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Abstract 

 

 
Thyroid cancer is the most prevalent endocrine cancer which typically manifests as thyroid 

nodules that are primarily diagnosed using ultrasound and fine-needle aspiration cytology 

(FNAC). The surge in thyroid cancer incidence and the overdiagnosis of indolent thyroid 

nodules in recent years is attributed to the increased use of advanced ultrasound technology 

and FNAC. This thesis evaluated the diagnostic utility of computer-aided diagnosis (CAD), 

AngioPLUS microvascularity assessment and shear wave elastography (SWE) in thyroid 

cancer diagnosis. 

Study 1 validated the diagnostic performance of CAD software based on 6 TIRADS using 205 

thyroid nodules at the default setting and 3 adjusted settings. The results confirmed that the 

default setting was ideal for achieving maximum sensitivity. The EU TIRADS demonstrated 

the highest sensitivity (82.7%). Comparative diagnostic performance analysis was done 

between the CAD and computer-assisted subjective interpretation using 4 analogous TIRADS 

and 162 nodules. The results showed comparable sensitivity between the two methods, 

however, CAD had lower specificity for all TIRADS. EU TIRADS and KSThR TIRADS 

differentiated all nodules with comparable diagnostic performance, however, EU TIRADS had 

slightly higher specificity.  

Study 2 evaluated the diagnostic value of AngioPLUS coupled with conventional power 

(APDI) and colour Doppler (ACDI) ultrasound imaging techniques in combination with EU 

TIRADS. A total of 94 thyroid nodules that included 40 cytologically-equivocal nodules were 

analysed using a quantitative ratio vascularity index (RVI) at different offsets and qualitative 

visual regional grading. RVI combined with EU TIRADS resulted in high specificity but poor 

sensitivity at all offsets and Doppler ultrasound modes. The combination of qualitative APDI 
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vascularity grading and EU TIRADS had higher specificity than EU TIRADS alone and 

slightly lower sensitivity in differentiating all nodules (SEN: 76.7% vs 83.3%, p > 0.05, SPEC: 

84.4% vs 50%, p < 0.05;). However, it stratified cytologically-equivocal nodules with 

significantly higher overall diagnostic performance than EU TIRADS alone (SEN: 88.9%; 

SPEC: 77.4% vs 38.7%, p < 0.05, and AUROC: 0.89 vs 0.62, p < 0.05).  

Study 3 evaluated the diagnostic value of SWE in combination with EU TIRADS and included 

126 thyroid nodules. Using different sub-categories of the nodules, diagnostic performance 

analyses were performed. Results showed that no SWE index was superior to EU TIRADS in 

differentiating all nodules. However, for nodules between 1cm and 2 cm at an optimal cut-off 

of 8.7 kPa and those > 2cm at an optimal cut-off of 10.7 kPa, the SWE SD index combined 

with EU TIRADS demonstrated higher specificity and insignificantly lower sensitivity than 

EU TIRADS alone (SEN:72.2% vs 88.9%, p > 0.05; SPEC:76.5% vs 55.9%, p < 0.05; and, 

SEN: 71.4% vs 85.7%, p > 0.05; SPEC: 95.8% vs 62.5%, p < 0.05, respectively).  

In conclusion, CAD has a complementary diagnosis role in thyroid cancer screening, but it is 

not superior to subjective interpretation. EU TIRADS can rule in thyroid malignancy using 

either CAD or subjective interpretation. APDI combined with EU TIRADS is highly 

diagnostically efficient in differentiating cytologically-equivocal thyroid nodules. SWE 

combined with EU TIRADS has the potential for improving the diagnosis of nodules ≥ 1cm.  
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Chapter 1   

  
Introduction 

 

Thyroid cancer is the most common endocrine carcinoma globally, making up 3% of all cancer 

malignancies 1. The incidence of thyroid cancer has increased over the years with recent studies 

in China showing a moderate increase in morbidity among women with increasing age 2. In 

Hong Kong, it is the second most common cancer affecting young women 3. Thyroid cancer 

commonly presents as symptomatic or asymptomatic thyroid nodules of which only about 15% 

tend to be malignant 4. The pre-surgical diagnosis of thyroid nodules is usually through 

diagnostic ultrasound imaging. Depending on the sonographic features and the nodule size, 

fine needle aspiration cytology (FNAC) may also be conducted for diagnosis. The rise in 

thyroid cancer incidence has been attributed to the advancement and increased sensitivity of 

diagnostic ultrasound imaging modalities coupled with the increased use of FNAC. A challenge 

that has arisen with the increase in thyroid cancer incidence is the overdiagnosis of indolent or 

low-risk thyroid neoplasms without a significant influence on the mortality rates 4, 5.  

Although FNAC is considered the minimally-invasive pre-operative reference standard for 

thyroid nodule diagnosis, it has the drawback of about 30% equivocal results for which only 

up to 30% of the nodules are malignant 6-8. Equivocal cytology specimens currently can only 

be conclusively diagnosed by repeat FNAC or post-thyroidectomy histopathology. This 

implies that potentially, patients with benign nodules may be subjected to unnecessary 

thyroidectomy for a conclusive diagnosis. This in turn has surgical complication risks as well 

as cost and quality of life implications that come with a lifetime of thyroid hormone 

replacement therapy. Therefore, there is a need for less invasive thyroid nodule diagnosis 
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approaches that are complementary and diagnostically-efficient for more conservative 

treatment of otherwise benign nodules.  

Ultrasound is the primary diagnostic imaging modality in differentiating benign and malignant 

thyroid nodules. The ultrasound diagnosis of thyroid nodules depends on their morphological 

appearance on a sonogram. Typical grey scale ultrasound features that suggest thyroid 

malignancy include marked hypoechogenicity, taller than wide shape, irregular margins and 

microcalcifications, while for benign disease they include spongiform appearance, peripheral 

halo, macrocalcifications and regular shape/margins 9-12. However, as no grey scale ultrasound 

feature accurately predicts malignancy with great precision singularly, a combination of 

suspicious features have been suggested to increase sensitivity but this often results in lower 

specificity 13-15. Thyroid Imaging Reporting and Data System (TIRADS) guidelines based on 

the stratification of the risk of malignancy using several predictive sonographic features have 

emerged in different countries. However, different guidelines vary in malignancy-risk criteria 

and estimation even among shared common predictive features thereby resulting in the lack of 

consensus on the ideal TIRADS to use to date. Due to the inter and intra-observer variances 

that arise from the subjective interpretation of ultrasound images, thyroid ultrasound computer-

aided diagnosis (CAD) techniques that are purported to be more objective have emerged. 

Although the globally-approved commercial thyroid ultrasound CAD (AmCAD-UT, AmCad 

Biomed, Taipei, Taiwan) incorporates multiple TIRADS, the comparison of the diagnostic 

performance of the different TIRADS in diagnosing the same thyroid nodules to ascertain the 

optimal TIRADS is lacking in previous studies.  A diagnostic performance validation of the 

CAD software and a comparison between the diagnostic efficacy of the CAD software and 

computer-assisted subjective interpreters for the same multiple TIRADS is presented in study 

one in Chapter 3. 
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Thyroid ultrasound imaging is not limited to grey scale ultrasound assessment, but also 

involves the assessment of thyroid nodule vascularity. Angiogenesis manifests in malignant 

tumours as the highly metabolic carcinogenic cells invade, grow and create new chaotic and 

torturous blood vessels for survival in areas deficient in blood vessels 16, 17. This results in 

proliferation and increased vascularity in tumour areas. Contentions persist regarding the role 

of vascularity assessment in determining thyroid nodule malignancy. However, some previous 

studies have indicated that increased chaotic central vascularity raises suspicion of malignancy, 

whereas peripheral vascularity is suggestive of the benign disease process 18-20.  Colour and 

power Doppler ultrasound are commonly used to assess the vascularity in thyroid nodules. 

However, these conventional modes are poor at detecting low blood flow in microvessels. The 

advent of advances in ultrasound technology has resulted in the emergence of novel 

microvascularity assessment techniques. Angio Planewave Utrasensitive (AngioPLUS) 

imaging is one such ultrafast Doppler imaging technique with high sensitivity and image 

resolution based on spatiotemporal filtering for the increased detection of low blood flow in 

microvasculature 21. AngioPLUS has shown effectiveness in differentiating parathyroid lesions 

from other lesions, however, reporting of its utility in thyroid imaging is scant 22. Owing to its 

increased sensitivity and image resolution in detecting microvascular flow, its diagnostic 

performance can be speculated to be superior to conventional Doppler ultrasound.  

In thyroid ultrasound, the commonly used methods of vascularity assessment are qualitative 

grading based on various pattern analyses. The value of Doppler ultrasound in thyroid nodule 

assessment could be influenced by the Doppler ultrasound techniques used, and whether the 

vascularity grading approach is qualitative or quantitative assessment. In a previous study, our 

group demonstrated the utility of a customised regional segmentation algorithm based on 

offsetting in the quantitative analysis of thyroid nodule vascularity when combined with grey 

scale ultrasound 23. There is a lack of investigation of the diagnostic efficacy of combination 
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approaches involving TIRADS and Doppler ultrasound assessment in thyroid nodule 

diagnosis. Furthermore, the evaluation of the diagnostic value of such approaches in improving 

the diagnosis of thyroid nodules with equivocal cytology is lacking. Chapter 4 presents study 

two in which a ratio vascularity index (RVI) based on thyroid regional nodule vascularity 

segmentation at different offsets was used in quantitative vascularity analysis for the first time. 

Based on the RVI and qualitative vascularity assessment, the diagnostic performances of 

AngioPLUS coupled with colour and power Doppler ultrasound were determined and 

compared to those of sole colour and power Doppler ultrasound. The study also investigated 

the diagnostic performances of different Doppler ultrasound modes in combination with EU 

TIRADS for the assessment of all nodules and nodules with equivocal cytology. 

The carcinogenesis process can manifest with stiffness changes along with other morphological 

features and vascularity changes. Tissue elasticity is a physical parameter that is mostly 

affected by the pathophysiological process 24. Most of the malignant lesions tend to have 

increased stiffness while benign lesions are more elastic. In papillary thyroid cancer, the most 

common type of thyroid cancer, the increased stiffness is attributed to fibroblastic reactions 

and presence of psammoma bodies and increased cellular compaction caused by the infiltrative 

nature of cancer 25. Elastography is the ultrasound imaging modality used in the assessment of 

tissue elasticity changes based on determining the tissue displacement changes in response to 

extrinsic or intrinsic pressure. Shear wave elastography (SWE) is one of the recent advances in 

elasticity imaging that is considered operator-independent and more accurate in assessing tissue 

elasticity. SWE uses acoustic radiation impulses whereby the velocity of the shear waves in 

tissue is converted to Young’s modulus to determine tissue elasticity and generate tissue 

stiffness values in absolute quantitative measurements in kiloPascals (kPa) 26.  

Although several authors have reported that in combination with grey scale ultrasound 

assessment, SWE can help triage thyroid nodules for biopsy, there are contrasting views 
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regarding its diagnostic accuracy in thyroid nodule diagnosis 27, 28. The major drawbacks in its 

clinical utility have been the lack of universal standards regarding the optimal scanning planes, 

optimal SWE indices, and optimal cut-off points of stiffness values for use in determining 

thyroid malignancy 29-31. Furthermore, there is currently no consensus regarding the influence 

of nodule size on SWE diagnostic performance outcomes. Elastography has been purported to 

improve the specificity for pre-surgical triaging of patients with cytologically equivocal results 

32. However, the investigation of the diagnostic efficacy of SWE in diagnosing nodules with 

equivocal cytology is limited and the current few studies have shown conflicting results 33, 34. 

Multimodal studies involving SWE have been suggested to have the potential in improving the 

diagnostic accuracy of grey scale ultrasound alone, particularly for nodules with equivocal 

cytology, however, very few studies have evaluated this 35. The triaging of patients with thyroid 

nodules for appropriate treatment depend on optimised thyroid ultrasound diagnosis 

approaches which in turn may limit unnecessary treatment procedures. In Chapter 5, the 

diagnostic efficacy of SWE in combination with EU TIRADS was investigated using a pre-

determined optimal scan plane with the corresponding SWE indices based on sub-categories 

of nodule size, equivocal cytology, and vascularity status. The diagnostic value of a multimodal 

approach in thyroid nodules with equivocal cytology was determined using the combination of 

EU TIRADS with AngioPLUS coupled with power Doppler and SWE.  



6 

 

Chapter 2   
 

Literature Review 

 

2.1 Brief overview of the anatomy and physiology of the thyroid gland 

 

The thyroid gland is an endocrinal gland that is responsible for the production of the thyroid 

hormones for the regulation of metabolism in the body. Its secondary role is the production of 

calcitonin for calcium metabolism. It is located at the level of the third and fourth cervical 

vertebrae anterior to the trachea.  This proximity to the trachea can often result in posterior 

nodules being missed during routine clinical examinations 36. The thyroid gland consists of two 

oval-shaped lateral lobes connected by an isthmus centrally, and the thyroid lobes are usually 

symmetrical, about 10 to 20 grams and with an average size of 5cm by 5cm in adults (Figure 

2:1) 37. Occasionally a pyramidal lobe can be found in some individuals, most often children. 

The thyroid gland is medial to the common carotid artery and internal jugular vein on both 

sides and the oesophagus is found postero-lateral to it on the left side. The thyroid gland’s main 

arterial supply is from the superior thyroid artery and inferior thyroid artery. The venous 

drainage is by the superior and middle thyroid veins which drain into the internal jugular vein 

and inferior veins which then anastomose and drain into the brachiocephalic vein. The 

lymphatic drainage is to the central and bilateral cervical lymph nodes 38. 

Follicles form the structural and functional unit of the gland. The follicular cells make up the 

surface of the epithelium and are responsible for thyroid hormone synthesis while the 

parafollicular C- cells are responsible for calcitonin production 38, 39.   
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Figure 2:1  A schematic representation of the thyroid gland and surrounding structures and 

blood supply 
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In each follicle, the hormones are stored as colloid. Since the thyroid hormone is iodinated, the 

thyroid gland concentrates and organifies iodine from circulation through the action of a 

sodium-iodine symporter (NaIS) that is stimulated by thyrotropin. A normal thyroid cell should 

be able to trap iodine from blood plasma against a concentration gradient; this property 

influences radioactive iodine (RAI) use to destroy thyroid cancer cells 40.  The thyroid hormone 

binds to nuclear receptors in target cells and influences the expression of regulatory genes that 

regulate basal metabolic rate, protein synthesis as well as fat and carbohydrate metabolism 38. 

Thyroid hormone output consists of about 90% (75-100ug/day) thyroxine (T4) and about 10% 

(6ug/day) triiodothyronine (T3) 
36, 41. Thyroid hormones (T4 and T3) are therefore regulated by 

thyroid-stimulating hormone (TSH) which in turn is regulated by the thyrotropin-releasing 

hormone (TRH) from the hypothalamus as well as feedback inhibition by the thyroid 

hormones. TSH and free thyroxine T4 (fT4) have an inversely log-linear relationship such that 

a minor change in fT4 is accompanied by a large reciprocal change in TSH 42. This relationship 

is critical in the diagnosis and treatment of thyroid abnormalities. 

2.2  Thyroid cancer 

 

2.2.1 Thyroid cancer epidemiology 

 

Thyroid cancer is the most common endocrine malignancy which accounts for about 3% of all 

cancers 1. The most common presenting feature of thyroid cancer is thyroid nodules which can 

be present in 1% of men and 5% of women 38, 43. Thyroid nodules can be found incidentally 

during medical imaging examinations; however, over 90% of thyroid nodules are usually 

benign 43-45. Up to 50% of adults above 50 years old can harbour one or multiple non-clinically 

relevant sub-centimetre thyroid nodules, with most being discovered incidentally on autopsies 

and resulting in subsequently increased thyroid microcarcinoma rates 46, 47.  
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Thyroid cancers are more prevalent in women and are the fifth most common malignancy in 

women accounting for about 5% of all female cancer diagnosis worldwide 1, 48, 49. Based on 

recent studies, there is a gradual increase in thyroid cancer morbidity in China, particularly 

among female patients who are almost 4 times affected by thyroid cancer than male patients 2, 

50.  In Hong Kong, thyroid cancer is the 2nd most common cancer in women after breast cancer 

in the age group of 20 to 44 years 3. The high incidence of thyroid cancer in women suggests 

that female hormones may have a regulatory role in thyroid carcinogenesis 39.  

2.2.2 Common histological variants of thyroid cancer 

 

About 90% of all thyroid cancers are of follicular cell origin while 4% originate from C-cells 

39, 51.  Papillary thyroid cancer (PTC) which accounts for over 80% of all thyroid cancers, 

follicular thyroid cancer (FTC, up to 11%), Hürthle cell cancer (HCC) and anaplastic thyroid 

cancer (ATC) all originate from follicular cells 49, 52. Medullary thyroid cancer (MTC) 

originates from C cells and often spreads to lymph nodes and distant organs 12, 38. The different 

histological variants of thyroid cancer influence the patient management options and aid in 

determining prognosis. The follicular cell types can be categorized into differentiated thyroid 

carcinomas (DTC), poorly- differentiated carcinomas and undifferentiated thyroid carcinomas. 

2.2.2.1 Differentiated thyroid cancers (DTC) 

 

PTC and FTC are the main types of differentiated thyroid carcinoma. Subtypes of DTC include 

papillary thyroid microcarcinoma (PTMC), encapsulated papillary variant, aggressive papillary 

variants and subtypes of FTC such as HCC 38, 53. PTC has a lymphatic route of spread, usually 

to the regional lymph nodes while FTC has haematogenous metastatic spread, commonly to 

distant organs such as bones and lungs 12, 51, 54. A higher incidence of FTC is linked to iodine 

deficiency whereas, in iodine-sufficient areas, PTC is the most prevalent thyroid cancer. PTC 

tends to have a good prognosis and is less aggressive than FTC. The role of iodine in thyroid 
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carcinogenesis appears to be the interchange of tumour architecture from follicular to papillary 

carcinoma in experimental animal models 40. Poorly-differentiated thyroid cancers such as 

insular carcinoma tend to be aggressive with poor prognosis. 

2.2.2.2  Undifferentiated thyroid cancers 

 

ATC falls under this class of thyroid cancers. ATC is rare, affects mostly patients above 65 

years old and accounts for less than 5% of all thyroid cancers. It usually manifests as a rapidly 

growing palpable neck mass with distant metastases to the lungs, brain and bones 54. ATC is 

very aggressive and has a highly infiltrative invasive disease process that replaces most or all 

of the normal thyroid parenchyma in most patients 55.  It has a poor prognosis and accounts for 

almost 50% of all thyroid cancer mortalities 56.  

2.2.3 Genetic influence in thyroid cancers 

Genetic influence has been linked to thyroid cancer occurrence. BRAF and RAS mutations and 

RET and TRK rearrangements have been found to be associated with PTC, while RAS 

mutations have also been linked to follicular PTC and FTC 51, 57. The majority of MTC cases 

can be attributed to the RET oncogene mutation, particularly those associated with multiple 

endocrine neoplasia (MEN-II) syndromes and familial types 58. The development and 

progression of poorly-differentiated and undifferentiated thyroid cancers have been attributed 

to RAS, BRAF and tumour suppressor gene (TP53) genetic mutations 57. 

The BRAF V600E mutation is reported to frequently occur in up to 69% of PTCs; most 

commonly in classical PTCs and the tall-cell variant of PTC 59, 60. Some studies reported an 

association between a high prevalence of the BRAF V600E mutation and high iodine levels or 

high concentrations of chemical elements such as iron and manganese in drinking water 61. The 

BRAF V600E mutation has been linked to high mortality rates which are associated with 

advanced age (≥ 65 years) at diagnosis, advanced thyroid cancer stage, extrathyroidal 



11 

 

extension, lymph node metastases and distant metastases 62, 63. The high mortality rates are 

attributed to aggressive tumorigenesis which is linked to PTC de-differentiation that causes 

suppression of the gene expression of the NaIS thereby resulting in radioiodine therapy 

resistance and the high risk of tumour recurrence 64-66.  Although the BRAF V600E mutation 

is highly predictive of disease recurrence with adverse clinical outcomes, it is not an exclusive 

poor prognostic factor as less than 15% of the PTCs that harbour the mutation have been 

reported to exhibit aggressive disease characteristics 61, 62, 67.  

2.2.4  Risk factors, staging and prognostic factors in thyroid cancer 

Certain clinical features are linked with an increased risk of thyroid cancer. These include age 

less than 20 or older than 60 years; a family history of DTC, MTC and MEN-II syndromes, 

history of Hodgkin and non-Hodgkin’s lymphoma, a history of neck irradiation for head and 

neck malignancy and total body irradiation for bone marrow transplantation 68, 69.  Symptoms 

that are indicative of very high suspicion of malignancy are a rapidly growing nodule 

accompanied with complaints of dysphagia and dysphonia and evidence of vocal cord paralysis 

and cervical lymphadenopathy 70, 71. Suspicious findings on physical examinations include a 

thyroid nodule that is firm on palpation, fixated onto surrounding structures, larger than 4cm, 

cervical lymphadenopathy and immobility of the vocal fold 72. In some studies, cervical 

lymphadenopathy and vocal cord paralysis demonstrated a 100% positive predictive value for 

thyroid malignancy 73.  

Diverse staging systems are used to classify patients into different risk groups and to guide 

management. These include:  

 AGES: Age at presentation, Grade of tumour, Extent, Size of the primary tumour 

 AMES: Age at presentation, Metastases, Extent, Size of the primary tumour 

 EORTC: European Organisation for Research and Treatment of Cancer methodology, 
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 MACIS: Metastases, Age at presentation, Completeness of surgical resection, Invasion 

(extra-thyroidal), Size, and 

 TNM: Tumour size, Nodal metastases and distant Metastases 69 

The TNM system is the most commonly used system, which is applied to the three common 

thyroid cancers, PTC, FTC and MTC 58. Staging aids in determining patient prognosis.  The 

age of the patient at diagnosis, male gender, the extent of the tumour based on size, tumour 

histology, presence of nodal and distant metastases as well as extra-thyroidal invasion influence 

prognosis. Although prognosis factors are inter-dependent, differentiation and stage at 

diagnosis and tumour histology are strong independent risk predictors 74. 

Because thyroid nodules are more common in females, the diagnosis of thyroid cancer in males 

is often at an advanced stage hence the male gender link to poor prognosis 75-77. The link 

between the risk of thyroid cancer and advancing age remains unclear. One study indicated an 

increase in poor prognosis in well-DTCs at a cut-off age of 55 years 78, while another study 

indicated a cut-off of 45 years 38. Age influences prognosis greatly in MTC and FTC than  PTC 

74. Advanced disease as signified by a large tumour extent, locoregional invasion of organs and 

presence of regional and distant metastases is linked to poor prognosis. Well-DTCs usually 

have a favourable prognosis with PTC by having a better prognosis than FTC, while poor or 

undifferentiated cancers have a poor prognosis 69. Widely-invasive FTC has a poor prognosis 

due to gross extrathyroidal infiltration and significant vascular invasion 51. DTCs tend to be 

less aggressive with a good 10-year survival rate and only about 10% of patients succumb to 

cancer; however, there is a 5 to 20% risk of recurrence as well as up to 15% risk of distal 

metastases 58, 79. MTC is minimally invasive and has a 5-year survival rate of up to 85%, 

however, the prognosis is poor with advanced stage, distant metastases or metastatic disease 

74. ATC has a poor prognosis due to its extremely aggressive nature and diagnosis at advanced 
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stages 79. Ultimately, the type of thyroid cancer and stage at diagnosis influence the 

management approach and prognosis outcomes. 

2.3 Laboratory tests for thyroid cancer 

 

Thyroid cancer diagnosis involves laboratory tests and diagnostic imaging. In laboratory 

testing, blood analyses are used for thyroid tests to screen thyroid function and for the 

assessment of appropriate treatment for DTC 42. In patients with palpable or incidental thyroid 

nodules, diagnostic testing initially involves the assessment of risk factors and the measurement 

of serum thyroid-stimulating hormone (TSH) to ascertain hypo- or hyperthyroidism 80. A 

radionuclide scan or thyroid scintigraphy is conducted in the event of a low serum TSH finding. 

2.3.1 Thyroid function tests 

 

Thyroid function tests include measurement of serum TSH, serum T3 (triiodothyronine) and T4 

(thyroxine), thyroid antibodies and thyroglobulin levels. The need for the performance of the 

tests is dependent on other factors such as symptoms, risk factors, patient age, gender, and the 

presence of comorbidities. The use of thyroid function tests should be patient-specific except 

for serum TSH which ought to be measured in all cases of thyroid nodular disease 42, 81. 

2.3.1.1 Serum TSH and serum fT4 

 

 This is the recommended function test in all patients with thyroid nodules.  The accepted 

normal range for serum TSH is about 0.4 to 4.0 mIU/L despite there being varying opinions on 

the appropriate upper normal limit 42. An elevated TSH  within the normal upper limit or greater 

than 4.5 mIU/L is linked with increased thyroid cancer risk and an advanced stage of 

malignancy 81, 82. However, the reason for the increased risk of thyroid cancer with upper 

baseline TSH levels remains unexplained. Some studies alluded to the role of TSH as a growth 

factor of thyroid follicular cells, suggesting that TSH may promote the growth and 
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aggressiveness of already present thyroid neoplasms and not necessarily initiate carcinogenesis 

83, 84. Furthermore, since DTCs express TSH receptors, TSH may not have an independent 

oncogenic role but may have a catalystic role in thyroid tumorigenesis when other growth 

factors and oncogenes are present 66, 85.     

When serum TSH is low, thyroid scintigraphy is indicated for the assessment of thyroid nodule 

functionality as most hyper-functioning nodules are rarely malignant and require no further 

cytology assessment 68. However, thyroid function assessment by measurement of serum TSH 

is most accurate when there is no co-existent pituitary gland or hypothalamic pathology and no 

drugs are affecting the thyroid. Serum fT4 is the alternate test to estimate thyroid hormone 

levels in patients on anti-thyroid drugs or for the assessment of the effectiveness of radio-iodine 

therapy and surgery when TSH levels are unstable 42. 

2.3.1.2 Serum thyroglobulin (Tg) and thyroid antibodies 

 

Serum thyroglobulin (Tg) measurement is not recommended in the routine for primary 

evaluation of thyroid nodules as levels tend to be elevated in many thyroid pathologies. 

However, the test has relevance in the follow-up, monitoring of PTC, and detecting post-

thyroidectomy recurrence 72, 81. Optimal post-thyroidectomy Tg levels should be < 1ng/ml, with 

values <0.2ng/ml indicating a good response to therapy and the low likelihood of recurrence 

71, 86. The prevalence of thyroid antibodies is high even in normal thyroid glands; hence they 

are also not routinely measured in primary thyroid nodule assessment 80, 87. 

2.3.2 Serum calcitonin and carcino-embryonic antigen (CEA) 

Serum calcitonin and CEA measurements are indicated in patients with a familial history of 

MTC, MEN-II syndromes or hyperparathyroidism because elevated serum calcitonin levels 

(above 100pg/ml) correspond with a high risk of medullary thyroid cancer 72, 81. When the test 

is performed for the staging, surveillance and prognosis assessment of MTC, calcitonin levels 
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above 1000pg/ml are consistent with distant metastases 88. Divergent perspectives suggest that 

serum calcitonin levels are indefinite in thyroid cancer diagnosis due to the high false-positive 

rates in hypercalcemia and neuroendocrine tumours and high false-negative rates in rare non-

calcitonin MTCs 72, 80. Serum calcium and parathyroid hormone (PTH) tests are further 

indicated in patients at risk of MTCs to exclude hyperparathyroidism 89. 

2.3.3  Molecular markers 

This emergent technique relies on the recognition of gene mutations that correspond to certain 

types of thyroid cancers. Genetic markers such as RET/PTC, RAS, BRAF and the protein 

marker Galectin-3 are used as molecular markers.  Molecular markers are proposed to be more 

helpful in the diagnosis of thyroid nodules with indeterminate cytology 80. The presence of 

RET/PTC rearrangements or BRAF mutations in samples of indeterminate cytology has been 

suggested to be highly specific for thyroid cancer, whereas RAS mutations have a malignancy 

risk of up to 87% 69, 72. One study demonstrated an increased specificity of fine needle 

aspiration cytology (FNAC) from 36% to 95% when FNAC and BRAF mutation assessments 

were combined 90. However, since the technique is still relatively new, current molecular 

marker tests cannot give a conclusive thyroid cancer diagnosis in nodules with indeterminate 

cytology. Current molecular marker tests can miss up to 33% of cancers and have low 

sensitivity and negative predictive values 61, 91. Furthermore, the limitations of the tests are that 

they are very expensive, not widely available and their potential utility is limited to classic 

papillary cancer and not follicular cancers 80, 92. The current utility of molecular markers can 

therefore be suggested supplementary to FNAC and diagnostic imaging approaches depending 

on patient history, availability of facilities and experienced personnel conducting the tests. 
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2.3.4 Fine needle aspiration cytology (FNAC) 

Fine needle aspiration cytology (FNAC) is the pre-surgical gold standard test for the evaluation 

of thyroid nodules. This minimally invasive technique can be done under ultrasound guidance 

or using palpation to obtain aspirates of epithelial cells from a thyroid lesion. Ultrasound-

guided FNAC is the most recommended approach as it has lower non-diagnostic rates of up to 

7% while non-diagnostic rates in the palpation-guided approach can be more than 30% 93. 

Furthermore, ultrasound-guided FNAC has low false positive rates and is valuable for 

posterior, deep and impalpable nodules 81. Clinicians conducting the biopsies should have 

sufficient knowledge of ultrasound features of thyroid lesions for the adequate FNAC selection 

of thyroid nodules.  

The factors that influence the indication for FNAC include the patient’s history, the 

sonographic findings and the size of the nodule 77. FNAC is generally recommended for all 

nodules meeting any of the following criteria: 

 greater than 1cm in diameter with highly suspicious sonographic features (solid, 

hypoechoic, microcalcifications, taller-than wide), 

 less than 1cm with clinical risk factors highly suggestive of thyroid malignancy (family 

history of thyroid cancer, history of neck irradiation) and abnormal cervical lymph 

nodes and a suggestive sonographic feature, and 

 any size nodule with cervical lymph node involvement and/or extrathyroidal extension 

70, 81.  

For thyroid nodules larger than 3cm, there can be an increased sampling error rate in FNAC of 

over 30% hence diagnostic lobectomy may be considered given other risk factors and 

symptoms 72.  
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There are several systems of classifying the results of FNAC. However, the general system 

constitutes four categories; benign, malignant, indeterminate and non-diagnostic 44. Among the 

currently available systems, The Bethesda System for Reporting Thyroid Cytology (BSRTC) 

is the most common globally as it is considered standardized, uniform, and consistent 94, 95. The 

BSRTC has six categories:  

1. non-diagnostic,  

2. benign,  

3. follicular lesion or atypia of undetermined significance (FLUS or AUS),  

4. follicular neoplasm (FN) or suspicious for a follicular neoplasm (SFN) (including 

Hurthle cell lesions),  

5. suspicious for malignancy, and   

6. malignancy 96, 97.  

The risk of malignancy varies incrementally across the different categories from the lowest to 

the highest level and this determines the choice of management. While categories 2 and 6 are 

often determinate diagnoses, categories 1, 3, 4 and 5 tend to be inconclusive. Some clinicians 

exclude category 5 from the indeterminate category due to its high risk of malignancy of up to 

above 75% 98, 99. About 10 to 15% of FNAC results are non-diagnostic (category 1), often due 

to insufficient cell samples for definitive diagnosis, whereas 10 to 30% are indeterminate due 

to equivocal cytology findings , i.e. categories 3, 4 and 5 100. A category 1 diagnosis will require 

repeat biopsy and sampling. However, the cytologically equivocal findings present a major 

diagnosis challenge particularly FLUS/AUS and FN/SFN that have indistinct features which 

overlap between benign and malignant follicular lesions 68, 70. Furthermore, borderline tumours 

such as the non-invasive follicular thyroid neoplasm with papillary-like nuclear features 

(NIFTP) are classified under the indeterminate category as they cannot be reliably 

distinguished from PTC and FTC cytologically 101.  
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Most cytologically equivocal nodules often undergo repeat FNAC and subsequent diagnostic 

surgery for definitive diagnosis yet some histopathology analyses have shown that 70 to 80% 

of these tend to benign 6, 102. This implies that some patients with benign disease are 

unnecessarily subjected to risks of surgery such as laryngeal nerve paralysis and post-surgery 

hypothyroidism and hypoparathyroidism which result in a lifetime of thyroid hormone 

replacement therapy 91, 101. One study demonstrated 18% surgery-related complications 

predominated by hypoparathyroidism (12%) after total thyroidectomy of follicular neoplasms 

103. A recent meta-analysis showed that resection rates of cytologically equivocal nodules were 

higher in Western practices (51.3%), while Asian practices were slightly lower (37.6%) 104. It 

is alluded that most Asian practices treat cytologically equivocal nodules more conservatively 

such as the management of NIFTP as benign follicular adenoma whereas in some Western 

practices this can be regarded as a low-risk tumour and treated as a malignant nodule 105. Some 

studies have suggested that some cytologically equivocal nodules may not require total 

thyroidectomy or subsequent radio-iodine treatment but follow-up and/or conservative 

lobectomy surgery may suffice thereby limiting post-surgery complications 103, 105, 106. 

However, the challenge that persists is that there is no conclusive diagnosis method for these 

nodules before the diagnostic surgery, and in some cases, the best management approach can 

only be determined based on the surgical findings.    

 The diagnostic performance of FNAC in thyroid nodule diagnosis varies in different studies. 

Some studies showed that sensitivity ranges from 83 to 98% 107, specificity ranges from 70 to 

92% 107-109 and diagnostic accuracy can range between 84 to 98% 109-111. The range of false-

negative rates was from 1 to 19% while false-positive rates were from 6 to 8% in one study 109. 

Another study suggested that the estimated average rates of sensitivity and specificity were 

83% and 92% respectively, while both the false positive and false negative rates were about 

5% 92. Similarly, a recent meta-analysis demonstrated a slightly lower pooled sensitivity (72%) 
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in comparison with the specificity (99%) with a positive likelihood ratio (PLR) of 41.71 112. 

The differences of these diagnostic performance values from these different studies can be 

attributed to the different study designs in addition to the reliance of FNAC on the accuracy of 

sampling techniques, sufficient specimen and the skill of the cytopathologists.  

 FNAC is limited in distinguishing follicular adenoma from follicular carcinoma and 

diagnosing follicular PTC. Another major limitation is the occasional high rate of inadequate 

or non-diagnostic samples 69. Non-diagnostic and inadequate samples may be a consequence 

of the limited experience of the cytopathologist, the poor nature and low quantity of the 

aspiration and poor specimen preparation 70, 113. Diagnosis results from FNAC contribute to the 

final management decision in thyroid nodule diagnosis hence there is a need for accurate and 

reliable results. 

2.4 Major diagnostic imaging modalities in thyroid cancer 

 

2.4.1 Ultrasound imaging in thyroid cancer 

 

Ultrasonography is the primary imaging modality in the assessment of thyroid nodules. It is 

mainly used in the initial evaluation of thyroid nodular disease due to its high spatial resolution, 

excellent temporal resolution, non-ionising nature, and ease of use. In clinical practice, a 

thyroid ultrasound examination is done routinely for all patients with suspected or known 

thyroid pathology. Ultrasonography imaging helps to confirm the presence of a nodule, 

demonstrate features with/without suspicion of malignancy and cervical lymph nodes 80. 

Furthermore, it aids in the decision-making for triaging thyroid nodules for either FNAC or 

follow-up, guides FNAC and is useful in the pre-operative staging and post-operative 

evaluation of thyroid cancer 69, 114. 

2.4.1.1 Grey scale assessment 
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There are characteristic sonographic features observed using different ultrasound modes that 

are suggestive of a benign or malignant disease process. A normal thyroid gland has 

homogenous hyperechoic echotexture relative to the adjacent muscles (i.e., strap muscles – 

sternohyoid and sternothyroid; sternocleidomastoid), and clear margin outlines (Figure 2:2 and 

Figure 2:3).  Any deviation from the normal appearance is usually indicative of a thyroid 

nodular disease process.  
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Figure 2:2  A transverse grey scale ultrasound scan of a normal right lobe of the thyroid gland. 

 The adjacent structures such as the trachea, strap muscles, sternocleidomastoid muscle, the 

right internal jugular vein (IJV) and the right common carotid artery (CCA) are shown.  
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Figure 2:3  A longitudinal grey scale ultrasound scan of a normal right lobe of the thyroid 

gland. 
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2.4.1.1.1 Ultrasound features suggestive of benign and malignant thyroid disease 

 

The common ultrasound features that have been established to be indicative of a benign thyroid 

nodule include a completely cystic nodule, spongiform appearance, peripheral halo sign 

(Figure 2:4), regular well-defined margins, peripheral vascularity, comet tail sign and coarse 

calcifications 9, 10, 115. Sonographic features that are highly suggestive of malignancy include a 

purely solid or mostly solid nodule, hypoechogenicity relative to the strap muscles, a taller than 

wide nodule (Figure 2:5), absent halo sign, irregular margins and/or shape, microcalcifications 

and the presence of abnormal lymph nodes 4, 19, 81, 116-118. When there are no suspicious 

sonographic findings in the thyroid, the sole finding of abnormal lymph nodes is highly 

indicative of malignancy 69, 70, 114. Cervical lymphadenopathy can be detected using pre-

operative ultrasound in up to 30%  of patients, thereby altering the surgical management and 

improving the RAI therapy approach 119. 

Of the features that most authors agreed are highly predictive of malignancy, the most common 

is marked hypoechogenicity in a solid nodule which has an average sensitivity of about 94% 

12, 25, 120. In one study marked hypoechogenicity was most predictive of malignancy than other 

suspicious ultrasound features with the highest odds ratio > 15 121. Similarly, some studies 

showed that more specifically, a markedly-hypoechoic nodule is highly suggestive of 

malignancy than just a hypoechoic nodule 121, 122. However, in another study, moderate 

hypoechogenicity had a higher malignancy risk (71.2%) than marked hypoechogenicity 

(60.5%) in nodules with suspicious features 123. Furthermore, another study showed a lower 

sensitivity of about 41% and the presence of this feature in up to 55% of benign nodules 19. 

Similarly, Smith-Bindman et al., 124 demonstrated that microcalcifications had a higher odds 

ratio (11.6) than hypoechogenicity (2.9); however, PTCs constituted the most thyroid cancers 

in that study (81%). However, some studies found that multiple suspicious sonographic 

features in a sole nodule raised the risk and positive prediction of malignancy 4, 125. In one 
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study, the finding of a solid hypoechoic nodule with irregular margins, intranodular vascularity 

or microcalcifications had a positive predictive value of 87% in identifying thyroid cancers 126.  
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Figure 2:4  A typical benign thyroid nodule illustrating a spongiform appearance and complete 

peripheral halo sign (arrows).  
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Figure 2:5  A left thyroid lobe transverse sonogram demonstrating a malignant thyroid nodule. 

 This was confirmed as papillary thyroid carcinoma (PTC) in cytology and histopathology in a 

73-year-old female patient. The nodule was solid, taller than wide, markedly hypoechoic and 

had microcalcifications (arrows).  



27 

 

Grey scale ultrasound often results in indefinite results in thyroid nodules with equivocal 

cytology due to the overlap in features between benign and malignant neoplasms in this 

category. Nonetheless, some studies suggested that microcalcifications and fast nodular growth 

are highly predictive of malignancy while others found hypoechogenicity and the taller than 

wide ratio most predictive 127, 128. This variability in results is indicative of the present persistent 

challenge in the accurate diagnosis of thyroid nodules with equivocal cytology as these nodules 

sometimes have atypical features. 

Ultrasound has the limitation of being highly operator-dependent which can yield different 

results among different sonographers and clinicians. Additionally, there is an overlap of some 

features that can be found in both malignant and benign nodules and no single sonographic 

feature is highly diagnostic on its own 20, 116, 129. Furthermore, ultrasound cannot accurately 

differentiate between the different types of cancer as well as differentiating follicular adenoma 

and follicular carcinoma71, 81, 130. The diagnosis of follicular neoplasms can only be made on 

histopathology based on vascular or capsular invasion 131. The typical features that are 

suggestive of malignancy such as microcalcifications are seen mostly in PTCs than in other 

thyroid cancers. Therefore, there are still some nodules in which ultrasound results may be 

inconclusive and these may have to undergo FNAC and surgery for definitive diagnosis. 

2.4.1.1.2 Ultrasound malignancy-risk stratification systems 

 

Risk-stratification systems (RSS), also known as Thyroid Imaging Reporting and Data System 

(TIRADS) guidelines, emerged as an effort to standardise thyroid nodule malignancy-risk 

stratification and improve diagnostic accuracy. These guidelines assist with the differentiation 

of thyroid nodules by malignancy-risk stratification and FNAC recommendation based on 

several predictive sonographic features. While the different TIRADS use the same standard 

ultrasound features for malignancy risk assessment, i.e. echogenicity, composition, 
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calcifications, margins and taller than width ratio and shape, they may differ in the sub-

classifications and risk assignment criterion of the features, while a few incorporate the 

assessment of vascularity and elasticity 132. As a result, different RSS can be classified as score-

based or pattern-based through score assignment and calculating the sum of scores of all 

present ultrasound features or applying high-risk assignment for multiple features predictive of 

malignancy, respectively 133. The score-based criteria assign higher scores (usually on a scale 

of 0-3) to ultrasound features that have been established to have a high prediction of 

malignancy independently. 

The most commonly used TIRADS guidelines include those from the American Thyroid 

Association (ATA), American College of Radiology (ACR), the American Association of 

Clinical Endocrinologists, the American College of Endocrinology, and the Associazione 

Medici Endocrinologi (AACE/ACE/AME referred to as AACE from here-on), European 

Thyroid Association (EU), British Thyroid Association (BTA) and the Korean Society of 

Thyroid Radiology/Korean Thyroid Association (KSThR/KTA) 70, 71, 89, 134-136. Most TIRADS 

consist of 5-6 categories in incremental risk order from benign to most suspicious of 

malignancy, except for AACE which has only 3 categories (low risk, intermediate-risk, and 

high risk). Studies on the different guidelines have shown variable results; however, most 

current studies assert that ACR is the best guideline for reducing the unnecessary biopsy rate 

137-140. Schenke et al., 141 demonstrated the highest negative predictive value of 100% with ACR 

but the highest positive predictive value and accuracy (70.5% and 77.2%, respectively) were 

achieved using Kwak TIRADS 142.  Some of the variabilities in the TIRADS that yielded the 

highest sensitivity from different studies are Kwak (98.3%), ATA (95%), EU (94.7%) and 

KSThR (91.7%) 143-146. The study design, the choice of TIRADS for comparison and the criteria 

for final diagnosis (histopathology vs FNAC) likely contribute to the divergences among other 

different factors. Furthermore, although most TIRADS may be agreeable on the common 
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features, there are some nodules that other TIRADS may fail to classify such as nodules with 

mixed cystic composition with isoechogenicity 70, 71, 89. These areas of divergences present 

diagnosis challenges and the need for more studies evaluating the sole and combined use of the 

different TIRADS in ultrasound thyroid nodule diagnosis. 

The utility of TIRADS in the sonographic diagnosis of thyroid nodules with equivocal cytology 

remains unclear. One study demonstrated high negative predictive values with ATA and ACR 

of up to 100% while other studies using different TIRADS found minimal to no value in ruling 

out malignancy 147-150. The differences in malignancy-risk criteria and estimation even among 

shared common predictive features explains the conflicting results in different studies and 

therefore no consensus on the best TIRADS to use to date. Furthermore, TIRADS guidelines 

generally have a major drawback of low specificity 121, 136, 151. Due to the current limitations, 

the challenge of achieving a definite thyroid nodule diagnosis solely based on TIRADS 

persists.    

2.4.1.2 Vascularity assessment 

 

The high metabolic activity in cancerous cells results in an increase in thyroid nodule 

vascularity due to increased blood supply. This is attributed to angiogenesis - cancer cells 

invading and growing in regions deficient in blood vessels; thereby creating new blood vessels 

(neovascularization) for survival, growth and proliferation 152. In ultrasound, blood flow 

detection in a vascularized area is based on the Doppler effect principle - the change in the 

frequency of sound waves secondary to the motion of blood relative to the direction of incident 

ultrasound beam 153. The resultant change in the frequency between the emitted and reflected 

ultrasound waves is the Doppler shift; whereby a positive Doppler shift with the red blood cells 

moving towards the transducer is commonly denoted by a red colour in a colour scale, a 

negative Doppler shift with the cells moving away from the transducer is usually denoted by a 
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blue colour. The directional and blood velocity-dependent colour flow is known as colour 

Doppler whereas its amplitude dependent counterpart is known as power Doppler.  

2.4.1.2.1  Colour and Power Doppler in thyroid nodule vascularity assessment. 

 

Colour Doppler ultrasound (CDUS) and Power Doppler ultrasound (PDUS) are instrumental 

in the assessment of the vascularity of thyroid nodules. CDUS can be used to demonstrate 

direction and presence of blood flow, as well as flow velocity measurements, whilst PDUS can 

demonstrate the maximum presence of flow without flow velocity measurements. PDUS is 

more sensitive to slow blood flow with better detail of the total amount of flow than CDUS, as 

it depends on the number of Doppler shifts and is not prone to aliasing due to the lack of 

directional flow information when compared to CDUS 154. Therefore, PDUS is suggested to be 

more accurate in the characterization of thyroid nodules. There are diverse opinions regarding 

the role of vascularity assessment in predicting thyroid nodule malignancy. Predominant 

central vascularity is suggested to be indicative of malignancy whereas peripheral vascularity 

is associated with the benign disease process in characterising thyroid nodules (Figure 2:6 and 

Figure 2:7) 12, 20, 116, 155.  Studies using CDUS in vascularity assessment have demonstrated that 

central vascularity is associated with malignancy with high sensitivity (>70%), high specificity 

(>90%) and odds ratio (>10) 126, 156, 157  Furthermore, a recent meta-analysis showed that CDUS 

had a pooled sensitivity of 74%, pooled specificity of 70% and an accuracy of 0.78 based on 

the area under the curve analysis (AUC) in the characterization of thyroid nodules 158. 

Contrarily, some studies have indicated the vascularity assessment with CDUS in diagnosing 

malignancy had no additional value with some studies showing low sensitivity (30%) even 

with high specificity (>80%) 130, 159, 160. PDUS is suggested to be highly sensitive in detecting 

slow blood flow and one study demonstrated a high odds ratio of 219 in predicting malignancy 

using a predominantly central vascularization pattern 13, 161. In another study, the density of 

central vascularity with 3D PDUS was the main independent risk factor for thyroid malignancy 



31 

 

with a sensitivity of 75 to 81% and a specificity of 49 to 56% 162. Although 3D ultrasound has 

the advantage of volumetric analysis of vascularity of vessels in a 360-degree rotation, its 

limited use in neck ultrasound is attributed to high computational needs and reconstruction 

artefacts 163. Contrarily, some studies indicated that PDUS vascularity assessment was not 

useful even in combination with grey scale ultrasound features since central vascularity may 

also be observed in benign nodules while some malignant nodules may have absent vascularity 

159, 164-166.  

The conflicting findings regarding the role of thyroid nodule vascularity assessment in 

predicting malignancy may be attributed to the differences in the qualitative subjective methods 

used in assessing thyroid nodule vascularity. The common qualitative methods of vascularity 

assessment can be based on the classification of the pattern or extent of blood flow into the 

following: 

Three–type classification – Type 0 = no vascularity; Type 1 = peripheral vascularity and Type 

2 = central vascularity with or without peripheral vascularity 126, 167, 

Four–type classification – Type 1 = absent vascularity; Type 2 = peripheral vascularity only; 

Type 3 = mild intranodular vascularity (<50%) with or without peripheral vascularity and Type 

4 = marked intranodular vascularity (>50%) with or without peripheral vascularity 136, 157, and  

Five-type classification – Type I =absence of blood flow; Type II = exclusively peripheral 

blood flow; Type III = predominantly peripheral flow, Type IV = predominantly marked 

central blood flow and Type V = exclusively central blood flow 161.    
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Figure 2:6  Transverse scan sonograms illustrating peripheral vascularity in CDUS (left) and 

PDUS (right) in a benign nodule on the left thyroid lobe of a 40-year-old female patient. 

 The nodule was confirmed to be a follicular adenoma in histopathology.   
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Figure 2:7.  Transverse scan CDUS (left) and PDUS (right) sonograms illustrating central 

vascularity in a malignant nodule. The nodule was located on the isthmus of thyroid gland of a 

60-year-old female patient with histopathologically confirmed papillary thyroid carcinoma. 

 

Currently, there are few studies on the quantitative assessment of thyroid nodule vascularity. 

Recent studies based on the quantitative regional analysis of thyroid nodule vascularity and 

cervical lymph nodes have shown that quantitative determination of vascularity when used with 

other grey scale ultrasound features, has increased reliability in predicting malignancy in 

contrast with subjective means of determining thyroid nodule vascularity 23, 168-170. In a 

previous study, it was demonstrated that the addition of regional vascularity indices (VI) to 

grey scale ultrasound assessment improved the diagnostic accuracy from 58.6% to 79.3% and 

specificity from 46.4% to 83.3% 23. Contrarily, Yoon et al.,171 indicated that quantitative VIs 

based on PDUS offered no additional value to grey scale assessment. Although quantitative 

thyroid nodule vascularity methods continue to evolve, CDUS and PDUS are still deficient in 

assessing microvascularity patterns that are most likely to arise due to angiogenesis in cancer. 
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2.4.1.2.2 Micro-vascularity imaging in thyroid cancer 

 

Novel thyroid ultrasound microvascular imaging techniques have recently emerged. One such 

technique is superb microvascular imaging (SMI) which uses an algorithm that suppresses 

clutter and tissue motion to show microvascular blood flow 172. SMI has been demonstrated to 

be superior to CDUS and PDUS in depicting microvascular flow, vessel branching and low 

blood velocity 172.  SMI has been established to be more sensitive than CDUS in the detection 

of microvascular blood flow in breast lesions, with a diagnostic performance comparable to 

that of contrast enhanced ultrasound (CEUS) imaging 173, 174. Concurrently, studies on thyroid 

nodules have also demonstrated that SMI has higher accuracy than CDUS and PDUS and 

comparable accuracy to CEUS in diagnosing malignancy 175, 176. A few studies involving SMI 

have been done; however, these studies have yielded conflicting results. In one study, thyroid 

intranodular vascularity on SMI had high sensitivity and specificity (75.9% and 91.2% 

respectively) while in combination with grey scale ultrasound features the diagnostic 

performance was better than any sole sonographic feature 177. Similarly, in another study multi-

modal imaging involving grey scale ultrasound, SMI and elastography improved the diagnostic 

accuracy of thyroid nodules with a moderate suspicion of malignancy with a sensitivity of 

94.1% and specificity of 87.2% 178. Contrarily, a similar study showed no improvement in the 

diagnostic performance of grey scale ultrasound in combination with elastography and Doppler 

ultrasound modes including SMI 179. The difference in results may be attributed to differences 

in study methodology and sample sizes; however, all these studies used qualitative methods to 

analyse vascularity. Qualitative analysis in SMI thyroid nodule vascularity assessment is based 

on similar classifications as PDUS and CDUS or the number of vessel branches whereby 2 

blood vessels are assigned as score 1 while >2 are score 2 176, 177. 

Another recent innovation in microvascular imaging is Angio Planewave Ultrasensitive 

(AngioPLUS) imaging. AngioPLUS uses spatiotemporal filtering to increase the 
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differentiation of low blood flow from tissue motion which makes it a highly sensitive ultrafast 

Doppler imaging technique 21. Similar to SMI, it is purported to have superior low blow flow 

detection when compared with CDUS and PDUS modes (Figure 2:8). Owing to the high 

resolution and sensitivity in microvascular flow detection, AngioPLUS’s diagnostic 

performance can be speculated to be comparable to that of CEUS. AngioPLUS has been 

suggested to be effective in differentiating parathyroid lesions from other lesions, however, 

there is paucity in the literature on the utility of AngioPLUS in thyroid imaging 22. Nonetheless, 

unpublished data shows that the combination of AngioPLUS with CDUS and PDUS  improves 

the detection of micro-vascularity in thyroid parenchyma 10. There is currently a lack of studies 

that have evaluated the diagnostic performance of AngioPLUS in the differentiation of benign 

and malignant thyroid nodules. Furthermore, the value of microvascularity imaging for 

follicular neoplasms and thyroid nodules with equivocal FNAC results that have increased 

vascularity has not been extensively explored. Some studies have suggested the assessment of 

vascularity in these nodules may be potentially helpful in limiting unnecessary thyroidectomy 

surgeries 180. Comparative qualitative and quantitative evaluation of thyroid microvascularity 

may help to determine the value of vascularity assessment in thyroid cancer imaging since 

current studies have shown discordant findings.  
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Figure 2:8  Longitudinal views of the illustration of vascularity detection using: A- PDUS, B- 

PDUS with AngioPLUS, C- CDUS and D- CDUS with AngioPLUS.  

The AngioPLUS modes demonstrated dense microvascular flow in this case of papillary 

thyroid carcinoma in a 45-year-old female patient.  
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2.4.1.3 Elasticity assessment 

 

Tissue elasticity is one of the physical parameters that are mostly affected by the 

pathophysiological process 24. Pathophysiological processes in carcinogenesis can cause 

tissues to lose their elasticity resulting in malignant lesions being stiffer than benign lesions 181. 

In PTCs, the predominant thyroid cancers, the increased tissue stiffness is attributed to 

psammoma bodies and the increased cellular compaction arising from the infiltrative nature of 

cancer 25. Sonoelastography is a non-invasive ultrasound imaging technique that is used to 

assess soft tissue stiffness including thyroid nodule. It is based on determining tissue elasticity 

by inducing tissue displacement/deformation using extrinsic or intrinsic pressure and then 

quantifying the result as the ratio of applied pressure to strain or Young’s modulus 181. The two 

major methods of elastography currently used in the clinical diagnosis of thyroid nodules are 

strain elastography (SE) and shear wave elastography (SWE). SE involves the application of 

mechanical stress through the extrinsic application of transducer pressure or intrinsic pressure 

application using carotid pulsations and depicts results as strain ratios and colour maps to 

demonstrate the degree of stiffness (Figure 2:9) 26, 182.  SWE uses the intrinsic application of 

acoustic radiation impulses to generate shear waves that traverse perpendicular to the tissue 

resulting in the quantification of tissue stiffness as a measure of the velocity of the shear waves 

in quantitative elasticity colour maps measured in shear wave speed (m/s) or kilopascals (kPa) 

29, 183.  

In thyroid ultrasound, SE is regarded as a qualitative or semi-quantitative approach that uses 

strain ratios and colour maps, usually from a scale of 1 to 5, (1 representing uniformly soft 

tissue while 5 represents uniformly hard tissue); and red to blue (or vice versa) incrementally 

representing tissue stiffness for colour maps respectively 26. In SE, the strain ratio is a relative 

measure of the strain of the thyroid nodule to that of the surrounding normal thyroid 

parenchyma whereby a ratio of  > 1 is indicative of increased stiffness 181. In SWE, the Young’s 
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modulus is an absolute measure of stiffness whereby a high value (in kPa or m/s) is indicative 

of increased tissue stiffness which is suggestive of malignancy (Figure 2:10). Because the 

stiffness value obtained in SWE is an absolute measurement and quantitative, it is therefore 

regarded as more accurate, reliable and free from observer bias. 

Some studies have indicated that SWE is more reliable in predicting malignancy in comparison 

to SE, while other studies found it either less superior or resulting in no difference 184-186. The 

diagnostic accuracy of SWE in one study was excellent with an AUC of 0.92 184. However, 

another study demonstrated a lower diagnostic performance than SE with a sensitivity of 78.7% 

compared to 83% 186. Samir et al.,185 demonstrated that the median SWE value in the transverse 

plane was a useful indicator of suspicion of malignancy while other studies indicated that the 

mean SWE, standard deviation SWE and the longitudinal plane were more useful 187-189. Most 

studies concur that there are variable cut-off points and elasticity index parameters that were 

used in different studies to determine malignancy 30, 31, 190, 191. Varying points of measurement 

will often result in conflicting findings regarding the diagnostic performance of SWE. The 

differences in the findings of these studies can further be attributed to the different vendor 

machines, user experience, sample size and methodology. The lack of standardized 

methodology and cut-off points for determining malignancy compromises the reliability of 

elastography in predicting malignancy in thyroid nodules. Standard cut-off points and 

statistical parameters for elasticity indices should be established to ensure definitive diagnosis 

of thyroid malignancy using elastography.   

However, it should be noted that elastography has limited utility in cystic, calcified, and 

multinodular nodules which contributes to unreliable results with using the technique 92, 184, 186. 

Nodules with multiple calcifications will naturally have increased stiffness values which may 

result in increased false-positive rates for thyroid malignancy when examined with 

elastography.  
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Figure 2:9  Representation of a nodule in grey scale ultrasound (white dotted oval area ) and 

the corresponding SE colour map of the nodule area to indicate stiffness.  

The nodule was predominantly soft as indicated by the scale with red representing soft tissue 

in red and blue representing hard tissue. The 30-year-old male subject had a benign cytology 

diagnosis.  
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Figure 2:10  A transverse scan of SWE image (above) with the grey-scale view (below) of a 

malignant thyroid nodule in a 56-year-old female patient. 

 The maximum elasticity index (Max) of 114.9 kPa was suggestive of thyroid tissue hardness 

beyond the upper limits of the scale on the right. The histopathology results confirmed papillary 

thyroid carcinoma.   
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2.4.1.3.1 Elasticity assessment of nodules with equivocal cytology results 

 

Studies determining the diagnostic utility of SE in nodules with equivocal cytology have 

yielded confounding results. Using Q-elastography in nodules with equivocal cytology, it was 

determined that strain ratio had increased diagnostic accuracy for nodules greater than 1cm 192. 

This implies that nodule size may influence elastography results in nodules with indeterminate 

cytology as it does in conventional ultrasound assessment. Rago et al., 193 found SE to have 

good diagnostic accuracy in characterising thyroid nodules with indeterminate cytology with 

the potential of aiding in the selection of patients for surgery. However, other studies found no 

value with SE in the evaluation of thyroid nodules with equivocal cytology as findings had low 

diagnostic accuracy 194, 195. The difference in methodology, user experience and sonographic 

scanning technique was likely the major contributing factors to the conflicting results since SE 

is a highly subjective and operator-dependent approach.  

Presently, there are limited studies that have evaluated the role of SWE in nodules with 

equivocal cytology. SWE has been suggested to potentially raise the specificity for the pre-

surgical selection of nodules with equivocal cytology results, however, more prospective 

studies are needed to verify this 32, 34. A recent meta-analysis yielded pooled sensitivities of 

83.8% and 71.5% for SWE and SE use  in indeterminate cytology, while the pooled specificities 

were 87.2% and 85.3% respectively 196. Bardet et al., 34 showed that SWE in thyroid nodules 

with equivocal cytology had a sensitivity of 85% and a specificity of 94% at a cut-off value of 

65kPa. SWE failed to distinguish malignant and benign nodules yielding similar SWE 

parameters in both benign and malignant nodules, although there were higher elasticity indices 

for classic PTC variants in their study. Similar studies with the use of SWE in thyroid nodules 

with equivocal cytology are lacking as well as follow-up studies to correlate prior SWE 

findings with subsequent final diagnosis at histopathology.  The limited study of the value of 

elastography in thyroid nodules with equivocal cytology reflects the need for further 
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assessment of objective elastography methods to reduce unnecessary surgical excisions for 

confirmatory diagnosis.  

2.4.1.4 Multi-parametric ultrasound imaging 

 

As previously highlighted, grey scale ultrasound is the primary ultrasound modality for the 

evaluation of thyroid nodules. However, due to technological advancements, combined 

techniques involving other ultrasound modalities have been suggested to improve the 

diagnostic accuracy of grey scale ultrasound alone in thyroid nodule characterization. Multi-

modal or combined approaches often involve Doppler ultrasound, elastography techniques 

and/or CEUS techniques in addition to grey scale ultrasound assessment. 

A recent study demonstrated that multi-modal ultrasound thyroid imaging involving grey scale 

ultrasound, real time elastography (RTE) and SMI resulted in improved sensitivity, specificity 

and accuracy overall (65% to 94%; 69% to 87% and 67% to 91%, respectively) 178. Similarly, 

another study involving CEUS, SMI and grey scale ultrasound, reported that the diagnostic 

accuracy was highest and improved from an AUC of 0.65 to 0.90 and sensitivity of 40% to 

92.5% when SMI was combined with CEUS in the evaluation of moderate suspicion thyroid 

nodules 197. Carneiro-Pla 27 indicated that the combination of grey scale, SWE and Doppler 

ultrasound can help determine which nodules should be biopsied or not.  Similarly, for the 

stratification of intermediate to high-risk suspicion thyroid nodules, Stoian et al., 198 found a 

comparable sensitivity (91.71% vs 96.43%), and improved specificity and accuracy (49.01% 

vs 80.88% and 57.85% vs 91.18%, respectively) between grey scale ultrasound alone and grey 

scale ultrasound combined with RTE and 3-D vascularity.  Contrarily, a different study found 

no additional value or significant difference in diagnostic performance from a combination of 

RTE, SMI and grey scale ultrasound assessment to grey scale ultrasound alone 199.  
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Multi-parametric ultrasound evaluation has been proposed as a potential solution in the 

diagnosis of challenging thyroid nodules with equivocal cytology. There are currently few 

multi-modal ultrasound studies focused on thyroid nodules with equivocal cytology. In one 

study, the multi-modal evaluation of grey scale ultrasound combined with SE and CEUS had 

lower sensitivity and comparable specificity than grey scale ultrasound alone (64% vs 79% and 

92% vs 100%, respectively) 200. Contrarily, Gay et al., 35 showed that a combination of 

molecular testing with SE, SWE and grey scale ultrasound improved the sensitivity from 73.7% 

to 89.5% while the specificity remained unchanged. Furthermore, in another study the 

combination of grey scale ultrasound with SE and volumetric vascularity analysis improved 

the diagnostic sensitivity, specificity and accuracy when compared to grey scale ultrasound 

alone (57.1% vs 85.7%; 67.4% vs 88.4% and 64.1% vs 90.3%, respectively) 201.  

The difference in the study designs of the aforementioned multi-modal thyroid ultrasound 

studies presents the major challenge in the comparative assessment of the diagnosis value of 

multi-modal approaches. Furthermore, the approaches involved mostly the qualitative 

assessment of elasticity, vascularity and/or CEUS which is highly subjective and prone to inter-

observer variances. While techniques involving CEUS yield high diagnostic accuracy, the use 

of CEUS in the routine clinical diagnostic assessment of thyroid nodules is limited by the risk 

of allergic reactions with the use of contrast agents and cost implications.  However, 

microvascularity imaging has been determined to have a diagnostic performance comparable 

to that of CEUS and is readily available and safer to use, hence it is more predominant in the 

few current multi-modal studies.  However, there remains a paucity of studies incorporating 

computer-aided diagnosis in multi-modal approaches. Since computer-aided techniques are 

expected to be more objective; the evaluation of their value in multi-modal thyroid nodule 

assessment would help determine routine clinical adoption. The paucity of objective multi-
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modal ultrasound studies in literature and conflicting results in current studies warrants the 

evaluation of the value of multi-modal ultrasound imaging in the diagnosis of thyroid nodules. 

2.4.2 Cross-sectional imaging in thyroid cancer 

 

Computed tomography (CT) and magnetic resonance imaging (MRI) play a very minimal role 

in the primary diagnosis of thyroid cancer and are regarded as advanced cross-sectional 

imaging. However, advanced cross-sectional imaging is necessary when patients present with 

symptoms indicative of extrathyroidal extension of tumour causing compression of recurrent 

laryngeal nerve or oesophagus such as hoarseness, stridor, or dysphagia 69, 81. Therefore MRI 

and CT imaging may be used in the pre-operative planning of large thyroid cancers with local 

invasion of adjacent local structures to determine the management approach in resectable 

masses 202.   Furthermore, both CT and MRI of the thorax and the neck are best for the 

assessment of lymph node involvement particularly for lymph nodes in the deep cervical, 

substernal, and retro-tracheal regions that cannot be visualised on ultrasound 203, 204. The 

primary role of MRI and CT in thyroid cancer evaluation is in the evaluation of disease extent 

in persistent and recurrent thyroid cancer 44, 81. Thyroid nodules are often an incidental finding 

during MRI and CT of the head and neck regions and account for about 20% of thyroid cancer 

cases 205.   

2.4.2.1 CT imaging 

 

CT imaging of the neck often requires the use of iodinated contrast to enable visualization of 

blood vessels and adjacent structures 206. In patients with differentiated thyroid cancer, the use 

of iodinated contrast is contra-indicated in order to avoid interference with subsequent 

radioiodine scanning and therapy 38, 125. However, in patients with bulky cervical 

lymphadenopathy and local invasion of the primary tumour, iodinated contrast can be used in 

neck CT imaging based on a risk-benefit analysis of additional anatomical assessment 
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outweighing the risk of delayed RAI therapy 77. While non-contrast-enhanced CT of the neck 

is an option, it has poor sensitivity and specificity in characterising tumour composition due to 

its failure to adequately distinguish cysts and solid lesions and it has poor delineation of 

multiple nodules 207. However, a non-contrast CT chest examination is most helpful in the 

evaluation of mediastinal and lung metastases in the follow-up of follicular carcinoma which 

tends to have haematogenous spread 38, 208. 

 Several benefits of CT use in neck imaging include quick scan times, wide availability and 

easy generation of reformatted images in multiples planes such as axial, coronal and sagittal 

209. The major advantages in thyroid cancer imaging are the ability to evaluate extra-thyroidal 

invasion of local structures such as the oesophagus, trachea and major blood vessels and the 

detection of calcifications as evidenced in papillary thyroid carcinoma 44, 115, 210. CT imaging is 

best for the assessment of pulmonary metastases and distant metastases 125.  Additionally, 

substernal masses which are unreachable by routine ultrasound may be biopsied under CT 

guidance. CT imaging enables cervical lymph node assessment in patients with established 

carcinoma but equivocal physical examination findings 10. Calcifications, cystic areas or 

haemorrhagic components of nodal masses appear more vividly on CT due to increased 

enhancement 211. CT best demonstrates calcifications in medullary carcinoma which are 

usually denser than those seen in papillary carcinoma 125.  

The major limitation of CT imaging in thyroid cancer imaging includes the exposure to ionizing 

radiation compared to ultrasound and MRI, its non-ionising radiation counterparts. 

Additionally, is the previously stated contra-indication of iodinated contrast use in many 

thyroid cancer patients who have to undergo subsequent RAI therapy. Other limitations include 

the failure to distinguish metastatic lymph nodes from small normal lymph nodes and post-

surgical changes from recurrent cancer 212. Due to some of these limitations, CT is often 
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reserved for follow-up evaluation in metastatic and aggressive disease and is not used in early 

thyroid cancer diagnosis.      

2.4.2.2 MR Imaging 

 

MRI is the preferred cross-sectional imaging modality for the assessment of the local extent of 

the tumour. MRI is used in demonstrating any tracheal and oesophageal invasion and assessing 

recurrent adenopathy in thyroid cancer patients 38. MRI has been determined to have high 

precision and sensitivity (80-95%) in the assessment of the extent of tumour invasions such as 

oesophageal involvement, tracheal cartilage invasion and recurrent laryngeal nerve 

involvement 206.  The area of invasion as evidenced by the degree of contact of adjacent 

structures and the sole extracapsular invasion appears ill-defined,  while metastases 

demonstrate as cystic foci or enlargement on MRI 125.  Imaging features that are highly 

suspicious for malignancy and metastases appear to include marked enhancement relative to 

non-diseased thyroid tissue, haemorrhagic and necrotic appearance and hyperintensity on T2 

weighted images 204. An infiltrative pattern on MRI is often indicative of ATC. MRI is highly 

precise in detecting skeletal metastases in MTC and best demonstrates rare sites of metastases 

from thyroid cancer such as the brain and breast than other imaging modalities 203, 206.  

Furthermore, MRI is highly accurate for the multi-focal and multi-centric detection of disease 

and quantification of lobular cancer hence it is the primary imaging modality in evaluating liver 

metastases 208, 209. Current MRI machines that can produce small slice thicknesses ensure the 

precise detection of recurrent lesions and lymph nodes as small as 4 - 5mm in diameter in 

patients with abnormal I-123 uptake or high Tg levels in the absence of any other suspicious 

findings 206.  

The main advantages of MRI in thyroid cancer imaging are that it is non-invasive, does not 

involve ionising radiation, and has high soft tissue resolution. Other advantages include the 
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acquisition of images in the various anatomical planes without the need for reformations and 

minimal contrast reactions due to the use of an inert contrast agent, gadolinium 209. However, 

MRI has the limitation of longer imaging time and higher cost compared to CT. Additionally, 

due to safety concerns, patients with implanted metallic devices such as pacemakers, and some 

implanted cochlear devices and prostheses are precluded from an MRI examination. These 

devices must be thoroughly certified to be MRI-compatible to exclude any possibility of 

interaction with the magnetic field in the MRI machine. Therefore, thorough patient screening 

for any metallic devices is required before an MRI examination. Another concern with MRI is 

claustrophobia, which results in some patients being given anti-anxiety medication before the 

examination. Although open-bore MRI units have become available, their limitation is  lower 

resolution than high field closed units. This limitation impedes the thyroid imaging of very 

small (2-3mm) lymph nodes which cannot be detected with open MRI units 206.  

MRI and CT both lack specific imaging appearances for characterization of lymph nodes as 

malignant and also have poor sensitivity for detection of nodal involvement in thyroid cancer 

patients in comparison to ultrasound 125. However, the use of these cross-sectional imaging 

modalities is most helpful in guiding surgical planning as it helps in ascertaining the extent of 

the disease. 

2.4.3 Nuclear medicine imaging 

2.4.3.1 Radioactive iodine scintigraphy 

Radioactive imaging with iodine and Technetium (99mTc) as preferred first-line diagnosis of 

thyroid cancer has declined due to the emergence of more specific imaging modalities 208, 213. 

Scintigraphy is now typically performed for post-surgery follow-up and assessment of 

recurrent and metastatic diseases. Radioiodine scintigrams are usually positive because 

papillary thyroid cancer has follicular cell origin and hence has an affinity for iodine 206. Iodine-

131(131I), iodine-123 (123I) and technetium pertechnetate (99mTcO4) are the common 
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radioisotopes used in RAI studies for thyroid cancer. Of these three common radioisotopes, 131I  

has the most radiation-absorbed dose in normal thyroid tissue,  hence it is usually used as an 

option when 123I and 99mTcO4 are not available 214. However, iodine radioisotopes are usually 

preferred due to high false negatives with technetium pertechnetate 205. The radioisotopes are 

used in thyroid scintigraphy to determine the functionality of a thyroid nodule, whether it is 

hyper-functioning (“hot”), hypo or non-functioning(“cold”) or iso-functioning (“warm”), when 

serum thyrotropin (TSH) levels are below normal levels or in nodules with equivocal FNAC 

results 210, 215.  

“Cold” nodules have a reduced iodine uptake and are usually indicative of a malignant disease 

process, while “hot” nodules have increased regulation of TSH and tend to be linked to benign 

hyperthyroidism. However, some studies have suggested that an average of about 15-21% of 

“cold” nodules are malignant, while very few “hot” nodules may also exhibit malignancy 

particularly in the unlikely occurrence of a carcinoma co-existing within a hyper-functioning 

nodule 44, 214.  Due to this lack of specificity and limited information, radionuclide scans are 

considered unreliable in characterizing benign and malignant thyroid lesions and have limited 

use in the routine evaluation of thyroid nodules 38. The bone scan and 18F-fluorodeoxyglucose 

positron emission tomography (18F-FDG PET) are essential complementary imaging 

modalities in suspected extensive metastatic disease when  CT and MRI studies of the neck, 

thorax, and abdomen yield inconclusive results in detecting metastases 208. Therefore, bone 

scintigraphy can be used as the primary imaging modality for the assessment of bone 

metastases in such cases. However, nuclear medicine studies have poor accuracy in detecting 

lymph node metastasis when compared to CT, MRI and ultrasound. Regardless of nodule size 

or appearance, abnormal uptake by iodine-123 or a growing size with PET imaging are major 

predictors for lymph node malignancy 206. 
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2.4.3.2 Positron emission tomography (PET) imaging 

 

The role of PET imaging in thyroid cancer is usually staging, follow-up and assessment of 

patient prognosis. It is not normally used for primary diagnosis as differentiated thyroid cancers 

can produce variable results in PET 213. However, PET plays a significant diagnostic role in 

cases with negative whole body RAI scans but having elevated thyroglobulin levels.18F-

fluorodeoxyglucose (18F-FDG) is the most commonly used radiopharmaceutical in PET 

imaging because of its active uptake and retention by cancerous cells 216.18F-FDG-PET is 

important in follow-up cases to detect recurring or metastatic disease especially in high-risk 

patients and cases of elevated TSH-stimulated thyroglobulin 215. After ultrasound, 18F-FDG-

PET is highly reliable in detecting lymph node metastases 217. 

The increased utility of CT, MRI and PET scanning in thyroid imaging has resulted in an 

increasing number of incidental findings of thyroid nodules with 16% being attributed to CT 

and MRI, while 2% are from PET scans 202. Incidentalomas found on 18F-FDG-PET  images 

provide physiological and tumour location information and therefore suggest malignancy more 

than incidental findings on ultrasound and CT imaging 218. Some studies have suggested that 

the malignancy rate in F-FDG-PET incidentalomas can be up to 40% while the sensitivity can 

be almost 90% 219, 220. 18F-FDG-PET has the limitation of poor spatial resolution and lack of 

anatomical detail in PET images and therefore results in the lack of accurate localization of 

FDG-positive lesions 212, 215. Furthermore, there is the challenge of uptake of 18F-FDG-PET by 

normal muscle and lymphoid tissues and the misinterpretation of autoimmune thyroid disease 

as malignancy 212, 221. The variable sensitivity of 18F-FDG-PET precludes its use in the initial 

assessment of metastatic disease although the sensitivity improves with elevated calcitonin 

levels 203. However, 18F-FDG-PET-CT  has better lesion and uptake characterisation than 18F-

FDG-PET 218. This alludes to the additional benefit of cross-sectional anatomical visualisation 

with CT in combination with the physiological information already provided by 18F-FDG-PET. 
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2.4.3.3 PET-CT 

 

The emergence of hybrid PET/CT scanners has raised the diagnostic accuracy in restaging 

DTC patients and guiding favourable treatment options and reduced discrepant findings from 

the sole use of PET or CT 215, 217. PET-CT imaging is considered highly sensitive and specific 

in the early detection of thyroid cancer.  In a study by Zoller et al., 217, PET-CT  altered the 

sole PET diagnoses in 77% of the patients while the treatment plan was altered in 23% of the 

patients. In other studies with iodine-negative but thyroglobulin positive cases, PET-CT altered 

clinical management in 23% to 51% of patients resulting in a change of treatment in 48% PET-

positive patients 222. Another study found that 18F-FDG-PET/CT  has excellent sensitivity of 

about 88.6% and specificity of about 89.3% in the detection of metastatic disease in DTC 

patients with elevated or rising Tg levels 223. In some studies of thyroid nodules with equivocal 

cytology, 18F-FDG-PET/CT demonstrated a sensitivity and negative predictive value of up 

100% 224. The fusion of PET and CT, therefore, results in precise anatomical information that 

results in increased sensitivity, specificity and diagnostic accuracy and influences therapeutic 

approach. Combined PET-CT  has  the advantage of a shorter scan time of about 2 minutes 

thereby resulting in not only anatomical information but also a faster throughput of patients in 

comparison with PET which takes about 30 minutes 216. The hybrid technique additionally 

results in better computational attenuation correction of PET photons within the body 225. 

However,  18F-FDG-PET-CT has the limitation of lacking specificity as 18F-FDG uptake may 

not be specific for thyroid cancer and false-positive uptake can occur due to other malignant 

cells or in active muscle cells  216. Furthermore, due to variable FDG-uptake in MTC, PET-CT 

is unreliable in the evaluation of persistent disease in patients with this type of thyroid cancer 

211.  Ho et al., 221 found a 3.7 % prevalence of false-positive uptake on 18F-FDG PET-CT of 

patients with no prior history of thyroid malignancy and of those verified by cytology and 

histopathology, only 14% had thyroid malignancies. Image interpretation that includes 
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quantitative measurement of glucose standard uptake values (SUV), 18F-FDG uptake and CT 

attenuation may improve the accuracy of PET-CT in focal thyroid lesion characterisation 

although focal 18F-FDG-PET-CT incidentalomas, often have a high suspicion of malignancy 

226. In one study, suspicious ultrasound findings in combination with an elevated SUV of about 

5.3, yielded a sensitivity of 82% in differentiating benign and malignant thyroid nodules 227. 

Nonetheless, PET-CT is a relatively expensive and not easily accessible procedure. 

 

2.5 Computer-aided diagnosis in thyroid ultrasound imaging 

 

Computer-aided diagnosis (CAD) systems have emerged over the past years as non-invasive 

techniques to complement radiologists’ interpretation. CAD methods are considered a solution 

to potentially overcome subjective interpretation limitations. CAD methods often rely on 

machine learning (ML) techniques and quantitative approaches that use statistical and data 

mining algorithms to characterise predictive ultrasound features. In the quantitative analysis of 

textural grey scale sonographic features clinical and non-clinical features are extracted from 

sonographic images using data mining and statistical techniques 228, 229.  The typical clinical 

features include nodule composition, shape, calcification, margins and echotexture while non-

clinical features include the regularity of pixels, coarseness and smoothness of image 230. The 

quantitative analysis of Doppler ultrasound features often involves the regional segmentation 

of thyroid nodule vascularity into peripheral and central regions to determine malignancy 231. 

Due to the computational data training and validation techniques of CAD algorithms, CAD 

methods are considered more objective, reproducible and accurate in ultrasound imaging 

diagnosis and reporting 232. This, in turn, results in standardized predictive ultrasound features 

for benign and malignant thyroid nodules thereby limiting potential human biases.  
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2.5.1 Grey scale CAD in thyroid nodule assessment 

 CAD software can be embedded within the ultrasound unit or be used as an isolated program 

for offline image analysis. Grey scale ultrasound CAD software is equipped with selected 

TIRADS for diagnostic purposes.  

Presently, there are two globally-approved commercial thyroid ultrasound CAD software, 

AmCAD-UT (AmCad Biomed, Taipei, Taiwan) and S-Detect (Samsung Medison Co. Ltd., 

Seoul, South Korea). A few studies have investigated the diagnostic performance of these 

thyroid ultrasound CAD methods for potential application in the clinical diagnostic workflow. 

While it has been suggested that CAD approaches based on deep-learning (DL) methods have 

the potential to outperform even radiologist experts in diagnostic accuracy of thyroid 

ultrasound, recent studies have shown comparable diagnostic performance 233-236. The 

comparison between studies based on classical ML and DL-based CAD also showed 

comparable pooled sensitivity (86% vs 89%), specificity (85% vs 84%) and diagnostic odds 

ratio (37.41 vs 40.87%) in a recent meta-analysis 237. The current commercially available CAD 

software is based on both ML and DL methods. The lack of sufficient evidence for the 

additional value of the CAD software in comparison with experienced clinicians limits the 

routine clinical adoption of the techniques. As various researchers and clinicians are developing 

thyroid ultrasound CAD systems globally, there are likely to be multi-factorial influences on 

CAD diagnostic performance.  

The diagnostic value of CAD systems for grey scale ultrasound of thyroid nodules has been 

determined in several studies.  The diagnostic performance outcomes of some of the studies 

were summarized in a systematic review that our group conducted 238. Table 2.1. shows the 

diagnostic performance outcomes from the review and those from more recent studies. Some 

studies have shown that the sensitivity (SEN) and negative predictive value (NPV) of CAD are 

comparable to that of radiologists while the specificity tends to be reduced 239-246. Contrarily, a 
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few studies reported a higher specificity but lower sensitivity with CAD than with subjective 

interpreters 247-249. In other studies, the diagnostic performance of radiologists, especially those 

less experienced, was improved with the assistance of the CAD, resulting in further improved 

diagnostic sensitivity or specificity and overall accuracy 236, 241, 250, 251. Contrarily, a recent 

multi-centre and multi-reader study showed that the use of CAD improved the overall 

diagnostic accuracy of the users regardless of experience, and junior readers with CAD 

outperformed senior readers without CAD 252.   

Few studies have evaluated the diagnostic performance of CAD based on multiple TIRADS. 

Table 2.1 summarises some of the studies whereby the diagnostic performance of either the 

CAD or radiologists or both were based on specific TIRADS. Furthermore, the AmCAD CAD 

software is currently the only commercial thyroid CAD software that has multiple TIRADS 

embedded in it, while S-Detect only has K-TIRADS (KTA/KSThR) and ATA.  ATA and K-

TIRADS using S-Detect CAD have been recently indicated to have comparable sensitivity with 

radiologists using the same set of TIRADS, however, the specificity is still lower 245. There are 

currently few studies involving the assessment of CAD performance based on multiple 

TIRADS using AmCAD.  Reverter et al., 242 concluded that AmCAD CAD analysis based on 

ATA, EU and AACE in comparison with radiologist subjective assessment using ATA resulted 

in comparable sensitivity for ATA (87%), whereas EU and AACE  had slightly lower 

sensitivity than the radiologist (85.2% and 81.5% respectively). Subjective assessment by the 

radiologist yielded a significantly higher specificity of 91.2% in comparison with the highest 

specificity yielded with CAD (68.8%) achieved with ATA TIRADS. Contrarily, a recent multi-

centre study using AmCAD found that CAD using KSThR resulted in the highest sensitivity 

(90.5%) and accuracy (0.75) than using all other TIRADS supported by the software 246. 

However, the CAD-KSThR specificity was lower (49.63%) than radiologists of different levels 

of experience (75%-90%) using the same TIRADS for subjective assessment. The 
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aforementioned studies had different methods of selecting the universal TIRADS for 

comparing the diagnostic performance of CAD with that of subjective assessors. The paucity 

of similar studies means that the choice of the best TIRADS to use with CAD remains vague 

and thus necessitates further exploration of the influence of different TIRADS on CAD 

performance.  
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Table 2.1: Summary of diagnostic performance assessment outcomes from different studies comparing grey scale ultrasound thyroid CAD with 

radiologists using different criteria 

Reference CAD Diagnosis criteria SEN (%) SPEC (%) PPV (%) NPV (%) AUROC 

 

Choi et al., 
239 

S-Detect CAD  

Rad_K-TIRADS 

90.7  

88.4 

74.6  

94.9 

72.2  

92.7 

91.7  

91.8 

.83  

.92 

Gao et al., 
240 

Non-commercial CAD  

Rad_Kwak-TIRADS 

Rad_ATA 

Rad_ACR 

96.7  

96.2  

95.4  

90.0 

48.5  

75.7  

78.6  

76.7 

81.3 

90.2  

91.2  

90.0 

86.2  

89.7  

88.0 

76.7 

.73 

.87 

.83 

.86 

Gitto et al., 
247 

S-Detect CAD 

Rad_K-TIRADS 

21.4  

78.6 

81.3  

66.7 

25.0  

40.7 

78.0  

91.4 

ND 

ND 

 

Yoo et al., 
241 

S-Detect CAD 

Rad_ K-TIRADS  

Rad + CAD 

80.0  

84.0  

92.0 

88.1  

95.5  

85.1 

83.3  

93.3  

82.1 

85.5  

88.9  

93.4 

.84  

.90  

.89 

Wang et al., 
235 

Non-commercial CAD 

Rad_French-TIRADS 

90.5  

93.8 

89.9  

78.0 

95.2 

90.4 

81.0 

85.0 

.90 

.86 

Jeong et al., 
251 

S-Detect Expert Rad_ K-TIRADS  

Expert +  CAD 

User 1 +  CAD 

User 2 +  CAD  

User 3 + CAD 

84.1  

88.6  

70.5  

75.0  

70.5 

96.4  

83.9  

80.4  

73.2  

73.2 

94.9  

81.3  

73.8  

68.8  

67.4 

88.5  

90.4  

77.6  

78.8  

75.0 

ND 

.86 

.75 

.74 

.72 

 

Reverter et 

al., 242 

AmCAD Expert Rad_ATA 

CAD_ATA 

CAD_EU  

CAD_AACE 

87.0  

87.0  

85.2  

81.5 

91.2  

68.8  

50.2  

53.2 

90.5  

64.5  

50.1  

51.8 

90.9  

86.3  

82.6  

80.8 

.88 

.72 

.71 

.70 

Xia et al., 243 S-Detect Expert Rad 

CAD-dichotomous 

81.1 

90.5 

83.5 

41.2 

84.6 

63.2 

79.8 

79.5 

.82 

.66 
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 SEN, sensitivity; SPEC, specificity; PPV, positive predictive value; NPV, negative predictive value; AUROC, area under ROC curve; Rad, radiologist;  ND, not determined;  

CAD – computer-aided diagnosis; CAD-dichotomous, possibly benign/possibly malignant 

 

 

Kim et al., 
244 

S-Detect S-Detect 1 

S-Detect 2 

Rad_ K-TIRADS 

Rad + S-Detect 1 

Rad + S-Detect 2 

80.2 

81.4 

84.9 

91.9 

93.0 

82.6 

68.2 

96.2 

81.1 

67.4 

75.0 

62.5 

93.6 

76.0 

65.0 

86.3 

84.9 

90.7 

92.2 

93.7 

.81 

.75 

.91 

.87 

.80 

 

Jin et al., 236 Non-commercial CAD_ACR 

Junior Rad_ACR 

Junior Rad + CAD 

Intermediate Rad_ACR 

Senior Rad_ACR 

80.6 

87.5 

78.1 

95.1 

87.4 

80.1 

57.9 

80.0 

63.9 

83.2 

76.0 

61.8 

73.1 

67.3 

88.0 

84.1 

85.7 

84.0 

94.3 

83.4 

.88 

.73 

.83 

.80 

.91 

 

Li et al., 248 AmCAD CAD 

Junior Rad 

Senior Rad 

76.9 

82.6 

86.9 

87.5 

70.4 

77.8 

86.9 

70.4 

76.9 

77.8 

82.6 

87.5 

.82 

.76 

.82 

Fresilli et 

al., 249 

S-Detect CAD_K-TIRADS 

Student_K-TIRADS 

Resident_K-TIRADS 

Expert_K-TIRADS 

70.4 

70.4 

74.1 

81.5 

87.5 

76.3 

85.0 

88.8 

 

65.5 

50.0 

62.5 

71.0 

89.7 

88.4 

90.7 

93.4 

.79 

.73 

.80 

.85 

Han et al., 
245 

S-Detect CAD_K-TIRADS 

Rad_K-TIRADS 

CAD_ATA 

Rad_ATA 

 

89.2 

91.6 

87.4 

83.8 

50.2 

76.7 

63.4 

80.8 

51.0 

69.5 

58.2 

72.3 

88.9 

94.0 

89.7 

88.3 

ND 

ND 

ND 

ND 

Ye et al., 246 AmCAD CAD_KSThR 

Junior Rad_KSThR 

Junior Rad + CAD 

Intermediate Rad_KSThR 

Expert Rad_KSThR 

90.5 

72.2 

89.9 

82.7 

88.5 

49.6 

75.6 

73.3 

85.9 

90.4 

66.3 

76.3 

78.6 

86.5 

90.9 

82.7 

82.0 

86.8 

85.6 

87.8 

.75 

.74 

.82 

.82 

.89 
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2.5.2 Doppler ultrasound CAD in thyroid nodule assessment 

 

A limited number of studies have evaluated thyroid nodule vascularity using CAD methods. 

The Doppler ultrasound assessment of thyroid nodular vascularity in most current studies has 

largely been based on subjective grading qualitative methods. Doppler ultrasound CAD is often 

based on stipulated cut-off points for vascularity indices (VI) used in differentiating peripheral 

and central vascularity in thyroid nodules. The comparison of qualitative CDUS vascularity 

analysis with quantitative central vascular area analysis showed higher sensitivity (90% vs 

67.5%) with quantitative assessment than qualitative vascular assessment in one study 253. 

Similarly, Ying et al., 231 developed a CAD algorithm for the objective semi-quantification of 

thyroid parenchyma vascularity in Doppler sonograms. This same algorithm demonstrated the 

objectivity and accuracy of CAD quantification of intranodular vascularity in the distinguishing 

reactive and metastatic lymph nodes 168, 169. Another different study showed that thyroid 

nodular regional VIs based on CDUS significantly increased diagnostic accuracy from 58.6% 

to 79.3% when combined with grey scale ultrasound features for thyroid nodule differentiation 

23. Therefore, this suggests that combined ultrasound techniques involving quantitative 

vascularity assessment may potentially result in improved diagnostic performance. 

However, a different study that computed VIs for central and peripheral  vascularity densities 

from PDUS images suggested that even with high sensitivity (84.8%), intranodular vascularity 

was not a reliable predictor of malignancy as benign nodules had higher vascularity VIs in both 

central and peripheral regions 254. Furthermore, another study suggested that the size of the 

thyroid nodule affects the quantitative vascularity assessment based on normalised VIs with 

higher specificity (100% vs 54.3%) being achieved for nodules < 2cm than for all nodules 255.  

Although these few studies largely suggested that quantifying intranodular vascularity using 

automated regional segmentation is more objective in vascularity assessment for thyroid nodule 
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differentiation, the differences in their methodology present clinical adoption challenges. Thus, 

the value of quantified VIs requires further exploration to determine the acceptable thresholds 

for optimised sensitivity and specificity. Furthermore, since the diagnostic value of combined 

ultrasound assessment involving CAD approaches in thyroid nodule diagnosis is scanty, this 

necessitates the evaluation of multi-modal approaches involving CAD.
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2.6 Basis for the study 

 

The global increase in the incidence of thyroid cancer has resulted in concerns about over-

diagnosis due to the advancement in diagnostic imaging technologies and the overuse of 

FNAC. Overdiagnosis results in unnecessary surgical procedures particularly for non-lethal 

indolent micro-carcinomas. The surgical treatment of thyroid cancers has surgical risks such 

as facial palsy that can arise from potential damage to the recurrent laryngeal nerve. 

Furthermore, there cost and lifestyle implications post-surgery such as lifetime thyroid 

hormone replacement therapy. 

FNAC is the minimally-invasive pre-surgical reference standard for the diagnosis of thyroid 

nodules. However, it has the challenge of the equivocal cytology nodules category which often 

undergo surgery for definitive diagnosis, yet most nodules in this category tend to benign. 

Ultrasonography is the primary non-invasive modality used in the diagnosis of thyroid nodules. 

While it is available in multiple imaging modes, grey scale ultrasound features are primarily 

used to differentiate benign and malignant nodules and are the basis for most of the current 

TIRADS. However, no sole grey scale ultrasound is highly predictive of malignancy on its own 

and the reliability of grey scale ultrasound features in the diagnosis of thyroid nodules with 

equivocal cytology remains unclear. The assessment of grey scale ultrasound features in 

combination with elasticity and vascularity imaging techniques is purported to increase the 

diagnostic accuracy although conflicting findings in the literature persist due to diverse 

methodologies.  

Advanced imaging modes of ultrasound such as SWE for quantitative tissue elasticity 

assessment have the potential of improving the diagnosis of thyroid nodules, particularly those 

with equivocal cytology results. However, presently few studies have evaluated this and SWE 

cut-off criteria and optimal measurement parameters for thyroid nodule diagnosis remain 
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unclear and unstandardized. Although advanced ultrasound imaging modes of thyroid nodule 

vascularity assessment have emerged, there remains a lack of the evaluation of the diagnostic 

value of quantitative assessment in. More so, the diagnostic accuracy of novel microvascularity 

techniques such as AngioPLUS in thyroid nodule differentiation lacks evaluation both 

qualitatively and quantitatively. While thyroid ultrasound CAD techniques have been 

suggested to be more objective and potentially more accurate than subjective assessors, few 

studies suggest otherwise. However, there is a lack of studies evaluating the diagnostic 

accuracy of CAD techniques in combination with other ultrasound imaging modes. Hence the 

value of multi-modal ultrasound imaging in thyroid nodule differentiation remains ambiguous 

yet it may have the potential of improving diagnostic accuracy. 

The ethical board approved a sample size of 150 patients for prospective assessment in the 

current study. This was based on the specificity sample size calculation using Buderer’s 

formula  assuming a 10% drop-out rate and 40% prevalence rate. The present study investigated 

the diagnostic accuracy of grey scale ultrasound CAD in comparison with subjective ultrasound 

assessment using different TIRADS. In addition, the diagnostic performance of AngioPLUS 

based on the qualitative and quantitative regional vascularity assessment was determined in 

vascular nodules. Lastly, the value of SWE in determinate and equivocal thyroid nodules in 

combination with EU TIRADS was evaluated, and the assessment of a multi-modal approach 

involving grey scale ultrasound, AngioPLUS and SWE was conducted for equivocal thyroid 

nodules. The results of the present study are anticipated to aid in the evidence-based application 

of individual advanced ultrasound techniques and the multi-modal use of ultrasound in thyroid 

cancer diagnosis thereby optimising ultrasound imaging use and improving thyroid nodule 

diagnosis.  
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Chapter 3   
 

Study One: Diagnostic Performance Evaluation of Computer-Aided Diagnosis 

and Human Assessment of Grey Scale Ultrasound Features of Thyroid Nodules 

based on TIRADS 

 

3.1 Introduction 

 

Various RSS or TIRADS were developed to aid the stratification of risk of malignancy of 

thyroid nodules based on several suggestive sonographic features. TIRADS are purported to 

improve consistency in subjective interpretation and limit inter-observer variabilities 71, 135, 256, 

257. Nevertheless, divergences amongst different TIRADS still exist due to varying malignancy 

risk estimation criteria for suspicious sonographic features 133. Therefore, based on the diverse 

malignancy prediction criteria, the use of TIRADS can be subjective and dependent on the 

clinical approach of the clinician 2. Hence, currently, there is no consensus on the universal 

standard for the best RSS to use in thyroid nodule differentiation. 

An online-based multiple RSS malignancy risk scoring calculator based on subjective 

interpretation of sonographic features was developed in the past recent years 258. The RSS 

outputs available with this online risk calculator are the AACE/ACE/AME, ATA, KSThR, and 

French TIRADS (now updated and known as EU TIRADS). This predictive model has been 

evaluated in comparison with other similar subjective interpretation-based models and found 

to be highly accurate and reliable in thyroid nodule differentiation 259. On the other hand, with 

the evolution of artificial intelligence (AI), computer-aided diagnosis (CAD) systems have 

been proposed as a more objective and consistent method of thyroid nodule differentiation than 

human visual assessment 229, 260. Recent studies have shown that thyroid CAD systems have a 
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diagnostic performance that is comparable to that of experienced radiologists with combined 

techniques having more potential for superior performance 234, 261. The current globally-

approved commercial thyroid CAD software with multiple TIRADS computations is AmCAD-

UT (AmCad Biomed, Taipei, Taiwan). This CAD software has been previously evaluated in 

comparison with human interpreters in a few studies. Some studies have evaluated its 

diagnostic performance in comparison with clinical experts and radiologists 242, 246 and its role 

in guiding sonographers in diagnosing space-occupying thyroid lesions 262. Although AmCAD-

UT settings can be adjusted for optimised diagnostic performance, the previous studies only 

assessed the diagnostic performance using the default settings with a limited comparison of 

multiple TIRADS.  

Although the online risk calculator (based on a prediction model) and the CAD software 

mentioned above both offer automatic multiple-TIRADS output, currently no study has 

comparatively evaluated their diagnostic performance for paired multiple TIRADS for 

consideration of clinical adoption. Furthermore, plausible evidence for the additional value of 

CAD from the studies on different non-commercialized thyroid CAD technologies remains 

vague due to the variable results for the different TIRADS 233.  

The present study began with the evaluation of the diagnostic performance of AmCAD-UT at 

varied detection sensitivity settings of different ultrasound features for thyroid nodule 

differentiation based on six different TIRADS within the software. This helped validate the 

best detection sensitivity setting and TIRADS for the subsequent analysis and comparisons 

with human visual assessments. Once the best setting was established, then the diagnostic 

performance metrics of computer-assisted subjective analysis using the online risk calculator 

and AmCAD-UT based on the same multiple TIRADS were analysed and compared. The 

findings of this study could potentially assist in determining a diagnostically efficient approach 

and TIRADS considerations for clinical diagnostic workflow adoption.  
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The PhD candidate has published the results of the CAD software validation and the 

comparative analysis of CAD and computer-assisted subjective interpretation that are 

presented in this chapter 263, 264. 

3.2 Validation of software sensitivity detection settings 

 

3.2.1 Materials and methods 

3.2.1.1 Study type  

 

This analytical observational retrospective study was approved by the Human Research Ethics 

sub-committee at the Hong Kong Polytechnic University before the study was conducted. A 

consecutive case analysis approach was used for the data collection of thyroid nodule 

ultrasound images. Informed consent was waived for this retrospective study.  

3.2.1.2 Data sources 

 

Thyroid nodule images were retrieved from image archives of thyroid ultrasound studies 

previously conducted by our research group and from an open access thyroid ultrasound image 

database, Digital Database of Thyroid Ultrasound Images (DDTI) (Universidad Nacional de 

Colombia, CIM@LAB and Instituto de Diagnostico Medico (IDIME), Bogota, Colombia) 265. 

A total of 205 images from 198 patients were retrieved from both thyroid ultrasound image 

sources with 104 images being from studies conducted by our research group between February 

2013 and December 2014. Images from the previous studies by our research group were all 

acquired using a Supersonic Aixplorer ultrasound machine (SuperSonic Imagine, Aix-en-

Provence, France) in conjunction with a 4-15 MHz linear transducer 23, 190. This was the first 

time the images were used in a grey-scale ultrasound computer-aided diagnosis analysis study. 

The 101 images retrieved from the online database were obtained using the following types of 
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ultrasound machines: a TOSHIBA Nemio 30 and a TOSHIBA Nemio MX (Canon Medical 

Systems, Tochigi, Japan) in conjunction with 12 MHz linear and convex transducers 265.   

3.2.1.3 Image selection criteria 

 

The inclusion criteria for ultrasound image selection were diagnostically acceptable thyroid 

nodule B-mode ultrasound images from adult patients (≥18 years old) who had been evaluated 

with ultrasound imaging for thyroid cancer suspicion and had final cytological and/or 

histopathological diagnosis results. Two thyroid surgeons with extensive experience had 

conducted the fine-needle aspiration cytology of thyroid nodules and provided the cytological 

and/or histopathological results. Images from the DDTI database had a cytological diagnosis 

as had been determined by experts 265. The exclusion criteria were ultrasound images with 

indistinct nodules, unclear boundaries or margins and incomplete cytology or histopathology.  

Areas clearly demonstrating the nodule were selected and separated from the entire image and 

the new nodule-specific images were saved in JPEG format using codes.  

3.2.1.4 CAD analysis of the thyroid nodule images 

 

An independent rater (the PhD candidate - N.C) who had 2-years’ thyroid ultrasound 

experience at the time performed the CAD analysis using the AmCAD-UT thyroid CAD 

software after a month of training in using the software. The user was blinded to the cytology 

and/or histopathology results.  

3.2.1.4.1 CAD ROI-selection 

 

The coded JPEG images were uploaded onto the AmCAD-UT software user interface for 

analysis. The AmCAD-UT software has 3 methods for selecting the region of interest (ROI): 

1.) manual outlining; 2.) the semi-automated method of selecting four contour points on the 

nodule which the software then uses for detecting the nodule; and 3.) the automated nodule 
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recognition method. For this study, the ROI was manually outlined from the thyroid images 

based on the visualized nodule margins to ensure a standardized uniform approach for all 

nodules as both the automated and semi-automated methods were found to sometimes miss 

some nodule areas during the training period. After selecting the ROI, the user then selected 

and adjusted the different settings for ultrasound feature analysis before confirming the analysis 

for the diagnosis output. Outlining the nodule and the software computation took less than 2 

minutes overall for each nodule. The final diagnosis from the CAD system was documented 

based on the criteria of the different risk stratification systems within the software. 

3.2.1.4.2 CAD settings selection 

 

The AmCAD-UT software can be adjusted for detection sensitivity within pre-determined 

ranges for margins (1 to 5), hyperechoic foci (2.0 to 4.0) and anechoic areas (0 to 0.5), while it 

allows flexible control of visualization enhancement for echogenicity (-50 to 50) and texture 

(10 to 100) analyses. The detection sensitivity increases as the settings for the different 

ultrasound features are increased except for the hyperechoic foci setting which has an inverse 

relationship. At its development phase, the standalone diagnostic performance of AmCAD-UT 

established that the ultrasound feature “hyperechoic foci” is affected by and dependent on 

detected “anechoic areas”. The highest diagnostic performance was determined to be over 90% 

at a setting of 3.5 for the different ranges of “anechoic areas” setting 266. The “anechoic areas” 

settings 0.5 and 0.2 yielded similar high diagnostic performance whereas for margins the best 

performance was with the 2.0 and 3.0 for the 3 different ultrasound machines used in that 

testing phase. At the commonly used default setting median values are used for all the 

parameter settings. Based on this background, this current study sought to determine the setting 

for optimised diagnostic performance between the default settings and the “hyperechoic foci” 

maintained at 3.5 with variations of “anechoic areas” and “margins” at settings that previously 

achieved the highest diagnostic performance during the software development phase testing. 
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“Echogenicity” and “texture” parameter settings were consistently maintained to those of the 

default setting (0 and 33 respectively) for the comparative analyses. These two parameter 

settings mainly influenced subjective visualization of the images without a change in CAD 

diagnosis output during our pilot testing of the software. The different settings used for the 

comparisons are tabulated in Table 3.1. 

Table 3.1: Different AmCAD-UT settings adjustment for comparative analysis of diagnostic 

performance 

Name of 

setting 

Anechoic 

area 

Hyperechoic 

foci  

Margin Echogenicity Texture 
 

Default 0.2 2.8 3.0 0 33 

Adjusted 1 0.2 3.5 3.0 0 33 

Adjusted 2 0.5 3.5 2.0 0 33 

Adjusted 3 0.5 2.8 2.0 0 33 

 

3.2.1.4.3 CAD TI-RADS output  

 

The software analysed and computed the malignancy risk category of the nodules based on 8 

malignancy risk stratification systems in the software as demonstrated in Figure 3:1. To 

determine the diagnostic performance of the CAD software, the CAD risk stratification output 

for each nodule based on the 6 risk stratification systems  (ACR; ATA, BTA, EU, Kwak and 

KSThR TIRADS) was compared to the ground truth which was the final cytological or 

histopathological diagnosis of each nodule. Since this study evaluated TIRADS with 5 or more 

malignancy risk stratification categories, the AACE/ACE/AME and the TIRADS by Seo et al., 

267 were excluded from the analysis as they had 3 and 4 categories, respectively. 
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Figure 3:1:  The AmCAD-UT diagnosis output of a cytologically-confirmed benign nodule is outlined in the white box as given by the category 

of risk of malignancy based on different TIRADS (Methodology).    
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3.3 Comparison of computer-assisted subjective interpretation and computer-

aided diagnosis 

 

3.3.1 Image collection procedures 

For this part of the study, a consecutive case analysis approach was used for selecting the 

images of thyroid ultrasound imaging scans  that were conducted prospectively by our research 

group. Standard thyroid ultrasound imaging protocols were observed to acquire 162 thyroid 

nodule images using a Supersonic Aixplorer ultrasound machine (SuperSonic Imagine, Aix-

en-Provence, France) in conjunction with a 4 - 15MHz linear transducer. The thyroid 

ultrasound scans were conducted with each patient lying supine on an examination couch with 

the neck slightly hyperextended and the head turned away from the side of interest. Two thyroid 

surgeons with extensive experience conducted the ultrasound-guided fine-needle aspiration 

cytology (FNAC) and provided cytological and/or histopathological diagnosis of the thyroid 

nodules.  

The inclusion criteria were like those of the software validation part of the study. However, 

additional criteria for this part of the study were that the nodules had to be ≥ 5mm with 

complete size measurements in both transverse and longitudinal planes and taller-than-wide 

ratio assessment and confirmatory cytological and/or histopathological results. Images of 

nodules < 5mm were excluded because they did not meet the size criteria for using the online 

calculator for assisted subjective interpretation. The reference standard was the conclusive 

FNAC and/or histopathology results of the nodules. 

3.3.2 Analyses of the thyroid nodule images 

 

The analyses were conducted separately with an online malignancy risk assessment system 

(www.gap.pe.kr/thyroidnodule.php) and AmCAD-UT version 2.2 (AmCad Biomed, Taipei, 

Taiwan) for the same nodules.  

http://www.gap.pe.kr/thyroidnodule.php
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3.3.2.1 Computer-assisted subjective risk assessment 

 

Two raters (R1 and R2) independently reviewed the same set of ultrasound images and 

evaluated the ultrasound features of the thyroid nodules using the stipulated scoring criteria of 

the online risk calculator (Figure 3:2a). They were both blinded to the cytology and 

histopathology results. The online calculator computed the malignancy risk based on a rater’s 

subjective assessment of the composition, margins, echogenicity, shape and calcification of 

thyroid nodules 258. In this study, a calculated taller-than-wide ratio of > 1 was used to 

determine if a nodule was taller-than-wide in addition to subjective visual assessment 268, 269. 

The malignancy risk assessment was automatically computed as risk stratification category 

outputs for AACE, ATA, KTA/KSThR, French TIRADS and an estimated malignancy risk 

(EMR) score (Figure 3:2b). In this study, the risk stratification outputs for the French TIRADS 

were converted to EU-TIRADS, an updated version of French TIRADS, based on the 

corresponding malignancy risk estimation percentages, for comparison with the AmCAD-UT 

EU-TIRADS outputs. 

3.3.2.2  CAD assessment 

 

The CAD analysis approach was similar to the validation aspect of the study; however, for this 

comparative aspect of the study, automated nodule segmentation with manual correction was 

used to outline the ROI. Automated nodule segmentation was selected and if the software 

automatically segmented the nodule boundaries satisfactorily then the computed diagnosis was 

accepted as valid. If the automated nodule segmentation missed the nodule, under or over-

estimated the nodule boundaries, then manual segmentation was used. In this study 15 out of 

162 (9.3%) images required manual correction of the automated segmentation. The malignancy 

risk category output for each TIRADS, taller-than-wide ratio output and sonographic 

characteristics outputs for each nodule on CAD (Figure 3:3) were compared to the 
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corresponding entries for each computer-assisted rater. There was no output for the EMR score 

in CAD hence this was not compared between the two approaches.   
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Figure 3:2:  An image showing the web-based risk calculator user interface.  

A: The section for sonographic characteristics inputs based on the assessment of the image by 

a subjective rater. B: Computed malignancy risk stratification output obtained after the 

submission of the sonographic feature inputs to the system. The output is based on AACE, 

ATA, KSThR and French TIRADS. 
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Figure 3:3:  Typical CAD image analysis output that was compared to that of computer-assisted subjective rating.  

A: The malignancy risk stratification of the nodule based on different classification systems. B: The software’s computation of the taller-than-

wide ratio. C: The software’s computation of the sonographic features based on the analysed image.
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3.3.3 Data analysis and statistical analysis 

The statistical analysis was performed using the SPSS software package (version 26.0, SPSS 

Inc., Chicago, IL, USA). Categorical variables were expressed as percentages and continuous 

variables were expressed as mean values ± standard deviation (SD). The Chi-square test was 

used to compare differences in classification data while the Mann Whitney U test was used to 

compare continuous variables. The Shapiro Wilk test was used to check the normality of the 

data and based on the statistically significant output which denoted non-normality of the data, 

non-parametric tests were used for the statistical analyses.  

In both parts of the study, the diagnostic performance measures: sensitivity (SEN), specificity 

(SPEC), negative predictive value (NPV), positive predictive value (PPV), diagnostic accuracy 

(DA) and their corresponding 95% confidence intervals (CI) were calculated with reference to 

final cytology and/or histopathology results. In addition to these, negative likelihood ratios 

(NLR), positive likelihood ratios (PLR) and diagnostic odds ratios (DOR) were calculated for 

the comparative analysis aspect of the study.  The receiver operating characteristic (ROC) 

curves were generated to obtain the areas under the ROC curve (AUROC) Optimal cut-off 

points and equivalent diagnostic performance measures were determined from the ROCs. In 

the validation part of the study, precision-recall curves (PRC) were also generated to 

complement the ROC results for a more comprehensive diagnostic performance assessment 

270. The optimal cut-off points for all TIRADS were deemed as those that resulted in the highest 

Youden’s index that corresponded to a compromise of both sensitivity and specificity with the 

least difference between the two at a higher sensitivity 271, 272.  

McNemar’ and Cochran Q’s tests were used for the comparative analysis of SEN, SPEC, and 

DA whereas a two-sample proportion test was used to compare NPV and PPV. The differences 

in LRs and DORs were evaluated based on 95% CIs, where non-overlapping values denoted 

statistical significance whereas for paired comparisons of AUROCs the SPSS software 
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computed the differences based on the Z-test. The Goodman and Kruskal’s Gamma correlation 

coefficient (G or γ) was used to measure the ordinal association of the different raters in the 

comparative analysis aspect. The gamma coefficient was interpreted as 0.01 - 0.30 negligible 

association, 0.31 - 0.50 low association, 0.51 - 0.7 moderate association, 0.71 - 0.9 high 

association and 0.91 - 1.0 very high association 273. The inter-rater reliability testing for the 

different raters was estimated using Cohen’s kappa statistic (κ) which were complemented by 

the proportion agreement. The Kappa result was interpreted as follows: 0.01 - 0.20 none to a 

slight agreement, 0.21 - 0.40 fair agreement, 0.41 - 0.60 moderate agreement 0.61 - 0.80 

substantial agreement, and 0.81 - 1.00 almost perfect agreement 274. All tests were two-sided 

and p< 0.05 denoted statistical significance.  
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3.4 Results 

 

3.4.1 Validation of software settings 

3.4.1.1 Characteristics of the thyroid nodules 

 

A total of 205 thyroid nodules consisting of 98 (48%) malignant nodules and 107 (52%) benign 

nodules from 198 patients (170 females; 28 males) were included in this study.  The mean age 

of the patients was 53.4 years ± 14.7 and the age range of the patients was 75 years (21-95). 

The mean short-axis diameter of malignant nodules was smaller and statistically significant 

from that of benign nodules (1.75 ± 0.93 cm vs 2.64 ± 1.70cm, p < 0.05). Thirty-five nodules 

(13 benign and 22 malignant) had a diameter less than 1cm. There were 77 nodules between 1 

and 2cm (31 benign and 46 malignant) while 93 nodules were greater than 2cm (63 benign and 

30 malignant). 

3.4.1.2 Diagnostic performance of AmCAD-UT at different adjusted settings 

 

The diagnostic performance metrics for nodules were analysed at different adjusted settings. 

The results are shown in Table 3.2. The optimal TIRADS cut-off point was determined to be 

category 4 which was the moderate suspicion with ACR, intermediate suspicion with ATA, 

Kwak, EU and KSThR and suspicious level with BTA TIRADS. The default setting yielded 

the best optimal diagnostic performance for all diagnostic measures with all TIRADS.  At this 

setting, Kwak TIRADS had the highest AUROC (0.74) with a sensitivity of 76.6% and a 

specificity of 54.2%. EU TIRADS achieved the highest sensitivity and NPV and lowest 

specificity (SEN: 82.7%, NPV: 72.6%, SPEC: 42.1%). ATA TIRADS had the highest 

specificity and PPV at a sensitivity of 69.4% (SPEC: 66.4%, PPV: 65.4%). BTA TIRADS 

yielded the lowest sensitivity and NPV (SEN: 66.3%, NPV: 66.3%, SPEC: 60.8%) while ACR 

TIRADS has the lowest PPV (56.1%) with a sensitivity of 79.6% and specificity of 43%. All 

six TIRADS generally had similar diagnostic performance and discrimination of benign and 
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malignant thyroid nodules as evidenced by the ROC curve (Figure 3:4). The diagnostic 

accuracy was good based on the AUROC of 70% and above for ACR, ATA, Kwak and KSThR 

TIRADS.  The optimal precision and recall were derived from Kwak and ATA TIRADS 

(Figure 3:5) at the chosen cut-off category. At the different cut-off points, there was high 

precision at low recall for all TIRADS such that even at the optimal cut-off category the PPV 

was substantially lower than the sensitivity. 
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Table 3.2: AmCAD-UT Diagnostic performance at different adjusted settings 

 
AmCAD-UT 

Setting 
TIRADS SEN % (CI) SPE (%) (CI) ᵻPPV(%) (CI) ᵻNPV% (CI) ᵻDA (%) (CI) AUROC (CI) 

Default ACR-4     79.6 (70.3; 87.1) 43.0 (33.5 ; 52.9) 56.1 (51.3 ; 60.8) 69.7 (59.5 ; 78.3)     60.5 (53.4 ; 67.2) .72 (.65 ; .79) 

 ATA-4 69.4 (59.3 ; 78.3) 66.4 (56.6 ; 75.2) 65.4 (58.4 ; 71.8) 70.3 (63.1 ; 76.7)     67.8 60.9 ; 74.1) .73 (.66 ; .80) 

 BTA-4 66.3 (56.1;  75.6) 60.8 (50.8 ; 70.1) 60.8 (54.0 ; 67.1) 66.3 (58.9 ; 73.0)     63.4 (56.4 ; 70.0) .66 (.59 ; .74) 

 EU-4 82.7 (73.7 ; 89.6) 42.1 (32.6 ; 52.0)      56.6(52.1 ; 61.1) 72.6 (62.0 ; 81.2)  61.5 (54.4 to 68.2) .65 (.58 ; .71) 

 Kwak-4b 76.5 (66.9 ; 84.5) 54.2 (44.3; 63.9) 60.5 (54.8 ; 65.9) 71.6 (62.9 ; 79.0) 64.5 (57.9 ; 71.4) .74 (.67 ; .80) 

 KSThR-4 77.6 (68.0 ; 85.4) 50.5 (40.6 ; 60.3) 58.9 (53.5 ; 64.1) 71.1 (61.9 ; 78.8) 63.4 (56.4 ; 70.0) .70 (.63 ; .76) 

       

Adjusted 1 ACR-4 74.5 (64.7 ; 82.8) 48.6 (38.8 ; 58.5) 57.0 (51.6 ; 62.3) 67.5 (58.5 ; 75.5) 61.0 (53.9 ; 67.7) .67 (.60 ; .74) 

 ATA-4 70.4 (60.3 ; 79.2) 67.3 (57.6 ; 76.1) 66.4 (59.3 ; 72.7) 71.3 (64.0 ; 77.6) 68.8 (62.0 ; 75.1) .71 (.64 ; .78) 

 BTA-4 69.4 (59.3 ; 78.3) 58.9 (49.9 ; 68.3) 60.7 (54.3; 66.8) 67.7 (60.0 ; 74.6) 63.9 (56.9 ; 70.5) .67 (.59 ; .74) 

 EU-4 81.6 (72.5 ; 88.7) 46.7 (37.0 ; 56.6) 58.4 (53.5 ; 63.2) 73.5 (63.6 ; 81.5) 63.4 (56.4 ; 70.0) .66 (.59 ; .73) 

 Kwak-4b 71.4 (61.4 ; 80.1) 57.0 (47.1 ; 66.5) 60.3 (54.2 ; 66.2) 68.5 (60.5 ; 75.6) 63.9 (56.9 ; 70.5) .68 (.61 ; .75) 

 KSThR-4 71.4 (61.4 ; 80.1) 58.9  (49.0 ; 68.3) 61.4 (55.1 ; 67.3) 69.2 (61.3 ; 76.2) 64.9 (57.9 ; 71.4) .70 (.63 ; .76) 

       

Adjusted2 ACR-4 61.2 (50.9 ; 70.9) 57.9 (48.0 ; 67.4) 57.1 (50.4 ; 63.7) 62.0 (54.8 ; 68.7) 59.5 (52.5 ; 66.3) .62 (.55 ; .70) 

 ATA-4 44.9 (34.8 ; 55.3) 78.5 (69.5 ; 85.9) 65.7 (55.6 ; 74.5) 60.9 (55.9 ; 65.6) 62.4 (55.4 ; 69.1) .59 (.51 ; .67) 

 BTA-4 56.1 (45.7 ; 66.1) 64.5 (54.7 ; 73.5) 59.1 (51.5 ; 66.4) 61.6 (55.2 ; 67.6) 60.5 (53.4 ; 67.2) .60 (.53 ; .68) 

 EU-4 71.4 (61.4 ; 80.1) 55.1 (45.2 ; 64.8) 59.3 (53.3 ; 65.1) 67.8 (59.6 ; 75.1) 62.9 (55.9 ; 69.6) .65 (.57 ; .72) 

 Kwak-4b 50.0 (39.7 ; 60.3) 68.2 (58.5 ; 76.9) 59.0 (50.6 ; 67.0) 59.8 (54.1 ; 65.4) 59.5 (52.5 ; 66.3) .61 (.54 ; .68) 

 KSThR-4 59.2 (48.8 ; 69.0) 62.6 (52.7 ; 71.8) 59.2 (51.9 ;66.1) 62.6 (55.9 ; 68.9) 61.0 (53.9 ; 67.7) .62 (.55 ; .69) 

       

Adjusted3 ACR-4 78.5 (69.1 ; 86.2) 41.1 (31.7 ; 51.1) 55.0 (50.3 ; 59.6) 67.7 (57.4 ; 76.5) 59.0 (52.0 ; 65.8) .67 (.60 ; .74) 

 ATA-4 44.9 (34.8 ; 55.3) 78.5 (69.5 ; 85.9) 65.7 (55.6 ; 74.5) 60.9 (55.9 ; 65.6) 62.4 (55.4 ; 69.1) .58 (.50 ; .66) 

 BTA-4 56.1 (45.7 ; 66.1) 64.5 (54.7 ; 73.5) 59.1 (51.5 ; 66.4) 61.6 (55.2 ; 67.6) 60.5 (53.4 ; 67.2) .62 (.55 ; .70) 

 EU-4 82.7 (73.7 ; 89.6) 42.1 (32.6 ; 52.0) 56.6 (52.1 ; 61.1) 72.6 (62.0 ; 81.2) 61.5 (54.4 ; 68.2) .63 (.56 ; .69) 

 Kwak-4b 63.3 (52.9 ; 72.8) 57.0 (47.1 ; 66.5) 57.4 (50.8 ; 63.7) 62.9 (55.5 ; 69.7) 60.0 (53.0 ; 66.8) .64 (.57 ; .71) 

 KSThR-4 77.6 (68.0 ; 85.4) 43.9 (34.3 ; 53.9) 55.9 (50.9 ; 60.7) 68.1 (58.3 ; 76.6) 60.0 (53.0 ; 66.8) .63 (.57 ; .70) 

ᵻPPV, NPV and DA values were not calculated based on prevalence
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Figure 3:4:  ROC curve demonstrating the diagnostic performance of the 6 TIRADS at the 

default setting  
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Figure 3:5:  PRC curve demonstrating the diagnostic performance of the 6 TIRADS at the 

default setting  
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For all TIRADS, the default setting and Adjusted 1 setting had comparable diagnostic 

performances whereas Adjusted 2 and Adjusted 3 had lower diagnostic performances (Table 

3.2). Exclusively lowering the sensitivity to hyperechoic foci to 3.5 (Adjusted 1), resulted in a 

slight incremental change in sensitivity and specificity and a good AUROC (0.71) with ATA 

TIRADS, however, this was not statistically significant. The other TIRADS had a slightly 

lower sensitivity and AUROC with a slight increase in specificity except for KSThR which 

maintained an AUROC of 0.7. Conversely, the sensitivity of BTA was increased while the 

specificity was reduced (SEN: 69.4%, SPEC: 58.9%). The AUROC at the adjusted settings 

was generally lower than at the default setting for all TIRADS. 

The differences amongst the 6 TIRADS at different settings are illustrated in Table 3.3. At the 

default setting, there were significant differences in sensitivity between EU and 2 TIRADS 

(BTA and ATA, p < 0.05). For specificity, the most significant differences were between ACR 

and KSThR; ACR and BTA and ATA and EU (p < 0.001). Statistically significant differences 

in AUROC were mostly between BTA and Kwak, and EU and Kwak (p < 0.001). There were 

no significant differences between the AUROC of different TIRADS at all adjusted settings 

(p > 0.05). The most significant differences for both sensitivity and specificity were between 

ATA and EU TIRADS at all adjusted settings (p < 0.05). The post-adjustment diagnostic 

performance results of EU TIRADS did not differ from those of the default setting (p > 0.05), 

except at Adjusted 2. ACR and EU TIRADS sensitivity and specificity had no statistically 

significant differences in all settings (p > 0.05). 
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Table 3.3:Pairwise comparison of TIRADS diagnostic performance in CAD-differentiation of malignant and benign thyroid nodules at different settings 

TIRADS Pairs Performance measures ( p-values) 

Default Adjusted 1 Adjusted 2 Adjusted 3 

 SEN* SPEC* AUROC  SEN* SPEC* AUROC  SEN* SPEC* AUROC  SEN* SPEC* AUROC 

ATA - ACR .04 <.0001 .826  .999 <.0001 .262  .003 <.0001 .546  <.0001 <.0001 .079 

ATA - BTA .999 .999 .158  .999 .605 .951  .151 .004 .393  .305 .027 .080 

ATA - EU .001 <.0001 .051  .001 <.0001 .873  < .0001 <.0001 .224  < .0001 <.0001 .057 

ATA - Kwak .539 .054 .795  .999 .183 .391  .999 .120 .497  .002 < .0001 .120 

ATA - KSThR .248 .002 .409  .999 .605 .094  .016 .001 .992  <.0001 < .0001 .073 

ACR - BTA .001 <.0001 .019  .999 .183 .338  .999 .999 .814  <.0001 <.0001 .427 

ACR - EU .999 .999 .001  .530 .999 .268  .289 .999 .310  .999 .999 .377 

ACR - Kwak .999 .108 .289  .999 .605 .490  .151 .120 .686  .023 .006 .204 

ACR - KSThR .013 <.0001 .248  .999 .183 .732  .999 .999 .554  .999 .999 .284 

BTA - EU .442 <.0001 .530  .005* .046 .860  .007 .238 .091  <.0001 <.0001 .865 

BTA - Kwak .07* .018 <.0001  .999* .999 .486  .999 .999 .818  .999 .999 .522 

BTA - KSThR .206 .206 .168  .999 .999 .115  .999 .999 .343  <.0001 <.0001 .712 

EU - Kwak .999 .054 <.0001  .040 .183 .472  < .0001 .011 .159  .001 .013 .694 

EU - KSThR .999 .657 .022  .040 .046 .140  .075 .806 .169  .999 .999 .720 

Kwak - KSThR .999 .999 .030  .999 .999 .411  .528 .999 .604  .047 .053 .816 
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3.4.1.3 CAD sonographic feature outputs of false negative and false nodules 

 

The different AmCAD-UT settings consistently misdiagnosed 48 nodules (32 false positives 

and 16 false negatives) across all TIRADS. Based on the software’s sonographic interpretation 

of analysed nodules, 78% (25/32) of the false-positive nodules had a homogenous echotexture, 

75% (24/32) were predominantly solid and 53% (17/32) had irregular margins. Moreover, 59% 

(19/32) of false-positive nodules had no calcifications, whereas 6 out of the remaining 13 false-

positive nodules (46%) had detected echogenic foci attributed to mixed calcifications. The 

distribution of the echogenicity feature varied, with a combined 44% total for hypoechoic and 

markedly hypoechoic (7/32 and 7/32 respectively). All 16 false-negative nodules had regular 

margins, 75% (12/16) were heterogeneous, 56% (9/16) were hyperechoic and 38% (6/16) had 

microcalcifications. Examples of nodules that the CAD misdiagnosed based on its detection of 

sonographic features are demonstrated in Figure 3:6 and Figure 3:7.  
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Figure 3:6:  An example of a thyroid nodule misdiagnosed as false negative for malignancy. 

 The misdiagnosis was based on the software’s impression of the hyperechoic and homogenous 

sonographic features. The histopathological diagnosis of the nodule was papillary thyroid 

cancer.  
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Figure 3:7:  An example of a solid markedly hypoechoic thyroid nodule that was diagnosed as 

false positive.  

The nodule was also taller than wide with echogenic foci. The impression of these suspicious 

sonographic features led to the misdiagnosis by the different TIRADS within the AmCAD-UT 

software. The nodule was diagnosed as benign with cytology.  
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3.4.2 Comparative analysis of CAD and computer-assisted subjective interpretation 

3.4.2.1 Demographics and thyroid nodule characteristics 

 

This part of the study included 162 thyroid nodules from 157 patients of which 133 (84.7%) 

were females and 24 (15.3%) were males. The mean age of the patients was 53 years ± 13 

(range 21- 95 years). There were 100 (61.7%) benign thyroid nodules and 62 (38.3%) 

malignant nodules. A total of 41 (41%) benign nodules had benign cytology results whereas 

27 (27%) had benign histopathology findings without defined pathology while the rest had 

pathological findings of goitre (n=14), adenomas (n=6), hyperplasia (n=3), colloid nodule 

(n=1), lymphocytic thyroiditis (n=2), Hashimoto’s thyroiditis (n=2) and Graves’ disease (n=4). 

There 54 (87%) malignant thyroid nodules were papillary thyroid carcinoma while the rest 

were follicular thyroid carcinoma (n=5), Hurthle cell carcinoma (n=1) and non-invasive 

follicular thyroid neoplasm with papillary-like nuclear features-NIFTP (n=2). The mean 

diameter of all thyroid nodules was 1.57 ± 0.84 cm (range 0.5-3.9 cm). The mean diameter did 

not differ significantly between benign and malignant thyroid nodules (1.63 ± 0.85 cm and 1.46 

± 0.83 cm respectively, p = 0.15). 

3.4.2.2 Nodule sonographic feature classifications by human subjective assessment and CAD 

 

The two subjective raters and the CAD system coded the sonographic features of the thyroid 

nodules based on echogenicity, composition, calcifications, margins, and shape. Table 3.4 

shows the results of the different categorisations. There were significant differences in all 

sonographic feature classifications between benign and malignant nodules for both subjective 

raters (p < 0.05) whereas significant differences between benign and malignant nodules were 

only observed for calcifications (p = 0.001) for the CAD system. Amongst both human raters 

and CAD, majority of the malignant nodules were classified as hypoechoic compared to benign 

nodules (R1 = 66.1% vs 48%, R2 = 72.6% vs 49% and CAD = 48.4% vs 34%). All raters 



 

86 

 

classified majority of the malignant nodules as either predominantly solid or solid (R1 = 16.1% 

and 79%, R2 = 54.8% and 41.9% and CAD = 38.7% and 61.3%, respectively). 

Microcalcifications were predominant in malignant nodules when classified by R1 and CAD 

(46.8% and 51.6%, respectively), but R2 classified malignant nodules as mostly without 

calcifications or with microcalcifications (both 45.2%). 

3.4.2.3 Classification correlation comparisons between subjective ratings and CAD 

 

There was a very high association in the rating of echogenicity of malignant nodules between 

both human raters and a high association between each human rater and CAD (R1 vs R2, G = 

0.91; R1 vs CAD, G = 0.74; and R2 vs CAD, G = 0.73) as shown in Table 3.5. The subjective 

raters stratified calcifications and composition in all nodules and separate groups of malignant 

nodules and benign nodules with high association (G > 0.7). There was negligible to low 

association between each of the human raters and the CAD for classifying nodule margins in 

malignant, benign and all total nodules (G < 0.5). There was generally high rank correlation 

association in categorising the shape of benign nodules between the human raters and between 

each human rater and CAD  (R1 and R2, G = 0.85; R1 vs CAD, G = 0.81 and R2 vs CAD, G = 

0.86; respectively).  
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Table 3.4: Classifications of sonographic features for differentiating benign and malignant nodules based on the ratings of the 2 raters and CAD 

Sonographic  

feature 

R1 R2 CAD P- values 

M = 62 B = 100 T = 162 M = 62 B = 100 T= 162 M = 62 B = 100  T = 162 R1 R2 CAD 

Echogenicity            

Isoechoic 9 (14.5%) 35 (35%) 44 (27.2%) 12 (19.4%) 45 (45%)  57 (35.2%) 11 (17.7%) 27 (27%) 38 (23.5%) 0.006 <0.001 0.13 

Hyperechoic 5 (8.1%) 13 (13%) 18 (11.1%)    0 (0%) 5 (5%) 5 (3.1%) 13 (21%) 31 (31%) 44 (27.2%)    

Hypoechoic 41 (66.1%) 48 (48%) 89 (54.9%) 45 (72.6%) 49 (49%)   94 (58%) 30 (48.4%) 34 (34%) 64 (39.5%)    

M-hypoechoic 7 (11.3%) 4 (4%)   11 (6.8%) 5 (8.1%) 1 (1%) 6 (3.7%) 8 (12.9%) 8 (8%)   16 (9.9%)    

Calcifications 

none 18 (29%) 61 (61% 79 (48.8%) 28 (45.2%) 78 (78%) 106 (65.4%) 27 (43.5%) 71 (71%) 98 (60.5%) <0.001 <0.001 0.001 

macrocalcification 2 (3.2%) 10 (10%)   12 (7.4%) 2 (3.2%) 2 (2%) 4 (2.5%) 0 (0%) 0 (0%) 0 (0%)    

microcalcification 29 (46.8%) 25 (25%)  54 (33.3%) 28 (45.2%) 19 (19%) 47 (29%) 32 (51.6%) 23 (23%) 55 (34%)    

rim calcification 1 (1.6%) 1 (1%) 2 (1.2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)    

mixed calcification 12 (19.4%) 3 (3%) 15 (9.3%) 4 (6.5%) 1 (1%) 5 (3.1%) 3 (4.8%) 6 (6%) 9 (5.6%)    

Margins 

well-defined 26 (41.9%) 71 (71%) 97 (59.9%) 31 (50%) 70 (70%) 101 (62.3%) 42 (67.7%) 80 (80%) 122 (75.3%) 0.001 0.001 0.093 

irregular 32 (51.6%) 26 (26%) 58 (35.8%) 18 (29%) 26 (26%) 44 (27.2%) 20 (32.3%) 20 (20%) 40 (24.7%)    

microlobulated 0 (0%) 0 (0%) 0 (0%) 1 (1.6%) 2 (2%) 3 (1.9%) 0 (0%) 0 (0%) 0 (0%)    

spiculated 4 (6.5%) 3 (3%) 7 (4.3%) 12 (19.4%) 2 (2%) 14 (8.6%) 0 (0%) 0 (0%) 0 (0%)                                        
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Sonographic  

feature 

R1 R2 CAD P- values 

M = 62 B = 100 T = 162 M = 62 B = 100 T= 162 M = 62 B = 100  T = 162 R1 R2 CAD 

Composition 

spongiform 3 (4.8%) 15 (15%) 18 (11.1%) 1 (1.6%) 13 (13%) 14 (8.6%) 0 (0%) 1 (1%) 1 (0.6%) 0.005 0.014 0.90 

predominantly cystic 0 (0%) 7 (7%) 7 (4.3%) 1 (1.6%) 7 (7%) 8 (4.9%) 0 (0%) 1 (1%) 1 (0.6%)    

predominantly solid 10 (16.1%) 23 (23%) 33 (20.4%) 34 (54.8%) 51 (51%) 85 (52.5%) 24 (38.7%) 35 (35%) 59 (36.4%)    

solid 49 (79%) 55 (55%) 104 (64.2%) 26 (41.9%) 29 (29%) 55 (34%) 38 (61.3%) 63 (63%) 101 (62.3%)    

Shape 

Round/Ovoid 25 (40.3%) 74 (74%) 99 (61.1%) 28 (45.2%) 75 (75%) 103 (63.6%) 49 (79%) 90 (90%) 139 (85.8%) <0.001 <0.001 0.057 

Taller than wide 28 (45.2%) 20 (20%) 48 (29.6%) 27 (43.5%) 21 (21%) 48 (29.6%) 13 (21%) 9 (9%) 22 (13.6%)    

Irregular 9 (14.5%) 6 (6%) 15 (9.3%) 7 (11.3%) 4 (4%) 11 (6.8%) 0 (0%) 1 (1%) 1 (0.6%)    

M = malignant nodules, B = benign nodules, T = total nodules, M-hypoechoic = markedly hypoechoic R1 = Rater1, R2 = Rater 2, CAD = AMCAD-UT. 
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Table 3.5:  Rank correlation (γ) of rating of sonographic features by the 2 raters and CAD. 

Sonographic 

feature 

R1 vs CAD R2 vs CAD R1 vs R2 

M B T M B T M B T 

Echogenicity 0.74 0.55 0.64 0.73 0.63 0.67 0.91 0.64 0.78 

Calcifications 0.30 0.45 0.49 0.33 0.26 0.41 0.84 0.78 0.85 

Margins 0.39 0.14 0.33 0.37 0.22 0.35 0.03 0.63 0.45 

Composition -0.25 0.46 0.28 0.15 0.60 0.46 0.81 0.79 0.83 

Shape  0.65 0.81 0.76 0.40 0.86 0.71 0.41 0.85 0.72 

M = malignant nodules, B = benign nodules, T =  all total nodules, R1 = Rater1, R2 = Rater 2, CAD = AMCAD-UT  
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3.4.2.4 Rater agreement based on TIRADS 

 

The rater agreement was determined based on the malignancy cut-off points of the different 

TIRADS. The results are shown in Table 3.6. Agreement between the human raters was 

generally moderate to substantial for malignant, benign and all total nodules (0.41 ≤ κ < 0.81) 

and the highest agreement was achieved with ATA TIRADS (κ = 0.77). The rater agreement 

between each of the human raters and the CAD was highest based on ATA TIRADS between 

R1 and CAD for all nodules (κ = 0.75), and lowest based on AACE for malignant nodules 

between R1 and CAD and R2 and CAD (κ = 0.12 and κ = 0.14, respectively). There was a fair 

rate of agreement for classifying benign nodules with AACE (κ = 0.32) between R1 and CAD, 

and with ATA, EU and KSThR (κ = 0.40, 0.24 and 0.23, respectively) between R2 and CAD. 

Proportions of agreement between the different paired raters and CAD amongst all TIRADS 

were generally high in contrast to the moderate kappa values, although the agreement between 

R2 vs CAD was low to moderate for benign nodules with all TIRADS -AACE = 50.8%, ATA 

= 73.7%,  EU = 63%, and KSThR = 61%. (Appendix 1). 

 

3.4.2.5 Diagnostic performance assessment of CAD and computer-assisted raters for 

matched TIRADS 

 

The diagnostic performance outcomes for the 2 computer-assisted subjective raters and CAD 

were assessed for different TIRADS as outlined in Table 3.7. The best diagnostic performance 

for the different TIRADS was achieved at high risk (category 3) for AACE, high suspicion 

(category 5) for ATA and EU, and intermediate suspicion (category 4) for KSThR. EU and 

KSThR TIRADS were able to specify all nodules, regardless of the rater whereas AACE rating 

with CAD failed to specify some nodules (39 benign, 9 malignant), and ATA failed to specify 

some nodules regardless of the rater (CAD – 30 benign, 19 malignant; R1 – 16 benign, 10 

malignant; and R2 – 15 benign, malignant). Overall, the common nodules across all raters that 
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could be specified by AACE, and ATA were 114 (61 benign, 53 malignant) and 96 (57 benign, 

39 malignant), respectively.   

Based on the different TIRADS, CAD yielded the highest sensitivity but lowest specificity and 

AUROC amongst the two human raters and CAD with AACE (92.5%; 26.2% and 0.59, 

respectively) which were all statistically significant different from R2 (79.3%, 62.3% and 0.72, 

p < 0.05). For stratifying all 162 nodules, R1 had overall higher diagnostic performance than 

CAD for all metrics for EU and KSThR. Although such differences in diagnostic performance 

were not statistically significant for EU, there was a statistically significant difference in 

AUROC for KSThR (CAD - 0.67 (95% CI: 0.59; 0.75) vs R1 - 0.76 (95% CI: 0.68; 0.83), p = 

0.02) (Appendix 2). R2 had comparable sensitivity but higher specificity than CAD for KSThR 

(75.8% vs 83.9%, and 61% vs 46%, p = 0.02, respectively). Between the 2 computer-assisted 

subjective raters there were statistically significant differences in sensitivity, but comparable 

specificity and AUROCs for both EU (85.5% vs 71%, p = 0.04; 62% vs 64%, p > 0.05; and 

0.74 vs 0.69, p > 0.05 respectively) and KSThR (90.3% vs 75.8%, p = 0.01; 51% vs 61%, p > 

0.05; and 0.76 vs 0.74, p > 0.05 respectively). Overall, CAD generally had lower PLRs, 

although these were comparable to those of the computer-assisted raters, while the lowest NLR 

was achieved with a computer-assisted rating (KSThR- R1 – 0.19). The highest specificity and 

PLR across all raters/CAD was achieved with ATA with comparable sensitivity, specificity, 

AUROC amongst all raters/CAD.  At the best performance, the computer-assisted subjective 

rating approach had higher DOR > 9 and higher AUROC > 0.7 than the CAD-based approach 

on all the TIRADS. Across all TIRADS, all raters/CAD yielded high sensitivity and high 

NPVs, but low to moderate SPEC, PPVs and DAs (Appendix 3).  
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Table 3.6: Rater agreement (κ) for the TIRADS classifications  

Raters Nodules TIRADS 

AACE ATA EU KSThR 

R1 vs CAD M 0.12 0.69 0.23 0.43 

B 0.32 0.68 0.40 0.46 

ALL 0.35 0.75 0.46 0.53 

R2 vs CAD M 0.18 0.57 0.45 0.45 

B 0.12 0.40 0.24 0.23 

ALL 0.21 0.56 0.38 0.37 

R1 vs R2 M 0.52 0.71 0.40 0.50 

B 0.60 0.71 0.57 0.43 

ALL 0.65 0.77 0.59 0.54 

ATA= American Thyroid Association, AACE = American Association of Clinical Endocrinologists/American College of 

Endocrinology/Associazione Medici Endocrinologi, EU- European Union, KSThR - Korean Society of Thyroid Radiology 
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Table 3.7: Diagnostic performance metrics of the 2 raters and CAD based on different TIRADS  

RATER BY 

TIRADS 

TOTAL 

NODULES 

SEN % (CI) SPE (%) (CI) PLR (CI) NLR (CI) DOR (CI) AUROC (CI) 

EU-CAD 162 79.0 (66.8;88.3) 55.0 (44.7;65.0) 1.76 (1.37;2.26) 0.38 (0.23;0.64) 4.61 (2.23;9.53) 0.67 (0.59;0.74) 

EU-R1
 162 85.5 (74.2;93.1) 62.0 (51.8;71.5) 2.25 (1.72;2.95) 0.23 (0.12;0.42) 9.61 (4.26;21.68) 0.74 (0.68;0.81) 

EU-R2 162 71.0 (58.1;81.8) 64.0 (53.8;73.4) 1.97 (1.45;2.68) 0.45 (0.30;0.69) 4.35 (2.16;8.37) 0.69 (0.61;0.76) 

        

KSThR- CAD 162 83.9 (72.3;92.0) 46.0 (36.0;56.3) 1.55 (1.26;1.92) 0.35 (0.19;0.64) 4.43 (2.03;9.69) 0.67 (0.59;0.75) 

KSThR-R1 162 90.3 (80.1;96.4) 51.0 (40.8;61.4) 1.84 (1.49;2.29) 0.19 (0.09;0.42) 9.71 (3.84;24.59) 0.76 (0.68;0.84) 

KSThR-R2 162 75.8 (63.3;85.8) 61.0 (50.7;70.6) 1.94 (1.47;2.58) 0.40 (0.25;0.63) 4.90 (2.42;9.93) 0.74 (0.66;0.81) 

        

AACE-CAD 114 92.5 (81.8;97.9) 26.2 (15.8;39.1) 1.25 (1.06;1.48) 0.29 (0.10;0.81) 4.36 (1.35;14.01) 0.59 (0.49;0.70) 

AACE-R1 114 88.7 (77.0;95.7) 54.1 (40.9;66.9) 1.93 (1.45;2.58) 0.21 (0.10;0.46) 9.23 (3.44;24.79) 0.72 (0.63;0.81) 

AACE-R2 114 79.3 (65.9;89.2) 62.3 (49.0;74.4) 2.10 (1.48;2.98) 0.33 (0.19;0.58) 6.31 (2.72;14.64) 0.72 (0.63;0.82) 

        

ATA-CAD 96 79.5 (63.5;90.7) 66.7 (52.9;78.6) 2.38 (1.60;3.56) 0.31 (0.16;0.59) 7.75 (2.99;20.09) 0.74 (0.63;0.84) 

ATA-R1 96 79.5 (63.5;90.7) 70.2 (56.6;81.6) 2.67 (1.70;4.19) 0.29 (0.15;0.55) 9.12 (3.48;23.87) 0.74 (0.64;0.85) 

ATA-R2 96 74.4 (57.9;87.0) 68.4 (54.8;80.1) 2.35 (1.54;3.60) 0.37 (0.21;0.66) 6.28 (2.53;15.61) 0.73 (0.63;0.83) 

SEN = sensitivity, SPEC = specificity, PLR = positive likelihood ratio, NLR = negative likelihood ratio, DOR = diagnostic odds ratio, AUROC = area under receiver operator  
characteristic curve, CI =95% confidence interval 
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3.5 Discussion 

 

3.5.1 Validation of software settings  

CAD approaches have been suggested as more objective methods of ultrasound feature 

assessment that can perform comparatively accurate to expert subjective assessment of thyroid 

nodule ultrasound features. The diagnostic performance of adjusted settings of AmCAD-UT in 

comparison with the default setting for thyroid nodule differentiation based on six TIRADS 

was evaluated in this study. The results showed that the diagnostic performance of AmCAD-

UT was higher at the default setting than at different adjusted settings. Although the diagnostic 

performance metrics were comparable amongst the six TIRADS, EU TIRADS had the highest 

sensitivity (82.7%); ATA the highest specificity (66.4%) while ATA, ACR, KSThR and Kwak 

all had good AUROC with Kwak being the highest (0.74). The results of this comparative study 

among six TIRADS at default and adjusted settings in AmCAD-UT are reported for the first 

time. 

The high sensitivity and NPV of EU TIRADS; a high AUROC with Kwak TIRADS and 

comparable diagnostic efficiency among ACR, ATA, Kwak and KSThR TIRADS with high 

sensitivities have been established in human subjective assessment studies133, 140, 275, 276. In 

CAD assessment, Reverter et al. 242 evaluated the performance of AmCAD-UT at default 

settings using ATA, EU and AACE/ACE/AME TIRADS. ATA TIRADS had the highest 

diagnostic performance overall, and a sensitivity comparable to that of an experienced 

subjective assessor using ATA TIRADS in that study. Contrarily, this present study had a lower 

sensitivity for ATA than that study (SEN: 69.4% vs 87%) but with a comparable specificity in 

(SPEC: 66.4% vs 68.8%) as well as comparable EU TIRADS sensitivity and specificity (SEN: 

82.7% vs 85.2%; SPEC: 42.1% vs 50.2%). The differences in the results of ATA sensitivity 

between our study and that study could be attributed to the differences in the samples, study 

design and TIRADS cut-off category criteria.  
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The evaluation of adjusted settings in our study showed that the Adjusted 1 setting had 

comparable results with the default setting.  However, there was a marginal improvement in 

specificity and sensitivity for ATA TIRADS, while for most TIRADS there was a minimal 

increase in specificity. The differences in diagnostic performance upon the adjustment of 

settings can be accounted for by the diverse malignancy risk stratification criteria for the 

different TIRADS based on pattern-based approaches (ATA, EU, BTA and KSThR) or score-

based approaches (ACR and Kwak) 132, 133, 277. Inconsistencies among the different TIRADS 

are mainly in the categorisation of echogenic foci and echogenicity 278. ATA tends to fail to 

classify some nodules with mixed calcifications, whereas Kwak interprets them as having 

microcalcifications thereby resulting in a higher fitted malignancy probability for calcifications 

279, 280. The sole reduction of the sensitivity detection of hyperechoic foci likely interfered with 

the detection of subtle calcifications for CAD malignancy risk stratification thereby slightly 

improving the specificity at the expense of lower overall sensitivity. Owing to this, the 

adjustment of AmCAD-UT sensitivity detection may be advisable for analysing individual 

problematic suspicious sonographic features that influence the malignancy risk estimation 

based on the selected TIRADS. For example, hyperechoic foci and anechoic areas settings may 

be adjusted separately in a hypoechoic nodule with mixed echogenic foci without other 

suggestive features or clinical correlation history. In such a case, using the Adjusted 1 setting 

would likely improve diagnostic accuracy. Focusing on calcifications and hypoechogenicity 

features in isolation may ascertain the extent to which each feature affects the CAD diagnosis 

output based on the different TIRADS classification divergences. 

The sensitivity at the default and Adjusted 1 setting using Kwak, KSThR, and ATA TIRADS 

was comparable to a previous CAD study’s findings for less experienced ultrasound users, 

while EU TIRADS had higher sensitivity (82.7%) than that same study which yielded an 

average sensitivity of about 72% 281. For the ACR TIRADS category, our study had similar 
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sensitivity to that of a different CAD development study for sole CAD and a junior radiologist 

using CAD (79.6% vs 80.6% vs 78.1%, respectively). However, that study had a higher 

diagnostic performance for all other measures 236.  Similarly, at the default setting, the AUROC 

of above 0.70 with Kwak, KSThR, ACR and ATA TIRADS in our study was comparable to 

that of a recent multicentre and multi-reader AmCAD-UT study which averaged 0.79 

regardless of user experience 252. However, the multi-reader study outcomes were not stated as 

specific to any TIRADS.   

In this current study, most of the misdiagnosed nodules had some typical sonographic features 

of suspicion for malignancy or benignity. The CAD’s interpretations of solid, homogenous 

nodules with irregular margins and/or echogenic foci features (such as the presence of colloid) 

were likely the key contributors to the false-positive diagnosis of some benign nodules. This 

may be likely due to the high thyroid malignancy risk estimation when multiple suspicious 

features are present as previously determined in several non-CAD studies 4, 15, 282. Echogenic 

foci with a comet-tail artefact, particularly in a cystic component of a nodule with mixed 

composition, are a sonographic sign of benign disease 115. However, when multiple 

calcifications and punctate echogenic foci with a comet-tail artefact are present in a hypoechoic 

solid nodule that can result in a high malignancy rate and PPV (77.8%  and  96%, respectively) 

283.  As such, CAD may misinterpret comet tail artefact as microcalcifications.  This may 

account for the misdiagnosis of benign nodules interpreted as having mixed calcifications in 

our study. The TIRADS category 4 cut-off criteria, likewise, possibly contributed to the 

misdiagnosis findings because it denotes intermediate suspicion in some TIRADS, and this 

results in diagnostic challenges even with human assessment. These misdiagnoses affirm the 

necessity of clinical correlation in the accurate diagnosis of thyroid nodules even with the 

complementary use of thyroid ultrasound CAD. 
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3.5.2 Comparative analysis of CAD and computer-assisted subjective interpretation 

 

The study demonstrated that for matched pairs of TIRADS, although the two approaches have 

comparable diagnostic performance, computer-assisted subjective interpretation using KSThR 

yielded a higher overall diagnostic accuracy than computer-aided diagnosis. 

3.5.2.1 Sonographic feature ratings and rater agreement between the CAD and computer-

assisted approaches  

 

This study’s findings showed generally high rank correlation associations between the 

computer-assisted subjective raters for echogenicity, calcifications, and composition. The 

association of margin ratings was negligible; implying that the two computer-assisted raters 

mainly varied in this sonographic rating. Because margin characteristics are among 

sonographic features that are highly predictive of malignancy, these differences likely affected 

the online calculator final malignancy-risk computation for AACE, EU and KSThR TIRADS. 

For the CAD vs either subjective rater, there was moderate association mainly for echogenicity 

and shape. While the rater agreement was mostly moderate between R1 and R2, the comparable 

sensitivities and specificities reflect how the computer-assisted scoring approach accounts for 

diverse rating criteria in determining a risk category.  

CAD’s reliance on textural and statistical feature analysis based on supervised machine 

learning may explain the moderate correlation association, moderate inter-rater agreement, and 

comparable sensitivities between CAD and each of the raters 284, 285. While individual 

sonographic ratings may differ, CAD diagnosis outputs depend on the detected sonographic 

features within an automated or selected ROI. The sonographic features that are detected within 

an ROI depend on the algorithm that was used for training the CAD in malignancy risk 

stratification of different images. Hence, although CAD can interpret the same sonographic 

features that are rated by a subjective interpreter on the risk calculator model, CAD is affected 



 

98 

 

more by image quality thereby contributing to the increased sensitivity in misinterpreted 

suspicious features with CAD. Contrarily, an experienced human assessor may still be able to 

accurately interpret an image with artefacts that CAD is sensitive to. 

3.5.2.2 Comparative analysis of diagnostic performance outcomes 

 

The present study showed that the two raters independently using an online-based risk 

calculator had similar sensitivity and good diagnostic accuracy based on AUROC, with higher 

specificity across all TIRADS than the CAD. However, statistically significant differences in 

specificity were only observed using KSThR and AACE. Complementary to sensitivity and 

specificity outcomes, the DOR, PLR outcomes may aid the choice of TIRADS and approach 

to consider for clinical adoption as they are not prevalence-dependent 286, 287.  For all 4 

TIRADS, the PLR were generally higher for the computer-assisted subjective raters than the 

CAD, and the DOR was highest with R1 using any of the TIRADS (>9). For EU and KSThR, 

there was comparable sensitivity between CAD and both raters; however, there were 

statistically significant differences between R1 and R2. This implies that CAD systems are 

potentially an objective second opinion resource where there is ambiguity in subjective outputs. 

However, with the option of simultaneous output for multiple TIRADS, automated web-based 

risk systems may overcome challenges with subjective ambiguity and the bias of 

commercially-available CAD towards high sensitivity and low specificity. Although, deep 

learning-based CAD approaches have been suggested to result in improved accuracy and 

specificity; current studies on the commercially-available deep learning-based S-Detect 2 

(Samsung Medison Co. Ltd., Seoul, South Korea), still show low specificity 237, 243-245. 

AmCAD-UT used in the present study is also deep-learning-based for automated ROI 

selection, yet it similarly resulted in lower specificities than the computer-assisted approach. 
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Previous studies have established the comparable sensitivity but low specificity of commercial 

and non-commercial CAD systems to that of experienced clinicians 234, 242, 245, 251. Only a few 

studies have shown higher specificity with CAD in comparison with subjective assessors of 

variable experience 248, 249. A recent multi-centre study on the CAD-based on KSThR yielded 

a good AUROC (0.75) with the highest sensitivity (90.5%) but lowest specificity (49.6%) than 

that of the radiologists regardless of their experience 246. However, in the present study, the 

KSThR TIRADS had the highest AUROC with R1 and R2 (0.76 and 0.74, respectively) with 

the highest sensitivity achieved by computer-assisted rater R1 (SEN: 90.3%; SPEC: 51%) 

whereas CAD had a lower AUROC and specificity, but comparable sensitivity (0.67, 46% and 

83.9%, respectively). The multi-centre study suggested that CAD KSThR be reserved for large 

cancer screening with subjective assistance supplemented by another TIRADS to increase 

specificity. However, this present study’s findings, more so, the lowest NLR of 0.19 (0.09; 

0.42) by R1 using KSThR, suggest that the computer-assisted subjective rating approach would 

be better than CAD for ruling out disease. While ATA demonstrated good nodule 

discriminating ability (AUROC ≥ 0.7) overall for both approaches, this was achieved with 96 

nodules due to a high rate of non-specified nodules using CAD (30.2% vs R1 = 16% vs R2 = 

12.3%). Computer-assisted subjective rating with AACE specified all nodules whereas CAD 

failed to specify 29.6% thereby suggesting the superior efficiency of the risk calculator model 

for this TIRADS than the CAD.   
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3.6 Limitations  

 

There were limitations in this present study. Due to the retrospective nature of the study, the 

selection of patients’ images with FNAC and/or histopathology results, selection bias cannot 

be excluded. Furthermore, some histopathological diagnosis data of some nodules were not 

available which prevented the analysis of pathological factors in the validation aspect of the 

study. Another limitation was the small sample size in both aspects of the study whereby the 

malignant nodules were predominantly papillary thyroid cancer. In addition, the prevalence of 

malignancy within this study (38-40%) may not be reflective of the actual prevalence in the 

general population. The number of raters in this study was few to generalize the results to 

ultrasound users of variable experience. Because of the limited evaluation of the diagnostic 

performance of CAD using multiple TIRADS and readers, future studies are warranted to 

verify the influence of the CAD user experience based on different TIRADS and settings. 

Furthermore, there remains a need to explore the value of real-time subjectively-assisted CAD 

in comparison with retrospective automated CAD analysis and multiple computer-assisted 

raters of diverse experience levels.  

The shortcomings in the present study limit the generalization of the study findings to the 

general population and other thyroid cancers. Therefore, larger standardized multi-rater and 

multi-centre prospective studies with a diverse representation of thyroid cancers are warranted 

to assess the validity and generalizability of the findings.   
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3.7 Conclusions 

 

This study validated the diagnostic performance of AmCAD-UT to best for all 6 TIRADS 

under investigation, at the default setting. We established that the default setting was best for 

maximal sensitivity with all TIRADS, with EU-TIRADS having the highest sensitivity. 

However, there is likely a potential to improve specificity with minimal compromise to the 

sensitivity at a hyperechoic foci detection setting of 3.5 with other settings maintained at 

median values. This setting may require exploration when specificity must be maximized to 

limit unnecessary biopsy rates. 

The computer-assisted subjective assessment approach had comparable diagnostic 

performance to that of the CAD approach for all the 4 TIRADS. However, when using KSThR, 

the lower specificity of CAD outweighs its high sensitivity thereby resulting in a lower 

diagnostic accuracy than the computer-assisted subjective approach. The best DOR of almost 

10 compared to about 5 for CAD for rating all nodules, imply that computer-assisted subjective 

rating is superior to CAD when using KSThR or EU in the detection of mainly papillary thyroid 

carcinomas. However, both approaches have the potential for clinical diagnostic workflow 

adoption in thyroid ultrasound imaging for screening purposes due to comparable high 

sensitivities and NPVs. Yet, where dual use of both approaches can be implemented based on 

the TIRADS that specify all nodules, computer-assisted subjective interpretation using KSThR 

may be the best choice for rule out purposes. EU with either approach may suffice for rule-in 

purposes whereas the use of ATA and AACE may be best with computer-assisted subjective 

interpretation since CAD has higher rates of non-specified nodules.  
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Chapter 4   
 

Study Two: The Diagnostic Efficiency of AngioPLUS Microvascularity Doppler 

Detection in Combination with EU TIRADS for Distinguishing Benign and 

Malignant Thyroid Nodules 

 

4.1 Introduction 

 

TIRADS guidelines based on qualitative and quantitative scoring of suspicious features have 

emerged to overcome the drawbacks of sole sonographic features in malignancy risk 

prediction. However, different TIRADS guidelines vary in their malignancy-risk estimation 

criterion of suspicious grey scale features, and in some TIRADS such as EU and K TIRADS, 

nodule vascularity is not incorporated in the risk stratification categories 135, 136.  

Increased vascularity or microvascularization are anticipated consequences of abnormal 

angiogenesis during carcinogenesis as cancer cells invade the nodule areas that are deficient in 

blood vessels 16, 17. Conventional colour and power Doppler ultrasound have been commonly 

used in thyroid nodular vascularity assessment to complement grey scale ultrasound findings. 

Marked central vascularity, intranodular vascularity and/or increased chaotic intranodular 

central vascularity on colour and power Doppler ultrasound has been suggested to be associated 

with suspicion for malignancy in some studies while peripheral vascularity is linked with 

benignity 18, 19, 126, 157. However, this assertion remains contested due to variable findings and 

some studies have suggested that vascularity patterns on colour and power Doppler ultrasound 

have little value in malignancy prediction even when combined with grey scale ultrasound 

features 132, 159, 164. The poor diagnostic performance of conventional Doppler methods for 

malignancy prediction can also be attributed to the poor sensitivity of these methods in 

microvascularity pattern assessment.  
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Microvascular ultrasound imaging techniques such as superb microvascular imaging (SMI) and 

Angio Planewave Utrasensitive (AngioPLUS) imaging have emerged in recent years. These 

methods outperform colour and power Doppler ultrasound (also known as colour flow imaging, 

CFI, and power Doppler imaging, PDI) in depicting microvascular flow, small blood vessel 

branching and low blood flow velocity 21, 172. Studies conducted with SMI on thyroid nodules 

have suggested that it has superior accuracy than CFI and PDI at levels comparable to those of 

CEUS in malignancy prediction 175, 176. On the other hand, the diagnostic utility of AngioPLUS 

in thyroid nodule vascularity assessment for malignancy prediction lacks exploration.  The few 

studies that have evaluated the grey scale ultrasound plus SMI combinations for thyroid 

malignancy prediction have not focused on specific TIRADS. Current studies on SMI have 

only focused on qualitative microvascularity assessment and have not evaluated any value of 

the technique in thyroid nodules with equivocal cytology. Microvascularity assessment for 

malignancy risk stratification in these nodules may be of more value in these nodules which 

are suggested to generally have increased vascularity than other nodules 180. 

This current study sought to determine the diagnostic value of AngioPLUS in discriminating 

benign and malignant thyroid nodules using a qualitative approach and quantitative regional 

vascularity ratio analysis using a locally established image processing computer algorithm. The 

diagnostic performance of the best vascularity assessment approach based on conventional 

Doppler ultrasound modes and/or AngioPLUS modes in combination with EU TIRADS was 

evaluated for all nodules and the subgroup of nodules with equivocal cytology.  The 

complementary and combined use of AngioPLUS with EU TIRADS has the potential to 

improve overall diagnostic accuracy and limit unnecessary FNAC, particularly in thyroid 

nodules with equivocal FNAC results. 
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4.2 Materials and methods 

 

4.2.1 Study type  

This was a prospective analytical observational study that received ethical approval from the 

Institutional Human Research Ethics sub-committee before it was conducted. Consecutive case 

analysis and non-probability sampling were applied. Cross-sectional cohorts of patients with 

thyroid nodules and/or suspicion of thyroid cancer were purposively recruited at the Prince of 

Wales Hospital Department of Surgery and its affiliates from 15 May 2019 to 31 August 2021. 

Informed consent was sought from the patients before the data collection procedures.  

4.2.2 Data collection procedures 

4.2.2.1 Inclusion and exclusion criteria 

 

The inclusion criteria in this study were all consenting adult patients (≥18 years old) who had 

thyroid nodular disease or suspicion of thyroid cancer and were scheduled for FNAC and/or 

subsequent thyroidectomy. Nodules that were between ≥ 5mm were included in the study. For 

patients with multiple thyroid nodules, either the nodule with the most suspicious sonographic 

features (hypoechoic, microcalcifications, irregular margins, tall-than-wide, etc.), or if there 

were no obvious suspicious features then the largest nodules on each lobe or the one/s for which 

biopsy and/or surgery were recommended, were included in the study. The exclusion criteria 

were patients < 18 years old, patients who had a thyroidectomy, did not have a conclusive 

diagnosis as determined from either cytology results, histopathology results or both, and 

multinodular goitres without clearly isolated nodules. Patients with only completely cystic 

nodules and nodules that were too large for the footprint of the transducer were excluded from 

the study as they would affect the elastography output 183.  
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4.2.2.2 Ultrasound imaging procedures 

 

A sole investigator (N.C.) conducted the thyroid ultrasound imaging of all patients using the 

same Aixplorer ultrasound machine (Supersonic Imagine, Aix-en-Provence, France) equipped 

with a 7-10 MHz linear transducer, AngioPLUS and SWE. The ultrasound machine settings 

were standardized during a pilot study, and the same ultrasound scanning settings for the 

thyroid study were maintained throughout the study to ensure consistency.  For the Doppler 

ultrasound modes, the standard settings were set with a medium wall filter, at the lowest pulse 

repetition frequency where no aliasing was encountered and the highest colour gain without 

signal noise. The resultant settings used in the study were a velocity scale of 10cm/s with a 

colour map of 5 for CFI and PDI and a velocity scale of 4cm/s with a colour map of 4 for the 

AngioPLUS modes.  

The investigator followed standard ultrasound protocols to conduct the thyroid scans. Each 

patient lay in the supine position with minimal extension of the neck, and coupling gel was 

applied. With the face turned away from the side of interest, the transducer was placed on the 

exposed side of the neck area. A minimum of 3 transverse and 3 longitudinal images of each 

target thyroid nodule in grey scale, colour Doppler, power Doppler, both colour and power 

Doppler with AngioPLUS, and SWE modes were acquired. The images of each target nodule 

were acquired by scanning through the superior, mid and  inferior pole of the thyroid gland and 

capturing the  nodule where the suspicious ultrasound feature/s were best visualised, and the 

point of maximal transverse and anteroposterior diameter for size measurements. The 

longitudinal images were scanned from the lateral, mid and medial regions and the images were 

acquired at points that fully demonstrated the nodule and at the longest axis view for 

measurements.  In the Doppler ultrasound mode, images were obtained at the scan planes where 

the nodule showed abundant vascularity and stable Doppler ultrasound signals. In SWE mode, 
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images were acquired at similar regions where the nodule demonstrated visible and stable SWE 

signals. 

4.2.2.3 Grey-scale ultrasound feature assessment 

 

The same subjective and CAD approaches that were applied in section 3.3.2 were used for this 

assessment; however, one rater (N.C.) solely conducted the subjective analyses in this study. 

The analysis outputs were compared between the CAD and subjective approaches of EU 

TIRADS which were concluded as optimal for rule in purposes in Chapter 3. The common 

features that are indicative of high malignancy suspicion in EU TIRADS like most RSS, are 

irregular margins, marked hypoechogenicity, taller than wide shape, and microcalcifications 

288. However, for the classification of high-risk categories unlike other RSS e.g. KSThR, that 

consider the composition and echogenicity of a nodule (solid and hypoechoic) in addition to 

the presence of any of the suspicious features, EU TIRADS requires the presence of any of the 

common suspicious features or marked hypoechogenicity in a solid nodule 135, 136. The 

categorisation criteria for the EU TIRADS are shown in Figure 4:1. In this study, EU cut-off 

category 5 was used for malignancy risk stratification for sole grey scale assessment as was 

previously determined in Chapter 3. We hypothesized that an additional suspicious feature has 

more potential to improve overall diagnostic accuracy from the level of indeterminate 

ultrasound suspicion rather than in category 5 which already represents high suspicion. 

Therefore, EU category 4 was used as the cut off point for the combined diagnostic 

performance assessment. 

4.2.2.4  Doppler ultrasound feature assessment 

 

The vascularity features of the nodules were assessed using CFI and PDI and both modes with 

AngioPLUS based on a qualitative and quantitative approach.  
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4.2.2.4.1 Qualitative vascularity assessment 

 

Each nodule was subjectively evaluated for vascularity for all 4 Doppler modes (i.e. 1. CFI, 2. 

AngioPLUS+CFI (ACFI), 3. PDI, 4. AngioPLUS+PDI (APDI). The subjective assessment was 

based on the qualitative grading criteria adapted from Chammas et al 161: Category I = 

exclusively peripheral vascularity;  Category II = predominantly peripheral vascularity; 

Category III = predominant central vascularity and, Category IV = exclusively central blood 

flow. Nodules with categories I and II features were considered most likely benign while those 

falling in categories III and IV were considered most likely malignant (Figure 4:2). The 

Doppler mode that resulted in the best diagnostic performance using this approach was then 

compared to the grey scale assessment and used in the combined assessment of diagnostic 

performance.  
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Figure 4:1  Predictive ultrasound features for the different EU TIRADS categories  
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Figure 4:2  CFI Images demonstrating the adopted qualitative vascularity grading. 

 I: Exclusive peripheral vascularity (arrows) in a nodule that had a conclusive benign 

histopathology diagnosis in a 61-year-old male patient. II: Predominant peripheral vascularity 

demonstrated as more abundant vascularity in the outer regions (arrows) than the central 

regions in a histopathologically-benign nodule in a 53-year-old female patient. III: 

Predominant vascularity in the central portion of a nodule (arrows) in a 44-year-old female 

who was diagnosed with PTC. IV: Exclusive marked central flow (arrows) in a nodule 

diagnosed as PTC in a 51-year-old female.  
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4.2.2.4.2 Quantitative vascularity assessment 

 

An image processing computer algorithm that segments regions of central and peripheral 

vascularity on CDUS and PDUS images to determine regional vascularization based on 

offsetting, which was previously established by our research group was used for the 

quantitative evaluation of thyroid nodule vascularity 23, 168, 231. The sets of three ultrasound 

images of the thyroid nodules acquired for each Doppler mode in both transverse and 

longitudinal scan planes were observed, documented, and saved for offline analysis in 

MATLAB (version 9.4.0.813654 R2018a; The Math Works, Natick, MA, USA). Microsoft 

Paint was used to manually outline regions of interest (ROI) and the images were saved in TIFF 

format and processed further in MATLAB. In MATLAB, the local algorithm extracted the 

primary ROI (i.e. the thyroid nodule) from the outlined area and quantitatively analysed the 

vascularity of the thyroid nodules based on the number of colour pixels in the primary ROI 

over the total number of pixels of the primary ROI. Afterwards, using the algorithm, an 

offsetting method was used to extract the secondary ROI from the primary ROI. This method 

adjusts the area of a shape as a percentage of the maximum diameter of the primary ROI 

without contour changes or shape distortion of the ROI. At a given offset level e.g., 10%, the 

secondary ROI which represents the central region of the nodule that was extracted from the 

primary ROI. The remaining outer segment of the primary ROI represents the peripheral region 

of the nodule (Figure 4:3). With the central and peripheral areas of the nodule segmented, the 

computer algorithm computes the total number of pixels within the segmented areas. The 

colour pixels coded by the Doppler ultrasound are extracted and computed by the algorithm 

through the elimination of grey scale pixels. The vascular indices (VI) of peripheral and central 

thyroid nodule regions are the percentages of the number of colour pixels to the total number 

of pixels within each segmented area. The overall VI of the thyroid nodule is calculated by the 

total number of pixels within the primary ROI and the number of colour pixels in the image 
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excluding the grey scale pixels. Figure 4:4 illustrates the algorithm’s segmentation of central 

and peripheral vascularity of a thyroid nodule at the 10% offset. 

In this study, pilot analysis of the vascularity quantification assessment on a set of 40 nodules 

in the transverse plane, longitudinal plane and the combination of both planes showed no 

statistically significant differences in the computed mean total, central and peripheral VIs 

between the 3 approaches. Hence, the average of the three sets of readings for each of CFI, 

PDI, ACFI, and APDI in the transverse plane was used to determine the total, central and 

peripheral VIs. The previous study by our group established that the 22% offset yielded the 

optimal diagnostic performance for the regional segmentation of central and peripheral 

vascularity based on CDI 23. In this present study, ratio analysis of the central and peripheral 

VIs was applied whereby a ratio vascularity index (RVI) of peripheral VI to central VI  > 1 

denoted predominant peripheral vascularity and ≤ 1 denoted predominant central vascularity. 

Different offsets were employed incrementally to determine the offset that resulted in the 

optimal diagnostic performance using the RVI method for all 4 Doppler modes. The Doppler 

mode with the best diagnostic performance was compared to the grey scale and qualitative 

approaches and assessed in combination with the grey scale assessment. 
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Figure 4:3  A schematic representation of the offsetting principle for extracting the secondary 

ROI from the primary ROI. 

 I: The primary ROI that represents the thyroid nodule. II: Application of a pre-defined offset 

level as a percentage of the maximum diameter to extract the secondary region. III: The 

extracted secondary ROI which represents the central region of the nodule. IV: The peripheral 

region or outer region of the nodule acquired from subtracting the secondary ROI from the 

primary ROI. 
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Figure 4:4:  Segmentation of thyroid nodule vascularity into A) peripheral and B) central 

regions. C shows the primary ROI from which the overall vascularity is calculated. 

 The VI for the different segments is calculated by the algorithm as the percentage between the 

total number of pixels (left) and the number of colour pixels without the grey scale pixels 

(right), within the segmented areas. 
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4.2.3 Data analysis and statistical analysis 

 

The data analysis from this prospective study involved the assessment of all vascular nodules 

and the analysis of vascular nodules with equivocal FNAC results alone to determine the 

diagnostic value of the approaches. Nodules that had FNAC classifications 3 and 4 

(AUS/SFN/FN/FLUS) were considered equivocal.  

Continuous data were classified as means +/- SD whereas categorical and/or nominal data were 

expressed as frequencies and percentages. The Shapiro Wilk test was used to check the 

normality of the data. The Chi-square test was used to compare differences in nodule 

classification data and peripheral and central vascularity index ratios of benign and malignant 

nodules. The paired samples T-test was used for testing statistically significant differences in 

the mean central and peripheral vascularity index quantification between the CFI and ACFI, as 

well as PDI and APDI Doppler modes. The Cohen’s kappa statistic (κ) complemented by the 

proportion agreement test was used for the intra-rater reliability assessment of qualitative 

grading of nodule vascularity using different Doppler modes. The SEN, SPEC, PPV, NPV and 

AUROCs and their corresponding 95% confidence intervals were calculated with reference to 

the final cytology or pathology results. The  ROCs were generated to obtain the AUROCs. For 

the combined assessment of EU TIRADS and either qualitative or quantitative vascularity, a 

nodule was predicted to be malignant if it was category 4 or 5 and met the malignancy cut-off 

criteria for the vascularity approaches. The McNemar and Cochran Q’s tests were used for the 

comparative analysis of sensitivity and specificity whereas the z-test was used to compare the 

different AUROCs. Multi-comparison testing was not applied to employ a more conservative 

approach and limit the false-negative rate (type 2 error) as is desirable in diagnostic accuracy 

testing 289. The tests were two-sided and p < 0.05 denoted statistical significance. 
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4.3 Results 

 

4.3.1 Demographic data 

There was a total of 94 nodules (30 malignant; 64 benign) from 92 patients (78 females; 14 

males). The mean age of all patients was 53 ± 12.8 years (range: 21 to 75). There was a 

statistically significant difference in the mean age between male (60.7 ± 9.5; range 44 to 71) 

and female (51.7 ± 12.9; range 21 to 75) patients (p = 0.01). However, there was no statistically 

significant difference in age between patients with malignant and benign thyroid nodules (53.5 

± 12.7; range: 31 to 74, and 52.9 ± 13; range: 21 to 75,  respectively, p = 0.84 ). The most 

common histopathology diagnosis of the malignant nodules was PTC (n=26) while the 

remaining nodules were classified as FTC (n=3) and NIFTP (n=1). There were 40 nodules (31 

benign; 9 malignant) with equivocal cytology.  Two of the malignant nodules with equivocal 

cytology were FTCs while the rest were PTCs. 

 

4.3.2 Grey scale assessment findings 

The grey scale ultrasound findings of the nodules based on the subjective and CAD approaches 

were analysed. The results showed comparable overall diagnostic performance for both the 

CAD and subjective approach for the EU TIRADS as was previously established in Chapter 3 

(Table 4.1). For the analysis of all nodules and the subgroup of nodules with equivocal 

cytology, the sensitivity and specificity were comparable for the EU- CAD/ Subjective method 

pairs, however, the diagnostic performance outcomes were slightly higher with the subjective 

approach. The overall diagnostic performance based on the AUROC was higher with EU using 

subjective assessment for all nodules and the subgroup of cytologically equivocal nodules, 

respectively (0.67 and 0.62). 
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Table 4.1: Diagnostic performance assessment for grey scale ultrasound assessment in vascular nodules 

Nodules Diagnostic 

Performance 

Measures 

EU_Sub EU_CAD 

All 

(N= 94) 

SEN (%) 83.3 76.7 

SPEC (%) 50.0 45.3 

NPV (%) 86.5 80.6 

PPV (%) 43.9 39.7 

AUROC 0.67 0.61 

Equivocal 

(N=40) 

SEN (%) 88.9 77.8 

SPEC (%) 38.7 41.9 

NPV (%) 92.3 86.7 

PPV (%) 29.6 28.0 

AUROC 0.62 0.61 

Sub = Subjective Analysis, CAD = Computer-aided diagnosis 
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4.3.3 Qualitative and quantitative vascularity assessment using different Doppler 

ultrasound modes 

The vascularity of the thyroid nodules based on CFI, ACFI, PDI, and APDI was analysed using 

qualitative and quantitative approaches.  

4.3.3.1 Qualitative vascularity assessment results 

 

The intra-observer reliability of using the qualitative method in grading thyroid nodule 

vascularity was assessed and demonstrated moderately substantial reliability for all the Doppler 

modes (Table 4.2). The diagnostic performance analysis for the qualitative vascularity 

assessment of all nodules and the subgroup of nodules with equivocal cytology showed that 

the sensitivity was lower with CFI and PDI modes than their respective AngioPLUS modes 

whereas the specificity was higher. Table 4.3 shows the diagnostic performance outcomes. For 

the classification of all nodules, the AngioPLUS modes had higher overall diagnostic 

performance based on the AUROC, with APDI showing statistically significant differences 

from the PDI mode (0.82 vs 0.71, p = 0.04). There was excellent sensitivity, good specificity 

and very good AUROC in the assessment of nodules with equivocal cytology with APDI 

(100%, 77.4%, and 0.89, respectively).  

4.3.3.2 Quantitative vascularity assessment results 

 

The quantitative assessment of thyroid nodule vascularity was analysed based on regional 

segmentation of peripheral and central regions. At the different offsets, the mean vascularity 

indices were significantly higher with both AngioPLUS modes than with the sole CFI and PDI 

modes, in quantifying peripheral and central vascularity in benign and malignant nodules, p < 

0.05 (Figure 4:5 and Figure 4:6). The analysis of regional vascularity computed as a ratio 

(RVI) showed that for all offsets and all Doppler modes, benign nodules tended to have 

predominantly peripheral vascularity (RVI >1) and the results were statistically significant 
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(Table 4.4, p < 0.01). There were no statistically significant differences between predominantly 

peripheral and predominantly central vascularity in malignant nodules (Table 4.4, p > 0.05). In 

the subgroup of nodules with equivocal cytology, most benign nodules also presented with 

predominantly peripheral vascularity than central vascularity with statistically significant 

differences (p < 0.01) for all Doppler modes at ≥ 18% offset, except PDI. 

The diagnostic performance of the RVI > 1 method to denote predominantly peripheral 

vascularity was evaluated for all the Doppler modes at different offsets (Table 4.5). For all 

nodules, the results showed comparable low sensitivity for each Doppler mode at the different 

offsets. The RVI method generally had higher specificity than sensitivity, however, of all the 

Doppler modes PDI had poor AUROC overall. The highest sensitivity of 66.7% was achieved 

with the APDI at the 22% offset whereas the highest specificity of 84.4% was achieved with 

CFI at the 18% offset. The highest discriminatory ability shown by an AUROC of 0.71 was 

achieved with CFI at the 20% offset. For the subgroup of nodules with equivocal cytology, the 

22% and 25% offsets with APDI resulted in the highest sensitivity and AUROC overall. (SEN: 

77.8%, SPEC: 74.2% and AUROC: 0.76). However, only the sensitivity was statistically 

significant from that of all other Doppler modes at different offsets (p < 0.05), while the 

AUROC was comparable to that of CFI. RVI outcomes with CFI at the 20% offset for all 

nodules and APDI at the 22% offset for equivocal nodules were therefore analysed further in 

combination with EU TIRADS (Section 4.3.4 and Table 4.6).   
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Table 4.2: Intra-rater reliability (IRR) testing for the qualitative grading of thyroid nodule vascularity 

using different Doppler modes 

Vascularity Mode Kappa rate of agreement 

(κ) 

Proportions agreement 

(%) 

CFI 0.75 80 

PDI 0.64 77 

ACFI 0.76 80 

APDI 0.71 77 
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Table 4.3: Diagnostic performance of qualitative vascularity assessment of different Doppler modes in thyroid nodule differentiation 

Nodules Diagnostic 

Performance 

Measures 

CFI_Qual ACFI_Qual PDI_Qual APDI_Qual 

All 

(N = 94) 

SEN (%) 53.3*  80.0  46.7*  83.3  

SPEC (%) 92.2 82.8 95.3 81.3 

NPV (%) 80.8 89.8 79.2 91.2 

PPV (%) 76.2 68.6 82.4 67.6 

AUROC 0.73 0.81 0.71* 0.82 

Equivocal 

(N = 40) 

SEN (%) 66.7* 88.9 66.7* 100 

SPEC (%) 90.3 80.6 93.5 77.4 

NPV (%) 90.3 96.2 90.6 100 

PPV (%) 66.7 57.1 75 56.3 

AUROC 0.79 0.85 0.80 0.89 

 _ * p < 0.05 relative to APDI and/ or ACFI, Qual: qualitative assessment
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Figure 4:5:  Graphical representation of differences in mean VIs for central vascularity between CFI vs ACFI, and PDI vs APDI modes  

The mean VIs were significantly higher with AngioPLUS modes than conventional colour and power Doppler modes at all offsets for A) malignant, 

and B) benign nodules. 
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Figure 4:6:  Graphical representation of differences in mean VIs for peripheral vascularity between CFI vs ACFI, and PDI  vs APDI modes.  

The mean VIs were significantly higher with AngioPLUS modes than conventional modes at all offsets for A) malignant, and B) benign nodules.



 

123 

 

Table 4.4: Classification of predominantly peripheral (RVI > 1) and predominantly central vascularity (RVI ≤1) at different offsets based on diagnosis for all 

nodules and  equivocal nodules  

  ALL ( BEN= 64, MLG=30) EQUIVOCAL (BEN= 31, MLG=9) 

Offset 

level 

Nodule 

Status 

CFI PDI ACFI APDI CFI PDI ACFI APDI 

RVI

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

RVI 

>1 

RVI 

≤1 

15% BEN 53** 11 44** 20 45*** 19 47*** 17 24** 7 20 11 19 12 24** 7 

MLG 15 15 17 13 12 18 12 18 3 6 6 3 4 5 4 5 

18% BEN  54*** 10 43** 21 47*** 17 49*** 15 26*** 5 20 11   21** 10 25*** 6 

MLG 13 17 17 13 13 17 12 18 3 6 6 3 4 5     4 5 

20% BEN  53*** 11 44** 20 47*** 17 49*** 15 26*** 5 19 12   21** 10 25*** 6 

MLG 12 18 17 13 12 18 11 19 3 6 6 3 4 5 3 6 

22% BEN 52*** 12 42** 22 47*** 17 52*** 12 26*** 5 19 12   21** 10 23*** 8 

MLG 13 17 16 14 12 18 10 20 3 6 6 3 4 5     2 7 

25% BEN  49*** 15 41** 23 46*** 18 47*** 17 24** 7 19 12   21** 10 23*** 8 

MLG 13 17 16 14 11 19 11 19 3 6 6 3 4 5    2 7 

 

BEN = benign; MLG = malignant;  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 
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Table 4.5: Diagnostic performance of the RVI > 1 to indicate predominant peripheral vascularity to differentiate benign and malignant nodules at different 

offsets 

   All nodules ( N = 94)  Equivocal nodules (N = 40) 

Vascularity 

Mode  

Diagnostic 

Performance 

Measures 

 15% 

Offset 

18% 

Offset 

20% 

Offset 

22% 

Offset 

25% 

Offset 

 15% 

Offset 

18% 

Offset 

20% 

Offset 

22% 

Offset 

25% 

Offset 

CFI SEN  50.0 56.7 60.0 56.7 56.7  66.7 66.7 66.7 66.7 66.7 

 SPEC  82.8 84.4 82.8 81.3 76.6  77.4 83.9 83.9 83.9 77.4 

AUROC  0.66‡ 0.71‡‡‡ 0.71‡‡‡ 0.69‡‡ 0.67‡  0.72‡‡ 0.75‡‡ 0.75‡‡ 0.75‡‡ 0.72‡‡ 

              

ACFI SEN  60.0 56.7 60.0 60.0 63.3  55.6 55.6 55.6 55.6 55.6 

SPEC  70.3* 73.4 73.4 73.4 71.9  61.3 67.7 67.7 67.7 67.7 

AUROC  0.65 0.65 0.67‡ 0.67 0.68‡  0.58 0.62 0.62 0.62 0.62 

              

PDI SEN  43.3 43.3 43.3 46.7 46.7  33.3⁺ 33.3⁺ 33.3⁺ 33.3⁺ 33.3⁺ 

SPEC  68.8* 67.2** 65.6** 65.6** 64.1  64.5 64.5 61.3 61.3 61.3 

AUROC  0.56 0.55 0.55 0.56 0.55  0.49 0.49 0.47 0.47 0.47 

              

APDI SEN  60.0 60.0 63.3 66.7 63.3  55.6 55.6 66.7 77.8⁺ 77.8⁺ 

SPEC  73.4 76.6 76.6 73.4 73.4  77.4 80.6 80.6 74.2 74.2 

AUROC  0.67‡ 0.68‡ 0.70‡‡ 0.70‡‡ 0.68‡  0.67 0.68 0.74‡‡ 0.76‡‡ 0.76‡‡ 

_* = p < 0.05 , ** = p < 0.01  with reference to CFI; ⁺ = p < 0.05 with reference to all other modes; ‡ = p < 0.05, ‡‡ = p < 0.01, ‡‡‡ = p < 0.001  with reference to PDI 
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4.3.4 Diagnostic performance of vascularity assessment approaches when combined 

with grey scale assessment 

The vascularity assessment approaches with the highest diagnostic performance were 

combined with grey scale assessment to ascertain the combined diagnostic performance. Table 

4.6 shows these results. Based on the qualitative vascularity assessment, there was high nodule 

discrimination ability when APDI was combined with EU TIRADS for the assessment of all 

nodules and equivocal cytology nodule subgroup (AUROC: 0.81 and 0.83, respectively). The 

sensitivity of this combined approach in stratifying all nodules was insignificantly lower than 

that of sole EU TIRADS and sole APDI (76.7% vs 83.3, p > 0.05) whereas the specificity was 

significantly higher than that of sole EU TIRADS (84.4% vs 50%, p < 0.05). The combined 

approach demonstrated sensitivity that was comparable to the sole EU approach in 

discriminating  equivocal nodules with a specificity that was significantly higher than that of 

sole EU TIRADS (SEN: 88.9% vs 88.9%; SPEC: 77.4% vs 38.7%, p < 0.05). 

For the quantitative assessment using RVI, the combined approach of 20_CFI (CFI at the 20% 

offset) with EU TIRADS in stratifying all nodules demonstrated a significantly raised 

specificity with a reduction in sensitivity when compared to sole EU TIRADS (SPEC: 89.1% 

vs 50%, p < 0.05; SEN: 56.7% vs 83.3%, p < 0.05). Despite the higher specificity, the overall 

discriminatory ability of the combined approach was comparable to that of sole EU TIRADS 

and the sole 20_CFI RVI method (AUROC: 0.73 vs 0.67; 0.73 vs 0.71, p > 0.05, respectively). 

For  equivocal nodules, the combined approach of 22_APDI (APDI at the 22% offset) and EU 

TIRADS improved the specificity of EU TIRADS with a reduction in sensitivity (SPEC: 38.7% 

to 74.2%, p < 0.001 and SEN: 88.9% to 66.7%, p > 0.05). The specificity of the combined 

approach remained similar to that of the sole RVI approach while the sensitivity decreased 

(SEN: 77.8% vs 66.7, p > 0.05; SPEC: 74.2% vs 74.2%). 
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Table 4.6: Diagnostic performance results of the combined grey scale and vascularity approaches 

Nodules Diagnostic 

Performance 

Measures 

GSU_TIRADS Qualitative 

vascularity mode 

GSU + Qualitative 

vascularity 

Quantitative 

vascularity mode 

GSU + Quantitative 

vascularity 

EU APDI EU + APDI 20_CFI EU + 20_CFI 

All 

(N = 94) 

SEN (%) 83.3 (65.3 ; 94.4) 83.3 (65.3 ; 94.4)   76.7 (57.7 ; 90.1)   60.0 (40.6 ; 77.3)* §  56.7 (37.4 ; 74.5)* § 

SPEC (% 50.0 (37.2 ; 62.8)    81.3 (69.5 ; 89.9)*** 84.4 (73.1 ; 92.2)*** 82.8 (73.3 ; 91.9)***  89.1 (78.8 ; 95.5)*** 

 PPV (%) 43.9 (30.7 ; 57.6) 67.6 (50.2 ; 82.0)   69.7 (51.3 ; 84.4)   62.1 (42.3 ; 79.3)  70.8 (48.9 ; 87.4) 

 NPV (%) 86.5 (71.2 ; 95.5) 91.2 (80.7 ; 97.1)   88.5 (77.8 ; 95.3)   81.5 (70.0 ; 90.1)   81.4 (70.3 ; 89.7) 

 AUROC 0.67 

(0.57 ; 0.76) 

0.82* 

(0.74 ; 0.91) 

0.81* 

(0.72 ; 0.89) 

 

0.71§ 

(0.61 ; 0.82) 

0.73 

(0.63 ; 0.83) 

Equivocal 

(N = 40) 

 GSU_TIRADS Qualitative 

vascularity mode 

GSU + Qualitative 

vascularity 

Quantitative 

vascularity mode 

GSU + Quantitative 

vascularity 

  EU APDI EU+ APDI 22_APDI EU+ 22_APDI 

 SEN (%) 88.9 (51.8 ; 99.7) 100 (66.4 ; 100)   88.9 (51.8 ; 99.7)   77.8 (40.0 ; 97.2)   66.7 (29.9 ; 92.5) 

SPEC (%) 38.7 (21.8 ; 57.8) 77.4 (58.9 ; 90.4)***  77.4 (58.9 ; 90.4)*** 74.2 (55.4 ; 88.1)*** 74.2 (55.4 ; 88.1)*** 

 PPV (%) 29.6 (13.8 ; 50.2)   56.3 (29.9 ; 80.2)   53.3 (26.6 ; 78.7)   46.7 (21.3 ; 73.4)   42.9 17.7 ; 71.1) 

 NPV (%) 92.3 (64.0 ; 99.8) 100 (85.8 ; 100)   96.0 (79.6 ; 99.9)   92.0 (74.0 ; 99.0)   88.5 (69.8 ; 97.6) 

 AUROC 0.62 

(0.47 ; 0.78) 

0.89*** 

(0.81 ; 0.96) 

0.83*** 

(0.70 ; 0.96) 

0.76 

(0.60 ; 0.92) 

0.70§ 

(0.52 ; 0.89) 

_* = p < 0.05 with reference to EU, § = p < 0.05 with reference to APDI, *** = p < 0.001 with reference to EU,  20_CFI  =  CFI  at the 20% offset,   

22_APDI = APDI at the 22% offset
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4.4 Discussion 

 

The present study sought to determine the diagnostic value of AngioPLUS in differentiating 

vascular benign and malignant thyroid nodules. The diagnostic performance of sole approaches 

and qualitative and quantitative regional vascularity assessment approaches in combination 

with EU TIRADS in stratifying thyroid nodules was evaluated. 

4.4.1 Sole TIRADS assessment in vascularized nodules 

The present study initially assessed the diagnostic performance of EU TIRADS alone based on 

both the CAD and subjective approaches as was established in Chapter 3. EU TIRADS using 

subjective assessment was affirmed to be the optimal approach for the subsequent combination 

analyses due to higher sensitivity, specificity, and diagnostic efficacy overall (SEN: 83.3% vs 

76.7%, SPEC: 50% vs 45.3%, and AUROC: 0.67 vs 0.61). The high sensitivity with lower 

specificity of the EU TIRADS can be attributed to its criteria of the presence of any single 

predictive feature to denote high malignancy risk/suspicion.  

Few studies have evaluated the role of EU-TIRADS in nodules with equivocal cytology.  The 

present study showed a sensitivity of 88.9% and a low specificity of 38.7% in stratifying 

nodules with equivocal cytology. Contrarily, a recent study demonstrated that EU TIRADS 

had lower sensitivity of 51.4% and 52.6% but higher specificity of 81.6% and 69.6% in 

FLUS/AUS nodules and SFN/HC nodules respectively 290. Similarly, another study found EU 

TIRADS not very helpful in guiding the management of follicular or Hurthle cell neoplasms 

(SEN: 44.8%; SPEC: 78.9%) 291. The differences between our findings and the other studies 

can be accounted for by the smaller sample size, the use of computer-assisted EU TIRADS 

stratification, lack of subgrouping of the  equivocal nodules, and PTC as the predominant 

cancer in our study. The results of the present study can therefore be inferred as applicable to 
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PTCs and because of our lower sample size larger multi-centre studies with a variable 

distribution of cancers are necessary to validate and generalize these findings. 

4.4.2 Qualitative vascularity assessment in combination with EU TIRADS  

The present study demonstrated that qualitative assessment using the AngioPLUS Doppler 

technique alone and in combination with EU-TIRADS has higher diagnostic performance in 

the differentiation of benign and malignant nodules than conventional Doppler modes.  

4.4.2.1 Qualitative Vascularity Assessment with conventional Doppler modes 

 

This present study’s findings of low sensitivity with high specificity using conventional colour 

and power Doppler techniques are consistent with those in some previous studies. Hong et 

al.,160 found that prominent intranodular vascularity as a malignancy risk feature in CDU had 

a sensitivity of 31% and a specificity of 81%. Similarly, Wettasinghe et al., 292 reported a 

sensitivity of 48.5% and specificity of 79.1% using internal vascularity in contrast with a 

sensitivity of 87.9% and specificity of 58.7% using any single suspicious grey scale ultrasound 

feature. Contrarily, in one study the sensitivity of CDU was as high as 93.6% with a specificity 

of 86.7%; while in another study the sensitivity was 77% with a specificity of 48% 293, 294. 

Using PDI to assess intranodular flow, Rosario et al., 165 concluded that PDI had no additional 

diagnostic value in malignancy risk stratification. Grey scale alone had a sensitivity that was 

higher than that of PDI alone whereas the specificity was lower (SEN: 88.7% vs 15%; SPEC: 

68.2% vs 96%); whilst both sensitivity and specificity were comparable to those of the 

combined grey scale + PDI approach (SEN: 88.7% vs 89.4%; SPEC: 68.2% vs 66.4%).  

Although one study concluded that a central or predominantly central vascularity pattern in 

PDI was an independent risk factor for thyroid malignancy, other studies reported that 

intranodular vascularity was not a reliable malignancy predictor as it was also prominent in 

benign nodules 161, 164, 166. The differences in the classification of vascularity into either central 
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vascularity or intranodular vascularity in various studies contribute to the differences in 

findings.  While the regional classification of vascularity into central and peripheral areas likely 

provides a more distinct analysis, intranodular vascularity is more general and may refer to any 

presence of internal flow. Because of the differences in vascularity classifications, the 

subjective vascularity pattern analysis approaches also differ thereby resulting in variable 

findings.  

4.4.2.2 Qualitative vascularity assessment with the AngioPLUS microvascularity Doppler 

modes 

 

The diagnostic performance of AngioPLUS in combination with EU-TIRADS at a cut-off 

category of 4 for malignancy risk stratification resulted in an improved the overall diagnostic 

performance of EU TIRADS alone in the stratification of all nodules in the present study. 

The diagnostic value of AngioPLUS in thyroid nodule differentiation lacks exploration. 

Although a similar microvascularization technique, SMI, has been evaluated in several studies, 

related studies involving combined assessment with EU TIRADS are lacking. However, a 

study based on ACR TIRADS reported that the combination of SMI to ACR TIRADS 

improved the diagnostic performance of ACR TIRADS alone (SEN: 65.12% to 93.75%, SPEC: 

93.02% to 94.37% AUROC: 0.88 to 0.95,) 295. The differences in the improved diagnostic 

performance outcomes between that study and ours may be explained by the difference in 

malignancy risk stratification at the selected cut-off categories. EU-category 4 is consistent 

with intermediate suspicion on a pattern-based approach, while that study used ACR category 

4 which is consistent with moderate suspicion on a score-based approach. However, both our 

study and the previous study resulted in an improved overall diagnostic performance with the 

combination approaches of AngioPLUS + EU and SMI + ACR, respectively, than either 

TIRADS alone. Although there was a non-significant drop in sensitivity in our study, the 

improved overall diagnostic performance suggests that the inclusion of vascularity assessment 
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using AngioPLUS in the ultrasound assessment of thyroid nodules can improve diagnostic 

efficacy.  

Another study reported that SMI improved the sensitivity of PDI (41.8% to 75.9%) and the 

combination of SMI with grey scale ultrasound features in a logistic regression model resulted 

in excellent diagnostic performance overall (AUROC: 0.92) 177. Contrastingly, one study 

concluded that the combination of SMI with KSThR TIRADS did not significantly improve 

the diagnostic performance of grey scale assessment alone, while another study made the same 

conclusion based on the combination of any suspicious feature with SMI 179, 296. Both studies 

varied from the present study in their scoring of the vascularity pattern using a 3-categories 

criterion for which intranodular vascularity was inclusive of both mild and extensive 

vascularity. This may explain the differences in the findings in addition to the different 

TIRADS criteria and that microvascularity assessment using SMI was based on the highly 

sensitive monochromatic mode. 

4.4.2.3 Qualitative vascularity assessment in nodules with equivocal cytology  

 

The additional diagnostic value of microvascularity imaging in thyroid nodules with equivocal 

cytology has not yet been examined even with techniques similar to AngioPLUS like SMI. In 

the present study, the combination of AngioPLUS-PDI with EU TIRADS category 4 improved 

the diagnostic performance over that of  EU TIRADS category 5 alone, by maintaining the 

sensitivity while significantly increasing the specificity and overall diagnostic efficacy. From 

these results, we can posit that based on increased central or predominantly central vascularity 

detected with AngioPLUS and using an EU TIRADS cut-off criterion of intermediate 

suspicion, it reduces false-positive rates than sole EU TIRADS using the high suspicion 

category. The combination of the two ultrasound modes results in a diagnostically optimal 
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approach that significantly improves specificity while maintaining a high sensitivity which 

may potentially limit unnecessary biopsy rates in nodules with equivocal cytology.  

A few studies have suggested that colour Doppler is beneficial in predicting malignancy in 

follicular neoplasms, and in one meta-analysis study, the pooled sensitivity and specificity of 

predominant internal flow were reported as 85% and 86% respectively 297, 298. Our present study 

findings affirm this assertion suggesting that increased central vascularity detection using 

AngioPLUS is predictive of malignancy. This is attributed to the detection of microvasculature 

which cannot be achieved using conventional colour and power Doppler techniques. The high 

malignancy prediction with the increased detection of intranodular vascularity in nodules with 

equivocal cytology has been alluded to most cancers within these nodules being follicular 

thyroid carcinomas or their variants 180. However, similar to a previous study that reported 79% 

PTCs and 20% FTCs in nodules with equivocal cytology, in the present study there were 7 

PTCs (78%) and 2 FTCs (22%) in this group of nodules 4. This is explained by most thyroid 

carcinomas usually being PTCs. However, the sequela of increased microvascularity because 

of the carcinogenesis process is likely anticipated more with FTCs since they have a 

hematogenous route of spread. Future larger studies with a greater distribution of FTCs and 

PTCs may help adequately establish the factors that influence nodule vascularity characteristics 

based on histology. 

4.4.3 Quantitative vascularity assessment in combination with EU TIRADS 

The present study demonstrated statistically significant differences between vascularity indices 

of sole colour and power Doppler modes and both modes coupled with AngioPLUS in the 

quantification of central and peripheral vascularity of benign and malignant nodules (Figure 

4:5 and Figure 4:6). The higher quantification of vascularity with AngioPLUS, therefore, 

substantiates that there is increased sensitivity in microvascularity detection in thyroid nodules 

with this technique than conventional Doppler modes.  
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For the first time, in this study we employed a regional vascularity ratio analysis for thyroid 

nodule differentiation, using an RVI > 1 to denote predominantly peripheral vascularity. Our 

findings affirmed that benign nodules had predominant peripheral vascularity regardless of the 

offset used (Table 4.4). The diagnostic performance of the RVI method in analysing all nodules 

was substantial with CFI at the 20% offset, however;  the diagnostic performance was generally 

comparable with other modes at the same offset except for PDI. Because the ratio is a relative 

measure of the peripheral VIs to that of central VIs, when there are marginal differences in 

either central or peripheral VIs between different offsets, the result is a minimal change in the 

ratio value for different offsets. The similar diagnostic performance outputs at different offsets 

can be attributed to this. 

Thyroid nodule vascularity has been quantitatively evaluated in a few previous studies and 

shown variable results due to the differences in methodologies and cut-off criteria. Lyshchik et 

al., 255 suggested that vascularity quantification was influenced by nodule size and achieved 

perfect specificity (100%) but lower sensitivity using normalized and weighted VIs (72.4% and 

69%, respectively). In another study, the overall VI, central VI, and peripheral VI for 

vascularity densities yielded high sensitivities and low specificity at different high cut-off 

points (84.8% vs 40.9%, 83.5% vs 41.5%, and 78.5% vs 40.3%, respectively) 254. Furthermore, 

that study reported that neither peripheral nor intranodular vascularity was predominant in 

benign or malignant nodules, although quantitatively benign nodules were more vascular than 

malignant nodules.  While our present study used regional vascularity segmentation at various 

prescribed offsets to delineate peripheral and central regions of thyroid nodule and determine 

the best offset in ratio analysis, that study was based on 90% vs 10% central and peripheral 

regional segmentation, respectively.  

Sultan et al., 253 compared qualitative vascularity assessment and quantitative central vascular 

area and central flow volume index and reported a high sensitivity with comparable specificity 
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using quantitative central vascular area than qualitative vascularity assessment (SEN: 90% vs 

67.5%, SPEC: 88.1% vs 88%). However, like the other mentioned studies the combined 

performance with grey scale ultrasound was not assessed. A previous study concluded that 

quantitative vascularity assessment using power Doppler ultrasound was poor at thyroid 

malignancy prediction based on the low diagnostic performance of sole VI assessment (SEN: 

53.7% and SPEC: 58.8%) 171. In that study, although the combination of VI with grey scale 

ultrasound assessment improved the overall diagnostic efficacy, the comparable sensitivity and 

significantly reduced specificity suggested no improvement of the overall performance of grey 

scale ultrasound alone. (SEN: 95.8% vs 89%, p > 0.05;  SPEC: 28.2% vs 74.3% and AUROC: 

0.82 vs 0.70, p < 0.001).  

In a previous study using regional vascularity segmentation, our group established that the 

combination of VIs (overall, central, and peripheral) at the 22% offset with grey scale 

assessment improved the specificity but resulted in a reduced sensitivity from that of grey scale 

assessment alone (SEN: 96.3% to 66.7% and SPEC: 46.4% to 83.3%). Because the present 

study employed the same regional vascularization principle although ratio analysis was used; 

the outcomes were similar for the combined approach resulting in a reduced sensitivity from 

83.3% to 53.3% but increased specificity from 50% to 81.3% when compared to grey scale 

ultrasound alone. Ultimately, the ratio analysis approach of RVI > 1 to denote predominant 

peripheral vascularity may accurately stratify benign nodules but it is not ideal for ruling in 

disease. 

4.4.3.1 Quantitative vascularity in nodules with equivocal cytology 

 

Quantitative vascularity assessment of thyroid nodules with equivocal cytology is lacking. In 

this first-time assessment, the ratio analysis approach seems to perform best in this subgroup 

of nodules at an offset of 22% and 25% using PDI coupled with AngioPLUS. The sole APDI 
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approach resulted in optimal sensitivity and specificity, while the combined approach with EU 

TIRADS resulted in a reduced sensitivity but sustained specificity. Although there is potential 

to reduce unnecessary biopsy rates with this approach because of improved specificity, the 

large sacrifice of the sensitivity would be a drawback in clinical application considerations. 

This is because reduced sensitivity of a diagnostic method would increase the false-negative 

rate which may delay treatment of thyroid cancer patients. The qualitative approach in 

combination with EU-TIRADS is, therefore, more suitable for best stratifying thyroid nodules 

with equivocal cytology.  
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4.5 Limitations  

 

This study had several limitations. The sample size was small with a high prevalence of PTC 

among the malignant nodules thereby limiting the generalisability of the findings to other 

cancers. Furthermore, the sample size of the subgroup of nodules with equivocal cytology was 

small to conduct analyses of the equivocal cytology categories 3 and 4 separately. The separate 

evaluation could help identify which cytology category the microvascularity analysis would be 

of the most additional clinical value. Due to the selection of patients with FNAC and/or 

histopathology results, we cannot exclude selection bias. Because of the currently limited 

evaluation of the diagnostic performance of AngioPLUS along with several TIRADS and 

multiple raters, future larger prospective studies are warranted to validate our findings.  
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4.6 Conclusions 

 

 

This study evaluated the diagnostic value of microvascularity assessment with AngioPLUS in 

combination with EU TIRADS based on qualitative and quantitative vascularity assessment. 

We established that although quantitative regional vascularity based on RVI could adequately 

discriminate benign nodules, it has little value in ruling in malignancy. Therefore, the 

qualitative assessment of vascularity with AngioPLUS coupled with power Doppler ultrasound 

in combination with EU TIRADS has high diagnostic efficacy in differentiating benign and 

malignant nodules. This combined approach has more potential for improving the diagnostic 

accuracy in diagnosing thyroid nodules with equivocal cytology as it results in improved 

specificity without compromising the sensitivity. 

The findings in this study have the potential for clinical application. The combined approach 

of EU TIRADS and AngioPLUS with power Doppler has potential value as a follow-up 

ultrasound method for thyroid nodules with equivocal cytology. Because the approach seems 

sensitive enough to detect any cancers and also has high specificity that limits unnecessary 

repeated biopsy, it may result in a more conservative diagnosis of thyroid nodules. 
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Chapter 5   
 

Study Three: The Diagnostic Value of Shear wave Elastography in Combined 

Assessment with EU TIRADS and Multi-modal Ultrasound Assessment with 

AngioPLUS for Thyroid Nodule Differentiation 

5.1 Introduction 

 

Elasticity imaging has been suggested as a useful complementary imaging modality that can 

improve the specificity and overall accuracy of grey scale ultrasound assessment in thyroid 

nodule diagnosis in addition to FNAC assessment 182, 183. Quantitative approaches such as shear 

wave elastography that result in absolute tissue stiffness values rather than relative values or 

ratios are purported to be more objective and less user-dependent than strain elastography.  

FNAC is regarded as the pre-surgery reference standard for the diagnosis of thyroid nodules. 

While its sensitivity and specificity can both range up to over 90%, it has challenges of non-

diagnostic results in about 10% of the samples, and equivocal results in up to 30% of cases 107, 

147. Grey scale ultrasound remains the first-line pre-operation diagnostic imaging method for 

thyroid cancers. However, due to the overlap of some ultrasound features in benign and 

malignant nodules, no sole feature is highly predictive of malignancy 4. Different TIRADS 

have evolved to aid malignancy risk estimation and FNAC selection of thyroid nodules based 

on multiple grey scale ultrasound features and nodule size. Nonetheless, the diverse 

malignancy risk stratification criteria amongst different TIRADS result in varying diagnostic 

accuracy outcomes, thereby causing the lack of a universal standard for clinical use. The 

evaluation of thyroid nodule stiffness as indicative of malignancy is purported to result in 

higher diagnostic accuracy when compared to different TIRADS 288, 299.    

Although SWE has gained popularity in recent years, its utility for thyroid cancer detection has 

been hampered by the lack of standardized diagnostic criteria. There is a lack of consensus 
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regarding the best SWE measurement parameters, corresponding cut-off points and the SWE 

measurement techniques for the best diagnostic efficiency. Recent meta-analysis data showed 

different optimal cut-off ranges of between 27.7 to 85.2kPa for the mean SWE index which 

corresponded with sensitivity and specificity ranges of 53% to 95% and 70% to 99%, 

respectively 191. In other studies, the maximum SWE index was reported as having the best 

diagnostic efficiency while the minimum and SD indices were seldom reported as achieving 

the best diagnostic performance 26, 31, 300, 301.  There is also conflicting evidence regarding the 

benefit of combining SWE with grey scale ultrasound features or TIRADS in the diagnosis of 

thyroid cancer. Some studies reported an improved diagnostic performance with combined 

assessment, while others suggested that grey scale ultrasound feature assessment alone sufficed 

302-305. Although SWE has been suggested to have diagnostic value in aiding the diagnosis of 

thyroid nodules with equivocal cytology 32, 181, the limited current studies exhibit similar 

challenges.  

Multi-modal ultrasound assessment has been proposed as a solution to improving the overall 

diagnostic efficacy in differentiating thyroid nodules, more so nodules with equivocal cytology 

146. Molecular tests are most accurate in diagnosing nodules with equivocal cytology; however, 

they are very expensive and not easily accessible 80. Different approaches of vascularity and 

elasticity ultrasound assessment in addition to grey scale ultrasound assessment, prevail in the 

few current multi-modal thyroid ultrasound studies. Typical multi-modal assessment often 

involves either 2D/3D/4D-ultrasound, colour Doppler ultrasound assessment, superb 

microvascular imaging, or  CEUS combined with strain elastography assessment and variable 

grey scale ultrasound assessments 178, 200, 201. The diversity of methodological approaches in 

different studies has resulted in conflicting opinions regarding the diagnostic value of multi-

modal ultrasound imaging in thyroid nodule diagnosis. Furthermore, the diagnostic value of 

multimodal approaches involving SWE, AngioPLUS microvascularity assessment in addition 
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to specific TIRADS is still uncertain and needs further exploration for evidence-based clinical 

practice.  

The present study sought to evaluate the diagnostic efficiency of SWE in combination with EU 

TIRADS (the best TIRADS based on the results of Chapter 3) in thyroid nodule diagnosis. 

Taking into consideration of the potential influencing factors affecting the diagnostic 

performance of SWE, all nodules were evaluated followed by subcategory analyses of nodule 

size, equivocal cytology, and vascularity status. The scan plane and SWE parameters that best 

discriminated benign and malignant nodules with statistically significant differences were used 

for the diagnostic performance assessments. Furthermore, a multi-modal approach involving 

EU TIRADS, AngioPLUS microvascularity assessment and SWE was evaluated to determine 

its diagnostic value in differentiating thyroid nodules with equivocal cytology.  The findings 

of the present study will broaden the understanding of the clinical value of SWEmulti-modal 

approaches for thyroid nodule diagnosis. This in turn could potentially facilitate efficient 

patient management in the clinical utility of SWE.
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5.2 Materials and methods 

 

5.2.1 Study type  

This was a prospective analytical observational study that received ethical approval from the 

Institutional Human Research Ethics sub-committee before it was conducted. Based on 

consecutive case analysis approach and non-probability sampling, cross-sectional cohorts of 

patients with thyroid nodules and/or suspicion of thyroid cancer were purposively recruited at 

the Prince of Wales Hospital Department of Surgery and its affiliates from 15 May 2019 to 31 

August 2021. Informed consent was sought from the patients before the data collection 

procedures.  

5.2.2 Data collection procedures 

5.2.2.1 Inclusion and exclusion criteria 

 

The inclusion criteria in this study were all consenting adult patients (≥18 years old) who had 

thyroid nodular disease or suspicion of thyroid cancer and were scheduled for FNAC and/or 

subsequent surgery. Nodules that were between 5mm and 50mm were included in the study. 

The lower limit for the nodule size was guided by the computer-assisted subjective ultrasound 

assessment approach that was used whose limit was ≥ 5mm. This is consistent with the size 

criteria for FNAC recommendation in addition to the clinical or sonographic risks when using 

most TIRADS. The upper limit was determined as the largest size that the transducer footprint 

can cover and can also be completely encompassed by the SWE colour overlay. For patients 

with multiple thyroid nodules, either the nodule with the most suspicious sonographic features 

(hypoechoic, microcalcifications, irregular margins, tall-than-wide, etc.), if there were no 

obvious suspicious features then the largest nodules, or the one/s for which biopsy and/or 

surgery were recommended, were included in the study. The exclusion criteria were patients < 

18 years old, patients who had a thyroidectomy, did not have a conclusive diagnosis as 
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determined from either cytology results, histopathology results or both, and multinodular 

goitres without clearly isolated sole nodules. Patients with only completely cystic nodules or 

nodules that were too large for the footprint of the transducer and cannot be completely 

visualized in the image field of view were excluded from the study as they would affect the 

elastography output 183.  

5.2.2.2 Ultrasound imaging procedures 

 

A sole investigator (N.C.)  conducted the thyroid ultrasound imaging of all patients using the 

same Aixplorer ultrasound machine (Supersonic Imagine, Aix-en-Provence, France) equipped 

with a 7-10 MHz linear transducer, AngioPLUS and SWE. The ultrasound machine settings 

were standardized during a pilot study and the same ultrasound scanning preset for thyroid 

study was maintained throughout the study to ensure consistency.  

The investigator followed standard ultrasound scanning protocols to conduct the thyroid scans. 

Each patient lay in the supine position with minimal extension of the neck, and coupling gel 

was applied. With the face turned away from the side of interest, and the transducer placed on 

the exposed side of the neck. A minimum of 3 transverse and 3 longitudinal images of each 

target thyroid nodule in grey scale, colour Doppler, power Doppler, colour Doppler and  power 

Doppler coupled with AngioPLUS, and SWE modes were acquired. 

For the SWE mode, a generous layer of coupling gel was applied on the patient’s neck to 

minimize transducer compression on the neck and the static SWE images were acquired on 

arrested inspiration. The pre-set quantitative SWE measurement scale on the ultrasound 

machine ranged from 0 to 180 kPa.  The SWE sampling box was adjusted to cover the whole 

thyroid nodule and the trace mode was used to manually outline the ROI. Images with 

intranodular cystic areas, calcified areas and areas void of SWE colour were avoided where 

possible. The inbuilt quantification tool, Q-box, automatically computed the minimum, 
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maximum, mean and standard deviation (SD) elasticity indices in Young’s modulus 

(kilopascals- kPa) for each of the 3 images in the transverse and longitudinal planes (Figure 

5:1).  In the present study, the average values for each SWE index in kPa from the 3 images 

for each scan plane were compared against the final histopathology results to determine 

diagnostic accuracy. The index and scan plane that demonstrated statistically significant 

differences between benign and malignant thyroid nodules were used for the diagnostic 

performance assessment.  
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Figure 5:1: Image representation of the ROI selection for the quantification of stiffness in SWE. 

 I) An illustration of the Q-box placement and the nodule trace outline (red arrow), the output 

of the quantification of thyroid nodule elasticity in different SWE indices (white arrow) and 

the grey scale overlay image of the same nodule (black arrow) in the transverse plane. II) The 

ROI trace representation and SWE quantification of the same nodule in the longitudinal plane.
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5.2.2.3 Image analysis procedures 

 

A stepwise approach was used to analyse the images based on each ultrasound modality used. 

The initial step involved analysing all thyroid nodules using grey scale ultrasound and SWE. 

Images were then distributed into relevant subcategories based on nodule size, equivocal 

cytology, and vascularity status. Figure 5:2 illustrates the analysis sequence and criteria. 

Nodules that had FNAC classifications 3 and 4 (atypia of undetermined significance or 

follicular lesion of undetermined significance  AUS/FLUS; and suspicion of follicular 

neoplasm or follicular neoplasm  SFN/FN, respectively) were considered equivocal.  The sole 

grey scale ultrasound assessment was based on  EU TIRADS at a pre-determined cut-off point 

of category 5 as previously established in Chapter 3 (Section 3.4.2.5) since the same computer-

assisted subjective approach was used in this study. The AngioPLUS mode coupled with power 

Doppler (APDI) was used for the vascularity assessment, and predominantly central and 

exclusively central vascularity were considered suggestive of malignancy.   
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Figure 5:2:  An illustration of the steps that were involved in the SWE analyses of the thyroid 

nodule images.   
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5.2.3 Data analysis and statistical analysis 

Continuous data was classified as means +/- SD whereas categorical and/or nominal data was 

expressed as frequencies and percentages. The Chi-Square test was used to compare differences 

in nodule classification data. The Shapiro Wilk test was used to check the normality of the data. 

The Wilcoxon ranks test was used for the paired comparison of the SWE measurements 

between transverse and longitudinal planes while the Mann-Whitney U test was used to 

compare the SWE measurements between benign and malignant nodules.  

The SEN, SPEC, PPV, NPV and DOR were calculated with reference to final cytology or 

histopathology results. The ROC curves were generated to obtain the AUROC and the optimal 

cut-off points for the SWE measurements were determined to be the maximum value of the 

sum of the specificity and the sensitivity of the AUROC. For the different subcategories of the 

thyroid nodules, the diagnostic performance measures were determined as follows: 

i) sole EU TIRADS and the average of each of the mean, maximum, minimum SD 

SWE indices 

ii) combination of EU TIRADS + each of the SWE indices at the determined cut-off 

values  

iii) sole EU TIRADS and each of the statistically significant SWE indices at the 

determined cut-off values for the different subgroups of the nodules 

iv)  combination of EU TIRADS + SWE indices for the different subgroups of the 

nodules 

v)  multi-modal assessment of EU TIRADS, SWE and APDI 

The optimal cut-off point for sole EU TIRADS was pre-determined to be category 5 as was 

previously established. For the combined assessment of TIRADS and SWE, a nodule was 



 

147 

 

suspected of malignancy if it met the cut-off criteria of the SWE and an EU TIRADS cut-off 

of ≥ 4.  For the multi-modal assessment of EU TIRADS, SWE and APDI, a nodule was 

suggestive of malignancy if it met the EU TIRADS cut-off of ≥ 4, and either demonstrated 

predominant/exclusive central vascularity on APDI or met the SWE cut-off criteria.  The 

McNemar and Cochran Q’s tests were used for the comparative analysis of sensitivity and 

specificity whereas the z-test was used to compare the different AUROCs. The tests were two-

sided and p < 0.05 denoted statistical significance. The SPSS statistical software (version 26.0, 

SPSS Inc., Chicago, IL, USA) was used for the analyses.
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5.3 Results 

 

5.3.1 Demographics and nodule classification data 

In this study, 146 patients were recruited and scanned. Twenty-five patients were excluded as 

they did not comply with the study inclusion criteria. Finally, a total of 126 thyroid nodules 

(81 benign and 45 malignant) from 121 patients (100 females and 21 males) were included in 

the study. Figure 5:3 shows the patient and thyroid nodule selection steps and exclusion 

reasons. The mean age of the patients included in the study was 53.8 ± 12.8 (range: 27 to 75) 

years. The mean age of male patients (62.1 ± 8.8, range: 44 to 73) was significantly higher than 

the mean age of female patients (52.1 ± 12, range: 27 to 75), p < 0.001. Table 5.1 shows the 

demographic data results of the patients. The mean nodule size was not significantly different 

between benign nodules (1.6 ± 0.8 cm, range: 0.5 to 3.6 cm) and malignant nodules (1.3 ± 0.8 

cm, range: 0.5 to 3.7 cm), p > 0.05. The predominant nodule size category was 1 to 2cm for 

benign nodules (65.4%) and < 1cm for malignant nodules (46.5%). The classification of the 

nodules based on the cytology category revealed that 52 nodules (45.2%) had equivocal 

cytology of which 37 (71.2%) had benign histopathology results. The false-negative rate based 

on the FNAC was 4% (2/45).  

The common histopathology diagnosis of the malignant nodules was papillary thyroid 

carcinoma (PTC, n = 39), while the remaining nodules were classified as non-invasive 

follicular thyroid neoplasm with papillary like nuclear features (NIFTP, n = 2), follicular 

variant of PTC (FvPTC, n = 1), follicular thyroid carcinoma (FTC, n = 1), widely invasive FTC 

(n = 1) and minimally invasive FTC (n = 1). Most of the benign nodules had unspecified benign 

histopathology (n = 27) followed by nodular goitres (n = 16) while the rest were nodular 

hyperplasia (n = 6), Hurthle cell adenoma (n = 5), follicular adenoma (n = 4), Graves’ disease 

(n = 4), colloid nodules (n = 3), Hashimoto’s thyroiditis (n = 2) and lymphocytic thyroiditis (n 

= 2). The remaining 12 nodules had a benign diagnosis based on FNAC only, 8 of which did 
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not undergo surgery while the other 4 underwent a radiation frequency ablation (RFA) 

procedure.  
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Figure 5:3: The image selection process of the ultrasound images of the thyroid nodules for the 

SWE study  
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Table 5.1:Demographic data and the distribution of nodules into different classifications 

 Mean/ Frequency by Diagnosis  

Characteristic Overall mean/ 

frequency 

B M p-value 

Gender         

Male  21     14 (66.7 %)  7 (33.3%)  > 0.05 

Female  100  67 (67%)  33 (33%)   

Mean Age          

Overall  53.8 ± 12  53.8 ± 12.1  54.0 ± 12  > 0.05 

Male  62.1 ± 8.8      < 0.001 

Female  52.1 ± 12       

Nodule size         

Total nodules 

Overall mean(cm) 

 126 

1.5 ± 0.8 

    81 (64.3%) 

    1.6 ± 0.8 

    45 (35.7%) 

1.3 ± 0.8 

 < 0.01 

0.62 

< 1cm  43  23(53.5%)  20 (46.5%)  0.10 

1-2cm  52  34 (65.4%)  18 (34.6%)   

>2cm  31  24 (29.6%)  7 (22.6%)   

FNAC          

Not done  11  11(100%)      0 (0%)  < 0.001 

Non-diagnostic  6    5 (83.3%)  1(16.7%   

Benign  30  28 (93.3%)  2 (6.7%)   

Equivocal  52  37 (71.2%)  15 (28.9%)   

Malignant/SOM  27        0 (0%)  27 (100%)   

EU TIRADS         

1  0  0 (0%)      0 (0%)  < 0.001 

2  27  24 (88.9%)   3 (11.1%)   

3  0  0 (0%)      0 (0%)   

4  22  18 (81.8%)  4 (18.2%)   

5  77  39 (50.7%)  38 (49.4%)   

B = benign; M = malignant; SOM = suspicion of malignancy, FNAC = fine needle aspiration cytology  
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5.3.2 Analysis of the different SWE indices in thyroid nodule differentiation  

5.3.2.1 Analysis based on the different scan planes  

 

The medians of the different SWE indices were compared between transverse plane and 

longitudinal plane measurements for all nodules. The Wilcoxon signed rank test revealed that 

SWE measurements were significantly lower with the transverse plane for the mean and 

minimum indices than with the longitudinal plane (mean SWE index: median = 15.1 kPa vs 

17.9 kPa, z = - 4.61, p < 0.001; minimum SWE index: median = 0.2 kPa vs 1.4 kPa, z = - 6.06, 

p < 0.001, respectively). The medians for the maximum and the SD SWE indices were not 

significantly different between the transverse and longitudinal scan measurements (maximum 

SWE index: median = 43.6 kPa vs 42.3 kPa, z = - 0.58, p = 0.56 ; SD SWE index: median = 

7.2 kPa vs 7.4 kPa, z = - 0.27, p = 0.79, respectively). 

5.3.2.2  Analysis of nodule stratification based on different sub-categories 

 

The differences of the medians of the SWE measurement indices between benign and 

malignant nodules were evaluated with the Mann Whitney- U test based on the different 

subcategories of the nodules. Table 5.2 shows the p values of the statistical analyses of different 

SWE measurement indices and nodule subcategories. The transverse and longitudinal mean 

measurements, the longitudinal minimum, and the transverse SD measurement indices were 

statistically significant between benign and malignant nodules for all nodules, nodules of sizes 

between 1 to 2cm and all vascular nodules (p < 0.05). The longitudinal minimum measurement 

index was statistically significant for the nodules with equivocal cytology, vascular nodules 

with equivocal cytology and avascular nodules (p < 0.05). The transverse SD measurement 

index was statistically different for nodules that were greater than 2cm (p < 0.05). All SWE 

measurement indices did not differ significantly between malignant and benign for the nodules 

that were less than 1cm (p > 0.05).
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Table 5.2: Statistical significance assessment for the differences in SWE indices between benign and 

malignant thyroid nodules based on the scan planes 

Nodule 

category 

p-values of SWE indices in kPa 

TMean LMean TMin LMin TMax LMax TSD LSD 

All 

N = 126  

(B = 81,  

M = 45) 

0.005** 0.007** 0.100 0.003** 0.061 0.253 0.012* 0.255 

         

Equivocal  

N = 52  

(B = 37,  

M = 15) 

0.473 0.214 0.353 0.015* 0.313 0.391 0.138 0.525 

         

< 1cm  

N = 43  

(B = 23,  

M = 20) 

0.189 0.141 0.128 0.077 0.368 0.480 0.219 0.733 

         

1-2cm 

N = 52 

(B = 34,  

M = 18) 

0.017* 0.010* 0.865 0.195 0.034* 0.102 0.009** 0.108 

         

>2cm 

N =  31  

(B = 24,  

M = 7) 

0.104 0.661 0.216 0.835 0.061 0.417 0.029* 0.085 

         

Vascular 

(all) 

N = 93  

(B = 60,  

M = 33) 

0.023* 0.026* 0.269 0.019* 0.132 0.324 0.041* 0.368 

         

Vascular 

(eqv) 

N = 39  

(B = 30,  

M = 9) 

0.756 0.402 0.909 0.025* 0.806 0.781 0.384 0.831 

         

Avascular 

N = 33 

(B = 17,  

M = 16) 

0.146 0.127 0.179 0.031* 0.581 0.763 0.423 0.929 

SWE = shear wave elastography, B = benign, M = malignant, TMean = transverse Mean, LMean = longitudinal Mean, 

 TMin = transverse Minimum, LMin =longitudinal Minimum, TMax = transverse Maximum, LMax = longitudinal Maximum,  

TSD = transverse Standard deviation, LSD = longitudinal Standard deviation, EU = European, eqv = equivocal 

p < 0.05 = *, p < 0.01 = **  
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5.3.3 Diagnostic performance assessment of the SWE indices with EU TIRADS based on 

the different subcategories of the nodules 

This present study evaluated the diagnostic performances of sole grey scale ultrasound 

assessment with EU TIRADS, sole SWE measurement indices, and combined EU TIRADS 

and SWE for the different subcategories. The optimal cut-off points of SWE indices that 

showed statistically significant differences between malignant and benign nodules (Table 5.3) 

were determined and used in the diagnostic performance assessment. 

5.3.3.1 Assessment of all nodules 

 

The diagnostic performance of sole EU TIRADS showed the highest sensitivity (84.4%), 

lowest specificity (51.9%) and the highest acceptable diagnostic efficacy (AUROC: 0.69) 

overall in diagnosing all nodules. The diagnostic performance results are shown in Table 5.3. 

At the optimal cut-off, the transverse mean (TMean) SWE index resulted in diagnostic 

performance outcomes that were comparable to those of the longitudinal mean (LMean) SWE 

index (SEN: 51.1% vs 42.2%, and SPEC: 77.8% vs 88.9%, p > 0.05). The diagnostic 

performance outcomes of the transverse SD (TSD) and the longitudinal minimum (LMin) indices 

(SEN: 51.1% and 53.3%, and SPEC: 76.5% and 76.5%, respectively) were comparable to those 

of both mean indices (p > 0.05). All the sole SWE indices had significantly lower sensitivity 

but higher specificity than the sole EU TIRADS (p < 0.001). 

The combined EU TIRADS and SWE diagnostic performance assessment still resulted in 

significantly lower sensitivities and higher specificities than EU TIRADS alone (p < 0.001). 

The overall diagnostic efficacy of sole EU TIRADS remained the highest (AUROC: 0.69) but 

without a statistically significant difference from any of the combined approaches (p > 0.05). 
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5.3.3.2 Assessment of nodules based on nodule size 

 

The diagnostic performance of EU TIRADS and SWE measurements was evaluated based on 

nodules that were 1 to 2cm in size and those greater than 2cm.  

The diagnostic performance outcomes of nodules that were 1 to 2cm in size for EU TIRADS 

alone showed the highest sensitivity (88.9%) and the lowest specificity (55.9%). The TMean 

SWE index at the optimal cut-off point of 25.6 kPa resulted in the lowest sensitivity (50%) and 

highest specificity (94.1%). In contrast, the LMean SWE index with the optimal cut-off point of 

23.4 kPa yielded a sensitivity of 66.7% and a specificity of 79.4%.  Out of all the SWE indices, 

the TSD at the optimal cut-off of 8.7 kPa had the highest sensitivity (77.8%) and lowest 

specificity (64.7%) which were not significantly different from those of EU TIRADS alone (p 

> 0.05). Combined EU TIRADS and SWE diagnostic performance assessment revealed that 

EU TIRAD + TSD had the highest sensitivity of 72.2% which was lower but not statistically 

significantly different from EU TIRADS alone (88.9%, p > 0.05) and a specificity of 76.5% 

which was significantly higher than that of EU TIRADS alone (55.9%, p < 0.01). The overall 

diagnostic efficacy of EU TIRADS + TSD was the highest although it was comparable to that 

of EU TIRADS alone (AUROC: 0.74 vs 0.72, p > 0.05). 

For the subcategory of nodules greater than 2cm, the EU TIRADS maintained a high sensitivity 

but a lower specificity. The sensitivity was not significantly different from that of sole SWE 

TSD at the optimal cut-off of 10.7 kPa and of the combined EU + TSD approach (85.7% vs 71.4% 

and 71.4%, p > 0.05) while the specificity was significantly different (62.5% vs 83.3% and 

95.8%, p < 0.01). The combined approach resulted in the highest diagnostic efficacy and 

comparably high predictive values (AUROC: 0.84, PPV: 83.3%, and NPV: 92%). 
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5.3.3.3 Assessment of nodules with equivocal cytology 

 

The diagnostic performance assessment of the 52 nodules with equivocal cytology revealed 

that the EU TIRADS alone resulted in  significantly higher sensitivity but lower specificity 

than the sole SWE LMin at the optimal cut-off of 6.1kPa and the combined approach (SEN: 80% 

vs 60% and 60%, p < 0.05; SPEC: 37.8% vs 78.4% and 83.4%, p < 0.001). The overall 

diagnostic efficacy of the combined approach was significantly higher than that for EU 

TIRADS alone (AUROC: 0.72 vs 0.58, p < 0.05).  
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Table 5.3: Diagnostic performance assessment of sole and combined EU TIRADS and SWE indices 

based on all nodules, equivocal cytology, and size stratification 

Nodule 

category 

Diagnostic 

Test 

Optimal 

cut-off 

SEN 

(%) 

SPEC 

(%) 

PPV 

(%) 

NPV 

(%) 

AUROC 

All 

 

EU 5 84.4 51.9 49.4 85.7 0.69 

TMean (kPa) 19.3 51.1*** 77.8*** 56.1 74.1 0.65 

LMean (kPa) 28.2 42.2*** 88.9*** 67.9 73.5 0.65 

TSD (kPa) 10.5 51.1*** 76.5*** 54.8 73.8 0.64 

LMin (kPa) 4.7 53.3*** 76.5*** 55.8 74.7 0.66 

EU + TMean  48.9*** 82.7*** 61.1 74.4 0.66 

EU + LMean  40.0*** 92.6*** 75.0 73.5 0.66 

EU + TSD  51.1*** 84.0*** 63.9 75.6 0.68 

EU + LMin  51.1*** 77.8*** 56.1 74.1 0.64 

Size 1-2cm 

 

EU 5 88.9 55.9 51.6 90.5 0.72 

TMean (kPa) 25.6 50.0*** 94.1*** 81.8 78.0 0.70 

TMax (kPa) 50.2 61.1** 73.5** 55.0 78.1 0.68 

TSD (kPa) 8.7 77.8 64.7 53.9 84.6 0.72 

LMean (kPa) 23.4 66.7* 79.4** 75.0 83.3 0.72 

EU + TMean  44.4*** 94.1*** 80.0 76.2 0.69 

EU + TMax  55.6*** 82.4*** 62.5 77.8 0.69 

EU + TSD  72.2 76.5** 61.9 83.9 0.74 

EU + LMean  61.1** 85.3*** 68.8 80.6 0.73 

Size > 2cm EU 5 85.7 62.5 40.0 93.8 0.73 

TSD (kPa) 10.7 71.4 83.3** 55.6 90.9 0.77 

EU + TSD  71.4 95.8** 83.3 92.0 0.84 

Equivocal EU 5 80.0 37.8 34.3 82.4 0.58 

 LMin (kPa) 6.1 60.0* 78.4*** 52.9 82.9 0.64 

 EU+ LMin  60.0* 83.4*** 60.0 83.8 0.72* 

EU = European TIRADS, TMean = transverse Mean, LMean = longitudinal Mean, LMin =longitudinal Minimum,  

TMax = transverse Maximum, TSD = transverse Standard deviation, kPa = kiloPascals 
* = p < 0.05;  ** = p < 0.01 ;  *** = p < 0.001  relative to EU TIRADS 
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5.3.3.4 Assessment of thyroid nodules based on the vascularity status 

 

The diagnostic performance of EU TIRADS and SWE measurements was evaluated based on 

nodule vascularity. Table 5.4 shows these results. For the 93 vascularized nodules, the EU 

TIRADS had the best overall diagnostic performance with the AUROC of 0.69 and achieved 

the highest sensitivity (86.7%) but lowest specificity (50.8%). The diagnostic performance 

outcomes of the different sole SWE indices were all comparable to each other. The combined 

approaches of EU TIRADS with different SWE indices had diagnostic performance outcomes 

which were comparable to those of the sole SWE indices with higher specificities but lower 

sensitivities than EU TIRADS (p < 0.001). The sensitivity of EU TIRADS was higher but not 

significantly different from that of LMin and the combined approach in discriminating 

cytologically equivocal vascular nodules (SEN: 88.9% vs 66.7% and 66.7%, p > 0.05). 

Conversely, the specificities of LMin and the combined approach were significantly higher with 

an overall higher but non-significant diagnostic efficacy than EU TIRADS (SPEC: 80% and 

80% vs 36.7%, p < 0.001; AUROC: 0.73 and 0.73 vs 0.62, p > 0.05).  

For discriminating the avascular nodules, the sensitivity of EU TIRADS was not significantly 

different from LMin at the optimal cut-off of 0.9 kPa and the combined approach, but the 

specificity was significantly lower than LMin and the combined approach (SEN: 81.3% vs 75% 

and 68.8%, p > 0.05; SPEC: 52.9% vs 76.5% and 76.5%, p < 0.01). The combined approach 

had the highest diagnostic efficacy but a slightly lower sensitivity overall but without 

statistically significant differences from the sole methods.
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Table 5.4: Diagnostic performance assessment of sole and combined EU TIRADS and SWE indices 

based on the nodule vascularity status 

Nodule 

classification 

Diagnostic 

Test 

Cut-off SEN  

(%) 

SPEC 

(%) 

PPV  

(%) 

NPV  

(%) 

AUROC 

 

Vascular EU  5 86.7 50.8 45.6 88.9 0.69 

TMean (kPa)  19.3 50.0** 81.0** 55.6 77.3 0.66 

TSD (kPa) 11.8 40.0*** 87.3*** 60.0 75.3 0.64 

LMean (kPa) 23.5 46.7*** 84.1** 58.3 76.8 0.65 

LMin (kPa)  6.1 46.7*** 84.1** 58.3 76.8 0.65 

EU + TMean  46.7*** 85.7*** 60.9 77.1 0.66 

EU + TSD  40.0*** 92.1*** 70.6 76.3 0.66 

EU + LMean  43.3*** 87.3*** 61.9 76.4 0.65 

EU + LMin  43.3*** 85.7*** 59.1 76.1 0.65 

 

Vascular 

(Equivocal) 

EU 5 88.9 36.7 29.6 91.7 0.62 

LMin (kPa) 6.1 66.7 80.0*** 50.0 88.9 0.73 

EU + LMin  66.7 80.0*** 50.0 88.9 0.73 

 

Avascular 

 

EU 5 81.3 52.9 61.9 75.0 0.68 

LMin (kPa) 0.9 75.0 76.5** 75.0 76.5 0.72 

EU + LMin  68.8 76.5** 73.3 72.2 0.73 

EU = European TIRADS, TMean = transverse Mean, TSD = transverse Standard deviation, LMean = longitudinal Mean,  

LMin = longitudinal Minimum, kPa = kiloPascals 
* = p < 0.05;  ** = p < 0.01 ;  *** = p < 0.001  relative to EU TIRADS 
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5.3.4 Multi-modal diagnostic performance assessment of EU TIRADS, SWE and 

microvascularity  

A multi-modal assessment of EU TIRADS with the ideal SWE index and the best vascularity 

mode was performed using the sub-category of nodules with equivocal cytology. The SWE 

LMin index at a cut-off of 6.1 kPa was combined with qualitative APDI microvascularity 

assessment and EU TIRADS using category 4 as the optimal cut-off point.  This resulted in the 

best diagnostic performance outcomes in these nodules. The results are shown in Table 5.5. 

Among different combined approaches, EU TIRADS combined with APDI resulted in the 

highest overall diagnostic performance (SEN: 88.9%; SPEC: 76.7%; DOR: 26.3; AUROC: 

0.83). The multi-modal assessment approach of EU + LMin + APDIqual resulted in a similar 

sensitivity and significantly improved the specificity and overall diagnostic efficacy of EU 

alone (SEN: 88.9% for both; SPEC: 66.7% vs 36.7%, p < 0.05 ; AUROC: 0.78 vs 0.62, p < 

0.01). When compared to the EU alone, the multi-modal approach of combining EU and LMin 

resulted in a reduction in sensitivity but an improvement in specificity (SEN: 88.9% vs 66.7%, 

p > 0.05; SPEC: 36.7% vs 80%, p < 0.05).  
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Table 5.5: Multi-modal diagnostic performance assessment of EU, SWE and APDI in the stratification 

of nodules with equivocal cytology 

Diagnostic test mode Diagnostic performance measures 

SEN 

(%) 

SPEC 

(%) 

PPV 

(%) 

NPV 

(%) 

DOR AUROC 

EU  88.9 36.7 29.6 91.7 4.6 0.62 

APDIqual 100 76.7** 56.3 100 59.5 0.88*** 

LMin (kPa) 66.7 80.0* 50.0 88.9 8.0 0.75 

EU + APDIqual 88.9 76.7 53.3 95.8 26.3 0.83** 

EU + LMin 66.7 80.0*** 50.0 88.9 8.0 0.75 

EU + LMin +APDIqual 88.9 66.7* 44.4 95.2 16.0 0.78** 

EU = European TIRADS, APDIqual = AngioPLUS + Power Doppler Imaging qualitative assessment, 

 LMin = Longitudinal minimum, kPa = kiloPascals 
* = p < 0.05;  ** = p < 0.01 ;  *** = p < 0.001  relative to EU TIRADS
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5.4 Discussion 

 

The present study evaluated the diagnostic value of SWE when combined with EU TIRADS 

and in multi-modal thyroid nodule assessment involving EU TIRADS, SWE and 

microvascularity assessment with AngioPLUS. The SWE diagnostic performance outcomes 

were evaluated based on potential influencing factors such as the imaging scan plane, nodule 

size, cytology status, and the vascularity status of the nodules.  

5.4.1 SWE measurement assessments based on the scan planes 

In the present study, the median of the measurements for SWE parameters in the transverse 

plane were significantly lower than those in the longitudinal plane for the minimum and mean 

SWE indices in the analysis of all nodules. Similarly, previous studies have suggested that 

measurements in the longitudinal plane are more likely to result in higher measurement values 

due to shear waves being propagated faster when the transducer is parallel to the neck muscle 

fibres 189, 306. However, our findings differed for the maximum SWE index where the 

measurements in transverse plane were not significantly different from those in longitudinal 

plane (43.6 kPa vs 42.3 kPa, p = 0.56). This may be explained by the different SWE 

measurement methodologies particularly the ROI stiffness measurement approach. While our 

study traced the whole nodule ROI to quantify the stiffness, both previous studies used different 

approaches of focal circular ROI placement over the visually stiffest nodule area as assessed 

on the elasticity color map. One of the studies used either 2 or 3 ROIs depending on the size of 

the nodule 189, while the other study used one ROI 306. 

For the malignancy risk stratification of the thyroid nodules, based on the scanning plane used, 

only the mean SWE index demonstrated statistically significant differences between benign 

and malignant thyroid nodules using both scanning planes for all nodules, vascular nodules and 

nodules between 1 to 2 cm in size. Although very few studies have evaluated SWE 
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measurements concurrently in both planes, our findings concur with two previous studies and 

they suggested that a good concordance between transverse and longitudinal measurements can 

be achieved using the mean SWE index 303, 306. Nonetheless, their conclusions did not consider 

the influence of nodule size, which was done in the present study. The advantage of a SWE 

index whose measurements differ distinctly between benign and malignant thyroid nodules 

regardless of the scan plane used is the ability to still obtain accurate results using a scan plane 

best suited for a patient’s condition or nodule location. For example, imaging a nodule that is 

very proximal to the pulsating carotid artery in the transverse plane may result in stiffness 

measurement errors due to motion artifacts, however, these can be avoided by using the 

longitudinal plane 183, 307. Therefore, the routine clinical adoption of SWE requires standard 

cut-off measurement criteria for different scan planes which in turn may be influenced by the 

size of the nodule among other factors.  

5.4.2 Diagnostic performance of SWE indices in combination with EU TIRADS 

5.4.2.1 Analysis of all nodules without size stratification 

 

In the present study, the diagnostic performance evaluation of all nodules without size 

stratification showed that no SWE index performed superior to EU TIRADS. Our findings 

concurred with those of Swan et al 308 for which no SWE index outperformed the French 

TIRADS (an earlier version of the EU TIRADS)  32 which yielded a sensitivity of 90 % and 

specificity of 22%. Several studies have evaluated the diagnostic value of the combined SWE 

and different TIRADS and yielded variable results. Some studies found the addition of SWE 

to grey scale ultrasound assessment with or without TIRADS to have no diagnostic value, while 

others found an improved diagnostic performance as evidenced by an increase in sensitivity 

and/or specificity 190, 304, 305, 309-312.  Similar to Kim et al.,313 the specificities of sole SWE indices 

in the present study were significantly higher than those of EU TIRADS alone, however the 

combination of EU TIRADS with SWE indices did not improve the overall diagnostic 
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performance. Contrarily, a study using French TIRADS, reported high sensitivities in both 

TIRADS and SWE indices and an improved specificity when the minimum SWE index was 

combined to the TIRADS 310. The differences can be attributed to diverse study designs and 

SWE measurement methods. While the present study used manual tracing of entire nodule for 

SWE measurement, the previous studies used a fixed ROI and set it at either 2 or 3 mm placed 

over the stiffest portion of the nodule as determined visually from the elasticity colour scale. 

Total nodule tracing has been suggested to be more reproducible with good intra- and inter-

rater agreement and is thereby more objective than subjective focal nodular ROI placement 314. 

Lack of standardization impedes the routine clinical adoption of SWE in thyroid nodule 

differentiation. 

5.4.2.2 Analysis based on size stratifications 

 

The influence of the size of the nodule on combined diagnostic performance outcomes has not 

been extensively explored. Although some studies concluded that nodule size does not affect 

shear wave elasticity indices 313, 315, similar to other recent studies, the present study found that 

nodule size may influence SWE indices 310, 316. In the present study, no SWE index resulted in 

a statistically significant difference in the SWE measurements between benign and malignant 

thyroid nodules < 1 cm. This concurred with other studies that malignant nodules < 1 cm may 

have low stiffness and SWE may have poor sensitivity in discriminating them from benign 

nodules 317-319. In a previous study that used the optimal cut-off of 22.8 kPa for nodules ≤ 1 cm, 

the mean SWE index demonstrated lower diagnostic performance than for nodules between 1 

and 3 cm (SEN: 71.9% vs 82.8%, SPEC: 72.2% vs 83.9% and AUROC 0.73 vs 0.88) 320. 

Contrarily, Wang et al.,316 suggested that using the mean SWE index, the combination of SWE 

and grey scale ultrasound features resulted in improved specificity from that of sole grey scale 

ultrasound in nodules < 1 cm (SEN: 91.4% to 80.7%, SPEC: 66.7% to 77.8%). Another recent 

study suggested that the combination of the maximum SWE index at a cut-off of 28.2 kPa with 
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any suspicious grey scale ultrasound feature had high sensitivity (84.2%) and specificity (75%) 

in discriminating sub-centimetre nodules 321. The SWE ROI measurements were all different 

in the aforementioned studies, with one using 2 mm fixed ROI over the visually stiffest portion 

320, another study using a circular Q-box to encompass the whole nodule 316 while the latter 

was based on perinodular or false rim stiffness 321.  

Factors that have been suggested to affect SWE measurements in sub-centimetre nodules 

include the deep location of such nodules and their pathological nature  25, 310. Papillary thyroid 

microcarcinomas (PTMC) have been suggested as less stiff compared to larger classical 

papillary thyroid carcinomas 320. Morphological and pathophysiological changes in thyroid 

cancer involve invasive stromal reactions that alter flexible collagen fibre to stiff collagen, 

cystic changes, the formation of psammoma bodies and fibrosis which result in the nodule 

hardening 322, 323. Therefore, small malignant nodules that lack aggressive fibrosis or 

calcifications, likely have stiffness changes that are not detected as significant by SWE.   

For nodules of sizes between 1 to 2 cm and > 2 cm, the TSD SWE index at cut-offs of 8.7 kPa 

and 10.7 kPa, respectively, achieved the best diagnostic performance amongst the SWE 

parameters. The TSD SWE index resulted in an improved specificity with minimal reduction in 

sensitivity when combined with EU TIRADS. Literature on diagnostic performance outcomes 

for SWE indices combined with TIRADS based on nodule size stratification is scant. However, 

in one study the mean SWE index was significantly higher in malignant nodules than benign 

nodules in similar size stratifications as the present study 316. The combined assessment of SWE 

with TIRADS resulted in a higher sensitivity but reduced the specificity in nodules between 1 

to 2 cm (SEN: 84.9% to 92.4%; SPEC: 71.4% to 64.9%) and > 2 cm (SEN: 93.2% to 94.3%, 

SPEC: 62.2% to 53.3%) in the same study. However, the cut-off points at which these 

diagnostic performance outcomes were not clearly stated. In a recent study, Li et al., 324 

reported that the maximum SWE index in the longitudinal plane yielded high sensitivity and 
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specificity at optimal cut-offs of  37.7 kPa for nodules > 1 cm (SEN: 89.7% and SPEC: 82.6%) 

and 55.1 kPa for nodules > 2 cm (SEN: 96.4% and SPEC: 88.2%), respectively. However, their 

study evaluated sole SWE performance without the assessment of combined performance with 

TIRADS assessment. Contrarily, another study reported high diagnostic performance 

outcomes using the mean SWE index at a cut-off of 43.3 kPa for nodules between 1 to 3 cm 

(SEN: 82.8% and SPEC: 83.9%) and 42.7 kPa for nodules > 3 cm (SEN: 72.7% and SPEC: 

91.4%) 320. However, combined assessment with TIRADS was conducted only for all overall 

nodules but not for the size stratification groups in that study and the results showed no 

improvement in diagnostic performance. 

The challenge of diverse SWE index parameters and optimal cut-off points is well-established 

in the literature. The threshold setting of the SWE quantitative measurement scale for different 

studies varies between either 0 to 100 kPa or 0 to 180 kPa which possibly influences the 

maximum SWE index cut-offs the most 302, 307, 311, 312, 316. Different SWE measurement methods 

may explain the variable mean SWE index cut-offs. The focal nodule ROI placement is 

subjective and does not fully account for the anisotropic nature of soft tissue and nodule 

elasticity heterogeneity 188, 325. Some studies have recommended the SD SWE index as a better 

parameter for measuring the thyroid tissue stiffness heterogeneity than other elasticity indices 

188, 308, 326. Two different studies achieved similar cut-off points but contrasting diagnostic 

performance outcomes using the SD index for the sole SWE assessment of all nodules using 

the focal nodule circular ROI placement method (6.5 kPa - SEN:50% and SPEC: 96.6, and 

6.8kPa - SEN: 95.5% and SPEC: 42.1%) 188, 310. The present study established that the 

combination of EU TIRADS and the SD SWE index using the total nodular ROI tracing method 

may best discriminate nodules > 1 cm and > 2 cm. As the SD SWE index may best represent 

heterogeneous fibrotic changes , it is likely more accurate when used using total nodule tracing 

for stiffness measurements. Since heterogeneous fibrotic changes are usually found in 
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malignant nodules 322, 327, the detection of these changes by the SD SWE index can help in 

differentiating benign and malignant nodules. However, fibrotic changes that result in elevated 

stiffness can also manifest in benign thyroid diseases such as different forms of thyroiditis and 

calcified multinodular goitres 322, 328.Therefore, the SD SWE index in malignancy risk 

stratification may be most applicable when there is no suspicion or co-existence of these 

conditions in focal lesions.  

Different thyroid management guidelines use the nodule size as one of the criteria to determine 

the treatment approach and recommend conservative treatment for indolent sub-centimetre 

nodules taking into account the patients’ preferences 8, 80, 135, 329. Therefore, we speculate that 

the complementary use of SWE with specific TIRADS will be beneficial when it is informed 

by the size of the nodule. Such an approach may limit the overdiagnosis of clinically 

insignificant sub-centimetre nodules for which active surveillance suffices rather than biopsy 

or surgery. 

5.4.2.3 Analysis of cytologically equivocal nodules  

 

In the present study, the minimum SWE index in the longitudinal plane at the optimal cut-off 

of 6.1 kPa yielded high specificity (78.4%) with lower sensitivity (60%) with sole SWE 

analysis in cytologically equivocal thyroid nodules. Similarly, Bardet et al. 34 reported a 

sensitivity of 85% and a specificity of  94% using a 65 kPa cut-off point for the maximum 

SWE index, while for Samir et al 185, a 22.3 kPa cut off point for the mean SWE index had a 

sensitivity of  82% and specificity of 88%. Contrarily, Chen et al. 33 concluded that the SD 

SWE index at a cut-off of  3.3 kPa had the best diagnostic performance (SEN: 100% and SPEC: 

49.8%). However, that study included nodules with non-diagnostic cytology, which are not 

typically classified as equivocal. Furthermore, another study using a shear wave velocity 

maximum cut-off of 3.59 m/s achieved a higher sensitivity (83.9%) and a comparable but 
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slightly lower specificity (79.2%) 330. The study designs, sample sizes and SWE techniques 

and ROI measurements varied across the different studies thereby explaining the different 

study outcomes. Furthermore, while our study and the two other studies 185, 330  only considered 

cytology categories 3 and 4 as equivocal, Bardet et al 34 included the suspicion for malignancy 

(category 5). We excluded this category because of its inherent high risk of malignancy (60% 

to 75%) 99, which was 100% in our study upon final histopathology diagnosis. 

 Recently, EU TIRADS was reported as diagnostically inefficient in the management of 

follicular neoplasms 149, 291. Due to sample size limitations, the sub-group analysis of the 

different equivocal cytology categories was not conducted in the present study. However, the 

combination of EU TIRADS with SWE improved the overall diagnostic efficacy (0.58 to 0.72) 

and specificity (37.8% to 78.4%) but lowered the sensitivity (80% to 60%). Nonetheless, the 

diagnostic performance of different TIRADS in combination with SWE for differentiating 

cytologically-equivocal nodules has minimal exploration in the literature.  

Some previous studies suggested that the combination of strain elastography and/or SWE with 

grey scale ultrasound features had the potential for improving the diagnostic efficacy in 

cytologically equivocal nodules 195, 196, 331. Contrary to our findings, Celletti et al. 332 asserted 

that integration of K-TIRADS with strain elastography resulted in superior diagnostic 

performance with improved sensitivity (71.4% to 92.9%) but reduced specificity (82.4% to 

76.5%). Similarly, the combination of ACR category 5 with the maximum SWE index at a 41.2 

kPa cut-off had similar outcomes of raised sensitivity (81.4% to 94.2%) and reduced specificity 

(84.8% to 75.7%) in another study 333. ATA TIRADS at a cut-off of category 4 in combination 

with the shear wave maximum velocity cut off of 3.35 m/s for cytology category 3 nodules, 

increased both sensitivity and specificity (SEN: 87.5% to 90.6%, and SPEC: 80% to 93.3%) in 

one study 334. The different study designs and methodologies explain the differences in 
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findings. Shear wave elastography techniques varied across the different studies and 

malignancy risk criteria vary across different TIRADS.  

The combination of EU TIRADS with SWE based on the choice of cut-off points in the present 

study likely contributed to the reduction in the sensitivity. As such, although the overall 

diagnostic efficiency improved significantly, the loss in sensitivity renders the diagnostic utility 

of this combined approach vague. It is because substantial reduction of sensitivity leads to 

increase in false-negative cases and a delay in treatment of cancer patients. Future larger 

prospective studies are warranted to validate clarify the diagnostic value of this combined 

approach in cytologically-equivocal nodules. 

5.4.2.4 Analysis based on the vascularity status 

 

In the present study, no SWE index outperformed EU TIRADS and there was no improved 

diagnostic performance with combined approaches in the assessment of all vascular nodules..  

The optimal cut-off point for the minimum SWE index was higher for vascular nodules (6.1 

kPa) than for avascular nodules (0.88 kPa). Currently, there is limited literature on the 

evaluation of the influence of the vascularity status of the nodule on SWE elastography in 

thyroid nodules. However, contrary to the present study, one study using comb-push shear 

wave elastography reported that the mean SWE index of vascular nodules was lower than that 

of avascular nodules (27.1 kPa vs 34.8 kPa) 189. This can be attributed to the differences in 

sample sizes and elasticity measurement approaches. While the present study used the total 

nodule trace mode for SWE measurement of the ROI using all indices, the previous study 

focused on the averages of mean and maximum indices using multiple 3mm circular ROIs over 

the visual stiffest portion of the nodule.  Due to the low sample size of subcategories of thyroid 

nodule vascularity in the present study, the results are interpreted with caution. Larger 
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prospective studies are necessary to elucidate the correlation between vascularity and SWE 

measurements in thyroid nodule differentiation. 

5.4.3 Multi-modal assessment of equivocal nodules 

In the present study, APDI had superior discrimination ability than SWE for complementary 

use with EU TIRADS as evidenced by its higher DOR in the sole (59.5 vs 8.0) and combination 

assessments (26.3 vs 8.0). The combined assessment, of APDI + EU TIRADS resulted in an 

overall increase in diagnostic efficacy stemming from a sustained high sensitivity with 

significant improvement in specificity. Similarly, the multi-modal assessment incorporating 

EU TIRADS, APDI and SWE, maintained high sensitivity, with specificity that was higher 

than sole EU TIRADS but lower than the  EU TIRADS + APDI combination approach.  

To the best of my knowledge, currently, no other study has evaluated the diagnostic efficacy 

of a multi-modal ultrasound approach incorporating EU TIRADS, AngioPLUS power Doppler 

Imaging and SWE in thyroid nodule assessment. Two studies on multi-modal ultrasound with 

the integration of superb microvascularity imaging to grey scale ultrasound and strain 

elastography in diagnosing unequivocal nodules reported conflicting results 199, 296. Ahn et al. 

296  concluded that the multi-modal approach improves the specificity of KSThR TIRADS 

assessment, whereas Yoon et al, 199 reported no improvement in the diagnostic performance of 

using one or more malignancy suspicion grey scale ultrasound features. The differences in the 

elasticity and microvascularity Doppler measurement techniques likely explain the variances 

in the studies.  

Although limited, studies on the multi-modal ultrasound assessment of cytologically-equivocal 

thyroid nodules have also shown variable results. A combined approach incorporating strain 

elastography, grey scale ultrasound, SWE and molecular analysis improved the sensitivity of 

sole grey scale ultrasound (73.7% to 89.5%) while maintaining an acceptable specificity of 
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75% 35. Contrastingly, the combination of grey scale ultrasound, strain elastography and 

contrast-enhanced ultrasound reduced both sensitivity and specificity outcomes in another 

study (SEN: 79% to 64% and SPEC: 100% to 92%) 200. However, in another study both the 

sensitivity and specificity were improved with the multi-modal assessment of grey scale 

ultrasound combined with strain elastography and 3D colour Doppler ultrasound (SEN: 57.1% 

to 85.7% and SPEC: 67.4% to 88.3%) 201. The varying diagnostic performance outcomes of 

previous studies can be explained by the diversity of the ultrasound modality combinations 

whose individual diagnostic efficacies vary.  

Although the multi-modal assessment with the three ultrasound imaging modalities in the 

present study had superior overall diagnostic efficiency than EU TIRADS alone, there was a 

slight reduction in specificity (66.7%) compared to the integration of EU TIRADS with APDI 

(76.7%). We alluded this to the criteria for the optimal cut-off points for the different modalities 

and potential confounding effects affecting the combination of the different modalities. For 

clinical application considerations, we postulate that the combination of EU TIRADS with 

APDI may suffice for the diagnosis of cytologically-equivocal thyroid nodules without the 

inclusion of SWE. Its highest DOR amongst the different combination approaches in this study 

renders it most diagnostically effective. Nevertheless, there is a need for further validation 

studies with a larger population sample size based on individual equivocal cytology categories 

and taking into consideration the potential influence of nodule size on SWE outcomes. 

Admittedly, the overestimation of outcomes cannot be excluded due to the small sample size 

in the present study. However, these preliminary findings of the diagnostic performance of 

multi-modal thyroid ultrasound using EU TIRADS, SWE and APDI confirm the potential of 

this combined assessment approach for improving the diagnosis and risk-stratification of 

cytologically-equivocal thyroid nodules by using multiparametric analysis.   



 

172 

 

5.5 Limitations 

 

There are limitations in the present study. The sample size was small which limited the 

combined and multi-modal assessment based on the size stratification of the thyroid nodules. 

Selection bias cannot be excluded due to the selection of patients with FNAC and/or 

histopathology results. This influenced the high malignancy rate (35.7%) and greater 

distribution of patients with equivocal cytology thereby limiting the generalisability of the 

findings to other population contexts. The combination of the equivocal cytology categories 3 

and 4 into one group limited the comprehensive assessment of the diagnostic value of SWE in 

equivocal nodules. Although this approach was adopted due to the limited sample size, the 

value of multi-modal ultrasound thyroid assessment in equivocal cytology can be inferred from 

the promising findings in this study and guide future larger prospective studies. Due to the 

predominance of PTC (86.7%) in this study, the interpretation of the findings may be best 

applicable to this type of thyroid. 

In the present study, only one rater conducted the SWE measurements and intra- and inter-rater 

reliability assessments were not conducted. However, because the SWE ROI stiffness 

measurements were conducted for 3 different acquisitions of the same nodule, random 

measurement errors were limited. The limited assessment of SWE combined with EU TIRADS 

for various categories of thyroid nodules warrants further large prospective studies with more 

representation of different types of thyroid cancer and patient demographics. The diagnostic 

performance assessment of varied SWE ROI measurement techniques relative to the size of the 

nodules for the same population sample is recommended in future prospective studies to 

ascertain the most ideal approach.  
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5.6 Conclusions 

 

This study investigated the diagnostic efficacy of SWE in combination with EU TIRADS for 

different sub-categories of thyroid nodules, and the multi-modal ultrasound assessment of 

thyroid nodules with equivocal cytology using EU TIRADS, SWE and APDI. The mean SWE 

index demonstrated the ability to discriminate benign and malignant thyroid nodules in both 

longitudinal and transverse planes. The study revealed that the diagnostic performance of SWE 

in combination with EU TIRADS was influenced by the nodule size having a good diagnostic 

value in nodules > 1 cm. Although the combination of EU TIRADS and minimum SWE index 

improved the specificity in equivocal nodules and avascular nodules, the sensitivity was 

consistently and moderately lower than EU TIRADS alone. The multi-modal assessment 

demonstrated superior diagnostic performance than EU TIRADS alone in discriminating 

thyroid nodules with equivocal cytology. 

Based on the study results for potential clinical application considerations we posit that using 

a cut-off of 4 (indeterminate ultrasound suspicion) with EU TIRADS, the addition of SWE 

using the SD SWE index at cut-offs of 6.8 kPa and 8.8 kPa for nodules > 1 cm and > 2 cm 

respectively, achieves high specificity.  This implies that the combined approach may best rule 

in disease and limit overtreatment. Stiffness as an additional complementary feature to grey 

scale ultrasound features in EU TIRADS may be more valuable in thyroid nodules with 

equivocal grey scale ultrasound features since the presence of any suspicious grey scale 

ultrasound feature indicates high malignancy risk with this TIRADS. This may best guide the 

triaging of candidates for follow-up ultrasound or biopsy. Multi-modal assessment using 

microvascularity techniques, such as APDI, and EU TIRADS would be most beneficial in the 

follow-up ultrasound of thyroid nodules with equivocal cytology to triage patients scheduled 

for repeat FNAC. 
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Chapter 6   
 

Summary of the thesis 

 

Thyroid cancer, the most common endocrine malignancy globally, often presents as nodules 

which are primarily diagnosed with ultrasound imaging, followed by FNAC where necessary. 

Ultrasound imaging presents the diagnosis challenge of having no feature that is singularly 

highly predictive of malignancy. FNAC, the pre-operative reference standard for thyroid cancer 

diagnosis, has the challenge of up 30% of equivocal cytology results. Although most of the 

cytologically-equivocal nodules tend to be benign, they require either a repeat biopsy or 

diagnostic thyroidectomy for a conclusive diagnosis. Thyroid surgery has risks of 

complications and cost and quality of life implications owing to lifetime hormone replacement 

therapy after surgery. The advances in ultrasound imaging technology and increased use of 

FNAC have contributed to an increase in the detection of thyroid cancers particularly sub-

clinical cases for which mortality is minimal. There is a need for optimal diagnosis approaches 

in thyroid cancer to avoid overdiagnosis and the unnecessary invasive treatment of patients. 

In grey scale ultrasound feature assessment, different TIRADS emerged to improve the 

malignancy risk stratification of thyroid nodules by using a combination of multiple features 

suggestive of malignancy or benign disease to create low-to-high risk categories. Computer-

aided diagnosis techniques have also emerged to counter inter- and intra-observer variabilities 

that arise with the subjective interpretation of sonographic features. AmCAD is the only 

globally-approved commercial thyroid ultrasound CAD software to incorporate multiple 

TIRADS for thyroid nodule risk-stratification. Although its diagnostic performance has been 

evaluated in a few previous studies, the adjustment of different settings for improved accuracy 

has not yet been explored. Furthermore, the comparative diagnostic performance analysis of 

the CAD to that of subjective interpreters using the same multiple TIRADS is limited. The first 
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study (Chapter 3) involved 205 nodules and validated the AmCAD software by comparing the 

diagnostic performance of 6 TIRADS using the default setting and 3 adjusted settings of 

margins, anechoic area, and hyperechoic foci. The results of the study confirmed the default 

setting as the most optimal setting for achieving the highest sensitivity, with EU TIRADS  

showing the best sensitivity (82.7%). The comparative analysis of CAD with computer-assisted 

subjective assessment included 162 nodules and 4 TIRADS. The results showed that the 

sensitivity of the computer-assisted subjective assessment approach was comparable to that of 

CAD, while the specificity of the CAD was lower for all TIRADS. The diagnostic performance 

outcomes between EU TIRADS and the KSThR TIRADS were comparable in stratifying all 

nodules, however, KSThR TIRADS had a slightly lower specificity. For accurately stratifying 

thyroid nodules, the EU TIRADS suffices for ruling in thyroid cancer regardless of the 

assessment approach used. 

Thyroid ultrasound imaging has evolved to involve advanced Doppler ultrasound imaging 

techniques. The role of vascularity assessment in aiding the diagnosis of thyroid nodules 

remains contested. However, it is purported that increased central vascularity of thyroid nodule 

is suggestive of malignancy while peripheral vascularity suggests benign disease. Thyroid 

nodule vascularity assessment often involves visual pattern analysis on conventional colour 

and power Doppler ultrasound images. However, these conventional Doppler ultrasound 

modes fall short in the detection of low blood flow. AngioPLUS is a novel advanced Doppler 

ultrasound technique that has high sensitivity and image resolution in detecting low blood flow 

in microvasculature. The diagnostic value of AngioPLUS in the diagnosis of thyroid nodules 

lacks investigation. In study two (Chapter 4), the diagnostic performance of AngioPLUS 

coupled with the conventional colour and power Doppler ultrasound techniques was 

investigated in comparison with sole conventional Doppler ultrasound techniques. The study 

included 94 nodules of which 40 had equivocal cytology. The diagnostic performance analyses 
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were based on visual regional vascularity grading and quantitative RVI analysis. The results 

demonstrated that the RVI method could exclude benign nodules, however, it was poor at 

detecting malignant nodules even in combination with EU TIRADS. Visual grading of APDI 

combined with EU TIRADS improved the specificity of EU TIRADS alone without 

significantly offsetting the sensitivity (SPEC: 50% to 84.4%, p < 0.05; SEN: 83.3% to 76.7%, 

p > 0.05) in the diagnosis of all nodules. The combination of EU TIRADS+APDI had an 

exceptionally good diagnostic efficacy in the diagnosis of the subcategory of nodules with 

equivocal cytology, maintaining high sensitivity and significantly improving the specificity 

from that of EU TIRADS alone (AUROC: 0.62 to 0.89, p < 0.05; SEN: remains 88.9%, and 

SPEC: 38.7% to 77.4%, p < 0.05). Since APDI has high diagnostic efficacy in the risk 

stratification of thyroid nodules, it should be considered in routine thyroid ultrasound imaging 

to complement EU TIRADS, particularly for cytologically-equivocal nodules. 

SWE is among the recent advances in thyroid ultrasound imaging. SWE is a quantitative 

elastography approach for tissue elasticity measurement. Malignant nodules are often stiffer 

than benign nodules owing to pathophysiological changes that occur with carcinogenesis. The 

challenge with the full clinical adoption of SWE in thyroid nodule diagnosis is that past studies 

have shown variable results over its diagnostic value. Furthermore, there is no consensus 

regarding the appropriate SWE index, cut-off values, the influence of nodule size, and its role 

in the diagnosis of nodules with equivocal cytology remains ambiguous. Study three (Chapter 

5) investigated the diagnostic value of SWE in combination with EU TIRADS and multimodal 

assessment for the diagnosis of thyroid nodules. The study included 126 nodules and the 

diagnostic performance assessment of subcategories of these nodules was conducted based on 

nodule size, vascularity status and cytology result. The study results showed that the mean 

SWE index was the only index that could discriminate thyroid nodules in all nodules in both 

transverse and longitudinal planes. However, no SWE index outperformed EU TIRADS in 
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stratifying all nodules. The SD SWE index in the transverse plane showed an improvement in 

the specificity of EU TIRADS while maintaining a slightly lower sensitivity in nodules 

between 1 and 2 cm  at the optimal cut-off of 8.7 kPa (SPEC: 55.9% to 76.5%, p < 0.05; SEN: 

88.9% to 72.2%, p > 0.05) and nodules > 2cm at the optimal cut-off of 10.7 kPa (SPEC: 62.5% 

to 95.8%, p < 0.05; SEN:85.7% to 71.4%, p > 0.05). The study findings demonstrated that there 

is a need to consider nodule size in the routine SWE ultrasound assessment of thyroid nodules.  

The role of SWE in cytologically equivocal nodules and avascular nodules requires further 

exploration. However, the combination of EU TIRADS with the minimum SWE index in the 

longitudinal plane at optimal cut-offs of 6.1 kPa and 0.9 kPa respectively for the two groups of 

nodules, improved the specificity and the overall diagnostic efficacy but significantly lowered 

the sensitivity. The diagnostic efficiency of these cut-off points should be evaluated further and 

validated in future larger prospective studies. In comparison with EU TIRADS, a multimodal 

approach of EU TIRADS, ADPI and SWE retained a high sensitivity (88.9%) and improved 

the specificity (36.7% to 66.7%, p < 0.05) in diagnosing cytologically equivocal nodules. 

However, its specificity and DOR were lower than those of the combination of EU TIRADS 

and ADPI. Therefore, the combination of EU TIRADS and ADPI is ideal for the diagnosis of 

thyroid nodules with equivocal cytology and is recommended for implementation in the routine 

ultrasound evaluation of these nodules. 

The study findings in this thesis have clinical significance and potential value for clinical 

application, however; challenges persist in view of clinical implementation. Firstly, since 

different clinical settings use varied thyroid diagnosis and management guidelines, there is 

need for effective collaboration with clinicians to adopt the most efficient ultrasound 

approaches for thyroid nodule diagnosis. A challenge remains in determining the TIRADS that 

best optimises both sensitivity and specificity, although the EU and KSThR TIRADS could 

best rule in malignancy based on CAD and subjective approaches in the present study. In 
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addition, while the AngioPLUS technique demonstrated the best diagnostic efficacy in thyroid 

nodule diagnosis, the major challenge with its routine clinical adoption is likely that the 

software is vendor-specific. AngioPLUS is only found in Supersonic Aixplorer ultrasound 

machines, yet clinicians may have their own preferences of ultrasound machine. However; 

meaningful diagnostic utility research findings as shown in the present study may potentially 

guide the choice of ultrasound machines that may best optimise patient diagnosis. SWE is 

another vendor-specific mode which showed potential for the optimised diagnosis of thyroid 

nodules > 1cm. However, the major challenge with the routine clinical adoption of this 

technique is the lack of a standard ROI measurement approach that best results in improved 

diagnostic efficacy. The manual outlining method and the standard deviation parameter showed 

great potential in the present study, however; further large prospective studies are warranted to 

validate our findings and ascertain the best approach, particularly when factoring in the size of 

the nodules.  

In summary, this thesis investigated the diagnostic value of computer-aided diagnosis, 

AngioPLUS coupled with Doppler ultrasound and SWE in the differentiation of thyroid 

nodules. The thesis concludes with the following considerations for clinical application: 

1. The key role of CAD in screening patients with thyroid nodules for cancer suspicion 

is affirmed, however, subjective interpretation remains necessary more so in the use of 

specific TIRADS since it results in higher specificity than CAD. CAD should 

complement subjective interpretation, serving as a faster tool for triaging patients.  

2. Microvascularity assessment with AngioPLUS coupled with power Doppler 

ultrasound based on qualitative regional vascularity grading has immense potential for 

improving the accuracy of the EU TIRADS in the stratification of thyroid nodules, 

more so in nodules with equivocal cytology. This combined approach is advisable in 
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cytologically equivocal nodules as a follow-up ultrasound procedure and may 

potentially limit unwarranted biopsies.  

3. SWE assessment should take into account the size of nodules and is recommended for 

nodules ≥ 1cm to improve the diagnostic efficacy of EU TIRADS.  

4. Since a combined approach of EU TIRADS and APDI is more diagnostically efficient 

for diagnosing cytologically-equivocal thyroid nodules than a multimodal approach 

involving SWE, there may be no need for further SWE assessment when EU TIRADS 

and APDI both indicate suspicion of malignancy. A more diagnostically-efficient 

sequence in thyroid ultrasound imaging can involve prioritising grey scale ultrasound 

assessment and microvascularity assessment over SWE assessment.  
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Appendix 1 

 

Proportion of agreement (%) between raters based on TIRADS cut-off points for malignancy-

risk stratification 

Raters Nodules TIRADS 

AACE (%) ATA(%) EU (%) KSThR(%) 

R1 vs CAD M 84.9 89.7 77.4 87.1 

B 63.9 87.7 71.0 73.0 

ALL 73.7 88.5 73.5 78.4 

R2 vs CAD M 79.2 84.6 79.0 82.3 

B 50.8 73.7 63.0 61.0 

ALL 64.0 78.1 69.1 69.1 

R1 vs R2 M 86.8 89.7 79.0 85.4 

B 80.3 87.7 80.0 72 

ALL 83.3 88.5 79.6 77.2 

M = malignant, B = benign  
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Appendix 2 

Prevalence-based diagnostic performance outcomes with sensitivity and specificity for common specified nodules across different TIRADS 

RATER BY 

TIRADS 

TOTAL 

NODULES 

SEN % (CI) SPE (%) (CI) PPV (CI) NPV (CI) DA (CI) 

EU-CAD 162 79.0 (66.8;88.3) 55.0 (44.7;65.0) 52.1 (41.6;62.5) 80.9 (69.5;89.4) 64.2 (56.3;71.6) 

EU-R1
 162 85.5 (74.2;93.1) 62.0 (51.8;71.5) 58.2 (47.4;68.5) 87.3 (77.3;94.1) 71.0 (63.3;77.8) 

EU-R2 162 71.0 (58.1;81.8) 64.0 (53.8;73.4) 55.0 (43.5;66.2) 78.1 (67.6;86.4) 66.7 (58.8;73.9) 

       

KSThR- CAD 162 83.9 (72.3;92.0) 46.0 (36.0;56.3) 49.1 (39.2;59.0) 82.1 (69.6;91.1) 60.5 (52.5;68.1) 

KSThR-R1 162 90.3 (80.1;96.4) 51.0 (40.8;61.4) 53.3 (43.3;63.1) 89.5 (78.5;96.0) 66.1 (58.2;73.3) 

KSThR-R2 162 75.8 (63.3;85.8) 61.0 (50.7;70.6) 54.7 (43.6;65.4) 80.3 (69.6;88.5) 66.7 (58.8;73.9) 

       

AACE-CAD 114 92.5 (81.8;97.9) 26.2 (15.8;39.1) 52.1 (41.6;62.5) 80.0 (56.3;94.3) 57.0 (47.4;62.5) 

AACE-R1 114 88.7 (77.0;95.7) 54.1 (40.9;66.9) 62.7 (50.7;73.6) 84.6 (69.5;94.1) 70.2 (60.9;78.4) 

AACE-R2 114 79.3 (65.9;89.2) 62.3 (49.0;74.4) 64.6 (51.8;76.1) 77.6 (63.4;88.3) 70.2 (60.9;78.4) 

       

ATA-CAD 96 79.5 (63.5;90.7) 66.7 (52.9;78.6) 62.0 (47.2;75.4) 82.6 (68.6;92.2)     71.9 (61.8;80.6) 

ATA-R1 96 79.5 (63.5;90.7) 70.2 (56.6;81.6) 64.6 (49.5;77.8) 83.3 (69.8;92.5)     74.0 (64.0;82.4) 

ATA-R2 96 74.4 (57.9;87.0) 68.4 (54.8;80.1) 61.7 (46.4;75.5) 79.6 (65.7;89.8)     70.8 (60.7;79.7) 

NPV = negative predictive value, PPV = positive predictive value, DA = diagnostic accuracy 
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Appendix 3 

 

p- values for SEN, SPEC and AUROC comparisons between subjective raters and CAD per 

TIRADS 

TIRADS Diagnostic 

Performance 

Measure 

Raters 

R1 vs CAD R2 vs CAD R1 vs R2 

EU SEN 0.82 0.51 0.041 

SPEC 0.27 0.19 0.82 

PPV 0.40 0.70 0.67 

NPV 0.30 0.67 0.13 

DA 0.54 0.066 0.16 

AUROC 0.064 0.57 0.11 

KSThR SEN 0.57 0.31 0.010 

SPEC 0.21 0.020 0.37 

PPV 0.54 0.44 0.86 

NPV 0.26 0.79 0.15 

DA 0.74 0.70 0.23 

AUROC 0.021 0.13 0.41 

AACE SEN 0.50 0.017 0.089 

SPEC 0.001 <0.001 0.81 

PPV 0.17 0.12 0.81 

NPV 0.65 0.83 0.41 

DA 0.001 <0.001 0.30 

AUROC 0.001 <0.001 0.20 

ATA SEN 0.99 0.63 0.63 

SPEC 0.73 0.99 0.99 

PPV 0.79 0.98 0.77 

NPV 0.93 0.71 0.64 

DA 0.78 0.42 0.76 

AUROC 0.82 0.95 0.72 

 

 


