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Abstract: The prevalence of antibody-negative chronic autoimmune thyroiditis (SN-CAT) is increasing. The early diagnosis of SN-
CAT can effectively prevent its further development. Thyroid ultrasound can diagnose autoimmune thyroiditis and predict hypothyr-
oidism. Primary hypothyroidism with a hypoechoic pattern suggested by thyroid ultrasound and negative thyroid serum antibodies is
the main basis for the diagnosis of SN-CAT. However, for early SN-CAT, only hypoechoic thyroid changes and serological antibodies
are currently available. This study explored how to achieve an accurate and early diagnosis of SN-CAT and prevent the development of
SN-CAT combined with hypothyroidism. The diagnosis of a hypoechoic thyroid by artificial intelligence is expected to be
a breakthrough in the accurate diagnosis of SN-CAT.
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Introduction

Clinically, a considerable number of patients diagnosed with primary hypothyroidism have been found to be negative for
thyroid serological antibodies, whereas ultrasound suggests a hypoechoic pattern, ie serum antibody-negative chronic
autoimmune thyroiditis (SN-CAT)." Artificial intelligence (AI) has been a research hotspot in recent years, gradually
entering the field of imaging and achieving certain development. The thyroid has become a precursor to the development
of Al in the field of ultrasound due to its unique characteristics, such as its unique body surface position and relatively
easy collection of standard images.>> It has also been shown that sonographers combined with Al diagnosis can predict
the nature of thyroid nodules in ultrasound images more effectively than sonographers alone.* At present, it is considered
that ultrasonography can diagnose SN-CAT and predict hypothyroidism. However, it is uncertain whether early SN-CAT
can be diagnosed by ultrasonography or thyroid ultrasonography assisted by Al before SN-CAT becomes combined with
hypothyroidism. Therefore, providing favourable opportunities for effective intervention in SN-CAT and hypothyroidism
has become a research focus.
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We searched the PubMed and HowNet databases using the keywords “antibody negative”, “autoimmune thyroiditis”
(CAT), “hypothyroidism”, “hypoechoic thyroid”, “AI” and “Hashimoto’s disease”. The related literature was summarised
and expanded on the topic of Al-assisted ultrasound early diagnosis of antibody-negative autoimmune thyroiditis.

SN-CAT and Classic Hashimoto’s Thyroiditis

Hashimoto’s thyroiditis (HT) is a chronic inflammation of thyroid follicular cells. It is an autoimmune disease in which
the antigen is the normal thyroid tissue of the thyroid gland. The pathology of HT is the lymphocyte infiltration of thyroid
tissue.” Studies have shown that the prevalence of HT in China is 1%~2%, the incidence of HT in men is 0.8/1000, the
incidence of HT in women is 3~4 times as high as that in men, and most of them are 30~50 years old.° Hashimoto’s
thyroiditis is the most common cause of hypothyroidism,” and the clinical manifestations of the disease are complex and
varied. With the progress of HT come many clinical manifestations, including fatigue, lethargy, chills, oedema, memory
loss, constipation and dry skin, seriously affecting patient’s daily lives.® Because of the lack of early clinical manifesta-
tions and specific diagnostic indicators, it is often overlooked by patients, leading to a high rate of missed diagnosis;
often, at the time of diagnosis, the disease has entered the stage of clinical hypothyroidism, with missed opportunities for
early intervention.’

Many studies have shown that HT can affect the nervous system of the brain, causing brain metabolic disorders and
reducing neuronal activity in the normal brain.'®'! It has also been shown that impaired brain bioelectrical activity
occurs in patients with HT without central nervous system deficits, suggesting that impaired brain bioelectrical activity
during hormone therapy may be related to ongoing autoimmune processes. Increased visual evoked potential (VEP)
amplitude during hormone therapy may indicate increased cerebral cortical activity, and VEP and brain-stem auditory
evoked potential analysis may be helpful in evaluating brain bioelectrical activity during hormone therapy.'?

The diagnosis of HT is based on clinical manifestations, thyroid hormone levels, the presence of serum anti-thyroid
antibodies and thyroid ultrasound assessment'> (see Figures 1-5). Clinically, the sensitivity, specificity and stability of
thyroid peroxidase autoantibodies, including serum anti-thyroid peroxidase antibody (TPOAb) and serum anti-
thyroglobulin antibody, have been significantly improved. Positive TPOAb and anti-thyroglobulin antibodies (TgAb)
can be used to diagnose HT before hypothyroidism.'* Cases of HT that are positive for thyroid autoantibodies are also
known as classic HT (CHT)." In the past few years, it has been shown that other anti-thyroid immunoglobulins, including

Figure | Hashimoto’s disease without hypothyroidism.
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Figure 2 Hashimoto’s disease with mild subclinical hypothyroidism.

Figure 3 Hashimoto’s disease with severe subclinical hypothyroidism.

thyroid-stimulating hormone (TSH) receptor blocking or stimulating antibodies, thyroxine antibodies, triiodothyronine
and megalin (a transmembrane protein belonging to the low-density lipoprotein receptor family), are also detectable in
patients with autoimmune thyroiditis."?

In 1988, Baker et al'® reported the first case of SN-CAT. The authors found histological findings consistent with
Hashimoto’s disease in a specimen from a patient who underwent thyroidectomy because of neck compression caused by
a goitre; however, the patient’s preoperative serological test was negative for autoantibodies. Since then, increasing
numbers of scholars have started to study SN-CAT, which is defined as a hypoechoic pattern on thyroid ultrasonography
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Figure 4 Hashimoto’s disease with clinical hypothyroidism.

Figure 5 Hashimoto’s hyperthyroid stage.

in patients with primary hypothyroidism who are negative for TPOAb and TgAb.' In fact, TPOAb and TgAb negativity
can be used to identify SN-CAT and CHT, and hypoechoic patterns on primary hypothyroidism and thyroid ultrasounds
can be used to diagnose autoimmune thyroiditis.'® Although the early diagnosis of SN-CAT can effectively block its
further development,'” presently, the only effective indicator for the diagnosis of SN-CAT is the hypoechoic mode of

thyroid ultrasound. Therefore, relevant studies are not easy to perform, and relevant literature is very limited.
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The Prevalence and Clinical Characteristics of SN-CAT

At first, scholars thought that cases of SN-CAT were not rare, and based on the positive rate of thyroid autoantibodies in
hypothyroidism, the prevalence of SN-CAT was estimated to be about 5%.'” However, no definite clinical epidemiolo-
gical data is available. In recent years, the prevalence of subclinical hypothyroidism and SN-CAT has increased
significantly, and with the use of TSH levels in TSH serology and the widespread use of thyroid ultrasound in physical
examinations, clinical epidemiological evidence of SN-CAT has recently emerged. In a cross-sectional study of SN-CAT
in 581 patients with CAT associated with hypothyroidism in 2020, L. Croce et al found a prevalence of 20.8% for SN-
CAT, a result that far exceeded the previous estimate of 5%. In a subsequent longitudinal follow-up study of 8.9 + 4.6
years, serum TPOAD and/or TgAb testing was positive in 8 of 49 (16.3%) patients with SN-CAT, perhaps reminding us
that “SN-CAT is an early stage of CHT!” More in-depth research is required.

In addition, a study on the clinical manifestations of SN-CAT found that at the time of initial diagnosis, patients in an
SN-CAT group had lower serum TSH levels and higher serum FT4 levels; low-dose LT4 corrected hypothyroidism in the
SN-CAT group, but the thyroid volume in the CHT group was significantly larger than that in the SN-CAT group. After
LT4 treatment, the thyroid volume in the CHT group was significantly decreased, and no change was observed in the SN-
CAT group. Therefore, SN-CAT is considered more moderate than CHT.'®

Thyroid Ultrasound and Autoimmune Thyroiditis

Theoretical Basis of Autoimmune Thyroiditis Ultrasound in Low-Echo Mode

Thyroid follicles are the structural and functional units of the thyroid gland. Normal thyroid cells condense into a rosette-
like ring-shaped follicular structure. The follicles are filled with glia and are 200—400 um in diameter, forming a site for
synthesising and secreting thyroid hormone. The interface between the thyroid cells and the glia has high acoustic
impedance, and high-frequency sound waves are reflected to the probe, allowing the normal echo density of the thyroid

gland to be distinguished from that of the surrounding neck muscles. In 2003, Italian Paolo Vitti et al'® showed that in
patients with HT, the interface between thyroid cells and glia is reduced due to a large lymphocyte infiltration in the

thyroid tissue, resulting in hypoechoic thyroid tissue.

Low-Echo Mode Ultrasonography of Autoimmune Thyroiditis Thyroid
In 2001, Rago et al* of Italy studied thyroid ultrasound as a diagnostic tool for thyroid autoimmune disease and
a predictor of thyroid dysfunction to in comparison with the available methods hypoechoic patterns of the thyroid; they
specified in detail the methods of thyroid ultrasound examination. First, they adjusted the overall gain of the device at the
time of the ultrasound, taking the absence of echo in the internal jugular vein as a criterion. Then, they determined that
under these conditions, the structurally normal thyroid had a moderate greyscale uniform echo pattern, with an echo level
higher than that of the surrounding muscles; when the echo density was significantly lower than that of the normal
subjects, it was considered to be hypoechoic and was classified as mild (I), moderate (I) or severe (III). In evaluating the
low-echo mode of HT in 2021,?' only “Diffuse heterogeneous thyroid disease” or “Hypoechoic thyroid” were used as
evaluation criteria, and no more in-depth typing of “Heterogeneous” or “Hypoechoic thyroid” was performed.
Therefore, the Rago?® hypoechoic pattern triad classification is the only method in the current literature to further
classify the hypoechoic pattern on ultrasonography in thyroid autoimmune diseases.

Limitations of Hypoechoic Thyroiditis Thyroid in the Diagnosis of

Autoimmune Disorders
Although Rago T’s hypoechoic three-degree classification gives diagnostic criteria for the diagnosis of thyroid auto-
immune diseases by ultrasonography, such criteria are more subjective and difficult to quantify, and different ultrasound
doctors will draw different conclusions on the same patient, directly affecting the development of more research in this
area.

In addition, morbid obesity is the most important disease that needs to be identified in the ultrasound diagnosis of
autoimmune thyroiditis and hypothyroidism because up to 10-15% of morbidly obese patients have elevated serum TSH
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under the condition of a negative thyroid autoimmune antibody test. In addition, because of a large amount of fatty tissue
in the neck of morbidly obese patients, up to 65% of such patients exhibited a hypoechoic thyroid appearance on thyroid
ultrasound examination; this was unrelated to the change in the thyroid tissue structure, meaning that SN-CAT can be
easily misdiagnosed.?***

Based on the above issues, thyroid ultrasound diagnosis and the early prediction of SN-CAT are very important, but
there are many complex problems to be solved.

Artificial Intelligence-Assisted Thyroid Ultrasound Diagnosis System

The clinical manifestation of SN-CAT is similar to that of CHT. Often, SN-CAT is overlooked in the early stage of the
disease due to the lack of typical thyroid autoantibodies. Ultrasonography suggests that a hypoechoic appearance is the
only valid indicator for the early diagnosis of SN-CAT; however, because of the complexity of this hypoechoic feature, it
is not easy to achieve accurate graduation with conventional ultrasound for diagnosis; it is less likely to interrupt the
course of autoimmune thyroiditis at an early stage and prevent the development of hypothyroidism. However, it is
possible to achieve an early accurate diagnosis of SN-CAT using Al-assisted thyroid ultrasound, which provides a more
favourable opportunity for the accurate prevention and control of hypothyroidism.

Introduction to Artificial Intelligence

Artificial intelligence is a general description of human intelligent activities, such as computers imitating human thinking
and behaviour, and is a general term that includes methods or technologies, such as machine learning, artificial neural
networks and deep learning (DL).>* Computer-aided diagnosis (CAD) can improve the detection rate of focus areas and
reduce the false-negative rate by locating abnormal or suspicious areas in images.”> In CAD, machine learning methods
are used to analyse imaging and non-imaging data from past case samples of patient populations and to develop a model
to correlate extracted information with certain disease outcomes. As data from the new case is entered, the developed
model is expected to predict the outcome of the new unknown case. If properly trained and validated, CAD predictions
can be used as a second opinion or supporting information in clinical decision-making processes.”® The use of machine
learning techniques to analyse patient data for decision support is applicable to any patient care process, with examples
including disease or lesion detection, characterisation, cancer staging, treatment planning, treatment response assessment,
recurrence monitoring and prognostication.”’*® In general, imaging data plays an important role at each stage, so image
analysis is a major component of CAD.*

Deep learning does not rely on manual feature extraction and can generate advanced features directly from an original
image.’® Driven by arithmetic, data and algorithms, DL can remember the visible features of tumour focus, such as
tumour size, boundary, blood flow, calcification and aspect ratio. At the same time, many non-visual features, such as the
greyscale, which cannot be recognised by human eyes, are found, and real-time dynamic analysis is performed to
effectively improve the diagnostic efficacy of observers.”’ In addition, DL must be combined with big data to
continuously improve and eventually achieve or exceed the level of the human brain. Deep learning has become the
most advanced machine learning method. Deep learning iteratively adjusts the weight layers in deep neural network
architecture to learn multiple levels of representation from training data. It has been successful in many fields, including
speech and text recognition, natural language understanding and translation, object detection and classification.

Deep learning can learn directly from raw data and leverage an output layer with multiple hidden layers.*' Compared
with expert systems, the DL method is easier and more accurate. The increase in computing power and the popularity of
algorithms, such as convolutional neural networks (CNNs), full convolution networks, recurrent neural networks and
generation countermeasure networks, have facilitated multiple studies on the use of DL-based Al in pathology. The
application of Al in pathology has helped to overcome the limitations of pathologists’ subjective visual assessments and
integrate multiple measurements for precision tumour treatment.>**> However, most of the current DL applications are
far from exhibiting the desired intelligent characteristics of humans, and developers and users are committed to marking

computer-aided technologies as AI>*
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Application of Al in Clinical Medicine
In 1998, the US FDA approved the clinical use of molybdenum target Al, increasing the detection rate of breast cancer
by 8%, while in 2017, it approved the clinical use of breast Al, reducing the missed diagnosis rate of breast cancer by
39%.** In 2019, Dan and Zhan et al*® indicated that thyroid nodule Al-assisted ultrasound diagnosis had a sensitivity of
86.20% and a specificity of 85.48%. The 2022 China Society of Clinical Oncology guidelines for the diagnosis and
treatment of breast cancer state that Al is useful in the diagnosis of benign and malignant breast diseases, second only to
the comprehensive interpretation of plain and enhanced images by breast radiologists with 20 years’ experience.
Furthermore, Al has been applied to the prediction of triple-negative breast cancer and the automatic Her-2 scoring of
pathology. In conclusion, there is a high rate of agreement with the physician’s diagnosis.*®

On 1 February 2021, Beijing medical quasi-intelligence obtained a national medical device registration certificate for
breast ultrasound image data management software (GUIJI NOTE: 20212210021). On 29 July 2021, Wuxi produced
intelligent access ultrasound-assisted processing software (Xiangji note: 20212211483 [national medical device registra-
tion certificate]). This indicates that after more than 20 years of research and catch-up, China’s Al-assisted ultrasound
diagnosis technology has undoubtedly entered the clinical application stage.

Application of Al in Thyroid Ultrasound Diagnosis

In June 2022, Bing et al*’ successfully applied pulsed smart dynamic real-time Al to thyroid nodule diagnostics. They
pointed out that dynamic Al can perform real-time and synchronous dynamic analysis of the nodules from multi-layers
and multi-angles and assess the nature of nodules, thus further improving diagnostic efficiency and reducing unnecessary
punctures. This was the first clinical research report on a dynamic Al-assisted real-time diagnosis system in China to
effectively assist surgeons to formulate scientific and reasonable individualised diagnosis and treatment strategies for
patients.

In addition, large-sample studies on Al-assisted thyroid inflammation have also been reported. Zhang et al*®
established a DL database model (HT-Net) for the largest sample of Al-assisted diagnoses of HT to date (106,513
ultrasound images from 17,934 patients); in all patients, pathological examination was used as the gold standard for the
diagnosis of HT. In this study, serological markers were examined to improve their diagnostic performance, and their
diagnostic efficacy was comprehensively evaluated by internal and external tests. The three independent test sets were (1)
the training set, which included 37,424 ultrasound images from 6143 patients with HT and 69,089 ultrasound images
from 11,791 controls (obtained from 1 January 2012 to 30 December 2017 in our unit); (2) internal tests, which included
48,803 images from 4303 patients (from 1 January 2018 to 28 March 2019) and 185 videos from 185 patients (from
1 April 2021 to 10 May 2021); (3) external testing, which included 5304 ultrasound images from 563 patients. The
results of our study suggests that HT-Net has surpassed ultrasound physicians in sensitivity and specificity in diagnosing
HT and that the presence or absence of thyroid nodules and the different types of ultrasound equipment have no impact
on diagnostic performance. However, because the study was retrospective, the pathologic diagnosis on which it was
based did not grade HT; additionally, there is no classification of thyroiditis other than HT, such as Graves’ disease and
subacute, postpartum, sporadic and suppurative thyroiditis. Therefore, the diagnostic efficacy of HT-Net needs to be
verified by follow-up prospective studies.

Similarly, another recent study by Zhao et al’® investigated the efficiency of a DL model in the automatic diagnosis of
HT using real ultrasound data from CAD and Al ultrasound. Two CNNs were integrated as the final model for HT
classification (CAD-HT), and it was found that compared with advanced radiologists, the CAD-HT model achieved
higher performance and improved accuracy by nearly 9%. There was no change in the diagnostic efficacy for different
hospitals and thyroid hormone levels (hyperthyroidism, hypothyroidism and normal thyroid function). Peng et al*®
developed a DL AI model (ThyNet) to distinguish between malignant and benign thyroid nodules and investigated how it
can help radiologists improve diagnostic performance and avoid unnecessary puncture tests. Images and videos were
used in the study. In the simulation scenario, the number of punctures using the ThyNet adjuvant strategy decreased from
61.9% to 35.2%, while the number of missed malignancies decreased from 18.9% to 17.0%. The ThyNet adjuvant
strategy was shown to significantly improve the diagnostic ability of radiologists.
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Another study showed that of 25,445 biopsy samples, approximately 20% were pathologically diagnosed as atypical
lesions of unknown significance or undetermined malignancy, with an average malignancy risk of 15.9% and 75.2%,
respectively.*! Through the combined application of Al technology and medical image data, a static Al ultrasonic
intelligent-assistant diagnosis system was generated for the diagnosis of thyroid nodules; it can improve diagnosis
efficiency while ensuring accuracy.**

However, static Al can only diagnose a single view of a nodule and cannot determine the nature of the nodule in real time.
The development of a dynamic Al ultrasound assisted diagnosis system provides a new method for thyroid nodule ultrasound
diagnosis. It can perform real-time and synchronous dynamic analysis of nodules from multiple cross-sectional views and
different angles to further improve the diagnostic efficiency of clinical examination. Studies have found that dynamic Al
examination has a high diagnostic value for benign and malignant thyroid nodules and can effectively assist surgeons in

developing scientific and rational individualised diagnostic and treatment strategies for patients.*”**

Establishment of an Al Database of SN-CAT Cases

How to collect SN-CAT cases is a very important step in the establishment of an SN-CAT database for Al-assisted
diagnosis. It is an effective method to collect SN-CAT cases by detecting thyroid antibodies and thyroid ultrasonography
in patients with hypothyroidism, although there is no doubt that cases in the middle and late stages are associated with
hypothyroidism. Therefore, we need to find new ways and methods of identifying SN-CAT cases without hypothyroid-
ism, ie early SN-CAT cases.

The American Baker designed this method for us as early as 1988. Autoimmune thyroiditis has been found in patients
with thyroid surgery by lymphocyte infiltration, a typical pathological feature of thyroid surgery; subsequently, SN-CAT
and hypothyroidism can be detected by thyroid serological antibody testing, which may be the only effective way to
identify early cases of SN-CAT.

Conclusion and Prospects

Primary hypothyroidism, a hypoechoic pattern of thyroid ultrasound and negative serum antibodies are the three
necessary diagnostic criteria for SN-CAT; however, for early SN-CAT, only hypoechoic thyroid changes and serological
antibodies are available. Therefore, we must determine how best to combine the two methods based on the three-degree
classification of low echo under SN-CAT ultrasound to further realise the accurate diagnosis and the early diagnosis of
SN-CAT and prevent the development of SN-CAT with hypothyroidism. The diagnosis of hypoechoic thyroid by Al is
expected to be a breakthrough in the accurate diagnosis of SN-CAT. At present, Al is yet to be applied in the diagnosis of
SN-CAT, so the Al-assisted ultrasound diagnosis of SN-CAT is significant. In subsequent studies, we will verify the real
value of Al-assisted ultrasound diagnosis of SN-CAT to effectively prevent the further development of the disease.
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