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Editorial

Clinical Advances in Thyroid Disease Assessment and Management
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Thyroid disorders affect millions worldwide, with differentiated thyroid cancer (DTC)
representing the most common endocrine malignancy. Detection rates have risen substan-
tially, largely due to the widespread use of ultrasonography (US), creating new diagnostic
and therapeutic challenges in DTC management. Current clinical practice relies heavily on
sonographic features of thyroid nodules and structured reporting systems such as Ameri-
can College of Radiology Thyroid Imaging, Reporting and Data System (ACR TI-RADS).
However, the variability in outcomes among similar imaging categories underscores the
need for improved assessment methods. Likewise, the quantification of treatment response
and long-term outcomes, previously a barrier to individualized therapy, is being addressed
through the integration of molecular and demographic predictors into clinical algorithms.

1. Improving Nodule Risk Assessment

Currently used risk stratification models rely predominantly on imaging character-
istics, often overlooking patient-specific factors. Integrating demographic and clinical
variables such as age, gender, and size of the nodule into classification systems may
improve predictive precision. Recent research has shown measurable improvements in
thyroid nodule risk stratification when patient-specific factors are integrated into imaging-
based classification systems [1]. Age has emerged as a strong independent predictor of
malignancy, with odds ratios decreasing consistently with advancing age across all ACR
TI-RADS categories. In a cohort of 1128 nodules, malignancy rates varied markedly by age
group, with younger patients exhibiting a higher risk even within lower ACR TI-RADS.
Nodule size remains a critical determinant, with larger nodules carrying higher malignancy
rates independent of sonographic score. These findings support adjusted thresholds for
recommending fine needle aspiration, particularly for sonographically “indeterminate”
nodules, based on patient age and gender.

2. Thyroid Cancer Epidemiological Changes

An analysis of 94,892 patients from the Surveillance, Epidemiology, and End Results
(SEER) database (2001–2020) revealed significant epidemiological changes [2]. The pro-
portion of patients aged ≥ 60 years increased by 4.2%, that of males increased by 2.1%,
and papillary thyroid carcinoma (PTC) cases increased by 5.3% in the 2011–2020 cohort
compared with 2001–2010. Regional disease presentation rose by 3.7%, reflecting potential
changes in both detection practices and disease biology. Although survival improved
by 8% in the later cohort, this difference is not statistically significant. Key prognostic
factors included stage, age, gender, and histopathological subtype. Patients with the fol-
licular variant of PTC demonstrated the most favourable outcome (HR: 0.78), while those

J. Clin. Med. 2025, 14, 7510 https://doi.org/10.3390/jcm14217510
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with anaplastic tumors and thyroid sarcomas showed the poorest prognosis (HR: 9.61),
as expected.

3. Radioiodine Therapy: Modulating Clinical Indications

Radioiodine therapy remains a cornerstone in thyroid disease management. In benign
conditions, its therapeutic scope is still expanding. The authors of a recent study involving
patients with large toxic multinodular goiter treated with 20 mCi (740 MBq) of 131I reported
a mean thyroid volume reduction of 36% at six months, accompanied by a 12.8% increase
in tracheal diameter [3]. These findings support the use of 131I as an effective alternative to
surgery, even in managing large goiters.

In DTC, a risk-adapted approach to 131I therapy has become standard practice. Treat-
ment intent, whether ablative, adjuvant, or therapeutic, is now guided by individualized
risk assessment. Post-therapy 131I scintigraphy provides essential staging information,
underscoring the theranostic role of 131I [4]. Personalized therapy selection approaches
consider both stimulation methods and administered activity, optimized according to
patient-specific parameters.

4. Advances in Biomarker Development and Validation

Analytical challenges in thyroid biomarker measurement have limited the wide clini-
cal adoption of promising markers. New-generation calcitonin (CT) immunoassays have
addressed long-standing issues related to pre-analytical degradation and inter-assay vari-
ability [5–7]. Procalcitonin has emerged as a robust alternative or complementary marker
to CT, particularly valuable when CT levels are indeterminate [8].

Evaluation of biomarker kinetics provides additional insights: CT and carcinoem-
bryonic antigen (CEA) doubling times shorter than six months indicate poor prognosis,
whereas values exceeding two years are associated with favourable outcomes. Novel
biomarkers, such as pro-gastrin-releasing peptide (ProGRP) and CA19-9, are under investi-
gation for monitoring advanced disease and assessing therapeutic response [9].

5. Autoimmune Thyroid Disease and Pregnancy

Recent clinical studies have clarified optimal timing for conception after 131I therapy
in women with Graves’ disease. TRAb levels may remain elevated for up to two years post-
treatment, with the risk of hyperthyroidism declining over time: 8.8% when conception
occurs within 6–12 months, 5.5% at 12–18 months, and 3.6% for 18–24 months [10].

Third-trimester TRAb levels above 10 U/L are the principal risk factor for neonatal hy-
perthyroidism. Regarding anti-thyroid drugs, propylthiouracil increases fetal malformation
risk by approximately 1.1–1.6% above baseline, while thiamazole increases risk by 2–3%
depending on dose. These findings inform preconception counseling and individualize
management during pregnancy [11].

6. Redifferentiation Therapy in Radioiodine-Refractory DTC

Pharmacological redifferentiation therapies are redefining the management of
radioiodine-refractory DTC. These strategies primarily target the MAPK signaling pathway
to restore sodium iodide symporter expression, thereby re-establishing radioiodine avid-
ity [12]. Clinical trials involving the use of MEK and BRAF inhibitors have demonstrated
renewed radioiodine uptake in previously refractory tumors, offering a potential shift from
palliative to disease-modifying treatment [13–21].
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7. Management of Rare Thyroid Disorders

Resistance to thyroid hormone (RTH) remains a rare but clinically significant condition,
often complicating perioperative care. Mutations in thyroid hormone receptor genes (THRα
or THRβ) result in elevated thyroid hormone levels with non-suppressed TSH and a mixed
clinical phenotype with features of either hypothyroidism or hyperthyroidism. A recent
case report described successful perioperative management in a pediatric patient with
complex congenital heart disease and RTH [22]. Thiamazole administration selectively
mitigated thyroid hormone effects on α-receptors, enabling safe cardiac surgery. This
case exemplifies the importance of individualized strategies for managing rare endocrine
disorders with complex comorbidities.

8. Knowledge Gaps and Future Research Directions

The authors of future studies should integrate molecular and genomic profiling into
clinical decision-making algorithms. Validation of genetic and epigenetic predictors in
large, diverse cohorts will improve risk stratification and identify novel therapeutic targets.

Artificial intelligence and machine learning offer substantial promise for enhancing
diagnostic accuracy. Multimodal data integration, including imaging, molecular, and
clinical features, could strengthen risk assessment and treatment selection. In addition,
prospective validation of AI tools is an important research priority.

Long-term, population-based follow-up studies are essential to confirm the clinical
utility of new diagnostic and therapeutic strategies. Establishing biobanks and standardized
outcome registries will facilitate this progress. Finally, cost-effectiveness analyses are
needed to guide the adoption of novel technologies.

9. Conclusions

Recent advances in thyroid medicine have led to measurable improvements in diagno-
sis, risk assessment, and treatment outcomes. The integration of patient-specific parameters
with imaging-based classifications enhances thyroid nodule characterization. Biomarker
development continues to refine both diagnostic precision and disease monitoring.

Epidemiological data reveal evolving disease patterns, while innovation in radioiodine
and redifferentiation therapy expands therapeutic possibilities. Despite this progress, how-
ever, challenges persist in standardizing protocols, validating biomarkers, and achieving a
true personalization of treatment.

The studies presented in this Special Issue provide evidence-based insights into the
evolving domains. Continued collaborations among researchers, clinicians, and health-
care systems will be essential to translate these advances into routine clinical practice
and to achieve the ultimate goal: improved patient outcomes through precision-based
thyroid care.

Author Contributions: Conceptualization, P.P.O. and L.G.; methodology, P.P.O. and L.G.; investiga-
tion, P.P.O. and L.G.; data curation, P.P.O. and L.G.; writing—original draft preparation, P.P.O. and
L.G.; writing—review and editing, P.P.O. and L.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

3



J. Clin. Med. 2025, 14, 7510

References

1. Angelopoulos, N.; Androulakis, I.; Askitis, D.P.; Valvis, N.; Paparodis, R.D.; Petkova, V.; Boniakos, A.; Zianni, D.; Rizoulis, A.;
Bantouna, D.; et al. Integrating Clinical Parameters into Thyroid Nodule Malignancy Risk: A Retrospective Evaluation Based on
ACR TI-RADS. J. Clin. Med. 2025, 14, 5352. [CrossRef]
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Abstract: Background/Objectives: The management of differentiated thyroid cancer (DTC) patients
has undergone a major paradigm shift in past years, especially regarding the role of a careful
postoperative disease assessment both in deciding for or against the use of iodine-131 therapy (i.e.,
patients’ selection) and in selecting the correct goal of the treatment: ablative, adjuvant or therapeutic.
Furthermore, diagnostic and risk-oriented uses of iodine isotopes (i.e., 123/124/131I) should always be
considered during both postoperative assessment and follow-up of DTC patients to improve early
staging and response assessment to initial treatments, respectively. The present review summarizes
current (and real-life-related) evidence and the emerging perspectives on the therapeutic, diagnostic,
and theragnostic use of radioiodine isotopes. Methods: A review of the pertinent literature was
performed in PubMed, Web of Science, and Scopus without language restrictions or time limits and
using one or more fitting search criteria and terms. Results: According to the literature evidence
and real-life clinical practice, a risk-oriented postoperative iodine-131 therapy remains pivotal for
most DTC patients and improves early disease staging through post-therapy functional imaging
(i.e., theragnostic aim). Accordingly, the goal of iodine-131 therapy, the optimal strategy (empiric
vs. dosimetric approach), the appropriate stimulation method [i.e., levothyroxine (L-T4) withdrawal
vs. recombinant human thyrotropin (rhTSH) administration] and, finally, the suggested radioiodine
activity to deliver for iodine-131 therapy (RIT) should be personalized, especially in metastatic
DTC patients. Conclusions: The evidence related to the diagnostic and theragnostic use of iodine
isotopes leads to a significant improvement in the postoperative risk stratification and staging of DTC
patients in addition to a more accurate assessment of the response to initial treatments. In conclusion,
radioiodine is really an oldie but goldie radiotracer. It has both a current fundamental role and a future
perspective for the more careful management of DTC patients.

Keywords: iodine-131; iodine-123; iodine-124; radioiodine therapy; theragnostic; diagnostic
functional imaging; differentiated thyroid cancer

1. Introduction

The first therapeutic application of iodine-131 was successfully administered for the
first time more than 80 years ago by Doctor Saul Hertz to treat a young female patient
affected by hyperthyroidism due to Graves’ disease (GD). Since then, millions of patients
worldwide have been receiving iodine-131 therapy (RIT) for the definitive treatment of
autoimmune (i.e., GD) or non-autoimmune hyperthyroidism [i.e., toxic (multi)-nodular
goiter (TMNG/TNG, respectively)], such as through post-surgical therapy of DTC. Iodine-
131 decays by β-electrons and emits an electromagnetic photon (i.e., gamma-ray). Based
on these physical characteristics, iodine-131 can be considered the first theragnostic agent
in nuclear medicine: its gamma-ray emission is used to observe and quantify iodine
distribution and kinetics within the target (e.g., thyroid gland or remnant). In contrast, its

J. Clin. Med. 2024, 13, 6400. https://doi.org/10.3390/jcm13216400 https://www.mdpi.com/journal/jcm6
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β-particle emission (β-radiation) produces a therapeutic effect. The physical characteristics
of this oldie but goldie radiotracer are useful for the correct clinical, diagnostic, and
therapeutic management of DTC patients.

Differentiated thyroid cancer, a follicular cell-originating tumor, is the most frequent
thyroid malignancy, and its incidence has been increasing in recent decades with an overall
increased annual incidence of about 3% [1–3].

The most common DTC histotype is represented by papillary thyroid carcinoma (PTC),
accounting for more than 80% of all thyroid malignancies with a significant prevalence of
both small tumors and female patients [1,4–9].

In DTC patients, the standard of care involves risk-oriented thyroid surgery, post-
operative iodine-131 therapy (p-RIT), and both individualized long-term follow-up and
levothyroxine therapy tailored according to the patients’ risk of relapse [1,10–15]. The
goal of postoperative RIT should always be marked as follows: thyroid remnant ablation,
adjuvant therapy, and treatment of known metastases.

According to Avram et al. [16], (p-RIT) can be planned by two different empirical
approaches: (i) the “functional imaging-guided approach” (i.e., theragnostic approach),
based on information obtained with a postoperative diagnostic radioiodine (123I, 131I, 124I)
scan, or (ii) the “risk-adapted approach”, based on the local standard of care and the
evaluation of clinical–pathological factors other than imaging evidence. Additionally, the
dosimetric approach could also be taken into account, at least for patients in whom RIT is
performed for ablative or therapeutic purposes.

In addition, RIT represents the primary treatment modality in advanced DTC patients
affected by loco-regional and/or distant iodine-avid metastases detected at post-therapy
radioiodine scan or during follow-up [10,12,17]. In such patients, radioiodine activity is
sometimes preferably chosen by a dosimetric approach using the so-called lesion-based
(primarily targeting efficacy) or blood-based (primarily targeting safety) methods [16,18].

Finally, a risk-adapted use of diagnostic whole-body scintigraphy (Dx-WBS) with
radioiodine isotopes (131I or 123I) (i.e., functional imaging) should always be considered
in selected DTC patients both for better assessing the response to initial treatments (i.e.,
thyroid surgery and RIT) and during late follow-up, as already reported [19–23].

The present review aims to discuss current (and real-life-related) evidence and emerg-
ing perspectives on the therapeutic, diagnostic, and theragnostic use of radioiodine iso-
topes.

2. Methods

Starting from the review query, we carried out a literature search of Embase, PubMed/
MEDLINE, and Scopus with the purpose of extracting any significant published studies
based on the diagnostic, therapeutic, and theragnostic role of radioiodine isotopes. No
restrictions regarding either the year of the papers’ release or their language were applied.
We used one or more fitting search criteria and terms. The combination terms used for this
research are listed below: (A) “Radioiodine therapy” OR “Diagnostic radioiodine” AND
(B) “Radioiodine isotopes” or “Radioiodine” AND (C) “differentiated thyroid cancer” OR
“thyroid cancer” OR “Radioiodine functional imaging” OR “follow-up” OR “theragnostic”.

3. Diagnostic Functional Imaging

The use of diagnostic iodine-131 whole-body scintigraphy (Dx-WBS) has been lim-
ited in recent years since some authors argue that it is less sensitive than pT-WBS in
detecting metastases other than producing the so-called “stunning effect” of iodine-avid
tissue [23–25].

However, this criticism should no longer be taken into account for at least two main rea-
sons: (i) technological improvement in nuclear medicine instrumentation [i.e., SPECT/CT
imaging (hybrid imaging)], image acquisition and reconstruction protocols, with the result-
ing possibility to administer lower (≤74 MBq) iodine-131 activity, thus reducing the risk of a
stunning effect and increasing the diagnostic performance, especially in terms of sensitivity
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and specificity, and (ii) the wider availability of iodine isotopes other than iodine-131 (i.e.,
123/124I), which are able to produce higher-quality imaging, avoiding the stunning effect,
and with the consequent further improvement of the diagnostic performance [23,25].

Accordingly, diagnostic functional imaging using different iodine isotopes (e.g.,
131/123/124I) can be used during the postoperative assessment of DTC patients to improve
their risk stratification and early staging. Thus, the decision-making process can be en-
hanced in deciding for or against RIT and in choosing its correct purpose (e.g., “functional
imaging-guided approach”; see the specific paragraph).

Currently, iodine-131 or iodine-123 Dx-WBS is more frequently used in the follow-up
of DTC patients as part of the diagnostic procedures (e.g., laboratory test and nUS) to
evaluate the response to initial therapies (e.g., thyroid surgery and RIT) or in DTC patients
with recurrent disease [12].

According to the 2015 ATA guidelines, the use of iodine-131 or iodine-123 Dx-WBS at
the time of the first follow-up (i.e., response assessment) should be reserved for patients
with (1) positive TgAb; (2) poorly informative pT-WBS (e.g., due to the presence of large
thyroid remnant); or (3) high-risk DTC [10]. Some authors have also reported on the
usefulness of Dx-WBS in patients with metastases at pT-WBS and/or primary malignancy
in the isthmus [12,26]. In particular, the isthmus topography of malignant thyroid nodules
is an independent risk factor for having both metastatic disease at initial diagnosis and
persistent disease at the time of the first follow-up (i.e., response assessment), as already
described [26–32]. Accordingly, in such patients, a more aggressive follow-up, including
diagnostic functional imaging, should always be considered [8,26].

Recently, the shared guidelines between the American and European Association of
Nuclear Medicine (SNMMI and EANM, respectively) [16] considered important the use of
Dx-WBS to (1) establish a new baseline after RIT [33]; (2) determine interval response to RIT;
and (3) assess the patient’s thyroid cancer status. Along with laboratory tests (i.e., basal
and stimulated-Tg testing) and cross-sectional anatomic imaging, the results of follow-up
DxWBS contribute to the dynamic risk restratification of DTC patients.

To date, Dx-WBS (regardless of the iodine isotopes used) should always be integrated
by hybrid imaging (i.e., 123/131I-Dx-WBS-SPECT/CT) to significantly improve the diag-
nostic performance of the functional imaging, especially in detecting micro-metastases
involving the lymph nodes of the central compartment (i.e., VI Robbins’ level) in patients
with negative nUS but a less than excellent response to initial therapies [i.e., bio-chemical
indeterminate or biochemical incomplete response (BIndR or BIR, respectively)] [12,34]. In
such patients, 123/131I-Dx-WBS-SPECT/CT is able to change the response assessment from
BIndR/BIR (better prognosis) to structural incomplete response (SIR, worse prognosis),
thus significantly modifying their further clinical, diagnostic, and therapeutic management,
as recently described [35].

Recently, a basal Tg value ≥ 0.39 ng/mL has been suggested for selecting patients
to address 123I-Dx-WBS-SPECT/CT to further increase the diagnostic performance of
functional imaging and reduce the number of cases that cannot be used [35].

To date, the use of rhTSH (i.e., exogenous stimulation on L-T4 therapy) is supported as
the preferred strategy to perform 123/131I-Dx-WBS-SPECT/CT, which can reduce patients’
discomfort while maintaining the diagnostic accuracy of functional imaging [8,21,22,36].

4. Postoperative Iodine-131 Therapy (p-RIT)

The goal of RIT can only be established once the postoperative disease status has
been assessed by integrating the histopathological report and the so-called “local factors”
(i.e., clinical, laboratory, and imaging parameters, which can be different from patient to
patient). Accordingly, the first administration of 131I therapeutic activity (i.e., p-RIT) can
be used for the following reasons: (1) to destroy normal thyroid tissue remnants in DTC
patients classified as low-risk for having persistent/recurrent disease according to the
histopathological report (i.e., ablative aim); (2) to irradiate suspected but unproved (e.g., by
imaging studies) loco-regional and/or distant metastatic disease in low-to-intermediate or
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intermediate risk DTC patients (adjuvant aim); or (3) to treat loco-regional and/or distant
metastatic disease already noted by imaging studies (therapeutic aim) [16,37].

Noteworthily, p-RIT is used in low-risk DTC patients to simplify their long-term
follow-up, which is always necessary in such patients, by using serum thyroglobulin
(Tg) monitoring [associated with thyroglobulin antibody (TgAb) measurement] and neck-
ultrasound (nUS) (if needed) [38].

However, in such patients, p-RIT can also be used for an early functional (re)staging
based on theragnostic information obtained by 131I post-therapy whole-body scintigraphy
(pT-WBS), ideally associated with SPECT/CT (Figure 1). Indeed, unexpected loco-regional
(i.e., micro-lymph node metastases) and/or distant metastases (more rarely) can be noted
in low-risk DTC with undetectable or low Tg levels (in the absence of TgAb) and negative
nUS [7,12,39–47] (Figure 2). However, false positive radioiodine uptake can be sometimes
noted at pT-WBS due to inflammatory or benign disease, as well as some malignant lesions,
as already described [48,49]. Noteworthily, the use of hybrid imaging (i.e., SPECT/CT),
as a complement to planar imaging, significantly improves the “diagnostic” performance
of pT-WBS, reducing the number of either false positive (i.e., radioiodine pitfalls) or false
negative results [20,21,36,50].

Figure 1. A twenty-six-year-old woman affected by multifocal papillary thyroid carcinoma (12 mm
in maximum size), follicular variant, located in the lower part of the left lobe (pT1b(m), Nx, Mx).
Postoperative neck-ultrasonography (nUS) performed within three months after thyroid surgery
did not show any thyroid remnant and/or suspicious or pathological loco-regional lymph node.
The patient underwent rhTSH-aided (standard protocol) iodine-131 therapy (RIT) with ablative
purpose (2.2 GBq). At RIT, the peaks of TSH 65 μIU/mL, TgAb 13.6 IU/mL, and basal and stimulated
Tg values (day 1, 3, and 5) were <0.04, 3.2, and 10.3 ng/mL, respectively. (A,B) pT-WBS (anterior
and posterior views) and static images (anterior and posterior views) of the neck–thoracic region
were obtained two days after RIT. An intense radioiodine uptake consistent with thyroid remnant
parenchyma was noted in the right thyroid bed ((A,B) arrowheads). In addition, a small-sized
radioiodine avid lymph node metastasis (red arrows) located in the pre-tracheal region (i.e., VI
Robbins’ level) was noted (C–E).
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Figure 2. A fifty-two-year-old man affected by papillary thyroid carcinoma (24 mm in maximum size),
classical variant, located in the left lobe (pT2, Nx, Mx). Postoperative neck-ultrasonography (nUS)
performed within three months after thyroid surgery did not show any thyroid remnant and/or
suspicious or pathological loco-regional lymph node. The patient underwent rhTSH-aided (standard
protocol) iodine-131 therapy (RIT) with ablative purpose (2.2 GBq). (A,B): pT-WBS (anterior and
posterior views) and static images (anterior and posterior views) of the neck–thoracic region were
obtained two days after RIT. Three areas of intense radioiodine uptake (arrowheads) consistent with
thyroid remnants were noted in the thyroid bed. In addition, a slight but focal radioiodine uptake
consistent with lymph node metastasis was observed immediately below both the thyroid remnant
and jugulum region (black arrows). At RIT, the peaks of TSH 111 μIU/mL, TgAb < 10 IU/mL, and
basal and stimulated Tg values (days 1, 3, and 5) were always <0.15 ng/mL.

Although some different points of view exist between endocrinologists and nuclear
medicine physicians on the use of p-RIT in lower-risk DTC patients, a strict cooperation
within a multidisciplinary team is mandatory for better defined local standards of care. All
in all, p-RIT therapy should be considered under the following conditions:

1. Tumor diameter greater than 20 mm: The risk of locoregional and/or distant metastatic
disease at diagnosis/initial treatment increases with tumor size, becoming significant
for lesions > 2 cm [8,51–55]. The ATA guidelines also report that, in these patients,
the risk of structural disease persistence/recurrence (and therefore a more severe
prognosis) increases significantly, rising from 1 to 2% in unifocal microcarcinomas to
5% for tumors measuring between 2 and 4 cm [10].

2. Tumor diameter between 10 and 20 mm, multifocal/bilateral: The risk of structural
disease persistence/recurrence is not negligible, affecting up to 6% of patients with
multifocal and/or bilateral tumors [10,56].
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3. Isthmic location: The isthmic location has emerged as an additional and independent
risk factor for both the presence of locoregional or distant metastases at diagno-
sis/initial treatment and disease persistence one year after initial treatments [26,57].

4. Presence of thyroid residue and/or locoregional metastases on postoperative ultra-
sound and/or functional imaging: Thyroid residue visible on morphological and/or
functional imaging (indicating a suboptimal surgery) increases the risk of disease
persistence/recurrence, which grows as its size increases, and also limits the diag-
nostic value of thyroglobulin (Tg) during follow-up. Additionally, the identification
of locoregional lymph node metastases on ultrasound imaging indicates radioiodine
therapy (with a therapeutic intent) [37].

5. Measurable postoperative basal and/or stimulated thyroglobulin; positive anti-
thyroglobulin antibodies: RIT should also be considered for patients with basal
and/or stimulated Tg (endogenous or exogenous stimulation using recombinant TSH,
rhTSH) above the local institutional cut-off and, in any case, above 2 and 5 ng/mL,
respectively [10,16,58,59]. Moreover, RIT should always be considered in patients
with positive anti-thyroglobulin antibodies (AbTg). In fact, the positivity of AbTg
makes the follow-up of patients more difficult and less reliable, limiting both the
diagnostic accuracy and the clinical significance of Tg measurements [10,16,58,59].
The AbTg value is also important since the commonly reported reference cut-offs
refer to the adult population with an intact thyroid. Therefore, the use of the Limit of
Quantification (LoQ) or the Limit of Detection (LoD) has been proposed to exclude
the presence of potentially interfering AbTg [60,61].

6. Presence of locoregional and/or distant metastases on postoperative functional whole-
body imaging and “hybrid” imaging (131-123I-Dx-imaging): Postoperative diagnos-
tic functional imaging (123/131I-Dx-imaging) provides information that changes the
histopathological risk class in 15% of DTC patients. The use of 123/131I-Dx-imaging,
by revealing the presence of locoregional and/or distant metastases, could modify
the clinical management of a significant number of patients, indicating the need for
131I therapy with therapeutic intent [16].

In addition to the parameters considered above, the decision for or against the use of
RIT for low-to-intermediate risk DTC patients should also take into account local factors
that differ among patients according to their demographic, clinical, economic, and social
characteristics and provenience. Thus, based on technical–methodological availability,
expertise for follow-up, and patient preferences, RIT should always be taken into account
when the following cases occur:

a. Less than optimal pre- and postoperative neck-US evaluation;
b. Less than optimal thyroid surgery (i.e., low-volume thyroid surgeon);
c. Poorly informative histological report (i.e., not a standardized report);
d. Positive anti-thyroglobulin antibody;
e. Limited access to referral centers;
f. Patient’s will to maximize the therapeutic process to reduce anxiety related to disease

recurrence, considering that the goal of cancer treatment is not only to prolong
survival but also to maintain and improve the quality of life.

Finally, 131I therapy represents the main treatment option in DTC patients with iodine-
avid metastases, and up to 50% of such patients obtain a complete remission or stabilization
for a long-term period after RIT, thus having a favorable impact on both overall survival
and disease-free survival [62–65]. The remaining patients are declared to be radioactive
iodine refractory (RAI-R) and, as a consequence, RIT is no longer justified [66]. The absence
of the sodium iodide symporter (NIS) in the membrane of thyroid cells leads to RAI-R. This
is due to gene mutation or rearrangement. Accordingly, the aberrant activation of signal
pathways results in the abnormal expression of thyroid-specific genes, leading to RAI-
R [67]. In such patients, to date, there are few available and alternative therapies that can
be used for the treatment of local (e.g., surgical approach, external beam radiation therapy,
interventional radiological procedures) or systemic (e.g., tyrosine kinase inhibitors—TKIs)
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metastatic disease [12]. The choice of the alternative therapy depends on the loco-regional
spread of the tumor as well as the number, size, and location of metastatic disease [12].
Finally, it is important to consider the emerging role of the second-line TKIs (i.e., BRAF and
MEK inhibitors) as agents able to restore or enhance radioiodine uptake in RAI-R patients,
offering the possibility of a de novo use of RIT [12].

4.1. Postoperative Iodine-131 Therapy (p-RIT) Planning (Empiric Approach)

Two empirical approaches can be used to perform p-RIT.
The “functional imaging-guided approach” is based on results obtained by postoperative

131/123I diagnostic scintigraphy (pDx-WBS) (i.e., theragnostic approach). This approach can
significantly improve the postoperative risk stratification and staging of DTC patients by
evaluating the topography and extension of iodine-avid thyroid tissue regardless of their
initial risk class assigned, according to the 2015 American Thyroid Association [10,16]. In
particular, a functional imaging-guided approach can be instrumental in the decision-making
process of low(er)-risk DTC patients in whom a selective use of RIT is indicated [17,68].
Indeed, a negative pDx-WBS (i.e., no radioiodine uptake or thyroid remnant only) in
patients with undetectable Tg value and negative TgAb can lead to either avoiding RIT
or reducing radioiodine activity using low instead of moderate approaches. Conversely,
a positive pDx-WBS (i.e., unexpected loco-regional and/or distant metastatic disease)
corresponds to RIT changing the aim from ablative to therapeutic, thus using higher
radioiodine activities that could be personalized by a dosimetric approach [16,69]. In
such patients, 124I-PET/CT can be considered an alternative functional imaging method
to 131/123I pDx-WBS due to its favorable characteristics and higher sensitivity in detecting
metastases, even if it is more expensive and less readily available [70,71]. In summary, the
“functional imaging-guided approach” for planning p-RIT is the paradigm of thyroid cancer
theragnostics [16,68].

The “risk-adapted approach” is based on the accurate evaluation of clinical–pathological
factors and institutional protocols [16]. In particular, in patients affected by low- to
intermediate-risk DTC, both the decision for or against the use of RIT and the chosen
purpose (i.e., ablative or adjuvant) depend on the histological report (accurately evaluated
since, to date, a standardized report is not available) and local factors that differ among
patients according to their demographic, clinical, economic, and social characteristic and
provenience (i.e., rural vs. urban area) [10,12,37]. The histological report and local factors
should always be evaluated during postoperative disease assessment, and standardized
and integrated into routine clinical care, as already reported [37].

Histological reports must always be accurately evaluated since, to date, a standardized
report is not available and a poorly informative one is obtained in a not-negligible number
of patients. Among local factors, the quality of pre- and postoperative nUS assessments,
quality of Tg measurements (e.g., 1st vs. 2nd generation test), the skills and experience of
the thyroid surgeon, and clinical concerns of the local disease management team must be
considered in postoperative 131I decision making [12,16,72–75].

Finally (last but not least), patients’ will to maximize the intensity of care should always
be considered before making a final decision about the pros and cons of using RIT [12,37].

Table 1 summarizes the 131I activities suggested according to the risk-adapted ap-
proach.
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Table 1. Suggested 131I treatment activities in the context of therapeutic intent.

Clinical/Pathologic Context Prescribed 131I Activity Strategy

Remnant ablation 1.11–1.85 GBq (30–50 mCi) 131I * Risk-adapted 131I therapy

Adjuvant treatment 1.85–3.7 GBq (50–100 mCi) 131I ** Risk-adapted 131I therapy

Treatment of small-volume locoregional disease 3.7–5.6 GBq (100–150 mCi) 131I Risk-adapted 131I therapy

Treatment of advanced locoregional disease
and/or small-volume distant metastatic disease 5.6–7.4 GBq (150–200 mCi) 131I Risk-adapted 131I therapy

* The FDA approved the use of rhTSH in combination with 100 mCi 131I for remnant ablation in December
2007 [76,77]. ** Some committee members recommend up to 5.6 GBq (150 mCi) without extant data regarding the
effectiveness and toxicity profiles of 1.85 GBq (100 mCi) vs. 5.6 GBq (150 mCi) for adjuvant treatment. Current
guidelines advise that the frequency and severity of side effects are activity-dependent, with specifically an
increased xerostomia risk for 3.7 GBq (100 mCi) and sialadenitis risk for 5.6 GBq (150 mCi) [78].

4.2. Postoperative Iodine-131 Therapy (p-RIT) Planning (Dosimetry Approach)

The dosimetric approach can be used in DTC patients whose p-RIT is performed
for ablative or therapeutic purposes. Conversely, an empiric approach (functional image-
guided or risk-adapted) should be preferred if p-RIT is performed with an adjuvant aim,
since 131I administration is linked to the will to irradiate suspected but unproved metastatic
lesion(s) [18,37].

Two dosimetric approaches can be used to perform p-RIT, with ablative or therapeutic
aims: (i) the blood or bone marrow dosimetry-based method approach and (ii) the lesion
dosimetry-based method [16].

The blood/bone marrow dosimetry-based method, primarily targeting safety, is more
broadly used, allowing the maximum tolerated activity (MTA) that can be administered to
be calculated, and keeping the dose absorbed to the blood/bone marrow (critical organ) at
≤2 Gy. In addition, this approach permits preliminary verification that the administered
131I activity does not exceed 4.44 GBq in whole-body retention at 48 h, or 3 Gy if pulmonary
metastatic disease is present [16,79,80].

Noteworthily, the blood/bone marrow dosimetry-based method permits the avoid-
ance of the risk related to the empiric approach of performing a p-RIT using a radioiodine
activity over or under the MTA. Thus, the blood/bone marrow dosimetry-based method is
able to avoid overtreatment (which may cause acute dose-related toxicities) [16].

The main limitation of the blood/bone marrow dosimetry-based method is due to
the lack of information on the radiation-absorbed dose delivered to the target (i.e., thyroid
remnant or loco-regional and/or distant metastases). Accordingly, the method can lead to
over- or undertreatment of the target [16].

The goal of the lesion dosimetry-based method involves the personalization of 131I activ-
ity, which would be able to deliver a sufficient radiation-absorbed dose to the target for
achieving a therapeutic effect (i.e., ablation of thyroid remnant and/or treatment of metas-
tases) [16]. However, there is no validated method to determine the target mass, either by
morphological or functional imaging studies [16,18]. Accordingly, the reported absorbed
dose thresholds for providing therapeutic effect change according to different literature
data already published. Maxon et al. first proposed a value of 300 Gy to ablate the thyroid
remnant and 80 Gy to treat loco-regional metastases. Conversely, Flux et al. proposed 49 Gy
for thyroid remnant ablation, while Wierts et al. suggested at least 90 and 40 Gy to deliver
treatments for thyroid remnant and loco-regional metastases, respectively [16,81–83].

In addition, the target size can be too little to be visualized (e.g., thyroid remnant
and/or micro-lymph node metastasis), or metastasis may have loosened its functional
ability to take up iodine (i.e., dedifferentiation) [18].

5. General Considerations on Patients’ Preparation and Strategy to Deliver
Postoperative Iodine-131 Therapy (p-RIT)

In general, a reduction in the daily intake or use of foods [low iodine diet (LID)]
and/or products containing iodine should be suggested for two weeks before p-RIT with
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the aim to optimize 131I uptake by normal and/or neoplastic cells (i.e., loco-regional and/or
distant metastatic lesions). Similarly, the previous or current use of drugs and/or iodinated
contrast media agents must be excluded to rule out an excess of stable iodine [12,84–88].

To date, the measurement of urinary stable iodine excretion is not recommended in all
cases. Still, it should be considered in selected patients whose exposure to stable iodine is
uncertain [12,89]. In preparation for p-RIT, iodine deprivation is considered adequate or
optimal when spot urinary iodine is <100 or 50 μg/L, respectively [16,89,90].

Table 2 summarizes foods, drugs, and iodine-containing substances that reduce ra-
dioiodine uptake to thyroid remnants and/or metastatic lesions.

Table 2. Foods, drugs, and iodide-containing substances that can reduce radioiodine thyroid uptake.

Food and Products That Should Be Avoided
or Limited Type of Medication Recommended Time of Withdrawal

Iodized salt (avoided)
Water-soluble intravenous

radiographic contrast agents 6–8 wk *, assuming normal renal function

Any vitamins or supplements that contain
iodine (avoided)

Lipophilic intravenous radiographic
contrast agents 3–6 mo #

Foods from the sea (avoided) Thyroxine 3–4 wk *

Herbal supplements (avoided) Triiodothyronine 10–14 d §

Eggs (avoided) Methimazole 2–5 d § before RAI therapy

Milk or other dairy products, including ice
cream, cheese, yogurt, and butter (avoided)

Propylthiouracil

2–8 wk * if RAI therapy is performed by
fixed-activity method

(4–7 d § if RAI therapy is performed after
personalized dosimetric approach)

Soy products (avoided) Lugol solution 2–3 wk *, depending on iodide content

Grain products (limited)
Saturated solution of potassium

iodide 2–3 wk *

Beef, chicken, and turkey (limited)
Topical iodine (e.g., surgical skin

preparation) 2–3 wk *

Amiodarone 3–6 mo # or longer

Note: § d, days; * wk, weeks; # mo, months.

There are two strategies for patients’ preparation for p-RIT: (i) endogenous TSH stimu-
lation by levothyroxine (L-T4) withdrawal (i.e., inducing hypothyroidism) or
(ii) exogenous TSH stimulation by administering rhTSH according to the standard protocol
(i.e., 0.9 mg/day intramuscularly administered on two consecutive days) [16]. The choice
of strategy (i.e., L-T4 withdrawal or rhTSH-stimulation) must be personalized for each
patient according to published data [16].

In low-risk DTC patients who underwent p-RIT with an ablative purpose (i.e., thyroid
remnant ablation), rhTSH-stimulation proved to be as effective as L-T4 withdrawal. In
addition, the use of rhTSH to avoid hypothyroidism can both maintain patients’ quality of
life and reduce radiation exposure [12,35,91–96]. Consequently, rhTSH-stimulation is the
preferred strategy for p-RIT in such patients.

In DTC patients whose p-RIT is performed with an adjuvant purpose (i.e., intermediate-
risk DTC), L-T4 withdrawal and rhTSH stimulation should both be considered. In such
patients, the choice of stimulation strategy depends on several factors, such as histological
features, clinical characteristics, and expected efficacy. In addition, economic feasibility and
patients’ quality of life must also be considered [12,16,37,94,97–106].

Finally, L-T4 withdrawal is currently the preferred strategy for p-RIT (and in case of
further treatments) in DTC patients with morphological and/or functional imaging evi-
dence of loco-regional and/or distant metastases. The evidence of iodine-avid metastases
at functional imaging can be noted during (a) postoperative assessment according to the
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so-called “functional imaging-guided approach”, (b) at post-therapy whole-body scintigraphy,
and (c) during follow-up.

In such patients, the choice of L-T4 withdrawal as the preferred strategy to perform
RIT is based on the evidence that metastatic thyroid cells have lower density and poorer
functionality of NIS. Accordingly, TSH elevation over time would be important to promote
increased 131I uptake and retention in tumor cells [10,18,107,108].

Conversely, the literature data recently published indicate that the stimulation strategy
(i.e., L-T4 withdrawal vs. rhTSH-stimulation) used to deliver RIT has no significant impact
on both RIT efficacy and (as per consequence) metastatic patients’ outcome [12,109,110].
Noteworthily, Gomes-Lima and colleagues did not note any significant difference in terms
of progression-free survival and overall survival among fifty-five metastatic DTC patients
treated after L-T4 withdrawal (n = 28) or rhTSH-stimulation (n = 27) [109].

Accordingly, the use of L-T4 withdrawal or rhTSH-stimulation as the preferred strategy
to deliver RIT in metastatic DTC patients should be deferred to clinical evaluations, taking
into account patients’ characteristics and comorbidities [111].

Finally, if a dosimetric approach is chosen instead of an empiric one (e.g., a functional
imaging-guided approach or risk-adapted approach), p-RIT (or further treatments) has
to be performed with the same functional status (e.g., hypothyroidism or euthyroidism)
already used for dosimetric evaluation [12,16].

6. Conclusions

Radioiodine isotopes still play a fundamental role in the diagnostic and therapeutic
management of most patients affected by benign or differentiated malignant thyroid
disorders, representing an evergreen radiotracer family. Currently, the real-life related
literature evidence confirms how a risk-orientated and personalized postoperative use of
iodine isotopes can heavily impact (re)staging, the subsequent decision-making process
(i.e., for or against RIT; the correct and tailored aim of RIT; and therapy modality: empiric vs.
dosimetric approach), and the outcome of DTC patients. Additionally, diagnostic functional
imaging represents the only diagnostic tool able to detect structural persistent disease in a
not-negligible number of DTC patients, thus changing their subsequent assessment and
management. Finally, the authors highlight the therapeutic and theragnostic role of iodine-
131. It should always be considered as an oldie but goldie chance of definitive care for
DTC patients who develop critical status when radioiodine-avid metastases are no longer
noted. In conclusion, we wholly support the consideration of radioiodine isotopes as an
oldie but goldie diagnostic, therapeutic, and theragnostic tool for the more correct and
better-tailored management of patients with thyroid disorders.
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74. Krajewska, J.; Chmielik, E.; Jarząb, B. Dynamic risk stratification in the follow-up of thyroid cancer: What is still to be discovered
in 2017? Endocr.-Relat. Cancer 2017, 24, R387–R402. [CrossRef]

75. Cohen, O.; Blank, A.; Meiersdorf, S.; Hod, K.; Gabay, S.; Guindy, M.; Khafif, A. Impact of high-quality ultrasound following
community ultrasound on surgical planning and active surveillance in patients with thyroid cancer. Clin. Endocrinol. 2021, 94,
990–997. [CrossRef] [PubMed]

76. Thyrogen Prescribing Information. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/020898s054
lbl.pdf (accessed on 21 April 2022).

77. Pacini, F.; Ladenson, P.W.; Schlumberger, M.; Driedger, A.; Luster, M.; Kloos, R.T.; Sherman, S.; Haugen, B.; Corone, C.; Molinaro,
E.; et al. Radioiodine ablation of thyroid remnants after preparation with recombinant human thyrotropin in differentiated
thyroid carcinoma: Results of an international, randomized, controlled study. J. Clin. Endocrinol. Metab. 2006, 91, 926–932.
[CrossRef] [PubMed]

78. Singer, M.C.; Marchal, F.; Angelos, P.; Bernet, V.; Boucai, L.; Buchholzer, S.; Burkey, B.; Eisele, D.; Erkul, E.; Faure, F.; et al.
Salivary and lacrimal dysfunction after radioactive iodine for differentiated thyroid cancer: American Head and Neck Society
Endocrine Surgery Section and Salivary Gland Section joint multidisciplinary clinical consensus statement of otolaryngology,
ophthalmology, nuclear medicine and endocrinology. Head Neck 2020, 42, 3446–3459. [CrossRef]

79. Diessl, S.; Holzberger, B.; Mäder, U.; Grelle, I.; Smit, J.W.A.; Buck, A.K.; Reiners, C.; Verburg, F.A. Impact of moderate vs stringent
TSH suppression on survival in advanced differentiated thyroid carcinoma. Clin. Endocrinol. 2012, 76, 586–592. [CrossRef]

80. Brose, M.S.; Smit, J.; Capdevila, J.; Elisei, R.; Nutting, C.; Pitoia, F.; Robinson, B.; Schlumberger, M.; Shong, Y.K.; Takami,
H. Regional approaches to the management of patients with advanced, radioactive iodine-refractory differentiated thyroid
carcinoma. Expert Rev. Anticancer Ther. 2012, 12, 1137–1147. [CrossRef]

81. Schlumberger, M.; Brose, M.; Elisei, R.; Leboulleux, S.; Luster, M.; Pitoia, F.; Pacini, F. Definition and management of radioactive
iodine-refractory differentiated thyroid cancer. Lancet Diabetes Endocrinol. 2014, 2, 356–358. [CrossRef]

82. Sacks, W.; Braunstein, G.D. Evolving approaches in managing radioactive iodine-refractory differentiated thyroid cancer. Endocr.
Pract. Off. J. Am. Coll. Endocrinol. Am. Assoc. Clin. Endocrinol. 2014, 20, 263–275. [CrossRef]

83. Kiyota, N.; Robinson, B.; Shah, M.; Hoff, A.O.; Taylor, M.H.; Li, D.; Dutcus, C.E.; Lee, E.K.; Kim, S.-B.; Tahara, M. Defining
Radioiodine-Refractory Differentiated Thyroid Cancer: Efficacy and Safety of Lenvatinib by Radioiodine-Refractory Criteria in
the SELECT Trial. Thyroid Off. J. Am. Thyroid Assoc. 2017, 27, 1135–1141. [CrossRef]

84. Chung, J.H. Low iodine diet for preparation for radioactive iodine therapy in differentiated thyroid carcinoma in Korea. Endocrinol.
Metab. 2013, 28, 157–163. [CrossRef]

85. Maxon, H.R.; Thomas, S.R.; Boehringer, A.; Drilling, J.; Sperling, M.I.; Sparks, J.C.; Chen, I.W. Low iodine diet in I-131 ablation of
thyroid remnants. Clin. Nucl. Med. 1983, 8, 123–126. [CrossRef]

86. Park, J.T., 2nd; Hennessey, J.V. Two-week low iodine diet is necessary for adequate outpatient preparation for radioiodine rhTSH
scanning in patients taking levothyroxine. Thyroid Off. J. Am. Thyroid Assoc. 2004, 14, 57–63. [CrossRef] [PubMed]

87. Tomoda, C.; Uruno, T.; Takamura, Y.; Ito, Y.; Miya, A.; Kobayashi, K.; Matsuzuka, F.; Amino, N.; Kuma, K.; Miyauchi, A.
Reevaluation of stringent low iodine diet in outpatient preparation for radioiodine examination and therapy. Endocr. J. 2005, 52,
237–240. [CrossRef] [PubMed]

88. Barbaro, D.; Verburg, F.A.; Luster, M.; Reiners, C.; Rubello, D. ALARA in rhTSH-stimulated post-surgical thyroid remnant
ablation: What is the lowest reasonably achievable activity? Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 1251–1254. [CrossRef]

89. Sohn, S.Y.; Choi, J.Y.; Jang, H.W.; Kim, H.J.; Jin, S.M.; Kim, S.W.; Suh, S.; Hur, K.Y.; Kim, J.H.; Chung, J.H.; et al. Association
between excessive urinary iodine excretion and failure of radioactive iodine thyroid ablation in patients with papillary thyroid
cancer. Thyroid Off. J. Am. Thyroid Assoc. 2013, 23, 741–747. [CrossRef]

90. Bartel, T.B.; Magerefteh, S.; Avram, A.M.; Balon, H.R.; De Blanche, L.E.; Dadparvar, S.; Johnston, M.; Moreau, S. SNMMI Procedure
Standard for Scintigraphy for Differentiated Thyroid Cancer. J. Nucl. Med. Technol. 2020, 48, 202–209. [CrossRef]

91. Schlumberger, M.; Catargi, B.; Borget, I.; Deandreis, D.; Zerdoud, S.; Bridji, B.; Bardet, S.; Leenhardt, L.; Bastie, D.; Schvartz, C.;
et al. Strategies of radioiodine ablation in patients with low-risk thyroid cancer. N. Engl. J. Med. 2012, 366, 1663–1673. [CrossRef]

92. Mallick, U.; Harmer, C.; Yap, B.; Wadsley, J.; Clarke, S.; Moss, L.; Nicol, A.; Clark, P.M.; Farnell, K.; McCready, R.; et al. Ablation
with low-dose radioiodine and thyrotropin alfa in thyroid cancer. N. Engl. J. Med. 2012, 366, 1674–1685. [CrossRef]

19



J. Clin. Med. 2024, 13, 6400

93. Elisei, R.; Schlumberger, M.; Driedger, A.; Reiners, C.; Kloos, R.T.; Sherman, S.I.; Haugen, B.; Corone, C.; Molinaro, E.; Grasso, L.;
et al. Follow-up of low-risk differentiated thyroid cancer patients who underwent radioiodine ablation of postsurgical thyroid
remnants after either recombinant human thyrotropin or thyroid hormone withdrawal. J. Clin. Endocrinol. Metab. 2009, 94,
4171–4179. [CrossRef]

94. Schroeder, P.R.; Haugen, B.R.; Pacini, F.; Reiners, C.; Schlumberger, M.; Sherman, S.I.; Cooper, D.S.; Schuff, K.G.; Braverman,
L.E.; Skarulis, M.C.; et al. A comparison of short-term changes in health-related quality of life in thyroid carcinoma patients
undergoing diagnostic evaluation with recombinant human thyrotropin compared with thyroid hormone withdrawal. J. Clin.
Endocrinol. Metab. 2006, 91, 878–884. [CrossRef]

95. Dueren, C.; Dietlein, M.; Luster, M.; Plenzig, F.; Steinke, R.; Grimm, J.; Groth, P.; Eichhorn, W.; Reiners, C. The use of thyrogen in
the treatment of differentiated thyroid carcinoma: An intraindividual comparison of clinical effects and implications of daily life.
Exp. Clin. Endocrinol. Diabetes Off. J. Ger. Soc. Endocrinol. Ger. Diabetes Assoc. 2010, 118, 513–519. [CrossRef]

96. Tagay, S.; Herpertz, S.; Langkafel, M.; Erim, Y.; Bockisch, A.; Senf, W.; Görges, R. Health-related Quality of Life, depression and
anxiety in thyroid cancer patients. Qual. Life Res. Int. J. Qual. Life Asp. Treat. Care Rehabil. 2006, 15, 695–703. [CrossRef] [PubMed]
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Abstract: Since the 1940s, 131-I radioiodine therapy (RIT) has been the primary treatment for
metastatic differentiated thyroid cancer (DTC). Approximately half of these patients respond fa-
vorably to RIT, achieving partial or complete remission or maintaining long-term stable disease,
while the other half develop radioiodine-refractory DTC (RAI-R DTC). The main genomic alteration
involved in radioiodine resistance is the activated mitogen-activated protein kinase (MAPK) pathway,
which results in the loss of sodium iodide symporters (NIS). Therefore, RAI-R DTC requires alterna-
tive treatment options such as tyrosine kinase inhibitors. Over the past decade, several studies have
investigated pharmacological induction or enhancement of NIS expression through “redifferentiation”
therapies, mainly targeting the MAPK pathway. These novel approaches can restore radioiodine
sensitivity in previously refractory patients and, therefore, potentially reestablish the efficacy of RIT.
This review discusses various redifferentiation strategies, including their molecular mechanisms and
clinical implications.

Keywords: differentiated thyroid cancer; radioactive iodine refractory; redifferentiation; tyrosine
kinase inhibitors; BRAF; MEK; NTRK; RET

1. Introduction

The management of RAI-R DTC represents a clinical challenge, demanding a balance
between timely intervention and avoiding premature cessation of potentially beneficial
treatments. RAI-R DTC presents as clinically heterogeneous, ranging from stable to rapidly
progressing disease. This variability underlines the importance of accurately identifying
radioiodine refractoriness, a key to initiating appropriate therapy at the optimal time.
Given the limited treatment options, it is crucial to avoid prematurely discontinuing 131-I
therapy without proper justification.

The definition of RAI-R DTC has been debated within the medical community. The
inhibition of NIS expression impairs the ability of DTC cells to accumulate radioiodine,
making them refractory to this standard radioiodine treatment. The loss of radioiodine
avidity is often associated with other features of dedifferentiation, such as changes in
cell morphology and altered expression of thyroid-specific genes. Various criteria have
been proposed to identify RAI-R disease. Ten years ago, Schlumberger et al. suggested
discontinuing RIT when at least one DTC lesion becomes radioiodine-negative and pro-
gresses in size [1]. In the same year, Sacks and Braunstein proposed ceasing RIT in case
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of negative diagnostic radioiodine scintigraphy in the presence of known structural dis-
ease, [18F]FDG-positive lesions, or cumulative 131-I activities > 22 GBq [2]. The first and
third criteria are highly controversial and largely debated in the literature. Radioiodine
uptake on diagnostic radioiodine scan is often considered inadequate since some lesions
may show uptake only with high radioiodine activities applied, i.e., on a post-therapy
radioiodine scan [3]. Furthermore, in addition to radioiodine uptake in DTC lesions, its
response to previous radioiodine treatments and time to progression should be considered
when another radioiodine therapy is indicated rather than just cumulative activity applied,
especially during a long-term period. Progression is commonly considered if it develops
during 6–12 months following RIT [3]. [18F]FDG uptake is considered useful in classifying
disease as RAI-R. According to a prospective study by Li et al., the FDG SUVmax cut-off
of four predicts RAI-R disease with sensitivity, specificity, positive predictive value, and
negative predictive value of 75.3%, 56.7%, 76.1%, and 54.8%, respectively [4] (Figure 1).

Figure 1. Patient with negative post-treatment whole-body radioiodine scintigraphy (A) and multiple
[18F]FDG-avid lesions (B). Legend: male, 67 years, affected by papillary thyroid carcinoma with
increasing thyroglobulin level 2 years after thyroidectomy and radioiodine therapy [4.4 GBq]. (A) Post-
treatment whole-body scintigraphy [7.4 GBq] showing no radioiodine-avid lesions. (B) [18F]FDG
PET/CT: multiple [18F]FDG-avid lesions in the mediastinum and lung, with an associated [18F]FDG-
active pleural effusion (right side), and [18F]FDG-avid lesions in the retroperitoneal region. A biopsy
on an abdominal lesion confirmed metastasis of papillary thyroid carcinoma.
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In 2015, the American Thyroid Association defined RAI-R disease as DTC lesions
outside the thyroid bed not accumulating radioiodine on the first post-therapeutic whole-
body scan (WBS), lesions that previously accumulated radioiodine but subsequently lost
uptake, mixed radioiodine uptake (some lesions radioiodine-positive, others radioiodine-
negative), and disease progression despite significant radioiodine uptake [5]. Aggressive
variants of papillary thyroid carcinoma (e.g., tall cell, diffuse sclerosing, and hobnail) and
mutations such as BRAF V600E and TERT promoter are also associated with increased
tumor aggressiveness and RAI-R disease [6,7].

It is important to note that standardization in preparation for radioiodine scans,
administered activity, and imaging protocols, including single-photon emission computed
tomography/computed tomography (SPECT/CT), is crucial to avoid false-negative scans
and ensure the continuation of potentially beneficial RIT [8].

In a joint statement, the American Thyroid Association, European Association of
Nuclear Medicine, Society of Nuclear Medicine and Molecular Imaging, and European
Thyroid Association acknowledged that the current criteria for defining RAI-R disease
are inadequate and should not be considered absolute determinants for recommending or
withholding RIT [9].

RIT is stopped once RAI-R disease is confirmed and alternative therapeutic options
are considered. However, it is crucial to note that RAI-R disease can remain asymptomatic
and indolent for years, not always requiring immediate therapy. These patients typically
undergo thyroid-stimulating hormone (TSH) suppression and active surveillance that
includes measurement of serum thyroglobulin (Tg) and Tg antibodies, conventional cross-
sectional imaging (i.e., computed tomography, CT, magnetic resonance imaging, MRI,
and [18F]FDG positron emission tomography/computed tomography, PET/CT) every
3–6 months [5,6,10]. During surveillance, disease progression may show heterogeneous
patterns, with some lesions progressing while others remain stable or have mixed metabolic
features at molecular imaging (Figure 2).

Figure 2. Mixed metabolic features in patient with metastatic follicular thyroid carcinoma. Multiple
[18F]FDG avid (A) and radioiodine avid lesions (Ba, anterior; Bp posterior). Legend: male, 48 years,
referred to the emergency room for intense pain corresponding to the right scapula. Multiple bone,
lymph node, lung, liver, and renal metastasis at computed tomography. Bone biopsy (right scapula):
follicular thyroid carcinoma. (A) preoperative [18F]FDG PET/CT: gross involvement of the thyroid
gland and multiple intensely [18F]FDG-avid metastasis. Post-treatment whole body scan (Ba, anterior;
Bp, posterior): intense radioiodine-avidity of most [18F]FDG-avid metastases.
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At this point, localized treatments such as surgery, external beam radiation therapy,
thermal ablation, or stereotactic radiosurgery may be employed. In cases of significant,
multi-lesional progression that cannot be managed with localized therapies, systemic
treatment with tyrosine kinase inhibitors is usually initiated [10].

Several studies have focused on strategies to reinduce or enhance radioiodine uptake
in RAI-R disease, potentially reestablishing radioiodine sensitivity and enabling the de
novo application of radioiodine in previously RAI-R DTC patients (Figure 3).

Figure 3. Redifferentiation of radioiodine-refractory disease. Legend: Male, 63 years, affected by a
papillary thyroid carcinoma [pT3a(m), pN1b, pMx] developed multiple lung and bone metastasis
without iodine-uptake whole-body scintigraphy 5 days after administration of 7.4 GBq I-131 (Aa,
anterior; Ap, posterior). An off-label treatment with dabrafenib (150 mg/2xday) and trametinib
(2 mg/day) was started after approval from the insurance company. Two months later, 7.4 GBq of
I-131 were administered, and the post-treatment whole-body scintigraphy (Ba, anterior, Bp, posterior)
showed multiple, intensely radioiodine-avid lesions at the level of the lymph nodes, lungs, and
musculoskeletal metastases. Six months after treatment, a partial biochemical response was recorded
with a thyroglobulin decrease from 2276 to 825 μg/L.

2. Redifferentiation Concepts

The concept of reinducing or enhancing NIS expression for RIT is in line with person-
alized therapeutic principles that offer a tailored approach to treating RAI-R DTC. Early
attempts to redifferentiate metastatic RAI-R DTC using retinoic acid and PPAR-γ agonists,
for example, demonstrated low efficacy. However, more recent advances in understand-
ing the molecular pathways of RAI-R disease have enabled more focused research with
promising results [7].

In vitro studies have shown a crucial relationship between the MAPK pathway and
NIS expression [11,12]. The MAPK pathway, which is also known as the RAS-RAF-MEK-
ERK pathway, is a signaling molecular cascade involved in cell proliferation and differenti-
ation. Stimulation of the MAPK pathway via MEK and ERK activation is associated with
reduced NIS expression at transcriptional and post-transcriptional levels. The activated
MAPK pathway is commonly noted in DTC harboring mutations in BRAF, RAS, or RET
genes, which links genetic alterations and radioiodine refractoriness. BRAF mutations
are present in approximately 50% of papillary thyroid cancers (PTC) and are strongly
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associated with the inhibition of NIS expression and the development of RAI-R disease [13].
RET mutations, which are commonly detected in PTC, and RAS mutations, frequently
noted in follicular thyroid cancer (FTC), are also involved in MAPK pathway activation [7].
Moreover, a positive correlation has been demonstrated between the degree of DTC ded-
ifferentiation and its loss of NIS expression with the level of MAPK pathway activation.
This relationship seems to be hierarchical, with BRAF V600E mutations associated with
more enhanced effects than RAS or RET mutations [14]. This hierarchy may result from
varying degrees of MAPK pathway activation linked with each mutation. The loss of
NIS expression and radioiodine avidity often occurs continuously during a certain period
rather than instantly, which correlates with the progressive activation of the MAPK path-
way. It may explain why some DTCs retain partial radioiodine sensitivity while others
become entirely refractory. Even within a single patient, different metastatic lesions may
have varying degrees of MAPK pathway activation and, consequently, different levels of
radioiodine avidity. Understanding this molecular basis of RAI-R DTC provides a solid
basis to targeting the MAPK pathway as a potential strategy for redifferentiation [15].

Preclinical studies using animal models demonstrated that inhibiting activated in-
tracellular signaling pathways could lead to the re-expression of NIS on the DTC cell
membrane [16,17]. By reactivating the cellular mechanisms responsible for iodine uptake,
redifferentiation therapy has the potential to reestablish the effectiveness of RIT in patients
who have become unresponsive.

Recently, Aghaee and colleagues reported a case of a RAI-R patient with lung and
bone metastases that restored RAI-avidity after treatment with receptor radioactive therapy
(PRRT) with [177Lu]Lu- DOTA-TATE [18].

The biological basis of this phenomenon is not known, but the possibility of sequential
nuclear medical therapy introduces a fascinating perspective. Naturally, the phenomenon
will have to be replicated, and currently, no clinical studies are available.

3. Clinical Studies

The first clinical trial conducted at Memorial Sloan Kettering Cancer Center, pub-
lished in 2013, was a significant step forward in redifferentiation treatments [19]. This
study demonstrated that targeted MEK inhibitor therapy could effectively reinduce 131-I
uptake in previously RAI-R tumors. The trial enrolled 24 patients with RAI-R DTC, each
presenting with at least one radioiodine-negative lesion on 124-I PET/CT scans and ra-
diographically progressive disease within the previous 12 months. Participants received
selumetinib, a MEK1/2 inhibitor, at 75 mg twice daily for four weeks. Following treat-
ment, 20 patients underwent follow-up 124-I PET/CT scans after recombinant human TSH
(rhTSH) administration. The study demonstrated that 60% of evaluated patients (12 out of
20) showed restored radioiodine uptake. Subsequent lesion-specific dosimetry identified
eight patients who met the threshold for RIT, defined as a dose of ≥20 Gy with a 131-I
administered activity ≤ 11.1 GBq. These patients received RIT, resulting in five partial
responses (PR) and three cases of stable disease (SD) over a six-month follow-up period.
Notably, all treated patients showed a reduction in DTC lesion size. The treatment was
mainly well-tolerated, with rash, fatigue, and edema being the most common side effects.
More severe adverse events were rare, with one case each of grade 3 pain and increased
liver enzymes, and no grade 4 or 5 events reported. Interestingly, the study revealed a
potential correlation between genetic mutations and treatment response. Patients with
NRAS mutations demonstrated a higher response rate compared to those with BRAF
mutations, i.e., all five patients with NRAS mutations showed restored radioiodine uptake
and received RIT. On the other hand, only four out of nine patients with BRAF mutations
restored radioiodine uptake, with just one reaching the dosimetry threshold for RIT. The
remaining two treated patients had RET-rearrangements and wild-type PTC, respectively.
This study provided the first prospective evidence that targeted therapy could restore
radioiodine avidity in RAI-R DTC. It also underlined the importance of tumor genotype
in predicting response to redifferentiation therapy, particularly the high response rate
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observed in NRAS-mutant tumors. The differential response between NRAS and BRAF
mutant tumors was suggested to be due to insufficient blockade of the MAPK pathway
with MEK inhibitors in BRAF-mutant tumors. This finding encouraged further investiga-
tion with specific BRAF inhibitors such as dabrafenib and vemurafenib. These therapies
were subsequently evaluated as monotherapies or in combination with MEK inhibitors in
additional clinical trials focused on BRAF-mutated RAI-R disease.

Rothenberg and colleagues published a study on the efficacy of BRAF inhibition in
patients with BRAF V600E-mutant RAI-R DTC two years later [20]. This targeted approach
addressed the previously observed findings related to BRAF-mutant tumors. The study
enrolled ten patients, each receiving a four-week course of the BRAF inhibitor dabrafenib
at a dose of 150 mg twice daily. Following this initial treatment period, patients underwent
a 131-I WBS after rhTSH stimulation to assess changes in radioiodine uptake. Six out of
ten patients exhibited new sites of radioiodine uptake on diagnostic 131-I WBS. For these
responders, the dabrafenib therapy was extended for an additional two weeks, followed
by a fixed empiric activity of 5.5 GBq of 131-I. Two patients demonstrated PR at the three-
month follow-up, while four maintained SD. Importantly, the treatment regimen was
generally well-tolerated. Most detected adverse events were mild to moderate (grade 1
or 2). However, one patient developed a grade 3 squamous cell carcinoma of the skin,
a well-known side effect associated with BRAF inhibitors. This lesion was successfully
managed through excision with clear margins, underlining the importance of careful patient
monitoring during redifferentiation therapies.

The results of this study were encouraging, regarding the restored radioiodine uptake
and clinical outcomes in BRAF-mutated RAI-R DTC. The findings suggested a potential
advantage of BRAF inhibitors over MEK inhibitors in BRAF-mutated tumors.

Jaber et al. conducted a retrospective study of 13 patients with RAI-R thyroid cancer
who were treated with either single-agent or combination MEK/BRAF inhibitors and
underwent 131-I diagnostic WBS during treatment [21]. Among the study population, nine
patients harbored BRAF V600E mutations, three had NRAS mutations, and one patient had
wild-type thyroid cancer. The median duration of targeted therapy before diagnostic WBS
was 14.4 months, ranging from 0.9 to 76.4 months. Initial evaluation revealed that eight
patients demonstrated restored 131-I uptake and subsequently received a median activity
of 7.4 GBq of 131-I. One additional patient was treated empirically despite no clear evidence
of restored 131-I uptake. Of note, only three patients underwent dosimetric pre-therapeutic
evaluation, while the remaining patients received empirically determined 131-I activities.
Prior to 131-I treatment, eight patients had SD disease, and one patient showed progressive
disease (PD). Following 131-I treatment, with a median follow-up of 14.3 months, three
patients achieved PR while six maintained SD, including the empirically treated patient.

In another study at Memorial Sloan Kettering Cancer Center, Dunn and colleagues
further evaluated the potential of BRAF inhibition in RAI-R DTC [22]. This research focused
on vemurafenib, another BRAF inhibitor, as a redifferentiation therapy for patients with
BRAF-mutated RAI-R DTC. The study enrolled 12 patients, administering vemurafenib
(960 mg twice daily) for four weeks. Of the initial cohort, ten patients completed the
whole treatment cycle. Following the vemurafenib regimen, patients underwent a 124-I
PET/CT scan with rhTSH stimulation to assess changes in radioiodine uptake and perform
lesional dosimetry. The criterion for subsequent RIT was at least one radioiodine-negative
lesion ≥ 5 mm in diameter, achieving a target dose of ≥20 Gy with calculated administered
131-I activity of ≤11.1 GBq. After redifferentiation therapy, the 124-I PET/CT demonstrated
new or increased radioiodine uptake in six out of ten patients. Four out of six patients met
the dosimetry threshold criteria and underwent RIT. At the six-month follow-up, two pa-
tients achieved PR, while two maintained SD. In general, the treatment was well-tolerated,
with common side effects including rash, fatigue, nausea, and arthralgia. Importantly, no
grade 4 or 5 adverse effects were observed.

Interestingly, molecular studies conducted on tumor biopsies from three patients
provided valuable findings into the mechanism of action. The data revealed an increased
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thyroid differentiation score, a lower mitotic index, and higher NIS mRNA levels. These
molecular changes corroborated the clinical findings and suggested that vemurafenib
promoted redifferentiation of the RAI-R cancer cells.

Weber et al. conducted another prospective study (ERRITI) investigating the efficacy of
genotype-guided MAPK inhibition redifferentiation therapy in RAI-R DTC [23]. The study
included twenty patients: six with BRAF-mutated tumors that received a combination
of dabrafenib in a dose of 75 mg twice daily and trametinib 2 mg daily, while fourteen
with BRAF wild-type tumors received trametinib alone (2 mg daily) for 21 days. Post-
treatment, patients underwent 123-I SPECT/CT imaging. Redifferentiation was considered
successful if a target-to-background ratio > 4, and a 2-fold higher uptake than mean
liver uptake was detected in at least one tumor lesion. This criterion was met in seven
patients (two BRAF-mutated, five BRAF wild-type), indicating similar redifferentiation
rates regardless of BRAF mutation status. All responding patients received personalized,
dosimetry-guided RIT, taking into account activity in the lungs, blood, and individual
tumor lesions. Patients received a mean (range) activity of 300.0 (273.0–421.6) mCi of
131-I therapy. Any thyroglobulin decline was seen in 57% (4/7) of the patients. Peak
standardized uptake value (SUVpeak) < 10 on [18F] FDG PET was linked with successful
redifferentiation (p = 0.01). One-year follow-up revealed RECIST 1.1 PR in one patient, SD
in five, and PD in one case. The treatment was mainly well-tolerated, with most adverse
events (38/40) graded 1 or 2. Common side effects included rash and diarrhea. More
severe reactions were rare: one BRAF-mutated patient experienced grade 3 pyrexia, which
resolved after a 2-day treatment interruption, and one BRAF wild-type patient developed a
transient grade 4 skin rash three days post-therapy completion.

Leboulleux conducted a MERAIODE multicentric prospective phase II trial in patients
with RAI-R DTC, with two independent cohorts, one for BRAF V600E and one for RAS
mutated DTC. From one of these cohorts, Leboulleux et al. published a prospective phase
II multicenter trial focusing on patients with BRAF-mutated RAI-R DTC [24]. The study
included twenty-four patients who had experienced RECIST progression within 18 months
and had lesions < 3 cm. The treatment protocol consisted of dabrafenib in a dose of 150
mg twice daily and trametinib 2 mg once daily for five weeks, followed by an empiric
activity of 5.5 GBq RIT after rhTSH stimulation, regardless of diagnostic 131-I WBS results.
Twenty-one patients were evaluated for treatment efficacy at six months. Post-therapeutic
WBS showed uptake in twenty patients. The 6-month follow-up revealed PR in eight
patients (38%), SD in eleven (52%), and PD in two (10%), with no complete responses
(CR). Patients achieving PR at 6 or 12 months were eligible for a second course of targeted
therapy. Of the eleven patients undergoing it, there was one CR, six PR, two SD, and
one PD at the 6-month follow-up, with one patient not evaluable. The progression-free
survival (PFS) rate was 82% at one year and 68% at two years. One patient died due to PD
at two years. Most detected adverse events were mild to moderate, with 25% grade 1 and
42% grade 2. Six patients experienced nine grade 3 adverse events (infectious syndrome,
psoas hematoma), and there was one grade 4 event (anicteric cholestasis). Common side
effects included asthenia, nausea, lymphopenia, fever, diarrhea, fatigue, and skin-related
issues. The higher response rates in this study compared to Weber’s may be due to the
longer duration of redifferentiation therapy, higher dabrafenib dosage, small tumor foci,
and more limited tumor volume. In many patients, a decreased tumor size was already
significant at one month of dabrafenib-trametinib treatment, and this clearly raises the
question of whether benefits from the treatment are related to the dabrafenib-trametinib
treatment or to the addition of 131-I to dabrafenib-trametinib. However, due to the long
PFS, and because the 6-month response was independent of the 1-month tumor response,
the treatment efficacy was believed to be not only due to dabrafenib-trametinib treatment
during the 6 weeks but also to its association with 131-I. As this is a similar issue with other
redifferentiation agents, a comparative randomized trial comparing kinase inhibition ±
RIT would be the only way to answer this specific question.
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In another patient cohort, Leboulleux et al. conducted another study focusing on
metastatic RAI-R RAS-mutated DTC [25]. The study investigated the efficacy of trametinib
treatment followed by 131-I administration after rhTSH stimulation. Eleven patients were
initially enrolled, with ten evaluated six months after the first treatment course. The
protocol consisted of daily 2 mg trametinib for seven weeks, with a fixed 131-I activity
of 5.5 GBq administered on day 35 (±2 days), regardless of diagnostic 131-I WBS results.
Six months after the initial treatment, there were two PR (20%), seven cases of SD (70%),
and one PD. Patients achieving PR at 6 or 12 months were eligible for a second course
of trametinib and 131-I therapy. Of the three patients who received this second course,
one maintained PR for 18 months, while two experienced PD at 3- and 6-months post-
treatment. The median progression-free survival was one year. Adverse events occurred in
nine out of eleven patients (82%), predominantly grade 1 (36%) and grade 2 (27%). Two
patients experienced grade 3 adverse events, with no grade 4 events reported. Treatment
discontinuation was necessary in two cases due to grade 3 erythematous colitis and grade
2 decrease in left ventricular ejection fraction. The six-week trametinib therapy increased
131-I uptake in two-thirds of RAI-R RAS-mutated DTC patients. However, the treatment’s
efficacy was limited, with only a 20% response rate at six months. These results suggest
that while the approach shows some promise in restoring radioiodine uptake, its overall
effectiveness in managing this specific subtype of thyroid cancer is suboptimal.

Iravani et al. treated patients with tumors harboring an NRAS mutation with a MEK
inhibitor (trametinib) and tumors with a BRAF V600E mutation with combined BRAF
and MEK inhibition (dabrafenib and trametinib; or vemurafenib and cobimetinib) for
four weeks. Six patients received redifferentiation therapy. Three patients had an NRAS
mutation, two with FTC and one with a poorly differentiated thyroid carcinoma, and three
patients had a BRAF V600E mutation and PTC. One NRAS and all BRAF V600E mutation
cases demonstrated restoration of RAI uptake and proceeded to RAI therapy with a median
follow-up of 16.6 months (range 13.5–42.3 months). The patient with an NRAS mutation
and two of three patients with a BRAF V600E demonstrated partial imaging response
beyond a three-month follow-up [26].

Burman et al. conducted a phase 2 trial evaluating trametinib’s efficacy in RAI-R DTC
patients with RAS mutations and wild-type RAS [27]. If the post-therapy 124-I PET/CT
demonstrated increased radioiodine uptake, allowing a target dose of ≥20 Gy with a
calculated 131-I activity of ≤11.1 GBq, patients received RIT according to whole body
and blood dosimetry. In the RAS-mutant group of twenty-five patients, fifteen met the
dosimetry threshold for RIT based on 124-I PET/CT imaging. Fourteen of these patients
received RIT. The 6-month follow-up revealed PR in eight patients (57%), SD in three
patients (21%), and PD in three patients (21%). The PFS rate at 6 months was 44% for the
RAS-mutant group. The RAS wild-type group consisted of nine patients, including those
with BRAF mutations, RET alterations, and one case of STK11 mutation. In this cohort,
three out of four patients with BRAF mutations and one out of four patients with RET
alterations met the dosimetry threshold for RIT. Treatment outcomes for the RAS wild-type
group showed three cases of SD and one PR, with the PR observed in a patient with a
BRAF-mutated tumor.

This study again demonstrates varying degrees of treatment efficacy across different
genetic profiles in RAI-R DTC, with RAS-mutant patients showing a significant response to
the trametinib-RIT combination therapy. Redifferentiation therapy has shown promising
results beyond tumors with BRAF and RAS mutations, demonstrating potential efficacy in
thyroid cancers with various other genetic alterations.

Groussin et al. reported a successful case of redifferentiation therapy using larotrec-
tinib in a patient with RAI-R DTC characterized by an EML4–NTRK3 gene fusion [28].
However, similar to BRAF mutations, the co-occurrence of TERT mutations and NTRK
fusions may also contribute to re-sensitization failure [29].

Similarly, encouraging results have been observed in patients with RET rearrangement
RAI-R DTC. Specifically, two RET inhibitors, pralsetinib [30] and selpercatinib [31], have
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both been reported to re-sensitize RET rearrangement-positive tumors to RIT. Recently,
Werner et al. used a successful combination of selpercatinib and radioiodine after prethera-
peutic dose estimation in RET-altered RAI-R DTC. Upon disease progression, the patient
received the selpercatinib. A diagnostic 131-I WBS was conducted after 15.5 months of
RET inhibitor therapy, showing intense radiotracer accumulation in sites of disease. After
RIT (9.4 GBq), previously negative lung nodules showed intense radiotracer accumulation
on post-therapeutic scans, followed by a decrease in Tg levels and nodule size on CT.
This individualized approach allowed the administration of substantially higher activities
(achieving tumor doses of 197 Gy) [32].

Similar to BRAF inhibitors, as the RET inhibitors induce redifferentiation, I-131 uptake
increases, and [18F]FDG uptake decreases [30].

In two distinct cases, comprehensive genomic profiling revealed the presence of
specific fusion oncogenes: TPR-NTRK1 and CCDC6-RET [31]. Considering these gene
alterations, a combined approach using two targeted therapies (larotrectinib, an NTRK
inhibitor, and selpercatinib, a RET inhibitor) was implemented, which resulted in decreased
tumor size and reinduced RAI uptake.

Toro-Tobon et al., in a retrospective study, evaluated thirty-three patients with pro-
gressive metastatic RAIR-DTC who underwent redifferentiation therapy at Mayo Clinic
between 2017–2022 [33]. Depending on genetic alterations, patients received MEK, RET,
or ALK inhibitors alone or BRAF-MEK inhibitor combinations for four weeks, with high-
activity 131-I therapy administered to those showing increased RAI avidity at week three.
Radioiodine uptake was restored in 57.6% of patients. Among PTCs, 42.1% showed
restoration, while all invasive encapsulated follicular variant PTCs and FTCs demonstrated
restored uptake. Notably, all RAS mutant tumors responded to redifferentiation, compared
to 38.9% of BRAF mutant cases. Both redifferentiated and non-redifferentiated groups
showed similar clinical outcomes, with approximately 12% tumor shrinkage at three weeks.
The redifferentiated group achieved an additional 20% tumor reduction at six months
follow-up. No significant differences were observed in PFS or time to additional therapy
between groups. Among observed adverse outcomes, anaplastic transformation occurred
in 6.1% (2/33) of patients. Five patients (15.1%) died during follow-up, with all deaths
occurring in patients who had undergone both redifferentiation and subsequent 131-I
therapy. Redifferentiation therapy showed particular promise in RAS-driven follicular
phenotypes, though further research is needed to evaluate survival outcomes and potential
risks of anaplastic transformation following high-activity RIT.

Table 1 summarizes different redifferentiation studies and their protocols.

Table 1. Redifferentiation studies and their protocols.

Study
Type of the

Study
Number of

Patients
Redifferentiation

Agent
Mechanism of

Action
Protocol

Ho et al. [19] Clinical trial 20 Selumetinib MEK inhibitor

Selumetinib 75 mg p.o. bid for
4 weeks. If the 124-I PET scan

indicated increased iodine uptake
and delivered a projected absorbed

dose of 2000 cGy or more to the
lesion, then selumetinib continued to

perform dosimetry and was
subsequently discontinued 2 days

after 131-I therapy with
rhTSH stimulation.
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Table 1. Cont.

Study
Type of the

Study
Number of

Patients
Redifferentiation

Agent
Mechanism of

Action
Protocol

Rothenberg
et al. [20] Clinical trial 10 Dabrafenib BRAF inhibitor

Dabrafenib 150 mg p.o. q.d. for
25 days before the 131-I scan. If

positive, dabrafenib was continued
for 17 days, therapy with 150 mCi of

131-I was applied, and dabrafenib
was continued for five more days.

Jaber
et al. [21] Retrospective 13

Selective
trametinib,
dabrafenib,

and/or
vemurafenib

MEK inhibitor,
BRAF inhibitor

Patients with BRAF mutation were
treated with BRAF inhibitors (7 with
dabrafenib, 1 with vemurafenib, and

1 with a combination of
dabrafenib/trametinib). Three

patients with RAS mutation were
treated with MEK inhibitors (two
with trametinib and one with an

investigational MEK inhibitor). The
patient without identified somatic

mutations was treated
with trametinib

Dunn
et al. [22] Clinical trial 10 Vemurafenib BRAF inhibitor

124-I PET scan performed before and
after Vemurafenib 960 mg p.o. bid for
approximately 4 weeks. Those with

increased 131-I concentration
exceeding a predefined lesional

dosimetry threshold were treated
with I-131. Vemurafenib was

discontinued 2 days after
131-I therapy.

Weber
et al. [23]

Prospective
study 20 Dabrafenib and

Trametinib

BRAF inhibitor
and MEK
inhibitor

Trametinib 2 mg daily in BRAF-WT
for 21 ± 3 days.

Trametinib 2 mg trametinib
daily + dabrafenib 75 mg twice daily

in BRAF-MUT for 21 ± 3 days.
Patients in whom the posttreatment

123-I SPECT/CT demonstrated a
regional target/background ratio of

more than 4 and a 2-fold higher
iodine uptake than the mean uptake
in liver parenchyma (in at least one
tumor lesion) by visual assessment
were considered responders, and

131-I therapy was performed

Leboulleux
et al. [24] Clinical trial 21 Dabrafenib

trametinib

BRAF inhibitor
and MEK
inhibitor

Dabrafenib 150 mg p.o. bid and
trametinib 2 mg po q.d. for 42 days.
On day 28, a radioiodine scan was

performed. After 35 days, a therapy
of 131-I was administered.

Leboulleux
et al. [25] Clinical trial 10 Trametinib MEK inhibitor

Trametinib 2 mg po q.d. for 42 days.
On day 28, a radioiodine scan was

performed. After 35 days, a therapy
of 131-I was administered.

Iravani
et al. [26] Retrospective 6 Dabrafenib and

Trametinib

BRAF inhibitor
and MEK
inhibitor

For NRAS: trametinib 2 mg p.o. q.d.
4 weeks

For BRAF V600E: combination of
dabrafenib 150 mg p.o. q.d. and

trametinib 2 mg p.o. q.d. 4 weeks.
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Table 1. Cont.

Study
Type of the

Study
Number of

Patients
Redifferentiation

Agent
Mechanism of

Action
Protocol

Groussin
et al. [28] Case report 1 Larotrectinib

Tropomyosin
receptor kinase
(TRK) inhibitor

Larotrectinib 100 mg p.o. bid
(6 months).

Lee et al. [31] Two cases 2 Larotrectinib;
Selpercatinib

Tropomyosin
receptor kinase
(TRK) inhibitor;
RET inhibitor

Larotrectinib 100 mg p.o. bid;
Selpercatinib 80 mg bid.

Werner
et al. [32] Case report 1 Selpercatinib RET inhibitor Selpercatinib 160 mg p.o. bid for

3 weeks

Toro-Tobon
et al. [33] Retrospective 33

Trametinib,
Selpercatinib,

Pralsetinib,
Alectinib,

Dabrafenib +
Trametinib

MEK, RET, or
ALK inhibitors

alone, or
combination
BRAF-MEK
inhibitors

Redifferentiation therapy for 4 weeks.
At the end of week 3, all patients

underwent rhTSH-stimulated 123-I
WBS. At week 4, those who

redifferentiated (any uptake of at
least one lesion based on a qualitative

assessment) received high-activity
131I therapy.

Legend: PET, positron emission tomography; BRAF-WT, BRAF-wild type; BRAF-
MUT, BRAF-mutated; TSH, thyroid stimulating hormone; p.o., per os; q.d. quaque die; bid,
bis in die.

An example of the clinical flowchart in redifferentiation therapies is shown in Figure 4.

Figure 4. Clinical flowchart in redifferentiation therapies. Legend: FTC, follicular thyroid carcinoma;
Tg, thyroglobulin; TgA, thyroglobulin antibodies; T4, thyroxine, rhTSH, recombinant human thyroid-
stimulating hormone; PET/CT, positron-emission tomography.

4. Second-Line TKI-Related Adverse Effects

The side effects related to the use of first-line TKI drugs are well known since they are
widely reported in the literature, also highlighting their different prevalence according to
the use of lenvatinib or sorafenib [34,35].

However, the use of second-line TKI drugs, either BRAF or MEK inhibitors or both
(e.g., dabrafenib or trametinib), is also associated with numerous adverse effects having a
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negative impact on patients’ quality of life, necessitating dosage reductions in nearly two-
thirds of patients or treatment withdrawal in up to 20% of patients, while therapy-related
death was reported in 1.5–2% [26].

Recently, some authors reported on the most common treatment-related adverse
effects due to the use of a BRAF inhibitor alone or in combination with a MEK inhibitor,
highlighting their different prevalence [36].

Table 2 summarizes the most common adverse effects due to the use of second-line TKI
agents either as single-line therapy (i.e., using BRAF or MEK inhibitors) or in combination
(i.e., using BRAF and MEK inhibitors)

Table 2. Tyrosine kinase inhibitors’ adverse effects.

Adverse Event

Dabrafenib Alone
(n = 26)

Any Grade (%)
*

Dabrafenib +
Trametinib (n = 27)

Any Grade (%)
*

Selumetinib + RAI
(n = 154)

Any Grade (%)
**

Dabrafenib + Trametinib
(n = 24)

Any Grade (%)
***

Skin/subcutaneous
disorders 17 (65) 9 (33) 69 (45) -

Fever 13 (50) 16 (59) - 5 (21)
Hyperglycemia 12 (46) 5 (19) - -

Anemia 11 (42) 8 (30) - -
Palmar-plantar

erythrodysesthesia
syndrome

11 (42) 6 (22) - -

Nausea 11 (42) 14 (52) 44 (29) 10 (42)
Alopecia 11 (42) 0 (0) - -

Chills 11 (42) 14 (52) - -
Fatigue 10 (38) 14 (52) 44 (29) 2 (8)

Hypophosphatemia 9 (35) 11 (41) - -
Vomiting 7 (27) 6 (22) - 2 (8)

Rash maculo-papular 7 (27) 4 (15) 19 (12) 5 (21)
Weight loss 7 (27) 0 (0) - -
Anorexia 6 (23) 9 (33) - 3 (13)
Pruritus 6 (23) 3 (11) 21 (14) -

Arthralgia 6 (23) 0 (0) - 1 (4)
Myalgia 5 (19) 6 (22) - -

Lymphocyte count
decreased 5 (19) 0 (0) - 3 (13)

Headache 5 (19) 0 (0) 8 (5) 2 (8)
Diarrhea 4 (15) 7 (26) 68 (44) 5 (21)

Edema limbs 3 (12) 5 (19) 30 (19) -
Aspartate

aminotransferase
increased

0 (0) 10 (37) - 1 (4)

Alanine aminotransferase
increased 0 (0) 8 (30) - 1 (4)

Alkaline phosphatase
increased 0 (0) 5 (19) - -

Generalized muscle
weakness 0 (0) 5 (19) - 10 (42)

Blood creatine
phosphokinase increased - - 31 (20) -

Hypertension - - 20 (13) 3 (13)
Stomatitis - - 17 (11) 2 (8)

Vision blurred - - 16 (10) -
Constipation - - - 2 (8)

Cough - - - 1 (4)
Abdominal pain - - - 1 (4)

Bronchitis - - - 0 (0)
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Table 2. Cont.

Adverse Event

Dabrafenib Alone
(n = 26)

Any Grade (%)
*

Dabrafenib +
Trametinib (n = 27)

Any Grade (%)
*

Selumetinib + RAI
(n = 154)

Any Grade (%)
**

Dabrafenib + Trametinib
(n = 24)

Any Grade (%)
***

Hyposialia - - - 2 (8)
Leukopenia - - - 1 (4)
Neutropenia - - - 1 (4)

Thrombopenia - - - 0
Vertigo - - - 1 (4)

Urinary infection - - - 0
Legend: RIT, radioiodine therapy; * [36]; ** [37]; *** [24].

Finally, it is important to consider in the clinical management of RAI-R disease that
some patients can develop TKI resistance, thus worsening their outcome [26].

Accordingly, the ability of these agents to restore or enhance radioiodine uptake in
such patients, offering the possibility of a de novo application of radioiodine therapy,
should always be taken into account as soon as possible, also to reduce the risk of adverse
effects (especially if severe) that could cause discontinuation (temporarily or permanently)
of their use.

5. Current Paradigms and Future Perspectives

Current evidence suggests that specific targeted therapies have the potential to mod-
ulate the iodine-handling mechanisms of thyroid cancer cells, effectively restoring or
enhancing their ability to accumulate 131-I.

These targeted therapies, based on gene profiling, demonstrate efficacy in two main
scenarios [38]:

1. Re-establishing 131-I uptake: Targeted therapies can re-induce the expression of radioio-
dine uptake and retention. This “redifferentiation” effect could potentially convert
RAI-R tumors back to a radioiodine-treatable state.

2. Enhancing existing uptake: These agents may increase the uptake of 131-I in DTC lesions
that still demonstrate some degree of iodine accumulation. Optimizing the cellular
pathways responsible for iodine processing could significantly increase the amount of
radioiodine concentrated within tumor tissues.

The implications of these effects on treatment outcomes are multifactorial:

1. Increased tumor radiation absorbed dose: Enhanced 131-I uptake translates to a higher
absorbed radiation dose per unit of administered 131-I activity (Gy/GBq or rad/mCi.

2. Improved treatment efficacy: The increased radiation dose to tumor tissues may lead to
better clinical outcomes, including partial tumor regression or stabilization of disease.

3. Potential for dose reduction: The enhanced uptake efficiency might allow the same
therapeutic effect with a lower administered activity of 131-I. This strategy may be
especially valuable for patients at higher risk of radioiodine-associated side effects.

4. Minimization of side effects: By potentially reducing the total activity of 131-I needed for
effective treatment, these agents may help reduce the risk of adverse effects associated
with high 131-I activity. These side effects can include salivary gland dysfunction,
bone marrow suppression, and a small but non-zero risk of secondary malignancies.

5. Expanded treatment options: The redifferentiation therapies could reopen new treatment
options for patients previously deemed unsuitable for further 131-I therapy.

These preliminary findings of redifferentiation therapy effectiveness are encouraging.
However, further studies are essential to:

1. Validate uptake restoration and enhancement in different clinical and genomic scenarios:
Larger, well-designed studies are needed to confirm the initial observations on the
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ability of these agents to modulate radioiodine uptake in diverse patient populations
and different tumor types based on gene profiling.

2. Evaluate long-term safety: As with any new therapeutic approach, it is important to
thoroughly investigate these agents’ long-term safety profile, particularly considering
their effects on iodine-concentrating organs.

3. Optimize treatment protocols: Research should focus on determining the ideal timing,
imaging, dosing, and duration of the therapy in relation to 131-I administration to
maximize their beneficial effects while minimizing any potential risks.

4. Identify predictive biomarkers: Developing reliable methods to predict which patients
are most likely to benefit from redifferentiation therapies could help personalize
treatment approaches and avoid unnecessary interventions in non-responders.

5. Compare redifferentiation vs. tyrosine kinase inhibitors.
6. Criteria of therapeutic outcomes for consideration of redifferentiation and 131-I re-

treatment (Tg response, RECIST response, etc.).
7. Cost-effectiveness.

As this field progresses, it holds the potential to significantly reshape the treatment
options in RAI-R DTC.

In addition to these specific redifferentiation therapies, several SPECT and PET ra-
diopharmaceuticals offer promising fields for research. Tracers targeting prostate-specific
membrane antigens, somatostatin receptors, or fibroblast activation proteins can help de-
termine different molecular features of RAI-R disease. Novel theranostic strategies that
extend beyond traditional radioiodine-guided therapies may potentially broaden the thera-
peutic options for patients with RAI-R thyroid cancer [39]. The application of these diverse
radiopharmaceuticals enables a more comprehensive molecular profiling of RAI-R thyroid
cancer. This multi-factorial approach can reveal:

1. Heterogeneity within and between primary and metastatic tumors
2. Identify previously unrecognized targets for therapy
3. Guide the selection of the most appropriate treatment strategy for each patient
4. Monitor treatment response at a molecular level.

6. Conclusions

Current data suggest that the redifferentiation approach may be adaptable to various
genetic profiles in RAI-R DTC, potentially offering new treatment options for patients
with diverse molecular subtypes of the disease. Available evidence demonstrates that
MAPK pathway blockage is an efficient strategy to redifferentiate some types of RAI-R
DTC. This approach is effective both as a single therapy and, more promisingly, as part
of a combination treatment regimen. However, several other targets are also available
according to gene profiling, with promising results in small studies.

Still, available studies are very heterogeneous in multiple aspects, i.e., definition
of RAI-R DTC, the duration of redifferentiation therapy, the imaging modality used to
determine restoration of RAI uptake (I-131/I-123/I-124), the applied radioiodine activity,
and the method of choice for applied activity—dosimetry-guided or empiric fixed activity.
It also remains unclear whether the increase in uptake on diagnostic WBS performed
after redifferentiation therapy can serve as a reliable criterion for selecting patients for
RAI therapy. To address these uncertainties, additional large-scale multicenter studies
are necessary. These studies should aim to identify the optimal choice and duration of
redifferentiation therapy, selection criteria for redifferentiation therapy based on genetic
testing, characteristics of patients who are the best candidates for this treatment, the risk-
benefit ratio of the therapy, and its impact on patient’s quality of life.
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Abstract: Background/Objectives: There exist three principal treatment modalities em-
ployed in the management of hyperthyroidism attributable to excessive hormone secretion
by the thyroid gland: antithyroid pharmacotherapy, surgical intervention, and radioactive
iodine (RAI) therapy. Surgical intervention is typically indicated for markedly enlarged
thyroid glands that exert pressure on the trachea. The objective of this investigation was to
ascertain the influence of RAI on thyroid volume and tracheal diameter. Methods: This
study included 20 patients, six females and 14 males, who received 20 mCi radioactive
iodine treatment for toxic nodular goiter at a tertiary university hospital between March
2019 and February 2020. Pre-treatment and six-month post-treatment neck MRI scans were
conducted on the cohort. Thyroid and tracheal volumes were quantified using the Cavalieri
method based on MRI sections, and comparisons were conducted pre-and post-treatment.
Statistical analysis of the comparative values was performed using the dependent samples
t-test. Results: A statistically significant reduction in thyroid volume was observed among
the 20 patients, averaging a decrease of 36.06% following RAI treatment compared to
baseline measurements (p < 0.001). Additionally, an average increase of 12.76% in tracheal
volume was noted post-treatment in comparison to initial measurements, which was also
statistically significant (p < 0.05). None of the patients exhibited respiratory distress in
the immediate postoperative period. Conclusions: The findings indicate that RAI therapy
leads to a reduction in thyroid size, accompanied by an increase in tracheal diameters
subsequent to treatment. Given the potential complications and risks associated with
surgical intervention, it may be prudent to consider large thyroids for RAI therapy as an
alternative to surgery.

Keywords: radioactive iodine; hyperthyroidism; tracheal diameter; thyroid size; Cavalieri
method

1. Introduction

Hyperthyroidism represents a prevalent endocrine disorder, afflicting approximately
0.2 to 1.4% of the population globally, typically occurring between the ages of 20 and 40. This
condition exhibits a higher prevalence in females, with a female-to-male ratio approximat-
ing 5:1 [1,2]. The predominant etiology of hyperthyroidism is Graves’ disease, which arises
from an autoimmune mechanism [3]. In geographic areas characterized by iodine deficiency
and among the geriatric population, toxic nodular goiter is encountered more frequently [4].

J. Clin. Med. 2025, 14, 115 https://doi.org/10.3390/jcm14010115
37



J. Clin. Med. 2025, 14, 115

While three therapeutic modalities exist for the management of Graves’ disease—namely
pharmacotherapy, surgical intervention, and radioactive iodine (RAI)—pharmacotherapy
demonstrates limited efficacy in cases of toxic nodular goiter [5]. In such instances, RAI
or surgical intervention is generally employed [6]. Antithyroid medications encompass
compounds such as methimazole and propylthiouracil, which are extensively utilized in
the management of Graves’ disease and toxic multinodular goiter. These pharmacological
agents may elicit a spectrum of adverse effects, ranging from mild manifestations such
as dermal reactions, alterations in taste perception, and arthralgia to more severe com-
plications including agranulocytosis, hepatotoxicity, and ANCA-positive vasculitis [7,8].
Propylthiouracil is linked with the potential for hepatotoxicity and vasculitis, while me-
thimazole is correlated with cholestatic adverse effects and teratogenicity [9,10]. Routine
monitoring of hematological parameters and hepatic function tests is advised to mitigate
the incidence of adverse effects [11].

Surgical intervention is regarded as a more efficacious approach for both thyrotoxicosis
and symptoms related to compression. Nevertheless, it necessitates lifelong hormone
replacement therapy, and there exists a risk for complications such as hypoparathyroidism
and permanent recurrent laryngeal nerve paralysis [12]. I131 therapy is recognized as
an effective and safe treatment modality in both primary management and secondary
treatment in cases where a pharmacological response is inadequate [13,14]. In several
European and Latin American nations, RAI therapy has supplanted surgical options in the
management of hyperthyroidism [15], a transition that is also endorsed by contemporary
clinical guidelines [16]. In scenarios involving hyperthyroidism with an enlarged thyroid
gland, the prevailing clinical strategy is to recommend surgical intervention for the patient.
This recommendation is predicated on the observation that RAI does not achieve sufficient
volumetric reduction and may exacerbate compression symptoms through the potential
induction of tracheal stenosis. The objective of this study was to elucidate the possible
ramifications of RAI treatment on patients presenting with substantial thyroid volumes by
assessing its impact on thyroid size and tracheal diameter utilizing the Cavalieri method,
an objective measurement technique.

2. Participants and Methods

The present investigation received endorsement from the Ethics Committee at Atatürk
University Faculty of Medicine (dated 13 March 2019 and numbered B.30.2.ATA.0.01.00/225).
The research was executed in alignment with the principles outlined in the Declaration of
Helsinki. Informed voluntary consent was duly acquired from every participant involved.

2.1. Study Design and Data Collections

The current investigation encompassed 20 patients who sought treatment at the
Department of Endocrinology, Atatürk University Faculty of Medicine, and underwent
20 mCi radioactive iodine therapy due to toxic nodular goiter at the Department of Nuclear
Medicine, Atatürk University Faculty of Medicine between March 2019 and February
2020. Prior to the administration of RAI, malignancy was systematically excluded in
all participants. Magnetic Resonance Imaging (MRI) of the neck was conducted on the
subjects both prior to and six months subsequent to the treatment. The peak efficacy of RAI
treatment is typically observed within a timeframe of 4–8 weeks, with enhancements in
thyroid function potentially persisting for as long as six months. Consequently, follow-up
MRIs were executed on the subjects six months following the treatment. Thyroid and
tracheal volumes were quantitatively assessed in the neck MRIs of the subjects utilizing
the Cavalieri method, a recognized stereological approach, and comparative analyses were
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conducted before and after RAI. All calculations were performed by the same specialist on
each occasion while remaining blinded to the treatment cohorts.

2.2. Calculation of Total Volume of Thyroid and Trachea

The Cavalieri method constitutes a non-invasive and highly accurate technique for
volume measurement, grounded in fundamental stereological principles [17]. This method-
ology facilitates the estimation of the three-dimensional volume of any object by aggre-
gating its two-dimensional cross-sectional areas [18]. Named in honor of the renowned
Italian mathematician Bonaventura Cavalieri, this approach is extensively employed in
the biomedical sciences for the accurate and reliable quantification of tissue volume or
organ dimensions [18–21]. In the current investigation, a sophisticated instrument system
known as Stereo-Investigator (version 7.0, Microbrightfield, Colchester, VT, USA) was em-
ployed, incorporating specialized software equipped with a dotted area ruler that facilitates
area calculations via the Cavalieri method [18–21]. This instrument system comprises a
microscope integrated with a digital camera, a motorized apparatus that facilitates the
movement of the microscope stage, and a high-performance computer equipped with
software that governs their operational parameters (Figure 1). In the context of this study,
the computational component of this instrument system was exclusively utilized.

 

Figure 1. Stereo-Investigator (version 7.0, Microbrightfield, Colchester, VT, USA).

All participants in the study underwent an MRI of the cervical region with 5 mm slice
thickness both prior to and six months subsequent to RAI treatment. Thyroid sections
within the MR images were meticulously selected for analysis. The delineation of the
thyroid and trachea contours in the selected sections was performed (Figure 2). Subse-
quently, a dotted area ruler featuring a systematic arrangement of evenly spaced points was
superimposed onto the section on the computer (Figure 3). The frequency of this dotted
area ruler was determined in accordance with a suitable error coefficient value. In the
subsequent phases of the study, the points corresponding to the thyroid and trachea were
separately marked with distinct colored indicators (Figure 4).

According to the reference volume formula given below, in each section:

Reference V = t × a/p × Σ P

Expressions in the formula;
V: reference volume,
t: section thickness or distance between corresponding surfaces,
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a/p is the area represented by a point,
Σ P: is the total number of points falling on the marked thyroid and trachea in a section.

 

Figure 2. Marked image of the thyroid and trachea outlines in MRI slices.

 

Figure 3. The dotted area ruler is placed on the section on the screen.

The same procedures were applied for all sections containing the thyroid for all
patients. Finally, in accordance with the Cavalieri principle, the software automatically
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calculated the total volume for the thyroid and trachea separately according to the following
total volume formula [18–21].

Vtotal = V1 + V2 + . . . + Vn

Symbols of the formula:
Vtotal: total volume
V1: thyroid/trachea volume in the first section
V2: thyroid/trachea volume in the second section
Vn: thyroid/trachea volume in the last section

 

Figure 4. The points on the thyroid and trachea are marked with separate-colored markers.

2.3. Statistical Analysis

Data were analyzed using Windows SPSS 20 package program. Pearson correlation
coefficient was used to analyze the relationship between pre-treatment thyroid volume,
the difference between pre- and post-treatment thyroid volumes, and the ratio parameters
of pre- and post-treatment thyroid/trachea volume values. A comparison of pre- and
post-treatment thyroid and trachea volume values was made with a dependent sample
t test. A p value of less than 0.05 was considered statistically significant.

3. Results

The present study encompassed a cohort of 20 patients who underwent a 20 mCi RAI
treatment for toxic multinodular goiter [22,23] during the period extending from March 2019 to
February 2020. The data delineating the demographic characteristics of the patients, stratified
by age and gender, are elucidated in Table 1. Upon examination of the gender distribution
among the patients, it is observed that 6 (30%) were male and 14 (70%) were female. The
predominance of female patients regarding thyroid disease aligns with the existing literature.

The comparative analysis of thyroid and tracheal volumes among the participants,
conducted prior to and subsequent to RAI treatment, is illustrated in Table 2. The results
of the study revealed a statistically significant difference in the volume measurements of
the thyroid and trachea pre- and post-treatment (p < 0.001, p < 0.05, respectively). When
evaluating the thyroid volumes before and after treatment in terms of percentage change, it
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was found that the thyroid volume exhibited a reduction of 36.06% (Figure 5). The p-value
determined through the dependent sample t-test was p < 0.001, indicating a statistically
significant decrease. A little increase in volume was noted in three patients; however, this
change did not reach statistical significance.

Table 1. Age and gender distribution of participants.

Variables N = 20

Age, years (min-max) 61 (36–84)

Gender
Male, n (%) 6 (30)

Female, n (%) 14 (70)

Table 2. Thyroid and tracheal volumes of participants pre- and post-RAI treatment.

Volume
Minimum

Volume (μm3)
Maximum

Volume (μm3)
Mean Volume

(μm3)

Pre-RAI Thyroid volume 59,625,000,000 586,440,000,000 331,940,725,000

Post-RAI Thyroid volume 67,612,500,000 571,275,000,000 216,330,725,000

Pre-RAI Trachea volume 16,920,000,000 71,662,500,000 42,768,375,000

Post-RAI Trachea volume 17,010,000,000 99,450,000,000 48,594,875,000

Figure 5. Pre- and post-treatment thyroid volume means.

In the comparison of tracheal volumes before and after treatment, expressed as a
percentage, it was observed that the tracheal volume increased by 12.76% (Figure 6). The
p-value derived from the dependent sample t-test was p < 0.05, indicating a statistically
significant increase. A reduction in tracheal volume was noted in four patients, while no
volume alteration occurred in three patients. Nonetheless, these changes were statistically
insignificant, and no instances of respiratory distress were recorded in the acute post-
treatment phase among any of the patients.

According to the statistical evaluations conducted, a positive correlation was identified
between the pre-treatment thyroid volume and the differential between the pre-treatment
and post-treatment thyroid volumes (Figure 7, rp = 0.653, p = 0.002). Consequently, it
was ascertained that larger pre-treatment thyroid volumes were associated with a more
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substantial decrease in volume following treatment. Furthermore, a positive correlation
was established between the pre-treatment and post-treatment thyroid/tracheal volume
ratios (Figure 8, rp = 0.770, p < 0.001). Thus, it was concluded that the ratios of pre-treatment
thyroid/trachea volumes were directly proportional to those observed post-treatment.

Figure 6. Pre- and post-treatment trachea volume means.

Figure 7. Correlation of pre-treatment thyroid volume and difference between pre- and post-treatment
thyroid volumes.
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Figure 8. Correlation between pre-treatment thyroid/trachea volume ratio and post-treatment
thyroid/trachea volume ratio.

4. Discussion

In the current investigation, thyroid volumes and tracheal diameters derived from
MRI images obtained prior to and six months subsequent to the administration of treatment
in 20 patients who underwent 20 mCi RAI therapy for hyperthyroidism were meticulously
analyzed. Based on this analysis, it was determined that RAI treatment did not yield a
statistically significant increase in thyroid volume; however, a notable increase in tracheal
diameter was observed. This finding indicates that RAI treatment resulted in a reduction
in thyroid diameter by approximately one-third when assessed after an extended dura-
tion, such as six months, and did not induce tracheal stenosis by causing an increase in
tracheal diameter.

Hyperthyroidism represents a prevalent endocrine disorder within the population [24].
While some individuals with hyperthyroidism may remain asymptomatic, others may ex-
perience severe symptoms that markedly disrupt daily functioning [25]. Thyroid hormones
serve as the primary regulators of basal metabolic rate. The most critical physiological
effects of thyroid hormones include the elevation of heart rate, the enhancement of ven-
tilation, and the reduction in peripheral resistance [26]. Furthermore, in the majority of
hyperthyroid patients, the thyroid gland may hypertrophy to two to three times its stan-
dard size. The proliferation of cells is significantly augmented due to hyperplasia and
follicular expansion. Additionally, the secretion rate per cell may increase several-fold [1].

As a consequence of the enlargement of the thyroid gland, certain patients may
encounter cosmetic concerns, while others may suffer from respiratory distress attributable
to the close anatomical relationship between the thyroid and trachea. Three principal
modalities are employed in the management of hyperthyroidism: antithyroid drug therapy,
surgical intervention, and RAI therapy [1,27]. The selection of the treatment modality is
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contingent upon the individual patient’s condition. There exists a lack of global consensus
regarding the optimal initial treatment approach. Antithyroid medications are typically
favored for the management of newly diagnosed hyperthyroid patients exhibiting mild
symptoms [28]. Nevertheless, prolonged pharmacological therapy is generally discouraged
due to the potential for adverse effects [11]. I-131 therapy has been utilized for over 70 years
in the treatment of Graves’ disease and for 30 years in cases of benign nodular goiter.
I-131 therapy not only addresses hyperthyroidism but also contributes to the reduction
in thyroid volume [23,29–32]. Surgical intervention is predominantly indicated for the
management of substantial goiters, as I-131 may be less efficacious and often necessitates a
secondary RAI treatment [33–35]. Surgical options represent a more effective resolution
for both thyrotoxicosis and compressive symptoms; however, they necessitate lifelong
hormone replacement therapy and carry risks of complications such as hypoparathyroidism
and permanent recurrent nerve paralysis [36]. In comparison, I-131 treatment is a more
economical alternative to surgical intervention [37]. It can also be administered orally
and offers the advantage of treatment in a single dose. I-131 therapy induces radiation
exposure to thyroid follicle cells via beta particle radiation [32]. Consequently, cellular
necrosis ensues, followed by inflammation and fibrosis. This cascade ultimately diminishes
the capacity for hormone synthesis, thereby providing an efficacious treatment avenue for
hyperthyroidism [38].

Particularly, patients diagnosed with toxic nodular goiter represent a cohort particu-
larly well-suited for RAI therapy. In the context of toxic nodular goiter, the isotope I-131
demonstrates preferential accumulation in hyperfunctioning autonomous nodules, while
the surrounding paranodular thyroid tissue experiences reduced exposure to radiation.
Consequently, a significant proportion, specifically 80% or more, of individuals with toxic
nodules attain a state of euthyroidism within a 12-month period, and the incidence of
enduring permanent hypothyroidism is markedly lower in comparison with those with
Graves’ disease [28]. The previous investigations into I-131 treatment have indicated that
thyroid volume diminishes by 35–50% over the course of one year [39]. In the current study,
a reduction in thyroid volume of 36.06% was noted six months post-treatment, aligning
with the existing literature. A more pronounced decrease is anticipated with extended
follow-up periods associated with RAI therapy. While individual responses to RAI treat-
ment exhibit variability, there is often an amelioration of symptoms accompanied by a
high level of patient satisfaction (63, 65, 67). Vereist et al. reported that optimal outcomes
were typically observed within a timeframe of less than one year; however, the maximal
therapeutic effect was reached between 24 and 30 months [40]. Bonnema et al. conducted
measurements of thyroid volume via ultrasonography prior to, and at one year and three
years subsequent to, I-131 treatment in a cohort of 43 patients. Their findings revealed that
thyroid volume diminished by nearly 50% after one year, and no statistically significant
difference was observed at the three-year mark compared to the one-year assessment [32].
Should symptoms of thyrotoxicosis persist due to inadequate volume reduction, a sec-
ondary I-131 treatment may be administered [41]. The existence of a substernal goiter
does not negate the favorable outcomes associated with I-131 treatment [42]. Nonetheless,
such goiters tend to be considerably large, and despite the administration of equivalent
radiation doses, the relative reduction in goiter size resulting from I-131 treatment is in-
versely correlated with the initial goiter volume [23]. In contrast to the findings presented
in this study, we observed that larger baseline thyroid volumes corresponded with greater
reductions in thyroid volume. Massaro et al. conducted research involving 75 patients,
measuring thyroid volumes via ultrasonography before and after I-131 treatment in sub-
groups comprising 27 patients with multinodular goiter (MNG), 32 with Graves’ disease,
and 16 with uninodular goiter. They documented a volume reduction of 28.6% in the
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Graves’ cohort, 53.3% in the MNG group, and 57.8% in patients with uninodular goiter 12
months post-treatment [43]. The extent of thyroid volume reduction is contingent upon
both the initial thyroid volume and the uptake of RAI [44]. In instances of significantly
enlarged goiters, the insufficiency of adequate thyroid volume reduction constrains the
application of I 131 therapies. Although the dosage of I 131 can be escalated to facilitate
enhanced volume reduction, this adjustment concomitantly leads to an elevation in the
radiation exposure experienced by the organism [22]. Furthermore, the efficacy of I 131 is
diminished in goiters characterized by low radioactive iodine uptake (RAIU). Should the
thyroid RAIU be augmented to enhance thyroid irradiation, the likelihood of successful
I 131 interventions may be improved. Over the years, numerous strategies have been
implemented, including the adoption of a low iodine diet, the administration of lithium,
and the use of diuretics. Nevertheless, the most potent agent identified to date in this
context is recombinant human TSH (rhTSH). RhTSH has been demonstrated to elevate 24 h
RAIU by 100% or greater without impacting the half-life of I 131 [45–48].

Despite the long-standing application of I 131, it is not extensively favored for patients
presenting with exceedingly large goiters. The rationale for this apprehension stems
from the belief that the already enlarged thyroid gland may undergo further enlargement
during the acute phase under the influence of I 131, potentially exacerbating tracheal
compression [22,33]. Nonetheless, this anticipated complication has not manifested in
clinical practice and remains undocumented [23]. In our investigation, no patient reported
experiencing respiratory distress during the acute phase.

Numerous investigations within the existing literature have sought to ascertain the
impact of RAI treatment on the diameter of the trachea. Bonnema et al. administered a
high-dose mean of 61 mCi (ranging from 26 to 124 mCi) of I-131 to a cohort of 23 patients
diagnosed with MNG whose thyroid volume exceeded 150 mL. A pre-treatment neck
MRI was conducted on the subjects with 8 mm slices, followed by subsequent scans
at 1 week and 1-year post-treatment. The dimensions of the thyroid and trachea were
quantified in axial sections. Notably, the minimum cross-sectional area of the trachea
exhibited a reduction of 9.2% within one week following treatment, while the tracheal area
demonstrated a subsequent increase of 17.9% by the conclusion of the one-year period.
Furthermore, it was documented that the thyroid volume diminished by 15% after one
week and by 34% after one year. Importantly, no patient experienced acute respiratory
distress during the treatment interval [23].

In our investigation, we observed that the tracheal volume expanded by 12.76% for
six months subsequent to treatment. Albino et al. conducted neck MRI evaluations on
22 patients prior to I-131 treatment and at intervals of 2-, 7-, 180-, and 360 days post-
treatment to assess tracheal diameter and thyroid volume. An indirect estimation of
tracheal compression was achieved by analyzing the tracheal cross-sectional area (TCA).
While no alterations in thyroid volume were noted on the 2nd and 7th days, a gradual
decline was recorded at the 6th and 12th months. No statistically significant differences in
TCA were identified following treatment [49].

The primary objective of our study was to elucidate the effects of RAI treatment on
thyroid size and tracheal diameter employing an objective methodology. In our findings,
it was determined that the trachea experienced an expansion of 12.76% and the thyroid
volume demonstrated a decrease of 36.06% six months post-treatment. Acute tracheal
compression and respiratory distress are frequently cited as justifications for discontinuing
RAI treatment in cases of enlarged thyroids; however, acute respiratory distress did not
manifest in any of the patients in the current study. Additionally, there exist scholarly
articles in the literature that corroborate the absence of respiratory distress. In our cohort,
the pressure subsided, and symptoms were alleviated six months following treatment.
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We posit that RAI treatment does not induce acute respiratory distress as previously
apprehended and ultimately offers long-term relief to patients in a safe manner.

Our investigation undoubtedly possesses certain constraints, and these constraints
should be regarded with prudence. Primarily, our investigation was characterized by a
relatively modest sample size. Owing to the financial implications associated with MRI,
longitudinal imaging could not be conducted on patients, particularly during the initial
phase of post-RAI treatment. Nevertheless, patients were subjected to rigorous monitoring,
particularly concerning the potential emergence of respiratory distress. Subsequent investi-
gations that incorporate serial assessments of thyroid volume and tracheal diameters in a
larger cohort and during the initial period will serve to mitigate these limitations.

5. Conclusions

The findings of the present investigation indicate that radioactive iodine therapy
does not lead to an increase in thyroid volume, nor does it result in tracheal stenosis;
consequently, patients may be appropriately referred for radioactive iodine therapy as
an alternative to surgical intervention. Therefore, the likelihood of encountering surgical
complications is mitigated. To thoroughly assess the initial effects of radioactive iodine
treatment, it is imperative that future studies involve a larger cohort of patients and employ
a standardized methodology for quantifying tracheal volume during the early stages
of treatment.
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Abstract: Autoimmune thyroid disease (AITD) is the leading cause of thyroid dysfunction
globally, characterized primarily by two distinct clinical manifestations: Hashimoto’s thy-
roiditis (HT) and Graves’ disease (GD). The prevalence of AITD is approximately twice as
high in women compared to men, with a particularly pronounced risk during the reproduc-
tive years. Pregnancy exerts profound effects on thyroid physiology and immune regulation
due to hormonal fluctuations and immune adaptations aimed at fostering maternal–fetal
tolerance, potentially triggering or exacerbating AITD. The impact of AITD on pregnancy
outcomes is multifaceted. Both HT and GD have been associated with adverse obstetric
and neonatal outcomes, including miscarriage, preterm delivery, preeclampsia and fetal
growth restriction. Inadequately managed AITD can also affect fetal neurodevelopment
due to disrupted maternal thyroid hormone availability during critical periods of brain
maturation. This review explores the complex interplay between the genetic, epigenetic
and environmental factors that drive AITD during pregnancy, highlighting their roles
in disease development and impacts on pregnancy outcomes. Gaining a deeper under-
standing of these mechanisms is crucial for improving diagnostic tools, treatment options
and preventive measures to enhance the health and well-being of both the mother and
the newborn.

Keywords: autoimmune thyroid disease; Graves’ disease; Hashimoto’s thyroiditis;
maternal-fetal health; pregnancy; thyroid dysfunction
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1. Introduction

Autoimmune thyroid disease (AITD) is caused by dysregulation of the immune sys-
tem which results in an autoimmune attack on the thyroid gland. Hypothyroidism and
hyperthyroidism are the two clinical faces of AITD, the most common cause of thyroid
dysfunction involving various cellular and humoral interactions within thyroid tissue,
mainly categorized as Hashimoto’s thyroiditis (HT) and Graves’ disease (GD). The global
prevalence of AITD has increased and now affects approximately 5% of the world’s popu-
lation. However, despite having a history more than a century long, the pathogenesis of
both entities is still not fully understood [1].

The development of AITD is believed to result from a complex interplay of genetic
predisposition and environmental factors that lead to a breakdown in immune tolerance
and trigger an autoimmune response against the thyroid gland. Central to this process is
the disruption of tolerance to self-antigens involving a complex network of interactions
between thyroid follicular cells (TFCs), stromal cells and immune cells [2].

In patients with AITD, cellular and humoral immunity play a role. As a result,
lymphocytes infiltrate the thyroid parenchyma, targeting thyroid antigens such as the
sodium iodide symporter, thyroglobulin (Tg), thyroid-stimulating hormone receptor (TSH-
R) and the enzyme thyroid peroxidase (TPO) [3,4]. One of the components that have an
immunomodulatory effect is thyroid hormone status, as immune cells contain receptors
for thyroid hormones [5]. In AITD, other factors such as genetic susceptibility through the
polymorphism of human leukocyte antigen (HLA) system genes and thyroid-specific AITD
susceptibility genes also appear to play a role, together with epigenetic and environmental
factors including excessive iodine consumption, selenium [6,7] and vitamin D deficiency [8],
infectious agents [9] and gut microbiota dysbiosis [10,11]. A link between HT and interferon
(IFN)-α, lithium or amiodarone therapy has also been recognized [12,13], and even a
possible connection with climate factors, with an increased incidence in colder regions of
the world, has been suggested [14]. Smoking and stress are also associated with the risk
of GD [15,16]. Thyroid hormones play an important role in both innate immunity and
the adaptive immune response. Both disorders, GD and HT, are defined by circulating
thyroid-specific antibodies and the infiltration of autoreactive lymphocytes into the thyroid
gland and are of great concern during pregnancy as they can greatly affect both maternal
and fetal outcomes [2,9,15]. The involvement of environmental factors in the development
and expression of AITD is important in terms of disease progression and pregnancy
outcome. Therefore, lifestyle intervention with the above modifiable risk factors could help
to maintain low AITD risk and improve pregnancy outcomes.

The prevalence of AITD in the general population is estimated to be approximately
5–10%, with variations depending on demographic and geographic factors. AITD is a
common endocrine disorder among pregnant women, with a prevalence ranging from 2%
to 5% [1–4]. Its clinical significance during pregnancy is substantial, as thyroid dysfunction
can impact both maternal and fetal health. For instance, maternal hypothyroidism is
associated with adverse pregnancy outcomes, including preterm birth, low birth weight
and impaired neurodevelopment in the newborn [3,5]. On the other hand, untreated
maternal hyperthyroidism induces risks such as preeclampsia, preterm delivery and fetal
growth restriction [4,5,14]. Therefore, the early identification and management of AITD
in pregnancy are critical to optimizing outcomes for both the mother and the child. The
aim of this review is to describe the main genetic, epigenetic and environmental factors
involved in the pathogenesis of AITD, focusing on their role in pregnancy in patients with
thyroid autoimmunity.
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2. Clinical Forms of Autoimmune Thyroid Diseases

The clinical presentations of AITD are diverse and can manifest as hyperthyroidism
(e.g., GD), hypothyroidism (e.g., HT) or a combination of thyrotoxicosis and hypothy-
roidism, as seen in postpartum thyroiditis (PPT). Importantly, while GD is commonly
associated with hyperthyroidism, it can also present with hypothyroidism in cases in-
volving blocking thyroid receptor antibodies (TRAb). Furthermore, in GD, phases of
hyperthyroidism and hypothyroidism may alternate or overlap, which is also a common
feature of this condition.

2.1. Autoimmune Hyperthyroidism

GD was named after Robert Graves, an Irish physician, who first described this form
of hyperthyroidism in 1835. There are differences in incidence between genders (women
5–15% and men 1–5%) [17], especially during the reproductive period [18]. GD includes a
range of symptoms including hyperthyroidism, diffuse goiter, Graves’ orbitopathy (GO)
and dermopathy [19,20] and is the most common cause of hyperthyroidism, representing
60% to 80% of cases of hyperthyroidism [21]. It is most common between the ages of 40
and 60 [22]. GD is characterized by a hypoechoic and inhomogeneous parenchyma, often
accompanied by thyroid gland enlargement, as seen on ultrasound. A family history of
thyroid disease, especially in maternal relatives, is associated with an increased risk of
GD [23]. GD occurs due to the presence of stimulatory anti-TSH-R autoantibodies (TRAbs),
which bind to and activate the TSH-R. Activation of the receptor leads to cell hyperplasia
and hypertrophy of the thyroid follicles and, consequently, to the increased synthesis of
thyroid hormones. TRAbs are mainly synthesized by B lymphocytes in the thyroid gland
but can also be produced in lymph nodes and bone marrow. After the sensitization of T
lymphocytes with thyroid antigens, B lymphocytes are activated [23].

The pathology of thyroid diseases lies in the interaction between thyroid hormones, the
immune system and minerals. The minerals that are mostly involved in this interaction are
magnesium, selenium, calcium, zinc, iron and copper [24]. Zinc participates in the immune
system as an immunomodulator, and its deficiency suppresses the innate and adaptive
response [24]. In hyperthyroidism, the impaired mitochondrial function in hyperthyroidism
is likely related to deficiencies in magnesium, selenium and the antioxidant coenzyme
Q10. [24]. Clinically, hyperthyroidism manifests itself through general signs of metabolic
acceleration: nervousness, hyperactivity, mood swings, sleep disorders, sensitivity to heat,
muscle weakness and diarrhea.

2.2. Autoimmune Hypothyroidism

In his report, from 1912, Hakaru Hashimoto was the first to describe the lymphocytic
infiltration of the enlarged thyroid gland and, thus, introduced the term lymphomatous
goiter [25]. It is now considered the most common autoimmune disease characterized
by the cellular immune response and lymphocytic infiltration resulting in the gradual
destruction of thyroid tissue, and often leading to hypothyroidism [26,27].

The incidence of HT is estimated at 0.3–1.5 cases per 1000 people [28], with a higher
prevalence in women (5–15% vs. 1–5% in men), especially those middle aged and living
in iodine-sufficient areas [29]. Recent data also suggest a higher incidence in the same
geographical areas compared to prior studies, and an overall increase in the incidence of
AITD in recent years [30].

Typical ultrasonography findings include enlargement of the thyroid gland with
hypoechoic and inhomogeneous parenchyma [31]. The risk of HT is higher in relatives,
especially those with other autoimmune diseases. Although thyroid autoantibody titers do
not seem to play a significant role in the pathogenesis of this disease, thyroid peroxidase an-
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tibodies (TPOAbs) are present in almost 90% of cases and 5–20% of women of reproductive
age are considered positive for thyroid autoimmunity [32].

Subclinical cases of HT are defined by elevated thyroid-stimulating hormone (TSH)
and normal thyroid hormone levels, without typical symptoms, but with an increased
rate of cardiovascular morbidity [33]. It is estimated that hypothyroidism develops in
approximately 20–30% of patients with HT. Interestingly, some large population studies
suggest that subclinical hypothyroidism in the elderly population may be associated with
reduced morbidity [34].

When it occurs clinically, hypothyroidism is manifested by general signs of a metabolic
slowdown (weight gain, slowed heart rate and bowel movements, edema, fatigue, nor-
mocytic anemia, skin changes with hair and body hair loss and anovulatory cycles with
menorrhagia) and memory impairment [35]. In an early stage, symptoms and signs of
thyrotoxicosis, due to a massive release of thyroid hormones from damaged thyroid cells,
may also occur [36].

The diagnosis of HT is based on clinical symptoms, the presence of circulating anti-
bodies to thyroid antigens (mainly TPOAbs and TgAbs) and / or a typical sonographic
appearance of the thyroid gland. Ultrasonography is particularly important in establishing
the diagnosis in patients with seronegative HT, which occurs in 5–10% of cases [28].

3. Pregnancy and Autoimmune Thyroid Disease

A healthy pregnancy and proper fetal development are of the utmost importance.
During pregnancy, maintaining optimal thyroid function is crucial for the health of the
mother and the development of the fetus. Pregnancy places increased demands on the
thyroid gland as thyroid hormones play a critical role in fetal growth and neurological
development, especially in the first trimester when the fetus is completely dependent on
maternal thyroid hormones. Thyroid hormones are critical for fetal brain development,
and the disruption of thyroid function due to AITD can have detrimental effects on the
child’s neurological outcomes [37].

The course and progression of AITD can vary during pregnancy and may change
after delivery. This is because the mother’s immune system undergoes significant changes
during pregnancy, with metabolic adaptations that help maintain immune tolerance to
the fetus, which carries paternal antigens on its cells [38]. Therefore, despite transient
immunosuppression, maternal immunity must be able to maintain effective protection
of both the mother and the fetus against infection while protecting the fetus from the
maternal immune system. It is, therefore, assumed that cellular immunity is reduced
during pregnancy in order not to reject the fetus. However, these changes in the immune
status of the pregnant woman appear to influence the course of the autoimmune disease
itself [39]. The natural history of GD includes improvement in the second half of the
pregnancy and worsening or recurrence after delivery, which is partly explained by the
immunomodulation of the maternal immune response during pregnancy [40]. However,
the pathophysiology and mechanisms underlying these changes are unknown and require
further research.

3.1. Autoimmune Hyperthyroidism in Pregnancy

Hyperthyroidism during pregnancy is rare, occurring in 1–3/1000 pregnancies (its
prevalence is 0.1–0.3%), depending on whether overt or subclinical forms are consid-
ered [41,42]. The most common cause is GD, which is estimated to account for 85–95% of
clinically significant cases of hyperthyroidism [43]. Since some authors have shown that the
functional activity of TRAbs changes from stimulation to inhibition [44–46], this means that
GD should be well monitored during pregnancy. The symptoms of GD in pregnancy are
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no different from those in non-pregnant women but can be confused with the symptoms of
pregnancy [47].

Since maternal thyroid function undergoes significant changes during pregnancy,
different approaches are needed when interpreting thyroid function tests in pregnant
women compared to non-pregnant women [47]. The evaluation begins with the TSH
level, which is often lowered during pregnancy due to human chorionic gonadotropin
(hCG) stimulation. TSH levels are trimester-specific, and the disease is characterized
by an elevated thyroxine (T4) and triiodothyronine (T3) level and suppressed serum
TSH [48]. Free T4 (FT4) and free T3 (FT3) levels are evaluated, and total T4, T3 and thyroxin-
binding globulin (TBG) levels may be clinically useful when available [41,43,49–53]. In GD,
(stimulating) TRAbs are usually measurable and can be used to confirm the diagnosis and
differentiate it from transient gestational thyrotoxicosis [50] (Figure 1). Uncontrolled GD
during pregnancy can lead to significant maternal, fetal and neonatal complications [49].

Since the fetal thyroid gland is mature from 20 weeks onwards, it could respond to
the influence of both antithyroid drugs (ATDs) and TRAbs [47]. Fetal hyperthyroidism
could be caused by the transplacental passage of excess thyroid hormone or by the activa-
tion of the thyroid gland with stimulating TRAbs [54–56]. Autoimmune hyperthyroidism
has even been documented in babies born to mothers who were treated for GD several
years earlier but who still had detectable circulating thyroid receptor antibodies [57]. Seri-
ous complications are usually due to fetal hyperthyroidism, which can even lead to fetal
death [58]. Obstetric ultrasound offers the possibility of screening for thyroid dysfunction.
The findings may include an enlarged thyroid gland, intrauterine growth restriction, hy-
drops, advanced bone maturity, heart failure, goiter and oligohydramnios [43,51,53,54].
In addition, thyroid hormones have an impact on neurodevelopmental abnormalities by
regulating the migration, growth and differentiation of fetal neurons [54]. The guidelines of
the American Thyroid Association (2017) and the European Thyroid Association (2018) rec-
ommend monitoring TRAb levels in maternal blood during pregnancy and the additional
testing of fetal thyroid function in newborns shortly after birth [58–60].

Significant thyroid enlargement can lead to difficulties in fetal head mobility and,
possibly, abnormal presentation at birth, dysphagia leading to polyhydramnios and, con-
sequently, premature birth, or the compression of immature tracheal cartilage leading to
airway obstruction. Polyhydramnios can trigger and promote premature birth, the leading
cause of neonatal morbidity and mortality [47].

Neonatal hyperthyroidism because of the persistence of maternal TRAb (half-life
about 2 weeks) can occur in 1–5% of infants. After the disappearance of maternal TRAbs,
neonatal central hypothyroidism may occur due to the persistent suppression of fetal
pituitary TSH production [41].

Maternal complications of hyperthyroidism include hypertension, preeclampsia and
placental abruption [50]. Two other serious complications are thyroid storm, which is
characterized by altered mental status, hyperthermia, tachycardia, left dentate dysfunction,
multiorgan failure and congestive heart failure [41], which can be diagnosed in 10% of
untreated severe hyperthyroidism cases due to the increased cardiac workload. The much
higher rate in pregnant women compared with non-pregnant women could be explained by
co-existing pregnancy complications (severe preeclampsia, anemia, hemorrhage, etc.) [61].

Hyperthyroidism in pregnancy is treated with drugs that inhibit the excessive synthe-
sis of thyroid hormones [50]. All ATDs cross the placenta and can, therefore, affect the fetal
thyroid gland, so the lowest dose should be used to maintain FT4 levels [62]. Treatment
with ATDs is necessary despite the potential teratogenicity due to the negative impact
on maternal health and the risk of fetal loss in untreated overt hyperthyroidism [48,52].
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Hypothyroidism caused by ATDs is usually transient and corrects itself when the drug is
metabolized after birth, although this requires close monitoring [58].

Due to the immunosuppressive effect of pregnancy, GD is in remission in many women
towards the end of pregnancy [52]. As with other autoimmune diseases, GD typically
improves due to immune tolerance during pregnancy, which aims to prevent the fetus from
being rejected as a foreign body by immunologic molecules of trophoblastic origin and T-
cell subsets [T-regulatory cells (T-reg)] that arise in the decidua [41,42,63]. T-reg cells induce
transient immunosuppression in the maternal circulation, which can attenuate the onset
of GD [41]. After delivery, the abrupt drop in T-reg cells is the reason for the postpartum
resurgence of autoimmunity and the exacerbation of GD [41]. In some cases, TRAbs may
have an inhibitory effect instead of stimulating the thyroid gland. After delivery, there is a
risk of exacerbation or relapse due to the rebound of the maternal immune system, usually
7–9 months after pregnancy [64].

Figure 1. Assessment of thyroid function during pregnancy. The figure shows a schematic represen-
tation of thyroid function tests during pregnancy according to the American Thyroid Association
(2017) [58]. Overt autoimmune hyperthyroidism is characterized by a thyroid stimulating hormone
(TSH) level of less than 0.1 mU/L and elevated thyroid hormones and thyroid receptor antibodies
(TRAbs), indicating the need for treatment. Transient gestational thyrotoxicosis is suspected when
normal thyroid hormone levels are observed while TSH is suppressed and TRAb levels are in the
reference range. If TRAb levels are elevated, subclinical autoimmune hyperthyroidism should be
considered. In both cases, a follow-up examination is required. (Abbreviations: TSH—thyroid stimu-
lating hormone, T4—thyroxine, FT4—free thyroxine, T3—triiodothyronine, FT3—free triiodothyro-
nine, TRAbs—thyroid receptor antibodies, TPOAb—thyroid peroxidase antibody, and N—normal,
↑—elevated, ↓—decreased).

Maternal overt or subclinical hypothyroidism is defined when the TSH level is above
the population-based pregnancy-specific reference range; if this is not available, a TSH
cut-off value of 4.0 mU/L is recommended. A TSH value between 0.1 and 4.0 mU/L or a
population-based pregnancy-specific reference range with normal thyroid hormone and
TPOAb indicates normal thyroid function and requires no further testing. However, if
the TSH level is above 2.5 mU/L and the TPOAbs are elevated, levothyroxine therapy
could be considered. On the other hand, if TSH is above 4.0 mU/L or the population-based
pregnancy-specific reference range and TPOAbs are elevated, subclinical (normal thyroid
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hormone levels) or overt (reduced thyroid hormone levels) autoimmune hypothyroidism
is diagnosed and supplementation with levothyroxine is recommended.

3.2. Autoimmune Hypothyroidism in Pregnancy

It is estimated that 5–15% of healthy women of reproductive age are affected by
HT [65]. In addition, approximately 2–17% of pregnant women have increased levels
of TPOAb and TgAb. These antibodies have been shown to gradually decrease during
pregnancy, reaching their lowest levels in the third trimester, then rising again as early
as 6 weeks post-partum and returning to pre-pregnancy levels approximately 12 weeks
later [66].

The inability of the thyroid gland to cope with increased hormonal demands during
pregnancy often results in subclinical or overt hypothyroidism, which has significant impli-
cations for maternal and fetal health, including an increased risk of miscarriage, preterm
labor, placental abruption, preeclampsia and gestational hypertension, postpartum thyroid
dysfunction and other risks [67]. In developing fetuses, an association between low birth
weight, prematurity, developmental delays and stillbirths with maternal hypothyroidism
has been confirmed [68]. Maternal hypothyroidism can also have serious effects on the
child’s cognitive development, as optimal levels of thyroid hormones are necessary to regu-
late certain processes in the fetal brain, such as neuronal migration and myelination [69,70].
Maternal hypothyroidism is defined as a TSH level that is above the pregnancy-specific
reference range. In areas where a pregnancy-specific reference range is not available, a TSH
cut-off value of 4.0 mU/L should be used (Figure 1) [58,68]. Women who are euthyroid but
tested positive for TPOAb prior to pregnancy are at increased risk of developing elevated
TSH during pregnancy and require regular TSH monitoring [69]. In addition, the presence
of thyroid autoantibodies in women is associated with a two- to threefold increased risk of
pregnancy loss, although the mechanism of action is unknown [71,72]. Even in euthyroid
pregnant women, an increased risk of preterm delivery has been found in the presence of
thyroid autoantibodies [73].

While overt hypothyroidism affects about 0.2–0.6% of pregnant women [74], sub-
clinical hypothyroidism (SH) is more common and occurs in 3.5–18% of pregnancies [75].
It is characterized by normal levels of free thyroid hormones and TSH levels above the
pregnancy reference range [59]. Korevaar et al., in a meta-analysis of 19 cohort studies,
found an increased risk of preterm delivery in pregnant women with SH, with an odds
ratio 1.04 (95%CI, 1.00–1.09) for each one standard deviation increase in TSH. The risk was
also increased in the presence of TPO antibodies [76].

There is a broad consensus on the treatment of overt hypothyroidism in pregnancy. In
SH, levothyroxine (LT4) treatment is indicated in TPOAb-positive pregnant women with
TSH values above the pregnancy-specific reference range and in TPOAb-negative pregnant
women with TSH values above 10.0 mU/L. The question of whether TPO-negative women
should be treated with SH remains controversial. The studies by Zhu et al. and Magri
et al. have shown that women with SH and without thyroid autoimmunity have a higher
prevalence of gestational diabetes, anemia, preeclampsia and fetuses small for gestational
age [77,78]. LT4 treatment may be considered in TPOAb-positive pregnant women if TSH
levels are above 2.5 mU/L and in TPOAb-negative pregnant women if TSH levels are above
the pregnancy-specific reference range but do not exceed 10.0 mU/L (Figure 1) [58,68]. In
addition, euthyroid women who test positive for TPOAb and/or TgAb are at risk of PPT
within the first year after delivery due to an immune system rebound. Pregnant women
with higher TPOAb levels have a higher risk of developing PPT [59]. The diagnosis of
HT during pregnancy is difficult because the symptoms of hypothyroidism are like those
commonly seen in pregnant women, and the timely determination of serum hormone
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concentration and TPO autoantibody titer is crucial. Pregnant women with subclinical
hypothyroidism or borderline TSH levels early in pregnancy may not be able to meet
the increased demand for thyroid hormones and may show signs of thyroid insufficiency
during pregnancy [59].

It is important to emphasize that maternal and fetal thyroid functions are closely linked.
The fetal thyroid gland concentrates and begins to fully synthesize thyroid hormones only
after 18–20 weeks of gestation, but even after that, the fetus requires both maternal and its
own thyroid hormones for normal development [74,79]. The adverse effects are thought to
depend on the severity and timing of the maternal hormone deficiency. Therefore, overt
hypothyroidism should be diagnosed early in pregnancy and treated promptly [74].

Given that AITD is the most common autoimmune disorder in young women, and
considering its potential consequences—along with the fact that it can remain undiagnosed
(and untreated) in its subclinical form—systematic screening for AITD during pregnancy
has been recommended. Several studies have demonstrated the ineffectiveness of selective
screening in identifying affected individuals. However, there is still no consensus in favor
of the systematic screening of thyroid function in all pregnant women [80].

The complex pathophysiology of thyroid autoimmunity and the effects on thyroid
dysfunction during pregnancy are still far from clear. Therefore, further studies are needed
to help us uncover the underlying mechanisms and all factors involved.

4. Genetic Factors and Autoimmune Thyroid Diseases

Although HT and GD manifest with contrasting clinical presentations and represent
opposite ends of the clinical spectrum of AITD, they share a common complex etiology
involving the reciprocal interaction of the genetic basis with epigenetic and environmental
factors [81]. AITD is considered a familial disease, as the familial clustering of AITD (risk
ratio between siblings) is estimated to be 5.9 to >10, with a value of >5.0 considered signifi-
cant. A high recurrence rate was found in first- and second-degree relatives of patients with
AITD; among GD patients, 6.1% of first-degree relatives had GD, and among HT patients,
4.9% of first-degree relatives were affected [82]. Numerous recent studies have contributed
significantly to a better understanding of the role of the genetic component in the devel-
opment of mechanisms that promote thyroid autoimmunity [81–85]. This is certainly the
basis for the earlier identification of individuals at increased risk of developing AITD and
for earlier intervention, but also for the development of targeted therapeutic options.

4.1. Immune-Related Genes

HLA complex is a highly polymorphic genetic region that encodes several proteins
that play a critical role in regulating the immune response and cellular self-recognition
through antigen presentation and lymphocyte activation. More than 70 diseases have
been linked to HLA polymorphisms, and many autoimmune diseases are associated with
specific variations of the HLA class II gene [83]. Currently, the HLA-DR3 subtype is most
consistently correlated with a higher risk of developing AITD. Evidence of this is the fact
that 40–50% of GD patients have the HLA-DR3 gene, as opposed to 15–30% of the general
population. Although the link between HLA-DR3 and HT was initially less conclusive, it
has also been demonstrated [81,86].

The CTLA-4 gene is important for immune regulation as it plays a role as a down-
regulator of the T-cell-mediated immune response, while CD152 is one of the expression
products of the gene encoding the synthesis of CTLA-4 [82]. The mechanism by which
CTLA-4 downregulates T-cell activation is by binding to the intracellular domain of CD152
during the early stage of activation and mediating the negative signaling that inhibits
T-cell activation. The increased expression of CD152 on T cells in the late phase of immune
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activation leads to competition with CD28 for binding to B7 [85]. Consequently, even a
subtle polymorphism in the CTLA-4 coding region can contribute to the development
of decreased CTLA-4 expression, leading to a hyperactive and self-destructive immune
response with increased production and secretion of thyroid autoantibodies and, eventually,
AITD [82].

The CD40 is a transmembrane cell surface receptor that is classically expressed on
B lymphocytes and other antigen-presenting cells and binds specifically to CD40 ligand
(CD40L) on the surface of target cells [82]. Stimulation of the CD40 molecule controls the
proliferation, expansion and activation of B cells. It also up-regulates major histocompati-
bility complex class II (MHC II) on B cells, drives plasma cell differentiation and promotes
immunoglobulin isotype class switching and antibody secretion [81]. Some variants of
the CD40 single nucleotide polymorphism (SNP) are associated with an increased risk of
developing AITD. The variant rs1883832 was most clearly associated with a significant risk
of GD, but no association with HT was found [82]. Studies, including immunohistochem-
istry and flow cytometry, confirmed the increased expression of CD40 in thyroid cells from
individuals with GD (particularly in epithelial cells, follicular cells and fibroblasts). One
possible mechanism that could explain the susceptibility to AITD is based on the hypoth-
esis that autoantigens from GD patients are processed by the affected thyroid follicular
epithelial cells and presented to infiltrating thyroid tissue T cells to induce their activation,
while CD40/CD40L enhances the immune response during this process [81,87,88].

The PTPN22 gene plays a role in encoding lymphoid-specific tyrosine phosphatase
(LYP), and polymorphism in this genetic region has been shown to have a strong and
consistent association with the development of numerous autoimmune diseases. LYP is
capable of suppressing kinases that mediate the activation and regulation of T lymphocytes
but also plays an important role in B-lymphocyte signaling and is involved at multiple
levels in the T-cell receptor signaling and activation cascade. Therefore, after HLA, the
PTPN22 gene is the one most strongly associated with increased AITD risk, as it has
regulatory effects on multiple cell types involved in the immune response and various
signaling pathways [82].

The FOXP3 gene codes to produce the FOXP3 protein, which attaches to specific areas
of DNA and helps to control the activities of genes involved in the regulation of the immune
system. It is a crucial factor in the physiological development of T-regs. It has been shown
that certain nucleotide polymorphism variants weaken the inhibitory function of T-regs
and, thus, favor the development of an autoimmune reaction [89,90].

4.2. Thyroid-Specific Genes

The Tg gene is located on chromosome 8q24 and encodes a large glycoprotein ho-
modimer molecule of Tg, which is the most quantitatively dominant autoantigen in the
thyroid gland. Tg represents the matrix for thyroid hormone synthesis and the basic storage
molecule for newly synthesized T3 and T4 [82]. TSH-R represents a major autoantigen
of the thyroid gland, so many studies have been conducted to investigate the association
between different TSH-R polymorphisms and the propensity to develop AITD, especially
GD [82].

Intron 1 of the TSH-R gene was marked as a region of interest for GD and five
GD-associated SNPs were mapped to TSH-R intron 1: rs179247, rs2284720, rs12101255,
rs12101261 and rs2268458 [81]. In the current literature, two pathophysiological mecha-
nisms have been proposed to explain the association between intron 1 variants and an
increased risk of thyroid autoimmunity. The first mechanism is based on the disruption
of peripheral tolerance and the development of an autoimmune reaction to TSH-R due to
alterations in mRNA splicing of thyroid genes. The other theory is based on a lack of central
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immune tolerance due to a reduced expression of TSH-R in the thymus in individuals with
the aforementioned SPNs [81,82].

The Tg gene contains more than 16,000 SNPs and certain Tg SNPs and allelic variations
have been shown to correlate with AITD [82]. One of the possible underlying mechanisms
is thought to be alternate endosomal Tg degradation leading to the release of immunogenic
peptides [82]. Lee at al. note that in sequencing studies of the 5‘UTR (untranslated region)
of Tg, there is an A/G SNP at position 1623 (rs180195) that is strongly associated with
AITD since it disrupts a regulatory element within the Tg promoter [81]. Furthermore,
they mentioned three missense polymorphisms responsible for altering the amino acid se-
quence in the Tg molecule, possibly triggering the ER-to-lysosome-associated degradation
(ERLAD) pathway of Tg and the generation of peptides that have an increasing binding
affinity for HLA-DRb-Arg74 [81], thus resulting in significantly increased probability of
GD occurrence [91].

The TPO gene is located on chromosome 2p25 and encodes TPO, a glycosylated
hemoporotein located in the apical membrane of thyrocytes and consisting of a large extra-
cellular, a short transmembrane domain and an intracellular C-terminal region. Its function
is to catalyze the iodination of the tyrosine residues of Tg. Although TPO is considered one
of the major thyroid antigens and AITD can result from several mechanisms (including
total TPO dysfunction, heme cofactor binding disruption, inability to interact with the Tg
substrate and disruption of localization with subcellular placement), the number of studies
reporting the association of TPO gene polymorphisms with the development and prognosis
of AITD is modest [82]. In their study, Tomari et al. genotyped eight single nucleotide
polymorphisms in the TPO gene and demonstrated that TPO rs2071400 T carriers (CT + TT
genotypes) and the TPO rs2071403 GG genotype were more common in individuals with
AITD, including GD and HD patients [92]. However, no significant association was found
between the SNPs and the prognosis of AITD. On the other hand, serum levels of TPOAb
were significantly higher in AITD patients who were TPO rs2071400 T carriers (CT + TT
genotypes) and TPO rs2048722 T carriers (CT + TT genotypes) than in those with the CC
genotype [92].

4.3. Epigenetics Factors in Autoimmune Thyroid Disease

Since the AITD risk for some of the previously mentioned genes is rather low, it
is thought that a synergy of environmental factors and genetic susceptibility may be
necessary to trigger the development of AITD [82]. Epigenetics is considered a key factor in
the integration of these genetic and environmental elements. Epigenetics provides insights
into the mechanisms involved in the regulation of gene expression without changes in the
underlying DNA sequence. The most important epigenetic mechanisms in AITD include
DNA methylation, histone modifications, RNA interference by non-coding RNAs and
inactivation of the X chromosome [93].

DNA methylation refers to the process of binding methyl groups to specific DNA
regions, usually silencing gene expression [94]. In AITD, DNA methylation abnormalities
affect the immune-related and thyroid-specific genes mentioned earlier. For example, in GD,
the hypomethylation of genes related to immune activation contributes to the production of
thyroid-stimulating antibodies. On the other hand, some genetic polymorphisms of DNA
methylation-regulating genes can also lead to the dysfunction and maldevelopment of the
DNA methylation process, further increasing the susceptibility to disease. Studies on DNA
methylation are still limited and show high variability, but all agree with the conclusion
that abnormal DNA methylation plays an important role in the pathogenesis of AITD [95].

Histone modifications play an important role in the control of chromatin compaction,
nucleosome dynamics and DNA repair and can directly regulate transcription [96]. Like
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DNA methylation, histone modifications are highly dynamic and can alter gene expres-
sion. Recent studies have provided evidence for their role in the modulation of immune
tolerance and the development of autoimmune diseases [97]. Further research is needed to
clarify the role of histone modifications in the pathogenesis of AITD, but also to elucidate
their potential role as diagnostic biomarkers and predictors of treatment success in AITD
patients [92].

Non-coding RNAs are small RNAs, especially microRNAs with a length of 18 to
25 nucleotides, which play an important role in the post-transcriptional regulation of gene
expression [98]. Some miRNAs such as miR-223-3p and miR-155-5p also play an important
role in regulating immune function and maintaining immune homeostasis. There-fore, it is
not surprising that the abnormal expression of miRNAs involved in immune function may
contribute to the development of autoimmune diseases [99–101]

Several recent studies have provided evidence of the abnormal expression of miR-155-
5p and miR-146a-5p in AITD patients [102,103]. The abnormal expression of miR-155-5p
and miR-146a-5p can certainly promote the development of AITD by disrupting immune
homeostasis and immune tolerance [92]. Bernecker et al. found that patients with GD and
HT had significantly lower levels of miR-146a-5p and miR-155-5p in thyroid tissue [104].
Currently, there are many studies investigating the differentially expressed miRNAs in
AITD patients, but studies specifically exploring their clinical utility should be prioritized.

Inactivation of the X chromosome (XCI) is an important epigenetic trait that occurs
randomly in females and involves the transcriptional silencing of an X chromosome. AITD
has been shown to affect female patients more frequently, raising the question of a possible
key role of XCI in the developmental process. An underlying mechanism could be distorted
XCI, which may lead to a loss of balance of gene products and immune tolerance. Several
previous studies have demonstrated an increased frequency of skewed XCI in AITD
patients, while Ishido at al. found a non-significant difference in prevalence between
GD patients and healthy individuals but demonstrated a correlation between skewed X
chromosome and GD progression [105].

4.4. Environmental Factors

The key environmental factors involved in development of AITD are iodine excess,
deficiency of selenium, iron and vitamin D, smoking, stress and infections [106,107] as
shown on Figure 2.

Figure 2. Key factors influencing thyroid function. Figure illustrates the most critical physiological,
environmental, genetic and lifestyle factors that impact thyroid function.

60



J. Clin. Med. 2025, 14, 190

4.4.1. Iodine Intake and Autoimmune Thyroid Disease

Of all the environmental factors that influence AITD, iodine is the most important
because it is necessary for the synthesis of thyroid hormones [106,107]. Iodine is incor-
porated into the tyrosine residues of Tg, which ultimately leads to the production of the
hormones T3 and T4. Iodine deficiency continues to be an important public issue and
a common health problem worldwide. It is associated with decreased serum levels of
thyroid hormones and leads to goiter, hypothyroidism, irreversible cognitive impairment,
cretinism and even cancer [16,24]. On the other hand, it is also known that excess iodine can
lead to thyroid dysfunction, resulting in either hypothyroidism or thyrotoxicosis through
a transient destructive effect on thyroid cells or even hyperthyroidism if autonomously
functioning thyroid tissue is present [108]. In addition, evidence has accumulated over
the years that iodine prophylaxis is associated with an increased prevalence of thyroid
autoimmunity, especially in areas previously deficient in iodine [109,110]. The exact cause
of thyroid autoimmunity in relation to iodine is still not fully understood. The thyroid
autoimmune process may be exacerbated or triggered by excessive or insufficient iodine
intake [111]. The increasing prevalence and variety of thyroid disorders suggest possible
negative effects of increased iodine intake. This trend is consistent with observations from
studies conducted in both the United States and Europe [112,113]. There are data suggest-
ing that iodine may be involved in triggering the process of lymphocytic intrathyroidal
infiltration. One of the possible explanations is that iodine could increase the production
of cytokines such as tumor necrosis factor (TNF)-alpha and chemokines and cause cell
damage through oxidative stress [24,114,115]. In addition, a more-than-adequate iodine
intake in the mouse model increases the expression of the intercellular adhesion molecule
1 on the thyroid cell, which leads to the increased infiltration of mononuclear cells and
inflammation [116]. It has also been suggested that iodine may induce Th17 T cells in the
thyroid gland and impair the development of T-reg cells and that, in excessive amounts,
it could increase the antigenicity of thyroglobulin by altering its conformation [117]. In
addition, increased TPOAb and TgAb titers have been found in regions with excessive
iodine intake, also suggesting that excessive iodine consumption could lead to the develop-
ment of AITD [110,118]. In Denmark, the iodized salt program in regions with moderate
and mild iodine deficiency led to a steady increase in the incidence of hypothyroidism
in young and middle-aged subjects [119]. On the other hand, there are studies that have
found no change in thyroid autoimmunity over time following salt iodization [120,121]. A
national cross-sectional survey in China in 2020 showed that after two decades of the salt
iodization program, the prevalence of positive TPOAb was low and a more-than-adequate
iodine intake was inversely related to TPOAb [122]. Studies have also shown that the
iodine-induced early increase in thyroid antibody levels is usually transient but is also
influenced by genetic and other environmental factors. It appears that adequate iodine
intake, not exceeding a urinary iodine concentration of 300 μg, does not increase the risk
of AITD according to the literature data, although further investigation is needed [24]. A
controlled iodine prophylaxis program is recommended to avoid the adverse effects of
iodine deficiency and iodine excess.

4.4.2. Iodine Disbalance During Pregnancy with Autoimmune Thyroid Disease

It is well known that increased maternal iodine intake during pregnancy is crucial and
that the fetus is dependent on maternal thyroid hormones and maternal iodine reserves in
all trimesters of pregnancy. The placenta stores iodine during pregnancy to provide the
fetal thyroid gland with a sufficient concentration of iodine for adequate thyroid hormone
synthesis and to prevent the negative consequences of iodine deficiency [123]. Adequate
maternal iodine intake during pregnancy is required due to increased thyroid hormone
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production because of elevated levels of β-hCG, circulating estrogens and TBGs. In addi-
tion, renal iodine excretion is increased during pregnancy, as is the activity of placental
deiodinases [124]. The hormones T4 and T3 are essential for the healthy neurological
development of the fetus and are involved in highly sensitive processes such as neuronal
migration, myelination, synaptic transmission and plasticity during the fetal and early
postnatal period [125,126]. Therefore, it is known that severe iodine deficiency during
pregnancy and the neonatal period can have serious adverse effects: an increased risk
of pregnancy loss and infant death, neonatal hypothyroidism and neuropsychomotor
developmental delay [127]. In addition, a prospective cohort study showed that preg-
nant women with adequate iodine supplementation had fewer maternal complications
such as preeclampsia and placenta previa and a lower rate of fetal distress than pregnant
women with severe iodine deficiency [128]. However, there are also studies that have
found no association between iodine deficiency and adverse effects such as pregnancy loss,
preeclampsia, gestational diabetes, anemia, postpartum hemorrhage, small for gestational
age and preterm delivery, among several others [129,130]. Other factors besides iodine
deficiency may play a role in pregnancy outcome and further investigation is needed. One
of the most important factors to consider is maternal or fetal hypothyroxinemia, which
may be exacerbated if iodine deficiency is combined with maternal thyroid autoimmunity
during pregnancy. Since hypothyroidism in pregnant women with AITD may worsen
during pregnancy, it would be very important to ensure adequate iodine intake to avoid
the risk of an unfavorable pregnancy outcome (Figure 3).

Figure 3. The complex network of factors that influence thyroid function and pregnancy outcome.
Both thyroid function and a successful pregnancy are influenced by genetic and epigenetic predispo-
sitions as well as environmental factors that, when out of balance, can lead to AITD and an adverse
pregnancy outcome. Immunomodulation during pregnancy, which is necessary for a successful
pregnancy outcome, also affects thyroid function, especially in the presence of AITD. On the other
hand, autoimmunity of the thyroid gland can affect the normal immunological changes and the
outcome of pregnancy.
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As iodine deficiency is preventable and can be avoided by adequate iodine supple-
mentation during and before pregnancy, the importance of developing an effective strategy
to avoid iodine imbalance becomes clear. Recent surveillance studies have shown that
pregnant women have become moderately iodine deficient over the past decade [131,132].
Similar studies from various countries, including Australia [133], the United Kingdom [106],
Spain [112], the Netherlands [113] and the United States [114], have also reported iodine
deficiency in pregnant women. This global concern regarding maternal iodine supply has
attracted much attention. Recent research in Shanghai also confirms that current iodine
intake in pregnant women is inadequate [131].

Although the adverse maternal and fetal consequences of iodine deficiency have
been extensively studied and are widely recognized, the effects of iodine excess have not
received the same level of attention and warrant further investigation. Iodine is an essential
micronutrient that must be obtained through diet, as the body cannot synthesize it on
its own. However, excessive iodine intake can also lead to side effects and toxicity [134],
especially during pregnancy. There is evidence that subclinical hypothyroidism can develop
in pregnant women. An increased incidence of preterm birth has been described, and the
neurological development of the fetus may also be impaired [135,136].

Given the significant prevalence of AITD in women of reproductive age and the
knowledge that both iodine deficiency and iodine excess can lead to thyroid dysfunction,
the careful monitoring of iodine prophylaxis is required to minimize the risk of adverse out-
comes during pregnancy. These thyroid dysfunctions necessitate the careful management
of iodine levels and monitoring of thyroid function in both the mother and fetus during
pregnancy, especially in women with GD. Poor management can lead to notable neonatal
morbidity, again emphasizing close monitoring and early intervention [58]. Further re-
search is needed to clarify the impact of iodine status on thyroid autoimmunity, which will
greatly contribute to the maintenance of normal pregnancy and the birth of a healthy child.

4.4.3. Selenium and Autoimmune Thyroid Disease: A Scientific Overview

In recent years, selenium, an essential trace element with significant antioxidant
properties, has attracted attention for its potential role in AITD. Selenium has the highest
concentration of all tissues, emphasizing its essential role in thyroid metabolism. Several
selenoproteins have been documented to be expressed in thyroid cells, including the deiodi-
nase isozymes DIO1 and DIO2, which convert T4 to the active hormone T3 [137,138]. These
proteins also include glutathione peroxidases (GPX1, GPX3 and GPX4) and thioredoxin
reductases (TXNRD1, TXNRD2 and TXNRD3), which regulate thyroid hormone levels and
perform oxidoreductase activities. Although DIO3, which inactivates thyroid hormones,
is not expressed in thyroid cells, it is expressed in the placenta and plays an important
role in fetal development [139]. The thyroid gland is particularly vulnerable to oxidative
stress during hormone production, and AITD exacerbates this damage. Selenium is an
integral component of various selenoproteins that play a crucial role in redox regulation,
thyroid hormone metabolism and immune function. In AITD, immune system attacks
exacerbate oxidative damage. The role of selenium in reducing oxidative stress through the
function of selenoproteins such as glutathione peroxidase (GPx) and thioredoxin reductase
may mitigate tissue damage in the thyroid gland. Given the oxidative stress involved in
thyroid inflammation, the antioxidant capacity of selenium, therefore, makes it a potential
candidate for therapeutic intervention [140].

A recent large meta-analysis by Huwiler and coworkers [141] has shown that selenium
was effective and safe in lowering TSH, TPOAb and malondialdehyde levels. Further
studies have shown that selenium supplementation can enhance selenoenzyme activity
and help lower inflammatory markers and oxidative stress in patients with HT, which may
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slow the progression of the autoimmune response and subsequent destruction of thyroid
tissue [142]. Since this micronutrient is crucial for the conversion of the inactive hormone
T4 to the active form T3 and the conversion is catalyzed by the selenium-dependent
enzymes iodothyronine deiodinases, a selenium deficiency can impair this conversion
process and contribute to the symptoms of hypothyroidism, even if the thyroid gland
produces adequate amounts of T4. Ensuring adequate levels of selenium in the body may
also help maintain efficient thyroid hormone metabolism [143].

The influence of selenium on immune function is particularly important in AITD. It
can modulate the immune response by influencing both innate and adaptive immunity.
Selenium has been shown to regulate the production of pro-inflammatory cytokines and
shift the balance of T helper cells, which play a crucial role in autoimmune thyroid de-
struction. Selenium supplementation has been shown to reduce anti-TPOAbs, associated
with the severity of thyroid inflammation and destruction [144,145]. However, mixed
results were noted, and this variability in results could be due to differences in baseline
selenium status, dosing, duration of supplementation and other patient-specific factors
such as genetics and comorbidities. Indeed, long-term studies are needed to determine
whether selenium supplementation can prevent the progression of AITD or improve clini-
cal outcomes. In patients with AITD, selenium supplementation at a dose of 200 μg/day
is considered safe. However, excessive selenium intake can lead to toxicity (selenosis).
Therefore, supplementation should be carefully monitored, especially in regions where
selenium levels in food and water are already high [146]. By reducing oxidative stress,
modulating immune function and supporting thyroid hormone metabolism, selenium
may help to alleviate some aspects of HT, particularly in selenium-deficient individuals.
However, until definitive scientific and clinical conclusions are reached, selenium should
be considered as an adjunct to conventional treatments under medical supervision [147].

4.4.4. Selenium and Autoimmune Thyroiditis in Pregnancy

Adequate selenium levels are crucial for maintaining appropriate thyroid hormone
levels, especially during pregnancy when metabolic demands are increased. The appropri-
ate management of thyroid function during pregnancy is crucial to avoid adverse outcomes.
Selenium supplementation has been shown to be a possible adjunct therapy in women
with AITD, although further studies are required to confirm its benefit [148]. A recent
study showed that selenium levels were low in pregnant women with gestational diabetes
compared to controls and selenium supplementation had a positive effect on blood glu-
cose levels [149]. Pregnancy leads to significant changes in immune function, and PPT
is a common complication in women with autoimmune thyroiditis. After childbirth, the
immune system may be reactivated and attack the thyroid gland, leading to either transient
hyperthyroidism or hypothyroidism. Selenium is generally considered safe to take during
pregnancy, but dosing is crucial. A randomized controlled trial by Negro et al. examined
the effect of selenium supplementation of 200 μg/day in euthyroid pregnant women with
AITD and showed that selenium significantly lowered anti-TPO antibody levels during
pregnancy and in the postpartum period while reducing the incidence of PPT [150]. These
results suggest that selenium may contribute to the stabilization of thyroid function during
pregnancy. Animal studies and observational studies have shown that selenium supple-
mentation may support normal fetal development by ensuring adequate thyroid hormone
levels [151]. Some studies suggest that selenium deficiency may be associated with neu-
rodevelopmental delays in children. However, further research is needed to establish a
direct link between maternal selenium intake and improved cognitive performance in
offspring [152,153].
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Although a positive role of selenium supplementation on thyroid function during
pregnancy is suspected, especially in pregnant women with overt or subclinical hypothy-
roidism, most guidelines do not suggest routine selenium supplementation in pregnancy
due to an overall lack of studies [59]. A 2017 review by Ventura et al. showed that selenium
may contribute to thyroid health. However, they found that most studies measured thyroid
antibodies but not selenium levels themselves. Since selenium has a narrow therapeutic
index, supplementation could easily lead to toxicity [154]. Selenium supplementation may
prevent complications such as preeclampsia, miscarriage and PPT, although this is not yet
well established. Selenium plays an important role in the synthesis of thyroid hormones
and antioxidant protection, but its supplementation regarding pregnancy complications is
still under investigation [155].

In areas where selenium is deficient, selenium supplementation has also been consid-
ered to improve pregnancy outcomes, for example, by reducing preterm births, small-for-
gestational-age babies and pregnancy-induced hypertension. Selenium supplementation,
especially in the form of selenomethionine, has been shown to significantly lower levels of
antithyroid anti-TPOAbs in euthyroid women with AITD throughout pregnancy. It may
prevent the progression of hypothyroidism and reduce the inflammatory response during
pregnancy, leading to better maternal and fetal outcomes. Selenium supplementation,
while promising, is only recommended in some cases. Both the American and European
Thyroid Associations urge further research to determine the optimal dosage and safety of
routine selenium use during pregnancy. The benefits of selenium are more pronounced in
selenium-deficient regions; therefore, geographic considerations are an important variable
when making supplementation recommendations [69].

4.4.5. Autoimmune Thyroid Disease, Pregnancy and Iron—Causal Connections
and Implications

Recent evidence emphasizes the role of iron in thyroid hormone synthesis and immune
function, making iron status a very important factor in the management of AITD in
pregnancy [156]. Iron plays a crucial role in both thyroid function and immune system
regulation, making it particularly important for pregnant women with AITD. Iron is a
co-factor for TPO, which is essential to produce thyroid hormones. If the iron supply
is insufficient, the activity of TPO is impaired, which leads to the reduced synthesis of
thyroid hormones [157]. Iron deficiency can impair the production of thyroid hormones
and, thereby, exacerbate hypothyroidism, especially in women with AITD, which can lead
to complications such as fatigue, anemia or the worsening of thyroid dysfunction [158].
Iron plays an important role in regulating the immune system and helps to maintain the
balance between pro-inflammatory and anti-inflammatory responses. Iron deficiency can
impair immune function and make the body more susceptible to exaggerated inflammatory
responses, potentially exacerbating thyroid autoimmunity, which can lead to increased
thyroid damage [159].

Low iron and ferritin levels during pregnancy can lead to anemia, which, in combi-
nation with thyroid dysfunction, can increase the risk of miscarriage, preeclampsia and
premature birth. Women with AITD already have a higher risk of these complications, so
iron deficiency further increases the risks [160]. Adequate thyroid function is critical for
fetal neurologic development, especially in the first trimester, and iron deficiency predicts
poor maternal thyroid status during pregnancy [161]. Since the fetus is dependent on ma-
ternal thyroid hormones, iron deficiency leading to hypothyroidism may impair fetal brain
development and increase the risk of cognitive impairment and developmental delay [162].
For pregnant women with AITD, the monitoring and treatment of iron levels is crucial.
Therefore, the appropriate management of iron levels is critical for optimizing maternal and
fetal health. Iron supplementation may be necessary to prevent the exacerbation of thyroid
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dysfunction as it helps to stabilize TPO activity, improve thyroid hormone production and
reduce the risk of complications [159].

4.4.6. Vitamin D and Thyroid Dysfunction

A growing body of research suggests that vitamin D, which is also a secosteroid
hormone, may play a role in thyroid health and the development of thyroid disease [163].
Vitamin D receptors (VDR) are found in many tissues, including immune cells, suggesting
that they play a critical role in regulating the immune response. The active form of vitamin
D, 1,25-dihydroxyvitamin D (calcitriol), exerts immunoregulatory effects, particularly in
autoimmune diseases. Scientific evidence confirms that insufficient vitamin D levels can
lead to immune dysregulation, possibly contributing to autoimmune thyroid diseases,
although conflicting results have been found [164]. Nevertheless, numerous studies have
shown that patients with HT tend to have lower vitamin D levels compared to healthy
controls. The presence of TPOAb and lower vitamin D levels are often associated with
higher antibody titers, indicating a more active autoimmune process [165]. Similarly,
hyperthyroidism due to GD has been associated with lower vitamin D levels. Studies
suggest that vitamin D deficiency may exacerbate disease severity, although the scientific
evidence is less consistent compared to hypothyroidism [166,167].

Several biological mechanisms have been proposed that could explain the link between
vitamin D deficiency and thyroid dysfunction, of which the immuno-modulatory effect
of vitamin D seems to be the most important [168]. Vitamin D is known to regulate
both innate and adaptive immune responses and can modulate the proliferation of T
cells and the differentiation of T-regs, which are crucial for the maintenance of immune
tolerance [169]. Vitamin D deficiency may impair these mechanisms and, thus, contribute
to the development and/or progression of AITD and other autoimmune diseases [170,171].
In addition, VDRs are expressed in thyroid cells, suggesting that vitamin D may influence
thyroid function. Recent findings show an association between VDR gene polymorphism,
vitamin D status and AITD [172]. Vitamin D is also known for its anti-inflammatory
properties, and its deficiency may lead to increased inflammation and oxidative stress
in thyroid tissues. Chronic inflammation is a key component of AITD, and vitamin D
supplementation has been suggested as a potential means of reducing this inflammation,
although clinical trials examining the effects of vitamin D supplementation on thyroid
function are still limited [173].

Numerous epidemiological studies have shown a link between low vitamin D levels
and thyroid disease [174]. However, the question of whether vitamin D deficiency is a cause
or a consequence of thyroid dysfunction remains a topic of ongoing research, as the results
are not yet conclusive. Indeed, further research is needed to determine whether vitamin D
supplementation can serve as a therapeutic or preventive measure for thyroid dysfunction.

4.4.7. Smoking and Autoimmune Thyroid Disease

Cigarette smoking is considered one of the environmental factors affecting thyroid
function and appears to have different effects on the development of autoimmune thyroid
disease. Data on the effects of cigarette smoking on thyroid function and the triggering of
thyroid autoimmunity are varied and conflicting. It has been suggested that the chemical
components of tobacco may affect hormone production, hormone transport and secre-
tion [175]. Smoking has been reported to increase the size of the thyroid gland and the
development of non-toxic goiter [176]. There are studies showing that smokers have higher
thyroid hormone levels and lower TPOAb levels than non-smokers [177], but other studies
have not confirmed these results [178,179]. The results of most studies relied on question-
naires to assess smoking status, which is associated with limitations such as information
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bias and subjectivity [175]. Several studies investigated serum cotinine as a measure of
nicotine exposure to more objectively determine smoking status [180,181]. Soldin et al.
reported decreased TSH and T4 levels in active smokers [182], while Kim et al. found
that cigarette smoking was associated with decreased TSH levels in men and women and
increased TPOAb levels in male subjects [175]. In addition, they reported that urinary
cotinine levels were negatively associated with TSH levels after controlling for age, height,
weight, health behaviors and urinary iodine levels. The authors suggest that smoking
may have a stimulating effect on the thyroid gland by increasing serum TBG and T3 con-
centrations and lowering serum TSH levels [175]. Cigarette smoking may impair iodide
transport and iodide organization. One hypothetical explanation is that thiocyanate, a
metabolite of cigarette smoke, inhibits the sodium iodide symporter and, thus, impairs
iodine uptake and thyroid function, especially in iodine-deficient women. This could
lead to the development of autoimmune thyroid dysfunction and increased production
of thyroid hormones, which, in turn, lowers TSH levels [183,184]. This was supported
by the research conducted by Shields et al., which showed that smoking lowers thyroid
antibody levels, possibly due to the inhibitory effect of thiocyanate, on the sodium iodide
symporter, which affects iodine uptake in the thyroid gland. It was also found that smokers
were less likely to test positive for TPOAbs, again supporting the hypothesis of immune
modulation by smoking that suppresses the autoimmune responses of the immune system,
thus explaining the lower risk of hypothyroidism in active smokers. The study also found
that this protective effect wears off after quitting smoking and that people return to their
baseline risk of hypothyroidism a few years after quitting [185].

To date, cigarette smoking has been shown to be associated with a twofold increased
risk of GD and a higher likelihood of relapse in GD or GO [16,186]. The mechanism is
not yet fully understood, but smoking is thought to increase the risk by increasing the
formation of reactive oxygen species and decreasing the production of antioxidants [16].
However, the effects of smoking in HT are not so clear and mixed results have been re-
ported. There is evidence that cigarette smoking is associated with a lower prevalence of
TPOAb [176,187,188]. On the other hand, there are studies that find no significant correla-
tion between smoking and TPOAbs [189]. Although the data are contradictory, smoking
appears to lower the overall risk of TPOAb, TgAbs and autoimmune hypothyroidism
by a factor of about 40%. It has been suggested that nicotine alters immune responses
by activating nicotinic receptors on immune cells, shifting the autoimmune profile away
from the Th1 and Th17 pathways [190]. Smoking can impair cell-mediated immunity
and inhibit the activity of natural killer cells and reduce the number of cytotoxic CD8+ T
cells [191] which could reduce the risk of the thyroid autoimmunity [176]. In addition to
autoimmunity and iodine status, the effect of smoking on thyroid function might depend
on several factors, such as age, the duration and intensity of smoking, physical health and
comorbidities and other environmental factors [192].

4.4.8. Smoking and Thyroid Function During Pregnancy

Smoking during pregnancy can have harmful effects on the development of the fetus.
It is associated with an increased risk of miscarriage, growth failure and malformations,
e.g., orofacial cleft, congenital heart defects or neural tube defects [193–196]. Quelhas
et al. reported that active tobacco use during pregnancy was associated with significantly
higher rates of small for gestational age, shorter length and smaller head circumference at
birth [193]. One of the suggested mechanisms is oxidative stress in the placenta caused by
tobacco, which can impair the transport of oxygen and nutrients to the growing fetus [197].
Yuan et al. showed, in a Mendelian randomization investigation, a positive association
between smoking initiation and increased risk of pregnancy loss [198]. A long-term conse-
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quence was also found to be impaired intellectual development [199]. However, data on
the effects of smoking on thyroid function during pregnancy are limited and contradictory.
Smoking during pregnancy has been shown to increase the risk of subsequent hyperthy-
roidism, while paradoxically, it also has a protective effect against hypothyroidism [59].
Andersen et al. showed lower TSH, higher T3 and lower or unchanged T4 in pregnant
women who smoked [200]. One of the possible explanations is that smoking affects the
activity of deiodinase, especially D2, during pregnancy and the delicate balance of the
sympathetic nervous system [124]. Andersen et al. also reported that women who quit
smoking during pregnancy had higher TSH, lower T4 and higher T3 [200]. Previous
research suggests that smoking lowers the risk of positive thyroid autoantibody concentra-
tions, which may be one reason for the protective effects of smoking on hypothyroidism in
this population. Shields et al. investigated thyroid function in a cross-sectional study of two
independent cohorts of pregnant women without a history of thyroid disease or with overt
biochemical thyroid dysfunction [185]. They reported that pregnant women who smoked
had lower TSH and higher FT3 levels than non-smoking pregnant women, while FT4 levels
were similar in both groups, as was the prevalence of TPOAbs. TSH levels were also lower
in the cord blood of babies born to mothers who had smoked during pregnancy [185]. A
meta-analysis showed that smoking was associated with an increased risk of both HT and
GD. In the population at risk for AITD, an inverse association was found between smoking
and the presence of TPOAb, a finding that was later confirmed in other population-based
studies [16]. Curiously, smoking during pregnancy was associated with a lower risk of
developing thyroiditis, but increased the incidence of PPT [185].

Despite this protection against hypothyroidism, smoking during pregnancy carries
many other risks, including an increased risk of low birth weight, preterm birth and infant
mortality. Healthcare providers should, therefore, watch for symptoms of hyperthyroidism
in women who smoke, especially in the first two years after giving birth. Although smoking
during pregnancy has decreased, a large proportion of pregnant women still smoke, which
means that public health efforts need to continue.

Clearly, further research is needed to investigate the effects of maternal thyroid au-
toimmunity and smoking on fetal development and adverse pregnancy outcomes and to
identify the complex underlying mechanisms.

4.4.9. Infections and Autoimmune Thyroid Disease

The immunological basis of AITD has both an innate and an adaptive component.
The innate mechanisms of immune responses are primarily cell-mediated and represent a
rapid defense against pathogens, whereas the adaptive mechanisms are antigen-specific
and elicit antibodies against specific targets. Autoimmune thyrocyte destruction in HT is a
cell-mediated phenomenon represented by lymphocytic infiltration into thyroid follicles.
Recent evidence suggests that stromal cells in the thyroid gland of HT patients may
drive the recruitment of inflammatory cells into organized lymphoid structures called
tertiary lymphoid organs. The resulting tissue destruction leads to exposure to thyroid
antigens, triggering the production of autoantibodies. In contrast, GD shows less aggressive
lymphocytic infiltration and a predominant humoral immune response, although these
processes are interdependent [83].

While adaptive immunity in AITD is well documented, recent attention has focused
on the innate immune cells involved, such as neutrophils, NK cells, NKT cells, monocytes,
macrophages and dendritic cells [83,201]. The activation of innate immune pathways
usually leads to the release of cytokines, infiltration of lymphocytes and tissue destruction.
Although innate immunity is classically considered to be non-specific, some degree of
specificity has been established [202].
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NK cells are components of innate immunity and work together with T lymphocytes
as major effectors of cell-mediated immunity. NK cells make up 10–15% of lymphocytes
in peripheral blood and have been categorized into two subsets based on the cell surface
density of the neuronal cell adhesion molecule (N-CAM), also known as CD56: one subset
comprises cells often referred to as CD56dim cells, which are highly cytotoxic and account
for 90% of NK cells, and the remaining fraction consists of CD56bright cells, which are
immunoregulatory cells and produce cytokines [203,204]. Due to their cytotoxic nature,
they can destroy virus-infected and malignant cells without prior sensitization, a unique
property compared to T lymphocytes. NK cells are activated by the proinflammatory
cytokines IL-2, IFN-γ, IFN-β and IL-12 and may take on regulatory functions via their
interactions with T cells and dendritic cells, thereby modulating both innate and acquired
immunity [203].

In viral infections, NK cells play the most important role due to their ability to rapidly
eliminate virus-infected cells. The activity of NK cells is controlled by a delicate balance of
activating and inhibitory receptors on their surface that control cytotoxic responses [205].
NK cells kill target cells via two main pathways: a direct cytotoxic release of granules and
binding to “death receptors” such as Fas/FasL on the target cells. The activated NK cells
produce cytokines such as IFN-γ, TNF-α and TNF-β, which help in immune regulation and
apoptosis. NK cells are also involved in autoimmune diseases such as multiple sclerosis
and Crohn’s disease, where viral antigens interfere with NK cell function. Chronic viral
infection has been shown to downregulate NK cytotoxicity, promote viral persistence and
contribute to autoimmunity through its effects on B- and T-cell responses.

During pregnancy, there is a functional change in NK cells. In a normal pregnancy,
the number and activity of NK cells increase in the first trimester and then decrease in
the later stages. However, high NK cell activity has been associated with miscarriage and
recurrent pregnancy loss, suggesting a role in immune regulation at the feto-maternal
interface [83]. The exacerbation of autoimmune thyroid disorders of AITD, such as HT and
GD after delivery, has also been associated with increased NK cell activity [205]. These
findings emphasize that NK cells play a Janus-like role both in the protection against viral
infections and the development of autoimmune diseases and pregnancy complications. In
summary, NK cells play a crucial role in viral immunity and the control of autoimmunity,
and functional changes in diseases such as AITD, viral infections and pregnancy suggest
that they are involved in the immune response [206].

4.4.10. Stress and Autoimmune Thyroid Disease

There is growing evidence that stressful life events are among the environmental fac-
tors that may contribute to the development of autoimmunity in genetically predisposed
individuals [207]. Stress is known to lead to the excessive secretion of glucocorticoids
and catechol-amines through activation of the hypothalamic–pituitary–adrenal axis and
sympathoadrenal system, which can disrupt immune homeostasis and cause the Th1/Th2
imbalance associated with autoimmunity and the pathogenesis of AITD [208]. Elevated
glucocorticoid levels affect the cytokine network by inhibiting the synthesis of IL-1, IL-2,
TNF and IFN and stimulating the production of IL-4, IL-10 and IL-13, thereby shifting the
immune profile towards a humoral response, which is mainly involved in the etiopathogen-
esis of GD [209]. There is also evidence that elevated glucocorticoid levels can downregulate
antioxidant enzymes [210]. There are studies that establish a link between stress and the
development of GD [115]. However, the results are not yet clear. Stressful life events have
been reported to favor the onset and recurrence of GD in patients who have been observed
for at least 5 years after the exclusion of thyrostatic therapy [211]. On the other hand, there
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was a prospective 5-year follow-up study that showed no causal relationship between
stress and GD [208,212].

The influence of stress on the development of HT is also far from clear, although
there are accumulating data suggesting that the pathogenesis of HT is more complex
and involves both cellular and humoral immune mechanisms [213]. The authors also
suggested that acute stress could lead to the progression of HT, while chronic stress induces
a Th2 immune response and increased levels of TPOAb and Tg autoantibodies [209].
Interestingly, Vaivode et al. investigated the relationship between the number and impact
of stressful life events in AITD patients and the Th1/Th2/Th17 immune response and
found no significant differences in the number of stressful life events between patients
with HT, patients with GD and controls. There was a positive correlation between the
number of major life events and life events with negative effects on TPO and Tg antibody
levels [208]. The exact role of TPOAbs in the pathogenesis of HT is not clear, but they
appear to be associated with oxidative stress, as higher oxidative parameters have been
found in euthyroid, untreated HT patients [214]. Markomanolaki et al. reported that
after an 8-week stress management intervention, patients showed a statistically significant
decrease in TgAb titers and stress, depression and anxiety scores compared to the control
group [213]. The study by Corso et al. provides the first evidence that stressful events such
as emotional neglect and abuse are potential risk factors for the development of AITD [215].
In a pilot study investigating the relationship between thyroid function and perceived
stress in newly diagnosed hypothyroid women of reproductive age, a significant difference
was found between clinical and subclinical hypothyroid women in terms of the mean
score of the Perceived Stress Scale (PSS), which measures the individual perception of
people exposed to stressful situations. A significant positive correlation was found between
PSS scores and TSH levels [207]. A recent cross-sectional study also showed a positive
but non-significant correlation between PSS and TSH in women of reproductive age with
normal thyroid function and with SH [216].

4.4.11. Stress and Thyroid Function During Pregnancy

Data from the literature suggest that stress during pregnancy increases the risk of
pregnancy complications and unfavorable outcomes such as low birth weight, preterm
birth [217] and impaired fetal neurodevelopment [218]. Maternal stress has also been associ-
ated with an increased risk of pregnancy loss [219], gestational diabetes [220], birth compli-
cations [221,222], hypertension and pre-eclampsia [223]. Stressful events during pregnancy
can cause changes in glucocorticoid levels through activation of the hypothalamic–pituitary–
adrenal axis. It has been found that both decreased and increased concentrations of glu-
cocorticoids can affect fetal neurodevelopment [224]. Glucocorticoids are involved in
structural and neurochemical processes that are important for brain maturation [225].

The literature data on the effects of stress on pregnancy with AITD are insufficient, but
it has been shown that activation of the hypothalamic–pituitary–adrenal axis and increased
glucocorticoids affect thyroid hormone metabolism during pregnancy by lowering TSH
levels and inhibiting the peripheral conversion of T4 to the active T3 form [226]. It has
also been described that glucocorticoids can alter iodine metabolism, thyrocyte secretory
activity and the differentiation of deiodinase activity. Thyroid hormones are essential
for normal fetal development, especially for brain maturation and neurophysiological
processes such as neuron and glial cell differentiation and synaptogenesis [227]. T3 plays
the main role in fetal neurodevelopment, and T3 receptors are already present in the brain
in early pregnancy. Most of the fetal T3 in the central nervous system is locally converted
from maternal T4, which is actively transported into the fetal central nervous system [227].
In pregnant women with HT and reduced thyroid reserve due to an autoimmune process,
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stress-related events could further jeopardize transplacental delivery and the supply of
T4 to the growing fetus. Therefore, stress-related abnormalities in thyroid hormone and
glucocorticoid levels during pregnancy, especially in autoimmune hypothyroidism, could
have short- and long-term consequences for the offspring. We cannot rule out stressful
events during pregnancy, but maintaining maternal TSH and thyroid hormone levels
within a strict normal range contributes to a successful pregnancy and birth, as well as safe
and normal fetal development.

5. Conclusions

During pregnancy, maintaining normal thyroid function is crucial for both the mother
and the developing fetus. Since maternal and fetal thyroid function are closely intercon-
nected, any changes in the mother’s thyroid health can influence the course and outcome of
the pregnancy, as well as the condition of the fetus. AITD is relatively common in pregnant
women, and pregnancy itself can exacerbate AITD due to various hormonal changes. Often,
AITD remains undiagnosed and untreated, particularly in its subclinical form. Therefore,
both preventing the onset of AITD and managing existing cases during pregnancy are of
utmost importance. To effectively address AITD in pregnancy, it is essential to understand
the factors that contribute to its development and take steps to mitigate them. Current
knowledge suggests that AITD develops in genetically predisposed individuals, influenced
by environmental factors and mediated by epigenetic mechanisms. The genetic background
plays a role in immune regulation and may predispose the thyroid gland to autoimmune
responses triggered by environmental factors. While modifiable environmental factors
present a promising target for the prevention and treatment of AITD, there is still a lack of
established protocols on how to intervene effectively. At present, ensuring adequate iodine
intake remains a key focus, with iodized salt being the primary method of implementation.
Research has also linked insufficient selenium and vitamin D levels to thyroid autoim-
munity during pregnancy, but routine supplementation with these nutrients is not yet
recommended. Additionally, avoiding smoking and managing stress have been shown to
have beneficial effects on thyroid health. One promising approach is systematic screening
for AITD during pregnancy, which could significantly help in preventing adverse preg-
nancy outcomes and developmental disorders in the child. However, due to the substantial
financial resources and health system involvement required, this approach has not yet been
widely implemented.
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in Autoimmune Thyroid Disease during Pregnancy. Int. J. Mol. Sci. 2023, 24, 15442. [CrossRef]
85. Chen, X.; Mei, Y.; He, B.; Li, H.; Wang, X.; Hu, R.; Li, L.; Ding, Z. General and Specific Genetic Polymorphism of Cytokines-Related

Gene in AITD. Mediators. Inflamm. 2017, 2017, 3916395.
86. Jacobson, E.M.; Huber, A.; Tomer, Y. The HLA gene complex in thyroid autoimmunity: From epidemiology to etiology. J. Autoim-

mun. 2008, 30, 58–62. [CrossRef]
87. Metcalfe, R.A.; McIntosh, R.S.; Marelli-Berg, F.; Lombardi, G.; Lechler, R.; Weetman, A.P. Detection of CD40 on human thyroid

follicular cells: Analysis of expression and function. J. Clin. Endocrinol. Metab. 1998, 83, 1268–1274. [CrossRef]
88. Mysliwiec, J.; Oklota, M.; Nikolajuk, A.; Waligorski, D.; Gorska, M. Serum CD40/CD40L system in Graves’ disease and

Hashimoto’s thyroiditis related to soluble Fas, FasL and humoral markers of autoimmune response. Immunol. Investig. 2007, 36,
247–257. [CrossRef] [PubMed]

89. Mazzieri, A.; Montanucci, P.; Basta, G.; Calafiore, R. The role behind the scenes of Tregs and Th17s in Hashimoto’s thyroiditis:
Toward a pivotal role of FOXP3 and BACH2. Front. Immunol. 2022, 13, 1098243. [CrossRef] [PubMed]

90. Ramirez, R.N.; Chowdhary, K.; Leon, J.; Mathis, D.; Benoist, C. FoxP3 associates with enhancer-promoter loops to regulate
Treg-specific gene expression. Sci. Immunol. 2022, 7, eabj9836. [PubMed]

91. Mizuma, T.; Watanabe, M.; Inoue, N.; Arakawa, Y.; Tomari, S.; Hidaka, Y.; Iwatani, Y. Association of the polymorphisms in
the gene encoding thyroglobulin with the development and prognosis of autoimmune thyroid disease. Autoimmunity 2017, 50,
386–392. [CrossRef] [PubMed]

92. Tomari, S.; Watanabe, M.; Inoue, N.; Mizuma, T.; Yamanaka, C.; Hidaka, Y.; Iwatani, Y. The polymorphisms in the thyroid
peroxidase gene were associated with the development of autoimmune thyroid disease and the serum levels of anti-thyroid
peroxidase antibody. Endocr. J. 2017, 64, 1025–1032. [CrossRef]

93. Wang, B.; Shao, X.; Song, R.; Xu, D.; Zhang, J.A. The Emerging Role of Epigenetics in Autoimmune Thyroid Diseases. Front.
Immunol. 2017, 8, 396. [CrossRef] [PubMed]

94. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]
95. Lafontaine, N.; Wilson, S.G.; Walsh, J.P. DNA Methylation in Autoimmune Thyroid Disease. J. Clin. Endocrinol. Metab. 2023, 108,

604–613. [CrossRef] [PubMed]
96. Zhang, Y.; Sun, Z.; Jia, J.; Du, T.; Zhang, N.; Tang, Y.; Fang, Y.; Fang, D. Overview of Histone Modification. Adv. Exp. Med. Biol.

2021, 1283, 1–16.
97. Haga, E.; Inoue, N.; Iwatani, Y.; Arakawa, Y.; Morita, E.; Hashimoto, H.; Noguchi, Y.; Hidaka, Y.; Watanabe, M. Intraindividual

variation in histone acetylation and its impact on autoimmune thyroid diseases. Endocr. J. 2023, 70, 1169–1174. [CrossRef]
[PubMed]

98. Mehta, A.; Baltimore, D. MicroRNAs as regulatory elements in immune system logic. Nat. Rev. Immunol. 2016, 16, 279–294.
[CrossRef]

99. Vicente, R.; Noel, D.; Pers, Y.M.; Apparailly, F.; Jorgensen, C. Deregulation and therapeutic potential of microRNAs in arthritic
diseases. Nat. Rev. Rheumatol. 2016, 12, 211–220. [CrossRef] [PubMed]

100. Seddiki, N.; Brezar, V.; Ruffin, N.; Levy, Y.; Swaminathan, S. Role of miR-155 in the regulation of lymphocyte im-mune function
and disease. Immunology 2014, 142, 32–38. [CrossRef] [PubMed]

101. Chen, J.Q.; Papp, G.; Szodoray, P.; Zeher, M. The role of microRNAs in the pathogenesis of autoimmune diseases. Autoimmun.
Rev. 2016, 15, 1171–1180. [CrossRef] [PubMed]

75



J. Clin. Med. 2025, 14, 190

102. Rodriguez-Munoz, A.; Martinez-Hernandez, R.; Ramos-Levi, A.M.; Serrano-Somavilla, A.; Gonzalez-Amaro, R.; Sanchez-Madrid,
F.; de la Fuente, H.; Marazuela, M. Circulating microvesicles regulate Treg and Th17 differentiation in human autoimmune
thyroid disorders. J. Clin. Endocrinol. Metab. 2015, 100, e1531–e1539. [CrossRef] [PubMed]

103. Wang, Z.; Fan, X.; Zhang, R.; Lin, Z.; Lu, T.; Bai, X.; Li, W.; Zhao, J.; Zhang, Q. Integrative analysis of mRNA and miRNA array
data reveals the suppression of retinoic acid pathway in regulatory T cells of Graves’ disease. J. Clin. Endocrinol. Metab. 2014, 99,
e2620–e2627. [CrossRef] [PubMed]

104. Bernecker, C.; Lenz, L.; Ostapczuk, M.S.; Schinner, S.; Willenberg, H.; Ehlers, M.; Vordenbäumen, S.; Feldkamp, J.; Schott, M.
MicroRNAs miR-146a1, miR-155_2, and miR-200a1 are regulated in autoimmune thyroid diseases. Thyroid 2012, 22, 1294–1295.
[CrossRef]

105. Ishido, N.; Inoue, N.; Watanabe, M.; Hidaka, Y.; Iwatani, Y. The relationship between skewed X chromosome inactivation and the
prognosis of Graves’ and Hashimoto’s diseases. Thyroid 2015, 25, 256–261. [CrossRef] [PubMed]

106. Chen, X.; Wu, C.; Wang, Z.; Wu, C.; Guo, Y.; Zhu, X.; Hu, Y.P.; Shi, Z.; Song, Q.; Cui, X.; et al. Iodine nutrition status and thyroid
autoimmunity during pregnancy: A cross-sectional study of 4635 pregnant women. Nutr. J. 2022, 21, 7. [CrossRef]

107. Zhang, L.; Shang, F.; Liu, C.; Zhai, X. The correlation between iodine and metabolism: A review. Front. Nutr. 2024, 19, 1346452.
[CrossRef]

108. Farebrother, J.; Zimmermann, M.B.; Andersson, M. Excess iodine intake: Sources, assessment, and effects on thyroid function.
Ann. N. Y. Acad Sci. 2019, 1446, 44–65. [CrossRef]

109. Luo, Y.; Kawashima, A.; Ishido, Y.; Yoshihara, A.; Oda, K.; Hiroi, N.; Ito, T.; Ishii, N.; Suzuki, K. Iodine excess as an environmental
risk factor for autoimmune thyroid disease. Int. J. Mol. Sci. 2014, 15, 12895–12912. [CrossRef] [PubMed]

110. Teti, C.; Panciroli, M.; Nazzari, E.; Pesce, G.; Mariotti, S.; Olivieri, A.; Bagnasco, M. Iodoprophylaxis and thyroid autoimmunity:
An update. Immunol. Res. 2021, 69, 129–138. [CrossRef]

111. Chen, X.; Chen, L.; Lian, X.; Liu, C.; Shan, Z.; Shi, B.; Shi, L.; Tong, N.; Weng, J.; Zhao, J.; et al. Urinary iodine concentration is
inversely associated with thyroglobulin antibodies. Endocr. Pract. 2019, 25, 454–460. [CrossRef] [PubMed]

112. Herrick, K.A.; Perrine, C.G.; Aoki, Y.; Caldwell, K.L. Iodine status and consumption of key iodine sources in the U.S. population
with special attention to reproductive age women. Nutrients 2018, 10, 874. [CrossRef] [PubMed]

113. Dineva, M.; Rayman, M.P.; Levie, D.; Guxens, M.; Peeters, R.P.; Vioque, J.; González, L.; Espada, M.; Ibarluzea, J.; Sunyer, J.; et al.
Similarities and differences of dietary and other determinants of iodine status in pregnant women from three European birth
cohorts. Eur. J. Nutr. 2020, 59, 371–387. [CrossRef] [PubMed]

114. Tsatsoulis, A. The role of iodine versus selenium in the rising trend of autoimmune thyroiditis in iodine-sufficient countries.
Endocrinol. Metab. Int. 2018, 6, 412–414.

115. Wémeau, J.L.; Klein, M.; Sadoul, J.L.; Briet, C.; Vélayoudom-Céphise, F.L. Graves’ disease: Introduction, epidemiology, endoge-
nous and environmental pathogenic factors. Ann. Endocrinol. 2018, 79, 599–607. [CrossRef] [PubMed]

116. Burek, C.L.; Talor, M.V. Environmental triggers of autoimmune thyroiditis. J. Autoimmun. 2009, 33, 183–189. [CrossRef]
117. Carayanniotis, G. Molecular parameters linking thymoglobulin iodination with autoimmune thyroiditis. Hormones 2011, 10,

27–35. [CrossRef] [PubMed]
118. Duntas, L.H. The catalytic role of iodine excess in loss of homeostasis in autoimmune thyroiditis. Curr. Opin. Endocrinol. Diabetes

Obes. 2018, 25, 347–352. [CrossRef] [PubMed]
119. Petersen, M.; Knudsen, N.; Carlé, A.; Andersen, S.; Jørgensen, T.; Perrild, H.; Ovesen, L.; Rasmussen, L.B.; Thuesen, B.H.; Pedersen,

I.B. Increased incidence rate of hypothyroidism after iodine fortification in Denmark: A 20-year prospective population-based
study. J. Clin. Endocrinol. Metab. 2019, 104, 1833–1840. [CrossRef] [PubMed]

120. Hong, A.; Stokes, B.; Otaha, L.P.; Owens, D.; Burgess, J.R. Temporal trends in thyroid- stimulating hormone (TSH) and thyroid
peroxidase antibody (ATPO) testing across two phases of iodine fortification in Tasmania (1995–2013). Clin. Endocrinol. 2017, 87,
386–393. [CrossRef] [PubMed]

121. Khattak, R.M.; Ittermann, T.; Nauck, M.; Below, H.; Völzke, H. Monitoring the prevalence of thyroid disorders in the adult
population of Northeast Germany. Popul. Health Metr. 2016, 14, 1–11. [CrossRef] [PubMed]

122. Teng, D.; Yang, W.; Shi, X.; Li, Y.; Ba, J.; Chen, B.; Du, J.; He, L.; Lai, X.; Li, Y.; et al. An inverse relationship between iodine intake
and thyroid antibodies: A national cross-sectional survey in mainland China. Thyroid 2020, 30, 1656–1665. [CrossRef] [PubMed]

123. De la Vieja, A.; Santisteban, P. Role of iodide metabolism in physiology and cancer. Endocr. Relat. Cancer 2018, 25, 225–245.
[CrossRef] [PubMed]

124. Moleti, M.; Trimarchi, F.; Vermiglio, F. Thyroid physiology in pregnancy. Endocr. Pract. 2014, 20, 589–596. [CrossRef] [PubMed]
125. Zimmermann, M.B. Iodine deficiency in pregnancy and the effects of maternaliodine supplementation on the offspring: A review.

Am. J. Clin. Nutr. 2009, 89, 668–672. [CrossRef]
126. Toloza, F.J.K.; Motahari, H.; Maraka, S. Consequences of Severe Iodine Deficiency in Pregnancy: Evidence in Humans. Front.

Endocrinol. 2020, 11, 409. [CrossRef]

76



J. Clin. Med. 2025, 14, 190

127. Pearce, E.N.; Lazarus, J.H.; Moreno-Reyes, R.; Zimmermann, M.B. Consequences of iodine deficiency and excess in pregnant
women: An overview of current knowns and unknowns. Am. J. Clin. Nutr. 2016, 104, 918–923. [CrossRef] [PubMed]

128. Yang, J.; Liu, Y.; Liu, H.; Zheng, H.; Li, X.; Zhu, L.; Wang, Z. Associations of maternal iodine status and thyroid function with
adverse pregnancy outcomesin Henan Province of China. J. Trace Elem. Med. Biol. 2018, 47, 104–110. [CrossRef] [PubMed]

129. Mills, J.L.; Ali, M.; Buck Louis, G.M.; Kannan, K.; Weck, J.; Wan, Y.; Maisog, J.; Giannakou, A.; Sundaram, R. Pregnancy loss and
iodine status: The LIFE prospective cohort study. Nutrients 2019, 11, 534. [CrossRef]

130. Leung, A.M.; Braverman, L.E. Consequences of excess iodine. Nat. Rev. Endocrinol. 2014, 10, 136–142. [CrossRef] [PubMed]
131. Wang, Z.; Liu, P.; Su, X.; Zou, S.; Song, J.; Liu, S. A comparison of iodine status in children and pregnant women after a policy

change in the iodized salt standard in Shanghai, China. Biol. Trac Elem. Res. 2018, 185, 275–281. [CrossRef] [PubMed]
132. Wang, Z.; Liu, P.; Su, X.; Zou, S.; Song, J.; Liu, S. A Comparative Study of Iodized Salt Programs: Shanghai and Switzerland. Biol.

Trace Elem. Res. 2019, 187, 59–64. [CrossRef] [PubMed]
133. Hurley, S.; Eastman, C.J.; Gallego, G. The impact of mandatory iodine fortification and supplementation on pregnant and lactating

women in Australia. Asia Pac. J. Clin. Nutr. 2019, 28, 15–22.
134. Southern, A.P.; Anastasopoulou, C.; Jwayyed, S. Iodine Toxicity; StatPearls Publishing: Treasure Island, FL, USA, 2024; p. 32644629.
135. Rebagliato, M.; Murcia, M.; Alvarez-Pedrerol, M.; Espada, M.; Fernández-Somoano, A.; Lertxundi, N.; Navarrete-Muñoz, E.M.;

Forns, J.; Aranbarri, A.; Llop, S.; et al. Iodine supplementation during pregnancy and infant neuropsychological development.
INMA Mother and Child Cohort Study. Am. J. Epidemiol. 2013, 177, 944–953. [CrossRef]

136. Purdue-Smithe, A.C.; Männistö, T.; Bell, G.A.; Mumford, S.L.; Liu, A.; Kannan, K.; Kim, U.J.; Suvanto, E.; Surcel, H.M.; Gissler,
M.; et al. The Joint Role of Thyroid Function and Iodine Status on Risk of Preterm Birth and Small for Gestational Age: A
Population-Based, Nested Case-Control Study of Finnish Women. Nutrients 2019, 11, 2573. [CrossRef] [PubMed]

137. Winther, K.H.; Rayman, M.P.; Bonnema, S.J.; Hegedus, L. Selenium in thyroid disorders—Essential knowledge for clinicians. Nat.
Rev. Endocrinol. 2020, 16, 165–176. [CrossRef]

138. Schomburg, L. Selenium Deficiency Due to Diet, Pregnancy, Severe Illness, or COVID-19-A Preventable Trigger for Autoimmune
Disease. Int. J. Mol. Sci. 2021, 22, 8532. [CrossRef] [PubMed]

139. Minnetti, M.; Sada, V.; Feola, T.; Giannetta, E.; Pozza, C.; Gianfrilli, D.; Isidori, A.M.; Cozzolino, A. Selenium Supplementation in
Pregnant Women with Autoimmune Thyroiditis: A Practical Approach. Nutrients 2022, 14, 2234. [CrossRef]

140. Huang, S.; Ziros, P.G.; Chartoumpekis, D.V.; Psarias, G.; Duntas, L.; Zuo, X.; Li, X.; Ding, Z.; Sykiotis, G.P. Traditional Chinese
Medicine for Hashimoto’s Thyroiditis: Focus on Selenium and Antioxidant Phytochemicals. Antioxidants 2024, 13, 868. [CrossRef]

141. Huwiler, V.V.; Maissen-Abgottspon, S.; Stanga, Z.; Mühlebach, S.; Trepp, R.; Bally, L.; Bano, A. Selenium Supplementation in
Patients with Hashimoto Thyroiditis: A Systematic Review and Meta-Analysis of Randomized Clinical Trials. Thyroid 2024, 34,
295–313. [CrossRef]

142. Wang, Y.S.; Liang, S.S.; Ren, J.J.; Wang, Z.Y.; Deng, X.X.; Liu, W.D.; Yan, Y.L.; Song, G.H.; Li, X.X. The Effects of Selenium
Supplementation in the Treatment of Autoimmune Thyroiditis: An Overview of Systematic Reviews. Nutrients 2023, 15, 3194.
[CrossRef] [PubMed]

143. Shulhai, A.M.; Rotondo, R.; Petraroli, M.; Patianna, V.; Predieri, B.; Iughetti, L.; Esposito, S.; Street, M.E. The Role of Nutrition on
Thyroid Function. Nutrients 2024, 16, 2496. [CrossRef]

144. Wang, W.; Jiang, Q.L.; Xu, Q.; Zeng, Y.; Jiang, R.; Jiang, J. Selenium regulates T cell differentiation in experimental autoimmune
thyroiditis in mice. Int. Immunopharmacol. 2023, 124, 110993. [CrossRef] [PubMed]

145. Hu, Y.; Feng, W.; Chen, H.; Shi, H.; Jiang, L.; Zheng, X.; Liu, X.; Zhang, W.; Ge, Y.; Liu, Y.; et al. Effect of selenium on thyroid
autoimmunity and regulatory T cells in patients with Hashimoto’s thyroiditis: A prospective randomized- controlled trial. Clin.
Tansl. Sci. 2021, 14, 1390–1402. [CrossRef] [PubMed]

146. Kong, X.Q.; Qiu, G.Y.; Yang, Z.B.; Tan, Z.X.; Quan, X.Q. Clinical efficacy of selenium supplementation in patients with Hashimoto
thyroiditis: A systematic review and meta-analysis. Medicin 2023, 102, e33791. [CrossRef]

147. Köhrle, J. Selenium and the thyroid. Curr. Opin. Endocrinol. Diabetes Obes. 2015, 22, 392–401. [CrossRef]
148. McDougall, A.R.; Dore, G.; Aboud, L.; Makama, M.; Nguyen, P.Y.; Mills, K.; Sanderson, B.; Hastie, R.; Ammerdorffer, A.; Vogel,

J.P. The effect of selenium supplementation in pregnant women on maternal, fetal, and newborn outcomes: A systematic review
and meta-analysis. Am. J. Obstet. Gynecol. MFM 2023, 5, 101160. [CrossRef] [PubMed]

149. Yigit, E.; Sayar, I. Selenium Supplementation and Gestational Diabetes: A Randomised Controlled Trial. Journal of the College of
Physicians and Surgeons—Pakistan. JCPSP 2024, 34, 561–567. [PubMed]

150. Negro, R.; Greco, G.; Mangieri, T.; Pezzarossa, A.; Dazzi, D.; Hassan, H. The influence of selenium supplementation on postpartum
thyroid status in pregnant women with thyroid peroxidase autoantibodies. J. Clin. Endocrinol. Metabol. 2007, 92, 1263–1268.
[CrossRef] [PubMed]

151. Pitts, M.W.; Byrns, C.N.; Ogawa-Wong, A.N.; Kremer, P.; Berry, M.J. Selenoproteins in nervous system development and function.
Biol. Trace Elem. Res. 2014, 161, 231–245. [CrossRef]

77



J. Clin. Med. 2025, 14, 190

152. Demircan, K.; Chillon, T.S.; Jensen, R.C.; Jensen, T.K.; Sun, Q.; Bonnema, S.J.; Glintborg, D.; Bilenberg, N.; Andersen, M.S.;
Schomburg, L. Maternal selenium deficiency during pregnancy in association with autism and ADHD traits in children: The
Odense Child Cohort. Free Radic. Biol. Med. 2024, 1, 324–332. [CrossRef]

153. Lee, A.S.E.; Ji, Y.; Raghavan, R.; Wang, G.; Hong, X.; Pearson, C.; Mirolli, G.; Bind, E.; Steffens, A.; Mukherjee, J.; et al. Maternal
prenatal selenium levels and child risk of neurodevelopmental disorders: A prospective birth cohort study. Autism. Res. 2021, 14,
2533–2543. [CrossRef] [PubMed]

154. Ventura, M.; Melo, M.; Carrilho, F. Selenium and thyroid disease: From pathophysiology to treatment. Int. J. Endocrinol. 2017, 31,
1–9. [CrossRef] [PubMed]

155. Hubalewska-Dydejczyk, A.; Duntas, L.; Gilis-Januszewska, A. Pregnancy, thyroid, and the potential use of selenium. Hormones
2020, 19, 47–53. [CrossRef] [PubMed]

156. Garofalo, V.; Condorelli, R.A.; Cannarella, R.; Aversa, A.; Calogero, A.E.; La Vignera, S. Relationship between Iron Deficiency and
Thyroid Function: A Systematic Review and Meta-Analysis. Nutrients 2023, 15, 4790. [CrossRef] [PubMed]

157. Luo, J.; Wang, X.; Yuan, L.; Guo, L. Iron Deficiency, a Risk Factor of Thyroid Disorders in Reproductive-Age and Pregnant Women:
A Systematic Review and Meta-Analysis. Front. Endocrinol. 2021, 25, 629831. [CrossRef] [PubMed]

158. Abbas, W.; Elmugabil, A.; Hamdan, H.Z.; Rayis, D.A.; Adam, I. Iron deficiency and thyroid dysfunction among sudanese women
in first trimester of pregnancy: A cross-sectional study. BMC Endocr. Disord. 2023, 13, 223. [CrossRef]

159. Huang, X.; Mao, M.; Guo, T.; Wu, Y.; Xu, Q.; Dai, J.; Huang, Y. Iron Status, Thyroid Dysfunction, and Iron Deficiency Anemia: A
Two-Sample Mendelian Randomization Study. Ann. Nutr. Metab. 2024, 10, 1–12. [CrossRef] [PubMed]

160. Li, X.; Zhang, Z.; Cai, W.; Zhou, X.; Zhang, Y.; Wu, C.; Xu, X.; Wu, H. Association Between Serum Ferritin Levels in Early
Pregnancy and Thyroid Function and Pregnancy Outcomes in Chinese Population. Int. J. Womens Health 2023, 11, 1951–1957.
[CrossRef]

161. Zimmermann, M.B.; Burgi, H.; Hurrell, R.F. Iron deficiency predicts poor maternal thyroid status during pregnancy. J. Clin.
Endocrinol. Metab. 2007, 92, 3436–3440. [CrossRef] [PubMed]

162. Veltri, F.; Decaillet, S.; Kleynen, P.; Grabczan, L.; Belhomme, J.; Rozenberg, S.; Pepersack, T.; Poppe, K. Prevalence of thyroid
autoimmunity and dysfunction in women with iron deficiency during early pregnancy: Is it altered? Eur. J. Endocrinol. 2016, 175,
191–199. [CrossRef]
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Abstract: Background: Resistance to thyroid hormones (RTH) is a rare, genetically deter-
mined disease characterised by reduced tissue sensitivity to thyroid hormones (THs). It is
caused by mutations in genes encoding the receptors for thyroid hormones, α (THRα) or β
(THRβ), the distribution of which varies between tissues. Therefore, patients present with
elevated TH levels with unsuppressed TSH levels, and symptoms of both hypothyroidism
and hyperthyroidism may be present. Methods: Hence, we report the case of a boy with
a complex, cyanotic, congenital heart defect who was also diagnosed with TH resistance
syndrome. Results: Because of the clinical features of hyperthyroidism in preparation for
cardiac surgery, thiamazole was administered, resulting in the normalisation of TH effects
on the α-receptor for HTs. Due to the effectiveness of the proposed treatment, it was further
introduced before the further stages of cardiac surgeries. Conclusions: The management
of RTH is a constant challenge for clinicians and must be individualised.

Keywords: resistance to thyroid hormones; thyroid hormone receptor β; cardiac defect;
child; surgery

1. Introduction

Thyroid hormone (TH) resistance syndrome (RTH) is a rare, genetically determined
disease characterised by reduced tissue sensitivity to THs [1]. The condition results from
mutations that impair the function of thyroid hormone receptors (THR), leading to dysreg-
ulated hormone action in various tissues. The estimated incidence of the disease is one in
40,000 live births [2,3]. The most commonly identified cause of RTH is point mutations in
the THRB gene, which encodes the thyroid hormone receptor beta (THRβ), while muta-
tions in the THRA gene, encoding thyroid hormone receptor alpha (THRα), are much less
frequent [4]. Clinically, RTH presents with a biochemical profile characterised by elevated
levels of circulating thyroid hormones (fT3 and fT4) with unsuppressed thyroid-stimulating
hormone (TSH) levels. Due to the differential distribution and function of TH receptors in
various tissues, affected individuals may exhibit symptoms of both hypothyroidism (e.g.,
short stature) and/or hyperthyroidism (e.g., tachycardia—heart rate depends on the effect
of THs on the non-defective THRα) [5,6]. In most cases, symptoms are sparse, and patients

J. Clin. Med. 2025, 14, 1209 https://doi.org/10.3390/jcm14041209
82



J. Clin. Med. 2025, 14, 1209

do not need treatment, whereas patients exhibiting symptoms may require treatment with
β-blockers, antithyroid medications, or synthetic thyroid hormones.

However, to our knowledge, no case has yet been described of a patient with resistance
to thyroid hormones and a serious congenital heart defect. Furthermore, the optimal
perioperative management of patients with RTH undergoing surgical interventions remains
undefined. Thus, the aim of this study was to present a currently 5-year-old boy with
a complex, congenital heart defect requiring multistage cardiac surgery, who was also
diagnosed with RTH due to mutations in the gene encoding THRβ.

2. Materials and Methods

The data were collected from a retrospective analysis of the medical, laboratory, and
genetic records of a patient who was under the care of the Department of Cardiology,
the Department of Cardiac Surgery, and the Department of Endocrinology and Metabolic
Diseases Clinics at the Polish Mother’s Memorial Hospital–Research Institute in Lodz. The
study was carried out with prior informed parental consent. As this was a retrospective
study, the Bioethical Committee of the Medical University of Lodz declared that special
ethical approval was not required.

Serum TSH, FT4, and FT3 concentrations were measured by the electroimmuno-
chemiluminescent method (ECLIA), Roche, Elecsys ® Systems 1010/2010/modular analyt-
ics E170. For TSH, the analytical sensitivity was 0.005 μIU/mL, ranging up to 100 μIU/mL,
with an intra-assay coefficient of variance (CV) of 1.5–8.6% and accuracy of 1.1–3.0%. The
analytical range for FT4 was 0.023–7.77 ng/mL, the intra-assay CV was 1.4–2.9%, and the
accuracy was 2.7–6.6%. For FT3, the analytical range was 0.26–32.55 pg, the intra-assay CV
was 3.7–9.5%, and the accuracy was 3.8–11.2%.

Sanger sequencing of THRB exons 3, 4, 5, 6, and 8 was performed on patients’ genomic
DNA isolated from the whole blood sample. The primers were designed via Primer3 in-
put software (version 0.4.0). PCR amplification was conducted via PCR Master Mix
(Promega Corporation, Cat. No. M7423, Madison, WI, USA). Following the amplifi-
cation step, the resulting products were purified before sequencing. The BigDye Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, No. 4337455, Waltham, MA, USA)
was used for sequencing, which was conducted on a 3500 Genetic Analyzer instrument
(Thermo Fisher Scientific, Waltham, MA, USA). The heterozygous, pathogenic variant
NM_000461.5(THRB):c.947G>A p.(Arg316His) was detected. Variant classification was
performed using ACMG-AMP guidelines with ClinGen modifications.

3. Detailed Case Description

A 12-month-old boy with a complex, cyanotic, congenital heart defect was admitted
to the Department of Cardiology at PMMH-RI in order to prepare for the subsequent stage
of surgical treatment—Glen bidirectional surgery. The boy’s complex heart defect was
characterised by a double outlet right ventricle (DORV) with a ventricular septal defect
(VSD), pulmonary stenosis (PS), and hypoplasia of the left ventricle (LV).

Birth history: The baby was born from a first pregnancy and first birth at 38 gestational
weeks by caesarean section, with a weight of 3240 g. He was prenatally diagnosed with
a heart defect (DORV + VSD + PS). At birth, the baby presented features of circulatory
insufficiency and an infusion of prostaglandins was administered; then, captopril and
spironolactone were introduced to the treatment with clinical improvement. In the neonatal
period, the child had poor weight gain and temporarily required feeding by gastric tube. At
4 months of age, the surgical removal of an atrial septal defect (ASD) and right ventricular
outflow tract (RVOT) dilatation was performed.
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Upon admission, the patient was in good general condition. His height was 75 cm
(25th–50th percentile) and his weight was 8.5 kg (10th–25th percentile). Arterial blood
pressure was 95/60 mmHg and blood saturation was 85–88%. Physical examination
revealed tachycardia, with a heart rate of 125 bpm; no other abnormalities were noted. The
following tests were performed before qualifying him for the surgery:

Electrocardiographic examination (ECG): Sinus rhythm, regular, 130/min. PQ = 160 ms,
QRS = 60 ms, QTc = 413 ms. Features of right ventricular hypertrophy with overload.

Chest radiograph: Bilateral small interstitial thickening dependent on congestive
changes. Otherwise, lung areas were without focal changes. Diaphragm and diaphragmatic–
rib angles were free. The cardiac silhouette was enlarged in the transverse dimension with a
cardiothoracic ratio (CRT) of 0.69. The left mediastinal outline was convex—most probably
a thymus outline.

Echocardiography: Mitral valve with a narrow mitral annulus with a limited opening
to approx. 5 mm with a flow of up to 1.7 m/s; tricuspid valve with normal flow and
moderate central regurgitation and at the base of the STL; in IAS, a cavity with a diameter
of approx. 12 mm with a left-to-right leak without restriction was found. In IVS, a cavity
with a diameter of approx. 9 mm for the restoration of septo-aortic continuity of approx.
14 mm was found. We observed an aortic valve with laminar flow; a hypoplastic pulmonary
trunk with predominant subvalvular stenosis up to 4.8 mm and significant flow acceleration
up to 5.3 m/s; and pulmonary branches at the level of bifurcation of about 5 mm each.
The thymus was visible in the subcostal view. IVC—8 mm; SVC—7 mm; Ao asc—11 mm;
Ao thoracic—6.6 m; Ao abdominal—6 mm; aortic arch left; Ao desc without features of
stenosis. Heart cavities: right ventricle above normal, left ventricle at the lower limit
of normal; in 2D RVDd—28 mm, LVDd—16 mm RV/LV—1.75; contractility was good;
E = 73%. Conclusions: double outlet right ventricle (DORV) + ventricular septal defect
(VSD) + pulmonary artery (PA) hypoplasia + pulmonary stenosis (PS) + mitral valve (MV)
hypoplasia + left ventricle (LV) hypoplasia; status post-surgical removal of an atrial septal
defect (ASD) and the right ventricular outflow tract (RVOT) dilatation.

Blood test results revealed elevated levels of free thyroid hormones FT3 (6.39 pg/mL;
N: 2.41–5.5) and FT4 (2.3 ng/mL; N: 0.96–1.77) with the absence of thyrotropin suppression
(TSH = 2.93 mIU/L; N: 0.7–5.97) (Table 1).

Table 1. Results of the patient’s hormonal panel.

Hormone Range Diagnosis
Surgery Preparation

(Thiamazole
0.5 mg/kg)

Surgery Preparation
(Thiamazole

2 mg/kg)

Between
the Surgeries

TSH [mIU/L] 0.7–5.97 2.56 4.87 12.12 2.55

FT3 [pg/mL] 2.41–5.5 7.16 6.41 4.71 6.72

FT4 [ng/mL] 0.96–1.77 2.4 2.3 1.65 2.55
TSH—Thyroid-stimulating hormone; FT3—Free Triiodothyronine; FT4—Free Thyroxine.

Therefore, an endocrinology consultation was requested and the diagnostics were
expanded to antithyroid antibodies and thyroid ultrasonography. Anti-peroxidase (anti-
TPO, 20.87; N: <34 IU/mL), anti-thyroglobulin (anti-TG, 11.74, N: <115 IU/mL), and
anti-TSH receptor (anti-TSHR, <0.3; N: <1.75 IU/L) antibodies were negative.

Thyroid ultrasound: The thyroid gland is typically located on the neck; the lower
poles of both lobes do not descend below the sternal notch. The left lobe measured
23 × 8 × 8 mm and the right lobe measured 19 × 9 × 6 mm. The thickness of the isthmus
was 2 mm. The echogenicity of both lobes was slightly hypoechoic and homogeneous. No
focal changes were visualised. The organ showed a normal vascularisation pattern.
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Thyroid hormone resistance (RTH) was suspected and genetic testing was ordered.
Sanger sequencing of exons 3, 4, 5, 6, 8 of the THRB gene revealed heterogenous
NH_000461.4: c.947G>A, p.(Arg316His), a variant classified as pathogenic, which con-
firmed the diagnosis of RTH. As a mutation indicating RTH was diagnosed and a pituitary
RMI would have required general anaesthesia; we waived the pituitary RMI until the boy
is older.

To reduce the potential risk of cardiac arrhythmias during surgery in a boy with a low
cardiac ejection fraction and tachycardia, in preparation for cardiac surgery (BG Glenn type),
we decided to use thiamazole to decrease FT4 and FT3 levels and the effect of their excessive
concentration on THRα receptors. We initially administered the drug at typically used
doses (0.5 mg/kg body mass) for 7 days, without achieving the normalisation of FT3 and
FT4. Therefore, a dose of 2 mg/kg body mass thiamazole was applied for a period of 7 days,
achieving the normalisation of FT3 (4.71 pg/mL) and FT4 (1.65 ng/mL) as well as normal
heart function. At the same time, excessive TSH secretion was observed (12.12 mIU/L)
(Table 1). Elevated TSH levels did not constitute an endocrinological contraindication
to the procedure (the dysregulation between TSH and FT3 and FT4 was determined by
disease). Thus, the patient was qualified for Glenn surgery; the course of the procedure
was successful and no arrhythmias or other cardiac complications were observed. In the
postoperative period, the treatment (thiamazole) was gradually reduced and the test results
returned to baseline.

Given the clinical efficacy of the proposed management, the same treatment (thiama-
zole in dose 2 mg/kg body weight for 10–14 days) was implemented prior to subsequent
stages of cardiac surgeries (Table 2). In the periods between surgeries, the patient did not
receive any endocrine treatment. We did not consider therapy with propranolol, because
propranolol reduces the cardiac ejection fraction and is not recommended in patients with
a univentricular heart. At 5 years of age, the staged treatment was completed.

Table 2. Stages of treatment for a complex, congenital heart defect.

No. Name of Performed Surgery Age

1. Surgical removal of an atrial septal defect (ASD) and right ventricular outflow tract (RVOT)
dilatation 4 months

2. Glenn bidirectional surgery 13 months

3. Cardiac catheterisation with the implantation of a Valeo stent into proximal segments of
pulmonary arteries 20 months

4. Cardiac catheterisation with closure of the pulmonary artery trunk using an Amlatzer
Vascular Plug 2 years

5. Fontan operation without fenestration—anastomosis of the inferior vena cava with the right
branch of the pulmonary artery using a vascular prosthesis under extracorporeal circulation 4 years

6. Cardiac catheterisation with closure of a veno-venous fistula in the left
venous angle with an Amlatzer Vascular Plug 5 years

Currently, the boy remains under cardiological and endocrinological care. He displays
features of hyperactivity, with normal intellectual development. His growth rate and height
are within the normal range with respect to age and sex (107 cm, 50th–75th percentile).
In the patient’s family, the same point mutation was detected in the boy’s father, with no
known impact on the cardiovascular system or other aspects of health.
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4. Discussion

Thyroid hormones (THs) act through α (THRα) and β (THRβ) receptors. Their
distribution is variable and depends on the type of tissue: the α type predominates in
the brain, the β type in the liver, and both types are present in the myocardium [1,7].
The metabolic effects of TH mainly depend on TRβ1, whereas the cardiac effects of TH
are mediated by TRα [8]. TH resistance (RTH) may be caused by a mutation in THRβ,
or, far less frequently, in THRα [8]. Patients with this syndrome usually have elevated
FT4 and FT3 concentrations with normal or increased TSH levels [9,10]. The described
clinical features of RTH include goitre, tachycardia, emotional disturbances, attention
deficit hyperactivity disorder, hyperkinetic behaviour, hearing loss, low body mass index,
short stature, and delayed bone age, among others [9]. Tachycardia occurs in 75–94% of
patients with RTH and is often the finding that prompts diagnosis [11]. A few cases of
the coexistence of TH and atrial fibrillation have also been reported [12,13]. Sometimes
the aetiology of hyperthyroidism may be difficult to establish—like in a newborn with
RTH, born to a mother with Graves’ disease [14]. Distinguishing between RTH and TSH-
producing pituitary tumours may be challenging, as there are no significant differences in
TSH and TH concentrations in both conditions. Therefore, pituitary imaging as well as the
results of TRH testing and genetic testing would be helpful [15].

There is no therapy that corrects a defect in thyroid hormone receptor function.
Patients with adequate compensation by enhanced TH production without thyrotoxic
symptoms do not require treatment [16], whereas patients with hyperthyroid and/or hy-
pothyroid symptoms may require ß-blockers, antithyroid drugs, or synthetic forms of
thyroid hormones. The rationale for the antithyroid drugs treatment in patients with RTH
remains controversial. The administration of antithyroid drugs further raises TSH and
may consequently induce goitre and or pituitary thyrotrophic hyperplasia [17]. On the
other hand, several cases of successful thiamazole therapy in children diagnosed with RTH
and hyperthyroidism symptoms were also reported. One of them described that therapy
with antithyroid drugs in a 2-year-old patient diagnosed with RTHβ improved behaviour,
sleep, and body weight and reduced tachycardia [16]. Another case report presented a girl
treated with thiamazole followed by levothyroxine replacement therapy, achieving notable
improvement in intelligence, verbal skills, and behaviour [18]. The introduction of thia-
mazole and propranolol in a 15-year-old girl with hyperactivity, behaviour disorders, and
tachycardia improved clinical symptoms but also increased TSH levels [19]. In conclusion,
indications for treatment in RTH patients should be discussed individually.

Ultimately, we did not find any publications on how to prepare a patient with RTH
for surgery. As our patient was diagnosed with the c.947G>A, p.(Arg316His) variant in one
allele of the THRβ gene, the symptoms presented by the boy were attributed to an excessive
effect of THs on the THRα, which was not affected by the mutation. Given the fact that
the boy presented selective symptoms of hyperthyroidism (tachycardia), we decided to
introduce cardiac surgery preparation with thiamazole. This approach aimed to reduce the
impact of THs on the THRα, which mainly mediates the cardiac effects of THs [8].

It is well known that thyroid dysfunction is associated with elevated cardiovascular
risk [20]. The cardiovascular effects of TH excess include an increase in heart rate, stroke
volume, and cardiac output [21]. Hyperthyroidism enhances the risk of atrial fibrillation,
cardiovascular disease, and heart failure [22]. Therefore, the aim of preparing patients
with thyroid dysfunction for surgery is to normalise TH levels before surgical intervention
whenever possible [23,24]. Being concerned about the impact of THs on THRα in the
heart, we decided to proceed with this case similarly to patients with hyperthyroidism,
where antithyroid drugs are recommended as a fundamental treatment and preoperative
approach [24]. Antithyroid drugs act to suppress the synthesis of thyroid hormones by
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inhibiting the enzyme thyroperoxidase, which adds iodine to tyrosine residues on the
hormone precursor—thyroglobulin. Thiamazole, as well as propylthiouracil, are absorbed
immediately and accumulate in the thyroid gland, inhibiting the synthesis process of
THs [25]. Recently, only thiamazole has been recommended as an antithyroid drug due to
the elevated risk of hepatitis induced by propylthiouracil [25].

To date, no similar case report has been reported in the literature. We conclude that
this description is important to provide some clues for the management of patients with
RTH requiring complex surgical interventions.

5. Conclusions

The majority of patients with RTH do not require treatment and the observed abnor-
malities in hormonal test results do not constitute a contraindication to surgery. However,
the simultaneous occurrence of a severe complex heart defect and RTH in a child present-
ing with selective clinical symptoms of hyperthyroidism prompted us to apply atypical
preoperative treatment (antithyroid drugs), which resulted in the normalisation of TH
effects on the THRα. The management of RTH is an ongoing challenge for clinicians and
must be individualised.

Author Contributions: Conceptualisation—R.S.; software—A.F.; formal analysis—R.S.; investigation—
R.S., B.K., Ł.K., and A.M.-K.; data curation—A.F.; writing—original draft preparation—A.F.; writing—
review and editing—A.M.-K., B.K., A.F., Ł.K., and R.S.; visualisation—A.F.; supervision—R.S. All
authors have read and agreed to the published version of the manuscript.

Funding: The costs of publishing this article were funded by Polish Mother’s Memorial Hospital–
Research Institute in Lodz, Poland.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and the Bioethical Committee of the Medical University of Lodz was requested
for approval. The committee declared that this retrospective case report did not require special
ethical approval.

Informed Consent Statement: Written informed consent has been obtained from the patient to
publish this paper.

Data Availability Statement: Data are contained within the article.

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

References

1. Ortiga-Carvalho, T.M.; Sidhaye, A.R.; Wondisford, F.E. Thyroid Hormone Receptors and Resistance to Thyroid Hormone
Disorders. Nat. Rev. Endocrinol. 2014, 10, 582–591. [CrossRef] [PubMed]

2. Prakash, K.; Hamid, P. Thyroid Hormone Resistance Syndrome: From Molecular Mechanisms to Its Potential Contribution to
Hypertension. Cureus 2023, 15, e49913. [CrossRef] [PubMed]

3. Sun, H.; Cao, L.; Zheng, R.; Xie, S.; Liu, C. Update on Resistance to Thyroid Hormone Syndromeβ. Ital. J. Pediatr. 2020, 46, 168.
[CrossRef]

4. Pappa, T.; Refetoff, S. Resistance to Thyroid Hormone Beta: A Focused Review. Front. Endocrinol. 2021, 12, 656551. [CrossRef]
[PubMed]

5. Cannarella, R.; Musmeci, M.; Garofalo, V.; Timpanaro, T.A.; Leone, G.; Caruso, M.; Maltese, P.E.; Condorelli, R.A.; La Vignera, S.;
Calogero, A.E. Resistance to Thyroid Hormones: A Case-Series Study. Int. J. Mol. Sci. 2022, 23, 11268. [CrossRef]

6. Chiesa, A.; Olcese, M.; Papendieck, P.; Martínez, A.; Vieites, A.; Bengolea, S.; Targovnik, H.; Rivolta, C.; Rivolta, C.; Gruñeiro-
Papendieck, L. Variable Clinical Presentation and Outcome in Pediatric Patients with Resistance to Thyroid Hormone (RTH).
Endocrine 2011, 41, 130–137. [CrossRef] [PubMed]

7. Refetoff, S.; Weiss, R.E.; Usala, S.J. The Syndromes of Resistance to Thyroid Hormone. Endocr. Rev. 1993, 14, 348–399. [CrossRef]
8. Zucchi, R. Thyroid Hormone Analogues: An Update. Thyroid 2020, 30, 1099–1105. [CrossRef] [PubMed]

87



J. Clin. Med. 2025, 14, 1209

9. Metwalley, K.; Farghaly, H. Hormone Resistance in Children: What Primary Care Physicians Need to Know. Acta Biomed. 2021,
92, e2021255. [CrossRef]
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Abstract: Background: In this study, we evaluated the changes in clinicopathological
features and prognosis in patients with thyroid cancer in the last two decades using the
Surveillance, Epidemiology, and End Results Database (SEER) data. Methods: Data from
the SEER-12 registry (1992–2021) were analyzed, focusing on patients diagnosed with
malignant thyroid cancer between 2001 and 2020. The study population was divided into
Cohort 1 (2001–2010) and Cohort 2 (2011–2020). Cohorts 1 and 2 were compared regarding
clinicopathological features and prognosis. Results: The study included 94,892 patients
diagnosed with thyroid cancer between 2001 and 2020, with 39,265 patients in Cohort 1 and
55,627 in Cohort 2. Compared to Cohort 1, in Cohort 2 showed a statistically significant
increase in the proportion of patients aged 60+ (+4.2%), male patients (+2.1%), and cases
of papillary cancer (+5.3%) and regional disease (+3.7%) (all p < 0.001). Although Cohort
2 demonstrated an 8% improvement in survival compared to Cohort 1, this result was
not statistically significant (p = 0.057). Prognostic factors were identified, such as disease
stage at diagnosis, age, gender, and origin. Among pathological subtypes, the patients
with papillary + FV had the best prognosis (HR: 0.78), compared to patients in the other
group, mainly comprising anaplastic tumors and sarcomas, which had the worst prognosis
(HR: 9.61). Conclusions: In this large-scale study of thyroid cancer patients, we found
significant differences between the two cohorts. In Cohort 2, the proportion of patients
aged ≥60 years, male, and with papillary thyroid cancer was increased. We found that
age, sex, origin, histopathological subtype, and stage at diagnosis were prognostic factors
in patients with thyroid cancer. Also, we observed a trend toward improved survival in
Cohort 2.

Keywords: thyroid cancer; SEER database; prognosis; clinicopathological features

1. Introduction

Thyroid cancer is the most commonly diagnosed malignancy of the endocrine sys-
tem, with an increasing global incidence over the past few decades [1]. It accounts for
approximately 2% of all cancers and is predominantly diagnosed in women, with a notable
age-related distribution, often affecting individuals between the ages of 20 and 55 [2]. The
majority of thyroid cancers are differentiated, including papillary and follicular subtypes,
which typically have a favorable prognosis. However, more aggressive forms, such as
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anaplastic and medullary thyroid cancers, are less common and are associated with poorer
outcomes. Advances in early detection, imaging techniques, and improved surgical treat-
ments contribute to an overall improvement in survival rates, yet regional and metastatic
disease remains a significant concern [3].

Studies have identified various clinical and pathological factors that affect the prog-
nosis of thyroid cancer patients. The main prognostic factors include age at diagnosis,
gender, tumor size, lymph node involvement, extrathyroidal spread, and distant metasta-
sis [4]. However, the most important prognostic factor is the tumor’s histological subtype.
Papillary thyroid carcinoma (PTC) is generally associated with a better prognosis, while
follicular, medullary, and anaplastic thyroid cancers (ATC) tend to have worse prognosis [5].
Studies in thyroid cancer also highlight the role of genetic mutations, such as those in the
BRAF and RAS genes, which are linked to more aggressive disease and poorer survival
outcomes [6]. Understanding prognostic factors is critical for tailoring individualized
treatment plans and improving patient outcomes.

Today, the incidence of thyroid cancer has increased significantly, especially in small
and localized PTCs, probably due to the increased use of neck ultrasonography and fine
needle aspiration (FNA) [7]. This increased detection rate has led to earlier diagnosis, but it
has also raised concerns about overtreatment. Economic, social, and demographic changes
occurring in societies may lead to lifestyle changes in areas such as nutrition, smoking,
alcohol use, and sports [8]. These changes necessitate a re-evaluation of prognostic factors
and survival outcomes using large population-based databases. In this study, we evaluated
the changes in clinicopathological and survival characteristics of thyroid cancer patients in
the SEER database between 2001–2010 and 2011–2020.

2. Materials and Methods

2.1. Patients and Data Selection

This study was designed as a retrospective cohort study. The patients included in
the study were obtained from the SEER Program of the National Cancer Institute (NCI),
and the patient data were anonymized. The study was conducted in accordance with
the declaration of Helsinki and good clinical practice guidelines. We obtained data for
this study from the US NCI’s SEER-12 registry [November 2023 (1992–2021)]. SEER*Stat
program version 8.4.4 was used to extract data. The patient population to be included
in the study was determined by selecting Site recode ICD-O-3/WHO 2008 = ‘’thyroid”
and Behavior code ICD-O-3 = ‘’malignant’‘ from the SEER*Stat program. Patients to be
included in the study were restricted as Age recode with < 1-year olds = “20–24, 25–29, . . .,
80–84 and 85 years +” and Year of diagnosis= “2001, 2002, 2003, . . ., 2019, and 2020”. From
the SEER*Stat program, patients’ Sex, Race recode, Origin recode, AYA site recode 2020
Revision, Histologic Type ICD-O-3, Combined Summary Stage (2004+), Summary stage
2000 (1998–2017), RX Summ--Scope Reg LN Sur (2003+), Radiation recode, Chemotherapy
recode (yes, no/unk), and SEER cause-specific death classification data was saved.

The patient group was divided into two cohorts. Patients registered between 2001–
2010 were considered Cohort 1, and patients registered between 2011–2020 were assigned
to Cohort 2. Patients’ ages were divided into 20–39, 40–59, and 60+. Patients registered
according to AYA site recode 2020 revision were recorded as “Other” except for papillary,
papillary with follicular variant (FV), follicular, hurthle cell, and medullary. Surgery status,
according to RX Summ-Surg Prim Site (1998+), and lymph node sampling status, according
to RX Summ-Scope Reg LN Sur (2003+), were divided into three groups as “Yes, No and
Unknown”. Radiation recode is divided into four groups as: “Radioisotopes, Radiotherapy
(Implant and/or external), Radioisotopes+Radiotherapy, and None/Unknown”. While
calculating the overall survival (OS) of the patients, “Survival months” were taken as the
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duration, and analysis was performed with patients coded “Dead (attributable to this
cancer dx)” according to SEER cause-specific death classification. In addition, univariate
and multivariate analyses were performed to determine the factors affecting OS.

2.2. Statistical Analysis

The SPSS 25.0 software (IBM, Armonk, NY, USA) and MedCalc statistical software
version 23.0.9 (Ostend, Belgium) were used to perform the study statistics. The character-
istics of patients in Cohorts 1 and 2 were compared using the Chi-square test. We used
the Kaplan–Meier technique to analyze survival. Cox regression test was performed for
univariate and multivariate analysis to evaluate the factors affecting survival in patients
with thyroid cancer. Hazard ratios (HRs) and their 95% confidence intervals (CI) were
estimated. Statistically significant variables from the univariate model have been included
in the multivariate model. Chemotherapy, radiotherapy, radioisotope therapy, and surgical
treatments were not included in multivariate analysis because they were correlated with tu-
mor stage at diagnosis in patients with thyroid cancer. Statistical significance was accepted
as a p-value < 0.05.

3. Results

3.1. Patient Characteristics and Treatment Modalities

A total of 94,892 patients were included in the study. The number of patients in Cohort
1 was 39,265, while the number in Cohort 2 was 55,627. The female/male ratio of patients
included in the study was 3.01. The proportion of patients over the age of 60 in the study
was determined to be 28.7%. The most common pathological subtypes were papillary,
papillary with FV, and follicular types, respectively. Only 3.7% of patients were metastatic
at the time of diagnosis, while the majority of patients presented with localized disease
(58.4%). General characteristics and treatment characteristics of the patients are presented
in Table 1.

Table 1. General characteristics of thyroid cancer patients in the SEER database included between
2001 and 2020.

Number
N: 94,892

%

Age
20–39 years 25,609 27.0
40–59 years 41,993 44.3
60 years+ 27,290 28.7

Sex
Female 71,235 75.1
Male 23,657 24.9

Cohort
Cohort 1 (2001–2010 years) 39,265 41.4
Cohort 2 (2011–2020 years) 55,627 58.6

Race Recode

White 73,448 77.5
Asian or Pacific Islander 14,181 14.9
Black 5120 5.4
American Indian/Alaska Native 981 1.0
Unknown 1162 1.2

Origin Recode Spanish-Hispanic-Latino 16,958 17.9
Non-Spanish-Hispanic-Latino 77,934 82.1

Histologic
Subtypes

Papillary 62,057 65.4
Papillary with FV 21,775 22.9
Follicular 4723 5.0
Hurthle cell carcinoma 1979 2.1
Medullary 1573 1.7
Other 2785 2.9
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Table 1. Cont.

Number
N: 94,892

%

Stage at Diagnosis

Localized 55,420 58.4
Regional 25,303 26.7
Distant 3504 3.7
Unknown 10,665 11.2

Surgery
Yes 89,605 94.4
No 5030 5.3
Unknown 257 0.3

Lymph
Node Sampling

Yes 46,400 48.9
No 42,163 44.4
Unknown 6329 6.7

Radiotherapy
and/or RAI

RAI 38,615 40.7
RAI + Radiotherapy 308 0.3
Radiotherapy 2558 2.7
None/Unknown 53,411 56.3

Chemotherapy None/Unknown 93,867 98.9
Yes 1025 1.1

Thyroid Cancer-
Related Death

Alive or Other Causes Dead 90,906 95.8
Yes 3986 4.2

3.2. Differences Between Cohort Groups

Cohort 1 and Cohort 2 were compared in terms of several parameters. In Cohort 2, the
proportion of patients aged 60+ (+4.2%) and male patients (+2.1% increase) was detected
to be increased (both p < 0.001). The origin rates were statistically significantly different
between the two groups. When evaluated in terms of pathological subtype, there was a
statistically significant increase of 5.3% in the proportion of patients with PTC (p < 0.001).
There was also a 3.7% increase in the proportion of regional disease (p < 0.001). General
and treatment-related differences in Cohort 2 compared to Cohort 1 are shown in Table 2.

Table 2. Comparison of General Characteristics of Patient Groups in Cohorts 1 and 2.

Cohort 1 Cohort 2 p-Value
N % N %

Age

20–39 years 10,905 27.8 14,704 26.4
p < 0.00140–59 years 18,041 45.9 23,952 43.1

60 years+ 10,319 26.3 16,971 30.5
39,265 100.0 55,627 100.0

Sex
Female 29,946 76.3 41,289 74.2

p < 0.001Male 9319 23.7 14,338 25.8
39,265 100.0 55,627 100.0

Race Recode

White 31,244 80.2 42,204 77.1

p < 0.001
Asian or Pacific Islander 5368 13.7 8813 16.1
Black 2019 5.2 3101 5.6
American Indian/Alaska Native 348 0.9 633 1.2

38,979 100.0 54,751 100.0

Origin Recode
Spanish-Hispanic-Latino 6132 15.6 10,826 19.5

p < 0.001Non-Spanish-Hispanic-Latino 33,133 84.4 44,801 80.5
39,265 100.0 55,627 100.0

Histologic Subtypes

Papillary 24,452 62.3 37,605 67.6

p < 0.001

Papillary with FV 9583 24.3 12,192 21.9
Follicular 2272 5.8 2451 4.4
Hurthle cell 1050 2.7 929 1.7
Medullary 691 1.8 882 1.6
Other 1217 3.1 1568 2.8

39,265 100.0 55,627 100.0
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Table 2. Cont.

Cohort 1 Cohort 2 p-Value
N % N %

Stage at Diagnosis

Localized 20,077 67.7 35,343 64.8
p < 0.001Regional 8200 27.6 17,103 31.3

Distant 1391 4.7 2113 3.9
29,668 100.0 54,559 100.0

Surgery
Yes 37,293 95.1 52,312 94.4

p < 0.001No 1906 4.9 3124 5.6
39,199 100.0 55,436 100.0

Lymph Node Samplin
Yes 15,742 47.4 30,658 55.4

p < 0.001No 17,497 52.6 24,666 44.6
33,239 100.0 55,324 100.0

Radiotherapy and/or RAI

RAI 18,443 92.5 20,172 93.6
p < 0.001RAI + Radiotherapy 178 0.9 130 0.6

Radiotherapy 1311 6.6 1247 5.8
19,932 100.0 21,549 100.0

Chemotherapy
None/Unknown 38,872 99.0 54,995 98.9

p = 0.047Yes 393 1.0 632 1.1
39,265 100.0 55,627 100.0

Thyroid Cancer-Related
Death

Alive or Other Causes 37,082 94.4 53,824 96.8
p < 0.001Yes 2183 5.6 1803 3.2

39,265 100.0 55,627 100.0

3.3. Survival Outcomes and Prognosis

Of the patients included in the study, 3986 (4.2%) had died due to thyroid cancer.
Univariate and multivariate analyses were performed to evaluate the factors affecting
survival, and significant differences were observed between the Cohorts (Table 3). Although
an 8% increase in survival was found in Cohort 2 compared to Cohort 1, this result remained
below the statistical significance limit (p = 0.057) (Figure 1A). As expected, the disease stage
at diagnosis was a prognostic factor (Figure 1B).

Figure 1. Kaplan–Meier Curves for OS by Cohorts (A) and Stages at Diagnosis (B) in Patients with
Thyroid Cancer.
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Table 3. Univariate and multivariate analysis for factors affecting OS in thyroid cancer patients
included in the SEER database between 2001 and 2020.

Univariate Analysis Multivariate Analysis
Hazard Ratio (CI 95%) p-Value Hazard Ratio (CI 95%) p-Value

Age
20–39 years Reference Reference
40–59 years 4.54 (3.76–5.48) <0.001 4.84 (3.85–6.08) <0.001
60 years+ 26.62 (22.22–31.89) <0.001 16.12 (12.91–20.15) <0.001

Sex
Female Reference Reference
Male 2.50 (2.35–2.67) <0.001 1.42 (1.32–1.53) <0.001

Cohorts
Cohort 1 Reference Reference
Cohort 2 0.88 (0.82–0.94) <0.001 0.92 (0.86–1.00) 0.057

Race
White Reference Reference
Asian or Pacific Islander 1.18 (1.08–1.28) <0.001 1.04 (0.94–1.14) 0.41
Black 1.25 (1.10–1.42) 0.001 1.09 (0.94–1.26) 0.22
American Indian/Alaska Native 1.08 (0.79–1.48) 0.595 1.22 (0.86–1.73) 0.26

Origin
Spanish-Hispanic-Latino Reference Reference
Non-Spanish-Hispanic-Latino 0.88 (0.81–0.96) 0.004 0.79 (0.71–0.86) <0.001

Histopathological subtype
Papillary Reference Reference
Papillary with FV 0.64 (0.57–0.72) <0.001 0.78 (0.69–0.89) <0.001
Follicular 2.41 (2.13–2.74) <0.001 1.76 (1.52–2.05) <0.001
Hurthle Cell 2.83 (2.39–3.36) <0.001 2.43 (2.01–2.95) <0.001
Medullary 5.58 (4.83–6.46) <0.001 2.71 (2.30–3.20) <0.001
Other 34.54 (32.08–37.18) <0.001 9.61 (8.74–10.57) <0.001

Stage at diagnosis
Localized Reference Reference
Regional 4.61 (4.13–5.14) <0.001 4.89 (4.38–5.46) <0.001
Distant 81.49 (73.62–90.21) <0.001 29.54 (26.42–33.02) <0.001

Multivariate analysis model p-value < 0.001.

Age (95% CI, HR: 4.84) (Figure 2A) and gender (95% CI, HR: 1.42) (Figure 2B) were
shown to be significant prognostic factors in patients with thyroid cancer. In addition, we
showed that origin had a prognostic factor in patients with thyroid cancer (95% CI, HR:
0.79) in the multivariate analysis.

Figure 2. Kaplan–Meier Curves for OS by Age (A) and Sex (B) in Patients with Thyroid Cancer.
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When evaluated in terms of pathological subtypes, the type with the best prognosis
compared to the papillary type was papillary + FV (95% CI, HR: 0.78), and the type with
the worst prognosis was the other group (95% CI, HR: 9.61) (Figure 3). The other group
mainly included ATC and sarcomas.

Figure 3. Kaplan–Meier Curves for OS by Pathologic Subgroups in Patients with Thyroid Cancer.

4. Discussion

In this study, we compared the clinical features and prognoses of patients with thyroid
cancer registered between 2001–2010 and 2011–2020 in the SEER database. Over the past
several decades, advancements in early detection, treatment strategies, and molecular
profiling have significantly influenced various cancers’ clinical presentation and prognosis.
In particular, improvements in screening methods (such as mammography for breast cancer
and colonoscopy for colorectal cancer) have contributed to earlier detection and, conse-
quently, improved survival rates. In our study, comparing Cohort 1 and Cohort 2, we found
that the proportion of patients aged 60+ and male patients tended to increase in recent years.
Few studies in the literature have examined trends in thyroid cancer demographics with
different findings regarding age and gender distributions. A study analyzing US data from
1976 to 2005 also observed that PTC incidence rates increased faster in women than in men,
with the gender gap widening over time [9]. In particular, the female-to-male incidence
ratio decreases with age, from over five in individuals aged 20–24 to approximately one in
individuals aged 80 and over, showing a convergence in incidence rates between the sexes
in older age groups. Consistent with our findings, a study conducted in the Balearic Islands
between 2000 and 2020 reported that the mean age at diagnosis increased from 47.3 years in
the previous decade to 52.1 years in the following decade [10]. These changes may reflect
aging populations and improved diagnostic practices that detect thyroid cancer in older
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adults. However, gender trends remained consistent in this study, with proportionally
similar thyroid cancer incidence in women compared to men throughout the study period.

One of the significant results we found in our study was the changes in the disease
stages at diagnosis in the patients. Although diagnostic possibilities have increased over
the years, we have shown that, contrary to expectations, there has been an increase in the
proportion of patients in the regional stage and a decrease in the proportion of patients
diagnosed with localized disease. A study conducted in Switzerland between 1998 and
2012 noted a significant increase in early-stage thyroid cancer diagnoses without an in-
crease in advanced-stage cases, reinforcing the idea that less aggressive cancers are being
overdiagnosed due to improved detection technologies and diagnostic practices [11]. This
pattern contrasts with the decrease in rates of early-stage disease observed in our study
and likely reflects differences in health systems or population characteristics. Another
analysis noted that shifts in staging criteria, such as the adoption of the eighth edition of
the TNM staging system, led to systematic downstaging of many cases of differentiated
thyroid cancer [12]. This can be useful for interpreting trends over time, as changes in
staging systems can affect the proportion of cases categorized as localized or regional.
Direct comparisons of stage distributions are further complicated by the focus of modern
staging systems on predicting mortality rather than recurrence.

We found a 5.3% increase in the frequency of PTC in the histopathological subgroup
assessment in Cohort 2. Similarly, many studies have reported an increase in the frequency
of PTC due to advances in diagnostic techniques such as high-resolution ultrasound
and FNA biopsy. Similarly, this increase has been observed in various populations. For
example, studies have shown that the incidence of PTC has more than doubled in certain
regions, including South Korea, in recent decades, and this has been attributed primarily to
increased screening efforts [13]. This trend has also been confirmed in other countries, with
studies highlighting a significant rise in PTC diagnoses due to the more widespread use
of imaging and pathological examinations [14]. Additionally, molecular alterations, such
as those in the TERT promoter, have been shown to correlate with more aggressive PTC
subtypes, further complicating the prognosis and treatment strategies [15].

In the survival analysis of patients with thyroid cancer, we determined that age,
gender, origin, stage at diagnosis, and histopathological subtypes significantly affected
survival statistically. The best prognostic group in histopathology was papillary + FV, while
the worst was the other group, which mainly included ATC and sarcomas. Few studies in
the literature have also examined prognostic factors affecting survival in thyroid cancer
patients. A population-based study found that tumor differentiation status, age, and stage
at diagnosis were strong predictors of survival, with increasing age being associated with
lower relative survival for each histological type [16]. Similarly, another study reported that
age greater than 60 years is associated with a worse prognosis in patients with PTC [17].
However, while race is a significant determinant in some studies, it appears to interact
with other factors like age and stage rather than acting as an independent prognostic
factor [18]. In the literature, there are studies on factors affecting overall survival in patients
with thyroid cancer, as well as different studies examining factors affecting recurrence.
In a recently published study evaluating factors predicting recurrence in patients with
early-stage thyroid cancer, the presence of extrathyroid tumor extension and neck lymph
node metastasis in patients with PTC were found to be statistically significant prognostic
factors [19].

When comparing the cohorts in terms of prognosis, we found that, although the
frequency of patients with regional-stage disease was increased in our study, there was
a trend towards improved prognosis in patients with thyroid cancer in Cohort 2. There
was an 8% survival improvement in patients in Cohort 2 compared with Cohort 1. This
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situation is thought to be possible due to the new drugs that have been used in cancer
treatment in recent years. Several studies have examined the impact of new therapies on
the prognosis of thyroid cancer, finding similar trends of survival improvement linked
to novel therapies. In a recent study, it was found that combining targeted therapies
and immunotherapy significantly improved overall survival in patients with ATC [20].
Additionally, studies on ATC, which is known to be aggressive, demonstrate significant
survival improvements over the past two decades with personalized treatment regimens
that include targeted therapies such as BRAF mutation inhibitors [21]. Similarly, in a
study focused on differentiated thyroid cancer with lung metastases, it was indicated that
radioiodine therapy (RAI) had a positive effect on survival, particularly in younger patients
and those with fewer metastases [22].

This study has some limitations as it is a retrospective cohort study. It is difficult to
demonstrate causal relationships in retrospective studies as they cannot account for all
possible confounding variables since the results have already been reported. In addition,
different studies or institutions may have different standards for the quality and consistency
of data collection, which may have led to a heterogeneous collection of information. Retro-
spective studies using historical data may lead to a sample that is less representative of the
current population, which may limit the generalizability of the results. In addition, The NCI
SEER Dataset is a very comprehensive database containing data on cancer patients. This
database was created with data from many different cancer centers [23]. The differences
in diagnosis, treatment, and imaging methods among cancer centers are a limitation in
obtaining standardized data. Also, there are deficiencies regarding patient treatment data
in the NCI SEER Dataset [24]. This situation makes it difficult to perform more in-depth
statistical analyses.

5. Conclusions

In this large-scale study of twenty years of data from patients with thyroid cancer,
we investigated the main factors affecting survival outcomes and prognosis. In the study,
we revealed significant differences between the two cohorts; we found an increase in the
proportion of older patients, males, and PTC in Cohort 2. Though an increasing trend in
survival rates was observed in Cohort 2, the results were not statistically significant. We
found that age, sex, gender, origin, stage at diagnosis, and pathological subtype, including
papillary + FV subtype, were critical prognostic indicators. The strengths of this study were
its large sample size and the comprehensive examination of survival data across multiple
variables, which increased the reliability and generalizability of the study. Identifying
age, gender, and cancer subtype as essential factors for prognosis may facilitate clinical
decision-making and guide more personalized treatment strategies for thyroid cancer
patients. In addition, by demonstrating changes in patient characteristics and survival over
time, this study sets a valuable precedent for future studies to improve patient outcomes
and understand the evolving nature of thyroid cancer.
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Abstract: Thyroid cancer is the most prevalent endocrine cancer. The prognosis depends
on the type and stage at diagnosis. Thyroid cancer treatments involve surgery, possibly
followed by additional therapeutic options such as hormone therapy, radiation therapy,
targeted therapy and chemotherapy. Besides the well-known thyroid tumor biomarkers,
new circulating biomarkers are now emerging. Advances in genomic, transcriptomic and
proteomic technologies have allowed the development of novel tumor biomarkers. This
review explores the current literature data to critically analyze the benefits and limitations
of routinely measured circulating biomarkers for the diagnosis and monitoring of thyroid
cancer. The review also sheds light on new circulating biomarkers, focusing on the chal-
lenges of their use in the clinical management of thyroid cancer, underlining the need for
the identification of a new generation of circulating biomarkers.

Keywords: circulating biomarkers; thyroid cancer; circulating tumor cells; circulating
tumor nucleic acids; circulating tumor DNAs; circulating tumor RNAs

1. Introduction

The first use of blood biomarkers to detect and manage malignant thyroid tumors was
dated almost 50 years ago [1,2]. Over the years, several circulating biomarkers have been
identified and routinely used in clinical practice for the management of thyroid cancer, es-
pecially after primary treatment, to identify timely residual disease and recurrent or distant
metastasis. Circulating biomarkers of thyroid cancer mainly include peptides and proteins,
expressed on the cell surface or secreted into the bloodstream [3]. Recent approaches, due
to the advent of new technologies such as genomics, transcriptomics and proteomics, have
greatly expanded the range of blood biomarkers, considering also circulating tumor cells
and circulating tumor nucleic acids, including cell-free and cell-derived exosome DNA
and RNA, released from cancer cells into the bloodstream [3–5]. These markers mirror
the tumor-specific characteristics, monitoring the development of the cancer disease [4,5].
This review focuses on blood biomarkers used in the clinical management of patients
with thyroid cancer. In detail, we aim to both describe the advantages and limitations
of circulating biomarkers commonly used in routine and highlight the challenges of new
potential circulating biomarkers arising from technological developments and recent dis-
coveries in the field of cancer. For this manuscript, the literature review was performed
using the bibliographic database Pubmed. The search keywords were “thyroid cancer”
and “circulating biomarkers” with no time restrictions, focusing on the latest reviews and
research articles as well as on included studies of the chosen publications.
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2. Thyroid Cancer

Thyroid cancer is the most common endocrine neoplasm [6] and accounts for about
2.2% of all new cancer cases [7]. The risk of developing thyroid cancer is higher in fe-
males and increases with age [8]. The classification of thyroid neoplasms is based on
histopathology and molecular pathogenesis according to the fifth edition of the World
Health Organization (WHO) thyroid cancer categorization released in 2022 [9]. Thyroid
cancer mainly includes the tumors arising from both parafollicular cells (C cells) giving
rise to the medullary thyroid carcinoma (MTC), belonging to the dispersed neuroendocrine
system, and from follicular epithelial cells resulting in papillary thyroid carcinoma (PTC),
follicular thyroid carcinoma (FTC), oncocytic thyroid carcinoma (OTC), high-grade non-
anaplastic carcinoma or anaplastic thyroid carcinoma (ATC) [9]. The transformation that
occurs in thyroid cancer is caused by mutations in genes that encode mainly for molecules
involved in cell proliferation and apoptosis, thus triggering aggressiveness, dedifferentia-
tion, and decreased or no response to therapy [10]. The most common genetic modifications
occur in BRAF, RAS, TERT, RET, TP53 genes and RET/PTC gene fusion with various dis-
tributions in different histotypes of thyroid cancer [10,11]. WHO 2022 classification for
thyroid tumors shows a greater interest in characterizing neoplastic lesions from a molec-
ular perspective. Histological and molecular terminology is then used for any specific
microscopic morphology related to well-known genetic alterations [9].

PTC and FTC are the most common histological types [12]. PTC, FTC and OTC are
collectively referred to as differentiated thyroid carcinoma (DTC) [13] because tumor cells
recollect some of the properties of normal thyrocytes, in particular, the ability to respond
to stimulation by thyrotropin (TSH) and absorb and store iodine [12]. PTC accounts for
about 80–85% of thyroid cancer in adults and 90% in the pediatric population [12,14].
Despite its high prevalence among endocrine neoplasms, DTC has an excellent progno-
sis with a 5-year survival rate of 98.4% of cases [7], especially if it is detected early and
treated promptly [15]. However, regular follow-up is essential to monitor for signs of
recurrence [15]. DTC usually does not cause symptoms in the early stages of the disease
with normal thyroid function [16] and the clinical presentation of DTC in many cases is
a solitary thyroid nodule [12]. Although most thyroid nodules are benign, a thorough
examination is necessary to rule out cancer patients [16]. In this respect, imaging plays a
crucial role in DTC diagnostics. Undoubtedly, ultrasonography provides detailed infor-
mation on the characteristics of nodules, such as size, composition and vascularity [17,18]
which, considered together and never individually, support the diagnostic accuracy of the
malignancy of a thyroid nodule [19]. Ultrasound-guided fine needle aspiration biopsy
(FNAB) with subsequent cytological examination of the specimen can be used to determine
the benign or malignant nature of nodules [18], and it is mandatory in rapidly growing
nodules, especially in younger patients [12]. However, this approach has several challenges
including a high rate of inadequate sampling, the presence of a lot of blood that can obscure
thyrocytes due to the extensive perfusion of the thyroid, and the frequent difficulty in fol-
licular neoplasms to distinguish benign from malignant forms [20]. Overall, indeterminate
or suspected lesions account for 15–25% of cases investigated by the FNAB, with about
30% eventually being malignant [21]. This last finding was obtained in several studies that
used different cytological classifications [21], Thy 3 according to British Thyroid Association
Guidelines [22], Class 3 by American Association Clinical Endocrinologists/Associazione
Medici Endocrinologi and European Thyroid Association guidelines [23], or Categories
III–IV of the Bethesda System for Reporting Thyroid Cytopathology [24].

The knowledge of the molecular etiology of thyroid cancer has provided the basis
for a better understanding of cytologically indeterminate nodules. The introduction of
molecular techniques, including polymerase chain reaction (PCR) and next-generation
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sequencing (NGS), has allowed the detection of the driver alterations involved in thyroid
cancer development directly on FNA samples. Nowadays, there are different NGS-based
assays available for clinical practice. In brief, these tests can detect not only the point
gene mutations, gene–gene fusions, and insertions/deletions located in the driver genes
mainly associated with components of MAPK and PI3K/Akt pathways, but also copy
number alterations, differentially expressed genes, and/or miRNAs linked to the vari-
ous types of thyroid cancers. In detail, ThyroSeq v.3 explores 112 thyroid cancer-related
genes; Afirma Gene Sequencing Classifier analyzes RNAs’ expression combining machine
learning algorithms; and ThyGeNEXT/ThyraMIR merges mutational panel with miRNAs’
expression. These assays are mostly used to discriminate between benign and malignant
thyroid nodules and have allowed a significant reduction in unnecessary thyroid surg-
eries for suspicious nodules [25,26]. The main treatment for DTC is surgery, which aims
to remove the tumor mass and possibly nearby lymph nodes [27]. The type of surgery
to be performed depends on the size of the tumor, the presence of metastases, and the
histology of the subtype [27]. In Americas, Europe, and much of Australasia, (near-) total
thyroidectomy is usually performed in almost all patients [6]. Only for pT1a PTC, the
hemithyroidectomy is considered sufficient [28,29]; however, some authors suggest only
observation without surgery resection [6]. More recently, a discussion has arisen about
the need for total thyroidectomy in non-locally invasive and non-metastatic DTC with a
tumor diameter of up to 4 cm [28]; however, this strategy has yet to prove its efficacy [30].
Most current guidelines recommend the post-surgical radioactive iodine (RAI) ablation
as a second component of the primary treatment of DTC in most thyroidectomized pa-
tients [28]. Specifically, RAI therapy is used to target and eliminate residual cancer cells and
any surviving thyroid tissue [28]. External radiation therapy is used for situations where
RAI ablation and surgery are not sufficient to manage aggressive or advanced thyroid
carcinomas that do not respond to standard treatments [31]. Moreover, the treatment of
resistant DTC includes immune checkpoint inhibitors which stimulate the immune system
against cancer cells [31,32] and drugs targeting gene abnormalities to limit the proliferation
of cancer cells [33,34].

On the other hand, MTC is a rare thyroid carcinoma that accounts for approximately
1.4–5% of all thyroid malignancies [35,36]. In general, MTC is more aggressive than follicu-
lar cell-derived carcinoma with lymph node involvement and sometimes with distant metas-
tases at the time of diagnosis [37]. Although lower than the incidence of DTC, the incidence
of MTC has increased in the last three decades, from 0.14 to 0.21 per 100,000 people [38],
thanks to the introduction of serum calcitonin (CT) as a screening test in multinodular
goiter and to the use of high-resolution ultrasound [39,40]. MTC is inherited in 25% of cases,
due to mutations in RET proto-oncogene observed in the context of multiple endocrine
neoplasia (MEN) syndromes or familial medullary thyroid cancer (FMTC) [37]. Hereditary
MTC is often bilateral, multicentric, and associated with C-cell hyperplasia. Patients with
inherited MTC may present with systemic manifestations as a result of excessive secretion
of hormones from the tumor, which includes CT and its related peptides. Patients may
also present with manifestations of MEN syndromes [37]. Sporadic MTC appears as a
firm, hard nodule in the mid-upper region of the thyroid lobes where C cells predomi-
nate [41]. At presentation, most patients (70%) with sporadic disease have lymph node
involvement and approximately 10% of them have distant metastases [37]. Preoperative
ultrasonography typically shows non-specific features of malignancy [41], and cytology
is diagnostic in only 50% of cases [39]. Adequate imaging should be performed to deter-
mine the extent of the disease. Besides CT and MRI, nuclear medicine techniques, such as
PET/CT with 18F-FDOPA and 18F-FDG are used in the evaluation of disease extension
for pre-operative staging and post-operative follow-up [42]. The initial treatment of MTC
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is surgical. Total thyroidectomy is recommended due to the high incidence of multifocal
and bilateral disease, especially in patients with sporadic MTC [43]. In addition to total
thyroidectomy, central lymph node compartment dissection prophylaxis is performed
even if no lymph node involvement and no evidence of distant metastases have been
detected in pre-operative staging [35]. Conversely, total thyroidectomy with lateral and
central compartment dissection is advisable in cases with preoperatively confirmed cervical
lymph node involvement [35]. In patients with basal CT levels greater than 200 ng/L with
no evidence of distant metastasis, it is recommended to complete the intervention with
prophylactic dissection of uninvolved contralateral neck compartments [35].

Finally, an essential part of postoperative treatment for both DTC and MTC is thyroid
hormone replacement therapy. As thyroidectomy causes loss of thyroid function, patients
should take thyroid hormone supplements to restore euthyroidism and to suppress TSH
for cancer control [44].

3. Blood Biomarkers in Thyroid Cancer: State of Art

3.1. Thyroglobulin

Thyroglobulin (TG) is a glycoprotein of 660 kDa produced by thyroid follicular cells,
and it provides the substrate for the synthesis of thyroid hormones, which are T4 and T3.
TG is produced by both normal and tumor thyroid cells, thus indicating the presence of
thyroid tissue [45]. In DTC, although not useful as a diagnostic marker, TG is considered
the most reliable marker for the identification of disease persistence or recurrence after
thyroidectomy and adjuvant administration of RAI ablation [28]. Indeed, the serum con-
centration of TG, usually measured with continued T4 treatment (onT4-TG) should be
undetectable upon tumor thyroid tissue removal as indicated by the follow-up algorithms
of the American Thyroid Association [28]. In clinical practice, the measurement of serum
TG is based on immunometric assays (IMAs) starting from the first radio immunoassay
(RIA) and immunoradiometric assay (IRMA) based on radioactive labeled TG, continu-
ing with immunoluminometric assay (ILMA), chemiluminescence enzyme immunoassay
(CLEIA) and chemiluminescence assays (CLIA) based on light emission, fluoroimmunoas-
say (FIA), fluorescence enzyme immunoassay (FEIA) and enzyme-linked fluorescence assay
(ELFA) based on fluorescence emission, only to end with electrochemiluminescence assays
(ECLIA), based on chemiluminescent reaction after applying a voltage and Time Resolved
Amplified Cryptate Emission (TRACE) technology based on energy transferring [46,47].
The implementations of commercial TG assays with high analytical sensitivity (hsTG) have
allowed an increase in their performance [48].

False-negative results may occur in the presence of extremely high levels of TG due
to hook effect [48]. Specifically, two-site non-competitive IMAs are subject to the hook
effect, as a result of a massive excess of analyte (antigen) that depletes the binding capacity
of the capture antibody, leading to inappropriately normal or low values of analyte [45].
In the case of TG, a falsely low serum value may have important clinical consequences.
Currently, commercially available TG assays are very resistant to this type of analytical
interference, but it can still occasionally occur in patients with high-load metastatic disease
(i.e., serum TG up to 1000 μg/L). Dilution of serum may be used to detect hook effects in
suspicious cases [49]. In general, the concentration at which the hook effect can be excluded
should be determined by the manufacturers and verified locally by each laboratory [48]. In
addition, IMAs may be affected by paraproteins, heterophilic antibodies and high biotin
serum concentration especially in streptavidin-biotin coupling assays [47]. The existence
of antithyroglobulin antibodies (ATG) interferes with TG measurement, altering antigen-
antibody complex formation resulting in a false-negative test in current IMAs [47]. The
monitoring of both TG and ATG is fundamental during the follow-up of thyroid cancer
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patients [47] since 25% of DTC patients were positive for ATG [50]. Variations in serum
ATG concentrations, determined longitudinally employing the same IMA, may be used as
a surrogate tumor marker for residual or progressive thyroid cancer [48]. The trend of ATG
levels is more important than the absolute level; indeed, a reduction in serum ATG concen-
trations is an indication of a disease-free condition. Conversely, the persistence or increase
of ATG concentrations should suggest suspicion of persistent disease or recurrence [48].
Interestingly, liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
methods are less affected by the presence of autoantibodies. Thus, some authors suggest
the use of LC-MS/MS for measuring TG serum levels in ATG-positive patients [51]. The
use of trypsin digestion before the measurement results in the cleavage of all proteins,
thus eliminating autoantibodies [52]. However, there is still much to be done towards the
harmonization of LC-MS/MS [53]. In particular, LC-MS/MS still shows variances in the
choice of the calibrator, although the latest methods show good agreement of results. For
this reason, nowadays it is not the first-line test but is used only in selected cases [48].

Since the release of TG from both non-malignant thyrocytes and DTC cells is generally
dependent on TSH, serum TG determination under TSH stimulation has long been consid-
ered the gold standard for ensuring remission 6–18 months after ablation of the malignant
cells in addition to being recommended in many guidelines [22,28]. TSH stimulation can
be achieved by T4 withdrawal (endogenous stimulation) or by recombinant human TSH
(rhTSH) administration (exogenous stimulation). Both approaches provide high serum
TSH concentration (>30 mIU/L) [54]. At such TSH levels, an unmeasurable TG suggests
a very low risk of recurrence. Conversely, TG concentrations higher than 1–2 μg/L have
to be considered suggestive of disease persistence or recurrence [54]. In recent years, the
introduction of hsTG IMAs has reduced the need for stimulation of TSH to measure TG
concentrations during initial and long-term follow-ups of patients with DTC [48,55,56].
In this regard, several studies were published on the role of basal hsTG versus rhTSH-
stimulated hsTG showing that unstimulated serum TG concentrations lower than 0.2 μg/L
ruled out additional stimulation tests in most cases [55,57–61]. Conversely, little is known
about the role of basal hsTG versus endogenous stimulated hsTG [62,63]. In this respect,
Trimboli et al. demonstrated that TG levels lower than 0.23 μg/L after T4 withdrawal, in
low- and high-risk DTC patients, is an accurate marker of disease freedom [54]. In addition
to its prognostic and predictive role of disease recurrence after total ablation, there has
been an increased focus on the role of TG also in the time interval between surgery and
RAI [64,65]. The value of TG as a predictive factor before treatment with 131I is controversial
due to several factors including the existence of residual thyroid tissue after surgery [66,67],
TSH concentration, and individual risk of loco-regional or remote metastases [68,69]. In
addition, the correct timing for post-operative measurement of TG and its stimulated or
suppressed cut-off postoperatively, which can confirm or exclude the presence of lesions,
has not yet been identified [70]. In this context, in a recent study by Signori et al., hsTG was
measured at three different time points in a selected population of patients operated for
PTC [71], specifically after thyroidectomy but before RAI ablation (in euthyroidism, 40 days
after surgery), at the time of RAI ablation (in hypothyroidism) and after RAI ablation (in
euthyroidism). After a three-year follow-up, the results showed that the determination of
hsTG before RAI therapy (first-time point) was a reliable prognostic indicator to predict
future nodal or distant disease recurrence, useful to guide patient management.
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3.2. Calcitonin

Human calcitonin (CT) is a 32-amino acid polypeptide hormone secreted mainly by
the parafollicular cells of the thyroid gland and it is involved in calcium–phosphorous
metabolism. Other tissues can produce CT including lungs, parathyroid glands, bladder,
small intestine, liver and thymus [72].

CT was described for the first time in 1962 by Copp and Cheney as a modulator of
calcium tone [73]. CT is synthesized as part of a larger prohormone, called procalcitonin
(ProCT), a precursor peptide derived from pre-procalcitonin and, its secretion is primarily
regulated by calcium and gastrin levels in serum [72].

In healthy subjects, CT levels are influenced by several factors including gender and
age (slightly higher in men than in women and in the pediatric population than in adults),
body mass index (BMI) and smoking [74]. Based on the method employed, at least 90% of
healthy adults show serum CT concentrations below 10 ng/L and, among them, more than
50% below the limit of detection (LOD) of current IMAs [74,75].

Elevated serum CT levels are highly sensitive for the diagnosis of MTC in patients
with nodular/multinodular goiter, but lack strong specificity [76]. In fact, several drugs
can stimulate CT secretion, i.e., proton pump inhibitors (PPIs) and beta-blockers and, as
with most tumor biomarkers, the blood concentration of CT may also increase in other
pathological conditions such as chronic renal failure, autoimmune thyroiditis, hypergas-
trinemia, sepsis, type 1A pseudohypoparathyroidism and mastocytosis [76]. In addition,
several types of neoplasms, including breast cancer and neuroendocrine neoplasms (NENs),
may present with an ectopic CT secretion [77]. Therefore, the identification of a reliable
cut-off for basal CT in order to support a more accurate initial diagnostic evaluation of
thyroid nodules is still missing [78]. Giannetta et al., in an extensive review of the literature,
suggested 100 ng/L as cut-off to strongly suspect thyroid malignancy, with a positive
predictive value (PPV) for MTC reaching 100%, whereas in subjects showing moderately
high values (10–100 ng/L) diagnostic accuracy could be enhanced by performing a stimu-
lation test (e.g., Calcium test) [79]. Over the years, several authors have proposed various
cut-offs for basal CT, generally below 100 ng/L with differences between females and
males [78,80,81]. The discrepancies between the cut-offs in different studies can, at least in
part, be attributed to the different population inclusion criteria and the different methods
used for CT measurement [78]. Similarly, cut-offs for CT after stimulation vary in the
different studies published with a distinction between females and males [78]. A slight CT
increase is observed in C-cell hyperplasia (CCH), with concentrations setting between 10
and 20 ng/L. However, it is reported in a Cochrane systematic review that only 0.32% of
patients with thyroid nodules were diagnosed with MTC, showing a low prevalence of the
disease and opening a debate for routine CT measurement in these patients [82]. In the
preoperative setting, basal CT levels are indicative of tumor burden, metastatic potential
and lymph node invasion and extent [83]. Postoperatively, CT concentrations are of great
prognostic value; basal CT should be measured 3 months after surgery and monitored
every 6–12 months as suggested in the ATA guidelines [35].

Several analytical methods have been used to measure serum CT levels over the
decades. They were first revealed by RIA, whose inaccuracy was attributable to the use of
polyclonal antibodies that detected both mature and immature monomers of CT, as well
as other circulating forms (precursors and degradation products) [84]. RIA was replaced
by two-sided IRMA, whose improved specificity was derived from the implementation of
two monoclonal antibodies, capable of binding to two different specific epitopes within
the CT molecule [85]. The LOD reached 1 ng/L following the introduction of IMAs based
on fluorescence and chemiluminescence, which were more sensitive and specific for CT in
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their architecture. Currently, the employment of an ECLIA based on streptavidin–biotin
technology has shortened testing time and lowered the LOD to less than 1 ng/L [86].

The introduction of more accurate cut-offs would be helpful in the differential diagno-
sis between CCH and micro-MTC and the exclusion of ectopic CT production by various
NENs [83]. CT levels measured with different commercial assays may vary widely, and
it is of primary importance that each laboratory establishes and maintains its reference
intervals and cut-offs; patients’ follow-up should be performed using the same method,
and re-baseline is required in case of method changeover [87].

3.3. Carcinoembryonic Antigen

Carcinoembryonic antigen (CEA) is an intercellular adhesion glycoprotein, with a
molecular weight of 200 kDa, initially detected in human tissue of colorectal cancer in
1965 by Gold and Freedman [88]. CEA is expressed in normal tissue and a broad range of
epithelial neoplasms (e.g., colorectal cancer, lung cancer, pancreatic cancer, etc.) [89]. Since
CEA is released into the bloodstream, the measurement of circulating CEA is used as a tool
for early diagnosis, monitoring of cancer recurrence and treatment efficacy [90]. In healthy
subjects, the blood concentration of CEA generally ranges from 2.5 to 5 ng/mL, with higher
values in men than in women. CEA values greater than 5 ng/mL may indicate the presence
of malignant tumors. However, as in the majority of tumor biomarkers, blood levels of CEA
may also increase in non-neoplastic diseases such as ulcerative colitis, pancreatitis, liver
cirrhosis, hepatitis, renal insufficiency and in heavy smokers [91]. In addition to cancer
diagnosis and monitoring, there are currently several therapeutic approaches targeting this
biomarker, such as in metastatic colorectal and lung carcinomas that are CEA-positive [92].

Literature reports that 60–70% of MTC patients have elevated serum CEA levels [93].
Although not specific, CEA can have a role as a marker of tumor progression and invasion,
especially in MTC with low or no production of CT, as its blood levels are associated with
tumor size, lymph node involvement and also distant metastases [93,94]. CEA is also useful
for the evaluation of response to initial therapy in MTC patients [93]. Some studies have
considered CEA as a marker of dedifferentiation in MTC follow-up. In detail, in cases
of decreased levels of postoperative CT, increased levels of CEA may be an indication of
dedifferentiation [95]. A fraction of MTC shows no immunohistochemical expression of
CT and low or negative serum levels of both CT and CEA. This subset of MTC enters into
differential diagnosis of thyroid high-grade NENs, which are also negative for CT and CEA
both at tissue and blood levels [96].

Currently, the detection of CEA is performed by automated CLIA which has almost
completely displaced RIA and enzyme-linked immunosorbent assay (ELISA) [97,98]. Al-
though the International Reference Preparation (IRP) has been in use for several decades, nu-
merous studies have reported the persistence of method- and/or manufacturer-dependent
differences for CEA [99–101]. Over the years, there has been a clear improvement in the
maximum bias among manufacturers, from 85% in 2005 [102] to less than 50% in 2023 [103].
There was also an improvement within the same method with intra-assay coefficients of
variation (CV) less than 10% [103]. However, despite technological improvements over
the last two decades, a very recent study comparing six immunoassays has shown that
there is still no full harmonization for CEA determination [98]. The lack of inter-method
comparability may be due to several factors [103]. Firstly, structural aspects (i.e., high
molecular weight, significant carbohydrate content, several isoforms and numerous possi-
ble epitopes) may influence the definition of specific peptide epitopes suitable for antibody
binding in IMAs [103]. Secondly, antigen–antibody binding affinity may vary depending
on the antibodies used in the assay as well as the conformation and glycosylation of their
epitopes [104,105]. Finally, the characteristics of antibodies may affect the specificity of the
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binding, which is probably lower for polyclonal than monoclonal antibodies [106]. There-
fore, in the absence of a reference method and complete harmonization between IMAs,
each laboratory must establish its reference intervals/cut-offs to reflect the situation of its
specific population. Moreover, the results of the CEA have to be always evaluated together
with the patient’s medical history, clinical examination and imaging information [98].

3.4. Carbohydrate Antigen 19-9

Recently, carbohydrate antigen 19-9 (Ca 19-9) has emerged as a potentially useful
prognostic predictor in both MTC and advanced DTC [107]. Ca 19-9 is a 36 kDa glycolipid
belonging to the mucin family. Mucins are highly glycosylated proteins, abundantly
distributed on the surface of epithelial cells that present alterations in their expression
and structure in numerous pre-neoplastic and neoplastic lesions [108]. Serum levels of Ca
19-9 are high in carcinomas of the digestive tract, especially pancreatic, but also in lung,
ovarian and uterine tumors [109,110]. Unfortunately, the lack of satisfactory sensitivity and
especially specificity does not allow its measurement for early diagnosis of cancer [108,111].
Currently, it is used in the follow-up phase, particularly in the monitoring of pancreatic
cancer [109].

Several studies, published in the last 10–15 years, have identified Ca 19-9 as a marker of
MTC, expressed both at tissue and blood levels [112,113]. Overall, these results showed that
increased serum Ca 19-9 levels are an adverse prognostic factor in patients with advanced
MTC, especially in cases with a higher risk of short-term mortality [114,115]. Similarly,
Alencar et al. reported that serum Ca 19-9 may have a role as a prognostic factor in patients
with MTC [116]. On the other hand, the precise relationship between PTC and Ca 19-9 in
tissues and serum has not been well established. Some studies have shown positivity for Ca
19-9 immunohistochemical staining in tumor tissue [117–119]. Little detailed information
is available on serum Ca 19-9 levels in patients with PTC. Kihara et al. reported a case of
hepatic metastasis in PTC patients after several years from thyroidectomy accompanied by
elevated serological levels of Ca 19-9. After partial liver resection, a significant decrease
in serum concentrations of Ca 19-9 was observed [120]. In addition, Yamaguchi et al.
described a case of elevated serum levels of Ca 19-9 in a patient with PTC-related lung
metastasis diagnosed 15 years after thyroidectomy [118]. Finally, very recently, Kihara et al.
have retrospectively analyzed 196 patients with PTC (maximum diameter 2 cm). For each
patient, serum Ca 19-9 values were determined before and after the surgery. Elevated
serum levels of Ca 19-9 before thyroidectomy were observed in 6.1% of patients. After the
surgical procedure, serum levels of Ca 19-9 in all patients decreased back to the normal
range. Although further studies with longer follow-up are needed, the authors suggested
serum Ca 19-9 levels as a tumor marker for PTC [121].

To date, most IMAs for quantitative detection of Ca 19-9 use a sandwich format and
depend on the use of the monoclonal antibody 1116-NS-19-9, called Centocor, which recog-
nizes the sialyl Lewis A glycan motif, a member of the Lewis family of blood group antigens
involved in the binding of glycans, lipids and proteins [122,123]. Although extensive re-
search has been conducted on the determination of Ca 19-9, challenges remain in achieving
standardization and harmonization between methods. Recent automation of IMAs has
certainly improved accuracy, but it has not yet succeeded in reducing the discrepancy
between results obtained from the same samples using different methods [124–127]. In
this respect, the Society for Promoting Quality Assurance in Medical Laboratories (IN-
STAND, Germany) observed a manufacturer-dependent bias of up to 194% for Ca 19-9
as part of the results of the external quality assessment (EQA) in 2005 [102]. Significant
variations have also been reported in clinical trials comparing different manufacturers [128].
Recently, Kremser et al. conducted a longitudinal re-evaluation of EQA data for some
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cancer markers including Ca 19-9 [129]. The authors compared intra- and inter-method
variations between participants using the most common analytical platforms and tested
their adherence to EQA limits [129]. They concluded that the intra-method precision of
most analytical platforms has become accepted for Ca 19-9 (CV less than 16% for each
individual collective) [129]. Conversely, the variability between different methods remains
significant [129]. Potential causes of these differences may include the use of monoclonal
antibodies with different antigen-binding sites, antigen modifications and different assay
architectures/formulations [129].

Finally, tissue expression dependence and circulating levels of sLeA in Lewis blood
group also influence the sensitivity of Ca 19-9 assay. False negative results were found
in subjects with a negative Lewis genotype, which represents 5–10% of the Caucasian
population, while no data are available on other ethnicities [110]. Interestingly, low or
medium levels of Ca 19-9 (approximately 100 kU/l) have been reported in some patients
with negative Lewis genotype and advanced pancreatic cancer [122,130,131].

The above-cited biomarkers are summarized in Table 1.

Table 1. List of well-known circulating biomarkers for the management of thyroid tumor disease.
TG, thyroglobulin; CT, calcitonin; CEA, carcinoembryonic antigen; Ca 19-9, cancer antigen 19-9;
DTC, differentiated thyroid carcinoma; MTC, medullary thyroid carcinoma; IMAs, immunoassays;
LC-MS/MS, liquid chromatography coupled to tandem mass spectrometry.

Biomarker
Thyroid
Tumor

Biological
Matrix

Currently
Available
Methods

Clinical Use Limitations References

TG DTC Plasma, Serum IMAs,
LC-MS/MS

Prediction of tumor
relapses after treatment
(surgery, RAI ablation);

estimation of
tumor burden.

Elevations in
non-neoplastic

disorders;
analytical interferences.

[28,47–52,54,64–70]

CT MTC Plasma, Serum IMAs

Preoperative MTC
identification (most
sensitive marker);

estimation of tumor
burden; prognostic

predictor; evaluation of
response to therapy.

Elevations in
non-neoplastic

disorders; lack of a
univocal cut-off for
basal CT; analytical

interferences.

[35,74,76–
78,80,81,83]

CEA MTC Plasma, Serum IMAs

Prognostic predictor;
marker of tumor
dedifferentiation,
progression and

invasion; evaluation of
response to therapy.

Elevations in
non-neoplastic

disorders; lack of
specificity for thyroid

cancer (other
neoplasms such as
colon, breast, . . .);

analytical interferences.

[89–95,97,98]

Ca 19-9 DTC, MTC Plasma, Serum IMAs

Prognostic predictor;
marker of MTC

dedifferentiation and
disease aggressiveness.

Elevations in
non-neoplastic

disorders; lack of
specificity for thyroid

cancer (other
neoplasms such as
pancreas); lack of a
univocal cut-off to

distinguish between
benign and

malignant disease;
analytical interferences.

[107–116,121]

4. Emerging Blood Biomarkers in Thyroid Cancer

Besides the well-known thyroid tumor biomarkers, new circulating biomarkers are
now emerging. Advances in genomic, transcriptomic and proteomic technologies have
allowed the development of novel tumor biomarkers. Liquid biopsy is a minimally invasive
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laboratory test that permits the detection and analysis of circulating tumor cells (CTCs)
and circulating tumor nucleic acids (ctNAs) in the peripheral blood and other body fluids
of patients with cancer, offering real-time information on tumor diagnosis, progression and
therapeutic response. In this section, we have reviewed the recent discoveries on thyroid
biomarkers presenting promising clinical uses for diagnosing and following up on thyroid
disease (Figure 1).

Figure 1. Overview of blood biomarkers in thyroid cancer. Schematic representation of well-known
and emerging biomarkers for thyroid tumors. CEA, carcinoembryonic antigen; Ca 19-9, cancer
antigen 19-9; CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; ccf-mtDNA, circulating
cell-free mitochondrial DNA; ctRNA, circulating tumor RNA; mRNA, messenger RNA; miRNA,
microRNA, lncRNA, long non-coding RNA; circRNA, circular RNA. Created with BioRender.com
accessed on 16 February 2025.

4.1. Circulating Tumor Cells

CTCs are tumor cells derived from the primary solid tumor that extravasate into and
circulate mainly in the bloodstream [132]. CTCs possess significant metastatic potential
thanks to their capability to reach other sites easily since their presence in the blood [133].
However, only a small percentage of CTCs can metastasize, suggesting that escaping the
immune system and interacting with the specific microenvironment in the secondary loci
are required [134,135].

With the development of molecular technologies, CTCs isolation and enrichment have
allowed a detailed investigation into CTCs biology, thus providing greater details about
tumor gene mutations and heterogeneity. Nowadays, CTCs isolation and identification
are based on antigen-dependent (such as epithelial marker, e.g., EpCAM) [136] or antigen-
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independent approaches combined with molecular techniques [137]. Indeed, thanks to
single-cell sequencing technology, CTCs genome and transcriptome have been extensively
investigated [138,139]. Importantly, CTCs may facilitate clinical practice. Indeed, many
clinical trials have been carried out focusing mainly on the usage of CTCs in breast and
prostate cancer considering clinical prognosis and therapy response [140]. Recent data
have highlighted their potential not only in early cancer detection [141,142], but also in the
minimal residual disease and the relapse of the tumor [143].

Few studies have been conducted to point out new potential alternative biomarkers
for clinical application in thyroid cancer patients considering the diagnostic value of CTCs.
Li et al. demonstrated a higher detection of CTCs in patients affected by PTC and by FTC
associated with a shorter overall survival. Moreover, the authors showed that increased
CD133 levels were associated with the differentiation grades of thyroid cancers [144]. A
clear correlation was found between the number of CTCs and the tumor stage in PTC, FTC,
and MTC patients. Moreover, compared to the control subjects, CTCs were detectable in
patients with DTC after complete thyroidectomy in the absence of serum TG and no evi-
dence of tumor recurrence. Furthermore, the number of CTCs correlated to the radioiodine
therapy in PTC patients. The authors suggest that PTC patients need a restrictive follow-up
due to the increased numbers of CTCs even in a remission condition [133]. A similar result
has been obtained by Sriramareddy et al., who demonstrated the presence of CT-positive
CTCs in the bloodstream of MTC patients following complete thyroidectomy although
serum CT was not detectable. The authors encourage a strict follow-up for these patients
since the number of CTCs was correlated with the probability of tumor relapse [145]. In-
deed, Weng et al. demonstrated a positive correlation between the detection of CTCs and
the metastasis rates in patients with PTC and with FTC correlated with poor progress-free
survival [146]. Furthermore, Xu et al. proved a negative association between the overall
survival and the number of CTCs in patients with metastatic MTC [147]. Additionally, a
prospective study demonstrated the increased detection of CTCs mainly in patients with
DTC, especially in those with metastases compared to healthy subjects [148]. However, a
retrospective study concluded that the efficacy of CTCs in diagnosing thyroid cancer is still
limited considering the number of CTCs and the antibodies against thyroid peroxidase
(ATPO) values in a cohort of thyroid tumor patients divided into malignant and benign
groups [149]. Nevertheless, a recent meta-analysis showed that CTCs expressing thyroid-
stimulating hormone receptor (TSHR), rather than EpCAM, are a reliable marker for the
diagnosis of patients with thyroid cancer recurrence or metastasis [150].

Interestingly, a recent study considered Survivin gene expression among different
markers of malignancy. An increased Survivin mRNA isolated from mononuclear cells
is indicative of low differentiation grades of thyroid cancers [146]. Similar results were
reported by Li et al. In detail, CTCs were detected and CK19, Survivin and TG mRNAs
were analyzed. The authors demonstrated that CTCs were increased in PTC patients with
distant metastasis and highlighted the role of CTCs signature Survivin as a potential marker
of PTC diagnosis [151].

4.2. ctNAs

On the other hand, ctNAs are cell-free nucleic acids, comprising circulating tumor
DNA (ctDNA) and RNA (ctRNA), that originate from tumor cells and are shed into the
blood circulation [152]. ctNAs can be released directly from the primary tumor, CTCs
or tumor extracellular vesicles, thus harboring the mutational status of the original tu-
mor [153–155]. ctDNAs are fragmented DNA [156], while ctRNAs include messenger RNA
(mRNA) and non-coding RNAs (ncRNAs), such as microRNA (miRNAs), circular RNA
(circRNA), and long non-coding RNA (lncRNA) [157]. The ncRNAs are functional RNA
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molecules that are not translated into a protein and play a key regulatory role in multiple
biological functions. Indeed, their dysregulations have been implicated in multiple diseases
including tumorigenesis acting as oncogenic molecules or tumor suppressors [158,159].
CtNAs analysis consists of the extraction of cell-free nucleic acids mainly from a blood
sample, avoiding invasive procedures. Thus, the evaluation of ctNAs provides important
information about the mutational spectrum of the tumor. As with CTCs, the development
of NGS techniques and molecular technologies for the isolation of ctNAs have allowed us
to deepen our knowledge of the characteristics of blood ctNA markers for the diagnosis,
monitoring and prognosis of cancer [160]. However, there are some limitations, such as
the low signal-to-noise ratio and the short bioavailability [152]. Therefore, the current
challenge aims to improve the current expertise in using ctNAs as blood clinical markers
as a tumor screening tool and for the detection of minimal residual disease.

4.2.1. ctDNAs

The analysis of ctDNAs can detect the mutations and epigenetic changes useful for di-
agnosis and treatment strategy choice. In the thyroid cancer field, recent evidence observed
the presence of ctDNA containing BRAFV600E mutation, the most frequent genetic event in
DTC, in patients affected by PTC compared to those with benign nodules [161]. Moreover,
a hypermethylation state of SLC5A8 and SLC26A4, associated with BRAFV600E mutation,
was found in PTC patients [162]. Interestingly, the level of circulating BRAFV600E has
been observed to dramatically decrease after surgery in PTC patients [161]. In addition, the
detection of residual circulating BRAFV600E post-surgery is suggestive of recurrence in
patients with PTC [163]. Circulating RETM918T mutation was detectable in the plasma of
patients affected by MTC, suggesting a worse outcome [164]. However, it has been shown
that there is a very low concordance in BRAF, KRAS, NRAS and TERT promoter mutations
between primary or metastatic thyroid tissues and plasma ctDNAs in early stage thyroid
cancer patients [165]. Nevertheless, through NGS analysis on ctDNAs extracted from
blood samples of patients affected by different thyroid tumor types, it has been observed
that the large majority of patients presented one or more genomic alterations and TP53
mutation was the most frequent in all thyroid tumor types, followed by BRAFV600E, RAS,
RET, ALK and NTRK with variable frequency according to the type of tumors taken into
account [166].

A mention of mitochondrial DNA (mtDNA) deserves to be discussed. The mtDNA is
a double-stranded circular chromosome located in the mitochondria organelles in a tissue-
specific number of copies [167]. The mitochondrial genome consists of 16 kb and contains
genes that encode for its tRNAs and rRNAs and proteins involved in oxidative phosphory-
lation [168]. The involvement of mtDNA in the pathogenesis of several diseases including
cancer has been demonstrated [169]. Indeed, tumors exhibit an altered bioenergetic process
due to gene copy numbers or gene expression modifications [169]. For instance, an aberrant
accumulation of mitochondria due to mtDNA mutations is characteristic of the oncocytic
phenotype in thyroid gland tumors [170]. Moreover, an increased tissue mtDNA copy
number is associated with carcinogenesis in PTC [171]. The altered presence of circulating
cell-free mtDNA (ccf-mtDNA) is indicative of mitochondrial dysfunction and thus of a
pathological condition [172]. A lower content in plasma ccf-mtDNA has been shown in pa-
tients with PTC compared with healthy subjects [173]. Thus, the ccf-mtDNA may be a valid
alternative to ctDNA as it is easily detectable due to its abundance compared to ctDNA in
the bloodstream and especially due to its strict correlation with tumor progression.
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4.2.2. ctRNAs

In the last decade, ncRNAs have yielded great interest as potential circulating biomark-
ers, particularly in cancer research. In contrast to ctDNAs, circulating ncRNAs can be easily
quantified in the blood, especially miRNAs. Indeed, miRNAs reflect the clinical features
of the tumor and their blood levels can be associated with treatment response and patient
outcome [174]. To date, certain studies have been conducted on the expression profile and
clinical significance of circulating miRNAs in thyroid cancer.

Using a microarray approach, Romeo et al. identified miR-375 as the most upregulated
miRNA in C cells and plasma of MTC patients compared to healthy controls and subjects
in remission, associating miR-375 with reduced overall survival and poor prognosis [175].
The same results were obtained by Censi et al., who showed serum miR-375 overexpression
in pre-surgical MTC patients compared to controls and patients affected by different
diseases. Unfortunately, no correlation was identified between serum and tissue. However,
a concordance was observed between serum miR-375 and CT [176]. This data was also
confirmed by Melone et al., who identified a serum molecular signature in MTC patients
applying miRNome profiling. The authors reported an upregulation of miR-375, miR-
144-3p, miR-7-5p and miR-335-5p [177]. MiR-144 was also detected by Shabani et al.
Indeed, increased plasma levels of miR-144 and miR-34a were observed in MTC patients
compared to controls. Interestingly, MTC patients carrying RET mutation presented a
much higher expression of miR-144 and miR-34a than wild-type RET MTC patients [178].
Among miRNAs identified using miRNA arrays, plasma miR-26b-5p and miR-451a were
observed to be highly expressed in a cohort of MTC patients. Interestingly, their expression
decreased after surgery [179]. Furthermore, serum levels of miR-222-3p and miR-17-5p
were found significantly increased in MTC patients compared to benign nodule and control
groups. In the same study, the authors observed also a trend for patients affected by
PTC. In detail, miR-222-3p, miR-17-5p, and miR-451a were shown to increase, whereas
miR-146a-5p, miR-132-3p, and miR-183-3p were decreased in the serum of PTC patients
and those with benign nodules compared to the control group [180]. Similar findings
have resulted from using miRNA profiling that identified serum miR-221-3p, miR-222-
3p, miR-146a-5p, miR-146b-5p, miR-24-3p, miR-191-5p, miR-103-3p and miR-28-3p as
upregulated in PTC patients compared to healthy subjects. Among these miRNAs, miR-
146a-5p, miR-221-3p and miR-222-3p markedly decreased after tumor excision in PTC
patients. Moreover, levels of miR-146a-5p and miR-221-3p correlated with serum TG
levels [181]. Yu et al. also demonstrated that the expression of serum miR-222, miR-151-5p
and let-7e was higher in PTC patients compared to benign cases and healthy controls. In
addition, a lower expression of miR-151-5p and miR-222 was shown in a subset of PTC
patients after thyroidectomy [182]. Equally, plasma miR-222 and miR-146b were increased
in pre-surgery PTC patients in comparison with healthy volunteers and after thyroidectomy.
Importantly, Lee et al. demonstrated that miR-222 and miR-146b are associated with PTC
recurrence [183]. Razei et al. evaluated miRNAs pre- and post-surgery and showed a
decreased expression of plasma miR-222 and miR-181a in PTC patients after thyroidectomy.
In addition, miR-181a and miR-146a distinguished between cancerous and benign cases.
Moreover, the levels of miR-181a were associated with increasing tumor size in PTC cases.
Interestingly, there was a correlation between miR-222 and BRAFV600E mutation in PTC
patients [184]. Likewise, serum miR-221, miR-222, miR-31, and miR-151-5p were observed
to decrease in PTC after surgery compared to PTC pre-surgery patients. Moreover, the
serum amount of miR-222, miR-31, miR-151-5p and let-7 was revealed to increase, whereas
miR-21 was decreased in PTC patients relative to controls and patients affected by benign
nodules [185]. Graham et al. showed an mRNA profiling to distinguish PTC from benign
nodules. Particularly, serum miR-146a-5p and miR-199b-3p were downregulated, whereas
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let7b-5p and miR-10a-5p were upregulated in PTC serum samples than benign tumor [186].
The level of serum miR-579, miR-95, miR-29b, and miR-190 were lower in PTC patients
respect to controls and patients with nodular goiters, among which miR-95 and miR-190
resulted the most promising [187]. An increased expression of plasma miR-25-3p, miR-451a,
miR-140-3p and let-7i was observed in PTC cases compared to benign nodules or healthy
controls. Importantly, miR-25-3p and miR-451a decreased after tumor excision. Moreover,
the plasma levels of miR-25-3p and miR-451a were correlated with those expressed in
thyroid tissues from PTC patients [188].

In summary, miR-375 and miR-144 turned out to be the most interesting miRNAs
dysregulated in plasma and serum of MTC patients, whereas miR-222, miR-221, miR-146a,
miR-151, miR-31, and miR-21 in PTC cases. Thus, these miRNAs are promising circulating
biomarkers for the management of thyroid tumor disease (Table 2).

In the literature, there is very little evidence of the presence of lncRNAs in the blood
of thyroid cancer patients. For instance, Jiang et al. identified 6 lncRNAs (CCAT1, SYNPR,
SFTA1P, HOTAIR, HCG22, and CLDN10) in the plasma of PTC patients. Furthermore,
all these lncRNAs correlate with overall survival affecting progression and invasion in
thyroid tumors. Moreover, CCAT1, SYNPR, SFTA1P, HOTAIR, and HCG22 were found
to be upregulated in PTC tumor tissue except for CLDN10, which was downregulated
(Table 2) [189]. Other authors demonstrated the involvement of lncRNAs in thyroid cancer
tissue, but not their presence in the bloodstream. Nevertheless, the lncRNAs MALAT1 [190],
HOTAIR [191], and BANCR [192] are encouraging candidates for circulating thyroid cancer
blood markers.

Nothing is known about circulating circRNAs’ implication in thyroid tumors. How-
ever, circRNAs are emerging as promising biomarkers for thyroid cancer. Indeed, there
is evidence of the involvement of circRNAs in the onco-pathogenesis of the thyroid. For
instance, it has been demonstrated that the impairment of circ-ITCH/miR--22-3p/CBL/β-
catenin axis in PTC development and progression. In detail, circ-ITCH competes with
miR--22-3p to upregulate the expression of CBL, thus inactivating the Wnt/β-catenin path-
way and consequently attenuating PTC progression [193]. Yao et al. identified circ0058124
as a novel driver for PTC tumorigenesis by regulating NUMB through binding to miR-
218-5p, thus repressing NOTCH3/GATAD2A signaling [194]. Likewise, circZFR plays a
role in PTC cell proliferation, migration and invasion by miR-1261/C8orf4 axis [195] and
circNUP214 acts as an oncogene and sponges miR-145 and its target ZEB2 in PTC cells [196].
Finally, circ-0004458 was found to be overexpressed in PTC tissues and cells. Circ-0004458
silencing induced cell cycle arrest and apoptosis by miR-885-5p/RAC1 pathway [197].

Regarding coding RNAs, Yang et al. have developed a multiplex approach for the
quantification of circulating transcripts in thyroid tumor patients, identifying 4 circulating
RNAs (thyroid peroxidase TPO, TG, glial cell line-derived neurotrophic factor family re-
ceptor alpha-2 GFRA2, and iodotyrosine deiodinase IYD) in the plasma of thyroid cancer
patients, among which TPO transcript resulted in the most promising marker to estimate
residual disease [198]. Similar results were obtained in two different studies whereby
the levels of TG mRNA were estimated in the peripheral blood of thyroid tumor pa-
tients [199,200]. In detail, it has been demonstrated that the presence of TG transcript
in blood samples of subjects affected by PTC [200] and in all metastatic DTC cases [199].
Nevertheless, TG mRNA was detectable in patients with benign thyroid nodules as well
as in healthy subjects [199], potentially derived from lymphocytes and renal cells besides
circulating thyrocytes [201,202]. Among well-known thyroid-associated markers, it has
been suggested that the detection of TSHR mRNA in patients with thyroid lesions be
used not only as a marker of recurrence but also as a marker of diagnosis and aggressive-
ness [203–207]. Likewise, it has been demonstrated that the levels of blood CT-related
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polypeptide alpha transcript (CT-CALCA) correlated with serum CT in MTC patients,
including RET mutation carriers [208]. Finally, Lubitz et al. demonstrated the detection of
BRAFV600E mutation in reverse-transcribed RNA isolated from peripheral blood lympho-
cytes of PTC patients [209].

Extracellular vesicles (EVs) deserve specific attention, in particular the well-characterized
exosomes. Over the last years, many authors have reported the involvement of exosomes
in tumor progression and metastasis processes. In detail, exosomes are extracellular vesi-
cles secreted from cells carrying nucleic acids (such as miRNAs, circRNAs and lncRNAs),
proteins, lipids, and metabolites [210]. Recently, evidence highlighted the dysregulation
of exosome content in the pathogenesis of thyroid cancer, revealing their potential as
biomarkers in tumor diagnosis and clinical prognosis. Among the different exosomal
miRNAs, miR24-3p, miR146a-5p, miR181a-5p and miR382-5p were found to be downregu-
lated, whereas miR127-3p and miR376a-3p were upregulated in the serum of PTC patients
compared to healthy subjects. Interestingly, exosomal miR24-3p was positively correlated
with the same circulating miRNA free of any encapsulation [211]. Similarly, Liang et al.
observed a lower expression of plasma exosomal miR-16-2-3p, miR-34c-5p, miR-182-5p,
miR-146b-5p, miR-223-3p and miR-223-5p in nodular goitres and PTC patients compared
to controls. Moreover, the authors proposed miR-16-2-3p and miR-223-5p as biomarkers to
be utilized to distinguish between benign and malignant nodules [212]. A decreased serum
exosomal miR-29a was also identified in PTC subjects relative to controls [213]. Conversely,
increased expression of plasma or serum EVs-derived miR-1-3p, miR-206, miR-221-3p [214],
miR-10a-5p, miR-34a-5p, miR-346 [215], miR-145 [216], miR-376a-3p, miR-485-3p, miR4306
and miR-4433a-5p [217] well-differentiated PTC patients from controls [214–217], benign
thyroid nodules from malignant ones [217] and after surgery [214]. Besides PTC cases,
Samsonov et al. observed overexpression of miR-21, miR-31, miR146a, miR-181a, and
miR-221 in plasma exosomes of different thyroid tumor cases compared to normal subjects.
Interestingly, miR-21, miR126, and miR145 distinguish between PTC and benign tumor
patients, whereas miR-31 between FTC and adenomas. In the same study, miR-21 and
miR-181a were able to differentiate between FTC and PTC patients [218]. Regarding the
possibility of improving prognosis, plasma exosomal miR146b-5p and miR222-3p were
identified as upregulated in PTC patients with lymph node metastasis (LNM) compared to
those without invasion [219]. Similar results were obtained by Chen et al., who identified
plasma exosomal miR-6774-3p and miR-6879-5p as discriminants among PTC patients
with and without LNM [220]. In addition to miRNAs, other ncRNAs are found to be
dysregulated in thyroid patients’ exosomes. Within circRNAs, circ-007293 [221,222], circ-
031752 and circ-020135 [222] were upregulated in PTC patients’ serum, whereas among
lncRNAs, DOCK9-AS2 was enriched in exosomes derived from PTC patients’ plasma [223].
Interestingly, some authors provided evidence that exosome-derived proteins are dysregu-
lated in thyroid cancer as well as ncRNAs. Indeed, through mass spectrometry, a different
pattern of ITGB2, TLN1, CAPNS1 and SRC in exosome-derived serum from PTC patients
has been identified, correlating their increased expression with LNM [224]. Furthermore,
using the same approach, bone marrow stromal cell antigen 2 (BST2) was found to be
well associated with PTMC progression [225]. An enhanced expression was also shown
for chaperone proteins Hsp27, Hsp60, and Hsp90 in thyroid tissue and plasma exosomes
of PTC patients as compared with benign goitre and after thyroidectomy [226]. Finally,
a recent multi-omics analysis pointed out a transcriptomic and proteomic signature for
indeterminate thyroid nodules. In detail, the authors revealed an enhanced expression of
EV-derived CXCR7, CD147, SDC4 and EpCAM in the plasma of patients with indeterminate
thyroid nodules compared with healthy controls. Additionally, mir-195-3p was found to
be upregulated and mir-3176, mir-205-5p, novel-hsa-mir-208-3p, mir-3529-3p and let-7i-3p
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downregulated [227]. Thus, exosomes are key players in thyroid cancer pathogenesis and
therefore can be considered promising tumor biomarkers on a par with ctNAs (Table 2).

Table 2. List of promising extracellular vesicles-derived and free circulating ncRNAs for the manage-
ment of thyroid tumor disease with potential diagnostic and prognostic significance. In the table, the
expression level is indicated as follows: upregulated ↑ and downregulated ↓. PTC, papillary thyroid
carcinoma; FTC, follicular thyroid carcinoma; MTC, medullary thyroid carcinoma.

Circulating
ncRNA

Thyroid
Tumor

Expression
Level

Biological Matrix References

miR-1 PTC ↑ Plasma-derived exosomes [214]
miR-7 MTC ↑ Serum [177]
miR-10 PTC ↑ Serum, Plasma-derived exosomes [186,215]
miR-16 PTC ↓ Plasma-derived exosomes [180]
miR-17 MTC, PTC ↑ Serum [180]
miR-21 FTC, PTC ↑↓ Serum, Plasma-derived exosomes [185,218]
miR-24 PTC ↑↓ Serum, Serum-derived exosomes [181,211]
miR-25 PTC ↑ Plasma [188]
miR-26 MTC ↑ Plasma [179]
miR-28 PTC ↑ Serum [181]
miR-29 PTC ↓ Serum, Serum-derived exosomes [187,213]
miR-31 FTC, PTC ↑ Serum, Plasma-derived exosomes [185,218]
miR-34 MTC, PTC ↑↓ Plasma, Plasma-derived exosomes [178,212,215]
miR-95 PTC ↓ Serum [187]

miR-103 PTC ↑ Serum [181]
miR-126 PTC ↑ Plasma-derived exosomes [218]
miR127 PTC ↑ Serum-derived exosomes [211]
miR-132 PTC ↓ Serum [180]
miR-140 PTC ↑ Plasma [188]
miR-144 MTC ↑ Plasma, Serum [177,178]
miR-145 PTC ↑ Plasma/Serum-derived exosomes [216,218]

miR-146 family PTC ↑↓ Plasma, Serum, Plasma/Serum-
derived exosomes

[180,181,183,184,186,
211,212,218,219]

miR-151 PTC ↑ Serum [182,185]

miR-181 FTC, PTC ↑↓ Plasma, Plasma/Serum-
derived exosomes [184,211,218]

miR-182 PTC ↓ Plasma-derived exosomes [212]
miR-183 PTC ↓ Serum [180]
miR-190 PTC ↓ Serum [187]
miR-191 PTC ↑ Serum [181]
miR-199 PTC ↓ Serum [186]
miR-206 PTC ↑ Plasma-derived exosomes [214]
miR-221 PTC ↑ Serum, Plasma-derived exosomes/EVs [181,185,214,218]
miR-222 MTC, PTC ↑ Plasma, Serum [180–185,219]
miR-223 PTC ↓ Plasma-derived exosomes [212]
miR-335 MTC ↑ Serum [177]
miR-346 PTC ↑ Plasma-derived exosomes [186,215]
miR-375 MTC ↑ Plasma, Serum [175,176]
miR376 PTC ↑ Plasma/Serum-derived exosomes [211,217]
miR382 PTC ↓ Serum-derived exosomes [211]
miR-451 MTC, PTC ↑ Plasma, Serum [179,180,188]
miR485 PTC ↑ Plasma-derived exosomes [217]
miR-579 PTC ↓ Serum [187]
miR4306 PTC ↑ Plasma-derived exosomes [217]
miR4433 PTC ↑ Plasma-derived exosomes [217]
miR6774 PTC ↑ Plasma-derived exosomes [220]
miR6879 PTC ↑ Plasma-derived exosomes [220]

let-7 family PTC ↑ Plasma, Serum [182,185,186,188]
circ-007293 PTC ↑ Serum-derived exosomes [221,222]
circ-031752 PTC ↑ Serum-derived exosomes [222]
circ-020135 PTC ↑ Serum-derived exosomes [222]
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Table 2. Cont.

Circulating
ncRNA

Thyroid
Tumor

Expression
Level

Biological Matrix References

CCAT1 PTC ↑ Plasma [189]
SYNPR PTC ↑ Plasma [189]
SFTA1P PTC ↑ Plasma [189]
HOTAIR PTC ↑ Plasma [189]
HCG22 PTC ↑ Plasma [189]

CLDN10 PTC ↓ Plasma [189]
DOCK9-AS2 PTC ↓ Plasma-derived exosomes [223]

4.3. Procalcitonin

Procalcitonin (ProCT) is the peptide precursor of CT, a hormone synthesized by the
parafollicular C cells of the thyroid and involved in calcium homeostasis [228]. ProCT is also
released by the neuroendocrine cells of the lung and intestine in response to inflammatory
stimuli [228]. ProCT was first described as a marker of sepsis (differentiating bacterial
from non-bacterial infection) and multiple organ failure as well as to manage antibiotic
therapy [229]. Besides CT as a well-known marker for MTC, there has been a shift in focus
on ProCT as an emerging blood biomarker [230,231]. Indeed, ProCT has a half-life of 24 h
and is less influenced by circadian rhythm compared to CT [232–234]. Moreover, ProCT
is more stable at room temperature than CT and presents a comparable measurement
between different current commercial IMAs [93]. However, ProCT is influenced by trauma
and the inflammatory state of the patient, thus limiting its use in clinical practice in the case
of inflammatory conditions. For instance, similarities between ProCT and CT values have
been observed reflecting the clinical states of patients with MTC using Roche ECLIA for CT
measurement and Roche, PES, Abbott for ProCT [235]. Similar results were obtained in
other studies [236–239], demonstrating that ProCT presents an equivalent or even superior
alternative to CT for the follow-up of MTC patients. A recent meta-analysis showed how
serum ProCT can be considered a highly accurate test for MTC management, in terms of
diagnosis and disease monitoring, thanks to its higher sensitivity and specificity [240]. In
particular, using a fully automated homogeneous TRACE immunometric fluorescent assay
on the Kryptor® system, a cut-off value of ProCT > 0.1 ng/mL is considered a good marker
for the diagnosis of MTC since it resulted in a sensitivity of 100%, specificity of 99.9%,
PPV of 77.8%, and NPV of 100% [241]. Furthermore, the same authors suggest measuring
ProCT to detect false hypercalcitoninemia due to heterophilic antibody interference [242].
Moreover, a study conducted by Kratzsch et al. demonstrated the usage of ProCT as an
alternative method to CT to overcome false hypercalcitonemic conditions, in this case
associated with PPIs therapy, chronic kidney disease and Hashimoto’s thyroiditis. In this
study, CT was tested using two fully automated assays (IMMULITE, Siemens Healthineers
and Liaison, Diasorin) and one nonautomated assay (IRMA, Medipan), and ProCT using
Brahms Kryptor (ThermoFisher Scientific) [243]. Furthermore, the possibility to measure
both CT and ProCT markers on the same automated platform facilitates the interpretation
of the laboratory results by matching reflex strategies.

5. Discussion

This review explores the current literature data to critically analyze the benefits and
limitations of routinely measured circulating biomarkers for the diagnosis and/or monitor-
ing of DTC and MTC. The review also sheds light on new circulating biomarkers, focusing
on the challenges of their use in the clinical management of thyroid cancer.

116



J. Clin. Med. 2025, 14, 1582

Thyroid cancer is the most frequent endocrine neoplasm. Its incidence rate is rapidly
increasing worldwide [7], representing a potential threat to public health [244]. In fact,
although having a good prognosis in a large percentage of cases, thyroid cancer can evolve
negatively with lymph node invasion and distant metastasis [245].

CT and TG were the first two biomarkers discovered almost 50 years ago [1,2,246]. TG
is the best available tumor marker for DTC after (near-) total thyroidectomy and subsequent
RAI ablation of the remaining thyroid tissue [31]. Its periodic measurement provides crucial
information on the patient’s response to treatment and the patient’s status regarding a
possible recurrence of the disease after successful treatment [31], in association with the
use of proper imaging procedures [247]. However, the determination of TG, as described
before, is affected by the presence of antibodies against TG that negatively interfere with the
measurement. Not being affected by the presence of any interfering antibodies, LC-MS/MS
has been suggested as a second-line test in some selected cases. In addition, very recently,
the estimation of TG transcript levels in peripheral blood has also been proposed as an
innovative approach for overcoming antibody-mediated interference [173,174]. However,
the presence of transcript variants, the mRNA expression from other sources, and the
setting up of the PCR (such as primer design and number of amplification cycles) need
to be improved. All these aspects can lead to false-negative or false-positive screening
results. On the other hand, CT is used as a screening test in multinodular goiter allowing
earlier MTC diagnosis and thus earlier intervention and higher cure rates of the disease [35].
Despite these observations, international scientific societies do not recommend either for
or against serum CT determination as a screening test [17,28] since concerns related to
cost-effectiveness and the association of high CT serum levels with diseases other than MTC
continue to be discussed [41]. For example, CCH is a common cause of marginally elevated
CT preceding tumor development in familial MTC. However, increased CT is also found
in PTC, autoimmune thyroiditis, chronic renal failure, and non-thyroid-related conditions
such as smoking or the use of PPIs. Finally, CT may also be elevated in patients with
NENs [41]. Moreover, CT-negative tumors with aggressive biological behavior have been
described [36]. In these cases, other markers such as ProCT and CEA may be useful [35].

Currently, serum levels of TG, CT, ATG, CEA and Ca 19-9 are measured mainly by
IMAs, which are based on antigen-antibody reactions. Although they display numerous
advantages, IMAs are sensitive to analytical interferences such as heterophile antibodies,
human anti-animal antibodies (HAMA), anti-analyte autoantibodies, matrix effect, hook
effect, biotin, etc., which can cause false-positive or false-negative results [248]. Difficulties
in interpreting data may also be due to frequent variability between methods. The lack of
standardization and harmonization causes differences among the results obtained from
the same samples by different IMAs, as well as discrepancies in reference intervals and
cut-offs [249]. The scientific community, regulatory agencies, manufacturers and clinical
laboratories should work together in order to minimize manufacturer-specific differences
and optimize analytical performance [250]. To overcome these issues, in the last decades,
other molecules have been studied such as Cyfra 21.1 [47]. Although some studies have
shown their potential clinical application in ATC, overall they are not as useful as the
well-known biomarkers widely used in routine [31]. However, current circulating tumor
biomarkers for thyroid cancer are not always able to distinguish between benign and ma-
lignant neoplasms or between low-risk and high-risk malignant lesions in the preoperative
phase [17]. In addition, they are not specific since they can be high even in non-neoplastic
conditions [249].

In this context, the post-analytical phase, which concerns the reporting and the in-
terpretation of the result, is fundamental. Indeed, the choice of the appropriate reference
interval and/or the clinical decision limit (cut-off) of the biomarker is crucial [251]. The
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reference interval is a statistical calculation based on the determination of 2.5 and 97.5 per-
centiles obtained in a sample of unaffected subjects selected from the general population for
a given biomarker [252]. The reference interval is defined by laboratory experts according
to a well-defined consensus [251]. The clinical cut-off is quite different. It addresses a
decision about a clinical condition in a precise clinical patient group. The clinical cut-off
derives from clinical outcome studies, guidelines and consensus values, predictive values
and ROC (receiver-operating characteristic) curves [251]. The optimal cut-off value for
detecting cancer with 100% sensitivity and 100% specificity does not exist because for many
cancer biomarkers, the values of the two groups of individuals often overlap [253]. This is
even more difficult if cancer patients need to be distinguished from the group of patients
with organ-related non-malignant diseases [253]. Therefore, the identification of a specific
cut-off for thyroid tumor biomarkers is essential for the correct diagnosis of patients.

Another important aspect is the improvement of the technology that has allowed the
development of genomic, transcriptomic and proteomic assays enabling the identification
of a multitude of biomarkers which reflect a high signature of the molecular profile for each
type of tumor [254]. The general aim is to identify novel circulating biomarkers that can
supplement information from the currently used biomarkers. Regarding this aspect, CTCs
and EVs-derived and free ctNAs offer a great possibility to assess genotypic features of
cancer, besides observing cancer progression and treatment response, without the need for
invasive biopsy thanks to their presence in the peripheral blood. Indeed, the evidence of the
existence of ctDNAs and ctRNAs and the dysregulation of ccf-mtDNA, mRNAs, miRNAs,
lncRNAs and circRNAs as well as proteins in several types of thyroid neoplasms offer the
possibility of their potential use in clinical practice. The combination of high-throughput
assays aimed at identifying the common mutations such as BRAF, RET, and RAS and at
evaluating ctNAs can provide important information about the mutational spectrum of the
tumor and guide the selection of appropriate targeted therapy. Indeed, the development of
molecular technologies and NGS techniques allows us to characterize blood ctNA markers
more deeply for the diagnosis, monitoring and prognosis of cancer [160]. Here, we have
listed plenty of potential biomarkers sorted into different types of thyroid tumors. However,
the literature data show limitations in their possible practical use. Firstly, most of them
are general cancer markers. For instance, among miRNAs, miR-375 and miR-144, miR-
221, miR-222, and miR-21 are found to be dysregulated in glioblastomas, breast, prostate,
lung, colorectal, stomach, pancreatic, hepatic and neuroendocrine tumors [175,255–257].
In addition, the data currently available in the literature are derived from experimental
studies or small-scale clinical trials in specific patient cohorts. Therefore, large-scale studies
are required to confirm and validate their use in clinical practice. Furthermore, the current
clinical use of CTCs and ctNAs is limited and still requires a complete integration of
ctNAs as tumor-derived liquid biopsy markers. Thereby, several studies are needed to
carefully identify circulating biomarkers and to design a panel of dysregulated ctNAs
specific for thyroid cancer able to discriminate between malignant and benign nodules and,
in case, between the different types of thyroid cancer. Moreover, combining several kinds
of circulating markers (e.g., the well-known thyroid tumor proteins, CTCs, and ctNAs) in
a single diagnostic panel may probably be helpful. Thus, the current challenge aims to
improve the current expertise in using ctNAs as blood clinical markers to screen for thyroid
neoplasms and detect minimal residual disease.

6. Conclusions and Future Perspectives

Recent findings in the field of tumors are paving the way for a new era of personalized
and precision medicine by improving prognosis and quality of life for individuals. The
discovery of new biomarkers of thyroid cancer can contribute to early disease detection,
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careful follow-up and personalized treatments by maximizing therapeutic results [31].
Furthermore, early diagnosis of thyroid cancer allows for less invasive surgery with conse-
quent lower risks for the patient and may also avoid RAI ablation. Moreover, the ability
to distinguish between benign and malignant lesions could help in choosing the most
appropriate approach. Tailored to the specific needs of each patient and type of cancer,
a targeted therapeutic regimen requires medical supervision to prevent adverse effects
and maintain maximum effectiveness and quality of life. In thyroid cancer, personalized
treatment can interfere with the development and multiplication of cancer cells by using
specialized means to identify the molecules involved in the growth of cancer [258]. Tyro-
sine kinase inhibitors, immunotherapy and gene-targeted therapy are some of the main
targeted treatments for thyroid cancer [31] that currently play a supporting role to the well-
established surgical therapy and RAI ablation in advanced or treatment-refractory thyroid
tumors [259]. Despite progress in recent years, much remains to be explored in the field
of cancer and in particular in thyroid cancer to overcome current obstacles to the clinical
application of new biomarkers [260]. In particular, future research should focus on the
following areas: (1) development of standardized protocols for the validation of biomark-
ers to demonstrate reliability and reproducibility of assays in different conditions [261];
(2) support for collaborative multi-centre research initiatives that allow for the expansion of
study sample numbers, resulting in faster and more convincing data on thyroid cancer [31];
(3) integration of genomic, transcriptomic, proteomic and metabolomic data to increase
the sensitivity and specificity of biomarkers [3]; (4) advancement of bioinformatics tools
and machine learning algorithms to better understand new biomarker models [262]; and
(5) study of potential combinations of biomarkers with consolidated therapeutic strategies
to ensure treatment efficacy and to predict treatment response [260].
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Abbreviations

The following abbreviations are used in this manuscript:

ATC Anaplastic thyroid carcinoma
ATG Anti-thyroglobulin antibodies
ATPO Antibodies against thyroid peroxidase
BMI Body mass index
BST2 Bone marrow stromal cell antigen 2
Ca 19-9 Carbohydrate antigen 19-9
CCH C-cell hyperplasia
ccf-mtDNA Cell-free mtDNA
CEA Carcinoembryonic antigen
circRNAs Circular RNAs
CLEIA Chemiluminescence enzyme immunoassay
CLIA Chemiluminescence assays
CT Calcitonin
CT-CALCA CT-related polypeptide alpha transcript
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CTCs Circulating tumor cells
ctDNAs Circulating tumor DNAs
ctNAs Circulating tumor nucleic acids
ctRNAs Circulating tumor RNAs
CV Coefficients of variation
DTC Differentiated thyroid carcinoma
ECLIA Electrochemiluminescence assays
ELISA Enzyme-linked immunosorbent assay
ELFA Enzyme-linked fluorescence assay
EQA External quality assessment
EVs Extracellular vesicles
FIA Fluoroimmunoassay
FEIA Fluorescence enzyme immunoassay
FMTC Familial medullary thyroid cancer
FNAB Fine needle aspiration biopsy
FTC Follicular thyroid carcinoma
GFRA2 Glial cell line-derived neurotrophic factor family receptor alpha-2
HAMA Human anti-animal antibodies
hsTG TG assays with high analytical sensitivity
IYD Iodotyrosine deiodinase
ILMA Immunoluminometric assay
IMAs Immunoassays
IRMA Immunoradiometric assay
IRP International Reference Preparation
LC-MS/MS Liquid chromatography coupled to tandem mass spectrometry
lncRNAs Long non-coding RNAs
LNM Lymph node metastasis
LOD Limit of detection
MEN Multiple endocrine neoplasia
mRNAs Messenger RNAs
miRNAs MicroRNAs
MTC Medullary thyroid carcinoma
mtDNA Mitochondrial DNA
ncRNAs Non-coding RNAs
NENs Neuroendocrine neoplasms
NGS Next-generation sequencing
OTC Oncocytic thyroid carcinoma
PPIs Proton pump inhibitors
PPV Positive predictive value
ProCT Procalcitonin
PTC Papillary thyroid carcinoma
PTMC Papillary microcarcinoma
RAI Radioactive iodine
rhTSH Recombinant human TSH
RIA Radio immunoassay
ROC Receiver-operating characteristic
TG Thyroglobulin
T3 Triiodothyronine
T4 Thyroxine
TPO Thyroid peroxidase
TRACE Time Resolved Amplified Cryptate Emission
TSH Thyrotropin
TSHR Thyroid-stimulating hormone receptor

120



J. Clin. Med. 2025, 14, 1582

References

1. Melvin, K.E.; Miller, H.H.; Tashjian, A.H. Early Diagnosis of Medullary Carcinoma of the Thyroid Gland by Means of Calcitonin
Assay. N. Engl. J. Med. 1971, 285, 1115–1120. [CrossRef] [PubMed]

2. Milhaud, G.; Calmette, C.; Taboulet, J.; Julienne, A.; Moukhtar, M.S. Letter: Hypersecretion of Calcitonin in Neoplastic Conditions.
Lancet 1974, 1, 462–463. [CrossRef] [PubMed]

3. Fang, B. Introduction to This Special Issue: “Biomarker Discovery and Precision Medicine”. J. Cancer Metastasis Treat. 2020, 6, 1.
[CrossRef] [PubMed]

4. Wang, Y.; Xu, F.; Zhong, J.-Y.; Lin, X.; Shan, S.-K.; Guo, B.; Zheng, M.-H.; Yuan, L.-Q. Exosomes as Mediators of Cell-to-Cell
Communication in Thyroid Disease. Int. J. Endocrinol. 2020, 2020, 4378345. [CrossRef] [PubMed]

5. Feng, K.; Ma, R.; Zhang, L.; Li, H.; Tang, Y.; Du, G.; Niu, D.; Yin, D. The Role of Exosomes in Thyroid Cancer and Their Potential
Clinical Application. Front. Oncol. 2020, 10, 596132. [CrossRef]

6. Boucai, L.; Zafereo, M.; Cabanillas, M.E. Thyroid Cancer: A Review. JAMA 2024, 331, 425–435. [CrossRef]
7. Cancer of the Thyroid-Cancer Stat Facts. Available online: https://seer.cancer.gov/statfacts/html/thyro.html (accessed on

8 January 2025).
8. Cao, J.; He, X.; Li, X.; Sun, Y.; Zhang, W.; Li, Y.; Zhu, X. The Potential Association of Peripheral Inflammatory Biomarkers in

Patients with Papillary Thyroid Cancer before Radioiodine Therapy to Clinical Outcomes. Front. Endocrinol. 2023, 14, 1253394.
[CrossRef]

9. WHO Classification of Tumours Online. Available online: https://tumourclassification.iarc.who.int/welcome/ (accessed on
8 January 2025).

10. Hlozek, J.; Pekova, B.; Rotnágl, J.; Holý, R.; Astl, J. Genetic Changes in Thyroid Cancers and the Importance of Their Preoperative
Detection in Relation to the General Treatment and Determination of the Extent of Surgical Intervention—A Review. Biomedicines
2022, 10, 1515. [CrossRef]

11. Prete, A.; Borges de Souza, P.; Censi, S.; Muzza, M.; Nucci, N.; Sponziello, M. Update on Fundamental Mechanisms of Thyroid
Cancer. Front. Endocrinol. 2020, 11, 102. [CrossRef]

12. Verburg, F.A. Differentiated Thyroid Cancer: Diagnosis, Therapy, and Follow-Up. In Atlas of Thyroid and Neuroendocrine Tumor
Markers; Giovanella, L., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 51–64. ISBN 978-3-319-62506-5.

13. Conzo, G.; Avenia, N.; Bellastella, G.; Candela, G.; de Bellis, A.; Esposito, K.; Pasquali, D.; Polistena, A.; Santini, L.; Sinisi, A.A.
The Role of Surgery in the Current Management of Differentiated Thyroid Cancer. Endocrine 2014, 47, 380–388. [CrossRef]

14. Kitahara, C.M.; Sosa, J.A. Understanding the Ever-Changing Incidence of Thyroid Cancer. Nat. Rev. Endocrinol. 2020, 16, 617–618.
[CrossRef] [PubMed]

15. Liang, N.; Zhang, H.; Sui, C.; Du, R.; Li, C.; Li, J.; Dionigi, G.; Zhang, D.; Sun, H. Surgical Resection of Recurrent Differentiated
Thyroid Cancer: Patterns, Detection, Staging, and Treatment of 683 Patients. Front. Endocrinol. 2023, 14, 1301620. [CrossRef]
[PubMed]

16. Chen, D.W.; Lang, B.H.H.; McLeod, D.S.A.; Newbold, K.; Haymart, M.R. Thyroid Cancer. Lancet 2023, 401, 1531–1544. [CrossRef]
17. Gharib, H.; Papini, E.; Garber, J.R.; Duick, D.S.; Harrell, R.M.; Hegedüs, L.; Paschke, R.; Valcavi, R.; Vitti, P. American association

of clinical endocrinologists, american college of endocrinology, and associazione medici endocrinologi medical guidelines for
clinical practice for the diagnosis and management of thyroid nodules—2016 update. Endocr. Pract. 2016, 22, 622–639. [CrossRef]
[PubMed]

18. Kang, Y.J.; Stybayeva, G.; Hwang, S.H. Surgical Completeness and Safety of Minimally Invasive Thyroidectomy in Patients with
Thyroid Cancer: A Network Meta-Analysis. Surgery 2023, 173, 1381–1390. [CrossRef] [PubMed]

19. Alfuraih, A.M.; Alotaibi, A.M.; Alshammari, A.K.; Alrashied, B.F.; Mashhor, Y.M.; Mahmoud, M.; Alsaadi, M.J. Evaluating
Diagnostic Accuracy and Agreement of TI-RADS Scoring in Thyroid Nodules: A Comparative Analysis between Sonographers
and Radiologists. PLoS ONE 2024, 19, e0312121. [CrossRef]

20. Alexander, E.K.; Kennedy, G.C.; Baloch, Z.W.; Cibas, E.S.; Chudova, D.; Diggans, J.; Friedman, L.; Kloos, R.T.; LiVolsi, V.A.;
Mandel, S.J.; et al. Preoperative Diagnosis of Benign Thyroid Nodules with Indeterminate Cytology. N. Engl. J. Med. 2012, 367,
705–715. [CrossRef]

21. 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]

22. Perros, P.; Boelaert, K.; Colley, S.; Evans, C.; Evans, R.M.; Gerrard Ba, G.; Gilbert, J.; Harrison, B.; Johnson, S.J.; Giles, T.E.; et al.
Guidelines for the Management of Thyroid Cancer. Clin. Endocrinol. 2014, 81 (Suppl 1), 1–122. [CrossRef]

23. Gharib, H.; Papini, E.; Paschke, R.; Duick, D.S.; Valcavi, R.; Hegedüs, L.; Vitti, P.; et al. American Association of Clinical
Endocrinologists, Associazione Medici Endocrinologi, and European Thyroid Association Medical Guidelines for Clinical Practice
for the Diagnosis and Management of Thyroid Nodules: Executive Summary of Recommendations. Endocr. Pract. 2010, 16,
468–475. [CrossRef]

121



J. Clin. Med. 2025, 14, 1582

24. Cibas, E.S.; Ali, S.Z. The Bethesda System for Reporting Thyroid Cytopathology. Thyroid Off. J. Am. Thyroid Assoc. 2009, 19,
1159–1165. [CrossRef] [PubMed]

25. Alzahrani, A.S. Clinical Use of Molecular Data in Thyroid Nodules and Cancer. J. Clin. Endocrinol. Metab. 2023, 108, 2759–2771.
[CrossRef]

26. Fumagalli, C.; Serio, G. Molecular Testing in Indeterminate Thyroid Nodules: An Additional Tool for Clinical Decision-Making.
Pathol.-J. Ital. Soc. Anat. Pathol. Diagn. Cytopathol. 2023, 115, 205–216. [CrossRef] [PubMed]

27. He, J.; Sun, P.; Lin, J.; Shen, J.; Lin, H.; Jiang, H.; Qiu, R.; Lin, E.; Lu, Y. Application of Carbon Nanoparticles in Endoscopic
Thyroid Cancer Surgery: A Systematic Review and Meta-Analysis. Front. Surg. 2023, 10, 1283573. [CrossRef]

28. 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: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated
Thyroid Cancer. Thyroid 2016, 26, 1–133. [CrossRef]

29. Vaisman, F.; Shaha, A.; Fish, S.; Michael Tuttle, R. Initial Therapy with Either Thyroid Lobectomy or Total Thyroidectomy without
Radioactive Iodine Remnant Ablation Is Associated with Very Low Rates of Structural Disease Recurrence in Properly Selected
Patients with Differentiated Thyroid Cancer. Clin. Endocrinol. 2011, 75, 112–119. [CrossRef]

30. Addasi, N.; Fingeret, A.; Goldner, W. Hemithyroidectomy for Thyroid Cancer: A Review. Med. Kaunas Lith. 2020, 56, 586.
[CrossRef]

31. Guo, M.; Sun, Y.; Wei, Y.; Xu, J.; Zhang, C. Advances in Targeted Therapy and Biomarker Research in Thyroid Cancer. Front.
Endocrinol. 2024, 15, 1372553. [CrossRef]

32. Tao, Y.; Li, P.; Feng, C.; Cao, Y. New Insights into Immune Cells and Immunotherapy for Thyroid Cancer. Immunol. Investig. 2023,
52, 1039–1064. [CrossRef]

33. Li, J.; Li, Z.; Zhao, P. Diagnosis and Prognosis of Thyroid Cancer by Immune-Related Genes. Am. J. Clin. Oncol. 2024, 47, 1–10.
[CrossRef]

34. Drugs Approved for Thyroid Cancer-NCI. Available online: https://www.cancer.gov/about-cancer/treatment/drugs/thyroid
(accessed on 8 January 2025).

35. Wells, S.A.; Asa, S.L.; Dralle, H.; Elisei, R.; Evans, D.B.; Gagel, R.F.; Lee, N.; Machens, A.; Moley, J.F.; Pacini, F.; et al. Revised
American Thyroid Association Guidelines for the Management of Medullary Thyroid Carcinoma. Thyroid Off. J. Am. Thyroid
Assoc. 2015, 25, 567–610. [CrossRef] [PubMed]

36. Trimboli, P.; Giovanella, L. Serum Calcitonin Negative Medullary Thyroid Carcinoma: A Systematic Review of the Literature.
Clin. Chem. Lab. Med. 2015, 53, 1507–1514. [CrossRef] [PubMed]

37. Jayasinghe, R.; Basnayake, O.; Jayarajah, U.; Seneviratne, S. Management of Medullary Carcinoma of the Thyroid: A Review.
J. Int. Med. Res. 2022, 50, 3000605221110698. [CrossRef] [PubMed]

38. Bartz-Kurycki, M.A.; Oluwo, O.E.; Morris-Wiseman, L.F. Medullary Thyroid Carcinoma: Recent Advances in Identification,
Treatment, and Prognosis. Ther. Adv. Endocrinol. Metab. 2021, 12, 20420188211049611. [CrossRef] [PubMed]

39. Elisei, R.; Bottici, V.; Luchetti, F.; Di Coscio, G.; Romei, C.; Grasso, L.; Miccoli, P.; Iacconi, P.; Basolo, F.; Pinchera, A.; et al. Impact
of Routine Measurement of Serum Calcitonin on the Diagnosis and Outcome of Medullary Thyroid Cancer: Experience in 10,864
Patients with Nodular Thyroid Disorders. J. Clin. Endocrinol. Metab. 2004, 89, 163–168. [CrossRef]

40. Alevizaki, M.; Saltiki, K.; Rentziou, G.; Papathoma, A.; Sarika, L.; Vasileiou, V.; Anastasiou, E. Medullary Thyroid Carcinoma: The
Influence of Policy Changing in Clinical Characteristics and Disease Progression. Eur. J. Endocrinol. 2012, 167, 799–808. [CrossRef]

41. Alevizaki, M.; Saltiki, K.; Simeakis, G.; Pappa, T. Medullary Thyroid Carcinoma (MTC): Diagnosis, Treatment and Follow-Up. In
Atlas of Thyroid and Neuroendocrine Tumor Markers; Giovanella, L., Ed.; Springer International Publishing: Cham, Switzerland,
2018; pp. 119–132. ISBN 978-3-319-62506-5.

42. Kushchayev, S.V.; Kushchayeva, Y.S.; Tella, S.H.; Glushko, T.; Pacak, K.; Teytelboym, O.M. Medullary Thyroid Carcinoma: An
Update on Imaging. J. Thyroid Res. 2019, 2019, 1893047. [CrossRef]

43. Essig, G.F.; Porter, K.; Schneider, D.; Arpaia, D.; Lindsey, S.C.; Busonero, G.; Fineberg, D.; Fruci, B.; Boelaert, K.; Smit, J.W.; et al.
Multifocality in Sporadic Medullary Thyroid Carcinoma: An International Multicenter Study. Thyroid Off. J. Am. Thyroid Assoc.
2016, 26, 1563–1572. [CrossRef]

44. Yang, G.; Pu, J.; Zhu, S.; Shi, Y.; Yang, Y.; Mao, J.; Sun, Y.; Zhao, B. Optimizing Levothyroxine Replacement: A Precision Dosage
Model for Post-Thyroidectomy Patients. Int. J. Gen. Med. 2024, 17, 377–386. [CrossRef]

45. Giovanella, L.; Feldt-Rasmussen, U.; Verburg, F.A.; Grebe, S.K.; Plebani, M.; Clark, P.M. Thyroglobulin Measurement by Highly
Sensitive Assays: Focus on Laboratory Challenges. Clin. Chem. Lab. Med. CCLM 2015, 53, 1301–1314. [CrossRef]

46. Mater, A.; Boelen, A.; Heijboer, A.C.; Hillebrand, J.J. Thyroglobulin and Calcitonin Measurements: Pitfalls and Future Perspectives.
J. Endocrinol. 2024, 264, JOE-24-0156. [CrossRef] [PubMed]

47. Giovanella, L. (Ed.) Atlas of Thyroid and Neuroendocrine Tumor Markers; Springer International Publishing: Cham, Switzerland, 2018;
ISBN 978-3-319-62505-8.

122



J. Clin. Med. 2025, 14, 1582

48. Giovanella, L.; D’Aurizio, F.; Algeciras-Schimnich, A.; Görges, R.; Petranovic Ovcaricek, P.; Tuttle, R.M.; Visser, W.E.; Verburg, F.A.;
hsTg; TgAb Consensus Working Group. Thyroglobulin and Thyroglobulin Antibody: An Updated Clinical and Laboratory
Expert Consensus. Eur. J. Endocrinol. 2023, 189, R11–R27. [CrossRef] [PubMed]

49. Ward, G.; Simpson, A.; Boscato, L.; Hickman, P.E. The Investigation of Interferences in Immunoassay. Clin. Biochem. 2017, 50,
1306–1311. [CrossRef] [PubMed]

50. Rosario, P.W.; Côrtes, M.C.S.; Mourão, G.F. Follow-up of Patients with Thyroid Cancer and Antithyroglobulin Antibodies: A
Review for Clinicians. Endocr. Relat. Cancer 2021, 28, R111–R119. [CrossRef]

51. Jin, Y.; Zhai, T.; Wang, Y.; Li, J.; Wang, T.; Huang, J. Recent Advances in Liquid Chromatography-Tandem Mass Spectrometry for
the Detection of Thyroid Hormones and Thyroglobulin in Clinical Samples: A Review. J. Sep. Sci. 2024, 47, e2400466. [CrossRef]
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Abstract: Graves’ disease and hyperthyroidism in women with childbearing potential
are a challenge in pre-conceptional counseling. The non-surgical alternatives are radioio-
dine therapy or antithyroid drugs. Here, we focus on the TSH receptor antibody (TRAb)
level—without or after radioiodine therapy—and the probability of fetal or neonatal hyper-
thyroidism. This immunological effect should be weighed against the risk of congenital
malformation taking propylthiouracil during pregnancy. For up to 2 years after radioiodine
therapy for Graves’ disease, TRAb levels may remain above the pre-therapeutic level.
The time of conception after radioiodine therapy and a high TRAb level are associated
with the likelihood of neonatal hyperthyroidism: 8.8% probability if conception occurred
6–12 months after radioiodine therapy, with a 5.5% probability for 12–18 months, and 3.6%
probability for 18–24 months. The TRAb value above 10 U/L in the third trimester is the
main risk factor for neonatal hyperthyroidism. If a woman does not wish to postpone
her family planning, the pre-conceptional counseling has to describe the risk of propylth-
iouracil, thiamazole, or of an uncontrolled hyperthyroidism. According to some national
cohort studies (Danish, Swedish, Korean), the risk for fetal malformations (ear, urinary
tract) under propylthiouracil is increased by 1.1–1.6%, in addition to the spontaneous risk
for unexposed pregnant women. For thiamazole, the additional risk for fetal malformation
was about 2–3%, depending on the dose of thiamazole. Propylthiouracil has posed a lower
risk for congenital malformation than an uncontrolled hyperthyroidism. To minimize the
risk for the newborn, women with Graves’ disease and hyperthyroidism should offer a
definitive therapy strategy (e.g., radioiodine therapy) long before planning a pregnancy.

Keywords: radioiodine therapy; Graves’ disease; TSH receptor antibodies; fetal hyperthyroidism;
propylthiouracil; thiamazole

1. Introduction

Since the 1940s, radioiodine (I-131) has been used to treat thyroid diseases. The concept
of ablative radioiodine therapy for Graves’ disease with hyperthyroidism (higher intended
dose) and of function-optimized radioiodine therapy for toxic or non-toxic goiter (lower
intended dose to the thyroid, dosimetric approach pre-therapeutically) and has remained
unchanged over a long period [1]. Several subpopulations with benign thyroid diseases
and specific circumstances are candidates for radioiodine therapy (Table 1) [2,3]:

I. Patients with Graves’ disease (GD) are sent to radioiodine therapy when the first-line
therapy has failed. The first manifestation of hyperthyroidism in Graves’ disease is
treated usually with carbimazole or thiamazole for 12–24 months. The individual
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timing to stop antithyroid medication depends on the TSH receptor antibody level
(TRAb preferably <2 U/L before attempting withdrawal), the dosage of the antithyroid
drug (preferably ≤2.5 mg carbimazole or thiamazole), and the thyroid function
setting (TSH preferably ≥0.3 mU/L) [4]. Radioiodine therapy in Graves’ disease with
small goiter is the preferred option in recurrent hyperthyroidism within 2 years after
withdrawal of antithyroid drugs.

II. An indication for an early radioiodine therapy in Graves’ disease is the persistent
TRAb value above 10 U/L after six months of antithyroid therapy. In this scenario,
the success probability of conservative therapy is below 5% [5]. Radioiodine therapy
can be offered first line when the risk of recurrent hyperthyroidism is high. The main
risk factors are the young age at initial presentation with Graves’ disease, the large
goiter of >40 mL, and smoking.

III. In subclinical hyperthyroidism (TSH < 0.1 mU/L), radioiodine therapy in Graves’
disease is recommended in patients >65 years old or in patients with atrial fibrilla-
tion/cardiovascular comorbidity. An individual indication for radioiodine therapy in
older patients is the TSH range of 0.1–0.4 mU/L [4].

IV. Radioiodine therapy can be administered safely in adolescents, preferably those over
15 years [4,6,7]. The duration of the antithyroid medication with carbimazole or
thiamazole should be longer in adolescents than in adults and can be extended to at
least 3 years (up to 6 years) in adolescents [6]. Due to the increased risk of liver failure,
propylthiouracil is contraindicated in adolescents.

V. In special circumstances, radioiodine therapy is an option for thyroid remnant ab-
lation if postoperative residual thyroid tissue remains and there is an advanced
florid endocrine orbitopathy (“Moleti concept”). As endogenous TSH stimulation
by temporarily discontinuing thyroid medication is not considered, exogenous TSH
stimulation by rhTSH is performed as “off-label use” in the usual dosage of rhTSH,
followed by the administration of a fixed radioiodine activity of 1.1 GBq 131I [8].

Table 1. Main features of the three available treatment strategies for hyperthyroidism due to Graves’
disease or toxic goiter.

Antithyroid Drugs Surgery Radioiodine

Time to initial improvement 2–4 weeks
Needs antithyroid drug
pre-treatment (toxic goiter)
Success immediately

Needs antithyroid drug
pre-treatment; 4–8 weeks
after RIT

Recurrence 90–100% (toxic goiter) 1–4% 5–10%

Use in pregnancy/
Breast feeding Yes (First trimester: PTU) Second trimester No

Adverse effect on eye disease
in toxic goiter No No

0.1% (1% risk of immune
hyperthyroidism; rarely
eye symptoms)

Adverse effect on eye disease
in Graves’ disease Spontaneous course Spontaneous course

Glucocorticoids in patients
with Graves’
ophthalomopathy

Interference with daily
activities No Requires hospital admission

Need for radiation
precautions and in many
countries requires hospital
admission

Key adverse effects Rash; arthralgia; hepatitis;
agranulocytosis

Surgical; vocal cord paralysis;
hypoparathyroidism;
hypothyroidism

Hypothyroidism (>95% with
an ablative dose concept, 10%
with a low-dose concept)
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The immunological effects of radioiodine therapy in younger women with Graves’
disease regarding family planning, pre-conceptional counseling, possible pregnancy com-
plications (e.g., fetal or neonatal hyperthyroidism), and the teratogenic side effects of
antithyroid drugs are discussed in this review [9–11]. We present the literature on TRAb
after radioiodine therapy, on TRAb during pregnancy, and on antithyroid drugs during
pregnancy with a search in the database of PubMed®.

2. Graves’ Disease—Immunological Aspects in Women with
Childbearing Potential

How can be Graves’ disease in women of childbearing potential managed (Table 2)?
For up to 2 years after radioiodine therapy for Graves’ disease, TSH receptor antibody
levels (TRAb) may remain above the pre-therapeutic level [9]. TSH receptor antibodies are
going transplacentar and could lead to fetal/neonatal hyperthyroidism if the TRAb levels
exceed at least 5 U/L or are increased at least by a factor of ≥3 above the upper limit in the
case of stimulating TRAb in the last trimester [12–14]. However, the frequently cited TRAb
level above 5 U/L is a very conservative assumption.

Table 2. Main features of the three available treatment options for Graves’ disease with hyper-
thyroidism in women with childbearing potential. Abbreviations: ATD, antithyroid drugs; PTU,
propylthiouracil; RIT, radioiodine therapy; TRAb, TSH receptor antibody.

Antithyroid Drugs Surgery Radioiodine Therapy

Efficacy

Euthyroid function within
1–2 months.
Thiamazole or carbimazole as
standard. PTU pre-conceptional
and during the first trimester
of pregnancy

Euthyroid function with
levothyroxine;
Increase in dosage during
the first and second
trimester of pregnancy

Euthyroid function with
levothyroxine achieved
about 3–4 months after RIT

Key adverse effects in
the pre-conceptional
state or in pregnancy

Hepatotoxicity of PTU.
Birth defects in early pregnancy
with thiamazole 2–3% higher
than the spontaneous risk, with
PTU 1.1–1.6%

Surgical complications:
vocal cord paralysis;
hypoparathyroidism

TRAb elevation for up to
2 years after RIT.
Fetal or neonatal
hyperthyroidism, if
TRAb > 10 U/L in the
third trimester

Practical
considerations

Pre-conceptional conseling.
Change from thiamazole to PTU
during the first trimester bears
risk of birth defects.
Low dose of PTU.
Doses > 150 mg PTU induce
fetal hypothyroidism

Feasible in second
trimester, if refractory to
ATD or adverse effects
of ATD

feasible only before family
planning;
High TRAb levels in the
third trimester require fetal
monitoring

The average risk of fetal hyperthyroidism is about 1–2% of mothers with Graves’
disease, manifesting beyond the 22–26 week’ gestation [15]. The risk of fetal hyperthy-
roidism is much higher (approximately 5–20%) when the pregnancy starts with maternal
TRAb levels of more than 30–40 U/L. Signs of fetal hyperthyroidism include tachycardia
(>160 beats per min), goiter, oligohydramnion, growth restriction, premature bone ossifica-
tion, and fetal hydrops. Fetal ultrasound surveillance is recommended in mothers with
elevated TRAb above 5 U/L or with uncontrolled hyperthyroidism.

A literature review by van Dijk et al. [13] covering six cohort studies examined the indi-
vidual TRAb levels of pregnant women diagnosed with fetal or neonatal hyperthyroidism.
TRAb levels were measured using first to third-generation assays, so the authors related
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maternal TRAb levels to the upper reference limits of each assay used. As only one of the
six cohort studies had consecutive patient inclusion, a selection bias limits the evidence.
In the result, 31 cases of fetal/neonatal hyperthyroidism were described, with maternal
TRAb levels in the six cited cohort studies being elevated by a factor of 3.7, 4, 9.2, 19.7, 26.7,
and 32, respectively, above the upper limit. Inconsistent measurement times during the
trimesters also limit the definition of a pre-conceptional TRAb levels requiring monitoring.

As a part of the above-mentioned review, the monocentric French study by Abeillon-
du Payrat et al. is frequently cited: 47 newborns were described whose mothers had
elevated TRAb levels (second-generation assay) during pregnancy [12]. Seven of these
women had previously undergone radioiodine therapy. Nine of the 47 newborns had
laboratory-confirmed hyperthyroidism at birth, including five newborns requiring treat-
ment (antithyroid medication for 14–80 days, median 60 days). No neonatal hyperthy-
roidism was observed below a maternal TRAb level of 5.6 U/L (measured in the second
trimester). The likelihood of neonatal hyperthyroidism increased with high TRAb levels.
Laboratory evidence of neonatal hyperthyroidism was associated with relatively high
maternal TRAb levels, with a median of 26.9 U/L (mean 62.4 U/L). Among the 35 euthy-
roid newborns, maternal TRAb levels ranged from 1 to >40 U/L, median 5.2 U/L, mean
8.2 U/L. Three newborns were hypothyroid, indicating blocking TSH receptor antibodies.
The French authors concluded that close fetal monitoring is warranted if maternal TRAb
levels exceed 5 U/L (measured in the study in the second trimester).

A monocentric Japanese study by Yoshihara et al. [14] analyzed the likelihood of
neonatal hyperthyroidism if pregnancy occurred within 2 years after radioiodine therapy
for Graves’ disease. Despite the radioiodine therapy, 54 of the 145 pregnant women (37%)
required either antithyroid medication due to persistent hyperthyroidism or high-dose io-
dine as another treatment concept for Graves’ disease with overt hyperthyroidism in Japan.
Overall, 8 of the 145 newborns showed laboratory-confirmed neonatal hyperthyroidism,
corresponding to a probability of 5.5%. Four of the eight hyperthyroid newborns required
antithyroid medication. Seven of the eight neonatal hyperthyroidism cases were associated
with an unsuccessful ablation after radioiodine therapy in the mother before family plan-
ning. The following association was found between the time of conception after radioiodine
therapy and the likelihood of neonatal hyperthyroidism: 8.8% probability if conception
occurred 6–12 months after radioiodine therapy, 5.5% probability for 12–18 months, and
3.6% probability for 18–24 months (Table 3). Multivariate analysis identified only the
TRAb value in the third trimester as risk factor for neonatal hyperthyroidism. In the ROC
analysis, a TRAb threshold of 9.7 IU/L for the third trimester was calculated. Below a
TRAb value of 9.7 IU/L (third trimester), no neonatal hyperthyroidism was observed. It
is important to note that TRAb levels typically decrease during the whole duration of
pregnancy. In the first trimester, maternal TRAb levels among the eight women whose
newborns later had neonatal hyperthyroidism ranged from 30.6 IU/L to 40 IU/L, with
seven values documented at 40 IU/L. The study also reported pre-therapeutic TRAb levels:
In the 137 patients who later gave birth to euthyroid newborns, the median pre-therapeutic
TRAb level was 9.95 IU/L (range 0.3–40 IU/L), while in the eight patients whose new-
borns later had neonatal hyperthyroidism, the median TRAb level was 40 IU/L (range
10.2–40 IU/L). Retrospective data suggest that a high TRAb level at initial diagnosis, an
unsuccessful ablation after radioiodine therapy, and a short interval between radioiodine
therapy and conception increase the likelihood of neonatal hyperthyroidism.
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Table 3. Data from Japan on the incidence of neonatal hyperthyroidism when mothers with Graves’
disease were treated with radioiodine. In the group with neonatal hyperthyroidism the mothers
had a median thyroid volume of 62 mL and a median TRAb of 40 U/L when radioiodine therapy
was started [14]. This is generally a negative selection with an increased probability that the first
radioiodine therapy cannot eliminate hyperthyroidism. Abbreviation: TRAb, TSH receptor antibody.

Conception After
Radioiodine Therapy

Incidence of
Neonatal Hyperthyroidism

TRAb Values at Radioiodine Therapy
in Mothers of Neonates with

Hyperthyroidism

Within 6–12 months 3/34 (8.8%) 40 U/L, 40 U/L, 16.2 U/L

Within 12–18 months 3/55 (5.5%) 40 U/L, 40 U/L, 11.5 U/L

Within 18–24 months 2/56 (3.6%) 40 U/L, 10.2 U/L

In the pre-conception counseling, we should inform patients of an increase in transpla-
cental TSH receptor antibodies within 2 years after radioiodine therapy. If TRAb levels
exceed 5–6 U/L or are >3 times the upper reference limit during pregnancy, fetal monitor-
ing (fetal sonography, fetal pulse monitoring) is advised. For newborns after a pregnancy
with high maternal TRAb levels, the pediatric and endocrinological literature recommends
a TRAb measurement from umbilical cord blood for risk stratification [16,17].

Ideally, women with Graves’ disease and hyperthyroidism planning pregnancy would
receive definitive therapy long before pregnancy [18]. If possible, radioiodine therapy
should be performed early enough to delay family planning for 2 years, at least for
6 months. The treatment aim after radioiodine therapy is stable euthyroidism. There
is no specific treatment to achieve normalization of TRAb pre-conception [15]. If time is
pressing to get pregnant, the guidelines does not recommend a specific therapy, as alterna-
tives like thyroidectomy or antithyroid medication with propylthiouracil also carry specific
treatment risks.

3. Can Propylthiouracil Be an Alternative to Radioiodine Therapy?

A warning about the teratogenic potential has been formulated for thiamazole and
carbimazole (Table 4). The teratogenic risk appears to correlate with the dosage of car-
bimazole or thiamazole in the first trimester; the maternal hyperthyroidism by itself is not
associated with these anomalies [19]. What is the data for propylthiouracil? According
to the Danish cohort study, a risk for fetal malformations of 8.3% was observed under
propylthiouracil (n = 889 pregnant women) compared to a spontaneous risk for unexposed
pregnant women (n = 1,159,181 pregnant women) of 6.7%. The hazard ratio for propylth-
iouracil was calculated at 1.17 with a 95% confidence interval of 0.91–1.49, indicating that
the statistical significance for an increased risk for fetal malformations was not reached
for propylthiouracil [10]. For thiamazole (n = 1574 pregnant women), the risk for fetal
malformation was calculated at 9.6%, with a hazard ratio of 1.41 and a 95% confidence
interval of 1.19–1.67, indicating a statistically significant risk for thiamazole compared to
the spontaneous risk for fetal malformation in thyroid-healthy women without medica-
tion. In the Swedish cohort study, the spontaneous risk for birth defects was 8.04%, and
the calculated risk for birth defects for pregnant women on propylthiouracil was 6.42%
only [11]. However, in the Swedish cohort study, statistically increased malformations of
the ear (ICD-10: Q17) and urinary tract (ICD-10: Q62) were observed in pregnant women
on propylthiouracil. More evidence is needed to establish the degree of risk.
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Table 4. Nationwide cohort studies on the incidence of births defects in unexposed women and
after use of antithyroid drugs in early pregnancy [10,11,20]. In the Korean cohort study, the risk of
congenital malformations by methimazole was dose dependent.

Cohort Unexposed Women
Methimazole,

Thiamazole Alone
Propylthiouracil

Alone

Denmark 1997–2016 77,791/1,159,181 (6.7%) 151/1574 (9.6%) 74/889 (8.3%)

Sweden 2005–2014 54,827/682,343 (8.04%) 11/162 (6.79%) 14/218 (6.42%)

South Korea 2008–2014 170,716/2,872,109 (5.94%) 91/1120 (8.13%) 699/9930 (7.0%)

A Korean cohort study confirmed the estimated risk for thiamazole und propylth-
iouracil, based on 2,886,970 newborns, from whom 12,891 newborns were exposed to
antithyroid drugs [20]. The spontaneous prevalence of congenital malformations was
5.94% without antithyroid drugs in the control group, 7.04% with propylthiouracil, 8.13%
with thiamazole, and 7.98 with propylthiouracil and thiamazole. The risk difference
per 1.000 birth was calculated as 8.81 under propylthiouracil, 17.05 under thiamazole, and
16.53 under propylthiouracil and thiamazole. Switching from propylthiouracil to thiamzole
increased the risk of malformation significantly by the odds ratio 1.79 (Table 5). The dura-
tion and the cumulative dose of propylthiouracil were not associated with the observed
risk of malformations. Prescribing thiamazol, the cumulative dose of 495 mg during the
first trimester increased the risk of congenital malformations by the odds ratio 1.87 [20].

Table 5. Data from the Korean cohort study on the incidence of congenital malformations when the
antithyroid drugs were switched in the period between pre-pregnancy and the first trimester [20].
Data on more accurate exposure timing will be necessary to verify the risk associated with switching
antithyroid drugs. Abbreviations: MMI, methimazole; PTU, propylthiouracil.

Switch Switch Group Comparative Value

from methimazole to propylthiouracil 166/2079 (7.98%) MMI continued: 70/909 (7.70%)

from propylthiouracil to methimazole 18/158 (11.39%) PTU continued: 357/5184 (6.89%)

4. Has the Uncontrolled Hyperthyroidism a Teratogen Potential?

Larger case control studies from newborns with congenital malformations (e.g.,
choanal atresia) whose mothers had either uncontrolled hyperthyroidism without taking
medication or whose mothers had taken antithyroid drugs indicated that hyperthyroidism
is a separate risk factor [21,22]. The risk of malformations was statistically even higher
for the group with an untreated hyperthyreoidism than for the group with a controlled
thyroid function under methimazol [22]. The risk of choanal atresia affects the gestational
weeks 9 and 10 [21]. The meta-analysis by Agrawal et al. confirmed the risk of an untreated
hyperthyroidism with a risk factor of 1.04 [23]. Compared to an untreated hyperthyroidism,
propylthiouracil decreased the risk of congenital malformations by the factor 0.69, whereas
the risk of thiamazole did not differ significantly from the risk of an uncontrolled hyperthy-
roidism. The evidence of the studies is weakened by patient heterogeneity. A possible bias
is the risk of birth defects in children whose mothers have taken an inappropriately high
dose of antithyroid drugs with the consequence of overt hypothyroidism.

5. Timing of Radioiodine Therapy

Since radioiodine therapy is usually an elective treatment, optimal conditions should
be ensured when scheduling to minimize radiation exposure. To minimize radiation
exposure to the breasts, the recommended interval between the end of breastfeeding
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and the start of radioiodine therapy has been extended to 3 months, in line with the
recommendation for radioiodine diagnostics in differentiated thyroid carcinoma [24]. The
recommended interval between the administration of iodine-containing contrast media
and the start of radioiodine therapy is (at least) 2 months. For the application of specific
medications (amiodarone), a much longer period may be required before a successful
radioiodine therapy can be performed.

6. Discussion

The association between antithyroid drugs and births defects bases on nationwide
studies with larger sample sizes of exposed women (e.g., >500 women) [23]. For women
on thiamazole who are planning conception soon and who require antithyroid drugs, we
recommend changing to propylthiouracil pre-conception [15]. Antithyroid drug treat-
ment carries a small risk of teratogenic side-effect in early pregnancy, especially in weeks
5–11 [18]. The recent meta-analysis by Agrawal et al. has described a high number of
anomalies for exposure to both thiamazole and propylthiouracil and does not support the
strategy to switch from thiamazole to propylthiouracil in the first trimester [23]. Propylth-
iouracil is potentially hepatotoxic, with a small risk of fulminant liver failure. Therefore,
propylthiouracil is recommended as first choice only in the planning of and during preg-
nancy. Discontinuation of treatment with propylthiouracil may be feasible at the end of the
second trimester or in the third trimester due to the disappearance of maternal TRAb [19].
Very low doses of propylthiouracil (e.g., 1/4 tablet in the morning and 1/4 tablet in the
evening) have the advantage that the risk of recurrence will be minimized.

Another consideration is the risk of birth defect by hypothyroidism of the mother
or the fetus. To prevent fetal hypothyroidism, the dosage of propylthiouracil should
not exceed 150 mg in the third trimester [25]. If switched to thiamazole after the first
trimester (despite the data of the Korean cohort study), the dosage should not exceed
10 mg thiamazole in the third trimester. These dosage recommendations are focused on
the aspect of fetal hypothyroidism and were statistically determined using ROC curves,
but do not cover the risk of embryopathy. A fetal hypothyroidism rarely causes fetal
goiter with tracheal and esophageal compression, polyhydramnion, and complication at
delivery. Therefore, the dosage of the antithyroid drugs should be as low as possible, and
maternal fT4 is maintained in the high–normal range [15]. In women with mild disease,
the termination of antithyroid drugs should be considered in each trimester.

What are the consequences, when a young woman with Graves’ disease will ask for
non-surgical treatment options under the aspect of family planning? A TRAb-induced
fetal or neonatal hyperthyroidism is better to treat than a congenital malformation induced
by antithyroid drugs. The probability of fetal hyperthyroidism, manifesting beyond the
22–26 week’ gestation, is high (approximately 5–20%) when the pregnancy starts with
maternal TRAb levels of more than 30–40 U/L. Women with childbearing potential and
such high TRAb levels are not suitable candidates for radioiodine therapy. The maternal
TRAb levels typically decrease during the whole duration of pregnancy. The TRAb value in
the third trimester is crucial for the probability of neonatal hyperthyroidism. A close fetal
monitoring is warranted if maternal TRAb levels exceed 10 U/L, measured in the third
trimester. The maternal TRAb will remain in the newborns for several months, whereas the
maternal antithyroid drugs are cleared from the newborns rapidly after delivery [15]. If
maternal TRAb are elevated in the third trimester, neonatal TSH and fT4 should be mea-
sured at delivery, then on days 3–5, and on days 10–14 postpartum or when the newborn
develops symptoms. Neonatal hyperthyroidism can be easily missed if relying on newborn
screening of TSH alone, as TSH screening is optimized to screen for hypothyroidism. For a
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newborn with symptomatic hyperthyroidism, thiamazole is allowed, propylthiouracil has
a hepatotoxic potential.

7. Conclusions

Patients with Graves’ disease, small goiter, and moderately measurable TRAb levels
are suitable candidates for radioiodine therapy. After a waiting period of 6 months, the risk
of increased TRAb after radioiodine therapy (fetal hyperthyroidism) is no higher than the
risk of propylthiouracil (congenital malformation). Prospective data from a head-to-head
comparison are missing.
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Abstract: Background/Objectives: Thyroid nodules are commonly found through sensi-
tive imaging methods like ultrasonography. While most nodules are benign and asymp-
tomatic, certain characteristics may indicate malignancy, prompting fine needle aspiration
biopsy. Factors like age and gender affect cancer risk, complicating ultrasound-based
risk systems. We aimed to determine whether the cytological malignancy rate of thyroid
nodules could be adjusted for several clinical parameters. Methods: Data from patients
aged 18 and above with thyroid nodules assessed via fine needle aspiration (FNA) were
retrospectively reviewed. Malignancy classification was based on cytopathology and
histopathology results. The study examined how various clinical parameters, adjusted for
the ACR TI-RADS category, affected thyroid nodule malignancy rates, including age, sex,
Body Mass Index (BMI), nodule size, presence of autoimmunity, and thyroxine therapy.
Additionally, we analyzed the performance of ACR TI-RADS in predicting malignant cytol-
ogy across different age subgroups of thyroid nodules. Results: The study included 1128
thyroid nodules from 1001 adult patients, with a median age of 48 years and predominantly
female (76.68%). Malignancy rates varied across ACR TI-RADS categories, with higher
rates associated with larger nodules and younger age groups. Age emerged as a significant
predictor of malignancy, with a consistent decrease in the odds ratio for malignant cytology
with advancing age across all ACR TI-RADS categories, indicating its potential utility in
risk assessment alongside nodule size and sex. Conclusions: Raising the size threshold for
recommending FNA of TR3-3 nodules and incorporating patients’ age and gender into the
evaluation process could enhance the system’s accuracy in assessing thyroid nodules and
guiding clinical management decisions.

Keywords: thyroid nodules; malignancy; age; Thyroid Imaging Reporting and Data System

1. Introduction

The prevalence of thyroid nodules varies depending on different diagnostic meth-
ods [1]: about 5% of individuals may have thyroid nodules detected during routine physical
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examinations; however, using more sensitive imaging techniques such as computed tomog-
raphy (CT) or ultrasonography (US) nodules can be detected in up to 15% to 67% of people,
respectively [2]. About 95% of thyroid nodules are asymptomatic and are often discovered
incidentally during imaging tests performed for other reasons or during routine physical
examinations [3]. While most thyroid nodules are benign, for those with suspicious ul-
trasound characteristics, a fine needle aspiration (FNA) biopsy is indicated to determine
whether the nodule is cancerous.

As age increases, thyroid nodules become more prevalent, but their likelihood of
being malignant decreases [4]. It has been proposed that several clinical variables, obtained
during routine initial thyroid nodule evaluation, should be considered in assessing malig-
nancy potential: younger age, male sex, and nodule size seem to increase malignancy, and
“individualization” on thyroid nodule care is recommended [5].

In clinical practice, the risk of malignancy is assessed using ultrasound-based stratifi-
cation systems, such as the American College of Radiology Thyroid Imaging Reporting and
Data System (ACR TI-RADS) [6] and the European Thyroid Imaging Reporting and Data
System (EU-TIRADS) [7]. Of note, in both classification systems, nodule stratification is
performed regardless of clinical variables and is based solely on ultrasound characteristics.
Demographic factors like age or gender are not taken into consideration. For example, in a
subgroup of patients, such as older adults (>70), the specificity of TIRADS was low (28%)
and the number of unnecessary biopsies increased [8].

Despite these observations, there is a notable gap in the literature regarding how
clinical variables interact with ultrasound-based classifications to affect malignancy risk
estimates. In particular, it remains unclear whether incorporating factors such as age
could improve the diagnostic precision of TI-RADS categories. Therefore, the primary
aim of this study was to assess whether clinical variables—particularly age—modify the
cytological malignancy risk of thyroid nodules stratified by the ACR TI-RADS system. We
also examined the potential influence of gender, Body Mass Index (BMI), the presence of
autoimmune thyroid disease, and thyroxine replacement therapy. We hypothesized that
age would significantly influence malignancy rates across specific TI-RADS categories,
suggesting a need for age-adapted risk stratification in clinical practice.

2. Materials and Methods

2.1. Design and Patients’ Characteristics

We performed a retrospective cohort study of patients aged ≥18 years with thyroid
nodules evaluated using fine needle aspiration (FNA) at ten endocrine clinics in Greece be-
tween January 2023 and January 2024. Cytopathology results from FNA and histopathology
results from thyroidectomies were used to classify malignancy. All cases with histologi-
cally confirmed malignancy were classified as papillary thyroid carcinoma (PTC); no other
histological subtypes were included in the analysis.

Thyroid nodules had been evaluated for composition, margins, echogenicity, shape,
presence of echogenic foci, and description of vascularization pattern (color Doppler) in the
initial examination by experienced endocrinologists and classified according to the ACR
TI-RADS. TIRADS classification was based on the original sonographic report. Cytological
findings were reported based on the classification of thyroid nodules according to the
criteria of the Bethesda System for Reporting Thyroid Cytopathology into 6 diagnostic
categories: (I) nondiagnostic, (II) benign, (III) atypia of undetermined significance (AUS),
(IV) follicular neoplasm, (V) suspicious for malignancy (SFM), and (VI) malignant [9].

The exclusion criteria were as follows: Nodules with Bethesda I, III, and IV FNA results,
unless cytology was further confirmed by thyroidectomy and operational histopathology
reports. This study was approved by the Hellenic Endocrine Network Institutional Review
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Board (Protocol Number: 2024/0121314). The Institutional Review Board waived the
requirement for written informed consent due to the retrospective nature and the minimal
risks associated with this study. The study was conducted under the standards of the
Declaration of Helsinki.

Data from patients’ records were retrieved, regarding the presence of autoimmune
thyroiditis (based on antithyroid antibodies titers) and the potential need for treatment
with levothyroxine (LT4) due to hypothyroidism (hypothyroidism was defined as a TSH
level greater than 5 mIU/L prior to the initiation of LT4 therapy).

Univariate and multivariate analyses were performed to assess the impact of age, sex,
Body Mass Index (BMI), nodule size, presence of autoimmunity, and thyroxine therapy on
the malignant cytology rate of thyroid nodules adjusted for the respective ACR TI-RADS
category. Secondary analysis included an evaluation of the ACR TI-RADS in the prediction
of malignant cytology in different age subgroups of thyroid nodules classified as TR3, TR4,
and TR5 (since nodules classified as TR1 and TR2 do not indicate subsequent FNA).

2.2. Statistical Analysis

Data are presented as absolute numbers and percentages for categorical variables,
and in median and interquartile range (IQR) for variables with skewed distributions. The
Mann–Whitney test was employed to compare medians of the non-normally distributed
variables. We utilized Pearson’s chi-square test or Yates adjustment for continuity in the
study of categorical data.

We used receiver operating characteristic (ROC) analysis to evaluate age as a con-
tinuous variable in predicting malignancy, calculating the corresponding sensitivity and
specificity. The ideal cutoff age for predicting thyroid nodule malignancy was determined
using the Youden index. The Clopper-Pearson technique for binomial distribution was
employed to compute confidence bounds for a sample proportion.

For this study, we conducted a univariate analysis to determine the risk variables for
malignant cytology, including age, sex, BMI, nodule size, presence of thyroid autoimmune
disease, and levothyroxine (LT4) therapy. To determine possible independent risk factors
for malignant cytology, a multivariate analytic model was employed. This model utilized
logistic regression and considered the ACR TI-RADS categories as a control variable. All
thyroid nodules investigated in this study were included in both univariate and multivari-
ate analyses. We further investigated the subgroup of patients where FNA was indicated
according to the ACR-TIRADS system.

p < 0.05 was used to determine statistical significance and all tests were conducted with
a two-tailed approach. The statistical analyses were conducted using MedCalc Statistical
Software version 19.2.6 (MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.
org; 2020).

3. Results

A total of 1191 nodules from 1005 patients were initially evaluated. Eight patients
were excluded due to age (<18 years) and 55 were excluded due to the absence of ACR-
TIRADS classification, resulting in 1128 thyroid nodules from 1001 adult patients who were
included in the analysis (Figure 1 for nodules with a clinical indication for FNA). Demo-
graphic characteristics of the study population are listed in Table 1. The median age was
48 (IQR, 38–59) years and 865 were females (76.68%). The median nodule diameter was
16.1 mm (IQR, 12–23). The percentage of nodules classified as TR1, TR2, TR3, TR4, and
TR5 was 0.1% (n = 1), 1.1% (n = 11), 17.7% (n = 182), 63.8% (n = 656), and 27.1% (n = 278),
respectively. The corresponding malignancy rates were 0%, 0%, 8.8%, 22.1%, and 74.1%,
respectively (Table 1).
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Figure 1. Stratification of the 705 thyroid nodules with an indication for FNA in ACR-TIRADS
categories. ACR TI-RADS: American College of Radiology Thyroid Imaging Reporting and Data
System. FNA: fine needle aspiration. Percentile refers to the total study population.

Table 1. Characteristics of the study population when categorized based on the ACR TI-RADS
risk stratification.

Age, Years 48 (38–59)

Male sex, n (%) 233 (23.32)

Nodule size (mm) 16.1 (12–23)

BMI (kg/m2) 27.2 (23.9–32)

Autoimmune thyroiditis, n (%) 269 (23.85)

Hypothyroidism, n (%) 367 (32.54)

Indication for FNA, n (%) 705 (62.5)

ACR TI-RADS categories, n (%) Malignant histopathology, n (%)

1 1 (0.9) 0

2 11 (1.1) 0

3 182 (17.7) 16 (8.8)

4 656 (63.8) 145 (22.1)

5 278 (27.1) 206 (74.1)

Bethesda categories, n (%)

I 11 (0.9) 1 (9)

II 531 (47.1) 9 (1.7)

III 262 (23.2) 72 (27.5)

IV 33 (2.9) 5 (15.2)

V 145 (12.8) 136 (93.8)

VI 146 (12.9) 144 (98.6)

Stratification revealed a reduction in the malignant cytology rate with advancing age
across the subgroups of 18–39, 40–59, and ≥60 years: 37.8%, 21.8%, and 19.1%, respectively
(X2 (2) = 35.49, p < 0.001; Table 2). Details for each Bethesda category are shown in
Supplementary Table S1.
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Table 2. Age stratification, FNA results, and thyroid malignancy.

Bethesda Category 20–39 y (n = 328) 40–59 y (n = 528) ≥60 y (n = 272) p-Value

Benign (I–II) 110 (33.5%) 272 (51.5%) 160 (58.9%) <0.001
Indeterminate (III–IV) 94 (28.7%) 141 (26.7%) 60 (22.1%) 0.116

Malignant (V–VI) 124 (37.8%) 115 (21.8%) 52 (19.1%) <0.001
Confirmed

malignancy * 150 (45.7%) 153 (28.9%) 64 (23.5%) <0.001

Abbreviations: y: age in years, FNA: fine needle aspiration, V, VI: includes both Bethesda V (suspicious for
malignancy) and Bethesda VI (malignant) categories, *: malignancy based on the histopathological results.

We also analyzed age as a dichotomous variable and the best cutoff for predicting ma-
lignancy was 40.25 years (maximum Youden index: 0.189). The prevalence of malignancy
was 45.7% and 26.5% in the <41 (161/352) and ≥41 years (206/776) subgroups, respectively
(p < 0.001). When adjusted for sex and nodule size, age ≤40.25 years was a risk factor
for malignancy compared to age > 40.25 years (odds ratio, OR, 2.26; 95% CI: 1.72–2.97;
p < 0.001). We conducted a post hoc power analysis to determine whether the sam-
ple size was sufficient to detect differences in cytological malignancy rates between age
groups in patients where FNA indication exists according to ACR-TIRADS system. With
212 nodules in the younger group (≤40.25 years) and 493 in the older group (>40.25 years),
and observed malignancy rates of 48.1% and 27.2% respectively, the calculated statistical
power was 100% at a significance level of α = 0.05.

Univariate analysis revealed age, sex, and nodule size as risk factors for malignant
cytology. For each year of age, there was a 2.33% reduction in the OR for malignant cytology
(95% CI: 1.1%–3.1%; p = < 0.001). Male sex was associated with increased risk of malignant
cytology (OR 1.47, 95% CI: 1.10–1.95; p = 0.009), whereas nodule size was a protective factor
with OR of 0.94 (0.93–0.96; p < 0.001), while BMI, autoimmune thyroiditis, and the use of
thyroxine did not show a significant association with malignancy.

The multivariate logistic regression analysis involving 1128 thyroid nodules, adjusted
for ACR TI-RADS categories, sex, and nodule size also showed a 2.5% reduction in the OR
for malignant cytology for each year of age (Table 3).

Table 3. Risk factors for malignancy, adjusted for the ACR-TIRADS categories.

Malignancy Univariate Analysis Multivariate Analysis

Yes
(n = 367)

No
(n = 761)

Coefficient B
Odds Ratio

(95% CI)
p Odds Ratio

(95% CI)
p

Age, years
(median, IQR)

44 (35–55) 50 (40–60) −0.02 0.98
(0.97–0.99) <0.001 0.98

(0.97–0.99) <0.001

Nodule size, mm 13 (10.65–19.2) 18 (13–24) −0.06 0.94
(0.93–0.96) <0.001 0.96

(0.95–0.99) 0.01

Male sex, N * 92/324 (28.4) 141/677 (20.8) 0.38 1.47
(1.10–1.95) 0.009 1.42

(0.99–2.01) 0.051

AT, n (%) 92 (25.1) 177 (23.3) 0.504

Hypothyroidism,
n (%)

112 (30.5) 255 (33.5) 0.315

BMI, kg/m2 27.00
(23.6–32.42)

27.34
(23.92–31.96) 0.814

Univariate and multivariate analyses were conducted to assess the influence of age, sex, multinodularity, and
nodule size as risk factors for malignant cytology in 1128 thyroid nodules from 1001 patients. These analyses
were adjusted for the ACR TI-RADS categories. Data are expressed as median and interquartile range (IQR) and
percentiles. Abbreviations: ACR TI-RADS: American College of Radiology Thyroid Imaging Reporting and Data
System. AT: autoimmune thyroiditis, BMI: Body Mass Index, n: number of nodules, N *: refers to the number
of patients.
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We further analyzed data in the subgroup of nodules (705) where FNA was indicated
according to their ACR TI-RADS score and diameter (excluding TI-RADS 1 and 2 categories,
Figure 1) to estimate potential predictive factors of malignancy in real-world circumstances.

Backward multiple logistic regression analyses were performed to assess the impact
of age, sex, nodule size, BMI, autoimmune thyroiditis, and hypothyroidism on the malig-
nant cytology rate of thyroid nodules adjusted for the respective ACR TI-RADS category
(Table 4). Intragroup analysis was performed in each group of ACR TI-RADS (TR3, TR4,
and TR5) nodules where FNA was indicated (Tables 5–7, respectively).

Table 4. Predictors of malignancy in 705 nodules with indication for FNA according to ACR-
TIRADS system.

Coefficient B Std. Error z OR 95% CI p

Age, years −0.03 0.01 4.19 0.97 0.96–0.98 <0.001

Hypothyroidism −0.52 0.24 2.18 0.6 0.37–0.95 0.029

Male sex 0.14 0.24 0.58 1.15 0.72–1.83 0.564

BMI, kg/m2 0.02 0.02 0.92 1.02 0.98–1.05 0.359

AT −0.19 0.26 0.72 0.83 0.5–1.38 0.472

Nodule size, mm 0.01 0.01 0.84 1.01 0.98–1.04 0.401
Abbreviations: ACR TI-RADS: American College of Radiology Thyroid Imaging Reporting and Data System.
AT: autoimmune thyroiditis, BMI: Body Mass Index, SE: standard error, OR: odds ratio, CI: coefficient interval.

Table 5. Backward logistic regression analysis of predictive factors for malignancy in ACR-TIRADS 3
category nodules.

Variable Coefficient Std. Error Wald OR 95% CI p

Nodule size, mm 0.16250 0.049951 10.5829 1.176 1.066–1.297 0.001
Significant overall model fit, p < 0.001. Variables not included in the model: BMI, Hashimoto, age, hypothyroidism,
and gender.

Table 6. Backward logistic regression analysis of predictive factors for malignancy in ACR-TIRADS 4
category nodules.

Variable Coefficient Std. Error Wald OR 95% CI p

Age −0.043998 0.011991 13.4629 0.9570 0.934–0.979 0.001

Hypothyroidism −0.98317 0.39491 6.1981 0.3741 0.172–0.811 0.012
Significant overall model fit. p < 0.001. Variables not included in the model: BMI, Hashimoto, nodule size, sex.
Prevalence of malignancy is 14.9% (reported by the guidelines: 5–20%).

Table 7. Backward logistic regression analysis of predictive factors for malignancy in ACR-TIRADS
5 category nodules.

Variable Coefficient Std. Error Wald Odds Ratio 95% CI p

Age −0.020841 0.010382 4.0295 0.9794 0.9596–0.9995 0.044
Significant overall model fit, p = 0.043. Variables not included in the model: BMI, Hashimoto, hypothyroidism,
sex, nodule size. Disease prevalence is 71.4% (reported by the guidelines: >20%).

In ACR TI-RADS 3 category nodules, only age was a strong predictor for malignancy
(Table 5). ROC analyses revealed a diameter of >34 mm as the cutoff value with the
best sensitivity and specificity (Youden index 0.564, sensitivity 83.3%, and specificity
73.1%, Figure 2).
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Figure 2. Receiver operating characteristic (ROC) curve illustrating the diagnostic performance of
nodule size in predicting cytological malignancy among thyroid nodules classified as ACR TI-RADS
category 3 (TR3). The analysis identified an optimal size cutoff of 34 mm, yielding a sensitivity of
83.3% and specificity of 73.1% (area under the curve (AUC) = 0.794). The curve is based on data from
182 nodules with an indication for fine needle aspiration (FNA). Prevalence of malignancy 15.2%
(reported by the guidelines: <5%). Youden index 0.564. Abbreviations: ROC, receiver operating
characteristic; AUC, area under the curve; TI-RADS, Thyroid Imaging Reporting and Data System;
FNA, fine needle aspiration. Black dot = Youden Index.

There was a 4.3% decrease in the odds of malignancy for each year of age increase
in patients in the ACR TI-RADS 4 category (Table 6). The odds ratio of 0.374 for hypothy-
roidism suggested a 62.59% decrease in the odds of the outcome of malignancy in cases
without hypothyroidism when the age is the same. For every one-year increase in age,
there was a 2.1% decrease in the odds of malignancy for patients in the ACR-TIRADS
5 category (Table 7, Figure 3).

Figure 3. Receiver operating characteristic (ROC) curve assessing the diagnostic value of patient age
in predicting cytological malignancy among thyroid nodules classified as ACR TI-RADS category 5
(TR5). The optimal age cutoff, determined by the Youden index (0.215), was ≤43 years. This threshold
yielded a sensitivity of 50.3% and specificity of 71.2% for malignancy detection (AUC and 95% CI
not shown). Data are derived from a retrospective analysis of 278 nodules evaluated for fine needle
aspiration (FNA). Abbreviations: ROC, receiver operating characteristic; TI-RADS, Thyroid Imaging
Reporting and Data System; FNA, fine needle aspiration. Black dot = Youden Index.

148



J. Clin. Med. 2025, 14, 5352

4. Discussion

Several studies have investigated the impact of clinical variables on the risk of ma-
lignancy in fine needle aspiration biopsy (FNAB) cytology of thyroid nodules. Rago et al.
found that male sex, single nodularity, and younger age were independent risk factors
for malignancy [10]. Angell et al. identified age as a significant predictor with a cutoff of
≤52 years associated with increased malignancy risk [5]. Belfiore et al. categorized age
into decades and observed higher odds ratios of malignancy in patients ≤ 30 years and
≥60 years [11]. Similar to our strategy, previous studies that treated age as a continuous
variable reported a 2.2% decrease in the relative risk of malignancy per year [4]. There
is a growing body of evidence underlying the role of age in sonographic risk estimate of
thyroid nodules. Di Fermo et al. demonstrated that while risk stratification systems are
applicable in elderly patients, certain systems may underperform in malignancy detection
compared to younger cohorts [12]. Similarly, Grani et al. highlighted that sonographic risk
stratification systems, including ACR TI-RADS and EU-TIRADS, can serve effectively as
rule-out tools in older adults, though their specificity may be influenced by age-related
morphological variations [13]. In our study, the age threshold of 40.25 years was statistically
derived using the Youden index to optimize discrimination of cytological malignancy risk.
Although this cutoff did not directly match previously reported categorical age brackets,
it aligns closely with thresholds identified in the literature—such as the ≤52-year cutoff
reported by Angell et al. [5] and the increased malignancy odds at extreme age groups
described by Belfiore et al. [11]. These converging findings suggest that age may affect
thyroid cancer risk in a non-linear and possibly complex manner. The biological plausi-
bility of such thresholds may relate to cumulative mutational burden, hormonal shifts, or
immune-related mechanisms emerging during the fourth and fifth decades of life. Thus,
our data further support the hypothesis that age can meaningfully modify malignancy risk
even within standardized ultrasound-based classifications.

Walter et al. reported a significant age-related variation in malignant cytology rates
suggesting a lower predictive value of high ACR TI-RADS scores in older populations [14].
Complementing this, Grani et al. validated the ACR TI-RADS performance in transition-age
individuals, reinforcing its applicability in younger populations while indirectly pointing
to the need for age-adapted thresholds or interpretations in older adults. Collectively,
these findings support the integration of age as a modifying factor in the interpretation of
ultrasound risk stratification for thyroid nodules [15].

These aforementioned findings, along with our own, highlight the importance
of considering age as a key factor in the evaluation and management of thyroid
nodules—particularly in cases with suspicious ultrasound features (TR4 and TR5).

Our study also aimed to evaluate the influence of other clinical variables on the
malignant cytology rates within the ACR TI-RADS categories, such as BMI, use of thyroxine,
and history of autoimmune thyroiditis. Some research suggested that higher BMI may
be associated with an increased risk of thyroid cancer, particularly in women [16]. It is
hypothesized that this could be due to various factors such as hormonal changes, obesity-
related inflammation, and insulin resistance, which are more prevalent in individuals with
higher BMI [17]. However, as is the case in our study, higher BMI was found not to be
associated with more aggressive tumor features or a greater likelihood of recurrence or
persistence over the analyzed period [17].

It is generally believed that higher TSH concentrations are a risk factor for the
growth of thyroid nodules and cancer in adults [18], especially in the absence of
autoimmunity [19]. Under this aspect, suboptimal thyroxine supplementation may inter-
fere with the prevalence of thyroid malignancy although such a hypothesis has not been
demonstrated clinically. Of note, in our cohort, thyroxine use was recommended as a
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replacement therapy and not as a suppressive therapy for nodular disease. However, TSH
levels were not consistently available and were therefore not included in the final analysis.
In the subgroup of patients with TR4, the prevalence of malignancy was lower in those
with hypothyroidism. Several studies have reported an increased risk of thyroid cancer in
patients with primary hypothyroidism [20,21] while others have not [22]. Whether chronic
lymphocytic thyroiditis (CLT) is an important risk factor for differentiated thyroid cancer
(DTC) remains a topic of debate. Patients with CLT had an increased risk of incidental
PTC in studies that investigated surgical specimens [23,24]. Nevertheless, TPO-Ab and
Tg-Ab may play a different role in thyroid malignancy. Another study reported that TgAb
positivity was significantly associated with an increased risk of papillary thyroid carcinoma
(PTC) in females with an OR of 3.532 (95% CI: 1.219–10.233), whereas TPOAb did not show
a significant association [25]. In our study, the presence of at least one of the two antithyroid
antibodies was considered indicative of autoimmune thyroiditis.

Regarding age-related variation of DTC prevalence, our study has three major
strengths compared to the previous report of Walter et al. [14]. First, ACR TI-RADS strat-
ification was performed by each investigator (trained endocrinologist) during the initial
comprehensive “real-time” ultrasound examination and was not based on retrospectively
examined static images. It is well known that risk stratification systems (RSS) are subject to
interobserver variability, which may influence how nodules are categorized [26,27] with
agreement ranging from poor to excellent. However, recent reports illustrated an excellent
rating agreement between experienced observers [28], such as the well-trained endocri-
nologists participating in our study. Second, except for ACR TI-RADS categories, we
further analyzed the specific predictive factors of malignancy in each ACR TI-RADS group
separately. Third, in our cohort, the proportion of undefined cytology was eliminated since
we included only patients with Bethesda III and IV in whom a definitive histopathology
diagnosis was available after thyroidectomy. However, this criterion inherently favors
the selection of surgically managed cases, which are more likely to represent higher-risk
nodules. As a result, the malignancy rates observed in these categories may be overesti-
mated and not entirely reflective of the broader population of Bethesda III/IV nodules
encountered in routine clinical practice. This selection bias limits the generalizability of
our findings and highlights the need for prospective studies that include conservatively
managed nodules within these cytological categories.

Although histopathology after thyroid surgery remains the gold standard of the
diagnosis of malignancy, FNA is still the first step to evaluate the malignancy poten-
tial with significant diagnostic accuracy with sensitivity and specificity ranging between
65 and 98% and 72 and 100%, respectively [29]. As mentioned, it should be noted that
our cohort has a limited number of undefined cytology, since in such cases, either FNA
was repeated or surgery was performed, diminishing the effect of undetermined sam-
ples on the interpretation of our results. Compared to previous studies, the prevalence
of suspicious FNA results was higher in our patients [14]. The main difference was ob-
served in the ACR TI-RADS 3 category (15.2% compared to <2.5%). This alteration may
be attributed to our focused assessment of the echogenicity of the nodules. Indeed, the
assignment of hypoechogenicity ranged from 19 to 69% in a multi-institutional registry [30].
Assignment of hypoechoic or very hypoechoic echogenicity adds a further 2 to 3 points,
moving a TR2 nodule that does not warrant FNA to TR3 or even TR4 category. In this
subgroup of patients, nodule size heralds further investigation with FNA. We observed a
threshold of 34 mm in nodule size, associated with a sensitivity of 83.3% and specificity
of 73.1% for thyroid malignancy. This finding suggests that the currently recommended
25 mm cutoff for FNA indication in TR3 nodules may merit further evaluation in future
prospective studies.
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The ACR TI-RADS White Paper predicts cancer risks of <2%, <5%, 5–20%, and >20%
in TR1–2, TR3, TR4, and TR5 thyroid nodules, respectively [6]. Here, we observed higher
malignancy rates comparable to those reported in the ACR TI-RADS guidelines: <1.0%,
15%, 31%, and 86% for TR1-2, TR3, TR4, and TR5, respectively. This should be attributed to
our selection criteria since over 60% of the enrolled patients in our study fulfilled evidence-
based indications for FNA, based on ACR-TIRADS criteria, while other studies might have
involved more specimens from unnecessarily performed FNA biopsies.

In the present study, 423 nodules (37.5%) underwent FNA without a clear indication
according to the ACR TI-RADS published guidelines; 79 (7%) of them were small nodules
(<10 mm) but with suspicious ultrasound characteristics. Clinicians performed FNA for
another 129 (30.5%) nodules with diameters >10 mm without following the ACR TI-RADS
published guidelines. This discrepancy is in line with other reports [31] showing that
using an RSS reduces unneeded biopsies (57 from 100) compared to using published ACR
TI-RADS guidelines (80/100). Further, in a prospective analysis of 502 nodules, Grani
et al. found that the “right” TI-RADS avoided unnecessary biopsies in more nodules than
other systems [32].

Our study has some limitations that should be discussed. The histotype of thyroid
cancer can influence the pre-operative neck US results, also when several RSS were consid-
ered, including ACR-TIRADS [33]. In the present study, only papillary thyroid carcinoma
(PTC) cases were assessed. This should be stated as a limitation, as it may affect the gen-
eralizability of the findings. Another limitation of our study is that no comparison was
made among cytologists’ diagnoses across different centers and no interobserver agreement
coefficient was calculated. This may have affected the consistency and reliability of the
cytological evaluations. In our study, semantic sonographic features were evaluated based
on standard descriptive terms and standardized sonographic lexicon was not applied for
the definition of semantic ultrasound features, which could have affected the consistency
and reproducibility of the results [34,35]. Additionally, no formal assessment of interob-
server variability was performed for the ACR TI-RADS classification of nodules, despite
the well-known variability in sonographic interpretation among observers. To mitigate this,
all ultrasound evaluations were conducted by board-certified endocrinologists with experi-
ence in thyroid imaging, following the official ACR TI-RADS guidelines. Internal training
sessions were held at the beginning of the study to align classification practices across
centers. Nevertheless, the absence of objective inter-rater agreement analysis remains a
limitation and should be addressed in future prospective research. Lastly, as previously re-
ported, in several nodules, fine needle aspiration cytology (FNAC) was performed without
strict adherence to the indications of the risk stratification system (RSS) used. Although we
did not conduct a separate analysis excluding these cases, future studies should consider
doing so to more accurately reflect the real-world applicability and diagnostic performance
of the system. For example, the malignancy rate observed for TR3 nodules in our study
(~15%) is substantially higher than the <5% rate reported in the ACR TI-RADS guidelines.
This likely reflects a referral and diagnostic bias, as our cohort included only nodules that
underwent FNA or surgery, potentially skewing the risk estimate toward higher values.

5. Conclusions

Modifications to the current ACR TI-RADS may be warranted as new data become
available. Potential modification could involve adjusting point assignments for certain
features [36] and nodule location [37]. Given the typically slow-growing nature of thyroid
cancer and the success of active surveillance strategies, our findings raise the hypothesis
that increasing the size threshold for recommending FNA of TR3 nodules—particularly in
certain subgroups—may help reduce unnecessary procedures. Moreover, incorporating
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clinical variables such as patient age and gender into risk assessment could potentially
enhance the performance of the ACR TI-RADS system, as both our data and previous stud-
ies [14] have suggested higher malignancy risk in younger individuals and males. However,
these observations should be interpreted with caution and viewed as hypothesis-generating.
Prospective, multicenter studies are needed to validate whether such modifications can
improve risk stratification and clinical decision-making (Figure 4).

Figure 4. Proposed framework for integrating clinical variables into ACR TI-RADS-based malignancy
risk estimation.
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Abstract: Medullary thyroid carcinoma (MTC) is a rare (~2–5% of all thyroid cancers) neuroen-
docrine thyroid malignancy originating from parafollicular C-cells of the thyroid gland with
variable biological behavior and potential for early metastasis. Diagnosis, staging, and surveil-
lance are heavily reliant on circulating biomarkers. We aimed to provide a comprehensive
overview of circulating biomarkers in the management of MTC and propose an integrated,
evidence-based algorithm to guide clinical decision-making using both established and emerg-
ing biomarkers. This is a narrative review on the evolving landscape of biomarker-driven
management in MTC with emphasis on analytical advancements, clinical applications, and
the prognostic implications of individual and combined biomarkers. Calcitonin remains the
cornerstone biomarker for MTC, and new generation immunoassays have addressed sev-
eral pre-analytical and analytical challenges such as pre-analytical degradation, inter-assay
variability, and biological confounders. Procalcitonin (ProCT) has emerged as a stable and
less interference-prone alternative or adjunct to calcitonin, which is particularly useful in
cases with indeterminate calcitonin levels. Carcinoembryonic antigen (CEA) remains a use-
ful complementary biomarker often correlating with aggressive behavior, advanced disease,
and distant metastases. Kinetic evaluation (doubling times) of calcitonin and CEA offers
independent prognostic information values and those < 6 months are associated with poor
survival, whereas those > 2 years suggest favorable outcomes. Newer biomarkers such as
pro-gastrin-releasing peptide (ProGRP) and carbohydrate antigen 19-9 (CA19-9) show potential
in monitoring advanced disease and response to therapy. Their role is still under investigation
but appears promising, particularly when used in conjunction with calcitonin and CEA. Our
work advances a comprehensive and clinically pragmatic framework for the management of
MTC by integrating established and emerging biomarkers with evidence-based algorithms,
offering greater diagnostic precision, more reliable prognostic stratification, and improved
personalization of follow-up and treatment strategies.

Keywords: medullary thyroid carcinoma; calcitonin; procalcitonin; carcinoembryonic antigen;
biomarkers; doubling time; immunoassay; pro-gastrin-releasing peptide; diagnostic
algorithms
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1. Introduction

Medullary thyroid carcinoma is a rare C-cell-derived neuroendocrine tumor account-
ing for ~0.5–1.5% of thyroid nodules, ~2–5% of thyroid cancers, and ~0.15% of thyroid nod-
ules incidentally discovered during autopsies of subjects who died from thyroid-unrelated
conditions [1]. MTC exhibits a strong genetic component, particularly through mutations
in the rearranged during transfection (RET) proto-oncogene.

1.1. Hereditary MTC and Related Syndromes

Hereditary MTC forms (~25% of cases) are caused by inherited autosomal dominant
germline pathogenic variants in the RET proto-oncogene and are subclassified into Multiple
Endocrine Neoplasia (MEN) type 2A and type 2B and Familial MTC (FMTC), respectively.
MEN2A includes MTC, pheochromocytoma, and hyperparathyroidism (due to parathyroid
hyperplasia or multiple adenomas); MEN2B (more aggressive) combines MTC, pheochro-
mocytoma, mucosal neuromas, and marfanoid habitus; and FMTC presents as isolated
MTC without other endocrine tumors [2,3]. Hereditary MTC is typically multifocal and
bilateral, with variable penetrance and biological/clinical behavior, respectively [4]. Fi-
nally, pediatric MTC is exceedingly rare, and inherited cases of MEN 2 are involved in
almost all cases [5]. Notably, identification of different RET pathogenic variants improved
understanding of the natural course of disease, allowing predictive diagnosis, prophylactic
thyroidectomy in pathogenic variants carriers, and targeted therapy with selective RET
inhibitors (i.e., selpercatinib and pralsetinib) in advanced or progressive RET-mutant MTC
(Table 1).

Table 1. RET-related syndromes: pathogenic variants/phenotypes correlations.

RET Codon/Exon Syndrome Clinical Features Behavior

634 (Exon 11) MEN2A MTC, Pheochromocytoma,
Hyperparathyroidism Aggressive behavior

609, 611, 618, 620 (Exon 10) MEN2A, FMTC MTC ± Pheochromocytoma Moderate aggressiveness

768 (Exon 13), 804 (Exon 14),
891 (Exon 15) FMTC MTC (only) Low–moderate

aggressiveness

918 (Exon 16) MEN2B Early, aggressive, MTC
mucosal neuromas, marfanoid habitus

Early onset, highly
aggressive

Legend: RET, rearranged during transfection; MEN, multiple endocrine neoplasia; FMTC, familial medullary
thyroid carcinoma; MTC, medullary thyroid carcinoma.

1.2. Sporadic Medullary Thyroid Carcinoma

Sporadic MTC represents ~75% of MTC cases and it is usually unilateral and unifocal
and presents later in life, often diagnosed due to thyroid nodules, cervical lymphadenopa-
thy, and/or serum calcitonin screening. Notably, germline RET pathogenic variants (often
“de novo”) are found in up to 5–7% of sporadic MTC cases that have major implications
for familial inherited risk and management decisions. Moreover, about 50–60% of patients
with sporadic MTC without germline pathogenic variants may carry somatic pathogenic
variants, commonly involving codon M918T, which is associated with more aggressive
disease and poorer prognosis. Finally, activating pathogenic variants in RAS genes (HRAS,
KRAS, NRAS) have been identified in RET-negative sporadic MTC, often linked with a
more indolent course compared to RET-driven tumors. Accordingly, genetic testing for
RET pathogenic variants is recommended in all patients with a personal medical history of
primary C-cell hyperplasia, MTC, or MEN 2 syndrome, respectively.
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1.3. Clinical Presentation and Course of the Disease

MTC typically presents as a thyroid nodule, which is occasionally discovered by
patients or physicians during a routine clinical examination. Currently, thyroid nodules are
mainly detected during thyroid-unrelated imaging procedures, such as ultrasound (US)
and vascular studies, computed tomography (CT), magnetic resonance (MR), and positron
emission tomography (PET), coupled with CT (PET/CT) or MR (PET/MR). Diagnostic
algorithms for MTC are still debated (see below). MTC can metastasize via both lymphatic
and hematogenous routes, which contribute to a clinical course that is generally more
aggressive than that of differentiated thyroid carcinomas and typically less severe than
anaplastic thyroid carcinoma [6]. Treatment of MTC primarily involves total thyroidectomy
with central neck lymph node dissection, as surgery remains the only curative option. More
extensive lymphadenectomy may be required in cases of locally advanced or metastatic
disease. Unlike differentiated thyroid cancers, MTC does not respond to radioactive io-
dine or thyroid-stimulating hormone suppression therapy. For patients with progressive
or symptomatic metastatic disease, systemic therapies such as tyrosine kinase inhibitors
(e.g., vandetanib and cabozantinib) have demonstrated clinical benefit by targeting RET
pathogenic variants and other pathways involved in tumor growth. Recently, highly se-
lective RET inhibitors like selpercatinib and pralsetinib have shown promising efficacy
in RET-mutated MTC. Supportive care and close biochemical and imaging monitoring
are essential for ongoing management and early detection of recurrence. Disease-specific
mortality at 10 years has been reported to range between 13% and 40%, with overall 10-year
survival potentially declining to as low as 50% in some instances [7]. Several prognostic
factors, as older age and advanced tumor stage at presentation, have been associated with
increased disease-specific mortality [8]. Conversely, early detection and the absence of
extra-thyroidal extension are generally associated with more favorable outcomes, with
survival rates reaching up to 90% over a 35-year period, as reported in some series [9,10].
Thyroid parafollicular C-cells produce calcitonin, a highly sensitive circulating biomarker
adopted as standard of care for the diagnosis and the follow-up of MTC. Moreover, parafol-
licular C-cells also produce the calcitonin precursor ProCT and several peptides, such as
CEA, ProGRP, chromogranin A, neuron-specific enolase, and CA19-9, respectively. De-
spite its pivotal role, calcitonin measurement is subject to several analytical limitations
and interferences that may lead to false-positive or false-negative results, complicating
the interpretation of calcitonin results and potentially impacting clinical decisions [11].
Some alternative biomarkers have been proposed to complement or even substitute cal-
citonin in evaluating MTC patients. This is a narrative review on the evolving landscape
of biomarker-driven management in MTC, with emphasis on analytical advancements,
clinical applications, and the prognostic implications of individual and combined biomark-
ers. We aimed to provide a comprehensive overview of circulating biomarkers in the
management of MTC and advance a comprehensive and clinically pragmatic framework
for the management of MTC by integrating established and emerging biomarkers with
evidence-based algorithms to offer greater diagnostic precision, more reliable prognostic
stratification, and improved personalization of follow-up and treatment strategies.

2. Biomarkers of Medullary Thyroid Carcinoma

2.1. Calcitonin

Parafollicular thyroid C-cells uniquely secrete calcitonin, a 32-amino-acid peptide hor-
mone, making serum calcitonin levels pivotal for the management of MTC. Serum calcitonin
assays include radioactive (IRMA) and non-radioactive (IMA) immunometric methodolo-
gies, each varying in sensitivity, specificity, and susceptibility to interferences. Further
complicating quantification, calcitonin circulates as multiple isoforms and fragments that
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some assays fail to detect, impairing inter-assay comparability. Notably, new-generation
calcitonin assays, particularly the latest immunochemiluminometric assays (ICMAs) on
automated platforms, have significantly enhanced analytical performance, thereby im-
proving their clinical utility. In particular they minimize interferences with calcitonin
precursors, enhancing specificity for mature monomeric calcitonin. Moreover, they enable
ultrasensitive detection (i.e., <2 pg/mL), allowing for the reliable identification of subtly
elevated basal calcitonin levels [11]. Finally, automated platforms offer high throughput,
high sensitivity, and full automation, often integrating with laboratory automation systems.
They streamline the testing process, reducing manual intervention and potential errors [12].
Additionally, calcitonin measurement also presents analytical challenges which can reduce
assay accuracy and inter-method comparability [13], as detailed here.

• Pre-analytical factors: Serum proteases can degrade the calcitonin molecule, necessitat-
ing rapid sample processing, refrigerated storage, or use of protease inhibitors [14].

• Biological confounders: Hypergastrinemia, chronic renal insufficiency, proton-pump
inhibitor therapy, cigarette smoke, pregnancy, and lactation may elevate calcitonin in
the absence of MTC [15].

Moreover, mild calcitonin elevations can be observed in non-malignant conditions, in-
cluding C-cell hyperplasia, various non-thyroid neuroendocrine neoplasms (i.e., pancreatic
NETs), leukemias, systemic mastocytosis, small-cell lung carcinoma, breast and pancreatic
cancers, renal dysfunction, primary hyperparathyroidism, and autoimmune thyroiditis
(even if the latter association is currently debated) [16,17].

• Inter-assay variability: Comparability across platforms remains imperfect; consistent
laboratory/method use is critical for serial monitoring [18].

• Immunoassay interferences: Rare heterophilic antibodies may still skew results, un-
derscoring the importance of selecting the appropriate assay and performing repeat
testing. Serum pretreatment in heterophilic antibody blocking tubes may detect the
interference by lowering the measured calcitonin [19].

• Hook effect: It may paradoxically under-report calcitonin in patients with very high lev-
els; its mitigation requires serial serum dilution protocols in high-range samples [20].

2.1.1. Calcitonin Stimulation Testing

In order to increase the specificity of serum calcitonin values and decrease false-
positive results, calcitonin stimulation testing was proposed and widely adopted in the
past. Traditionally, stimulation with pentagastrin was used with the intention to exclude
MTC in patients with basal calcitonin in the gray zone (i.e., 10–100 pg/mL) and detect a
residual response after surgery which indicates the need for additional, more aggressive,
reinterventions. Pentagastrin has not been available for many years and high-dose calcium
gluconate test (2.5 mg/kg) has been proposed as a reliable alternative. It is an effective
stimulus which is even more potent than pentagastrin with fewer side effects. Notably,
setting reliable cutoffs for either pentagastrin or calcium-stimulated cutoff values was
substantially unsuccessful, with large differences reported in the literature. Recent studies
have proven that stimulating calcitonin offers, in general, no additional value compared to
basal-CT measurement with new generation immunoassay. On the other hand, it may be
useful in selected cases, especially in determining the timing of prophylactic thyroidectomy
in carriers of germline pathogenic RET variants [21].

In summary, the new generation calcitonin assays improve early detection, reduce
false-positives, and simplify the diagnostic trajectory of MTC. Greater baseline sensitivity
and gender-specific thresholds further narrow the “gray zone,” making basal-only protocols
viable in most cases [1].
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2.1.2. Calcitonin Thresholds and Clinical Decision Limits

Notably, men and women exhibit consistent differences in basal calcitonin levels,
driven by biological factors that significantly inform both clinical interpretation and diag-
nostic thresholds. These differences are likely related to the different mass of C-cells in
males compared to females (ratio ~2:1). Additionally, testosterone may stimulate C-cell
proliferation. In contrast, no analogous effect is observed with female sex hormones [22].
An extensive population study (n ≈ 10,500 subjects) showed a mean calcitonin value of
~2.3 pg/mL in men vs. ~1.9 pg/mL in women (p < 0.001), even after excluding confounding
conditions, with 95th percentile reference thresholds for healthy non-smoking adults of
~5.7 pg/mL in men and ~3.6 pg/mL in women, respectively. Accordingly, gender-specific
calcitonin thresholds are required to avoid biochemical misclassifications [23]. Similarly,
gender-specific peak thresholds should be generated for pentagastrin/calcium stimulation
tests [i.e., ~80 pg/mL (women) vs. ~500 pg/mL (men)] [22]. Finally, smoking slightly ele-
vates calcitonin in males (non-smoker ~2.4 pg/mL vs. smoker ~2.8 pg/mL; p < 0.001) while
women show no smoking-related increase. Thus, in men reference thresholds may be fur-
ther stratified by smoking status (e.g., smoker cutoff ~7.9 pg/mL vs. 2.8 pg/mL) [23]. All in
all, applying higher male thresholds reduces unnecessary follow-ups and surgeries, while
maintaining high detection rates for MTC and minimizing overdiagnosis. Accordingly,
false-positive rates of ~1.8% in men vs. ~1.3% in women were reported in a large screening
cohort [24]. Importantly, with new sensitive assays and sex-adjusted interpretation, many
guidelines consider avoiding stimulation tests in truly basal-negative individuals (i.e., basal
only protocols). Meta-analyses cite pooled basal calcitonin sensitivity/specificity ~99%,
reinforcing the effectiveness of these improved tests [25].

2.1.3. The Diagnostic Performance of Circulating Calcitonin

The sensitivity and specificity of basal calcitonin for detecting MTC range from 83 to
100% and 94 to 100%, respectively [26]. Meta-analyses support its reliability for thyroid
nodule evaluation [25] and one Cochrane review reported high accuracy, though it noted
heterogeneity and risk of bias [27]. Rarely, MTC may present with normal basal and even
stimulated results in about 1–2% of cases [28]. Possible causes include impaired secretion,
cryptic calcitonin isoforms undetected by immunoassays, or the analytical hook effect [26].
In such challenging cases, alternative biomarkers and confirmatory assays can unmask
occult disease. This calcitonin-negative variant may respond well to standard surgical
treatment, but rigorous long-term follow-up is essential as poorly differentiated cases may
also occur with negative CT and are associated with worse outcomes [29].

2.1.4. The Role of Serum Calcitonin in Screening and Diagnosis of Medullary
Thyroid Carcinoma

Elevated basal CT (above gender- and assay-specific thresholds) indicates MTC with a
nearly 100% positive predictive value. In the context of thyroid nodules, CT is a marker
for early detection of occult MT that might elude US and/or cytology [25]. Notably,
thyroid nodules are very common while MTC is a rare tumor and many non-MTC-related
conditions may increase CT levels, leading to potential false-positive results. In addition,
other conditions such as the hook effect can lower CT levels, leading to false negative
results [25,30]. The European Thyroid Association recommends measuring calcitonin
levels in patients scheduled for surgery or thermoablation of thyroid nodules, those with
indeterminate cytology, or those with suspicious US findings. Cutoff points of 30 pg/mL in
females and 34 pg/mL in males are also proposed to distinguish between non-MTC reasons
for increased calcitonin and MTC. Such thresholds have been established for one assay
platform and several additional variables may affect these results, making these thresholds
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nonactionable outside the authors’ setting [31]. The American Thyroid Association leaves
clinicians to decide if and when to measure calcitonin in patients with thyroid nodules [1].
Overall, recommendations on calcitonin screening still differ between available guidelines,
and the use of calcitonin screening of MTC varies significantly across different countries,
specialties, and clinical centers. A broad consensus exists only on the pivotal role of
calcitonin screening in cases with a family history of MTC or multiple endocrine neoplasia
type 2, and its use in guiding the timing of prophylactic thyroidectomy in carriers of RET
pathogenic variants [32,33].

2.1.5. The Role of Serum Calcitonin in Postoperative Monitoring of Medullary
Thyroid Carcinoma

After total thyroidectomy calcitonin levels typically decline within hours, and their
normalization within weeks signals biochemical remission. Persistent or rising calcitonin

postoperatively indicates residual or recurrent disease. Serial measurements allow cal-
culation of doubling time (CDT), a powerful prognostic tool: CDT < 6 months correlates
with poor survival, while CDT > 2 years indicates favorable outcomes [34]. Adjunctive
biomarkers, especially CEA, may refine follow-up and prognostic stratification. Increased
CEA levels and shortened doubling time are early signs of disease progression and the shift
toward a more aggressive phenotype [35]. Accordingly, the follow-up of patients without
an excellent response is based on the simultaneous measurement of both calcitonin and
CEA, as well as their doubling time evaluation (Table 2) [1].

Table 2. Follow-up of MTC patients after primary surgery (i.e., thyroidectomy ± neck dissections).

Follow-Up ER BIR BIR SIR

Early Negative US
Negative calcitonin

Negative US
calcitonin ≤ 150 pg/mL Calcitonin > 150 pg/mL -Positive imaging

-Positive biopsy

Long-term

FU at 6 months
-Negative: US/CT
1–2/yr
-Positive: see BIR or
SIR

Visit at 6 months
US/CT 1/six months
calcitonin DT
-Negative: check 2/yr
-Positive imaging (SIR)
-Calcitonin > 150 pg/mL (BIR)

Imaging
-CT/MR/PET/CT
-Positive: (SIR)
-Negative:
Calcitonin, CEA, and
calcitonin DT 2–4/yr

-Surgery
-EBRT
-Thermal ablations
-Systemic therapies

Legend. US, ultrasound; CT, computed tomography; MR, magnetic resonance; PET/CT, positron emission
tomography/computed tomography; BIR, biochemical incomplete response; SIR, structural incomplete response;
DT, doubling time; CEA, carcinoembryonic antigen; EBRT, external beam radiation therapy.

2.2. Procalcitonin

Procalcitonin (ProCT) is a 116-amino acid prohormone, normally cleaved to calcitonin
in thyroid parafollicular C-cells. Under normal physiological conditions, ProCT expression
is limited to thyroid C-cells and circulates at low concentrations. Unlike calcitonin, ProCT
exhibits a stable and concentration-independent half-life of ~20–24 h in vivo [36] and it
shows excellent in vitro stability when collected as serum or plasma samples, reducing
pre-analytical variability [37]. Kratzsch and colleagues tested two fully automated and one
non-automated calcitonin assays, comparing these results with those from ProCT (Brahms
Kryptor) [38]. They evaluated pre-analytical factors and ProCT cross-reactivity in serum
samples from 437 patients presenting with clinical conditions linked to elevated calcitonin
levels. Their study also included 60 post-thyroidectomy patients and established calcitonin
cutoff values for pentagastrin stimulation tests in 13 patients with chronic kidney disease
and 10 patients with MTC.

Their findings revealed several key points. Serum calcitonin concentrations showed
significant degradation when stored at room temperature for over 2 h or at 4 ◦C for more
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than 6 h. The cutoff values for both baseline and stimulated calcitonin varied depending
on the specific disease state and assay methodology employed. Proton pump inhibitor
treatment was the most common cause of elevated calcitonin levels. Notably, ProCT
concentrations were elevated in MTC patients compared to those with chronic kidney
disease who did not have concurrent infections.

The study concluded that elevated calcitonin concentrations occur frequently in pa-
tients without MTC and advocated for incorporating ProCT assessment when evaluating
unexplained calcitonin elevations in ambiguous clinical scenarios. ProCT testing proves
valuable when calcitonin measurements are compromised by pre-analytical or analytical
limitations, or when calcitonin values fall within indeterminate ranges [39]. Moreover, in
contrast with the weak agreement between different calcitonin assays [12,40] a high degree
of agreement was demonstrated between ProCT assays, making it possible to establish
general ProCT thresholds in a clinical setting. Lippi and colleagues showed that 10 fully
automated commercial ProCT assays deliver acceptable correlations in 176 routine lithium
heparin plasma samples, suggesting that other ProCT assays may also be appropriate for
the purpose [41]. All in all, ProCT circumvents many of the analytical and pre-analytical
problems associated with calcitonin measurement and has recently emerged as a potential
complementary or alternative MTC biomarker.

Procalcitonin in Diagnosis and Monitoring of Medullary Thyroid Carcinoma

Multiple studies have robustly demonstrated that ProCT identifies MTC cases with
high diagnostic accuracy. Results of a pivotal paper in the field [41] and the largest pub-
lished series in either diagnostic [42,43] or postoperative settings [44,45] are summarized
in Table 3, as well as those of the largest meta-analysis on the role of ProCT in MTC
patients [46].

Table 3. Evaluation of the diagnostic performance of ProCT in MTC patients [different clini-
cal settings].

Reference
Study (No of

Patients)
Patients Cohort

ProCT
Cutoff

Sensitivity Specificity

Algeciras 2009 [42] Retrospective (835) Mixed benign vs. active
and inactive MTC 0.10 pg/mL 91% 96%

Giovanella 2013 [43] Retrospective (1236) Thyroid nodules 0.10 pg/mL 100% 100%

Giovanella 2018 [44] Prospective (2705) Thyroid nodules 0.155 pg/mL 100% 99.7%

Trimboli 2018 [45] Retrospective (55) Postoperative/follow-up 0.32 pg/mL 92% 98%

Censi 2023 [46] Retrospective (90) Postoperative/follow-up 0.12 pg/mL 100% 84%

Giovanella 2021 [47] Meta-analysis (5817) Diagnosis/follow-up 0.10 pg/mL 90% 100%
Legend: ProCT; procalcitonin; MTC; medullary thyroid cancer.

Algeciras-Schimnich and colleagues firstly demonstrated the potential role of ProCT as
an alternative biomarker of MTC in a study including 835 patients with active MTC, cured
MTC, neuroendocrine tumors, active and cured follicular cell-derived thyroid carcinoma,
benign thyroid diseases, mastocytosis, and normal volunteers, respectively [42]. The
Receiver Operating Characteristic (ROC) curve analysis revealed no significant difference
in diagnostic performance between calcitonin and ProCT. A comparison of calcitonin and
ProCT in stability studies showed that calcitonin was very unstable in vitro (i.e., a decrease
of 35–50% from the original value 24 h after sampling). In contrast, ProCT concentrations
did not significantly change during this time.
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Giovanella and colleagues evaluated the role of routine measurement of ProCT in
a sample of 1236 patients and reported serum calcitonin levels > 10 pg/mL in 14 (1.1%)
patients [43]. Among them, two were found to have MTC, one a C-cell hyperplasia, while
MTC was excluded in the remaining patients by subsequent clinical and histological follow-
up. Basal levels of calcitonin were >100 pg/mL in two MTC patients, and pentagastrin-
stimulated calcitonin was >100 pg/mL in two MTC patients and two non-MTC patients,
respectively. Moreover, basal and stimulated ProCT values were elevated in only two
MTC patients, resulting in 100% accuracy. As the main result, ProCT was detectable in
MTC patients and undetectable in the remaining ones (100% sensitivity and 100% negative
predictive values).

In a large prospective study Giovanella and colleagues evaluated 2705 patients with
thyroid nodules, measuring only ProCT as a screening test. A ProCT cutoff of 0.155 pg/mL
yielded 100% sensitivity and 99.7% specificity in diagnosing MTC [44]. Finally, Clausi and
colleagues recently reported results obtained in 478 patients undergoing thyroidectomy [48].
Serum levels of ProCT and calcitonin were measured before surgery. Overall, 23/478 (4.8%)
patients tested positive for MTC. Calcitonin values > 10 pg/mL demonstrated a sensitivity
of 0.91, specificity of 0.98, PPV of 0.70, and NPV of 0.99. ProCT showed sensitivity, speci-
ficity, PPV, and NPV of 0.87, 0.96, 0.56, and 0.99 using a cutoff of 0.04 ng/mL, and 0.78, 0.98,
0.72, and 0.99 using a cutoff of 0.07 ng/mL, respectively. Interestingly, 80.9% of patients
with a calcitonin value between 10 and 100 pg/mL would have been correctly identified as
MTC or non-MTC by positive or negative ProCT using the cutoff 0.04 ng/mL. The authors
concluded that calcitonin demonstrates superior sensitivity compared to ProCT as a diag-
nostic marker for MTC; however, implementing a two-step approach with ProCT as an
adjunctive marker can enhance diagnostic precision and prevent overtreatment, especially
when calcitonin serum concentrations fall between 10 and 100 pg/m. Such results are in
line with those obtained by Giovanella and colleagues measuring calcitonin and ProCT
in 16 patients with active (i.e., primary tumor before surgery or post-surgical recurrent
disease) and 23 with inactive (i.e., complete remission) MTC, 125 patients with non-MTC
benign thyroid disease, and 62 patients with non-MTC thyroid cancers [49]. Both calcitonin
and ProCT median values were significantly higher in active (94 pmol/L and 1.17 ng/mL)
than inactive (0.28 pmol/L ng/mL and 0.06 ng/mL), benign (0.37 pmol/L and 0.06 ng/mL),
and malignant non-MTC diseases (0.28 pmol/L and 0.06 ng/mL), respectively. Notably,
undetectable ProCT was found in five non-MTC patients with false-positive calcitonin
results. The authors concluded that, at the very least, ProCT is useful in patients with
positive calcitonin results, as negative ProCT values securely exclude active MTC (i.e., a
rule-out test). As both markers are available on the same automated platforms, a reflex or
reflective strategy can be easily adopted to refine the laboratory diagnosis.

Postoperative monitoring also benefits from ProCT measurements: among 55 patients
under surveillance a 0.32 ng/mL threshold achieved 92% sensitivity and 98% specificity
for residual or recurrent disease [45].

More recently, Censi and colleagues retrospectively evaluated 90 MTC patients during
postoperative follow-up and found a strong relationship between calcitonin and ProCT,
corroborating the relevant role of ProCT as an adjunctive biomarker to calcitonin, especially
to exclude MTC structural recurrences in patients with a slight to moderate increase in calci-
tonin concentrations [46]. Importantly, the ProCT-to-calcitonin ratio has also demonstrated
predictive value for progression-free survival, further validating its clinical utility as a prog-
nostic indicator [50]. Collectively, available evidence indicates that ProCT measurement
offers excellent diagnostic sensitivity, specificity, accuracy, and prognostic information,
while providing significant pre-analytical and analytical advantages. Notably, a recent
meta-analysis including 5817 individuals (335 with MTC) reported a pooled sensitivity of
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90% and specificity of 100% for ProCT in MTC, providing robust evidence in favor of the
use of ProCT in diagnosis and follow-up of MTC [47].

Indeed, ProCT levels can become markedly elevated during severe bacterial infections
and sepsis due to ectopic production by non-thyroidal tissues. The Food and Drug Admin-
istration has approved ProCT assays for risk stratification in critically ill patients at risk for
severe sepsis and septic shock [51]. Nonetheless, elevations due to bacterial infections ne-
cessitate careful interpretation, as in inflammatory states ProCT can markedly increase [52].
Table 4 summarizes the role of ProCT in different clinical settings and practical advantages.

Table 4. Procalcitonin: clinical role and practical advantages in medullary thyroid cancer.

Screening/diagnosis

Most studies consistently showed similar sensitivity/specificity of calcitonin and ProCT,
with better NPV of the latter. Other studies showed superior sensitivity of calcitonin with
ProCT serving as a rule-out test in patients with calcitonin concentrations within the gray
area (i.e., 10–100 pg/mL)

Postoperative follow-up Strong ability to detect residual/relapsing disease

Prognosis/Prediction The ProCT/calcitonin ratio correlates with outcomes (overall and disease-free survival)

Technical advantages Greater assay stability and less susceptible to pre-analytical issues
Legend: ProCT, procalcitonin.

Regarding the sensitivity of ProCT, which has been found inferior to that of calcitonin
by some authors, it is worth noting that serum calcitonin measurement is integral (and
often the only diagnostic biomarker) in establishing the diagnosis and referring patients to
surgery. Obviously, the diagnostic sensitivity of calcitonin is biased toward 100% (i.e., a
slight increase in calcitonin levels prompts diagnostic work-up while normal calcitonin,
in the presence of detectable ProCT not measured at that time, would not have required
further controls). Accordingly, the best performance an alternative marker can achieve
is equal to that of calcitonin, and for statistical reasons, it cannot surpass the current
calcitonin standard. Indeed, a potential reservation against replacing calcitonin monitoring
as the gold standard for MTC may be related to the opposition/resistance of the medical
community. Indeed, ProCT is FDA-approved as a marker for lower respiratory tract
infection. Because MTC is rare and obtaining regulatory approval for new indications is
costly and complex, manufacturers currently favor its off-label use in this setting. Therefore,
ProCT may reasonably be considered as a complementary marker in patients with thyroid
nodules and positive calcitonin results (as a rule-out test) and in MTC patients with unclear
postoperative calcitonin trends.

2.3. Carcinoembryonic Antigen

Medullary thyroid carcinoma arises from parafollicular C-cells, which express and
release CEA in approximately half of cases. CEA is a ~200 kDa onco-fetal glycoprotein in-
volved in cell adhesion and part of the CEACAM immunoglobulin family. CEA is normally
expressed during fetal gastrointestinal development, with minimal expression in healthy
adults (<2–4 ng/mL) [53]. It is typically quantified via standardized immunometric assays,
which are analytically robust, reproducible, and less affected by interferences and the hook
effect than calcitonin. Notably, CEA measurement is affected by benign conditions (i.e.,
inflammation, smoking, liver dysfunction conditions) and other malignancies (colorectal or
lung cancer), requiring cautious interpretation. In particular, postoperative CEA is widely
adopted as a reliable tumor marker and prognostic factor for colon cancer [54]. Even if
CEA is not a specific MTC biomarker, its measurement remains useful in assessing the
extension and progression of the disease before and after thyroidectomy. Baseline CEA
levels are low in early, thyroid-limited MTC, precluding its use in screening and early
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diagnosis of MTC. However, CEA remains a valuable adjunct marker to monitor patients
after surgery and stratify the risk of recurrence and death in patients with advanced dis-
ease. Preoperative CEA values > 30 ng/mL indicate a larger size of the primary tumor
and extra-thyroid tumor extension. Moreover, CEA values greater than 100 ng/mL are
associated with lymph node involvement, distant metastases, and a poorer prognosis [55].
Accordingly, serum CEA should be systematically measured before surgery in patients with
confirmed or suspected MTC to inform the extent of resection and, particularly, lymph node
dissection(s) [56]. Following surgery, MTC patients require evaluation for residual disease
presence, localization of metastases, and progressive disease identification. Postoperative
restaging is essential to distinguish low-risk MTC patients from those at high risk of disease
recurrence. Postoperative calcitonin and CEA levels should be systematically documented.
Postoperative undetectable calcitonin levels correlate with favorable outcomes. In patients
with basal serum calcitonin levels below 150 pg/mL after thyroidectomy, persistent or
recurrent disease is typically limited to cervical lymph nodes. Conversely, postoperative
serum calcitonin elevation above 150 pg/mL necessitates comprehensive imaging stud-
ies, including neck and chest CT, contrast-enhanced MRI, hepatic US, bone scintigraphy,
bone MRI, and PET/CT. The integration of CEA measurement is useful in this context as
post-thyroidectomy failure of CEA levels to normalize—or an increase in levels—suggests
residual disease, offering an early warning for recurrence even when calcitonin remains
low [1]. Notably, CEA demonstrates relatively stable kinetics compared to CT, displaying
less diurnal fluctuation and thus serving as a robust indicator of tumor mass. Additionally,
a rising CEA, even in the absence of a CT increase, suggests a more aggressive disease
phenotype (i.e., dedifferentiated disease) and may prompt more comprehensive metastatic
workups using advanced imaging modalities such as [18F]FDG PET/CT [57,58]. Among
patients with advanced disease, structural disease growth rate can be estimated and moni-
tored through sequential imaging studies using RECIST criteria to document tumor size
increases over time, and by measuring serum calcitonin or CEA levels at multiple time
points to determine tumor marker doubling time (DT) [1].

2.4. Pro-Gastrin-Releasing Peptide

As reported in previous sections of the present paper, calcitonin is the standard of
care in the diagnosis and monitoring of MTC, while serum ProCT is a potential alternative
or at least complementary test to calcitonin in unclear cases being free from analytical
limitations and interferences that may lead to false-positive or negative calcitonin results.
The pro-gastrin-releasing peptide (ProGRP) is a stable precursor of gastrin-releasing peptide
(GRP), a neuropeptide involved in tumor growth and differentiation. ProGRP is principally
employed as a tumor marker of small-cell lung cancer [59]. ProGRP is generally measured
using fully automated, non-competitive IMAs, which provide high reproducibility and
offer pre-analytical advantages. Furthermore, it is stable in serum, is not subject to the
hook effect, and is measurably preserved even with delayed processing. To date no
reference method or international standard has been identified in the literature regarding
the analytical performance of IMAs, and comparisons between them are sparse [60]. More
recently, ProGRP has emerged as a promising adjunct biomarker in MTC, with initial studies
demonstrating diagnostic performance similar to that of established markers (Table 5).
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Table 5. Available studies on ProGRP in MTC patients (8 studies, 3886 patients).

Study Patients Sensitivity Specificity TP FN FP TN

Han XD 2021 [61] 360 96.2 99.3 101 4 2 253

Giovanella 2021 [62] 254 75.9 97.9 51 16 4 183

Liang 2020 [63] 2446 53.8 96.7 114 98 73 2161

Table 5. Cont.

Study Patients Sensitivity Specificity TP FN FP TN

Parra-Robert 2017 [64] 38 88.9 76.9 20 2 4 12

Torsetnes 2014 [65] 190 80.0 90.0 48 12 13 117

Miao 2023 [66] 236 71.4 92.7 71 29 10 126

Martins Fernandes 2025 [67] 64 88.9 97.9 17 2 1 44

Schonebaum 2023 [68] 278 70.4 99.6 59 24 1 194
Legenda: TP, true-positive; FP, false-positive; FN, false-negative; TN, true-negative; ProGRP, pro-gastrin-releasing
peptide. Sensitivity and specificity are expressed as %.

Overall, ProGRP has only moderate sensitivity (~80%) and cannot be used in MTC
screening and diagnosis, considering the sensitivity of ~100% robustly demonstrated
by either calcitonin or ProCT. Considering the high specificity, it should be considered
to rule out false-positive calcitonin results, but again, ProCT already demonstrated a
quite absolute negative predictive value in patients with indeterminate calcitonin results.
Interestingly, ProGRP correlates with metastatic burden, and ProGRP levels are significantly
higher in patients with nodal or distant metastatic MTC than in those with limited disease.
Additionally, ProGRP levels drop post-surgery, aligning with effective resection, and serial
ProGRP measurements mirror imaging responses more closely than calcitonin or CEA in
patients under tyrosine kinase inhibitor therapy (i.e., vandetanib), making it a potential
early indicator of therapy response or resistance [62]. Evidence remains fragmented and
insufficient to support or refute its implementation in clinical protocols as available studies
were retrospective with small sample sizes. Generally speaking, serum ProGRP is likely of
limited value in the diagnosis of MTC with some promising preliminary data suggesting
its application in advanced disease, especially in therapy response assessment. All in all,
ProGRP can currently be considered as a candidate MTC biomarker, and its inclusion in
advanced MTC management protocols needs to be studied in a large prospective cohort of
patients with progressive disease and active systemic treatment.

2.5. Carbohydrate Antigen 19.9

Carbohydrate antigen 19.9 (CA 19.9) is a sialyl Lewis-A glycan, classically used in
monitoring pancreatic and gastrointestinal malignancies. Its aberrant expression was
reported in subgroups of MTC characterized by aggressive or metastatic behavior [69].
CA 19.9 is measured by immunoassays employing monoclonal antibodies against the
sialyl Lewis-A epitope. Inter-method variability persists even after standardization due
to epitope heterogeneity, differences in proprietary antibodies, and technical variations.
Additionally, approximately 5–10% of individuals lack the Lewis antigen and cannot
produce CA 19-9, yielding potentially false-negative results [70]. CA 19.9 elevations may
also be noted in benign hepatobiliary and pancreatic diseases and benign respiratory
diseases, which may complicate interpretation in MTC patients [69]. Notably, CA 19.9 is
not sensitive to early or localized MTC, as only 5–6% of intra-thyroid tumors overexpress it
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and fewer present with elevated CA 19.9 serum levels. Vice versa, serum CA 19.9 increases
in advanced MTC and its serum concentration correlates with structural disease progression
and total tumor volume. Immunohistochemical analyses confirmed CA 19.9 expression
in metastatic MTC tissue, affirming the tumor origin of the circulating marker [71]. In a
series of 122 MTC patients, mean CA 19.9 levels were significantly higher in those with
progressive disease (median ~21.4 U/mL vs. ~7.3 U/mL; p = 0.01) and in those who
died from MTC (p < 0.001) [69]. Additionally, prospective data identify CA 19.9 positivity
and fast CA 19.9 DT (i.e., <6 months) in advanced MTC as independent predictors of
mortality, regardless of imaging findings. In these patients, systemic treatment (e.g.,
with cabozantinib or vandetanib) may be considered sooner than imaging alone would
indicate [72]. In conclusion, due to limited sensitivity and specificity CA 19.9 cannot replace
established MTC biomarkers (i.e., calcitonin and CEA) but may serve as a useful adjunct in
select CA 19.9-positive cases. Its elevation and rapid doubling convey increased mortality
risk and may prompt earlier therapeutic intervention independent of imaging findings.
Additional multicentric, prospective studies are needed to define optimal thresholds, assay
standardization, and integration into MTC care algorithms.

3. Doubling Time of Calcitonin and Carcinoembryonic Antigen

Calcitonin and CEA DTs are used to assess tumor burden, the aggressiveness of MTC,
and predict the likelihood of recurrence or progression. They help monitor the effective-
ness of treatment and guide decisions about further treatment strategies. Patients with
shorter DTs may be considered higher risk and may benefit from intensified surveillance
and/or additional imaging and/or treatments. Calcitonin and CEA levels are assumed to
increase exponentially in MTC, doubling over a specific timeframe. Reliable DT calculation
requires a well-standardized procedure. First, serial tumor marker measurements (i.e.,
every 6 months) with a minimum of four values (ideally over 2 years) are recommended.
Second, methodological consistency is essential: all measurements should utilize the same
laboratory and assay platforms to ensure accuracy. Third, DT should be calculated us-
ing the following formula: DT = ln(2)/b, where “b” represents the exponential growth
rate constant derived from regression analysis of measured Calcitonin and CEA levels.
Fourth, values below the limit of quantitation (LoQ) of the assay are reported as “equal
to the LoQ” (i.e., if the LoQ of a calcitonin assay is 2 pg/mL and the patients’ value is
rendered as <2 pg/mL then the value inputted for calculation will be 2 pg/mL). Finally,
undetectable values and detectable values that do not double are designated as “never
doubled”. Multiple reliable platforms are freely available to calculate DTs. The Kuma
Hospital DT Calculator (Kuma Hospital, Kobe, Japan) is widely employed and was also
adopted by the authors of the present review [73]. A note of caution is necessary when
using DTs in clinical practice as they can vary significantly between patients and other
factors (i.e., tumor grade, stage, and site of metastasis). Accordingly, DT results should
always be considered in the general clinical context, taking into account the results of
other diagnostic tools. Interpretation criteria of calcitonin and CEA doubling times are
summarized in Table 6.
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Table 6. Interpretation of calcitonin and CEA doubling times.

Doubling Time
(Years)

Risk of Structural Recurrence Prognosis

<1/2 Present Very poor, short survival times

<1 High/Present Poor

1–2 Intermediate Intermediate

>2 Low Favorable

Never doubling Very low Good

Finally, absolute levels of calcitonin and CEA, as well as the ratio of DTs, are very
useful in guiding advanced molecular imaging in patients with relapsing or advanced MTC.
In general, [18F]DOPA PET/CT appears to be superior to [18F]FDG PET/CT in detecting
and locating lesions in patients with recurrent MTC, especially when calcitonin exceeds
150 pg/mL, CEA is ≥5 ng/mL, or calcitonin DT is between 1 and 2 years. [18F]FDG PET/CT
showed a better accuracy in patients with very high calcitonin levels (>500 pg/mL), those
with a disproportionate CEA increase compared to calcitonin, and/or calcitonin/CEA
DTs are <1 year. Patients with rapidly shortening calcitonin/CEA doubling times may
also benefit from [68Ga]DOTA-peptides PET/CT for the detection of occult recurrence.
Overall, calcitonin and CEA kinetics can serve as a trigger for advanced molecular imaging,
improving the localization of small-volume or occult disease and better identifying high-
risk patients who require more careful surveillance [74–76].

4. Measurement of MTC Biomarkers in Fine-Needle Aspiration Washouts

The measurement of calcitonin in fine-needle aspiration washout fluids (FNA-
calcitonin) from thyroid nodules and/or lymph nodes suspected of MTC or lymph nodes
has been proposed to circumvent limitations of cytology in detecting MTC with a sensitivity
of only 55% to 65%. Despite numerous criticisms (i.e., interferences, lack of standards, ana-
lytical variability of different assays) affecting the accuracy of the results and making it hard
to compare studies, all available studies show significantly high sensitivity and specificity
of FNA-calcitonin which are clearly better than that of cytopathology (Table 7) [77].

Table 7. Diagnostic accuracy of FNA-calcitonin reported in the main studies.

Lesions (n) Assay Cutoff, ng/L Sensitivity, % Specificity, %

Boi, 2007 [78] 36 CLIA 36 100 100

Kudo, 2007 [79] 14 NR 67 100 NR

Diazzi, 2013 [80] 60 CLIA 17 100 88.8

Trimboli, 2014 [81] 90 CLIA 39.6 100 100

De Crea, 2014 [82] 62 CLIA 10.4 89 100
Legend: CLIA, chemiluminescence immunoassay; NR, not reported.

Obviously, the appropriate sampling is key, and samples should be representative of
the approached lesion in the thyroid nodules, thyroid bed, or lymph node, respectively [83].
Unlike FNA cytology, diagnosis remains possible using FNA-calcitonin even when no
thyroid cells are aspirated since calcitonin exhibits high concentrations both within and
surrounding the lesion area [77].

Finally, detectable levels of FNA-calcitonin (i.e., higher than the functional sensitivity
of the employed assay) were found in most non-medullary thyroid nodules, likely due to
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normal C-cells entrapped in the FNA sample, especially from the middle/upper thyroid
lobes, highlighting the relevance of an appropriate cutoff selection [83].

Relevant practical points for FNA-calcitonin measurement and interpretation are
summarized in Table 8.

Table 8. Key points for standardization of FNA marker measurement in washout fluids.

Sampling Representative of the lesion [lymph node or thyroid nodule]

Washing solution 0.9% saline solution [1 mL]

Collection Rinse the needle ≥ 2 times, collect the amount of washout fluid and keep on ice

Pre-treatment Mix and centrifuge the sample

Measurement
Consider interferences and perform dilution or batching to detect “hook effect” in case of
undetectable FNA-calcitonin

Interpretation Use an assay-specific cutoff adapted to the local population
Legend: FNA; fine-needle aspiration.

Recently, ProGRP measurement was tested in 212 patients with 235 thyroid nodules,
classified into chronic thyroiditis, nodular goiter, papillary thyroid carcinoma, thyroid
follicular neoplasm, follicular thyroid carcinoma, and MTC. Serum ProGRP and FNA-
ProGRP were measured. The median serum ProGRP concentration was 124.40 pg/mL in
MTC, significantly higher than in other tested groups. The serum ProGRP cutoff value was
68.30 pg/mL, yielding 53.85% sensitivity, 96.98% specificity, and a kappa value of 0.51 in
MTC. The median concentration of FNA-ProGRP in MTC nodules was 2096.00 pg/mL,
significantly higher than in other groups. ROC analysis of MTC nodules versus non-MTC
nodules revealed a cutoff value of 22.77 pg/mL, achieving 94.12% sensitivity, 98.27%
specificity, and a kappa value of 0.85. The authors suggested FNA-ProGRP measurement
as an ancillary method for differential diagnosis between MTC and non-MTC thyroid
nodules [63]. Further studies are required to confirm or refute this preliminary observation
and accurately evaluate the diagnostic advantage over FNA-calcitonin. As a consequence,
FNA-ProGRP measurement should only be considered in the context of clinical trials.

5. Integrated Use of Circulating Markers of Medullary
Thyroid Carcinoma

This paper presents the biochemical and analytical characteristics of currently avail-
able MTC biomarkers, analyzing their diagnostic performance and clinical applications.
Algorithms for the rational and integrated use of various biomarkers, as outlined in current
guidelines, are presented below.

5.1. Screening and Diagnosis of MTC

Calcitonin proved to be a useful screening test for the presence of MTC in patients with
thyroid nodules, exhibiting a high diagnostic sensitivity. This practice remains debated
due to the low prevalence of MTC and the non-negligible rate of false-positive calcitonin
results [1]. Recently, ProCT has been shown to be highly accurate in excluding MTC in
patients with indeterminate calcitonin values (i.e., 10–100 pg/mL), making a two-step
procedure actionable. In turn, human, social, and economic costs associated with false-
positive calcitonin results (i.e., imaging, FNA, additional laboratory tests) will be reduced
by applying a reflex test procedure to safely rule out MTC in patients with undetectable
ProCT (Figure 1) [47].
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Figure 1. Screening and diagnosis of MTC in patients with thyroid nodules. Legend: MTC, medullary
thyroid cancer; ProCT, procalcitonin; FNA-CT, fine-needle aspiration-calcitonin.

5.2. Preoperative Assessment

Patients with diagnosed MTC should be assessed before surgery to map neck lymph
nodes and detect/exclude distant metastasis. Distant metastases are unlikely in patients
with negative US and calcitonin levels below 500 pg/mL. In such cases, no additional
imaging is recommended, and total thyroidectomy should be planned with additional
lymph node dissections informed by US, absolute calcitonin levels, and intraoperative
findings. The risk of advanced disease and distant metastasis significantly increases in
patients with calcitonin levels greater than 500 pg/mL, and level II imaging (i.e., ceCT,
MR, PET/CT) is required to refine disease staging and detect or exclude distant metastases
(Figure 2) [1].

Figure 2. Preoperative assessment of MTC in patients. Legend: CT, calcitonin; LND, lymph node
dissection; US, ultrasound; ceCT, contrast-enhanced computed tomography; MR, magnetic resonance;
PET/CT, positron emission tomography/computed tomography.
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5.3. Postoperative Monitoring

Following surgery, serum calcitonin and CEA levels should be measured 3 months
postoperatively, and if undetectable or within normal range, should be measured every
6 months for 1 year, and then annually. In patients with detectable serum levels of calcitonin
and CEA following thyroidectomy, the levels of the markers should be measured at least
every 6 months to determine their doubling time. Patients with elevated postoperative
serum calcitonin levels of less than 150 pg/mL should undergo a physical examination and
US of the neck. If these studies are negative, the patients should be followed up through
physical examinations, measurement of serum levels of calcitonin and CEA, and US every
6 months. If the postoperative serum calcitonin level exceeds 150 pg/mL, patients should
be examined by imaging procedures, including neck US, ceCT, MR, three-phase ceCT of
the liver, and PET/CT (Figure 3) [1].

Figure 3. Postoperative assessment and follow-up of MTC patients. Legend: CT, calcitonin; CEA,
carcinoembryonic antigen; US, ultrasound; DTs, doubling times.

5.4. Analytical and Technical Challenges

Currently, fully automated immunoassays are widely used to evaluate MTC biomark-
ers across various analytical platforms, which are commercially available from different
manufacturers. These highly automated systems offer an optimal balance of high through-
put, rapid turnaround time, minimal sample volume, and cost-effectiveness [84]. Although
significant advances have been made over the years in the analytical performance of various
immunoassays, substantial inter-method variability still persists [85]. This variability ne-
cessitates the use of method-specific reference intervals, making it challenging to compare
results obtained from different assays. Consequently, the use of the same immunoassay
method is essential for reliable patient follow-up [84]. Although extensive research has
been conducted over the years, challenges remain in terms of standardization and har-
monization. Variability between methods can often be attributed to the use of primary
antibodies with different epitope specificities. Indeed, significant discrepancies have also
been observed between assays that utilize the same monoclonal antibodies, as seen in CA
19-9 assays employing the Centocor monoclonal antibody, indicating that other method-
ological factors also play a critical role [86]. In such cases, elements related to the assay’s
architectural format must be considered when assessing inter-method variability. These
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include differences in incubation times, reaction kinetics, washing procedures, and the
nature of the tracer system used. Together, these parameters influence the final numerical
result, potentially leading to a lack of interchangeability between methods. To improve
comparability and progress towards the harmonization and standardization of immunoas-
says for markers of MTC, efforts should focus on the development and implementation of
reference materials and reference measurement procedures for each analyte. In addition
to the development of methodological references, a key factor for harmonization between
methods is the commutability of control materials, particularly those used in External
Quality Assessment (EQA) schemes [85,87]. In order to improve this aspect, it is necessary
to develop control materials prepared from authentic human samples or with advanced
reconstitution technologies; check the commutability of EQA materials before distribution
to laboratories (i.e., according to guidelines); use materials that are traceable to primary
reference standards where available; and, overall, promote collaborations between reagent
manufacturers, laboratories, and international laboratory medicine societies to create refer-
ence networks. Investment in this aspect would bring not only technical but also clinical
benefits, improving the reliability of diagnostic results.

Table 9 summarizes the main aspects of the pre-analytical, analytical, and post-
analytical phases concerning the tests used for determining circulating blood biomarkers
of medullary thyroid carcinoma.

Table 9. Main laboratory characteristics of biomarkers used in medullary thyroid carcinoma.

Biomarker

Pre-Analytical Aspects Analytical Aspects Post-Analytical Aspects

Healthy Subject Sample Methods WHO IS
Reference Interval
Clinical Decision Cutoff

CA 19-9 No peculiar preparation No peculiar
recommendations [88] Immunoassay Not

available Method-dependent [89,90]

CEA
No peculiar preparation
Blood levels influenced by
smoking

No peculiar
recommendations [88] Immunoassay WHO 1st

IS 73/601 Method-dependent [87,91]

Calcitonin

No peculiar preparation
Blood levels influenced by
age, sex, BMI, and
smoking

Instability at RT, ice-bath
storage after blood
collection
Centrifuge and analyze
preferably within 30 min of
sampling

Immunoassay
WHO
2nd IS
89/620

Method-dependent [92,93]

ProCT No peculiar preparation Greater stability at RT than
CT Immunoassay Not

available 0.1 ng/mL [44]

proGRP
No peculiar preparation
Blood levels influenced by
age, BMI, and smoking

No peculiar
recommendations [88] Immunoassay Not

available
Method- and
matrix-dependent [94]

Legend: BMI, body mass index; Ca 19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; IS, interna-
tional standard; ProCT, procalcitonin; proGRP, pro-gastrin-releasing peptide; RT, room temperature; WHO, World
Health Organization.

6. Discussion

Medullary thyroid carcinoma (MTC) is a neuroendocrine malignancy originating in
the parafollicular C-cells of the thyroid and is characterized by the secretion of specific
peptide markers. The biochemical profile of MTC serves as a cornerstone for diagnosis, risk
stratification, and longitudinal monitoring. In addition to tumor markers such as calcitonin,
ProCT, CEA and CA19.9, neuroendocrine MTC cells may also secrete different bioactive
peptides and hormones that, in turn, can give rise to paraneoplastic syndromes (PNSs) [1].
Overall, PNSs are rare and mostly involve patients with extensive metastases and/or
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aggressive tumor biology. High levels of circulating calcitonin (>1000 pg/mL) are the most
common biochemical cause of secretory diarrhea in MTC (prevalence ~5%), a debilitating
condition with electrolyte imbalances (e.g., hypokalemia) and weight loss. Facial or gener-
alized flushing (prevalence 2–5%) is associated with secretion of serotonin, prostaglandins,
and CGRP, and mimics carcinoid syndrome. Elevated urinary 5-HIAA can support diagno-
sis. Ectopic ACTH syndrome (EAS) is a rare (<1% of MTC cases) but serious paraneoplastic
phenomenon. It presents with rapid-onset hypertension, hypokalemia, proximal muscle
weakness, and hyperglycemia. Diagnosis involves demonstration of inappropriately el-
evated plasma ACTH in front of increased cortisol levels, with lack of suppression on
high-dose dexamethasone testing. Finally, MTC may also secrete histamine, contributing to
flushing, and chromogranin A (CgA), a general marker of neuroendocrine activity. Elevated
CgA has limited specificity and is not recommended for routine monitoring in MTC but
may reflect tumor burden in select cases. Notably, paraneoplastic manifestations predict a
worse outcomes, requiring intensive surveillance and early systemic intervention [1].

Regarding tumor markers “strictu senso”, which have been the central focus of our
review, we can state that calcitonin remains the most specific and sensitive biomarker for
MTC. Its serum concentration correlates well with tumor burden, lymph node involvement,
and the presence of distant metastases. Moreover, postoperative calcitonin levels and
doubling time are predictive of recurrence and survival, forming the basis for risk-adapted
follow-up strategies. However, the utility of calcitonin is challenged in certain clinical
scenarios and false-positive results may occur in various non-thyroid malignancies and
non-malignant conditions or be induced by some pharmacologic agents. Furthermore,
the lack of global assay standardization complicates inter-laboratory comparisons and
undermines its longitudinal utility across different healthcare settings. In such a context
ProCT has emerged as a promising biomarker with expanding utility beyond its traditional
role in infectious diseases, and correlates significantly with MTC tumor burden, stage,
and metastatic dissemination. Importantly, in cases where calcitonin levels are discordant
with imaging findings or clinical progression, ProCT may provide additional insight.
Its longer half-life and greater biochemical stability compared to calcitonin enhance its
reproducibility and analytical robustness. Overall, the combination of calcitonin and
ProCT measurements appears to improve diagnostic accuracy, particularly in patients
with atypical biochemical profiles or aggressive disease variants. Despite its promise,
ProCT’s utility is hindered by its potential for confounding elevations in the context
of acute infection, systemic inflammation, or post-surgical stress. Nevertheless, these
limitations can often be mitigated through clinical correlation and judicious interpretation.
Carcinoembryonic antigen is frequently co-secreted with calcitonin and serves as a valuable
adjunct in MTC, particularly for prognostic evaluation. Unlike calcitonin, CEA levels tend
to rise in dedifferentiated or metastatic disease and may remain elevated in tumors that
secrete little to no calcitonin. Short CEA doubling time (<2 years) has been associated with
poor prognosis, making it a useful surveillance tool. However, its limited specificity due to
non-MTC malignant and non-malignant causes of elevation precludes its use as a primary
diagnostic marker. In contrast, markers such as pro-gastrin-releasing peptide (ProGRP)
and carbohydrate antigen 19-9 (CA19-9) remain of limited clinical relevance in MTC but
may have contextual significance in aggressive or dedifferentiated disease. ProGRP, a
biomarker widely used in the diagnosis of small-cell lung carcinoma, has been sporadically
investigated in MTC due to its neuroendocrine origins. Although some studies have
suggested elevated ProGRP levels in advanced or poorly differentiated MTC, the evidence
remains limited, and no standardized diagnostic thresholds or prognostic algorithms
have been established. Similarly, CA19-9, a sialylated Lewis antigen primarily used in
gastrointestinal and pancreatic malignancies, has shown rare and inconsistent elevation
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in MTC. Overall, these markers may be of interest in research settings or in patients with
atypical tumor behavior but are not currently recommended for routine clinical use.

7. Integrated Approaches and Future Directions

The complex biology of MTC necessitates a multimodal monitoring strategy. The
integration of calcitonin, ProCT, and CEA, particularly with attention to their respective
doubling times, enables more nuanced disease tracking and risk stratification. Future efforts
should focus on defining MTC-specific cutoffs and establishing standardized algorithms
that incorporate biochemical, imaging, and molecular parameters. The integration of
biochemical and molecular markers, inflammatory/immunologic signatures, and molecular
imaging represents a promising step toward personalized risk stratification and tailored
treatments in MTC. Ongoing clinical trials evaluating RET inhibitors and immunotherapy
in MTC provide an opportunity to validate multi-marker panels that complement and
extend beyond traditional biochemical biomarkers. Next-generation sequencing (NGS)
has become an important tool in the molecular characterization of MTC. While RET proto-
oncogene pathogenic variants are the defining genetic hallmark of hereditary MTC, NGS
allows comprehensive analysis of both germline and somatic alterations, offering insights
beyond conventional RET testing. It may also inform eligibility for selective RET inhibitors
which show high response rates in RET-mutant MTC. Ongoing studies are also exploring
the predictive value of co-mutational landscapes (e.g., TP53, TERT promoter pathogenic
variants) for resistance to targeted therapies. Finally NGS of circulating tumor DNA
(ctDNA) is emerging as a non-invasive tool to monitor minimal residual disease and
assess clonal evolution under therapy (i.e., liquid biopsy). Integration of NGS data with
immunogenomic profiling may further refine risk models and identify patients who could
benefit from immunotherapy in combination with RET inhibition (i.e., VEGF, soluble
immune-checkpoint molecules, markers of angiogenesis). Moreover biochemical and
molecular marker panels are increasingly used in conjunction with functional and imaging
methods to improve detection sensitivity and informs therapeutic timing. Until such
technologies become widely accessible, optimizing the use of currently available markers
remains essential to improving outcomes in this challenging thyroid malignancy.

8. Conclusions

We provided a robust analysis and a structured guide for serum biomarker deploy-
ment in MTC management, balancing established markers (i.e., calcitonin and CEA) and
emerging tools to enhance clinical decision-making (i.e., ProCT, CA 19.9, ProGRP). The
currently available panel of different markers is well-suited to manage MTC patients
and guide treatments. Standardization of methods should be further ameliorated and
large prospective multicentric validation is desirable to refine clinical thresholds of differ-
ent markers, evaluate candidate biomarkers, and address rare clinical scenarios, such as
calcitonin-negative MTC.
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