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Introduction: The thyroid ultrasound guidelines include the American College of
Radiology Thyroid Imaging Reporting and Data System, Chinese-Thyroid Imaging
Reporting and Data System, Korean Society of Thyroid Radiology, European-
Thyroid Imaging Reporting and Data System, American Thyroid Association, and
American Association of Clinical Endocrinologists/American College of
Endocrinology/Associazione Medici Endocrinologi guidelines. This study aimed
to compare the efficiency of the six ultrasound guidelines vs. an artificial
intelligence system (AI-SONICTM) in differentiating thyroid nodules, especially
medullary thyroid carcinoma.

Methods: This retrospective study included patients with medullary thyroid
carcinoma, papillary thyroid carcinoma, or benign nodules who underwent
nodule resection between May 2010 and April 2020 at one hospital. The
diagnostic efficacy of the seven diagnostic tools was evaluated using the
receiver operator characteristic curves.

Results: Finally, 432 patients with 450 nodules were included for analysis. The
American Association of Clinical Endocrinologists/American College of
Endocrinology/Associazione Medici Endocrinologi guidelines had the best
sensitivity (88.1%) and negative predictive value (78.6%) for differentiating
papillary thyroid carcinoma or medullary thyroid carcinoma vs. benign nodules,
while the Korean Society of Thyroid Radiology guidelines had the best specificity
(85.6%) and positive predictive value (89.6%), and the American Thyroid
Association guidelines had the best accuracy (83.7%). When assessing
medullary thyroid carcinoma, the American Thyroid Association guidelines had
the highest area under the curve (0.78), the American College of Radiology
Thyroid Imaging Reporting and Data System guidelines had the best sensitivity
(90.2%), and negative predictive value (91.8%), and Al-SONICTM had the best
specificity (85.6%) and positive predictive value (67.5%). The Chinese-Thyroid
Imaging Reporting and Data System guidelines had the best under the curve
(0.86) in diagnosing malignant tumors vs. benign tumors, followed by the
American Thyroid Association and Korean Society of Thyroid Radiology
guidelines. The best positive likelihood ratios were achieved by the Korean
Society of Thyroid Radiology guidelines and Al-SONICTM (both 5.37). The best
negative likelihood ratio was achieved by the American Association of Clinical
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Endocrinologists/American College of Endocrinology/Associazione Medici
Endocrinologi guidelines (0.17). The highest diagnostic odds ratio was achieved
by the American Thyroid Association guidelines (24.78).

Discussion: All six guidelines and the AI-SONICTM system had satisfactory value in
differentiating benign vs. malignant thyroid nodules.

KEYWORDS

thyroid nodule, papillary thyroid carcinoma, medullary thyroid carcinoma,
ultrasonography, artificial intelligence

1 Introduction

Thyroid nodules can be detected by ultrasound (US) in 19%-67%
of the general population. Most detected nodules are benign and
without clinical significance, but up to 7%-15% are malignant (1).
Among all cancers worldwide, the incidence of thyroid carcinoma
ranks 11" in all patients and sixth in females (2, 3). The incidence of
medullary thyroid carcinoma (MTC) represents <5% of all thyroid
carcinomas (4, 5).

The risk stratification system of the American College of
Radiology Thyroid Imaging Reporting and Data System (ACR-
TIRADS) was proposed in 2017 (6). Its main purpose is to assess
the risk of malignancy and help decide whether a US-guided fine-
needle aspiration (US-FNA) and follow-up should be performed (7,
8). Owing to the mismatch of classification systems used by different
hospitals, the TI-RADS is affected by low diagnostic specificity (9) and
is difficult to use in everyday clinical work (10, 11). In search of better
diagnostic options, local institutions worldwide have issued additional
guidelines: Chinese-TIRADS (C-TIRADS) (8), European-TIRADS
(EU-TIRADS) (12), and other diagnostically-modified TIRADS
(11). Other diagnostic guidelines include the Korean Society of
Thyroid Radiology (KSThR) guidelines published in 2017 (13), the
American Thyroid Association (ATA) guidelines published in 2015
(14), and the American Association of Clinical Endocrinologists
(AACE), the American College of Endocrinology (ACE) and the
Associazione Medici Endocrinologi (AME) guidelines published in
2016 (15). In addition, diagnostic imaging has gradually begun to take
advantage of artificial intelligence (AI) and machine learning in
applying TI-RADS (16-19).

Nevertheless, the existing TIRADS mainly focuses on papillary
thyroid carcinoma (PTC), with less attention being paid to MTC.
Although MTC accounts for only <5% of thyroid carcinomas, MTC is
characterized by a rapid progression and a worse prognosis than PTC,
resulting in approximately 13% of all thyroid cancer-related deaths (3,
20). In addition, MTC has a low sensitivity to chemoradiotherapy and
a high recurrence rate postoperatively (21). Thus, it is important to
identify MTC early to improve patient outcomes. US is the first
option for the early screening of thyroid nodules due to its safety,
convenience, and good display ability of small lesions (1).

Different treatments and prognoses of MTC and PTC substantiate
the need for more precise tools to diagnose them adequately as soon
as possible. In addition, selecting the best diagnostic guidelines
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remains controversial, and applying such guidelines relies on local
imaging practices and sonographers’ experience, introducing some
subjectivity in the assessment. The AI-SONIC™ artificial intelligence
assistant diagnostic system (Zhejiang Demetics Medical Technology
Co., Zhejiang, China) is diagnostic tool able to sort US images
automatically (22-25); it was developed by deep learning from the
US image and pathological data of >200,000 thyroid nodules (26).
Still, the comparisons between the AI-SONIC™ and the available
guidelines are unknown.

Therefore, the purpose of this study was to analyze the diagnostic
value of the six US guidelines and an artificial intelligence system (AI-
SONIC™) in differentiating malignant vs. benign thyroid nodules.

2 Materials and methods

2.1 Patients

This retrospective study included consecutive patients who
underwent thyroid nodule resection between May 2010 and April
2020 at Fujian Provincial Hospital. This study was approved by the
ethics committee of Fujian Provincial Hospital. The requirement for
informed consent was waived by the committee because of the
retrospective nature of the study. A 10-year interval was selected in
the system, and the patients who met the inclusion criteria were
collected. The inclusion criteria were 1) underwent US examination at
the authors’ hospital before thyroid nodule resection and 2) with a
definite postoperative pathological diagnosis. Patients with poor-
quality US images (image blur or non-standard image acquisition)
or incomplete data (missing images, missing reports, non-standard
reports, or surgery performed at another hospital) were excluded.
After the screening of US image quality and clinical data, 432 patients
could be included.

2.2 Data collection

The patients were scanned using similar equipment by operators
with at least 8 years of experience. Thyroid US images were obtained
from the Picture Archiving and Communication System (PACS) of
the medical records. All features were reviewed by three
sonographers. In case of disagreement, the features were confirmed
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by three radiologists. All features were re-analyzed by a chief
physician with more than 20 years of experience to make a
classification. All image reviewers were blind to the initial diagnosis.
The evaluation for each case was performed according to the
following guidelines: ACR TI-RADS (6), ATA (14), AACE/ACE/
AME (15), KSThR (13), EU-TIRADS (12), and C-TIRADS (8).

Each patient was also analyzed using the AI-SONIC™ system.
The AI-SONIC™ system is automatic and requires minimal user
intervention. Two sonographers performed image analysis using the
AI-SONIC™ system. First, 2D static images in the DICOM format
were imported into the AI-SONIC" ™ system, which automatically
identified and located the thyroid nodule lesions in the image,
outlined the edges of the lesions, automatically interpreted the
features of the lesions in the edge line, and scored the nodules. The
nodules were considered mildly suspicious and benign when the score
ranged from 0 to 0.4. When the score ranged from 0.41 to 0.99, the
nodules were suspected to be malignant (0.41 to 0.60 was moderately
suspicious, and 0.65 to 0.99 was highly suspicious). In a small number
of patients, the automatic identification of the thyroid nodules by the
Al was not accurate enough (e.g., nodule volume was too large and
occupied the entire image and beyond, nodules with fuzzy
boundaries, internal echo was extremely uneven, nodules
breakthrough thyroid nodules coated edge were uneven, thyroid
parenchyma echo, multiple adjacent nodules, and internal
calcification in the acoustic shadow behind the lesion). At this
point, the radiologist manually re-delineated the target nodule area,
and the AT detection system automatically gave a new score based on
the manually delineated nodule area.

One or two nodules were evaluated per patient. For patients with
multiple nodules, the physicians in charge of data collection screened
the nodules (these physicians were not participating in the subsequent
interpretation of the nodules) and selected the nodules in which the
US pictures and descriptions accurately corresponded to the
pathological descriptions in the study. The nodules in which the US
and pathological descriptions could not be matched were excluded
from the study.

The following features were examined. Structure: cystic, solid, and
cystic and solid (cystic: solid component <5%; solid: cystic component
<5%; cystic and solid: solid component 5%-95%). Echo texture:
uniform and uneven (divided according to whether the echo inside
the nodule is uniform). Internal echo: very hypoechoic, hypoechoic,
isoechoic, and hyperechoic (if the echo is lower than the banded
muscle in the neck, it is very hypoechoic; if the echo is lower than the
thyroid parenchyma, it is hypoechoic; echo equal to the thyroid
parenchyma echo is isoechoic; if the echo is higher than the thyroid
parenchyma echo, it is hyperechoic). Boundary: clear or fuzzy
(divided according to whether the boundary between the nodule
and thyroid parenchyma is clear). Edge: regular and irregular (regular
means that the nodule is round or oval; irregular means that the
nodule edge is lobulated or needle tip). Hyperechoic foci: coarse
calcification, microcalcification, marginal/eggshell calcification,
interrupted and prominent marginal calcification, and comet tail
sign (coarse calcification refers to rough hyperechoic nodules with
an internal diameter >1 mm, which may be accompanied by sound
shadow; microcalcification refers to the scattered small strong echo
with diameter <1 mm in the nodule; marginal/eggshell calcification
refers to part or all of the strong echo located at the edge of the nodule;
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marginal calcification interruption and protrusion refer to incomplete
marginal calcification with its contents protruding at the interruption;
the comet tail sign refers to the point like strong echo followed by a V-
shaped echo about 1-mm deep). Acoustic halo: whether the low loop
vocal cord at the edge of the nodule exists. Aspect ratio (evaluated on
the transverse or longitudinal section): including >1 and <1 (aspect
ratio >1 means that the anterior-posterior diameter of the nodule is
equal or greater than the transverse or longitudinal diameter; aspect
ratio <1 means that the anterior-posterior diameter of the nodule is
smaller than the transverse or longitudinal diameter. Extrathyroid
extension: including contiguous capsule, invasion of the capsule, and
destruction of surrounding (contiguous capsule refers to the nodule
adjacent to thyroid capsule; invasion of capsule refers to the
continuous interruption at the intersection of thyroid capsule and
nodule; destruction of peripheral finger nodules, a breakthrough of
capsule and invasion of surrounding tissues). Blood flow: the blood
flow around and inside the nodule was recorded as no, small, and rich
blood flow. Suspected metastatic lymph nodes: the presence or
absence of suspected lymph nodes in the neck.

2.3 Statistical analysis

SPSS 19.0 (IBM, Armonk, NY, USA) was used for statistical
analysis. The categorical variables were expressed as n (%) and
analyzed using the chi-square test or Fisher’s exact test. The
continuous variables were expressed as means * standard
deviations or medians (ranges) and analyzed using Student’s t-test
or the Mann-Whitney U-test. A receiver-operating characteristic
(ROC) curve was used to evaluate the guidelines’ diagnostic values
and AI-SONIC™ system. Sensitivity, specificity, positive and negative
likelihood ratios (PLR and NLR), positive predictive value (PPV),
negative predictive value (NPV), and diagnostic odds ratio (DOR)
were calculated for each diagnostic tool. Two-sided P-values <0.05
were considered statistically significant.

3 Results

3.1 Characteristics of the patients
and nodules

Initially, 433 patients were included, but one patient with both
PTC and MTC was excluded. Therefore, 432 patients (64 in the
MTC group, 194 in the PTC group, and 174 in the benign nodule
group) with 450 nodules (80 in the MTC group, 195 in the PTC
group, and 175 in the benign nodule group) were included in this
study. The pathological types of benign nodules included nodular
goiter (n=147), follicular tumor (n=14), and adenoma (n=14). As
shown in Table 1, the groups were comparable regarding age, but
the proportion of males in the MTC group was higher (40.6%)
compared with the PTC (20.6%) and benign nodule (26.4%) groups.
The size of benign nodules was the largest, followed by MTC and
PTC nodules.

The location of the nodules was assessed. Most nodules located in
the lower 1/3 of the lateral lobe were benign (70.9%, compared with
36.3% in MTC and 32.3% in PTC, P < 0.001), while nodules located in
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TABLE 1 Baseline characteristics of patients.
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Feature Medullary thyroid carcinoma (n = 80) Papillary thyroid carcinoma (n = 195) Benign nodules (n = 175) P
Age (years) 49.2 +12.1 46.8 £12.0 483 £ 12.6 0.285
Sex (male) 26 (40.6%) 40 (20.6%) 46 (26.44%) 0.007
Nodule location*
Upper 43 (53.8%) 68 (34.9%) 60 (34.3%) 0.006
Middle 56 (70.0%) 85 (43.6%) 132 (75.4%) <0.001
Lower 29 (36.3%) 63 (32.3%) 124 (70.9%) <0.001
Isthmus 2 (2.5%) 12 (6.2%) 10 (5.7%) 0.453
Size (mm)
Length 16.9 (10.0, 30.4) 8.7 (5.7, 15.9) 28.9 (17.5, 38.4) <0.001
Width 13.8 (7.7, 27.0) 7.9 (5.4, 13.2) 22.3 (14.9,29.7) < 0.001
Height 10.0 (6.9, 19.7) 8.5 (5.9, 11.6) 16.6 (11.5, 22.1) <0.001

* If a nodule was located at the upper and middle third of the thyroid, its location was recorded as upper and middle.

the upper 1/3 were more likely to be MTC (53.8%, compared with
34.9% in PTC and 34.3% in benign, P = 0.006).

3.2 Ultrasound features

Most US features differed significantly among the groups,
especially between malignant and benign nodules. There were
statistically significant differences between the MTC and the benign
groups regarding the structure, echo, external thyroid expansion,
suspicious lymph nodes, peripheral blood flow, and internal blood
flow (all P<0.01, normalized residual >2 or <-2 after adjustment)
(Supplementary Table S1). There were no statistically significant
differences regarding the other features. There were also some
significant differences noted between the MTC and PTC features. In
particular, hyper- or isoechoic nodules were described more often in
MTC (20.0% compared to 11.8% in PTC, P < 0.001). PTC nodules
were more likely to have a lobulated margin (83.1%) compared with
MTC (50.0%) and benign lesions (12.6%). The most notable feature of
MTC was increased blood flow, both within the nodules (63.8%,
compared with 19.0% in PTC and 40.6% in benign lesions, P < 0.001)
and around the nodules (57.5%, compared with 21.5% in PTC and
50.3% in benign lesions, P < 0.001).

3.3 Lesion classification using the guidelines

Five nodules in the MTC group, 17 in the PTC group, and 22 in
the benign group did not fit any ATA category. The results of US risk
classification according to the guidelines are shown in Table 2.
Among the benign nodules, a high malignancy risk was noted in
17.7% of the cases using the ACR classification, 16.0% using ATA,
29.7% using AACE/ACE/AME, 13.7% using KSThR, 35.4% using EU-
TIRADS, 12.0% using Al-assisted analysis, and 0.0% using C-
TIRADS classification. Regarding the malignant nodules, all tools
classified the MTC and PTC cases as being at high risk of malignancy,
with no cases reported as benign.
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3.4 Diagnostic value

As shown in Table 3, the highest sensitivity for the evaluation of
malignant vs. benign nodules was demonstrated by the AACE/ACE/
AME (88.1%), C-TIRADS (85.92), and EU-TIRADS (85.6%)
guidelines. The KSThR guidelines (85.6%) and AI-SONICTM
(85.6%) demonstrated the highest specificity. The ATA guidelines
had the best accuracy (83.7%), followed by the C-TIRADS (81.1%)
and AACE/ACE/AME (81.1%) guidelines. The best PLR was achieved
by the KSThR guidelines and AI-SONIC ™ (both 5.37). The best NLR
was achieved by the AACE/ACE/AME guidelines (0.17). The highest
DOR was achieved by the ATA guidelines (24.78).

When comparing the diagnostic efficiency for MTC nodules, the
ATA guidelines had the largest AUC (0.78), the ACR guidelines had
the best sensitivity (90.2%) and NPV (91.8%), and the AI-SONIC
system had the best specificity (85.6%), PPV (67.5%), and accuracy
(78.4%). Interestingly, the AACE/ACE/AME guidelines showed the
highest sensitivity for PTC (95.4%) but not for MTC (68.3%). The
PLR and NLR (PLR of 5.37, NLR of 0.43) were the best for the AI-
soNic™ system. The KSThR guidelines (PLR of 3.88) were next in
the ability to diagnose MTC, and the AACE/ACE/AME guidelines
(NLR of 0.45) were next in the ability to exclude MTC. In the PTC
group, the KSThR guidelines (PLR of 5.94) and AI-SONIC" ' (PLR of
5.76) were the best, and the negative likelihood ratios of the C-
TIRADS, ATA, EU-TIRADS, and AACE/ACE/AME guidelines (NLR
of <0.1) were better than those of the MTC group. The ROC analysis
(Figure 1) confirmed the high accuracy of the C-TIRADS guidelines
in risk assessment for PTC nodules but not MTC.

4 Discussion

Although some differences in performance were observed, all six
guidelines and the AI-SONIC™ system had satisfactory value in
differentiating benign vs. malignant thyroid nodules.

The risk stratification systems for thyroid nodules (ACR-
TIRADS and others) are often affected by a low diagnostic
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TABLE 2 US classification of thyroid nodules according to compared guidelines.

specificity. Recent studies noted the same limitations in applying
those guidelines as in the present study (7, 10, 27-32). Significant
differences were noted between MTC and PTC features: hyper- or
isoechoic nodules more often described in MTC and lobulated
margins in PTC. The most notable feature of MTC was the
increased blood flow, both inside and around the nodules (Figure 2).

Peng et al. (29), in a study of 230 thyroid nodules in 2020,
observed that as much as 19.6% of the malignant nodules (45 of 230)
did not match any pattern of the ATA guidelines; hence, the ACR-
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Classification Medullary thyroid Papillary Benign
carcinoma (n = 80) thyroid carci- nodules
noma (n=175)
American College of Radiology Thyroid Imaging Reporting and Data System TR1 0 0 6 (3.4%)
TR2 3 (3.8%) 2 (1.0%) 32 (18.3%)
TR3 2 (2.5%) 5 (2.6%) 51 (29.1%)
TR4 24 (30.0%) 20 (10.3%) 55 (31.4%)
TR5 51 (63.8%) 168 (86.2%) 31 (17.7%)
American Thyroid Association Benign 0 0 10 (5.7%)
Extremely low 2 (2.5%) 2 (1.0%) 40 (22.9%)
Low 3 (3.8%) 7 (3.6%) 53 (30.3%)
Moderate 13 (16.3%) 3 (1.5%) 12 (6.9%)
High 56 (70.0%) 167 (85.6%) 28 (16.0%)
Unclassifiable 6 (7.5%) 16 (8.2%) 32 (18.3%)
American Association of Clinical Endocrinologists, the American College of Low 1(1.3%) 1 (0.5%) 28 (16.0%)
Endocrinology, and the Associazione Medici Endocrinologi
Moderate 22 (27.5%) 7 (3.6%) 95 (54.3%)
High 57 (71.3%) 187 (95.9%) 52 (29.7%)
Korean Society of Thyroid Radiology KTR2 0 0 9 (5.1%)
KTR3 3 (3.8%) 2 (1.0%) 55 (31.4%)
KTR4 26 (32.5%) 26 (13.3%) 87 (49.7%)
KTR5 51 (63.8%) 167 (85.6%) 24 (13.7%)
European-Thyroid Imaging Reporting and Data System EUTR2 0 0 8 (4.6%)
EUTR3 7 (8.8%) 10 (5.1%) 81 (46.3%)
EUTR4 14 (17.5%) 2 (1.0%) 24 (13.7%)
EUTR5 59 (73.8%) 183 (93.9%) 62 (35.4%)
AI-SONIC™ 0-0.4 29 (36.3%) 32 (16.4%) 149 (85.1%)
0.41-0.64 2 (2.50%) 8 (4.1%) 5 (2.9%)
0.65-0.99 49 (61.3%) 155 (79.5%) 21 (12.0%)
Chinese-Thyroid Imaging Reporting and Data System C-TR1,2 0 0 6 (3.4%)
C-TR3 8 (10.0%) 3 (1.5%) 71 (40.5%)
C-TR4A 17 (21.3%) 9 (4.6%) 52 (29.7%)
C-TR4B 18 (22.5%) 34 (17.4%) 27 (15.4%)
C-TR4C 33 (41.3%) 136 (69.7%) 19 (10.9%)
C-TR5 4 (5.0%) 13 (6.7%) 0

TIRADS guidelines derived the highest diagnostic performance and
the greatest level of sensitivity, compared with the AACE/ACE/AME
and ATA guidelines. The present study showed comparable results in
the malignant (MTC+PTC) group but not in the MTC group, where
the KSThR guidelines (a classification system that Peng et al. did not
evaluate) demonstrated the highest specificity and accuracy, followed
by AACE/ACE/AME. A recent study by Pandya et al. (28) also
examined the performance between the ACR -TIRADS and ATA
guidelines and showed that both guidelines had similar diagnostic

frontiersin.org


https://doi.org/10.3389/fendo.2023.1116550
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

ABojourioopul ul sJ213U044

90

[SSIRVIFEM VI

TABLE 3 Diagnostic efficiency of the six guidelines and Al system.

Diagnostic tools Sensitivity ~ Specificity  Positive Negative Accuracy Positive Negative Diagnostic
(%) (%) predictive | predictive = (%) likelihood  likelihood | odds ratio
value (%)  value (%) ratio ratio
(Medullary thyroid Chinese-Thyroid Imaging Reporting and Data = C-TR4A 85.9 73.4 83.8 76.5 81.1 0.858 3.23 0.19 16.85
carcinoma + papillary System
thyroid carcinoma) vs.
benign American Thyroid Association Moderate | 85.5 80.98 88.3 76.7 83.7 0.857 4.45 0.18 24.78
Korean Society of Thyroid Radiology KTR4 77.6 85.6 89.6 70.5 80.7 0.847 5.37 0.26 20.53
American College of Radiology Thyroid TR4 80.1 80.4 86.7 717 80.2 0.839 4.08 0.25 16.50
Imaging Reporting and Data System
AI-SONIC™ >0.39 77.6 85.6 89.6 70.5 80.7 0.817 537 0.26 20.53
European-Thyroid Imaging Reporting and EUTR4 85.6 70.5 823 753 79.8 0.802 2.90 0.20 14.17
Data System
American Association of Clinical Moderate | 88.1 69.9 824 78.6 81.1 0.797 293 0.17 17.21
Endocrinologists, the American College of
Endocrinology, and the Associazione Medici
Endocrinologi
Medullary thyroid American Thyroid Association Low 80.5 70.9 58.5 87.7 74.1 0.784 2.76 0.27 10.05
carcinoma vs. benign
American College of Radiology Thyroid TR3 90.2 52.0 47.1 91.8 64.3 0.772 1.88 0.19 10.02
Imaging Reporting and Data System
Korean Society of Thyroid Radiology KTR4 56.1 85.6 64.8 80.4 76.1 0.763 3.88 0.51 7.57
Chinese-Thyroid Imaging Reporting and Data = C-TR4A 65.9 73.4 54.0 81.9 71.0 0.759 2.48 0.47 5.32
System
AI-SONIC™ >0.39 63.4 85.6 67.5 83.1 78.4 0.748 4.39 0.43 10.26
European-Thyroid Imaging Reporting and EUTR3 842 59.5 49.6 88.8 67.5 0.723 2.08 0.27 7.81
Data System
American Association of Clinical Moderate | 68.3 69.9 51.9 82.3 69.4 0.713 227 0.45 5.01
Endocrinologists, the American College of
Endocrinology, and the Associazione Medici
Endocrinologi
Papillary thyroid Chinese-Thyroid Imaging Reporting and Data = C-TR4A 934 73.4 80.0 90.7 84.1 0.894 351 0.09 39.07
carcinoma vs. benign System
American Thyroid Association Moderate | 94.4 80.8 85.4 924 88.2 0.885 4.92 0.07 71.44
Korean Society of Thyroid Radiology KTR4 85.8 85.6 87.1 84.1 85.7 0.880 5.94 0.17 35.74
American College of Radiology Thyroid TR4 87.8 80.4 83.6 85.3 84.3 0.864 4.47 0.15 29.48
Imaging Reporting and Data System
(Continued)
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*Excluding the nodules that are not classifiable using the ATA system (5 MTC,17 PTC, and 22 benign nodules).
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accuracies but that the ACR- TIRADS guidelines resulted in fewer
nodules being recommended for immediate FNA and more nodules
being recommended for imaging surveillance. In the present study,
the accuracy of the ATA guidelines in assessing the risk of MTC was
slightly higher than the ACR-TIRADS guidelines due to the higher
specificity. Nevertheless, a higher number of unclassifiable cases in the
ATA guidelines might cause problems in clinical application,
especially by less experienced sonographers.

The application of the US classification systems has local specifics
related to the lexicon and diagnostic traditions (11). Shen et al. (33)
compared the ACR -TIRADS, ATA, EU-TIRADS, and KSThR
guidelines and noted that all four risk-stratification systems had
good diagnostic performances. Zhang et al. (31) compared the
ACR- TIRADS, ATA, Kwak TI-RADS, and KSThR guidelines and
reported that the ACR TI-RADS and Kwak TI-RADS guidelines had
better diagnostic performance than the other guidelines in the
malignant group. Zhang et al. (31) also noted that among the
suspicious US image features, the most significant independent
predictor for malignancy was hypoechogenicity. In the present
study and Zhu et al. (11), hypoechogenicity was more associated
with PTC than with MTC, while in MTC, hyper- or isoechoic nodules
were described more often (20.0% vs. 11.8%). Conversely, due to the
notable US differences, Zhu et al. (11) recently proposed a modified
TI-RADS system specifically for diagnosing MTC. This modified
system warrants further investigation.

Interestingly, in the recent study by Matrone et al. (34), among
152 consecutive patients with MTC, US high risk of MTC malignancy
included in the EU-TIRADS, 2015 ATA, AACE/ACE-AME, ACR-
TIRADS, and K-TIRADS guidelines, varied from 45.4% to 47.4%,
while in the present study, it was notably higher (63.7%-73.8%). Li
etal. (27) compared the value of the KWAK TI-RADS and 2015 ATA
guidelines in ninety-three patients (29 with MTCs, 31 with PTCs, and
33 with thyroid adenomas). The ATA guidelines showed higher
specificity and sensitivity for PTC (67.7% and 77.4%, respectively)
than MTC (62.1% and 65.5%, respectively), which is consistent with
the present study but also slightly lower: 80.5% and 70.9% for MTC,
and 94.4% and 80.8% for PTC. Yun et al. (35) evaluated TI-RADS for
MTC and reported that 95% of the nodules were classified as either
highly suspicious (68%) or intermediately suspicious (26%), which
were lower compared with the present study. The selection process
might explain this difference based on the FNA results and the
generally smaller nodules in the present study. Markedly, Hahn
et al. (36) explored the diagnostic efficacy of the ATA and K-
TIRADS guidelines in MTC and noted that the nodule size
correlated with the diagnosis, and small MTC nodules were
classified more commonly as highly suspicious. Nevertheless, the
diagnostic value of the classification systems explored in the present
study for MTS based on AUC were ATA (0.784) > ACR (0.772) >
KSThR (0.763) > C-TIRADS (0.759) > AI (0.748) > EU-TIRADS
(0.723) > AACE/ACE/AME (0.713), which is mostly consistent with
the results obtained by the studies mentioned above.

Machine deep learning is another approach gaining popularity
among scientists and physicians. The literature shows promise in
applying AI technology to avoid unnecessary biopsies (37). In the
study by Wang et al. (38), the performance of the YOLOv2 neural
network did not significantly differ from that of the radiologists (P >
0.05). The AIBx algorithm, proposed by Johnson et al. (39),
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FIGURE 1

Receiver operating characteristic (ROC) curves of the seven diagnostic methods (A) Medullary thyroid carcinoma (MTC) + papillary thyroid carcinoma
(PTC) vs. benign nodules; (B) MTC vs. benign nodules; (C) PTC vs. benign nodules. *Excluding the nodules that are not classifiable using the ATA system

(5 MTC, 17 PTC, and 22 benign nodules).

demonstrated better sensitivity, specificity, and PPV than the
radiologists. Al-assisted TI-RADS improved specificity while
maintaining sensitivity (18) and avoiding unnecessary biopsies (30).
In the present study, the Al-assisted diagnostic algorithm proposed by
AL-SONIC™ (Demetics) was compared with other risk assessment
guidelines. The results revealed the highest specificity (85.6%), PPV
(67.5%), and accuracy (78.6%) of the AI in the MTC group but
average sensitivity (63.4%). In some atypical cases, the assistance of Al
might avoid misdiagnosis (Figure 3). Image similarity AI models, as a
part of diagnostic algorithms, can decrease subjectivity and increase
confidence in the predictions (39). Overall, AT models could become a
decision-support tool but are not yet ready to substitute for human
physicians. Recently, Kang et al. (40) highlighted the usefulness of
computer-aided diagnosis, especially for less experienced radiologists
and especially for diagnosing PTC. Still, there are differences in
performance among the various AI systems, and future studies
should also examine and compare the available Al systems.

MTCs were mainly solid, and cystic changes in MTC nodules were
rare (7.5%), which is consistent with the conclusions of Lee et al. (41).
In benign nodules, cystic and solid structures were more common,
while PTC was also mainly solid, and this feature was more significant
than in MTC. MTC is mainly hypoechoic, which is consistent with the
conclusions of Saller et al. (42) and Zhu (11, 43), while isoechoic, and
hyperechoic nodules were more common in benign nodules, which is
consistent with the pathological basis of MTC tumor cells being
homogeneous, arranged in solid patches and nests, and with less

FIGURE 2

Images of a 55-year-old man with medullary thyroid carcinoma (MTC) (A) Ultrasound image showed a solid hypoechoic nodule with a clear boundary
and lobulated margin. The aspect ratio was <1, and coarse calcification could be seen in the nodule. (B) Color Doppler flow imaging showed abundant

blood flow around and inside the nodule.
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stroma. PTC was also mainly hypoechoic. MTC is prone to
suspicious extrathyroid extension. MTC is often invasive. Only about
half (48%) of the lesions were localized, while 35% of the lesions broke
through the thyroid capsule and invaded the surrounding tissues or
local lymph node metastasis. Because the definition of extrathyroid
extension in this study included the adjacent capsule, the occurrence
rate of suspected extrathyroid extension was higher than in other
similar studies. The risk of extrathyroid extension of malignant
nodules was 61%, of which 31% were visible to the naked eye, and
the specificity of capsule contiguity was poor. There was a >2-mm
normal thyroid parenchyma between the nodules and the continuous
capsule, which reduced the risk of extrathyroid extension under the
microscope to <6%, and there was little or no chance of gross invasion.
The suspected lymph node metastasis in the MTC group was
significantly different from benign nodules and more significant than
in the PTC group. MTC is a rare disease with no significant malignant
features. It is difficult even for experienced sonographers to detect it
early, and MTC is highly invasive and prone to lymph node metastasis
(24, 42). These features are different from PTC and benign nodules, but
the lymph node metastasis of MTC will affect the prognosis of patients.
Therefore, it is meaningful to detect MTC lesions as soon as possible
through the nodule’s characteristics before metastasis. The blood flow
of MTC was abundant. The peripheral blood flow of MTC was like that
of benign nodules, while the internal blood flow of MTC was
significantly richer than that of benign nodules, while the peripheral
and internal blood flow of PTC nodules was mostly absent. Although it
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FIGURE 3

Cases in which misdiagnosis was avoided using the Al-SONIC™ system (A) Image of a 51-year-old man with a right thyroid nodule. The ultrasound
image showed a solid hypoechoic nodule with a clear boundary and regular morphology. No obvious malignant features were observed. However, the
nodule earned a score of 0.77 according to the Al-SONIC™ system, indicating a high risk of malignancy. Postoperative pathological examination
confirmed the diagnosis of medullary thyroid carcinoma. (B) Image in a 56-year-old woman with a right thyroid nodule. The ultrasound image showed a
solid isoechoic nodule with obscure boundary and irregular morphology, and the aspect ratio was <1. The internal echo was not uniform, and
microcalcification could be seen. Multiple guidelines indicated a high risk of malignancy. However, the nodule earned a score of 0.38 according to the
Al-SONIC™ system, indicating a high probability of a benign nodule. Postoperative pathological examination confirmed the diagnosis of nodular goiter,

10.3389/fendo.2023.1116550

and interstitial fibrosis and focal cholesterol crystal could be seen.

differed from PTC, the blood supply of MTC overlapped with that of
benign nodules, and the significance of blood flow differentiation was
limited. In this study, it was found that coarse calcification was most
common in MTC (33.8%), followed by PTC (28.7%), and less common
in the benign group (21.7%), but the difference was not statistically
significant. Microcalcifications were more common in the PTC group
(49.7%), followed by the MTC group (35.0%), while it was rarer in the
benign group (18.9%), but when the three groups were compared at the
same time, the difference of microcalcification was only statistically
significant between the PTC and benign groups. The main reason for
calcification formation in MTC is that the local cancer tissue forms a
calcium and phosphorus deposition microenvironment under the effect
of bone matrix protein regulating cell matrix, and then amyloid
surrounds the calcium and phosphorus deposition (44). Therefore,
coarse calcification in MTC is slightly more common than in PTC. In
this study, microcalcification and coarse calcification are common in
the MTC group. Different studies have reported different types of
calcifications and MTC, which might be related to the course of MTC
nodules (45-47). PTC nodules also have many fibrous stromal
hyperplasia, sclerosis, and rich calcareous, and coarse calcification
was not rare, but microcalcification was more common in the PTC
group. Microcalcification in PTC might be due to poor blood supply,
and necrotic calcification occurs easily (48-50). Nevertheless, the
benign nodules undergoing surgery may cause compression
symptoms to the surrounding tissues and affect the appearance due
to the large volume of the nodules, and the nodules have suspicious
ultrasonic features, so the calcification rate of benign nodules in this
study is also high. On the other hand, the benign nodules encountered
in daily work might not be calcified so frequently, and this feature
might still have a certain differential value.

Therefore, based on the above, regarding nodule size, it is easy to
miss the diagnosis because the ultrasonic features of early MTC are not
obvious. Compared with PTC, the volume of MTC is usually larger
when it is found. Most studies showed that most MTCs are solid
nodules with few cystic changes, while PTCs rarely have cystic changes
and benign nodules often have cystic changes (42, 45, 46). Most MTCs
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showed low echo, followed by very hypoechoic, while hyperechoic was
rare. Hypoechoic PTC nodules were also the most common, while
hypoechoic, isoechoic, and hyperechoic benign nodules were not
uncommon. Most authors agree that MTC nodules have clear
boundaries, but some hold opposite opinions; an unclear boundary
might be related to malignancy, but it might also be caused by an
uneven echo of thyroid parenchyma caused by Hashimoto thyroiditis
and other reasons (42, 45, 46). Of note, Hashimoto thyroiditis appears
to coexist with differentiated thyroid cancers (51). There are different
reports on whether MTC nodules are mainly regular in morphology.
Many authors believe that MTC is mostly regular in morphology
(round and quasi-round), but some scholars also found that most
MTC nodules are irregular in morphology (42, 45, 46). PTC often has
irregular margins, and benign nodules usually have regular margins.
The aspect ratio of MTC is mainly <1, that of PTC is >1, and that of
benign nodules is <1. Studies suggest that the calcification in MTC
nodules is mainly amyloid deposits, so the proportion of coarse
calcification is higher than that of microcalcification in MTC (42, 45,
46). In PTC, microcalcification is more common due to necrosis foci.
MTC is often invasive, PTC can also have extrathyroid extension, but it
is less common than MTC, while benign nodules are non-invasive.
MTC often shows abundant blood flow signals in and around the
nodules. PTC mainly lacks blood supply. Blood flow signals can appear
in benign nodules.

The role of contrast-enhanced US (CEUS) is defined in
diagnosing and managing thyroid cancer (52). CEUS is particularly
useful for revealing the vascularization of tissues and is sensitive and
specific for thyroid cancer (52). Still, whether CEUS could be used to
differentiate PTC vs. MTC remains to be confirmed. Future studies
should include multimodality US.

This study had some limitations. First, because of the low
incidence of MTC, the sample size of this was relatively small,
which might reduce the power of the study to some extent.
Secondly, only MTCs and PTCs were included. Other malignant
nodules, such as follicular carcinoma and undifferentiated carcinoma,
were not included. Indeed, PTC is the most common subtype of
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thyroid carcinoma, but MTC has a worse prognosis. In addition,
because PTC is more frequent, the classification guidelines are mainly
based on the PTC features. Therefore, this study aimed to examine
MTC but used PTC as controls. Future studies should also examine
other subtypes. Third, only one center was involved. Since US is
operator-dependent (40), the generalizability of the conclusions
might be limited. Multicenter studies are necessary to address this
issue. Finally, because of the retrospective nature of the present study,
some US characteristic data were incomplete and could not be
included in the analysis. These characteristics can be considered in
future prospective studies.

In conclusion, six classification guidelines and the AI-SONIC™
system efficiently differentiate benign vs. malignant thyroid nodules.
The C-TIRADS guidelines demonstrated the best performance in the
authors’ setting. The ATA and ACR guidelines and the AI-SONIC™
system were effective tools for identifying MTC nodules. Thus, using
more than one diagnostic tool could be associated with a more
satisfactory differentiation among MTC, PTC, and benign 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

The studies involving human participants were reviewed
and approved by Fujian Provincial Hospital (K2019-01-051).
Written informed consent for participation was not required for
this study in accordance with the national legislation and the
institutional requirements.

Author contributions

Conceptualization: LY, NL. Data curation: LY, MW, GC. Formal
analysis: LY, MW. Funding acquisition: NL. Investigation: LY, MW,

References

1. Thomas CM, Asa SL, Ezzat S, Sawka AM, Goldstein D. Diagnosis and pathologic
characteristics of medullary thyroid carcinoma-review of current guidelines. Curr Oncol
(Toronto Ont.) (2019) 26(5):338-44. doi: 10.3747/c0.26.5539

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin (2021) 71(3):209-49. doi: 10.3322/
caac.21660

3. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer ] Clin
(2022) 72(1):7-33. doi: 10.3322/caac.21708

4. Zhao Z, Yin X-D, Zhang X-H, Li Z-W, Wang D-W. Comparison of pediatric and
adult medullary thyroid carcinoma based on SEER program. Sci Rep (2020) 10(1):13310.
doi: 10.1038/541598-020-70439-7

5. Prete A, Borges de Souza P, Censi S, Muzza M, Nucci N, Sponziello M. Update on
fundamental mechanisms of thyroid cancer. Front Endocrinol (2020) 11:102. doi: 10.3389/
fendo.2020.00102

Frontiers in Endocrinology

10.3389/fendo.2023.1116550

GC. Methodology: LY, NL. Project administration: LY, MW.
Resources: LY, NL. Software: LY, MW. Supervision: LY, MW, GC.
Validation: LY, MW. Visualization: MW, GC. Writing-original draft:
LY. Writing-review & editing: LY. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by the Department of Finance of Fujian
Province (Grant numbers Min2019-827 and Min 2020-467).

Acknowledgments

The authors would like to thank all study participants enrolled in
this study.

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.

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/fend0.2023.1116550/
full#supplementary-material

6. 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. | Am Coll Radiol JACR (2017) 14(5):587-95. doi: 10.1016/
jjacr.2017.01.046

7. Gonzalez Vasquez CM, Mufioz Duran JA, Isaza Zapata S, Gonzalez Londoio JF,
Garcia Gomez V. Concordance of the ACR TI-RADS. Radiologia (2020) S0033-8338
(20):30071-0. doi: 10.1016/j.rx.2020.04.010

8. Zhou J, Yin L, Wei X, Zhang S, Song Y, Luo B, et al. 2020 Chinese Guidelines for
ultrasound malignancy risk stratification of thyroid nodules: the c-TIRADS. Endocrine
(2020) 70(2):256-79. doi: 10.1007/512020-020-02441-y

9. Tessler FN, Middleton WD, Grant EG. Thyroid imaging reporting and data system
(TI-RADS): A user’s guide. Radiology (2018) 287(1):29-36. doi: 10.1148/
radiol.2017171240

10. Chung R, Rosenkrantz AB, Bennett GL, Dane B, Jacobs JE, Slywotzky C,
et al. Sheth: Interreader concordance of the TI-RADS: Impact of radiologist

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1116550/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1116550/full#supplementary-material
https://doi.org/10.3747/co.26.5539
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21708
https://doi.org/10.1038/s41598-020-70439-7
https://doi.org/10.3389/fendo.2020.00102
https://doi.org/10.3389/fendo.2020.00102
https://doi.org/10.1016/j.jacr.2017.01.046
https://doi.org/10.1016/j.jacr.2017.01.046
https://doi.org/10.1016/j.rx.2020.04.010
https://doi.org/10.1007/s12020-020-02441-y
https://doi.org/10.1148/radiol.2017171240
https://doi.org/10.1148/radiol.2017171240
https://doi.org/10.3389/fendo.2023.1116550
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yang et al.

experience. AJR. Am ] roentgenology (2020) 214(5):1152-7. doi: 10.2214/
AJR.19.21913

11. Zhu J, Li X, Wei X, Yang X, Zhao ], Zhang S, et al. The application value of
modified thyroid imaging report and data system in diagnosing medullary thyroid
carcinoma. Cancer Med (2019) 8(7):3389-400. doi: 10.1002/cam4.2217

12. 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 ] (2017) 6(5):225-37. doi: 10.1159/
000478927

13. Kim J-H, Baek JH, Lim HK, Ahn HS, Baek SM, Choi YJ, et al. 2017 Thyroid
radiofrequency ablation guideline: Korean society of thyroid radiology. Korean ] Radiol
(2018) 19(4):632-55. doi: 10.3348/kjr.2018.19.4.632

14. 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

15. Gharib H, Papini E, Garber JR, Duick DS, Harrell RM, Hegediis 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. Endocrine Pract (2016) 22
(5):622-39. doi: 10.4158/EP161208.GL

16. Wang S, Xu J, Tahmasebi A, Daniels K, Liu J-B, Curry J, et al. Incorporation of a
machine learning algorithm with object detection within the thyroid imaging reporting
and data system improves the diagnosis of genetic risk. Front Oncol (2020) 10:591846.
doi: 10.3389/fonc.2020.591846

17. Persichetti A, Di Stasio E, Coccaro C, Graziano F, Bianchini A, Di Donna V, et al.
Inter- and intraobserver agreement in the assessment of thyroid nodule ultrasound
features and classification systems: A blinded multicenter study. Thyroid (2020) 30
(2):237-42. doi: 10.1089/thy.2019.0360

18. Wildman-Tobriner B, Buda M, Hoang JK, Middleton WD, Thayer D, Short RG,
et al. Using artificial intelligence to revise ACR TI-RADS risk stratification of thyroid
nodules: Diagnostic accuracy and utility. Radiology (2019) 292(1):112-9. doi: 10.1148/
radiol.2019182128

19. 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

20. Durante C, Grani G, Lamartina L, Filetti S, Mandel SJ, Cooper DS. The diagnosis
and management of thyroid nodules: A review. JAMA (2018) 319(9):914-24. doi: 10.1001/
jama.2018.0898

21. Ceolin L, Duval MAd. S., Benini AF, Ferreira CV, Maia AL. Medullary thyroid
carcinoma beyond surgery: advances, challenges, and perspectives. Endocrine-related
Cancer (2019) 26(9):R499-518. doi: 10.1530/ERC-18-0574

22. Liang X, Huang Y, Cai Y, Liao J, Chen Z. A computer-aided diagnosis system and
thyroid imaging reporting and data system for dual validation of ultrasound-guided fine-
needle aspiration of indeterminate thyroid nodules. Front Oncol (2021) 11:611436.
doi: 10.3389/fonc.2021.611436

23. LyuSY, Zhang Y, Zhang MW, Zhang BS, Gao LB, Bai LT, et al. Diagnostic value of
artificial intelligence automatic detection systems for breast BI-RADS 4 nodules. World J
Clin cases (2022) 10(2):518-27. doi: 10.12998/wjcc.v10.i2.518

24. Zhang Y, Wu Q, Chen Y, Wang Y. A clinical assessment of an ultrasound
computer-aided diagnosis system in differentiating thyroid nodules with radiologists of
different diagnostic experience. Front Oncol (2020) 10:557169. doi: 10.3389/
fonc.2020.557169

25. Mai W, Zhou M, LiJ, Yi W, Li S, Hu Y, et al. The value of the demetics ultrasound-
assisted diagnosis system in the differential diagnosis of benign from malignant thyroid
nodules and analysis of the influencing factors. Eur Radiol (2021) 31(10):7936-44.
doi: 10.1007/s00330-021-07884-z

26. Guo FQ, Zhao JQ, Liu S. Application of artificial intelligence automatic detection
system in preoperative ultrasonic diagnosis of thyroid nodules. Acad J Second Military
Med Univ (2019) 40(11):1183-9.

27. Li J, Li H, Yang Y, Zhang X, Qian L. The KWAK TI-RADS and 2015 ATA
guidelines for medullary thyroid carcinoma: Combined with cell block-assisted
ultrasound-guided thyroid fine-needle aspiration. Clin Endocrinol (2020) 92(5):450-60.
doi: 10.1111/cen.14121

28. Pandya A, Caoili EM, Jawad-Makki F, Wasnik AP, Shankar PR, Bude R, et al.
Retrospective cohort study of 1947 thyroid nodules: A comparison of the 2017 American
college of radiology TI-RADS and the 2015 American thyroid association classifications.
AJR. Am ] roentgenology (2020) 214(4):900-6. doi: 10.2214/AJR.19.21904

29. Peng J-Y, Pan F-S, Wang W, Wang Z, Shan Q-Y, Lin J-H, et al. Malignancy risk
stratification and FNA recommendations for thyroid nodules: A comparison of ACR TI-
RADS, AACE/ACE/AME and ATA guidelines. Am ] Otolaryngol (2020) 41(6):102625.
doi: 10.1016/j.amjot0.2020.102625

Frontiers in Endocrinology

1

10.3389/fendo.2023.1116550

30. Tan L, Tan YS, Tan S. Diagnostic accuracy and ability to reduce unnecessary
FNAC: A comparison between four thyroid imaging reporting data system (TI-RADS)
versions. Clin Imaging (2020) 65:133-7. doi: 10.1016/j.clinimag.2020.04.029

31. Zhang W-B, Xu H-X, Zhang Y-F, Guo L-H, Xu S-H, Zhao C-K, et al. Comparisons
of ACR TI-RADS, ATA guidelines, kwak TI-RADS, and KTA/KSThR guidelines in
malignancy risk stratification of thyroid nodules. Clin hemorheology microcirculation
(2020) 75(2):219-32. doi: 10.3233/CH-190778

32. Chen H, Ye ], Song J, You Y, Chen W, Liu Y. Comparison of different ultrasound
classification systems of thyroid nodules for identifying malignant potential: A cross-
sectional study. Clinics (Sao Paulo) (2021) 76:€2126. doi: 10.6061/clinics/2021/e2126

33. Shen Y, Liu M, He J, Wu S, Chen M, Wan Y, et al. Comparison of different risk-
stratification systems for the diagnosis of benign and malignant thyroid nodules. Front
Oncol (2019) 9:378. doi: 10.3389/fonc.2019.00378

34. Matrone A, Gambale C, Biagini M, Prete A, Vitti P, Elisei R. Ultrasound features
and risk stratification systems to identify medullary thyroid carcinoma. Eur J Endocrinol
(2021) 185(2):193-200. doi: 10.1530/EJE-21-0313

35. Yun G, Kim YK, Choi SI, Kim J-H. Medullary thyroid carcinoma: Application of
thyroid imaging reporting and data system (TI-RADS) classification. Endocrine (2018) 61
(2):285-92. doi: 10.1007/s12020-018-1594-4

36. Hahn SY, Shin JH, Oh YL, Park KW. Ultrasonographic characteristics of
medullary thyroid carcinoma according to nodule size: application of the Korean
thyroid imaging reporting and data system and American thyroid association
guidelines. Acta radiologica (Stockholm Sweden 1987) (2021) 62(4):474-82.
doi: 10.1177/0284185120929699

37. Kezlarian B, Lin O. Artificial intelligence in thyroid fine needle aspiration biopsies.
Acta cytologica (2020) 65(4):324-9. doi: 10.1159/000512097

38. Wang L, Yang S, Yang S, Zhao C, Tian G, Gao Y, et al. Automatic thyroid nodule
recognition and diagnosis in ultrasound imaging with the YOLOv2 neural network.
World ] Surg Oncol (2019) 17(1):12. doi: 10.1186/s12957-019-1558-z

39. Thomas J, Haertling T. AIBx, artificial intelligence model to risk stratify thyroid
nodules. Thyroid (2020) 30(6):878-84. doi: 10.1089/thy.2019.0752

40. Kang S, Lee E, Chung CW, Jang HN, Moon JH, Shin Y, et al. A beneficial role of
computer-aided diagnosis system for less experienced physicians in the diagnosis of
thyroid nodule on ultrasound. Sci Rep (2021) 11(1):20448. doi: 10.1038/s41598-021-
99983-6

41. Lee MJ, Kim EK, Kwak JY, Kim MJ. Partially cystic thyroid nodules on ultrasound:
probability of malignancy and sonographic differentiation. Thyroid (2009) 19(4):341-6.
doi: 10.1089/thy.2008.0250

42. Saller B, Moeller L, Gorges R, Janssen OE, Mann K. Role of conventional
ultrasound and color Doppler sonography in the diagnosis of medullary thyroid
carcinoma. Exp Clin Endocrinol Diabetes (2002) 110(8):403-7. doi: 10.1055/5-2002-36546

43. Zhu YC, Zhang Y, Deng SH, Jiang Q. A prospective study to compare superb
microvascular imaging with grayscale ultrasound and color Doppler flow imaging of
vascular distribution and morphology in thyroid nodules. Med Sci Monit (2018) 24:9223—-
31. doi: 10.12659/MSM.911695

44. Ferreira LB, Gimba E, Vinagre J, Sobrinho-Simoes M, Soares P. Molecular aspects
of thyroid calcification. Int ] Mol Sci (2020) 21(20):7718. doi: 10.3390/ijms21207718

45. Liu MJ, Liu ZF, Hou YY, Men YM, Zhang YX, Gao LY, et al. Ultrasonographic
characteristics of medullary thyroid carcinoma: a comparison with papillary thyroid
carcinoma. Oncotarget (2017) 8(16):27520-8. doi: 10.18632/oncotarget.15897

46. Kim SH, Kim BS, Jung SL, Lee JW, Yang PS, Kang BJ, et al. Ultrasonographic
findings of medullary thyroid carcinoma: a comparison with papillary thyroid carcinoma.
Korean J Radiol (2009) 10(2):101-5. doi: 10.3348/kjr.2009.10.2.101

47. Lee S, Shin JH, Han BK, Ko EY. Medullary thyroid carcinoma: comparison with
papillary thyroid carcinoma and application of current sonographic criteria. AJR Am |
Roentgenol (2010) 194(4):1090-4. doi: 10.2214/AJR.09.3276

48. Oh EM, Chung YS, Song WJ, Lee YD. The pattern and significance of the
calcifications of papillary thyroid microcarcinoma presented in preoperative neck
ultrasonography. Ann Surg Treat Res (2014) 86(3):115-21. doi: 10.4174/
astr.2014.86.3.115

49. HaJ, Lee],Jo K, Han JS, Kim MH, Jung CK, et al. Calcification patterns in papillary
thyroid carcinoma are associated with changes in thyroid hormones and coronary artery
calcification. J Clin Med (2018) 7(8):183. doi: 10.3390/jcm7080183

50. Kim BK, Lee EM, Kim JH, Oak SY, Kwon SK, Choi YS, et al. Relationship between
ultrasonographic and pathologic calcification patterns in papillary thyroid cancer. Med
(Baltimore) (2018) 97(41):e12675. doi: 10.1097/MD.0000000000012675

51. Cappellacci F, Canu GL, Lai ML, Lori E, Biancu M, Boi F, et al. Association
between hashimoto thyroiditis and differentiated thyroid cancer: A single-center
experience. Front Oncol (2022) 12:959595. doi: 10.3389/fonc.2022.959595

52. 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

frontiersin.org


https://doi.org/10.2214/AJR.19.21913
https://doi.org/10.2214/AJR.19.21913
https://doi.org/10.1002/cam4.2217
https://doi.org/10.1159/000478927
https://doi.org/10.1159/000478927
https://doi.org/10.3348/kjr.2018.19.4.632
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.4158/EP161208.GL
https://doi.org/10.3389/fonc.2020.591846
https://doi.org/10.1089/thy.2019.0360
https://doi.org/10.1148/radiol.2019182128
https://doi.org/10.1148/radiol.2019182128
https://doi.org/10.3390/cancers14143357
https://doi.org/10.1001/jama.2018.0898
https://doi.org/10.1001/jama.2018.0898
https://doi.org/10.1530/ERC-18-0574
https://doi.org/10.3389/fonc.2021.611436
https://doi.org/10.12998/wjcc.v10.i2.518
https://doi.org/10.3389/fonc.2020.557169
https://doi.org/10.3389/fonc.2020.557169
https://doi.org/10.1007/s00330-021-07884-z
https://doi.org/10.1111/cen.14121
https://doi.org/10.2214/AJR.19.21904
https://doi.org/10.1016/j.amjoto.2020.102625
https://doi.org/10.1016/j.clinimag.2020.04.029
https://doi.org/10.3233/CH-190778
https://doi.org/10.6061/clinics/2021/e2126
https://doi.org/10.3389/fonc.2019.00378
https://doi.org/10.1530/EJE-21-0313
https://doi.org/10.1007/s12020-018-1594-4
https://doi.org/10.1177/0284185120929699
https://doi.org/10.1159/000512097
https://doi.org/10.1186/s12957-019-1558-z
https://doi.org/10.1089/thy.2019.0752
https://doi.org/10.1038/s41598-021-99983-6
https://doi.org/10.1038/s41598-021-99983-6
https://doi.org/10.1089/thy.2008.0250
https://doi.org/10.1055/s-2002-36546
https://doi.org/10.12659/MSM.911695
https://doi.org/10.3390/ijms21207718
https://doi.org/10.18632/oncotarget.15897
https://doi.org/10.3348/kjr.2009.10.2.101
https://doi.org/10.2214/AJR.09.3276
https://doi.org/10.4174/astr.2014.86.3.115
https://doi.org/10.4174/astr.2014.86.3.115
https://doi.org/10.3390/jcm7080183
https://doi.org/10.1097/MD.0000000000012675
https://doi.org/10.3389/fonc.2022.959595
https://doi.org/10.3390/jcm10194559
https://doi.org/10.3389/fendo.2023.1116550
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Diagnostic efficiency of existing guidelines and the AI-SONIC&trade; artificial intelligence for ultrasound-based risk assessment of thyroid nodules
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 Data collection
	2.3 Statistical analysis

	3 Results
	3.1 Characteristics of the patients and nodules
	3.2 Ultrasound features
	3.3 Lesion classification using the guidelines
	3.4 Diagnostic value

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


