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Purpose: To evaluate and compare the value of conventional ultrasound-based
superb microvascular imaging (SMI) and color Doppler flow imaging (CDFI) in the
diagnosis of malignant thyroid nodule by meta-analysis.

Methods: The literature included in the Cochrane Library, PubMed, and Embase
were searched by using “ superb microvascular imaging (SMI), color Doppler flow
imaging (CDFI), ultrasound, thyroid nodules” as the keywords from inception
through February 1, 2023. According to the inclusion and exclusion criteria, the
clinical studies using SMI and CDFI to diagnose thyroid nodules were selected,
and histopathology of thyroid nodules was used as reference standard. The
diagnostic accuracy research quality assessment tool (QUADAS-2) was used to
evaluate the quality of included literature, and the Review Manager 5.4 was used
to make the quality evaluation chart. The heterogeneity test was performed on
the literature that met the requirements, the combined sensitivity, specificity,
positive likelihood ratio, and negative likelihood ratio were pooled, and a
comprehensive ROC curve analysis was performed. Meta-DiSc version 1.4,
StataSE 12, and Review Manager 5.4 software were used.

Results: Finally, 13 studies were included in this meta-analysis. A total of 815
thyroid malignant nodules were assessed. All thyroid nodules were histologically
confirmed after SMI or CDFIl. The combined sensitivity, specificity, PLR, NLR,
DOR, and area under the SROC curve of SMI for the diagnosis of malignant
thyroid nodules were 0.80(95%Cl: 0.77-0.83), 0.79(95%Cl: 0.77-0.82), 4.37(95%
Cl: 3.0-6.36), 0.23(95%Cl: 0.15-0.35), 22.29(95%Cl: 12.18-40.78), and 0.8944,
respectively; the corresponding values of CDFI were 0.62(95%Cl: 0.57-0.67),
0.81(95%Cl: 0.78-0.85), 3.33(95%Cl: 2.18-5.07), 0.41(95%Cl: 0.27-0.64), 8.93
(95%Cl: 3.96-20.16), and 0.8498. Deek funnel pattern showed no significant
publication bias.
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Conclusion: The diagnostic efficiency of SMI for malignant thyroid nodules is
better than CDFI, and SMI technology can provide significantly more information
on vascularity, make up for the deficiency of CDFI, and has better clinical

application value.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO,
identifier CRD42023402064.
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1 Introduction

In recent years, the incidence rate of thyroid cancer is on the rise.
With the wide application of ultrasound technology, ultrasound has
become one of the most important means of thyroid detection (1, 2).
Fine needle aspiration biopsy (FNA) is the best non-surgical diagnostic
method for thyroid malignant tumor at present, but it is an invasive
examination (3-6). Improving the accuracy of non-invasive ultrasound
diagnosis is helpful to reduce the number of FNA, which is of clinical
significance. Although ultrasound has made significant progress in the
differential diagnosis of benign and malignant thyroid nodules, at
present, conventional ultrasound (CUS) combined with color Doppler
flow imaging (CDFI) still has a certain rate of missed diagnosis and
misdiagnosis in determining the nature of thyroid nodules, and the
diagnostic accuracy is not high, and there are also technical limitations
in detecting small blood vessels and low blood flow (7, 8). As a new
vascular imaging technology, Superb microvascular imaging (SMI) can
visualize low-velocity blood flow (9, 10). Compared with CDFL, it can
describe blood flow in more detail, and can obtain high-quality
microvascular images without relying on contrast media, it can also
describe the blood flow around the sinus and in the nodule in more
detail (11, 12). In recent years, with the wide application of SMI
technology in breast, liver, and other fields, more and more research
teams have begun to pay attention to its diagnostic value for thyroid
nodules (13-18). Although there are many related studies comparing
SMI with CDFL, there are still disputes on the comparison of diagnostic
indicators such as sensitivity and specificity. Therefore, this study
included relevant literature and applied Meta-analysis to
comprehensively compare the diagnostic efficacy of the two methods
in order to provide a more objective and comprehensive evidence-
based basis for the diagnosis and clinical management of thyroid
nodule disease.

2 Materials and methods
2.1 Search strategy

We searched PubMed, Embase, and Cochrane Library from
inception through February 1, 2023. The following keywords and
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MeSH terms were used: [“thyroid cancer” or “thyroid tumor” or
“thyroid nodule”] and [“superb microvascular imaging” or “SMI”]
and [“color Doppler flow imaging” or “CDFI”] and [“ultrasound”]. We
also performed a manual search to find other potential articles. Two
investigators (L] and DZ) searched online to obtain the original data,
and the reference lists of all relevant articles were also scanned. All
retrieved citations were exported to Zotero and checked for duplicates.

2.2 Inclusion and exclusion criteria

The inclusion criteria of this study were as follows:(1) Clinical
cohort study or diagnostic test; (2) All thyroid nodules were
histologically confirmed after ultrasonography; (3) All studies can
directly or indirectly obtain original data such as true positive (TP),
false positive (FP), false negative (FN), true negative values (TN).
Exclusion criteria: (1) Abstracts, reviews, or case reports; (2)
Repeated publication of data; (3) Incomplete original data.

2.3 Data extraction

Two evaluators (L] and DZ) independently screened the
literature according to the inclusion and exclusion criteria of the
literature, and finally obtained two copies of data, and then cross-
checked the data. If there were different opinions, discuss and
negotiate together or ask a third party to help decide. Extract
literature data from the data, including the first author,
publication year, country, number of malignant lesions, the
average age of patients, instrument system parameters, diagnostic
gold standard, and research type. This study was conducted by the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (19), the protocol was registered
in the PROSPERO:(CRD42023402064).

2.4 Literature quality assessment
The diagnostic accuracy research quality evaluation tool

(QUADAS-2) recommended by Cochrane was used to evaluate
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the quality of the included literature, and 14 items such as the
population to be evaluated in the diagnostic test and the gold
standard were scored (20). According to the specific content of each
item, the answer options are divided into “Yes”, “No” and
“Unclear”, and then the risk of bias and clinical applicability is
comprehensively evaluated. Revman 5.4 software is used to make
quality evaluation charts.

2.5 Statistical analysis

Meta-DiSc version 1.4 (Universidad Complutense, Madrid,
Spain) software was used for meta-analysis. The sensitivity (Sen),
specificity (Spe), positive likelihood ratio (LR+), and negative
likelihood ratio (LR-) are calculated, and the threshold effect is
evaluated using the 95% confidence interval (CI). The summary
receiver operating characteristic (SROC) curve and the
corresponding area under the curve was determined. Quality
evaluation chart was created using Review Manager (RevMan,
version 5.4, Cochrane IMS). The heterogeneity of the diagnostic
odds ratio (DOR) of each study was analyzed by Meta-Disc 1.4
software. If >>50% or P<0.05 among the included literature, there is
a high heterogeneity between the results; 1°<25% indicates that the
heterogeneity between results is small, and 25% < I* < 50% indicates
that the heterogeneity of results is medium; P > 0.05 indicates that
there is no heterogeneity in the results. If there is heterogeneity, try
to explore the source of heterogeneity by using Meta-regression.
The sensitivity analysis was carried out by StataSE 12 (Stata
Corporation, College Station, TX). P<0.05 indicated a statistically
significant difference.

3 Results

3.1 Overall characteristics of
selected studies

After the primary election, the abstracts and titles of 659
published articles (42 from PubMed, 602 from Embase, and 15
from Cochrane) were preliminarily reviewed. After eliminating
duplicate results and abstract screening, the number of complete
publications that may meet the criteria was reviewed, and finally, 13
articles were included (21-33). Other 646 articles were excluded
because of duplication, unrelated research, inappropriate data,
review, no or inappropriate control group, other test methods or
non-full text. Figure 1 shows a flowchart that reflects the search
process and the reasons of exclusion.

3.2 Characteristics of the included studies
The detailed characteristics of the included study are shown in

Table 1, including the name of the first author, year of publication,
the age range of patients, gender distribution (male/female), design,
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sample size, and equipment. All these articles were published from
2017 to 2022. The study was conducted in European countries
(n=1), China (n=9), and Korea (n=3). The sample size is between 52
and 254. A total of 1712 nodules were included in these studies.
After excluding invalid nodules, there were 897 benign nodules and
815 malignant nodules, respectively.

3.3 Methodologic quality of the included
studies

Figure 2 illustrates the methodological quality of the included
studies based on QUADAS-2. Figure 3 summarizes the risk of bias
and adherence of individual studies to these items. Table 2 provides
data on the other items of methodological quality. All included
studies had a low risk of bias and were of high quality.

3.4 Threshold effects and heterogeneity

The Spearman correlation coefficients were 0.429 and 0.512 by
heterogeneity analysis (P>0.05), indicating that there was no
threshold effect. At the same time, the results showed that
heterogeneity for sensitivity (I> = 86.4%), specificity (I* = 88.0%)
in SMI group and sensitivity (I* = 91.0%), specificity (I = 66.5%) in
CDFI group. The included literature has high heterogeneity, so it is
necessary to use random effect model to summarize and evaluate
and draw SROC curve.

3.5 Sensitivity analysis

To observe the stability of the synthetic results, the data
included in the literature were excluded one by one and the
sensitivity and specificity were summarized again. It showed that
the combined effect of various indicators changed little, indicating
that the stability of the included literature was good and the
reliability of the results was high (Figure 4).

3.6 Meta-regression analysis

As a result of the significant heterogeneity, meta-regression analysis
was used to explore the source of heterogeneity. The covariates of the
regression model are set as follows: (1) The sample size > 100 is set as 1,
and the sample size<100 is set as 0; (2) The age>50 years old is set as 1,
and the age<50 years old is set as 0; (3) The prospective study was set as
1, the retrospective study was set at 0; (4) The research object from
China is set as 1, and that from other countries is set as 0; (5) The TI-
RADS classification of nodules in the literature is not set as 1, and the
TI-RADS classification of only 4 types of nodules in the literature is 0.
Meta-regression analysis of the CDFI group and SMI group showed
that there was no significant difference between the sources of
heterogeneity and the covariates (P>0.05).
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FIGURE 1
Flowchart of the study selection process.

TABLE 1 Summary of included study characteristics.

Author (Year) Country Design Sex (M/F) éﬁ:ai: zesal:r)s) Nodules (n) =~ Malignant nodules (n) SMI system
Zhu YC (2018) (21) China Prospective 35/41 49.62 + 13.19 76 29 Toshiba Aplio500
Zhu YC (2021) (22) China Prospective Not Available 57.89 + 8.02 183 71 Toshiba Aplio 500
Yoon JH (2018) (23) Korea Prospective 31/138 50.3 + 13 171 63 Toshiba Aplio 500
Xue SW (2021) (24) China Prospective 47/73 46.83 + 8.20 120 50 Not Available

Pei S (2019) (25) China Retrospective 58/112 Not Available 196 118 Toshiba Aplio 500
Ahn HS (2017) (26) Korea Prospective 9/48 51.6 £ 11.2 52 26 Toshiba Aplio 500
Hong MJ (2022) (27) Korea Retrospective 10/42 512 +£11.9 60 37 Toshiba Aplio 500
Kong J (2017) (28) China Retrospective 48/44 42 113 79 Toshiba Aplio 400
Yongfeng Z (2019) (29) China Prospective 14/62 43.09 + 10.57 102 73 Toshiba Aplio 500
Zhang L (2020) (30) China Prospective 19/38 4526 + 12.30 75 40 Toshiba Aplio 500

(Continued)
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TABLE 1 Continued

Author (Year) Sex (M/F)

Country

Design

Age in years

10.3389/fendo.2023.1182259

Nodules (n)  Malignant nodules (n) SMI system

(mean + SD)

Zhang L (2017) (31) China Retrospective 16/45 48.51 + 15.50 ‘ 68 28 ‘ Toshiba Aplio 500
LiY (2017) (32) China Prospective 53/188 39 +16.5 ‘ 254 73 ‘ Toshiba Aplio 500
Cappelli C (2019) (33) Italy Prospective 50/186 540+125 ‘ 246 128 ‘ Toshiba Aplio 500

3.7 Diagnostic accuracy

A random effect model was used to analyze the combined effect
quantity of the diagnostic four-grid data of CDFI and SMI included
in the literature. The combined sensitivity of CDFI and SMI in the
diagnosis of thyroid nodules was 0.62(95% CI: 0.57-0.67) and 0.80
(95% CI: 0.77-0.83), respectively; The combined specificity was 0.81
(95% CI: 0.78-0.85) and 0.79(95% CI: 0.77-0.82) respectively; The
positive likelihood ratios were 3.33(95% CI: 2.18~5.07) and 4.37
(95% CI: 3.0~6.36) respectively; The negative likelihood ratios were
0.41(95% CI: 0.27~0.64) and 0.23(95% CI: 0.15~0.35) respectively;
The DOR was 8.93(95% CI: 3.96~20.16) and 22.29(95% CI:
12.18~40.78) respectively. The area under the SROC curve is
0.8498 and 0.8944 respectively. The diagnostic sensitivity, positive
likelihood ratio, and DOR of SMI were higher than those of CDFI,
while the negative likelihood ratio was lower than that of CDFIL The
SROC curve of SMI diagnosis is closer to the upper left corner of the
image, and its area under the SROC curve is larger, indicating that
the diagnosis efficiency of SMI is better than that of CDFI
(Figures 5, 6).

3.8 Evaluation of publication bias and
clinical applicability

The meta-analysis of the value of SMI and CDFI showed no
significant asymmetry (P>0.05), that is, there was no significant
publication bias (Figure 7). At the same time, it can be seen from the
Fagan diagram that the post-test probability of SMI and CDFI is
83% and 78% respectively, which is 50% higher than the pre-test
probability. The combined negative likelihood ratio of SMI and
CDFI in the diagnosis of malignant thyroid nodules is more than
0.1, and the combined positive likelihood ratio is less than 10,

indicating that both methods are effective in the diagnosis of
malignant thyroid nodules (Figure 8).

4 Discussion

At present, the effective non-invasive diagnosis and differential
diagnosis of benign and malignant thyroid nodules is an urgent
problem to be solved. Although CUS can display the size, echo,
boundary, calcification and blood flow of nodules, it has certain
limitations in displaying the blood flow of lesions. SMI has unique
advantages in displaying blood vessels. It can better display low-
velocity blood flow without the use of contrast media. Diseases
closely related to angiogenesis can be diagnosed at a relatively early
stage through SML. It is of great significance to evaluate the grading
and treatment effect. At the same time, SMI can avoid adverse
reactions related to CEUS contrast agents. However, SMI is at the
stage of clinical exploration and has not been widely used. Specific
clinical standards have not been established for the diagnosis of
some diseases. There are still many disputes about the differential
diagnosis of benign and malignant tumors. Therefore, this study
uses the meta-analysis method to systematically evaluate and
compare the value of CUS combined with SMI and CDFI in
predicting thyroid malignant nodules, to provide an evidence-
based basis for the differential diagnosis of thyroid
malignant nodules.

Neovascularization and the growth of irregular vascular
structures are the prominent characteristics of malignant tumors
(34). In contrast-enhanced ultrasound (CEUS) examination,
thyroid cancer below 1 c¢cm usually shows low enhancement (35,
36). However, some researchers found that with the enlargement of
the nodule, the blood flow inside the nodule is gradually enriched,
1-2 cm thyroid cancer often shows moderate to low enhancement,

PatientSelection NN DN N D

Index Test | I I D—

Reference Standard L NN T
Flow and Timing L I

0%  25% 50% 75%

Risk of Bias

100% 0%  25% 50% 75%  100%

Applicability Concerns

. High D Unclear
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FIGURE 2
Percentage of included studies with the risk of bias.
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FIGURE 3
The assessment of the risk of bias for included study. Quality is represented by colors using green (+) as yes (high quality), yellow (?) as unclear, and
red (-) as no (low quality).

TABLE 2 Summary of risk of bias for nine additional items assessing the methodologic quality of the included studies.

First Author Positive . Observer Vari- Instrument . Free of Com-

IREEE e E‘I’hres.holds Technology Results Appr‘opnate Tr?atment ation Variation Objed.'ves mercial

Nol stablished? = Unchanged? Defined? Training? Withheld? el Fepaical Prespecified? Al

Zhu YC (21) Yes Yes Yes Yes Yes Yes Yes Yes Unclear

Zhu YC (22) Yes Yes Yes Yes Yes Yes Yes Yes No

Yoon JH (23) No Yes Yes Yes Yes Unclear Yes Yes Unclear

Xue SW (24) Yes Yes Yes Unclear Unclear Unclear Yes Yes No

Pei S (25) Yes Yes Yes Unclear Yes Yes Yes Yes Unclear

Ahn HS (26) No Yes Yes Unclear Yes Yes Yes Yes Yes

Hong MJ (27) | No Yes Yes Unclear Yes Yes Yes Yes Yes

Kong J (28) Yes Yes Yes Unclear Yes Yes Yes Yes Unclear
(Continued)
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TABLE 2 Continued

First Author Positive - Observer Vari- Instrument L Free of Com-
Thresholds Technology Appropriate Treatment . o Objectives )

[Reference Established? = Unchanged? RESUIES Training? Withheld? ation Variation Prespecified? Mercial
No.] : gea: Defined? 9 . Reported? Reported? P : Funding?
Yongf VA
( 209r)1g ens Yes Yes Yes Yes Unclear Yes Yes Yes Unclear
Zhang L (30) Yes Yes Yes Unclear Yes Yes Yes Yes No
Zhang L (31) Yes Yes Yes Unclear Yes Yes Yes Yes Unclear
LiY (32) Yes Yes Yes Unclear Unclear Unclear Yes Yes Unclear

1li
(C;I;Pe e No Yes Yes Unclear Yes Yes Yes Yes Unclear

and>2 cm thyroid cancer often shows high enhancement, at the
same time, benign nodules mainly have peripheral and mixed blood
flow distribution patterns, and the central blood flow distribution
pattern is a significant sign of malignant nodules (37-40). Frates
described the CDFI features that may help to distinguish benign
and malignant nodules (8). Cappelli evaluated the number of blood
vessels in thyroid benign and malignant nodules and showed that
thyroid malignant nodules had rich blood flow signals, which
confirmed that the number of blood vessels was an important
parameter for distinguishing thyroid benign and malignant
nodules (33). Kong showed that the specificity of SMI in
predicting intra-nodular vessels was 91.2%, and intra-nodular
vessels were an effective feature in predicting malignant tumors
(28). Zhao performed SMI and CEUS examination on 102 thyroid
nodules, the diagnostic value of SMI-BF of the periphery is
comparable to CEUS hypoen-enhancement to differentiate
thyroid cancer, analysis of SMI-BF as diagnostic of thyroid
carcinoma specifically at the nodule periphery indicated rates of
82.2%, 79.3%, and 81.3% for sensitivity, specificity, and accuracy,
the corresponding rates for CEUS hypoen-enhancement were
80.8%, 86.2%, and 82.3%, respectively (29). Compared with SMI,
CEUS can display more blood flow information inside the nodule,
but the price is relatively expensive. The detection rate of CDFI for
low-speed blood flow is low, especially for low-speed blood
flow<lcm/s, so the evaluation of small and low-speed blood flow
has limitations. When the penetrating vessels were used as the

characteristics of malignant nodules, the results showed that the
sensitivity, specificity, accuracy, and other results of SMI diagnosis
of thyroid nodules with a diameter of less than 1 cm were not
statistically significant with those of CEUS, which showed that SMI
and CEUS had similar diagnostic capabilities in the differential
diagnosis of thyroid nodules.

This study used the diagnostic experimental evaluation tool
QUADAS-2 to evaluate the quality of the included literature. The
results showed that the overall quality of the included research was
high and the risk of bias was low. However, the risk of bias is high
in the selection of study subjects, which may be since some studies
only include patients suspected of thyroid cancer, which leads to
bias, and some studies do not report the mass spectrum
composition of the study population, which leads to the fact
that the included population cannot represent the clinically
accepted population, which has an impact on the accuracy of
the test. Therefore, the criteria for the inclusion of cases should be
clarified and the process of inclusion of cases should be described
in detail to improve the possibility of clinical application of
diagnostic tests. In addition, more than half of the documents
included in this study did not report the time interval of imaging
examination and diagnostic criteria, which may also lead to the
bias of results. The heterogeneity included in the study is large, but
the heterogeneity test indicates that there is no threshold effect,
and the heterogeneity may be mainly caused by the non-threshold
effect. This may be caused by the characteristics of the patients
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Lower CI Limit © Estimate | Upper CI Limit | Lower CI Limit © Estimate Upper CI Limit
Zhu YC o ZhuYC o
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FIGURE 4
Sensitivity analysis of studies. [(A) CDFI; (B) SMI].
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Estimates of CDFI assessment for the diagnosis of malignancy thyroid nodules. (A—E), Forest plots illustrate pooled estimates (diamonds) for
sensitivity (A), specificity (B), positive likelihood ratio (LR) (C), negative LR (D), and diagnostic odds ratio (E) and corresponding 95% Cls for pooled
estimates. (F), Summary receiver operating characteristic (SROC) plot for assessing accuracy with corresponding curves indicative of upper and
lower bounds of 95% CI. AUC, area under curve; SE, standard error; Q* = summary measure of accuracy derived from the SROC curve.

included in each study (nodule classification grade, nodule
diameter size), the technical level of the operator, the type of
research design, and the use of different diagnostic criteria. Meta-
regression analysis shows that the relationship between the
heterogeneity sources of CDFI and SMI and the covariates is
not statistically significant, and it is speculated that the operator
dependence of the relevant measurement will also bring some
deviation. The heterogeneity of this study is not caused by the
threshold effect, so a random model is used for summary analysis.
In addition, this study is a diagnostic meta-analysis, so there is
inevitable clinical heterogeneity.

To evaluate the ability of SMI and CDF in the differential
diagnosis of thyroid nodules, a total of 13 articles were included in
this meta-analysis, including 1712 nodules. The combined sensitivity of
SMI in the diagnosis of thyroid malignant nodules was 80%, the
specificity was 79%, and the misdiagnosis rate was 20%, which was
relatively high. The positive likelihood ratio was 4.37, the negative
likelihood ratio was 0.23, the diagnostic odds ratio was 22.29, and the
area under the SROC curve (AUC) was 0.8944. The combined
sensitivity and specificity of CDFI in the diagnosis of thyroid
malignant nodules are 62% and 81%, the positive likelihood ratio
was 3.33, the negative likelihood ratio was 0.41, the diagnostic odds
ratio was 8.93, and the area under the SROC curve (AUC) was 0.8498.
SROC curve is a comprehensive index that directly observes the
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accuracy of diagnostic tests and reflects the sensitivity and specificity
of diagnostic tests and target disease. AUC value is an important test
accuracy index. The closer it is to 1, the better the diagnostic efficiency
of this diagnostic method is. The results of this meta-analysis showed
that the combined sensitivity, and ratio of SMI were higher than those
of CDF]I, and the area under the SROC curve was also larger than that
of CDFI, indicating that SMI was more eftective than CDFI
in diagnosis.

This study has limitations. First, most of the included documents
are from China, which may lead to potential regional bias. Second, not
all the literature is prospective, and retrospective literature may
improve the accuracy of diagnosis. Thirdly, due to the insufficient
number of documents with nodule diameter<lcm included in the
study, the ability of SMI to differentiate and diagnose thyroid micro-
nodules could not be evaluated separately, and more research reports
on SMI to differentiate and diagnose thyroid micro-nodules are
needed. Fourth, the two methods of examination and diagnosis are
not quantified, and there is no unified diagnostic standard. Fifth,
although diagnostic meta-analysis has inevitable clinical
heterogeneity, reducing heterogeneity is conducive to improving the
accuracy of meta-analysis. Because there are relatively few reports on
the diagnostic performance of SMI in differentiating benign and
malignant thyroid nodules, a large-scale multi-center study is
still needed.
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In conclusion, SMI is superior to CDFI in the diagnosis of thyroid
malignant nodules, and SMI technology can reflect the distribution of
blood flow, avoid the overflow of blood flow signals, and can sensitively
detect low-velocity blood flow and micro vessels to make up for the
deficiency of CDFI, with good clinical application value.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Author contributions

L] and DZ: Software, Writing - original draft. Y-NC: Writing -
review and editing. X-JY: Visualization, Investigation. M-FP:
Supervision. LL: Conceptualization, Methodology, Supervision.

References

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

2. Gharib H, Papini E, Paschke R, Duick DS, Valcavi R, Hegediis L, et al. American
Association of clinical endocrinologists, associazione Medici endocrinologi, and
European thyroid association medical guidelines for clinical practice for the

Frontiers in Endocrinology

10

All authors contributed to the article and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

diagnosis and management of thyroid nodules: executive summary of
recommendations. ] Endocrinol Invest (2010) 33(5):287-91. doi: 10.1007/BF03346587

3. Sorensen JR, Johansen ], Gano L, Serensen JA, Larsen SR, Andersen PB, et al. A
"package solution" fast track program can reduce the diagnostic waiting time in head
and neck cancer. Eur Arch Otorhinolaryngol (2014) 271(5):1163-70. doi: 10.1007/
s00405-013-2584-z

frontiersin.org


https://doi.org/10.1001/jama.2018.0898
https://doi.org/10.1007/BF03346587
https://doi.org/10.1007/s00405-013-2584-z
https://doi.org/10.1007/s00405-013-2584-z
https://doi.org/10.3389/fendo.2023.1182259
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Jiang et al.

4. LyuY]J, Shen F, Yan Y, Situ MZ, Wu WZ, Jiang GQ, et al. Ultrasound-guided fine-
needle aspiration biopsy of thyroid nodules <10 mm in the maximum diameter: does
size matter? Cancer Manag Res (2019) 11:1231-6. doi: 10.2147/CMAR.S189358

5. Egset AV, Holm C, Larsen SR, Nielsen SH, Bach J, Helweg-Larsen JP, et al. Risk of
malignancy in fine-needle aspiration biopsy in patients with thyroid nodules. Dan Med
J (2017) 64(2):A5320.

6. Todsen T, Bennedbaek FN, Kiss K, Hegediis L. Ultrasound-guided fine-needle
aspiration biopsy of thyroid nodules. Head Neck (2021) 43(3):1009-13. doi: 10.1002/
hed.26598

7. Foster FS, Burns PN, Simpson DH, Wilson SR, Christopher DA, Goertz DE.
Ultrasound for the visualization and quantification of tumor microcirculation. Cancer
Metastasis Rev (2000) 19(1-2):131-8. doi: 10.1023/a:1026541510549

8. Frates MC, Benson CB, Doubilet PM, Cibas ES, Marqusee E. Can color Doppler
sonography aid in the prediction of malignancy of thyroid nodules? J Ultrasound Med
(2003) 22(2):127-31;quiz 132-4. doi: 10.7863/jum.2003.22.2.127

9. MaY, Li G, LiJ, Ren WD. The diagnostic value of superb microvascular imaging
(SMI) in detecting blood flow signals of breast lesions: a preliminary study comparing
SMI to color Doppler flow imaging. Med (Baltimore) (2015) 94(36):e1502. doi: 10.1097/
MD.0000000000001502

10. Machado P, Segal S, Lyshchik A, Forsberg F. A novel microvascular flow
technique: initial results in thyroids. Ultrasound Q (2016) 32(1):67-74. doi: 10.1097/
RUQ.0000000000000156

11. Mao Y, MuJ, Zhao J, Zhao L, Xin X. The value of superb microvascular imaging
in differentiating benign renal mass from malignant renal tumor: a retrospective study.
Br J Radiol (2018) 91(1082):20170601. doi: 10.1259/bjr.20170601

12. Lu R, Meng Y, Zhang Y, Zhao W, Wang X, Jin M, et al. Superb microvascular
imaging (SMI) compared with conventional ultrasound for evaluating thyroid nodules.
BMC Med Imaging (2017) 17(1):65. doi: 10.1186/s12880-017-0241-5

13. Xiao XY, Chen X, Guan XF, Wu H, Qin W, Luo BM. Superb microvascular
imaging in diagnosis of breast lesions: a comparative study with contrast-enhanced
ultrasonographic microvascular imaging. Br J Radiol (2016) 89(1066):20160546.
doi: 10.1259/bjr.20160546

14. Dubinsky TJ, Revels J, Wang S, Toia G, Sonneborn R, Hippe DS, et al.
Comparison of superb microvascular imaging with color flow and power Doppler
imaging of small hepatocellular carcinomas. J Ultrasound Med (2018) 37(12):2915-24.
doi: 10.1002/jum.14654

15. Oura K, Kato T, Ohba H, Terayama Y. Evaluation of intraplaque
neovascularization using superb microvascular imaging and contrast-enhanced
ultrasonography. ] Stroke Cerebrovasc Dis (2018) 27(9):2348-53. doi: 10.1016/
jjstrokecerebrovasdis.2018.04.023

16. Yokota K, Tsuzuki Wada T, Akiyama Y, Mimura T. Detection of synovial
inflammation in rheumatic diseases using superb microvascular imaging: comparison
with conventional power Doppler imaging. Mod Rheumatol (2018) 28(2):327-33.
doi: 10.1080/14397595.2017.1337288

17. Chen J, Chen L, Wu L, Wang R, Liu JB, Hu B, et al. Value of superb
microvascular imaging ultrasonography in the diagnosis of carpal tunnel syndrome:
compared with color Doppler and power Doppler. Med (Baltimore) (2017) 96(21):
€6862. doi: 10.1097/MD.0000000000006862

18. Fischerova D, Cibula D, Stenhova H, Vondrichova H, Calda P, Zikan M, et al.
Transrectal ultrasound and magnetic resonance imaging in staging of early cervical
cancer. Int ] Gynecol Canc (2008) 18(4):766-72. doi: 10.1111/j.1525-1438.2007.01072.x

19. Knobloch K, Yoon U, Vogt PM. Preferred reporting items for systematic reviews
and meta-analyses (PRISMA) statement and publication bias. ] Craniomaxillofac Surg
(2011) 39(2):91-2. doi: 10.1016/j.jcms.2010.11.001

20. Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al.
QUADAS-2: a revised tool for the quality assessment of diagnostic accuracy studies. Ann
Intern Med (2011) 155(8):529-36. doi: 10.7326/0003-4819-155-8-201110180-00009

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

22. Zhu YC, Zhang Y, Shan J, Deng SH, Shi XR, Jiang Q. Added value of superb
microvascular imaging and virtual touch imaging quantification in assisting thyroid
cancer classification. Ultrasound Med Biol (2021) 47(12):3364-71. doi: 10.1016/
j.ultrasmedbio.2021.07.017

Frontiers in Endocrinology

11

10.3389/fendo.2023.1182259

23. Yoon JH, Kim EK, Kwak JY, Park VY, Moon HJ. Application of various
additional imaging techniques for thyroid ultrasound: direct comparison of
combined various elastography and Doppler parameters to Gray-scale ultrasound in
differential diagnosis of thyroid nodules. Ultrasound Med Biol (2018) 44(8):1679-86.
doi: 10.1016/j.ultrasmedbio.2018.04.006

24. Xue SW, Luo YK, Jiao ZY, Xu L. Clinical value of SMI combined with low-dose
CT scanning in differential diagnosis of thyroid lesions and tumor staging. Pak ] Med
Sci (2021) 37(5):1347-52. doi: 10.12669/pjms.37.5.4144

25. Pei S, Cong S, Zhang B, Liang C, Zhang L, Liu J, et al. Diagnostic value of
multimodal ultrasound imaging in differentiating benign and malignant TI-RADS
category 4 nodules. Int ] Clin Oncol (2019) 24(6):632-9. doi: 10.1007/s10147-019-
01397-y

26. Ahn HS, Lee JB, Seo M, Park SH, Choi BI. Distinguishing benign from
malignant thyroid nodules using thyroid ultrasonography: utility of adding superb
microvascular imaging and elastography. Radiol Med (2018) 123(4):260-70.
doi: 10.1007/s11547-017-0839-2

27. Hong MJ, Ahn HS, Ha SM, Park HJ, Oh J. Quantitative analysis of vascularity
for thyroid nodules on ultrasound using superb microvascular imaging: can nodular
vascularity differentiate between malignant and benign thyroid nodules? Med
(Baltimore) (2022) 101(5):e28725. doi: 10.1097/MD.0000000000028725

28. Kong J, Li JC, Wang HY, Wang YH, Zhao RN, Zhang Y, et al. Role of superb
micro-vascular imaging in the preoperative evaluation of thyroid nodules: comparison
with power Doppler flow imaging. J Ultrasound Med (2017) 36(7):1329-37.
doi: 10.7863/ultra.16.07004

29. Yongfeng Z, Ping Z, Hong P, Wengang L, Yan Z. Superb microvascular imaging
compared with contrast-enhanced ultrasound to assess microvessels in thyroid
nodules. ] Med Ultrason (2001) (2020) 47(2):287-97. doi: 10.1007/s10396-020-01011-z

30. Zhang L, Gu J, Zhao Y, Zhu M, Wei J, Zhang B. The role of multimodal
ultrasonic flow imaging in thyroid imaging reporting and data system (TI-RADS) 4
nodules. Gland Surg (2020) 9(5):1469-77. doi: 10.21037/gs-20-641

31. Zhang L, Zhang B, Cao J, Pu H. Value of superb micro-vascular imaging in TI-
RADS 4 thyroid nodules. Chin ] Ultrasonogr (2017) 26(12):1029-33. doi: 10.3760/
cma.j.issn.1004-4477.2017.12.004

32. Li Y, Wen D, Li C, Li X, Xue G. The role of ATA (2015) guidelines, superb
microvascular imaging, and spectral Doppler in differentiation between malignant and
benign thyroid nodules. J Clin Otorhinolaryngol Head Neck Surg (2017) 31(15):1152-6.
doi: 10.13201/j.issn.1001-1781.2017.15.003

33. Cappelli C, Pirola I, Gandossi E, Marini F, Cristiano A, Casella C, et al.
Ultrasound microvascular blood flow evaluation: a new tool for the management of
thyroid nodule? Int J Endocrinol (2019) 2019:7874890. doi: 10.1155/2019/7874890

34. Jaszai J, Schmidt MHH. Trends and challenges in tumor anti-angiogenic
therapies. Cells. (2019) 8(9):1102. doi: 10.3390/cells8091102

35. Jiang J, Shang X, Zhang H, Ma W, Xu Y, Zhou Q, et al. Correlation between
maximum intensity and microvessel density for differentiation of malignant from
benign thyroid nodules on contrast-enhanced sonography. J Ultrasound Med (2014) 33
(7):1257-63. doi: 10.7863/ultra.33.7.1257

36. Zhou Q, Jiang J, Shang X, Zhang HL, Ma WQ, Xu YB, et al. Correlation of
contrast-enhanced ultrasonographic features with microvessel density in papillary
thyroid carcinomas. Asian Pac ] Cancer Prev (2014) 15(17):7449-52. doi: 10.7314/
apjcp.2014.15.17.7449

37. Phuttharak W, Somboonporn C, Hongdomnern G. Diagnostic performance of
gray-scale versus combined gray-scale with colour doppler ultrasonography in the
diagnosis of malignancy in thyroid nodules. Asian Pac ] Cancer Prev (2009) 10(5):759—
64.

38. Hornung M, Jung EM, Georgieva M, Schlitt HJ, Stroszczynski C, Agha A.
Detection of microvascularization of thyroid carcinomas using linear high-resolution
contrast-enhanced ultrasonography (CEUS). Clin Hemorheol Microcirc (2012) 52(2-
4):197-203. doi: 10.3233/CH-2012-1597

39. Kim DW, Jung SJ, Eom JW, Kang T. Color Doppler features of solid, round,
isoechoic thyroid nodules without malignant sonographic features: a prospective
cytopathological study. Thyroid. (2013) 23(4):472-6. doi: 10.1089/thy.2012.0238

40. Kim DW, In HS, Choo H]J, Jung SJ, Kim YW. Solid and isoechoic thyroid
nodules without malignant sonographic features: comparison of malignancy rate
according to nodule size, shape and color Doppler pattern. Ultrasound Med Biol
(2013) 39(2):269-74. doi: 10.1016/j.ultrasmedbio.2012.09.018

frontiersin.org


https://doi.org/10.2147/CMAR.S189358
https://doi.org/10.1002/hed.26598
https://doi.org/10.1002/hed.26598
https://doi.org/10.1023/a:1026541510549
https://doi.org/10.7863/jum.2003.22.2.127
https://doi.org/10.1097/MD.0000000000001502
https://doi.org/10.1097/MD.0000000000001502
https://doi.org/10.1097/RUQ.0000000000000156
https://doi.org/10.1097/RUQ.0000000000000156
https://doi.org/10.1259/bjr.20170601
https://doi.org/10.1186/s12880-017-0241-5
https://doi.org/10.1259/bjr.20160546
https://doi.org/10.1002/jum.14654
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.04.023
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.04.023
https://doi.org/10.1080/14397595.2017.1337288
https://doi.org/10.1097/MD.0000000000006862
https://doi.org/10.1111/j.1525-1438.2007.01072.x
https://doi.org/10.1016/j.jcms.2010.11.001
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.12659/MSM.911695
https://doi.org/10.1016/j.ultrasmedbio.2021.07.017
https://doi.org/10.1016/j.ultrasmedbio.2021.07.017
https://doi.org/10.1016/j.ultrasmedbio.2018.04.006
https://doi.org/10.12669/pjms.37.5.4144
https://doi.org/10.1007/s10147-019-01397-y
https://doi.org/10.1007/s10147-019-01397-y
https://doi.org/10.1007/s11547-017-0839-2
https://doi.org/10.1097/MD.0000000000028725
https://doi.org/10.7863/ultra.16.07004
https://doi.org/10.1007/s10396-020-01011-z
https://doi.org/10.21037/gs-20-641
https://doi.org/10.3760/cma.j.issn.1004-4477.2017.12.004
https://doi.org/10.3760/cma.j.issn.1004-4477.2017.12.004
https://doi.org/10.13201/j.issn.1001-1781.2017.15.003
https://doi.org/10.1155/2019/7874890
https://doi.org/10.3390/cells8091102
https://doi.org/10.7863/ultra.33.7.1257
https://doi.org/10.7314/apjcp.2014.15.17.7449
https://doi.org/10.7314/apjcp.2014.15.17.7449
https://doi.org/10.3233/CH-2012-1597
https://doi.org/10.1089/thy.2012.0238
https://doi.org/10.1016/j.ultrasmedbio.2012.09.018
https://doi.org/10.3389/fendo.2023.1182259
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The value of conventional ultrasound combined with superb microvascular imaging and color Doppler flow imaging in the diagnosis of thyroid malignant nodules: a systematic review and meta-analysis
	1 Introduction
	2 Materials and methods
	2.1 Search strategy
	2.2 Inclusion and exclusion criteria
	2.3 Data extraction
	2.4 Literature quality assessment
	2.5 Statistical analysis

	3 Results
	3.1 Overall characteristics of selected studies
	3.2 Characteristics of the included studies
	3.3 Methodologic quality of the included studies
	3.4 Threshold effects and heterogeneity
	3.5 Sensitivity analysis
	3.6 Meta-regression analysis
	3.7 Diagnostic accuracy
	3.8 Evaluation of publication bias and clinical applicability

	4 Discussion
	Data availability statement
	Author contributions
	References


