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An artificial intelligence
ultrasound system’s ability to
distinguish benign from
malignant follicular-
patterned lesions
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Objectives: To evaluate the application value of a generally trained artificial
intelligence (Al) 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 Al 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 Al 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 2.08x107°. Two radiologists had higher sensitivity (0.84 and 0.78) than
that of the Al 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 Al system.
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Conclusions: The generally trained Al automatic diagnosis system can
potentially assist radiologists for distinguishing FTC from other FPTL cases
that share poorly distinguishable ultrasonographical features.
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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.

Abbreviations: AI-CADX, Artificial Intelligent Computer- Aided Diagnosis
System; AUC, Area Under the Curve; CNN, Convolutional Neural Network;
FNAC, Fine Needle Aspiration Cytology; ROC, Receiver operating
Characteristic; SDK, Software Development Kit; TI-RADS, Thyroid
Imaging Reporting and Data System.

Frontiers in Endocrinology

02

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,
FTCisless prone to lymph node metastasis, but morelikely 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 alone may be sufficient initial treatment for low-
risk follicular carcinomas; however, the treatment team may 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 Al 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 Al 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 Al 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 AL 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 6 months. 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 the Area Under the Curve (AUC) as the evaluation metric. In
order to compare its diagnosis with that of the radiologists, we
calculated the sensitivity, specificity and accuracy. In addition,
two-tailed t-test and McNemar 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 Al system and
radiologists of different experience levels

We calculated the sensitivity, specificity, positive predict value

(PPV) and accuracy of the Al 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 Al
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 Al system and the three radiologists. The results are as
followes: pa.a = 1.71x107%, paopp = 2.10x10™ and pay.c = 3.62x10°
10, All p values between the Al system and three radiologists were
less than 1x10. 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 AT 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 Al
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 1x10°
*. There were significant statistical differences between the AI
system and three radiologists in diagnosing FTC, FTA and AHN.

Comparison the performance of the Al
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

TABLE 1 The diagnostic performances of the Al system and three
radiologists in thyroid malignancy nodules diagnosis.

Al Radiologist A Radiologist B Radiologist C

(Junior) (Senior) (Senior)
Accuracy  0.71 0.47 0.56 0.62
Sensitivity  0.69 0.84 0.62 0.78
Specificity  0.71 0.35 0.54 0.57
PPV 0.43 0.29 0.30 0.36

Bold values are the highest values.
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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 system made 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
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The sensitivity and specificity of three radiologists and the ROC curve and AUC value of the Al system

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

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 2.08x107,
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 Al system. When the risk coefficient of thyroid nodules was < 0.4, the Al
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 Al system. (D) The Al
system diagnosed the nodule as “benign”. Three radiologists diagnosed the nodule as “malignant”. (E) The Al system diagnosed the nodule as
"benign”. Three radiologists diagnosed the nodule as "malignant”. (F) The Al system diagnosed the nodule as “malignant”. Three radiologists

diagnosed the nodule as "benign”.
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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

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

10.3389/fendo.2022.981403

boundary of being considered benign or malignant, it is
difficult to assess whether this is significant. Nevertheless, the
Al 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 Al
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 Al system could manage well for distinguishing FTC from
benign FPTL cases given that FTC has relatively rare incidence rate
and that the design of the most widely applied ACR TI-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
paid more attention to FPTL cases with higher learning weights. And
the sharpness perception minimization algorithm that has been used
could be beneficial for generalizability of their deep learning model.

0.7
0.6
0.5

<
204
0.3
0.2
0.1
0

Al
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FIGURE 3
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The diagnostic performances of three radiologists and the Al automatic diagnosis system. (A) The accuracies calculated from the ten subdivided
datasets by the Al 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.
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TABLE 3 The

10.3389/fendo.2022.981403

respective diagnostic performances of the Al system and three radiologists in diagnosing FTC, FTA and AHN cases.

No. of cases Al 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.

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 Al
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

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 Al 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
1ll-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- 1 15 0.104 0.104 0 0.000 0

calcifications
Punctate echogenic foci 3 19 0.132 0.396 0 0.000 0
None 0 102 0.708 0 11 0917 0

Sum - 144 1 3.974 12 3.916

Frontiers in Endocrinology 07 frontiersin.org


https://doi.org/10.3389/fendo.2022.981403
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

Data availability statement

The data that support the findings of this study are
available on reasonable request from corresponding author
LW after formal approval by the concerned Chinese
regulating authorities.

Author contributions

Conceptualization, LW and LX; methodology, YW, JY and
WL; software, YW, WL and WC; validation, LW and LX; formal
analysis, YW and DX; investigation, HW, MY, CP and CY;
resources, LW and LX; data curation, MY, CP and CY; writing—
original draft preparation, WY and DX; writing—review and
editing, LX; supervision, LW and LX; project administration,
LW and LX; funding acquisition, DX and LW. All authors have
read and agreed to the published version of the manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (No. 82071946) and the Zhejiang
Provincial Natural Science Foundation of China (No.
LY20H180001, LSD19H180001, LZY21F030001).

References

1. Lim H, Devesa SS, Sosa JA, Check D, Kitahara CM. Trends in thyroid cancer
incidence and mortality in the united states, 1974-2013. Jama (2017) 317(13):1338-
48. doi: 10.1001/jama.2017.2719

2. Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE,
etal. 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

3. 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. journal of the American college of radiology. ] Am
Coll Radiol (2017) 14(5):587-95. doi: 10.1016/j.jacr.2017.01.046

4. Al Dawish M, Alwin Robert A, Al Shehri K, Hawsawi S, Mujammami M, Al
Basha IA, et al. Risk stratification of thyroid nodules with Bethesda III category:
The experience of a territorial healthcare hospital. Cureus (2020) 12(5):e8202.
doi: 10.7759/cureus.8202

5. Sobrinho-Siméaes M, Eloy C, Magalhies ], Lobo C, Amaro T. Follicular thyroid
carcinoma. Mod Pathol (2011) 24(2):S10-8. doi: 10.1038/modpathol.2010.133

6. Chiofalo MG, D'Anna R, Di Gennaro F, Setola SV, Marotta V. Great
veins invasion in follicular thyroid cancer: single-centre study assessing
prevalence and clinical outcome. Endocrine (2018) 62(1):71-5. doi: 10.1007/
$12020-018-1622-4

7. Rick ME, Moll S, Taylor MA, Krizek DM, White GC, Aronson DL.
Differential diagnostic ultrasound criteria of papillary and follicular carcinomas:
a multivariate analysis. Rofo (2014) 186(5):489-95. doi: 10.1055/s-0034-1366282

8. Koike E, Noguchi S, Yamashita H, Murakami T, Ohshima A, Kawamoto H,
et al. Ultrasonographic characteristics of thyroid nodules: prediction of
malignancy. Arch Surg (2001) 136(3):334-7. doi: 10.1001/archsurg.136.3.334

Frontiers in Endocrinology

08

10.3389/fendo.2022.981403

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/
fendo.2022.981403/full#supplementary-material

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.

9. Sillery JC, Reading CC, Charboneau JW, Henrichsen TL, Hay ID, Mandrekar
JN. Thyroid follicular carcinoma: sonographic features of 50 cases. Ajr Am J
Roentgenol (2010) 194(1):44-54. doi: 10.2214/AJR.09.3195

10. Rago T, Di Coscio G, Basolo F, Scutari M, Elisei R, Berti P, et al. Combined
clinical, thyroid ultrasound and cytological features help to predict thyroid malignancy in
follicular and hupsilonrthle cell thyroid lesions: results from a series of 505 consecutive
patients. Clin Endocrinol (Oxf) (2007) 66(1):13-2. doi: 10.1111/j.1365-2265.2006.02677.x

11. Poller DN, Ibrahim AK, Cummings MH, Mikel JJ, Boote D, Perry M. Fine-
needle aspiration of the thyroid. Cancer (2000) 90(4):239-44. doi: 10.1002/1097-
0142(20000825)90:4<239::aid-cncr7>3.0.c052-s

12. Busseniers AE, Oertel YC. "Cellular adenomatoid nodules" of the thyroid:
Review of 219 fine-needle aspirates. Diagn Cytopathol (1993) 9(5):581-89.
doi: 10.1002/dc.2840090523

13. Rossi ED, Adeniran AJ, Faquin WC. Pitfalls in thyroid cytopathology. Surg
Pathol Clin (2019) 12(4):865-81. doi: 10.1016/j.path.2019.08.001

14. Baloch ZW, Fleisher S, Livolsi VA, Gupta PK. Diagnosis of “follicular
neoplasm”: a gray zone in thyroid fine-needle aspiration cytology. Diagn
Cytopathol (2002) 26(1):41-4. doi: 10.1002/dc.10043

15. LiVolsi V, Abdulkader NI, Baloch ZW, Bartolazzi A. Follicular thyroid
carcinoma. In: Lloyd RV, RY O, Kloppel G, Rosai J, editors. WHO classification of
tumors of endocrine organs, 4th ed. Lyon: IARC (2017). p. 92-3.

16. Marotta V, Bifulco M, Vitale M. Significance of RAS mutations in thyroid
benign nodules and non-medullary thyroid cancer. Cancers (Basel) (2021) 13
(15):3785. doi: 10.3390/cancers13153785

17. Marotta V, Sciammarella C, Colao AA, Faggiano A. Application of
molecular biology of differentiated thyroid cancer for clinical prognostication.
Endocr Relat Cancer (2016) 23(11):R499-R15. doi: 10.1530/ERC-16-0372

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2022.981403/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.981403/full#supplementary-material
https://doi.org/10.1001/jama.2017.2719
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.1016/j.jacr.2017.01.046
https://doi.org/10.7759/cureus.8202
https://doi.org/10.1038/modpathol.2010.133
https://doi.org/10.1007/s12020-018-1622-4
https://doi.org/10.1007/s12020-018-1622-4
https://doi.org/10.1055/s-0034-1366282
https://doi.org/10.1001/archsurg.136.3.334
https://doi.org/10.2214/AJR.09.3195
https://doi.org/10.1111/j.1365-2265.2006.02677.x
https://doi.org/10.1002/1097-0142(20000825)90:4%3C239::aid-cncr7%3E3.0.co;2-s
https://doi.org/10.1002/1097-0142(20000825)90:4%3C239::aid-cncr7%3E3.0.co;2-s
https://doi.org/10.1002/dc.2840090523
https://doi.org/10.1016/j.path.2019.08.001
https://doi.org/10.1002/dc.10043
https://doi.org/10.3390/cancers13153785
https://doi.org/10.1530/ERC-16-0372
https://doi.org/10.3389/fendo.2022.981403
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

18. Puzziello A, Guerra A, Murino A, Izzo G, Carrano M, Angrisani E, et al.
Benign thyroid nodules with RAS mutation grow faster. Clin Endocrinol (Oxf)
(2016) 84(5):736-40. doi: 10.1111/cen.12875

19. Guerra A, Di Stasi V, Zeppa P, Faggiano A, Marotta V, Vitale M. BRAF
(V600E) assessment by pyrosequencing in fine needle aspirates of thyroid nodules
with concurrent hashimoto's thyroiditis is a reliable assay. Endocrine (2014) 45
(2):249-55. doi: 10.1007/512020-013-9994-y

20. Marotta V, Sapio MR, Guerra A, Vitale M. BRAF mutation in cytology
samples as a diagnostic tool for papillary thyroid carcinoma. Expert Opin Med
Diagn (2011) 5(4):277-90. doi: 10.1517/17530059.2011.575058

21. Hosny A, Parmar C, Quackenbush J, Schwartz LH, Aerts HJ. Artificial
intelligence in radiology. Nat Rev Cancer (2018) 18(8):500-10. doi: 10.1038/
$41568-018-0016-5

22. Ma ], Wu F, Jiang T, Zhao Q, Kong D. Ultrasound image-based thyroid
nodule automatic segmentation using convolutional neural networks. Int ] Comput
Assist Radiol Surg (2017) 12(11):1895-910. doi: 10.1007/s11548-017-1649-7

23. Ma J, Wu F, Zhu J, Xu D, Kong D. A pre-trained convolutional neural
network based method for thyroid nodule diagnosis. Ultrasonics (2017) 73(1):221-
30. doi: 10.1016/j.ultras.2016.09.011

24. Wildman-Tobriner B, Buda M, Hoang JK, Middleton WD, Mazurowski
MA. 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

25. Song W, Li S, Liu J, Qin H, Zhang B, Zhang S, et al. Multi-task cascade
convolution neural networks for automatic thyroid nodule detection and

Frontiers in Endocrinology

09

10.3389/fendo.2022.981403

recognition. IEEE ] BioMed Health Inform (2019) 23(3):1215-24. doi: 10.1109/
JBHI.2018.2852718

26. Mai W, Zhou M, Li J, 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

27. Lin TY, Goyal P, Girshick R, He K, Dollar P. Focal loss for dense object
detection. IEEE Trans Pattern Anal Mach Intell (2017) 99:2999-3007. doi: 10.1109/
TPAMI.2018.2858826

28. Foret P, Kleiner A, Mobahi H, Neyshabur B. Sharpness-aware minimization
for efficiently improving generalization. Int Conf Learn Representations (2021).
doi: 10.48550/arXiv.2010.01412

29. Tan M, Le QV. Efficientnet: Rethinking model scaling for convolutional
neural networks. Int Conf Mach Learn (2019) 97:6105-14. doi: 10.48550/
arXiv.1905.11946

30. Peng S, Liu Y, Lv W, Liu L, Zhou Q, Yang H, et al. Deep learning-based
artificial intelligence model to assist thyroid nodule diagnosis and management: a
multicentre diagnostic study. Lancet Digit Health (2021) 3(4):e250-9. doi: 10.1016/
$2589-7500(21)00041-8

31. Jia X, Ma Z, Kong D, Li Y, Hu H, Guan L, et al. Novel human artificial
intelligence hybrid framework pinpoints thyroid nodule malignancy and identifies
overlooked second-order ultrasonographic features. Cancers (2022) 14(18):4440.
doi: 10.3390/cancers14184440

32. Cibas ES, Ali SZ. The 2017 Bethesda system for reporting thyroid
cytopathology. Thyroid (2017) 27(11):1341-6. doi: 10.1089/thy.2017.0500

frontiersin.org


https://doi.org/10.1111/cen.12875
https://doi.org/10.1007/s12020-013-9994-y
https://doi.org/10.1517/17530059.2011.575058
https://doi.org/10.1038/s41568-018-0016-5
https://doi.org/10.1038/s41568-018-0016-5
https://doi.org/10.1007/s11548-017-1649-7
https://doi.org/10.1016/j.ultras.2016.09.011
https://doi.org/10.1148/radiol.2019182128
https://doi.org/10.1109/JBHI.2018.2852718
https://doi.org/10.1109/JBHI.2018.2852718
https://doi.org/10.1007/s00330-021-07884-z
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.48550/arXiv.2010.01412
https://doi.org/10.48550/arXiv.1905.11946
https://doi.org/10.48550/arXiv.1905.11946
https://doi.org/10.1016/S2589-7500(21)00041-8
https://doi.org/10.1016/S2589-7500(21)00041-8
https://doi.org/10.3390/cancers14184440
https://doi.org/10.1089/thy.2017.0500
https://doi.org/10.3389/fendo.2022.981403
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	An artificial intelligence ultrasound system’s ability to distinguish benign from malignant follicular-patterned lesions
	Highlights
	Introduction
	Materials and methods
	Data summary
	Ultrasound examinations by radiologists and AI software
	Statistical analysis

	Results
	Comparison between the AI system and radiologists of different experience levels
	Comparison the performance of the AI system and radiologists in diagnosis FTC, FTA and AHN respectively

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


