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Abstract: Follicular patterned nodules are sometimes complex to be classified due to ambiguous
nuclear features and/or questionable capsular or vascular invasion. In this setting, there is a poor
inter-observer concordance even among expert pathologists. Raman spectroscopy was recently used
to separate benign and malignant thyroid nodules based on their molecular fingerprint; anyway,
some histologically proved follicular adenomas were clustered as having a characteristic profile of
malignant lesions. In this study, we analyzed five follicular thyroid adenomas with a malignant
spectroscopic profile compared to five follicular adenomas with a benign Raman spectrum in order
to assess possible molecular differences between the two groups. Morphological, immunohistochem-
ical, and molecular analyses evidenced expression of malignancy-associated proteins in four out of
five malignant clustered adenomas. The remaining malignant clustered adenoma showed a TSHR
mutation previously associated with autonomously functioning follicular carcinomas. In conclu-
sion, thyroid follicular adenomas are a group of morphologically benign neoplasms that may have
altered the mutational or expression profile; cases of adenomas with altered immunophenotype are
recognized as showing a profile associated with malignancy by Raman spectroscopy. This correlation
warrants a more extensive evaluation and suggests a potential predictive value of spectroscopic
assessment in recognizing characteristics associated with tumor progression in follicular thyroid
neoplasms.

Keywords: thyroid; follicular adenoma; follicular carcinoma; molecular markers; Raman spec-
troscopy; mutational analysis; immunohistochemistry

1. Introduction

Follicular patterned thyroid lesions are a diagnostic dilemma both at cytological and
histological examinations. Microfollicular cells groups are the hallmark of cytological
samples obtained by fine needle aspiration (FNA) from adenomas (FA), from follicular
carcinomas (FC), or sometimes from follicular variant of papillary carcinomas (FV-PTC).
Such altered architectural pattern is known as the “gray area” of thyroid cytology, due to the
technical difficulty to achieve a definitive diagnosis, prior to surgery. Consequently, most
patients undergo diagnostic surgery, with a definitive malignancy diagnosis ranging from
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11% to about 47% [1]. In addition, ultrasound (US) investigations of follicular nodules do
not result useful for patient’s management, because of FA, FC, and FV-PTC may show quite
similar features. On the histological ground, follicular patterned nodules are sometimes
complex to be classified due to ambiguous nuclear features, such as clearing or grooves,
and questionable capsular or vascular invasion. In this setting, there is a poor inter-observer
concordance even among expert pathologists, thus the last edition of WHO classification [2]
of tumors of endocrine organs recognizes two subcategories of follicular nodules with
uncertain malignant potential. Ancillary tests have been proposed to improve the diagnosis
of follicular patterned lesions. Immunohistochemistry is an automatized analysis available
in a large number of laboratories. The combination of gal-3, CK19, and HBME-1 seems the
most efficient and informative marker panel reaching the greatest specificity (97%) and
sensitivity (95%) for the diagnosis of PTC, while TPO membrane staining is usually negative
in carcinomas regardless of their histological type [3]. In the contest of follicular nodules,
Galectin 3 was proposed as a screening test-method for the preoperative characterization
of indeterminate thyroid nodules in different clinical settings; moreover, it is the only
test for which methods and reagents for GAL-3-ICC have been standardized for clinical
use [4]. Today, these tests are not recommended in routine clinical use since altered
phenotypes were sometimes reported in histologically benign cases and the significance of
these alterations is still debated. Molecular analysis gives little support in differentiating
benign from malignant follicular patterned lesions [5,6]. In these cases, the reported genetic
alterations usually involve mutations in RAS genes, whereas p.V600E missense mutation
in BRAF, which is a typical hallmark of PTCs, has not been detected [7]. The overall
genetic profile of FA is similar to that of FC. A few recent studies reported specific genomic
features of adenomas and adenomatoid nodules. In a cohort of 259 adenomatoid nodules,
the authors identified mutually exclusive SPOP p.P94R, EZH1 p.Q571R, and ZNF148
mutations in 24.3% of them [7]. Jung et al. evaluated the tumor mutational burdens of
FA and FC, reporting that FA and FC genomes show comparable levels of mutations in
terms of number, sequence composition, and functional consequences (potential driver
mutations) of mutations. They hypothesized that the development of FA requires early
genetic alterations (initiation events) such as RAS, EZH1, TSHR, and EIF1AX mutations [8].
Additional genetic alterations (progression events), such as mutations in NRAS and HRAS
genes, p.K601E missense mutation in BRAF, and copy loss on chromosome 22q, seem
to contribute to the progression of FA to FC. Finally, complex gene-expression profiles
have been observed in immortalized cells lines established from FA and FC. In this study,
the authors identified a cluster of 14 genes, including LGALS3, BCL2L1, and TIMP1, that
accurately differentiated these lesions [9]. Other molecular alterations such as HGF/c-
met signal expression and cellular distribution in thyroid tumors are currently under
evaluation with a 20% expression in FA compared with 100% expression in PTC and 0%
in FC [10]. Nevertheless, there is no clear molecular profile suitable to identify FA and to
differentiate this lesion from the malignant counterpart. Most importantly, there is only one
pathway hypothesis for the progression from FA to FC, which still requires confirmatory
studies [8]. Moreover, there is no evidence about a possible malignant potential in lesions
morphologically diagnosed as adenomas.

In the last years, Raman spectroscopy (RS) has been used to characterize a variety
of biological samples, and in particular, to differentiate between healthy and neoplastic
tissues [11–13]. RS is based on the inelastic scattering of light from a molecular system.
Thus, it can provide information on biological structures, even in complex systems, and
may be used to integrate the traditional tools used for cancer diagnosis.

In 2016, for the first time, our group showed that RS is able to discriminate, with high
accuracy, between healthy and neoplastic thyroid tissues [14]. More recently, we have
identified the molecular fingerprints of thyroid neoplasms [15]. This has allowed to identify,
by statistical signal analysis, four clusters, corresponding to healthy/benign, FC, PTC, FV-
PTC tissues, among a population of 46 histological thyroid samples. In this study, we have
also singled out five follicular thyroid adenomas with a spectroscopic profile that fall in
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the cluster of malignant lesions. These findings deserve further investigation, stimulating
an in-depth examination by different approaches such as immunohistochemical profile
and mutational analysis. Herein, we analyzed ten histologically diagnosed adenomas,
including those clustered as malignant by RS compared with five adenomas clustered as
benign, in order to possibly identify molecular alterations related to ongoing malignant
transformation. Indeed, recognizing pathways of malignant progression could allow
discriminating non-evolving benign tumors from those requiring surgical management,
despite the identical morphology.

2. Materials and Methods
2.1. Ethics Statement

The study was approved by the Ethical Committee of the UCBM (prot. 33.15 TS
ComEt CBM and prot. 31/19 PAR ComEt CBM, 29 July 2019). Enrolled patients signed the
informed consent before surgery. Their data were recorded with an anonymous ID code
in the software database of the Pathology Unit of the “Campus Bio-Medico” University
of Rome. All experiments were performed in full accordance with the principle of Good
Clinical Practice (GCP) and the ethical principles contained in the current version of the
Declaration of Helsinki.

2.2. Thyroid Tissue

From September 2019 to April 2020, patients afferent to the Endocrinology Unit of
Campus Bio-Medico for thyroid nodular pathology and receiving an indication to surgery
were enrolled in the study. After the submission and signing of informed consent, these
patients underwent total thyroidectomy or lobectomy at the surgical unit of the same
institution. The removed specimens were immediately submitted unfixed to the pathology
unit in an appropriately labelled container. An experienced pathologist valued the gross
anatomy of the samples and cut a tissue slice of about 1 cm wide × 1 cm length ×
3 mm of thickness, including both healthy and neoplastic areas and avoiding surgical
margins. The slice was snap frozen on a metallic cold-plate inside a cryostat. Firstly,
a five-micron section was stained with haematoxylin/eosin to confirm the presence of
healthy and neoplastic tissue. Closely to the check, four 30 microns thick consecutive
cryostatic sections were cut, collected on separate slides, and stored at −80 ◦C until the
Raman evaluation. For diagnostic purpose, the residual slices were defrosted, formalin
fixed, and paraffin embedded with the paired surgical samples for definitive histology.
Final diagnosis was reported in agreement with the current edition of WHO classification
of endocrine tumors [2]. Among the analyzed tissues, ten follicular patterned capsulate
lesions, with clear-cut morphological criteria for diagnosis of FA, were included in this
study.

2.3. Morphological Assessment

Two pathologists (AC, CT) with special experience in thyroid diseases evaluated each
case in blind and recorded four different parameters: growth pattern, thyrocytes mor-
phology, Non Invasive Follicular Thyroid neoplasm with Papillary-like nuclear features
(NIFTP) score, and fibrous capsule. Growth pattern was reported as follicular, microfollicu-
lar, macrofollicular, trabecular, and solid. Thyrocytes were divided in usual morphology
and Hurthle cell type. NIFTP score was assigned in agreement with the published scoring
scheme [16]. Fibrous capsule was classified as thin, thick, or irregular.

2.4. Immunohistochemistry

Following the diagnostic report, a representative slide was selected from each ade-
noma case. Four-micron paraffin sections were cut, dewaxed, hydrated, and submitted for
immunohistochemistry. Immunohistochemical analysis with antibodies for Galectin3 (Cell
Marque/SIGMA-ALDRICH, Monoclonal Mouse Antibody, Clone 9C4, Dilution 1:25), CK19
(Dako, Agilent, Monoclonal Mouse Antibody, Clone RCK108, Prediluted), CD56 (Dako,
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Agilent, Monoclonal Mouse Antibody, Clone 123C3, Dilution 1:100), and HBME1 (Dako,
Agilent, Monoclonal Mouse Antibody, Clone HBME-1, Dilution 1:50) was performed in
each case using an automatized immunostainer (Omnis, Agilent).

2.5. Raman Analysis

Unpolarized Raman spectra were collected by a Renishaw InVia Micro-Raman spec-
trometer. This is equipped with a solid-state diode laser source at 532 nm with a nominal
output power of nearly 60 mW and a Leica DM2700 M confocal microscope, with a 50X
LWD and a 100X objectives. A holographic edge filter determines the high-contrast rejec-
tion for the elastically scattered light, and a diffraction grating (1800 grooves/mm) provides
a spectral resolution of about 1 cm−1. Scattered photons are detected by a Peltier cooled
CCD (1024 × 256 pixel). The laser power at the sample was set by neutral density filters,
to prevent photo-damage of tissues. The spot size was set to a few microns. Spectra were
collected in the extended scan mode, covering the 100–3800 cm−1 wavenumber range.
Wire, LabSpec, MatLab, and Origin software were used to collect, refine, and analyze the
raw spectra.

2.6. Cluster Analysis of Raman Spectra

An agglomerative hierarchical clustering analysis (AHCA) was performed on the
collected Raman spectra, after preliminary data treatment (e.g., background subtraction,
smoothing, etc.). AHCA measures the Euclidean distance among the spectra, based on
their similarity/dissimilarity and returns a dissimilarity matrix of all spectra. In the
present instance, we used the Euclidean distance, to maximize the similarities among
the spectra, along with the complete-linkage algorithm, in order to enhance differences
among the data clusters. This algorithm pairs the most similar spectra (those showing
the lowest dissimilarity value in the dissimilarity matrix) and then searches the largest
distance between such pairs and the rest of the data. The process iteratively proceeds until
a classification of the spectra into well-separated groups is obtained and visualized as a
dendrogram.

2.7. Molecular Analysis

Each sample was tested for a previously established dual-component molecular assay
that includes next-generation sequencing (NGS)-based detection of mutations in 23 thyroid
cancer-related genes and digital polymerase chain reaction (dPCR) evaluation of the ex-
pression levels of an microRNA strongly associated with thyroid cancer (miR-146b-5p) [17].
Molecular markers were selected with the aim of identifying the minimum number of
markers that can distinguish benign thyroid nodules from malignant thyroid nodules.
Five paraffin sections 10 micron thick were cut from the representative block of each ade-
noma case, previously used for immunohistochemistry. RecoverAll Total Nucleic Acid
Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to simultaneously
isolate DNA and RNA, following the manufacturer’s instructions. Nucleic acid concentra-
tions were measured using fluorescence-based Qubit® quantification assays for DNA and
RNA (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, for mutation detection, two
amplification-based libraries were prepared with 15 ng of DNA and 10 ng of RNA using
two custom thyroid-specific panels (DNA and RNA panels), the Ion AmpliSeq™ Library
Kit Plus and Ion Xpress™ Barcode Adapter 1–96 Kit according to the manufacturer’s
recommendations (Thermo Fisher Scientific, Waltham, MA, USA) [17–19]. Libraries were
clonally amplified on the Ion One Touch2 System, and subsequently sequenced on the Ion
Gene Studio S5 (Thermo Fisher Scientific, Waltham, MA, USA) with an Ion 540™ Chip
(Thermo Fisher Scientific). Data were analyzed with Torrent Suite v.5.10 software (Thermo
Fisher Scientific, Waltham, MA, USA). Annotation of genetic variants was performed with
wANNOVAR web server and analysis of gene fusions with the IonReporter 5.12 software
(Thermo Fisher Scientific, Waltham, MA, USA) [17,18].
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Expression levels of the miRNA-146b-5p were evaluated using dPCR on a QuantStudio
3D Digital PCR Instrument (Thermo Fisher Scientific, Waltham, MA, USA) as previously
described [17]. The molecular test was considered positive when miRNA expression levels
in the analyzed specimen exceeded the previously calculated cut-off value [17].

3. Results

Baseline characteristics. The study population encompassed ten patients with follicu-
lar adenoma of thyroid gland, four male and six female, of age ranging from 27 to 78 years.
Diameters of the nodules ranges from 8 to 38 mm (21.5 ± 10.46 mm mean ± SD) with an US
risk ranging from 3 to 4 in agreement with the Thyroid imaging reporting and data system
(TIRADS) [20]. Seven patients had previously received fine needle aspiration biopsy with a
cytological report of benign (TIR2) in two cases, low risk indeterminate lesion (TIR3A) in
three cases, and high risk indeterminate lesions (TIR3B) in two cases, based on the Italian
Consensus for thyroid cytology [21].

3.1. Morphological Evaluation

The morphological analysis revealed a follicular pattern of growth with various
intermingling of micro, normo, or macrofollicular arrangement. No trabecular or solid
pattern were observed. Five out of ten cases show near total Hurthle cells population.
NIFTP score ranges from 0 to 1 in nine out of ten cases; the remaining cases have focal
nuclear modification of score 2. Capsules are thin in seven cases and irregular in three.

3.2. Raman Clustering

In a previous study, we applied RS augmented by cluster analysis to investigate
histological samples from human thyroid [15]. This approach allowed us to classify each
Raman spectrum into homogeneous groups, characterized by the presence of bands from
carotenoids and cytochrome c, within the fingerprint region (600–1800 cm−1). This allowed
to distinguish healthy tissues from cancerous ones, and to discriminate for the first time
among papillary (PTC), FV-PTC, and FC.

The results, obtained by comparing the Raman spectra of these samples, classified as
adenoma by histological diagnosis, with the reference samples used in the AHCA analysis,
are reported in Figure 1. The analysis identified five histologically proved adenomas
as cancer cases among the ten investigated. In particular, Raman clustering analysis
classified TIR 44 and TIR64 as PTC; TIR71 as FV-PTC; TIR43 and TIR45 as FC; and TIR53,
TIR62, TIR74, TIR80, TIR82 as healthy/benign. Thus, all the ten samples were sent for a
deeper immunohistochemical and molecular investigation, along the lines described below,
in order to clarify if these samples are evolving towards a cancerous diagnosis.

3.3. Immunohistochemical Assessment

Immunohistochemistry has revealed altered expression of markers in six cases with
different pattern: mosaic alteration was referred to positive cells intermixed with negative
ones; cluster pattern was referred to groups of positive cells in a negative background; focus
pattern was referred to a single area of altered markers; diffuse pattern means that all cells
showed positive profile for at least a marker. The altered immunophenotype was observed
in four of five adenomas with malignant Raman clustering (Figure 2). Two cases out of five
adenomas with benign Raman clustering showed a minimal loss of CD56 staining with
cluster pattern; none of the RS benign nodules showed expression of proteins correlates to
malignant transformation (Figure 3).
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Figure 1. Agglomerative hierarchical clustering analysis (AHCA) dendrogram of the ten adenoma
samples investigated. Notice that: 5 of them fall within the healthy cluster (labelled H/B, in red,
A), while the others are spread among the three cancer categories, namely follicular carcinoma,
labelled FC (blue, C), papillary carcinoma, labelled PTC (green, B)), and follicular variant of papillary
carcinoma, labelled FV-PTC (brown, D). HB.txt, FC.txt, PTC.txt, and FV-PTC.txt indicate the reference
spectrum for each category.

Figure 2. Five cases that dropped in the malignant Raman clusters: four of them show altered
expression of immunohistochemical markers, although with different distribution on the samples. (+
positive reaction; - negative reaction)The cartoons on the right-hand panels model different patterns
of markers expression.
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Figure 3. Five cases that dropped in the benign Raman clusters: none of them show expression of
proteins acquired during neoplastic transformation; two out of five show minimal loss of CD56 (see
microscopic images) (+ positive reaction; - negative reaction). The cartoons on the right-hand panels
model different patterns of markers expression.

3.4. Molecular Analysis

In order to better clarify the molecular events that characterize the 10 follicular adeno-
mas, we profiled them with a dual component molecular assay: an amplification-based
NGS assay targeting 23 thyroid cancer-related genes and a dPCR assay evaluating miR-146b-
5p expression levels [17]. NGS-based analyses revealed four gain-of-function mutations
of TSHR (p.I486F, COSM26450; p.D633Y, COSM26419; p.S505N, rs121908876; p.D633E),
occurring in the transmembrane domain of the relative protein. In addition, one out
of the four mutated cases harbored a second variant in EIF1AX gene (p.R13L; AF:24%;
COSM6908853). All samples were negative for miRNA expression analysis. Clinical char-
acteristics, morphological features, molecular data, and Raman clustering are summarized
in Table 1.
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Table 1. Patients with follicular adenoma. Clinical features and morphological characteristics of the nodules. Legend: * Focus 1 mm PTC; n.a. not available, NGS, next-generation
sequencing; dPCR, digital PCR; AF, allele frequency. (+ positive reaction; - negative reaction).

Case TIR43 TIR44 TIR45 TIR53 TIR62 TIR64 TIR71 TIR74 TIR80 TIR82

Gender F M F F M F M M F F

Age 42 63 78 27 52 66 44 39 67 32

Max Diameter (mm) 38 30 8 18 15 16 12 38 18 22

FNA TIR3B n.a. TIR2 TIR3A TIR3B TIR3A TIR2 TIR3A n.a. n.a.

Clinical
Features

TSH 1.67 0.9 0.5 0.5 0.004 2.39 0.16 0.6 0.01 0.02

TIRADS
(1,2,3,4,5,6) 4 3 4 4 3 4 4 3 3 3

Morphological
Features

Growth Pattern
micro/
normo

follicular

micro/
macro

follicular

micro/
normo

follicular

micro/
normo

follicular

micro/
macro

follicular

micro/
macro

follicular

micro
follicular

micro/
macro

follicular

micro/
macro

follicular

micro/
normo

follicular

Thyrocytes Hurtle Usual Hurtle Hurtle Hurtle Usual Usual Hurtle Usual Usual

NIFTP score 1 1 0 0 1 2 * 1 0 0 1

Capsule Irregular Thin Irregular Thin Thin Thin Thin Thin Thin Irregular

Immuno-
Histochemical
Markers

Gal3 - mosaic + cluster - - - + focus - - - -

HBME-1 - - - - - + focus - - - -

CK19 - + cluster - - - + focus + diffuse - - -

CD56 - mosaic - cluster + + - cluster - focus - cluster + + - cluster

Molecular
Analysis
(NGS + dPCR)

SNVs/
Indels Negative Negative TSHR p.I486F;

AF:28%
TSHR p.D633Y;
AF:39% Negative Negative Negative Negative

TSHR p.S505N
AF:25%;
EIF1AX p.R13L;
AF:24%

TSHR p.D633E;
AF:40%

Gene
Fusions Negative Negative Negative Negative Negative Negative Negative Negative Negative Negative

miRNA n.a. n.a. Negative n.a. Negative Negative Negative Negative Negative Negative

Raman Cluster Malignant FC Malignant PTC Malignant FC Benign Benign Malignant PTC Malignant
FV-PTC Benign Benign Benign
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4. Discussion

Our previous study using Raman spectroscopy to evaluate the biochemical profile of
thyroid lesions [15] demonstrated that RS is able to discriminate malignant thyroid lesion
from benign nodule and healthy thyroid parenchyma with an accuracy of 90%. Of relevance,
Raman spectroscopy also separated malignant clustered cases in follicular carcinomas and
papillary carcinomas. In the same study, we found five cases histologically diagnosed
as adenomas that were reclassified as malignant in the Raman clustering, in particular,
two were reported as PTC, one as FV-PTC, and two as FC. To better understand the
molecular changes underpinning this discrepancy between morphology and spectroscopy,
we performed an extensive evaluation of ten thyroid nodules, submitted for surgery
with final histological diagnosis of follicular adenoma. The present study includes five
nodules clustered as benign by RS and five clustered as malignant (Figure 1). The first
step was the morphological assessment of cytological and histological parameters. This
evaluation did not reveal differences between benign and malignant clustered cases as far
as both their cytological aspect (Hurthle versus usual thyrocytes) and histological pattern
(capsular profile, follicular architecture). Differences between the two groups were not
visible using the nuclear NIFTP score in 9/10 cases; only in one case (TIR64), clustered as
malignant, a focus of the NIFTP score 2 of about 1 mm, was visible inside the adenoma
proliferation. Therefore, morphological assessment does not seem informative enough
to discriminate among these lesions. In addition, clinical and ultrasound parameters
such as age, gender, nodule diameter, and TIRADS classification did not show correlation
with the RS clustering. The second step was the immunohistochemical assessment for
expression of cellular proteins that are acquired (Gal3, HBME1, CK19) or lost (CD56) during
neoplastic transformation in thyroid oncogenesis. This evaluation revealed an altered
immunophenotype in four out of five of the malignant clustered adenomas (TIR43, TIR44,
TIR64, and TIR71) with a different pattern of expression, including lowering of normal
proteins and/or expression of the malignancy-associated ones. No rise of malignancy-
associated proteins was observed in the adenomas clustered as benign, while focal loss
of expression of CD56 was noted in two (TIR62 and TIR82) out of five cases. This last
finding may be not significant, being focal and limited to a single protein loss. The specific
pattern of the immunohistochemical changes shows variations in the protein expression
profile among the malignant clustered cases (Figure 2), thus supporting a heterogeneous
background of the mRNA modulation in these cases. Anyway, the prevalence of altered
immunophenotypes in the malignant clustered cases, suggests that some differences exist
between the two groups (namely malignant and benign cluster) and that a remodeling
of the proteins’ transcription occurs in the adenomas recognized as malignant by RS,
supporting the hypothesis that RS might be predictive of altered phenotype in some
follicular adenomas. Interestingly, in 3 on 5 malignant clustered cases, we observed a
combination of altered immunohistochemical markers that are considered to reach high
specificity and sensitivity for the diagnosis of carcinoma. Such cases are morphologically
indistinguishable from the benign clustered ones.

Targeted NGS of the ten adenomas revealed a high prevalence of gain-of-function
mutations of the TSHR gene (40%). TSHR is a G-protein coupled membrane receptor with a
pivotal role in physiological function and pathophysiology of benign and malignant thyroid
diseases. While activating somatic mutations of TSHR have been found in up to 84% of toxic
thyroid nodules, they are rare in malignant thyroid tumors [22]. Individual malignant cases
were reported including autonomously functioning follicular thyroid carcinomas, hyper-
functioning Hurthle carcinoma, and papillary thyroid carcinoma. However, if and how
these mutations can contribute to the development of thyroid carcinoma is still debated.
Among the TSHR mutations we found, the p.I486F has been previously associated with an
autonomously functioning follicular carcinomas [23] whereas p.D633Y mutation has been
reported in a toxic metastasizing FC [24], an Hurthle cell carcinoma, and in a pediatric
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PTC [25]. Notably, the TSHR p.I486F mutation occurs in the TIR45 case that RS classified in
the malignant cluster of FC (Table 1).

Out of TSHR mutations, we have not found any relevant differences in the molecular
assessment between benign and malignant RS clustered cases; in particular, no mutations
were identified in the main gene drivers (BRAF and RAS). These data are in agreement with
a complete independence of the Raman clustering from the mutational profile in thyroid
carcinomas [15]. Moreover, no differences were found when analyzing RNA fusions,
nor miRNA expression. However, the presence of molecular alterations other than those
analyzed cannot be ruled-out.

5. Conclusions

In conclusion, thyroid follicular adenomas are a group of clinically benign neoplasms
that may have altered mutational or expression profile; the diagnostic impact of these
results is still unknown. Cases with altered immunophenotype are categorized as malignant
by RS; this correlation deserves a more extensive evaluation aimed at understanding
the potential predictive value of spectroscopic assessment in recognizing characteristics
associated with tumor progression in follicular thyroid neoplasms.

Author Contributions: Conceptualization, A.S., M.V., M.A.R., and A.C.; Methodology, A.S., M.V.,
A.P. (Andrea Palermo), A.M.N., M.S., C.D., F.L., P.C. and A.C.; Software A.S., M.V., M.D.G. and
A.P. (Alessio Paolucci); Validation, A.S., C.D. and M.A.R.; Formal Analysis, A.S., M.V., M.D.G., A.P.
(Alessio Paolucci) and A.d.M.; Investigation, A.S., M.V., M.S., M.D.G., C.T.; Resources, C.D., A.C.;
Data Curation, A.S., M.V., A.M.N., C.D.; Writing—Original Draft Preparation, A.S., M.V., A.M.N.,
M.S., C.D. and C.T.; Writing—Review & Editing, A.P. (Andrea Palermo), M.A.R. and A.C.; Visualiza-
tion, A.d.M., F.L., P.C.; Supervision, A.S., A.P. (Andrea Palermo) and A.C.; Project Administration,
A.S., A.P. (Andrea Palermo), C.D. and A.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Italian Ministry of Health, through the TIRAMA project
(RF-2018-12366568).

Institutional Review Board Statement: The study was approved by the Ethical Committee of the
UCBM (prot. 33.15 TS ComEt CBM and prot. 31/19 PAR ComEt CBM, 29 July 2019). All experiments
were performed in full accordance with the principle of Good Clinical Practice (GCP) and the ethical
principles contained in the current version of the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available in the article (Table 1).

Acknowledgments: The authors thank the technical staff of Pathology Unit of UCBM for excellent
technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Trimboli, P.; Treglia, G.; Guidobaldi, L.; Saggiorato, E.; Nigri, G.; Crescenzi, A.; Romanelli, F.; Orlandi, F.; Valabrega, S.; Sadeghi,

R.; et al. Clinical characteristics as predictors of malignancy in patients with indeterminate thyroid cytology: A meta-analysis.
Endocrine 2014, 46, 52–59. [CrossRef] [PubMed]

2. Lloyd, R.V.; Osamura, R.Y.; Klöppel, G.; Rosai, J. (Eds.) World Health Organization Classification of Tumours of Endocrine Organs,
4th ed.; International Agency for Research on Cancer: Lyon, France, 2017; ISBN 978-92-832-4493-6.

3. Arcolia, V.; Journe, F.; Renaud, F.; Leteurtre, E.; Gabius, H.J.; Remmelink, M.; Saussez, S. Combination of galectin-3, CK19 and
HBME-1 immunostaining improves the diagnosis of thyroid cancer. Oncol. Lett. 2017, 14, 4183–4189. [CrossRef] [PubMed]

4. Sciacchitano, S.; Lavra, L.; Ulivieri, A.; Magi, F.; De Francesco, G.P.; Bellotti, C.; Salehi, L.B.; Trovato, M.; Drago, C.; Bartolazzi,
A. Comparative analysis of diagnostic performance, feasibility and cost of different test-methods for thyroid nodules with
indeterminate cytology. Oncotarget 2017, 8, 49421–49442. [CrossRef]

5. Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.; Randolph, G.W.; Sawka, A.M.;
Schlumberger, M.; et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid Nodules
and Differentiated Thyroid Cancer. Thyroid Am. Thyroid Assoc. 2016, 26, 1–133. [CrossRef] [PubMed]

6. Paschke, R.; Cantara, S.; Crescenzi, A.; Jarzab, B.; Musholt, T.J.; Sobrinho Simoes, M. European Thyroid Association Guidelines
regarding Thyroid Nodule Molecular Fine-Needle Aspiration Cytology Diagnostics. Eur. Thyroid J. 2017, 6, 115–129. [CrossRef]

http://dx.doi.org/10.1007/s12020-013-0057-1
http://www.ncbi.nlm.nih.gov/pubmed/24197803
http://dx.doi.org/10.3892/ol.2017.6719
http://www.ncbi.nlm.nih.gov/pubmed/28943926
http://dx.doi.org/10.18632/oncotarget.17220
http://dx.doi.org/10.1089/thy.2015.0020
http://www.ncbi.nlm.nih.gov/pubmed/26462967
http://dx.doi.org/10.1159/000468519


Diagnostics 2021, 11, 43 11 of 11

7. Ye, L.; Zhou, X.; Huang, F.; Wang, W.; Qi, Y.; Xu, H.; Yang, S.; Shen, L.; Fei, X.; Xie, J.; et al. The genetic landscape of benign
thyroid nodules revealed by whole exome and transcriptome sequencing. Nat. Commun. 2017, 8, 15533. [CrossRef] [PubMed]

8. Jung, S.H.; Kim, M.S.; Jung, C.K.; Park, H.C.; Kim, S.Y.; Liu, J.; Bae, J.S.; Lee, S.H.; Kim, T.M.; Lee, S.H.; et al. Mutational
burdens and evolutionary ages of thyroid follicular adenoma are comparable to those of follicular carcinoma. Oncotarget 2016, 7,
69638–69648. [CrossRef] [PubMed]

9. Wang, Q.; Shen, Y.; Ye, B.; Hu, H.; Fan, C.; Wang, T.; Zheng, Y.; Lv, J.; Ma, Y.; Xiang, M. Gene expression differences between
thyroid carcinoma, thyroid adenoma and normal thyroid tissue. Oncol. Rep. 2018, 40, 3359–3369. [CrossRef] [PubMed]

10. Trovato, M.; Campennì, A.; Giovinazzo, S.; Siracusa, M.; Ruggeri, R.M. Hepatocyte growth factor/C-met axis in thyroid cancer:
From diagnostic biomarker to therapeutic target. Biomark. Insights 2017, 12. [CrossRef]

11. Kallaway, C.; Almond, L.M.; Barr, H.; Wood, J.; Hutchings, J.; Kendall, C.; Stone, N. Advances in the clinical application of Raman
spectroscopy for cancer diagnostics. Photodiagn. Photodyn. Ther. 2013, 10, 207–219. [CrossRef]

12. Krafft, C.; Popp, J. Raman4Clinics: The prospects of Raman-based methods for clinical application. Anal. Bioanal. Chem. 2015, 407,
8263–8264. [CrossRef] [PubMed]

13. Palermo, A.; Fosca, M.; Tabacco, G.; Marini, F.; Graziani, V.; Santarsia, M.C.; Longo, F.; Lauria, A.; Cesareo, R.; Giovannoni, I.; et al.
Raman Spectroscopy Applied to Parathyroid Tissues: A New Diagnostic Tool to Discriminate Normal Tissue from Adenoma.
Anal. Chem. 2018, 90, 847–854. [CrossRef] [PubMed]

14. Rau, J.V.; Graziani, V.; Fosca, M.; Taffon, C.; Rocchia, M.; Crucitti, P.; Pozzilli, P.; Onetti Muda, A.; Caricato, M.; Crescenzi, A.
RAMAN spectroscopy imaging improves the diagnosis of papillary thyroid carcinoma. Sci. Rep. 2016, 6, 35117. [CrossRef]
[PubMed]

15. Sbroscia, M.; Di Gioacchino, M.; Ascenzi, P.; Crucitti, P.; di Masi, A.; Giovannoni, I.; Longo, F.; Mariotti, D.; Naciu, A.M.; Palermo,
A.; et al. Thyroid cancer diagnosis by Raman spectroscopy. Sci. Rep. 2020, 10, 13342. [CrossRef]

16. Seethala, R.R.; Baloch, Z.W.; Barletta, J.A.; Khanafshar, E.; Mete, O.; Sadow, P.M.; LiVolsi, V.A.; Nikiforov, Y.E.; Tallini, G.;
Thompson, L.D. Noninvasive follicular thyroid neoplasm with papillary-like nuclear features: A review for pathologists. Mod.
Pathol. 2018, 31, 39–55. [CrossRef]

17. Sponziello, M.; Brunelli, C.; Verrienti, A.; Grani, G.; Pecce, V.; Abballe, L.; Ramundo, V.; Damante, G.; Russo, D.; Lombardi, C.P.;
et al. Performance of a dual-component molecular assay in cytologically indeterminate thyroid nodules. Endocrine 2020, 68,
458–465. [CrossRef]

18. Sponziello, M.; Silvestri, G.; Verrienti, A.; Perna, A.; Rosignolo, F.; Brunelli, C.; Pecce, V.; Rossi, E.D.; Lombardi, C.P.; Durante,
C.; et al. A novel nonsense EIF1AX mutation identified in a thyroid nodule histologically diagnosed as oncocytic carcinoma.
Endocrine 2018, 62, 492–495. [CrossRef]

19. Verrienti, A.; Pecce, V.; Abballe, L.; Ramundo, V.; Falcone, R.; Inanloo Nigi Jak, F.; Brunelli, C.; Fadda, G.; Bosco, D.; Ascoli,
V.; et al. Analytical validation of a novel targeted next-generation sequencing assay for mutation detection in thyroid nodule
aspirates and tissue. Endocrine 2020, 69, 451–455. [CrossRef]

20. Tessler, F.N.; Middleton, W.D.; Grant, E.G.; Hoang, J.K.; Berland, L.L.; Teefey, S.A.; Cronan, J.J.; Beland, M.D.; Desser, T.S.; Frates,
M.C.; et al. TI-RADS. J. Am. Coll. Radiol. 2017, 14, 587–595. [CrossRef]

21. Nardi, F.; Basolo, F.; Crescenzi, A.; Fadda, G.; Frasoldati, A.; Orlandi, F.; Palombini, L.; Papini, E.; Zini, M.; Pontecorvi, A.; et al.
Italian consensus for the classification and reporting of thyroid cytology. J. Endocrinol. Invest. 2014, 37, 593–599. [CrossRef]

22. Stephenson, A.; Lau, L.; Eszlinger, M.; Paschke, R. The Thyrotropin Receptor Mutation Database Update. Thyroid 2020, 30,
931–935. [CrossRef] [PubMed]

23. Camacho, P.; Gordon, D.; Chiefari, E.; Yong, S.; DeJong, S.; Pitale, S.; Russo, D.; Filetti, S. A Phe 486 thyrotropin receptor mutation
in an autonomously functioning follicular carcinoma that was causing hyperthyroidism. Thyroid 2000, 10, 1009–1012. [CrossRef]
[PubMed]

24. Führer, D.; Tannapfel, A.; Sabri, O.; Lamesch, P.; Paschke, R. Two somatic TSH receptor mutations in a patient with toxic
metastasising follicular thyroid carcinoma and non-functional lung metastases. Endocr. Relat. Cancer 2003, 10, 591–600. [CrossRef]
[PubMed]

25. Pozdeyev, N.; Gay, L.M.; Sokol, E.S.; Hartmaier, R.; Deaver, K.E.; Davis, S.; French, J.D.; Borre, P.V.; LaBarbera, D.V.; Tan, A.C.;
et al. Genetic analysis of 779 advanced differentiated and anaplastic thyroid cancers. Clin. Cancer Res. 2018, 24, 3059–3068.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms15533
http://www.ncbi.nlm.nih.gov/pubmed/28580939
http://dx.doi.org/10.18632/oncotarget.11922
http://www.ncbi.nlm.nih.gov/pubmed/27626165
http://dx.doi.org/10.3892/or.2018.6717
http://www.ncbi.nlm.nih.gov/pubmed/30272326
http://dx.doi.org/10.1177/1177271917701126
http://dx.doi.org/10.1016/j.pdpdt.2013.01.008
http://dx.doi.org/10.1007/s00216-015-8962-1
http://www.ncbi.nlm.nih.gov/pubmed/26362157
http://dx.doi.org/10.1021/acs.analchem.7b03617
http://www.ncbi.nlm.nih.gov/pubmed/29227640
http://dx.doi.org/10.1038/srep35117
http://www.ncbi.nlm.nih.gov/pubmed/27725756
http://dx.doi.org/10.1038/s41598-020-70165-0
http://dx.doi.org/10.1038/modpathol.2017.130
http://dx.doi.org/10.1007/s12020-020-02271-y
http://dx.doi.org/10.1007/s12020-018-1611-7
http://dx.doi.org/10.1007/s12020-020-02372-8
http://dx.doi.org/10.1016/j.jacr.2017.01.046
http://dx.doi.org/10.1007/s40618-014-0062-0
http://dx.doi.org/10.1089/thy.2019.0807
http://www.ncbi.nlm.nih.gov/pubmed/32111150
http://dx.doi.org/10.1089/thy.2000.10.1009
http://www.ncbi.nlm.nih.gov/pubmed/11128715
http://dx.doi.org/10.1677/erc.0.0100591
http://www.ncbi.nlm.nih.gov/pubmed/14713269
http://dx.doi.org/10.1158/1078-0432.CCR-18-0373
http://www.ncbi.nlm.nih.gov/pubmed/29615459

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Thyroid Tissue 
	Morphological Assessment 
	Immunohistochemistry 
	Raman Analysis 
	Cluster Analysis of Raman Spectra 
	Molecular Analysis 

	Results 
	Morphological Evaluation 
	Raman Clustering 
	Immunohistochemical Assessment 
	Molecular Analysis 

	Discussion 
	Conclusions 
	References

