing or vitrification, is an experimental technique that has been performed
in both animal and human models. A fresh whole ovary transplant between a living
donor and recipient has resulted in live birth, but no live births have been docu-
mented after transplantation of previously cryopreserved autologous ovaries [33].
While the majority of whole ovary cryopreservation cases have been associated
with high follicular loss due to cryoinjury and vascular complications post-
transplant, the inclusion of a large vascular pedicle with the removed ovary can
salvage blood supply to the ovarian graft [34].

Other current experimental studies in animals have looked at utilization of the
“artificial ovary,” a multi-step ex-vivo process of sequential in-vitro culture of ovar-
ian tissue, follicles and oocytes to produce mature oocytes for IVF. In a study using
a murine model, preantral follicles were grown in a fibrin scaffold which functioned
as the artificial ovary; the follicles were later transplanted and found to be viable
in vivo [35].

Ovarian tissue culture research and stem cell research to produce oocytes are
other topics of active research for fertility preservation. Recent findings have chal-
lenged the dogma that the number of oocytes in the human ovary is finite. Studies
have reported the isolation of oogonial stem cells, in human ovaries as well as
murine models [36, 37]. However, the role of oogonial stem cells in the lifespan of
ovarian function is yet to be fully elucidated, and how stem cells can improve repro-
ductive function remains unclear. There is currently no therapy involving oogonial
stem cells in the development of human gametes.

New research has explored the use of “ferto-protectant” pharmaceutical agents
that protect against chemotherapy-induced ovarian insufficiency or infertility, in the
preclinical setting. A recent study showed that recombinant AMH decreased pri-
mordial follicle loss after administration of cyclophosphamide, cisplatin or doxoru-
bicin [38]. Other pharmaceutical agents that have been studied include:
sphingosine-1-phosphate (S1P), shown to help resist radiation-induced follicular
apoptosis in murine models; imatinib, which blocks apoptotic pathways in primor-
dial follicles exposed to cisplatin; AS101, shown to decrease activation of the PI3K/
PTEN/Akt pathway thereby limiting early activation of primordial follicles and the
“burn out effect” in rodents after cyclophosphamide treatment; G-CSF, which pro-
motes vascularization and can counteract chemotherapy-induced ovarian vascular
ischemia; tamoxifen, which may help preserve the ovarian follicle deposit, although
data are conflicting; and nanoparticles to encapsulate chemotherapeutic agents to
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improve delivery and limit exposure of surrounding tissue [39-43]. Other agents
under investigation include crocetin, mTORC inhibitors, LH, ghrelin, and antioxi-
dants [15].

Currently there is conflicting data on the utility of GnRH agonists in preventing
primary ovarian insufficiency in cancer patients undergoing treatment by suppress-
ing folliculogenesis [12, 22]. It has been postulated that the administration of GnRH
agonists before and during chemotherapy suppresses the number of primordial fol-
licles entering the growing pool of follicles, making them less sensitive to gonado-
toxic chemotherapy. Other theories suggest that GnRH agonists may upregulate
intra-ovarian anti-apoptotic molecules and protect ovarian germline stem cells [44—
46]. For women with known hereditary cancer syndromes requiring risk-reducing
salpingo-oophorectomy after cancer treatment, the provider may consider the use of
GnRH agonists for ovarian suppression during chemotherapy [46]. Currently the
National Comprehensive Cancer Network (NCCN) guidelines acknowledge use of
GnRH agonists in preventing chemotherapy-induced ovarian failure in estrogen
receptor negative tumors (National Comprehensive Cancer Network), however, the
American Society of Clinical Oncology (ASCO) does not have recommendations
regarding GnRH agonists for this indication. Additional neoadjuvant cytoprotective
pharmacotherapies are currently being investigated.

To preserve fertility in patients undergoing radiation, techniques such as gonadal
shielding and oophoropexy can be utilized to shield the ovaries from the detrimental
effects of abdominal/pelvic radiation. Oophoropexy involves surgical transposition
of the ovaries, either laterally toward the pelvic sidewall or medially behind the
uterus, to move the ovaries away from the field of pelvic irradiation. The success of
oophoropexy has been related to the dose, type and site of pelvic radiation, patient
age and coadministration of chemotherapy [47].

Advancements in cancer treatment have additionally allowed for fertility sparing
treatments that avoid surgery that would otherwise render a patient infertile. Such
advancements include the hormonal management of early endometrial cancer, radi-
cal trachelectomy for cervical cancer and uterine-sparing surgery for early stage
ovarian cancers.

Fertility Preservation Options in Males

The gold standard for fertility preservation in post-pubertal males involves sperm
cryopreservation. Previous studies have demonstrated fertility success rates in
young men (14-30 years old) utilizing previously frozen sperm is 36% for intrauter-
ine insemination and 50% when utilizing IVF/ISCI [48]. If certain underlying medi-
cal comorbidities preclude patients from successful ejaculation, electro-ejaculation
can be utilized for microsurgical testicular sperm extraction (TESE), which extracts
spermatozoa from testicular tissue [49, 50]. In children, who cannot ejaculate, epi-
didymal or testicular sperm extraction can be considered. Limited options remain
available for pre-pubertal males undergoing cancer treatment, since the pre-pubertal
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testis does not produce mature spermatozoa. Experimental procedures currently
available include maturation of spermatogonia from testicular tissue biopsy which
has been shown to be successful in animal models [51].

Ethical/Legal Considerations

There are a number of ethical issues related to fertility preservation for cancer
patients. Reproductive-age cancer patients should receive counseling, even if they
express no interest in future children, as many fertility preservation options also
preserve ovarian endocrine function. First and foremost is the question of informed
consent. Patients should be counseled thoroughly on the various fertility preserva-
tion options, as well as associated pregnancy and live birth rates. Importantly, some
methods of fertility preservation are experimental or not as well established, and
patients should be informed that fertility preservation aims to preserve future repro-
ductive potential but does not ensure it [52]. Providers should also ascertain whether
patients are psychologically, intellectually and emotionally competent to consent or
assent to treatment. When minors are faced with cancer diagnoses, they often make
decisions with their family and parents have decision-making capability when it
comes to preserving their child’s fertility, if the intervention is likely to provide
benefit. If and when possible, it is recommended to obtain child consent. There is a
consensus for a two-stage consent process: at diagnosis, then after treatment when
the patient is at a developmentally appropriate age [52]. If minors openly object to
treatment, fertility preservation treatments should not be performed.

Particularly for patients with known familial or hereditary cancer syndromes,
they should be counseled on the importance of preimplantation genetic testing
(PGT). The benefits of avoiding transfer of an affected embryo, and passing on the
mutated gene, is critical for the patient’s decision-making process. However,
patients and their families may have religious, cultural or personal objections to
PGT or embryo cryopreservation, so these issues should be addressed prior to can-
cer treatment if possible.

Another area of ethical concern is the disposition or posthumous use of cryopre-
served gametes. Unless otherwise specified, gametes should be discarded if the
child does not survive to adulthood, however, when possible, instructions regarding
the disposition of gametes should be made at the time of fertility preservation [53].
The provider should also address how potential disagreements between family
members regarding the posthumous use of gametes should be adjudicated. It is also
helpful to ascertain the patient’s wishes to donate his or her gametes or gonadal tis-
sue to scientific research. Often a multi-disciplinary approach is taken to address
potential conflicts of interest in the event of the patient’s death.

Any medical decision made with an adolescent patient should be navigated care-
fully and with the patient’s best interests in mind. The provider should determine
whether the patient is an appropriate candidate for enrollment in available clinical
trials, and discuss this with the patient and family. Participation in a clinical trial
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may provide new opportunities for fertility preservation, however research on chil-
dren and adolescent patients is strictly regulated and will require informed consent
or assent. Children are a vulnerable population, and their decision-making can be
easily influenced by their parents’ or families’ wishes [54]. The provider should
advocate for the patient, and try to ensure that any decision regarding fertility pres-
ervation reflects patient autonomy and respects the opportunity for future family
building, if desired. In short, all decisions should be made with the goal of providing
“an open future” for the patient [53]. Lastly, all ethical considerations should be
made within the legal framework.

Post-Treatment Follow-Up for Cancer Patients

Compared to healthy controls without cancer, reproductive-age cancer survivors
have lower rates of post-treatment pregnancies [55]. The chances of post-treatment
pregnancy depend heavily on the female patient’s age at time of diagnosis, cancer
treatment as well as cancer type. Post-treatment counseling may include measures
of ovarian failure, which can be objectively measured through follicle-stimulating
hormone, FSH, the most common biochemical marker used to assess ovarian dam-
age or failure. Additionally, anti-mullerian hormone (AMH) and antral follicle
count can be used to assess ovarian reserve post-treatment. Post-treatment AMH,
compared to pretreatment baseline, may predict return of ovarian function, as dis-
cussed above.

Optimal timing for pregnancy following cancer treatment is currently unknown
and largely depends on the patient’s current medical status, prognosis, and possible
harmful effects of therapy. The timing of attempting pregnancy should be based on
shared decision-making and involve the oncologist as well as reproductive endocri-
nologist. Some patients attempt pregnancy 2-3 years after finishing cancer treat-
ment, and after monitoring for possible cancer recurrence. Other patients, such as
those with hormone receptor positive breast cancer, require long-term hormonal
therapy after treatment. The data on the timing of pregnancy for these women, as
well as the safety of pregnancy, is very limited but encouraging [55]. Planning for
pregnancy should take into account the “wash-out” period needed for patients on
adjuvant endocrine therapies (i.e., 3 months after discontinuing tamoxifen). The
data on the safety of ART in women with hormone receptor positive cancer is also
very limited; this subset of fertility preservation patients often require the use of
third-party reproduction. Studies evaluating pregnancy outcomes in cancer survi-
vors have found no increase in congenital malformations in offspring, primarily in
women who have conceived spontaneously after chemotherapy [56]. However,
some studies have suggested increased obstetric complications in post-treatment
pregnancies, such as increased risk of premature birth, low birth weight, and need
for cesarean delivery [55].
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Chapter 13 )
Home Care and Resources for Cancer Check or
Survivors

Vipan Nikore and Varona Nikore

Introduction

Due to advancements in treatment, cancer survivors are living longer than ever
before. Survivorship is now a key stage in the cancer care continuum (see Fig. 13.1).
Physical health and mental health have unfortunately both shown to be adversely
affected in cancer survivors [1]. For this reason, how to improve Quality of Life
(QOL) in cancer survivors needs more attention than ever.

A variety of interventions may increase the quality of life in cancer survivors.
For example, 12-week home-based exercise programs have demonstrated promise
in improving quality of life and psychological health in colorectal cancer survivors
[2], and improving employment opportunities appears to enhance QOL in young
cancer survivors [3].

Often overlooked in the continuum of care for cancer survivors is the delivery of
care and support services to allow people to live safely in their home, otherwise
known as home care, as well as the procurement of such services. Understanding
this important topic is important since finding appropriate and timely home care
services can lead to improvements in quality of life. Furthermore, the procurement
of home care services is often a frustrating experience and thus an understanding of
how to navigate the home care system can be useful for cancer survivors and their
families. Lastly, recent innovations in health and home care services have enabled
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Fig. 13.1 Flow chart showing the cancer care continuum. (Source: Cancer Care Ontario. https://
www.cancercareontario.ca/en/cancerplan)

many survivors to live more comfortably at home, in ways that were not previously
possible.

Each country, state, province, and city typically have unique home care delivery
systems, and therefore providing a standard prescriptive roadmap explaining pay-
ment models, navigation barriers, and specific resources available is unfeasible.
However, there are many aspects of home care related to quality of care, procure-
ment, and access that are universal in nature. Therefore, an understanding of these
principles as well as what home care is, the benefits of home care, the home care
procurement process, and new innovations in the home care can be beneficial
regardless of the jurisdiction one receives home care in.

Home Care Services Available

When discussing home care, a first place to start is to understand in detail what
services may be offered at home. In many countries, there has been a shift toward
delivering more services and care into the home for patients. Patients often want to
stay in the home instead of living a facility, and more services can be delivered into
the home now than ever before. Most countries have a slightly different nomencla-
ture for services provided in the home, though in many areas of the world when one
speaks of “home health” services, one typically refers to the regulated, clinical,
professional medical services that are delivered into the home, such as registered
nursing, physiotherapy, or physician services. Home health services are continuing
to expand in scope, and hospital at home programs are beginning to emerge as we
find new ways to care for acute patients in the home. With the advancement of tele-
health, remote patient monitoring, and technology in general there are also opportu-
nities for care that were previously not available. When speaking of “home care,”
one commonly refers to non-clinical or less clinically heavy services such as per-
sonal support services, companionship, and meal preparation. The range of home
health care and home care services that are commonly delivered to cancer survivors
include:
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Nursing Care

Many cancer survivors suffer from chronic pain, require routine monitoring of vari-
ous blood markers, need routine IV medications, or continuous monitoring. In home
nursing can help with many of these tasks.

Nurses can complete a wide variety of complex nursing tasks. Some examples
include monitoring vitals, intravenous therapy, injections, tube feeding and care,
catheter changes, dressing changes, advanced wound care, medication management
and administration, tracheostomy care, lab draws, ventilator care, chronic disease
management, pain management, patient education, administering immunizations,
peritoneal dialysis, and other advanced care.

There are typically different designations of nurses in various countries, some
which suggest more skills and credentials to carry out advanced tasks, and some
which suggest an ability to carry less advanced tasks. Furthermore, nurses often
specialize in certain tasks or specific patient diseases or populations.

More recently, many advanced IV medications that would typically require mon-
itoring in a supervised clinic or hospital setting can now be administered at home by
nurses. This shift in administration has allowed more complex conditions to be
treated at home.

Home Health Aide and Personal Support Care Services

The designation for these caregivers varies by region, and may be referred to as
Home Health Aides, Personal Support Workers, Health Care Assistants, Certified
Nursing Assistants, and more. Regardless of their designation they are one of the
most common caregiver positions in the home care system, and these caregivers can
help with various tasks such as bathing, washing, toileting, dressing, grooming,
personal hygiene, feeding/eating, lifts and transfers, mobility, skin care, and more.

Companions and Homemakers

Companion caregivers typically don’t have a skilled training or formal designation,
but may support with social interaction, help with recreational activities, or accom-
pany patients to appointments, shopping, events, etc. Homemakers may help with
light housework, meal preparation, dishes, laundry, ironing, grocery shopping, trash
removal, picking up medications, and other errands. While such caregivers don’t
provide typical health services, they can be tremendously valuable as they help ease
the burden faced by cancer survivors and their families, and can help from a mental
health perspective as well.
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Physiotherapy

Physiotherapists help restore movement, function and improve quality of life when
someone is affected by injury, illness or disability. They help strengthen weakened
muscles, improve range of motion, and treat specific musculoskeletal injuries.
Physiotherapists can be particularly helpful in the early recovery period for cancer
survivors, but also continuously throughout for those who face continued injury or
disability.

Occupational Therapy

Occupational therapists work to assist and train individuals to complete everyday
activities. Typically, patients have been impacted due to illness, disability, and
injury. Depending on the functional impairment resulting from their illness, cancer
survivors may benefit significantly from occupation therapy. Everyday activities
that can be restored with occupational therapy include self-care activities such as
getting dressed, eating, moving around the house, and leisurely tasks. This itself can
improve quality of life, but further, occupational therapists may be able to help in
transitioning to work or school or help with specialized equipment if needed as well.

Speech and Language Therapy

Speech and language therapists can help treat a broad range of issues including
communication and swallowing. Custom plans can be created for an individual to
resolve common issues such as speech sounds, voice, fluency, language, and feed-
ing/swallowing.

Social Workers and Care Coordination

Social workers have many diverse skills that provide tremendous benefit to cancer
survivors and many patients. Navigating complex healthcare systems can be chal-
lenging and social workers can serve as case managers to help coordinate care and
find resources in the community. They can help find financial help, can counsel
patients, helping them cope with their conflicts and challenges patients face.
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Others Healthcare and Professional Services

Many professional services may come into the home to provide care. While many
of these are somewhat limited and less common, such service providers may include
dentists who are skilled in assessing and treating conditions related to teeth and
gums, optometrists who can assess and treat vision changes for people of all ages,
audiologists who assess and treat everything related to hearing for individuals of all
ages, and physician services by a licensed medical professional. Additional avail-
able services are pharmacy services to help with medication, dieticians to help with
nutrition, podiatrists to assist with foot care, lab services to draw blood, and even
yoga therapy to help with pain and mobility.

Non-Health Care Services

Additionally, many ancillary non-health care services can be tremendously valuable
for those requiring care at home. Transportation services, meal delivery services,
and home salon services are just a few examples. Educational services can be tre-
mendously valuable for children and adolescents.

Benefits of Home Care
Home care services are often underutilized. Appropriate and timely care can help
cancer survivors and their families in many ways. Consider the following benefits:

Improved Mental Well-Being

Following a new diagnosis, illness, or disability one may experience depression,
anxiety, loneliness, stress, or isolation. Engaging with home care service providers
may allow for needed social interaction and may even bring a sense of meaning to
life for some.

Improved Health

There are many ways home care services may allow cancer survivors to achieve
improved health. Some may benefit from medication management or other nursing
tasks to carry our plans by healthcare providers. Preventative health tasks and visits
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may also be able to be performed at home leading to improved health. Others may
experience improved nutrition through a dietician, meal preparation, or by receiving
help to carry out tasks required when cooking. Of course, improved health through
skilled professionals such as physiotherapists may also lead to improved health. As
noted above, one’s mental well-being may improve, which also contributes to over-
all health.

Daily Activities and Hobbies

After a malignancy, many individuals are less capable of performing the activities
of daily living that they used to be able to perform. Personal caregivers may help
perform various tasks such as gardening or putting the dishes away, but they may
even be able to have one engage in his or her favorite hobby that they otherwise
were not able to experience routinely.

Respite for Families

It may be unsustainable for a family member or friend to single-handedly care for a
cancer survivor. By acquiring additional support, one will hopefully be able to con-
tinue to support their loved one, refreshed, patient, and energetic.

Safety

In-home care provides a level of supervision that keeps people safe while providing
necessary peace of mind. Many people can live longer in their own homes because
they have periods of care. Living alone 24 h a day makes accidents or sickness at
home more likely for those who may be at risk.

Comfort

When compared to living in an institution, many prefer to stay at home in their com-
munity. Staying at home for as long as possible typically provides a level of comfort
and familiarity that cannot be replicated outside of the home. Home care services
support the desire of many to stay at home.
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Costs and Considerations When Finding Home Care

Finding home care can be a daunting task as there are many organizations and care-
givers in each region that provide care. It is far more complicated than deciding
between a typical consumer product, such as deciding between an Apple 10S and
Android phone. Furthermore, finding a trusted provider is important since caring for
a loved one or oneself is of utmost importance.

Providers may be non-profit organizations, for profit organizations, or individual
caregivers who are essentially solo practitioners on their own. These home care
companies can often be found by discussing with your doctor, hospitals, community
and social service organizations, local government websites, online websites,
through word of mouth from friends and family, or traditional outlets such as news-
papers and classifieds.

Here are a few things to consider when finding a caregiver or home care agency
to suit one’s needs:

Caregiving Expertise

As with most things in life, experience and training are always valuable assets. Who
is the main point of contact when receiving care? Do they genuinely care, and do
they have the depth of knowledge and capability to create a personalized care plan
for patients? If there is an emergency or decline in function, can they be trusted to
make the best choices regarding care decisions? How does the company select care-
givers? Do they provide extra education to help their caregivers continue to learn?
For the pediatric patient population, do they provide adequate training for caregiv-
ers who have the skills to care for children?

Reliability and Continuity of Care

Developing a system to provide care from the same providers is a complicated pro-
cess. Having continuity of care with caregivers is important, and how well is the
home care agency able to assure this and prevent fragmentation of care? How reli-
able are they? What is the agency’s track record of showing up on time? What hours
are the agency available? Typically, a company with multiple caregivers will be able
to offer more care and better backup coverage than an individual providing care on
their own. This may be less important for a patient requiring only a handful of visits
from a licensed professional such as a speech language pathologist, however, this
becomes a much more heavily weighted criteria for a patient who is at an extreme
risk of falls and is unable to function without a caregiver.
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References, Credentials, Privacy

References and credentials are important in choosing a caregiver or home care
agency. Top home care workers and agencies will not hesitate to provide these docu-
ments. Be sure appropriate background checks or vulnerable sector screening are
completed for caregivers. Health data security and privacy is important as well so
verify that the provider follows national privacy standards, such as PHIPA in Canada
or HIPAA in the US.

Philosophy of Care

Finding someone who relates well to the patient is a unique challenge for
every family.

Each agency has a unique philosophy of care which will attract staff with par-
ticular backgrounds and personality types. Depending on the personality and needs
of your loved one, various cultures of care will be appropriate. For example, what
are your loved one’s expectations? Are their needs primarily medical or social?
Would they benefit from service in a certain language or from a particular
community?

Safety, Infection Control, and Quality of Care

If selecting a home care company, it is important to know their policies around
infection and safety. Many companies list this on their website. Do they provide
Personal Protective Equipment (PPE) for their staff such as masks, gloves, and sani-
tizer? What protocols do they have in place for staff inside and outside of working
hours? Are they incentivizing staff to stay home if they are unwell? What measures
are in place to replace these workers with minimal disruption to your loved
one’s care?

Cost

Funding or insurance coverage may or not be available to offset home care expenses.
Home care services are often paid for by a mix of public and private funds. Some
health systems provide excellent public coverage of services, other regions are
much less comprehensive. When funding is unavailable this can be a real constraint
for patients and their families. It is important to understand what funding is avail-
able in the public system and through insurance in the region one is seeking care.
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Reaching out to one’s physician or local cancer association are two avenues to learn
of this information. When seeking private care, often home care agencies don’t list
their pricing in a transparent manner, so it is important to seek the actual pricing.

Client Reviews

Client reviews are an important element in choosing home care. Reviews can be
found online or from friends who have dealt with similar care services.

Challenges in Procuring Home Care

There are many challenges and barriers to procuring home care. Some of these chal-
lenges include the following:

* Quality and Reliability—Quality and reliability of care being delivered in the
home may vary significantly. Most home care systems are built on caregivers
from unregulated professions, such as home health aides. In more recent times,
there has been a push to regulate caregivers more though. Furthermore, quality
can vary since the metrics and standards of providing longer term, chronic care
at home to patients are not well established. Thus, having fewer quality targets to
hold care delivery companies accountable for may lead to a higher variability in
quality of care and less transparency in the industry.

e Cost—Cost of care can be challenging. Providing care at home is often a diffi-
cult job, and in a system where home care is largely driven by private care, the
cost to patients may be prohibitive for someone with high care needs. Additionally,
while more complex tasks can be delivered at home, these complex tasks and
innovations may drive up the cost of care as well.

e Shortages—the supply of home care providers can vary significantly across
countries and the same region may also experience either an undersupply or
oversupply of providers depending on the time period. Currently in most places
in the world, there are not enough home care providers in most home care profes-
sions to meet an ever-increasing demand of patients who require care at home.
The recent COVID-19 pandemic has further exacerbated this problem in many
areas, as the pandemic caused an increased demand for many services such as
nursing.

* Location—Depending on the region where care needs to be delivered, location
may prove to be a significant barrier. For example, the shortages in caregiver sup-
ply are often exacerbated in rural or remote areas.

¢ Patient Limitations—Those who need care the most, are often those who have
the most disability and most difficulty in procuring care. Whether it be due to
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mobility, vision, hearing loss, these challenges can make it difficult for certain
individuals to find and procure care on their own.

e Poorly Coordinated and Integrated Systems—One major challenge in home
care is that very few systems around the world have done a formidable job inte-
grating community home care systems into traditional healthcare delivery sys-
tems such as outpatient clinics and inpatient hospitals. Particularly, health
information technology systems are often siloed with little integration between
these systems. This makes providing complete, coordinated, holistic care for the
patient challenging.

e Poor Caregiver Matching—In an increasingly specialized and diverse world,
when a caregiver is placed, too often the match between patient and caregiver is
poor. There may be a poor fit based on disease process and skill set, for example,
a caregiver who has an expertise in physical rehabilitation care may end up car-
ing for a patient with specialized dementia care needs. Complex pediatric care is
particularly challenging, with parents and professionals having cited a lack of
well-trained pediatrics caregivers as a barrier to safe home care [4]. The poor fit
may also manifest itself with respect to language, as a patient may face a signifi-
cant language barrier with the caregiver.

* Social Isolation—Even if a great home care provider is obtained, those receiv-
ing home care may still be at risk for social isolation given the tendency to stay
in a home environment. This makes it even more important to work to provide
social interaction through family, friends, or other community programming
such as a day program. The caregiver may provide some form of companionship,
but this is still minimal compared to some shared communities that provide care.

e Backup Care—Occasionally an individual caregiver is procured for a patient
outside of a company or organization, and if the caregiver gets sick or is unable
to make attend their caregiving shift in the home, there is nobody to provide
backup care to the patient. This may leave the patient in a vulnerable crisis
depending on the needs of the patient.

Emerging Innovations in Home Care

Broadly speaking, healthcare has struggled to bring inventions to bedside and into
clinical practice at a rapid pace. To some extent, this is understandable given the
nature of healthcare and the fact that a failed solution in healthcare can lead to loss
of human life. Having said that, healthcare is facing innumerable complex chal-
lenges, and failing to innovate leads to a failure to fix problems that affect human
life. Incremental improvements in our health system can result in improved morbid-
ity and mortality in millions of people. Therefore, there has been an increased focus
on increasing the speed of innovation across healthcare in recent years. Within
healthcare, home care is one area that is beginning to see advancement in innovation.

The term healthcare innovation typically causes one to think about the develop-
ment of new diagnostics, therapeutics, or even digital health. These are certainly
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important, but innovation does not need to be biomedical or technology driven—
one can innovate in an innumerable number of ways such as around service deliv-
ery, customer service, culture, brand, education, physical infrastructure, or even
patient experience. Some of the innovations in or related to home care that we have
seen in recent years that will continue to play a role in home health delivery include:

Traditional Pharmaceuticals—not to be overlooked, advancements that we
make in the general treatment of disease help patients live longer and manage
disease better. Of course, when we look at the outstanding innovations in areas
such as oncology, a downstream outcome is that more people can live and man-
age their disease at home.

Diagnostics—healthcare diagnostics continues to advance. Diagnostic devices
continue to become smaller and more portable. Tests are becoming processed in
a more rapid manner, and the breadth of diseases that can be monitored and diag-
nosed at home continues to advance. Whether a portable handheld ultrasound to
monitor a pleural effusion, a pulse oximeter to monitor oxygen levels, or a home
blood test to monitor various indicators of disease recurrence, innovations in
diagnostics are helping transform care monitored and delivered at home.
Sensors, Wearables, and Remote Monitoring—sensor technology has
improved and in healthcare we are finding more ways to embed sensors into our
solutions. Sensors have helped lead to an improvement in wearable products
which can be particularly helpful for cancer survivors at home. These wearables
allow for remote patient monitoring to help monitor anything from falls monitor-
ing to the monitoring of vitals for patients.

Telehealth and Virtual Care—telehealth, or virtual care, is the provision of
remote medical care, and dates back to Dutch physician Willem Einthoven’s
long-distance transfer of electrocardiograms in 1906 [5]. After decades of
advancements in telehealth, finally in the past several years, largely due to tech-
nological advancements and societal shifts such as increased broadband avail-
ability and usage as well as a surge in video communication, virtual care is
starting to increase dramatically. Health innovations such as those advancements
noted in remote monitoring and diagnostics have also driven the adoption of
virtual care, and certainly the COVID-19 pandemic has accelerated this process
as well. As telehealth becomes ubiquitous in the years ahead, it will increase
access to care for those living at home and drive further improvements in quality
of care. We will see more care delivered remotely from physicians as well for
some nursing tasks, physical therapy, occupational therapy, speech therapy, and
many other services.

Smart Home Monitoring—the uptake of smart home technology that monitors
surroundings with video, regulates temperature, and activates tasks based on
voice will serve to benefit patients requiring assistance in the home. Specific
healthcare smart home applications that exist can advance patient care as well,
such as technology applications that help monitor falls, and ones that help home-
bound patients manage medications in the home.
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e Virtual Reality—Virtual reality has begun to make its way into healthcare
through areas such as healthcare education, pediatric vaccinations, and phobia
desensitization to name a few. Virtual reality may provide homebound patients
unique experiences to improve quality of life, among other potential applications
for cancer survivors.

* Digital Health—there have been many software advancements beyond virtual
health technologies. Several home care and caregiving online marketplaces to
help procure home care with integrated payments and quality of care measures
have sprouted up. Artificial intelligence is being embedded into many clinical
applications and back-office applications. In addition we have seen the emer-
gence of care navigation services, improved backend software platforms for
home care agencies, and improved integration with traditional health system
electronic health records. Digital healthcare communication platforms to help
coordinate care in a secure manner have also emerged.

* Autonomous Cars—while not typically thought to be directly health related, the
adoption of autonomous cars will increase access to transportation and can sub-
sequently increase the independence of homebound patients who are unable
to drive.

* Robotics—we are beginning to see the adoption of robotic technologies in oper-
ating rooms, and in supply chain management in hospitals among other places in
healthcare. In home care, robots may play a role in the completion of tasks for
homebound patients.

* Home Medical Equipment and Supplies—often overlooked, we continue to
see advancements in home equipment and supplies. From hospital beds for the
home, to incontinence products, to mobility aids, these devices benefit patients
and help them remain in the home.

* Residential Care/Group Homes—Shared Living Houses as alternatives to
institutional facilities are popular in various areas of Europe, some areas of North
America, and many other areas in the world, and becoming more popular in other
regions. Many of these small care homes can deliver care at a lower price than a
traditional facility and at a lower price than one would pay in an individual home
care situation. The quality of care when these smaller homes are implemented
well may be better compared to nursing homes [6]. Families are often more satis-
fied with the care delivered to their loved one as well [7]. Such arrangements
provide a more home like environment relative to institutional facilities and pro-
vide much needed social interaction to decrease the likelihood of social isolation.

e Day Programs for Patients—Day Programs that provide 9 am—5 pm daily care,
companionship, activity programming, and physical exercise are often underuti-
lized but can be great resources for cancer survivors who meet program require-
ments. Virtual day programs have also emerged, which again can be helpful for
a certain subset of the population.

* Hospital at Home—while the terms home care and home healthcare tradition-
ally conjure up long term or chronic disease care, there has been an increased
interest in caring for acute care patients in the home. These emerging hospital at
home programs have been driven by the advancements in caring for patients at
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home, cost savings in caring for patients at home, and an increased desire for
patients to be cared for in the comfort of their own home. In the years ahead,
cancer survivors who experience medical concerns related to their illness that
traditionally would require an inpatient hospital stay, may find that they are able
to remain at home with hospital level care in certain situations.
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