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ARTICLE INFO ABSTRACT
Keywords: Objective: To summary radiating blood flow signals and evaluate their diagnostic value in differentiating benign
Ultrasound and malignant thyroid nodules.

Radiating blood flow

Materials and methods: We retrospectively recruited consecutive patients undergoing US at 4 hospitals from 2018
Thyroid carcinoma

to 2022. In a training dataset, the correlations of US features with malignant thyroid nodules were assessed by
multivariate logistic analysis. Multivariate logistic regression models involving the ACR TI-RADS score, radiating
blood flow signals and their combination were built and validated internally and externally. The AUC with 95%
asymptotic normal confidence interval as well as sensitivity, specificity, negative predictive value (NPV), and
positive predictive value (PPV) with 95% exact binomial confidence intervals were calculated.

Results: Among 2475 patients (1818 women, age: 42.47 + 11.57; 657 men, age: 42.16 + 11.69), there were 3187
nodules (2342 malignant nodules and 845 benign nodules). Radiating blood flow signals were an independent
risk factor for diagnosing thyroid carcinoma. In the training set, the AUC of the model using the combination of
radiating blood flow signals and the ACR TI-RADS score (0.95 95 % CI: [0.94, 0.97]; P < 0.001) was significantly
higher than that of the ACR TI-RADS model (0.91 [0.89, 0.93]). In the two internal validation sets and the
external validation set, the AUCs of the combination model were 0.97 [0.96, 0.98], 0.92 [0.88, 0.96], and 0.91
[0.86, 0.95], respectively, and were all significantly higher than that of the ACR TI-RADS score (0.92 [0.90,
0.95], 0.86 [0.81, 0.91], 0.84 [0.79, 0.89]; P < 0.001).

Conclusion: Radiating blood flow is a new US feature of thyroid carcinomas that can significantly improve the
diagnostic performance vs. the ACR TI-RADS score.

1. Introduction thyroid nodules by CDUS as early as 1989, when increased vascularity,
an important parameter of thyroid cancer was reported [4]. Then,

The diagnostic value of the color Doppler ultrasound (CDUS) in Horvath et al [5] found that hypervascularization and penetrating
differentiating malignant and benign thyroid nodules has long been in vascularity were related to the high probability of malignancy, and the

dispute [1-3]. There was a preliminary report on the evaluation of Thyroid Imaging Reporting and Data System (TIRADS) was built by

Abbreviations: AACE, American Association of Clinical Endocrinologists; ACR TI-RADS, American College of Radiology Thyroid Imaging Reporting and Data
System; ATA, American Thyroid Association; AUC, area under the curve; BTA, British Thyroid Association; CDUS, color Doppler ultrasound; CEUS, contrast-enhanced
ultrasound; ETA, European Thyroid Association; FNA, fine needle aspiration; HAIbrid, human artificial intelligence hybrid; KSThR, Korean Society of Thyroid
Radiology; NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristic; TBSRTC, the Bethesda System for Reporting
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taking BI-RADS as a model in 2009. With the deepening of research,
several TIRADSs based on gray-scale US, CDUS, contrast-enhanced US
(CEUS) or their combination were developed for differentiating malig-
nant and benign thyroid nodules [5-15], some of which suggested that
CDUS features of thyroid nodules was important for diagnosing malig-
nant thyroid nodules [5,8]. The 2009 American Thyroid Association
(ATA) management guidelines indicated that increased intranodular
vascularity of a thyroid nodule was associated with a higher likelihood
of malignancy [6]. The 2014 British Thyroid Association (BTA) guide-
lines classify peripheral vascularity of nodules as a feature of benign
nodules and intranodular vascularity as a feature of malignant nodules
[8]. The 2016 American Association of Clinical Endocrinologists (AACE)
guidelines also suggest that intranodular vascularization is a feature of
intermediate-risk thyroid lesions [10]. However, some researchers have
reported that CDUS does not accurately predict malignancy in thyroid
nodules [2,3]. Moon et al [16] did not recommend the routine use of
color Doppler and power Doppler US for thyroid nodules in the
consensus statement. Furthermore, a meta-analysis of 14 prospective
studies suggested that vascular flow rate and intranodular vascularity
were not risk factors for thyroid malignancy in 2016 [17]. Subsequently,
the 2016 Korean Society of Thyroid Radiology (KSThR) guidelines, the
2017 American College of Radiology (ACR) guidelines, the 2017 Euro-
pean Thyroid Association (ETA) guidelines, the 2020 Chinese Medical
Association guidelines and the 2022 CEUS TI-RADS did not include the
parameters of CDUS [11-15].

The CDUS features that were mainly focused on in previous studies
were the vascular abundance and the distribution pattern of blood flow,
such as increased vascularity, intranodular vascularization and periph-
eral vascularity. As research has progressed, different perspectives in
terms of the diagnostic value of CDUS features have emerged. Recently,
some studies about the morphological characteristics of blood flow in
thyroid nodules assessed with CDUS have been reported. In 2022, a
study using a human artificial intelligence hybrid (HAIbrid) integrating
framework showed that blood flow signals that are vertically distributed
around the nodule are closely associated with malignant thyroid nodules
[18]. Moreover, a retrospective study showed that 36 thyroid nodules
with spoke wheel blood flow signals were all papillary thyroid carci-
nomas, indicating that the spoke wheel blood flow signal is a highly
specific sign of papillary thyroid carcinoma (with specificity as high as
100.0 %) [19]. It is a pity that the above studies on morphological
characteristics of blood flow have not further assessed the diagnostic
value of this feature for thyroid cancer.

Therefore, we conducted a retrospective study to comprehensively
summary the morphological characteristics of blood flow in thyroid
nodules, and we aimed to assess the diagnostic performance of radiating
blood flow signals in identifying benign and malignant thyroid nodules.

2. Materials and methods
2.1. Participants

The study was a multicenter retrospective study approved by the
Research Ethics Committee of the First Affiliated Hospital of Sun Yat-Sen
University (2022-069). The requirement for informed consent was
exempted, as the data were retrospectively collected.

Consecutive patients with thyroid nodules on US images examined
by 5 radiologists were enrolled from January 2018 to October 2022 at
four hospitals (the First Affiliated Hospital of Sun Yat-Sen University,
Guangzhou, China; Songgang People’s Hospital, Shenzhen, China;
Concord Cancer Center, Guangzhou, China; Bao’an Central Hospital,
Shenzhen, China). The inclusion criteria were as follows: (a) underwent
US (grayscale US and CDUS) before surgery or fine needle aspiration
(FNA); (b) a definitive pathological result indicating benignity or ma-
lignancy; and (c) an initial benign result of FNA and decreased or stable
nodule size at US follow-up after 12 months or more. The exclusion
criteria were as follows: (a) the presence of thyroid nodules that were
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previously treated by any local therapy; and (b) nodules without final
pathological results, including those classified as Bethesda I, III, or IV
according to the Bethesda System for Reporting Thyroid Cytopathology
(TBSRTC).

2.2. US examination

The US examination was performed carefully by two radiologists (W.
Z., 17 years of experience; P.F.S., 10 years of experience) at the First
Affiliated Hospital of Sun Yat-Sen University and three radiologists (H.
D.D., C.C.Q., and W.Y.W., all with at least 5 years of experience) at
Songgang People’s Hospital, Concord Cancer Center and Bao’an Central
Hospital. According to the level of vascular abundance in thyroid nod-
ules [6], the color scale bar was adjusted appropriately. The color scale
bar was mainly set to a range of 3-8 cm/s in this study. The color
Doppler gain was adjusted to maximize the signal and set just below the
level of random background noise. Grayscale US images and CDUS im-
ages of multiple planes in the thyroid nodules were routinely obtained.
All data were well kept and centralized. Grayscale US and CDUS were
performed using the linear array transducers (10-14 MHz) of real-time
US systems (Mindray DC-8, Shenzhen, China; Canon Aplio 1900,
Tokyo, Japan; Philips Cx50, Amsterdam, the Netherlands; or GE Vol-
usion E8, United States). The patient maintained a supine position with
slight flexion of the neck. Grayscale US and CDUS images of thyroid
nodules were acquired by carefully scanning both transversely and
longitudinally. When thyroid nodules were detected, their composition,
echogenicity, shape, margin, echogenic foci and morphological char-
acteristics of blood flow were recorded. All images were exported in
JPEG format.

2.3. Ultrasonography image analysis

In accordance with the ACR TI-RADS [12], we abstracted the
following features from the grayscale US images: composition (cystic,
spongiform, mixed cystic and solid, or solid), echogenicity (anechoic,
hyperechoic, isoechoic, hypoechoic, or very hypoechoic), shape (wider-
than-tall or taller-than-wide), margin (smooth, ill-defined, irregular, or
lobulated, extrathyroidal extension), and echogenic foci (no calcifica-
tion or large comet-tail artifacts, macrocalcification, rim calcification, or
punctate echogenic foci). Additionally, we extracted the CDUS feature:
radiating blood flow signals (present or absent). The radiating blood
flow signals were defined as multiple color Doppler signals in the form of
dots, strips or short rods that were distributed radially around or inside
the nodules, which might have an area without blood flow inside the
nodules (Fig. 1).

All images were independently reviewed by two experienced radi-
ologists (P.F.S.; L.J.Y., 10 years of experience in thyroid US). In cases of
disagreement, a consensus was obtained by re-evaluation by a third
experienced radiologist (W.Z., 17 years of experience in thyroid US).
The reliability of the final data was confirmed by a consistency analysis
of the data reviewed independently by two experienced radiologists
(Supplementary Table 1). To verify that the radiologists had a good
understanding of the radiating blood flow signals after training (inter-
pretation of morphological characteristics of blood flow in 20 static
images and 20 dynamic videos of each form of radiating blood flow as
well as operation training of CDUS in 20 thyroid nodules), 500 nodules
were randomly selected before and after training for the consistency
analysis of the radiating blood flow signals judged by each of 6 radiol-
ogists (A.J.G.L.Y.S,, Y.Y.B,, Z.M., F.J.Y., C.C.L., H.J.Y., all of whom were
engaged in advanced studies from different hospitals and had at least 3
years of experience in thyroid US) with the experienced radiologist. All
radiologists were blinded to the clinical history, radiological report, and
pathological results.
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Fig. 1. Examples of typical radiating blood flow signals A 1-2) it is represented as multiple color Doppler signals in the form of dots distributed radially around the
nodule, and a large area without blood flow can be seen inside the nodule; B 1-2) it is represented as multiple color Doppler signals in the form of strips or short rods
distributed radially around the nodule, and the color Doppler signals can cross the boundary of the nodule; a large area without blood flow can be seen inside the
nodule; C 1-2) it is represented as multiple color Doppler signals in the form of strips or short rods distributed radially inside the nodule, and the color Doppler signals
can cross the boundary of the nodule; there may be an area of no blood flow in the center; D 1-2) it is represented as multiple color Doppler signals in the form of
strips or short rods distributed radially inside the nodule and generally does not extend past the boundary of the nodule.

2.4. Statistical analysis

The chi-square test or Fisher’s exact test was used to compare cate-
gorical variables, which are described as frequencies and percentages.
The correlation of US features and malignant thyroid nodules was
assessed by multivariable logistic regression. The diagnostic perfor-
mances of the ACR TI-RADS score, the radiating blood flow signals and
the combination of the ACR TI-RADS score and radiating blood flow
signals in differentiating benign and malignant thyroid nodules were
calculated and compared using the area under the curve (AUC) with 95
% asymptotic normal confidence interval as well as sensitivity, speci-
ficity, negative predictive value (NPV), and positive predictive value
(PPV) with 95 % exact binomial confidence intervals. Additionally,
receiver operating characteristic (ROC) curves were drawn. In the
combination logistic model of the ACR TI-RADS score and radiating
blood flow signals, radiating blood flow was scored as the coefficient of
radiating blood flow signals divided by the coefficient of the ACR TI-
RADS score and rounded to the nearest integer while keeping the ACR
TI-RADS score unchanged [20]. Cohen’s kappa correlation coefficients

Patients from SYSU
(pt=2291, n=2937)
a. undefined pathologic l
diagnosis(n=69)
Included

(pt=2236, n=2868)

were calculated to assess the consistency of US features reviewed
independently by two experienced radiologists. All statistical analyses
were performed with Stata/MP software (version 14.0) and R-4.1.2
software. A two-sided P < 0.05 was considered to indicate a statistically
significant difference.

3. Results
3.1. Patients

Finally, 3187 nodules from 2475 consecutive patients (1818 women,
with a mean age of 42.47 + 11.57 [SD], and 657 men, with a mean age
of 42.16 + 11.69) were included. Among all the nodules, 2443 nodules
collected from January 2018 to December 2021 at the First Affiliated
Hospital of Sun Yat-Sen University were randomly assigned to the
training set or internal validation set 1 at a ratio of 7:3, and 425 nodules
collected between January 2022 and October 2022 at the First Affiliated
Hospital of Sun Yat-Sen University were included in internal validation
set 2. For the external validation set, 239 patients with 319 nodules were

Patients from Songgang,
CCC And Baoan
a. undefined pathologic (pt=243, n=324)

diagnosis(n=2)

b. others (n=3) Included

(pt=239, n=319)

l !
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Training Internal Validation 1 Internal Validation 2 External Validation

(n=1710) (n=733) (n=425) (n=319)
Malignant Benign Malignant Benign Malignant Benign Malignant Benign
(n=1259) (n=451) (n=538) (n=195) (n=325) (n=100) (n=220) (n=99)

Fig. 2. Flow diagram of the included patients and number of thyroid nodules. SYSU = The First Affiliated Hospital of Sun Yat-Sen University, Songgang = Songgang
People’s Hospital (Shenzhen, China), CCC = Concord Cancer Center (Guangzhou, China), Baoan = Bao’an Central Hospital (Shenzhen, China), n = number of thyroid

nodules, pt = number of patients.
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collected from three other hospitals (Songgang People’s Hospital,
Shenzhen, China; Concord Cancer Center, Guangzhou, China; Bao’an
Central Hospital, Shenzhen, China) (Fig. 2).

There were 2342 malignant nodules and 845 benign nodules. Ma-
lignant nodules with radiating blood flow accounted for 89.7 % and
malignant nodules without radiating blood flow accounted for 10.3 %.
Benign nodules with radiating blood flow accounted for 8.0 % and
benign nodules without radiating blood flow accounted for 92 %.

In the malignant group, 98.8 % of nodules were papillary thyroid
carcinomas, 0.6 % of nodules were follicular thyroid carcinomas, 0.4 %
of nodules were medullary thyroid carcinomas, and 0.1 % of nodules
were squamous cell carcinomas. In the benign group, the most prevalent
benign nodule type was nodular goiters (87.7 %), followed by follicular
thyroid adenoma (8.2 %); 2.8 % of nodules were nodular Hashimoto
thyroiditis, 0.8 % of nodules were chronic granulomatous inflammation,
and 0.5 % of nodules were subacute thyroiditis. The baseline charac-
teristics are all shown in Tables 1-2 and Supplementary Tables 2-4.

3.2. Independent factors for diagnosing malignant thyroid nodules

In the training set, except for macrocalcification and rim calcifica-
tion, significant differences were found between the two groups (all P <
0.001). Multivariable logistic regression analyses indicated that
composition (OR: 4.12, 95 % CI [1.42, 11.95]; P = 0.009), echogenicity
(hypoechoic, OR: 3.64, 95 % CI [2.06, 6.45]; P < 0.001; very hypo-
echoic, OR: 3.41, 95 % CI [1.54, 7.54]; P = 0.002), shape (OR: 2.48, 95
% CI [1.28, 4.82]; P = 0.007), margin (ill-defined, OR: 2.97, 95 % CI
[1.44, 6.10]; P = 0.003; irregular or lobulated, OR: 2.32, 95 % CI [1.23,
4.40]; P = 0.010; extrathyroidal extension, OR: 8.41, 95 % CI [2.82,
25.13]; P < 0.001), punctate echogenic foci (OR: 4.69, 95 % CI [2.27,
9.72]; P < 0.001) and radiating blood flow signals (OR: 47.28, 95 % CI
[28.22, 79.24]; P < 0.001) were independent predictors of thyroid
carcinoma (P < 0.01 for all). Multivariable analyses of grayscale US and
CDUS features for thyroid nodules are shown in Table 3.

3.3. Interobserver reliability of radiating blood flow signals

Consistency and accuracy analysis suggested that there was poor
consistency and low accuracy among all six radiologists before training

Table 1
Baseline data for the training set, internal validation set 1, internal validation set
2, and external validation set.

Parameter Training Internal Internal External P
set validation validation validation value
set 1 set 2 set
No. of 1710 733 425 319
nodules
Sex 0.304
Female 1248 559 (76.3) 321 (75.5) 241 (75.5)
(73.0)
Male 462 174 (23.7) 104 (24.5) 78 (24.5)
(27.0)
Age (y) 0.966
Mean (SD)  43.2 42.9 (11.3) 42.9 (11.3) 43.4 (11.8)
(11.7)
Median 4.02 42.0 (34.0, 42.0 (34.0, 42.0 (35.0,
(IQR) (34.0, 52.0) 51.0) 50.0)
51.0)
Pathology 0.151
Malignant 1259 538 (73.4) 325 (76.5) 220 (69.0)
(73.6)
Benign 451 195 (26.6) 100 (23.5) 99 (31.0)
(26.4)

Note: Unless otherwise specified, presented data are the numbers of nodules,
with percentages in parentheses.

SD = standard deviation; IQR = interquartile range; ACR TI-RADS = American
College of Radiology Thyroid Imaging Reporting and Data System.
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Table 2
Pathologic diagnosis and morphological characteristics of blood flow in 3187
thyroid nodules.

Radiating blood flow signals Total
Present Absent
Malignant nodules 2101 (89.7) 241 (10.3) 2342
Papillary thyroid carcinoma 2083 (90.1) 230 (9.9) 2313
Follicular thyroid carcinoma 7 (53.8) 6 (46.2) 13
Medullary thyroid carcinoma 7 (70.0) 3(30.0) 10
Squamous cell carcinoma 3(100.0) 0(0) 3

Lymphoma 0 (0) 2 (100.0) 2
Small cell neuroendocrine carcinoma 1 (100.0) 0 (0) 1
Benign nodules 68 (8.0) 777 (92.0) 845
Nodular goiter 50 (6.7) 691 (93.3) 741
Follicular thyroid adenoma 6 (8.7) 63 (91.3) 69
Nodular Hashimoto thyroiditis 6 (25) 18 (75) 24

Chronic granulomatous inflammation 5(71.4) 2(28.6) 7
Subacute thyroiditis 1 (25.0) 3(70.0) 4

Note: Unless otherwise specified, presented data are the numbers of nodules,
with percentages in parentheses.

(Ka = 0.03-0.06, accuracy: 34.40 %-40.40 %) but good consistency and
high accuracy (Ka = 0.58-0.91, accuracy: 86.40 %-96.40 %) after
training. Numerical values are provided in Supplementary Table 5.

3.4. Diagnostic Performance of the Combination of Radiating Blood Flow
Signals and the ACR TI-RADS Score

In this study, the regression coefficients of the ACR TI-RADS score
and radiating blood flow signals were 0.52 (95 % CI: 0.43, 0.60; P <
0.001) and 3.46 (95 % CI: 3.02, 3.90; P < 0.001), respectively. Since the
ACR TI-RADS score remained the same, the radiating blood flow signals
were assigned 7 points (Supplementary Table 6).

In the training set, there were no differences in the AUC of the
radiating blood flow signals (0.91 [95 % CI: 0.89, 0.92]) and the ACR TI-
RADS score (0.91 [95 % CI: 0.89, 0.93]; P = 0.923). The AUC of the
combination of radiating blood flow signals and the ACR TI-RADS score
was 0.95 [95 % CI: 0.94, 0.97], which was significantly larger than that
of the ACR TI-RADS score alone (P < 0.001) (Fig. 3).

In internal validation set 1, no statistically significant difference was
found between models using radiating blood flow signals (0.92 [95 % CI:
0.90, 0.94]) and the ACR TI-RADS score (0.92 [95 % CI: 0.90, 0.95]; P =
0.859). The AUC of the combination model using radiating blood flow
signals and the ACR TI-RADS score (0.97 [95 % CI: 0.96, 0.98]) was
significantly larger than that of the model using the ACR TI-RADS score
alone (P < 0.001) (Fig. 3).

In internal validation set 2, compared with the model using the ACR
TI-RADS score (0.86 [95 % CI: 0.81, 0.91]), the AUC of the model using
radiating blood flow signals (0.90 [95 % CI: 0.86, 0.94]; P = 0.072) was
nominally higher, but the difference was not statistically significant. The
AUC of the model using the combination of radiating blood flow signals
and the ACR TI-RADS score (0.92 [95 % CI 0.88, 0.96]) was significantly
larger than that of the model using the ACR TI-RADS score alone (P <
0.001) (Fig. 3).

In the external validation set, compared with the model using the
ACR TI-RADS score (0.84 [95 % CI: 0.79, 0.89]), the AUC of the model
using only radiating blood flow signals (0.89 [95 % CI: 0.85, 0.93]; P =
0.056) was nominally higher, but the difference was not statistically
significant. The AUC of the model using the combination of radiating
blood flow signals and the ACR TI-RADS score (0.91 [95 % CI 0.86,
0.95]) was significantly larger than that of the model using the ACR TI-
RADS score alone (P < 0.001) (Fig. 3). The best cutoff value of the
combined model was 9.5 (predicted probability of malignancy: 79.18 %,
[95 % CI: 76.06 %, 81.86 %]). The best cutoff value of the ACR TI-RADS
model was 6.5 (predicted probability of malignancy: > 20 %). The ac-
curacy, sensitivity, specificity, PPV, and NPV data are shown in Table 4.
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Table 3

Association between malignant thyroid nodules and other variables in the

training set.

Variables No. of No. of Multi-variate
malignant benign logistic regression
(%) (n = (%) analysis
1259) (n=
451)
Pvalue OR (95 P value
% CI)
Sex 0.001
Female 892 (70.8) 356 1.00
(78.9)
Male 367 (29.2) 95 1.67 0.036
(21.1) (1.03,
2.71)
Age <0.001  0.96 <0.001
(0.95,
0.98)
Mean =+ SD 42.1 £11.3 46.3 +
12.3
Median (IQR) 41.0 (34.0, 46.0
49.0) (37.0,
56.0)
Composition <0.001
Cystic/ 12 (1.0) 122 1.00
Spongiform/ (27.1)
Mixed cystic and
solid
Solid 1247 (99.0) 329 4.12 0.009
(72.9) (1.42,
11.95)
Echogenicity <0.001
Anechoic/ Hyper/ 44 (3.5) 269 1.00
iso-echoic (59.6)
Hypoechoic 915 (72.7) 160 3.64 <0.001
(35.5) (2.06,
6.45)
Very hypoechoic 300 (23.8) 22 (4.9) 3.41 0.002
(1.54,
7.54)
Shape <0.001
Wider than tall 816 (64.8) 436 1.00
(96.7)
Taller than wide 443 (35.2) 15 (3.3) 2.48 0.007
(1.28,
4.82)
Margin <0.001
Smooth 32 (2.5) 170 1.00
(37.7)
1ll-defined 65 (5.2) 136 2.97 0.003
(30.2) (1.44,
6.10)
Irregular or 997 (79.2) 139 2.32 0.010
lobulated (30.8) (1.23,
4.40)
Extrathyroidal 165 (13.1) 6 (1.3) 8.41 <0.001
extension (2.82,
25.13)
No echogenic foci or <0.001
comet-tail
artifacts
Absent 543 (43.1) 372 1.00
(82.5)
Present 716 (56.9) 79 1.21 0.584
(17.5) (0.61,
2.39)
Macrocalcification 0.765
Absent 1183 (94.0) 422
(93.6)
Present 76 (6.0) 29 (6.4)
Rim calcification 0.113
Absent 1250 (99.3) 444
(98.4)
Present 9(0.7) 7 (1.6)
Punctate echogenic <0.001
foci
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Table 3 (continued)

Variables No. of No. of Multi-variate
malignant benign logistic regression
(%) (n = (%) analysis
1259) (n=
451)
P value OR (95 P value
% CI)
Absent 620 (49.2) 406 1.00
(90.0)
Present 639 (50.8) 45 4.69 <0.001
(10.0) (2.27,
9.72)
Radiating blood <0.001
flow signals
Absent 142 (11.3) 420 1.00
(93.1)
Present 1117 (88.7) 31 (6.9) 47.28 <0.001
(28.22,
79.24)

Note: Unless otherwise specified, presented data are the numbers of nodules,
with percentages in parentheses. SD = standard deviation; IQR = interquartile
range.

4. Discussion

To our knowledge, the morphological characteristics of the blood
flow of thyroid nodules, ultrasonic characteristics of radiating blood
flow signals, are summaried here in detail for the first time. This study
showed that radiating blood flow was an independent risk factor for
diagnosing malignant thyroid nodules and had good diagnostic value
with an AUC of 0.92 [95 % CI: 0.90, 0.94]. Moreover, radiating blood
flow signals significantly improved the diagnostic efficiency of the ACR
TI-RADS score from an AUC of 0.92 [95 % CI: 0.90, 0.95] to 0.97 [95 %
CI: 0.96, 0.98].

CDUS is the most commonly used method for evaluating the blood
flow of thyroid nodules [21]. However, there are still controversial on
using vascular abundance and the distribution pattern of blood flow to
distinguish benign and malignant thyroid nodules [21]. The morpho-
logical characteristics of blood flow in thyroid nodules have been un-
appreciated to date and are rarely reported [18,19]. In this study, we
have made it clear that radiating blood flow is a typical CDUS feature of
thyroid cancer, and we found four forms of radiating blood flow (Fig. 1).
There are difference in the size of nodules with different form. The mean
sizes of nodules with radiating blood flow signals that were presented as
form A-D were respectively 0.83 + 0.53 cm, 0.88 + 0.48 cm, 1.00 +
0.54 cm, 1.43 £+ 1.12 cm (P < 0.001). We found that the larger the
nodule, the more radiating blood flow is concentrated in the center of
the nodule. Among them, form D was similar to the spoke wheel blood
flow signals proposed by Xue et al [19] and found in relatively large
thyroid nodules. The mean sizes of nodules with spoke wheel blood flow
signals was 2.05 + 1.09 cm, which is similar to the results in this study.
The difference is that the incidence of spoke wheel blood flow signals
was only 1 %o, which was significantly lower than observed in this study
(68.1 %). Firstly, we agree with the reason indicated by Xue et al [19],
that is the parameters of CDUS were not adjusted during image acqui-
sition. In this study, we paid attention to the adjustment of CDUS pa-
rameters and the routine acquisition of multifaceted ultrasound images
of thyroid nodules. Therefore, more forms of radiating blood flow sig-
nals were found in small nodules, like form A-C. More importantly,
people have not paid enough attention to the morphological charac-
teristics of blood flow in thyroid nodules. Jia et al [18] built a Human
Artificial Intelligence Hybrid (HAIbrid) integrating framework for
nodule malignancy stratification and diagnosis; in doing so, they acci-
dentally identified a second-order feature interaction that has been
overlooked by radiologists and in conventional feature selection
methods, which was blood flow signals vertically distributed around the
nodule that are similar to form B-C in our study. In short, CDUS images
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Fig. 3. ROC analysis of the performance of radiologists in the training set (A), internal validation set 1 (B), internal validation set 2 (C) and external validation

set (D).

of thyroid nodules contain effective but often neglected information to
distinguish benign and malignant thyroid nodules, such as radiating
blood flow found in this study. It does not rule out the possibility of other
valuable CDUS features being found in the future.

CEUS is considered to be an effective technique for evaluating
microvascularization [22]. The European Federation of Societies for
Ultrasound in Medicine and Biology (EFSUMB) guideline indicated that
the developing foreground of CEUS in thyroid is vast [23]. A meta-
analysis on evaluating the diagnostic value of CEUS in differentiating
benign and malignant thyroid nodules showed that the pooled sensi-
tivity and specificity of CEUS were 85 % (95 % CI 83 %-88 %) and 82 %
(95 % CI 77 %-87 %) respectively [24]. Based on this, a CEUS thyroid
imaging reporting and data system built on qualitative nonenhanced US
and CEUS features was developed by Ruan et al [15]. It had high diag-
nostic value with an AUC of 0.93 (95 % CI: 0.92, 0.95), higher than the
0.88 AUC (95 % CI: 0.85, 0.90) of ACR TIRADS. However, CEUS is a
high-cost and invasive technology that cannot be widely applied in
substrate hospitals without difficulty [25]. CDUS and power Doppler US
are traditional vascular imaging technology that is low-cost and non-
invasive [26,27]. And microvascular imaging based on Doppler tech-
nique (such as superb microvascular imaging and angio planewave ul-
trasensitive imaging) generates microvascular images resembling those
from CEUS without the need of intravenous contrast injection, which
can assess the characteristics of blood flow more conveniently [28-31].
Therefore, the morphological characteristics of blood flow on CDUS
images will be promoted more extensively.

Xue et al indicated that the spoke-wheel blood flow signal is a highly
specific feature of papillary thyroid carcinoma [19]. In this research,

90.1 % (2083/2313) of papillary thyroid carcinoma showed radiating
blood flow (Table 2), and the incidences of radiating blood flow in other
pathological types of malignant thyroid nodules were all over 50 %
(Table 2), with 100 % of squamous cell carcinomas, in particular,
showing radiating blood flow. We speculated that radiating blood flow is
not the specific ultrasound feature of papillary thyroid carcinoma, but
the ultrasound feature of all pathological types of malignant thyroid
nodules. However, the sample sizes of other pathological types of thy-
roid malignant nodules were too small; future studies with larger sample
sizes are needed to validate these findings. Currently, the formation
mechanism of radiating blood flow is undefined and may be investigated
in future research, which is likely to yield interesting findings.

For a new ultrasound feature of thyroid cancer, ease of grasp is
extremely important. In this study, six radiologists were trained by a
combination of static images and dynamic videos of thyroid nodules.
The result showed that training significantly improved six radiologists’
accuracy and interobserver consistency of experienced radiologists with
regard to feature analysis of radiating blood flow and final assessment.
The consistency was increased from 0.03- 0.06 to 0.58-0.91, and ac-
curacy was increased from 34.40 %-40.40 % to 86.40 %-96.40 %. It
indicated that the radiating blood flow feature could be mastered after
brief training, making it easy to apply in clinical practice in the future.
However, compared with the widely accepted grayscale US features, for
various forms of radiating blood flow, radiologists may need to spend
more energy to master this feature. And during the examination,
compared with the adjustment of grayscale US parameters, radiologists
may need more patience to adjust CDUS parameters in real time to better
visualize the morphology of blood flow in nodules.
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Comparison of the diagnostic performances of the ACR TI-RADS score, radiating blood flow signals, and their combination in the training set, internal validation set 1,

internal validation set 2 and external validation set.

Method AUC Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) P value*

Training set

ACR TIRADS 0.91 84.56 84.99 83.37 93.45 66.55 -
(0.89, 0.93) (82.76, 86.24) (82.89, 86.92) (79.61, 86.69) (91.86, 94.81) (62.49, 70.43)

Radiating blood flow 0.91 89.88 88.72 93.13 97.30 74.73 0.923
(0.89, 0.92) (88.36, 91.27) (86.84, 90.42) (90.39, 95.28) (96.19, 98.16) (70.93, 78.28)

Combined diagnosis 0.95 90.99 90.79 91.57 96.78 78.07 <0.001
(0.94, 0.97) (89.54, 92.31) (89.05, 92.33) (88.62, 93.97) (95.61, 97.71) (74.30, 81.53)

Internal validation set 1

ACR TIRADS 0.92 84.17 82.90 87.69 94.89 65.02 -
(0.90, 0.95) (81.33, 86.74) (79.45, 85.99) (82.24, 91.95) (92.50, 96.70) (58.92, 70.77)

Radiating blood flow 0.92 90.45 88.48 95.90 98.35 75.10 0.859
(0.90, 0.94) (88.09, 92.48) (85.47, 91.05) (92.08, 98.21) (96.77, 99.28) (69.25, 80.34)

Combined diagnosis 0.97 91.13 90.15 93.85 97.59 77.54 <0.001
(0.96, 0.98) (88.84, 93.09) (87.31, 92.53) (89.50, 96.78) (95.82, 98.75) (71.68, 82.70)

Internal validation set 2

ACR TIRADS 0.86 83.29 85.85 75.00 91.78 61.98 -
(0.81, 0.91) (79.40, 86.72) (81.58, 89.45) (65.34, 83.12) (88.10, 94.61) (52.71, 70.65)

Radiating blood flow 0.90 92.00 93.85 86.00 95.61 81.13 0.072
(0.86, 0.94) (89.00, 94.40) (90.66, 96.20) (77.63, 92.13) (92.75, 97.58) (72.38, 88.08)

Combined diagnosis 0.92 91.76 94.46 83.00 94.75 82.18 <0.001
(0.88, 0.96) (88.73, 94.20) (91.39, 96.68) (74.18, 89.77) (91.73, 96.91) (73.30, 89.08)

External validation set

ACR TIRADS 0.84 80.88 82.73 76.77 88.78 66.67 -
(0.79, 0.89) (76.13, 85.05) (77.07, 87.48) (67.21, 84.67) (83.64, 92.75) (57.23, 75.22)

Radiating blood flow 0.89 89.97 92.27 84.85 93.12 83.17 0.056
(0.85, 0.93) (86.13, 93.04) (87.92, 95.43) (76.24, 91.26) (88.91, 96.10) (74.42, 89.88)

Combined diagnosis 0.91 89.66 92.73 82.83 92.31 83.67 <0.001
(0.86, 0.95) (85.78, 92.77) (88.46, 95.79) (73.94, 89.67) (87.97, 95.46) (74.84, 90.37)

Note: Data in parentheses are 95 % CIs. ACR TI-RADS = American College of Radiology Thyroid Imaging Reporting and Data System, Combined diagnosis = the
combination of radiating blood flow and ACR TI-RADS, AUC = area under the receiver operating characteristic curve, NPV = negative predictive value, PPV = positive

predictive value.

* For the comparison of AUCs between the ACR TI-RADS score model and the two other regression models.

It must also be noted that the study had several limitations. First, the
inclusion of consecutive patients examined by 5 radiologists who were
familiar with radiating blood flow might lead to selection bias. Second,
all patients underwent a pathological examination, instead of thyroid
nodule screening, at secondary or tertiary hospitals, and the First
Affiliated Hospital of Sun Yat-Sen University is a referral center of South
China. Some patients who had thyroid nodules with high probability of
being benign skipped surgery or FNA though proceeding with follow up.
This might explain the higher proportion of malignant thyroid nodules
in this study. In addition, the higher proportion of malignant thyroid
nodules might explain why the predicted probability of malignancy of
the combined model was higher than that of the ACR TI-RADS. Third,
among malignant thyroid nodules, other pathological types, except
papillary thyroid carcinomas, accounted for a small proportion. Deter-
mining whether radiating blood flow is a US feature of these patholog-
ical types will require further research with a larger sample size. Fourth,
this was a retrospective study, and prospective data are needed to
further verify the diagnostic value of radiating blood flow.

In conclusion, radiating blood flow is a new ultrasound feature that is
an independent predictor of malignant thyroid nodules that could
significantly improve the diagnostic value of ACR TI-RADS.
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