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Abstract: Thyroglobulin (Tg) is an iodinated glycoprotein, which is normally stored in the follicular
colloid of the thyroid, being a substrate for thyroid hormone production. Since it is produced by well-
differentiated thyroid cells, it is considered a reliable tumor marker for patients with differentiated
thyroid carcinoma (DTC) during their follow-up after total thyroidectomy and radioiodine ablation.
It is used to monitor residual disease and to detect recurrent disease. After total thyroid ablation,
unstimulated highly sensitive Tg measurements are sufficiently accurate to avoid exogenous or en-
dogenous thyrotropin (TSH) stimulation and provide accurate diagnostic and prognostic information
in the great majority of DTC patients. Adopting sophisticated statistical analysis, i.e., decision tree
models, the use of Tg before radioiodine theranostic administration was demonstrated to be useful in
refining conventional, pathology-based risk stratification and providing personalized adjuvant or
therapeutic radioiodine administrations. The follow-up of DTC patients aims to promptly identify
patients with residual or recurrent disease following primary treatment. Our review paper covers the
diagnostic, theranostic and prognostic value of thyroglobulin in DTC patients.
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1. Introduction

Differentiated thyroid carcinomas, i.e., papillary (PTC) and follicular thyroid carcino-
mas (FTC), account for the majority of endocrine cancers. Their incidence has increased
significantly over the past decades, largely (but not totally) due to the increased use of
imaging techniques, mainly ultrasound (US), in clinical practice. More women than men
are affected by DTC. Moreover, thyroid cancer is more frequent in women under 25 years
of age and in those aged between 45 and 60 years [1]. Luckily, DTC has a slow and non-
aggressive course in most cases and, consequently, the prognosis is generally favorable. In
any case, at least 10% of cases carry distant metastases at presentation with an attached
increase in cancer-related mortality. Additionally, recurrent disease occurs over time in
20-30% with a 10-year mortality rate of 4-7% [2,3].

Multiple biomolecular mechanisms impact the behavior of DTC cells, leading to dif-
ferent phenotypes and prognosis, respectively. The BRAF V600E mutation, as an example,
lowers the expression of genes regulating the metabolism of iodine, and in turn, the tumors’
responsiveness to iodine-131 (131I) [4].

Taking into account different molecular and clinical phenotypes, the approach to DTC
patients has shifted from a “one size fits all” (i.e., total thyroidectomy plus 131I) to a tailored
risk-adapted treatment based on individual risk profile [2,3,5,6].
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Since 2015, the ATA risk classification has been largely used to guide 1311 therapy,
and post-operative 1311 administration is proposed in patients at intermediate and high-
risk, while it is restricted to selected low-risk cases (e.g., additional risk factors, patient’s
preference) [2] (Table 1).

Table 1. DTC recurrence risk classification (American Thyroid Association Criteria) [2].

Low-Risk DTC Intermediate-Risk DTC High-Risk DTC

No local or distant metastases Microscopic ETE Macroscopic ETE
?llllmn;??ésecgz éc cN1 or >5 pNI1 (all < 30 mm) Incomplete tumor resection
No extra-thyroid Aggressive histology Distant metastases

loco-regional invasion

No aggressive histology or Post-operative Tg levels

- . Vascular invasion consistent with distant
vascular invasion
metastases
1311 given, no uptake outside mPTC (m) with ETE and High Tg levels compared to
the thyroid bed on PT-WBS mutated BRAF V600E PT-WBS findings
cNO or pN1 micro-MTS 1311 uptake outside the pN1 with any metastatic
(<0.2 mm) thyroid bed on PT-WBS LN > 30 mm
Intra-thyroid FTC with FTC with >4 foci of

capsular invasion and/or <4

. . . vascular invasion
foci of vascular invasion

Legend: ¢, clinical; ETE, extra-thyroid extension; (m), multifocal; MTS, metastasis; N, lymph node; p, pathological;
PT-WBS, post-treatment whole body scintigraphy; Tg, thyroglobulin.

However, the goal of 1311 administration (Table 2) can only be determined once the
post-operative disease status has been assessed.

Table 2. Different aims and characteristics of post-operative radioiodine administration.

Aim 1311 Activities Preparation
Ablative To ehmlpéte thyroid remnant tissue and 1.1-2.0 GBq rhTSH preferred
facilitate long-term follow-up
Adjuvant To lower the risk of recurrence 2.0-5.5GBq rhTSH preferred
Treatment To treat persistent/recurrent disease 3.7-7.4 GBq THW preferred

Legend: GBq, GigaBecquerel; thTSH, recombinant human thyroid-stimulating hormone; THW, thyroid hormone
withdrawal.

In fact, “treatment of known disease” is required in all patients with biochemical,
structural or functional evidence of persistent disease, independently of the ATA risk
class. Patients with no evidence of disease after initial surgical treatment may undergo
observation, remnant ablation or adjuvant therapy depending on their risk profile. After
thyroidectomy, levothyroxine is started at 1.5-1.8 pg per kg of body weight and tittered
to obtain TSH levels < 0.1 mUI/L in high-risk and 0.1-0.5 mUI/L in low—intermediate
risk patients, respectively, until excellent response is obtained. Thereafter, chronic TSH
suppression is not suggested in the majority of patients, and therapy is modulated to
achieve low—normal TSH levels. As mentioned above, DTC patients have an overall
good outcome, but the risk of persistent and recurrent disease remains not negligible
(20-30%), requiring a protracted follow-up [5]. Thyroglobulin is the substrate for thyroid
hormone biosynthesis and is released into the bloodstream in minimal amounts [7]. Then,
“undetectable*” serum Tg is expected in patients who have obtained excellent response
to treatment, while measurable Tg concentrations may indicate persistent or relapsing
disease [8] (*when using ultrasensitive Tg assays whose limit of quantification is below
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0.2 pg/L, Tg values at the lowest level can be measurable even after curative ablative
therapy). Measurement of serum Tg and thyroglobulin autoantibodies (TgAb) is integral
to promptly detecting persistent/recurrent DTC and re-stratifying the risk of disease
recurrence and death [9].

The present paper briefly illustrates the laboratory issues, which may influence Tg and
TgAb actionability in DTC patients, and focalizes in particular on the role of Tg and TgAb
measurements in excluding/detecting DTC recurrences (i.e., diagnostic value), assisting in
theranostic decisions (theranostic value) and stratifying the DTC patients’ prognosis (i.e.,
prognostic value), respectively.

2. Thyroglobulin: Biology and Laboratory Medicine

Thyroglobulin is a large and heterogeneous iodinated glycoprotein with 660 kDa,
which is normally stored in the follicular colloid of the thyroid gland, being the substrate for
the production of thyroid hormones [10]. Since Tg is produced only by well-differentiated
thyroid cells, it is considered a reliable tumor marker for patients with DTC in the follow-
up after total thyroidectomy and radioiodine ablation to monitor residual or recurrent
disease [2]. Given that a measurable Tg concentration post-operatively suggests the pres-
ence of occult or overt residual disease, highly accurate and precise Tg measurement is
crucial [9]. Serum Tg can be determined using immunoassays (radioimmunoassays and im-
munometric assays) and liquid chromatography-tandem mass spectrometry (LC-MS/MS)
assays [10]. These methods have different analytical sensitivity, specificity and suscepti-
bility to interference. Currently, most laboratories use immunometric assays to measure
serum Tg (Tg-IMA), as they are available in high-throughput automated instruments with
rapid turnaround times [11,12]. Current Tg-IMA has a very satisfactory ability to detect
low serum Tg concentrations [13]. This characteristic is properly referred to as analytical
sensitivity and includes three main analytical parameters: limit of detection (LOD), limit of
quantitation (LOQ) and functional sensitivity (FS) (Table 3) [13-17].

Table 3. Definition of the parameters defining analytical sensitivity [15-18].

Parameter Definition

Concentration of thyroglobulin corresponding to a coefficient of
variation of 20%.

Functi 1 itivit . . . . . .
unctional Sensitivity Determined in pools of thyroglobulin-autoantibody-negative patients

(FS) in the clinically relevant concentration range, in two different lots of
reagents and calibrators, and over a period of 6 months.

Limit of Detection The lowest analyte concentration distinguished from the limit of the

(LOD) blank with 95% confidence.
The lowest analyte concentration reliably measurable, within
pre-defined accuracy goals for total allowable error
(bias and imprecision).
Limit of Quantitation Determined with the use of 2 reagent lots, one instrument system,
(LOQ) 3 days, at least 4 independent low-level samples and 3 replicates per

day, resulting in at least 36 total low-concentration sample replicates
per reagent lot (3 days x 4 independent low-level
samples x 3 replicates).

The introduction of Tg-IMA with high analytical sensitivity into clinical practice
has reduced the need to use thyroid hormone withdrawal or rhTSH stimulation to mea-
sure serum Tg concentrations during initial and long-term follow-up of patients with
DTC [13]. Precisely, many studies have demonstrated that unstimulated serum Tg concen-
trations < 0.2 ug/L ruled out additional stimulation tests in most cases [19-23]. Based on
these observations, an expert consensus has reasonably defined Tg-IMA with LOQ < 0.2 pug/L
as “highly sensitive” [14] (Table 4).
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Table 4. Main analytical characteristics of the most used thyroglobulin immunometric assays, as
quoted by manufacturers [13].

Manufacturer Tg Assay Principle Analytical Sensitivity (ug/L) Assay Classification
LOB 0.05
Abbott Architect Tg CLIA LOD 0.09 High sensitivity
LOQO0.14
LOB 0.07
Abbott Alinity I Tg CLIA LOD 0.09 High sensitivity
LOQO0.14
Beckman Coulter Access Tg CLIA AS <0.1 High sensitivity
LoD 0.09
BRAHMS BRAHMS h-Tg . .
LoQ0.17 High tivit
Thermofisher Sensitive KRYPTOR TRACE °Q 1B Sensitvity
FS0.15
LOD 0.1 . o
. . .« . ®
Diasorin Liaison™ Tg II Gen CLIA LOQ 0.17 High sensitivity
Mindray Thyroglobulin (Tg) CLIA AS <0.1 High sensitivity
LOB 0.02
Roche Diagnostics AG Elecsys Tg I ECLIA LOD 0.04 High sensitivity
LOQO0.1
LOB 0.026
Siemens Healthineers Atellica® IM CLIA LOD 0.036 High sensitivity
LOQ 0.05
. LOD 0.2
Siemens Healthineers Immulite 2000 Tg CLIA FS 0.9 Conventional
Shenzhen New LOBO0.1
Industries Biomedical Maglumi® TG CLIA LOD 0.25 Conventional
Engineering Diagnostic LOQO0.8

Legend: CLIA, chemiluminescent assay; CV, coefficient of variation; ECLIA, electro-chemiluminescence assay;
AS, analytical sensitivity; FS, functional sensitivity; LOB, limit of blank; LOD, limit of detection; LOQ, limit of
quantitation; M, manufacturer; Tg, thyroglobulin; TRACE, time-resolved amplified cryptate emission. Note: Tg
assays with functional sensitivity or LOQ higher than 0.2 ug/L are classified as conventional; Tg assays with functional
sensitivity or LOQ of 0.2 pg/L or less are referred to as high sensitivity. Information updated in January 2024.

As Tg is a large and heterogeneous iodinated glycoprotein, antibodies with different
antigen specificities are used in Tg-IMA format [10]. Consequently, different Tg-IMA could
provide different Tg concentrations in the same sample [11,24]. Although the introduction
of the certified reference material (CRM 457)—now known as BCR® 457—has reduced the
variability between methods from approximately 60% to 30% [25], such difference remains
significant, and the eventual variation in the method could cause an interpretative problem
in serial monitoring of Tg [26,27]. In addition, the same Tg assay producer and, whenever
possible, the same laboratory, should be maintained over the follow-up. If it is necessary
to change the method, a period of overlap between the previous and the new entry assay
should be performed to realign serum Tg levels [9,13], either prospectively or via parallel
measurement of frozen reserve aliquots from previous follow-up examinations (if the
institution carrying out the tumor follow-up has set up a reserve serum bank). Similar to
other immunometric tests, the main limitation of Tg-IMA is their exposure to interferences,
primarily heterophile antibodies (HAb), anti-Tg antibodies (TgAb) or substances such as
biotin. HAb are human antibodies, which can bind to animal antigens [10]. In Tg-IMA,
HAD can lead to a false-positive result (rarely a negative result) [28,29].

The presence of HAD results in formation of a bridge between the capture and de-
tection antibody in the absence of the analyte [30]. HAbs affect approximately 1% of Tg
measurements via Tg-IMA [31], although a recent paper by Barbesino et al. reported a
higher HADb frequency of up to 3.6% [32]. Assessment of HAb interferences is not sug-
gested as a routine practice and should be requested when discordances occur between
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measurable Tg concentrations and clinical presentation [30]. HAb interference can be
assessed with various approaches, including [33] (1) use of an alternative immunoassay to
measure Tg; (2) sample treatment with commercially available heterophilic blocking tubes;
(3) verification of linearity following serial dilutions of the sample; (4) precipitation with
polyethylene glycol (PEG); (5) use of LC-MS/MS to measure Tg (Tg-MS) [30,32]. TgAb
interference must be considered when measuring Tg as a tumor marker [34]. Positive
TgAb may be related to decreased or increased serum Tg concentrations in widely used
Tg-IMA [35-37]. Approximately 20-25% of DTC patients have measurable TgAb levels at
first diagnosis [9,38]. Consequently, in clinical practice, it is recommended to perform TgAb
measurements together with serum Tg when monitoring patients with DTC in order to
evaluate the reliability of the Tg result [2,14]. Two technical approaches have been described
to determine the presence of TgAb: Tg recovery test, with its mini-recovery version, or
measurement of serum TgAb concentration [37,39,40]. Currently, direct measurement of
TgAb via immunoassays is more widely used, since recovery tests can only detect strong
interferences, demonstrating no additional clinical benefit [2,14]. TgAb immunoassays were
originally developed to diagnose autoimmune thyroiditis [38]. Although commercially
available TgAb immunoassays claim standardization with respect to the first International
Reference Preparation 65/93, several studies have demonstrated high variability in the
analytical performance of the different TgAb immunoassays in terms of capability of detec-
tion (LOD, LOQ and FS), concordance between the methods and reference range and/or
positivity cut-off for autoimmune thyroid disease [41-44] (Table 5).

Table 5. Main analytical characteristics of the most used antithyroglobulin antibody immunoassays,
as quoted by manufacturers [38,41-43].

Manufacturer TgAb Assay Principle Analytical Sensitivity (KIU/L)  MCO (kIU/L)
Abbott Diagnostics ARCHITECT Anti-Tg CLIA el 411
LOB 0.05
Abbott Diagnostics Alinity I Anti-Tg CLIA LOD0.11 411
LOQ0.33
Access Thyroglobulin LOB 0.17
Beckman Coulter Antibody II CLIA LOD 0.37 4
BRAHMS BRAHMS ANTI-TG Lop?
-TGn
Thermofisher @ KRYPTOR TRACE LOQ 424 3
FS 33
LOD 5
. . ® .
Diasorin LIAISON™ Anti-Tg CLIA LOQ 10 100
. Antibody to thyroglobulin
Mindray (anti-TG) CLIA AS <09 4
LOB7
Roche Diagnostics Elecsys Anti-Tg ECLIA LOD 10 115
LOQ 15
Atellica® IM rone? 13b
Siemens Healthineers Anti-Thyroglobulin IT (aTgll) CLIA LOD 0.9 iac
LOQ0.9
Siemens Healthineers ~ IMMULITE® 2000 Anti-TG Ab CLIA LOD 22 40
Shenzhen New
Industries Biomedical Maglumi® TGA CLIA LOD 0.5 95

Engineering Diagnostic

Legend: AS, analytical sensitivity; CLIA, chemiluminescence immunoassay; ECLIA, electro-chemiluminescence
immunoassay; FS, functional sensitivity; LOD, limit of detection; LOQ, limit of quantitation; MCO, manufacturer
cut-off level; TgAb, antithyroglobulin antibodies; TRACE, time-resolved amplified cryptate emission. # All
methods are standardized with the International Reference Preparation 65/93 and use International Units (kIU/L),
except for BRAHMS ANTI-TGn, which use kAU/L. Information updated on January 2024. b Obtained from
apparently healthy subjects. ¢ Suggestive of autoimmune thyroid disease.
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Inter-method variability could be due to differences in the preparation and in the
presentation of Tg in the assay, which could influence the exposure of immunodominant
epitopes [11,42,45]. The poor agreement between methods has important clinical implica-
tions, as the classification and concentration of TgAb will differ depending on the assay [11].
Notably, the degree of interference is not related to serum TgAb levels, and it varies between
patients and between Tg-IMA. Thus, any TgAb assay may not detect some interfering
TgADb [9,34,42]. Since TgAb concentrations—still within the reference range and/or positiv-
ity cut-off—can already cause significant interference in Tg measurements, some experts
have suggested the use of the method-specific LOD, LOQ or FS as a possible threshold for
the detection of analytical interference of TgAb [13,14,27,41,46]. This analytical approach
is not universally shared, and some other authors have proposed higher TgAb cut-offs
derived from clinical data to reduce false-positive results. In fact, some study groups
demonstrated that lower TgAb titers are unlikely to affect the clinical application of Tg as a
tumor marker measured via Tg-IMA [47-49]. All in all, TgAD levels should be assessed
using the same method over time and re-aligned when an assay change is unavoidable.
This is relevant when TgAb levels are adopted as a surrogate tumor marker [14,50]. In
recent years, the use of Tg-MS has been increasingly emerging to identify and overcome
the interference of HAbs and TgAb in Tg measurement [33,51]. In fact, the use of trypsin
digestion in the Tg-MS process results in the cleavage of all proteins, thus eliminating anti-
bodies, which could constitute potential interferences [11,52,53]. Several studies reported
an excellent agreement and correlation between Tg-MS and Tg-IMA, with the differences
between them less than 10% in TgAb-negative cases [27,52,53]. Conversely, in most TgAb-
positive cases, Tg concentrations are significantly higher in Tg-MS, although the degree of
underestimation varies depending on the Tg-IMA used for comparison [33]. In a recent
study, Barbesino et al. reported an excellent correlation between Tg-IMA and Tg-MS in
both TgAb-negative samples (R? = 0.94) and TgAb-positive samples (R? = 0.86), with no
statistically significant difference between the values obtained with the two methods in a
cohort of subjects with DTC and positive for TgAb [32]. Notably, the results of this study
demonstrated that, in patients with structural disease and positive for TgAb, serum Tg
not detectable via Tg-IMA is often undetectable or, in any case, very low even if measured
with Tg-MS, suggesting the absence of Tg in the majority of sera containing TgAb, both
in patients with structural disease and in those free of disease [32]. Apart from the lim-
ited analytical sensitivity of TG-MS compared to the current Tg-IMA, other reasons have
been hypothesized to explain the undetectable Tg via Tg-MS in patients with structural
disease: the presence of a Tg variant, which alters the cleavage of trypsin sites, making
the peptides obtained undetectable; the lack of Tg secretion by some DTCs despite being
well-differentiated tumors; the increased metabolic clearance of the circulating Tg-TgAb
complexes in TgAb-positive patients in vivo [10,32,54]. Further studies are necessary to
support or not the proposed hypotheses [55]. Undoubtedly, there are still many steps to be
taken toward the harmonization of Tg-MS assays. In particular, they still present substantial
differences in the assignment of the calibrator, although the most recent methods show
excellent concordance of the results [14,56]. Furthermore, Tg-MS remains an expensive
and time-consuming technique, whose real clinical superiority in the measurement of Tg
compared to Tg-IMA has not yet been demonstrated. For this reason, it is not a first-line test
but only an alternative approach in selected cases [14]. Biotin may potentially interfere with
many immunometric tests, resulting in falsely increased or decreased values [57]. Biotin is
the hydro-soluble vitamin B7, which is present both in vegetables and meat [57]. This type
of interference has emerged in recent years due to its wide use in the cosmetic field (up to
20 mg/day) and in the therapy of progressive multiple sclerosis at very high doses (up to
300 mg/day). Even Tg-IMA using streptavidin-biotin in their format may be susceptible to
this type of interference, and being sandwich tests, the effect will be an underestimation,
suggesting to the clinician an improvement in the patient’s disease status [58]. Little data
are available on the interference of biotin in Tg measurement, and for the most part, these
are clinical reports [57,59]. Currently, the extent of the interference depends on the dose
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taken, the digestion time and the Tg-IMA used [59]. If interference with biotin is suspected,
it is recommended to re-sample after biotin termination for a period of time depending on
the dosage taken [60]. Alternatively, it is recommended to consider using another method,
which is not based on biotin-streptavidin binding, performing the serial dilution test and
removing excess biotin using streptavidin-coated beads [61,62].

3. Thyroglobulin: Diagnostic and Prognostic Value
3.1. Pre-Operative Tg Measurement

For clarification of the malignant potential of thyroid nodules, Tg measurement is
decidedly not recommended in the guidelines of international thyroid societies, such as
the British Thyroid Association [63] or the American Thyroid Association [2]. The main
argument for this is that an increased Tg release is found not only in thyroid follicular
cell-derived carcinomas (DTC) but also in various benign thyroid processes (e.g., thyroid
enlargement, benign thyroid nodules, hyperthyroidism, thyroiditis), and it is therefore
very unspecific [64], in contrast to calcitonin, which has a relatively high specificity with
regard to “screening” for medullary thyroid carcinoma (MTC) [65]. For example, in a
case report, an extreme Tg elevation up to 22,000 ng/mL was recorded in a patient with
Hashimoto’s thyroiditis [66]. However, there are constellations (“niche indications”) in
which Tg measurement is discussed as a helpful diagnostic contribution. It is not always
possible to exclude malignancy of thyroid lesions with the desired degree of certainty by
using diagnostic imaging, and not all nodules that appear suspicious can be clarified using
fine-needle aspiration cytology. This is particularly the case with multi-nodular goiters and
with nodules in unfavorable locations. In addition, fine-needle biopsy results in Bethesda
category Iin up to 19% of cases and categories IIl and IV in up to 20% of cases [67-69]; since
such cases predominantly turn out to be benign lesions, but there is still an increased risk
of malignancy, there is generally a need for further clarification with the aim of improving
the ratio of justified to avoidable surgical interventions. Since the availability of Tg assays,
it has been investigated to what extent Tg measurement—in comparison or in addition
to other diagnostic procedures—has a role in the differentiation between malignant and
benign thyroid nodules [70]. Some of those studies focus on the Tg in cases where cytology
is indeterminate. Following a systematic review evaluating publications from the period
2001-2014 [19], significant differences between benign and malignant nodules in the mean
Tg values were described in most of the studies, and the Tg proved to be an independent
predictor of malignancy; however, almost all studies found suboptimal accuracy in distin-
guishing malignant from benign nodules. Most of the evaluated studies used Tg cut-off
values between 75 and 300 ng/mL, with the resulting sensitivity/specificity of 58-75%/
49-76% (cut-off of 75 ng/mL) or 21-58% /62-95% (cut-off of 300 ng/mL). In some more
recent studies, ROC analyses found folding sensitivities/specificities: 58%/91% at the
optimal Tg cut-off of 188.5 ng/mL [71] and 72%/73% at 53 ng/mL [72]. When focusing
on fine-needle-biopsied nodules with indeterminate cytology, DTC was confirmed in the
majority (>75%) of cases when this criterion was combined with the respective determined
Tg cut-off value being exceeded, and in some studies, there was a significantly higher
malignancy rate with increasing node size as an additional criterion [72-75]. Thus, elevated
Tg values can serve as an argument to recommend surgery for nodules with indeterminate
cytology. Some authors have suggested the inclusion of Tg measurement in the follow-
up of patients who had to undergo irradiation of the neck region in childhood (mostly
due to lymphoma) and therefore belong to a special risk group [76]. Another individual
constellation is Tg measurement in cancer of unknown primary (CUP) syndrome when
extensive metastases have been objectified in diagnostic imaging and an immunohistochem-
ical classification is not available, especially if there is also a suspicious nodular thyroid
finding [77-79]. Accordingly, in patients with CUP and thyroid nodules, DTC is present in
most cases if the Tg value is significantly elevated (ROC analyses in order to determine a
suitable cut-off value, however, were not carried out). Various attempts have been made to
improve the specificity of the Tg measurement by linking it with other diagnostic param-
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eters. For example, the value of a TSH/Tg ratio or Tg/TSH ratio was examined [80-83].
Ultimately, however, such ratio cannot significantly improve the accuracy of diagnosing
a DTC.

3.2. Post-Operative Tg Measurement in Confirmed DTC
3.2.1. Tg in Monitoring the Therapeutic Effect and Follow-Up Care

In contrast, Tg measured post-operatively in confirmed DTC has an undisputed central
diagnostic role as a tumor marker [2,63], with its diagnostic specificity increasing the more
radically the benign thyroid tissue had been ablated. The specificity of a single Tg value
is maximum with additional radioiodine ablation of the remnant thyroid tissue, is usu-
ally still high with only surgical thyroidectomy and is—according to a recently published
meta-analysis [84]—already limited if only lobectomy has been carried out. The release
of Tg from both non-malignant thyrocytes and DTC cells is generally TSH-dependent,
and the serum concentration under maximum TSH stimulation is on average an order
of magnitude higher than under TSH-suppressive thyroid hormone administration. In a
meta-analysis on the diagnostic value of Tg using first-generation assays [85], a diagnostic
sensitivity of 0.778 & 0.023 was determined for unstimulated Tg (under TSH-suppressive
thyroid hormone medication), with a median cut-off of 2 ng/mL determined via ROC
analysis; for stimulated Tg, on the other hand, the diagnostic sensitivity was 0.961 £ 0.013,
with a median cut-off of 3 ng/mL. Accordingly, unstimulated Tg measurements per-
formed with first-generation assays have insufficient diagnostic sensitivity. Therefore, Tg
measurement under maximum TSH stimulation (6-18 months after total thyroidectomy
and adjuvant radioiodine therapy) was long regarded as the gold standard for ensuring
remission in patients without TgAb interference and was also recommended in many
guidelines [2,63,86,87]. As far as the justification for this approach is concerned, all the
above-mentioned guidelines mainly refer to two literature sources [88,89], according to
which a 98-99.5% probability of a tumor-free status can be assumed if the TSH-stimulated
Tg (s-Tg) value is below a defined cut-off (0.5 ng/mL in the BTA guideline, 1.0 ng/mL
in the ATA guideline); in this case, further follow-up care may be limited to basal Tg
measurements and high-resolution neck ultrasonography every 6-12 months. However,
if the s-Tg value exceeds a defined cut-off (BTA: 1.0 ng/mL, ATA: 2.0 ng/mL), further
diagnostic and therapeutic measures should follow. However, this concept also gave rise
to criticism.

Achieving maximum TSH stimulation solely for the purpose of optimizing the diagnos-
tic value of Tg measurement (without an indication for parallel radioiodine scintigraphy)
seems inappropriate in terms of the burden on the patient (in the case of endogenous TSH
stimulation) or the high costs of >1000 (in the case of exogenous stimulation with thTSH).

The aforementioned guideline recommendations focus on a single s-Tg measurement
6-18 months after completion of primary therapy; although recurrences do indeed manifest
themselves mostly within this early period, they can also occur many years later, which is
why sensitive recurrence detection is also desirable in the further course.

The range of stimulability of Tg release achievable by TSH is very wide; less differenti-
ated thyroid carcinomas are documented, which still have the capacity for basal Tg release
but only have limited stimulability.

The proportion of DTC patients in whom the s-Tg is >2 ng/mL is given as 20-25% [87],
whereby the Tg result of this patient population must be assessed as “false-positive” in as
many as two-thirds of the cases, as they will remain free of clinical disease and will have
stable or decreasing s-Tg levels over time.

The proportion of DTC patients in whom s-Tg values are measured in the gray zone
(0.5-2.0 ng/mL) is reported to be 15-20% [87]. For this group of people, periodic repetitions
of thTSH-stimulated Tg measurement at approximately 1-year intervals are recommended
until a pathological increase in Tg is no longer detectable; this is not a satisfactory solution
in terms of patient burden, costs and efficiency.
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In recent years, the treatment of DTC has become less radical for many tumor stages,
which is why adjuvant radioiodine therapy is performed less frequently, and even total
surgical thyroidectomy is more often avoided. Accordingly, the treated patients also come
into follow-up care with a larger amount of Tg-secreting residual thyroid tissue. The
aforementioned guideline recommendations are not designed for this situation.

The data underlying the guidelines are still based on the results of first-generation
assays, and the question arises as to whether a change to these follow-up concepts is
appropriate, given the highly sensitive Tg (hsTg) assays available since the new millennium.

Especially since almost all major suppliers of automated laboratory systems have
been offering hsTg assays with a limit of quantification (LOQ) < 0.2 ng/mL over the
last 20 years, this technique has become increasingly established in laboratories, with a
corresponding increase in the number of publications addressing the clinical evaluation of
hsTg measurement. The focus of these publications was predominantly on the question
of whether a single unstimulated hsTg (u-hsTG) value can predict the result of the s-Tg
value—which was previously considered the gold standard for evaluating tumor status
after thyroidectomy and RIT—with sufficient reliability. In a meta-analysis on this topic,
in which the results of 3187 DTC patients (post-thyroidectomy, predominantly adjuvant
RIT) from nine studies were evaluated, the predictive value of a u-hsTg of <0.1 ng/mL
measured under L-thyroxine intake (with regard to exceeding a s-Tg cut-off of 1.0 or
2.0 ng/mL) was determined [19]. For the Access automated system used in most of
the studies evaluated, an NPV of 97% (s-Tg cut-off of 1.0 ng/mL) or 99% (s-Tg cut-off
of 2.0 ng/mL) and a PPV of 70% (s-Tg cut-off of 1.0 ng/mL) or 42% (s-Tg cut-off of
2.0 ng/mL) were calculated. Based on this, the authors conclude that s-Tg measurement in
TgAb-free sera as a rule can be dispensed with if u-hsTg measurements are <0.1 ng/mL.
However, in the meta-analysis cited above [19], the authors point out that the s-Tg value
considered here as a reference is merely a surrogate for the tumor status and that the
actual “gold standard” with regard to freedom from recurrence is a long-term clinical
follow-up. To date, there are only a few studies, which have investigated the predictive
value of u-hsTg measurement over a long-term follow-up. In a study where >10 years of
follow-up were evaluated, there was an NPV /PPV with regard to recurrence-free survival
for u-hsTg of 97.3%/35.7% (Tg cut-off of 0. 09 ng/mL) and 95.2%/85.7% (Tg cut-off of
0.2 ng/mL), respectively, and for s-Tg of 98.6%/36.4% (Tg cut-off of 0.5 ng/mL) and
96.7%/42.9% (Tg cut-off of 1.0 ng/mL), respectively. The authors conclude based on
this that s-Tg and u-hsTg have a comparably high predictive power for recurrence-free
survival [90]. The disadvantage of the limited specificity of a single u-hsTg value, which
is only moderately above the LOQ, can be overcome by assessing the dynamics of the
course of serial hsTg measurements under continuous thyroid hormone intake. As early
as the 1980s, it was postulated that a continuous increase in Tg is highly suggestive of a
progressive recurrence, even if no structural disease has yet been localized in the affected
patient [91]. In the meantime, it has been proven that this also applies to the highly sensitive
Tg range [92]. It is noteworthy that in all the guidelines cited at the beginning, the trend
of serial Tg measurement under thyroid hormone intake in the course is classified as
helpful for identifying recurrences and as superior to the single value, but none of these
guidelines makes specific recommendations on how to approach this dynamic of Tg values
quantitatively. Some studies have investigated the significance of the Tg doubling time
(Tg-DT), analogous to the calculation of the doubling time of other tumor markers, such as
calcitonin, CEA and PSA, which has been established for years. In a meta-analysis on this
subject [93], a positive association was observed between Tg-DT < 1 year and recurrence
or disease progression (for patients with Tg-DT < 1 year, the survival/risk ratio was 2.09).
Furthermore, Tg-DT was found to be related with ['®FJFDG PET/CT results among patients
with negative radioiodine WBS. In a retrospective study [92], Tg-DT alone did not prove to
be an independent survival predictor in all patients with progressive DTC (especially not
in patients with only minor lymphogenic metastasis); however, when focusing on patients
with a high tumor burden (Tg > 100 ng/mL), significant differences in survival rates were
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found when the Tg-DT was classified into the three groups of < 3 months, 3-12 months and
>12 months. Concerning the Tg dynamics measured in the highly sensitive value range, the
criterion “Tg increase of at least 0.1 ng/mL AND at least a doubling in the value compared
to the Tg nadir measured during follow-up” seems to be a reasonable preliminary threshold
for suspected recurrence, above which intensified localization diagnostic measures are
justified [94]. Non-specific (“artificial”) continuous Tg increases—despite relatively stable
corresponding TSH values—occur only rarely, for example with increasing development of
heterophilic autoantibodies [31] or during pregnancy [95,96]. To investigate the gain of time,
which could be achieved with serial u-hsTg measurements based on a usual follow-up cycle
compared to a first-generation assay, hsTg re-determinations were carried out from frozen
reserve samples from patients in whom recurrences were confirmed during follow-up
from 6 months to 21 years after initial diagnosis of DTC [97]. At the corresponding time
points, the Tg values measured with the first-generation assay were below its LOQ. With
an approximately 6-month follow-up cycle, the recurrence was detectable 5-15 months
earlier than with the first-generation assay due to a significant increase in hsTg values.
Other authors [98] reported a similar gain of time of 612 months.

In a current expert consensus paper, detailed state-of-the-art recommendations for
handling highly sensitive Tg measurements were published [14]. These recommendations
state, among other aspects, that Tg should be measured after doctors—if possible—had
waited at least 4 weeks following surgery and 4 months following RIT to assess Tg values
and that TSH should always be measured simultaneously to determine TSH. The latter
is relevant in demonstrating a comparable TSH stimulation in the follow-up period. Fur-
thermore, it is stated that Tg measurement in particular with hsTg assays is not a reliable
tool for disease recurrence in DTC patients after lobectomy. However, hsTg assays can be
adopted in patients treated with total thyroidectomy who did not receive adjuvant RIT,
as cured patients show low Tg levels, which will remain stable or even decline over the
follow-up period [14].

3.2.2. Tg in Post-Operative Decision Making: A Theranostic Marker?

Conventionally, post-operative DTC risk stratification integrates different prognostic
clinical and pathological data obtained from pre-operative assessment, intra-operative
findings and early post-operative testing, aiming to predict disease-specific mortality and
risk of recurrence. Until 2015, most patients received radioiodine after surgery, and the
role of Tg measurement was pivotal, as summarized above, in early detection of persistent
or recurrent disease, the provision of prognostic information and long-term follow-up
guidance for DTC patients. Then, a trend toward de-escalating iodine-131 (!3!I) treatment
emerged in the following years [2]. A three-tiered post-operative risk evaluation based on
histopathology is adopted to make decisions on post-operative 3T application. Inherently,
such system cannot detect post-operative persistent disease (i.e., biochemical, structural
or functional), which requires curative '>!T administration. Notably, however, it should be
noted that the decision between watchful waiting, remnant 3!I ablation or adjuvant 1
therapy should be made depending on the individual tumor situation (i.e., confirmed or
highly suspected persistent disease or not).

Therefore, the ATA risk groups remain important in patient management, but further
variables should be taken into account, preferably in a multi-disciplinary tumor board,
in line with the individualized, targeted therapeutic approach [99]. The post-operative
administration of 13!], encompassing the diagnostic (i.e., post-therapy whole body scan, PT-
WBS) and therapeutic dimensions, has been used for many years as the cornerstone for the
detection of persistent disease, assessing 13! avidity and predicting 3!I treatment response.
However, the current omission of 13'I treatment in many patients prevents the attending
physician from obtaining that information, and other predictive markers are needed. In an
effort to achieve an even more individualized therapeutic concept for each DTC patient
after surgery, the importance of post-operative Tg determination before adopting further
measures (“pre-ablation Tg” before adjuvant RIT) was recently investigated, as baseline
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pre-ablation Tg levels are robustly related to the chance of obtaining remission of disease or
having persistent or recurrent disease following the initial 1317 treatment [100]. Therefore,
serum Tg was also proposed to inform '3'1 therapy in patients with low-risk DTC [101-103].
However, post-operative Tg is affected by several variables (i.e., the thyroid remnant tis-
sue, the time passed following surgery, the Tg cut-off level, the TSH level and the risk of
relapsing disease or metastases). Moreover, Tg autoantibodies (TgAb) may significantly
affect the level of serum Tg in up to one-quarter of DTC patients early post-operatively [14].
Accordingly, Tg normal values mathematically normalized to serum TSH levels and thyroid
remnant volume may enhance the reliability of post-operative serum Tg measurement, but
technical problems still hamper this approach. Notably, early detection of post-operative
persistent disease is pivotal to optimizing '3!1 treatment in terms of patients’ preparation
and administered 3!I activities to maximize the treatment’s effectiveness. Accordingly,
identification of relapsing/metastatic DTC may cause an escalation in administered 3!
activity. Recently, a retrospective multi-centric study was performed in a European popula-
tion of 1317 DTC patients with negative TgAb, adopting a decision tree model to predict
PT-WBS results [99]. This model integrated post-operative Tg and TSH levels, patients’
clinical and demographic data, thyroid remnant volume and ATA risk groups. It generated
an algorithm predicting whether the DTC lesions following surgical treatment will be
detected using PT-WBS. The combination of serum Tg values and lymph node involvement
outperformed all other tested variables in predicting persistent disease after surgery and
provided reliable support for making a clinical decision. Overall, the information provided
is highly relevant to modifying the baseline risk stratification and selecting therapeutic
rather than adjuvant 13T administration in patients with a high probability of persistent
and/or metastatic disease.

4. Conclusions

The monitoring of DTC patients over time aims to timely detect the few individuals
carrying post-treatment persistent or relapsing disease. Unstimulated hs Tg provides
accurate diagnostic and prognostic information. More recently, adopting sophisticated
statistical analysis (i.e., decision tree models), the use of Tg before radioiodine theranostic
application proved to be useful in refining conventional, pathology-based risk stratification
and informing a personalized application of additional adjuvant or therapeutic radioiodine
administrations (i.e., radioiodine theranostics).

Author Contributions: Conceptualization, L.G. and R.G.; Methodology, L.G.; Data curation, L.G.,
ED., PPO. and R.G.; Writing, L.G., ED., P.P.O. and R.G; Supervision, L.G., ED., PP.O. and R.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.

1. Rossi, E.D.; Pantanowitz, L.; Hornick, J.L. A Worldwide Journey of Thyroid Cancer Incidence Centred on Tumour Histology.
Lancet Diabetes Endocrinol. 2021, 9, 193-194. [CrossRef] [PubMed]

2. 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] [PubMed]


https://doi.org/10.1016/S2213-8587(21)00049-8
https://www.ncbi.nlm.nih.gov/pubmed/33662332
https://doi.org/10.1089/THY.2015.0020
https://www.ncbi.nlm.nih.gov/pubmed/26462967

J. Clin. Med. 2024, 13, 2463 12 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Michael Tuttle, R.; Ahuja, S.; Avram, A.M.; Bernet, V.J.; Bourguet, P.; Daniels, G.H.; Dillehay, G.; Draganescu, C.; Flux, G,;
Fiihrer, D.; et al. Controversies, Consensus, and Collaboration in the Use of 1311 Therapy in Differentiated Thyroid Cancer: A
Joint Statement from the American Thyroid Association, the European Association of Nuclear Medicine, the Society of Nuclear
Medicine and Molecular Imaging, and the European Thyroid Association. Thyroid 2019, 29, 461-470. [CrossRef]

Pizzimenti, C.; Fiorentino, V.; Ieni, A.; Rossi, E.D.; Germana, E.; Giovanella, L.; Lentini, M.; Alessi, Y.; Tuccari, G.; Campenni, A;
et al. BRAF-AXL-PD-L1 Signaling Axis as a Possible Biological Marker for RAI Treatment in the Thyroid Cancer ATA Intermediate
Risk Category. Int. . Mol. Sci. 2023, 24, 10024. [CrossRef] [PubMed]

Campenni, A.; Barbaro, D.; Guzzo, M.; Capoccetti, F.; Giovanella, L. Personalized Management of Differentiated Thyroid Cancer
in Real Life—Practical Guidance from a Multidisciplinary Panel of Experts. Endocrine 2020, 70, 280-291. [CrossRef]

Filetti, S.; Durante, C.; Hartl, D.; Leboulleux, S.; Locati, L.D.; Newbold, K.; Papotti, M.G.; Berruti, A. Thyroid Cancer: ESMO
Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2019, 30, 1856-1883. [CrossRef] [PubMed]
Grebe, S.K.G. Diagnosis and Management of Thyroid Carcinoma: A Focus on Serum Thyroglobulin. Expert Rev. Endocrinol. Metab.
2014, 4, 25-43. [CrossRef]

Giovanella, L. Highly Sensitive Thyroglobulin Measurements in Differentiated Thyroid Carcinoma Management. Clin. Chem. Lab.
Med. 2008, 46, 1067-1073. [CrossRef] [PubMed]

Giovanella, L.; Clark, PM.; Chiovato, L.; Duntas, L.; Elisei, R.; Feldt-Rasmussen, U.; Leenhardt, L.; Luster, M.; Schalin-Jantti, C.;
Schott, M.; et al. Thyroglobulin Measurement Using Highly Sensitive Assays in Patients with Differentiated Thyroid Cancer: A
Clinical Position Paper. Eur. J. Endocrinol. 2014, 171. [CrossRef] [PubMed]

Algeciras-Schimnich, A. Thyroglobulin Measurement in the Management of Patients with Differentiated Thyroid Cancer. Crit.
Rev. Clin. Lab. Sci. 2018, 55, 205-218. [CrossRef] [PubMed]

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

Evans, C.; Tennant, S.; Perros, P. Thyroglobulin in Differentiated Thyroid Cancer. Clin. Chim. Acta 2015, 444, 310-317. [CrossRef]
[PubMed]

Spencer, C.; LoPresti, J.; Fatemi, S. How Sensitive (Second-Generation) Thyroglobulin Measurement Is Changing Paradigms for
Monitoring Patients with Differentiated Thyroid Cancer, in the Absence or Presence of Thyroglobulin Autoantibodies. Curr. Opin.
Endocrinol. Diabetes Obes. 2014, 21, 394-404. [CrossRef] [PubMed]

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

Demers, L.M.; Spencer, C.A. Laboratory Medicine Practice Guidelines: Laboratory Support for the Diagnosis and Monitoring of
Thyroid Disease. Clin. Endocrinol. 2003, 58, 138-140. [CrossRef] [PubMed]

Armbruster, D.A.; Pry, T. Limit of Blank, Limit of Detection and Limit of Quantitation. Clin. Biochem. Rev. 2008, 29, S52.
EP17A2 | Evaluation of Detection Capability for Clinical Laboratory Measurement Procedures, 2nd ed. Available online:
https:/ /clsi.org/standards/products/method-evaluation/documents/ep17/ (accessed on 2 March 2024).

Oosterhuis, W.P.; Bayat, H.; Armbruster, D.; Coskun, A.; Freeman, K.P,; Kallner, A.; Koch, D.; Mackenzie, F.; Migliarino, G.;
Orth, M,; et al. The Use of Error and Uncertainty Methods in the Medical Laboratory. Clin. Chem. Lab. Med. 2018, 56, 209-219.
[CrossRef] [PubMed]

Giovanella, L.; Treglia, G.; Sadeghi, R.; Trimboli, P.; Ceriani, L.; Verburg, FA. Unstimulated Highly Sensitive Thyroglobulin in
Follow-Up of Differentiated Thyroid Cancer Patients: A Meta-Analysis. J. Clin. Endocrinol. Metab. 2014, 99, 440-447. [CrossRef]
[PubMed]

Giovanella, L.; Duntas, L.H. MANAGEMENT OF ENDOCRINE DISEASE: The Role of RhTSH in the Management of Differenti-
ated Thyroid Cancer: Pros and Cons. Eur. |. Endocrinol. 2019, 181, R133-R145. [CrossRef] [PubMed]

Chindris, A.M.; Diehl, N.N.; Crook, J.E.; Fatourechi, V.; Smallridge, R.C. Undetectable Sensitive Serum Thyroglobulin
(<0.1 Ng/Ml) in 163 Patients with Follicular Cell-Derived Thyroid Cancer: Results of Rh\TSH Stimulation and Neck Ultra-
sonography and Long-Term Biochemical and Clinical Follow-Up. J. Clin. Endocrinol. Metab. 2012, 97, 2714-2723. [CrossRef]
[PubMed]

Malandrino, P.; Latina, A.; Marescalco, S.; Spadaro, A.; Regalbuto, C.; Fulco, R.A.; Scollo, C.; Vigneri, R.; Pellegriti, G. Risk-
Adapted Management of Differentiated Thyroid Cancer Assessed by a Sensitive Measurement of Basal Serum Thyroglobulin. J.
Clin. Endocrinol. Metab. 2011, 96, 1703-1709. [CrossRef]

Spencer, C.; Fatemi, S.; Singer, P.; Nicoloff, ].; Lopresti, ]. Serum Basal Thyroglobulin Measured by a Second-Generation Assay
Correlates with the Recombinant Human Thyrotropin-Stimulated Thyroglobulin Response in Patients Treated for Differentiated
Thyroid Cancer. Thyroid 2010, 20, 587-595. [CrossRef] [PubMed]

Feldt-Rasmussen, U.; Schlumberger, M. European Interlaboratory Comparison of Serum Thyroglobulin Measurement. ].
Endocrinol. Investig. 1988, 11, 175-181. [CrossRef] [PubMed]

Spencer, C.A.; Bergoglio, L.M.; Kazarosyan, M.; Fatemi, S.; LoPresti, ].S. Clinical Impact of Thyroglobulin (Tg) and Tg Autoanti-
body Method Differences on the Management of Patients with Differentiated Thyroid Carcinomas. J. Clin. Endocrinol. Metab.
2005, 90, 5566-5575. [CrossRef] [PubMed]


https://doi.org/10.1089/THY.2018.0597
https://doi.org/10.3390/IJMS241210024
https://www.ncbi.nlm.nih.gov/pubmed/37373171
https://doi.org/10.1007/S12020-020-02418-X
https://doi.org/10.1093/annonc/mdz400
https://www.ncbi.nlm.nih.gov/pubmed/31549998
https://doi.org/10.1586/17446651.4.1.25
https://doi.org/10.1515/CCLM.2008.212
https://www.ncbi.nlm.nih.gov/pubmed/18605946
https://doi.org/10.1530/EJE-14-0148
https://www.ncbi.nlm.nih.gov/pubmed/24743400
https://doi.org/10.1080/10408363.2018.1450830
https://www.ncbi.nlm.nih.gov/pubmed/29546779
https://doi.org/10.1515/CCLM-2014-0813
https://www.ncbi.nlm.nih.gov/pubmed/25355247
https://doi.org/10.1016/J.CCA.2014.10.035
https://www.ncbi.nlm.nih.gov/pubmed/25444737
https://doi.org/10.1097/MED.0000000000000092
https://www.ncbi.nlm.nih.gov/pubmed/25122493
https://doi.org/10.1093/EJENDO/LVAD109
https://www.ncbi.nlm.nih.gov/pubmed/37625447
https://doi.org/10.1046/J.1365-2265.2003.01681.X
https://www.ncbi.nlm.nih.gov/pubmed/12580927
https://clsi.org/standards/products/method-evaluation/documents/ep17/
https://doi.org/10.1515/CCLM-2017-0341
https://www.ncbi.nlm.nih.gov/pubmed/28796637
https://doi.org/10.1210/JC.2013-3156
https://www.ncbi.nlm.nih.gov/pubmed/24285679
https://doi.org/10.1530/EJE-19-0149
https://www.ncbi.nlm.nih.gov/pubmed/31252412
https://doi.org/10.1210/JC.2011-3017
https://www.ncbi.nlm.nih.gov/pubmed/22639286
https://doi.org/10.1210/JC.2010-2695
https://doi.org/10.1089/THY.2009.0338
https://www.ncbi.nlm.nih.gov/pubmed/20470203
https://doi.org/10.1007/BF03350129
https://www.ncbi.nlm.nih.gov/pubmed/3372957
https://doi.org/10.1210/JC.2005-0671
https://www.ncbi.nlm.nih.gov/pubmed/15985472

J. Clin. Med. 2024, 13, 2463 13 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Schlumberger, M.; Hitzel, A.; Toubert, M.E.; Corone, C.; Troalen, F.; Schlageter, M.H.; Claustrat, F; Koscielny, S.; Taieb, D.;
Toubeau, M.; et al. Comparison of Seven Serum Thyroglobulin Assays in the Follow-Up of Papillary and Follicular Thyroid
Cancer Patients. J. Clin. Endocrinol. Metab. 2007, 92, 2487-2495. [CrossRef] [PubMed]

Netzel, B.C.; Grebe, SK.G.; Leon, B.G.C.; Castro, M.R.; Clark, PM.; Hoofnagle, A.N.; Spencer, C.A.; Turcu, A.F,; Algeciras-
Schimnich, A. Thyroglobulin (Tg) Testing Revisited: Tg Assays, TgAb Assays, and Correlation of Results With Clinical Outcomes.
J. Clin. Endocrinol. Metab. 2015, 100, E1074-E1083. [CrossRef] [PubMed]

Ding, L.; Shankara-Narayana, N.; Wood, C.; Ward, P; Sidhu, S.; Clifton-Bligh, R. Markedly Elevated Serum Thyroglobulin
Associated with Heterophile Antibodies: A Cautionary Tale. Thyroid 2013, 23, 771-772. [CrossRef] [PubMed]

Giovanella, L.; Ghelfo, A. Undetectable Serum Thyroglobulin Due to Negative Interference of Heterophile Antibodies in Relapsing
Thyroid Carcinoma. Clin. Chem. 2007, 53, 1871-1872. [CrossRef] [PubMed]

Favresse, J.; Burlacu, M.C.; Maiter, D.; Gruson, D. Interferences with Thyroid Function Immunoassays: Clinical Implications and
Detection Algorithm. Endocr. Rev. 2018, 39, 830-850. [CrossRef] [PubMed]

Giovanella, L.; Keller, E; Ceriani, L.; Tozzoli, R. Heterophile Antibodies May Falsely Increase or Decrease Thyroglobulin
Measurement in Patients with Differentiated Thyroid Carcinoma. Clin. Chem. Lab. Med. 2009, 47, 952-954. [CrossRef] [PubMed]
Barbesino, G.; Algeciras-Schimnich, A.; Bornhorst, ]. Thyroglobulin Assay Interferences: Clinical Usefulness of Mass-Spectrometry
Methods. . Endocr. Soc. 2022, 7, bvac169. [CrossRef] [PubMed]

Netzel, B.C.; Grebe, S.K.G.; Algeciras-Schimnich, A. Usefulness of a Thyroglobulin Liquid Chromatography-Tandem Mass
Spectrometry Assay for Evaluation of Suspected Heterophile Interference. Clin. Chem. 2014, 60, 1016-1018. [CrossRef] [PubMed]
Verburg, EA.; Luster, M.; Cupini, C.; Chiovato, L.; Duntas, L.; Elisei, R.; Feldt-Rasmussen, U.; Rimmele, H.; Seregni, E.; Smit,
JW.A_; et al. Implications of Thyroglobulin Antibody Positivity in Patients with Differentiated Thyroid Cancer: A Clinical
Position Statement. Thyroid 2013, 23, 1211-1225. [CrossRef] [PubMed]

Spencer, C.A.; Takeuchi, M.; Kazarosyan, M.; Wang, C.C.; Guttler, R.B.; Singer, P.A.; Fatemi, S.; LoPresti, ].S.; Nicoloff, ].T. Serum
Thyroglobulin Autoantibodies: Prevalence, Influence on Serum Thyroglobulin Measurement, and Prognostic Significance in
Patients with Differentiated Thyroid Carcinoma. J. Clin. Endocrinol. Metab. 1998, 83, 1121-1127. [CrossRef] [PubMed]

Rosario, PW.S.; Maia, FER.; Fagundes, T.A.; Vasconcelos, F.P.; Cardoso, L.D.; Purisch, S. Antithyroglobulin Antibodies in Patients
with Differentiated Thyroid Carcinoma: Methods of Detection, Interference with Serum Thyroglobulin Measurement and Clinical
Significance. Arq. Bras. Endocrinol. Metabol. 2004, 48, 487-492. [CrossRef] [PubMed]

Verburg, FA.; Hartmann, D.; Grelle, I.; Giovanella, L.; Buck, A.K.; Reiners, C. Relationship between Antithyroglobulin Autoanti-
bodies and Thyroglobulin Recovery Rates Using Different Thyroglobulin Concentrations in the Recovery Buffer. Horm. Metab.
Res. 2013, 45, 728-735. [CrossRef] [PubMed]

Spencer, C.A.; LoPresti, ].S. Measuring Thyroglobulin and Thyroglobulin Autoantibody in Patients with Differentiated Thyroid
Cancer. Nat. Clin. Pract. Endocrinol. Metab. 2008, 4, 223-233. [CrossRef] [PubMed]

Persoon, A.C.M.; Links, T.P.; Wilde, J.; Sluiter, W.J.; Wolffenbuttel, B.H.R.; Van Den Ouweland, ].M.W. Thyroglobulin (Tg)
Recovery Testing with Quantitative Tg Antibody Measurement for Determining Interference in Serum Tg Assays in Differentiated
Thyroid Carcinoma. Clin. Chem. 2006, 52, 1196-1199. [CrossRef] [PubMed]

Giovanella, L.; Verburg, FA.; Trimboli, P.; Imperiali, M.; Keller, F; Ceriani, L. Measuring Thyroglobulin in Patients with
Thyroglobulin Autoantibodies: Evaluation of the Clinical Impact of BRAHMS Kryptor® Tg-Minirecovery Test in a Large Series of
Patients with Differentiated Thyroid Carcinoma. Clin. Chem. Lab. Med. 2019, 57, 1185-1191. [CrossRef] [PubMed]

Spencer, C.; Petrovic, I; Fatemi, S. Current Thyroglobulin Autoantibody (TgAb) Assays Often Fail to Detect Interfering TgAb
That Can Result in the Reporting of Falsely Low/Undetectable Serum Tg IMA Values for Patients with Differentiated Thyroid
Cancer. J. Clin. Endocrinol. Metab. 2011, 96, 1283-1291. [CrossRef]

Katrangi, W.; Grebe, S.K.G.; Algeciras-Schimnich, A. Analytical and Clinical Performance of Thyroglobulin Autoantibody Assays
in Thyroid Cancer Follow-Up. Clin. Chem. Lab. Med. 2017, 55, 1987-1994. [CrossRef] [PubMed]

D’Aurizio, F; Metus, P,; Ferrari, A.; Caruso, B.; Castello, R.; Villalta, D.; Steffan, A.; Gaspardo, K.; Pesente, F; Bizzaro, N.;
et al. Definition of the Upper Reference Limit for Thyroglobulin Antibodies According to the National Academy of Clinical
Biochemistry Guidelines: Comparison of Eleven Different Automated Methods. Auto. Immun. Highlights 2017, 8, 8. [CrossRef]
[PubMed]

Cheng, X.; Yu, S;; Jin, C.; Han, S.; Hu, Y.; Zhang, K.; Liu, H.; Qiu, L. Comparison of Three Different Assays for Measuring
Thyroglobulin and Thyroglobulin Antibodies in Patients with Chronic Lymphocytic Thyroiditis. Clin. Biochem. 2017, 50,
1183-1187. [CrossRef] [PubMed]

La’ulu, S.L.; Slev, PR.; Roberts, W.L. Performance Characteristics of 5 Automated Thyroglobulin Autoantibody and Thyroid
Peroxidase Autoantibody Assays. Clin. Chim. Acta 2007, 376, 88-95. [CrossRef] [PubMed]

Cubero, J.M.; Rodriguez-Espinosa, J.; Gelpi, C.; Estorch, M.; Corcoy, R. Thyroglobulin Autoantibody Levels below the Cut-off for
Positivity Can Interfere with Thyroglobulin Measurement. Thyroid 2003, 13, 659—-661. [CrossRef]

Cortes, M.C.S.; Rosario, PW.,; Oliveira, L.EF,; Calsolari, M.R. Clinical Impact of Detectable Antithyroglobulin Antibodies Below
the Reference Limit (Borderline) in Patients with Papillary Thyroid Carcinoma with Undetectable Serum Thyroglobulin and
Normal Neck Ultrasonography after Ablation: A Prospective Study. Thyroid 2018, 28, 229-235. [CrossRef]


https://doi.org/10.1210/JC.2006-0723
https://www.ncbi.nlm.nih.gov/pubmed/17426102
https://doi.org/10.1210/JC.2015-1967
https://www.ncbi.nlm.nih.gov/pubmed/26079778
https://doi.org/10.1089/THY.2012.0477
https://www.ncbi.nlm.nih.gov/pubmed/23294194
https://doi.org/10.1373/CLINCHEM.2007.093229
https://www.ncbi.nlm.nih.gov/pubmed/17885144
https://doi.org/10.1210/ER.2018-00119
https://www.ncbi.nlm.nih.gov/pubmed/29982406
https://doi.org/10.1515/CCLM.2009.230
https://www.ncbi.nlm.nih.gov/pubmed/19589101
https://doi.org/10.1210/JENDSO/BVAC169
https://www.ncbi.nlm.nih.gov/pubmed/36438548
https://doi.org/10.1373/CLINCHEM.2014.224816
https://www.ncbi.nlm.nih.gov/pubmed/24812415
https://doi.org/10.1089/THY.2012.0606
https://www.ncbi.nlm.nih.gov/pubmed/23692026
https://doi.org/10.1210/JCEM.83.4.4683
https://www.ncbi.nlm.nih.gov/pubmed/9543128
https://doi.org/10.1590/S0004-27302004000400008
https://www.ncbi.nlm.nih.gov/pubmed/15761511
https://doi.org/10.1055/S-0033-1349890
https://www.ncbi.nlm.nih.gov/pubmed/23959452
https://doi.org/10.1038/NCPENDMET0757
https://www.ncbi.nlm.nih.gov/pubmed/18268520
https://doi.org/10.1373/CLINCHEM.2005.060103
https://www.ncbi.nlm.nih.gov/pubmed/16574765
https://doi.org/10.1515/CCLM-2018-1390
https://www.ncbi.nlm.nih.gov/pubmed/30835250
https://doi.org/10.1210/JC.2010-2762
https://doi.org/10.1515/CCLM-2017-0034
https://www.ncbi.nlm.nih.gov/pubmed/28672730
https://doi.org/10.1007/S13317-017-0096-3
https://www.ncbi.nlm.nih.gov/pubmed/28631225
https://doi.org/10.1016/J.CLINBIOCHEM.2017.08.004
https://www.ncbi.nlm.nih.gov/pubmed/28802863
https://doi.org/10.1016/J.CCA.2006.07.018
https://www.ncbi.nlm.nih.gov/pubmed/16945360
https://doi.org/10.1089/105072503322240013
https://doi.org/10.1089/THY.2017.0350

J. Clin. Med. 2024, 13, 2463 14 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Dekker, B.L.; Van Der Horst-Schrivers, A.N.A.; Sluiter, W.J.; Brouwers, A.H.; Lentjes, E.G.W.M.; Heijboer, A.C.; Muller Kobold,
A.C; Links, T.P. Clinical Applicability of Low Levels of Thyroglobulin Autoantibodies as Cutoff Point for Thyroglobulin
Autoantibody Positivity. Thyroid 2019, 29, 71-78. [CrossRef] [PubMed]

Dekker, B.L.; van der Horst-Schrivers, A.N.A.; Brouwers, A.H.; Shuford, C.M.; Kema, I.P.; Muller Kobold, A.C.; Links, T.P. Clinical
Irrelevance of Lower Titer Thyroglobulin Autoantibodies in Patients with Differentiated Thyroid Carcinoma. Eur. Thyroid ]. 2022,
11, €220137. [CrossRef] [PubMed]

Van Kinschot, C.M.].; Peeters, R.P.; Van Den Berg, S.A.A.; Verburg, FA.; Van Noord, C.; Van Ginhoven, T.M.; Visser, W.E.
Thyroglobulin and Thyroglobulin Antibodies: Assay-Dependent Management Consequences in Patients with Differentiated
Thyroid Carcinoma. Clin. Chem. Lab. Med. 2022, 60, 756-765. [CrossRef]

Barbesino, G.; Algeciras-Schimnich, A.; Bornhorst, J.A. False Positives in Thyroglobulin Determinations Due to the Presence of
Heterophile Antibodies: An Underrecognized and Consequential Clinical Problem. Endocr. Pract. 2021, 27, 396—400. [CrossRef]
[PubMed]

Clarke, N.J.; Zhang, Y.; Reitz, R.E. A Novel Mass Spectrometry-Based Assay for the Accurate Measurement of Thyroglobulin
from Patient Samples Containing Antithyroglobulin Autoantibodies. J. Investig. Med. 2012, 60, 1157-1163. [CrossRef]

Kushnir, M.M.; Rockwood, A.L.; Roberts, W.L.; Abraham, D.; Hoofnagle, A.N.; Meikle, A.W. Measurement of Thyroglobulin by
Liquid Chromatography-Tandem Mass Spectrometry in Serum and Plasma in the Presence of Antithyroglobulin Autoantibodies.
Clin. Chem. 2013, 59, 982-990. [CrossRef] [PubMed]

Nishihara, E.; Hobo, Y.; Miyauchi, A.; Ito, Y.; Higuchi, M.; Hirokawa, M.; Ito, M.; Fukata, S.; Nishikawa, M.; Akamizu, T. Serum
Thyroglobulin Evaluation on LC-MS/MS and Immunoassay in TgAb-Positive Patients with Papillary Thyroid Carcinoma. Eur.
Thyroid ]. 2022, 11, €210041. [CrossRef] [PubMed]

Rosario, PW.; Souza Cértes, M.C.; Mourao, G.F. Follow-Up of Patients with Thyroid Cancer and Antithyroglobulin Antibodies: A
Review for Clinicians. Endocr. Relat. Cancer 2021, 28, R111-R119. [CrossRef] [PubMed]

Netzel, B.C.; Grant, R.P; Hoofnagle, A.N.; Rockwood, A.L.; Shuford, C.M.; Grebe, S.K.G. First Steps toward Harmonization of
LC-MS/MS Thyroglobulin Assays. Clin. Chem. 2016, 62, 297-299. [CrossRef] [PubMed]

Ylli, D.; Soldin, S.J.; Stolze, B.; Wei, B.; Nigussie, G.; Nguyen, H.; Mendu, D.R.; Mete, M.; Wu, D.; Gomes-Lima, C.J.; et al. Biotin
Interference in Assays for Thyroid Hormones, Thyrotropin and Thyroglobulin. Thyroid 2021, 31, 1160-1170. [CrossRef] [PubMed]
Tourbah, A.; Lebrun-Frenay, C.; Edan, G.; Clanet, M.; Papeix, C.; Vukusic, S.; De Seze, ].; Debouverie, M.; Gout, O.; Clavelou, P,;
et al. MD1003 (High-Dose Biotin) for the Treatment of Progressive Multiple Sclerosis: A Randomised, Double-Blind, Placebo-
Controlled Study. Mult. Scler. 2016, 22, 1719-1731. [CrossRef] [PubMed]

Wijeratne, N.G.; Doery, ].C.G.; Lu, Z.X. Positive and Negative Interference in Immunoassays following Biotin Ingestion: A
Pharmacokinetic Study. Pathology 2012, 44, 674-675. [CrossRef]

Grimsey, P; Frey, N.; Bendig, G.; Zitzler, ].; Lorenz, O.; Kasapic, D.; Zaugg, C.E. Population Pharmacokinetics of Exogenous Biotin
and the Relationship between Biotin Serum Levels and In Vitro Immunoassay Interference. Int. J. Pharmacokinet. 2017, 2, 247-256.
[CrossRef]

Trambas, C.; Lu, Z; Yen, T.; Sikaris, K. Depletion of Biotin Using Streptavidin-Coated Microparticles: A Validated Solution to the
Problem of Biotin Interference in Streptavidin-Biotin Immunoassays. Ann. Clin. Biochem. 2018, 55, 216-226. [CrossRef]

Yang, J.; Wiencek, J.R. Mitigating Biotin Interference in Two Roche Immunoassays by Premixing Biotinylated Capturing Molecules
with Streptavidin Coated Beads. Clin. Chim. Acta 2020, 505, 130-135. [CrossRef] [PubMed]

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. S1), 1-122. [CrossRef]

Rink, T.; Dembowski, W.; Schroth, H.J.; Klinger, K. Impact of Serum Thyroglobulin Concentration in the Diagnosis of Benign and
Malignant Thyroid Diseases. Nuklearmedizin 2000, 39, 133-138. [PubMed]

Broecker-Preuss, M.; Simon, D.; Fries, M.; Kornely, E.; Weber, M.; Vardarli, I.; Gilman, E.; Herrmann, K.; Gorges, R. Update
on Calcitonin Screening for Medullary Thyroid Carcinoma and the Results of a Retrospective Analysis of 12,984 Patients with
Thyroid Nodules. Cancers 2023, 15, 2333. [CrossRef]

Moriyama, K.; Akamizu, T.; Umemoto, M.; Miura, M.; Saijo, M.; Taniguchi, K.; Nakao, K. A Case of Hashimoto’s Thyroiditis with
Markedly Elevated Serum Thyroglobulin and Evidence of Its Influence on the Measurement of Anti-Thyroglobulin Antibody by
Highly Sensitive Assays. Endocr. J. 1999, 46, 687-693. [CrossRef] [PubMed]

Trimboli, P.; Treglia, G.; Giovanella, L. Preoperative Measurement of Serum Thyroglobulin to Predict Malignancy in Thyroid
Nodules: A Systematic Review. Horm. Metab. Res. 2015, 47, 247-252. [CrossRef] [PubMed]

Deniwar, A.; Hambleton, C.; Thethi, T.; Moroz, K.; Kandil, E. Examining the Bethesda Criteria Risk Stratification of Thyroid
Nodules. Pathol. Res. Pract. 2015, 211, 345-348. [CrossRef]

Eszlinger, M.; Ullmann, M.; Ruschenburg, I.; Bohme, K.; Gorke, E; Franzius, C.; Adam, S.; Molwitz, T.; Landvogt, C.; Amro,
B.; et al. Low Malignancy Rates in Fine-Needle Aspiration Cytologies in a Primary Care Setting in Germany. Thyroid 2017, 27,
1385-1392. [CrossRef] [PubMed]

Christensen, S.B.; Bondeson, L.; Ericsson, U.B.; Lindholm, K. Prediction of Malignancy in the Solitary Thyroid Nodule by Physical
Examination, Thyroid Scan, Fine-Needle Biopsy and Serum Thyroglobulin. A Prospective Study of 100 Surgically Treated
Patients—PubMed. Acta Chir. Scand. 1984, 150, 433-439. [PubMed]


https://doi.org/10.1089/THY.2018.0195
https://www.ncbi.nlm.nih.gov/pubmed/30351209
https://doi.org/10.1530/ETJ-22-0137
https://www.ncbi.nlm.nih.gov/pubmed/36169927
https://doi.org/10.1515/CCLM-2021-1046
https://doi.org/10.1016/J.EPRAC.2020.10.011
https://www.ncbi.nlm.nih.gov/pubmed/33581326
https://doi.org/10.2310/JIM.0B013E318276DEB4
https://doi.org/10.1373/CLINCHEM.2012.195594
https://www.ncbi.nlm.nih.gov/pubmed/23396140
https://doi.org/10.1530/ETJ-21-0041
https://www.ncbi.nlm.nih.gov/pubmed/34981756
https://doi.org/10.1530/ERC-21-0012
https://www.ncbi.nlm.nih.gov/pubmed/33690160
https://doi.org/10.1373/CLINCHEM.2015.245266
https://www.ncbi.nlm.nih.gov/pubmed/26430076
https://doi.org/10.1089/THY.2020.0866
https://www.ncbi.nlm.nih.gov/pubmed/34042535
https://doi.org/10.1177/1352458516667568
https://www.ncbi.nlm.nih.gov/pubmed/27589059
https://doi.org/10.1097/PAT.0B013E32835A3C17
https://doi.org/10.4155/ipk-2017-0013
https://doi.org/10.1177/0004563217707783
https://doi.org/10.1016/J.CCA.2020.02.021
https://www.ncbi.nlm.nih.gov/pubmed/32084383
https://doi.org/10.1111/CEN.12515
https://www.ncbi.nlm.nih.gov/pubmed/10984889
https://doi.org/10.3390/CANCERS15082333
https://doi.org/10.1507/ENDOCRJ.46.687
https://www.ncbi.nlm.nih.gov/pubmed/10670755
https://doi.org/10.1055/S-0034-1395517
https://www.ncbi.nlm.nih.gov/pubmed/25384015
https://doi.org/10.1016/J.PRP.2015.02.005
https://doi.org/10.1089/THY.2017.0167
https://www.ncbi.nlm.nih.gov/pubmed/28982301
https://www.ncbi.nlm.nih.gov/pubmed/6495973

J. Clin. Med. 2024, 13, 2463 15 of 16

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kars, A.; Aktan, B.; Kilic, K.; Sakat, M.S.; Gozeler, M.S.; Yoriik, O.; Mutlu, V.; Yllmaz, S. Preoperative Serum Thyroglobulin Level
as a Useful Predictive Marker to Differentiate Thyroid Cancer. ORL J. Otorhinolaryngol. Relat. Spec. 2018, 80, 290-295. [CrossRef]
[PubMed]

Hulikal, N.; Azhagamuthu, R.E.; Banoth, M.; Chowhan, A K; Yutla, M.; Sachan, A. Can Preoperative Serum Thyroglobulin Levels
Predict the Risk of Malignancy? Results from Prospective Analysis of Biochemical Predictors of Malignancy in Thyroid Nodules.
Acta Otorhinolaryngol. Ital. 2020, 40, 33-37. [CrossRef] [PubMed]

Sands, N.B.; Karls, S.; Rivera, J.; Tamilia, M.; Hier, M.P; Black, M.].; Gologan, O.; Payne, R.]. Preoperative Serum Thyroglobulin as
an Adjunct to Fine-Needle Aspiration in Predicting Well-Differentiated Thyroid Cancer. J. Otolaryngol. Head Neck Surg. 2010, 39,
669-673. [PubMed]

Lee, S.H.; Baek, ].S.; Lee, ].Y.; Lim, J.A.; Cho, S.Y.; Lee, T.H.; Ku, YH.; Kim, H.I.; Kim, M.]. Predictive Factors of Malignancy in
Thyroid Nodules with a Cytological Diagnosis of Follicular Neoplasm. Endocr. Pathol. 2013, 24, 177-183. [CrossRef] [PubMed]
Lee, EK,; Chung, KW,; Min, H.S.; Kim, T.S.; Kim, T.H.; Ryu, ].S.; Jung, Y.S.; Kim, S.K,; Lee, Y.J. Preoperative Serum Thyroglobulin
as a Useful Predictive Marker to Differentiate Follicular Thyroid Cancer from Benign Nodules in Indeterminate Nodules. ]. Korean
Med. Sci. 2012, 27, 1014-1018. [CrossRef] [PubMed]

Lando, A.; Holm, K.; Nysom, K.; Krogh Rasmussen, A.; Hoier Madsen, M.; Feldt-Rasmussen, U.; Miiller, J. Serum Thyroglobulin
as a Marker of Thyroid Neoplasms after Childhood Cancer. Acta Paediatr. 2003, 92, 1284-1290. [CrossRef] [PubMed]

Panza, N.; Lombardi, G.; De Rosa, M.; Pacilio, G.; Lapenta, L.; Salvatore, M. High Serum Thyroglobulin Levels. Diagnostic
Indicators in Patients with Metastases from Unknown Primary Sites. Cancer 1987, 60, 2233-2236. [CrossRef]

Edmonds, C.J.; Willis, C.L. Serum Thyroglobulin in the Investigation of Patients Presenting with Metastases. Br. J. Radiol. 1988, 61,
317-319. [CrossRef] [PubMed]

Shah, D.H.; Kumar, A.; Vijayan, U.; Dandekar, S.R.; Krishna, B.A.; Rao, R.S. Clinical Utility of Serum Thyroglobulin in Metastatic
Disease. Indian |. Med. Res. 1994, 100, 232-236. [PubMed]

Wang, L,; Li, H.; Yang, Z.; Guo, Z.; Zhang, Q. Preoperative Serum Thyrotropin to Thyroglobulin Ratio Is Effective for Thyroid
Nodule Evaluation in Euthyroid Patients. Otolaryngol. Head Neck Surg. 2015, 153, 15-19. [CrossRef]

Yazici, P.; Mihmanli, M.; Bozkurt, E.; Ozturk, FY.; Uludag, M. Which Is the Best Predictor of Thyroid Cancer: Thyrotropin,
Thyroglobulin or Their Ratio? Hormones 2016, 15, 256-263. [CrossRef] [PubMed]

Karvounis, E.; Kappas, I.; Angelousi, A.; Makris, G.M.; Siamatras, T.D.; Kassi, E. The Diagnostic and Predictive Accuracy of
Thyroglobulin to TSH Ratio and TSH to Thyroglobulin Ratio in Detecting Differentiated Thyroid Carcinoma in Normothyroid
Patients with Thyroid Nodules: A Retrospective Cohort Study and Systematic Review of the Literature. Oncol. Rev. 2021, 14,
152-157. [CrossRef] [PubMed]

Aydogdu, Y.F,; Emreol, U.; Emre, G.; Buyukkasap, C.; Akin, M. Determination of Diagnostic Features of Serum Thyroid Hormones
and Thyroglobulin Ratios in Normothyroid Differentiated Thyroid Carcinoma Cases. Med. Bull. Sisli Etfal Hosp. 2023, 57, 257.
[CrossRef] [PubMed]

Giovanella, L.; Ceriani, L.; Garo, M.L. Is Thyroglobulin a Reliable Biomarker of Differentiated Thyroid Cancer in Patients Treated
by Lobectomy? A Systematic Review and Meta-Analysis. Clin. Chem. Lab. Med. 2022, 60, 1091-1100. [CrossRef] [PubMed]
Eustatia-Rutten, C.EA.; Smit, ] W.A.; Romijn, ].A.; Van Der Kleij-Corssmit, E.P.M.; Pereira, A.M.; Stokkel, M.P.; Kievit, J. Diagnostic
Value of Serum Thyroglobulin Measurements in the Follow-Up of Differentiated Thyroid Carcinoma, a Structured Meta-Analysis.
Clin. Endocrinol. 2004, 61, 61-74. [CrossRef] [PubMed]

Pacini, F.; Schlumberger, M.; Dralle, H.; Elisei, R.; Smit, ] W.A.; Wiersinga, W.; Moreno-Reyes, R.; Van den Bruel, A.; Zira, C,;
Feldt-Rasmussen, U.; et al. European Consensus for the Management of Patients with Differentiated Thyroid Carcinoma of the
Follicular Epithelium. Eur. ]. Endocrinol. 2006, 154, 787-803. [CrossRef] [PubMed]

Cooper, D.S.; Doherty, G.M.; Haugen, B.R; Kloos, R.T.; Lee, S.L.; Mandel, S.J.; Mazzaferri, E.L.; Mclver, B.; Pacini, F.; Schlumberger,
M.; et al. Revised American Thyroid Association Management Guidelines for Patients with Thyroid Nodules and Differentiated
Thyroid Cancer. Thyroid 2009, 19, 1167-1214. [CrossRef] [PubMed]

Kloos, R.T.; Mazzaferri, E.L. A Single Recombinant Human Thyrotropin-Stimulated Serum Thyroglobulin Measurement Predicts
Differentiated Thyroid Carcinoma Metastases Three to Five Years Later. J. Clin. Endocrinol. Metab. 2005, 90, 5047-5057. [CrossRef]
[PubMed]

Castagna, M.G; Brilli, L.; Pilli, T.; Montanaro, A.; Cipri, C.; Fioravanti, C.; Sestini, F.; Capezzone, M.; Pacini, F. Limited Value
of Repeat Recombinant Human Thyrotropin (RhTSH)-Stimulated Thyroglobulin Testing in Differentiated Thyroid Carcinoma
Patients with Previous Negative Rh\TSH-Stimulated Thyroglobulin and Undetectable Basal Serum Thyroglobulin Levels. J. Clin.
Endocrinol. Metab. 2008, 93, 76-81. [CrossRef] [PubMed]

Pabst, K.M.; Seifert, R.; Hirmas, N.; Broecker-Preuss, M.; Weber, M.; Peter Fendler, W.; Bartel, T.; Theurer, S.; Herrmann, K.;
Gorges, R. Predictive Value of Highly Sensitive Basal versus Stimulated Thyroglobulin Measurement in Long-Term Follow-Up of
Thyroid Cancer. Endocr. Connect. 2023, 12, e220312. [CrossRef] [PubMed]

Black, E.G.; Sheppard, M.C.; Hoffenberg, R. Serial Serum Thyroglobulin Measurements in the Management of Differentiated
Thyroid Carcinoma. Clin. Endocrinol. 1987, 27, 115-120. [CrossRef] [PubMed]

Rossing, R.M.; Jentzen, W.; Nagarajah, J.; Bockisch, A.; Gorges, R. Serum Thyroglobulin Doubling Time in Progressive Thyroid
Cancer. Thyroid 2016, 26, 1712-1718. [CrossRef] [PubMed]


https://doi.org/10.1159/000491932
https://www.ncbi.nlm.nih.gov/pubmed/30253396
https://doi.org/10.14639/0392-100X-N0276
https://www.ncbi.nlm.nih.gov/pubmed/32275647
https://www.ncbi.nlm.nih.gov/pubmed/21144363
https://doi.org/10.1007/S12022-013-9263-X
https://www.ncbi.nlm.nih.gov/pubmed/24014040
https://doi.org/10.3346/JKMS.2012.27.9.1014
https://www.ncbi.nlm.nih.gov/pubmed/22969246
https://doi.org/10.1080/08035250310006322
https://www.ncbi.nlm.nih.gov/pubmed/14696848
https://doi.org/10.1002/1097-0142(19871101)60:9%3C2233::aid-cncr2820600922%3E3.0.co;2-y
https://doi.org/10.1259/0007-1285-61-724-317
https://www.ncbi.nlm.nih.gov/pubmed/3370417
https://www.ncbi.nlm.nih.gov/pubmed/7829158
https://doi.org/10.1177/0194599815579877
https://doi.org/10.14310/HORM.2002.1677
https://www.ncbi.nlm.nih.gov/pubmed/27376428
https://doi.org/10.4081/ONCOL.2020.439
https://www.ncbi.nlm.nih.gov/pubmed/33505608
https://doi.org/10.14744/SEMB.2023.77012
https://www.ncbi.nlm.nih.gov/pubmed/37899801
https://doi.org/10.1515/CCLM-2022-0154
https://www.ncbi.nlm.nih.gov/pubmed/35475431
https://doi.org/10.1111/J.1365-2265.2004.02060.X
https://www.ncbi.nlm.nih.gov/pubmed/15212646
https://doi.org/10.1530/EJE.1.02158
https://www.ncbi.nlm.nih.gov/pubmed/16728537
https://doi.org/10.1089/THY.2009.0110
https://www.ncbi.nlm.nih.gov/pubmed/19860577
https://doi.org/10.1210/JC.2005-0492
https://www.ncbi.nlm.nih.gov/pubmed/15972576
https://doi.org/10.1210/JC.2007-1404
https://www.ncbi.nlm.nih.gov/pubmed/17971424
https://doi.org/10.1530/EC-22-0312
https://www.ncbi.nlm.nih.gov/pubmed/36507775
https://doi.org/10.1111/J.1365-2265.1987.TB00846.X
https://www.ncbi.nlm.nih.gov/pubmed/3652482
https://doi.org/10.1089/THY.2016.0031
https://www.ncbi.nlm.nih.gov/pubmed/27750024

J. Clin. Med. 2024, 13, 2463 16 of 16

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Giovarnella, L.; Garo, M.L.; Albano, D.; Gorges, R.; Ceriani, L. The Role of Thyroglobulin Doubling Time in Differentiated Thyroid
Cancer: A Meta-Analysis. Endocr. Connect. 2022, 11, €210648. [CrossRef] [PubMed]

Gorges, R.; Binse, I. Stellenwert Konventioneller vs. Hochsensitiver Thyreoglobulin-Assays in Der Nachsorge Des Differenzierten
Schilddriisenkarzinoms. In Schilddriise 2015—Personalisierte Schilddriisenmedizin; Fihrer, D., Ed.; Lehmanns Media: Cologne,
Germany, 2016; pp. 203-217.

Murray, ].R.; Williams, G.R.; Harrington, K.J.; Newbold, K.; Nutting, C.M. Rising Thyroglobulin Tumour Marker during Pregnancy
in a Thyroid Cancer Patient: No Cause for Alarm? Clin. Endocrinol. 2012, 77, 155-157. [CrossRef]

Baumgarten, J.; Happel, C.; Groener, D.; Staudt, J.; Bockisch, B.; Sabet, A.; Griinwald, F; Rink, T. Retrospective Analysis of the
Development of Human Thyroglobulin during Pregnancy in Patients with Treated Non-Recurrent Differentiated Thyroid Cancer.
Curr. Oncol. 2022, 29, 4012-4019. [CrossRef] [PubMed]

Gorges, R.; Brandt-Mainz, K.; Freudenberg, L.; Frilling, A.; Grimm, W.; Bockisch, A. Continously Increasing Sensitivity in Thyroid
Cancer Aftercare in the Course of Three Generations of Thyroglobulin IMAs. Nuklearmedizin 2003, 42, 157-166. [CrossRef]
[PubMed]

Zophel, K,; Wunderlich, G.; Smith, B.R. Serum Thyroglobulin Measurements with a High Sensitivity Enzyme-Linked Immunosor-
bent Assay: Is There a Clinical Benefit in Patients with Differentiated Thyroid Carcinoma? Thyroid 2003, 13, 861-865. [CrossRef]
[PubMed]

Giovanella, L.; Milan, L.; Roll, W.; Weber, M.; Schenke, S.; Kreissl, M.; Vrachimis, A.; Pabst, K.; Murat, T.; Petranovic Ovcaricek, P,;
et al. Postoperative Thyroglobulin as a Yard-Stick for Radioiodine Therapy: Decision Tree Analysis in a European Multicenter
Series of 1317 Patients with Differentiated Thyroid Cancer. Eur. J. Nucl. Med. Mol. Imaging 2023, 50, 2767-2774. [CrossRef]
[PubMed]

Webb, R.C.; Howard, R.S.; Stojadinovic, A.; Gaitonde, D.Y.; Wallace, M.K.; Ahmed, J.; Burch, H.B. The Utility of Serum
Thyroglobulin Measurement at the Time of Remnant Ablation for Predicting Disease-Free Status in Patients with Differentiated
Thyroid Cancer: A Meta-Analysis Involving 3947 Patients. J. Clin. Endocrinol. Metab. 2012, 97, 2754-2763. [CrossRef] [PubMed]
Vaisman, A.; Orlov, S.; Yip, J.; Hu, C.; Lim, T.; Dowar, M.; Freeman, J.L.; Walfish, P.G. Application of Post-Surgical Stimulated
Thyroglobulin for Radioiodine Remnant Ablation Selection in Low-Risk Papillary Thyroid Carcinoma. Head Neck 2010, 32,
689-698. [CrossRef] [PubMed]

Giovanella, L.; Ceriani, L.; Suriano, S.; Ghelfo, A.; Maffioli, M. Thyroglobulin Measurement before Rhn\TSH-Aided 1311 Ablation in
Detecting Metastases from Differentiated Thyroid Carcinoma. Clin. Endocrinol. 2008, 69, 659-663. [CrossRef]

Campenni, A.; Ruggeri, R.M,; Siracusa, M.; Comis, A.D.; Romano, D.; Vento, A.; Lanzafame, H.; Capoccetti, F.; Alibrandi, A.;
Baldari, S.; et al. Early Preablation RhnTSH-Stimulated Thyroglobulin Predicts Outcome of Differentiated Thyroid Cancer (DTC)
Patients. Eur. |. Nucl. Med. Mol. Imaging 2021, 48, 2466-2475. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1530/EC-21-0648
https://www.ncbi.nlm.nih.gov/pubmed/35245206
https://doi.org/10.1111/J.1365-2265.2011.04310.X
https://doi.org/10.3390/CURRONCOL29060320
https://www.ncbi.nlm.nih.gov/pubmed/35735429
https://doi.org/10.1055/s-0038-1625185
https://www.ncbi.nlm.nih.gov/pubmed/12937694
https://doi.org/10.1089/105072503322401050
https://www.ncbi.nlm.nih.gov/pubmed/14588100
https://doi.org/10.1007/s00259-023-06239-8
https://www.ncbi.nlm.nih.gov/pubmed/37121981
https://doi.org/10.1210/JC.2012-1533
https://www.ncbi.nlm.nih.gov/pubmed/22639291
https://doi.org/10.1002/HED.21371
https://www.ncbi.nlm.nih.gov/pubmed/20187016
https://doi.org/10.1111/J.1365-2265.2008.03244.X
https://doi.org/10.1007/S00259-020-05153-7

	Introduction 
	Thyroglobulin: Biology and Laboratory Medicine 
	Thyroglobulin: Diagnostic and Prognostic Value 
	Pre-Operative Tg Measurement 
	Post-Operative Tg Measurement in Confirmed DTC 
	Tg in Monitoring the Therapeutic Effect and Follow-Up Care 
	Tg in Post-Operative Decision Making: A Theranostic Marker? 


	Conclusions 
	References

