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Purpose of review

The assessment of thyroid nodules is a common clinical problem, linked to the high incidence of thyroid
nodules in the population and the low incidence of aggressive thyroid carcinoma. The screening is
therefore one of the strengths of our patient care. Recently, the 2023 Bethesda System for Reporting
Thyroid Cytopathology (TBSRTC) and 2022 WHO classification of thyroid neoplasms have been released
based on the definition of new entities and the growing impact of molecular testing. The aim of this review
is to analyze how these upgrades can help us in the daily routine practice diagnosis of thyroid cancer.

Recent findings

Our review is focused on the most frequent thyroid tumors derived from thyroid follicular cell. Fine needle
aspiration (FNA) is the gold standard for the screening of thyroid nodules with very high levels of sensitivity
and specificity. These sensitivity and specificity are improved by molecular testing, which refines the risk of
malignancy. The 2023 TBSRTC integrates molecular data and the upgrades integrated in the 2022 WHO
classification such as the ‘low-risk neoplasms’ and the ‘high-grade follicular-cells derived carcinoma’. The
morphological examination remains crucial since the capsular and/or vascular invasion are key features of
malignancy in the follicular thyroid neoplasms. Low-risk neoplasms represent a clinical challenge since no
specific guidelines are available. Challenges remain regarding oncocytic thyroid lesions, which are not
associated with specific diagnostic molecular biomarkers. Molecular testing can help not only in
deciphering the prognosis but also in the targeted therapeutic strategy.

Summary

While molecular testing has succeeded to substantially improve the pre and postoperative diagnosis and
risk stratification of thyroid tumors, the morphological examination is still central in the daily routine
diagnosis of thyroid pathology. Future is the integrated diagnosis of clinical, morphological, molecular and
epigenetic features with the help of artificial intelligence algorithms.
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INTRODUCTION

The assessment of thyroid nodules is a common
clinical problem, reaching 60% in the adult popula-
tion, with a female predominance [1]. By contrast,
the majority of the thyroid nodules are benign with
8–16% of them being cancers [2–4]. According to
the WHO, thyroid cancer is the ninth most frequent
global cancer (�1% of global cancer cases). In 2020,
586000 new cases were reported [5–9]. Most of them
are differentiated thyroid cancers (DTCs), mainly
represented by papillary thyroid carcinomas (PTC;
85% prevalence) and follicular thyroid carcinoma
(FTC; 10% prevalence) [4,10]. Poorly differentiated
(PDTC) and anaplastic thyroid carcinomas (ATC) (1–
2% prevalence) are less frequent but associated with
a worse prognosis, including high risk of distant
metastasis. However, the disease-specific mortality
of thyroid cancer is very low and remains stable,
uthor(s). Published by Wolters Kluwe
though to be due, in part, to the earlier detection of
small cancers leading to the actual ‘overdiagnosis’
[9–11]. The important clinical challenge remains the
r Health, Inc. www.co-oncology.com



KEY POINTS

� FNA is the gold standard in the evaluation of thyroid
nodules with a very high sensitivity and specificity. The
2023 TBSRTC integrates the new terminology of the
2022 WHO classification.

� Molecular testing has succeeded to substantially
improve the pre and postoperative diagnosis and risk
stratification of thyroid tumors.

� The 2022 WHO classification of thyroid tumors has
introduced new borderlines ‘low-risk’ entities, which are
‘molecular indeterminate’ and represent
clinical challenge.

Endocrine tumors
management of patients with thyroid nodules in
order to propose the best therapeutic strategy (e.g.
active surveillance, surgery, radioactive iodine, tar-
geted therapy) and to avoid overtreatment mostly
inappropriate surgical choice.

Fine needle aspiration (FNA) is still the most
accurate and cost-effective method to stratify
patients with thyroid tumors according to their risk
of malignancy (ROM) [12

&&

,13]. Recently, the new
Bethesda System for Reporting Thyroid Cytopathol-
ogy (TBSRTC) has been released, based on the new
entities and terminology included in the 2022WHO
classification, and the growing impact of molecular
testing [13].

In the past several years, molecular testing has
underlined the correlation between genotype and
phenotype in thyroid disease such as BRAF V600E
and RAS mutations are classically found in PTC and
follicular-type thyroid tumors, respectively [14–16].
Moreover, molecular testing has also succeeded to
refine the ROM of cytological diagnosis and,
recently, to propose prognostic and predictive bio-
markers [12

&&

]. At the same time, histopathology
features are still needed since capsular and vascular
invasions are the only cancer diagnosis markers for
encapsulated follicular tumors [17].
Table 1. The 2023 TBSRTC for adult population associated with

Diagnostic category ROMa, mean% (range)

Nondiagnostic 13 (5--20)

Benign 4 (2--7)

Atypia of undetermined significance 22 (13--30)

Follicular neoplasm 30 (23--34)

Suspicious for malignancy 74 (67--83)

Malignant 97 (97--100)

TBSRTC, Bethesda System for Reporting Thyroid Cytopathology. Adapted from [12
&
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This review aims to provide the most recent
changes in the cytological and histological classifi-
cation of thyroid tumors according to the 2023
TBSRTC and the 2022 WHO classification focusing
on the new entities that have been introduced
molecular data and quantitative criteria.

Fine needle aspiration of thyroid neoplasms

FNA is the most reliable, simple and cost-effective
technique of distinguishing benign from suspicious
or malignant thyroid nodules, resulting in stratifi-
cation especially for surgery choice. FNA is the gold
standard in the evaluation of thyroid nodules with a
very high sensitivity and specificity, near to 100%
in the diagnosis of thyroid cancer [18–20]. The
TBSRTC provide a reporting system of FNA thyroid
specimens leading to a tiered diagnostic classifica-
tion (Bethesda I to IV) (see Table 1 and Fig. 1a-d-g),
which implies ROM and recommended manage-
ment strategies [12

&&

]. The recently 2023 update
TBSRTC integrates the new 2022WHO classification
of Thyroid Neoplasms terminology, including all
high-grade follicular-derived carcinomas, PDTC as
well as differentiated high-grade thyroid carcinoma
(DHGTC). The terms ‘Nondiagnostic/Unsatisfac-
tory’ is simplified with ‘Nondiagnostic’ correspond-
ing to Bethesda I, the ‘Atypia of Undetermined
Significance/Follicular Lesion of Undetermined Sig-
nificance (AUS/FLUS)’ is now termed as ‘Atypia of
Undetermined Significance (AUS)’ (Bethesda III)
and the ‘Follicular Neoplasm/Suspicious For a Fol-
licular Neoplasm (FN/SFN)’ in ‘Follicular Neoplasm
(FN)’ (Bethesda IV) [12

&&

]. Another important mod-
ification is the integration of adjusted ROM for
pediatric population, in which higher ROM is
observed, leading to more aggressive therapeutic
management. Finally, the use of DNA and RNA
molecular testing is widely described along their
diagnostic, prognostic and predictive roles [12

&&

].
Alone, the positive predictive value (PPV) of the

FNA reaches 97–99%. FNA cytology succeed to diag-
nose benign or malignant nodule in 70–75% of
the risk of malignancy

Usual management

Repeat FNA with ultrasound guidance

Clinical and sonographic follow-up

Repeat FNA, molecular testing, diagnostic lobectomy, or surveillance

Molecular testing, diagnostic lobectomy

Molecular testing, lobectomy or near-total thyroidectomy

Lobectomy or near-total thyroidectomy

&
].
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FIGURE 1. Cytological and histopathological features of follicular-derived thyroid neoplasms. (a--c) Invasive encapsulated
papillary carcinoma. Cytological smear shows typical elongated nuclei with grooves and pseudoinclusions leading to
Bethesda VI classification (a) (Diff-Quick staining, X200). Transcapsular invasion (b) and papillary architecture with nuclear
score of 3. (c) [HE staining, X200 (b), X400 (c)]. (d-- f) Angioinvasive poorly differentiated thyroid carcinoma. Cytological
smear shows highly cellular crowded groups of uniform follicular cells arranged in microfollicles Bethesda IV (d) (Diff-Quik
staining, X200). Vascular invasion (e) and solid/trabecular and microfollicular architecture (f) [HE staining, X200 (e), X400
(f)]. (g-- i) Oncocytic follicular thyroid carcinoma. Cytological smear shows highly cellular groups of oncocytic cells Bethesda IV
(g) (Diff-Quik staining, X200). Transcapsular invasion (h) and oncocytic cells arranged in a microfollicular architecture (i) [HE
staining, X200 (h), X400 (i)].
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cases [19]. In our series, we reported the accuracy of
FNA to be 97.8% (benign vs. malignant) [1]. In a
meta-analysis published in 2012, they reported a
sensibility and specificity of 97 and 50.7%, respec-
tively. The positive and negative predictive value
(NPV) for adult population was 98.6 and 55.9%,
respectively, and the accuracy of 68.8% using the
TBSRTC [20] including 25% of ‘indeterminate cytol-
ogy’ (Bethesda III, IV and V) with an expected ROM
of 13–30% (Bethesda III), 23–34% (Bethesda IV),
67–83% (Bethesda V) and 97–100% (Bethesda VI)
according to the 2023 TBSRTC [12

&&

,21]. It is impor-
tant to precise that, if the ‘Noninvasive Follicular
Thyroid Neoplasm with Papillary Like Nuclear Fea-
tures’ (NIFTP) are excluded, the ROM is evaluated to
16% (Bethesda III), 23% (Bethesda IV), 65%
(Bethesda V) and 94% (Bethesda VI) [12

&&

].
1040-8746 Copyright © 2023 The Author(s). Published by Wolters Kluwe
Many efforts have been done to refine the ROM
of the thyroid cytological diagnosis, particularly for
thyroid nodules with indeterminate (AUS or FN)
cytology since most of these patients undergo diag-
nostic surgical resection for benign lesions [19,21].
Unnecessary surgery can be associated with per-
operative complications such as hypoparathyroid-
ism (transient and permanent hypoparathyroidism
in 14–83 and 0.12–11%, respectively), recurrent
laryngeal nerve paralysis and in some cases to life-
long thyroid hormone replacement [21–23].
Molecular biomarkers for the diagnosis of
thyroid neoplasms

In addition to the clinical and radiological data
that can efficiently help to predict malignancy,
r Health, Inc. www.co-oncology.com 15



Endocrine tumors
molecular alterations are useful as preoperative bio-
markers to precise the ROM. Postoperative molec-
ular testing will provide prognostic information and
potential targetedmolecular alterations for therapy-
resistant disease [14,24

&&

]. The prognostic and pre-
dictive molecular biomarkers will be discussed
below. Which is quite remarkable in the thyroid
molecular landscape is the correlation between his-
tology and genetic changes, associated with a multi-
step tumorigenic process [14].

Thyroid carcinogenesis involved molecular
alterations resulting in the overactivation of the
mitogen activated kinase (MAPK) (RAS-RAF-MEK-
ERK) and the phosphoinositide-3 kinase PI3K/
AKT/mTOR signaling pathways [12

&&

,25]. Both of
these pathways are associated with the regulation
of proliferation, angiogenesis and migration of cells
[24

&&

]. Molecular alterations of the MAPK pathway
downstream signaling molecules such as RAS, BRAF
and the single-pass transmembrane tyrosine kinase
receptor RET (rearranged during transfection)/PTC
and TRK are all mutually exclusive. These molecular
alterations are considered to be early molecular
events [25]. In FTC, RAS, PIK3CA and AKT1 activat-
ing mutations and mutations of PTEN are crucial
to activate the PI3K/AKT pathway [26]. Based on
mutational and transcriptomic profiles, the two
molecular thyroid subtypes classically described,
‘BRAF-like’ and ‘RAS-like’, are both associated with
different levels of MAPK signaling pathway activa-
tion [16,25,27]. In the BRAF-like tumors, robust
activation of the MAPK pathway is observed, while
in the RAS-like tumors, both MAPK (at a lesser
degree) and PI3K/AKT pathway are activated [25].

BRAF-like tumors typically harbored papillary-
type atypia, classically represented by the PTC with
the exception of the invasive encapsulated follicular
variant papillary carcinoma (IEFVPTC) which is
associated with the RAS-like tumors [24

&&

]. Interest-
ingly, PTC harbor one of the lowest tumor burdens
among all cancer types (approximately 0.41 non-
silent mutations per mega base) [16,24

&&

,28]. BRAF-
like molecular alterations include BRAF V600E
mutation and ALK, BRAF, RET, NTRK1/3 and MET
fusions [24

&&

]. BRAF V600E mutation and RET/BRAF
fusions (1–2% of PTC) are highly specific of classical
PTC with some morphological specificities associ-
ated with RET-fused PTC. Indeed, diffuse sclerosing
PTC and postradiation solid/trabecular PTC are
commonly associated with RET fusion [24

&&

,29].
Mutation of the proto-oncogene BRAF (BRAF
V600E; 98–99% of all BRAF mutations found in
PTC) is the most common molecular alteration
found in PTC, especially high-risk PTC including
tall cell, classical and hobnail [16,24

&&

,30] but have
also been found in Warthin-like PTC [31,32].
16 www.co-oncology.com
NTRK1–3 (3–5% of PTC) and ALK (1–3% of PTC)
fusions are found in classical PTC but with a pre-
dominant infiltrative follicular presentation [29,33–
36]. To note, NTRK1–3 (ETV6-NTRK3; 22%) fusion
is themost commonly found in BRAFwild-type PTC
in the pediatric population with a frequency of
14.5% found in post-Chernobyl PTC cases [24

&&

,
36,37]. The other less common mutations found
in PTC are HRAS, KRAS, PPM1D, CHEK2, MEK1,
PPARG, THADA, LTK, MET and FRFR2 genes muta-
tions [16,24

&&

].
RAS-like tumors typically harbored a follicular

pattern, classically represented by the FTC and the
IEFVPTC [24

&&

]. RAS-like molecular alterations
include RAS (NRAS, HRAS, KRAS), BRAF K601E,
DICER1, EZH1, EIF1AX, PTEN mutations and
PPARG, THADA gene fusions [24

&&

]. Thesemolecular
alterations are found in a broad spectrum of thyroid
neoplasms including benign, indefinite for malig-
nancy and malignant follicular-patterned tumors,
considering thus these alterations as ‘indeterminate
for malignancy’ [24

&&

].
In FTC, RAS mutations, and particularly NRAS

(recurrent codon 61) mutations (followed by HRAS
and KRAS mutations) are found in nearly 50% of
cases [26]. PAX8-PPARG are less frequent (10–40%)
than RAS mutations in FTC and reported in 0–30%
of IEFVPTC, in benign lesions such as follicular
thyroid adenomas (FTAs; 5–20%) and in up to
30% in NIFTP, less than 10% in follicular tumor
of uncertain malignant potential (FT-UMP) and rare
in well differentiated tumor of uncertain malignant
potential (WDT-UMP) [14,24

&&

].
EIF1AX is described in various benign andmalig-

nant thyroid neoplasms such as FTAs (<10%) to FT-
UMP (<10%), WT-UMP (<10%), NIFTP (<10%),
IEFVPTC (<10%), FTC (5%) and even PDTC and
ATC (11%) [14,24

&&

,38].
Molecular alterations in the PI3K/AKT pathway

(PIK3CA, PTEN mutations) are more frequently
found in FTC (approximatively 10%) than in FTA
[39]; PTEN and PIK3CA mutations are also common
in PDTC (0–20%) and ATC (5–25%) [14]. Even PTEN
mutations is considered to be an early event in the
tumorigenesis of thyroid cancers, the presence of
thismutation is suggested inmore advanced thyroid
carcinomas such DHGTC, PDTC and ATC. More-
over, the loss of PTEN IHC staining in both benign
and malignant neoplasms is indicative of Cowden
syndrome [24

&&

,40].
Late molecular driver events suggesting tumor

progression and dedifferenciation include TERT
promoter mutations and TP53, AKT1 and PIK3CA
mutations [24

&&

,38]. In DHGTC, PDTC and ATC, co-
occurrence of early and late molecular driver events
reflect themultistep progression fromwell to poorly
Volume 36 � Number 1 � January 2024
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differentiated tumors [24
&&

]. PDTC mainly harbor
RAS mutations as an early event by contrast to
DHGTC, which harbor BRAF V600E mutation
[38]. TP53 mutations can also been found in PTC,
especially in the hobnail, columnar and tall cell
subtype and in oncocytic carcinoma (OTC)
[41,42]. Interestingly, by contrast to OTC, FTC do
not harbor TP53 mutations but 15% of TERT pro-
moter mutations, associated with a worse prognosis
[43,44]. DAXX, TP53, NRAS, NF1, CDKN1A, ARH-
GAP35 and the TERT promoter are other common
mutations found in OTC [42].
Table 2. The 2022 WHO classification of follicular cell

derived thyroid neoplasms

1. Benign tumors

Thyroid follicular nodular disease

Follicular adenoma

Follicular adenoma with papillary architecture

Oncocytic adenoma of the thyroid

2. Low-risk neoplasms

Noninvasive follicular thyroid neoplasm with papillary-like
nuclear features

Thyroid tumors of uncertain malignant potential

Hyalinizing trabecular tumor

3. Malignant neoplasms

Follicular thyroid carcinoma

Invasive encapsulated follicular variant papillary carcinoma

Papillary thyroid carcinoma

Oncocytic carcinoma of the thyroid

Follicular-derived carcinomas, high-grade
Differentiated high-grade thyroid carcinoma
Poorly differentiated thyroid carcinoma

Anaplastic follicular cell --derived thyroid carcinoma

Adapted from [24
&&

].
Integrated diagnosis of fine needle
aspiration and molecular biomarkers

These molecular profiles do not allow to provide
binary decision but refine the ROM provided by the
TBSRTC [13]. Molecular testing is particularly rec-
ommended for indeterminate cytological FNAs,
helping to guide clinical management between clin-
ical/sonographic surveillance and surgical resection
[20]. The TBSRTC described three molecular diag-
nostic categories: low molecular probability of can-
cer (�3% ROM), intermediate molecular probability
of cancer and high molecular probability of cancer
(97–99% ROM) [13]. The molecular testing has
also been able to identify high-risk cancers. In the
literature, different molecular platforms exist for
thyroid FNAs ranging from laboratory-developed
to commercialized testing such as Afirma, ThyroSeq,
ThyGenX/ThyraMIR and RosettaGX Reveal [45]
with various NPV (81–100%) and PPV (29–81%)
described [12

&&

,46–48].
The 112-gene test ThyroSeq v3 Genomic Clas-

sifier (GC) demonstrated high sensitivity and NPV
with high specificity/ PPV in a cohort of indetermi-
nate cytology (n¼257 Bethesda III and IV) [49].
With a NPV of 97%, more than 60% of patients
with indeterminate cytology may avoid surgery if
GC was performed with more than 80% of benign
nodules yielding a negative test result [49]. They
reported three molecular groups: high-risk group
(TERT, TP53 mutation; 100% cancer/NIFTP preva-
lence), BRAF-like group (BRAF V600E, NTRK3, RET
and BRAF fusions; 100% cancer/NIFTP prevalence)
and RAS-like group (NRAS, HRAS, KRAS, EIF1AX,
BRAF K601E, PTEN, IDH2, DICER1 mutations and
PPARG, THADA fusions; 62% cancer/NIFTP preva-
lence) [49]. Using the seven-gene panel on 1172 FNA
samples, Bellecine et al. [50] underlined that the rate
of mutation-positive FNAs is directly proportional
to the prevalence of cancer.

Regarding FNA diagnosis for oncocytic neo-
plasms, copy number alterations (CNAs) have also
been found to be predictive of malignancy, in
1040-8746 Copyright © 2023 The Author(s). Published by Wolters Kluwe
conjunction of other DNA mutations (e.g. TERT
promoter mutations) and nodule size [51].
Histological diagnosis of thyroid neoplasms:
2022 WHO classification

The fifth edition of the WHO classification of endo-
crine tumors has been released in 2022 (see Table 2)
integrating thyroid tumors with the major group
that derived from follicular epithelial cells and cal-
citonin-secreting C cells [24

&&

].
Follicular cells derived tumors are divided into

benign neoplasms, low-risk neoplasms and cancers.
Regarding the benign thyroid nodular change,

the new nomenclature simplifies the terms ‘Multi-
focal hyperplastic /multinodular goiter (MNG)’ in
follicular nodular disease [24

&&

].
The benign neoplasms included FTAs that can

harbor microfollicular or macrofollicular architec-
ture, with a RAS-like molecular profile. Oncocytic
FTA (>75% of oncocytic cells) of the thyroid is now
considered to be a distinct entity in the WHO clas-
sification, with specific molecular alterations such
as alterations in the mtDNA [42]. A new distinct
form of FA is the ‘FA with papillary architecture’,
predominantly found in women with subclinical or
symptomatic (15–60%) hyperthyroidism. They
are typically described to be ‘hot nodules’. At
r Health, Inc. www.co-oncology.com 17



Endocrine tumors
microscopic examination, intrafollicular papillary
architecture (centripetal intrafollicular papillae)
reflecting hyperfunctional status is found with no
PTC nuclear features or capsular/vascular invasion
[52,53].

Leading the introduction of the NIFTP entity in
the 2017 WHO classification, a new category of
tumors, the ‘low-risk neoplasms’, have been intro-
duced in the 2022WHO classification. These tumors
comprised the ‘NIFTP’ entity, tumors with uncertain
invasiveness (UMP) and tumors with striking
nuclear features of papillary carcinoma (HTT)
[24

&&

]. These entities are clinically and morpholog-
ically borderline with very low risk of distant meta-
stasis [24

&&

]. In this group of follicular neoplasms,
morphological examination is crucial to establish
the diagnosis since the presence of capsular, vascular
invasion and/or extrathyroidal extension (ETE) are
key features ofmalignancy [54,55]. Indeed, since the
2017 WHO classification, the diagnosis of thyroid
cancer has been fundamentally changed such as
papillary nuclear features are not sufficient anymore
to make the diagnosis of PTC. For encapsulated
nodules the major diagnostic criteria are the vascu-
lar/capsular infiltrative pattern. However, many
studies have underlined the poor interobserver con-
cordance in the evaluation of these features [55].
Published guidelines provide precise definition for
capsular invasion and vascular invasion criteria [54].
Angioinvasion has been quite controversial regard-
ing its prognostic role, this aspect will be discussed
in the FTC section [25].

NIFTP is more frequently described in women,
and represent 10–20% of all the thyroid tumors
diagnosed in Western countries with less frequency
in Asia [24

&&

]. Papillary nuclear feature interobserver
variability leads to significant variations of the inci-
dence of NIFTP between institutions [56,57]. There-
fore, the new 2022WHO classification has integrated
quantification criteria to diagnose thyroid cancers,
including nuclear score (0–3) based on nuclear size
and shape, membrane irregularities and chromatin
characteristics. Other morphological features are
quantified such as, among others, mitotic count,
KI-67 labeling index or percentage of growth pattern
(solid, trabecular, insular, papillary) [24

&&

,56]. For the
NIFTP, in addition to the absence of capsular and
vascular invasion and the presence of nuclear fea-
tures of papillary carcinoma (nuclear score of 2–3),
the other diagnosis criteria are related to the growth
patternwith less than 1% true papillae, less than 30%
solid/trabecular/insular growth pattern and no psam-
moma bodies neither tumor necrosis and a low
mitotic count (<3 mitosis/2mm2) [24

&&

].
Atmolecular level, 52% of NIFTP are categorized

as RAS-like tumors. The presence of a BRAF V600E
18 www.co-oncology.com
mutation is considered as evidence of PTC diagnosis
(detected by immunochemistry or by molecular
testing), and is an exclusion diagnostic criterion
[58,59].

With a female predominance, the tumors of
uncertain malignant potential (UMP) have an inci-
dence of 0.5–3% The diagnosis of follicular tumor
(FT)/well differentiated tumor (WDT)-UMP is based
on questionable invasion (capsular and/or vascular)
found in encapsulated or well circumscribed follic-
ular neoplasms. WDT-UMP have more PTC nuclear
features (nuclear score 2–3) than FT-UMP (no
nuclear PTC features or nuclear score 0–1). These
tumors are molecularly RAS-like since RAS muta-
tions are found in nearly 40% of cases. Very few
cases have been reported to have mutations in
EIF1AX and TSHr genes. The presence of BRAF
V600E mutation, TERT or TP53 mutations required
extensive examination of the tumor to exclude car-
cinoma [60,61]. These challenging histological diag-
noses remain a clinical challenge since no robust
guidelines are actually available regarding their
management.

HTT is estimated to be less than 1% of thyroid
neoplasms [62]. The diagnostic criteria are the pres-
ence of pure trabecular architecture with intra-tra-
becular hyalinization and PTC nuclear features
including prominent grooves, vacuoles and mem-
brane irregularities. No BRAF or RAS-like molecular
alterations are found, but PAX8-GLIS3 and PAX8-
GLIS1 fusions are the molecular hallmarks [63].

Malignancies of thyroid follicular cells included
FTC, IEFVPTC, PTC, OTC and follicular-derived car-
cinomas, high-grade [24

&&

]. The vast majority of
thyroid cancers (80–85% in adults, 90% in pediatric
population) are PTC, classically ‘BRAF-like’ tumors
[64]. PTC is defined to have either papillary or solid/
trabecular architecture, or invasive growth in follic-
ular-patterned tumors [24

&&

] (Fig. 1b,c). The follicu-
lar variant of PTC is defined to have more than 90%
of follicular architecture with very few or no papillae
and can be encapsulated (with vascular and/or cap-
sular invasion, named as IEFVPTC) or infiltrative.
The IEFVPTC is now reported as a separate entity
while the infiltrative follicular variant of PTC is
described in the PTC chapter’s subtypes. Interest-
ingly, both have different molecular profiles such as
IEFVPTC is a RAS-like tumor and infiltrative FVPTC
is a BRAF-like tumor. IEFVPTC can be subclassified
in different prognostic subgroups; minimally inva-
sive (capsular invasion only), angioinvasive or
widely invasive, such as reported in FTC. Other
PTC’s subtypes described in the 2022 WHO classi-
fication are the tall cell variant (>30% tall cell),
columnar cell variant, hobnail (>30% hobnail),
solid (>50% solid), diffuse sclerosing, whartin like
Volume 36 � Number 1 � January 2024
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and oncocytic (>75% oncocytes) subtype [24
&&

]. The
columnar cell, hobnail and diffuse sclerosing sub-
types are associated with poor prognosis in terms of
disease-free survival and mortality [65–67].

FTC represent 5–15% of DTC with a female
adult predominance, the pediatric presentation is
rare. Interestingly, a higher incidence of FTC than
PTC has been described in iodine-deficiency area
[68]. The key diagnostic features of FTC are the
vascular and/or capsular invasion with three sub-
types described, in the same way then IEFVPTC:
minimally invasive, angioinvasive and widely inva-
sive. The disease-free survival is significantly differ-
ent between these subtypes: 97, 81 and 46%,
respectively [69]. For the angioinvasive FTC, the
extent of vascular invasion is crucial for the prog-
nostic such as extensive (�4) vascular invasion is an
independent predictor of DFS [70]. The oncocytic
form of FTC, the OTC, is now reported as a separate
entity in the 2022 WHO classification (Fig. 1h,i).
With a female adult predisposition, the OTC is
uncommon and represent less than 5% of all DTC
[24

&&

]. Metastasis at diagnosis are found in more
than 15–40% of cases for widely invasive tumors
[71]. In the same way than for FTC, the number of
mitosis per 2mm2 and tumor necrosis have to be
evaluated to exclude high-grade features. Classical
thyroid molecular alterations such as RAS, BRAF or
PAX8-PPARG are described at low frequency in OTC.
As previously described, the recurrent molecular
alterations found in OTC included mitochondrial
DNA and chromatin regulatory genes alterations
such as SETD2 gene [71,72].

In 2000, Akslen and LiVolsi [73] proposed mor-
phological features that identified intermediate
prognosis PTC, between DTC and ATC, based on
the mitotic count and tumor necrosis. The grading
of PTC was found to have a significant impact on
prognosis, regardless of the histological differentia-
tion (e.g. insular, trabecular, . . .) [73]. In 2007, the
Turin consensus allowed to clearly identify criteria
of PDTC, including presence of a solid/trabecular/
insular pattern of growth, absence of the conven-
tional nuclear features of papillary carcinoma and
presence of at least one of the following features:
convoluted nuclei; mitotic activity at least 3�10
HPF; and tumor necrosis [74]. Now, the 2022 WHO
classification has introduced these two new catego-
ries of nonanaplastic high-grade follicular-derived
carcinomas, which included PDTC and DHGTC
[24

&&

]. The criteria to identify these tumors are based
on the mitotic count (� 3 per 2mm2 for PDTC, � 5
mitoses per 2mm2 for DHGTC), the necrosis and the
morphological pattern (solid/trabecular/insular for
PDTC and papillary, follicular or oncocytic for
DHGTC) with invasion and no anaplastic features
1040-8746 Copyright © 2023 The Author(s). Published by Wolters Kluwe
(Fig. 1e,f) [24
&&

]. These tumors represent 0.3–7% of
thyroid cancer associated with long standing goiter
and comprise 50% of FDG-PET positive/cold by
scintigraphy tumors [75]. With a 5-year overall sur-
vival of 50–70%, 20–25% of these patients have
metastasis at diagnosis [24

&&

].
High-grade follicular-derived nonanaplastic

thyroid carcinomas have intermediate load ofmuta-
tions between well differentiated carcinomas (e.g.
BRAF and RAS mutations) and anaplastic carcino-
mas (e.g. TERT and TP53 mutations) [38].
Molecular biomarkers for the prognosis and
therapeutic strategy management of thyroid
neoplasms

As discussed above preoperative molecular analyses
are used to guide the clinical management of patient
with thyroid nodules, while postoperative testing
refine the prognosis and potentially identified tar-
geted molecular alterations [24

&&

].
Regarding PTC, the prognostic role of BRAF

remains quite debatable since PTCmicrocarcinoma,
which have an excellent long-term evolution, are
frequently associated with BRAF mutation. How-
ever, many studies have underlined the poor out-
come (e.g. recurrence and staging) of BRAF-mutated
tumors as compared to wild-type tumors [30]. TERT
promoter mutations have a synergic impact with
BRAF and provide bad prognosis (e.g. distant meta-
stasis, cancer dedifferentiation) mainly in older
patients. TERT promoter mutations also have a pre-
dictive impact since resistance to radioactive treat-
ment is described in these tumors [24

&&

,76]. In a
morphological benign or low-risk thyroid neo-
plasms, the presence of BRAF V600E mutation with
TP53, PIK3CA or TERT promoter mutations should
excluded morphological features of malignancy
[24

&&

]. Recently, PLEKHS1 promoter mutations
(found in 13% of PTC) were reported in aggressive
DTC. Moreover, by multivariate analysis, the pres-
ence of TERT promoter, PLEKHS1 promoter or TP53
mutations (in association with either BRAF or RAS
mutations) were significantly associated with radio-
iodine refractory disease [77].

RET, NTRK1-3, BRAF, ALK, ROS and mTOR
molecular testing is mandatory since these molec-
ular alterations are targetable by specific drugs: Dab-
rafenib, Selumetinib and Trametinib for BRAF and
RAS-mutated thyroid carcinomas, respectively. Lar-
otrectinib, Repotrectinib and Entrectinib are used for
NTRK/ALK/ROS-fused thyroid carcinoma [12

&&

,78].
Epigenetic alterations (e.g. hypomethylation)

have been associated with worse prognosis (e.g.
distant metastasis and dedifferentiation) for FTC
and PTC [79,80]
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CONCLUSION

Molecular testing has succeeded to substantially
improve the pre and postoperative diagnosis and
risk stratification of thyroid tumors, leading to a
better screening of the patients and a more appro-
priate clinical management. However, challenges
remain since the 2022 WHO classification has
introduced new entities, which are ‘molecular
indeterminate’ and require additional upgrades.
The morphological examination is still central in
the diagnosis of thyroid tumors but are limited by
the lack of reproducibility of the criteria and the
difficulty of quantification. The morphological
assessment will benefit as in other areas of imple-
mentation from computational pathology. Future in
thyroid disease is the integrated diagnosis of clinical,
morphological, molecular and epigenetic features
with the help of artificial intelligence algorithms.
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