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Editorial on the Research Topic

Thyroid nodule evaluation: current, evolving, and emerging tools
Thyroid nodules are common, predominantly benign, asymptomatic on presentation,

and most often remain so (Uppal et al.) (1). Moreover, those that are malignant are

principally small low-risk neoplasms with an indolent course and minimal impact on

survival (2). Hence, most patients do not benefit from extensive evaluation, treatment, and

monitoring (2–5). On the contrary, costly diagnostic techniques and treatment may have a

detrimental impact on a patient’s physical, emotional, and financial status (Uppal et al.). In

the United States well over 500 000 fine-needle aspirations (FNAs) of thyroid nodules are

performed yearly with as many as 40% likely unnecessary (6). In European countries, such

as Germany and France, as well as well as in the United States, overtreatment is reflected by

most thyroidectomies performed for nodular thyroid disease prove to be for benign disease

while the minority that are malignant are principally comprised of low-risk thyroid cancers

(7). Recommendations from professional societies such as the American Association of

Clinical Endocrinologists (AACE), Associazione Medici Endocrinologi (AME) (2),

American Thyroid Association (ATA) (3), European Thyroid Association (ETA) (4),

and American College of Radiology (5) for reducing the collective burden of evaluating and

treating thyroid nodules and low risk thyroid cancers have had limited impact on achieving

this goal (6).

Over the past 3 decades narrative or written clinical practice guidelines (CPGs) have

emerged as an increasingly important tool to aid clinicians in managing a host of medical

conditions. Guidelines are regularly cited in publications and medical education forums

and used as a basis for medical decision making in both clinical and administrative settings.

Yet, despite their widespread clinical use, there is substantial room for improvement in the

following ways:
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• Establishing the cost effectiveness and validity of

recommendations, which are often based on expert

opinion, retrospective studies, and study populations that

are not generalizable.

• Evaluating their impact on patient quality of life

• Routinely disseminating, distributing, and implementing

guidelines

• Gauging their implementation by tracking their use and

applicability

• Cr e a t i n g me ch an i sms f o r v e t t i n g gu i d e l i n e

recommendations in various clinical situations and across

different populations and cultures

• Addressing their often-formidable length and the wealth of

information they contain, which makes them hard for

physicians to navigate as well as absorb and retain

(internalize)

• Providing timely updates of narrative multi-authored,

highly validated documents
Advanced Clinical Decisions Support Systems (CDSS)

addresses all the above-mentioned points by transforming CPGs

into computer interpretable guidelines (CIGs). CIGs are derived

from CPGs. They employ execution engines (programs) to analyze

patient-specific data to electronically generate, document, and track

recommendations (Garber and Patkar).

The articles in this Research Topic of Frontiers in

Endocrinology are written by a diverse group of authors

representing various specialties and regions. They cover the

gamut of tools available for evaluating thyroid nodules. They also

underscore the challenges in developing a streamlined, cost-

effective approach that minimizes unnecessary evaluation and

intervention that not only does not benefit patients but may harm

them while maximizing the chances for identifying clinically

significant disease that if left untreated would lead to

significant morbidity.

The diagnostic tools available to clinicians caring for patients

with thyroid nodules can be summarized in Table 1. Over time,

history and physical examination have taken on a marginal role in

evaluating thyroid nodules. This is due to several reasons. Many

nodules are discovered incidentally on imaging that is not being

performed to evaluate the thyroid gland. Since physical

examination is not as reliable as ultrasound in establishing the

presence, size, or characteristics of benign or malignant disease it is

less frequently or carefully performed. Thus, it is not regularly used

to follow patients with benign, inconsequential nodularity. This is

not without a downside. Greater reliance on ultrasound as a

monitoring tool and to facilitate fine needle aspiration of a

candidate nodule leads to surveying the remainder of the thyroid

gland for nodularity. While improving the yield and accuracy offine

needle aspiration, ultrasound often leads to the detection and

evaluation of clinically inapparent nodules that are either

diagnostically indeterminate or an inconsequential malignancy,

resulting in surgery without clear benefit.

The current emphasis on evaluating thyroid nodules in addition

to standard B-mode ultrasonography, are risk stratification tools such

as ACR TIRADS, fine needle aspiration with Bethesda classification
tiers in Endocrinology 026
and molecular genetic markers (Patel et al.), where available.

Additional tools that have not yet been standardized, widely

adapted, or extensively studied, include ultrasound elastography (Li

et al.), contrast enhanced ultrasound (Zhou et al.), emerging AI tools

(Xu D. et al.) (8), and immunocytochemistry (Crescenzi and Baloch;

Taccogna et al.). On a positive note, therapeutic advances promoted
TABLE 1 Diagnostic Tools.

*History (see TNAPP)

Radiation

Family History

Symptoms

Thyroid Disease

Disorders of function

Structural abnormalities

*Physical Exam

Initial

Serial

Laboratory determinations

*TSH levels

Calcitonin levels

Imaging:

*Ultrasound

*Standard B mode imaging

Elastography

Contrast Enhanced Ultrasound

**Artificial Intelligence

**Computer Aided Diagnosis

**Radiomics

Nuclear medicine

Radioactive Iodine

PET (FDG)

*Clinical Practice Guidelines (CPGs)

*Risk Score Stratification Tools (Clinical Calculators)

Computer Interactive Guidelines

*Fine Needle Aspiration

*Molecular Marker/Diagnostics (mostly USA)

DNA (Mutations)

Messenger RNA

micro– RNA

Immunocytochemistry

*Principal

**Emerging
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by professional societies (9–12) employing minimally invasive

ablation procedures have been made. These techniques are being

used more frequently. Compared with surgery, they are less

expensive, cause less morbidity, and have fewer adverse effects on

patient quality of life.

Challenges, however, remain. Tools for assessing risk vary,

employing different characteristics underpinning a strong

argument for universally accepted risk stratification tools (Majety

et al.) (13, 14). Oftentimes, newer technology is complementary

rather than substitutive, increasing cost without offering

consistently substantial benefit (Uppal et al.). Yet reliable,

relatively expensive, new AI tools may ultimately play a key role

in resource poor regions that not only lack access to diagnostic

tools, but do not have the professional expertise to interpret

ultrasound (8).

A promising new development strongly supported by the editors

of this Research Topic is the adaptation of CIGs to complement and

facilitate the use of clinical practice guidelines and risk stratification

systems. Using advanced CDSS to co–develop CIGs that complement

conventional society guidelines, may not only increase the use of

CPGs, but could serve as testing tools for assessing the efficacy and

generalizability of a sequence of diagnostic tests (Triggiani et al.) (15).

This could be accomplished by employing a range of assumptions

and models for the respective sensitivity, specificity, accuracy, and

costs of each tool being employed.

Our challenge is improving our approach to evaluating and

managing thyroid nodules by increasingly employing minimally

invasive techniques, and developing more specific, less costly

molecular tests that not only diagnose malignancy but also

provide prognostic information. Doing so will substantially
Frontiers in Endocrinology 037
reduce the number of preventable adverse effects of invasive

diagnostic and non–surgical therapeutic procedures, surgical

morbidity, and financial toxicity at the expense of only detecting

the relatively small percentage that prove to be thyroid cancers that

require treatment.
Author contributions

JG: Writing – original draft, Writing – review & editing. AF:

Writing – review & editing, Writing – original draft. VP: Writing –

review & editing. EP: Writing – review & editing.
Conflict of interest

VP is CMO of Deontics Ltd.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Durante C, Costante G, Lucisano G, Bruno R, Meringolo D, Paciaroni A, et al. The
natural history of benign thyroid nodules. JAMA (2015) 313(9):926–35. doi: 10.1001/
jama.2015.0956

2. Gharib H, Papini E, Garber JR, Duick DS, Harrell RM, Hegedüs L, et al. AACE/
ACE/AME task force on thyroid nodules. 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(5):622–39.
doi: 10.4158/EP161208.GL

3. Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE,
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):1–133. doi: 10.1089/thy.2015.0020

4. Durante C, Hegedus L, Czarniecka A, Paschke R, Russ G, Schmitt F, et al. 2023
European Thyroid Association clinical practice guidelines for thyroid nodule
management. Eur Thyroid J (2023) 12(5):e230067. doi: 10.1530/ETJ–23–0067

5. Tessler FN, Middleton WD, Grant EG, Hoang JK, Berland LL, Teefey SA, et al.
ACR thyroid imaging, reporting and data system (TI–RADS): white paper of the ACR
TI–RADS committee. J Am Coll Radiol (2017) 14(5):587–95. doi: 10.1016/
j.jacr.2017.01.046

6. White C, Weinstein MC, Fingeret AL, Randolph GW, Miyauchi A, Ito Y, et al. Is
less more? A microsimulation model comparing cost–effectiveness of the revised
american thyroid association’s 2015 to 2009 guidelines for the management of
patients with thyroid nodules and differentiated thyroid cancer. Ann Surg (2020) 271
(4):765–73. doi: 10.1097/SLA.0000000000003074

7. Bartsch DK, Dotzenrath C, Vorländer C, Zielke A, Weber T, Buhr HJ, et al. The
stuDoQ/thyroid study group TSS. Current practice of surgery for benign goitre–an
analysis of the prospective DGAV stuDoQ|Thyroid registry. J Clin Med (2019) 8
(4):477. doi: 10.3390/jcm8040477

8. Tessler FN, Thomas J. Artificial intelligence for evaluation of thyroid nodules: A
primer. Thyroid (2023) 33(2):150–8. doi: 10.1089/thy.2022.0560

9. Perros P, Hegedüs L, Nagy EV, Papini E, Hay HA, Abad–Madroñero J, et al. The
impact of hypothyroidism on satisfaction with care and treatment and everyday living:
results from E–mode patient self–assessment of thyroid therapy, a cross–sectional,
international online patient survey. Thyroid (2022) 32(10):1158–68. doi: 10.1089/
thy.2022.0324

10. Papini E, Monpeyssen H, Frasoldati A, Hegedüs L. 2020 European thyroid
association clinical practice guideline for the use of image–guided ablation in benign
thyroid nodules. Eur Thyroid J (2020) 9(4):172–85. doi: 10.1159/000508484

11. Orloff LA, Noel JE, Stack BC Jr, Russell MD, Angelos P, Baek JH, et al.
Radiofrequency ablation and related ultrasound–guided ablation technologies for
treatment of benign and Malignant thyroid disease: An international
multidisciplinary consensus statement of the American Head and Neck Society
Endocrine Surgery Section with the Asia Pacific Society of Thyroid Surgery,
Associazione Medici Endocrinologi, British Association of Endocrine and Thyroid
Surgeons, European Thyroid Association, Italian Society of Endocrine Surgery Units,
Korean Society of Thyroid Radiology, Latin American Thyroid Society, and Thyroid
Nodules Therapies Association. Head Neck (2022) 44(3):633–60. doi: 10.1002/
hed.26960

12. Papini E, Hegedüs L. Minimally invasive ablative treatments for benign thyroid
nodules: current evidence and future directions. Thyroid (2023) 30(8):890–3.
doi: 10.1089/thy.2023.0263

13. Hoang JK, Asadollahi S, Durante C, Hegedüs L, Papini E, Tessler FN. An international
survey on utilization of five thyroid nodule risk stratification systems: A needs assessment with
future implications. Thyroid (2022) 32(6):675–81. doi: 10.1089/thy.2021.0558
frontiersin.org

https://doi.org/10.3389/fendo.2023.1209631
https://doi.org/10.3389/fendo.2023.1209631
https://doi.org/10.3389/fendo.2023.1113977
https://doi.org/10.3389/fendo.2022.1080159
https://doi.org/10.1001/jama.2015.0956
https://doi.org/10.1001/jama.2015.0956
https://doi.org/10.4158/EP161208.GL
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.1530/ETJ&ndash;23&ndash;0067
https://doi.org/10.1016/j.jacr.2017.01.046
https://doi.org/10.1016/j.jacr.2017.01.046
https://doi.org/10.1097/SLA.0000000000003074
https://doi.org/10.3390/jcm8040477
https://doi.org/10.1089/thy.2022.0560
https://doi.org/10.1089/thy.2022.0324
https://doi.org/10.1089/thy.2022.0324
https://doi.org/10.1159/000508484
https://doi.org/10.1002/hed.26960
https://doi.org/10.1002/hed.26960
https://doi.org/10.1089/thy.2023.0263
https://doi.org/10.1089/thy.2021.0558
https://doi.org/10.3389/fendo.2023.1276323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Garber et al. 10.3389/fendo.2023.1276323
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Diagnostic performance of
C-TIRADS in malignancy risk
stratification of thyroid nodules:
A systematic review and
meta-analysis

Yan Hu, Shangyan Xu and Weiwei Zhan*

Department of Ultrasound, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China
Background:Chinese thyroid imaging reports and data systems (C-TIRADS) is a

novel malignancy risk stratification used for thyroid nodule diagnosis and

guiding thyroid fine needle aspiration (FNA). In this review, we aim to assess

the performance of C-TIRADS in malignancy risk stratification of thyroid

nodules.

Methods: PubMed, Medline, Web of Science, Embase, CNKI, and Wanfang

databases were searched until 1 April 2022. Original articles reporting data

about C-TIRADS and setting FNA or histology as reference standards were

included. C-TIRADS 4A, 4B, and 4C were set as thresholds, respectively, to

obtain pooled sensitivity, specificity, positive likelihood ratio (LR+), negative

likelihood ratio (LR-), diagnostic odds ratio (DOR), and the area under the curve

(AUC). Integrated nested Laplace approximation was used for Bayesian

bivariate meta-analysis of diagnostic tests.

Results: Sixteen studies were included, evaluating 11,506 thyroid nodules. The

rate of malignancy in each risk classification is comparable with that in C-

TIRADS. C-TIRADS 4B appeared to have better diagnostic performance than C-

TIRADS 4A and 4C. The pooled sensitivity, specificity, LR+, LR-, and DOR of C-

TI-RADS 4B were 0.94 (95% CI: 0.89–0.97), 0.70 (95% CI: 0.60–0.79), 3.20

(95% CI: 2.28–4.39), 0.09 (95% CI: 0.05–0.15), and 33.71 (95% CI: 25.51–42.40),

respectively. The area under the summary ROC curve was 0.94 (95% CI: 0.90-

0.96).

Conclusion: C-TIRADS performed well in malignancy risk stratification of

thyroid nodules. C-TIRADS 4B showed strong evidence of detecting

malignancy.
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Introduction

Thyroid nodules are common. They are detected in 19%–67%of

the population (1, 2). With a malignancy rate of less than 5%–10%,

the purpose of evaluation for thyroid nodules is to identifymalignant

nodules (3–5). Ultrasound (US) has beenwidely applied in the initial

evaluation of thyroid nodules and deemed an important standard to

distinguishwhether they are benign ormalignant. A diagnosis based

solely onUS is not completely reliable (6), and the cytology obtained

by fine needle aspiration (FNA) is still considered the gold standard

diagnostic tool for thyroid nodules. Yet, the application of US-based

risk stratification systems serves as ameans to standardize the results

of US examination and a tool for deciding which nodules should

undergo FNA.

Previously, there have been several thyroid imaging reports

and data systems (TIRADS), such as the American College of

Radiology (ACR) TIRADS, the Korean (K) TIRADS, Kwak-

TIRADS, and the European Thyroid Association (EU) TIRADS

(7–10). In 2020, supported by the Superficial Organ and

Vascular Ultrasound Group of the Society of Ultrasound in

Medicine of the Chinese Medical Association and the Chinese

Artificial Intelligence Alliance for Thyroid and Breast

Ultrasound, Zhou et al. officially proposed a Chinese version

of TIRADS (C-TIRADS) (11). C-TIRADS takes into account

both the international standards for the US evaluation and the

local conditions of the national health organization in China.

Presently, C-TIRADS have been used in some studies to classify

thyroid nodules (12–14), but the systematic performance of C-

TIRADS has been so far marginally explored.

In this study, we aim to conduct a systematic review and

meta-analysis to evaluate the performance of C-TIRADS.
Materials and methods

Search strategy and selection criteria

This meta-analysis was performed based on the Preferred

Reporting Items for a Systematic Review and Meta-analysis

(PRISMA) reporting guideline (15). We searched PubMed,

Medline, Web of Science, Embase, CNKI, and Wanfang databases

for studies published before 1 April 2022 using the following search

terms: “Chinese-TIRADS,” “C-TIRADS,” “Chinese thyroid imaging

reports and data systems,” and related terms.

The studies included in this analysis were based on the

following criteria: (1) thyroid nodules were assessed by C-

TIRADS classification; (2) reference standards were

histopathological and/or cytological examination; (3) studies with

sufficient data and without overlapping data were included; and (4)

the search was limited to human studies published in English or

Chinese. The full text was examined by two reviewers

independently. Those that did not meet the criteria were excluded.
Frontiers in Endocrinology 02
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Data collection and quality assessment

The following data were extracted from the main paper and

supplementary data by two reviewers independently: (1) general

information of the study (author, year of publication, study type,

number of patients, sex distribution, average age/range of age,

and number of nodules); (2) the reference standard for the

diagnosis of malignancy; (3) the number of benign and

malignant nodules; (4) the number of papillary thyroid

carcinoma (PTC), follicular thyroid carcinoma (FTC),

medullary thyroid carcinoma (MTC), and other malignancies;

and (5) the US model and interpretation.

The risk of bias was assessed independently by two

reviewers. The Quality Assessment of Diagnostic Accuracy

Studies (QUADAS-2) tool was used for the following aspects:

patient selection, index test, reference standard, flow, and timing

(16). Risk of bias and concerns about applicability were assessed

as low, high, or unclear. All the disagreements were resolved by

two reviewers or adjudicated by a third reviewer.
Assessment of thyroid nodules

Thyroid nodule assessment followed the C-TIRADS guideline

(11), which excludes US features that have not been fully validated

as risk factors for predicting malignancy. C-TIRADS assigned

levels of malignancy risk to different patterns, a total of five

features, namely solid composition, microcalcifications, markedly

hypoechoic, ill-defined/irregular margins or extrathyroidal

extensions, and vertical orientation. Each of these features scored

+1 point. Comet-tail artifacts were considered as a sign of benign

nodule and got -1 point. Every category and malignant rate were

based on the points in C-TIRADS (Table 1).

FNA was based on recommendations of C-TIRADS. The

results of FNA were determined by the Bethesda system for

reporting thyroid cytopathology (17). Class II was defined as

benign and class V or VI as malignant. Class III and IV

prompted a repeat FNA. When the repeat FNA was benign,

the nodule was followed for 24 months or more, and if stable, it

was classified as benign. Surgical histopathology, when available,

was considered definitive.
Evaluation of diagnostic accuracy

Meta-analysis was performed by R software (version 4.1.3)

with the meta4diag and Bayesian bivariate integrated nested

Laplace approximation (INLA) package (18). When we defined

4A as the cutoff, a benign nodule was considered as true negative

if it was classified as C-TIRADS 2 or 3. A benign nodule was

considered as false positive if it was classified as C-TIRADS 4A,

4B, 4C, or 5. A malignant nodule was considered as true positive
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if it was classified as C-TIRADS 4A, 4B, 4C, or 5. A malignant

nodule was considered as false negative if it was classified as C-

TIRADS class 2 or 3. With the same method, true negative, false

positive, true positive, and false negative values were defined

when setting 4B or 4C as the cutoff.

The diagnostic performance of C-TIRADS for thyroid

nodules was analyzed with a random-effects model to calculate

estimates of sensitivity, specificity, positive likelihood ratio

(LR+), negative likelihood ratio (LR-), and diagnostic odds

ratio (DOR) with 95% confidence intervals (95% CI), based on

the extracted data of true positive, false positive, true negative,

and false negative values. Forest plots of point estimates and 95%

CI were provided. The DOR provides a single measure of test

performance. Higher DOR values indicate better diagnostic

performance. LR+ is the probability of biopsy-proven

malignant nodules identified by high C-TIRADS classification

(for example, when setting C-TIRADS 4A as the cutoff, C-

TIRADS 4A, 4B, 4C, and 5 were regarded as high C-TIRADS

classification) compared with that of benign nodules. LR+ higher

than 10.0 means strong evidence; 5.0–10.0, moderate evidence;

and less than 5.0, weak evidence. LR- is the probability of biopsy-

proven benign nodules identified by low C-TIRADS

classification (for example, when setting C-TIRADS 4A as the

cutoff, C-TIRADS 2 and 3 were regarded as low C-TIRADS

classification) compared with that of malignant nodules.

LR- less than 0.1 means strong evidence; 0.1–0.2, moderate

evidence; and higher than 0.2, weak evidence. Crosshair plot and

summary receiver-operating characteristic (SROC) curves were

plotted by R software. Sensitivity analysis was used to evaluate

the stability of the result of the meta-analysis via the sequential

omission of individual studies.
Results

Search results

The initial search identified 111 articles from PubMed,

Medline, Web of Science, Embase, CNKI, and Wanfang

databases until 1 April 2022. After removing duplicates, we
Frontiers in Endocrinology 03
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screened 51 articles through the title and the abstract, and 29

articles were deemed irrelevant. Following a full-text assessment,

we removed 6 articles due to inadequate or overlapping data and

poor quality. Eventually, 16 studies were selected for further

analysis (Figure 1) (13, 14, 19–32). QUADAS-2 classification was

used to assess the quality of included publications (Figure S1).
Study and patient characteristics

There were 16 studies in total that included the data of 9,052

patients (Table 1). All the studies were retrospective in nature and

were published between 2020 and 2022. The number of patients

in each study varied between 70 and 2,141 (Table 2). In total,

there were 6,820 women and 2,024 men. Of the 11,506 thyroid

nodules included, 7,223 were benign and 4,283 were malignant

(Table 3). The number of nodules varied from 92 to 2,141 in

different studies. Histopathological and/or cytological evidence

was regarded as the reference standard in all articles. If both

histopathological and cytological examinations were available, the

final diagnosis was based on histopathological results. According

to nine studies that reported the type of malignant nodules, the

most common subtype is papillary thyroid carcinoma.
Diagnostic performance of C-TIRADS in
thyroid nodule assessment

Firstly, we calculated the prevalence of malignancy in each

risk stratification category. The rate of malignant thyroid

nodules was 0% in C-TIRADS 2, 1.37% in C-TIRADS 3,

10.62% in C-TIRADS 4A, 40.02% in C-TIRADS 4B, 77.96% in

C-TIRADS 4C, and 94.61% in C-TIRADS 5 (Table 4).

Secondly, C-TIRADS 4A, 4B, and 4C were each analyzed

separately to get the diagnostic indicators. The pooled sensitivity

of C-TIRADS 4A (1.00, 95% CI: 0.99–1.00) was higher than 4B

(0.94, 95% CI: 0.89–0.97) and 4C (0.71, 95% CI: 0.60–0.81),

while the pooled specificity of C-TIRADS 4C (0.90, 95% CI:

0.84–0.94) was higher than 4A (0.30, 95% CI: 0.23–0.38) and 4B

(0.70, 95% CI: 0.60–0.79) (Figure 2).
TABLE 1 C-TIRADS malignancy risk stratification of thyroid nodules.

Category US features Points Likelihood of malignancy

C-TIRADS 1 No nodule - 0%

C-TIRADS 2 Benign -1 point 0%

C-TIRADS 3 Probably benign 0 points <2%

C-TIRADS 4A Low suspicion for malignancy 1 point 2%–10%

C-TIRADS 4B Moderate suspicion for malignancy 2 points 10%–50%

C-TIRADS 4C High suspicion for malignancy 3–4 points 50%–90%

C-TIRADS 5 Highly suggestive of malignancy 5 points >90%

C-TIRADS 6 Biopsy proved malignancy - 100%
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Thirdly, DOR and the SROC plot were used to determine the

optimal one betweenC-TIRADS 4B and 4C. TheDORof C-TIRADS

4B ranged from 8.37 to 77.92 (summary 33.71, 95% CI: 25.51–42.40),

while C-TIRADS 4C ranged from 9.21 to 54.62 (summary 23.77,

95% CI: 17.06–34.37) (Figure 3). The SROC plots suggested that the

AUC of 4B (0.94, 95% CI: 0.90–0.96) was higher than that of 4C
Frontiers in Endocrinology 04
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(0.89, 95%CI: 0.84–0.92) (Figure 4; Table 5). These results indicated

that C-TIRADS 4B was superior to 4C in detecting malignancy.

To further evaluate the diagnostic performance of

C-TIRADS 4B, LR+ was 3.20 (95% CI: 2.28–4.39) and LR- was

0.09 (95% CI: 0.05–0.15) (Table 5). These provided strong

evidence for 4B to differentiate malignant nodules.
FIGURE 1

Flow diagram of the article selection process.
TABLE 2 Baseline characteristics of included studies.

First author Total no. of patients Men Women Mean/median age Interpretation

No. of readers Average reader experience (y)

Cao 2021 355 99 256 49.7 ± 12.4 2 9

Fan 2021 759 144 615 49.0 ± 12.0 2 NA

Gao 2022 208 NA NA NA 2 NA

Li 2021 237 46 191 44.9 ± 11.5 2 NA

Li 2022 481 98 383 45.0 ± 10.4 2 8

Lin 2021 120 27 93 47.8 ± 12.4 1 5

Lin 2022 329 113 216 43.5 ± 14.3 2 NA

Qi 2021 884 203 681 49.26 4 5

Qiao 2021 433 82 351 46.6 ± 12.9 2 NA

Sui 2021 70 13 57 48.1 ± 11.5 2 NA

Wu 2021 104 30 74 NA 2 10+

Zhang 2021 408 93 315 NA NA NA

Zhang 2022 560 132 428 47.5 ± 13.0 3 5

Zheng 2021 266 70 196 43.9 ± 12.6 4 10

Zhou 2020 2,141 513 1628 50.3 ± 12.0 4 10

Zhu 2021 1,697 361 1336 49.7 ± 12.2 2 15

Total 9,052 2,024 6820 – – –
NA, not applicable.
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Evaluation of study heterogeneity

Study heterogeneity was assessed with crosshair plots and

sensitivity analysis. Crosshair plots were made to show the scatter
Frontiers in Endocrinology 05
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of the study results (Figure 5). There were no significant differences

among the sensitivity of 16 included studies, while the specificities

were quite different from each other with a wide interval. To

investigate the influence of a single study on the overall analysis,
TABLE 3 Characteristics of thyroid nodules included.

First
author

Total
no. of
nodules

Total no. of
malignant
nodules

Total no. of
benign
nodules

Median/mean
nodule size
(range) (cm)

Reference stan-
dard

Type of malignant nodule

Surgery Biopsy PTC FTC MTC Undifferentiated
carcinoma

Other

Cao
2021

388 233 (60.1%) 155 (39.9%) 1.39 ± 0.85 (0.4–4.8) Yes NA 229
(98.3%)

1
(1.3%)

3
(1.3%)

0 0

Fan
2021

2213 490 (22.1%) 1723 (77.9%) 1.1 ± 0.8 Yes NA NA NA NA NA NA

Gao
2022

251 132 (52.6%) 119 (47.4%) NA Yes NA 126
(95.5%)

0 4
(3.0%)

1 (0.8%) 1
(0.8%)

Li 2021 237 132 (55.7%) 105 (44.3%) 1.42 ± 0.63 (0.3–3.0) Yes Yes NA NA NA NA NA

Li 2022 513 206 (40.2%) 307 (59.8%) 2.74 ± 1.14 Yes NA 187
(90.8%)

13
(6.3%)

2
(1.0%)

2 (1.0%) 2
(1.0%)

Lin 2021 123 67 (54.5%) 56 (45.5%) 1.29 ± 1.15 (0.2–7.5) Yes Yes 65
(97.0%)

1
(1.5%)

0 0 1
(1.5%)

Lin 2022 329 67 (20.4%) 262 (79.6%) 3.6 ± 1.7 Yes NA 0 67
(100%)

0 0 0

Qi 2021 1096 414 (37.8%) 682 (62.2%) 1.9 (0.5–6.4) Yes Yes 384
(92.8%)

10
(2.4%)

7
(1.7%)

6 (1.5%) 7
(1.7%)

Qiao
2021

433 202 (46.7%) 231 (53.3%) 1.13 ± 0.55 Yes Yes NA NA NA NA NA

Sui 2021 92 50 (54.3%) 42 (45.7%) 1.42 ± 0.98 (0.32–4.1) Yes NA 47
(94.0%)

1
(2.0%)

2
(4.0%)

0 0

Wu
2021

104 66 (63.5%) 38 (36.5%) NA NA Yes NA NA NA NA NA

Zhang
2021

434 187 (43.1%) 247 (56.9%) NA Yes Yes NA NA NA NA NA

Zhang
2022

560 370 (66.1%) 190 (33.9%) 0.5-5.4 Yes Yes NA NA NA NA NA

Zheng
2021

283 211 (74.6%) 72 (25.4%) NA Yes Yes NA NA NA NA NA

Zhou
2020

2,141 565 (26.4%) 1,576 (73.6%) 2.33 ± 1.43 (0.23–
8.60)

Yes NA 529
(93.8%)

14
(2.5%)

21
(3.7%)

0 0

Zhu
2021

2,309 891 (38.6%) 1,418 (61.4%) 1.31 ± 1.06 (0.02–6.9) Yes Yes 800
(99.1%)

4
(0.5%)

2
(0.2%)

1 (0.1%) 0

Total 11,506 7,223 4,283 – – – – – – – –
frontie
PTC, papillary thyroid carcinoma; FTC, follicular thyroid carcinoma; MTC, medullary thyroid carcinoma.
NA, not applicable.
TABLE 4 The prevalence of malignancy in each C-TIRADS classification.

Classification No. of malignant nodules Total no. of nodules Prevalence of malignancy (%) Suggested malignancy risk (%)

C-TIRADS 2 0 370 0% 0%

C-TIRADS 3 31 2,271 1.37% <2%

C-TIRADS 4A 301 2,834 10.62% 2–10%

C-TIRADS 4B 854 2,134 40.02% 10–50%

C-TIRADS 4C 2,763 3,544 77.96% 50–90%

C-TIRADS 5 334 353 94.62% >90%
C-TIRADS, Chinese thyroid imaging reports and data systems.
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we omitted one study at a time. The omission of any study did not

significantly change the corresponding pooled sensitivity,

specificity, LR+, LR-, DOR, and AUC (Table S1). Both sensitivity

analysis and crosshair plots indicated that our results were robust

and reliable.
Discussion

This systematic review is, to our knowledge, the first to consider

all available data using a meta-analytic approach, confirmed by a

search of database, thus representing the first review of C-TIRADS

internationally. We collected and analyzed 16 articles involving a

total of 11,506 nodules (7,223 benign, 4,283 malignant) to assess the

diagnostic performance of C-TIRADS in malignancy risk

stratification of thyroid nodules. We investigated whether the

malignancy rate observed in this analysis was consistent with that

of the C-TIRADS guideline. Moreover, a series of diagnostic
Frontiers in Endocrinology 06
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indicators were used to evaluate the performance of C-TIRADS

by setting 4B as the cutoff. We believe that this analysis can provide

more convincing evidence and support for wider application and

deeper understanding of C-TIRADS.

The rate of malignant thyroid nodules was 0% (0%) in C-

TIRADS 2, 1.37% (< 2%) in C-TIRADS 3, 10.62% (2–10%) in C-

TIRADS 4A, 40.02% (10–50%) in C-TIRADS 4B, 77.96% (50–

90%) in C-TIRADS 4C, and 94.61% (> 90%) in C-TIRADS 5

(Table 4). These results compared favorably with the C-TIRADS

guideline designation of “likelihood of malignancy” (11). C-

TIRADS should be generally considered as an accurate system to

stratify the risk of malignancy of thyroid nodules.

Our results show the high accuracy of the C-TIRADS 4B class

in the detection of thyroid malignancies. In facts, C-TIRADS 4B

detected 94% of malignant nodules while misdiagnosed 30% of

benign nodules as suspicious. Similar with 4C and 5 nodules, C-

TIRADS 4B nodules do require FNA as recommended by C-

TIRADS guideline (11). In those 4B nodules presenting with a
A

B

C

FIGURE 2

Forest plots with individual and pooled sensitivity and specificity of C-TIRADS 4A (A), 4B (B), and 4C (C) in the evaluation of thyroid nodules. The
estimated accuracy for each study is plotted as a point and the 95% confidence interval (CI) as arrows. TP, true positivity; FP, false positivity; TN,
true negativity; FN, false negativity; C-TIRADS, Chinese thyroid imaging reporting and data system.
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negative FNA result, a second FNA could be performed to confirm

their benign nature. The data obtained in our study may raise the

question whether a binary high- vs. low-risk stratification of thyroid

nodules could be regarded as sufficiently accurate for selecting

patients to be referred to FNA and possibly to surgical treatment.

With an acceptably low rate (< 2%) of false negative results, C-

TIRADS 2 and 3 classes could perhaps both be included in a

benign/likely benign single class. Instead, the malignant risk of C-

TIRADS 4A (10.62%) is too high to consider the inclusion of

nodules belonging to this category in the “benign” subgroup. At the

same time, the C-TIRADS 4A class does not qualify a nodule as

likely malignant since the risk of malignancy in this category (5–
Frontiers in Endocrinology 07
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10%) is similar to the one recorded in the general population (3–5).

As expected, C-TIRADS 4A included a majority of benign nodules.

Hence, given the high proportion of nodules included in this class

(2,834/11,506), a substantial burden for the patients and the health

care system could be generated if all TIRADS 4A nodules are

referred to FNA (and possibly to subsequent surgery). Yet, the

frequency of malignant nodules in this class is too high to be

neglected. Hence, the management of thyroid nodules classified as

4A should take into account other clinical risk factors such as large

size, isthmic or upper lobe location, and positive, family history (33–

35), as also recommended in the C-TIRADS guidelines (11). In

addition, since the potential of malignancy is higher in iodine-
A

B

C

FIGURE 3

Forest plots with individual and pooled DOR of C-TIRADS 4A (A), 4B (B), and 4C (C). The estimated accuracy for each study is plotted as a point
and the 95% confidence interval (CI) as arrows. DOR, diagnostic odds ratio; C-TIRADS, Chinese thyroid imaging reporting and data system.
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sufficient areas, the management of C-TIRADS 4A nodules could

be determined from region to region based on local iodine

sufficiency (or deficiency).

It is obvious that the binary organization of C-TIRADSmay not

be sufficient to exclude a suspicion of malignancy if a thyroid nodule

is diagnosed asC-TIRADS4A, despite the fact that usingC-TIRADS

4Bas a cutoff showedexcellentdiagnostic performance formalignant

nodules. Tertiary organization of C-TIRADS, for which C-TIRADS

4Acanbe considered the intermediate-risk class,maybeuseful in the

management of thyroid nodules. Thyroid nodules classified as

intermediate-risk class should be treated more effectively in

conjunction with clinical factors, such as more frequent ultrasound

surveillance than low-risk stratification (C-TIRADS 2 and 3) and

delayedFNA testing thanhigh-risk stratification (C-TIRADS4B, 4C,

and 5). After risk assessment, FNA is the next step in the triage of a

thyroid nodule. It should be reserved for lesions that have been

determined to be sufficiently suspicious based on C-TIRADS risk

stratification. The outcomes are critical in optimizing subsequent

management. FNA molecular testing is a new approach that may

reduce theneed fordiagnostic surgery (35).Targetednext-generation

sequencing analysis of cancer-relatedgenes for pointmutations, gene

fusions, copy number alterations, or abnormal gene expression is

among the tests developed for this purpose (36).However,molecular

testing should unquestionably be taken into consideration if clinical,

imaging, and cytology results are insufficient for diagnosis and

surgery is the only diagnostic option (5, 37).
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This analysis indicates that C-TIRADS performs well in

malignancy risk stratification of thyroid nodules and provides

more support for appropriate use of FNA recommended by C-

TIRADS. Moreover, periodic revisions and updates of C-

TIRADS, mainly based on solid evidence and new studies, are

necessary to comprehensively reflect the risks and guide FNA.

There is no large prospective study evaluating C-TIRADS so far.

Further studies are needed to better guide clinical practice.

The diagnostic performance of C-TIRADS was compared with

other risk stratification systems in the following 4 publications.

Zhou et al. (32) evaluated 2,141 nodules and demonstrated that the

diagnostic efficacy of C-TIRADS was significantly greater than that

of the American Thyroid Association (ATA) guidelines, the

American College of Radiology (ACR) TIRADS, and the Korean

TIRADS. Zhu et al. (25) also found that C-TIRADS had better

diagnostic performance and a relatively lower unnecessary biopsy

rate in detecting thyroid cancer compared to the other three

guidelines. On the other hand, the results of Qi et al. (13), which

analyzed 3,524 nodules, showed that C-TIRADS had only a little

advantage over the ACR TIRADS and the K-TIRADS, and a

significant advantage over the EU-TIRADS. This may be due to

sample size limitations and bias caused by the fact that not all

patients meeting the criteria were included in the study.

Furthermore, Zhou et al. (32) found that the EU-TIRADS and

ATA guidelines did not apply to 5.1% and 9.9% of nodules, whereas

C-TIRADS applied to all nodules.
A B C

FIGURE 4

SROC of C-TIRADS 4 in detecting malignancy. SROC analysis showing the diagnostic performance of C-TIRADS 4A (A), 4B (B), and 4C (C). The
summary point is indicated by the red star; each individual study is represented by red circles (scale = study sample size). The area enclosed by
the inner (black line) and outer (gray line) ellipses represents the confidence region and the prediction region of the summary points. SROC,
summary receiver operating curve; C-TIRADS, Chinese thyroid imaging reporting and data system.
TABLE 5 Summary estimates of the diagnostic performance of C-TIRADS.

Classification LR+ (95% CI) LR- (95% CI) AUC (95% CI)

C-TIRADS 4A 1.43 (1.28–1.63) 0.01 (0.00–0.03) 1.00 (0.99–1.00)

C-TIRADS 4B 3.20 (2.28–4.39) 0.09 (0.05–0.15) 0.94 (0.90–0.96)

C-TIRADS 4C 7.38 (4.54–12.00) 0.32 (0.20–0.45) 0.88 (0.82–0.92)
C-TIRADS, Chinese thyroid imaging reports and data systems; LR+, positive likelihood ratio; LR-, negative likelihood ratio; AUC, area under curve; 95% CI, 95% confidence interval.
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There are also several limitations that need to be considered.

Firstly, all the studies included were retrospective in nature. There

was concern for poor US image quality, and retrospective review

may have led to wrong classification. Secondly, the nodule size is

another important factor for FNA. However, only two articles

reported the nodule size in each classification. Thus, the deviation

may affect the risk of FNA in the current study. Thirdly, PTC

accounts for more than 90% of current reports. Further research is

needed to evaluate the diagnostic performance of C-TIRADS in

specific subtypes of thyroid cancer.
Conclusion

In conclusion, C-TIRADS is a good tool for malignancy risk

stratification of thyroid nodules. This review provides strong

evidence for C-TIRADS 4B in the assessment of malignant

thyroid nodules. Further validation of this tool is required.
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Development and validation of
a novel diagnostic tool for
predicting the malignancy
probability of thyroid nodules:
A retrospective study based
on clinical, B-mode, color
doppler and elastographic
ultrasonographic characteristics

Shangyan Xu1†, Xiaofeng Ni1†, Wei Zhou1*, Weiwei Zhan1*

and Huan Zhang2*

1Department of Ultrasound, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China, 2Department of Radiology, Ruijin Hospital, Shanghai Jiao Tong University School
of Medicine, Shanghai, China
Background: Clinicians estimate the risk of thyroid nodules and make

subsequently decision on the basis of clinical and ultrasonographic findings.

Currently, there is no comprehensive diagnostic tool for predicting the

malignancy rates of thyroid nodules. Our aim was to develop and validate a

novel integrate diagnostic tool for predicting the malignancy probability of

thyroid nodules based on clinical, B-mode, Color Doppler and elastographic

ultrasonographic characteristics.

Methods: A total of 1016 nodules in 1016 patients who underwent thyroid

ultrasonography and surgery from July 2021 to December 2021 were included

in this retrospective study. All nodules were confirmed by pathology and

randomly classified into the training and validation groups. Clinical, B-mode,

Color Doppler and elastographic (CBCE) ultrasonographic characteristics of

nodules were recorded. Univariate and multivariate analyses were performed

to screen independent predictors associated with thyroid cancer. Amultivariate

model containing the extracted predictors was constructed and presented in

the form of a nomogram. The validation and applicability of the CBCE

nomogram was evaluated using the receiver operating characteristic (ROC)

curve. Diagnostic performances were calculated to compare the CBCE

nomogram with ACR-TIRADS (Thyroid Imaging Reporting Data System by

American College of Radiology) and EU-TIRADS (Thyroid Imaging Reporting

Data System by European Thyroid Association).
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Results: The following factors were included in the CBCE nomogram: patient

gender, age, shape, margin, composition and echogenicity, calcification,

vascularization distribution, vascularization degree, suspicious lymph node

metastases and elastography. The area under the curve (AUC) values were

0.978 and 0.983 for the training and validation groups, respectively. Compared

with ACR-TIRADS and EU-TIRADS, the CBCE nomogram showed improved

accuracy (0.944) and specificity (0.913) without sacrificing sensitivity (0.963)

and showed the highest AUC with an optimal cutoff value of 0.55.

Conclusion: The CBCE nomogram has good and high clinical practicability in

predicting the malignancy probability of thyroid nodules.
KEYWORDS

thyroid nodule, ultrasonography, clinical, risk factor, nomogram
Introduction

Thyroid nodules (TNs) are very common (1, 2). There are

several factors that can affect their prevalence, including

demographic characteristics, iodine sufficiency status and the

increasing use of ultrasound (US) examination (3–5). In recent

years, overdiagnosis and overtreatment of TNs have become a

global problem (6, 7). Correct differentiation between low-risk and

high-risk TNs is a crucial starting point for optimal treatment (4).

Ultrasonography, as a radiation-free and non-invasive method, is

the first-line approach for thyroid examination. The US-based risk

stratification systems (RSSs) of TNs, such as ACR-TIRADS

(Thyroid Imaging Reporting Data System by American College

of Radiology) (8) and EU-TIRADS (Thyroid Imaging Reporting

Data System by European Thyroid Association) (9), have

remained a research focus for nearly a decade. Numerous

studies have verified and compared their diagnostic

performances, showing good values in clinical practice but also

problems of complex use and weak consistency (10–15).

Moreover, clinicians estimate the risk of TNs and make

subsequent decisions based on comprehensive information

including clinical and US findings (3, 16, 17). The existing

RSSs are limited to B-mode US features and do not address

clinical, Color Doppler and elastographic US characteristics.

Previous studies have shown that there were gender and age
, American Thyroid

ting Data System by

Index; EU-TIRADS,

Thyroid Association;

m by Korean Thyroid
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differences in patients with thyroid cancer (TC), but this is still

controversial in recent years (16, 18). In addition, routine TSH

(Thyroid Stimulating Hormone) measurement is recommended

by the ATA (American Thyroid Association) guideline which

not only aimed to exclude hyperthyroidism but to better stratify

the risk of malignancy as well, since higher serum TSH levels

have been correlated with an increased risk of malignancy (19).

Furthermore, vascularity information and elastography

techniques have been seen as complementary imaging

modalities for the diagnosis of TNs (20). However, there is no

integrated diagnostic tool for TNs currently.

This research aims to develop and validate a comprehensive

and easy-to-use diagnostic tool for TNs based on clinical, B-

mode, Color Doppler and elastographic US characteristics,

providing more information for clinicians as well as avoiding

overdiagnosis and overtreatment.
Materials and methods

Patients selection

This retrospective study was approved by the Ethics

Committee of Ruijin Hospital, Shanghai Jiao Tong University

School of Medicine, and the requirement for written informed

consent was waived. Between July 2021 and December 2021, a

total of 1085 thyoid nodules from 1085 consecutive patients in our

hospital were included. Diagnostic thyroid ultrasonography and

surgery were performed on all nodules to obtain a definitive

pathological diagnosis. Among them, 69 nodules were excluded.

The exclusion criteria were as follows (1): patients with insufficient

demographic and laboratory data including BMI (Body Mass

Index) and preoperative TSH level (n=33) (2); patients with a

history of thyroid surgery (n=11) (3); nodules with inadequate
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sonographic images including unsatisfied vascularity and

elastographic images (n=17) (4); nodules with borderline types

of pathological diagnoses including NIFTP (Noninvasive follicular

thyroid neoplasm with papillary-like nuclear features) and

diagnosis of undetermined malignant potential. (n=8).

Ultimately, a total of 1016 nodules from 1016 patients were

included. All nodules were randomly divided into the training

group (n=712) and the validation group (n=304) at a ratio of 7:3.

The training group was used to build the nomogram, while the

validation group was used to evaluate the diagnostic performance

of this tool. The study flow chart is shown in Figure 1.
Clinical data acquisition

Clinical data were gathered by searching the medical records

of patients gender, age, BMI, residence, family history of TC and

preoperative TSH level. Residences were divided into inland areas

and coastal areas. Family history of TC was defined as a first-

degree relative with a history of TC. Preoperative TSH level was

defined as the test results within one week before surgery. The

normal range of TSH levels in our institution is 0.35–4.94 µIU/ml.
Ultrasound image acquisition

Two radiologists (S.Y.X and X.F.N) with over ten years of

experience in thyroid sonography used a 4-15 MHz linear probe

(MyLab9, Esaote, Italy) to perform all grayscale, color Doppler and
Frontiers in Endocrinology 03
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elastography sonographic examinations. Images in the

longitudinal and transverse directions of each target nodule were

obtained. A picture archive and communication system recorded

and uploaded all the images for later retrospective analysis. The

grayscale, color Doppler and elastography sonographic features of

the target nodules were assessed by two radiologists (S.Y.X and

X.F.N) with professional training in thyroid ultrasound in

consensus. In the case of disagreement between the two

radiologists, the final decision was made by a third radiologist

(W.Z) with 20 years of experience in thyroid ultrasound.

The B-mode, color Doppler US features of TNs included shape

(wider-than-tall, taller-than-wide), margin (regular, irregular),

composition and echogenicity (non-solid hypoechoic, solid

hypoechoic) , ca lc ificat ion (non-microca lc ificat ion,

microcalcification), vascularization distribution (internal, non-

internal), vascularization (low, high), diffuse lesion (absent,

present) and suspicious lymph node metastases (LNM) (absent,

present) in the cervical compartment. The vascularization

distribution is divided into types 1-4 (type 4, marked

intranodular vascularity with or without perinodular vascularity

(vascularity≥50%); type 3: mild intranodular vascularity with or

without perinodular vascularity (vascularity<50%); type 2:

perinodular vascularity only; type 1: no vascularity) (20). In our

study, types 3 and 4 were classified as the group with internal

vascularity, while types 1 and 2 were classified as the group with

non-internal vascularity. The vascularity greater than or similar to

that of the surrounding thyroid tissue indicated a high

vascularization degree of a nodule (21). The rest of the nodules

were relatively low. Diffuse lesions referred to a thyroid US
FIGURE 1

The study flow chart.
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appearance consistent with a diffuse disease (e.g. chronic thyroiditis

or lymphoma). Ultrasonographic features of metastatic lymph

nodes included the absence of a hilum, a Solbiati index <2,

peripheral vascular flow, hyperechoic, calcifications, and cystic

(22). Based on the 2013 European Thyroid Association

Guidelines for cervical ultrasound scan (23), cervical LNs can be

classified into three groups: normal, indeterminate and suspicious

for malignancy. In our study, we classified the latter two as the

group with suspicious LNM and the rest as the group with no

suspicious LNM. Elastographic US features were classified as soft

and hard by the strain elastography technique according to the

Asteria criteria (24). Asteria criteria have four scores of tissue

stiffness: 1 and 2 for soft nodules and 3 and 4 for hard lesions.
Statistical analysis

Continuous variables are expressed as the mean ± SD. The

variances were equal or unequal for continuous data using

Student’s t test. The Mann–Whitney U test was used for

continuous data with a non-normal distribution. Categorical

variables were expressed as numbers (%), and categorical data

were evaluated by Fisher’s exact test and Pearson’s c2.
Univariate and multivariate analyses were performed to screen

independent predictors associated with TC. A multivariate

logistic model containing the extracted predictors was

constructed and presented in the form of a nomogram.

To measure the accuracy of the nomogram, the Hosmer–

Lemeshow goodness-of-fit test was applied. To validate the

nomogram, two ROC curves were produced for the training

and validation groups. Diagnostic values were calculated to

assess the applicability of the nomogram and to compare it with

ACR-TIRADS (8) and EU-TIRADS (9). Both these two RSSs are

divided into five grades according to different US characteristics,

which classified as TR1-5 for ACR-TIRADS and EU-TIRADS 1-5

for EU-TIRADS. The comparasion of diagnostic performances for

the CBCE nomogram, ACR-TIRADS and EU-TIRADS were

based on the AUC, sensitivity, specificity, positive predictive

value (PPV), negative predictive value (NPV), and accuracy.

The analysis was performed using the SPSS software (version

23; IBM Corp., Armonk, NY, USA) and R software (version 4.1.0;

R Development Core Team, Vienna, Austria). A P value < 0.05

was considered for significant differences.
Results

Baseline for patients with
thyroid nodules

Among the 1016 thyroid nodules, 374 were benign and 642

were malignant. The average maximum diameters were 34.15 ±
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17.16 mm for benign nodules and 10.23 ± 7.38 mm for

malignant nodules. Follicular adenoma (n=22), Hashimoto

thyroiditis (n=39), and nodular goiter (n=313) were benign

lesions. Malignant lesions included follicular thyroid

carcinoma (n=10), medullary thyroid carcinoma (n=15), and

papillary thyroid carcinoma (n=617).
Univariate and multivariate
analyses of risk factors for
patients with thyroid nodules

The univariate and multivariate analyses results were

showed in Table 1 and Table 2. Except for the three

indicators of BMI, family history of TC and TSH, the

remaining indicators showed significant differences in the

training group (P < 0.05). Table 2 showed the extracted

independent predictors included gender, age, shape, margin,

composition and echogenicity, calcification, vascularization

distribution, vascularization degree, and suspicious LNM and

elastography based on the training group (P < 0.05). These ten

features were included into the development of the nomogram

associated with TC.
Development and validation
of the CBCE nomogram

Figure 2 presented the multivariate logistic model as a

nomogram with the ten independent predictors. The risk score

ranged from a minimum of 0 to a maximum of 700. The

corresponding malignancy probability of each nodule was

obtained by adding up the specific point of each predictor.

From Figure 3, the nomogram calibration curve showed

floating around the baseline by the Hosmer–Lemeshow

goodness-of-fit test. Figure 4 presented two ROC curves of the

training group (A) and the validation group (B). The AUCs for

the two groups were 0.978 (95% CI [0.967,0.989]) and 0.983

(95% CI [0.971,0.994]), respectively.
Diagnostic performances
of the CBCE nomogram

Figure 5 showed the CBCE nomogram showed the highest

AUC of 0.983 in comparison to ACR-TIRADS (AUC of 0.948)

and EU-TIRADS (AUC of 0.889) in the validation group. The

optimum cutoff values of the three models were 0.55, TR4 and

EU-TIRADS 4, respectively. The numbers of cases according

to the cut-off value in the three models are listed in Table 3.

Table 4 showed the comparison of diagnostic performances

among the CBCE nomogram, ACR-TIRADS and EU-TIRADS
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based on the validation group, including sensitivity (96.3% vs

98.4% vs 97.4%), specificity (91.3% vs 62.6% vs 64.3%), PPV

(94.8% vs 81.2% vs 81.8%), NPV (93.8% vs 96.0% vs 93.7%),

and accuracy (94.4% vs 84.9% vs 84.9%). The CBCE

nomogram showed the highest specificity, PPV and

accuracy, while ACR-TIRADS and EU-TIRADS showed

slightly higher sensitivity and NPV.
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Clinical application of
the CBCE nomogram

Figure 6 illustrates a typical clinical application of the CBCE

nomogram. Images were obtained from a 51-year-old woman with

a nodule in the left thyroid. The nomogram scored 0 for woman,

38 for age, 0 for wider than taller shape, 97 for irregular margin, 53
TABLE 1 Univariate analysis of risk factors for thyroid cancer in the training group.

Factors Training group (n=712)

Benign (n=259) Malignant (n=453) P value

Gender (%) <0.001

Female 225 (86.9) 282 (62.3)

Male 34 (13.1) 171 (37.7)

Age (mean ± SD) 49.25 ± 13.06 41.66 ± 10.73 <0.001

Residence (%) <0.001

inland area 66 (25.5) 204 (45.0)

coastal area 193 (74.5) 249 (55.0)

BMI (mean ± SD) 23.20 ± 3.08 23.52 ± 3.62 0.216

Family History of Thyroid Cancer (%) 0.141

No 238 (91.9) 429 (94.7)

Yes 21 (8.1) 24 (5.3)

TSH (mean ± SD), µIU/mL 1.55 ± 1.40 1.85 ± 1.25 0.103

Shape (%) <0.001

wider-than-tall 242 (93.4) 181 (40.0)

taller-than-wide 17 (6.6) 272 (60.0)

Margin (%) <0.001

regular 234 (90.3) 24 (5.3)

irregular 25 (9.7) 429 (94.7)

Composition and Echogenicity (%) <0.001

non-solid hypoechoic 189 (73.0) 16 (3.5)

solid hypoechoic 70 (27.0) 437 (96.5)

Calcification (%) <0.001

non-microcalcification 227 (87.6) 157 (34.7)

microcalcification 32 (12.4) 296 (65.3)

Vascularization Distribution (%) 0.007

non-internal 149 (57.5) 213 (47.0)

internal 110 (42.5) 240 (53.0)

Vascularization Degree (%) <0.001

low 136 (52.5) 373 (82.3)

high 123 (47.5) 80 (17.7)

With Diffuse Lesion (%) <0.001

No 233 (90.0) 356 (78.6)

Yes 26 (10.0) 97 (21.4)

Suspicious LNM (%) <0.001

No 256 (98.8) 312 (68.9)

Yes 3 (1.2) 141 (31.1)

Elastography (%) <0.001

soft 188 (72.6) 45 (9.9)

hard 71 (17.4) 408 (91.1)
front
SD, standard deviation; TSH, Thyroid Stimulating Hormone; LNM, lymph node metastases.
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TABLE 2 Multivariate Analysis of risk factors for thyroid cancer in the training group.

Risk Factors Value assignment B Standard Error P Value OR OR (95% CI)

Gender 0=Female, 1=Male 1.126 0.449 0.012 3.084 1.280, 7.433

Age continuous variables -0.028 0.015 0.049 0.973 0.944, 1.002

Shape 0=wider-than-tall, 1=taller-than-wide 1.462 0.450 0.001 4.314 1.785, 10.426

Margin 0=regular, 1=irregular 2.457 0.422 0.000 11.666 5.099, 26.688

Composition and Echogenicity 0=non-solid hypoechoic, 1=solid hypoechoic 1.353 0.517 0.009 3.870 1.405, 10.661

Calcification 0=non-microcalcification, 1=microcalcification 1.406 0.378 0.000 4.079 1.946, 8.551

Vascularization Distribution 0=non-internal, 1=internal 1.267 0.506 0.012 3.551 1.319, 9.566

Vascularization Degree 0=low, 1=high -1.739 0.529 0.001 0.176 0.062, 0.496

Suspicious LNM 0=No, 1=Yes 2.543 0.843 0.003 12.714 2.436, 66.352

Elastography 0=soft, 1=hard 1.822 0.431 0.000 6.184 2.655, 14.404
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LNM, lymph node metastases; OR, Odds Ratio; CI, Confidence Interval.
FIGURE 2

A CBCE nomogram to predict the malignancy probability of thyroid nodules based on clinical, B-mode, Color Doppler and elastographic
ultrasonographic characteristics.
FIGURE 3

The Hosmer-Lemeshow goodness-of-fit test for the CBCE nomogram.
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for solid hypoechoic, 0 for non-microcalcification, 50 for internal

vascularization distribution, 69 for low vascularization degree, 0 for

no suspicious LNM, and 72 for hard strain elastography, resulting

in a total score of 379 points. The corresponding malignancy rate

of the nodule was high (>0.90), and the pathology of the nodule

was papillary thyroid carcinoma.
Frontiers in Endocrinology 07
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Discussion

In this study, a novel integrated diagnostic tool called the

CBCE nomogram was developed and validated for predicting

the malignancy probability of TNs based on clinical, B-mode,

Color Doppler and elastographic US characteristics. The CBCE
A B

FIGURE 4

Receiver operating characteristic curves of the training group (A) and the validation group (B) based on the pathological diagnosis. The area
under the curves for the two groups were 0.978 (0.967,0.989) and 0.983 (0.971,0.994), respectively.
FIGURE 5

The comparison of Receiver operating characteristic curves among the CBCE nomogram, ACR-TIRADS and EU-TIRADS based on the validation
group. The area under the curves for the three models were 0.983 (0.971, 0.994), 0.948 (0.918, 0.978) and 0.889 (0.844, 0.934), respectively.
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TABLE 3 Numbers of cases according to the cut-off values in the three models based on the validation group.

Diagnostic Models Malignant Benign Total

the CBCE Nomogram ≥0.55 182 10 192

<0.55 7 105 112

ACR-TIRADS TR4-5 186 43 229

TR1-3 3 72 75

EU-TIRADS EU-TIRADS 4-5 184 41 225

EU-TIRADS 1-3 5 74 79

Total 189 115 304
Frontiers in Endocrinology 08
26
frontier
TABLE 4 Diagnostic performances of the CBCE Nomogram, ACR-TIRADS and EU-TIRADS in the validation group.

Diagnostic Models the cut-off values AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

the CBCE Nomogram 0.55 0.983 (0.971, 0.994) 0.963 (182/189) 0.913 (105/115) 0.948 (182/192) 0.938 (105/112) 0.944 (287/304)

ACR-TIRADS TR4 0.948 (0.918, 0.978) 0.984(186/189) 0.626 (72/115) 0.812 (186/229) 0.960 (72/75) 0.849 (258/304)

EU-TIRADS EU-TIRADS 4 0.889 (0.844, 0.934) 0.974 (184/189) 0.643 (74/115) 0.818 (184/225) 0.937(74/79) 0.849 (258/304)
AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value.
FIGURE 6

Clinical application of the CBCE nomogram. Images from a 51-year-old woman with a nodule (9.1×7.8×8.2 mm) in the left thyroid and the
pathology was papillary thyroid carcinoma. (A) Greyscale ultrasound imaging of the mass. The lesion showed a wider-than-taller shape, irregular
margins and solid hypoechoicity. (B) Internal vascularization distribution and low vascularization degree of the nodule in color Doppler. (C) Strain
elasticity of the nodule was hard. (D) In the nomogram, the total score was 379, and the corresponding malignancy rate of the nodule was high
(>0.90). The green arrows indicate the score corresponding to each risk factor, and the red arrow indicates the total score of the nodule.
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nomogram is not only based on B-mode US features, but also

includes cl inical , vascularity and elastographic US

characteristics, which can provide more information on TNs.

Compared with ACR-TIRADS and EU-TIRADS, the CBCE

nomogram showed improved accuracy (0.944) and specificity

(0.913) without sacrificing sensitivity (0.963) for predicting

malignancy. With the optimum cutoff value of 0.55, the CBCE

nomogram showed the highest AUC of 0.983 in the validation

group. This means that when the malignancy probability of a

nodule is higher than 0.55, it is regarded as a high-risk nodule

and FNA (fine needle aspiration) is recommended; when the

malignant probability of a nodule is lower than 0.55, it is

regarded as a low-risk nodule and follow-up ultrasonography

is recommended. The significance of this study is to provide a

new strategy for clinicians as well as to avoid overdiagnosis

and overtreatment.

The clinical characteristics plays an important role in the

diagnosis and treatment of patients with TNs. Some studies

suggested that thyroid cancer has been more common in women

than men, which may related to sexual hormones, although this

has been controversial (25, 26). In developed countries, the

majority of newly diagnosed thyroid carcinomas correspond to

incidentally found papillary microcarcinomas (25). Women are

traditionally more keen on undergoing routine clinical

examination along their lives as compared to men (27, 28),

which could be part of the reasons why thyroid nodules and

cancers are more frequently detected in the female population.

However, another studies showed that male gender was the

clinical factor associated with the high risk of TC (16, 29). Our

results showed that the number of TC was more in male than in

female, and gender was an independent risk factor associated

with TC. These different results may depend on differences in

inclusion criteria and in patient’s lifestyle. In terms of age, recent

evidence suggested that clinically silent thyroid cancer was

frequently present in younger age (30), indicating that

screening (31, 32) and environmental factors (33) played a key

role in the increased incidence. Our results showed that younger

age was also a risk factor associated with TC, similar to previous

studies. Other clinical risk factors for TC included a family

history of TC, obesity and thyroid dysfunctions (19, 34), but the

relevant evidence is uncertain. Our results showed that family

history, BMI and TSH level were not independent risk factors

associated with TC. Discrepancies across different studies may

be due to population samples from different countries and cities.

Adding clinical characteristics makes our nomogram more

comprehensive and more applicable to clinical practice.

Thyroid ultrasonography is the preferred tool for thyroid

imaging because it can clarify the location, size, shape,

echogenicity, composition, margin, calcification and

vascularity of nodules, as well as the features of cervical lymph

nodes. Results (9, 35–41) consistent with malignancy contain

hypo-echogenicity, solid, irregular margin, taller-than-wide
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shape, microcalcification and the presence of suspicious lymph

nodes. No single characteristic has been proven to reliably

distinguish between benign and malignant lesions. The results

also showed that the above conventional US indicators are risk

factors associated with TC. The value of vascularity for TNs is

different in different studies. Internal vascularity was observed in

30.7%-65.3% of benign nodules and 26.7%-91.7% of malignant

nodules (42–46). In terms of the vascularity degree, a study

showed a high probability (42%) of malignancy in hypervascular

nodules (43), while another study indicated that hypovascular

vascularity was frequently observed in malignant nodules (47).

In our study, internal vascularization distribution and low

vascularization degree were more common in malignant

nodules, and these two vascularization features were

independent risk factors for TC. Different US instruments

have different sensitivities for vascularity detection, which may

be related to disparate results. US elastography provides

conventional US with complementary information in many

human organs. The combined use of elastography with

conventional US is able to improve the discrimination of

malignant and benign nodules (48). Strain elastography is

useful to assess malignancy, with an average specificity of 90%

and an overall average sensitivity of 92%, according to a meta-

analysis of 639 TNs (49). The findings of this study indicated

that the strain imaging of elasticity was an independent risk

factor associated with TC. It is worth noting that recently, the

International Thyroid Nodule Ultrasound Working Group has

been trying to develop a uniform international guideline. The

organization proposed extending standardized ultrasonography

to elastography of the stiffness in TNs (50). Our research

established a complementary role of US elastography and

vascularity in the risk stratification of TNs.

The US-based RSSs of TNs provides clinicians with an

estimated malignancy rate based on the category. Currently, B-

mode US-based RSSs include ACR-TIRADS (8), ATA (19),

KTA-TIRADS (Thyroid Imaging Reporting Data System by

Korean Thyroid Association) (20), and EU-TIRADS (9).

However, there are considerable discrepancies among these

RSSs regarding the US features used for risk categories,

expected malignancy risk, diagnostic performance, and the size

threshold for biopsy. A comparative study of 902 nodules

showed that both ATA and KTATIRADS had higher

sensitivity for the diagnosis of TC but lower specificity than

ACR-TIRADS (10). Another comparative study of 3,422 nodules

showed that ATA and K-TIRADS had limitations that included

no category for all available nodules, and approximately 10% of

these uncategorized nodules had malignancy (12). Another

study containing the four RSSs mentioned above showed that

the interobserver agreement remained only fair to moderate

(51). The reasons for these differences may be due to the

inconsistent classification of US features and the complexity of

the system. Therefore, each predictor was classified into two
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categories to establish an easy-to-use model in our study. The

CBCE nomogram we developed had good diagnostic

performances and calibration for the probability of TC.

Compared with ACR-TIRADS and EU-TIRADS, the CBCE

nomogram showed improved accuracy and specificity without

sacrificing sensitivity. Furthermore, the CBCE nomogram

showed the highest AUC with the optimum cutoff value of

0.55. A nodule is considered high-risk and FNA is recommended

when its malignancy probability is over 0.55, while a nodule is

considered low-risk and US follow-up is recommended when its

malignancy probability is lower than 0.55. The CBCE

nomogram provided a novel and simple diagnostic tool

for clinicians.

There are some limitations in this study. First, as findings

from a single center, our results have limited generalizability.

Although our study has been internally validated and showed

good diagnostic performance, it needs to further external

validation. Second, as this is a retrospective study, data bias

is inevitable. Further prospective studies will be needed

to improve the model. Third, our study does not address

FNA thresholds for thyroid nodules, which requires further

research in the future. Despite these limitations, our study has

several highlights. First, to our knowledge, this is the first

study to develop and validate an integrated diagnostic tool for

predicting the malignancy probability of TNs based on

clinical, B-mode, Color Doppler and elastographic US

characteristics. Second, the CBCE nomogram has been

demonstrated to have better diagnostic performances in

predicting malignancy than ACR-TIRADS and EU-TIRADS.

Third, the CBCE nomogram is an easy-to-use diagnostic tool

for predicting malignancy. The corresponding malignancy

probability of each nodule will be obtained by adding up the

specific points of each predictor. Fourth, our study obtained

an optimal cut-off value of 0.55 for distinguishing low-risk

from high-risk nodules. The cut-off value separates the thyroid

nodules into two groups, one of which is high risk with a

malignancy probability above 0.55 and the other of which is

low risk with a malignancy probability below 0.55. FNA and

US follow-up are recommended for the two groups, separately.

The significance of this study is to provide a new strategy

for clinicians.
Conclusions

In conclusion, this study developed and validated a novel,

comprehensive and reliable diagnostic tool based on clinical, B-

mode, Color Doppler and elastographic ultrasonographic

characteristics for thyroid nodules. Our research has two

potential benefits, one of which is to identify patients with

high-risk nodules who are the candidates for FNA, and the

other is to provide a new strategy for clinical practice.
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An artificial intelligence
ultrasound system’s ability to
distinguish benign from
malignant follicular-
patterned lesions

Dong Xu1,2,3,4†, Yuan Wang5†, Hao Wu6, Wenliang Lu5,
Wanru Chang5, Jincao Yao1, Meiying Yan1, Chanjuan Peng1,
Chen Yang1, Liping Wang1,2* and Lei Xu2,7,8*

1Department of Ultrasonography, The Cancer Hospital of the University of Chinese Academy of
Sciences (Zhejiang Cancer Hospital), Institute of Basic Medicine and Cancer, Chinese Academy of
Sciences, Hangzhou, China, 2Ultrasound Branch, Zhejiang Society for Mathematical Medicine,
Hangzhou, China, 3Key Laboratory of Head & Neck Cancer Translational Research of Zhejiang
Province, Zhejiang Provincial Research Center for Cancer Intelligent Diagnosis and Molecular
Technology, Hangzhou, China, 4Shanghai Tenth People’s Hospital, Tongji University School of
Medicine, Shanghai, China, 5School of Mathematical Sciences, Zhejiang University, Hangzhou,
China, 6Department of Ultrasound, The Second Affiliated Hospital of Zhejiang Chinese Medical
University, Hangzhou, China, 7Group of Computational Imaging and Digital Medicine, Zhejiang
Qiushi Institute for Mathematical Medicine, Hangzhou, China, 8Group of Intelligent Medical
Devices, South and North Lake Institute for Medical Artificial Intelligence, Haiyan, China
Objectives: To evaluate the application value of a generally trained artificial

intelligence (AI) automatic diagnosis system in the malignancy diagnosis of

follicular-patterned thyroid lesions (FPTL), including follicular thyroid

carcinoma (FTC), adenomatoid hyperplasia nodule (AHN) and follicular

thyroid adenoma (FTA) and compare the diagnostic performance with

radiologists of different experience levels.

Methods: We retrospectively reviewed 607 patients with 699 thyroid nodules

that included 168 malignant nodules by using postoperative pathology as the

gold standard, and compared the diagnostic performances of three radiologists

(one junior, two senior) and that of AI automatic diagnosis system in malignancy

diagnosis of FPTL in terms of sensitivity, specificity and accuracy, respectively.

Pairwise t-test was used to evaluate the statistically significant difference.

Results: The accuracy of the AI system in malignancy diagnosis was 0.71, which

was higher than the best radiologist in this study by a margin of 0.09 with a p-

value of 2.08×10-5. Two radiologists had higher sensitivity (0.84 and 0.78) than

that of the AI system (0.69) at the cost of having much lower specificity (0.35,

0.57 versus 0.71). One senior radiologist showed balanced sensitivity and

specificity (0.62 and 0.54) but both were lower than that of the AI system.
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System; AUC, Area Under the Curve; CNN, Convolut

FNAC, Fine Needle Aspiration Cytology; ROC,

Characteristic; SDK, Software Development Kit;

Imaging Reporting and Data System.
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Conclusions: The generally trained AI automatic diagnosis system can

potentially assist radiologists for distinguishing FTC from other FPTL cases

that share poorly distinguishable ultrasonographical features.
KEYWORDS

thyroid adenomas, adenocarcinomas, follicular, ultrasonography, artificial
intelligence
Highlights
• The AI automatic diagnosis system exhibited higher

accuracy and specificity than radiologists in

malignancy diagnosis of FPTL.

• The AI automatic diagnosis system had more balanced

performance than radiologists in diagnosis of FPTL cases.
Introduction

Thyroid carcinoma is the most common endocrine tumor in

endocrine system. There is growing evidence in support of an

increase in the occurrence of thyroid cancer. Lim et al. (1)

reported that thyroid cancer incidence increased, on average,

3.6% per year during 1974–2013. Papillary thyroid cancer (PTC)

incidence increased for all stages at diagnosis. Overall and

distant PTC incidence-based mortality increased respectively

1.1% and 2.9% per year during 1994–2013. The main approaches

to identify suspicious thyroid nodules are high-frequency color

doppler ultrasonography and ultrasound-guided fine needle

aspiration cytology (FNAC) (2). The Thyroid Imaging

Reporting and Data Systems proposed by the American

College of Radiology (ACR TI-RADS), which is a globally

accepted malignancy risk stratification system for classifying

thyroid nodules on the basis of their features at ultrasonography

(US) imaging (3) shows high accuracy in distinguishing benign

and malignant thyroid nodules, and can effectively reduce

unnecessary biopsy of thyroid nodules on a large scale (4).

However, the malignant ultrasonic features and risk categories

of thyroid nodules in ACR TI-RADS are mainly based on

papillary thyroid carcinoma (PTC), which accounts for the

vast majority of malignant samples.
uter- Aided Diagnosis

ional Neural Network;

Receiver operating

TI-RADS, Thyroid

02
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Currently, there are no clear instructions about how to

distinguish benign and malignant thyroid follicular tumors in ACR

TI-RADS. Follicular thyroid carcinoma (FTC), accounting for 5%-

10% of all thyroid cancer, is the second common thyroid carcinoma

(5). Compared with the most commonly occurring malignant PTC,

FTC is lessprone to lymphnodemetastasis, butmore likely to relapse

and metastasize to lungs and bones. When recurrence or distant

metastasis occurs, it indicates a poor prognosis. In addition,

compared with PTC, FTC is more likely to be locally invasive (6).

Thyroid lobectomy alonemay be sufficient initial treatment for low-

risk follicular carcinomas; however, the treatment teammay choose

total thyroidectomy to enable RAI therapy for low to intermediate

risk patients’ follicular carcinomas (2). Therefore, an accurate

diagnosis of FTC before the initial operation has a tremendous

influence on the surgical procedure and prognosis.

It has been found that, FTC shares similar characteristics in

both ultrasound images (7–10) and FNAC (11–14) to other

follicular-patterned thyroid lesions (FPTL) such as thyroid

follicular adenoma (FTA) and adenomatoid hyperplasia nodule

(AHN), hampering the malignancy diagnosis and their differential

diagnosis. The gold standard for preoperative diagnosis of thyroid

nodules Fine Needle Aspiration (FNA) can only diagnose

follicular tumors and cannot distinguish between benign and

malignant nodules. The final diagnosis instead relies on the

detection of capsule involvement and vascular invasion in the

postoperative pathological examinations (15). How to improve

the preoperative differentiation of benign and malignant thyroid

follicular tumors has important practical significance.

Genetic testing can, in principle, help diagnose thyroid nodules.

For FPTL cases specifically, role of RAS mutations may be relevant

(16–18). However, the most common thyroid related oncogene,

namely the BRAFV600E mutation, is poor for malignancy

differentiation of follicular patterned tumors (19, 20). In addition,

compared with noninvasive ultrasonography, genetic testing

requires more invasive fine needle aspiration biopsy and is also

more costly. The advancement of AI technologies and especially the

development of deep learning algorithms has brought radiologists

new tools during the clinical studies for disease detection and

diagnosis (21). Developing ultrasound-based AI technologies for

thyroid nodule diagnosis has a potential to reduce invasive

examinations. Convolutional neural networks have also been
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applied to the automatic detection and diagnosis of thyroid nodules

(22–26). However, to our humble knowledge, currently there has

not been any study trying to apply deep learning technologies to

diagnose malignant nodules among FPTL that have

indistinguishable ultrasonographic and cytologic features.

In this study, we applied the software development kit (SDK) of a

generally trained thyroid nodule diagnosis system as it is without

retraining for malignancy prediction of FPTL that included

retrospectively collected FTC, FTA and AHN. This system, trained

on an unselected population of nodules as opposed to nodules known

to have follicular pattern, is initialized using self-training with noisy

student method on ImageNet database, and takes a specially defined

focal loss function to resolve the problem of unbalanced sample

distribution that is frequently occurring in medical data. Focal Loss

(27) increases the weight of rare classes in the loss function, making

the minimization of loss function more sensitive to these samples,

which is helpful to improve the accuracy of rare classes. In addition, it

uses a Sharpness-Aware Minimization (SAM) algorithm to

simultaneously minimize loss value and loss sharpness to improve

the generalizability of the model (28). In particular, SAM algorithm

seeks parameters that lie in neighborhoods with uniformly low loss.

We compared its diagnostic performance with that of the radiologists

of different experience levels using common evaluation metrics such

as sensitivity, specificity and accuracy as well as two-tailed paired t-

tests to verify whether if any observed differences were

statistically significant.
Materials and methods

Data summary

A total of 607 patients with FTC, FTA and AHN (699

nodules) with complete but anonymized clinical information

who underwent preoperative ultrasonography and complete

examinations pulled from the provincial database from

Zhejiang Society for Mathematical Medicine, with data

contributed by 7 member hospitals, in which 263 nodules

from The Cancer Hospital of the University of Chinese

Academy of Sciences (Zhejiang Cancer Hospital), were

included in this study. The histopathological diagnoses of all

FTC, FTA and AHN were determined surgically. In summary,

our study included 167 cases of FTC (23.89%), 241 cases of FTA

(34.48%) and 291 cases of AHN (41.63%).
Ultrasound examinations by radiologists
and AI software

One junior radiologist A with 10 years of working experience

and two senior radiologists, radiologist B and radiologist C, both

with 20 years of working experience in ultrasound diagnosis
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performed the clinical ultrasound examinations on patients

without knowing their pathological outcomes.

The ultrasound images were first grouped according to the

associated nodules and then analyzed independently by all

radiologists and the SDK (version 2.3.1.5) of the AI-SONIC™

Thyroid system with software version 5.3.0.2 (DE-Medicum

Petavoxels Co., Ltd), which was developed on the EfficientNet

architecture (29) using the proprietary deep learning framework

DE-Light, and the system returned the predicted malignancy

probability value of each nodule in the ultrasound images. The

maximum malignancies predicted from the images associated to

each nodule were chosen as the nodule-specific malignancy

scores by all the raters, i.e., the radiologists and the AI. The

malignancy probability value ranges from 0 to 1, and the cut-off

value for the AI system was set by maximizing the mean of the

sensitivity and specificity curves. In this study, the cut-off value

was set to 0.4 by the AI system according to the analysis in

Supplementary Figure 1. If the probability value is ≥ 0.4, the

nodule is diagnosed as malignant, otherwise benign.

For further analysis of the nodule cases for which the AI system

made correct diagnoses but failed by at least two of the three

radiologists participating in the evaluation comparison study, the

three radiologists who participated in the evaluation comparison

study were asked to assign the ultrasound features according to ACR

TI-RADS standards after discussions side-by-side and reviewed those

images with a washout time longer than 6months.We computed the

sum of weighted scores by the frequency of nodule cases according to

the TI-RADS scoring system for each individual ultrasonographic

feature to obtain the average characteristic profile of these nodules.
Statistical analysis

To assess the performance of the AI-SONIC™ system, we

computed the Receiver operating Characteristic (ROC) curve and

used theAreaUnder the Curve (AUC) as the evaluationmetric. In

order to compare its diagnosis with that of the radiologists, we

calculated the sensitivity, specificity and accuracy. In addition,

two-tailed t-test andMcNemar test were used to compute p values

for statistical comparisons. In all analyses, a p value less than 0.05

was considered a statistically significant difference. Statistical

analysis was performed using Python 3.8 (Python Software

Foundation, Delaware, United States).
Results

Comparison between the AI system and
radiologists of different experience levels

We calculated the sensitivity, specificity, positive predict value

(PPV) and accuracy of the AI system and three radiologists in

malignancy diagnosis of FPTL that consisted of FTC, FTA and
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AHN. The accuracy and PPV of the AI system was higher than all

surveyed radiologists, as shown in Table 1. The sensitivity of the AI

system however was lower than that of senior radiologist C (0.69 vs

0.78) and junior radiologist A (0.69 vs 0.84), but higher than that of

senior radiologist B (0.69 vs 0.62). The specificity of the AI system

in malignancy diagnosis was higher than all surveyed radiologists

(0.71 vs 0.35, 0.54, 0.57 respectively). The overall performances

were summarized in Figure 1, in which the ROC curve and the

associated AUC value of the AI system were computed.

Furthermore, we applied the McNemar test to compute p values

between the AI system and the three radiologists. The results are as

followes: pAI-A = 1.71×10
-38, pAI-B = 2.10×10-6 and pAI-C = 3.62×10-

10. All p values between the AI system and three radiologists were

less than 1×10-5. There were significant statistical differences

between the AI system and three radiologists in diagnosing FTC,

FTA and AHN. We presented a set of representative ultrasound

images that showed the advantages of AI the system over

radiologists in malignancy diagnosis of FPTL cases in Figure 2.

To further compare the diagnosis between the AI system and

three radiologists, we subdivided the complete dataset to ten

randomly divided subsets, summarized as in Table 2.

We calculated each rater’s accuracies in each dataset for

malignancy diagnosis of FTC, FTA and AHN, and computed

their average values and standard deviations over the ten datasets,

with the corresponding results summarized in Figure 3A.

To statistically compare the diagnostic accuracies of the AI

system and three radiologists in predicting thyroid nodule

malignancies of FTC, FTA and AHN, we computed pairwise p

values with the results shown in Figure 3B. Note that we skipped

the statistical comparisons against oneselves, as in this case the p

values were constant 1. All p values were < 0.02, where all p values

between the AI system and three radiologists were less than 1×10-

4. There were significant statistical differences between the AI

system and three radiologists in diagnosing FTC, FTA and AHN.
Comparison the performance of the AI
system and radiologists in diagnosis FTC,
FTA and AHN respectively

To further compare the AI system and three radiologists’

diagnosis, we calculated sensitivity and specificity for these three
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nodules, including FTC, FTA, and AHN, respectively. The

results were shown in Table 3. When we only considered FTC

cases, there were no true benign nodule cases in the numerator

for the specificity calculation, resulting in a constant 0 for the

specificity, which we omitted and showed only the sensitivity in

the table. Similarly, for FTA and AHN cases, we presented only

the specificity while ignored the sensitivity as there were no true

malignant cases. For benign FPTL such as FTA and AHN, the

specificity of the AI system was higher than that of the three

radiologists. The sensitivity of the AI system was lower than that

of senior radiologist C (0.69 vs 0.78) and junior radiologist A

(0.69 vs 0.84), but higher than that of senior radiologist B (0.69

vs 0.62) in diagnosis FTC.

For further analysis, we selected the nodule cases for which

the AI systemmade correct diagnoses but failed by at least two of

the three radiologists participating in the evaluation comparison

study and we got in total 144 benign and 12 malignant nodules.

Our summarized results in Table 4 show that for those 144

benign nodules, the sum of weighted scores (3.974) corresponds

well to malignant suspicious category 4 nodules with an average

characteristic profile of being predominantly solid, hypoechoic,

with some but not pronounced echogenic foci and were

considered by at least two radiologists to be malignant while

they were correctly diagnosed to be benign by the AI system. For

the 12 malignant nodules misdiagnosed by at least two

radiologists to be benign, the sum of weight scores amounts to

3.916, with an average characteristic profile of being solid,

mostly hypoechoic and predominantly without echogenic foci.
Discussion

FTC is a malignant follicular epithelial thyroid tumor with

follicular differentiation but lacking the diagnosis characteristics

of PTC. As previously noted, FTC has similar ultrasonic features

to FTA and AHN, which have been identified by radiologists for

differentiating malignant nodules from benign ones from a

general perspective. And this is supported by this study that

our three radiologists including two senior ones with experiences

of more than 20 years in ultrasound diagnosis could at best reach

an overall accuracy slightly more than 60% (62%) for

malignancy predictions. It has been reported that the

ultrasound diagnostic sensitivity for non-follicular thyroid

tumors could reach 86.5%, but the diagnostic sensitivity for

follicular tumors was only 18.2%, and the corresponding

specificities for non-follicular and follicular tumors were 92.3%

and 88.7% respectively (8). In our study, though the sensitivities

in malignancy prediction by radiologists were all above 60%, the

specificities could be as low as 35%. The poor diagnostic

performance of the radiologists for FPTL cases can be most

likely attributed to the fact that even senior radiologists lack

diagnostic experiences due to the low overall incidence rate of

thyroid follicular tumors. The AI-SONIC™ thyroid automatic
TABLE 1 The diagnostic performances of the AI system and three
radiologists in thyroid malignancy nodules diagnosis.

AI Radiologist A
(Junior)

Radiologist B
(Senior)

Radiologist C
(Senior)

Accuracy
Sensitivity
Specificity
PPV

0.71
0.69
0.71
0.43

0.47
0.84
0.35
0.29

0.56
0.62
0.54
0.30

0.62
0.78
0.57
0.36
Bold values are the highest values.
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diagnostic system which is trained for general benign and

malignant nodule differentiation however provided a much

better diagnostic accuracy of 0.71 for malignancy prediction of

FPTL cases, and extremely balanced performance with the

sensitivity and specificity being 0.69 and 0.71 respectively on a

per-nodule analysis using the maximum malignancy scores

computed from the images associated to each nodule. The p
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value based on two-tail pairwise t-test comparing the AI system

and the best radiologist from ten randomly divided subsets in

terms of malignancy accuracy in this study was 2.08×10-5,

confirming the gap of 9% in accuracy was firmly statistically

significant. In diagnosis of FTC, FTA and AHN respectively, the

specificity of the AI system (0.74, 0.68) was higher than that of

three radiologists, though the sensitivity of the AI system (0.69)
FIGURE 2

Risk coefficient assessment and diagnosis of thyroid nodules in the AI system. When the risk coefficient of thyroid nodules was < 0.4, the AI
system diagnosed the thyroid nodules as “benign” as noted in the green display box, otherwise “malignant” as noted in the red display box. (A–
C) Original ultrasound images of thyroid nodules. (A) Pathological diagnosis: thyroid follicular adenoma. (B) Pathological diagnosis: adenomatoid
hyperplasia nodule. (C) Pathological diagnosis: follicular thyroid carcinoma. (D–F) Diagnosis of thyroid nodules in the AI system. (D) The AI
system diagnosed the nodule as “benign”. Three radiologists diagnosed the nodule as “malignant”. (E) The AI system diagnosed the nodule as
“benign”. Three radiologists diagnosed the nodule as “malignant”. (F) The AI system diagnosed the nodule as “malignant”. Three radiologists
diagnosed the nodule as “benign”.
FIGURE 1

The sensitivity and specificity of three radiologists and the ROC curve and AUC value of the AI system.
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was lower than the radiologist A (0.84) as well as radiologist C

(0.78). However, the specificity of the radiologist A was

extremely low (0.34, 0.37). This is probably because radiologist

A could not distinguish the characteristics of benign and

malignant FTPL, but had the tendency to overestimate the

malignancy levels, resulting in high sensitivity and low

specificity. Radiologist C could not differentiate between FTA

and FTC. The AI system provided more balanced performance

with the sensitivity and specificity. Our further analysis on the

144 benign cases where AI system made correct diagnoses but

failed by at least two of the three radiologists suggests that the

radiologists when using the TI-RADS scoring system might have

a more conservative concern not to underplay the malignant

potentials, consistent with radiologists’ higher sensitivity but

lower specificity in thyroid nodule diagnosis. For the 12

malignant cases where AI system correctly diagnosed but

failed by at least two of the three radiologists, since the

number of these cases is small while being also at the
Frontiers in Endocrinology 06
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boundary of being considered benign or malignant, it is

difficult to assess whether this is significant. Nevertheless, the

AI system can potentially assist radiologists distinguish FTC

from other FPTL cases, given its higher overall accuracy and

especially higher specificity. One possibility is to let the

radiologists decide whether they would adopt the suggestions

by the AI system or not, as long as higher diagnostic accuracy

can be expected (30) from the AI system than the radiologists.

Another possibility is to set up a rule so that a favorable outcome

would be expected (26, 31). In our case, for instance, when the AI

system predicts a nodule to be benign which is different from a

radiologist’s decision given his or her assigned TI-RADS

category, one lowers the category assignment by one. Overall,

employing an algorithm or workflow that initially uses an AI

diagnosis for classes of nodules for which it is superior to a

radiologist, is more accurate than enabling a radiologist’s

subjective decision to accept or reject it.

It shall be noted that in the context of benign thyroid nodular

diseases, a high specificity of a diagnostic tool for malignancy

detection is desirable. For inconclusive Bethesda categories that

may be identified to be PTC follicular variant, noninvasive

follicular thyroid neoplasm with papillary-like nuclear features (32),

and FTC by histopathology, AI may help with benign and

malignancy discrimination. Nevertheless, it was not anticipated

that the AI system could manage well for distinguishing FTC from

benign FPTL cases given that FTC has relatively rare incidence rate

and that the design of themostwidely appliedACRTI-RADS lexicon

is based on the manifested malignant features of the most dominant

PTC of all thyroid cancers. A reasonable explanation would be that

the designer of the AI system has defined a focal loss function to

resolve the problem of unbalanced sample distribution and likely has

paidmore attention to FPTL cases with higher learning weights. And

the sharpness perceptionminimization algorithm that has been used

could be beneficial for generalizability of their deep learning model.
A B

FIGURE 3

The diagnostic performances of three radiologists and the AI automatic diagnosis system. (A) The accuracies calculated from the ten subdivided
datasets by the AI system and three radiologists. Each bar representing each concerned rater is presented with the average accuracy over the
ten subdivided datasets and the standard deviation. (B) The associated p value matrix for statistical comparisons of diagnostic accuracies. All p
values were <0.02 and self- comparisons were omitted as they were constant 1.
TABLE 2 The subdivided datasets for subsequent nodular diagnosis
experiment.

Dataset Total nodules FTC FTA AHN

one 70 19 28 23

two 70 16 25 29

three 70 19 22 29

four 70 15 25 30

five 70 14 15 41

six 70 21 27 22

seven 70 15 23 32

eight 70 16 27 27

nine 70 12 23 35

ten 69 21 24 24
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It is interesting to point out that though FNAC is able to

identify follicular tumors with high reliability, it has difficulty in

predicting malignancy of FPTL cases (11–14). Therefore, it

would be interesting to investigate whether applying the AI

system for FPTL cases in combination with FNAC can help

reduce the need of surgical excision for malignancy

determination in the future. We have not included prospective

data in this study because of the low prevalence of FPTL such

that it can take a fairly long time to accumulate enough cases for

statistically reliable evaluation. Apart from that, it would also be
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attractive to study how effective it is to train a deep learning

model for differentiating follicular from papillary patterns of

thyroid nodules based purely on retrospectively collected

ultrasound images, which if good enough would help reduce

unnecessary fine needle aspirations for future investigation.

The AI automatic diagnosis system can be potentially used

as an auxiliary method for screening of FTC from other FPTL

cases and may help reduce the need of surgical excision for

further characterization given that FNAC has difficulty in

determining the malignancy of these cases.
TABLE 4 Correlation of ultrasonographical features with nodular benignity and malignancy for which the AI system made correct diagnoses but
failed by at least two of the three radiologists participating in the evaluation comparison study.

ACR TI-RADS Features ACR Score Benign (144) Malignant (12)

Margin Frequency Probability Weighted score Frequency Probability Weighted score

Smooth 0 120 0.833 0 6 0.500 0

Ill-defined 0 24 0.167 0 6 0.500 0

Shape

Wider-than-tall 0 140 0.972 0 12 1.000 0

Taller-than-wide 3 4 0.028 0.084 0 0.000 0

Echogenicity

Anechoic 0 1 0.007 0 0 0.000 0

Very hypoechoic 3 1 0.007 0.021 0 0.000 0

Hypoechoic 2 69 0.479 0.958 9 0.750 1.5

Isoechoic 1 72 0.500 0.5 3 0.250 0.25

Hyperechoic 1 1 0.007 0.007 0 0.000 0

Composition 0

Mixed cystic and solid 1 28 0.194 0.194 0 0.000 0

Cystic or almost completely cystic 0 1 0.007 0 0 0.000 0

Solid or almost completely solid 2 115 0.799 1.598 12 1.000 2

Echogenic foci

Peripheral 2 8 0.056 0.112 1 0.083 0.166

Macro-
calcifications

1 15 0.104 0.104 0 0.000 0

Punctate echogenic foci 3 19 0.132 0.396 0 0.000 0

None 0 102 0.708 0 11 0.917 0

Sum – 144 1 3.974 12 3.916
TABLE 3 The respective diagnostic performances of the AI system and three radiologists in diagnosing FTC, FTA and AHN cases.

No. of cases AI Radiologist A(Junior) Radiologist B(Senior) Radiologist C(Senior)

FTC 167

Sensitivity 0.69 0.84 0.62 0.78

FTA 241

Specificity 0.74 0.34 0.51 0.5

AHN 291

Specificity 0.68 0.37 0.57 0.63
When we only considered FTC cases, there were no true benign nodule cases, resulting in a constant 0 of the specificity, which we omitted in the table. Similarly, for FTA and AHN cases, we
presented only the specificity while ignored the sensitivity for there were no true malignant cases.
Bold values are the highest values.
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SUPPLEMENTARY FIGURE 1

The changes of sensitivity and specificity with respect to the malignancy
thresholds. (A) Evaluation metrics calculated from all 699 nodules, in

which 168 were malignant. (B) Evaluation metrics calculated from

randomly pulled 100 benign and 100 malignant nodules.
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An innovative synthetic support
for immunocytochemical
assessment of cytologically
indeterminate (Bethesda III)
thyroid nodules

Silvia Taccogna1, Enrico Papini2, Roberto Novizio3,4*,
Martina D’Angelo1, Luca Turrini1, Agnese Persichetti5,
Alfredo Pontecorvi3,4 and Rinaldo Guglielmi2

1Pathology, Ospedale Regina Apostolorum, Albano Laziale, Italy, 2Endocrinology and Metabolism,
Regina Apostolorum Hospital, Rome, Italy, 3Endocrinology and Metabolism, Agostino Gemelli
University Polyclinic (IRCCS), Rome, Italy, 4Catholic University of the Sacred Heart, Rome, Italy,
5Service of Pharmacovigilance, Regina Elena National Cancer Institute, Hospital Physiotherapy
Institutes (IRCCS), Rome, Italy
Background: Fine needle aspiration (FNA) is the procedure of choice in the

evaluation of thyroid nodules. Nodules with indeterminate cytological categories,

Bethesda III and IV, pose challenges in clinical practice and are frequently

submitted to diagnostic surgery. CytoFoam Core (CFCS) uses an absorbent

foam device inserted into the needle hub to collect the cytological sample

aspirated during FNA. Specimen is formalin-fixed and paraffin-embedded.

Aim of the study: Assessing diagnostic efficacy of CFCS, compared to

traditional cytology, in re-evaluating thyroid nodules classified as Bethesda

III, using post-surgical histology as reference standard.

Method: Retrospective study on 89 patients with a first indeterminate

cytological report who were referred to the Department of Endocrinology of

Regina ApostolorumHospital (Albano L. Rome, Italy) for a second FNA. FNAwas

performed after at least one month under ultrasound guidance with a 23G

needle according to the established procedure. During the second procedure,

both traditional cytological (TC) smears and a single-pass CFCS specimen were

obtained for each patient. On CFCS samples immunocytochemical staining for

Galectin-3, HBME-1, and CK-19 was also performed. 51 patients eventually

underwent surgery, and their histological diagnoses were compared to the TC

and CFCS reports. Four parameters were evaluated: inadequacy rate, rate of

persistent indeterminate (Bethesda III and IV) reports, rate of malignancy in

persistently indeterminate nodules, and rate of cancer in lesions cytologically

classified as malignant.
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Results: Non-diagnostic samples were 6 (11.8%) in TC vs 3 (5.9%) in CFCS

(p=0.4). Persistent indeterminate samples were 31 (60.8%) in TC vs 19 (37.2%) in

CFCS (p=0.01). Rate of malignancy in persistently indeterminate nodules was 8/

19 (42.1%) in CFCS vs 9/31 (29%) in TC group (p=0.3). Nine/51 (17.6%) samples

were classified as benign by TC vs 21/51 (41.2%) samples by CFCS (p<0.01). All

nodules resulted benign at post-surgical evaluation. Five/51 (9.8%) samples

were classified as suspicious for malignancy/malignant in TC group against 8/

51 (15.7%) samples in CFCS (p=0.5). Post-surgical evaluation confirmed

malignancy in all these cases.

Conclusion:CFCS demonstrated greater diagnostic accuracy than TC in repeat

FNA assessment of cytologically indeterminate nodules. CFCS increased the

conclusive diagnosis rate and decreased the number of cytologically

indeterminate cases.
KEYWORDS

thyroid nodule, fine needle aspirate (FNA), immunoistochemestry, indeterminate
thyroid cytology, Bethesda III category, Bethesda IV cytology, CytoFoam Core
Introduction

Thyroid nodules are increasingly detected in clinical practice

due to the widespread access to imaging techniques involving the

neck. The main issue in their management is to distinguish the

minority of malignant lesions, which deserve surgery, from

the vast majority of benign thyroid nodules that may be

followed over time without intervention (1, 2). Fine needle

aspiration (FNA) with ultrasound (US) guidance is the main

diagnostic procedure for the assessment of the risk of

malignancy of thyroid nodules, being safe, cost-effective and

minimally invasive (3, 4). Throughout different studies, from

85% to 90% of US-guided FNA provide a sample adequate for

cytological evaluation (5, 6), with a sensitivity ranging from 65%

to 98%, a specificity of 72-100% and an accuracy of 84-95% (7).

The Bethesda System for Reporting Thyroid Cytopathology

(BSRTC) classifies the FNA outcome in 6 diagnostic categories

including: (I) non-diagnostic; (II) benign; (III) atypia/follicular

lesion of undetermined significance (AUS/FLUS); (IV) follicular

neoplasm or suspicious for follicular neoplasm (FN/SFN); (V)

suspicious for malignancy; (VI) malignant (8). A non-negligible

number of FNA samples are classified as “indeterminate”

cytological categories III and IV according to BSRTC,

exhibiting a quite wide range of malignancy risk reported in

literature, requiring different clinical actions (8, 9). These

cytological categories pose a management challenge in clinical

practice (9). Even if clinical, laboratory, and US findings offer

useful data for refining the risk of thyroid cancer, many of these

patients are eventually submitted to diagnostic surgery.
02
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According to current thyroid nodule guidelines, either surgery

or molecular testing should be considered for patients with

Bethesda IV cytology while for Bethesda III nodules a further

cytological sampling is recommended. Moreover, managements

guidelines are controversial in which surgery, total

thyroidectomy and lobectomy, to be performed in AUS/FLUS

or FN/SFN, whose management differs among institutions (1,

10, 11). Nevertheless, due to relatively low rate of malignancy

revealed by post-surgical histology, the surgical approach may

represent an overtreatment in a high number of cases, regardless

the type of surgery (12).

Molecular testing can be employed to improve the accuracy

of preoperatory diagnosis in thyroid nodules with indeterminate

cytological report. Currently, multi-gene classifiers offer relevant

sensitivity and high negative predictive value (NPV) but are still

limited by a relatively low specificity and positive predictive

value (PPV) (13). Most important, the elevated cost of these

techniques make their routine use in clinical practice as

extremely expensive for the National Health Services (NHS).

Thus, at variance with their diffusion in the USA, only few

centers in Europe regularly perform molecular testing as a

routine complement to the diagnostic work up of class III and

IV cytological samples (14, 15).

Immunohistochemical studies may provide complementary

information about the nature of thyroid FNA samples (7). These

tests are rather inexpensive and can be routinely performed in

pathology departments. Main limitations of traditional

procedures are the modalities of processing of the samples,

which require working time and specific skill from the
frontiersin.org
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operators, the uneven distribution and the possible loss of

thyroid cells, and the potentially inadequate staining of

intracellular antigens (16).

The CytoFoam Core system (CFCS) is proposed as an

innovative technique that can provide optimal formalin-fixed

and paraffin-embedded (FFPE) cytologic specimens, obtained

with a single FNA pass according to the established sampling

procedure (3). The CFCS samples are suitable for high quality

immunohistochemical studies, which are performed without

destruction of the cytological material that remains available

for further studies.

Aim of the present study was to assess the technical

feasibility and the cost of CFCS and its diagnostic accuracy in

cytologically indeterminate thyroid nodules. Outcomes were

compared to the results of traditional cytology, with the use of

post-surgical histology as the reference standard.
Methods

Design of the study

Retrospective single center blinded study. Ethical review and

approval were not required for the study on human participants

in accordance with the local legislation and institutional

requirements. Written informed consent for participation was

not required for this study in accordance with the national

legislation and the institutional requirements.
Patients

From June 2019 to June 2020, 740 patients with solid not

hyperfunctioning thyroid nodules were referred for FNA

assessment to the thyroid clinic of the Department of

Endocrinology of Regina Apostolorum Hospital, Albano,
Frontiers in Endocrinology 03
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Rome. All sampling procedures were performed by two

endocrinologists (EP, RG) and were examined in the

Pathology Department of the same hospital by two

experienced pathologists (ST and LT). FNA was performed

with 23- or 25-gauge needles and the aspirated material was

spread on 6 slides which were stained with both Papanicolaou

and May-Grunwald Giemsa methods (16). Ninety-three patients

(12.5%) had a low-risk indeterminate cytological report

(Bethesda class III or Tir3A category, according to the Italian

SIAPEC-AME-AIT-SIE classification) (5). According to current

thyroid clinical practice guidelines, a second FNA was

performed after 1 - 3 months for the definition of patients’

clinical management (1). During the second FNA procedure, an

additional sampling was performed using the CFCS in 89

patients. Fifty-one patients who eventually underwent surgery

because of suspicious cytology at second evaluation, compressive

or cosmetic symptoms, anxiety for malignancy risk, or

suspicious clinical or US data were included in our

retrospective study (Figure 1).
Cytofoam core procedure

Samples for the CFCS procedure were collected with a

dedicated US-guided FNA, performed according to the

standard procedure (17). An 8 x 3 mm cylinder of synthetic

foam with elevated absorbent structure (Diapath, Martinengo

company, Italy) was inserted between the hub of a 23 G/25 G

needle and the aspirating syringe (Figure 2). The foam structure

worked as a terrycloth, holding the cellular material aspirated

during the FNA biopsy. After a 10 – 15 seconds aspiration, the

foam core was removed by the needle hub, protected with a

plastic guard cap, and placed into 10% neutral buffered formalin

for 12 hours. Once fixed, the foam core was pulled from the

adaptor, automatically processed, and embedded in paraffin

blocks. Then, four sections were obtained and prepared to be
frontiersin.org
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studied: the first section was stained with hematoxylin-eosin for

morphologic evaluation, the others automatically treated for

immunohistochemistry in a Dako Autostainer (Dako,

Carpinteria, CA, USA) with antibodies for Galectin 3 (dilution

1:50, clone 9C4, Cell Marque), Cytokeratin 19 (ready to use,

clone RCK 108 Dako Corporation, Carpentaria, California) and

HBME1 (dilution 1:50, clone M3505, Dako Corporation,

Carpentaria, California). The staining was completed using a

streptavidin-biotin-complex detection method (LSAB2). The

remaining material was stored for further possible examinations.

Surgical specimens were fixed in 10% buffered formaldehyde

and embedded in paraffin, and 5-mm-thick microtome sections

were stained with haematoxylin-eosin. Cytologic specimens and

histologic sections were separately and blindly reviewed by two

experienced pathologists of our center.
Study methodology

Thyroid CFCS specimens were analyzed by the two

pathologists, and, for each patient, the results were blindly

compared to those of the traditional cytological smears.

A four-class categorization of CFCS cytological findings was

arbitrarily built. Class I identified non-diagnostic samples, class

II included samples with benign characteristics, class III

identified indeterminate samples, and class IV included

samples with characteristics suspicious for malignancy

(Figure 3). Specifically, CFCS samples were defined as: non

diagnostic when the cell number or quality was insufficient for

a reliable diagnosis; benign when architectural or cellular atypia

were absent and the three immunocytochemical markers were

consistently negative; as indeterminate when minimal

architectural or cellular atypia were present and the

immunocytochemical markers were partially (1-2 out of 3)

positive; malignant when architectural or cellular atypia were
Frontiers in Endocrinology 04
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severe and/or all three immunocytochemical markers

were positive.

Post-surgical histology was used as the reference standard

for the final diagnosis of the nodules under investigation.

The following parameters of diagnostic efficacy were

analyzed: (I) percentage of CFCS non-diagnostic samples;

(II) percentage of CFCS samples reported as benign which

were confirmed as benign at histology; (III) percentage of

persistently indeterminate samples; (IV) percentage of

samples reported as indeterminate which resulted as

malignant at histology; (V) percentage of samples reported as

malignant which were confirmed as malignant at post-surgical

histology. The diagnostic efficacy of traditional cytology and

CFCS system were compared on the base of the final

histologic report.
Statistical analysis

Data were collected on a Microsoft Excel database. X-square

and, when appropriate, exact Fisher’s test were used to compare

results in traditional cytology group vs CFCS group. The level of

significance was set at a < 0.05. Data analysis was performed

using SPSS v22 (IBM). An external monitor independently

processed the data.
Results

Traditional cytology reports & results of
CytoFoam categories vs. post-surgical
histology

Four out of 6 (66.6%) non-diagnostic specimens with the

second TC resulted as malignant at histology versus 2 out of 3
B CA

FIGURE 2

(A–C) Cytofoam core sampling: schematic illustration of the sample and of its processation. (A) Foam structure of the CFCS protected by a
plastic guard cap before fixation; (B) CFCS sample fixation in 10% neutral buffered formalin; (C) Sections of the CFCS sample ready to be
embedded in a paraffin block.
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(66.6%) of those with CFCS. 9 sample were classified as benign

through traditional cytology, while 21 through CFCS: all

classified as benign at post-surgical histology. Other diagnostic

outcomes of CFCS and of traditional cytology are compared to

the results of postsurgical histology in Tables 1, 2.
Comparison of the results of
CytoFoam categories vs the
traditional cytology classes

The occurrence of non-diagnostic samples (Bethesda I) was

6/51 (11.8%) with TC vs 3/51 (5.9%) with CFCS (p=0.4).

Nine of 51 (17.6%) samples were classified as benign

(Bethesda II) with TC vs 21/51 (41.2%) with CFCS (p<0.01).

Persistent indeterminate samples (Bethesda III and IV) were

31/51 (60.8%) with TC vs 19/51 (37.2%) with CFCS (p=0.01).
Frontiers in Endocrinology 05
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Five of 51 samples (9.8%) were classified as suspicious for

malignancy or malignant (Bethesda V and VI) with TC versus 8/

51 (15.7%) samples in the CFCS group (p=0.55). (Table 3)
Traditional cytology vs. cytofoam.
Rate of inadequate and indeterminate
reports and rate of malignant histology
in indeterminate, suspicious or
malignant reports

All specimens classified as benign with traditional cytology

or with CFCS resulted as benign at post-surgical histological

evaluation (benign rate, 100%).

The rate of malignancy in persistently indeterminate nodules

was 8/19 (42.1%) in CFCS group vs 9/31 (29%) in TC

group (p=0.3).
TABLE 1 Traditional cytology reports vs. post-surgical histology.

Cytological diagnosis Number of reports Benign at post-surgical histology N (%) Malignant at post-surgical histology N (%)

Bethesda I 6 2/6 (33.3%) 4/6 (66.6%)

Bethesda II 9 9/9 (100%) 0/9 (0%)

Bethesda III 22 15/22 (68.2%) 7/22 (31.8%)

Bethesda IV 9 7/9 (77.8%) 2/9 (22.2%)

Bethesda V 4 0/4 (0%) 4/4 (100%)

Bethesda VI 1 0/1 (0%) 1/1 (100%)
B

C D

A

FIGURE 3

(A–D), CytoFoam Core Quality Classification. Hematoxilin & Eosin staining of the CFCS Histology, (H&E)x200: (A) Non-diagnostic sample due to
the insufficient number of cells (Class I); (B) Sample from a benign thyroid nodule showing an adequate number of colloid containing follicles
(Class II); (C) Indeterminate sample showing an adequate number of thyrocytes, mainly organized in microfollicular structures and with minor
cellular atypia (Class III); (D) Tissue fragment with groups of irregular cells. The nuclei are variably enlarged with intranuclear inclusions (arrow
inset) (Class IV).
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All specimens classified as malignant with TC (Bethesda V

or VI) or with CFCS (IV) resulted as malignant at post-surgical

evaluation (malignancy rate, 100%). (Table 4)
Traditional cytology vs. cytofoam. Rate
of conclusive reports

As a whole, out of the 51 nodules classified as Bethesda III at

initial cytological assessment, 14 (27.4%%) had a conclusive

diagnosis, either benign or malignant, with the second

cytological sample versus 29 (56.8%) with the CFCS specimen

(p=0.002). (Table 5)

The use of CFCS has statistically significantly increased the

number of cytologically benign reports, Moreover, the number

of indeterminate was statically reduced, with an increase in the

rate of conclusive report, while conserving 0% of rate of

malignant histology in cytological benign reports and 100% of

rate of malignant histology in cytological suspicious or

malignant reports, so not influencing the negative predictive

value and positive predictive value among cytologially benign or

malignant sample, respectively. Results of all the Bethesda III

patients’ re-assessment are shown in Table 6. Relevant results are

summarized in Table 7.
Immunocytochemical staining

The quality of the immunocytochemically stained samples

was arbitrarily classified as follows: 0 when the staining was

negative, 1 when positive, and 2 when inadequate for evaluation.

Based on this classification, the immunocytochemically stained
Frontiers in Endocrinology 06
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samples were rated as negative in 14 cases (27.4%), as positive in

33 cases (64.7%), and as inadequate in 4 cases (7.8%).
Complications

No local anaesthesia was requested. No major nor minor

complications were reported with the two procedures and no

patient required post-procedural clinical or US observation. Pain

was described as well tolerated and, according to a 1 to 10 visual

analogue scale, was classified as a mean of 2 with the

conventional FNA (range 2 to 4) and as 3 (2 to 5) with the

CFCS procedure (p = 0.8). No postprocedural medication was

necessary with both the procedures.
Time

The time employed for the two sampling procedures was

similar, with a range from 15 to 30 seconds.
Discussion

Despite the advances in US imaging, especially through

artificial intelligence systems and lately the possible application

of contrast in ultrasound, and the promising results of molecular

analysis, the main diagnostic step for thyroid nodules still relies

on FNA results (5, 18, 19). FNA procedure is minimally invasive,

performed with negligible patient discomfort, and offers an

elevated diagnostic accuracy (3). However, a considerable

percentage of thyroid cytological samples do not reach a
TABLE 3 Comparison of the results of CytoFoam categories vs the traditional cytology classes.

CytoFoam Category BSRTC TC CFCS P-value Post -surgical histology

I Bethesda I 6 (11.8%) 3 (5.9%) 0.4 * /

II Bethesda II 9 (17.6%) 21 (41.2%) <0.01 33

III Bethesda III - IV 31 (60.8%) 19 (37.2%) 0.01 /

IV Bethesda V-VI 5 (9.8%) 8 (15.7%) 0.5 * 18
TC: traditional cytology; CFCS: cytofoam.
*Exact Fisher’s test.
TABLE 2 CytoFoam Core System reports vs. post-surgical histology.

CytoFoam Class Number of reports Benign at post-surgical histologyN (%) Malignant at post-surgical histologyN (%)

I 3 1/3 (33.3%) 2/3 (66.6%)

II 21 21/21 (100%) 0/21 (0%)

III 19 11/19 (57.9%) 8/19 (42.1%)

IV 8 0/8 (0%) 8/8 (100%)
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conclusive diagnosis and are classified as non-diagnostic or at

indeterminate risk of malignancy (20). According to current

thyroid nodule guidelines, either surgery or molecular testing

should be considered for patients with Bethesda IV cytology

while for Bethesda III nodules a further cytological sampling is

recommended (1). In case of a persistent Bethesda III cytological

diagnosis either the assessment of molecular markers, active

surveillance or surgery are suggested, based on the clinical

condition, the local resources, and the patient preferences.

Presently, a non-negligible percentage of patients with

persistent Bethesda III diagnosis eventually undergo thyroid

surgery, generally for diagnostic purpose. The risk of

malignancy for Bethesda III thyroid nodules reported in

literature shows a a quite wide range, from 19% to 55% in

populations with environmental risk factors (e.g. endemic

goiter) (4, 21–24). In the majority of these cases, surgery

results in a benign lesion at histology but thyroidectomy

carries a non-negligible risk of complications, increases

healthcare cost and may negatively influence the quality of life

of patients (4).. Most patients could then benefit more from a

watchful waiting rather than from surgery. Thus, the use of

ancillary tests is advocated to allow a more accurate pre-

operatory stratification of the risk of malignancy and decrease

the still elevated number of diagnostic thyroid surgeries.

Immunohistochemistry (ICC) was introduced in the 1970s as

a diagnostic tool for both surgical pathology and cytopathology

(16). While ICC plays a relevant role in the differential diagnosis

between follicular and C cell-derived neoplasms and in the

identification of primary or metastatic thyroid neoplasms, its

usefulness in the pre-operatory assessment of risk of malignancy

in follicular-patterned lesions is still unsettled (1, 25). Results from

histological specimens may be discrepant from those obtained

from cytological samples due to differences in fixatives, fixation

methods, and/or antigen activation treatment. Immunostaining of

histological specimen is carried out using formalin-fixed, paraffin-
Frontiers in Endocrinology 07
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embedded, tissues with or without antigen retrieval. On the other

hand, immunostaining of FNA smears is usually carried out using

95% alcohol-fixation, followed by a further fixation with

phosphate-buffered formalin solution, and by an antigen

activating treatment (16). Due to the low reliability of alcohol-

fixation for the staining of target antigens, an additional formalin

fixation (double fixation) is generally needed and it is followed by

the antigen activating treatment. Formalin fixation and antigen

activation treatment provide reliable results, but the process may

result in loss of cell material and deterioration of the sample under

examination. These supplementary investigations are best

performed on cell blocks, but cell-block preparation is

burdensome in high-volume laboratories. All these factors have

until now limited the use of immunocytochemistry as a

complement to the morphological diagnosis in indeterminate

cytological samples.

The combination of CK-19, HBME-1 and galectina-3

immunocytochemistry is the most useful ancillary technique

for improving the differential diagnosis in follicular-derived

thyroid nodules. Notably, these markers show a diffuse

reactivity in true malignant lesions (follicular cancer, classical

variant of papillary cancer, and follicular variant of papillary

cancer) while a focal staining is observed in benign neoplastic

(follicular adenoma) and benign non-neoplastic (nodular goiter)

lesions. In various studies, the sensitivity of CK19, galectin-3,

HBME-1 was 75.41%, 88.52% and 71.31% respectively, and the

specificity of CK19, galectin-3 and HBME-1 was 70.89%, 64.56%

and 84.81% (26). The aim of the CFCS testing is to improve the

diagnostic accuracy of FNA for guiding clinical action in

cytologically indeterminate nodules. Only three diagnostic

classes were considered for operative purposes: benign,

indeterminate, and probably malignant. Consequently,

persistently indeterminate nodules (Bethesda III-IV) are

included in the CFCS class III and suspicious/neoplastic

nodules (Bethesda V and VI) in the CFCS class IV. This
TABLE 5 Traditional cytology vs cytofoam. Rate of conclusive reports.

Report Traditional Cytology CytoFoam P-value

Rate of conclusive reports 14/51 (27.4%) 29/51 (56.8%) <0.01
front
TABLE 4 Traditional cytology vs cytofoam. Rate of inadequate and indeterminate reports and rate of malignant histology in indeterminate,
suspicious or malignant reports.

Report Traditional Cytology CytoFoam P-value

Rate of malignant histology in cytological benign reports 0/9 (0%) 0/21 (0%) /

Rate of malignant histology in cytological indeterminate reports 9/31 (29%) 8/19 (42.1%) 0.3 *

Rate of malignant histology in cytological suspicious or malignant reports 5/5 (100%) 8/8 (100%) /
*Exact Fisher’s test.
iersin.org
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TABLE 6 Results of the Bethesda III patients’ re-assessment. Cytological diagnosis vs. immunocytochemical classes.

ID PTS Bethesda Category HMBE 1 Galectin 3 Cytokeratin 19 CytoFoam Class M vs B

1 III 0 0 0 3 1

2 V 2 2 2 4 1

3 II 1 1 1 2 0

4 I 1 1 1 2 0

5 I 1 1 2 3 1

6 IV 1 1 1 2 0

7 IV 1 1 2 3 0

8 V 2 2 2 4 1

9 IV 1 1 2 3 1

10 IV 1 1 1 2 0

11 II 1 1 1 2 0

12 IV 1 1 2 2 0

13 II 0 0 0 2 0

14 II 1 1 1 2 0

15 IV 1 1 1 2 0

16 IV 1 2 2 3 1

17 IV 2 1 2 3 1

18 IV 2 1 1 3 0

19 V 2 2 2 4 1

20 IV 2 1 2 3 0

21 IV 1 1 1 2 0

22 IV 0 0 0 1 0

23 IV 2 1 2 3 0

24 IV 2 2 2 4 1

25 II 2 1 2 3 0

26 III 2 1 2 3 0

27 III 1 1 2 2 0

28 III 1 2 2 3 0

29 V 2 2 2 4 1

30 III 1 1 2 2 0

31 VI 2 2 2 4 1

32 III 1 1 2 3 1

33 III 1 1 2 3 1

34 III 1 1 1 2 0

35 III 2 1 1 2 0

36 I 2 1 1 3 1

37 II 1 1 1 2 0

38 I 2 2 2 4 1

39 I 1 1 2 2 0

40 III 2 1 2 2 0

41 III 1 1 1 2 0

42 IV 2 1 2 3 0

43 III 1 1 2 1 1

44 I 1 2 1 4 1

45 III 0 0 0 1 1

46 II 1 1 1 2 0

47 II 1 1 1 2 0

48 II 2 1 2 3 0

(Continued)
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simplified classification can be achieved because the evaluation

of thyroid nodules’ risk of malignancy is based on both

morphological criteria and immunohistochemistry results. The

results from our study demonstrate that the use of CFCS

provides high quality immunocytochemical staining in the vast

majority (92%) of cytological samples. When compared to

traditional cytology, CFCS provides an increase, from 27.4 to

56.8%, in the number of conclusive diagnosis obtained with

repeat FNA sampling. The predictive value of the

immunophenotypic assessment is confirmed by the elevated

concordance of the cytological diagnosis with the final post-

surgical assessment (100% concordance for both benign and

malignant diagnosis). Notably, when all the three markers were

negative, the NPV for thyroid cancer was 100% providing a

reliable rule-out test. Three suspected cases classified at CFCS

class III (cases #25-48-49), resulted at histological examination

to be neoplasms, even if non-malignant ones (one follicular

adenoma and three NIFTP). So, the surgical indication provided

by CFCS examination may be considered as appropriate.

These favorable outcomes are mostly due to the sample

characteristics, that are similar to those of a micro-histological

specimen and are comparable to those obtained by the more

expensive, invasive, and difficult-to-perform core-needle biopsy.

Importantly, the immunophenotypic evaluation does not induce

any deterioration of the specimen during the staining procedure.

On clinical grounds, the CFCS procedure does not require

additional time or any observation period when compared to

the traditional FNA biopsy and is well tolerated by the patients.

The increase in costs of this malignancy rule-out test is modest,

as the price of the CFCS device is about 8 euros (27).
Frontiers in Endocrinology 09
48
In conclusion, this feasibility study demonstrates that cyto-

foam core technique is a simple, safe, inexpensive, and

reproducible procedure. The short processing time and the use

of routine technical resources make this modality of

immunocytochemical assessment of thyroid FNA samples

suitable for routine use in most pathology laboratories. When

t e s t i ng o f mo l e cu l a r marke r s i s no t ac c e s s i b l e ,

immunocytochemical staining with the use of CFCS may

provide - in addition to the clinical, laboratory, and US data -

a further relevant element in the multifactorial choice of either

surgical resection or follow-up for thyroid nodules with

indeterminate cytology. Low numerical sample appears to be

the main limitation of the study.
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TABLE 7 Statistically relevant results of CytoFoam categories vs traditional cytology classes.

CytoFoam Category Cytology TC CFCS P-value

II Bethesda II 9 (17.6%) 21 (41.2%) <0.01

III Bethesda III - IV 31 (60.8%) 19 (37.2%) 0.01

Report

Rate of malignant histology in cytological benign reports 0/9 (0%) 0/21 (0%) /

Rate of malignant histology in cytological suspicious or malignant reports 5/5 (100%) 8/8 (100%) /

Rate of conclusive reports 14/51 (27.4%) 29/51 (56.8%) <0.01
front
TABLE 6 Continued

ID PTS Bethesda Category HMBE 1 Galectin 3 Cytokeratin 19 CytoFoam Class M vs B

49 II 2 1 2 3 0

50 III 1 1 2 3 0

51 III 1 1 1 2 0
i

From left to right: id pts, identification code of the patient; SIAPEC-AME-AIT-SIE report; HMBE1 evaluation, where 0 non-evaluated or non-diagnostic, 1 means negative, 2 means positive;
Galectin 3 evaluation, where 0 non-evaluated or non-diagnostic, 1 means negative, 2 means positive; Cytokeratin 19 evaluation, where 0 non-evaluated or non-diagnostic, 1 means negative,
2 means positive; CytoFoam class report; M (malignant) vs B (benign), where 0 means a benign histology report, while 1 means a malignant histology report.
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Thyroid nodules have garnered attention due to changes in population surveillance

systems and rising concerns about the associated financial burden on healthcare

systems, payers, and patients. In this review, we find that prevalence rates vary

widely based on method of detection and may particularly pronounced in

asymptomatic patients undergoing routine screening. Incidence rates may be

particularly rising in lower-income and middle-income countries and may be

declining in higher-income countries. Despite high incidence rates, survival rates

continue to be as high as 97% for papillary thyroid cancer. Over the last few

decades, thyroid nodule workup and management has grown more sophisticated

with the advent of fine-needle aspiration biopsy, specialized biomarkers, and

molecular testing. However, gaps remain in risk stratification that can lead to

substantial costs of care. Certain molecular tests, such as the Afirma Gene

Sequencing Classifier can lead to a cost per diagnosis of $17,873 while achieving

only mild decreases in diagnostic lobectomies for patients (11.6% to 9.7% in one

study). Out-of-pocket costs associated with thyroid nodule management continue

to drive significant financial toxicity for patients, especially for individuals with

thyroid cancer. Financial toxicity has been defined as a term that describes how

direct and indirect medical costs of cancer care strain patients and households via

decreased income, assets, and spending on basic necessities. Recent studies

suggest that such toxicity can lead to adverse financial outcomes, such as

foreclosure and bankruptcy. Additional cost-effectiveness analyses are needed

to improve existing thyroid nodule management systems and new clinical tools are

needed to avoid unnecessary workup and management.

KEYWORDS

thyroid nodule, cost effectiveness, financial burden, healthcare policy and management,
economic impact
Introduction

Increasing rates of thyroid nodule detection has prompted assessment of the global,

economic, and patient-borne burden associated with the evaluation and treatment of benign

and malignant disease. The global burden of thyroid nodules reflects differences in

population surveillance across countries that has led to variation in thyroid nodule
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incidence rates. For payers, disparate systems for covering healthcare

costs yields unique economic considerations associated with

financing the costs of thyroid nodule workup and management.

High out-of-pocket costs also lead to patient concerns with

managing diagnostic workup and treatment of thyroid nodules.

Here, we describe what is known about the global, economic, and

patient-borne burdens of thyroid nodule management and outline

strategies for mitigating the societal and financial implications

associated with potentially unnecessary or extraneous care.
Global burden of thyroid nodules

The prevalence of thyroid nodules among the general

population has been estimated as upwards of 67% depending on

mode of detection (palpation, ultrasound or autopsy) and varies

widely by country (1–3). Prevalence ranges between 34% to 66%

depending on ultrasound detection rates or autopsy findings (2, 4).

Female sex, higher body mass index (BMI), and older age are

associated with an increased prevalence of thyroid nodules (5, 6).

Although high prevalence rates suggest a significant burden of

disease, most thyroid nodules are benign or have no ultrasound

features to suggest malignancy and thus are largely clinically

insignificant (7, 8). When evaluating mechanism of nodule

diagnosis on a global scale, Sajisevi et al. found variation across

participating countries (9). Rates of nodule diagnosis secondary to

symptomatic presentation were much higher in South Africa and

Denmark at 79% and 54%, respectively, while rates were similar and

much lower in the United States and Canada at around 30% (9).

However, thyroid surgery was performed more often in

asymptomatic patients in the United States and Canada which has

substantial impact when considering the effective management of

nodules without overtreatment (9).

The widespread adoption of sensitive imaging techniques has

contributed to the increasing frequency of detection of incidental

thyroid nodules (10). Due to the relatively indolent nature of thyroid

nodules, the primary clinical concern is excluding malignancy. Thus,

the complex diagnostic assessment of thyroid nodules largely pertains to

determining clinical significance while avoiding overdiagnosis and

overtreatment (11, 12). Of detected nodules, 10-15% represent

malignant disease (11). Globally, incidence rates of thyroid cancer

have grown substantially with the adoption of widespread thyroid

ultrasound use, which has raised concerns of the overdiagnosis of

subclinical thyroid disease. In the United States, the incidence of thyroid

cancer tripled from 1975 to 2009 (13), which resembles trends in other

countries, such as South Korea (14, 15). Increases are largely due to

increasing detection of low-risk subclinical papillary thyroid

microcarcinoma (14). Survival rates have remained as high as 97%

for papillary thyroid cancer, the most common type of thyroid cancer

(16). From 1978 to 2007, mortality rates steadily declined in most

countries with reported mortality rate reductions of 43.2% for men, and

50% for women (17). Further, men in China and women in Australia

were noted to have the largest decreases in mortality rates during this

time (17). Consideration of the falling mortality rates despite the rising

incidence further supports the concern for overdiagnosis and

overtreatment of thyroid cancer on a global scale (16).
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The trend of rising incidence began to regress first in South Korea

in 2014 with a 30% reduction in nodule detection in response to less

screening, and as a result, less diagnosis (15). Similarly, recent

findings from the Global Burden of Disease Study found that

incidence rates have started to plateau in EU15+ nations and in the

US between 2011 and 2019 (18). However, in low- and middle-

income countries, incidence rates have continued to rise (19).

Although the incidence in high-income countries may be

decreasing, overall rates of thyroid cancer are still highest in these

countries with the most incident cases in China, the United States,

and India (18, 20). Further, significant variability in reported rates

exists globally. For instance, there is a fivefold difference in thyroid

cancer incidence rates in women across various regions of the world

(17). Despite the regional variation in incidence by sex, the observed

female to male ratio is relatively consistent across all regions at 3:1

(17). Possible contributing factors to the regional variation include

barriers to access to health care, higher levels of radiation exposure,

and iodine deficiency present in certain low- and middle-income

countries (20, 21). This suggests that although over screening and

overdiagnosis could be contributing to the high incidence in high-

income countries, the variability in other parts of the world may be a

true rise in incidence due to environmental exposures or modifiable

risk factors. However, recent work on US trends in thyroid cancer

mortality has suggested that incidence-based mortality may be

growing by as much as 1.1% annually for all thyroid cancer patients

and 2.9% for advanced-stage papillary thyroid carcinoma (22).

Therefore, robustly characterizing the burden of thyroid nodules

may require additional research on thyroid cancer incidence and

mortality that accounts for demographic and tumor characteristics.
Economic burden of thyroid
nodule care

While the global burden of disease has been frequently reported,

the economic burden associated with thyroid nodules is only partially

understood. For nodules representing malignant disease, the costs of

well-differentiated thyroid cancer care in the United States are

projected to exceed $3.5 billion by 2030 (23). The plurality (41%) of

healthcare expenditures is incurred for newly diagnosed patients.

Initial diagnosis and evaluation, including primary care provider visit,

endocrinology/surgical consultations, ultrasound imaging, and fine-

needle aspiration biopsy (FNA) drive the economic burden of thyroid

nodule management for both benign and malignant disease.

American Thyroid Association (ATA) guidelines suggest that FNA

is the most cost-effective method for evaluating thyroid nodules and

further recommends ultrasound guidance, which has been shown to

achieve better diagnostic accuracy than palpation alone (24–26). For

incidental thyroid nodules that are less than 2 centimeters, the cost-

effectiveness of FNA appears poor compared to observation ($542 vs.

$412 in direct costs) (27).

Prior cost-effectiveness analyses have estimated that the screening

and management of all thyroid nodules in the United States would

incur $25.1 billion in costs, and the addition of specialized

biomarkers, such as serum calcitonin for medullary thyroid cancer,

to current ATA guidelines could add $1.4 billion in costs, which
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would represent a mean $11,793 per life-year saved (28). Rather than

routine use of adjunct testing, other studies of the cost of thyroid

nodule evaluation considered adding molecular testing only for

individuals with indeterminate thyroid nodules based on initial

FNA cytology results (29), which represent 20-30% of FNA results.

Yip et al. found that while molecular testing added $104 per patient to

the costs of thyroid nodule diagnostic workup, cost savings were

realized by a decrease in the proportion of diagnostic lobectomies

compared to standard care (11.6% to 9.7%) (29). The Afirma Gene

Sequencing Classifier™ and ThyroSeq™ are two nucleic-acid based

molecular tests that use gene expression profiling and/or genotyping

of tumor-associated genetic mutations to attempt to determine the

likelihood that samples represent malignancy (28–31). The cost-

effectiveness of molecular testing also varies between Afirma, which

may be more costly than lobectomy (30), and ThyroSeq v3, which was

shown in a single-center Canadian study to reduce the number of

diagnostic lobectomies (31). A comparative study of both molecular

testing options suggested that for indeterminate nodules, both Afirma

and ThyroSeq v3 were more cost-effective than lobectomy, but

ThyroSeq v3 yielded a cost per diagnosis of $14,277 compared to

$17,873 for the Afirma Gene Sequencing Classifier (32). Molecular

tests may be used more often in the United States than in other

countries. However, due to the relatively recent emergence and

evolution of molecular testing, the particular extent to which the

use of such tests varies between countries has not yet been

fully characterized.

Although not routinely performed, intraoperative frozen section

analysis can also be a driver of the economic burden of thyroid nodule

management and includes potential costs from testing, labor,

extended operating room time, and completion thyroidectomies in

some cases (33, 34). One meta-analysis suggested that frozen section

analysis offered only moderate diagnostic utility (sensitivity, 95% CI:

43%, 34%-53%) and routine use should be discouraged for follicular

neoplasms (34). A separate cost analysis instead suggested that

routine use of frozen section for patients with “suspicious for

malignancy” cytology during thyroid lobectomy could actually

achieve costs of $474 per case, primarily due to a large reduction in

rates of subsequent total thyroidectomy compared to standard care

(7.7% vs. 26.1%) (35).
Patient-borne financial burden of
thyroid nodule management

Finally, the patient-borne financial burden of thyroid disease has

been assessed using both out-of-pocket costs and perceived financial

toxicity as primary metrics. Out-of-pocket costs are driven by the

surgical management of thyroid disease, which are substantial for

both benign and malignant conditions and pronounced even for

commercial insured patients (15). However out-of-pocket costs for

patients who do not undergo surgical management for thyroid

nodules remain due to the diagnostic sequelae of incidental

detection, including active surveillance which includes lab testing

and recurrent imaging. Patients who self-identify with overdiagnosed

thyroid cancer but opt for nonintervention are at risk for healthcare

disengagement and lower quality-of-life (36). Current estimates of the

perceived financial burden rely primarily on cohort and cross-
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sectional studies of thyroid cancer patients, which have shown that

46.1% of patients endorse a psychological financial burden and 28.1%

of patients endorse a material financial burden (37). There is also

evidence of household strain associated with thyroid cancer diagnosis

and treatment on patients with 48% patients reporting reduced

income, 9% losing insurance coverage as well as 18.1% reporting

unemployment for at least 6 months (38, 39). Thyroid cancer care has

also been associated with adverse financial outcomes, including a

higher likelihood of notice of default and foreclosure and bankruptcy

compared to other cancer types (40, 41). Notably, bankruptcy rates

have been estimated to be as high as 41% at 5 years after diagnosis

despite high survival rates (98% at 5 years after diagnosis) (42).

Previously, we have summarized the financial burden of thyroid

cancer and outlined frameworks for improving research designed to

measure and mitigate the financial burden of care (43).

Evidence further suggests that overdiagnosis and overtreatment of

thyroid cancer can also impair health-related quality of life (HRQoL)

for patients. Thyroid cancer survivors cite declines in psychological

and emotional well-being due to anxiety and depression associated

with treatment, and these symptoms may persist during remission

because patients often fear recurrence of cancer (44). For patients who

have undergone thyroidectomy, surveillance costs can also contribute

to reduced quality of life and excess out-of-pocket spending,

especially since the cost to detect 1 recurrence has been estimated

at $147,819 (45, 46). As we have summarized previously, the costs of

thyroid cancer diagnosis and treatment lead many patients to delay

care and may risk spending on other medical conditions that

contribute substantially to improved health, quality of life, and

lifespan (43).
Discussion

Recent retrospective analyses have found that 41% of patients

undergoing surgical treatment for thyroid nodules have no thyroid-

referable symptoms at the time of detection, and the mean tumor size is

smaller in asymptomatic patients (2.1 cm) compared to symptomatic

patients (3.2 cm) (9). An additional meta-analysis showed that 68.8% of

all thyroid nodules undergoing surgical excision represented benign

disease (47). This suggests that increasing detection of benign and

subclinical disease may be generating excess healthcare costs. The

thyroid nodule diagnostic workup routinely involves ultrasound

imaging and FNA for nodules considered suspicious for malignancy

based on sonographic features. In the United States, the American

College of Radiology Thyroid Imaging Reporting and Data System

(TIRADS) risk stratification system is used to guide subsequent

management of thyroid nodules undergoing sonographic evaluation

(48). This points system creates categories and biopsy thresholds for

consideration of FNA based on risk of malignancy but does not

additionally incorporate cost-effectiveness estimates nor stratifies by

thyroid cancer subtype. The latter is particularly important considering

the significant differences in 5-year relative survival rates between

patients with follicular and medullary thyroid cancer compared to

papillary thyroid cancer (49). Thus, there are likely many patients with

borderline radiographic features (i.e. TR2 and TR3 classifications) who

still undergo unnecessary FNA despite low malignancy risk and

potentially little benefit from earlier detection of indolent follicular
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thyroid cancer types. In an analogous fashion, the Bethesda

classification system for thyroid cytopathology may lead to

unnecessary thyroid surgery in many patients with indeterminate

typical findings from FNA (50), and there remains debate as to

whether molecular testing substantially reduces the costs of care for

indeterminate nodules given the high costs of Afirma and ThyroSeq v3

testing. One potential driver is clinical concern that the risk of

malignancy for pathologically analyzed samples is underestimated

(50). Although thyroid cancer incidence rates have started to plateau

in the US after changes in ATA recommendations, disability-adjusted

life years have not yet improved which may reflect suboptimal risk

stratification and higher average healthcare expenditures relative to

other countries (18).

The high costs of care in the United States imply a different risk

calculus for assessing the risks and benefits of thyroid cancer care,

especially since patients bear substantial out-of-pocket costs for

diagnostic workup, surgical management, and surveillance.

Importantly, thyroid cancer patients remain at risk for adverse

financial outcomes and material and psychological hardship that

could impair quality of life more than certain untreated forms of

thyroid cancer, such as papillary thyroid microcarcinoma, that are

unlikely to produce symptoms or metastasize. Furthermore, these

risks do not appear to abate during remission, as patients continue to

incur costs due to surveillance and experience burden associated with

the fear of recurrence. Therefore, thyroid nodule management may

need to be tailored in the United States to the unique healthcare

system reimbursement structure and high patient-borne costs of care

compared to countries with single-payer systems or alternative
Frontiers in Endocrinology 0453
payment schemes in which patients pay a smaller proportion of

household income towards medical care.
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The TNAPP web-based algorithm
improves thyroid nodule
management in clinical practice:
A retrospective validation study

Vincenzo Triggiani 1*, Giuseppe Lisco 1, Giuseppina Renzulli2,
Andrea Frasoldati 3, Rinaldo Guglielmi4, Jeffrey Garber5

and Enrico Papini 4

1Interdisciplinary Department of Medicine, Section of Internal Medicine, Geriatrics, Endocrinology and
Rare Diseases, School of Medicine, University of Bari “Aldo Moro”, Bari, Italy, 2Department of Emergency
and Organ Transplantation, Section of Pathological Anatomy, University of Bari “Aldo Moro”, Bari, Italy,
3Endocrinology and Metabolism Department, Arcispedale Santa Maria Nuova Istituto di Ricovero e Cura
a Carattere Scientifico-Azienda Sanitaria Locale, Reggio Emilia, Italy, 4Endocrinology and Metabolism
Department, Regina Apostolorum Hospital, Rome, Italy, 5Endocrine Division, Harvard Vanguard Medical
Associates Harvard Medical School, Boston, MA, United States
Background: The detection of thyroid nodules has been increasing over time,

resulting in an extensive use of fine-needle aspiration (FNA) and cytology. Tailored

methods are required to improve the management of thyroid nodules, including

algorithms and web-based tools.

Study aims: To assess the performance of the Thyroid Nodule App (TNAPP), a

web-based, readily modifiable, interactive algorithmic tool, in improving the

management of thyroid nodules.

Methods:One hundred twelve consecutive patients with 188 thyroid nodules who

underwent FNA from January to December 2016 and thyroid surgery were

retrospectively evaluated. Neck ultrasound images were collected from a thyroid

nodule registry and re-examined to extract data to run TNAPP. Each nodule was

evaluated for ultrasonographic risk and suitability for FNA. The sensitivity,

specificity, positive and negative predictive values, and overall accuracy of

TNAPP were calculated and compared to the diagnostic performance of the

other two algorithms by the American Association of Clinical Endocrinology/

American College of Endocrinology/Associazione Medici Endocrinologi (AACE/

ACE/AME), which it was derived from the American College of Radiology Thyroid

Imaging Reporting and Data System (ACR TI-RADS).

Results: TNAPP performed better in terms of sensitivity (>80%) and negative

predictive value (68%) with an overall accuracy of 50.5%, which was similar to

that found with the AACE/ACE/AME algorithm. TNAPP displayed a slightly better

performance than AACE/ACE/AME and ACR TI-RADS algorithms in selectively

discriminating unnecessary FNA for nodules with benign cytology (TIR 2 -

Bethesda class II: TNAPP 32% vs. AACE/ACE/AME 31% vs. ACR TI-RADS 29%).

The TNAPP reduced the number of missed diagnoses of thyroid nodules with

suspicious and highly suspicious cytology (TIR 4 + TIR 5 - Bethesda classes V + VI:

TNAPP 18% vs. AACE/ACE/AME 26% vs. ACR TI-RADS 20.5%). A total of 14 nodules
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that would not have been aspirated were malignant, 13 of which were

microcarcinomas (92.8%).

Discussion: The TNAPP algorithm is a reliable, easy-to-learn tool that can be

readily employed to improve the selection of thyroid nodules requiring cytological

characterization. The rate of malignant nodules missed because of inaccurate

characterization at baseline by TNAPP was lower compared to the other two

algorithms and, in almost all the cases, the tumors were microcarcinomas.

TNAPP’s use of size >20 mm as an independent determinant for considering or

recommending FNA reduced its specificity.

Conclusion: TNAPP performs well compared to AACE/ACE/AME and ACR-TIRADS

algorithms. Additional retrospective and, ultimately, prospective studies are

needed to confirm and guide the development of future iterations that

incorporate different risk stratification systems and targets for diagnosing

malignancy while reducing unnecessary FNA procedures.
KEYWORDS

thyroid nodule, thyroid carcinoma, web-based algorithm, TNAPP, fine-needle aspiration

(FNA), retrospective study
Background

The detection and prevalence rates of thyroid nodules have

increased over the last six decades, paralleling the growing number

of patients undergoing thyroid ultrasound (US) and other imaging

modalities involving the neck (1). Accordingly, the number of newly

diagnosed thyroid malignancies has increased, with most being

microcarcinomas with favorable prognoses, even in the case of

delayed treatment (2).

Most patients diagnosed with thyroid nodules after neck US are

asymptomatic, and often thyroid nodules are discovered incidentally.

Professional societies’ guidelines recommend classifying the risk of

malignancy of thyroid nodules before recommending fine-needle

aspiration biopsy (FNA) to avoid unnecessary procedures (3–5).

However, using risk stratification systems for thyroid nodules may

be laborious and require expertise. Moreover, currently available

recommendations do not incorporate clinical features or exclusion

criteria. The indication to FNA should be based not only on US

features but also on the integrated evaluation of family and personal

history, local symptoms and signs, and laboratory data. Thus, a

tailored and easily accessible methodology, including algorithms

and web-based tools, is required to reduce costs and improve

clinical utility in managing thyroid nodules.

The Thyroid Nodule App (TNAPP) is an integrated web-based

algorithm that guides the management of thyroid nodules
ociation of Clinical

Associazione Medici

ology Thyroid Imaging

; SIAPeC-IAP, Società

nternational Accademy

d.
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incorporating clinical factors, laboratory data, US characteristics,

and cytology features. The TNAPP algorithm calculates in real-time

the indication for FNA or follow-up and, sequentially, the risk of

malignancy of thyroid nodules and the indication to surgery,

surveillance, or discharge based on the American Association of

Clinical Endocrinology/American College of Endocrinology/

Associazione Medici Endocrinologi (AACE/ACE/AME) US risk

classes (US 1, US 2, and US 3) (4), the American College of

Radiology Thyroid Imaging Reporting and Data System (ACR TI-

RADS) US categories (TR 1 to 5) (5) and the clinical and laboratory

data of the individual patient.

In this original retrospective study, we assessed and compared the

clinical accuracy of the TNAPP algorithm with two other frequently

used algorithms (AACE/ACE/AME and ACR TI-RADS) in a cohort

of unselected patients who had FNA of one or more thyroid nodules

in 1 year and went to thyroid surgery, slightly before the publication

and dissemination of updated guidelines and algorithms.
Methods

We retrospectively examined a cohort of patients with thyroid

nodules who had been referred to the Outpatient Endocrinology

Centre of the Azienda Ospedaliero – Universitaria Policlinico of Bari

to perform thyroid FNA from January 1, 2016, to December 31, 2016.

From a total of 473 patients with 852 nodules who had an FNA in that

period, we selected those who undergone thyroid surgery (112

patients with 188 nodules), corresponding to 23.7% of the entire

cohort. Detailed cytological (6) and histological reports of thyroid

samples with TNM Classification (7) were available for all the

nodules. Medical records included a detailed history and laboratory

determinations (Thyroid-Stimulating Hormone, free thyroxine, anti-
frontiersin.org
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thyroperoxidase antibody). Neck US examination and US-assisted

FNA were performed by the same operator (V.T.). A set of neck US

images was retrieved for each patient from the radiological records

and was re-evaluated by two different operators (V.T. and G.L.) to

categorize thyroid nodule features according to the current

classification systems.

Nodule risk stratification was carried out considering clinical,

laboratory, and US hallmarks for each patient. The following six US

characteristics employed by TNAPP were based on nomenclature

under development by the International Thyroid Nodule Ultrasound

Working Group (ITNUWG): nodule composition, echogenicity,

shape, margins, and echogenic foci with the addition of vascular

patterns. According to the AACE/ACE/AME, thyroid nodules were

classified as low risk (US 1), moderate risk (US 2), and high risk (US

3). According to the ACR TI-RADS, nodules were classified into five

categories: TR 1 (benign), TR 2 (not suspicious), TR 3 (mildly

suspic ious) , TR 4 (moderate ly suspic ious) , and TR 5

(highly suspicious).

First, we calculated risk categories for each thyroid nodule with

US classifications and labeled those requiring FNA. According to the

AACE/ACE/AME guidelines (4), thyroid biopsy was considered for

nodules with a major diameter of at least 5-10 mm when suspicious

US signs were present (US 3) or in those associated with pathologic

cervical lymph nodes that were not clinically evident. Patients with a

personal (none registered in 2016) or family history of thyroid cancer

with thyroid nodules>5 mm were also considered suitable for FNA.

Patients with thyroid nodules >10 mm with either US 2 or US 3 class

of risk and low-risk nodules (i.e., US 1) >20 mm were also included

among candidates for FNA. According to the ACR TI-RADS

algorithm (5), thyroid biopsy was recommended in patients with

TR 3 with a major diameter ≥25 mm, TR 4 with a major diameter ≥15

mm, TR 5 with a major diameter ≥10 mm. After that, nodule

malignancy risk was assessed by the TNAPP electronic algorithmic

tool, integrating the clinical and laboratory data with the US findings.

The principal goal of the study was to evaluate TNAPP’s performance

as a tool for deciding whether to perform an FNA. Although

comprehensive clinical data were available, the TNAPP did not

change the decisions based on US data alone to perform FNAs. The

“2017 European Union Thyroid Imaging Reporting and Data System

Lexicon” (8) was used to categorize US features. The TNAPP is a web-

based easy-to-apply tool, accessible for free at the website: https://

aace-thyroid.deontics.com.

Surgical histological reports were used as the gold standard for the

final diagnosis of thyroid nodules. Thyroid histology was considered

the reference value for evaluating the diagnostic performance of the

three algorithms as a whole or subdivided according to thyroid

nodules’ major diameters.

The level of agreement was also calculated, overall and according

to thyroid nodules’ major diameters, whether to perform FNA.
Results

The median age of patients was 55 years [10-86 yrs], and 21 of 112

were men (19%). Sixty-two of 188 nodules were palpable (33%), and

19 of them had hard consistency. Thyroid nodules were detected in a

variety of ways and included cosmetic complaints (14.3%), neck
Frontiers in Endocrinology 0357
enlargement (13.4%), incidental discovery after a carotid echo-

color-doppler examination (11.6%), follow-up of diffuse thyroid

diseases (10.7%), or compressive symptoms (8%).

The median TSH value was 1.89 mUI/L [0.3; 9]. Thirty-one

patients (28%) had elevated titer of thyroperoxidase antibodies.

Unstimulated serum values of calcitonin were available in 38

patients (34%). Among them, 36 had a normal value. The

remaining two patients had an elevated unstimulated calcitonin

level: a 49-year woman with mild elevation (14.5 pg/mL) and a 44-

year woman with marked elevation (784 pg/mL) diagnosed with

medullary thyroid cancer and excluded from the enrollment in the

study. Twenty-nine patients (26%) were on levothyroxine therapy due

to concomitant hypothyroidism; one was on methimazole because of

hyperthyroidism. Three excluded patients had suspicious cervical

lymph nodes and, as per protocol, underwent FNA irrespective of

thyroid US images.

Thyroid surgery was recommended in case of nodules presenting

with indeterminate, suspicious, and malignant cytological results (71

patients, 63%) and because of clinical signs or symptoms in large

nodules or multinodular goiters (41 patients, 37%). The median

diameter of the largest nodule diameter was 14 mm [4; 62]. The

histological diameter was available in 133 thyroid nodules with a

median of 11 mm after formalin fixation [3; 65]. Histological and

ultrasonographic diameters were linearly related (r = 0.8 ± 0.04; F

392.3; p <.0001), thus suggesting a high concordance between the two

measures. The US characteristics of the nodules under evaluation are

described in Table 1, while Table 2 summarizes the cytological

findings of biopsied nodules with the corresponding final histology.

A high concordance rate was found between thyroid cytology and

histological findings. A complete concordance rate (100%) was found

between benign cytological (TIR 2 – Bethesda class II) and non-

malignant histology (autoimmune thyroiditis, hyperplastic nodule,

goiter, follicular adenoma). A complete concordance rate (100%) was

also found between high-risk cytology (TIR 5 - Bethesda class VI) and

malignant histology (follicular and papillary thyroid carcinoma).

Indeterminate cytology was split into TIR 3A and TIR 3B

according to the Società Italiana di Anatomia Patologica e Citologia

diagnostica – International Academy of Pathology (SIAPeC-IAP)

2014 classification, corresponding to the classes III and IV,

respectively, of the 2017 Bethesda system. The rate of malignant

lesions among TIR 3A and TIR 3B (Bethesda classes III and IV)

nodules were 29 and 36%, respectively (Figure 1).

The detailed explanation of malignant nodules among TIR 1

(Bethesda class I) cytology is included in Table 2 capitation.

Abbreviations: SIAPeC = Società Italiana di Anatomia Patologica e

Citologia (diagnostica); IAP = International Academy of Pathology.

Indication of thyroid surgery had been suggested based on

cytological results in 105 of 188 thyroid nodules (55.8%).

Cytological consistency in driving clinical decisions (as indicated by

guidelines) was calculated, considering histological findings as the

reference value. The sensitivity and specificity of cytology were 90.9%

and 64.6%, respectively. Positive and negative predictive values were

66.7% and 90.1%, respectively. The overall accuracy of cytology in

driving clinical decisions was 76.1% (Table 3).

According to the AACE/ACE/AME risk score, 26 thyroid nodules

were classified as US 1 (13.8%), 88 US 2 (46.8%), and the remaining

74 (39.4%) US 3. A thyroid biopsy would have been recommended in
frontiersin.org
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146 nodules (77.7%). Based upon the ACR TI-RADS risk score,

thyroid nodules were classified as follows: TR 1, 3 (1.6%); TR 2, 10

(5.3%); TR 3, 48 (25.5%); TR 4, 74 (39.4%); TR 5, 53 (28.2%). Ninety-

two percent of US 1, 67% of US 2, and 34% of US 3 nodules had non-

malignant histology (Figure 2A). Non-malignant lesions were in

100% of TR 1, 70% of TR 2, 88% of TR 3, 58% of TR 4, and 25%

of TR 5 nodules (Figure 2B). A thyroid biopsy would have been

recommended in 100 thyroid nodules (53.2%).

Lastly, according to the TNAPP outputs, thyroid biopsy was

suggested (72) or recommended (72) in 144 nodules (76.6%). A

concordance between the AACE/ACE/AME recommendations and

TNAPP outputs was reached in 172 of 188 thyroid nodules (91.5%),

while a lower agreement was found between the ACR TI-RADS

recommendations and TNAPP outputs (144 of 188 thyroid

nodules, 76.6%).

The concordance rate between ACR TI-RADS and TNAPP

ranged between 73.7% and 79.7%, without any relevant differences

concerning thyroid nodule diameters. Conversely, the concordance

rate between the AACE/ACE/AME algorithm and TNAPP was

slightly lower for thyroid nodules ≤10 mm (81.2%) compared to

that observed in the case of larger thyroid nodules (Figure 3).

The level of agreement between the AACE/ACE/AME and

TNAPP recommendations was similar irrespective of the final

indication to perform or avoid FNA/follow-up. On the contrary,

the concordance rate between the ACR TI-RADS and TNAPP was

profoundly different concerning the final decision to perform rather

than avoid FNA, with excellent agreement when the ACR TI-RADS

algorithm suggested performing a thyroid biopsy (100%) and

considerably lower concordance when the ACR TI-RADS algorithm

did not recommend for FNA (50%). Data are reported in detail in

Tables 4A, B.

The performance of the TNAPP algorithm was preliminarily

calculated by using cytological results as the reference value. The

sensitivity and specificity were 77.1% and 26.5%, respectively. The

positive and negative predictive values were 60.4% and 44.2%,

respectively, with an overall accuracy of 56.5%.
Frontiers in Endocrinology 0458
Furthermore, the overall performance of the three algorithms was

calculated by using histological results as the reference value. More

precisely, the overall accuracy of the AACE/ACE/AME, ACR TI-

RADS, and TNAPP algorithms were 50.5%, 61.2%, and 50.5%,

respectively. The AACE/ACE/AME and TNAPP algorithms had a

better sensitivity (83.5 and 82.5%, respectively) compared to ACR TI-

RADS (67.1%) and a lower specificity (26.6%, 27.5%, and 70.5%,

respectively). All the algorithms perform better as negative predictors

(Tables 5–7).

The performance of the three algorithms was slightly better for

nodules ≤10 mm than those between 11 and 20 mm, while it

dropped in thyroid nodules between 21 and 40 mm. The accuracy

of the AACE/ACE/AME was slightly better for nodules >40 mm

(55.5%), whereas the accuracy of both TNAPP and ACR TI-RADS

was lower (44.4%). All data are reported in more detail in

Supplementary Materials.

In light of the better negative than the positive predictive value of

algorithms, we explored the distribution of algorithm-based

recommendations according to cytological results (Figure 4). Data

showed that TNAPP would have prevented 14 unnecessary FNA with

TIR 2 - Bethesda class II cytology (31.8%) with a lower loss in FNA

resulting frommalignant cytology (TIR 4 - Bethesda class V, 6.8% and

TIR 5 – Bethesda class VI, 11.4%). Most importantly, the concordance

rate among the three algorithms to avoid thyroid biopsy of TIR 2

(Bethesda class II) nodules was 100% (13 nodules).

By dichotomizing histological results as malignant or benign, for

each tool, we calculated the number of aspirates that would not have

been performed on benign lesions and done on malignant ones. For

the AACE/ACE/AME algorithm, 42 thyroid biopsies would not have

been done, with 29 (69%) having non-malignant histology, while for

146 FNA that were recommended, 67 (45.9%) had malignant

histology. Similar results were found for TNAPP. For the ACR TI-

RADS, sixty-one (69.3%) of 88 that would not have been performed

had benign histology, while 53% percent of nodules, for which the

ACR TI-RADS recommended thyroid biopsy, were histologically

malignant (Figure 5).
TABLE 1 Ultrasonographic characteristics of examined thyroid nodules (n = 188).

US variables Prevalence of the leading characteristics of each US variable (n, %)

Composition
Completely cystic

(3; 1.6%)
Mixed cystic and solid (eccentric mural component)

(11; 5.9%)
Solid

(174; 92.5%)
- -

Echogenicity
Hyperechoic
(5; 2.6%)

Isoechoic
(59; 31.5%)

Anechoic
(4; 2.1%)

Hypoechoic or
slightly hypoechoic

(73; 38.8%)

Profoundly
hypoechoic
(48; 25%)

Shape
Oval or round
(167; 88.8%)

“Taller than wide”
(21; 11.2%)

– – –

Margins
Smooth or regular

(134; 71.3%)
Irregular with protrusion into adjacent thyroid

(15; 7.9%)

Spiculate or
sharp angles
(26; 13.8%)

Ill-defined
(13; 6.9%)

–

Echogenic foci
Absent

(126; 67%)

Difficult to
characterize foci

(17; 9%)

Intranodal
macrocalcifications

(10; 5.3%)

Microcalcifications
(35; 18.6%)

Peripheral
calcifications
(4; 2.1%)

Vascular pattern
Peripheral or low vascularity

(131; 69.7%)
Intranodular vascularity

(57; 30.3%)
– – –
f

A complete description of ultrasonographic variables of examined thyroid nodules (left column, in bold) with a detailed characterization of the hallmarks of each US variable.
US, ultrasonographic.
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TABLE 2 Descriptive statistics of cytological findings and histological corresponding (n = 188).

SIAPeC-IAP
2014 - Bethesda System 2017

Ultrasonographic
diameter (mm)

Histologic
diameter (mm) Benign Malignant Variants

TIR 1 - I
(12, 6.4%)

15
(7.7)

11
(6)

Adenoma
(2; 1.1%)
Cystic

(1; 0.5%)
Goiter

(4; 2.1%)
Goiter and thyroiditis

(1; 0.5%)
Thyroiditis
(1; 0.5%)

Papillary cancer
(1; 0.5%)*

Multicentric follicular
(1; 0.5%)

Follicular cancer
(2; 1.1%)**

Oncocytic
(1; 0.5%)

Multicentric
(1; 0.5%)

TIR 2 - II
(47; 25%)

18.6
(10.6)

19.1
(12.8)

Adenoma
(12; 6.4%)
Goiter

(18; 9.6%)
Goiter and thyroiditis

(8; 4.3%)
Thyroiditis
(9; 4.8%)

– –

TIR 3A - III
(24; 12.8%)

15.8
(6.2)

12.8
(5.6)

Adenoma
(6; 3.2%)
Goiter

(8; 4.3%)
Goiter and thyroiditis

(1; 0.5%)
Thyroiditis
(2; 1.1%)

Papillary cancer
(4; 2.1%)

Classic intracystic
(1; 0.5%)
Follicular
(2; 1.1%)

Solid microfollicular
(1; 0.5%)

Follicular cancer
(3; 1.6%)

Microfollicular
(1; 0.5%)

Multicentric
(2; 1.1%)

TIR 3B - IV
(44, 23.4%)

22.2
(12.7)

19.1
(13.1)

Adenoma
(16; 8.5%)
Goiter

(9; 4.8%)
Goiter and thyroiditis

(1; 0.5%)
Thyroiditis
(3; 1.6%)

Follicular cancer
(8; 4.3%)

Oncocytic
(5; 2.7%)

Microfollicular
(2; 1.1%)
Oxyphilic
(1; 0.5%)

Papillary cancer
(7; 3.7%)

Oncocytic
(3; 1.6%)
Follicular
(3; 1.6%)
Solid

(1; 0.5%)

TIR 4 - V
(19, 10.1%)

13.4
(5.8)

12.4
(10.1)

Adenoma
(4; 2.1%)
Cystic

(1; 0.5%)
Goiter

(1; 0.5%)
Goiter and thyroiditis

(1; 0.5%)

Papillary cancer
(12; 6.4%)

Purely follicular
(5; 2.7%)

Follicular, Oncocytic
(1; 0.5%)

Follicular, Tall cells
(3; 1.6%)

Follicular, Solid
(1; 0.5%)

Purely tall cells
(1; 0.5%)

Microfollicular
(1; 0.5%)

TIR 5 - VI
(42, 22.3%)

11.6
(8.5)

10.6
(9.0)

–

Medullary cancer
(1; 0.5%)

–

Follicular cancer
(1; 0.5%)

Oncocytic
(1; 0.5%)

Papillary cancer
(40, 21.3%)

Purely classic
(13; 6.9%)

Classic cystic
(1; 0.5%)

Classic solid

(Continued)
F
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TABLE 2 Continued

SIAPeC-IAP
2014 - Bethesda System 2017

Ultrasonographic
diameter (mm)

Histologic
diameter (mm) Benign Malignant Variants

(1; 0.5%)
Classic, follicular, tall cells

(1; 0.5%)
Purely follicular

(9; 4.8%)
Follicular, Tall cells

(3; 1.6%)
Follicular, Oncocytic

(1; 0.5%)
Follicular, Oncocytic; Tall cells

(1; 0.5%)
Purely tall cells

(6; 3.2%)
Purely Trabecular

(1; 0.5%)
Purely Solid
(1; 0.5%)

Purely Oncocytic
(1; 0.5%)

Solid, Follicular
(1; 0.5%)
F
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* 18-year-old woman with two thyroid nodules with a major diameter of 4 mm; cytological findings were TIR 1 - Bethesda class I and TIR 5 - Bethesda class VI (indication for thyroid surgery), and
histological diagnosis was multicentric papillary thyroid cancer.
** 63-year woman with three thyroid nodules underwent FNA with the following cytological findings: TIR 1 - Bethesda class I, TIR 3A - Bethesda class III, and TIR 3A - Bethesda class I. Thyroid
surgery was suggested due to compressive symptoms.
** 53-year woman with three thyroid nodules underwent FNA with the following cytological findings: TIR 1 - Bethesda class I (11 mm), TIR 2 - Bethesda class II (7 mm), and TIR 5 - Bethesda class VI
(6 mm). Thyroid surgery was suggested due to cytology results (TIR 5 - Bethesda class VI). Histological diagnosis: multifocal papillary cancer (cytology: TIR 5 - Bethesda class VI), oncocytic follicular
cancer (cytology: TIR 1 - Bethesda class I), and oxyphilic adenoma (cytology: TIR 2 - Bethesda class II).
SIAPeC, Società Italiana di Anatomia Patologica e Citologia (diagnostica); IAP, International Academy of Pathology.
FIGURE 1

Concordance rates between thyroid cytology (SIAPeC-IAP 2014) and histological findings dichotomized as benign or malignant (n = 188).
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Among 12 (28.6%) thyroid nodules with malignant histology for

which the AACE/ACE/AME algorithm did not recommend FNA, 11

were microcarcinomas (91.7%). Three of them were diagnosed with

indeterminate cytology (one TIR 3A - Bethesda class III and two TIR

3B - Bethesda class IV), one had suspicious cytology (TIR 4 - Bethesda

class V), and the remaining eight had positive cytology (TIR 5 -

Bethesda class VI).

Twenty-six thyroid nodules with final malignant histology would

have been excluded from FNA by the ACR TI-RADS (31.8%). Of

them, 14 were microcarcinomas, and the remaining 12 had a major

diameter greater than 10 mm. One had non-diagnostic cytology,

eleven indeterminate cytology (five TIR 3A - Bethesda class III and six

TIR 3B - Bethesda class IV), two suspicious cytology, and twelve

positive cytology.

Among 14 (32%) thyroid nodules with malignant histology for

which TNAPP suggested avoiding FNA, 13 were microcarcinomas.

Among them, one was TIR 1 (Bethesda class I), none TIR 2 (Bethesda

class II), three TIR 3A (Bethesda class III), four TIR 3B (Bethesda

class IV), one TIR 4 (Bethesda class V), and five TIR 5 (Bethesda class

VI). All these tumors were differentiated thyroid carcinomas

(Supplementary Table 1).

TNAPP, as opposed to the other algorithms, provides

subclassifications based on clinical characteristics in favor of

performing FNA (Clinical 2) or against performing FNA (Clinical

1) and exclusion criteria for employing it as a decision tool. Thus, we

analyzed the impact of clinical factors on the rate of diagnosing

malignancy. Factors against performing FNA include suppressed or

low TSH values in patients not taking levothyroxine, limited life

expectancy or significant comorbidities making thyroid surgery high

risk or low short-term priority, prior lobectomy with ipsilateral vocal

cord paralysis, pregnancy, hyperfunctioning autonomous nodule, and

at least one prior benign cytology on the same nodule. Factors

favoring FNA are nodules with fixed or hard consistency, remote

history of head and neck irradiation, compressive symptoms

(dyspnea, dysphonia, dysphagia), documented US (nodule) or

clinical (neck exam) of sudden enlargement, protocols (such as

transplant surgery) that require ruling out cancer, and planned

thyroid or parathyroid surgery. Exclusion criteria rendering TNAPP

unsuitable for the evaluation of thyroid nodules include a prior

history of thyroid cancer or hereditary/familial differentiated

thyroid cancer in those with predisposing genetic syndromes

(Gardner, Cowden, Adenomatous Familial Polyposis, Werner,

Carney’s complex), positron emission tomography positive nodules,

elevated calcitonin, and suspicious or malignant regional adenopathy.
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Among these 14 cases (Supplementary Table 1C), all had normal

values of TSH. In three, there was a positive family history of thyroid

cancer, and two nodules had hard composition. No other clinical

characteristics were found clinical determinants were present. All in

all, even after considering the clinical data, the final advice would have

been the same as that suggested by the evaluation of US characteristics

only: not performing the FNA and re-evaluating at 12 months.

Clinical features did not affect guidance for those in whom US

criteria alone determined that FNA was not recommended with or

without a 12-month re-evaluation.
Discussion

The current overdiagnosis of thyroid nodules may lead to a

parallel increased frequency of endocrinological consultations,

number of performed FNAs, thyroid surgery procedures, and

incidental diagnosis of indolent thyroid carcinomas. Overdiagnosis

and overtreatment of thyroid nodules may unfavorably influence

patients’ quality of life, healthcare provider workload, and the

financial status of healthcare systems. For these reasons, the

management of the epidemic of thyroid nodules should be

customized, providing cost- and risk-effective diagnostic procedures

and treatments.

Electronic algorithms and artificial intelligence are currently

proposed to improve the quality of care in several medical fields

(9–13). The introduction of artificial intelligence is a novelty in

thyroid nodule evaluat ion/management even if further

implementation is necessary, including the integration with

clinician expertise when composing a decision process, impact on

workload and efficiency when using artificial intelligence, and

assessment of the overall performance of these systems. In 2020,

the TNAPP (14) was developed as an easy-to-use web-based

algorithm that provides real-time and updated recommendations

for managing thyroid nodules according to clinical factors,

laboratory data, US characteristics, and cytology findings. The

TNAPP algorithm has been preliminarily validated in a small and

retrospective study on 95 thyroid nodules with histology-proven

diagnoses (14) and a retrospective review of 59 thyroid nodules

with Hurtle cytology (15), providing favorable results.

General consideration. The AACE/ACE/AME categories were

associated with an increased risk of malignancy from US 1 to US 3

score. ACR TI-RADS performed very well with categories 1 (0%

malignant) and 5 (75% malignant). However, in this study, a decrease
TABLE 3 Assessment of cytological consistency in supporting clinical decisions according to guidelines (n = 176, TIR 1 – Bethesda class I excluded).

Histology

Malignant Benign Total

Cytology indicating thyroid surgery
(Bethesda system 2017: IV, V, and VI; SIAPeC-IAP 2014 classes: TIR 3B, TIR 4, TIR 5)

70 35 105
Positive predictive value

66.7%

Cytology not suggesting thyroid surgery (Bethesda system 2017: II, and III; SIAPeC-IAP 2014 classes:
TIR 2; TIR 3A)

7 64 71
Negative predictive value

90.1%

Total 77 99 176

Sensitivity 90.9%, specificity 64.6%, overall accuracy 76.1%
SIAPeC, Società Italiana di Anatomia Patologica e Citologia (diagnostica); IAP, International Academy of Pathology.
frontiersin.org

https://doi.org/10.3389/fendo.2022.1080159
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Triggiani et al. 10.3389/fendo.2022.1080159
A

B

FIGURE 2

Histological characterization (binomial) of thyroid nodules according to the AACE/ACE/AME (A) and ACR TI-RADS (B) algorithms. AACE/ACE/AME,
American Association of Clinical Endocrinology/American College of Endocrinology/Associazione Medici Endocrinologi; ACR TI-RADS, American College
of Radiology Thyroid Imaging Reporting and Data System.
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in the rate of malignant nodules was found between the categories TR

2 and TR 3, suggesting that the five strata are not continuously

discriminatory and could be merged into a single intermediate class.

Of note, a discrepancy between the AACE/ACE/AME and ACR TI-

RADS was found in 26 nodules, 2 of them with malignant histology.

More precisely, the discrepancy concerned nodules classified as US 1

according to the AACE/ACE/AME and TR 3 with the ACR TI-RADS.

Nodules with US 1 pattern are at low risk, do not require FNA, and
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include purely cystic, predominantly cystic with reverberating

artifacts not associated with suspicious US signs, and solid

spongiform isoechoic nodules. On the other hand, nodules with TR

3 pattern are mildly suspicious, may require FNA in case of major

diameter ≥25 mm, and comprise nodules with the ACR TI-RADS

score of 3 points [e.g., solid (2 points), isoechoic (1 point) nodules; or

mixed cystic and solid (1 point), with the solid component being

isoechoic (1 point) and echoic foci attributable to microcalcifications
FIGURE 3

Cumulative concordance rates to perform or avoid FNA between the AACE/ACE/AME and TNAPP (blue) and the ACR TI-RADS and TNAPP (green). Data
are illustrated by comparing rates among thyroid nodule diameters with different diameters (n = 188). AACE/ACE/AME, American Association of Clinical
Endocrinology/American College of Endocrinology/Associazione Medici Endocrinologi. ACR TI-RADS, American College of Radiology Thyroid Imaging
Reporting and Data System.
TABLE 4 Concordance rates between the AACE/ACE/AME and TNAPP (A) and ACR TI-RADS and TNAPP (B) to recommend FNA or follow-up (n = 188).

A

AACE/ACE/AME recommendation (n, %) Concordance rate between
AACE/ACE/AME and TNAPP

No FNA/follow-up (42, 22,3%) 83.3%

Perform FNA (146, 77.7%) 93.8%

B

ACR TI-RADS recommendation (n, %) Concordance rate between
ACR TI-RADS and TNAPP

No FNA/follow-up (88, 46.8%) 50%

Perform FNA (100, 53.2%) 100%

AACE/ACE/AME, American Association of Clinical Endocrinology/American College of Endocrinology/Associazione Medici Endocrinologi; ACR TI-RADS, American College of Radiology Thyroid
Imaging Reporting and Data System; TNAPP, Thyroid Nodule App; FNA, Fine-Needle Aspiration.
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(1 point). Thus, US characteristics of thyroid nodules classified as US

1 and TR 3 are dissimilar, and it is not expected to be matched using

the same US features, resulting in different risk stratifications, namely,

low in the former and moderate in the latter. Indeed, the AACE/ACE/

AME US 1 pattern could be compatible with a TR 1 or TR 2 for the

ACR TI-RADS; conversely, the TR 3 pattern could be consistent with

a US 2. After ruling out possible mistakes in the data input or output

reading, we confirmed the discordant results, suggesting that the

criteria for defining the US 1 and US 2 pattern of thyroid nodules

should be updated in the TNAPP algorithm.

Indication to FNA. In this retrospective study, TNAPP performed

well when compared to the AACE/ACE/AME and ACR TI-RADS US

risk stratification systems. The level of agreement between TNAPP

recommendations and the AACE/ACE/AME algorithm was more

significant than that between TNAPP and ACR TI-RADS. While the

level of agreement between TNAPP and ACR TI-RADS was similar

irrespective of thyroid nodule diameter, the concordance rate between

the AACE/ACE/AME algorithm and TNAPP was slightly lower for

thyroid nodule diameters ≤10 mm. The level of agreement on the

overall indication to perform or avoid FNA was high between the

TNAPP and AACE/ACE/AME algorithms. Conversely, the

agreement between the TNAPP and ACR TI-RADS algorithms was

high when both favored FNA but significantly lower when FNA was

not recommended, leading to different guidance about which nodules

require FNA.

Malignancy risk. Only 14 thyroid nodules which would have been

excluded from FNA according to the TNAPP algorithm, resulted in

malignant histology with three follicular and eleven papillary

carcinomas. More precisely, thirteen of 14 (92.8%) were

microcarcinomas with a diameter of 4 to 10 mm. Although the

TNAPP algorithm failed to identify these malignant nodules, risks

would have been mitigated by an overall favorable prognosis of these

lesions. Similar results were provided by the AACE/ACE/AME

algorithm (12 missed diagnoses with 11 microcarcinomas). On the

other hand, 26 malignant thyroid nodules would have been excluded
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from FNA by the ACR TI-RADS algorithm. Of them, 12 (46%)

carcinomas would have a major diameter of more than 10 mm,

leading to possible concerns in the long-term management of these

nodules due to misdiagnosis. Therefore, the TNAPP provided similar

results as observed with the AACE/ACE/AME algorithm by reducing

the magnitude of loss in thyroid carcinomas while screening the

nodules for potential features of malignancy. Thus, the TNAPP

missed fewer thyroid carcinomas than ACR TI-RADS that were not

microcarcinomas. The main explanation for missing diagnoses was

related to the small size (major diameter) of those nodules, as

algorithms usually exclude from FNA nodules <5 mm and most

nodules of 5-10 mm devoid of clinical or ultrasonographic signs of

suspicion. According to the TNAPP, clinical conditions did not

change the overall clinical guidance based on the US alone.

Identification of non-malignant nodules. The number of suggested

or recommended FNA appeared particularly elevated when assessing

the risk stratification of thyroid nodules with TNAPP and AACE/

ACE/AME algorithms; thus, significantly lower discrimination of

benign nodules could be expected. To improve the discriminative

performance of these algorithms, the weight of each leading

determinant in the overall risk of malignancy for thyroid nodules

could be revised to reduce the chance of unnecessary procedures. This

is the case with the thyroid nodule dimension. In fact, despite other

relevant US characteristics, such as nodule composition, shape,

echogenicity, margins, and echogenic foci, the concomitant

evidence of the major nodular diameter of more than 20 mm

significantly affects the TNAPP decision in favor of FNA. This

matter may considerably increase the number of large, but not

necessarily suspicious, thyroid nodules undergoing FNA procedures

when using the TNAPP algorithm (false positive results). Thus, future

iterations of TNAPP that employ other characteristics for thyroid

nodules with a diameter >20 mm with otherwise favorable aspects,

such as nodular enlargement over time (e.g., <20% between two

consecutive neck US), could be used to determine recommendations

for FNA.
TABLE 5 Assessment of the overall AACE/ACE/AME performance.

AACE/ACE/AME recommendation Malignant Benign Total

Perform FNA 66 80 146 Positive predictive value 45.2%

No FNA/follow-up 13 29 42 Positive predictive value 45.2%

Total 79 109 188

Sensitivity 83.5%, specificity 26.6%, overall accuracy 50.5%
AACE/ACE/AME, American Association of Clinical Endocrinology/American College of Endocrinology/Associazione Medici Endocrinologi.
TABLE 6 Assessment of the overall ACR TI-RADS performance.

ACR TI-RADS recommendation Malignant Benign Total

Perform FNA 53 47 100 Positive predictive value 53%

No FNA/follow-up 26 62 88 Negative predictive value 70.5%

Total 79 109 188

Sensitivity 67.1%, specificity 70.5%, overall accuracy 61.2%
ACR TI-RADS, American College of Radiology Thyroid Imaging Reporting and Data System.
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TNAPP is a web-accessible, easy-to-use algorithmic tool based on a

narrative clinical practice guideline that incorporates clinical and

thyroid nodule ultrasound findings to determine the risk for

malignancy, guide whether to perform FNA, parameters for

evaluating and following nodules when an FNA is not required, or a

diagnosis of malignancy has not been made. Employing TNAPP could

enhance the dissemination and implementation in clinical practice of

thyroid nodule guidelines, particularly in settings where nodule

classification is not routinely carried out. Since TNAPP can readily

and rapidly be revised, updated guidance for patients with thyroid

nodules can be provided continually as opposed to several years that it

presently takes to update narrative clinical practice guidelines.

Although the TNAPP provided less overall accuracy than the

ACR TI-RADS, the higher sensitivity compared to the specificity and

a more significant negative than the positive predictive value of

TNAPP resulted in more thyroid carcinomas, most of which are

microcarcinomas, being diagnosed. While the ACR TI-RADS
Frontiers in Endocrinology 1165
algorithm guidance would reduce the number of FNA procedures,

more cases of thyroid carcinoma, with around half having a major

diameter exceeding 10 mm, are missed.

Though not part of our study, TNAPP could quickly be regularly

revised to offer guidance about the extent of surgery, non-surgical

management of thyroid nodules, as well as the duration and type of

follow-up. Doing so would keep clinicians informed of updated

recommendations for the evaluation and management of

thyroid nodules.

This study has some limitations and strengths. Analyses were

carried out only in patients who had thyroid surgery, representing

only a minority of the cases seen with thyroid nodules. However,

definitive histologic diagnoses were used to test the algorithms’

accuracy. Another limitation was in the nature of the study

(retrospective, single-center, and single-operator for both FNA and

pathology), which eliminates heterogeneity but may limit its

generalizability to other settings and centers.
FIGURE 4

Distribution of avoidable thyroid biopsies after a retrospective analysis of cytological findings. AACE/ACE/AME, American Association of Clinical
Endocrinology/American College of Endocrinology/Associazione Medici Endocrinologi; ACR TI-RADS, American College of Radiology Thyroid Imaging
Reporting and Data System; TNAPP, Thyroid Nodule App.
TABLE 7 Assessment of the overall TNAPP performance.

TNAPP
recommendation Malignant Benign Total

Perform FNA 65 79 144 Positive predictive value 45.1%

No FNA/follow-up 14 30 44 Negative predictive value 68.2%

Total 79 109 188

Sensitivity 82.3%, specificity 27.5%, overall accuracy 50.5%
TNAPP, Thyroid Nodule App.
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Conclusion

Medical expertise, patient preference, and organization of

healthcare facilities to provide adequate diagnosis, treatment, and

follow-up are the leading determinants of variation in the medical

management of chronic diseases. Easy-to-use and inexpensive tools

are needed to improve the quality of care by standardizing and

implementing cost-effective clinical decisions for conditions with

similar characteristics across different patient populations and

clinical settings.

The role of algorithms has been investigated in this retrospective

study, suggesting that TNAPP could improve the management of

thyroid nodules by facilitating and thereby increasing the

implementation of guidelines and recommendations before performing

FNA. According to our retrospective results, extensive use of the TNAPP

algorithm is expected to reduce the number of thyroid nodules requiring

FNA with minimal impact resulting from missing or delaying the

diagnosis of well-differentiated thyroid carcinomas, most of which are

microcarcinomas, with favorable prognoses.

Our relatively small study indicates that TNAPP’s performance

could improve if low-risk US characteristics would override

recommendations to perform FNA on all thyroid nodules with a

major diameter larger than 20 mm. The growth rate, despite

limitations of operator performance, machine variations, and

establishing a standardized time frame between studies, could be
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used as an additional determinant. The contrast-enhanced thyroid US

may provide more detailed information about parenchymal

vascularization. The method could improve the characterization of

thyroid nodules and lymph nodes and provide additional information

to include in currently available algorithms (16, 17).

Improving and evolving technology that enables future TNAPP

web-based versions to store and compare static and video images and

artificial intelligence (14) to analyze images hold promise for the future.

In the interim, prospective studies of TNAPP are needed to improve its

performance and enhance its impact on managing thyroid nodules.
Data availability statement

The original contributions presented in the study are included in

the article/Supplementary Material. Further inquiries can be directed

to the corresponding author.
Ethics statement

Ethical review and approval was not required for the study on

human participants in accordance with the local legislation and

institutional requirements. The patients/participants provided their

written informed consent to participate in this study.
FIGURE 5

Distribution of thyroid biopsies that would have been performed or avoided regarding thyroid histology after dichotomizing histological results in non-
malignant (benign) and malignant. AACE/ACE/AME, American Association of Clinical Endocrinology/American College of Endocrinology/Associazione
Medici Endocrinologi; ACR TI-RADS, American College of Radiology Thyroid Imaging Reporting and Data System; TNAPP, Thyroid Nodule App.
frontiersin.org

https://doi.org/10.3389/fendo.2022.1080159
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Triggiani et al. 10.3389/fendo.2022.1080159
Author contributions

VT and GL conceived the study. VT provided clinical expertise in

performing thyroid ultrasound and ultrasound-guided fine-needle

aspiration. GR provided technical expertise in thyroid cytology and

pathology. VT and GL re-examined the registries and collected proper

data to perform analyses. GL provided formal analyses. GL and VT

drafted the manuscript. JG, VT, EP, AF, RG, and GR, read the

manuscript and provided criticism and feedback. JG, VT, and EP

provided supervision. All authors read the text and approved the final

version of the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Endocrinology 1367
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2022.1080159/

full#supplementary-material
References
1. Alexander EK, Cibas ES. Diagnosis of thyroid nodules. Lancet Diabetes Endocrinol
(2022) 10(7):533–9. doi: 10.1016/S2213-8587(22)00101-2

2. Alexander EK, Doherty GM, Barletta JA. Management of thyroid nodules. Lancet
Diabetes Endocrinol (2022) 10(7):540–8. doi: 10.1016/S2213-8587(22)00139-5

3. Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE, 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):1–133. doi: 10.1089/thy.2015.0020

4. Gharib H, Papini E, Garber JR, Duick DS, Harrell RM, Hegedüs L, et al. 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
(5):622–39. doi: 10.4158/EP161208.GL

5. Tessler FN, Middleton WD, Grant EG, Hoang JK, Berland LL, Teefey SA, et al. ACR
thyroid imaging, reporting and data system (TI-RADS): White paper of the ACR TI-
RADS committee. J Am Coll Radiol (2017) 14(5):587–95. doi: 10.1016/j.jacr.2017.01.046

6. Cibas ES, Ali SZ. The 2017 Bethesda system for reporting thyroid cytopathology.
Thyroid (2017) 27(11):1341–6. doi: 10.1089/thy.2017.0500

7. Tuttle RM, Haugen B, Perrier ND. Updated American joint committee on Cancer/
Tumor-Node-Metastasis staging system for differentiated and anaplastic thyroid cancer
(Eighth edition): What changed and why? Thyroid (2017) 27(6):751–6. doi: 10.1089/
thy.2017.0102

8. Russ G, Bonnema SJ, Erdogan MF, Durante C, Ngu R, Leenhardt L. European
Thyroid association guidelines for ultrasound malignancy risk stratification of thyroid
nodules in adults: The EU-TIRADS. Eur Thyroid J (2017) 6(5):225–37. doi: 10.1159/
000478927
9. Ellahham S. Artificial intelligence: The future for diabetes care. Am JMed (2020) 133
(8):895–900. doi: 10.1016/j.amjmed.2020.03.033

10. Lopez-Jimenez F, Attia Z, Arruda-Olson AM, Carter R, Chareonthaitawee P, Jouni
H, et al. Artificial intelligence in cardiology: Present and future.Mayo Clin Proc (2020) 95
(5):1015–39. doi: 10.1016/j.mayocp.2020.01.038

11. Mekov E, Miravitlles M, Petkov R. Artificial intelligence and machine learning in
respiratory medicine. Expert Rev Respir Med (2020) 14(6):559–64. doi: 10.1080/
17476348.2020.1743181

12. Kaul V, Enslin S, Gross SA. History of artificial intelligence in medicine.
Gastrointest Endosc (2020) 92(4):807–12. doi: 10.1016/j.gie.2020.06.040

13. Sorrenti S, Dolcetti V, Radzina M, Bellini MI, Frezza F, Munir K, et al. Artificial
intelligence for thyroid nodule characterization: Where are we standing? Cancers (Basel)
(2022) 14(14):3357. doi: 10.3390/cancers14143357

14. Garber JR, Papini E, Frasoldati A, Lupo MA, Harrell RM, Parangi S, et al. American
Association of clinical endocrinology and associazione Medici endocrinologi thyroid nodule
algorithmic tool. Endocr Pract (2021) 27(7):649–60. doi: 10.1016/j.eprac.2021.04.007

15. Spagnuolo GM, Tierney HT, Laver NMV, Eldeiry LS. A retrospective study of
clinicopathologic outcomes of nodules with hürthle cell cytology and the thyroid nodule
app (TNAPP) ultrasound recommendations. Endocr Pract (2022) 28(6):593–8.
doi: 10.1016/j.eprac.2022.03.011

16. Sorrenti S, Dolcetti V, Fresilli D, Del Gaudio G, Pacini P, Huang P, et al. The role of
CEUS in the evaluation of thyroid cancer: From diagnosis to local staging. J Clin Med
(2021) 10(19):4559. doi: 10.3390/jcm10194559

17. Fresilli D, David E, Pacini P, Del Gaudio G, Dolcetti V, Lucarelli GT, et al. Thyroid
nodule characterization: How to assess the malignancy risk. update of the literature.Diagn
(Basel) (2021) 11(8):1374. doi: 10.3390/diagnostics11081374
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2022.1080159/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.1080159/full#supplementary-material
https://doi.org/10.1016/S2213-8587(22)00101-2
https://doi.org/10.1016/S2213-8587(22)00139-5
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.4158/EP161208.GL
https://doi.org/10.1016/j.jacr.2017.01.046
https://doi.org/10.1089/thy.2017.0500
https://doi.org/10.1089/thy.2017.0102
https://doi.org/10.1089/thy.2017.0102
https://doi.org/10.1159/000478927
https://doi.org/10.1159/000478927
https://doi.org/10.1016/j.amjmed.2020.03.033
https://doi.org/10.1016/j.mayocp.2020.01.038
https://doi.org/10.1080/17476348.2020.1743181
https://doi.org/10.1080/17476348.2020.1743181
https://doi.org/10.1016/j.gie.2020.06.040
https://doi.org/10.3390/cancers14143357
https://doi.org/10.1016/j.eprac.2021.04.007
https://doi.org/10.1016/j.eprac.2022.03.011
https://doi.org/10.3390/jcm10194559
https://doi.org/10.3390/diagnostics11081374
https://doi.org/10.3389/fendo.2022.1080159
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Andrea Frasoldati,
Endocrine Unit ASMN, Italy

REVIEWED BY

Mehmet Taner Ünlü,
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The use of modified TI-RADS
using contrast-enhanced
ultrasound features for
classification purposes in the
differential diagnosis of benign
and malignant thyroid
nodules: A prospective and
multi-center study

Ping Zhou1†, Feng Chen2†, Peng Zhou3, Lifeng Xu3, Lei Wang4,
Zhiyuan Wang5, Yi Yu6, Xueling Liu7, Bin Wang8, Wei Yan9,
Heng Zhou9, Yichao Tao10 and Wengang Liu1*

1Department of Ultrasound, The Third Xiangya Hospital, Central South University, Changsha,
Hunan, China, 2Department of Ultrasound, Yiyang Central Hospital of Hunan University of Chinese
Medicine, Yiyang, Hunan, China, 3Department of Ultrasound, Shenzhen Second People’s Hospital,
Shenzhen, Guangdong, China, 4Department of Ultrasound, Huang Shi Central Hospital, Huang Shi,
Hubei, China, 5Department of Ultrasound, Hunan Cancer Hospital, Changsha, Hunan, China,
6Department of Ultrasound, The People’s Hospital of Liuyang, Changsha, Hunan, China, 7Department of
Ultrasound, The First Affiliated of Guangxi University of Chinese Medicine, Nanning, Guangxi, China,
8Department of Ultrasound, Yueyang Central Hospital, Yueyang, Hunan, China, 9Department of
Ultrasound, Hubei Provincial Hospital of Traditional Chinese Medicine, Wuhan, Hubei, China,
10Department of Ultrasound, Xiaogan Central Hospital, Xiaogan, Hubei, China
Objectives: To evaluate the diagnostic efficacy of a modified thyroid imaging

reporting and data system (TI-RADS) in combination with contrast-enhanced

ultrasound (CEUS) for differentiating between benign and malignant thyroid

nodules and to assess inter-observer concordance between different observers.

Methods: This study included 3353 patients who underwent thyroid ultrasound

(US) and CEUS in ten multi-centers between September 2018 and March 2020.

Based on a modified TI-RADS classification using the CEUS enhancement pattern

of thyroid lesions, ten radiologists analyzed all US and CEUS examinations

independently and assigned a TI-RADS category to each thyroid nodule.

Pathology was the reference standard for determining the diagnostic

performance (accuracy (ACC), sensitivity (SEN), specificity (SPN), positive

predictive value (PPV), and negative predictive value (NPV)) of the modified TI-

RADS for predicting malignant thyroid nodules. The risk of malignancy was

stratified for each TI-RADS category-based on the total number of benign and

malignant lesions in that category. ROC curve was used to determine the cut-off

value and the area under the curve (AUC). Cohen’s Kappa statistic was applied to

assess the inter-observer agreement of each sonological feature and TI-RADS

category for thyroid nodules.
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Results: The calculated malignancy risk in the modified TI-RADS categories 5, 4b,

4a, 3 and 2 nodules was 95.4%, 86.0%, 12.0%, 4.1% and 0%, respectively. The

malignancy risk for the five categories was in agreement with the suggested

malignancy risk. The ROC curve showed that the AUC under the ROC curve was

0.936, and the cutoff value of the modified TI-RADS classification was >TI-RADS

4a, whose SEN, ACC, PPV, NPV and SPN were 93.6%, 91.9%, 90.4%, 93.7% and

88.5% respectively. The Kappa value for taller than wide, microcalcification,

marked hypoechoic, solid composition, irregular margins and enhancement

pattern of CEUS was 0.94, 0.93, 0.75, 0.89, 0.86 and 0.81, respectively. There

was also good agreement between the observers with regards to the modified TI-

RADS classification, the Kappa value was 0.80.

Conclusions: The actual risk of malignancy according to the modified TI-RADS

concurred with the suggested risk of malignancy. Inter-observer agreement for

the modified TI-RADS category was good, thus suggesting that this classification

was very suitable for clinical application.
KEYWORDS

thyroid, thyroid imaging report and data system, contrast-enhanced ultrasound,
prospective, multi-center
Introduction

With the development and wide application of high resolution

ultrasound, the detection rate of thyroid nodules has increased

significantly (1–3). Although there is a high prevalence of thyroid

nodules, only 1.6% to 12% of these are malignant (4, 5). According to

the bethesda classification system, only 3%−7% of the thyroid nodules

undergoing fine-needle aspiration (FNA) have clearly malignant

features, at least 60%–70% of thyroid nodules are proven to be

benign via pathological analysis. The pathological type of thyroid

nodules directly affects the treatment and prognosis of patients.

Therefore, the accurate judgment of benign and malignant thyroid

nodules is of important clinical significance.

Ultrasound (US) is a simple and reproducible non-invasive

method and remains the modality of choice for patients with

thyroid nodules. US can distinguish benign and malignant tumors

by specific ultrasound imaging characteristics (6, 7). Usually, the

suspicious signs of malignant nodules on US include a solid

composition, a taller shape rather than a wider shape, an irregular

margin, micro-calcification, and marked hypo-echogenicity (8, 9).

However, the grey scale and Doppler US features of benign and

malignant nodules overlap. Furthermore, a single ultrasound sign

cannot reliably predict benign and malignant thyroid nodules (10).

Therefore, prediction models have been developed for malignancy

that combine multiple US features to improve the accuracy of

diagnosing benign and malignant thyroid nodules. In 2009,

Horvath et al. were the first to classify thyroid nodules based on the

principles that have been used in the breast imaging reporting and

data system of the American College of Radiology using ten

malignant-related ultrasound features, and proposed the first

thyroid imaging reporting and data system (TI-RADS) classification

system (11). As a quantitative system for the risk stratification of
0269
malignant tumors in thyroid nodules, however, this sonographic

model is not applicable to all thyroid nodules and is difficult to

apply. In the same year, Park et al. proposed a multi-factor logistic

regression analysis equation to predict the malignant probability of

thyroid nodules based on 12 types of sonographic features (12).

However, this prediction equation is more complicated and difficult

to apply. To overcome these limitations, Kwak et al. used several

suspicious sonographic features and calculated the fitting probability

of malignant tumors (13). The Park equation and the Horvath TI-

RADS includes more suspicious malignant features and sonographic

patterns and are relatively complex. The model proposed by Kwak

et al. simplified the number of suspicious malignant signs on US to

five. Subsequently, the TI-RADS became widely used in

clinical practice.

Over recent years, the development of new US technology has

improved the diagnostic accuracy of thyroid nodules, especially the

application of contrast-enhanced ultrasound (CEUS). CEUS can be

applied non-invasively in real-time and continuously evaluate the

perfusion of the microvessels in thyroid nodules under high frequency

US (14). Studies have shown that the combination of the TI-RADS

classification with CEUS significantly improves the diagnostic

accuracy of thyroid nodules (15, 16). However, CEUS enhancement

features for thyroid nodules has still not been fully implemented with

the TI-RADS system. In 2017, we proposed a new classification

standard based on the TI-RADS classification criteria proposed by

Horvath et al. (11), Park et al. (12) and Kawk et al. (13), that

combined the five ultrasound signs proposed by Kawk TI-RADS

(13), and combined it with CEUS enhancement to form a modified

version of TI-RADS (17).

We showed that the modified version of TI-RADS significantly

increased diagnostic accuracy for the identification of thyroid

nodules, particularly for TI-RADS 4a and 4b lesions. This modified
frontiersin.org
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version of TI-RADS was validated by a single center, but all cases were

retrospective studies. Thus, the aim of the current study was to

confirm the diagnostic efficacy and assess the inter-observer

agreement for thyroid nodule characterization using the modified

version of TI-RADS in prospective, multi-center trial.
Materials and methods

This prospective multi-center study was approved by the

Institutional Review Boards of the ten participating centers
Study population

Between September 2018 and March 2020, we initially collected

3822 consecutive patients from ten centers. The inclusion criteria

were as follows: (1) patients with clinically suspected thyroid nodules,

(2) patients who consented to undergo CEUS and (3) patients with a

final pathological diagnosis as determined by surgical pathology or

cytopathological results based on the Bethesda system. Patients were

excluded if they refused to undergo final pathological diagnosis or had

non-diagnostic or indeterminate cytological results for a lesion

without surgical confirmation. Finally, our study featured 3353

patients with 4532 thyroidal nodules. Of the 3353 participants, 729

were male and 2624 were female, patient age ranged from 18 to 82

years with a mean of 46.1 ± 12.2 years). The flow chart of our study is

illustrated in Figure 1.
Conventional ultrasound and contrast-
enhanced ultrasound examination

All patients underwent conventional ultrasound examinations

and CEUS analysis. For conventional US examination, we used a

linear, high-frequency probe. Patients were positioned in a supine
Frontiers in Endocrinology 0370
position with dorsal flexion of the head. Thyroid nodules were then

evaluated for location, size, echogenicity, internal composition,

margin, shape and the presence/absence of micro-calcification. The

internal component of each nodule was classified as solid, mixed or

cystic. Echogenicity was classified as hyper-echogenicity, iso-

echogenicity, hypo-echogenicity or marked hypo-echogenicity. The

margins were classified as irregular or regular. Calcifications, when

present, were categorized as micro-calcification (equal to or < 1mm in

diameter) or macrocalcification (> 1mm). If a nodule showed both

microcalcification and macrocalcification, it was classified as

microcalcification. Shape was categorized as taller than wide

(greater in its anteroposterior dimension than in its transverse

dimension) or wider than tall.

Before starting the multi-center study, all hospitals participating

in the center were trained on the specific classification methods and

standards to establish a unified approach. Ten experienced

radiologists used the TI-RADS classification criteria to classify

thyroid nodules according to five ultrasound signs (solid

component, marked hypo-echogenicity, taller than wide shape,

microcalcification and irregular margin) to evaluate each nodule.

This was performed in a blind and independent manner. The TI-

RADS classification criteria were as follows (17): TI-RADS score 1:

normal thyroid; TI-RADS score 2: no malignant sign, benign lesions;

TI-RADS score 3: one malignant sign, high probability of being

benign; TI-RADS score 4a: two malignant signs, possibly benign;

TI-RADS score 4b: three malignant signs, high probability of

malignancy; TI-RADS score 5: four to five malignant signs, highly

suggestive of malignancy.
Modified TI-RADS diagnostic criteria in
combination with CEUS

The contrast agent used in this study was SonoVue (Bracco,

Milan, Italy). A 20-G needle was inserted into the peripheral veins to

establish intravenous access. Twenty-five mg of SonoVue was diluted
FIGURE 1

Flow chart of the study population. TNs, thyroid nodules; US, ultrasound; CEUS, contrast-enhanced ultrasound; FNA, fine needle aspiration.
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in 5 mL of saline and vibrated for 30s to create a microbubble

suspension. The suspension was then injected as a bolus and each 2.4

mL injection was then flushed with 5 mL of saline. The dynamic

perfusion of the lesion was continuously observed in real time. The

CEUS diagnostic criteria were divided into circular enhancement,

high enhancement, equal enhancement and low enhancement when

compared to the surrounding thyroidal parenchyma.

If CEUS indicated high enhancement or circular enhancement,

then the TI-RADS score was reduced by one, if the initial score was 2,

then the score remained the same (Figures 2–4). If CEUS indicated

low enhancement, then the TI-RADS score was increased by one, a

score of 5 remained the same (Figures 5–7). If CEUS indicated equal

enhancement, then the TI-RADS classification remained the same.

With regards to the modified TI-RADS classification, scores 2-4a

were diagnosed as benign and scores 4b-5 were diagnosed as

malignant (Table 1).
US-guided FNA procedures

US-guided FNA was performed with 23-gauge needles, each

lesion was aspirated three times. Materials obtained from aspiration

biopsy were expelled onto glass slides and smeared. All smears were

placed immediately in 95% alcohol for Papanicolaou staining. The

interpretation of FNA was based on the Bethesda system for reporting

thyroid cytopathology.
Statistical analysis

Statistical analyses were performed using SPSS for Windows

software (version 23.0, SPSS, Chicago, III, USA). Measurement data

are given as mean ± standard deviation and count data are given as

percentage and frequency. Analysis of receiver operating

characteristic (ROC) curves were used to determine the cut-off

value, area under the curve (AUC), and 95% confidence interval

(CI). We calculated the ACC, SEN, SPN, PPV and NPV of the

modified TI-RADS system to identify malignant thyroid nodules. The

level of significance was defined as p < 0.05. Cohen’s Kappa (k)
coefficient was determined separately to evaluate inter−observer
Frontiers in Endocrinology 0471
agreement for each of the TI-RADS malignant features. The k
values were interpreted as follows: 0.01–0.20 (poor agreement),

0.21–0.40 (fair agreement), 0.41–0.60 (moderate agreement), 0.61–

0.80 (good agreement) and 0.81–1.0 (very good agreement).
Results

Nodule diagnosis

The final diagnosis of the 4532 nodules was benign in 2150

(47.4%) nodules and malignant in 2382 (52.6%) nodules. Final

diagnoses were determined by surgical resection in 1598 of the

2382 malignant nodules, including 1529 papillary thyroid

carcinomas (PTC), 39 follicular carcinomas, 14 cases of focal

canceration of nodular goiter, 7 medullary thyroid carcinomas

(MTC), 4 anaplastic thyroid carcinomas (ATC), 3 metastatic

carcinomas and 2 lymphomas. In total, 784 of the malignant

nodules diagnosed by FNA were PTC. The 1376 surgically

confirmed benign nodules included 186 adenomas, 990 nodular

goiter, 148 Hashimoto’s thyroiditis, and 52 cases of subacute

thyroiditis. Overall, 774 benign nodules were diagnosed based on

repetitive benign FNA results or benign FNA results by US follow-

up studies.
US features of thyroid nodules

The mean maximum diameter of nodules was 13.6 ± 11.8 mm

(range: 4.5–59.0 mm) and the mean size of benign nodules was 18.4 ±

14.0 mm, this was significantly larger than that of malignant nodules

(9.3 ± 7.1 mm, p < 0.001). Of the 4532 thyroid nodules, there were

3673 solid composition nodules and 859 mixed composition nodules,

413 marked hypoechoic nodules, 2021 hypoechoic nodules, 473

isoechoic nodules and 1625 hyperechoic nodules. We identified

1453 nodules with irregular margins and 3079 nodules with regular

margins, 1733 nodules with microcalcifications, 341 nodules with

macrocalcifications and 2458 nodules with no calcifications. There

were 3339 wider than tall nodules and 1193 taller than wide

nodules (Table 2).
FIGURE 2

The case of a 46-year-old woman with a 37.3 × 18.1 × 24.7 mm solid hyper-echoic nodule in the left lobe of the thyroid. (A) Conventional two-
dimensional image showed that the nodule had one malignant indicator (solid) and was classified with a TI-RADS score of 3. (B) Ultrasound contrast
image showing ring enhancement. The modified version of TI-RADS combined with CEUS returned a score of 2 and the patient was diagnosed with a
benign nodule. (C) Pathological image of the lesion, a nodular goiter.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1080908
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhou et al. 10.3389/fendo.2023.1080908
FIGURE 4

The case of a 64-year-old woman with a 10.6 × 6.7 × 5.9 mm solid mark hypo-echoic nodule in the right lobe of the thyroid. (A) Conventional two-
dimensional image showing that the nodule had three malignant indicators (solid, mark hypo-echoic and irregular margin) and was classified with a TI-
RADS score of 4b. (B) Ultrasound contrast image showing high enhancement. The modified version of the TI-RADS combined with CEUS returned a
score of 4a, and the diagnosis was a benign nodule. (C) Pathological image of the lesion, a nodular goiter.
FIGURE 5

The case of a 43-year-old woman with a 15.2 × 11.1 × 12.5 mm solid hypo-echoic nodule in the right lobe of the thyroid. (A) Conventional two-
dimensional image showing that the nodule had three malignant indicators (solid, irregular margin and microcalcifications) and was classified with a TI-
RADS score of 4b. (B) Ultrasound contrast image showing low enhancement. The modified version of TI-RADS combined with CEUS returned a score of
5, and the patient was diagnosed with a malignant nodule. (C) Pathological image of the lesion, a PTC.
FIGURE 6

The case of a 47-year-old man with a 7.8 × 6.8 × 7.5 mm solid mark hypo-echoic nodule in the right lobe of the thyroid. (A) Conventional two-
dimensional image showing that the nodule had two malignant indicators (solid, mark hypoechoic) and was classified with a TI-RADS score of 4a. (B)
Ultrasound contrast image showing low enhancement. The modified version of the TI-RADS combined with CEUS returned a score of 4b and the
diagnosis was a malignant nodule. (C) Pathological image of the lesion, a PTC.
FIGURE 3

The case of a 31-year-old woman with a 15.1 × 10.1 × 9.8 mm solid hypo-echoic nodule in the right lobe of the thyroid. (A) Conventional ultrasound
showed that the nodule had one malignant indicator (solid) and was classified as a TI-RADS score of 3. (B) Contrast-enhanced ultrasound detected high
enhancement. The modified TI-RADS resulted in a score of 2 and indicated a benign nodule. (C) Pathology of the lesion showed an adenoma.
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Malignancy risk according to category in the
modified TI-RADS

Of the 4352 thyroid nodules assessed, 159 (3.5%) were classified as

TI-RADS 2, 1256 (27.7%) as TI-RADS 3, 649 (14.3%) as TI-RADS 4a,

1323 (29.2%) as TI-RADS 4b and 1145 (25.3%) as TI-RADS 5. Of the 159

thyroid nodules categorized as TI-RADS 2, none were malignant (0%).
Frontiers in Endocrinology 0673
Of the 1256 thyroid nodules categorized as TI-RADS 3, 52 were

malignant (4.1%). Of the 649 thyroid nodules categorized as TI-RADS

4a, 78 were malignant (12.0%). Of the 1323 thyroid nodules categorized

as TI-RADS 4b, 1138 were malignant (86.0%). Of the 1145 thyroid

nodules categorized as TI-RADS 5, 1092 were malignant (95.4%). The

calculated malignancy risk in the modified TI-RADS categories 5, 4b, 4a,

3 and 2 nodules was 95.4%, 86.0%, 12.0%, 4.1% and 0%, respectively, and
FIGURE 7

The case of a 51-year-old woman with a 20.4 × 15.1 × 16.9 mm solid mark hypo-echoic nodule in the right lobe of the thyroid. (A) Conventional two-
dimensional image showing that the nodule had three malignant indicators (solid, mark hypo-echoic and irregular margin) and was classified with a TI-
RADS score of 4b. (B) Ultrasound contrast image showing low enhancement. The modified version of the TI-RADS combined with CEUS returned a
score of 5, and the diagnosis indicated a malignant nodule. (C) Pathological image of the lesion, a PTC.
TABLE 1 Modified TI-RADS diagnostic criteria in combination with CEUS.

Modified TI-RADS
classification

Definition Risk of malignancy Recommended

TI-RADS 2 benign lesions 0 Long-term follow-up

TI-RADS 3 high probability of benignity <5% Short-term follow-up

TI-RADS 4a possible benignity 5~15% FNA

TI-RADS 4b high probability of malignancy 15~90% FNA

TI-RADS 5 highly suggestive of malignancy >90% Clinical treatment
TABLE 2 US features of thyroid nodules.

US features Total lesions Benign lesions Malignant lesions P value

Composition <0.001

Solid 3673 1357 2316

Mixed 859 813 46

Echogenicity <0.001

Marked hypoechoic 413 152 261

Hyper/iso/hypoechoic 4119 2018 2101

Margin <0.001

Irregular 1453 217 1236

Regular 3079 1953 1126

Calcification <0.001

Microcalcifications 1733 439 1294

Macrocalcifications/no calcifications 2799 1731 1068

Shape <0.001

Taller than wide 1193 210 983

Wider than tall 3339 1960 1379
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all were estimated within the range of the suggested malignancy risk in

the modified TI-RADS (Table 3).
Diagnostic performance of the modified
version of the TI-RADS for predicting
malignant thyroid nodules

ROC curve analysis was used to analyze the diagnostic efficacy of

the modified TI-RADS classification for differentiating benign and

malignant thyroid nodules Figure 8. The AUC under the ROC curve

was 0.936 (95% CI: 0.928–0.943, p < 0.01) and the best cut-off value

for predicting malignant thyroid nodules was > TI-RADS 4a.

Considering TI-RADS 4b and TI-RADS 5 together as predictors for

malignancy, the SEN, ACC, PPV, NPV and SPN were 93.6%, 91.9%,

90.4%, 93.7% and 88.5%, respectively.
Inter-observer agreement

We calculated Cohen’s Kappa value for each of the five US

features and the CEUS enhancement pattern (Table 4). The highest

inter-observer agreement was observed for the taller than wide shape

and for microcalcification, the Kappa value for these two features was

0.94 and 0.93, respectively. The Kappa value for marked hypoechoic,

solid composition, irregular margins and enhancement pattern of the

CEUS was 0.75, 0.89, 0.86 and 0.81, respectively. There was also good

agreement between the observers for the modified TI-RADS

classification, the Kappa value was 0.80, thus implying that the

modified TI-RADS system showed comparable results when used

for the analysis of thyroid nodules by different radiologists.
Discussion

TI-RADS is a quantitative scoring method that has been

developed over recent years. This system can stratify the risk of

malignancy for thyroid nodules and standardize the US reports for

the thyroid. Consequently, this method is an effective form of

communication between clinicians and pathologists. Since Horvath

et al. (11) first proposed TI-RADS as a quantitative system for the risk

stratification of thyroid nodules in 2009, its format and content have

evolved and undergone significant development. Many researchers

(12, 13, 17–19) have proposed different TI-RADS classification

systems which have been used for the effective management of US

for thyroid nodules. However, despite these efforts, there were many
Frontiers in Endocrinology 0774
different versions and complex models of the TI-RADS classification

and there was no unified classification standard. Furthermore, there

were different guidelines for TI-RADS in different regions and

countries, and there were certain differences between different

guidelines this meant that the system was not widely adopted

across the world. Therefore, there has been many attempts to

develop a practical and standardized risk stratification system for

thyroid nodules so as to provide consistent management strategies for

assessing thyroid nodules in clinical practice (20).

When facilitated by micro-bubble contrast agents, CEUS can

display microvessels, large vessels and dynamic perfusion

simultaneously. Compared with conventional ultrasound, CEUS can

reveal better characteristics of focal thyroid nodules (21). At present,

CEUS is widely used for the differential diagnosis of benign and

malignant thyroid nodules. Zhao et al. (15) showed that CEUS has

high value for the differentiation of benign and malignant thyroid

nodules, and was significantly more useful than conventional

ultrasound. The results of the present study showed that benign

thyroid nodules mainly showed ring enhancement, high

enhancement or equal enhancement, while malignant nodules mainly

showed low enhancement, especially non-homogeneous low

enhancement, these findings were similar to those of previous studies

(22). In this study, low enhancement was used as the standard to judge

malignant nodules. The SEN, SPN, ACC, PPV and NPV of benign and

malignant thyroid nodules diagnosed by CEUS were 82.8%, 81.6%,

82.3%, 83.0% and 81.4%, respectively. Low enhancement was

considered to be the main enhancement mode for thyroid malignant

nodule CEUS (23–25). Compared with the low enhancement mode of

malignant nodules, benign nodules mainly showed high enhancement,

equal enhancement and ring enhancement (26–28).

Many studies have shown that the combination of CEUS and TI-

RADS classification for conventional ultrasound can improve the

accuracy of diagnosing benign and malignant thyroid nodules. Zhao

et al. (15) retrospectively analyzed the conventional ultrasound and

CEUS enhancement characteristics of 117 cases of thyroid nodules

and compared the diagnostic efficiency of TI-RADS alone against

CEUS combined with TI-RADS for predicting benign and malignant

thyroid nodules. The results showed that the ACC, SEN, SPN, PPV

and NPV for TI-RADS + CEUS were the highest and were

significantly higher than that for TI-RADS or CEUS alone. Ruan

et al. (29) constructed a CEUS TI-RADS by adding CEUS to widely

accepted nonenhanced US features, the CEUS TI-RADS showed the

highest AUC under the ROC curve comparison with all other systems

(AUC=0.93, P<0.001), the highest biopsy yield of malignancy at 66%

(157 of 239 nodules), and the lowest unnecessary biopsy rate at 34%

(82 of 239 nodules). Our previous retrospective study (17) of 298
TABLE 3 Malignancy risk according to category in the modified version of the TI-RADS.

Modified TI-RADS category n Malignant risk(%) Calculated malignancy risk(%) Frequency(%)

TI-RADS2 159 0 0(0/159) 3.5(159/4532)

TI-RADS3 1256 <5 4.1(52/1256) 27.7(1256/4532)

TI-RADS4a 649 5-15 12.0(78/649) 14.3(649/4532)

TI-RADS4b 1323 15-90 86.0(1138/1323) 29.2(1323/4532)

TI-RADS5 1145 >90 95.4(1092/1145) 25.3(1145/4532)
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thyroid nodules in 206 patients showed that the SEN, SPN, ACC, PPV

and NPV acquired by CEUS combined with TI-RADS were 96.3%,

94.7%, 95.0%, 80.0% and 99.1%, respectively. Furthermore, the

diagnostic efficiency of CEUS for judging benign and malignant

thyroid nodules was significantly higher than that of TI-RADS or

CEUS alone.

Many studies have stratified the risk of each TI-RADS category

separately. Although there were some differences between these

studies, they all reported a common pattern, with the risk of

malignancy increasing from the TI-RADS 2 to the TI-RADS 5

category. The risk of malignancy described by Horvath et al. (11)

was 0, < 5%, 5%–10%, 10%–80% and > 80%, respectively for TI-RADS
Frontiers in Endocrinology 0875
2, 3, 4a, 4b, and 5 lesions. Horvath et al. prospectively verified the

diagnostic value of this TI-RADS classification for evaluating 1097

benign and malignant thyroid nodules. This previous study showed

that the SEN, SPN, PPV, NPV and ACC were 88%, 49%, 49%, 88%

and 94%, respectively. The risks of malignancy reported by Park et al.

(12) was 0%–7%, 8%–23%, 24%–50%, 51%–90% and 91%–100%,

respectively for TI-RADS 1, 2, 3, 4 and 5 lesions. Wang et al. (30)

reported that the SEN, SPN, ACC, PPV and NPV when using Park’s

TI-RADS system were 96.8%, 71.3%, 83.0%, 74.1% and 96.3%,

respectively. The risks of malignancy reported by Kwak et al. (13)

were 0%, 2–2.8%, 3.6–12.7%, 6.8–37.8%, 21%–91.9% and 88.7%–

97.9%, respectively, for TI-RADS2, 3, 4a, 4b, 4c and 5 lesions. Zhang
FIGURE 8

ROC analyses for the diagnostic performance of the modified version of the TI-RADS for predicting the malignancy of thyroid nodules. The best cut-off
was > TIRADS 4a, resulting in 93.6% SEN and 88.5% SPN.
TABLE 4 The inter-observer agreement for US features and TI-RADS categorization for the diagnosis of thyroid nodules.

Feature k coefficients P Value

Composition 0.89 <0.001

Solid/Mixed

Echogenicity 0.75 <0.001

Marked hypoeechoic/hyper/iso/hypoechoic

Margins 0.86 <0.001

Well circumscribed/Irregular

Calcification 0.93 <0.001

Microcalcifications/macrocalcifications/no calcifications

Shape 0.94 <0.001

Taller than wide/Wider than tall

Enhancement mode 0.81 <0.001

Ring/High/Equal/low enhancement

Modified TI-RADS categorization 0.80 <0.001

TI-RADS 2/3/4a/4b/5
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et al. (17) reported that the SEN, SPN, PPV, NPV and ACC were

94.4%, 69.3%, 40.5%, 98.3% and 73.8%, respectively. In our present

study, the calculated risk of malignancy for the modified TI-RADS

categories 5, 4b, 4a, 3 and 2 nodules were 95.4%, 86.0%, 12.0%, 4.1%

and 0%, respectively. The risk of malignancy risk for the five

categories was within the range of the suggested risk of malignancy.

Therefore, the modified TI-RADS can be applied for the qualitative

diagnosis of benign and malignant thyroid nodules.

Based on ROC curve analyses, our study revealed an AUC of

0.936, the best cut-off value for predicting malignant thyroid nodules

was > TI-RADS4a. When considering TI-RADS 4b and TI-RADS 5

together as predictors for malignancy, the SEN, ACC, PPV, NPV and

SPN were 93.6%, 91.9%, 90.4%, 93.7% and 88.5%, respectively. In our

study, the modified TI-RADS had high diagnostic efficiency for the

diagnosis of benign and malignant thyroid nodules. Of the 4352

thyroid nodules assessed, 159 were classified as TI-RADS 2, none

were malignant and the diagnostic accordance rate was 100%. In total,

1256 were classified as TI-RADS 3, of which 1204 were benign

nodules; the diagnostic accordance rate was 95.9%. In total, 649

were classified as TI-RADS 4a, of which 571 were benign nodules; the

diagnostic accordance rate was 88.0%. In total, 1323 were classified as

TI-RADS 4b, of which 1138 were malignant nodules; the diagnostic

accordance rate was 86.0%. In total, 1145 were classified as TI-RADS

5, of which 1092 were malignant nodules; the diagnostic accordance

rate was 95.4%. Except for TI-RADS 2 nodules, there was a certain

misdiagnosis rate in other classified nodules. There are several

potential reasons for these findings. First, as with conventional two-

dimensional ultrasound, CEUS enhancement patterns for some

benign and malignant nodules can also overlap. For example, some

malignant nodules had a rich blood supply and showed high

enhancement, while some benign nodules may exhibit scar

hyperplasia or fibrous tissue hyperplasia, thus resulting in low

enhancement. Second, some nodules were so small that it was

difficult to judge their CEUS enhancement mode. Third, some

benign nodules were often associated with focal PTC or FTC

carcinogenesis; therefore, it was difficult to correctly diagnose these

focal forms of carcinogenesis. Fourth, the presence of hidden PTMC

in thyroid glands with diffuse lesions was not typical on conventional

two-dimensional ultrasound or CEUS, thus increasing the difficulty of

diagnosis. Finally, some thyroid inflammatory lesions were similar to

malignant lesions in conventional two-dimensional ultrasound or

CEUS enhancement mode; it was difficult to correctly diagnose these

inflammatory lesions.

The modified TI-RADS is simple and accurate for the evaluation of

benign and malignant thyroid nodules. The radiologists only need to

accurately evaluate the conventional two dimensional ultrasound signs

and CEUS enhancement mode to classify nodules. Theoretical

malignant risk and clinical treatment suggestions were also given for

each classification of nodules, thus allowing better communication

between clinicians and pathologists. Another important role of the

modified TI-RADS was to standardize the criteria for different
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radiologists to evaluate the signs of thyroid nodules. Therefore, the

classification system should have good consistency and repeatability

among different radiologists (31–33). Our study revealed strong inter-

observer agreement between different radiologists when using the

modified TI-RADS categories and features for thyroid nodule

characterization. We found that the highest inter-observer agreement

was for shape and micro-calcification. The Kappa value for these two

features was 0.94 and 0.93, respectively, thus showing excellent

consistency among the different observers. There was also good

consistency among the observers for echogenicity, composition,

margins and enhancement mode; the Kappa values were 0.75, 0.89,

0.86 and 0.81, respectively. In addition, different observers showed good

consistency when using the modified TI-RADS classification system;

the Kappa value was 0.80. These results showed that the modified TI-

RADS produced comparable results for the analysis of suspicious

thyroid nodules when used by different radiologists in thyroid imaging.

This study had some limitations that need to be considered. First,

all US examinations were performed and analyzed by highly

experienced radiologists. Further studies relating to the performance

of this reporting system when applied by less experienced radiologists

may be needed. Second, we did not compare the modified TI-RADS to

the other TI-RADS classification systems. Third, we only evaluated

inter-observer consistency, we did not evaluate intra-observer

consistency, this needs to be addressed by future studies.

Conclusion

The modified TI-RADS had high diagnostic efficiency for the

diagnosis of benign and malignant thyroid nodules. The inter-

observer agreement for the modified TI-RADS category was

excellent, thus suggesting that this classification is very suitable for

clinical application.
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Thyroid cancer is the most common endocrine malignancy with an estimated

43,800 new cases to be diagnosed in 2022 and representing the 7th most

common cancer in women. While thyroid nodules are very common, being

identified in over 60% of randomly selected adults, only 5-15% of thyroid nodules

harbor thyroid malignancy. Therefore, it is incumbent upon physicians to detect

and treat thyroid malignancies as is clinically appropriate and avoid unnecessary

invasive procedures in patients with benign asymptomatic lesions. Over the last

15-20 years, rapid advances have been made in cytomolecular testing to aid in

thyroid nodule management. Initially, indeterminate thyroid nodules, those with

Bethesda III or IV cytology and approximately a 10-40% risk of malignancy, were

studied to assess benignity or malignancy. More recently, next generation

sequencing and micro-RNA technology platforms have refined the diagnostic

capacity of thyroid nodule molecular testing and have introduced opportunities

to glean prognostic information from both cytologically indeterminate and

malignant thyroid nodules. Therefore, clinicians can move beyond

determination of malignancy, and utilize contemporary molecular information

to aid in decisions such as extent of surgery and post-therapy monitoring plans.

Future opportunities include molecularly derived information about tumor

behavior, neo-adjuvant treatment opportunities and response to thyroid

cancer therapies.

KEYWORDS

thyroid nodule, thyroid cancer (TC), diagnosis, prognosis, targeted therapy,
molecular markers
Introduction

Thyroid cancer is the most common endocrine malignancy with an estimated 43,800

expected new cases diagnosed in 2022 and representing the 7th most common cancer in

women (1). Thyroid cancer almost always presents as a thyroid nodule and thyroid nodules

are very common with over 60% of the population having one or more by the time patients
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reach their 7th and 8th decades of life (2). However, only 5-15% of

thyroid nodules harbor thyroid malignancy. Fine needle aspiration

cytology (FNAC) is the foundation for diagnosis of nodules that

meet criteria for biopsy, and a Bethesda II (BII - benign) or Bethesda

VI (BVI - malignant) cytology result has excellent accuracy and

correlation with final histopathology upon surgical resection (2–4).

BII cytology predicts benign histology 97% of the time or greater

and BVI cytology confers a risk of malignancy up to 99% (4). The

primary challenge in the evaluation of thyroid nodules occurs in the

setting of Bethesda III (BIII) or Bethesda IV (BIV) cytology, often

grouped together as indeterminate thyroid nodules (ITN).

Approximately 20-25% of thyroid nodule aspirates result in ITN

cytology (5). The risk of malignancy of BIII and BIV ITN ranges from

6-40% depending on the institution and the categorization of

noninvasive follicular thyroid neoplasm with papillary-like nuclear

features (NIFTP) as benign or malignant (4). Historically, consensus

guidelines recommended surgery, often in the form of a thyroid

lobectomy, for definitive diagnosis of ITN since it is often not possible

to differentiate between benign and malignant nodules by cytology

alone (6, 7). This approach is sub-optimal given the cost, possible

morbidity, and need for thyroid hormone replacement in a subset of

patients after lobectomy and all patients after total thyroidectomy;

especially since ~75% of ITN will prove to be benign on final

histopathology (4, 8, 9). The utilization of transcriptional signatures

and discovery of driver mutations promoting thyroid cancer

development and influencing its behavior provided the molecular

foundation for improved diagnostic accuracy in ITN (10, 11). As will

be described, molecular diagnostics has moved beyond aiding in

diagnosis and can provide information on tumor prognosis (12).

The goal of this review is to provide an update on commercially

available lab developed molecular diagnostic tests for use in nodular

thyroid disease. The contemporary clinical use, advantages, and

disadvantages, as well as future potential applications will

be discussed.
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Diagnostic test performance
metrics review

A brief review of test sensitivity (SN), specificity (SP), negative

predictive value (NPV), and positive predictive value (PPV) is

warranted to promote appropriate understanding and scrutiny of

molecular diagnostic performance metrics (Figure 1) (13–15). SN is

a calculation of the number of true positives (for this topic, the

patient has thyroid cancer, and the molecular test reports a positive

finding) divided by all the patients with thyroid cancer (who have

true positive plus false negative test results). A low SN indicates

thyroid cancers have been missed (called negative or benign) by the

molecular marker test. Alternatively, SP is a calculation of the true

negatives (the patient does not have thyroid cancer and the test is

negative) divided by all the patients without thyroid cancer (true

negative plus false positive test results) (Figure 1) (15).

Clinically, NPV and PPV are better indicators of a test’s ability

to rule out or rule in disease, respectively. NPV is a calculation of

the true negatives divided by all the patients with a negative test

result (true negatives and false negatives). PPV is a calculation of the

true positives divided by all the patient with a positive test result

(true positives and false positives) (13, 14). At any given SN and SP,

both NPV and PPV are affected by the disease prevalence in the

population such that a higher disease prevalence will result in a

higher PPV and lower NPV than in a population with a lower

prevalence of disease (Figure 2).

Other measures of diagnostic performance include overall

accuracy, which is the proportion of correctly identified patients

(true positive and true negative results) relative to the entire cohort,

and likelihood ratios, the probability of the expected test result in

those with thyroid cancer as compared to the same result in those

without (16).

It is critical that a thyroid nodule molecular diagnostic test is

validated with a high-quality study that ideally is prospective, multi-
FIGURE 1

Table to assist in calculations of sensitivity (SN), Specificity (SP), positive predictive value (PPV), and negative predictive value (NPV) of a diagnostic test.
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center, with blinded central histopathologic review. A prospective

validation study reduces clinical decision-making bias regarding

who enters the study cohort and who has surgery. A multi-center

study with blinded histopathology review confirms the gold

standard presence or absence of disease in a broad and

representative population which aids in reliable SN and SP

calculations. Finally, all patients enrolled in the study must have

surgery so the prevalence of thyroid cancer in the studied cohort

can be known and utilized to calculate the NPV and PPV.
A brief history of molecular diagnostic
laboratory assays

The utilization of molecular diagnostics has rapidly advanced

over the last 10-15 years with some older generation tests

maintaining a presence for use and others being replaced by next

generation sequencing (NGS) platforms. A brief review of older and
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currently unavailable molecular tests is presented, primarily to

provide context for assessing the currently available tests.

The identification of the BRAFV600E mutation in papillary thyroid

carcinoma (PTC) in 2003 was one of the earliest identified molecular

signatures correlating a molecular variant with final histology (17).

BRAFV600E is a highly specific yet poorly sensitive marker for thyroid

cancer, especially in ITN where it is now known that BRAFV600E is

present in <10% of molecularly tested ITN aspirates (18). Thus, research

began into mutation panels that raise test SN to detect more malignant

nodules. One of the first studies was a prospective multi-institutional

study evaluating BRAFV600E, BRAFK601E, mutations of NRAS, KRAS

and HRAS gene codons as well as RET/PTC 1/3 rearrangements and

PAX/PPARg fusions (19). This panel showed a high specificity with 97%
of mutation positive nodules representing histologically malignant

tumors yet only a 62% sensitivity as not all malignancies carried

variants or fusions detected by the panel.

In 2012, the clinical validation study of the Afirma® Gene

Expression Classifier (GEC) was published. The Afirma GEC
A

B

FIGURE 2

(A) PPV and NPV for a test with 90% SN and 70% SP at a disease prevalence of 25%. (B) PPV and NPV for a test with 90% SN and 70% SP at a disease
prevalence of 40%.
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combined mRNA expression on a 167-gene microarray platform

with machine learning with a goal of predicting benign nodules with

ITN cytology to reliably rule out thyroid cancer and avoid

unnecessary surgery (10). This was a prospective, multi-center

study with blinded central histopathology review and reported a

high sensitivity of 90% and a high negative predictive value of 94%

[(95% confidence interval (CI)), 87-98)] across BIII and BIV

nodules) By virtue of the test design with an emphasis on ruling

out thyroid cancer, the specificity and PPV were relatively low. As

the first rule-out test, there was caution regarding the possibility of

false-negative results among potentially more aggressive cancers.

Knowing that the standard treatment of ITN nodules was surgery, a

Hurthle cell cassette was included with the GEC to intentionally call

most Hurthle samples as GEC suspicious. Resultingly, the overall

specificity of the GEC amongst Hurthle cell lesions was only 12%

(10, 20). The acceptance and comfort with rule-out testing amongst

physicians, the need for a higher benign call rate and PPV,

combined with scientific advances and reduced costs of next-

generation sequencing prompted development of the Afirma

Genomic Sequencing Classifier (GSC) (21).

Thyroseq® has evolved with multiple iterations expanding the

number of molecular variants identified from the initial 7 gene

panel (targeted variants in 4 genes and 3 gene fusions) to a targeted

NGS platform including 12 genes in version 1 to 14 genes analyzed

for point mutations and 42 types of gene fusions in version 2 (22,

23). Thyroseq v2 data was published in 2013 and the expanded

Thyroseq v2.1 panel data was published in 2015. Thyroseq v2.1

reported test performance was a sensitivity of 90.9% [CI 78.8–100],

specificity of 92.1% [CI 86.0–98.2], positive predictive value of

76.9% [CI, 60.7–93.1], and negative predictive value of 97.2% [CI

78.8–100], with an overall accuracy of 91.8% [CI, 86.4–97.3] These

earlier versions of Thyroseq NGS panels were not tested in

prospective, multi-center studies with blinded histopathologic

review (23). As will be described, Thyroseq v3, the current

commercially available testing platform, further expanded the

number of molecular variants and fusions tested.

Other molecular tests that were used for the preoperative

diagnosis of ITN included a combined miRNA and somatic gene

mutation panel from Asuragen® (available ~2010-2014) and the

micro-RNA (miRNA) classifier RosettaGX® Reveal (available from

~2016-2018) (24, 25). Neither is currently commercially available.
Utilization of molecular diagnostics in
clinical practice

The incorporation of thyroid nodule molecular diagnostic

testing into clinical practice bears some discussion. Thyroid

nodule biopsies can occur in outpatient clinics, pathology

departments, radiology suites, and rarely in an inpatient setting.

Each practice, institution, and location present opportunities

and challenges.

One consideration is whether to utilize a “collect on all”

protocol where a sample for molecular marker testing is collected

at the time of a thyroid nodule’s initial FNA. Alternatively, patients

can be asked to return for a repeat FNA for collection of a sample
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for molecular testing after an indeterminate cytology result. Given

most biopsies are read as definitively benign or malignant

(approximately 75%), allowing a patient to avoid unnecessary

needle passes is reasonable. However, the inconvenience of taking

more time from work or away from home, additional copays, and a

repeat of the FNA preparation and procedure argues for collecting a

molecular marker sample at the time of the initial FNA in the event

of an ITN result. Most patients will be in favor of getting all samples

collected at once in lieu of returning for a second procedure if given

the option. Collecting on all samples does require tracking of

specimens, a timely send out of material upon receipt of an ITN

result and discarding of unused samples to free up space for future

samples. This does require dedicated organization and effort.

Currently, the Afirma and Thyroseq testing platforms both allow

for centralized cytology diagnosis (at Thyroid Cytology Partners

and CBL Path respectively) with reflex send out of collected

molecular samples upon an ITN result. ThyGeNEXT/ThyraMIR®

(MPTX) offers cytology reads via a partnership with Dianon

Pathology. In a community practice setting, a transition from

decentralized thyroid FNAs in radiology practices, with separate

cytology reads at individual centers, to a centralized collection for

cytology and molecular markers resulted in a decrease of ITN from

24% to 10% and a reduction in diagnostic surgeries from 24% to

6% (26).

If onsite cytology assessment is available, this may represent the

best model. At the time of the FNA, rapid on-site evaluation can be

made to determine cytology adequacy, diagnosis, and the need for

extra needle passes for dedicated material for molecular testing

while a patient is prepped and waits. This practice can reduce

nondiagnostic aspirates and improve diagnostic accuracy (27). The

logistics of this practice demand an integrated clinic model with

enough pathology personnel to create cytology slides and have a

rapid read. This is not feasible in many, if not most, clinical settings.

Slide scraping, the collection of thyroid follicular cells from

cytology slides with the aid of microscope assisted microdissection,

presents a convenient methodology for running some molecular

tests on cytology smears when the patient has not had access to

molecular diagnostics or there was no collection of a molecular

sample at the time of initial FNAC. The Afirma platform does not

offer slide scraping while MPTX and Thyroseq do offer this

collection method. Though convenient, there are limitations to

slide scraping relative to collecting a fresh sample. In the MPTX

validation study, 18% of slides failed to provide adequate nucleic

acid quantity to run the assay (28). In the Thyroseq validation of

slide scraping, Diff-Quik stained smears were inadequate 35% of the

time though all Papanicolaou-stained smears were informative (29).

Of greater concern than assay failure, are the discordant results

between microdissected cytology smears relative to a fresh FNAC

placed in its respective nucleic acid protection/storage buffer. There

was 11% discordance for miRNA with the ThyraMir portion of

MPTX and 14% of copy number alterations along with 17% of

fusions were missed (false negatives) on Thyroseq slide scraping

compared to a fresh sample from FNAC (29, 30). Clinicians should

consider the discussion point regarding the use of slide scraping for

Thyroseq, “the collection of a portion of a fresh FNA sample

directly into a nucleic acid preservative solution should be
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attempted whenever possible because this provides the highest

success rate and accuracy of testing” (29).
The role of molecular diagnostics in
ITN for benign vs malignant diagnosis

Molecular testing has become a more commonly utilized tool in

the clinical setting to help provide additional risk information for ITN.

Ideally, the results of the molecular test shift the risk of malignancy

(ROM) from ~25% with ITN cytology to risks that help determine

which patients will benefit from conservative surveillance versus

definitive surgical intervention (31, 32). Molecular testing platforms

have evolved with technical advancements coming in the form of

expanded genomic information and improved test performance. As of

this writing, the three most used molecular tests in the United States

include the Afirma Genomic Sequencing Classifier (Afirma GSC),

ThyGeNEXT/ThyraMIR (MPTX), and Thyroseqv3 (TSv3). Each

molecular test is performed using a different method; however, all

three aim to provide the clinician with accurate and precise

information concerning patients’ risk of nodule malignancy. To our

knowledge there is no widespread use of these molecular markers

outside of the United States. There is limited use in certain provinces of

Canada as well as sporadic use in South America and Europe, almost

universally without national healthcare or insurance support.

The Afirma GSC uses next generation RNAseq and whole

transcriptome analysis combined with machine learning

algorithms to provide a benign or suspicious result in nodules

with ITN (21). MPTX is a multiplatform test approach that

combines a next generation targeted sequencing panel

(ThyGeNEXT) with a microRNA risk classifier test (ThyraMIR)

(28). TSv3 is a targeted next generation sequencing test that

evaluates point mutations, gene fusions, copy number alterations

and abnormal gene expression in 112 thyroid cancer related genes.

A high-quality diagnostic test validation study that is prospective,

blinded, multi-center and representative of the intended test

population is critical to provide confidence in the test

performance. Post-validation real-world studies are important for

increasing confidence in a test’s performance and providing

evidence of benefit in clinical practice outside of the controls of a

validation study.
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MPTX screens samples with the ThyGeNEXT NGS panel that

include selected DNA mutations in the following genes: ALK,

BRAF, GNAS, HRAS, KRAS, NRAS, PIK3CA, PTEN, RET and

TERT promoter genes. The following gene fusions are detected by

analysis of RNA: ALK, BRAF, NTRK, PPARg, RET and THADA

(28). If there is a strong driver mutation detected, the sample is

considered positive. If the sample has a weak oncogenic driver

mutation or no mutation, it is further risk stratified using the

microRNA classifier (ThyraMir). The initial ThyraMir panel

included 5 growth-promoting miRNAs (miR-31, -146, -222, -375,

-551) and 5 growth-suppressing miRNAs (miR-29, -138, -139, -155,

-204). MPTX results are ultimately reported as one of three

categories (negative, moderate, or positive) based on results of the

combined ThyGeNEXT mutation panel and ThyraMIR microRNA

risk classifier thresholds (28).

The MPTX has been analytically validated and the clinical

validation study is a retrospective, blinded multicenter study (28,

33) (Table 1). Unanimous histopathology consensus was not met in

19% of cases which were excluded from analysis. MPTX results for

197 subjects with ITN were categorized as positive, moderate risk or

negative for malignancy from a cohort with a 30% disease

prevalence. Moderate risk was assigned to 28% of the cohort who

are estimated to have the same ROM as the baseline cancer

prevalence of 30%. When the moderate risk patients were found

to have malignant histology, they were assigned as true positives.

When the moderate risk patients were found to have benign

histology, they were assigned as true negatives. Thus, the

moderate risk groups were categorized in a way that bolsters

overall test SN and SP (more true positives or true negatives than

defined by the positive or negative groups alone). However, the

moderate risk subjects/results were not used in the PPV and NPV

calculations. Finally, based on concerns that the proportion of

histologic subtypes within the studied cohort were inconsistent

with published literature, a prevalence adjustment calculation was

made to match the reported proportions of adenomas, malignant

subtypes and NIFTP as reported by the TSv3 validation study (28,

34). Bearing these considerations, the results showed 95% SN [CI,

86- 99] and 90% SP [CI, 84-95] for disease. Negative MPTX results

ruled out disease with 97% NPV while positive MPTX results ruled

in high-risk disease with a 75% PPV. An updated ThyGeNEXT

panel improved strong driver mutation detection by 8% with
TABLE 1 Validation study summary of the most used thyroid nodule molecular diagnostic tests in the United States.

Afirma GSC Thyroseq v3 ThyGeNEXT/ThyraMIR

Test Type Whole transcriptome RNA NGS Targeted DNA and RNA NGS Targeted NGS + miRNA expression

Validation Study
Study Design

Patel et al (20)
Prospective

Steward et al (33)
Prospective

Lupo et al (27)
Retrospective

Sample Size 190 286 178

Specificity 68% 82% 90%

Sensitivity 91% 94% 93%

NPV 96% 97% 95%

PPV 47% 66% 74%
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BRAFV600E and TERT promoters being the most common

mutations. Additionally, this newer panel increasingly detected

coexisting drivers by 4%, TERT being the most common and

often paired with RAS (35). A pairwise analysis of miRNA to

detect medullary thyroid cancer (MTC) showed 100% accuracy

on a study of 4 MTC and 26 non-MTC samples (36). Finally, MPTX

has recently been updated with the addition of miR-21 and an

interdependent pairwise microRNA expression analysis (MPTXv2).

This updated MPTX platform was tested on the same cohort as the

original validation study population. The results showed a decrease

in the moderate-risk cohort from 28% to 13% (p < 0.001) and a

reported improvement in PPV to 96% (from 74%) and NPV to 99%

(from 95%) (p=NS for both) (37).There have been no completely

independent research studies to assess the MPTX performance. In

one analysis of pediatric lesions comprised of 66 malignant and 47

benign tumors, MPTXv1, analysis performed with 70% SN and 96%

SP (38).

The Afirma GSC samples are initially tested for RNA quantity

and quality. Sufficient samples are tested against initial classifiers to

detect parathyroid tissue, MTC, BRAFV600E variants and RET/

PTC1 and RET/PTC3 fusions. Recently, the validation of the MTC

classifier of the Afirma GSC showed 100% SN and 100% SP in a

cohort of 21 MTC and 190 non-MTC lesions (39). If all the

classifiers are negative and there is adequate follicular content, the

GSC ensemble model relies heavily on differential gene expression

of > 10,000 genes for sample classification of GSC-B or GSC-S

results. The Afirma GSC clinical validation study was based on a

cohort of ITN samples collected prospectively from multiple

community and academic centers from the Afirma GEC

validation (10). All patients underwent surgery without known

genomic information and all samples were assigned a

histopathology diagnosis by an expert panel blinded to all

genomic information. The results showed (at a 24% cancer

prevalence): SN - 91% [CI, 79-98], SP - 68% [CI, 60-76], NPV -

96% [CI, 90-99], PPV - 47% [CI, 36-58] (21) (Table 1). Since the

validation study, 14 independent real-world studies have been

published and in aggregate show a significant improvement in

performance over the Afirma GEC, primarily with improved

specificity and a higher benign call rate (BCR) of 65% (as

compared to 54% with the Afirma GEC) (40–54). As expected,

some of these studies have also demonstrated that the

implementation of Afirma GSC reduced the rate of surgical
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intervention by 45-68% (40, 43). A meta-analysis by Vuong et al.

including seven studies comparing the performance of Afirma GEC

to GSC and found that GSC had a higher BCR (65.3% vs 43.8%; P

<0.001), a lower resection rate (26.8% vs 50.1%; P <0.001), and a

higher risk of malignancy (60.1% vs 37.6%; P <0.001) in resected

specimens (55) (Table 2).

The Afirma GSC incorporates Hurthle/oncocytic and neoplasm

classifiers to enhance the diagnostic accuracy in predominately

oncocytic ITN relative to the Afirma GEC (20). A review of four

independent post validation studies of the Afirma GSC

performance in oncocytic cell lesions showed maintenance of a

high SN (3 with 100% SN and one with 80% SN) and improved SP

(81-100% for GSC compared to 29-43% for GEC) (56). When

compared to the GEC, the BCR for oncocytic cell–predominant

nodules by the GSC is significantly elevated (73.7% vs 21.4%; P <

0.001) (55).

TSv3 is a genomic classifier (GC) where a value is assigned to

each detected genetic alteration based on the strength of association

with malignancy: 0 (no association), 1 (low cancer risk), or 2 (high

cancer risk). A GC score calculated for each sample is a sum of

individual values of all detected alterations, with GC scores 0 and 1

accepted as test negative (score 1 is commercially reported as

“currently negative”) and scores 2 and above as test positive (57).

“Currently negative”, low cancer probability alterations, are

included in the BCR in TSv3 studies. The clinical validation study

for TSv3 by Steward et al. was a prospective, multi-center, blinded

study that ultimately analyzed 257 ITN, all with histologic

consensus. The test demonstrated a 94% [CI, 86%-98%] SN and

82% [CI, 75%-87%] SP. With a cancer/NIFTP prevalence of 28%,

the NPV was 97% [CI, 93%-99%] and PPV was 66% [CI, 56%-75%]

(34) (Table 1). There have been 10 independent studies assessing

the performance of TSv3 (46, 47, 58–65). A recent meta-analysis by

Lee at al. including six studies (total 530 thyroid nodules) evaluating

the performance of TSv3 found a similar sensitivity of 95.1% [CI,

91.1–97.4%] but a lower specificity of 49.6% [CI, 29.3–70.1%] when

compared to the original validation study; the reported PPV of 70%

[CI, 55–83%], and NPV of 92% [CI, 86–97%] remained comparable

(66) (Table 2).

Molecular tests can be classified as “rule in” vs “rule out” based

on their ability to confirm or exclude malignancy. Vargas-Salas et al.

found that with a thyroid cancer prevalence of 20–40%, a robust

“rule-out” test requires a minimum NPV of 94% and a minimum
TABLE 2 Meta-analysis data of Afirma GSC and Thyroseq v3.

Afirma GSC Afirma GSC Thyroseq v3

Meta-analysis Vuong et al (52) Lee et al (53) Lee et al (53)

# Included Studies 7 studies 7 studies 6 studies

Sample Size 807 472 530

Specificity 43% 53% 50%

Sensitivity 94.3% 96% 95%

NPV 90% 96% 92%

PPV 63.1% 63% 70%
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sensitivity of 90%, whereas to “rule- in”malignancy, a test requires a

PPV of at least 60% and a specificity above 80% (67). MPTX, Afirma

GSC, and TSv3 all perform well as “rule out” tests for ITN based on

their relatively high sensitivities and NPVs, though independent

confirmation of MPTX performance is lacking. MPTX has too few

studies to compare its performance to other molecular testing

platforms and future studies are needed to confirm its clinical

efficacy. A study by Silaghi et al. comparing the performance of

Afirma GSC and TSv3 found TSv3 to have the best overall

diagnostic performance with the lowest negative likelihood ratio

(NLR 0.02), followed by Afirma GSC (NLR 0.11). Both TSv3 and

Afirma GSC achieved optimal results to exclude malignancy;

however, both failed to achieve a higher performance to confirm

or “rule in” a malignancy when compared to their predecessor

Thyroseqv2 (68). Similarly, Lee et al. found there was no statistically

significant difference in diagnostic performances between the

Afirma GSC and TSv3 (66) (Table 2). Finally, Livhits et al.

performed a randomized clinical trial by using Afirma GSC or

TSv3 in routine clinical practice on a rotating monthly basis. They

found that both Afirma GSC and TSv3 have a relatively similar

specificity (80% and 85%, respectively), and both allowed

approximately 49% of patients with indeterminate nodules to

avoid diagnostic surgery (46). Given the similar performance, it is

no longer accurate to call Afirma a “rule out test” and Thyroseq a

“rule in test” as they have been commonly described with earlier

iterations of the testing platforms and in a recent review (69).
The role of molecular genetic testing
in predicting thyroid cancer prognosis

Molecular genetic testing is a valuable tool in understanding

patients’ prognosis based on specific mutations detected in thyroid

cancer. Various mutations are associated with increased tumor

aggressiveness, metastatic lymph node spread, a tendency to de-

differentiate, and/or reduced efficiency of radioiodine treatment.

The main known genetic causes of thyroid cancer include point

mutations in the BRAF, RAS, TERT promoter, RET, and TP53 genes

and the fusion genes RET/PTC, PAX8/PPARg, and NTRK (70).

Molecular genetic testing of thyroid tissue in the preoperative and/

or postoperative period is becoming more common, and therefore

detection of genetic changes may serve as a prognostic factor that

can help determine the extent of surgical treatment and the use of

systemic targeted therapy. The characterization of molecular

variants and fusions as BRAF-like, RAS-like, and non-BRAF non-

RAS-like has helped to group molecular alterations in thyroid

cancer that share similar risk of events such as extra-thyroidal

extension and lymph node metastases (71, 72). For example, a

retrospective analysis by Tang et al. associating pathologic features

to the aforementioned molecular classes showed a statistically

higher rate of T4 tumor size and N1b nodal metastases in BRAF-

like mutated tumors (22%) compared to the other classes (≤ 6%)

amongst other more aggressive findings (12). Afirma GSC, MPTX,

and TSv3, have shown promise in predicting disease recurrence in

thyroid cancers and Bethesda V/VI nodules based on the detection

of low-risk vs high-risk genetic mutations.
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In thyroid nodules with Afirma GSC suspicious results, or

thyroid nodules with BV or BVI cytology, Afirma Xpression Atlas

(XA) can provide more granular molecular information. The

analytical and clinical validation of XA, which identifies thyroid

nodule molecular variants and fusions by whole transcriptome

sequencing, was published in 2019 (73). In 2020, the panel was

expanded to detect molecular alterations in 593 genes allowing XA

to report on 905 variants and 235 fusions. Afirma XA results may

offer important prognostic insights; for example, nodules with a

non-RAS and non- BRAF molecular profile have lower rates of

lymph node metastasis and extrathyroidal extension (74). A large

retrospective study by Hu et al. demonstrated that 44% of Bethesda

III/IV Afirma GSC-S and most Bethesda V/VI nodules (87% BVI)

had at least one genomic variant or fusion identified, which could

optimize individual treatment decisions (18). The ability of Afirma

XA to demonstrate improved clinical outcomes based on surgery

and mutational status is yet to be determined as no randomized

trials have been performed; however, the genomic insights provided

by XA may predict tumor aggressiveness and provide important

information regarding variants for targeted therapy (75).

Labourier et al. found that in a systematic review of the

literature, 70%-75% of malignant/Bethesda VI cytology were

expected to be positive for the oncogenic BRAFV600E

substitution with the second most frequent gene alteration being

TERT promoter mutations (11%) (76). High frequency of

oncogenic BRAF mutations has important clinical implications

and multiple studies have shown that BRAFV600E correlates with

aggressive features of thyroid cancer such as extrathyroidal

extensions, vascular invasion, larger thyroid nodule size, advanced

staging, lymph node metastasis and recurrence (77). Additionally,

TERT promoter mutations are among the most recognized markers

associated with aggressive thyroid cancer phenotypes (77).

When specifically evaluating the performance of TSv3 in

thyroid nodules with Bethesda V (suspicious for malignancy)

cytology, Skaugen et al. found that TSv3 had sensitivity of 89.6%

(95% CI, 82.4%- 94.1%) and specificity of 77.3% (95% CI, 56.6%-

89.9%). Moreover, when TSv3 positive Bethesda V nodules were

sorted into molecular risk groups (low, intermediate, high), disease

recurrence was more commonly found in the high-risk group

whereas no patients in the low-risk group developed recurrence

(78). Another study by Hescot et al. used TSv3 to determine if there

were molecular prognostic factors associated with recurrence and

overall survival in patients’ with poorly differentiated thyroid

carcinomas (PDTCs). Of the 40 patients tested with TSv3, high-

risk molecular signatures (TERT, TP53mutations) were found in 24

cases (60%), intermediate-risk signature in 9 cases (22.5%) and low-

risk signature in 7 cases (17.5%) with potentially actionable

mutations that may be amenable to targeted therapy identified in

10% of cases. Furthermore, the high molecular-risk signature was

associated with distant disease metastasis (P = 0.007) and with

worse overall survival (P = 0.01), whereas none of the patients with

low-risk molecular signature died due to thyroid cancer (79).

It is important to note that there are no established guidelines

addressing management decisions based on the detection of most

genetic alterations detected in thyroid nodules regardless of

cytology category. In ITN, the most studied value is in the
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diagnosis of benignity or malignancy. The value of knowing the

molecular alterations in BV and BVI thyroid nodules has yet to be

investigated in prospective multi-center studies. Additionally,

molecular tests performance metrics are generally assessed

independent of other clinically relevant factors such as family

history of thyroid cancer, heritable syndromes, radiation

exposure, and thyroid ultrasound features. One area of increasing

interest is the identification of aggressive thyroid cancers that may

be amenable to future systemic targeted therapies as needed,

possibly in the neo-adjuvant setting.
Molecular identification of targetable
alterations in thyroid cancer

While the use of molecular testing to risk-stratify indeterminate

thyroid nodules is encouraging, arguably the most exciting use of

this technology is in the setting of advanced and aggressive thyroid

disease where identification of targetable mutations can have

significant clinical impact (Table 3). In differentiated thyroid

cancer, the overall mortality is low, however 15% of cases will be

locally invasive and in those with distant metastases which are

radioioine (RAI)-refractory, the 10-year overall survival is <50%

(86, 87). Conversely, the most aggressive subtypes of thyroid cancer,

medullary, poorly differentiated, and anaplastic, have high disease-

specific mortality. Especially in these thyroid cancer subsets with

high mortality rates, there has been substantial expansion of the

therapeutic armamentarium with tumor genome-directed therapies

over the past decade (80, 88–90). Studies have identified several

targetable (or potentially targetable) alterations in advanced thyroid

cancer, including mutations in commonly detected genes such

BRAFV600E, RET, PIK3CA, as well as gene fusions including

RET, NTRK, and ALK. In addition to therapies targeting specific

genetic alterations, immunotherapy shows significant promise in

treating tumors with microsatellite instability, high tumor

mutational burden (TMB), and high PD-L 1 expression. With the

possibility of identifying genomic alterations via NGS in advanced

thyroid cancers, the study of neoadjuvant therapy for aggressive

disease has just begun.

Recently, a multidisciplinary, multi-institutional, multi-national

consensus statement was jointly published by the American Head

and Neck Society (AHNS) and the International Thyroid Oncology
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Group (ITOG) defining advanced thyroid cancer and its targeted

treatment (91). The group advocates for molecular testing to be

“performed in Clinical Laboratory Improvement Amendments

(CLIA)- accredited laboratories (or their international equivalent),

on appropriate specimens, using clinically validated procedures,

which may include laboratory-developed tests or FDA-approved

commercial assays” (82). With the support of high-quality evidence,

the consensus recommends that “when somatic mutational testing

is performed for thyroid cancer, multiplexed NGS-based panels are

superior to multiple single-gene tests” and that, “NGS panels that

include assays for gene fusions are preferred given the ability to

detect multiple mutations and fusions in one assay thereby

conserving tissue and limiting expense” (80).

Differentiated Thyroid Cancer (DTC): Accounting for roughly

95% of thyroid cancers, DTC arises from follicular thyroid cells and

is often RAI-avid. This allows the vast majority of DTC to be treated

with surgery alone for smaller tumors or surgery with RAI and

levothyroxine suppression therapy for more advanced or aggressive

disease. However, it is reported that 7–23% of patients with DTC

will develop distant metastases, and two-thirds of patients with

distant metastases become RAI-refractory (86, 90). These patients

have poor prognosis with overall 10-year survival of <50% (86, 87).

Multicenter, randomized, double-blind, placebo-controlled, phase

III studies led to FDA approval of multi-kinase inhibitors (MKIs)

Sorafenib and Lenvatinib, for the treatment of RAI-refractory

locally advanced (non-operative) or metastatic DTC (80, 90).

MKIs block activation of several key receptors that regulate

thyroid cancer progression including angiogenesis. While studies

showed progression free survival (PFS) benefit in the treatment

groups compared to placebo groups (80, 90), because of the non-

specific targeting of these drugs, their clinical utility is limited by

their substantial toxicity profiles.

In the last decade, recognition of important molecular drivers

and signaling pathways has led to the development of molecular-

targeted therapies especially for advanced and RAI-refractory

differentiated thyroid cancer. Presence of a BRAF V600E

mutation, the most common driver mutation in the spectrum of

follicular cell derived thyroid cancers, can confer susceptibility to

selective RAF kinase inhibitors in some cancer lineages. The

combination of dabrafenib (BRAF inhibitor) and trametinib

(MEK inhibitor), which was initially FDA-approved in

BRAFV600E mutated ATC, has also been studied in BRAF-
TABLE 3 FDA approved molecularly targeted therapies in thyroid cancer.

Dabrafenib (80) (BRAF
inhibitor)
&
Trametinib (80) (MEK inhib-
itor)

Larotrectinib (81, 82)
(Selective TRK
inhibitor)

Entrectinib (83)
(multi-kinase inhibitor
NTRK1/2/3, ROS1,
& ALK)

Selpercatinib (84)
(Selective RET
kinase inhibitor)

Pralsetinib (85)
(Tyrosine Kinase
Inhibitor)

• 18 years old
• locally advanced, unresectable or
metastatic solid tumors
• BRAFV600E mutant-positive

• 1 month old
• locally advanced or
metastatic solid tumors
• Tumor agnostic
• NTRK fusion-positive

• 18 years old
• locally advanced or
metastatic solid tumors
• penetrate blood-brain barrier
• Tumor agnostic
• NTRK fusion-positive

• 12 years old
• RET-driven advanced or
metastatic cancer
• RET mutant-positive
Medullary Thyroid Cancer
• RET fusion-positive
radioactive iodine-refractory
thyroid cancers

• 12 years old
• RET-driven advanced or
metastatic cancer
• RET mutant-positive
Medullary Thyroid Cancer
• RET fusion-positive
radioactive iodine-refractory
thyroid cancers
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mutated PTC with high response rates (50% single-agent

dabrafenib vs. 54% combination, modified RECIST criteria) and

median progression free survival 11.4 vs. 15.1 months. This

combination of drugs recently garnered approval for treatment of

BRAF-mutated DTC (83). The FDA-approved drugs selpercatinib

and pralsetinib target the oncogenic RET gene fusions, detected in

approximately 10% of PTC (81, 92). Thyroid cancers harboring

genetic rearrangements involving NTRK1/3 (~2% of PTC) can

respond to treatment with TRK inhibitors, including FDA-

approved larotrectinib and entrectinib (72, 93–95). ALK fusions

are still more rare in well differentiated thyroid cancers (<1% of

PTC) but are identified more frequently in PDTC. ALK-inhibitors

are FDA-approved for solid tumors that harbor ALK fusions and a

few patients with thyroid cancer have been included in the reported

clinical trials and/or case reports, although no ALK-inhibitors are

currently FDA-approved for DTC specifically. Therefore, ALK

fusion testing is currently indicated for advanced DTC only in the

context of either “off-label” treatment or clinical trials. Lastly, while

microsatellite instability (MSI) and TMB in DTC are often low,

MSI-high or TMB-high cancers, may be eligible for treatment with

pembrolizumab, a programmed death-1 (PD-1) inhibitor, given the

its tissue agnostic approval for MSI-high cancers and the

demonstrated responses of TMB-high solid tumors (96, 97).

Anaplastic Thyroid Cancer (ATC), with a median overall survival

of 4 months, is considered one of the most aggressive and lethal

malignancies and typically presents at a median age of 65-70 years

(95–97). This most-aggressive thyroid cancer, with a 6-month OS of

35%, and disease-specific mortality approaching 100% is responsible

for over half of the annual thyroid cancer-related deaths despite

comprising only 1.5% of all thyroid cancers (98–100). These

outcomes are despite aggressive multimodality treatment regimens

including surgery (when feasible), traditional cytotoxic chemotherapy

and radiation therapy. ATC is postulated to have the potential to arise

either de novo or from pre-existing DTC. The coexistence of BRAF-

mutated ATC with PTC described in several studies, suggests the

potential of a common DTC origin for most of these tumors (101,

102). ATC has a higher relative tumor mutational burden (TMB)

than DTC although overall the TMB for ATC is still lower than many

other solid malignancies (100). The mutational profile of ATC tends

to include accumulation of variations in tumor suppressor genes such

as TP53 and PTEN; oncogenes such as TERT promoter, RAS, BRAF,

and PIK3CA; oncogene-fusions such as NTRK, RET, and ALK; or

through mismatch repairs (103). Given the aggressive nature of ATC,

most often with surgically unresectable disease at presentation, and

resistance to radioactive iodine, chemotherapies, and radiation

therapy, all patients with suspected ATC are recommended to

undergo expeditious histological confirmation, staging, and

molecular testing and if a targetable mutation is identified,

treatment should include directed therapies against this

actionable target.

The most significant shift in the management of ATC to occur

in decades was the afore mentioned combinatorial use of BRAF/

MEK inhibitors (dabrafenib/trametinib) in ATC patients harboring

a BRAFV600E mutation (83). Due to the potential for long turn-

around times for traditional NGS testing, some centers employ a

rapid PCR assay to detect BRAFV600E in DNA isolated from
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paraffin blocks (48–72-hour turnaround) or use peripheral blood

NGS (cell-free DNA) which has sensitivity of 75%–90% and

turnaround time of 3–7 days. These options may enable slightly

earlier initiation of targeted therapies if they exist (104, 105).

Mutation-specific immunohistochemistry for BRAFV600E can

also be useful in expeditiously identifying patients who might

benefit from approved targeted therapy, but requires substantial

tissue via core needle biopsy, FNA cell block, or even surgical

specimen due to the potential for false positives (106). When

successful, BRAF-directed therapy can induce rapid and

substantial disease regression and may eventually render

previously inoperable disease amenable for surgical resection

(107). For these patients with advanced stage ATC who are able

to undergo complete locoregional surgical resection, one study has

shown some of the highest survival rates ever reported for this

disease with a 94% 1-year survival and an unmet median OS in a

cohort of 20 patients (8 of 20 having stage IVC disease) having

received BRAF-directed therapy followed by surgery (98).

Medullary Thyroid Cancer (MTC) arises from parafollicular C

cells which are neuroendocrine in origin and accounts for about 2%

of thyroid cancers. Although rare, MTC accounts for about 14% of

annual deaths from thyroid cancer (108–110). MTC most often

occurs sporadically (80%) with hereditary forms (20%) being

associated with the multiple endocrine neoplasia (MEN) type 2

syndromes. These inherited forms of MTC are associated with

genomic alterations of the RET proto-oncogene and are inherited in

an autosomal dominant fashion. Patients diagnosed with MTC,

regardless of disease stage, personal history of other endocrinologic

disorder, or family history, should have genetic counseling and be

tested for germline RETmutations (91). About 6% of MTC patients

with no family history or other endocrinologic disorder to suggest

MEN, are found to harbor a germline RET mutation prompting

counseling and testing of family members. Somatic RET mutations

are also found in approximately 50% of patients with sporadic

MTC. Somatic mutations inHRAS (~25%), KRAS, and rarely NRAS

genes, which are canonically mutually exclusive with RET

mutations, have also been identified in sporadic MTC (111).

About 20% of sporadic MTC harbor neither RET nor RAS gene

alterations (112). Patients with advanced sporadic MTC should be

offered molecular testing since somatic RET mutations have been

shown to lead to more aggressive disease, including higher T- and

N-stage, and increase the rate of distant metastasis (84, 108).

Currently, two MKIs, vandetanib and cabozantinib, are

approved by the U.S. FDA for the systemic treatment of MTC

and show improvement in progression-free survival (78, 79), both

MKIs have a narrow therapeutic window and off-target kinase

inhibition causes significant toxicities. Additionally, MTC can

acquire gatekeeper resistance mutations at RET codon V808

rendering these therapies ineffective (91). Recently however,

selective RET inhibitors have shown both promising efficacy and

more favorable toxicity profiles (85). Selpercatinib (LOXO-292) is a

selective RET kinase inhibitor potently effective against RET

alterations, including gene fusions, oncogenic mutations, and

even the V804 gatekeeper mutation. Early data from LIBRETTO-

001, the phase I/II study of selpercatinib, showed 56% of patients

with RET-mutant MTC previously treated with vandetanib and/or
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cabozantinib achieved objective responses with mostly grade 1 or 2

adverse events, prompting early approval by the FDA (113).

Currently, an ongoing randomized trial is evaluating treatment-

naїve patients with RET-mutant MTC, comparing selpercatinib

with standard MKI therapy. Pralsetinib (BLU-667), another

selective RET inhibitor, has been recently approved by the FDA

for the treatment of patients with advanced or metastatic RET-

mutant MTC (IC50 0.3–5 nM). This approval was based on early

data from the phase I/II trial (ARROW) of pralsetinib showing a

65% objective response rate in patients with RET- mutant tumors,

including patients with MKI resistant tumors and with known

gatekeeper mutations (84). In this study, pralsetinib has been well

tolerated with most treatment related adverse events being low

grade and reversible (114).

In summary, the use of molecular testing in the identification of

therapeutic targets can have significant clinical impact. We are

undoubtedly only seeing the beginning of this new frontier.

Knowledge of molecular mutations, fusions, and gene expression

profiles, especially for the most advanced and aggressive forms of

thyroid cancer will likely continue to drive drug discovery and

development world-wide.
Summary

Molecular testing of thyroid nodules and thyroid cancer has

improved the diagnostic accuracy of indeterminate thyroid nodules

and provides actionable information regarding tumor prognosis.

Additionally, identifiable molecular variants and fusions inform

clinicians of a patient’s eligibility for targeted systemic therapies in

the important subset of thyroid cancer patients with metastatic,

progressive, radio-iodine refractory disease. Future research should

focus on the clinical utility of molecular information to change the

clinical approach to patients with thyroid nodules. For example,
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prospective studies on the extent of surgery and the assessment of

changes in factors such as tumor recurrence. Additionally, novel

analyses to predict tumor behavior are warranted. Finally, the

investigation of targeted therapies in the neo-adjuvant setting for

thyroid cancer that presents aggressively is ongoing and may

improve overall outcomes, for example, with improved

opportunities for acceptable surgical outcomes in previously

unresectable tumors.
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Effect of a stylet on specimen
sampling in thyroid fine needle
aspiration: A randomized,
controlled, non-inferiority trial

Pengfei Luo*, Xiali Mu, Wei Ma, Dahai Jiao and Peixin Zhang

Department of General Surgery, Fuyang People’s Hospital, Fuyang, China
Background: There is a cost advantage in using a needle without stylet over a

needle with stylet in thyroid fine needle aspiration (FNA). This study aimed to

elucidate the non-inferiority of thyroid FNA without a stylet (S-) to thyroid FNA

with a stylet (S+) on specimen sampling.

Methods: In this study, patients with thyroid nodules undergoing FNA were

consecutively enrolled between May 2022 and July 2022. One experienced

operator performed two punctures of each nodule with a stylet and without a

stylet. Specimen adequacy was the primary outcome. Wald test was used for

statistical analysis of the primary outcome. The difference in specimen adequacy

between the two methods was expressed as a two-sided 95% confidence

interval (CI). The S- method was considered non-inferior to the S+ method if

the lower bound of the 95% CI of the S- minus S+ adequacy difference was

greater than a predetermined non-inferiority margin of -10%.

Results: A total of 149 patients (195 nodules) were enrolled in the study. A total of

167 of 195 nodules (85.64%) and 169 of 195 nodules (86.67%) were obtained

adequate specimens using the S+ and S-methods, respectively. The difference in

specimen adequacy (S- minus S+) between the two methods was 1.03% (95% CI,

-5.83% to 7.88%). The lower bound 95% CI of the difference in specimen

adequacy (-5.83%) was greater than the predetermined non-inferiority margin

of -10%. The difference in the yield for malignancy was not significantly different

between the two methods.

Conclusion: Thyroid FNA without a stylet is non-inferior to thyroid FNA with a

stylet on specimen sampling.
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fine needle aspiration, thyroid nodule, specimen adequacy, stylet, needle
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Introduction

Fine needle aspiration (FNA) is a simple, minimally invasive, and

highly accurate method widely used in the diagnosis of many organ

diseases, including thyroid (1–13). A stylet can theoretically prevent the

lumen of the needle from being blocked by other non-lesion

components, including blood, before puncturing into the target

lesion, thus allowing fuller aspiration of the target tissue into the

needle once the stylet is removed. The stylet is routinely used by many

puncturing physicians to improve the quality of specimens (1, 2).

Although this assumption of a preference for the use of a stylet seems

logical, this assumption has not been demonstrated on an empirical

basis. Several studies in other areas of FNA, such as gastrointestinal

endoscopy and respiratory endoscopy FNA have shown that the stylet

does not improve specimen quality and diagnostic efficiency (3–8).

Besides, some studies have shown that stylet may be associated with an

inferior specimen quality (9).

Furthermore, the value of the stylet has not been systematically

evaluated in the FNA of the thyroid. Only one study evaluated the

role of stylet using a few selected nodules (hypoechoic vascular type

II nodules) (1), representing a small fraction of all types of thyroid

nodules (14). This study aimed to compare the specimens obtained

by FNA with and without the stylet in all types of unselected thyroid

nodules for adequacy and yield for malignancy.
Materials and methods

Study design

A single-center, prospective, randomized, controlled, non-

inferiority trial was conducted at Fuyang People’s Hospital, a

tertiary referral medical center. Written informed consent was

obtained from all patients, and the study was approved by the

Ethics Committee of Fuyang People’s Hospital (NO: 2022-80).
Patients

Patients with thyroid nodules who underwent FNA between

May 2022 and July 2022 were prospectively enrolled in the study.

The inclusion criteria were: (1) patients aged 18 years and above; (2)

patients who provided written informed consent; and (3) patients

who underwent ultrasound suggesting the presence of a thyroid

nodule. The exclusion criteria were: (1) patients under

anticoagulant therapy, such as aspirin and warfarin; (2) patients

who could not cooperate with punctures, such as severe cough; and

(3) those who could not provide written informed consent.
Randomization

Each nodule was sampled for four passes (twice with a stylet (S

+) and twice without a stylet (S-)). The nodules were randomly

divided (1:1) into S+ (order of the four passes; S+!S-!S+!S-)
Frontiers in Endocrinology 0293
and S- (order of the passes; S-!S+!S-!S+) to avoid the effect of

bleeding from the previous pass on the later pass specimen. The

order of S+ or S- first pass was determined by a preprinted random

sequence that was kept in an opaque sealed envelope that the

operator opened after the patients confirmed their enrollment.
FNA procedure

FNAs were performed under ultrasound (US) guidance by the

same experienced operator. For patients with multiple nodules, FNA

was performed on suspicious nodules, otherwise, the largest nodule

was selected for sampling. For patients with mixed cystic-solid

nodules, FNA was performed from the solid component. An US

scanner (M9, Mindray, Shenzhen, China) was used for US with a 7.5-

15 MHz linear array transducer. The medical record report contained

the number, location, size, echogenicity, composition, vascularity,

calcifications, depth, and Thyroid Imaging Reporting and Data

System (TIRADS) categories of the punctured nodules. The passes

were performed using a 25-gauge disposable puncture needle with a

stylet (CCZA, Leapmed, Suzhou, China) without syringes. The stylet

in the needle was kept during the puncture for S+ passes and

removed before S- passes.

The S+ pass was performed as follows: The patient was placed in

a supine position with the neck slightly extended. The patient

underwent local anesthesia using 0.1-0.3 ml of 2% lidocaine, and

the skin was disinfected with iodophor. The stylet was removed

after the needle tip puncture was put into the nodule under

ultrasound guidance. The needle was pulled out when the needle

was cut back and forth 15-20 times within the nodule or when the

sample material was seen in the hub. Suction was not used in the

process. The material in the needle lumen was expelled onto one

clean glass slide using a 5 ml air-filled syringe after each pass. All the

steps were the same for the S+ and S- pass, except for the stylet

removal step that was avoided in S- pass.

One slide specimen was made for each pass smear, and these

slides were labeled as slides A1, B1, A2, and B2 in the order of pass.

Sometimes slides A (A1 and A2) were two S+ specimens or two S-

specimens since the choice of - the first pass was random to avoid

bias of the pathologist. No on-site assessment was performed, where

the specimens were air-dried, fixed in 95% alcohol, and stained with

hematoxylin and eosin.
Cytological evaluation

Five pathologists blinded to the stylet status of the passes

evaluated cytology specimens. The same pathologist evaluated all

specimens of one patient. Every thyroid FNA was first evaluated for

specimen adequacy. Each specimen was classified as adequate or

inadequate based on the Bethesda System for Reporting Thyroid

Cytopathology (TBSRTC). Inadequate specimens (category I

specimens in TBSRTC) were defined as specimens that did not

meet the criteria for adequacy (presence of at least six groups of

well-visualized follicular cells; each group containing at least 10

well-preserved epithelial cells).
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The two S+ specimens and two S- specimens of one nodule were

evaluated as a separate whole with a separate cytologic result

(specimens A1 and A2 as “nodule A” specimens and specimens

B1 and B2 as “nodule B” specimens). The S+ and S- specimens of

the nodule were considered inadequate when the two S+ specimens

and two S- specimens were inadequate.
Outcome variables

Specimen adequacy was the primary outcome, while the yield

for malignancy was the secondary outcome. Specimen adequacy

was defined as the rate at which adequate specimens were obtained

(proportion of non-TBSRTC category I specimens). The yield for

malignancy was defined as a percentage of TBSRTC category

VI specimens.
Sample size estimation and
statistical analysis

Power Analysis and Sample Size (PASS) version 11 was used for

sample size estimation. The sample size was determined based on

data from a meta-analysis involving 25,000 patients, which claimed

an overall specimen adequacy rate of 87.1% for thyroid FNA (15).

The specimen adequacy rate by S+ or S- FNA was then assumed to

be 87.1%. The non-inferiority margin was then set at 10%, with a

class I error of 0.025 (1 margin) and a class II error of 0.8. A total of

195 lesions per group were required assuming 10% dropouts.

Besides, this study used its own control, and thus the final sample

size was 195 nodules per group (195 nodules in total).

For a patient with more than one nodule undergoing FNA, the

nodules were considered independent observations for statistical
Frontiers in Endocrinology 0394
analysis. Continuous variables were expressed as means and

standard deviations. Categorical variables were expressed as

frequencies and percentages. The primary outcome was analyzed

using Wald test. The difference between the adequacy of the two

methods was expressed as a two-sided 95% confidence interval (CI).

The S- method was considered non-inferior to the S+ method if the

lower bound of the two-sided 95% (equivalent to one-sided 97.5%)

CI of the difference in specimen adequacy (S- minus S+) was greater

than -10%. Chi-square tests were used to analyze the secondary

outcomes. Statistical Package for Social Sciences (SPSS) version 23

and Statistical Analysis System (SAS) version 9.4 were used for

all analyses.
Results

Patients and nodules

A total of 154 patients were enrolled from May 2022 to July

2022 (Figure 1). Five patients were excluded, of which 1 was taking

aspirin, 1 was taking warfarin, 2 refused to participate, and nodules

were not detected in one patient. Finally, 149 patients were included

in the analysis (121 (81.21%) females and 28 males with 38 (25.5%)

solitary nodules and 111 (74.5%) multiple nodules). The mean age

of the included patients was 46.97 years (standard deviation (SD)

13.56). Only one nodule was sampled in 103 patients, and two

nodules were sampled in 46 patients. A total of 195 nodules were

sampled (mean nodule diameter, 1.42 cm; SD, 1.12 cm). The

TIRADS category of the nodules was as follows: 3 in 52 (26.67%),

4a in 105 (53.85%), 4b in 33 (16.92%), and 4c in 5 (2.56%). The

composition of the nodules was as follows: solid in 149 (76.41%)

and solid-cystic in 46 (23.59%). The echogenicity of the nodules was

hypoechoic in 161 (82.56%), isoechoic in 33 (16.92%), and
FIGURE 1

Flow diagram for 154 consecutive patients referred for thyroid nodules fine needle aspiration (FNA).
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hyperechoic in 1 (0.51%). A total of 101 nodules (51.79%) had

calcifications. The vascularity of the nodules was peripheral in 26

(13.33%), central in 63 (32.31%), and no vascularity in 106

(54.36%). A total of 97 and 98 nodules were randomly selected

for S+ first puncture and S- first puncture, respectively.
Cytological results

The final cytological diagnosis was malignant (TBSRTC category

VI) in 23 nodules (11.79%), suspicious for malignancy (TBSRTC

category V) in 33 nodules (16.92%), follicular neoplasm or suspicious

for a follicular neoplasm (TBSRTC category IV) in 5 nodules (2.56%),

atypia of undetermined significance or follicular lesion of

undetermined significance (TBSRTC category III) in 24 nodules

(12.31%), benign (TBSRTC category II) in 91 nodules (46.67%),

and inadequacy (TBSRTC category I) in 19 nodules (9.74%).

The two S+ specimens and two S- specimens of each nodule

were evaluated as a separate whole, and the cytological results are

shown in Table 1.
Specimen adequacy

The rates of obtaining adequate specimens were 167 of 195

nodes (85.64%) and 169 of 195 nodes (86.67%) for S+ and S-

methods, respectively. The difference in specimen adequacy (S-

minus S+) between the two methods was 1.03% (95% CI, -5.83% to

7.88%). The lower bound 95% CI of the difference in specimen

adequacy (-5.83%) was greater than the predetermined non-

inferiority margin of -10%, demonstrating the non-inferiority of

the S- method to the S+ method.

Analysis of each subgroup showed that the differences in

specimen adequacy were not significantly different between the

two methods (Table 2).
Yield for malignancy

The yields for malignancy were 21 of 195 nodules (10.77%) and

20 of 195 nodules (10.26%) for S+ method and S- method,

respectively (P = 0.869). Similarly, the yields for malignancy were

also not significantly different between the two methods when
Frontiers in Endocrinology 0495
suspicious malignant nodules were included in the malignancy

group (S+:50/195(25.64%) vs. S-:51/195(26.15%), P = 0.908).
Adverse events

No complications or needle blockage were reported in

this study.
Discussion

Puncture needles with a stylet is widely used by many puncturers

during thyroid FNA (1, 2) based on the unproven premise that using

the stylet improves the specimen’s quality by preventing the needle’s

lumen from being blocked or contaminated by other non-lesion

components, including blood, before entering the target lesion.

Nevertheless, stylet is time-consuming and labor-intensive and may

also increase the risk of accidental needle stick injuries. Meanwhile, a

needle with a stylet is expensive compared to a needle without a stylet,

such as an ordinary syringe needle, and thus may significantly

increase the cost of puncture. However, recent data have shown

that using a stylet in other areas of FNA, such as gastrointestinal

endoscopic FNA and respiratory endoscopic FNA, does not improve

the quality of specimen (3–8). Besides, stylet is sometimes associated

with an inferior specimen quality (9).

Besides, there are limited data comparing thyroid FNA with and

without a stylet. A published trial comparing the two techniques

compared only a subset of selected thyroid nodules (hypoechoic

vascular type II nodules) (1), representing only a small fraction of the

total types of thyroid nodules (14). No study has evaluated the value

of stylet for the puncture of all types of thyroid nodules. To the best of

our knowledge, this is the first study assessing the value of the stylet in

overall unselective thyroid nodules. In this study, results showed that

a stylet does not improve specimen adequacy or yield for malignancy

during thyroid FNA, consistent with results in other areas of FNA.

However, a previous published study comparing thyroid FNA

with and without a stylet showed that a stylet can improve specimen

adequacy (1), by preventing blood or cystic fluid from entering the

lumen of the needle during needle insertion into the target nodule.

In this study, results showed that stylet may prevent puncture blood

from entering the lumen of the needle before removal of the stylet,

but this may not enhance specimen quality conducted by

experienced puncture operators. Experienced operators can often

anticipate the puncture route and angle, and the needle can be

punctured into the target nodule with no or only slight adjustment.

Nonetheless, puncture bleeding from thyroid tissue often occurs

during repeated needle punctures during a long adjustment period.

Meanwhile, the process of removal of the stylet generates a negative

pressure (11), which depends on the speed and the length of

removal. Animal experiments have shown that the maximum

negative pressure can reach close to one atmosphere (10), which

may affect specimen quality. The needle tip cut has not yet been

used to obtain lesion cells when the stylet is withdrawn after the

puncture needle has entered the target nodule. The negative

pressure generated by the withdrawal of the stylet may draw non-
TABLE 1 Cytological results of specimens obtained with and without
stylet.

TBSRTC category S+(n=195) S-(n=195)

I 28 26

II 89 90

III 23 23

IV 5 5

V 29 31

VI 21 20
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lesion components, such as blood and cystic fluid, into the lumen of

the needle, which can interfere with the entry of lesion cells

obtained by subsequent cutting. Previous gastrointestinal

endoscopic FNA studies also highlighted the above when there

were significantly higher bloody specimens and lower adequate

specimens in the S+ group than in the S- group (9).

Furthermore, only 480 of 2750 patients were screened in the

study comparing thyroid FNA with and without a stylet (1) rather

than including patients consecutively. Besides, different needles

were used in different nodules, and the study lacked true

randomization. The above may have contributed to selection bias,

possibly by artificially assigning easier satisfactory nodules to the
Frontiers in Endocrinology 0596
experimental group or excluding more difficult nodules from the

experimental group.

There is no doubt that the higher cost of puncture needles with

a stylet than those without a stylet, such as an ordinary syringe

needle, will significantly increase the puncture cost for patients.

Therefore, its higher cost of puncture needles with stylet is

unjustified if it does not improve specimen quality. Considering a

large number of FNA examinations performed worldwide each

year, the cost issue is not irrelevant. Our findings provide a

reasonable basis for using low-cost puncture needles without a

stylet can be used during thyroid FNA, which would reduce the

average per-patient puncture cost and save health insurance funds.
TABLE 2 Subgroup analysis of specimen adequacy obtained with and without stylet.

Parameter S+ adequacy
no. (%)

S- adequacy
no. (%)

P value

Size

<1cm(n=96) 80(83.33%) 81(84.38%) 0.845

1-3cm(n=82) 70(85.37%) 71(86.59%) 0.822

>3cm(n=17) 17(100%) 17(100%) 1.000

Depth in thyroid

First third(n=132) 115(87.12%) 116(87.88%) 0.852

Middle third(n=52) 42(80.77%) 43(82.69%) 0.800

Last third(n=11) 10(90.91%) 10(90.91%) 1.000

Echogenicity

Hypoechoic(n=161) 139(86.34%) 142(88.20%) 0.616

Isoechoic(n=33) 27(81.82%) 26(78.79%) 0.757

Hyperechoic(n=1) 1(100%) 1(100%) 1.000

Calcifications

Microcalcification(n=60) 52(86.67%) 53(88.33%) 0.783

Macrocalcification(n=41) 31(75.61%) 34(82.93%) 0.414

No calcification(n=94) 84(89.36%) 82(87.23%) 0.650

Vascularity

Central(n=63) 56(88.89%) 55(87.30%) 0.783

Peripheral(n=26) 20(76.92%) 23(88.46%) 0.465

None(n=106) 91(85.85%) 91(85.85%) 1.000

Composition

Solid(n=149) 128(85.91%) 131(87.92%) 0.606

Solid-cystic(n=46) 39(84.78%) 38(82.61%) 0.778

TIRADS category

3(n=52) 44(84.62%) 43(82.69%) 0.791

4a(n=105) 92(87.62%) 92(87.62%) 1.000

4b(n=33) 27(81.82%) 30(90.91%) 0.475

4c(n=5) 5(100%) 5(100%) 1.000
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In this study, the patient population was representative of the

typical patient population seen by most thyroid surgeons working in

tertiary referral centers, with most being women and a wide age

range. Therefore, the results may broadly apply to most patients with

thyroid nodules. FNA is an operation-dependent procedure. Herein,

only one experienced operator performed the procedures, thus

excluding the influence of inter-operator differences. Furthermore,

a non-inferiority design was used to ensure an adequate sample size.

A randomized design was used for the order of S+ first or S- first

puncture of each nodule to exclude the effect of bleeding from the first

puncture on the adequacy of the second specimen. Patients using

anticoagulant therapy, such as aspirin and warfarin, were excluded

since these treatments affect specimen adequacy (16). All possible

interference factors were eliminated to ensure that other factors,

except the stylet, do not affect the results.

This study has some limitations. First, the operator was not

blinded to the stylet status of each puncture since this is logically

impossible. Second, five cytopathologists interpreted the slides, and

interobserver variation may have occurred during the

interpretation. However, all slides from one patient were

evaluated by the same cytopathologist. Third, only 25-gauge

needles were used, and thus these results may not apply to other

needle sizes. Finally, the sensitivity, specificity, and accuracy of the

two techniques were not explored.
Conclusions

In conclusion, this non-inferiority study demonstrated that the

absence of a stylet during thyroid FNA is non-inferiority to using a

stylet on specimen sampling. If other studies confirm these results,

using a low-cost needle without a stylet during thyroid FNA is

justified. This would make the whole process easier, as well as more

cost-effective.
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Ultrasonography-based
radiomics and computer-aided
diagnosis in thyroid nodule
management: performance
comparison and clinical strategy
optimization

Mengwen Xia1, Fulong Song2, Yongfeng Zhao1, Yongzhi Xie2,
Yafei Wen1 and Ping Zhou1*

1Department of Ultrasonography, The Third Xiangya Hospital of Central South University,
Changsha, China, 2Department of Radiology, The Third Xiangya Hospital of Central South University,
Changsha, China
Objectives: To compare ultrasonography (US) feature-based radiomics and

computer-aided diagnosis (CAD) models for predicting malignancy in thyroid

nodules, and to evaluate their utility for thyroid nodule management.

Methods: This prospective study included 262 thyroid nodules obtained

between January 2022 and June 2022. All nodules previously underwent

standardized US image acquisition, and the nature of the nodules was

confirmed by the pathological results. The CAD model exploited two vertical

US images of the thyroid nodule to differentiate the lesions. The least absolute

shrinkage and operator algorithm (LASSO) was applied to choose radiomics

features with excellent predictive properties for building a radiomics model.

Ultimately, the area under the receiver operating characteristic curve (AUC) and

calibration curves were assessed to compare diagnostic performance between

the models. DeLong’s test was used to analyze the difference between groups.

Both models were used to revise the American College of Radiology Thyroid

Imaging Reporting and Data Systems (ACR TI-RADS) to provide biopsy

recommendations, and their performance was compared with the original

recommendations.

Results: Of the 262 thyroid nodules, 157 were malignant, and the remaining 105

were benign. The diagnostic performance of radiomics, CAD, and ACR TI-RADS

models had an AUC of 0.915 (95% confidence interval (CI): 0.881–0.947), 0.814

(95% CI: 0.766–0.863), and 0.849 (95% CI: 0.804–0.894), respectively. DeLong’s

test showed a statistically significant between the AUC values of models (p <

0.05). Calibration curves showed good agreement in each model. When both

models were applied to revise the ACR TI-RADS, our recommendations

significantly improved the performance. The revised recommendations based

on radiomics and CAD showed an increased sensitivity, accuracy, positive

predictive value, and negative predictive value, and decreased unnecessary
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fine-needle aspiration rates. Furthermore, the radiomics model’s improvement

scale was more pronounced (33.3–16.7% vs. 33.3–9.7%).

Conclusion: The radiomics strategy and CAD system showed good diagnostic

performance for discriminating thyroid nodules and could be used to optimize

the ACR TI-RADS recommendation, which successfully reduces unnecessary

biopsies, especially in the radiomics model.
KEYWORDS

thyroid nodule, radiomics, computer-aided diagnosis, ultrasonography, risk
assessment, prediction
1 Introduction

Thyroid nodules are common but often asymptomatic, and

guidelines strongly recommend that all patients with known or

suspected thyroid nodules undergo thyroid ultrasonography (US)

with a survey of the cervical lymph nodes (1). With the widespread

use of high-frequency US, the prevalence of thyroid nodules has

been reported to be as high as 68%, with a higher proportion among

populations with iodine deficiency and the elderly (2). The

management of thyroid nodules has shown increased clinical

importance due to the high incidence of nodules and soaring

healthcare costs. However, operator-specific expertise and the

inability to quantify image features frequently restrict the

sensitivity and specificity of US diagnoses, which results in a lack

of consistency and objectivity (3).

With the presentation and application of various risk-

stratification systems, such as the Thyroid Imaging Reporting and

Data System released by the American College of Radiology (ACR

TI-RADS), standardized terminology has gradually been used to

describe the appearance of thyroid nodules (4, 5). US has become a

primary diagnostic tool used for the final classification of thyroid

nodules and can help in decision-making regarding the use of fine-

needle aspiration (FNA). However, due to the subjectivity, diversity,

and overlapping risk features between the benign and malignant

nodules, data on the interobserver agreement are weak (6).

Recent advances in technology have shown superiority in the

differentiation of thyroid nodules. The use of computer-aided

diagnosis (CAD) systems in the diagnosis of thyroid nodules seems

to be a promising tool (7). Several artificial intelligence tools are

commercially available that have received Food and Drug Association

approval, such as S-detect, AmCAD-UT, KoiosDS, andMedoThyroid.

Previous studies have shown that S-detect could provide second

objective decision-making support via a semiautomated workflow in

differentiating thyroid nodules fromUS images and reducing the rate of

missed diagnoses (8–12). S-detect technology has been iterated several

times, and can now identify calcification as an important clue. More

recently, a new analysis method called radiomics, which is based on

data science, quantifies the characteristics of lesions in medical images

to extract a significant number of phenotypic features (13, 14). To our
02100
best knowledge, no published study has compared the accuracy of

radiomics and CAD systems based on US features in the prediction of

thyroid cancer for thyroid nodule management.

Therefore, this study aimed to prospectively evaluate the

diagnostic efficiency of benign and malignant thyroid nodules

using the US-based radiomics analysis method and CAD system

while exploring their potential complementary role to ACR

management recommendations.
2 Materials and methods

2.1 Patients

This study was approved by the ethical review committee of the

Third Xiangya Hospital of Central South University, and written

informed consent was obtained from all patients before they

received examinations. Patients and data were collected

prospectively randomized and double-blinded by a tertiary hospital.

A total of 301 thyroid nodules from 179 consecutive patients

who had undergone regular preoperative gray-scale US imaging of

thyroid nodules with clear images and had obtained a pathological

diagnosis by FNA or surgical resection for lesions within 2 weeks

were included at our institution between January 2022 and June

2022. Among the 301 thyroid nodules, 39 were excluded due to the

following reasons (1): biopsy or local treatment before US (n =23)

(2); other cancers (n = 2) (3); poor image quality or ill-defined

pathological results (n = 8); and (4) multiple nodules could not be

conclusively correlated in US images with pathological diagnosis (n

= 6). Finally, this study included 148 patients in total with 262

thyroid nodules. Figure 1 shows the flowchart of this study

population. The final diagnosis was based on FNA or

surgical histopathology.
2.2 Image acquisition and annotation

All US examinations were performed with Hera W10 (Samsung

Medison) and a real-time CAD US system (S-Detect for Thyroid;
frontiersin.org
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Samsung Medison) using a 3–12 MHz linear probe. A senior

trained radiologist with 25 years of experience in thyroid imaging

independently performed all US examinations and numbered the

nodules. Meanwhile, the thyroid nodule’s largest segment

(longitudinal section) and its vertical section (transverse section)

were measured for further image annotation.

2.2.1 CAD image acquisition and annotation
The same sonologist analyzed CAD data with S-Detect on

transverse and longitudinal sections immediately after image

acquisition. After manually confirming the location of the lesion,

the software automatically segmented the mass contours. The

operator manually readjusted the outline if the contour border

was dissatisfactory. The software analyzed US features of the lesion,

including composition, echogenicity, orientation, margins, shape,

calcifications, and spongiform appearance (8). Finally, S-Detect

provided the diagnosis as “possibly benign” or “possibly

malignant” in dichotomy form (Figure 2). In addition, if the

assessments of two vertical sections were inconsistent, the

malignant result was regarded as final.
Frontiers in Endocrinology 03101
2.2.2 US image annotation
Sonograms were independently evaluated by an experienced

senior thyroid imaging expert with 20 years of experience who was

blinded to the pathological result according to ACR TI-RADS for

composition, echogenicity, shape, margin, and echogenic foci (1).

The reader independently assigned features of every nodule for the

five ACR TI-RADS categories. Ultimately, all nodules had feature

assignments, resulting in point assignments and corresponding TI-

RADS risk classifications for each nodule.
2.3 ROI segmentation, feature extraction
and selection

Without any knowledge of the other results, two radiologists (3

and 5 years of experience in thyroid imaging) independently

performed the follow-up radiomics analysis. After normalizing

the grayscale and voxels, the regions of interest (ROIs) were

performed by a 3D Slicer (https://www.slicer.org/) (software

version 5.0.2) to manually segment the thyroid nodules on the
FIGURE 2

Representative thyroid nodule images were acquired with the computer-aided diagnosis (CAD) system.
FIGURE 1

Flowchart of the study population.
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image in the transverse and longitudinal section. Operators were

trained to segment ROIs before the study began. Intra-observer and

inter-observer consistency was evaluated with a random cohort of

30 nodules segmented by one of the operators. One month after the

first lesion segmentation, two operators completed the re-

segmentation of this cohort image. The intraclass correlation

coefficient (ICC) was used to assess the reproducibility and

robustness of lesion segmentation and feature extraction.

A total of 837 candidate radiomics features were extracted from

each ROI using the plug-in “PyRadiomics” package in 3D-Slicer,

including features from first-order statistics, gray level co-occurrence

matrix (GLCM), gray level dependencematrix (GLDM), gray level run

length matrix (GLRLM), gray level size zone matrix (GLSZM), and

neighborhood gray level different matrix (NGTDM). All radiomics

featureswere standardized byZ-score transformation to strengthen the

data comparability and reduce bias. We only included features with a

good agreement (ICC > 0.75). The univariate logistic analysis was

performed after the results were obtained to include the features with p

< 0.10 for further study. Subsequently, the least absolute shrinkage and

operator (LASSO) method was used to select radiomics features with

excellent predictive properties.
2.4 Establishment of models and
performance evaluation

2.4.1 CAD model
S-Detect is a more interactive CAD system based on a specific

deep learning algorithm: a convolutional neural network. Deep

learning is an intricate multi-layer neural network architecture

consisting of input, hidden, and output layers. S-Detect can

realize precise decisions and identify benign and malignant

nodules by learning a large amount of training data, extracting

high-order statistics, and optimizing the balance of input and

output data through many hidden layers (15, 16).

2.4.2 Radiomics model
The Rad-Score (radiomics score) for each lesion was computed

based on the estimated weighting coefficient of the selected features on

each transverse and longitudinal section.Then, the radiomicsmodelwas

ultimately constructed using this Rad-Score. Moreover, the nomogram

was developed by radiomics labels to quantify the possibility of

malignancy risk and evaluate high- and low-grade thyroid nodules.

We used the area under the receiver operating characteristic

curves (AUCs) and calibration curves to evaluate the performance

among the models and the senior radiologist in discriminating

between benign and malignant nodules.
2.5 Optimizing the ACR TI-RADS
using the models

Based on the nodule’s level and maximum diameter, ACR TI-

RADS offers three recommendations: no biopsy, US follow-up, or

biopsy (4). Both models had binary outputs of high and lowmalignant

risks, and the results were used to upgrade or downgrade ACR TI-
Frontiers in Endocrinology 04102
RADS management recommendations to explore the possibility of

reducing unnecessary biopsies. More specifically, if our assessment

indicated a high risk ofmalignancy, an upgradewas performed, such as

no biopsy to follow-up or follow-up to FNA, or FNA remained

unchanged; otherwise, when nodules were classified as low risk, we

downgraded recommendations. Ultimately, we compared the

diagnostic performance of the new risk stratification model with the

original ACR TI-RADS recommendations.
2.6 Statistical analysis

The continuous variables were described with the median

(interquartile range), and categorical variables were presented as

frequencies or percentages. The Student’s t-test, chi-square test, and

Fisher’s exact test were used for the univariate statistical analysis, as

appropriate. The AUCs with 95% confidence intervals (CIs) were

calculated to assess model performance for classifying benign and

malignant thyroid nodules. DeLong’s test was employed to analyze

between-group differences. Model calibration performance was

assessed using calibration curves.

Additionally, the diagnostic value of the management

recommendation was evaluated by calculating sensitivity,

specificity, positive predictive value (PPV), negative predictive

value (NPV), accuracy, and unnecessary FNA rates (no biopsy

and follow-up were considered negative, and the biopsy was

positive). We applied the maximum Youden index (sensitivity +

specificity − 1) as the optimal cutoff value of the radiomics model to

dichotomize all nodules into two groups (high and low risk of

malignancy, similar to the CAD model) for discussing potential

complementary roles to the ACR guidelines.

Statistical analyses were conducted using the SPSS for Windows

version 25.0 (IBM Corporation) and R statistical software version

4.1.30 (R Foundation for Statistical Computing; https://r-

project.org). A two-tailed p value < 0.05 was regarded as

statistically significant.
3 Results

3.1 Study population

Of the 262 thyroid nodules with complete imaging data and

confirmed pathological diagnoses from 148 unique patients (median

age, 43 years, 202 women), 157 (59.9%) were malignant, while the

remaining 105 (40.1%)were benign (Table 1). Patients of themalignant

group were younger and malignant nodules were significantly smaller

than benign nodules (p < 0.001). Therewere statistical differences in the

ACR TI-RADS level in this cohort. (p < 0.001).
3.2 Overall diagnostic performance
of the models

Figure 3 demonstrates the receiver operating characteristic

(ROC) curves of three models for discriminating malignant and
frontiersin.org
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benign nodules. The AUCs of the radiomics, ACR TI-RADS, and

CAD models were 0.915 (95% confidence interval (CI): 0.881–

0.947), 0.849 (95% CI: 0.804–0.894), and 0.814 (95% CI: 0.766–

0.863), respectively, as shown in Table 2. Compared with the senior

radiologist, the CAD model had a higher sensitivity, and our

radiomics model tended towards a higher AUC. The comparative

results showed that the radiomics model yielded a higher

performance than the ACR TI-RADS and CAD models, and

DeLong’s test showed that the differences were statistically

significant (p = 0.004, p < 0.001, respectively).

In the radiomics model (Supplementary Material), the two

variables, transverse and longitudinal radiomics label scores of

thyroid nodules, that were statistically significant in the univariate

statistical tests were entered into the model, and then applied to

construct the nomogram (Figure 4A). In this visualization, each
Frontiers in Endocrinology 05103
nodule could obtain predicted risk values for thyroid nodules by

summing the scores for each variable. According to the ROC curve,

the optimal cutoff value for the “risk of malignant nodules”

was 0.656.

Figures 4B, C show the calibration curves of the radiomics and

CAD models for predicting thyroid nodules, which illustrates that

both models have good agreement between the observed and

predicted values.
3.3 The role of management
recommendations

The original ACR TI-RADS management recommendations

categorized 87 nodules as FNA, and 58 of them were malignant.
A B

FIGURE 3

A comparison of receiver operating characteristic (ROC) curves between the radiomics model and (A) the American College of Radiology Thyroid
Imaging Reporting and Data Systems (ACR TI-RADS) model, and (B) computer-aided diagnosis (CAD) model. The area under the ROC curve (AUC)
was 0.915 for the radiomics model, which was significantly higher than that of the ACR TI-RADS (p = 0.004) and CAD models (p < 0.001).
TABLE 1 Patient demographics and nodule characteristics (stratified by pathologic diagnosis).

Variables All Nodules (n = 262) Benign (n = 105) Malignant (n = 157) p value

Age (y) 43 (34, 53) 52 (38, 58) 38 (33, 49) <0.001

Sex 202/60 (77.1/22.9) 83/22 (79.0/21.0) 119/38 (75.8/24.2) 0.643

Location 0.545

Left 126 (48.1) 52 (49.5) 74 (47.1)

Right 124 (47.3) 50 (47.6) 74 (47.1)

Isthmus 12 (4.6) 3 (2.9) 9 (5.7)

Nodule size (mm) 10.0 (6.2, 18.9) 14.7 (7.1, 30.8) 9.0 (5.7, 12.7) <0.001

ACR TI-RADS level <0.001

TR1 4 (1.5) 4 (3.8) 0 (0.0)

TR2 31 (11.8) 30 (28.6) 1 (0.6)

TR3 14 (5.3) 11 (10.5) 3 (1.9)

TR4 78 (29.8) 47 (44.8) 31 (19.7)

TR5 135 (51.5) 13 (12.4) 122 (77.7)
fron
Data are presented as medians with interquartile ranges in parentheses or number parentheses are persentages. ACR TI-RADS, American College of Radiology Thyroid Imaging Reporting and
Data System.
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When both models were applied to revise the ACR TI-RADS, our

risk stratifications significantly improved the performance.

Specifically, the CAD model resulted in the downgrading of 54

nodules (29 from biopsy to follow-up), whereas 118 were upgraded

(116 from follow-up to biopsy), and the radiomics model resulted in

the downgrading of 83 nodules (39 from biopsy to follow-up),

whereas the reassigning from biopsy to follow-up occurred for 97

nodules (Table 3). However, 12 malignant thyroid nodules were

missed in the revised CADmodel, and 26 tumors were missed in the

revised radiomic model. Table 4 shows the diagnostic performance

of the original ACR TI-RADS and our revised risk stratification

system. Compared with the ACR guidelines, both revised CAD and

radiomics recommendations have impressive diagnostic

performance, such as higher sensitivity, accuracy, PPV, and NPV,

and decreased unnecessary FNA rates. In addition, the

improvement scale of the radiomics model in the unnecessary
Frontiers in Endocrinology 06104
FNA rates was more pronounced (33.3–16.7% vs. 33.3–9.7%).

From the perspective of reducing missed diagnoses, the CAD

model combined with TI-RADS is more effective.
4 Discussion

In this study, we found that the radiomics model presented with

a significantly higher diagnostic accuracy for predicting the

malignancy risk of thyroid nodules compared with the CAD

model (p < 0.001) and a senior radiologist (p = 0.004), while the

CAD model showed a higher sensitivity (92.4 vs. 83.4, 77.7%). In

addition, we applied our systems to revise the ACR TI-RADS

management recommendations, especially the radiomics model,

successfully optimizing its performance and reducing

unnecessary biopsies.
A

B C

FIGURE 4

(A) The nomogram based on the radiomics model, the calibration curves of (B) the radiomics, and (C) computer-aided diagnosis (CAD) models.
TABLE 2 Diagnostic performances comparison of the radiomics, CAD, and ACR TI-RADS models for thyroiuds nodules.

Model AUC (95%Cl) Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%) p value*

Radiomics 0.915 (0.881-0.947) 83.4 (131/157) 86.7 (91/105) 84.7 (222/262) 90.3 (131/145) 77.8 (91/117) NA

CAD 0.814 (0.766-0.863) 92,4 (145/157) 70.5 (74/105) 83.6 (219/262) 82.4 (145/176) 86.0 (74/86) <0.001

ACR TI-RADS 0.849 (0.804-0.894) 77.7 (122/157) 87.6 (92/105) 81.7 (214/262) 90.4 (122/135) 72.4 (92/127) 0.004
fro
Unless otherwise specified, data are presented as AUCs with 95% Cis in brackets, and data are percentages with numerators/denominator in parentheses. CAD, computer-aided diagnosis; ACR
TI-RADS, American College of Radiology Thyroid Imaging Reporting and Data System; AUC, area under the receiver operating characteristic curve; CI, confidence interval; PPV, positive
predictive value; NPV, negatie predictive value; NA, not applicable. *p values reflect the diagnostic efficacy AUC of each model compared to the radiomics model. DeLong’s test was used for
statistical analysis.
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Our study had some unique characteristics. First, in contrast to

most previous studies using the retrospective radiomics strategy, we

adopted a prospective design process in which a senior radiologist

acquired images and applied strict quality control, thus making all

high-quality images more standardized. Second, most S-detect-

related studies developed models solely on the transverse section

of the lesion for analysis (8, 9, 11, 12). The largest segment

(longitudinal section) and its vertical section (transverse section)

were chosen in our study to increase the lesion characteristics and

reduce the impact of subjective factors. Additionally, the radiomics

features of a thyroid nodule were separately extracted from two

objective vertical US images, which may provide more detailed

information and reflect the tumor heterogeneity.

Radiomics is widely recognized as an important method for

medical image analysis in oncology research (17). In this study, we

developed a radiomics model for the differentiation of thyroid

nodules and constructed a nomogram using the radiomics label.

Our model was established through the logistic regression

approach, which is the most commonly used supervised learning

model in US radiomics (18). The application of radiomics showed

adequate diagnostic performance in predicting the malignancy of

thyroid nodules with an AUC of 0.915, which was consistent with

previously reported studies (19–21). Several studies have reported

that the CAD system is a promising approach for solving practical

difficulties in clinical diagnosis (8–12, 22). Eun et al. (23) reported a

high sensitivity of up to 88.6% and suggested that the CAD system

could be useful as decision-making support to rule out cancer. In

this study, we also found that the CAD system had a high sensitivity

(92.4%) and accuracy (83.6%). The thyroid CAD system used in this

study was integrated into the US system, which enabled the use of

CAD system in real-time clinical practice. Furthermore, a real-time

second opinion on the decision for the necessity of FNA is possible

with the present system. Due to its simplicity and reduced analysis

time, this system would be simpler to apply in routine practice (8).

Therefore, we concluded that the CAD system could reduce the

time required for the interpretation process of thyroid nodules and
Frontiers in Endocrinology 07105
diagnose them as benign or malignant, making it a simple system to

screen thyroid nodules for high sensitivity. The radiomics and CAD

models constructed in our study showed good robustness and also

illustrated the strong generalization ability of our method.

The ACR TI-RADS is based on an expert consensus, literature

review, and partial analysis of the database of proven nodules; its

core objective is to focus on clinically significant thyroid cancers

and reduce the FNA of benign nodules (4). Wildman et al. (7) used

genetic algorithms to improve the performance of artificial

intelligence TI-RADS by optimization of the points assigned to

each TI-RADS feature, which can validate the ACR TI-RADS while

improving specificity and maintaining sensitivity. In our study, we

attempted to explore the potential complementary role of radiomics

and CAD models to ACR TI-RADS Risk Stratification for thyroid

nodule management; the results showed that both models could

provide additional gains in performance, especially in terms of

sensitivity and accuracy (Table 4). Notably, both revised models

successfully reduced unnecessary biopsies compared with the ACR

TI-RADS, especially the radiomics model. This may support that

the radiomics strategy can capture information that is beyond visual

interpretation and interpret heterogeneity within lesions.

Using quantitative information on radiomics features could

be more effective as a complementary tool to management

recommendations. On the other hand, although the S-detect

model is based on a deep learning algorithm generated using a

large database, the algorithm relies on the quality of the annotated

US image features, which will inevitably depend on the reader’s

experience. In addition, the deep learning method may suffer from

possible over-fitting. In summary, we recommended that

radiologists appropriately optimize the ACR TI-RADS risk

stratification system with the assistance of new technologies.

Our study had several limitations. First, this study did not

include any large-scale test datasets to validate. Thus, it will be

necessary to conduct a more stringent internal and external

validation with a larger sample size representing the screening

population. Second, this study only used static vertical section
TABLE 4 The effects compared among original ACR TI-RADS management recommendations and revised diagnoses based on our models.

Model Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%) Unnecessary FNA rate (%)

Original ACR TI-RADS 36.9 (56/157) 72.4 (76/105) 51.1 (134/262) 66.7 (58/87) 43.4 (76/175) 33.3 (29/87)

Revised by CAD model 92.4 (145/157) 72.4 (76/105) 84.4 (221/262) 83.3 (145/174) 86.4 (76/88) 16.7 (29/174)

Revised by radiomics model 83.4 (131/157) 86.7 (91/105) 84.7 (222/262) 90.3 (131/145) 77.8 (91/117) 9.7 (14/145)
Unless otherwise specified, data percentages with numerator/denominator in parentheses. ACR TI-RADS, American College of Radiology Thyroid Imaging Reporting and Data System; CAD,
computer-aided diagnosis; PPV, positive predictive value; NPV, negatie predictive value, FNA, fine-needle aspiration.
TABLE 3 Distribution of ACR TI-RADS guidelines revised by our models.

Histopathology

Original ACR TI-RADS Revised by CAD model Revised by radiomics model

No Biopsy Follow-up Biopsy No Biopsy Follow-up Biopsy No Biopsy Follow-up Biopsy Total

Benign 34 42 29 51 25 29 63 28 14 105

Malignant 1 98 58 6 6 145 15 11 131 157

Total 35 140 87 57 31 174 78 39 145 262
frontie
Data are presented as numbers of nodules. ACR TI-Rads, American College of Radiology Thyroid Imaging Reporting and Data System; CAD computer-aided diagnosis.
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images. In future studies, model evaluation using cine clips that

include the entire thyroid nodule and surrounding thyroid

parenchyma may be necessary to avoid losing the risk features for

malignancy. Third, thyroid nodules have various histological

subtypes with different molecular mechanisms, grades of

malignancy, clinical aggressiveness, and imaging appearances

(24). The low occurrence rate of non-papillary carcinoma

determines a relatively low percentage in our study. Future efforts

will be warranted to include a larger sample size with varied

pathological types to further enhance the generalizability

and performance.

In conclusion, our study provides evidence that the radiomics

strategy and CAD system both have the potential to predict

malignancy in thyroid nodules and suggests a simple method to

optimize the ACR TI-RADS recommendation. This approach finds

the potential complementary roles of both models to the guidelines,

which can more precisely help in the classification of thyroid

nodules and successfully reduce unnecessary biopsies, especially

the radiomics model, which is recommended due to its lower

unnecessary FNA rates.
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Purpose: Ultrasound (US) is the first choice in the detection of thyroid nodules in

pediatric and adult patients. The purpose of this study was to evaluate the

diagnostic performance of adult-based US risk stratification systems (RSSs)

when applied to the pediatric population.

Methods: Medline, Embase, and Cochrane Library (CENTRAL) were searched up

to 5 March 2023 for studies about the diagnostic performance of adult-based US

RSS in pediatric patients. The pooled sensitivity, specificity, positive likelihood

ratio (LR), negative LR, and diagnostic odds ratio (DOR) were calculated. The

summary receiver operating characteristic (SROC) curves and area under the

curve (AUC) were also analyzed.

Results: The sensitivity was highest in American College of Radiology-Thyroid

Imaging Reporting and Data System (ACR-TIRADS) category 4–5 and American

Thyroid Association RSS high-intermediate risk (ATA), which was 0.84 [0.79, 0.88]

and 0.84 [0.75, 0.90], respectively. The specificity was highest in ACR-TIRADS

category 5 and Europe-TIRADS (EU-TIRADS) category 5, which was 0.93 [0.83,

0.97] and 0.93 [0.88, 0.98], respectively. The ACR-TIRADS, ATA, and EU-TIRADS

showed moderate diagnostic performance in pediatric thyroid nodule patients.

For Korea-TIRADS (K-TRADS) category 5, the summary sensitivity and specificity

with a 95% CI were 0.64 [0.40, 0.83] and 0.84 [0.38, 0.99], respectively.

Conclusions: In conclusion, the ACR-TIRADS, ATA, and EU-TIRADS have

moderate diagnostic performance in pediatric thyroid nodule patients. The

diagnostic efficacy of the K-TIRADS was not as high as expected. However, the

diagnostic performance of Kwak-TIRADS was uncertain because of the small

sample size and small number of studies included. More studies are needed to

evaluate these adult-based RSSs in pediatric patients with thyroid nodules. RSSs

specific for pediatric thyroid nodules and thyroid malignancies were necessary.

KEYWORDS

pediatric thyroid nodules, risk stratification systems, ultrasonography, diagnostic
performance, meta-analysis
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Introduction

Thyroid cancer is the most common pediatric endocrine cancer

and presents a diagnostic challenge in pediatric populations. The

reported prevalence of thyroid nodules is 3.1% in adolescents (1).

However, the malignancy rate is estimated to be 22–26% in children

with thyroid nodules and 5–10% in adults (2–5). Furthermore,

pediatric patients are more likely to present with cervical lymph

node metastases (40–80%) and distant metastases (20–30%) such as

pulmonary metastases than adults (6, 7). Therefore, early and

accurate diagnosis in children is extremely important.

Neck ultrasound (US) is the first choice in the detection of thyroid

nodules in pediatric and adult patients (8–10). Adult-based neck US

risk stratification systems (RSSs) have been developed in recent years to

integrate US features and improve diagnostic accuracy as an aid in the

stratification of the risk of malignancy, such as the American College of

Radiology–Thyroid Imaging Reporting And Data System (ACR-

TIRADS), American Thyroid Association Ultrasound Risk

Stratification Systems (ATA RSS), European Thyroid Imaging and

Reporting Data System (EU-TIRADS), Korean Thyroid Imaging

Reporting and Data System (K-TIRADS), and Kwak Thyroid

Imaging Reporting and Data System (Kwak-TIRADS) (11–15).

Korean Professor Jin Young Kwak was the first in the world to

propose a practical TIRADS to categorize thyroid nodules and stratifying

their risk of malignancy in 2011, which we called Kwak-TIRADS now

(15). He suggested that the following US features showed a significant

association with malignancy: solid component, hypoechogenicity,

marked hypoechogenicity, microlobulated or irregular margins,

microcalcifications, and taller-than-wide shape. Risk stratification of

thyroid malignancy by using the number of suspicious US features

allows for a practical and convenient Kwak-TIRADS.

However, we do not have any formalized, US-based RSS in

pediatrics. Recently, a few studies have reported the utility of these

adult-based RSSs in pediatric patients. However, pediatric thyroid

cancers are different in clinical, molecular, and pathologic

characteristics from those in adults. These RSSs depend

significantly on nodule size, while thyroid volume increases with

age, and nodule size is not predictive of malignancy in pediatric

patients. Therefore, the appropriateness of these RSSs remains to be

explored when applied to pediatric patients.

Therefore, the purpose of this study was to evaluate the diagnostic

performance of the adult-based RSS when applied to the pediatric

population and provide information to guide future clinical practice.

Methods

The meta-analysis was reported in accordance with the

instructions of the Preferred Reporting Items for Systematic

Reviews and Meta-analysis (PRISMA) extension statement

incorporating network meta-analyses (16, 17).
Search strategy

The Medline, Embase, and Cochrane Controlled Register of

Trials (CENTRAL) and Web of Science databases were searched up
Frontiers in Endocrinology 02109
to March 5, 2023. The search terms to retrieve related studies were

as follows: [(thyroid) AND (thyroid imaging reporting and data

system)] OR [(thyroid image reporting and data system) OR

(TIRADS) OR (TI-RADS) OR (RSS) OR (guideline)] AND

[(pediatric) OR (adolescent) OR (child) OR (children)]. Two

investigators independently checked retrieved articles blinded to

the journal, author, and so on. All abstracts to obtain possible

applicable articles and the full text were screened to determine the

final eligible articles. Relevant reviews and their reference list were

also checked. Discrepancies were resolved by discussion with

another investigator.
Inclusion criteria

(a) The study was based on the diagnostic performance of adult-

based ultrasound RSS, such as ACR-TIRADS, ATA, EU-TIRADS,

K-TIRADS, and Kwak-TIRADS. (b) The patients were pediatric

with thyroid nodules. (c) The reference standard was based on

pathological diagnosis or imaging follow-up. (d) Data available for

sensitivity, specificity, positive predictive value (PPV), negative

predictive value (NPV), and diagnostic accuracy. (e) The language

was limited to English.
Exclusion criteria

(a) Letters, editorials, conference abstracts, and review articles.

(b) The topics of articles were not about the diagnostic performance

of adult-based ultrasound RSS. (c) The patients were not pediatric.

(d) If studies had an overlapping population, we included the study

with the largest population and excluded others.
Data extraction

The eligible articles were reviewed, and the relevant data were

extracted using a standardized form. (a) Study characteristics: first

author, year of publication, country or region, study period, study

design, sample size, and reference standard; (b) Patient

characteristics: number of patients, mean age, and male-to-female

ratio; (c) Diagnostic performance: numbers of total thyroid nodules,

numbers of true positive (TP), true negative (TN), false positive

(FP), false negative (FN) thyroid nodules, sensitivity, specificity,

PPV, NPV, and diagnostic accuracy; (d) Standard reference: biopsy

pathology, surgery pathology, and follow-up; (e) US examinations:

US model and vendor, number of readers, and experience.
Quality assessment

Two reviewers assessed the quality of the included articles

independently using Quality Assessment of Diagnostic Accuracy

Studies-2 (QUADAS-2) (18), and disagreement was resolved by

discussion. This tool is composed of four domains: patient selection,

index test, reference standard, flow, and timing. Each domain is
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assessed according to bias. Risk of bias was judged as “low,” “high,”

or “unclear.” The first three domains are assessed in terms of

concerns regarding applicability.
Statistical analysis

Statistical analysis was mainly performed using Stata version

15.0 software (StataCorp, LLC; College Station, TX). A value of p <

0.05 was taken to indicate statistical significance.

The pooled sensitivity, specificity, positive likelihood ratio (LR),

negative LR, and diagnosis odds ratio (DOR), each has 95%

confidence intervals (95% CI), were calculated using a bivariate

random-effects model, and a coupled forest plot was constructed. In

addition, a hierarchical summary receiver operating characteristics

(HSROC) curve with 95% confidence and prediction regions was

plotted and area under the curve (AUC) was also analyzed. The

criteria for the positive test results were set to be (a) RSS category 5

or (b) RSS category 4 or 5. For example, if we set category 5 as a

cutoff value, TP nodules indicated the nodules classified as category

5 on US and turned out to be malignant. We followed the reference

standard set in each study.

Heterogeneity was assessed using the Higgins inconsistency

index (I2) test with a value > 50%, indicating the presence of

heterogeneity, and a coupled forest plot was used to graphically

assess the presence of a threshold effect (a positive correlation

between sensitivity and false-positive rate among the selected

studies). We regarded I2 > 50% or P-value of Q-test < 0.05 as

high heterogeneity. Among the potential covariates such as sample

size, region, standard reference of malignant nodules, and standard
Frontiers in Endocrinology 03110
reference of benign nodules, we compared “sample size more than

median” vs. “sample size less than median,” “America studies” vs.

“Europe studies,” “surgery and/or biopsy pathology” vs. “surgery

pathology” for malignant nodules, “surgery and/or biopsy

pathology and follow-up” vs. “surgery and/or biopsy pathology”

for benign nodules.
Results

Literature search

The details of article screening procedures were as Figure 1. A

total of 940 articles were generated using search terms mentioned

above, and 524 were removed because of duplications. We excluded

387 that did not meet the topic of our study, and four letters,

editorials, conference abstracts, review articles after reviewing the

titles and abstracts. The remaining 25 articles were screened for

eligibility seriously, and five were abandoned because the

assessment of diagnosis performence is based on adult patient

and one study had an overlapping population. Finally, the

remaining 19 studies were included in our meta-analysis.
Characteristics of studies

The characteristics of included studies were detailed in Table 1

(19–37). All the studies were retrospective. The overall study period

was from 1996 to 2021. A total of 1,927 pediatric thyroid cancer

patients and 2,263 modules were included. Ages ranged from 0.9 to
FIGURE 1

PRISMA diagram of study selection.
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TABLE 1 Characteristics of the included studies.

First
author Year

Study
period Country

Study
design

No. of
patients M F Age

Range/
SD

Inclusion
age

(years)

Lim-
Dunham 2017

1996–
2016 USA R 33 5 28 16 in benign; 16.5 in malignant

<=18

Creo 2018
1996–
2015 USA R 112 16 96 15.5

15.5 ±
3.2

<=18

Martinez-
Rios 2018

Jan.
1992–
Oct. 2015 Canada R 124 40 84 13.6 3.3–17.7

<21

Zaltsberg 2019

Aug.
2007–
Aug.
2017 Canada R 75 16 59 13.4 3–18

<18

Lim-
Dunham 2019

1996–
2017 USA R 62 6 56 12.5 in male; 16.5 in female

<=18

Polat 2019
2015–
2018 Turekey R 106 35 71 11.4 1–17

<18

Uner 2019 NA Turekey R 64 10 58 15.2 3–18 <=18

Richman 2020

Jan.
2004–Jul.
2017 USA R 314 54 260 14.9

14.9 ±
2.7

<=18

Arora 2020
2008–
2018 USA R 20 4 16 14.9 7–22

<=22

Scappaticcio 2021

Jan.
2017–
Mar.
2021 Italy R 36 10 26 15 11–17

<19

Piccardo 2021

Jan.
2012–
Dec. 2017 Italy R 52 20 32 17 15–18

<=18

Ahmad 2021

Jan.
2015–
Mar.
2019 USA R 115 25 90 15.5 5.0–20.2

<=21

Fernández 2021
2005–
2020 Spain R 24 6 18 15.3

13.3–
17.3

<18

Lee 2021
Aug.
2007–
Feb. 2020 Korea R 107 24 83 13.9 4–18

<19

Tuli 2022
2000–
2020 Italy R 200 81 119 12 2–18

<18

Yang 2022

Jan.
2004–
Sept.
2020 USA R 139 20 119 17.5

15.3–
19.3

<=21

Borysewicz-
Sanczyk 2022 NA Poland R 17 4 13 15.3 5–18

5–18

Daniels 2022
2007–
2018 USA R 106 20 86 15.6 0.9–18.8

<19

(Continued)
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TABLE 1 Continued

First
author Year

Study
period Country

Study
design

No. of
patients M F Age

Range/
SD

Inclusion
age

(years)

Kim 2022
Jan.
2000–
Apr. 2020 Korea R 221 49 172 16 13–17

<=21

No. of
nodules Mal Ben

Median/mean
nodule size (cm) RSS

reference
standard US model (vendor) Interpretation

Ben Mal Ben Mal
No. of
readers

Experience
(y)

33 12 21 2.1 2.55 ATA s/b s
Acuson Sequoia 512, XP128,
Aspen (Siemens), Logic E9 (GE) 2 >10

145 50 95 NA NA ATA

s/b/f
(1
year) s/b NA 2 sum>27

123 52 71 2.75 ATA, Kwak

s/b/f
(2
years) s/b iU22 (Philips), Aplio (Toshiba) 3 2-37

300 52 248 NA NA ACR, Kwak

s/b/f
(1
year) s/b

iU22 (Philips), Aplio 500
(Toshiba) 4 5-20

33 12 21 1.9 ACR s/b s
Acuson Sequoia 512, XP128,
Aspen (Siemens), Logic E9 (GE) 2 >10

105 5 100 0.74 ACR

s/b/f
(1
year) s/b

Aplio 500 (Toshiba), RS80A with
Prestige (Samsung Medison) 2 3-7

68 19 49 0.8 ACR s/b s/b iU22 (Philips), Apolio (Toshiba) NA NA

404 77 327 NA NA ACR s/b s/b
Acuson Sequoia (Siemens), Logiq
E9 (GE) 4 6-33

20 7 13 NA NA ACR

s/b/f
(2
years) s/b NA NA NA

41 12 29 10 (7-13)
ACR, EU, K,
ATA s/b s MyLabTMSix, Esaote 3 NA

52 14 38 13 (11-12) ACR, EU, ATA s/b s
LOGIQ S8 (General Electric
Medical Systems) 3 NA

138 10 128 NA NA ACR, PED, ATA s/b s/b NA 2 NA

19 7 12 19 (9-36)

22.2
(15-
34) EU s/b s/b NA 2 NA

133 62 71 NA NA K s/b s/b

Aplio XG (Toshiba), iU22
(Philips), Aixplorer (SuperSonic),
Logiq E9 (GE) 2 6-8

200 26 174 8 (8-10)
24 (7-
60) ACR, EU s/b s/b NA 3 NA

139 56 83 2.4 (1.6-3.7) ACR s/b s/b NA 3 1-30

16 5 11
2.0–22.6

(9.9 ± 6.95)

4.5–
19.0
(13.1
±

5.86) ATA, BTA s/b s/b Apolio (Toshiba) 1 NA

(Continued)
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22 years. Male patients accounted for 23.1% and female for 76.9%.

This study included 660 malignant nodules and 1,603 benign

nodules. All malignant nodules and most of benign nodules in

the included studies have been diagnosed by surgical pathology or

biopsy. Benign nodules included only in six studies were diagnosed

by biopsy pathology, surgery pathology, or at least 1 year of follow-

up (19–21, 27, 31, 35).
Quality assessment

The overall quality of the included studies assessed by

QUADAS-2 was moderate. Five articles satisfied six of the seven

items, and nine articles satisfied five items. The details are shown in
Frontiers in Endocrinology 06113
Figure 2. Thirteen studies had an unclear risk of bias in patient

selection. Consecutive enrollment was not clarified in 10 studies

(20, 22, 24, 25, 27, 31, 32, 35–37). Martinez-Rios et al. included

thyroid nodules measuring more than 10 mm (21). Tuli et al.

included thyroid nodules measuring more than 5 mm (33).

Piccardo et al. included patients treated with radiotherapy for

nonthyroidal cancers (29). No study had an unclear risk of bias

in the index test domain because of blinding to the reference

standard during the US examinations. All studies had an unclear

risk of bias in the reference standard domain because of no or

unclear blinding to the index test during pathologic evaluation. Six

studies had an unclear risk of bias in the flow and timing domain

because of inconsistency or unclear consistency on the reference

standard for diagnosing benign nodules across the study population
TABLE 1 Continued

First
author Year

Study
period Country

Study
design

No. of
patients M F Age

Range/
SD

Inclusion
age

(years)

106 59 47 NA NA ACR

s/b/f
(2
years) s/b NA 2 4-11

221 135 86 NA NA

ACR, ATA, EU,
K, AACE/ACE/
AME s/b s/b

iU22 and EPIQ 5 (Philips), Aplio
XG (Toshiba) 3 1-8
R, retrospective study; ACR, American College of Radiology TIRADS; ATA, American Thyroid Association Ultrasound Risk Stratification Systems; EU, European TIRADS; K, Korean TIRADS; Kwak,
Kwak TIRADS; PED, Pediatric TIRADS; BTA, British Thyroid Association Ultrasound Risk Stratification Systems; s, surgery pathology; b, biopsy pathology; f, follow-up; NA, not available.
FIGURE 2

Quality assessment of the included studies according to the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) criteria.
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(19–21, 24, 27, 35). There were no concerns regarding the

applicabi l i ty of the patient select ion, index test and

reference standard.
Diagnostic performance

The diagnostic performance and AUC of ACR-TIRADS, ATA

system, EU-TIRADS, K-TIRADS and Kwak-TIRADS was

synthesized in Table 2.

Diagnostic performance of ACR-TIRADS

Thirteen studies including 1,868 nodules were pooled to analyze

the diagnostic performance of ACR-TIRADS category 5 (ACR 5).

As shown in Figure 3, the summary sensitivity and specificity with a

95% CI were 0.57 [0.41,0.71] and 0.93 [0.83, 0.97], respectively. For

ACR-TIRADS category 4 or 5 (ACR 4-5), 10 studies including 1,486

nodules were pooled and analyzed, and the sensitivity and

specificity were 0.84 [0.79, 0.88] and 0.61 [0.49, 0.72],

respectively. The AUC was 0.82 [0.79, 0.85] for ACR 5 and 0.85

[0.81, 0.87] for ACR 4-5, shown in Figure 4.
Diagnostic performance of the ATA system

Eight studies including 773 ATA high-risk nodules were pooled

and analyzed, and the summary sensitivity and specificity were 0.73

[0.65, 0.79] and 0.73 [0.43, 0.91], respectively. For ATA high-

intermediate risk, six studies including 410 nodules were pooled

and analyzed. The sensitivity and specificity were 0.84 [0.75, 0.90]

and 0.55 [0.40, 0.70], respectively. The details are shown in Figure 5.

The AUC was 0.76 [0.72, 0.79] for ATA high risk and 0.82 [0.78,

0.85] for ATA high-intermediate risk, shown in Figure 6.
Diagnostic performance of EU-TIRADS

Three studies including 293 nodules of EU-TIRADS category 5

(EU 5) were pooled and analyzed. The summary sensitivity was 0.45
Frontiers in Endocrinology 07114
[0.17, 0.76], and the specificity was 0.93 [0.88, 0.98]. For EU-

TIRADS category 4 or 5 (EU 4-5) shown in Figure 7, five studies

including 533 nodules were pooled and analyzed. The sensitivity

and specificity were 0.78 [0.68, 0.86] and 0.48 [0.36, 0.61],

respectively. The AUC of EU TR5 was 0.70 [0.33, 0.94], and the

AUC of EU 4-5 (Figure 8) was 0.71 [0.67, 0.75].
Diagnostic performance of K-TIRADS

Only three studies including 385 nodules were pooled to

analyze the diagnostic performance of the K-TIRADS category (K

5). The summary sensitivity and specificity with a 95% CI were 0.64

[0.40, 0.83] and 0.84 [0.38, 0.99], respectively. The AUC was 0.56

[0.06, 0.95].
Diagnostic performance of Kwak-TIRADS

Only two studies including 423 nodules were pooled to analyze

the diagnostic performance of the Kwak-TIRADS. For Kwak 5, the

pooled sensitivity and specificity were 0.10 [0.04, 0.18] and 0.99 [0.97,

0.99], respectively. For Kwak 4-5, the sensitivity and specificity were

0.99 [0.99, 1.00] and 0.33 [0.11, 0.63], respectively. The AUCwas 0.09

[0.05, 0.14] for Kwak 5 and 0.48 [0.03, 0.94] for Kwak 4-5.
Meta-regression analysis

The details are shown in Table 3. Sample size and region might

be the heterogeneous sources of specificity of the ACR 5 category.

The region and standard reference for benign nodules might be the

heterogeneous sources of specificity of the ACR 4-5 category.

Sample size and standard reference for malignant nodules could

lead to the heterogeneous specificity of the ATA high-risk category.

Region resulted in the heterogeneous sensitivity of the ATA high-

intermediate risk category. No potential heterogeneous source was

found in the EU 4-5 category.
TABLE 2 Diagnostic performance of different RSS.

RSS No. of studies Sensitivity Specificity DOR AUC LR+ LR-

ACR 5 13 0.57 [0.41, 0.71] 0.93 [0.83, 0.97] 17 [7, 37] 0.82 [0.79, 0.85] 7.7 [3.5, 17.0] 0.47 [0.34, 0.64]

ACR 4-5 10 0.84 [0.79, 0.88] 0.61 [0.49, 0.72] 8 [5, 14] 0.85 [0.81, 0.87] 2.2 [1.6, 2.9] 0.26 [0.20, 0.35]

ATA high 8 0.73 [0.65, 0.79] 0.73 [0.43, 0.91] 7 [2, 22] 0.76 [0.72, 0.79] 2.7 [1.1, 6.7] 0.37 [0.28, 0.49]

ATA high-intermediate 6 0.84 [0.75, 0.90] 0.55 [0.40, 0.70] 7 [4, 12] 0.82 [0.78, 0.85] 1.9 [1.4, 2.6] 0.28 [0.19, 0.42]

EU 5 3 0.45 [0.17, 0.76] 0.93 [0.88, 0.98] 17 [11, 27] 0.70 [0.33, 0.94] 10.9 [6.3, 17.9] 0.61 [0.56, 0.65]

EU 4-5 5 0.78 [0.68, 0.86] 0.48 [0.36, 0.61] 3 [2, 5] 0.71 [0.67, 0.75] 1.5 [1.2, 1.9] 0.45 [0.33, 0.62]

K 5 3 0.64 [0.40, 0.83] 0.84 [0.38, 0.99] 195 [84, 386] 0.56 [0.06, 0.95] 59.4 [16.8, 123.7] 0.29 [0.16, 0.40]

Kwak 5 2 0.10 [0.04, 0.18] 0.99 [0.97, 0.99] 43 [21, 66] 0.09 [0.05, 0.14] 3.4 [2.9, 3.9] /

Kwak 4-5 2 0.99 [0.99, 1.00] 0.33 [0.11, 0.63] 1.6 [0.1, 3.1] 0.48 [0.03, 0.94] / /
RSS, risk stratification systems; ACR 5, ACR-TIRADS category 5; ACR 4-5, ACR-TIRADS category 4 or 5; ATA high, ATA high risk; ATA high-intermediate, ATA high-intermediate risk; EU 5,
EU-TIRADS category 5; EU 4-5, EU-TIRADS category 4 or 5; K 5, K-TIRADS category 5; Kwak 5, Kwak-TIRADS category 5; Kwak 4-5, Kwak-TIRADS category 4 or 5; DOR, diagnostic odds
ratio; AUC, area under the curve of receiver operating characteristic; LR+, positive likelihood ratio; LR-, negative likelihood ratio.
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Discussion

The goal of this study was to investigate the reliability and

diagnostic performance of the adult-based TI-RADS in the pediatric

population. We analyzed the diagnostic performance of the ACR-

TIRADS, ATA RSS, EU-TIRADS, K-TIRADS, and Kwak-TIRADS

in this study. Since the included studies were not paired studies, we

could not directly compare diagnostic performances between
Frontiers in Endocrinology 08115
different RSSs and calculate p values, which would not be

statistically justified.

The sensitivity was highest in ACR category 4–5 and ATA high-

intermediate risk, which was 0.84 [0.79, 0.88] and 0.84 [0.75, 0.90],

respectively. The specificity was highest in ACR category 5 and EU

category 5, which was 0.93 [0.83, 0.97] and 0.93 [0.88, 0.98],

respectively. ACR-TIRADS, ATA RSS and EU-TIRADS showed

moderate diagnostic performance in pediatric thyroid nodules with
FIGURE 3

Forest plots of the pooled sensitivity and specificity for the diagnosis of malignant thyroid nodules: (A) ACR 5 and (B) ACR 4-5.
FIGURE 4

HSROC curve of the diagnostic performance: (A) ACR 5 and (B) ACR 4-5.
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category 4-5 AUCs of 0.85 [0.81, 0.87], 0.82 [0.78, 0.85], and 0.71

[0.67, 0.75], respectively.

Although ACR-TIRADS, ATA RSS, and EU-TIRADS have

moderate diagnostic performance in pediatric thyroid nodule

patients. They also have some limitations.

The ACR-TIRADS subdivides features and adds points for

composition, echogenicity, shape, margins, and echogenic foci,

and stratifies TIRADS level based on the total points of the 5

categories of ultrasound features. This requires a high level of
Frontiers in Endocrinology 09116
experience and skill, which may be difficult for primary care

physicians to master and perform (38).

ATA RSS assesses the malignancy of thyroid nodules based on

the performance of ultrasound features with high diagnostic weight,

which improves the detection rate of malignant nodules, but has the

disadvantage that the assessment of the risk of nodule malignancy is

overly dependent on the stratification of suspicious ultrasound

features. A small number of pediatric patients cannot be

categorized according to ATA RSS because of their specific
FIGURE 5

Forest plots of the pooled sensitivity and specificity for the diagnosis of malignant thyroid nodules: (A) ATA high risk and (B) ATA high-intermediate risk.
FIGURE 6

HSROC curve of the diagnostic performance: (A) ATA high risk and (B) ATA high-intermediate risk.
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imaging presentation, and such poorly classified nodes could lead to

misdiagnosis or underdiagnosis of malignant nodes (39).

ACR-TIRADS, ATA considers FNAB only for nodules

greater than or equal to 10 mm, which may miss some

malignant nodes in pediatric patients because thyroid volume

increases with age, and nodule size is not predictive of

malignancy in pediatric patients.

The EU-TIRADS concept of malignancy stratification of

thyroid nodules has some similarities with the ATA guidelines.

Comparatively, EU-TIRADS has a more streamlined classification

of diagnostic weights for malignant nodule features, focusing on the

diagnostic weights of highly specific suspicious malignant features,

and has a better specificity in identifying benign and malignant

nodules. However, the classification of low- and intermediate-risk

nodules (EU-TIRADS 3 and 4) by EU-TIRADS explicitly requires

the ultrasound features of ovoid shape and smooth margins, while

some pediatric patients in the clinic do not have the above two
Frontiers in Endocrinology 10117
ultrasound features meanwhile cannot be clearly classified in EU-

TIRADS 5 categories. This may result in unclassifiable or subjective

empirical misjudgment of risk level and is an important reason for

the low sensitivity (40).The diagnostic performance of the K-

TIRADS was not as expected, with an AUC of only 0.56 [0.06,

0.95]. The K-TIRADS was first proposed by the Korean Society of

Thyroid Radiology and Korean Thyroid Association in 2016.

Although it shows respectable diagnostic performance for thyroid

nodules in adults, recent adult-based studies revealed that in

comparison with ACR-TIRADS, the 2016 K-TIRADS

demonstrated higher sensitivity (94.5 [92.4, 96.6] vs. 74.7 [70.7,

78.7]) but lower specificity (26.4 [24.2, 28.6] vs. 67.3 [65.0, 69.7])

(41). In this context, the modified K-TIRADS was published in 2021

(42). For pediatric populations, 2021 K-TIRADS newly

recommends biopsy of nodules of 0.5–1.0 cm with high suspicion.

Compared with the 2016 K-TIRADS, the 2021 K-TIRADS (biopsy

cutoffs, 0.5 cm for K-TIRADS 5; 1.0–1.5 cm for K-TIRADS 4)

showed higher sensitivity (34.0% vs. 67.3%; p < 0.001) while

maintaining specificity (89.4% vs. 88.2%; p = 0.790) in small

nodules of pediatric patients and higher specificity (5.9% vs.

25.4%; p < 0.001) while maintaining sensitivity (100% vs. 98.7%;

p = 0.132) in large nodules of pediatric patients (43).

In addition, two articles investigated the diagnostic

performance of the Kwak-TIRADS (19, 21). Shapira et al.

reported an AUC of 0.74 [0.67–0.82] for the diagnostic

performance of Kwak-TIRADS compared with 0.72 [0.61–0.82]

for ACR-TIRADS. No significant difference was obtained when

comparing the Kwak-TIRADS to the ACR TI-RADS (19).

Martinez-Rios et al. evaluated the performance of the Kwak-

TIRADS and the ATA RSS in assessing thyroid nodules in

children. They showed that the test characteristics of both

methods were similar to those in adults (21). However, probably

because only two studies on Kwak-TIRADS were included, the

results of diagnostic performance that we pooled for analysis in our

study were not very meaningful.

Additionally, Borysewicz-Sanczyk et al. evaluated the ATA RSS

and British Thyroid Association (BTA) ultrasound RSS in the

management of thyroid nodules in pediatric patients. The

sensitivity and specificity of ATA high risk were (5/5) 100% and
FIGURE 8

HSROC curve of the diagnostic performance of EU 4-5.
FIGURE 7

Forest plots of the pooled sensitivity and specificity for the diagnosis of malignant thyroid nodules in EU 4-5.
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(8/11) 72.7%, respectively, while they were (4/5) 80% and (9/11)

81.8% for BTA category 5 (37). Both RSSs showed good

diagnostic performance.

We acknowledge that there were certain limitations. First, all the

included studies were retrospective. Second, the number of studies on

K-TIRADS and Kwak-TIRADS was small, which resulted in the

pooled analyzed diagnostic performance not being very informative.
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In conclusion, the ACR-TIRADS, ATA, and EU-TIRADS have

moderate diagnostic performance in pediatric thyroid nodule

patients. The diagnostic efficacy of the K-TIRADS was not as

high as expected. However, the diagnostic performance of Kwak-

TIRADS was uncertain because of the small sample size and small

number of studies included. More studies are needed to evaluate

these adult-based RSSs in pediatric patients with thyroid nodules.
TABLE 3 Meta-regression analysis.

RSS Parameter Category N Sensitivity P Specificity P

ACR 5

Total nodes yes 6 0.60 [0.36, 0.85]
0.96

0.98 [0.95, 1.00]
0.03∗

no 7 0.58 [0.38, 0.78] 0.86 [0.72, 1.00]

Region yes 5 0.43 [0.18, 0.68]
0.21

0.99 [0.97, 1.00]
0.01∗

no 7 0.65 [0.48, 0.83] 0.82 [0.72, 0.92]

Standard reference for benign
thyroid nodules

yes 9 0.57 [0.40, 0.75]
0.99

0.92 [0.84, 1.00]
0.95

no 4 0.55 [0.25, 0.85] 0.93 [0.83, 1.00]

Standard reference for malignant
thyroid nodules

yes 3 0.72 [0.46, 0.98]
0.41

0.95 [0.84, 1.00]
0.41

no 10 0.52 [0.36, 0.68] 0.92 [0.85, 1.00]

ACR 4-5

Region
yes 5 0.86 [0.78, 0.94]

0.03∗
0.69 [0.54, 0.83]

0.67
no 5 0.84 [0.78, 0.89] 0.54 [0.38, 0.70]

Standard reference for benign
thyroid nodules

yes 7 0.85 [0.80, 0.91]
0.02∗

0.61 [0.46, 0.75]
0.59

no 3 0.82 [0.73, 0.90] 0.63 [0.42, 0.84]

Standard reference for malignant
thyroid nodules

yes 3 0.87 [0.77, 0.97]
0.15

0.48 [0.26, 0.70]
0.17

no 7 0.83 [0.78, 0.88] 0.66 [0.54, 0.78]

ATA high

Total nodes
yes 4 0.77 [0.62, 0.92]

0.31
0.91 [0.78, 1.00]

0.02∗
no 4 0.76 [0.66, 0.85] 0.48 [0.14, 0.82]

Standard reference for malignant
thyroid nodules

yes 3 0.72 [0.55, 0.89]
0.17

0.94 [0.83, 1.00]
0.01∗

no 5 0.75 [0.67, 0.83] 0.52 [0.22, 0.82]

ATA high-intermediate

Total nodes
yes 3 0.86 [0.72, 1.00]

0.56
0.52 [0.29, 0.75]

0.64
no 3 0.83 [0.74, 0.93] 0.58 [0.39, 0.78]

Region
yes 3 0.74 [0.58, 0.91]

0.01∗
0.64 [0.45, 0.83]

0.44
no 3 0.88 [0.81, 0.95] 0.47 [0.29, 0.66]

Standard reference for benign
thyroid nodules

yes 4 0.82 [0.69, 0.95]
0.11

0.58 [0.39, 0.76]
0.84

no 2 0.86 [0.77, 0.95] 0.52 [0.28, 0.75]

Standard reference for malignant
thyroid nodules

yes 3 0.80 [0.65, 0.94]
0.05

0.54 [0.33, 0.76]
0.83

no 3 0.86 [0.77, 0.95] 0.56 [0.35, 0.77]

EU 4-5

Total nodes
yes 2 0.81 [0.61, 1.00]

0.86
0.40 [0.16, 0.63]

0.57
no 3 0.76 [0.66, 0.87] 0.52 [0.36, 0.68]

Standard reference for malignant
thyroid nodules

yes 2 0.69 [0.51, 0.88]
0.11

0.64 [0.52, 0.76]
0.08

no 3 0.80 [0.68, 0.92] 0.42 [0.35, 0.48]
frontier
RSS, risk stratification systems, ∗p < 0.05
Total nodes “yes,” sample size more than median; total nodes “no,” sample size less than median;
Region “yes,” American studies; Region “no,” European studies;
Standard reference of malignant thyroid nodules “yes,” surgery and/or biopsy pathology; standard reference of malignant thyroid nodules “no,” surgery pathology;
Standard reference of benign thyroid nodules “yes,” surgery and/or biopsy pathology and follow-up; standard reference of benign thyroid nodules “no,” surgery and/or biopsy pathology.
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RSS specific for pediatric thyroid nodules and thyroid malignancies

were necessary.
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1Pathology, University Campus Bio-Medico of Rome, Fondazione Policlinico, Rome, Italy, 2Pathology
& Laboratory Medicine, University of Pennsylvania Medical Center, Perelman School of Medicine,
Philadelphia, PA, United States
The use of immunohistochemistry cannot be underestimated in the everyday

practice of thyroid pathology. It has evolved over the years beyond the traditional

confirmation of thyroid origin to molecular profiling and the prediction of clinical

behavior. In addition, immunohistochemistry has served to implement changes in

the current thyroid tumor classification scheme. It is prudent to perform a panel of

immunostains, and the immunoprofile should be interpreted in light of the

cytologic and architectural features. Immunohistochemistry can also be easily

performed in the limited cellularity specimen preparation generated from thyroid

fine-needle aspiration and core biopsy; however, it will require laboratory

validation of immunostains specific to these preparations to avoid diagnostic

pitfalls. This review discusses the application of immunohistochemistry in thyroid

pathology with a focus on limited cellularity preparations.

KEYWORDS

thyroid, pathology, immunohistochemistry, molecular, biomarkers, cytology
1 Introduction

Thyroid carcinoma is the most common malignancy of endocrine organs and accounts

for approximately 1% of all cancers. As per the new WHO classification scheme, the

neoplasms of the thyroid gland are stratified into the following main categories: follicular

cell-derived neoplasms, C-cell derived neoplasms, mixed medullary and follicular cell-

derived neoplasms, salivary gland type carcinomas, thyroid tumors of uncertain

histogenesis, thymic tumors within the thyroid, and embryonal thyroid neoplasms. Even

though the majority of thyroid neoplasms can be diagnosed on the basis of cellular and

architectural features, difficulties in the diagnosis can occur due to overlapping

histomorphologic features between primary and secondary thyroid neoplasms and

partial or complete loss of differentiation (1).

The well-differentiated thyroid carcinomas originating from the thyroid follicular cells

show either follicular or papillary growth patterns or an admixture of both. The presence of

colloid within follicles and complex papillary structures with diagnostic nuclear cytology in
frontiersin.org01121
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these neoplasms facilitate the diagnosis of these neoplasms (1–6).

The solid and “insular” growth pattern of poorly differentiated

carcinoma, especially in cases with an inconspicuous or lack of a

well-differentiated component, can be mistaken for C-cell-derived

medullary thyroid carcinoma or metastatic neuroendocrine

neoplasm arising at other body sites. Anaplastic/undifferentiated

carcinoma can show varying cytologic features and growth patterns

mimicking lymphoma, mesenchymal tumors, and secondary

tumors of the thyroid gland (2, 4).

In the abovementioned scenarios, employing a panel of

immunostains can help solve diagnostic conundrums. In addition,

immunohistochemistry (IHC) has proven to be helpful in the

diagnosis of the following rare tumors: mixed follicular and

medullary thyroid carcinoma, salivary gland type carcinomas,

tumors of uncertain histogenesis, and intra-thyroidal thymic

neoplasms (2). Employing mutation-specific antibodies can serve

to distinguish between papillary carcinomas harboring the

BRAFV600E mutation from RAS-like neoplasms. The utility of

proliferation markers such as Ki67 cannot be underestimated in the

grading of thyroid carcinoma, which has been shown to be a

predictor of clinical behavior in both follicular and C-cell-derived

neoplasms (1, 2, 7).
2 Immunochemistry: basic concepts

Immunostaining is an easy, cheap, and widely available

technique for selectively identifying specific molecules in tissue

sections and cytological preparations. This technique is based on

the use of antibodies (also called immunoglobulins) that are Y‐

shaped globular proteins formed by two light chains and two heavy

chains, held together by disulphide bonds (8). The molecular

recognition abilities of the antibodies allow for various

applications in diagnostic pathology. Each antibody is capable of

binding only to a specific antigen (9); therefore, they are currently

applied in pathology to identify the cell lineage, examine the

expression of biomarkers, characterise tumors, and more recently,

determine the expression of targets for tailored therapies. For

diagnostic purposes, antibodies are labelled, directly or with a

multistep chain, with a visible molecule that allows the

recognition of their binding reaction in tissue sections or

cytological samples. The immunostaining protocol is mostly

automated in many laboratories, which improves the

reproducibility of the reaction product, although this

standardization is usually developed for IHC on histological

sections, whereas dedicated recommendations and practice

paradigms are still lacking for cytological samples. This is

probably because of the large variability in cellular preparations

(conventional smears, thin layer cytology, and cell-blocks), different

treatment of the specimens for immunostaining, and interpretative

cutoffs (7, 8, 10–13).

As stated above, there are three main reasons for the application

of immunocytochemistry in thyroid pathology: determining cell
and site of origin, differentiating benign from malignant
neoplasms, and influencing clinical management.
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3 Determining cell and site of origin

IHC is an indispensable tool that complements routine

histologic techniques for elucidating differential diagnosis in

histologic and cytologic preparations. The use of IHC in thyroid

pathology is based on knowledge regarding cell of origin and further

characterization. It is mainly suggested for lesions that are suspected

of non-follicular or non-thyroidal origin (e.g., parathyroid lesions/

neoplasms, medullary thyroid carcinoma, lymphoma, metastases

from other organs—secondary tumors, etc.) (14, 15).
3.1 Thyroid follicular cell lineage markers

3.1.1 Thyroid follicular cell origin
Is usually confirmed by a panel of immunohistochemical

markers that can identify metastasis to the thyroid gland from

other organs, thyroid cancer metastasis to extra-thyroidal sites, and

thyroid carcinoma arising in ectopic thyroid tissue. The most

important markers of thyroid follicular cell derivation are

thyroglobulin (TG), thyroid transcription factor 1 (TTF1), and

paired-box gene 8 (PAX8); antibodies against these are often used

in a panel to overcome the limits of a single antibody (Figures 1, 2).

It is relevant to know some details about these antibodies (7, 13,

16–18).

3.1.2 Thyroglobulin
Is the most specific marker of thyroid follicular cell derivation.

It is a glycoprotein manufactured by thyrocytes, from which it is

secreted into thyroid follicles, forming a major constituent of

colloid. Normal thyrocytes show diffuse cytoplasmic staining by

TG; this staining pattern is maintained in well-differentiated

follicular-derived thyroid carcinomas, such as papillary thyroid

carcinoma (PTC) and follicular thyroid carcinoma (FTC), and is

completely absent in medullary thyroid carcinoma (MTC) and

metastasis to the thyroid gland (Figure 3). Focal expression of TG

in the follicular component is seen in cases of mixed medullary and

follicular thyroid carcinoma. Focal diffuse staining has been

reported in >50% of high-grade follicular-cell-derived non-

anaplastic carcinomas and is often lost in the foci of necrotic

tumor and anaplastic thyroid carcinoma (ATC). In oncocytic

lesions, TG usually shows punctate and dot-like perinuclear

staining pattern (1, 7, 19–23).

The low or absent production of thyroglobulin by some tumors

can lead to diagnostic conundrums, especially in the following

clinical scenarios: the use of TG FNA washout evaluation for

regional and distant metastasis and the role of serum TG

measurement for the follow up of patients with thyroid

carcinomas (21, 24, 25).

3.1.3 Thyroid transcription factor 1
Also termed as thyroid-specific enhancer binding protein

(NKx2.1), belongs to the family of homologous transcription

factors in the NKx2 gene, and is located in the q12–q21 region of

chromosome 14. The TTF-1 gene translates a nuclear protein with
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an approximate mass of 38 kDa, comprising a single polypeptide of

371 amino acid polypeptides. TTF-1 expression is regulated during

embryonic development and appears early in the foregut endoderm

and then in the tracheal precursor cells. After birth, TTF-1

expression is confined to the pulmonary type II alveolar cells

(26). In the thyroid gland, TTF-1 expression occurs earlier than

the expression of genes related to follicular cell differentiation, such

as TG, thyroid peroxidase (TPO), and thyrotropin receptor

(TSHR) (27).

TTF-1 shows nuclear expression by IHC in thyroid follicular

and parafollicular cells and lung. TTF-1 is diffusely expressed in

PTC, FTC, high-grade follicular-derived non-anaplastic thyroid

carcinoma and MTC. TTF-1 expression is retained in less than

20% of ATCs (7). TTF-1 is expressed in more than 80% of lung
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adenocarcinomas, a subset of squamous cell carcinoma of

pulmonary origin, small cell carcinoma, neuroendocrine

carcinomas, and also rarely in adenocarcinoma of genitourinary

and gastrointestinal tracts and breast (26–29).

TTF-1 can be useful in confirming the diagnosis of a thyroid

primary lacking a well-differentiated growth pattern (papillary or

follicular) or unusual cytology, such as poorly differentiated thyroid

carcinoma, mucoepidermoid carcinoma, and secondary tumors

(7, 30).

3.1.4 Paired box gene 8
Is a transcription factor that belongs to the paired-box family of

genes; it plays a critical role in the development of the thyroid gland,

kidney, and Mullerian tract (31). With IHC, its expression is seen in

thyroid, renal, and urinary bladder neoplasms and malignancies of

Mullerian origin, including ovarian primaries. Several studies have

added the following to the repertoire of PAX8 positive tumors:

carcinomas of the breast, lung, prostate, gastrointestinal tract, liver

and pancreas, testicular tumors, mesothelioma, melanoma, and

rhabdomyosarcoma (31–34).

3.1.5 PAX8
Gives a nuclear staining in normal and neoplastic thyrocytes,

and usually maintains this expression pattern also in cases of high-

grade follicular-cell-derived carcinoma, anaplastic carcinoma, and

its squamous subtype (35–37). Among thyroid tumors, a majority

of non-follicular cell-derived thyroid carcinomas stain negative for

the PAX8 antibody (36). Rare cases of medullary thyroid carcinoma

can show PAX8 expression. Intrathyroid thymic carcinoma (ITC)

shows a nuclear positive reaction with polyclonal PAX8 antibody

but does not react with the monoclonal form. Therefore,

monoclonal PAX8 antibody is more specific for thyroid follicular

cell origin (36). As noted above, as PAX8 is also expressed in a wide

variety of neoplasms from other organs, an initial panel of TTF-1,

TG, and PAX8 is needed to confirm or exclude distant metastases

from a thyroid primary (35, 37). The other markers used to confirm

thyroid follicular cell differentiation include TTF-2 (FOXE1) and

thyroid peroxidase (1, 7, 22, 35).
3.2 Parafollicular C-cell specific markers

Medullary thyroid carcinoma (MTC) originates from

parafollicular C-cells of the thyroid gland. The C-cells mainly

secrete calcitonin hormone, which plays a minor role in calcium

metabolism compared with parathyroid hormone (PTH) (38–40).

Most MTCs (>95%) secrete calcitonin and show patchy to diffuse

cytoplasmic expression of this biomarker with IHC (Figure 4). It is

well-known that MTC, in addition to its typical nesting growth,

tumor cells with nuclear chromatin typical of neuroendocrine

tumors (salt and pepper), and amyloid rich tumor stroma, can

demonstrate a variety of architectures and cellular features that can

be mistaken for other primary thyroid tumors (41–43). In such

cases, IHC for calcitonin in pathologic preparations confirms the

diagnosis of MTC. This also holds true for rare cases of mixed
FIGURE 1

An oncocytic proliferative lesion, direct smear. (A) Papanicolaou
stain shows numerous oncocytic cells with variable nuclear
dimensions. (B) PAX8 immunostaining performed on a destained
slide shows strong nuclear positivity in the cells. (C) Thyroglobulin
immunostaining performed on a destained slide shows a punctate
dot-like positive cytoplasmic reaction.
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medullary and follicular thyroid carcinoma, in which calcitonin

specifically highlights the MTC components (43) (Figure 5).

Owing to its architecture and cellular features, MTC can be

difficult to distinguish from metastases to the thyroid from

neuroendocrine carcinoma arising in other organs, especially

the lung and gastrointestinal tracts (41, 43). It is well known that

calcitonin is also expressed in other neuroendocrine tumors

besides MTC. In cases in which the diagnostic differential

includes MTC and metastatic neuroendocrine carcinoma,

clinical correlation and serum calcitonin level, which is often

quite increased in MTC, can help determine the correct

diagnosis. MTC also shows cytoplasmic expression of

monoclonal carcinoembryonic antigen (mCEA), which can
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also serve as biomarker for disease surveillance in addition to

calcitonin (44, 45). This proves to be helpful in rare cases of

calcitonin negative MTC (43, 45–47). Additionally, MTC shows

expression of other neuroendocrine markers, such as

chromogranin, synaptophysin, and rarely CD56. The second-

generation neuroendocrine markers insulinoma-associated

protein 1 (INSM1), ISL1, and secretagogin show high

sensitivity and specificity for neuroendocrine differentiation

and maintain the expression even in poorly differentiated

neuroendocrine carcinomas. In particular, INSM1 has been

reported to be a highly sensitive and specific neuroendocrine

marker and is useful in the diagnosis of MTC and C-cell

hyperplasia (48–50).
FIGURE 2

Confirmation of the thyroid follicular cell origin through the expression of thyroglobulin and TTF in follicular adenoma (A), thyroglobulin; (B), TTF-1)
and papillary thyroid carcinoma (C), thyroglobulin; (D), TTF-1).
FIGURE 3

(A–C) Metastatic colonic adenocarcinoma to the thyroid gland showing the neoplastic gland in the background thyroid parenchyma (A),
Hematoxylin and Eosin stain). (B, C) With immunohistochemistry, thyroglobulin expression is only present in the thyroid parenchyma (B), and the
tumor shows cytokeratin 20 expression (C).
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3.2.1 Rare thyroid neoplasms
The value of IHC cannot be underemphasized in the diagnosis

of uncommon thyroid neoplasms and those of uncertain

histogenesis (1, 2, 51) (see Table 1).
4 Differentiating benign from
malignant thyroid neoplasms

Most thyroid neoplasms are diagnosed based on architectural

and cellular features and a lack or presence of invasive features.

However, in some instances, it may be difficult to distinguish

between follicular adenoma and non-invasive follicular tumor

with papillary-like nuclear features (NIFTP), an encapsulated

follicular variant of papillary thyroid carcinoma, follicular

carcinoma, and follicular adenoma with papillary architecture

from papillary thyroid carcinoma.

The diagnosis of follicular carcinoma and the encapsulated

follicular variant of papillary thyroid carcinoma requires the

evaluation of the tumor-capsule-thyroid interface. Invasion of the

capsule, invasion through the capsule, and invasion into veins in or

beyond the capsule represent the diagnostic criteria for carcinoma

in a follicular-patterned thyroid neoplasm. To this date, what

constitutes “capsular” invasion in a follicular-patterned thyroid

neoplasm remains controversial. Some require penetration

through the capsule of the tumor and others invasion into the

capsule to render a diagnosis of either follicular carcinoma or an

encapsulated follicular variant of papillary thyroid carcinoma, while

others believe that the diagnosis of minimally invasive follicular

carcinoma should only be rendered when vascular invasion is
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present. However, studies have shown that metastatic disease can

occur in cases of follicular carcinoma in which only capsular

invasion occurred. Thus, “capsular invasion is a sufficient

criterion to diagnose malignancy” (1, 2, 4, 6, 52–57).

Despite the controversy regarding capsular invasion as a

criterion for malignancy, all agree that angioinvasion is a definite

feature of malignancy. It has been shown that encapsulated

angioinvasive follicular-patterned tumors carry a significant

propensity for clinically malignant behavior. The following

histomorphologic criteria have been proposed for the diagnosis of

angioinvasion: the invasive tumor should form a plug or polyp in a

subendothelial location, enveloping of tumor thrombus by the

endothelium, and the tumor thrombus does not have to be

attached to the vessel wall to be accepted as an invasion (52–57).

Immunostaining for Factor VIII–related antigen and other

endothelial markers, such as CD31, CD34, and ERG, can confirm

the foci of angioinavsion. Rarely, histiocytes intermixed with fibrin

and inflammatory cells within capsular vessels can mimic foci of

angioinvasion. In such instances, macrophage markers, such as

CD68 or CD163, and markers for follicular cell lineage, TTF-1,

PAX8, and thyroglobulin, can help to confirm the presence of

tumor cells within a vessel lumen (52, 53, 55).

The diagnostic conundrum of differentiating a benign from a

malignant thyroid lesion is often encountered in limited cellularity

fine-needle aspiration (FNA) and core-biopsy specimens. The use of

immunohistochemical markers for differentiating benign from

malignant thyroid neoplasms in FNA specimens classified as

indeterminate is often debated in the literature (11, 12, 58–69).

The combination of HBME-1, GAL-3, and CK19 is by far the

most common panel for distinguishing benign from malignant
FIGURE 4

Medullary carcinoma. (A) Direct smear. Papanicolaou stain shows a cellular proliferation of polymorphous sometimes plasmacytoid appearing cells
with oval nuclei of variable sizes. (B) Calcitonin immunostain performed on a destained smear. A granular brown positive reaction is evident in the
cytoplasm of the cells. (C) Cellblock preparation using the agar gel method. Hematoxylin and Eosin stain shows discohesive cells with granular
cytoplasm. Bi-nucleated cells are also evident. (D) Calcitonin immunostain shows strong cytoplasmic granular expression.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1198099
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Crescenzi and Baloch 10.3389/fendo.2023.1198099
thyroid neoplasms, as no individual biomarker has sufficient

sensitivity or specificity to accomplish this task. Combined

immunopositivity for Gal-3, CK19, and HBME-1 shows high

sensitivity (95%) and specificity (97%) for the diagnosis of

papillary thyroid carcinoma (11, 12, 58–64, 66, 68, 69) (Figure 6).

Combined immunoexpression of Gal-3 and CK19 had 92%

sensitivity and 99% specificity while combined positivity for Gal-3

and HBME-1 had 95% sensitivity and 95% specificity for papillary

thyroid carcinoma (64). It should be noted that the expression of

HBME-1, GAL-3, and CK19 is not predictive of the clinical

aggressiveness of the tumor and cannot be used to guide the

surgical excision (64).

Galectin 3 (Gal-3) has received significant attention for its utility

as a diagnostic marker for thyroid cancer, being positive in thyroid

carcinoma and negative in benign neoplasms and normal thyroid

tissue (70). In a meta-analysis of 8,172 thyroid nodules with

histologic evaluation, Gal-3 IHC was reported to be positive in

87% of thyroid cancers, confirmed by histopathologic follow-up.

This information confirms that many thyroid carcinomas have

overexpression of this marker. A Gal-3 test on thyroid FNA
Frontiers in Endocrinology 06126
samples (cellblock preparation) has a sensitivity lower than that

observed in histologic preparations (pooled histologic sensitivity of

Gal-3 was 96%, while sensitivity with FNA was 90%); mainly due to

the different methods used for Gal-3 evaluation in thyroid

cytological specimens, technical variability in antibody clones and

immunostaining protocols, and relevant differences in staining

interpretation (i.e. nuclear, cytoplasmic, or membranous positivity)

(12). In summary, the use of Gal-3 in cellblock preparation from

thyroid FNA may support a diagnosis of malignancy in thyroid

nodules classified as indeterminate. In addition to galectin-3, other

markers such as Hector Battifora mesothelial cell-1 (HBME-1),

cytokeratin-19 (CK19), and cluster differentiation antigen 56

(CD56) can facilitate the diagnosis of thyroid carcinoma in both

histologic and cytologic preparations (62–64, 71) (Figure 6).

Ki-67 is the protein product of the gene MKI67 and is a

commonly used IHC marker for cell proliferation. Recently, the

Ki-67 index has been proposed for the stratification of PTC, FTC,

and MTC into different risk categories. The proposed Ki-67 indices

show that differentiated thyroid carcinomas can be stratified into

low-, moderate-, and high-risk groups using the cutoff values of
TABLE 1 Immunoprofile of key thyroid primary and secondary tumors.

Site of origin Immunostaining profile*

Thyroid tumors - primary

1. Follicular cell CK7+, CK20-, TTF1+, PAX8+, thyroglobulin+

2. C-Cell CK7+, TTF-1+, PAX8-, calcitonin+, CEA+, synaptophysin+, chromogranin+, thyroglobulin -

Thyroid tumors – primary others

1. Hyalinizing trabecular tumor TTF1+, PAX8+, thyroglobulin+, MIB1 (membranous)

2. Mucoepidermoid carcinoma AE1/AE3+, pan-cytokeratin +, p63+, TTF1**+, PAX8+**, thyroglobulin +**

3. Sclerosing mucoepidermoid carcinoma with
eosinophilia

TTF1+, PAX8-, thyroglobulin -

4. Cribriform morular thyroid carcinoma b-catenin, TTF1+ (mainly in cribriform components), PAX8-, thyroglobulin-,

5. Intrathyroidal thymic tumors AE1/AE3+, TTF1-, thyroglobulin-, CD5+, p63+, bcl-2+

Parathyroid TTF1-, PAX8-, thyroglobulin-, calcitonin-, PTH+, GATA3+, chromogranin+

Thyroid tumors - secondary

1. Pulmonary CK7+, TTF1+, napsin+, PAX8-, thyroglobulin-

2. Gastrointestinal tract

I. Esophagus CK7+, CK20-, TTF-1 -, CDX2 +/-, CEA+, MUC1-/+, MUC5AC -/+, SATB2-

II. Stomach CK7+, CK20+, TTF-1 -, CEA+, CDX2** MUC1 -/+, MUC5AC-/+

III. Colorectal CK7-, CK20+, CDX2+, SATB2+, MOC31+

3. Breast CK7+, CK20-, GATA3+, mammoglobin+/-, GCDFP15-/+, ER+, PR+, TTF-1 -, TG-

4. Melanoma SOX10+, Melan-A+, S100+, HMB45+, CK7-, CK20-

5. Kidney

I. Clear cell CK7-, PAX8+, PAX2+, CAIX+, CD10+, RCC+, AE1/AE3+, CAM5.2+, EMA+, AMACR+/-, GATA3 -,
TTF-1-

II. Clear cell papillary CK7+, PAX8+, CAIX +, CD10-, RCC+/-, AMACR-, GATA3 -/+ (rare cases)

III. Papillary renal cell CK7+, PAX8+, CA1X+/-, CD10+, RCC+, AMACR +, GATA3 -
*it is preferable that all immunostains should be validated with cytology preparations; **some cases show negative expression; CK, cytokeratin.
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<5%, 5–10%, and 10–30% (72–75). A two-tiered system is

recommended for Ki67 evaluation in medullary thyroid

carcinoma, employing a cutoff of 5% (76).

With light microscopy, at least one of three features, mitotic

index of ≥5 per 2 mm2, Ki67 proliferative index of ≥5%, or tumor

necrosis, is required to define high-grade MTCs, and these criteria

have been integrated in the 5th edition of the World Health

Organization classification of thyroid tumors (1, 2). Additionally,

the use of Ki67 IHC with cytological samples from thyroid FNA has

been investigated. In a recent study, the authors applied a scoring

evaluation for calculating the percentage of positive cells by

counting at least 200 tumor cells; they concluded that the Ki-67

index determined in cytology specimens significantly correlates

with the Ki-67 index obtained by immunohistochemical analyses

of histologic specimens (77). This analysis was performed on air-

dried smears that were formalin fixed before immunostaining.

IgG4-thyroid-related disease (TRD), although uncommon, is a

spectrum of diseases with a clinical presentation that can often mimic

malignancy. The threshold to confirm increased IgG4-positive

plasma cells ranges from more than 20 to more than
Frontiers in Endocrinology 07127
30 IgG4-positive plasma cells per high-power field by

microscopic examination (78–81). The FNA specimens show

lymphoplasmacytic infiltrates and oncocytes and the cytological

features are usually classified as benign (80). Clinical history,

radiological characteristics, and cytological features, such as

abundant plasma cells, fibroblast, and epithelial atypia, should raise

the suspicion of IgG4-related disease (82). If IgG4 TRD is clinically

suspected at the time of FNA, IHC might confirm the predominance

of IgG4-secreting plasma cells in the cytological sample, leading to

additional clinical workup.
5 Molecular immunohistochemistry

Molecular profiling of thyroid carcinomas with aggressive

clinical behavior has become a standard of care. Modern

immunohistochemistry has proven to be an easily practiced

approach in the everyday practice of histopathology to triage

advanced tumors for further mutation testing. Specific IHC is

available for BRAFV600E mutation, RASQ61R mutation, NTRK

rearrangement, and ALK rearrangement. Of note, among the IHC

for these altered proteins derived frommolecular changes, only IHC

for BRAFV600E is approved to be of value in the clinical

management of malignant thyroid neoplasms; other mutation-

specific IHC only confirms the presence or absence of mutation

or rearrangement (83). IHC using mutation-specific antibodies

against BRAFV600E (VE1 clone, Spring Bioscience, Pleasanton,

CA) provides an alternative inexpensive method for the rapid

identification of BRAFV600E mutation-positive thyroid tumors.

The overall reported sensitivity and specificity of BRAF p.V600E

immunostaining with cellblock preparation is 94.4% and 100%,

respectively; however, this approach is not recommended for FNA

smears and monolayer preparations (84).

Consensus guidelines drawn up by an international expert panel

do not recommend IHC for NTRK fusion confirmation; however,

in some cases, IHC can be used for preliminary screening (85).

Similarly, ALK IHC is suggested as a screening procedure, and FISH

analysis is recommended for the final confirmation of ALK

rearrangement (86). The IHC for RET should not be considered

as an option for pre-screening (71).

IHC also allows the characterization of tumor microenvironment

(PD-L1 and CD markers) and its role in predicting the response of
FIGURE 6

(A–C) Fine-needle aspiration cellblock preparation showing a case of papillary thyroid carcinoma. (A) Classic subtype (Hematoxylin and Eosin stain).
(B, C) With immunohistochemistry, the tumor cells show positive expression of thyroglobulin (B) and HBME-1 (C).
FIGURE 7

A smeared slide is prepared for destaining and treatment for
immunocytochemistry. The cell groups of interest are circled by a
pen on the coverslip under the microscope as reference, and then
they are circled with a glass etching pen on the back of the slide.
This step will make it easier to identify the lesional cells after
immunostaining.
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thyroid cancer to immunotherapy (13). Different scoring systems for

PD-L1 immunostaining have been approved by the FDA as

companion diagnostic tests for patient selection for the treatment

of various tumors, such as melanoma and lung cancer. PD-L1

expression in thyroid cancer has been shown to be similar to that

in other solid tumors. A study of 407 primary thyroid cancers showed

PD-L1 expression in 6.1% of papillary thyroid carcinomas, 7.6% of

follicular thyroid carcinomas, and 22.2% of anaplastic thyroid

carcinomas at a threshold of 1% (87). In a recent meta-analysis, the

frequency of PD-L1 positivity in thyroid tumor cells for different

histological types ranged from 7% to 90%. This study also

demonstrates the role of PD-L1 expression as a potential

prognostic marker of disease recurrence in patients with papillary

thyroid carcinoma (88).

The clinical utility of determining PD-L1 expression supports

the use of PD-L1 immunotherapy as a part of combination therapy

in metastatic and RAI-refractory thyroid cancer (89). The optimal

cutoff value for immunohistochemical positivity of PD-L1

immunostaining has not yet been validated in thyroid cancer, and

the variability in different studies depends on the selected clone, the

immunostaining method, and the morphological interpretation.

When PD-L1 immunoreaction is used for treatment purposes, it

is mandatory that only membranous staining of PD-L1 is

considered positive and not the cytoplasmic expression (13).

A recent review has shown that cytological samples constitute a

reliable source for PDL-1 IHC analysis, as evidenced by the tumor-

rich specimens and concordant results between cytological and

histological specimens (90). This study emphasizes that the fixatives

used in today’s cytology laboratories do not compromise PD-L1

staining, attesting to the utility of cytological specimens for PD-L1

testing in routine clinical practice. PD-L1 IHC may predict the

success of PD-1 blockade therapy in a subset of patients with an

anaplastic carcinoma PD-1 tumor proportion score of >=1% (91).
5.1 Technical considerations for
immunohistochemistry

Destained smear slides prepared during the rapid onsite

evaluation of FNA specimens have been used for IHC in

cytology. This technique only allows the use of either one or two

immunostains and helps the characterization of the cell of origin

(follicular, parafollicular/C-cells, metastatic disease, and

hematologic neoplasms). In specimens with limited cellularity,

areas of interest on the smear can be circled with a glass pen on

the reverse slide to easily locate the cell cluster after

immunostaining (Figure 7). As a general rule, international

guidelines recommend that cellblock is the cytology preparation

of choice for performing a panel of immunostains (15, 92).

Cytology cell blocks are made by employing different fixatives

and paraffin to obtain morphology similar to histologic

preparations and can be routinely used for IHC. Different
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techniques can be used to prepare cellblocks either by automatic

instruments or ready to use gels and matrices. Quality control

assessment for immunostaining with cytological samples is a

mandatory requirement for each laboratory. UK NEQAS ICC for

the quality of immunocytochemical staining reported that cellblock

sections achieved the highest score (93). Cellblock preparations are

also recommended for “molecular immunohistochemistry”, in

which markers are designed to recognize the presence of altered

proteins from mutated genes (71, 85, 94).
6 Conclusion

Currently, immunohistochemical and molecular analysis are

integral to the diagnosis and management of thyroid neoplasms.

Accurate diagnosis and classification of thyroid tumors

according to the recent classification scheme can be achieved

by employing specific immunostains in both histologic and

cytologic specimens (1). New multiplex chromogenic and

multiplex fluorescent IHC are emerging technologies that

enable the simultaneous detection of multiple biomarkers in

a single tissue section. Their development for preclinical

research and clinical application has increased extraordinarily

in the last 5 years, paving the way for a better understanding of

tumorigenesis and clinical behavior, and they are expected to

improve the personalized treatment of patients with malignant

tumors of the thyroid gland (95).
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wave elastography in
detecting category 4a and
4b thyroid nodules
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Liwei Jing2 and Chunsong Kang1*

1Department of Ultrasonography, Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences,
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Objectives: Differential diagnosis of benign and malignant thyroid imaging

reporting and data system (TIRADS) category 4a and 4b nodules can be

difficult using conventional ultrasonography (US). The objective of this study

was to evaluate the diagnostic efficacy of a combination of the Chinese-TIRADS

(C-TIRADS) and shear wave elastography (SWE) in detecting malignant nodules

among category 4a and 4b thyroid nodules.

Methods: Among 409 thyroid nodules in 332 patients that we included in this

study, 106 thyroid nodules were diagnosed as category 4a and 4b using C-

TIRADS. We used SWE to measure the maximum Young’s modulus (Emax) values

of category 4a and 4b thyroid nodules. We calculated the diagnostic efficacy of

only the C-TIRADS, only SWE, and a combination of C-TIRADS with SWE, and

compared these, while taking the pathology results as the gold standard.

Results: The area under the ROC curve (AUC), sensitivity, and accuracy values of

the combination of C-TIRADS and SWE (0.870, 83.3%, and 84.0%, respectively)

were all higher when compared with the values of only the C-TIRADS (0.785,

68.5%, and 78.3%, respectively) or only SWE (0.775, 68.5%, and 77.4%,

respectively) in the diagnosis of category 4a and 4b thyroid nodules.

Conclusion: In this study, we found that the combination of C-TIRADS and SWE

significantly improved the diagnostic efficacy in detecting malignant nodules

among category 4a and 4b thyroid nodules, and this could provide a reference

for further use of this combination by clinicians for diagnosis and treatment.

KEYWORDS

papillary thyroid carcinoma, shear wave elastography, thyroid, thyroid imaging
reporting and data system, thyroid nodule, ultrasonography
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Introduction

Thyroid nodules are very common worldwide, and are detected

in approximately 19%–68% of the general population. The majority

of these thyroid nodules are benign (1, 2). Ultrasound is the best

imaging method for the diagnosis of thyroid nodules. However, it is

still difficult to diagnose atypical benign and malignant nodules,

which are often classified as category 4a or 4b as per the Thyroid

Imaging Reporting and Data System (TIRADS) (3, 4). Category 4a

and 4b thyroid nodules usually need to be referred for fine needle

aspiration (FNA) biopsy to rule out or confirm malignancy.

However, a wide range of malignancy rates for these nodules

(3.3%–72.4%) is reported in literature (5). It is, therefore,

necessary to identify complementary investigations that can

improve the diagnostic efficacy of detecting category 4a and 4b

thyroid nodules.

Shear wave elastography (SWE) is used to quantitatively

measure tissue stiffness based on Young’s modulus values. The

maximum value measured using SWE (Emax) is the most

commonly used parameter, and it is used extensively in the

diagnosis of benign and malignant thyroid nodules. The

sensitivity and specificity of SWE for differentiating benign from

malignant thyroid nodules are 0.79–0.86 and 0.84–0.90,

respectively (6).

The purpose of this study was to evaluate the diagnostic efficacy

of using a combination of conventional ultrasonography (US) and

SWE to differentiate between benign and malignant category 4a and

4b thyroid nodules. The findings of this research have implications

for improving the diagnostic efficacy of detecting such nodules and

their clinical management. Considering that there are many

different versions of thyroid ultrasound classification systems to

diagnose benign and malignant thyroid nodules (7), we chose the

Chinese Thyroid Imaging Reporting and Data System (C-TIRADS),

which was recently released and more practical given the current

status of medical treatment (8).
Materials and methods

Ethics declaration

This study was approved by the Medical Ethics Committee of

the Shanxi Bethune Hospital(Taiyuan, Shanxi Province, China).

This research was conducted in accordance with the relevant

regulations and guidelines, and all participants or their legal

guardians gave their signed written informed consent.
Abbreviations: AUC, the area under the ROC curve; C-TIRADS, Chinese

Thyroid Imaging Reporting and Data System; Emax, the maximum value of

Young’s modulus;ROC, receiver operating characteristic; SWE, shear wave

elastography; TIRADS, Thyroid Imaging Reporting and Data System;

US, ultrasonography.
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Participants

In this study, we enrolled 332 consecutive patients (214 women

and 118 men) with 409 thyroid nodules, who were treated in Shanxi

Bethune Hospital (Taiyuan, Shanxi Province, China) between

January 2019 to October 2021. Their median age was 45 years

(range: 28–69 years).

The inclusion criteria were as follows: (1) Patients who

underwent thyroid surgery and had positive pathology findings;

(2) Patients with complete data, including US indicators and SWE

data; and (3) Patients who had not been previously treated for

thyroid nodules.

Among the total enrolled patients, 245 patients (73.8%)

presented with a single nodule, and 87 patients (26.2%) had

multiple nodules. The size of the 409 thyroid nodules ranged

from 0.5–3.4 cm.

Histological findings after thyroid surgery were used as a

reference for the diagnosis of malignant thyroid nodules.
Ultrasonography examinations

Thyroid US and SWE examinations were performed with an

Aixplorer US system (SuperSonic Imagine, Aix-en-Provence,

France), which was equipped with an SL15-4 multifrequency

linear array transducer. All nodules were examined by the same

radiologist who was proficient in performing the SWE imaging

procedure with more than 10 years of ultrasound work experience.

Patients were placed in the supine position with the neck fully

exposed before the US examination began. As per the C-TIRADS,

we assessed six features of each nodule, namely, internal structure,

echogenicity, margin, calcification, aspect ratio, and comet-tail

artifact. We assigned a corresponding score for each feature, and

then the nodules were assigned different C-TIRADS classifications

according to their total scores. Additionally, we measured the

maximum diameter of each nodule.

SWE was performed with the same US machine and transducer

after the US examination. The target nodule was displayed on the

long-axis section of the thyroid, and the image was switched to SWE

mode (display Young’s modulus scale: 0–100 kPa). A region of

interest, including the whole target lesion and the surrounding

normal thyroid tissue, was identified on the nodule, and the SWE

image was captured and stored after stabilizing the image.

Subsequently, the Emax value of the nodule was measured using

the Q-box in three independent measurements, and the mean of the

three Emax values was recorded for analysis.
Scoring system

Two physicians with at least 5 years of ultrasound work

experience independently evaluated all the ultrasonic images. In

case of a disagreement, a third associate chief physician with more

than 10 years of ultrasound work experience evaluated the image, it

was discussed among the three physicians, and a consensus

was reached.
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We rated all thyroid nodules according to the C-TIRADS

scoring system (8): Solid composition, microcalcifications,

markedly hypoechoic, ill-defined or irregular margins, or

extrathyroidal extensions, and vertical orientation were

considered as malignant ultrasound features, while comet-tail

artifacts were considered as indicating benign status. Risk

stratification was calculated by adding the number of the above-

mentioned malignant ultrasound features and then subtracting one

(1) if negative features of the comet-tail artifacts were present.

TIRADS 1 (Score 0): no nodule;

TIRADS 2 (Score-1): benign nodules, including the so-called

“white knight” nodules, which are referred to as uniform

hyperechoic nodules that appear on a background of

Hashimoto’s thyroiditis;

TIRADS 3 (Score 0): probably benign nodules, including

nodular goiter;

TIRADS 4a (Score 1): low suspicious nodules (malignancy

between 2% and 10%), including nodules with macrocalcifications

or peripheral calcifications with strong acoustic shadowing;

TIRADS 4b (Score 2): moderately suspicious nodules

(malignancy between 10% and 50%);

TIRADS 4c (Score 3, 4): highly suspicious nodules (malignancy

between 50% and 90%);

TIRADS 5(Score 5): highly suggestive of malignancy

(malignancy >90%), including nodules with a “snowstorm”

pattern of microcalcifications;

TIRADS 6: biopsy-proven malignant nodules.

TIRADS 1 to TIRADS 4a were classified as benign, and TIRADS

4b to TIRADS 6 were classified as malignant.

In this study, 106 nodules were diagnosed as category 4a or 4b,

which included 63 patients with category 4a nodules and 43 patients

with category 4b nodules.

SWE classification standard
These nodules were also diagnosed using SWE, and the

diagnostic criteria were based on our previous research results (9):

According to the size of the nodules, we used different cutoff

points to diagnose the nodules.

Maximum diameter ≤ 1 cm: Emax ≥ 33.7 kPa, the nodule was

diagnosed as malignant;

Maximum diameter 1–2 cm: Emax ≥ 37.7 kPa, the nodule was

diagnosed as malignant;

Maximum diameter ≥2 cm: Emax ≥55.1 kPa, the nodule was

diagnosed as malignant.

C-TIRADS + SWE classification standard
Then, we diagnosed the nodules using C-TIRADS + SWE:

If Emax ≥ cutoff points, nodules were regarded as having a

higher TIRADS category.
Statistical analysis

We used the R software package (R Foundation for Statistical

Computing, Vienna, Austria) for all statistical analyses in our study.
Frontiers in Endocrinology 03133
Two-tailed P <0.05 was considered to be statistically significant. We

used the Shapiro–Wilk test for evaluating normality of the

distribution. Descriptive statistics were expressed as medians (25th

and 75th percentiles) or mean values ± standard deviations for

continuous data. We assessed the diagnostic efficacy of each method

in detecting category 4a and 4b thyroid nodules using the receiver

operating characteristic (ROC) curve analysis. We calculated the

area under the ROC curve (AUC), and the AUC values were

compared using Z test. The accuracy, sensitivity, specificity,

positive predictive value (PPV), and negative predictive value

(NPV) were calculated. We used the McNemar test for

comparison of sensitivity and specificity between the methods.
Results

Diagnostic efficacy of C-TIRADS in
detecting malignant nodules among
category 4a and 4b thyroid nodules

106 thyroid nodules were diagnosed using US as category 4a or

4b as per the C-TIRADS. Among them, 63 cases were of category 4a

nodules, and the pathology findings identified 17 malignant nodules

as papillary thyroid carcinomas, the other 46 cases were benign

nodules which included 42 nodular goiters and 4 adenomas. The

remaining 43 cases out of 106 were of category 4b nodules, and the

pathology findings identified 37 malignant nodules which were

papillary thyroid carcinomas, the other 6 cases had benign nodules

which were nodular goiters.

The conventional US characteristics of 106 thyroid nodules are

presented in Table 1.

The diagnostic efficacy of the C-TIRADS in detecting malignant

nodules among category 4a and 4b nodules is presented in Table 2.
Diagnostic efficacy of SWE in detecting
malignant nodules among category 4a and
4b nodules

The distribution of Emax values of 106 TIRADS category 4a and

4b nodules is shown in Figure 1. The Emax values of the 106 thyroid

nodules were non-normally distributed.

Among category 4a nodules, 33 cases had a maximum diameter

≤ 1 cm, 19 cases had a maximum diameter of 1–2 cm, and 11 cases

had a maximum diameter ≥ 2 cm. Among category 4b nodules,

there were 27 nodules with a maximum diameter ≤ 1 cm, 12

nodules with a maximum diameter of 1–2 cm, and 4 nodules with a

maximum diameter ≥ 2 cm.

According to the above Emax diagnostic criteria, 106 cases of

benign and malignant nodules were diagnosed. Of the 63 cases of

category 4a nodules, 47 were diagnosed as benign, and 16 cases as

malignant. Among the category 4b nodules, 30 cases were

diagnosed as malignant, and 13 as benign.

The diagnostic efficacy of SWE in detecting malignant nodules

among category 4a and 4b thyroid nodules is presented in Table 2.
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Diagnostic efficacy of C-TIRADS + SWE in
detecting malignant nodules among
category 4a and 4b nodules

According to the diagnostic criteria of C-TIRADS + SWE, 16

cases of C-TIRADS category 4a nodules were reclassified to

category 4b, and 30 cases of C-TIRADS category 4b nodules were

reclassified to category 4C.
Frontiers in Endocrinology 04134
The diagnostic efficacy of C-TIRADS+SWE in detecting

malignant nodules among category 4a and 4b nodules is

presented in Table 2.
Comparison of diagnostic efficacy of the
three diagnostic methods

We drew ROC curves to evaluate the efficacy of three methods

in the diagnosis of category 4a and 4b nodules (Figure 2), while

taking the pathology results as the gold standard. The AUC values

of C-TIRADS, SWE, and C-TIRADS+SWE in the diagnosis of

category 4a and 4b nodules were 0.785, 0.775, and 0.870,

respectively. The AUC value of C-TIRADS + SWE was

significantly higher compared with that of C-TIRADS (P < 0.05)

or SWE (P < 0.05). The diagnostic efficacy parameters are shown

in Table 2.

We also compared the sensitivity and specificity values for the

diagnosis of category 4a and 4b thyroid nodules among the three

diagnostic methods. The sensitivity value of C-TIRADS + SWE

(83.3%) was higher than that of C-TIRADS (68.5%) or SWE

(68.5%) alone (P < 0.05). There was no significant difference

among the specificity values of the three diagnost ic

methods (P>0.05).
Discussion

US is the best imaging method for the thyroid, and plays an

important role in the diagnosis and management of thyroid

nodules. However, there are often some inconsistencies in terms

of the terminology used for reporting, or recommendations for

management due to subjective interpretation of the images. In view

of this, clinicians across many countries set up the Thyroid Imaging

Reporting and Data System (TIRADS) which is specific to thyroid

nodules, patterned on the Breast Imaging Reporting and Data

System (BIRADS) published by the American College of

Radiology (ACR). Since 2009, various versions of TIRADS were

successively established (10–18), including the Eu-TIRADS (19) of

the European Thyroid Association, and ACR-TIRADS published by

the ACR (20). However, the difference in the diagnosis and

treatment of thyroid nodules across different countries makes it

difficult for many doctors to adopt the risk stratification system of

ACR-TIRADS or Eu-TIRADS in their respective countries.

Therefore, in this study, we chose the recently released C-TIRADS.
TABLE 1 Conventional US characteristics of 106 category 4a and 4b
thyroid nodules.

Characteristics 4a 4b

Nodules(n=106) 63 43

Maximum diameter

≤1 cm 33 27

1-2 cm 19 12

≥2 cm 11 4

Internal structure

Solid 61 41

Non solid 2 2

Echogenicity

Markedly hypoechoic 28 38

Isoechoic or Mixed echoic 35 5

Margin

ill-defined or irregular 3 35

defined or regular 60 8

Calcification

Microcalcification 2 4

None or Macrocalcification 61 39

Aspect ratio

>1 0 6

<1 63 37

Comet-tail artifact

Present 3 0

None 60 43
TABLE 2 Comparison of diagnostic efficacy of three diagnostic methods.

Methods AUC Sensitivity (%) Specificity (%) Accuracy(%) PPV (%) NPV(%)

C-TIRADS 0.785* 68.5 88.5 78.3 86.0 73.0

SWE 0.775** 68.5 86.5 77.4 84.1 72.6

C-TIRADS+SWE 0.870 83.3# 84.6## 84.0 84.9 83.0
* indicates the AUC of C-TIRADS compared with that of SWE, z = 0.18, P > 0.05, the AUC of C-TIRADS compared with that of C-TIRADS + SWE, z = 2.76, P < 0.05; ** indicates the AUC of
SWE compared with that of C-TIRADS + SWE, z = 2.25, P < 0.05; # indicates that the comparison of sensitivity values among the three diagnostic methods had statistical significance (P < 0.05); ##

indicates that the comparison of specificity values among the three diagnostic methods had no statistical significance (P > 0.05).
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The AUC, sensitivity, specificity, and accuracy of US with C-

TIRADS for the diagnosis of malignant nodules among category 4a

and 4b nodules were 0.785, 68.5%, 88.5%, and 78.3%, respectively,

in this study. Compared with previous studies, the diagnostic

efficacy of our results was lower than those of US in the diagnosis

of benign and malignant thyroid nodules (7, 21). This can be due to

the type of thyroid nodules selected for the investigation. In our

study, US was only used to evaluate C-TIRADS category 4a and 4b

thyroid nodules and not all thyroid nodules. The malignant features

of these nodules were often not obvious, and it was difficult to

differentiate between benign and malignant nodules using US alone.

In addition, we did not study category 4c thyroid nodules because

the malignant features of these nodules were relatively obvious and

these were easier to diagnose than category 4a and 4b nodules.

However, compared with similar studies that evaluated only
Frontiers in Endocrinology 05135
category 4 thyroid nodules (3), the diagnostic efficacy of our

results was higher, and this may be related to C-TIRADS, the

ultrasonic diagnostic standard that we selected for this study.

In our study, there was no significant difference in diagnostic

efficacy between SWE and US with the C-TIRADS. The AUC,

sensitivity, specificity, and accuracy of SWE in the diagnosis of

category 4a and 4b nodules were 0.775, 68.5%, 86.5%, and 77.4%,

respectively. Diagnosis of TIRADS category 4a and 4b nodules using

SWE had high specificity and low sensitivity, and this was consistent

with previous studies (22, 23). In our previous study, we found that

the size of thyroid nodules had a great impact on the Emax value of

SWE (9). Using different diagnostic cut-off points for different sizes of

nodules improved the diagnostic efficacy significantly. Therefore, in

this study, we used different cut-off points for different sizes of thyroid

nodules when SWE was used to diagnose category 4a and 4b thyroid

nodules, and hence, the diagnostic efficacy of SWE was better when

compared with other similar studies.

In recent years, there have been many reports on the combination

of ultrasound classification systems with elastography or contrast-

enhanced ultrasound for the diagnosis of thyroid nodules. Most of

them believed that combined methods were helpful for the

differential diagnosis of thyroid nodules (5, 24–26). Some studies

reported that combining SWE or Virtual Touch Tissue Imaging and

Quantifification (VTIQ) with TI-RADS could improve the diagnostic

specificity of thyroid nodules (27). Some researches have shown that

the modified TI-RADS based on ACR TI-RADS+ SWE+ CEUS could

reduce the frequency of FNA for benign nodules and implement

consistent follow-up in clinical practice (28). Some studies have

shown that the combination of TI-RADS and CEUS could improve

the diagnostic accuracy of thyroid nodules, especially for TI-RADS 4

nodules (29). As we found in the present study too, the combined

diagnostic method (C-TIRADS + SWE) significantly improved the

diagnostic efficacy in detecting malignant nodules among category 4a

and 4b nodules, and the AUC, sensitivity, specificity and accuracy

were 0.870, 83.3%, 84.6%, and 84.0%, respectively, which might

provide a new standard for diagnosis of such nodules. The
FIGURE 2

ROC curves to evaluate the efficacy of three diagnostic methods for the diagnosis of category 4a and 4b thyroid nodules. The AUC value of C-
TIRADS + SWE was higher significantly compared with that of C-TIRADS (z = 2.76, P < 0.05) or SWE (z = 2.25, P < 0.05). There was no significant
difference in AUC value between C-TIRADS and SWE (z = 0.18, P > 0.05). The figure was created using R software (version 3.4.4, url: https://www.R-
project.org).
FIGURE 1

Emax values distribution of 106 category 4a and 4b thyroid nodules.
The figure was created using R software (version 3.4.4, url: https://
www.R-project.org).
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improvement in diagnostic efficacy effectively reduced the false

positive rate and false negative rate, thereby reducing unnecessary

fine-needle aspiration (FNA) or surgery.

Our study had some limitations. First, all patients in our study

underwent surgery. Therefore, there might be a bias in the selection

of this sample which had an increased proportion of malignancy.

Second, in this study, the pathological types were relatively singular

and most of them were papillary carcinomas and nodular goiters.

The diagnostic performance of the above methods for other thyroid

pathological types requires further investigation. Last, the sample

size in this study was not large enough and further research with

larger samples is required.
Conclusions

In conclusion, in this study, we found that a combination of

SWE and US with C-TIRDS was an effective diagnostic method for

the differential diagnosis of category 4a and 4b thyroid nodules.

While the diagnostic efficacy of these two methods used separately

was similar, the combination of SWE and US with the C-TIRADS

significantly enhanced the diagnostic efficacy of detecting malignant

nodules among category 4a and 4b nodules. This provides a

reference for its further use by clinicians in diagnosis and treatment.
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Introduction

Thyroid nodules are common and are one of the most common reasons for

endocrinology clinic encounters. The widespread use of various imaging modalities and

improved healthcare access have resulted in a significant increase in the discovery of

incidental thyroid nodules. About half of the population develops a thyroid nodule by age

60 that can be found either through physical examination or imaging. Thankfully, 85% to

90% prove benign (1–3). However, in the United States, every year over 500 000 fine-needle

aspirations (FNAs) are conducted, with about 200 000 of them being unnecessary. Thus,

identifying the nodules at the highest risk of malignancy is critical.

Evaluation of patients with a suspected thyroid nodule must include a thorough

medical history and physical examination and a thyroid-stimulating hormone (TSH) level

and ultrasound (US) evaluation. The sonographic characteristics of these nodules are used

to better assess the risk of malignancy (RoM). Based on large studies, US features that are

associated with an increased risk of malignancy (hypoechogenicity, solid composition,

microcalcifications/punctate echogenic foci, irregular margins, taller than wide shape) and

decreased risk of malignancy (isoechoic nodules, spongiform appearance, simple cystic

nodules, comet tail artifacts) have been identified (4–6). No single US feature satisfactorily

identifies malignant nodules. Over the years, several risk stratification systems (RSSs) that

use a combination of these features to help clinicians identify high-risk nodules have been

developed. An ideal RSS would minimize the number of unnecessary FNAs and identify all

clinically significant thyroid cancers, leading to lower healthcare costs and morbidity.
Ultrasound scoring systems

Currently available tools to help clinicians risk-stratify thyroid nodules are:
1) Clinical practice guidelines (CPG) from various professional societies,
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2) Scoring systems (qualitative or quantitative),

3) Web-based calculators and

4) An interactive algorithm.
In recent years, artificial intelligence (AI) has shown significant

promise in the evaluation of thyroid ultrasounds and in stratifying

thyroid nodules.

Several professional organizations have developed ultrasound-

based RSSs and management guidelines for thyroid nodules,

namely, the American College of Radiology Thyroid Imaging

Reporting and Data System (ACR TI-RADS), the American

Thyroid Association (ATA) guidelines, the European Thyroid

Association (ETA, EU-TIRADS), the Korean Society of Thyroid

Radiology/Korean Thyroid Association (KSThR/KTA, K-TIRADS),

the Chinese Medical Association (C-TIRADS), the American

Association of Clinical Endocrinology (AACE), the American

College of Endocrinology (ACE), and the Associazione Medici

Endocrinologi (AME) (7–13). There are additional RSSs

developed by groups of investigators who do not represent

professional organizations.
tiers in Endocrinology 02139
The characteristics of the commonly used RSSs are outlined in

Table 1. The most commonly used ultrasound RSSs are based on the

presence of one or more discrete features with one exception. The

ATA system uses discrete features and patterns comprised of a

combination of these discrete features.

Risk calculators and computer-interpretable guidelines (CIG) are

interactive tools where unambiguous, sequential recommendations

are made and can be used to engage patients. Table 2 summarizes the

various risk calculators available.
Comparison of risk
stratification systems

There are considerable differences between the various RSSs.

They differ in their formats (pattern recognition versus point

systems), risk categories, FNA size thresholds, and in the

recommended surveillance intervals (if present). Multiple studies

have compared various risk stratification tools, most of them

retrospective. No single system has consistently demonstrated
TABLE 1 Characteristics of major ultrasound risk stratification systems [adapted from reference (14)].

RSS Classification format Number of
categories

Categories and estimated
RoM

2021 AACE/ACE-AME tool/
TNAPP

Electronic algorithmic tool that uses history, labs, and combinations of
US features

Clinical 2; US
features 3

US1 – 1%
US2 – 5-15%
US3 – 50-90%

2015 ATA Pattern recognition 5 Benign - <1%
Very low - <3%
Low - 5–10%
Intermediate - 10–20%
High - 70–90%

2017 ACR-TIRADS Point-based system 5 TR1 - <2%
TR2 - <2%
TR3 - <5%
TR4 - 5–20%
TR5 - >20%

2017 EU-TIRADS Algorithmic (combinations of US features) 5 TR1 – None
TR2 – 0%
TR3 - 2-4%
TR4 - 6-17%
TR5 - 26-87%

2016 K-TIRADS Algorithmic (combinations of US features) 5 K-TIRADS 1 – None
K-TIRADS 2 – < 3%
K-TIRADS 3 – 3-15%
K-TIRADS 4 – 15-50%
K-TIRADS 5 - > 60%

2020 C-TIRADS Point-based system 6 C-TR 1 – None
C-TR 2 – 0%
C-TR 3 – <2%
C-TR 4 A– 2-10%
C-TR 4 B– 10-50%
C-TR 4 C– 50-90%
C-TR 5 – >90%
C-TR 6 – Proven malignancy
AACE/ACE/AME, American Association of Clinical Endocrinology, American College of Endocrinology, Associazione Medici Endocrinologi; TNAPP, The Thyroid Nodule App; ACR TI-
RADS, American College of Radiology Thyroid Imaging Reporting and Data System; ATA, American Thyroid Association; EU-TIRADS, European Thyroid Association Thyroid Imaging
Reporting and Data System; K-TIRADS, Korean Society of Thyroid Radiology/Korean Thyroid Association Thyroid Imaging Reporting and Data System; RSS, risk stratification system; RoM,
risk of malignancy.
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TABLE 2 Summary—thyroid nodule risk calculators [Adapted from reference (14)].

Thyroid nodule risk calculators

Inputs Inputs Outputs Comments

ACR TI-RADS & AI TI-RADS:
Websites:
https://deckard.duhs.duke.edu/~ai-ti-rads/
index.html

-Composition
-Echogenicity
-Shape
-Margin
-Echogenic foci

- Total points
- TI-RADS score
- FNA recommendation

Most widely used risk calculator, particularly
among radiologists.
It is restricted to thyroid US features and size.
Clinical factors are not taken into consideration.

Malignancy risk estimation of lesions
with AUS/FLUS:
Website: http://www.gap.kr/
thyroidnodule_b3.php

- Biopsy results (nuclear vs.
architectural atypia)
- Diameter
- Internal content
- Shape
- Margin
- Echogenicity
- Calcification

- Total score
- RoM in %

It is restricted to nodules with AUS/FLUS.
It provides statistics about the RoM but not
guidance about whether to perform FNA.

The BWH thyroid nodule risk estimator:
Website:
https://
thyroidcancerrisk.brighamandwomens.org/

-Age at time of diagnosis
-Sex
-Largest diameter
-Cystic content
-Additional nodules (≥1cm)

RoM in % Strengths:
Simple, reproducible (due to relatively objective
data used as inputs), and best suited for
populations.
Weaknesses:
It is best suited for evaluating RoM in
populations rather than individual patients
(employs only a limited amount of reproducible
data).
It provides statistics about the RoM but not
guidance about whether to perform FNA.

The thyroid nodule malignancy risk
calculator - Spain:
Website:
https://obgynreference.shinyapps.io/
calccdt/

Patient
characteristics:
-Age
-Sex
-Family history of
thyroid cancer (1st

degree relatives)
-TSH
-Autoimmune
thyroiditis (positive
antibodies)

Nodule
characteristics:
-Maximum
diameter
-Content
-Echogenicity
-Margins
-Calcifications
-Shape
-Suspicious
lymph node

- RoM in %
- FNA recommendations

Requires data such as anti-thyroid antibodies,
which are not routinely performed in the
evaluation of thyroid nodules.

Cleveland Clinic calculator:
Website:
https://riskcalc.org/ThyroidCancer/

a) FNA – No:
-Shape
-Vascularity
-TSH
-Echo texture
-Age
-Margin
-Tumor size
-Calcification

b) FNA – Yes:
-Shape
-Vascularity
-TSH
-Echo texture
-Calcification
-Grooves
-Pseudo-
inclusions
-Cellularity
-Colloid
(Scant or
abundant)

RoM in % Employs vascularity, which is no longer
recognized as a key determinant of thyroid
malignancy.

TNAPP:
Website:
https://aace-thyroid.deontics.com/dwe/int/
public/welcome.jsp
a) Clinical features
b) US features
c) Cytology features

-Eligibility for using TNAPP
-AACE US category
-AACE clinical category
-FNA recommendations
-ACR TI-RADS risk category
-ACR TI-RADS biopsy
advice
- RoM in %
-If FNA available,
recommendations on

Strengths:
Interactive, comprehensive, paralleling clinical
practice guidelines (CPG) guidance.
Integrates clinical, sonographic, and cytologic
variables together to assess risk.
Limited data required for each recommendation.
Guides the clinician at various stages: eligibility
to use the application, FNA and follow-up
advice, and post-FNA advice.
Modifies recommendations as more information
is provided.

(Continued)
F
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superiority over the others (possibly due to differences in the

patient populations, inclusion and exclusion criteria, and

analytic methods).

A meta-analysis compared five major RSSs, namely, AACE/

ACE/AME, ATA, K-TIRADS, ACR TI-RADS, and EU-TIRADS. It

included 12 studies with 28,750 nodules (15.2% malignant). In

order to avoid the bias arising from the different methodologies of

the published studies, summary operating measures that are

assumed to be independent of disease prevalence were used, such

as the diagnostic odds ratio (DOR). The DOR is the odds of a

positive test in those with disease relative to the odds of a positive

test in those without disease. The diagnostic odds ratio ranged from

2.2 to 4.9 among the different RSSs. A head-to-head comparison

showed a higher relative DOR (RDOR) [1.9, 95% CI (1.3-2.9); P =

.002] for ACR-TIRADS [DOR: 5.6, 95% CI (3.4–9.0)] versus ATA

[DOR: 2.9, 95% CI (1.3–6.5)] due to a higher relative likelihood

ratio for positive results. Similarly, a comparison between ACR-

TIRADS [DOR: 4.5, 95% CI (2.5–7.9)] and K-TIRADS [DOR: 2.5

95% CI (1.1-5.6)] showed a higher RDOR [1.8, 95% CI (1.2 – 2.6); P

= .002] (15).

Ha et al. studied a total of 2000 consecutive thyroid nodules (≥

1 cm) in 1802 patients and compared seven society guidelines.

Overall, the ACR TI-RADS recommended the fewest “unnecessary”

(benign) thyroid nodule FNAs at 25.3%, followed by the 2016

AACE/ACE/AME guidelines (32.5%), ATA (51.7%), and K-

TIRADS (56.9%). While the K-TIRADS (94.5%) and ATA

(89.6%) guidelines were more sensitive compared with the AACE/

ACE/AME (80.4%) and ACR (74.7%), the latter were more specific

(ACR 67.3%, AACE/ACE/AME 58%, and ATA 33.2%) (16).

Another meta-analysis compared four RSSs, namely, ACR-

TIRADS, EU-TIRADS, ATA, and K-TIRADS. This analysis

included 29 different studies with a total of 33,748 nodules with

pathological or imaging follow-up. The respective pooled sensitivity

and specificity of the various RSSs were:
Fron
- ACR-TIRADS: 66% and 91% for category 5 and 95% and 55%

for category 4 or 5

- ATA: 74% and 88% for category 5 and 91% and 64% for

category 4 or 5

- K-TIRADS: 55% and 95% for category 5 and 89% and 64%

for category 4 or 5

- EU-TIRADS: 82% and 90% for category 5 and 96% and 52%

for category 4 or 5.
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When high-risk categories (categories 4-5) were evaluated, no

difference was found between the RSSs (17).

A prospective, observational study from a single thyroid cancer

unit of a large hospital analyzed 832 thyroid nodules referred for

FNA and compared the performance of five RSSs (ATA, AACE/

ACE/AME, ACR TIRADS, EU-TIRADS, and K-TIRADS). All the

nodules were classified based on US features and stratified using

each of the five RSSs, and the recommendation for FNA was

evaluated with the final pathologic diagnosis. After excluding

nodules with indeterminate cytology, a total of 502 nodules were

included in the final cohort. It was concluded that consistently

adhering to any of the RSS guidelines would have reduced the

number of FNAs by 17.1% and that ACR-TIRADS allowed

the largest reduction (268 of 502) in the number of FNAs with

the lowest false-negative rate of 2.2% (95% CI, 95.2% to 99.2%).

Although the discriminatory capacities of all the RSSs (except for K-

TIRADS) were comparable to that of ACR-TIRADS, they

recommended more FNAs (18).
Discussion

With multiple risk stratification tools available, clinicians

choose their tools informed by their geography and specialization.

Both these factors select for involvement with particular

professional societies, many of which have their own validated

risk stratification systems. As discussed above, studies comparing

the performance of various RSSs have had inconsistent results. This

makes it difficult for clinicians to consistently implement an RSS.

The wide variety of systems may often lead to confusion on the part

of both patients and physicians due to a lack of uniformity. This is

relevant, especially in the era of “open notes”, where patients can

access their health records. It can be a puzzling experience when

radiologists and clinicians use multiple RSSs with differing

management recommendations. It can also be a time-consuming

exercise for clinicians to re-evaluate all the nodules using a different

RSS, particularly in the fast-paced clinics.

This also poses a challenge to endocrinologists and other

clinicians in training. During clinical training, trainees work with

several teaching attendings, and many of them have a different

approach to thyroid nodule evaluation, the biggest difference being

the RSS in use. Some senior clinicians do not use any specific RSS

but go with their intuition, while others use different RSSs, reflective

of the differences in their training and experience. Some radiologists
frontier
TABLE 2 Continued

Thyroid nodule risk calculators

Inputs Inputs Outputs Comments

molecular testing, surgery,
and follow-up

Weaknesses:
Requires familiarity with the user interface.
Creation of an account login is necessary.
ACR TI-RADS, American College of Radiology Thyroid Imaging Reporting and Data System; RoM, risk of malignancy; AUS: atypia of undetermined significance; FLUS: follicular lesion of
undetermined significance; BWH: Brigham and Women’s Hospital; TNAPP, The Thyroid Nodule App.
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include the ACR-TIRADS classification of nodules in their

reports, while others do not. Although this system enables

clinicians in training to learn and use one of several RSSs to

justify a specific recommendation based on the patient’s medical

history, comorbidities, and preferences, it can be an overwhelming

and confusing experience.

Another challenge of US-based RSSs is inter- and intra-observer

variability (19). When comparing various RSSs, studies have shown

that inter-observer agreement is better for intermediate- and high-

suspicion nodules than for low-suspicion nodules (20). In another

blinded, multi-center study, 100 electronically recorded thyroid

nodule US images were analyzed, and the evaluation was repeated

four months later after randomization. The analysis was performed

by radiologists and endocrinologists. They were also classified

according to the ATA, AACE/ACE/AME, EU-TIRADS, and

ACR-TIRADS classifications. The aim of this study was to assess

inter- and intra-observer agreement between different thyroid

centers and different specialists. They concluded that while the

intra-observer reproducibility for thyroid nodule US classification

appears fairly adequate, the inter-observer agreement between the

different centers is lower than in single-center trials (21). There are

still inconsistencies in thyroid US examiners’ reporting and rating

abilities. A potential solution to this problem is a unified lexicon of

thyroid US features and dedicated training. This may increase inter-

observer agreement and improve the predictive value of the

classification system.

There is a compelling need for a universal risk stratification

system that would help not only clinicians but also patients in

understanding ultrasound reports and making appropriate

recommendations in identifying the nodules that require further

evaluation including a biopsy. A grassroots initiative, managed by

the steering committee of the International Thyroid Nodule

Ultrasound Working Group (ITNUWG), is currently working to

develop an international RSS, termed I-TIRADS, that integrates the

leading RSSs (22). A recent multidisciplinary international survey

conducted by the ITNUWG on RSS-use patterns and practitioner

characteristics and preferences confirmed this notion. There were

875 respondents from 52 countries from more than seven

specialties. About one-third of the respondents indicated the use
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of more than one RSS in their practice, potentially leading to

confusion, and another third of the respondents reported not

using an RSS for various reasons. Most of them supported a

comprehensive points-based RSS with no more than five risk

categories (23). The majority of them (62% of the respondents)

indicated that a universal lexicon paired with illustrative images of

ultrasound features would improve inter-observer variability. They

also supported the idea of a comprehensive atlas of thyroid US

images and videos and dedicated training on the universal lexicon.

There is a strong need for a universal RSS with a lexicon to

harmonize all the current systems and standardize the evaluation of

thyroid nodules with the aim of reducing unnecessary thyroid

biopsies without jeopardizing the detection of clinically significant

malignancies. The development of I-TIRADS is a step towards this

vision, but we would still need to wait for validation in large

population studies.
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Clinicians seeking guidance for evaluating and managing thyroid nodules

currently have several resources. The principal ones are narrative clinical

guidelines and clinical risk calculators. This paper will review the strengths and

weaknesses of both. The paper will introduce a concept of computer

interpretable guideline, a novel way of transforming narrative guidelines in to a

clinical decision support tool that can provide patient specific recommendations

at the point of care. The paper then describes an experience of developing an

interactive web based computer interpretable guideline for thyroid nodule

management, called Thyroid Nodule Management App (TNAPP). The

advantages of this approach and the potential barriers for widespread

adaptation are discussed.

KEYWORDS

thyroid nodule, clinical practice guideline, clinical calculators, clinical decision support,
computer interpretable guideline, evidence based care, guideline compliance, CDSS
Background

Thyroid nodules are a common clinical problem. Increasing availability and the use of

ultrasensitive imaging modalities have resulted in the over-detection of incidental thyroid

nodules. A meta-analysis showed that 68.8% of all thyroid nodules undergoing surgical

excision represented benign disease (1). Over diagnosis and over-treatment of thyroid

nodules is a well-known challenge and has economic as well as individual health

consequences (2). Deciding on the optimal management of a thyroid nodule and

avoiding both unnecessary evaluation and treatment of benign nodules as well as

missing thyroid cancer could be a challenging task for a nonspecialist. Clinicians seeking

guidance for evaluating and managing thyroid nodules have a number of resources

currently available to help them in their clinical decision-making. Available clinical
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resources fall into two broad formalisms: (A) Narrative clinical

practice guidelines (CPGs)1 and (B) Clinical risk calculators 2. This

paper provides a brief overview of both, highlighting the strengths

and weaknesses of each formalism. The paper then introduces a

lesser-known formalism known as computer-interpretable

guideline (CIG), a derivative of conventional CPG, which

harnesses the power of computational logic, workflow engines3,

and artificial intelligence (AI) to deliver patient-specific

recommendations at the point of care. CIGs can overcome many

of the limitations of narrative guidelines and clinical calculators.

Lastly, the paper discusses the advantages and the barriers to the

adaptation of CIGs into clinical practice.
Clinical practice guidelines

The CIGs are “systematically developed statements to assist

practitioner and patient decision-making (3) and are usually

published in the form of narrative documents. The CPGs provide

a number of actionable recommendations of varying degrees of

evidence strength, ranging from high-quality evidence (RCTs and

meta-analysis) to expert opinions. CPGs are typically developed by

a variety of specialist bodies such as professional associations,

healthcare providers, or the national bodies entrusted with the

task of overseeing clinical standards. A typical guideline-developing

group is often multidisciplinary in nature, and the guideline-

development process requires an exhaustive literature review,

evaluation of evidence, and a consensus process. CPGs may

include “clinical algorithms” in the form of flowcharts or a risk

stratification model; however, these are usually intended for

humans to read, internalize, and apply their recommendations

when the appropriate situation arises. Once the guideline is

written and published, it is disseminated using various paper and

electronic dissemination routes. A systematic review specifically

looking at CPGs on the management of thyroid nodules identified

10 guidelines published by different professional organizations, and

the overall quality ranged from 3.0 to 6.25 on a seven-point

AGREE-II scale (4). The study found that CPGs varied in

methodological quality, and increased efforts are required to

improve the quality of recommendations on the diagnosis and

management of thyroid nodules and cancer.

The primary intention of a CPG is to reduce unjustified

variation, standardize clinical practice, improve the quality of

care, and decrease the cost of care. While the intention is

laudable, the evidence suggests that the effort that goes into
1 CPG is a systematically developed narrative statement to assist clinicians

and patients.

2 Clinical risk calculator is a computable model encoded in a software tool

that takes discrete and nondiscrete data elements as its input and provides

risk stratification and management advice as its output.

3 Workflow engine is a term commonly used to describe types of clinical

decision support systems that can model and enact clinical processes or

workflows at the point of care.
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creating them may not be matched by the level of usage and

adherence in practice (5–7). There are a number of reasons

contributing to the underutilization of CPGs.
• Dissemination barriers: The target clinicians are often

unaware of the availability of CPGs, and even when they

are aware, it is difficult to access, read, and apply the

relevant recommendations embedded within a lengthy

guideline document.

• Workflow integration barrier: The inability to integrate a

narrative CPG into the clinical workflow through an electronic

medical record (EMR) means the usage is entirely dependent

upon clinicians’ initiative to remember guideline

recommendations and apply them to appropriate clinical

scenarios. This is an unrealistic expectation in a busy clinical

practice, especially in a generalist environment where the

clinician is managing a diverse group of conditions.

• Ambiguity: The conventional narrative format of CPGs

may introduce the inevitable ambiguity associated with

language, and different readers could interpret the same

recommendation differently. Consistent with this

observation, Huang et al., in their systematic review,

found the thyroid nodule guidelines’ score on the clarity

of presentation varied widely from 39% to 82% (4).

• Oversimplification: Another drawback of narrative CPGs

is the oversimplification of the clinical logic underpinning

the recommendations. A typical CPG generally presents

recommendations in the form of narrative statements,

flowcharts, and tables, limiting its ability to embody

complex clinical logic in order to preserve the legibility of

the guideline. As a result, guideline recommendations often

do not cover complex clinical scenarios.

• Lack of validation: Moreover, there are no standard

mechanisms to reliably measure guideline usage and

adherence in different situations across different

populations and cultures.

• Lack of mechanism for feedback and refinements: The

lack of workflow integration makes it difficult to collect any

user feedback on the validity of guideline recommendations

in real-world clinical practice, thus missing an important

opportunity to close the loop and continue the refinement

of CPG content.
Clinical calculators for
risk stratifications

Clinical calculators have become ubiquitous and are used by

practitioners in a variety of clinical activities, such as calculating risks,

scores, and probabilities, classifying patients into prognostic

categories, and calculating derived data such as BMI. Fracture Risk

Assessment Tool (FRAX) for calculating the risk of osteoporotic

fracture in those with osteopenia (8) and the American College of

Cardiology (ACC) Atherosclerotic Cardiovascular Disease (ASCVD)

risk estimator (9) for predicting cardiovascular events in those
frontiersin.org
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without known ASCVID calculators are the ones most frequently

utilized. At the time this manuscript was written, FRAX had been

employed over 11 million times in the USA and over 40 million times

across the globe. The ACC risk estimator, which employs standard,

discrete data that are recorded in medical records, can be interfaced

with electronic health records such as the EPIC medical record

version that one of the author’s healthcare system uses. In addition

to providing a risk estimation of cardiac events, it provides guidance

about the use of aspirin, statins, and blood pressure goals. Similarly, a

thyroid nodule calculator determines the risk of cancer to guide

patient management decisions.

The most commonly employed thyroid nodule calculator is the

American College of Radiology (ACR) TI-RADS (10). An updated

artificial intelligence version of this tool, AI-TIRADS (11, 12), that uses

a modified scoring system, has recently been developed. There are a

number of other thyroid nodule risk calculators. A Korean calculator

(13) uses ultrasound features for the evaluation of thyroid nodules with

the AUS/FLUS Bethesda III cytology classification. The Brigham and

Women’s Hospital tool is based on 20,000 cases (14). It provides

estimates for populations of patients that are based on relatively

objective, reproducible data. Given the limited amount of detailed

information, specifically excluding high-risk characteristics, it is not

well tailored for an individual patient at high risk for having thyroid

cancer. In contradistinction, a calculator from Spain (15) calls for a

substantial amount of specific information, including whether there is a

history of autoimmune disease or a family history of thyroid cancer.

The Cleveland Clinic calculator (16), which was among the earliest

thyroid nodule risk calculators developed over a decade ago, serves as

an example of the evolution of risk estimation. It uses vascularity,

which is no longer used for risk stratification or as a “scoreable item.”

Calculators have several advantages in terms of computability

and automation, workflow integration, decidability, proven validity,

and usage data. They are easy to use, readily accessible, and require

little time to employ. Hence, calculators can serve as a “ point- of-

service “ tool. Additionally, they are suited to engaging patients by

illustrating how data impact decision-making. For example, would

the approach be different if the nodule were bigger, grew larger, or

the patient was 10 years older?

However, there are many limitations to thyroid nodule

calculators in terms of their overall applicability in the wider

management decisions
Fron
• Limited input variables: It may limit data evaluation to the

most reproducible and therefore limited number of items.

The Brigham and Women’s calculator is an example of this

(14). It may restrict data evaluation to thyroid ultrasound

features alone, such as TI-RADS and AI TI-RADS (10–12).

It may focus on a single FNA result, such as AUS/FLUS, as

seen with the Korean version (13).

• Exclusion of symptoms, signs, and patient preferences:

Nearly all thyroid nodule calculators omit features

impacting clinical decision-making such as symptoms,

physical examination findings such as a firm or fixed

nodule, patient anxiety, or cosmetic concerns.

• Lack of explainability and actionable advice:Most clinical

calculators are black boxes from the end users’ point of
tiers in Endocrinology 03146
view. They do not explain the reasoning used by the

algorithm to provide the output to the user. Thus, they do

not serve as a tool for teaching clinicians. Some may provide

risk statistics but not guidance (13, 14), while others may

provide guidance but not statistics (10). They may not

provide guidance about follow-up and simply provide a

statistic about malignancy risk, leaving decision-making to

the clinician using the calculator (12, 13).

• Dissemination: Stand-alone clinical calculators that are not

integrated into the clinical workflow face the same

dissemination barriers as CPGs, as many target users may

not be aware of their existence.

We anticipate that calculators will continue to evolve,

play a role as a clinician aid, proliferate in number, and serve

as a tool to assist clinicians in managing thyroid nodules or

other conditions. However, for the better adoption of the

calculators, they are required to be automated through

integration into clinical workflow and should be a part of

the broader digital ecosystem within an EMR (17).
Computer -interpretable guideline:
a formalism that enhances
narrative guidelines

Clinical decision support system (CDSS) is a term used to

describe a diverse group of computer technologies designed to

assist clinical decision-making at the point of care. CDSSs have

evolved over the last four decades, starting from simple rule-based

expert systems to more advanced knowledge representation and

workflow management systems (18). Advanced CDSS technologies

have made it possible to encode and transform complex narrative

guidelines, written primarily for human understanding, into an

executable, automated CIG. Many different CIG formalisms have

been developed in academia (19) to represent different aspects of

clinical guidelines, such as recommendations, evidence, and

workflow. The CIG format mitigates many of the limitations of a

CPG described earlier. Formal semantics that underpins CIG

enforces disambiguation of the clinical guideline logic. For example,

a guideline may call for obtaining a serum TSH value and performing

an ultrasound. However, it may not specify whether the

recommendation is to do so simultaneously or sequentially. While

a CIG will clarify and automate the workflow and track

recommendations. Also, when a CIG is deployed via CDSS and

integrated in to an electronic medical record, it can automatically pull

the investigation results and clinical data to generate relevant patient-

specific recommendations and drive the clinical workflow. Studies

have shown them to be effective in the management of chronic

disease by improving adherence to CPGs (20, 21). CIGs may also

facilitate the testing and validation of guideline recommendations,

both prospectively and retrospectively, by comparing

recommendation acceptance and outcome data. Potential benefits

of CIG, in addition to being trackable, include their use as a stand-

alone medical education tool, including, for example, instructing the

trainees about the impact of varying data. They can be integrated into
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electronic health records, and their use may range from a single

patient decision tool with no retained data to storing data on multiple

patients. They ultimately hold promise to serve as a registry platform

for the entire spectrum of practice sizes, large multispecialty delivery

systems, regional and national databases, or research consortiums,

thus ultimately becoming a key tool for studying the impact of

algorithms and recommendations on clinical outcomes.

Typically, a narrative clinical practice guideline development

process and the process of transforming the CPG into a computer-

interpretable guideline are disconnected and sequential rather than a

joint co-development process. A completed and published CPG is

used as input to develop a CIG. Peleg et al., in their 2014 paper (22),

describe their experience developing computer-interpretable

guidelines based on already published narrative and evidence-based

AACE, AME, and ETA guidelines for the diagnosis and management

of thyroid nodules (23). One of the learning lessons from this exercise

was that the narrative guideline development process may miss

potential refinements and improvements of the guideline

recommendations identified during the validation and vetting

process of CIG development by the time the narrative guideline is

finished, dusted, and already disseminated. The section below

describes a novel approach to using retrospective data and the CIG

toolset to define, validate, and refine the guideline recommendations.

TNAPP: a novel experiment using CIG
and CDS technology to vet and
validate thyroid nodule diagnostic and
management recommendations

The Thyroid Nodule App (TNAPP) (24) is a novel web-based,

readily modifiable, interactive algorithmic tool developed to provide

thyroid nodule recommendations using the PROforma CIG

formalism (25) and Deontics® commercially available advanced

AI-based CDDS technology . The Deontic CDS platform comes
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with an authoring toolset and a CDS execution engine. The

authoring tool converts language or “human understandable

guidelines “ to a “ computer-interpretable logical model.” A CDSS

engine then runs the logical model using individual patient data to

generate patient-specific recommendations. A goal-based cognitive

argumentation framework (26) underpins the inference logic of the

engine to come up with recommendations. An example of inference

logic is illustrated by the following common-practice example. It is

raining outside, and you want to stay dry. Variables are how hard it

is raining, wind intensity, and the time that will be spent in the rain.

The resources to keep you from getting wet are an umbrella, a

raincoat that has a hood, and a rain hat. The “data” from the

fo l lowing two examples determine the programmed

recommendations about what resources to employ. It is drizzling,

and you will only be stepping outside to pick up your morning

paper. You may opt out of using any resources or just a rain hat.

There is a monsoon, and you are headed on foot to a destination

one mile away. Parallelism would provide elected resources, e.g., all

or just a raincoat and hood, or a raincoat with a hood and hat. The

same approach can be applied to a narrative guideline. In the case of

thyroid nodularity, there are clinical factors and ultrasound findings

that influence the decision of whether to proceed with a biopsy. If it

is done, what actions do the results call for? If a biopsy is not done,

does the patient need any follow-up? What follow-up is

recommended, and when should it happen?

A prototype CIG in the early stages of being vetted to

evaluate a patient with a thyroid nodule (27, 28) provides a

comprehensive approach for patients who meet inclusion

criteria for employing the tool for decision-making. The

variables are clinical factors supporting or not supporting

performing a biopsy; ultrasound finding categorization as

either low, intermediate, or high risk per AACE/AME

guidelines; or a more stratified approach employing ACR TI-

RADS. The initial recommendation is whether to perform a fine-

needle aspiration (Figure 1). If not, the recommendations are
FIGURE 1

Screen capture of a demonstrator tool. The header shows various risk stratification calculator results: clinical and ultrasound risk stratification as
clinical 1 and US2 (intermediate). The ACR-TIRADS risk is calculated as TR4. The left side of the screen shows the clinical, ultrasound (US), and
cytology data capture tabs. The right side of the screen shows biopsy advice. The link to interactive TNAPP is https://aace-thyroid.deontics.com/.
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whether follow-up is at all required and, if so, when it should be

done. If an FNA is done, the cytologic Bethesda classification

serves as the next determining variable for advice about follow-

up and care.

The major challenge for employing CIG will be making it easy

to use in a clinical setting. To be implemented in a time-

constrained clinical setting, it must require minimal time to

employ. It needs to be applicable in settings where resources

are not identical. For example, do practitioners have access to or

can patients afford molecular markers for evaluating

indeterminate cytology? Are highly skilled surgeons available

who can perform bilateral thyroidectomy with minimal

morbidity when compared with surgery limited to unilateral

lobectomy? More than one guideline can be used alone or

alongside another, for example, AACE/AME or ACR TI-RADS

can be used alone or together. Integration with electronic health

records that provide substantial, if not complete, auto-population

of requisite data, eliminating the time constraints clinicians face,

will facilitate embracing and utilizing CIGs.
Conclusion

CIG should become an adjunct rather than a replacement for

clinical practice guideline development. They should be flexible tools

that can be customized, readily accessed electronically, and easily

modified as new guidance emerges. They have all these potential

advantages in addition to facilitating expedited dissemination to a

community of users whose feedback can accelerate their refinement,

study outcomes, and influence how best to deliver cost-effective

patient care when algorithmic approaches apply.
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