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Abstract

The goals of this chapter in keeping with the overall general themes of this special edition will be (1) to highlight aspects
of development of the thyroid and parathyroid glands with particular focus on the role and contribution of the neural crest
(or not) and how this may impact on the pathology that is seen, (2) to emphasize those lesions particularly more commonly
arising in the pediatric population that actually generate specimens that the surgical pathologist would encounter, and (3)
highlight more in depth specific lesions associated with heritable syndromes or specific gene mutations since the heritable
syndromes tends to manifest in the pediatric age group. In this light, the other interesting areas of pediatric thyroid disease
including medical thyroid diseases, congenital hypothyroidism, anatomic variants and aberrations of development that lead

to structural anomalies will not be emphasized here.
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Thyroid Gland: A Few Epidemiological
Considerations

It is interesting to note that in the arena of cancer alone,
based on United States Cancer Statistics [National Program
of Cancer Registries (NPCR) and Surveillance, Epidemiol-
ogy & End Results (SEER)] from 2001 to 2016, the fre-
quency of thyroid cancer in the 19 years old and under popu-
lation was 4.1% which was on par with the overall frequency
of malignant bone tumors (4.5%) and neuroblastoma (4.3%)
and more frequent than retinoblastoma, hepatic, or renal
tumors [1]. Contrasting this, the frequency of thyroid cancer
in adults was 2.3%. The actual number of cases, however, is
greatly skewed towards adults with approximately 600,000
cases constituting the 2.3% compared to 10,973 cases in the
pediatric population. Another interesting note along these
lines is that the rate of pediatric thyroid cancer has increased
substantially in the last 15 years. From 1973 to 2006, the
incidence rates of pediatric thyroid cancer increased 1.1%
per year while from 2006 to 2013 the incidence rate jumped
t0 9.6% per year [2]. When scrutinized further, the increased
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incidence rates were reflected in increased incidence in
females, in the adolescent age range, and in papillary thyroid
carcinoma while rates for medullary carcinoma remained the
same. In some studies, this trend was not limited by gender
or ethnic designation [3]. This sharp increase in incidence
has been attributed to an increase in detection and diagnosis
and environmental exposures particularly medical radiation
[4]. Differentiated thyroid cancer (DTC, papillary thyroid
and follicular cancers and their variants) has an incidence
of 0.2—1 case per million children. The incidence increases
sharply at adolescence for both sexes; however the female
to male ratio in adolescence is approximately 2.5-6:1 mak-
ing thyroid cancer the second most common malignancy
in adolescent females [5]. The other epidemiological note
worth mentioning here and one that is probably well known
is that while thyroid nodules are actually rare in the pediatric
population (1-2%), the incidence of a nodule harboring a
malignancy is much higher; approximately 26% compared
to 5-15% for adults [6]. So, in the very practical sense, for
the surgical pathologist, the pathology that comes across the
microscope from the pediatric population (through 21 years
of age or so) seems somewhat restricted and not tremen-
dously distinguishable from that of adults; although will tend
towards being malignant. In general, a higher proportion of
cancer, particularly differentiated epithelial tumors typically
papillary thyroid carcinomas and medullary carcinomas as
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part of multiple endocrine neoplasia are seen in the pediatric
population compared to adults. Some follicular lesions, usu-
ally adenomas, and multinodular hyperplasia are also seen
but in lesser numbers, but along with epithelial cancers such
as papillary thyroid carcinoma and follicular carcinomas are
more common in adults [5]. The spectrum of parathyroid
gland pathology that crosses the surgical pathology bench
in any setting whether a general adult-pediatric hospital or
tertiary children’s referral hospital is extremely limited in
my experience. The goals of this chapter in keeping with the
overall general themes of this special edition will be (1) to
highlight aspects of development of the thyroid and parathy-
roid glands with particular focus on the role and contribution
of the neural crest (or not) and how this may impact on the
pathology that is seen, (2) to emphasize those lesions par-
ticularly more commonly arising in the pediatric population
that actually generate specimens that the surgical pathologist
would encounter, and (3) highlight more in depth specific
lesions associated with heritable syndromes or specific gene
mutations since the heritable syndromes tends to manifest
in the pediatric age group. In this light, the other interesting
areas of pediatric thyroid disease including medical thyroid
diseases, congenital hypothyroidism, anatomic variants and
aberrations of development that lead to structural anomalies
will not be emphasized here and multiple other sources and
excellent reviews are available for these topics [7-11].

Thyroid Development: The Neural Crest
is Important But Not Ontogenic

In this section, the goal will not be to present an exhaus-
tive summary of the thyroid development. That would be
far from the scope of this chapter and overall mission of
this special edition. We will briefly touch on the highlights,
hopefully, as they pertain to pathologies that arise in the
thyroid with a particular emphasis on recent developments
regarding the ontology of C-cells in the thyroid and its impli-
cations for medullary carcinoma. An excellent review of thy-
roid development can be found in the publication by Nilsson
and Fagman [12].

The thyroid gland is the only source of thyroid hormone
in our physical bodies. Suffice to say that thyroid hormone
has multiple roles in organ development and critical roles in
physiological homeostasis of body growth and metabolism.
The thyroid is composed of thyroid follicles lined by epi-
thelial cells. These cells are responsible for the production
of hormones, T3 and T4 (triiodothyronine and thryroxine,
respectively) under the feedback control of pituitary thyroid
stimulating hormone, TSH [12]. However, thyroid organo-
genesis and follicle formation occur independent of TSH.
The other main cellular component is the C-cells or some-
what misnamed parafollicular cells, since these cells can not
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only be parafollicular in location, but intrafollicular and form
interfollicular nests [13]. These cells produce calcitonin, a
natural antagonist to parathyroid hormone, that interestingly
is not particularly “missed” by the body after total thyroid-
ectomy and calcitonin supplements or other means of com-
pensating for its loss are not necessary in post-total thyroid-
ectomy therapeutic regimens or in children with congenital
agenesis of the thyroid [13]. The thyroid has an intricate
network of capillaries and stroma that surround and septate
the thyroid that is composed of ectomesenchymal fibroblasts
clearly derived from neural crest [14].

The thyroid is the earliest endocrine organ to develop and
anterior most pharyngeal organ (the other anterior pharyn-
geal organs being the ultimobranchial bodies (UBB), thy-
mus, and parathyroids) and is derived from the median thy-
roid anlage arising from the foregut endoderm at the level
between the first and second pharyngeal arch and does not
require retinoic acid for early specification and develop-
ment compared to other foregut derivatives [15]. The thy-
roid gland is a fusion at the bilobation stage of the thyroid
proper with the UBBs derived from the lateral anlages of
the caudal pharyngeal pouches (fourth pharyngeal pouch)
and thus the central medial concentration of the UBBs in
the thyroid gland proper. Hoxa3 expression is paramount
for specifying cell identity in the third pharyngeal pouch
and null mutants can lack thymus and parathyroids as well
as failure of the UBB to fuse with the thyroid often result-
ing in cystic UBB remnants [16]. Fibroblast growth factors
and bone morphogenetic proteins are crucial for induction
of thyroid fate. Athyreosis (lack of a thyroid gland) occurs
in Fgfr2b and Fgf10 deficient mice and cardiac mesoderm
may also have inductive roles in thyroid development. This
condition may be specified by lack of primordial precur-
sors or regression of said precursors. The lingual thyroid
sometimes encountered on the surgical pathology bench is
a failure of migration of the primordium from the pharyn-
geal endoderm. Hemiagenesis (usually left-sided) is a later
defect and often accompanied by lack of ipsilateral thyroid
arteries and right-side arch abnormalities strongly suggest-
ing a link between thyroid and cardiovacular development.
Differentiated thyroid cells can be produced from embryoid
bodies derived from mouse embryonic stem cells (ESCs)
also indicating that thyroid development is independent of
TSH signaling [17]. Four transcription factors are key and
specific to thyroid development acting both independently
and in concert: Hhex, Nkx2-1, Pax8, and Foxel. These are
all expressed elsewhere but the combination and interplay
of these four in specific ways confer thyroid development
such that deletion of one of these genes produces athyreo-
sis or severe hypoplasia. Hhex is ubiquitously expressed in
foregut endoderm but unlike elsewhere, Hhex is not neces-
sary for positioning of precursors in the thyroid compared
to the liver or pancreas but Hhex-/- mice have decreased
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progenitor numbers. Nkx2-1 (thyroid transcription factor,
TTF-1) appears to have key roles in epithelial cell pheno-
type and folliculogenesis. Foxel is important in migration of
precoursors and Pax8, known as the master gene of thyroid
differentiation, is key in precursor survival and folliculogen-
esis. Practically speaking in humans, mutations in NKX2-1
give rise to brain-thyroid-lung syndrome (chorea, respiratory
distress, congenital hypothyroidism). FOXE1 mutations are
the cause of Bamforth-Lazarus syndrome (thyroid dysgen-
esis, cleft palate, bifid epiglottis, choanal atresia, spiky hair)
while gain of function mutations cause athyreosis and crani-
ofacial malformations suggesting that gene dosage is critical
for proper development. PAXS8 mutations can cause thyroid
hypoplasia and urinary tract abnormalities [12]. A pictorial
summary of thyroid development is given in Fig. 1.

A

Fig.1 THYROID DEVELOPMENT: a Mouse thyroid development
by day and stage beginning with the pharyngeal endoderm (e) coa-
lescing into the placode (p) on the cranial aspect of the aortic sac (as)
then to the bud (b). The bud detaches and leaves the foramen caecum
(fc) with a thyroglossal duct attached (td) and surrounded by mesen-
chyme (m) followed by bifurcation along the third pharyngeal arter-
ies (paa3). The endodermally derived UBBs from the lateral thyroid
anlagen fuse with the thyroid or more appropriately are surrounded
by the thyroid and the isthmus forms (i). Lobe growth occurs by the
projection of parenchymal cords emanating from the UBB and the
conversion of these solid cords into microfollicles (f). C-cells (c) then
migrate along the cords at E15.5. b The major transcription factors

As mentioned above, recent developments have turned
“upside down” the previously held notions of the origin of
C-cells, the other major epithelial cell constituent within
the thyroid (although comprising less than 1% of the epithe-
lial mass of the thyroid). C-cells are of great interest since
they are the cell of origin of medullary thyroid carcinoma
(MTC), a key player in pediatric thyroid pathology (MEN2A
(mainly), MEN2B, and familial medullary thyroid cancer
[FMTC]). C-cells were given their name in 1966 by Dr.
Pearse who discovered they produced the hormone calci-
tonin and who also proposed the notion that C-cells were of
the APUD (amine precursor uptake and decarboxylation)
cell concept; a now defunct notion. The concept that C-cells
were derived from neural crest comes from the fact that neu-
ral crest migrating from the dorsal neural tube populates
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involved in all aspects of thyroid development include Nkx2-1, Hhex,
Pax8, and Foxel. At the placode (p) stage surrounded by the phar-
yngeal endoderm (pe), these factors are co-expressed independently
with the exception of Foxel that requires Pax8. As the bud forms
(tb), all factors except for Foxel co-regulate the others and Nkx2-1
and Pax8 having autoregulation. Nkx2-1, Pax8, and Foxel control
the expression of adhesion and junctional proteins that may mediate
the functions of these three transcription factors. Figures used with
permission from the author and publisher: Mikael Nilsson, Henrik
Fagman. Development of the thyroid gland. Development 2017 Jun
15;144(12):2123-2140. https://doi.org/10.1242/dev.145615
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the pharyngeal apparatus leading to segmentation and endo-
dermal pouch formation. C-cells are more numerous in the
medial central portions since now it is known that they hail
from the ultimobranchial bodies (UBB) that carry them and
can be found in solid cell nests associated with remnants of
the UBB. C-cells populate the thyroid lobes during biloba-
tion by migrating from the UBBs. Nkx2-1 is necessary for
calcitonin expression whereas Nkx2-1 and Pax8 drive thy-
roid hormone synthesis. These two transcription factors are
functional very early as thyroid precursors are committed
from the pharyngeal endoderm [13, 18].

An important backdrop note, as an umbrella to this devel-
opmental story, but perhaps a fact that has clouded this issue
for many years, is phylogenetically UBBs and thyroid homo-
logues are physically separate structures in non-mammalian
vertebrates and only in mammals do these structures “fuse”
together in what we call the “thyroid gland”. Back to the
neural crest; UBB and neural crest cells are known to share
biomarkers and fusion of the thyroid with the UBB (purport-
edly carrying the neural crest) is required to transport C-cell
precursors that ultimately have neuroendocrine and neuronal
features. Le Douarin showed that transplanted quail crest
cells ended up in the UBB and that some of these cells were
immunoreactive for calcitonin neglecting the fact that in all
vertebrates but mammals, the UBB is a separate endocrine
organ with no connection to the thyroid [18, 19]. This same
finding was also confirmed in fishes and birds. Calcitonin-
producing cells have been found in invertebrates before a
true neural crest existed. Lower chordates have C-cells that
are immediately adjacent to a zone of iodine-binding cells
that comprise a thyroid homologue [18, 20]. In the gut,
through lineage tracing, the notion that APUD cells were
of neural crest origin was debunked demonstrating that the
entire enteroendocrine cell compartments were derived from
gut endoderm. As this pertains to the C-cells and thyroid in
mammals, Wntl and connexin 43 (Cx43), a gap junction
protein, are highly expressed in neural crest [21]. Transgenic
mice with Cx43-lacZ show that cells identified by anti-B-
galactosidase immunohistochemistry are localized to the
ectomesenchymal neural crest of the pharyngeal arches
[20, 22]. Wntl is solely restricted to the dorsal neural tube
and required for expansion of the neural crest. Wntl +cre
mice crossed with a double fluorescent cre reporter (mT/
mG) allows tracking of cells derived from the neural crest
by activation of the cre reporter labeling cells fluorescent
green. These experiments clearly show that mG positive
cells (neural crest) were confined to the pharyngeal ectomes-
enchyme that surrounded the UBB. No mG positive cells
are seen in the UBB at this early stage or later when UBBs
fuse with the thyroid. Differentiated C-cells remained in the
mT compartment (Wnt 1-). The confirmation that C-cells
are endodermal derivatives came from experiments using
Sox17 cre reporter mice. SRY (sex-determining region
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Y)-box 17 (Sox17) is expressed in early endoderm only
and these experiments definitively demonstrate that Sox17
is expressed in the entire pharyngeal endoderm including
the thyroid bud as expected and the UBBs while the mes-
enchyme was negative. Calcitonin expressing cells at E15
were confined to the B-gal expressing thyroid parenchyma
[18, 22-24]. These recent findings appear to negate the
longstanding notion that C-cells are derived from the neural
crest. At the time of delamination from the pouch endoderm
and merging with the developing thyroid, all cells in UBBs
express Nkx2-1 and Foxal (proximally expressed near the
pouch, +Ki67) and Foxa2 (distally expressed, -Ki67), fac-
tors known to be critical to the determination of definitive
endoderm. When UBBs merge with the thyroid they are
Foxal 4+ Foxa2 +and Ki67- and C-cells expressing calcitonin
are Foxal + Foxa2 + [22]. Mash1 is also critical to C-cell
neuroendocrine development as Mash1~~ null mutants show
normal UBB development from the pharyngeal endoderm
but the merged thyroid (thyroid anlage and UBB) lacks cells
with C-cell markers (calcitonin, PGP9.5, TuJ1, and NeuroD)
and lack secretory granules on ultrastructural examination.
It is postulated that in these null mutants, the C-cell pro-
genitors degenerated before final differentiation into C-cells.
Mashl is also critical for differentiation of neuronal and
neuroendocrine lineages (sympathetic ganglia, olfactory
epithelium [neural crest derived] and pulmonary neuroen-
docrine cells, glomus cells [endodermal derived]) [25]. The
implications of this as it relates to MTC will be dealt with
later. To date then, the neural crest appears responsible for
the ectomesenchymal connective tissue within the thyroid
and likely has a role in the bilobation of the thyroid gland,
perhaps moreso than the third pharyngeal arch arteries that
the thyroid is intimately associated with on its descent [22].
C-cell development can be summarized as progressing
through a patterning of the fourth pharyngeal pouch endo-
derm, budding of the UBB anlage, migration of the UBB,
fusion of the UBB with thyroid anlage, C-cell differentiation
and proliferation within the fused thyroid. The excellent and
comprehensive review by Kameda is recommended for those
wishing to further delve into this very interesting develop-
mental story [20]. The role of RET in this C-cell story will
be addressed a bit later. Collectively, these data demonstrate
that tumors derived from C-cells (i.e. medullary thyroid car-
cinoma) should not be considered as “neural-crest” derived
or as “neurocristopathies” as has previously been stated.
As a transition, I would be amiss here if I did not include
a bit of perinatology here given my previous career as a new-
born intensive care physician. It should be noted here that
recent evidence suggests that maternal factors such as smok-
ing and obesity during pregnancy affect thyroid develop-
ment. Maternal high body mass index was associated with an
immature histological phenotype, and decreased expression
of FOXA?2 and FOXEI predominantly in second trimester
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female fetuses and decreased PAXS8 expression overall.
These three transcription factors as you recall are critical
to thyroid cell development, survival, and folliculogenesis.
Maternal smoking was associated with decreased expression
of GATA6 and NKX2-1 which may contribute to lower lev-
els of thyroid stimulating hormone receptor [26].

Thyroid Neoplasia

In this section we will address some neoplasias that arise in
the thyroid with focused attention on cancer and lesions with
syndromic associations. In this light, we will address the
role of RET in the pathogenesis of thyroid cancer, specific
subtypes of papillary thyroid carcinoma, medullary thyroid
carcinoma, and briefly touch on some other lesions. In gen-
eral, most thyroid cancers in children are PTC (80-90%)
with follicular thyroid carcinoma (FTC, 10%), MTC (3-5%)
and rarely anaplastic or poorly differentiated cancers. Risk
factors for epithelial derived cancers in children include
autoimmune thyopathies, particularly Hashimoto’s, iodine
deficiency, and radiation exposure. Despite at times having
more aggressive features (ETE, nodal disease, higher recur-
rence rates, aggressive histological subtypes), the outcome,
in general, for pediatric DTC is better than adults. FTC in
children tends to be minimally invasive (90%) compared to
adults [27-29]. The American Thyroid Association guide-
lines published in 2015 stress these important differences
in clinical, pathological, and molecular differences between
DTC in children and adults [30].

RET is a receptor tyrosine kinase that has impor-
tant missions in the development of neural crest lineage
derived tissues, the kidney, and male germ cells. The RET
gene on 10q11.2 encodes a transmembrane protein whose
intracellular domain is the tyrosine kinase portion and
whose glycosylated receptor is home for several neuro-
trophic growth factors of the glial cell line-derived neuro-
trophic factors (GDNF family). Importantly, GDNFs are
presented to RET by glycosylphosphatidylinositol (GPI)
anchored co-receptors, GDNF family receptor alpha 1-4
GFR-alpha). Differential tissue expression will then deter-
mine the specificity of action by alternative GDNF-GFR-
alpha pairs. RET is a dependence receptor and in absence
of ligand RET exerts proapoptotic activity. More on the
intricacies of the RET receptor can be found elsewhere
[31]. RET is expressed in enteric ganglia, adrenal medulla
chromaffin cells, thyroid C-cells, sensory and autonomic
ganglia of the peripheral nervous system, some central
nervous system nuclei, kidney, and testis germ cells. In
mice more specifically (Pachnis et al.), RET is expressed
differentially at specific locations and times of develop-
ment and is seen in a population of neural crest cells from
rhombomere 4 that will form the facioacoustic ganglion,

all cranial ganglia, autonomic ganglia and dorsal root gan-
glia, enteric neuroblasts of the vagal crest, myenteric gan-
glia, undifferentiated neuroepithelial cells of the ventral
neural tube, motor neurons of the spinal cord and hind-
brain, embryonic neuroretina, nephric duct, ureteric bud,
tips of the renal collecting duct. Interestingly, RET was
also expressed in a closely associated domain of surface
ectoderm near rhombomere 4 and pharyngeal endoderm.
This is one of the few, if not the only study, to show that
RET is expressed in pharyngeal endoderm and this result
is mentioned in passing only in this paper [32]. The latter
has implications for MEN2A where parathyroid hyperpla-
sia is seen (parathyroid gland clearly being of endodermal
origin) and in conjunction with C-cells (now demonstrated
to be of endodermal origin), the pathogenesis of MTC.
Germline loss of function mutations of RET can result
in intestinal aganglionosis (Hirschsprung disease; usually
quite severe up to and including total intestinal agangli-
onosis) and congenital anomalies of the kidney and uri-
nary tract, alone or in combination. Select mutations can
convert RET into an oncogene that can cause different
tumors in the thyroid and parathyroid [33-36].

Multiple risk factors have been identified with subsequent
development of thyroid nodules in children. These are iodine
deficiency (increased risk of autoimmune thyroiditis particu-
larly Hashimoto’s with an increased risk of cancer), radiation
exposure (environmental and iatrogenic related to treatment
for other primary malignancies (Hodgkin lymphoma, leuke-
mia, CNS tumors), history of thyroid diseases, and genetic
syndromes [30, 37]. We will discuss in detail more fully
those tumors associated with genetic syndromes as the thy-
roid tumors associated with them arise in the pediatric age
range and/or the other manifestations of the syndrome mani-
fest during childhood.

Papillary thyroid carcinoma and variants are by far the
most common cancers seen in the pediatric population
accounting for 90% of thyroid cancers as noted. In approxi-
mately, 5-10% of cases there is a family history of PTC
and PTC is seen in association with familial adenomatous
polyposis syndrome (cribriform-morular variant), DICER1,
PTEN hamartoma syndrome, Carney complex, and Cowden
Disease. The main risk for PTC in young children is radia-
tion exposure as evidenced from the Chernobyl Nuclear
Power Plant accident. Main differences between DTC in the
pediatric population and adults are that thyroid nodules in
pediatrics have a fourfold higher risk of being malignant,
higher risk of lymph node and pulmonary metastases (80%
vs 20-50% for LN and 9-30% vs 2-9% for pulmonary
mets). In young children (< 10 years), tumors tend to be
larger, multifocal, bilateral and with extracapsular extension.
Recurrence rates are higher in children (>25% vs 2-25%)
and yet mortality is lower (<5% vs 2-40%) and with a
higher response to radioactive iodide therapy. This in part
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may be related to less genomic instability with RET/PTC
fusions compared to BRAF mutations [27-30, 38].

A brief comment regarding cytological evaluation of
pediatric thyroid nodules will be made here. Fine needle
aspiration of thyroid nodules is more often the first proce-
dure leading to pathological diagnoses and has a sensitivity
and specificity of 94% and 100% respectively [5]. The risk of
malignancy is 28% for AUS/FLUS (aytpia of undetermined
significance/follicular lesion of undetermined significance)
and 58% for FN/SFN (follicular neoplasm/suspicious for fol-
licular neoplasm) with these categories constituting about
35% of pediatric thyroid FNA. These figures are higher than
reported in adults (6-18% for AUS/FLUS and 10-40% in the
FN/SEN category (excluding non-invasive follicular neo-
plasm with papillary-like nuclear features (NIFTP) [39].
Current ATA guidelines for children recommend definitive
surgery (lobectomy and isthmusectomy) for indeterminate
cytology (AUS/FLUS and FN/SFN) and SM categories
given the overall higher rates of malignancy in pediatric
thyroid nodules [30]. However, more recent studies review-
ing institutional data on thyroid FNAs in children seem to
indicate a much lower incidence of indeterminate diagnoses
(13-18%) and lower malignancy rates for nodules with these
cytological diagnoses. Data has also emerged showing that
the malignancy rates vary considerably between the indeter-
minate categories, with the highest rates of malignancy in
the SM category (80%) leading some to consider segregating
this category from the other indeterminate categories for
definitive surgery [39]. These recommendations will cer-
tainly change as these data and molecular data are correlated
in the pediatric population.

From the molecular genetic perspective, overall, PTCs
have genetic alterations in the RTK-RAS-MAPK pathway
with half having BRAF mutations (usually V600E), RAS
mutations (usually follicular variant PTC), and NTRK1.
PAXS8 and PPARG mutations would also be included in
those seen more frequently in adults. However, in chil-
dren, chromosomal rearrangements including RET/PTC,
AKAP9-BRAF, and NTRK1 are found more commonly. In
comparison children show a higher incidence of RET/PTC
rearrangements (30-70% vs 10-20%) and lower incidence
of BRAF mutations (10% vs 40-50%), although the over-
all prevalence of molecular alterations reported in some
pediatric cohorts with DTC is considerably lower (26%)
compared to adults (70%) [27-29, 40]. In young children,
however, at least in one study from China, BRAF V600E
mutations were found in 35% of pediatric PTCs and asso-
ciated with age less than 10 years and aggressive features
[41]. Approximately twenty different RET/PTC rearrange-
ments have been noted. The RET/PTC rearrangements are
more frequently seen in young patients and those with a
history of ionizing radiation exposure (41% for sporadic
PTC vs 58% for radiation-exposed PTC) with RET/PTC3
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(RET/NCOA4) having an association with more aggres-
sive tumors than the classic form of PTC with RET/PTCI
(RET/CCDC6) [28, 31]. The advent of more sophisticated
molecular techniques, particularly next-gen sequencing
(NGS) has allowed for greater detection of molecular
alterations in sporadic pediatric DTC. In our study, we
observed three cases of sporadic DTC with ETV6/NTRK3
fusion and one case with PAX8/PPARY fusion all with
somewhat aggressive histological features (unencapsulated
FVPTC with solid and/or insular growth and fibrosis) sim-
ilar to those lesions seen in radiation-induced PTC [40].

While it will not be considered extensively here due to
space limitations, autoimmune thyroid disease (autoim-
mune thyropathies) are the most common manifestations
of autoimmune disease in children, typically in the forms
of Hashimoto’s thyroiditis and Graves disease responsi-
ble for 95% of pediatric hyperthyroidism. There may be
an association between the more aggressive presentation
of DTC in children and adolescents and the concurrence
of Hashimoto’s thyroiditis, perhaps through persistently
elevated TSH levels [30, 37].

It is not the goal of this chapter to thoroughly cover
every form of thyroid neoplasia that can occur in chil-
dren as practically speaking the diagnosis of multinodu-
lar hyperplasia, dominant hyperplastic nodules, follicu-
lar adenomas, and the differentiated thyroid carcinomas
(mostly classical PTC) in their most common presenta-
tions have been exhaustively covered in the literature. In
fact, speaking frankly, it is difficult to come up with fresh
angles for some of these pathologies. However, in refer-
ence to this and really to the heart of this special edition,
this author will alert the pathologist that a diagnosis of
any of these entities in the pediatric age population, that
is 18 years or younger, and particularly in children less
than 10 years old, should at least give a pause to search
the medical record for association with other elements of
a syndrome or to at least look for a defined cause. So,
the goal here will be to be reasonably comprehensive in
review of those lesions associated with specific genetic
syndromes and even in that we will not cover every herit-
able syndrome associated with thyroid neoplasia. Rather,
this review, although somewhat unorthodox, will highlight
cases that have crossed this author’s desk in practice with
those thyroid neoplasias that are part of genetic syndromes
and/or that present in childhood/adolescence. Other can-
cers including poorly differentiated, anaplastic carcinoma,
sarcomas, hematolymphoid tumors, and others will not be
discussed here. Heritable genetic syndromes associated
with thyroid neoplasia are shown in Table 1 [42-47].

Case 1: Papillary thyroid carcinoma, diffuse scleros-
ing variant (DSV-PTC) (WHO Classification of Tumours
of Endocrine Organs, 4th Edition, 2017; ICD-O 8260/3)
(Fig. 2).
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Fig.2 DSV-PTC: a Low
magnification view of this
tumor showing an area with a
heavy lymphocytic infiltrate,
thick bands of fibrous tissue that
divide the thyroid into lobules,
and numerous psammoma
bodies. This is a deceptive field
of view given that the thyroid
tissue that is visible is non-
neoplastic thyroid (HE 40X). b
Numerous psammoma bodies
characteristic of this aggressive
variant of PTC. Here in this
field the psammoma bodies are
concentrated in the more solid
appearing and neoplastic foci
(HE 40X). ¢ High magnification
view showing the characteristic
nuclear morphology of PTC;
nuclear crowding, pleomor-
phism, central clearing, and
nuclear grooves (HE, 400X). d
Solid squamous area with psam-
moma bodies (HE, 200X)

The patient was a 15-year-old boy who was found to
have a “thyroid nodule” on a routine sports physical. The
ultrasound examination demonstrated a heterogeneous
mass (4%x2.4x3.6 cm) involving entire right lobe, extend-
ing across isthmus with involvement of the inferior portion
of the left thyroid lobe (3 x 1.1 x 1.8 cm) with increased
vascularity and fine areas of increased echogenicity likely
representing calcifications. Fine needle aspiration of the
right lobe confirmed a papillary thyroid carcinoma with
extensive psammoma bodies and chronic lymphocytic thy-
roiditis that was cytokeratin 19, HBME, thyroglobulin and
galectin-3 positive. Molecular testing (ThyroSeq v2) dem-
onstrated a RET/PTC1 fusion. The pathological examination
showed a papillary thyroid carcinoma diffusely involving the
right lobe and with multifocal involvement of the left lobe
with broad areas of fibrosis, a brisk lymphocytic infiltrate,
squamous metaplasia, and numerous psammoma bodies.
Extrathyroidal extension and lymph node metastases were
observed, and the pathological stage was pT3, N1b.

Discussion: (DSV-PTC)

This tumor demonstrated nearly all the classic features for
DSV-PTC. This variant constitutes 0.3-1.8% (WHO) of
PTCs with other investigators reporting an incidence of
0.7-6.6%. DSV-PTC occurs mainly in children particu-
larly late adolescent and young adult females (2—4:1 F:M,
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18-29 years old, mean age 23 years) and is the most com-
mon variant of PTC in patients under 20 years old [48].
This tumor is also associated with the presence of serum
anti-thyroidal and anti-microsomal autoantibodies [49]. The
presentation, as in our case, was that of a diffusely enlarged
gland without a discrete mass. Under the microscope, the
tumor shows a mixed solid/papillary architecture with the
characteristic nuclear morphology of PTC, fibrosis/sclero-
sis, extensive lymphocytic infiltration, psammoma bodies,
and focal squamous metaplasia. The fibrosis is typically in
bands with nodular areas and areas with a more hyalinized
appearance. This variant could be confused or diagnosed
as chronic lymphocytic thyroiditis because of the extensive
lymphocytic infiltrate, diffuse nature of the tumor, and sero-
logical evidence of autoimmune thyropathy [48, 49]. The
lymphocytes within DSV are primarily CD8 + and attached
to venules similar to high-endothelial venules that express
sLeX glycans and ICAM-1 in lymph nodes and may contrib-
ute to the metastatic potential of this variant [50]. Genetic
alterations in DSV-PTC include RET/PTC1 or RET/PTC3
rearrangements (62%) and BRAF V600E mutations (24%)
[51]. Tumors with RET/PTC3 rearrangements are associ-
ated with more aggressive (high stage) and persistent dis-
ease. This variant does not seem to be associated with a
genetic syndrome. A thyroid ultrasound showing a diffusely
enlarged gland with diffusely scattered microcalcifications
(“snowstorm”, “punctate”) should raise a high degree
of suspicion for DSV-PTC [52]. Thyroiditis and diffuse
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microcalcifications are seen in the majority (approximately
two-thirds) and diffuse microcalcifications are more often
associated with this variant [52]. In contrast to Hashimoto’s
thyroiditis or other thyroid malignancies, DSV-PTC may
show markedly elevated “stiffness” by shear wave elastog-
raphy and may be a helpful adjunct in addition to the pattern
of microcalcifications in ultrasonic diagnosis of DSV-PTC
[53]. In comparison to classical PTC in a large series, DSV-
PTCs were larger (4.2 cm vs 2.4 cm), multifocal (72% vs
39%), had capsular invasion (92% vs 54%), central nodal
disease (92% vs 34%), pT3 (96% vs 39%), and a much higher
recurrence rate (62% vs 7%) [49]. Decreased membranous
E-cadherin expression is also seen perhaps correlating with
more aggressive behaviors [54]. Thus, along with hobnail,
tall cell, columnar, and solid variants, DSV is categorized
as a variant form of PTC with clearly aggressive features
(ETE, nodal involvement, lymphovascular invasion, distant
metastases) and decreased disease-free survival compared
to classical PTC. However, somewhat controversially, while
many studies conclude that overall survival is the same for
DSV, some studies show worse overall survival in conjunc-
tion with other invasive features [49, 55-59].

Case 2: Papillary thyroid carcinoma, cribriform-moru-
lar variant (CMV-PTC) (WHO Classification of Tumours
of Endocrine Organs, 4th Edition, 2017; ICD-O 8260/3)
(Fig. 3).

The patient was a 13-year-old girl with a solid thy-
roid nodule of the right upper pole, 2.7 cm. A fine needle

Fig.3 CMV-DTC: a Medium
magnification view of CM V-
PTC showing a cribriform pat-
tern in the left half of the image,
a more papillary pattern in the
right half and a small central
morule (HE, 100X). b Medium
magnification view showing a
solid squamous morula embed-
ded in a cribriform pattern of
PTC (HE, 100X). ¢ Higher
magnification showing an area
with typical nuclear features of
PTC (crowding, elongated and
enlarged nuclei, grooved nuclei,
nuclear clearing) (HE, 200X). d
Beta-catenin stain shows diffuse
nuclear and cytoplasmic stain-
ing (Beta-catenin, 40X)

aspiration was positive for malignant cells. A thyroidec-
tomy was performed and showed a somewhat circumscribed
lesion with papillary, solid, and cribriform architectural
pattern. Solid areas demonstrated oncocytic cytology and
papillary areas did reveal nuclear morphology coinciding
with diagnostic criteria for papillary thyroid carcinoma. A
beta-catenin stain showed diffuse cytoplasmic and nuclear
staining within the tumor compared to the surrounding nor-
mal thyroid showing diffuse membranous staining. This girl
had a history of Gardner syndrome and was post colectomy
for adenomatous polyposis.

Discussion: CMV-PTC

CMV-PTC represents approximately 0.2% of PTC and may
be sporadic or associated with FAP. Roughly a quarter to
one-half of all CMV-PTCs occur in patients with FAP [48,
60]. This variant almost invariably occurs in females with
an approximate age of presentation between 24 and 28 years
of age (median 24 years, range 15-61 years). No differences
in age of presentation or tumor size are seen between FAP-
associated tumors and sporadic [61]. In general about 80% of
CMV-PTC present as solitary nodules but some indications
show that in patients with FAP associated CMV-PTC, the
tumors tend to be multifocal and bilateral [61, 62]. PTCs in
patients with FAP appear to have unique genetic signatures
compared to sporadic PTCs. In addition to the germline
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mutations in the APC gene, PTCs in patients with FAP har-
bor second hit mutations in APC, BRAF V600E mutations
and mutations in methyltransferase genes, KMTD2 and
KMT?2C [60]. The finding of BRAF mutations as a second
hit in FAP is unique and probably signifies that PTC aris-
ing in the setting of germline APC mutations can have the
same second hit driver mutation as sporadic PTC. Patients
with non-silent somatic mutations in APC were female and
their PTC had CMV-PTC histology [60]. A rare case of two
somatic inactivating mutations of APC producing a CM V-
PTC phenotype in the absence of a germline APC mutation
has been reported [63].

The tumors are generally 2-3 cm on presentation and
can demonstrate several microarchitectural patterns that
include cribriform, trabecular, solid, papillary, and folli-
cular growth with morules composed of squamoid/spindle
cells typically. The epithelial component may have onco-
cytic features with tall cuboidal cells and nuclear features
of PTC may be focal. Psammoma bodies are not a feature.
This variant can be difficult to recognize as the noted archi-
tectural patterns (particularly cribriform pattern), presence
of squamous morules, and characteristic nuclear features
of PTC can be quite variable. The lack of colloid generally
seen in this variant is helpful. As noted, beta-catenin by
IHC is positive in both the nucleus and cytoplasm of both
FAP-associated and sporadic (compared to membranous
in cPTC) and tumors are positive for galectin-3, estro-
gen and progesterone receptors, and LEF-1 [64, 65]. The

Fig.4 Follicular carcinoma/
adenomas in PTEN Hamartoma
syndrome: a Low magnifica-
tion view of cellular follicular
neoplasm with a thick fibrous
capsule (HE, 40X). b The
lesional cells demonstrated a
“tight” microfollicular pattern
bordering on solid/trabecular
microarchitecture. The nuclei
show mild pleomorphism and
abundant eosinophilic to clear
cytoplasm (HE, 200X). ¢ Dis-
tinctive areas of capsular and
vascular invasion were appreci-
ated (HE, 40X). d Multiple
small but distinctive and mostly
unencapsulated hyperplastic
nodules/microadenomas were
scattered throughout both lobes
(HE, 40X)
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squamous morula (not squamous metaplasia) may show
expression of p53, CDX2, CD10, E-cadherin, and bcl-2
in addition to beta-catenin and galectin-3 [61, 64]. Ki-67
labeling is higher in CMV-PTC compared to classical PTC
[66]. Lymph node metastases occur in 10-20% and ETE
is rare. In general this variant has an excellent prognosis
similar to that of classical PTC [43, 61, 64]. In the study
by Perrier et al., thyroid carcinoma, the majority of which
is PTC (with more than half of these showing histology
with cribriform features), in the setting of FAP has a 90%
and 77%, 5 and 20 year survival rates respectively [67].
Rare reports of a poorly differentiated component with
the CMV-PTC (age 45 years, [68]) and lung metastases in
patients with CMV-PTC have been reported (ages 24 and
28 years, [69, 70].

Case 3: Follicular carcinoma and multiple follicular
microadenomas in the setting of PTEN Hamartoma syn-
drome (WHO Classification of Tumours of Endocrine
Organs, 4™ Edition, 2017; ICD-O 8330/0) (Fig. 4).

The patient was an 18-year-old-female with a complex
medical history that included colonic ganglioneuromas. Thy-
roid ultrasound demonstrated multiple nodules (0.5-1.7 cm
mostly solid nodules). Fine needle aspiration of two left
thyroid nodules were diagnosed as suspicious for oncocytic
neoplasm. Pathological examination revealed a 1 cm follicu-
lar carcinoma with capsular and angiolymphatic invasion, a
1.3 cm partially calcified adenomatous nodule, and numer-
ous adenomatous nodules (microadenomas). The patient
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had a known PTEN mutation (253 + 1G > A mutation PTEN
gene, intron 4).

Discussion: PTEN Hamartoma Syndrome
Associated Follicular Neoplasms

Germline heterozygous PTEN mutations (Table 1) cause
PTEN Hamartoma Tumor Syndrome (PTHS) which includes
Cowden syndrome (CS), Bannayan-Riley-Ruvalcaba syn-
drome (BRRS) Proteus (PS) and Proteus-like syndrome.
CS is characterized by multiple hamartomas, macrocephaly,
trichilemmomas, papillomatous papules and high risk for
breast, endometrial and thyroid cancers. The lifetime risk of
thyroid cancer is 35% and usually presents before 20 years
of age. BRRS consists of macrocephaly, intestinal hamar-
tomatous polyposis, lipomas, and pigmented macules of the
glans penis. PS can have hamartomas, tissue overgrowth,
epidermal and connective tissue nevi and hyperostoses.
Consensus criteria have been established by the National
Comprehensive Cancer Network for the diagnosis of CS and
include pathognomonic, major (of which thyroid cancer is
included), and minor criteria [44, 45, 47,71, 72]. Up to 10%
of CS patients do not have an identifiable PTEN sequence
variant in the coding/flanking regions of the PTEN gene
(30% may have a germline KLLN methylation epimutation).
Also, up to 10% of PTEN-CS, CS-like syndrome or BRRS
also have germline mutations in the succinate dehydrogenase
(SDHXx), mitochondrial complex II gene that then modifies
cancer risk [44, 72, 73]. Patients with germline variants of
SDHx and PTEN have perhaps a twofold increased risk of
thyroid cancer compared to PTEN-CS and a 50% decreased
prevalence of thyroid cancer compared to SDHx-CS. Cer-
tain SDHXx variants can cause phosphorylation of FOXO3a
via ubiquitination of PTEN and acetylation of FOXO3a that
results in nuclear export and down regulation of FOXO3a
target autophagy gene regulation perhaps promoting thyroid
carcinogenesis [73]. PHTS patients also can exhibit immune
dysregulation with hypogammaglobulinemia and insufficient
priming of CD8 + cells by dendritic cells contributing to
carcinogenesis by decreasing tumor eradication capabilities
[74].

Thyroid disease in CS encompasses multinodular goiter
and follicular adenomas (75% of CS) as well as a lifetime
risk of non-medullary thyroid cancer of 35% occurring at a
median age of 37 years but also presenting in childhood with
follicular histology being the dominant form. The histology
of these lesions is not different from that described in gen-
eral for these lesions [9]. Staining for PTEN can be used as
an adjunct. However, the history and pattern of lesions, in
particular, multiple follicular lesions in a child/adolescent
should certainly raise suspicion if no other information is
available. For those children with an identified pathogenic

variant of PTEN, yearly thyroid ultrasound is recommended
[30, 46, 75].

Case 4: Non-invasive follicular thyroid neoplasm with
papillary-like nuclear features (NIFTP) (WHO Classification
of Tumours of Endocrine Organs, 4™ Edition, 2017; ICD-O
8349/1) (Fig. 5).

The patient is a 15-year-old-girl with thryomegaly and
normal thyroid function tests. Ultrasound demonstrated a left
lower pole complex cystic and solid mass, 1.3x0.9% 1.0 cm
and an upper pole hypoechoic mass, 0.6 0.3 0.5 cm. FNA
of the left superior pole was diagnosed as suspicious for fol-
licular neoplasm. Molecular testing was positive for NRAS
mutation.

The pathology revealed an encapsulated 0.5 cm folli-
cular lesion with no papillary features and demonstrated
nuclear features characteristic for PTC. The tumor diffusely
expressed HBME-1 and Galectin-3 by IHC and CK19 was
variably positive.

Discussion: NIFTP

I might suppose that we would be somewhat amiss if our
review of thyroid pathology in children did not include
NIFTP as this has been one of the substantial changes in the
designation of thyroid tumors in the 4" edition of the WHO
Classification of Tumours of Endocrine Organs; this tumor
having been previously termed “non-invasive encapsulated
follicular variant of papillary thyroid carcinoma”. However,
in the line of thyroid tumors and cancer in children, the inci-
dence of NIFTP is quite uncommon in children. In three of
the largest series publications by Nikiforov et al. (n=210),
Thompson et al. (n=94), and Cho et al. (n=152), no cases
of pediatric NIFTP were included [76-78]. One cytology
study reported an incidence of 1.9% for all thyroid resected
nodules and 4.5% within their PTC cohort [79]. In that study,
the 2 NIFTP were diagnosed on FNA as follicular neoplasm
whereas the invasive FVPTC were either suspicious or posi-
tive for malignancy. Cytological features were not specific
but a microfollicular pattern and nuclear size intermediate
between follicular adenoma and PTC were consistently seen
[79]. To date, there is even less information regarding any
meaningful differences in clinical behavior or pathological
characteristics between NIFTP in the pediatric population
compared to the adult. A few studies have shown that NIFTP
in children behave indolently similar to the experience in
adults [80, 81].

The separation of this category from invasive encap-
sulated follicular variant of papillary carcinoma and its
description with more “indolent” terminology (not carci-
noma) is the realization that its clinicopathological behavior
(indolent with clinical behavior like an adenoma and with-
out capsular/vascular invasion) and molecular characteristics
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Fig.5 NIFTP: a Low magni-
fication view of a minimally
encapsulated but well-cir-
cumscribed follicular lesion
surrounded by normal thyroid
parenchyma (HE, 40X). b The
nuclei clearly demonstrated
morphological features of papil-
lary thyroid carcinoma. In this
field, we see mild nuclear aniso-
cytosis, focal chromatin clear-
ing, crowding with overlapping,
nuclear grooves (HE, 400X). ¢
The tumor cells mostly express
HBME-1 in the characteristic
membranous pattern (HBME-1,
100X). d Similarly, the tumor
shows nearly diffuse expression
of Galectin-3 with appropriate
cytoplasmic and nuclear stain-
ing (Galectin-3, 100X)

differ from its invasive counterpart (invasive encapsulated
FVPTC). The criteria for the diagnosis of NIFTP have
been established [77, 82] and only very key elements will
be highlighted here. They must be well-demarcated, have
nuclear features of PTC, be without capsular/vascular/lym-
phatic invasion, predominantly follicular architecture (can
have arbitrarily up to 30% of solid/trabecular/insular), no
aggressive histological features (tall cell, columnar cell,
cribriform architecture), no well-formed papillae (none at
all), no psammoma bodies, no necrosis, no increased mitotic
count (somewhat arbitrary) [77, 82]. Of note, the criterion of
no papillae is a change from previous criterion due to some
lesions diagnosed as “NIFTP” progressing to have behavior
more in line with an invasive tumor. Currently, there is no
defined size criteria and even tumors 1 cm or less might be
included although authors on this topic note that size less
than 1 cm, multiple tumors, and oncocytic follicular patterns
will require more investigation as to whether they should be
included under the rubric of NIFTP [82]. Practically and
anecdotally speaking, I have seen pathologists (including
myself as the case illustrates) designate lesions less than
1 cm as NIFTP on a somewhat regular basis. HBME-1 and
Galectin-3 can be useful adjuncts, particularly if the nuclear
features are not robustly manifest, but in my experience, may
show more variable staining such as that seen in FVPTCs.
About 80% of NIFTP show clonal alterations including
RAS mutations most frequently and others (PAX8/PPARG,
THADA fusions and BRAF K601E, EIF1AX mutations).
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RET/PTC and BRAF V600E are not seen in NIFTP and
these and other mutations (TERT, ALK, others) if con-
firmed should provide reason for serious reconsideration
of the diagnosis [77, 82]. As this entity is further reported
and its features refined, the clinicopathological landscape of
pediatric tumors with this designation will become clearer.

Case 5: Total thyroidectomy in a patient with MEN2A
with C-Cell hyperplasia (WHO Classification of Tumours of
Endocrine Organs, 4% Edition, 2017; ICD-O E07.0) (Fig. 6).

The patient is a 3-year-old boy who presented for total
thyroidectomy. His father has MEN2A and the patient dem-
onstrated a 634 (A > C) mutation in exon 11 of the RET
gene. Serum calcitonin levels have slowly but steadily risen
to 13.6 at the time of surgery.

The thyroidectomy specimen demonstrated focal areas of
C-cell hyperplasia (CCH) with increased numbers of atypi-
cal C-cells demonstrated on the HE and calcitonin stained
sections (Fig. 6a—c).

An adolescent girl with MEN2A was referred for pro-
phylactic thyroidectomy due to rising calcitonin levels
(Fig. 6d-f).

Discussion: MTC and CCH

Approximately 25% of MTC cases are associated with
hereditary syndromes as noted (MEN2A, MEN2B, and
familial medullary thyroid cancer) and due to germline



Head and Neck Pathology (2021) 15:85-106

97

Fig.6 CCH and MTC: a Thyroidectomy specimen from the 3-year-
old boy presented above showing vague hypercellular areas having a
grayish tinge intercalated within the thyroid parenchyma (ovals) (HE,
40X). b High magnification view of one of the highlighted areas in
(A) showing large cells with relatively indistinct nuclei and abun-
dant amphophilic cytoplasm in clusters and around follicles. While
the nuclei are relatively indistinct even compared to normal thyroid
follicular epithelial cells, they are quite noticeable given that under
normal circumstances, C-cells are difficult to ascertain on routine HE
sections. These features qualify for cytological atypia and should be
considered as such (HE, 400X). ¢ These cells noted in (b) are eas-

activating point mutations of the RET receptor tyrosine
kinase gene [83]. RET is also mutated in approximately
50% of sporadic MTC. Sporadic MTC can also have other
mutations including KRAS, HRAS, and rarely NRAS and
rarely rearrangements in ALK and RET genes [84]. Over

ily highlighted by a calcitonin stain (Calcitonin, 200X). d Small rel-
atively uncircumscribed lesion in an adolescent with MEN2A. This
cellular lesion could be mistaken for an intrathyroidal parathyroid
gland or small hyperplastic thyroid epithelial cell-derived nodule
(HE, 40X). e The cells have a “neuroendocrine” appearance and form
small organoid nests. The cytological features include small uniform
nuclei, bland chromatin, and amphophilic cytoplasm (HE, 400X). f
A calcitonin stain again confirms the ontogeny from C-cells and this
lesion as a medullary thyroid microcarcinoma in a patient undergoing
prophylactic thyroidectomy for MEN2A (Calcitonin, 40X)

95% of MTC in children is hereditary with germline acti-
vating mutations in RET unlike FTC and MTC in adults
where 65-75% of cases are sporadic with somatic RET
mutations. Up to 10% of sporadic cases of MTC in chil-
dren are due to de novo germline activation mutations in
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RET. Most mutations in MEN2A are in the extracellu-
lar cysteine-rich domains and in cysteine codons in exon
10 (609, 611, 618, 620) or 11 (634). Other rare muta-
tions in codons 11, 13, and 15 have been reported. FMTC
patients have mutations in 618, 620, and 634 and rarely
in non-cysteine parts of the intracellular domain in exon
13, 14, and 15. More than 95% of MEN2B patients have
the M918T mutation in exon 16 [33]. Compared to adults,
pediatric patients present with less advanced disease and
better cancer-free survival and overall survival compared
to adults [83, 85]. American Thyroid Association guide-
lines for management of hereditary MTC (RET germline
mutation) are prophylactic thyroidectomy (if possible
depending on ability to preserve parathyroid glands) for
children with MEN2B in the first months of life (ATA-
highest risk), thyroidectomy in children less than 5 years
of age with MEN2A based on serum calcitonin levels
(ATA-high risk) or when serum calcitonin levels become
elevated or in childhood if parents do not wish to proceed
with a prolonged clinical follow-up protocol (ATA-mod-
erate risk) [86]. A variety of treatment options exist or
are under investigation including treatment with tyrosine
kinase inhibitor small molecules such as cabozantinib,
vandetanib, and apatinib. These molecules target key ele-
ments of proliferation, growth, and angiogenesis [84, 87].

The differential pattern of Foxal (high proliferation zone)
and Foxa2 seen in embryonic C-cells seems to show a recru-
descence in MTC suggesting that oncogenic transformation
by Ret may switch on embryonic expression patterns seen
in developing C-cells from the UBB (see discussion of
endodermal origin of C-cell from UBB). The ontogenesis
of rare mixed tumors consisting of MTC and follicular epi-
thelial elements; mixed medullary-follicular thyroid carci-
noma (MMFTC) has always been a bit puzzling if C-cells
were of neural crest derivation. These tumors could be the
result of two different ontogenic and clonal populations that
came together. Since C-cells are of endodermal origin, it
may be more plausible that such tumors may arise from the
UBB alone. A similar line of reasoning might be invoked
for polyclonal mixed tumors where tumors of C-cells and
follicular epithelial cells co-exist with varying degrees of
fusion between the two neoplastic tissues. In a minority
of MMFTC (MTC with PTC), bilateral tumors occur with
a single RET mutation and show tumor cells that express
both calcitonin and thyroglobulin [13]. Some reports show
that PTC co-occurring with MTC is more common and in
most of these cases they are not clonally related but can
have mutations in RET (MTC, germline and PTC, rearrange-
ment or perhaps low level RET mutation). It should not be
surprisingly plausible that tumors with neuroendocrine and
follicular epithelial phenotypes might occur (endocrine and
exocrine) since these have been well-described elsewhere,
for instance, in the gastrointestinal tract where both elements
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are endodermally derived (e.g. mixed adenoneuroendocrine
carcinoma (MANECQ)).

While putative cancer stem cells have been isolated from
thyroid cancer cell lines, it is unclear if there are cells in the
thyroid capable of differentiating into C-cells and follicu-
lar epithelial cells [17]. Evidence does exist that cells from
UBBs have pluripotent capabilities and in animals where the
fusion of UBB and thyroid is incomplete, tumors with a mix-
ture of C-cells and follicular cells have been described [13].
UBBs in thyroid consistently and uniformly express cytoker-
atin 19, galectin-3, p63, bcl-2, and telomerase; the latter
three markers considered hallmarks of putative basal/stem
cells [88-90]. P63 appears to not be essential for thyroid or
UBB development [88]. It is interesting how the cytomor-
phology of UBBs (Fig. 7) resembles that of Walthard cell
nests (WCN) and Brenner tumors (thought to derive from
WCN). WCNs are also show expression of p63 and GATA3
by immunohistochemistry. These are endodermally derived
remnants from the developing urogenital sinus from which
urothelium is derived. Urothelial development, in fact, is
under the control of many of the same transcription factors
noted in thyroid development [91].

The histopathology of MTC is highly variable with clas-
sical solid and nesting patterns seen in neuroendocrine
tumors. However, other patterns can be seen including pseu-
dopapillary (confused with PTC) and follicular. Deposition
of amyloid or proteinaceous material can mimic colloid in
follicles. Tumor cells have ample amphophilic granular cyto-
plasm with generally eccentrically place nuclei with relative
anisocytosis and “neuroendocrine” salt and pepper chroma-
tin patterns. Pseudoinclusions and multinucleated cells can
be seen. Oncocytic, plasmacytoid, spindle-cell, giant-cell,
amphicrine (mucin/vacuolated cells), melanotic, clear cell,
and small cell variants/types have all been described and
can cause diagnostic confusion with follicular carcinomas,
plasmacytomas, sarcomas, and lymphomas. The tumor cells
express chromogranin, synaptophysin calcitonin, and car-
cinoembryonic antigen by immunohistochemistry. Some
tumors can be calcitonin negative and TTF-1 and Pax8 usu-
ally show weaker staining [48, 83, 92].

A bit more discussion regarding precursor lesions of
MTC, specifically C-cell hyperplasia (CCH), is warranted.
CCH has been divided into three morphological forms: focal
(partial follicle involvement), diffuse (surrounding follicle),
and nodular (obliteration of follicle). Furthermore, CCH has
been designated as physiologic or neoplastic. Defining CCH,
however, is a bit of a moving target due to baselines that
vary by age, sex, and other concomitant thyroid diseases.
Published criteria have included 50 cells per 100 X field of
view, 50 cells in 50 100 x fields of view, 40 cells/cm?” [93].
Neoplastic CCH (medullary carcinoma in situ or C-cell
dysplasia) is considered a precursor lesion for lesion for
MTC and could be defined as intrafollicular proliferation
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Fig.7 UBB: a Densely cellular
and somewhat ill-defined focus
within the thyroid of an elderly
gentleman with multiple follicu-
lar thyroid parenchymal lesions
(HE, 40X). b High magnifica-
tion view shows tightly packed
oval cells with some nuclear
overlapping, smooth chromatin,
and nuclear grooves charac-
teristic of the UBB epithe-
lium. These cells demonstrate
cytomorphology reminiscent
of Walthard cell nests (see text)
(HE, 600X). ¢ UBBs showing
diffuse expression of p63 and
TTF-1 d (p63, 200X, TTF-1,
200X)

of cytologically atypical C-cells recognized on hematoxylin
and eosin stained sections. Their recognition on HE sections
is due to their cytological atypia with cells becoming larger
in size and more prominent nuclei [18]. In this author’s
experience, they are observed as a grayish tinge that disrupts
and intercalates between the eosinophilic continuity of the
thyroid at low magnification (40x). Staining with specific
antibodies to neural cell adhesion molecule may reliably dis-
tinguish between neoplastic and reactive CCH [94]. Reactive
CCH has been associated with aging, thyroiditis, nodular
hyperplasia, adenomas, and hyperparathyroidism. The dis-
tinction between CCH and medullary microcarcinoma can
be problematic with microinvasion signified by focal loss
of basement membrane staining with collagen IV and local
stromal fibrosis perhaps helpful but sometimes equivocal
[48]. In the context of known MEN2A, any “significant”
CCH should be considered as “neoplastic” particularly in
a younger child where C-cells should not be prominently
visible in the thyroid under most circumstances.

Parathyroid Gland: Embryology:

In humans, two bilateral pairs of parathyroid glands develop
from the third and fourth pharyngeal pouch endoderm. In
mice, the anterior-dorsal region of each third pouch forms
a parathyroid gland and the posterior-ventral region devel-
ops into a lobe of the thymus. GCM2 expression under the

influence of Sonic Hedgehog and GATAS3 portends parathy-
roid differentiation and survival while FOXN1 and likely
BMP4 expression determines thymic fate. As usual, the story
is more complex and an array of other transcription factors
also play roles in parathyroid differentiation and cell survival
including Hoxa3, Pax1, Eyal, Pbx1, and Six1. Separation
from the pharyngeal endoderm occurs via FGF and BMP4
signaling and this parathyroid-thymic primordium migrates
ventrally and posteriorly mediated by Ephrin from the neural
crest and thymic epithelium. Separation of the two occurs
via differential expression of E-cadherin (thymic cells > par-
athyroid cells) and the thymus continues to migrate cau-
dally while the parathyroid stops. CaSR and CCL21 genes
are important for parathyroid differentiation and MABF1
gene is important for parathyroid hormone (PTH) produc-
tion. Casr and Ccl21 expression is Gem-2 independent
but maintenance of their expression is Gem-2 dependent
[95, 96]. Genetic causes for primary hypoparathyroidism
are listed in Table 2 [97]. These conditions most often will
present during childhood, perhaps not with symptoms or
signs of hypoparathyroidism but with other manifestations,
particularly when hypoparathyroidism is associated with a
syndrome. In these cases, the clinician should be alert to
the possibility of hypoparathyroidism as an association and
evaluate accordingly. For the practicing pathologist, these
conditions rarely translate to specimens that will traverse
his/her microscope, except perhaps at postmortem examina-
tion and then careful investigation for the parathyroid glands
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would be important. They are presented here to complete the
genetic spectrum of parathyroid disease in children.

Case 6: Parathyroid adenoma (WHO Classification of
Tumours of Endocrine Organs, 4t Edition, 2017; ICD-O
8140/0) (Fig. 8).

This patient is an 11-year-old male who presented with
right flank pain and vomiting. Laboratory evaluation showed
a serum calcium of 13.4, phosphate 3.0, vitamin D level 16,
and parathyroid hormone level of 408 pg/ml. A CT scan of
the abdomen showed a 3 mm nephrolith obstructing the right
ureter and multiple non-obstructing renal calculi. Thyroid
ultrasound revealed a 1 X2 cm hypoechoic nodule posterior
to the right upper lobe of the thyroid confirmed by tech-
netium-99 m sestamibi parathyroid scan (Tc-99 m MIBI).
Interestingly, the father had a history of kidney “stones”.
At the time of surgery, a single large parathyroid gland was
removed with appropriate reduction of intraoperative PTH
values. Pathological examination was consistent with a para-
thyroid adenoma.

Discussion: Parathyroid Tumors

Genetic causes of primary hyperparathyroidism presenting
with signs and symptoms of hypercalcemia primarily or in
association with other syndromic manifestations are listed
in Table 3 [98]. Once again, for the practicing clinician who
encounters a patient, particularly a young patient, with a

Fig.8 Parathyroid adenoma
and parathyroid gland: a Large
parathyroid adenoma taken
from the 11-year-old boy
presented above. This uniformly
hypercellular gland is finely
encapsulated (blue arrow in (b))
and abuts normal parathyroid
tissue characteristic of adeno-
mas (black arrow in (b)). Some
thicker fibrous bands are seen
traversing the adenoma proper
but other features to suggest
malignancy (capsular/vascular
invasion, trabecular growth,
atypia, atypical mitoses) were
not seen (HE, 20X, 40X). ¢
Intrathyroidal lesion seen in the
thyroidectomy specimen from
the young girl with MEN2A
presented above that has similar
cytological features to that of
the medullary thyroid microcar-
cinoma. This lesion is clearly
parathyroid gland confirmed by
the diffuse staining with anti-
PTH antibody in (d) (HE, 40X
and PTH, 40X)

constellation of findings or perhaps one suspicious syndro-
mic finding should prompt referral for genetic testing and be
alerted for the possibility of parathyroid associated disease.
Practically speaking, for the surgical pathologist, the pathol-
ogy will consist of benign tumors mostly adenomas/micro-
adenomas and very rarely carcinoma. For the most part, with
these genetic syndromes, while manifestations of primary
hyperparathyroidism can present earlier, MEN1 is one syn-
drome where parathyroid pathology (adenoma) may be seen
in the pediatric age range. Also, patients with the severe
form of neonatal PHPT, requiring urgent parathyroidectomy
will typically have multigland hyperplasia. An additional
note, patients with HPT-JT are particularly predisposed to
parathyroid carcinoma and about 10% will have jaw tumors
with histology of ossifying fibromas as opposed to osteitis
cystica fibrosa seen in some patients with PHPT [48, 97, 98].

At the time of this writing, this author conjured up
approximately 19 cases of parathyroid carcinoma in chil-
dren reported separately or embedded within larger series
(certainly underestimated) with 8 years of age the earliest
presentation [99—116]. Patients from two more recent cases
demonstrated mutations in the CDC73 gene (one germline,
one somatic) and one patient had an intragenic deletion
in the CDC73 gene in a familial cohort [106, 109, 113].
An atypical parathyroid adenoma in a 13-year-ol boy with
FIHP with CDC73 mutation has been reported [117]. The
CDC73 gene (formerly HRPT2; chromosome 1g25) encodes
parafibromin, a tumor suppressor gene, down regulates the
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Table 3 Genetic syndromes associated with primary hyperparathyroidism

Genetic defect/Inheritance

Chromosomal location

Clinical Manifestations

Parathyroid pathology

MEN1/AD See above Can present very young with
parathyroid tumors; 17% less than
21 years old have symptomatic
hypercalcemia
MEN2A/AD See above See above
MEN2B (3)/AD See above See above
MEN4 See above See above
FHH1/FHH2/FHH3/AD  3q21.1/19p13/19q13.2-q13.3 Hypercalcemia
CASR/GNA11/AP2S1
NSHPT/AR 3g21.1 (homozygous or compound  Severe neonatal hypercalcemia,
heterozygous mutations of CASR hypotonia, fatal by 3 months
gene) untreated
FIHP/AD 11q13/1q31.2/3q21.1/6p24.2 Hereditary primary hyperpar-
athyroidism without other tumors,
hypercalcemia after first decade;
diagnosis of exclusion
HPT-JT/AD 1q31.2 (CDC73; cell division cycle ~ Multiple parathyroid tumors, ossify-

73, parafibromin)

ing fibromas of jaw, renal cysts
perhaps other renal tumors

Hypercalcemia first manifestation in
90%, multigland disease (microad-
enomatosis)

Parathyroid tumors in 20% (hyperpla-
sia/adenoma)

Rare

Parathyroid tumors (adenomas)

PTH-independent decreased calcium
excretion

Urgent parathyroidectomy; multigland
hyperplasia

Parathyroid tumors

Adenomas, synchronous/asynchro-
nous parathyroid tumors, lifetime
risk of parathyroid carcinoma

20%, PC cause of hypercalcemia
in 15-37.5%), PC reported in adoles-
cents

expression of cyclin D1. Mutations in CDC73 have been
found in cases of sporadic parathyroid carcinoma (70% of
cases), HPT-JT, and FIHP. Parathyroid adenomas rarely
demonstrate CDC73 mutations [113].

This review will not serve as an exhaustive review of
the histopathology of parathyroid glands as this subject is
treated comprehensively in many other sources. No spe-
cific histopathological features will distinguish parathyroid
pathology in the pediatric population compared to the adult
population. The diagnosis of parathyroid carcinoma is made
by observing a tumor of parathyroid origin with invasive
growth (adjacent structures, capsule, blood vessels, perineu-
rial) or metastases [48]. Other features; fibrous bands, tra-
becular growth pattern, cytological atypia, mitoses (unless
atypical), and Ki-67 indices are not reliable enough discrimi-
nating features from adenomas [48, 112]. The tumors des-
ignated as “atypical adenomas” may have some of the other
ancillary features listed but lack true invasive growth and
thus not qualifying diagnostically as carcinomas. Microad-
enomas are 0.6 cm or less in diameter and less than 100 mg
but may be difficult to distinguish from hyperplasias or may
share some features of adenomas (thinly encapsulated with
adjacent normal parathyroid). Parathyroid hyperplasia is
multigland diffuse increase in parenchyma without a known
cause or as noted may be part of a heritable condition or
syndrome. The pathological distinction between hyperplasia
and adenoma can be very challenging and the intraoperative
PTH values may be helpful as well as use of Oil red O stains
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on two glands intraoperatively may reliably distinguish these
entities [118]. Multiple hyperplastic parathyroid rests in the
neck soft tissues or mediastinum (parathyromatosis) may
be the cause of persistent hypercalcemia in patients having
undergone subtotal parathyroidectomy for hyperparathy-
roidism. Since most young patients (< 18 years) with pri-
mary HPT without a family history of parathyroid disease
have adenomas, most experienced surgeons will opt for a
minimally invasive approach to removing the single enlarged
gland since the complication rates for parathyroidectomy are
higher in children than adults [95].
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