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Abstract | Medullary thyroid carcinoma (MTC) and the multiple endocrine neoplasia (MEN) type 2 syndromes are 
rare but important endocrine diseases that are increasingly managed by pediatric providers. MTC is generally 
associated with a favorable prognosis when diagnosed during childhood, where it frequently occurs secondary 
to activating mutations in the RET proto‑oncogene and arises from pre‑existing C‑cell hyperplasia. MEN2A 
accounts for 90–95% of childhood MTC cases and is most commonly due to mutations in codon 634 of RET. 
MEN2B is associated with the most aggressive clinical presentation of MTC and is almost always due to the 
Met918Thr mutation of RET. Surgery is the primary treatment and only chance of cure, although the advent of 
targeted therapies seems to be improving progression‑free survival in advanced cases. Since the discovery 
of the role of RET in MEN2A, considerable advances in the management of this syndrome have occurred, and 
most of the children with MEN2A who have undergone early thyroidectomy will now lead full, productive lives. 
Strong genotype–phenotype correlations have facilitated the development of guidelines for interventions. 
Contemporary approaches for deciding the appropriate age at which surgery should take place incorporate data 
from ultrasonography and calcitonin measurements in addition to the results of genotyping. To optimize care 
and to facilitate ongoing research, children with MTC and the MEN2 syndromes are optimally treated at tertiary 
centers with multidisciplinary expertise.
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Introduction
Medullary thyroid carcinoma (MTC) is a malignant 
tumor that arises from the neuroendocrine calcitonin-
producing parafollicular C cells of the thyroid gland.1,2 
MTC comprises only a small minority (5% or less) of 
thyroid malignancies diagnosed in patients under the age 
of 21 years.3 When diagnosed during childhood, MTC 
almost always results from a dominantly inherited or 
de novo activating mutation in the RET proto- oncogene4–7 
and is associated with one of three hereditary cancer syn-
dromes: multiple endocrine neoplasia (MEN) type 2A 
or type 2B or familial MTC. The last of the three syn-
dromes is probably a phenotypic variant of MEN2A with 
decreased penetrance and/or delayed onset of the other 
neoplastic manifestations8,9 and thus will not be discussed 
as a separate clinical entity.

The original description of MEN2A is attributed 
to Sipple, who reported the case of a 33-year-old man 
who died of intracranial hemorrhage and was found on 
autopsy to have bilateral pheochromocytomas, bilateral 
MTC and probably parathyroid hyperplasia.10 In 1962, 
Cushman proposed an association between these endo-
crine tumors,11 and MEN2 was soon named as a distinct 
clinical syndrome.12 Subsequently, several large kindreds 
with MEN2 were reported, which led to linkage of the 
disorder to chromosome 10.13,14 Ultimately, the respon-
sible gene, RET (originally cloned as an oncogene15), was 
found to cause MEN2A.4,5 The original characterization 
of the MEN2B phenotype in the English literature was 
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Learning objectives
Upon completion of this activity, participants should be able to: 
1 Evaluate characteristics of MTC among children.
2 Assess children at risk of MTC appropriately.
3 Describe the MEN2A syndrome.
4 Analyze the management of MTC in children.
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made by Williams and Pollock in 1966,16 and MEN2B 
was further distinguished as a variant of hereditary MTC 
with a mucosal neuroma phenotype.17 In 1994, MEN2B 
was also found to be secondary to activating mutations 
in the RET proto-oncogene.6,7

RET is a member of the cadherin superfamily and 
encodes a membrane receptor tyrosine kinase (Figure 1). 
The protein plays an early crucial role in neural crest 
development and subsequently has roles in the develop-
ment of the enteric nervous system, the kidney and in 
spermatogenesis. Several excellent reviews have provided 
a detailed discussion of the normal cellular and develop-
mental roles of the RET receptor as well as its relevance to 
cancer therapeutics.18–25

As a result of the initial collaborative efforts of the 
Inter national RET Mutation Consortium, it quickly 
became apparent that only a limited number of muta-
tions were associated with MEN2 and that strong 
 genotype–phenotype correlations were present 
(Figure 1).26 The high penetrance of MTC associated 
with specific RET mutations led to the rapid incorpora-
tion of genetic testing into management algorithms for 
patients with MTC and their families. Predictive genetic 
test ing ushered in the era of performing total prophy lactic 
thyroidec tomies for presymptomatic indivi duals carrying 
a high-risk RET germline mutation.27 As a result, much of 
the decision-making and counseling of affected children 
and their families now falls to the pe diatric provider.28,29

The use of genetic testing in the management of MEN2 
has become increasingly complicated due to improved 
understanding of the variable aggressiveness of MTC, even 
among family members with the same RET mutation.30 
In addition, novel and rare RET DNA variants have been 
identified that have not yet been fully established as patho-
genic, the so-called ‘variants of unknown significance’.31–33 
These considerations, plus the addition of routine ultra-
sonography and calcitonin screening, have led to the con-
temporary dilemma of determining the optimal timing of 
prophylactic thyroidectomy, with the goal of decreasing 
potential medical and surgical morbidity whilst maximiz-
ing the oncologic outcome by removing the thyroid before 
MTC metastasis occurs.

In the 18 years that have elapsed since the dis covery of 
the genetic basis of MEN2, several guidelines and position 
statements have been created to guide the manage ment 
of patients with MTC and a hereditary predisposition to 
associated endocrine neoplasia.8,34–37 This Review aims 
to provide a contemporary approach to the diagnosis 
and management of children with MTC and MEN2; the 
article focuses on the most common RET mutations that 
are relevant to the pediatric population. 

MTC in childhood 
The overall age-adjusted incidence of MTC during child-
hood is <0.5 cases per million per year, with a fairly equal 
female to male ratio, unlike the differentiated thyroid 
carcinomas that are more frequent in girls than boys.3,38,39 
MTC is the most common thyroid malignancy diagnosed 
at <5 years of age.3 Sporadic, nonheritable tumors account 
for up to 75% of adult cases of MTC,8 many of which 

Key points

 ■ Medullary thyroid carcinoma (MTC) during childhood is rare and almost always 
results from a dominantly inherited or de novo activating mutation in the 
RET proto‑oncogene

 ■ C‑cell hyperplasia is the initial stage of tumorigenesis that leads to the 
development of microscopic noninvasive MTC and ultimately to locoregional 
and distant metastases due to frankly invasive carcinoma 

 ■ Multiple endocrine neoplasia (MEN) type 2A, which accounts for 90–95% of 
childhood MEN2 cases, is most frequently caused by mutations in RET exons 
10 (codons 609, 611, 618 and 620) and 11 (codon 634) 

 ■ MEN2B is almost always due to the Met918Thr mutation (exon 16) in the 
RET proto‑oncogene and is associated with the most aggressive clinical 
presentation of MTC during childhood 

 ■ MTC is primarily a surgical disease; the best hope of cure is for an experienced 
thyroid surgeon to remove the thyroid in at‑risk patients before metastasis occurs 

 ■ Strong genotype–phenotype correlations facilitate guidelines for treating 
children with MEN2; current approaches for determining the optimal timing for 
thyroidectomy incorporate ultrasonography and calcitonin data in addition to 
the genotype

involve a somatic RET codon 918 mutation,40 but such 
tumors are rare in children. Rather, most children with 
MTC will harbor a germline RET mutation.

In contrast to sporadic MTC, hereditary MTC is typi-
cally multifocal, bilateral and located in the middle to 
upper regions of the thyroid lobes (Figure 2), an area 
where C cells are the most highly concentrated.2,27,41 On 
microscopic examination and calcitonin staining of the 
thyroid, C-cell hyperplasia is often identified, which is 
the initial stage in an oncologic cascade that leads to the 
development of microscopic, noninvasive MTC and ulti-
mately to lymph-node and distant metastatic disease due 
to frankly invasive carcinoma (Figure 2).2,42 In patients 
with hereditary MTC, an age-related progression of 
malignant disease takes place, with lymph-node and 
distant metastases typically occurring years after the onset 
of tumorigenesis (Figure 3).42 The cervical and media-
stinal lymph-node basins are the most common sites of 
metastatic disease; typical distant sites for MTC spread 
include the lungs, liver and bone or bone marrow. Positive 
lymph-node status and higher stage at diagnosis predict 
lower disease-free survival and higher mortality.39,43–45

In the current era, in which genetic testing is incor-
porated into MTC treatment algorithms, children rarely 
present with clinical disease, outside of the rare sporadic 
case, newly identified MEN2A kindred or MTC associated 
with MEN2B, which remains a diagnosis that is typically 
delayed.46 Thus, in the 21st century, presymptomatic iden-
tification of a positive RET mutation is the predominate 
route to an MEN2A diagnosis in children.

The prognosis of MTC diagnosed during childhood 
is generally excellent. 5-year and 15-year survival rates 
are 95% and 86%,3 respectively. Mean survival after diag-
nosis is 28.3 years and the presence of distant disease at 
diagnosis, compared with locoregional disease, portends 
a worse prognosis.3,47,48 The risk of both loco regional 
and distant metastatic disease rises as the tumor size 
increases,39,47 although lymph-node metastases may still 
occur when the tumor is <1 cm in size.49–52 Many children 
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who present with clinical MTC already have metastatic 
disease. Consequently, the majority of cases of MTC in 
childhood that are not diagnosed early represent incura-
ble, albeit indolent cancers. The aggressiveness of the 
clinical course can be predicted by the presence of certain 
RET mutations, the child’s clinical presentation and by the 
use of calcitonin and carcinoembryonic antigen (CEA) 
as tumor markers. The loss of calcitonin expression, a  
CEA level out of proportion to calcitonin and a rapid CEA 
and/or calcitonin doubling time are all harbingers of an 
aggressive disease course.8,45,53,54 

MTC is primarily a disease treated by surgery and 
the best hope for cure is to remove the entire thyroid 
in at-risk patients before metastasis occurs. The surgi-
cal management of MTC is discussed later and in other 
publications.8,35,36,55 Radiation therapy should not be used 
in children with MTC; even in adults, it remains a contro-
versial issue. Advanced metastatic MTC is not sensitive to 

standard cytotoxic chemotherapy, which has historically 
incorporated the agent dacarbazine.9

Targeted molecular therapies that inhibit RET and 
other receptor tyrosine kinases known to be involved 
in angio genesis have shown great promise in the treat-
ment of meta static MTC.56,57 In April 2011, the drug 
vandetanib (an inhibitor of vascular endothelial growth 
fac tor receptors 2 and 3, RET and the epidermal growth 
factor re ceptor) became the first such agent approved by 
the FDA for the treatment of adults with symptomatic or 
progressive MTC on the basis of the findings of a phase III 
clinical trial that showed improved progression-free sur-
vival in patients who received vandetanib compared with 
placebo.58 The efficacy and safety of vandetanib had also 
been demonstrated in adults with both hereditary and 
sporadic MTC in phase II studies.59,60 Thus far, the only 
clinical trial specifically designed for children with MTC 
has been a phase I–II study of vandetanib, and preliminary 
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Figure 1 | The RET receptor and commonly mutated codons and associated phenotypes in the MEN2 syndromes, including 
the recent ATA risk stratification.8 RET is a membrane‑bound receptor tyrosine kinase; the extracellular domain contains 
four cadherin‑like domains and a cysteine‑rich region and the intracellular domain contains a tyrosine kinase domain.  
*Age of testing refers to the age at which clinical testing with thyroid ultrasonography and basal calcitonin levels would be 
appropriate. It is not meant to indicate the age of testing for the presence of a RET mutation, which may be done earlier 
after appropriate genetic counseling. ‡A rare case of very aggressive MTC in a child diagnosed at age 6 years has been 
reported,30 but in general, an older age of disease onset is observed with this RET mutation. §Only rare cases of MEN2B 
secondary to the A8883F mutation have been published, and the MTC phenotype of this mutation remains largely 
unknown. Abbreviations: ATA, American Thyroid Association; CLA, cutaneous lichen amyloidosis; HSCR, Hirschsprung 
disease; MEN2, multiple endocrine neoplasia type 2; MTC, medullary thyroid carcinoma; PHEO, pheochromocytoma; 
PHPT, primary hyperparathyroidism. Permission obtained to reproduce the RET receptor from Nature Publishing Group © 
Drosten, M. & Pützer, B. M. Nat. Clin. Pract. Oncol. 3, 564–574 (2006). 
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results from a cohort of primarily MEN2B patients have 
been encouraging.61

Multiple endocrine neoplasia type 2A
MEN2A, which accounts for 90–95% of MEN2 cases, 
is a highly penetrant, autosomal dominant endocrine 
tumor syndrome characterized by the development of 
MTC in >90% of RET mutation carriers; dependent on 
the mutation, pheochromocytoma and/or primary hyper-
parathyroidism also develops in 0–50% and 0–20% of 
individuals with MEN2A, respectively.62 In most cases, 
there is a family history of the disease and de novo muta-
tions represent only 2–9% of cases.63,64 There is increased 
recognition that RET mutations, particularly those associ-
ated with less aggressive presentations of MTC, can be 
identified in patients who present with apparently spo-
radic MTC.63,65 This realization has led to the current 
recommendation for routine germline RET analysis in all 
patients with MTC.8,36

In MEN2A, mutations are located mostly in the extra-
cellular cysteine-rich domain of the RET proto-oncogene, 
usually in exon 10 (codons 609, 611, 618 or 620) or exon 11 
(codon 634).26,66,67 In studies of European populations, 
mutations in RET codon 634 account for ~50% of RET-
positive MEN2A cases, and exon 10 mutations account 
for about 16% of total cases.66,67 Other common mutations 
affect codons 630, 768, 790, 804 and 891. As molecu lar 
testing becomes widespread, more RET mutations and 
DNA variants are being identified, which is contributing to 
an ever-changing spectrum of the MEN2A genotype and 
phenotype.33,68 A strong  genotype–phenotype relationship 
exists (Figure 1),26,33,62,69,70 which allows for prediction of 
the rapidity with which a mutation carrier could develop 
MTC and other associated endocrinopathies. Mutations 
in exon 10 (primarily codon 620 but also codons 609, 611 
and 618) are associated with Hirschsprung disease.71–73 
Cutaneous lichen amyloidosis, a dermatologic disorder 
of intense pruritus and secon dary skin changes that is 
typically located in the interscapular region of the back 
and becomes obvious during late adolescence or young 
adult life, has been described in members of some MEN2A 
families with codon 634 mutations and in a single kindred 
with a Val804Met mutation.74–76

MTC in MEN2A
The natural history of MTC in MEN2A is highly variable 
between different RET mutations (Figure 3) and even among 
members of the same kindred.30 Patients with MEN2A have 
an improved survival rate compared with patients with spo-
radic disease and MEN2B, which probably reflects the 
lower tumor stage and frequently asympto matic nature of 
the disease at diagnosis.77,78 Patients with mutations in RET 
codon 634 have the highest risk of malignant C-cell disease 
followed by those with mutations in codons 609, 611, 
618, 620 or 630, whereas mutations in codons 768, 790, 
804 or 891 impart the lowest risk of clinically aggressive 
MTC.8,62 MEN2A-related MTC, when diagnosed during 
childhood, is usually a microcarcinoma <1 cm in size,44,50,51 
and diagnosis probably resulted from early intervention 
directed by genetic testing results. As would be expected, 

older age of surgical intervention, particularly in patients 
with the more aggressive codon 634 mutations, imparts an 
increased risk of a higher stage of disease at diagnosis and 
the potential for increased mortality.34,39,45,79

Primary hyperparathyroidism
Patients with MEN2A are at risk of developing para thyroid 
adenomas and hyperplasia. Primary hyper parathyroid-
ism is chiefly associated with codon 634 mutations 
and less commonly described in other RET mutations 
(Figure 1).8,80,81 Onset during childhood is extremely rare 
but has been described in children as young as 5 years 
of age.82 With prospective screening of at-risk patients, 
primary hyperparathyroidism is typically detected prior 
to the development of symptoms. Consensus as to the 
optimal timing and approach to surgical treatment in 
asymptomatic children with MEN2A and primary hyper-
parathyroidism is not available, although minimally inva-
sive procedures may be adequate.83 It is not unreasonable 
to screen carriers with codon 634 mutations starting at the 
age of 5 years. Decisions regarding intervention should 
always be made on a case-by-case basis.

C-cell hyperplasia

Microscopic MTC

?

Macroscopic multifocal
and bilateral MTC

Lymphatic invasion and
lymph-node metastases

Vascular invasion and
distant metastases

?

Figure 2 | The development and progression of MTC in childhood. C‑cell hyperplasia 
is the initial stage in an oncologic cascade that ultimately leads to the development 
of microscopic noninvasive MTC and ultimately lymph‑node and distant metastatic 
disease due to frankly invasive carcinoma. The weight of the arrows denotes the 
hypothetical probability of the event occurring in the typical pediatric patient with a 
RET codon 634 mutation. Abbreviation: MTC, medullary thyroid carcinoma.
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Multiple endocrine neoplasia 2B
MEN2B accounts for 5–10% of MEN2 cases,67 and is 
almost always (>95%) due to the Met918Thr mutation 
(exon 16) located in the intracellular tyrosine kinase 
domain of RET,26,66 which results in constitutive acti-
vation of intra cellular signaling pathways regulated by 
the protein. Rare cases can be attributed to double RET 
mutations involving codon 80484 or a mutation in codon 
883 (Ala883Phe, exon 15), which may be less aggressive 
than the Met918Thr mutation.85 In most cases, MEN2B 
arises as a result of a de novo mutation, with the child 
having unaffected parents.46,86

MEN2B is highly penetrant and has an autosomal 
domi nant pattern of inheritance. The syndrome is 
characteriz ed by the development of MTC (100% of cases), 
pheochromo cytoma (up to 50% of cases) and a specific 
clinical phenotype (100% of cases).8,87–96 While the clinical 
phenotype is present in all patients, indivi dual manifesta-
tions have a variable presentation and are age-dependent. 
Ganglioneuromas are one manifestation and can occur on 
the lips, tongue and conjunctiva (‘mucosal neuromas’) and 
in the urinary system and gastrointestinal tract. The symp-
toms of intestinal ganglio neuromatosis include constipa-
tion and feeding problems in infancy and the development 
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Figure 3 | Earliest age at detection and onset of metastatic disease in hereditary MTC. a | The earliest age of MTC onset 
varies depending on the specific RET mutation present, with rarer mutations having very little phenotypic data. The age of 
onset of MTC is decreasing over time for mutations in most codons, probably because of earlier surgical intervention, and 
a clear age determination for prophylactic surgery is becoming less clear on the basis of genotype data alone. 
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of megacolon. The second set of manifestations are 
musculo skeletal abnormalities, including marfanoid body 
habitus, narrow long facies, pes cavus, pectus excavatum, 
high-arched palate, scoliosis, and/or slipped capital femoral 
epiphysis. Other features include joint laxity, hypotonia or 
proximal muscle weakness, thickened lips, ophthalmologic 
findings (inability to make tears in infancy; thickened and 
everted eyelids; mild ptosis and prominent corneal nerves) 
and pubertal delay. The oral manifestations of MEN2B 
(Figure 4) are highly penetrant and often lead to the clini-
cal diagnosis. Primary hyperparathyroidism is not a feature 
of MEN2B.

Apart from the child born to a parent with MEN2B who 
can be identified via early genetic testing, the diagnosis of 
MEN2B is almost always delayed, even in the presence  
of obvious clinical features.46 Part of the delay in diagno sis 
is due to the fact that the MEN2B phenotype is often not 
apparent in early childhood, but as it is also a rare dis ease, 
its manifestations are not recognized by many pedi atric 
providers. Thus, the early diagnosis of MEN2B remains 
challenging. Educating pediatric providers about the ear-
liest manifestations of the syndrome87,91,97,98 and having a 
low threshold for genetic testing for MEN2B may enable 
an earlier diagnosis of these children at highest risk 
for MTC. 

MTC in MEN2B
MTC that arises in the clinical context of MEN2B is a 
highly aggressive malignancy with very early onset of 
meta stasis (lymph-node metastasis have been docu-
mented within the first year of life52), high stage at diag-
nosis and an average age of onset of MTC in the second 
decade of life, about 10 years earlier than that observed 
in individuals with MEN2A.34,44,79,91,99 Surgery is rarely 
curative because of the delay in diagnosis. Earlier onset 
of MTC is observed in those children with MEN2B with 
severe intestinal mani festations, who also seem to have 
a poorer prognosis than those without these intesti-
nal manifestations.92 Morbidity and mortality rates are 
much higher than in children with MEN2A, although 
the higher mortality rate seen in MEN2B may reflect the 
more advanced tumor stage at presentation rather than an 
intrinsically more aggressive carcinoma.8,45 Furthermore, 
current predictive experience with oncologic outcomes 
is largely limited to RET codon 918 mutations, given the 
rarity of other MEN2B-associated mutations.

Pheochromocytoma in the MEN2 syndromes
Patients with MEN2 have up to a 50% lifetime risk of 
developing a pheochromocytoma, with mutations in 
codons 634 and 918 imparting the highest risk.34,100–102  
In MEN2A, pheochromocytoma occurs most com-
monly in association with mutations in codon 634 and 
to a much lesser degree with mutations in codons 609, 
611, 618 and 620.26,99,100,102–104 MEN2A was historically 
defined by the presence of at least one family member 
with pheo chromocytoma, in addition to the presence of 
familial MTC; therefore, nearly all classic MEN2A-related 
RET mutations are associated with the development of 
pheochromocytoma (Figure 1).8,33,34 In this Review the 

syndrome of familial MTC has been incorporated into the 
broader classification of MEN2A, and it is recognized that 
some RET mutations and kindreds will not be associated 
with the development of pheochromocytoma, probably 
because of decreased pene trance of the phenotype rather 
than a true absence of the disease. 

Although sympathetic paragangliomas can rarely occur 
in MEN2,103,105,106 most catecholamine-secreting tumors 
secondary to a RET mutation are intra- adrenal.107 Pheo-
chromocytoma in patients with MEN2 usually arise within 
a background of adrenal medullary hyperplasia,41,108,109 
which is not a feature of sporadic or other hereditary forms 
of pheochromocytoma. Similar to MTC, individuals with 
MEN2 are at an increased risk of bi lateral pheochromo-
cytomas, which occur in over half of all patients who carry 
high-risk RET mutations.107

Asynchronous tumor development is common.107,109,110 
Most often, a pheochromocytoma develops only after 
MTC is identified or is diagnosed at the same time as  
the MTC, but in up to 30% of cases, pheochromo cytoma 
is the presenting tumor.102,107,109,111,112 Even so, most cases 
are not detected clinically during childhood—an age when 
RET testing for an apparently sporadic pheochromo-
cytoma is not a priority.113–115 Pheochromocytoma is 
most frequently diagnosed during the fourth and fifth 
decades of life99,101,107,112,115 but has been reported to occur 
in children with MEN2 <10 years of age.8,34 Although 
death from undiagnosed pheochromocytoma and the 
attendant effects of catecholamine hypersecretion used 
to be more commonplace in MEN2,10,12,107 mortality from 
pheochromo cytoma is extremely uncommon in this 
day and age. Large tumor size, which probably reflects a 
delay in diagnosis, seems to be the greatest risk factor for 
malignant disease,107,116,117 undoubtedly a rare occurrence 
in MEN2. To date, no malignant pheochromocytoma has 
been described in children with MEN2.

MEN2-associated pheochromocytoma is an adrener-
gic tumor that disproportionately produces epinephrine, 
which results in a clinical phenotype often characterized 
by paroxysmal attacks of hypertension, diaphoresis, pal-
pitations, nervousness, anxiety and headaches.12,110,118 
Sustained hypertension is more common in children with 
pheochromocytoma than in adults, but these tumors can 
also be asymptomatic in children.12,103,109 The pattern of 
the tumor’s catecholamine production reflects its origin 
from the adrenal chromaffin cells. In these cells, the 

a b

Figure 4 | Oral manifestations of multiple endocrine neoplasia type 2B syndrome. 
These symptoms are a highly penetrant component of the phenotype and can be 
an early clue to diagnosis. Typical findings of a | thickened lips and b | oral 
mucosal neuromas are demonstrated in two separate patients.
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enzyme phenyle thanolamine N-methyltransferase has 
been induced to overconvert norepinephrine to epi-
nephrine by exposure to increased local concentrations 
of adrenal cortical steroids, which suggests that MEN2 
pheo chromocytoma originates from more differentiated 
tumor cell progenitors.118 The biochemical pheno type 
of patients with MEN2-associated pheochromocytoma 
is charac terized by elevated levels of epinephrine and 
norepi nephrine (and their metabolites) compared with 
that in patients with pheochromocytoma owing to other 
major hereditary causes, such as von Hippel Lindau 
disease and the familial paraganglioma syndromes; in 
these other hereditary syndromes, a noradrenergic profile 
with elevated norepinephrine and normeta nephrine 
levels predominates.115,119

Presymptomatic screening in children with MEN2 will 
probably identify pheochromocytomas that are small and 
with a mild or absent clinical phenotype,120 but the optimal 
screening strategy remains poorly defined. Although 
guidelines published in 2009 have given recommendations 
for pheochromocytoma screening starting at age 8 years in 
children with the highest risk mutations,8 current clinical 
practice at the authors’ center is to screen children with 
high-risk RET mutations once a year starting at the age of 
5 years by checking plasma metanephrine levels at the same 
time as they are undergoing laboratory testing for their 
MEN2 management.29,114 We also recommend screening 
every patient with a high-risk RET mutation >5 years of 
age before any elective surgery. Once biochemical testing 
indicates the presence of a pheochromocytoma, the child 
with MEN2 should be further evaluated and managed as 
outlined in other reviews.114,121

Compared with the heterogenous MEN2A popula-
tion, patients with MEN2B have a higher lifetime risk of 
develop ing pheochromocytoma.102 Despite a constitutively 
activated RET tyrosine kinase and a more aggressive MTC 
phenotype, the rate of development of malignant pheo-
chromocytoma in patients with MEN2B does not seem 
higher,117 nor does the age of onset seem different from 
MEN2A, although some studies have suggested an earlier 
age at diagnosis.109 Two notable differences in MEN2B 
compared with MEN2A is that pheochromocytoma is even 
less likely to be diagnosed before MTC and that historical 
mortality from pheochromocytoma is lower compared 
with death from MTC.102,107 As patients with MEN2B are 
expected to live longer due to advances in medical and 
surgical care, the MEN2B pheochromocytoma phenotype 
will almost surely evolve over time.

Genetic counseling and testing
A diagnosis of MEN2 has medical, reproductive, psycho-
logical and social consequences for the patient and his or 
her relatives. Genetic counseling is a process of commu-
nication that promotes understanding, decision-making 
and coping related to the effects of genetic disease.122,123 
Genetic counseling is indicated for all children diagnosed 
with MTC and others who either carry or are at risk of 
inheriting a RET mutation. It should be integrated as part 
of not only the initial diagnosis and treatment of MEN2 
but also the long-term follow-up, as patients’ counseling 

and information needs change over time and also because 
genetic testing and management recommendations are 
likely to evolve.

A genetic evaluation should begin not with the child 
who is at risk but with a family member affected with a 
MEN2-related tumor,123 as doing so increases the likeli-
hood of detecting a RET mutation, if one is present in the 
family. Genetic testing for MEN2 and RET mutations is a 
multistep process (Figure 5) with many commercial labs 
offering this service. In very rare cases, RET mutations are 
not found despite clear familial MTC. Thus, all children 
with an affected parent in this setting retain a 50% risk of 
MTC, and surgical decisions must rely solely on clinical 
testing. However, it is important that the method used for 
RET testing be reviewed, as the lab may screen only for the 
most common abnormalities, and considera tion should be 
given to complete gene sequencing in this setting.8

MEN2 is one of few hereditary cancer syndromes for 
which predictive genetic testing is recommended in child-
hood. Despite the medical benefits afforded from an early 
diagnosis, genetic testing in children has the potential for 
psychosocial harm, such as alteration of the child’s self-
image and of the parents’ perception of the child, modifi-
cation of the patient’s outlook on life, a loss of confidence in 
future health outcomes including the worry about poten-
tial genetic discrimination, changes in family relationships 
and concerns regarding future reproductive issues.124 Few 
studies have addressed distress and anxiety following dis-
closure of genetic test results or the long-term psychological 
sequelae of a diagnosis of MEN2 made in childhood.125,126 
Studies of other cancer predisposition syndromes suggest 
increased levels of distress in patients with no cancer 
history who test positive for a hereditary susceptibility, in 
those with pre-existing stress or anxiety conditions and  
in those with little available social support.127–129

Prophylactic thyroidectomy
MTC is a potentially lethal malignancy that, once spread 
beyond the thyroid gland, is usually incurable and the 
most common cause of cancer death in patients with 
MEN2. However, with our current ability to identify pre-
symptomatic carriers of a mutated RET gene who will 
benefit from early thyroidectomy, hereditary MTC has 
become one of the few malignancies that can be pre-
vented or cured before it becomes clinically relevant. In 
an experienced surgeon’s hands, children who have a total 
thyroidectomy performed prior to the onset of metastatic 
disease have an excellent chance of remaining disease-
free.43,44,50,51,98,130,131 Universally accepted is the notion 
that prophylactic thyroidectomy is curative for MTC 
and ultimately necessary for most children with MEN2, 
but controversy still exists as to the timing of surgery for 
individuals with mutations in codons other than 918 and 
634, particularly as newer, and hence rarer, RET muta-
tions are being identified. In general, the oncologic goal 
of early intervention is not so much to prevent malignancy 
from occurring in the first place but to remove the thyroid 
before metastasis occurs. It is expected that the earliest age 
of diagnosis of MTC will continue to decline (Figure 3) as 
more children undergo surgery earlier than in the past, 
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but the finding of microscopic non-metastatic disease at 
an extremely young age does not and should not justify a 
broad recommendation for surgery at that age.

In the era before RET genetic testing, calcitonin res-
ponse to the intravenous administration of potent calci-
tonin secretagogues (calcium, pentagastrin)54 was used 
to identify mutation carriers and determine the timing 
of surgery. This practice was superseded by the use of 
genetic testing, and initial recommendations regarding 
the appropriate age for surgery were made on the basis 
of the specific RET mutation present and the earliest age 
at which clinically relevant disease had been described 
for that particular mutation.27,34 Guidelines continue to 
evolve as our understanding of MEN2 improves and data 
other than on genotype become incorporated into clinical 
decision-making.

Arising from the 7th International Workshop on MEN 
in 1999, a consensus statement published in 2001 was the 
first to classify RET proto-oncogene mutations into three 
risk levels.34 In 2009, the American Thyroid Association 
(ATA) published guidelines that expanded the previous 
consensus document, incorporating updated data on RET 
mutations and phenotypes and recognizing codon 634 
mutations within a separate risk level (Figures 1 and 3).8 
The ATA guidelines stratified all known RET mutations 
into one of four risk levels (ATA risk levels A–D), and the 
concept of safely delaying prophylactic thyroidectomy 
while offering careful expectant monitoring in children 
with lower risk level A and B mutations was introduced. 
This approach seems to be logical in children with normal 
calcitonin levels, normal neck ultrasonography, and a less 
aggressive MTC family history, in whom the chance of 
identifying MTC is low.130

This concept of cautious surveillance may even be appli-
cable to children with high-risk mutations, who may still 
be cured of their disease even if surgery is not undertaken 
at the currently prescribed ages.29,43,44,49–51,85,91,96,130,132 With 
more research and a better understanding of modifier 
genes and other genetic and environmental risk factors that 
affect the MTC phenotype, clinicians will probably become 
equally dependent on clinical data (calcitonin levels and 
ultrasonography) instead of relying on genotype alone 
when making these potentially life-changing decisions.

Children over the age of 3 years who have basal calci-
tonin levels <30–40 pg/ml and thyroid nodules <0.5 cm on 
a high-quality ultrasound scan are unlikely to have meta-
static disease.8,44,55 To infer that children with a normal 
random calcitonin level and normal thyroid ultrasono-
graphy (particularly those with low-risk mutations) are 
unlikely to be at risk of metastasis would, therefore, be 
reasonable. In these patients, a delay in surgery prob-
ably outweighs the attendant risks of early intervention, 
particularly if access to a high-volume multidisciplinary 
care center is not available. Nonetheless, the routine use 
of calcitonin monitoring must be undertaken with the 
knowledge of normal calci tonin levels in children, which 
are highest in infancy and decline to adult levels after the 
age of 3 years,133,134 and the recognition that large studies of 
normal calcitonin values in young children are not avail-
able for all commercial assays. Furthermore, an elevated 

calcitonin level does not always portend the presence of 
malignant C-cell disease.44,55

Thus, it is imperative for providers who care for chil-
dren with MEN2 to recognize those who need early inter-
vention to prevent morbidity and mortality from MTC 
and not to overtreat those patients who are unlikely to 
develop clinically relevant disease over the short term. 
Although surgery performed by surgeons who have 
performed a high-volume of thyroidectomies should be 
as safe as it is in an adult, the unfortunate reality is that 
many children with a RET mutation do not have access 
to such experts,39,135 and their complication rates might 
be higher for that reason.135,136 Managing permanent 
hypoparathyroidism in a young child can be quite chal-
lenging, not to mention the lifelong effect it has on the 
patient and family.

No additional
evaluation for
MEN2 needed

Patient unlikely
to have

hereditary MTC||

Risk uncertain;
manage on a

case-by-case basis

No mutation
(true negative)

No mutation Variant of uncertain
signi�cance

Known mutation
(single site)

genetic testing

Education,
counseling and

informed consent

Testing for targeted
exons‡

Education,
counseling and

informed consent

Obtain genetic test
report from relative

with mutation

RET mutation is
known in family

RET mutation is
unknown in family

Genetic testing indicated for MEN2*

MEN2 management
indicated§

Recommend genetic
testing to at-risk

relatives

Mutation

Figure 5 | Multistep process for MEN2 genetic testing. *Indications for genetic 
testing include: presence of MTC, certain cases of pheochromocytoma,114 or 
parent with a known RET mutation. ‡In most cases, sequencing of exons 10, 11 
and 13–16 of the RET proto‑oncogene is sufficient, although focused testing (for 
example, exons 15 and 16 only in children with the MEN2B phenotype) is 
reasonable based upon the clinical presentation. §The authors consider repeating 
the RET analysis prior to prophylactic thyroidectomy in patients with normal 
ultrasound and calcitonin levels, particularly if the initial sample was drawn the 
same date as a relative. Although rare, sample switches and laboratory error can 
cause false‑positive or false‑negative genetic test results. ||In rare cases, children 
with MTC have RET mutations that cannot be detected in exons 10, 11 and 13–16, 
and sequencing of exons 1–9, 12 and 17–21 should be considered. In cases 
where familial transmission is evident and no mutation has been detected upon 
exhaustive RET sequencing, at‑risk children will need to be followed clinically. 
Adapted with permission from the National Cancer Institute website; Figure 2 in 
Cancer Genetics Risk Assessment and Counseling (PDQ®).123
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Surgical management
Surgery is the mainstay of the initial management of 
MTC.8,36 In the MEN2 syndromes, early thyroidectomy 
can alter the course of disease, either in a preventive or 
curative fashion.43,44,50,51,98,130,131 Given the potential higher 
complication rates in children than adults,136 children with 
or at risk of MTC should be operated on by a high-volume 
thyroid surgeon,138 preferably one who performs >100 cer-
vical endocrine cases per year. Doing so reduces the likeli-
hood of iatrogenic injury to the recurrent laryngeal nerves 
or a failure to preserve normal parathyroid tissue, which 
can be difficult to distinguish from other tissues, par-
ticularly in the youngest patients. Optimizing outcomes 
by obtaining access to high-volume surgeons requires 
a multidisciplinary approach by parents, pediatricians, 
endocrinolo gists, surgeons and third-party payers.135 

Apart from the decision of when to intervene, the 
thyroid surgeon must also consider the patient’s genotype 
and clinical data and incorporate this knowledge into the 
decision-making process to determine the approach to 
lymph-node resection and the management of the para-
thyroid glands (Table 1). Meticulous and safe removal of 
all thyroid tissue, including the posterior capsule (that is, 
not near-total or subtotal thyroidectomy), is the goal of 
the prophylactic thyroidectomy.35 Routine central com-
partment (level VI) neck dissection139 is not performed 
in the setting of a purely prophylactic thyroidectomy, 
as lymph-node metastases would be quite rare in that 
setting.8,35,42–44,55,67 If the operation is therapeutic for  
a clinically evident tumor (Table 1), thyroidectomy and a 
concomitant central neck dissection should be performed 

to improve oncologic outcomes. Dissection of the lateral 
cervical lymph-node compartments (levels IIA–V) is 
performed in all cases when there is clinical evidence 
of lateral neck involvement and should be considered 
in children with MEN2B who have clinically apparent 
disease in the thyroid. In the rare presence of clinically 
significant distant metastatic disease, less aggressive neck 
surgical intervention may be appropriate.8

If primary hyperparathyroidism is biochemically 
evident (unlikely during childhood), concomitant para-
thyroidectomy should be performed.8,36 If primary hyper-
parathyroidism is not documented, the surgeon considers 
the clinical context in which the procedure is to be per-
formed. Although controversy remains in the surgical 
community, we prefer to leave normal parathyroid glands 
in situ to offer the greatest chance at maintaining func-
tion.8,35,140 Our belief is that any intentional parathyroidec-
tomy should be avoided, particularly during a prophylactic 
procedure. In the event that a normal parathyroid gland is 
devascularized, the tissue is autotransplanted into either 
the ipsilateral sternocleidomastoid muscle or the non-
dominant forearm, depending on the specific RET muta-
tion present and the inherent risk of future development of 
primary hyperparathyroidism (Figure 1 and Table 1).8

Conclusions
MTC and the MEN2 syndromes are rare but impor-
tant endocrine diseases that are increasingly managed 
dur ing childhood. Over the past two decades, remark-
able advances in our understanding have occurred, and 
through contemporary management strategies, most of 

Table 1 | Surgical management of hereditary MTC in childhood

Type of surgery planned Management of the neck Management of devascularized 
parathyroid glands 

MEN2A

Prophylactic surgery in MEN2A 
(normal ultrasonography and 
calcitonin <40 pg/ml) 

Total thyroidectomy without central neck 
dissection‡

Autograft into neck for RET mutations 
not associated with PHPT§; autograft 
into forearm for RET mutations with 
high risk of PHPT§

Therapeutic surgery in MEN2A*
(normal ultrasonography and 
calcitonin >40 pg/ml, suggestive 
cervical ultrasonography findings,  
or FNA‑positive for disease)

Total thyroidectomy and central neck dissection‡ 
Compartment‑oriented lateral neck dissection if 
clinical or radiographic evidence of lateral 
lymph‑node metastases

Autograft into neck for RET mutations 
not associated with PHPT§; autograft 
into forearm for RET mutations with 
high risk of PHPT§

MEN2B

Prophylactic surgery in MEN2B and  
age <1 year (normal ultrasonography 
and calcitonin <40 pg/ml if age 
>6 months)

Total thyroidectomy Autograft into neck

Prophylactic surgery in MEN2B  
and age >1 year

Total thyroidectomy and central neck dissection‡ Autograft into neck

Therapeutic surgery in MEN2B Total thyroidectomy and central neck dissection‡ 
Compartment‑oriented lateral neck dissection if 
clinical or radiographic evidence of lateral 
lymph‑node metastases; consider if calcitonin is 
significantly elevated even if no evidence of lateral 
neck disease

Autograft into neck

*The surgical approach to sporadic MTC would be the same. ‡Central neck dissection is defined as the comprehensive, compartment‑oriented removal of the 
prelaryngeal and pretracheal nodes and at least one paratracheal lymph‑node basin.139 §Codon 634 is most commonly associated with PHPT. Abbreviations: 
FNA, fine‑needle aspiration; MEN, multiple endocrine neoplasia; MTC, medullary thyroid cancer; PHPT, primary hyperparathyroidism.
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these children will now lead full productive lives, free of 
the oncologic concerns of previous generations. Much 
work remains to be done, and areas of future research 
should include (but certainly not limited to) the long-
term oncologic and nononcologic outcomes after early 
thyroidectomy; better delineation of genotype– phenotype 
correlations; and how to predict more accurately who 
would benefit from early intervention on the basis of 
clinical data derived from basal calcitonin levels and 
ultrasonography. In addition, further study is needed 
regarding the incorporation of the newer targeted thera-
pies into the clinical care of children with advanced, life-
threatening MTC. To optimize care and to facilitate such 
research, children with MTC and the MEN2 syndromes 
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