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Background: Solitary thyroid nodules present a challenge in differentiating between benign and malignant conditions using
ultrasound (US). Arrival time parameter imaging (At-Pl) following contrast-enhanced ultrasound (CEUS) can ef-
fectively visualize the vascular architectural patterns of the nodules, providing valuable diagnostic information.
This study aimed to explore the application value of At-Pl in differentiating thyroid nodules, specifically focus-
ing on a sample of 127 cases.

Material/Methods: From October 2020 to December 2023, 127 thyroid nodules from 108 patients who underwent ultrasound and
CEUS examinations at the General Hospital of Northern Theater Command were reviewed. Pathological out-
comes served as the criterion standard, categorizing the nodules into a benign group (44 cases) and a malig-
nant group (83 cases). At-Pl was employed to analyze the CEUS videos, allowing for a comparison of parame-
ters between the 2 groups. Additionally, the diagnostic performance of 2 quantitative parameters was assessed
using receiver operating characteristic (ROC) curves.

Results: After conducting the chi-square test, the differences between the 2 groups regarding enhancement time, per-
fusion pattern, and perfusion defect were found to be statistically significant (P<0.05). There was a significant
difference between the 2 groups over the time span (AT) (P<0.05). The areas under the curve (AUCs) for AT,
and AT, were 0.715 (95% Cl: 0.624-0.805) and 0.763 (95% Cl: 0.676-0.851).

Conclusions: At-PI can offer more effective parameters for differentiating thyroid nodules. Additionally, some of these pa-
rameters exhibit notable diagnostic performance in the detection of thyroid cancer.
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Abbreviations: C-TIRADS - Chinese Thyroid Imaging Reporting and Data System; CEUS — contrast-enhanced ultrasound;
FNA - fine-needle aspiration; AUC — area under the curve; At-PI - arrival time parameter imaging;
ROC - Receiver Operating Characteristic; US — ultrasound; PTC — papillary thyroid carcinoma;

CEUS-PAT - arrival time parametric imaging; CPl — color parametric imaging; ATl — arrival time imaging
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Introduction

Thyroid cancer, originating from the follicular or parafollicular
epithelial cells of the thyroid gland, is the most common ma-
lignant tumor in the neck. According to the GLOBOCAN2020
database by the WHO International Agency for Research on
Cancer, thyroid cancer ranks ninth in global cancer incidence
and is most prevalent among individuals under 40 years
old [1,2]. Ultrasound plays a crucial role in assessing the ma-
lignant risk of thyroid nodules by examining various charac-
teristics such as number, location, size, and blood supply. It
is considered the most advanced method currently available
due to its high resolution, real-time imaging, and non-inva-
sive nature [3]. The preferred imaging modality for evaluating
benign and malignant thyroid nodules is ultrasound [4]. The
increased global use of thyroid ultrasound has led to a higher
detection rate of this tumor in recent years. While the prog-
nosis for most thyroid cancers is favorable, some patients ex-
perience anxiety upon detection of suspicious nodules, poten-
tially resulting in over-diagnosis and unnecessary treatments.
Therefore, accurate differential diagnosis between benign and
malignant thyroid nodules is essential in guiding patients to-
ward appropriate treatment strategies. The accuracy of con-
ventional ultrasound (US) in diagnosing benign and malignant
thyroid nodules can be as low as 80.2% due to overlapping
features [5]. Ultrasound-guided fine-needle aspiration (FNA)
is currently the most accurate and cost-effective method for
evaluating the nature of thyroid nodules. The application of
FNA in thyroid treatment is limited by factors such as opera-
tor experience, sampling route, and invasiveness [6]. The un-
certainty associated with the application of FNA in identify-
ing thyroid malignant tumors can be as high as 30% [7]. FNA
is not widely performed in many countries, leading to a reli-
ance on ultrasound reports or other clinical examinations for
reference in developing treatment plans [8,9]. In recent years,
contrast-enhanced ultrasound (CEUS) technology has rapidly
developed and become widely used. CEUS involves injecting
an ultrasound contrast agent into peripheral veins to visual-
ize the microcirculatory perfusion of solid organs and dynam-
ically observe nodules in real time, including tiny nourishing
blood vessels. Different vascular patterns in benign and ma-
lignant thyroid nodules result in distinct CEUS manifestations,
making it a valuable tool for sonographers in distinguishing
between these 2 types of nodules [5].

Arrival time parametric imaging (At-PI) of CEUS involves col-
or-coding and imaging based on the arrival time of contrast
agent after injection. Qualitative parameters like nodule per-
fusion pattern are assessed by analyzing the color distribu-
tion and measuring the arrival time of points of interest, along
with other quantitative parameters [10]. This technique has
been utilized in various organ diseases research, including su-
perficial lymph nodes, liver, and breast, aiding in identifying
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lesion perfusion patterns, enhancing diagnostic accuracy, re-
ducing subjectivity in conclusions, and offering a more objec-
tive basis for disease differential diagnosis [10-12]. Despite
its widespread use in other organ studies, At-PI has not been
applied in thyroid research globally. This study aimed to eval-
uate the utility of At-PI in differentiating benign and malig-
nant thyroid nodules through color-coded imaging of qualita-
tive and quantitative parameters, with the goal of providing
valuable insights for precise clinical diagnosis of thyroid nod-
ules and serving as a reference for future research. Therefore,
this study aimed to compare At-Pl in CEUS in the differential
diagnosis of 127 thyroid nodules.

Material and Methods

Ethics

Institutional review board approval was obtained from the
Ethics Committee of the General Hospital of Northern Theater
Command for this retrospective study, and informed consent
was waived.

Research Design

This was a retrospective study. Between December 2023 and
February 2023, a total of 127 thyroid nodules from 108 patients
were recruited at the General Hospital of Northern Theater
Command in this study. Pathological outcomes served as the
criterion standard, categorizing the nodules into a benign group
(44 cases) and a malignant group (83 cases).

Inclusion Criteria

1. Nodules classified into 4 or higher nodules based on US; 2.
Nodules accompanied by comprehensive clinical data, results
from US examinations, and findings from CEUS; 3. Nodules
that have been definitively confirmed through surgical in-
tervention or needle biopsy; 4. Category 3 nodules located
in the same lobe of the thyroid gland as category 4 or high-
er nodules, while simultaneously meeting the inclusion crite-
ria of points 2 and 3.

Exclusion Criteria

1. Patients who have not undergone surgery or puncture to
confirm the pathology; 2. Cases where there is no surrounding
normal tissue available for comparison; 3. A documented histo-
ry of neck trauma or surgery; 4. A history of malignant tumors
unrelated to the thyroid, as well as patients presenting with
cachexia; 5. Instances where the CEUS image quality was poor
(evidenced by significant shaking), preventing the plotting of
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Figure 1. Color-coded bar used by At-PIl. The At-PI time color
scale indicates time in seconds, with a progression
from red to purple through intermediate colors such
as orange, yellow, green, and blue. As time passes,
the contrast agent shifts from orange to purple in a
sequential manner.

arrival time parameter imaging. Ultimately, the study included
a total of 127 thyroid nodules from 108 patients.

Inspection Method

The GE Logiq E20(GE Medical Systems Ultrasound - Primary
Care Diagnostics, LLC, Wauwatosa, USA) ultrasonic diagnostic
instrument was used, with a ML6-15 (4.0~13.0MHz) linear ar-
ray probe for ultrasonography and a L2-9 (5~7.5MHz) linear ar-
ray probe for contrast-enhanced ultrasonography (CEUS), along
with the contrast agent SonoVue® from Bracco, Italy. The pa-
tient was positioned supine with the neck extended and fully
exposed. Ultrasonography was used to gather information on
the location, size measurement, and blood flow of the thyroid
nodule, while also scanning the cervical lymph nodes. A micro-
bubble suspension was prepared by mixing 5 ml of 0.9% sodi-
um chloride solution with SonoVue® and shaking thoroughly.
This suspension must be used within 6 hours, with an interval
of >30 minutes between contrast studies. The CEUS examina-
tion was performed by a doctor to display the target results. A
complete view of the nodule and surrounding normal thyroid
parenchyma was taken, with the probe held still and the pa-
tient instructed to avoid swallowing. CEUS double-frame con-
trast imaging was utilized. A 0.8-ml microbubble suspension
was injected through the cubital vein, followed by flushing
the tube with 5 ml of 0.9% sodium chloride solution. The tim-
er was started and the dynamic CEUS video of the entire pro-
cess was stored in real time for 120 seconds. All examinations
were conducted by senior physicians with attending or above
professional titles and more than 10 years of CEUS experience.

Arrival Time Parametric Imaging Analysis

The Parametric Image software was utilized to conduct At-PI
(Arrival time Parametric Imaging, version R1.5.2, GE) imaging
on the video for obtaining color-coded images. To ensure op-
timal color-coding presentation of target nodules, a dynam-
ic color-coding method based on varying perfusion imaging
times was implemented. This approach involved formulating
independent At-PI color codes for different perfusion imaging
time intervals, adjusting the duration of each color to prevent
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overly brief or prolonged representation of perfusion times in
a single color. This strategy aimed to facilitate accurate judg-
ment of perfusion patterns. By defining time zero as the start
of the intravenous bolus injection of the contrast agent, the
arrival time of the contrast agent in the thyroid nodule is cal-
culated sequentially, resulting in an automatic overlay on the
US image. This study employed different colors to represent
varying arrival times, as illustrated in Figure 1.

Image Analysis and Diagnostic Criteria

The US examination of thyroid nodules was assessed and
classified according to the “2020 Chinese Guidelines for
Malignant Risk Stratification of Thyroid Nodules by Ultrasound
(C-TIRADS),” which were issued by the Ultrasound Society of
the Chinese Medical Association in 2020 [13]. Image analysis
was conducted by 2 or more attending physicians, each with
over 10 years of experience in angiography. These physicians
were blinded to the pathological results and collaboratively re-
viewed the At-Pl imaging software video. In instances of dis-
agreement, a consensus was achieved through joint discus-
sion prior to documenting the analysis results.

The qualitative indicators of At-PI analysis of thyroid target
nodules included enhancement timing, categorized by the or-
der in which the contrast agent reaches the nodule and sur-
rounding normal thyroid tissue as earlier, synchronous, or lat-
er than adjacent normal tissue; Perfusion mode, based on the
sequence of contrast agent perfusion in the nodule, divided
into centripetal, centrifugal, and diffuse types (Figure 2); Early
annular enhancement, referring to the early appearance of en-
hanced edge of peritumoral tissue, further classified as acy-
clic or annular (Figure 3); Perfusion defect assessment, distin-
guishing between presence or absence of perfusion defects in
CEUS and At-PI perfusion areas (Figure 4).

We started the At-Pl software in GE Logiq E20, watched the
At-Pl video, positioned the point of interest in the target nod-
ule, automatically determined the arrival time of the contrast
agent, and recorded the time as T. The study defined the in-
tersection of the long and short axes of the thyroid nodule as
the center point, the area from the center point to the mid-
point of the peritumoral line as the central area, and the re-
maining area as the peripheral area. The same method was
used to calculate the arrival time of the contrast agent in the
peripheral area of the target nodule and the arrival time in
the surrounding normal thyroid tissue at the same depth. The
quantitative parameters set included: (1) T : the earliest arriv-
al time of the contrast agent; (2) T.: the latest arrival time of
the contrast agent; (3) T,: the time when the contrast agent
reached the central area of the lesion; (4) T,: the time when
the contrast agent reached the peripheral area of the lesion;
(5) T,: the time taken for the contrast agent to reach the lesion
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Figure 2. Schematic diagram illustrating the three perfusion modes of At-PI in thyroid nodules. The left image depicts the US image in
the double-image condition, while the right image illustrates the At-Pl image. The white arrow indicates the target nodule.
(A) The US reveals a solid hypoechoic lesion in the right lobe of the thyroid gland, characterized by irregular edges, a regular
shape, and uniform echogenicity. This nodule is classified as C-TIRADS category 4b. The At-Pl demonstrates a centripetal
perfusion pattern, with yellow and green hues on the periphery (indicating earlier arrival) and purple in the center (indicating
late arrival). (B) The US shows a solid hypoechoic lesion in the left lobe of the thyroid gland with well-defined boundaries
and a regular shape; however, the echogenicity is uneven, and this nodule is categorized as C-TIRADS 4a. The At-PI reveals
a centrifugal perfusion pattern, featuring orange and yellow colors in the center (indicating earlier arrival) and purple at the
periphery (indicating later arrival). (C) The US displays a solid hypoechoic lesion in the right lobe of the thyroid gland with
poorly defined boundaries and indistinct edges. The aspect ratio is greater than 1, and this nodule is classified as C-TIRADS
category 4c. The At-Pl indicates a diffuse perfusion pattern. Figure was generated using PowerPoint version 2016 (Microsoft
Corporation, Washington, USA).

area; (6) T,: the time taken for the contrast agent to reach contrast agent to reach the lesion and the surrounding thy-
the surrounding normal thyroid tissue at the same depth as roid tissue at the same depth. Each parameter in (1)-(6) was
the lesion. The relative parameters were calculated based on measured at 4 points and averaged.

(1)-(6): (7)AT, =T,-T,, representing the span between the lat-

est and earliest arrival time of the contrast agent in the le- Statistical Analysis

sion; (8)AT, .= T,-T,, representing the time span (absolute val-

ue) from the periphery to the central area or vice versa; (9) SPSS 27.0 software was utilized for data analysis. Measurement
AT, =T-T,, indicating the time span (absolute value) for the data with normal distribution and homogeneous variances
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were presented as meantstandard deviation (x+s). The com-
parison between groups was conducted using a 2 independent
samples t test for numerical data and Pearson chi-square test
or Fisher’s exact probability method for categorical data. The
area under the curve (AUC) values, sensitivity, and specificity
of AT, and AT, were calculated. The McNemar chi-square
test was employed to compare the diagnostic effects of the 2
time differences. Receiver operating characteristic (ROC) curves
were constructed, the area under the curve (AUC) was calcu-
lated, and the Youden index was applied to identify optimal
cutoff values for each parameter to assess diagnostic perfor-
mance of the At-PI parameters. The confidence interval for the
area under the ROC curve was estimated at the 95% confi-
dence level. A significance level of P<0.05 was used to deter-
mine statistical significance.

Results

General Information About Patients and Nodules

The study included a total of 108 patients, comprising 71 males
and 37 females, with ages ranging from 22 to 67 years and an
average age of 42.7+10.7 years. A total of 127 thyroid nod-
ules were examined, with 12 confirmed through needle biop-
sy and 115 through surgical resection. Of these, 83 were ma-
lignant nodules with sizes ranging from 2.7 to 31.3 mm and
an average size of 8.7+5.3 mm, including 82 papillary thyroid
carcinomas and 1 follicular thyroid carcinoma. A total of 44
benign nodules were identified, with sizes ranging from 4.5
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Figure 3. (A-C) Schematic diagram illustrating early ring
enhancement of At-Pl in thyroid nodules. A thyroid
nodule was identified in the right lobe of a 48-year-
old woman. The left image displays the US in double
condition, the middle image presents the At-Pl image
and the right image illustrates the pathological image.
The white arrow indicates the target nodule. The US
revealed hypoechoic nodules with an irregular shape,
unclear edges, uniform echogenicity, and an aspect
ratio greater than 1. These nodules were classified as
C-TIRADS category 4b. The At-PI image demonstrates
a centripetal perfusion pattern, characterized by early
enhancement of the tissue surrounding the nodule,
which is color-coded in orange. Notably, there is clear
early ring enhancement observed on the At-Pl image
at 10 seconds. Figure was produced using PowerPoint
version 2016 (Microsoft Corporation, Washington, USA).

t0 20.61 mm and an average size of 10.9+5.8 mm. This group
included 37 nodular goiters, 3 thyroid adenomas, 3 cases of
Hashimoto’s thyroiditis, and 1 case of granulomatous thy-
roiditis. Notably, significant differences were observed in the
C-TIRADS classification (Table 1).

Comparison of Intergroup Parameters of At-Pl in Benign
and Malignant Thyroid Nodules

The study found statistically significant differences (Table 2)
in enhancement time, perfusion pattern, and perfusion defect
between the benign and malignant groups (P<0.05). Malignant
nodules typically exhibited delayed enhancement compared to
surrounding normal thyroid tissue (61/83, 73.5%), displayed
centripetal perfusion (54/83, 65.1%), and frequently had no
perfusion defects (66/83, 79.5%). On the other hand, benign
nodules mostly showed synchronous enhancement with the
surrounding thyroid tissue (24/44, 54.5%), had diffuse perfu-
sion patterns (29/44, 65.9%), and often presented with per-
fusion defects (24/44, 54.5%).

The time difference AT, , was found to be greater in the ma-
lignant group compared to the benign group (1.136+1.868
s >0.076+1.671 s), with a statistically significant difference
(P<0.05). This suggests that the contrast agent in malignant
thyroid nodules tends to reach the central area later than the
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Figure 4. Schematic diagram illustrating a perfusion defect of At-Pl in thyroid nodules. The left image depicts the US image in the
double-image condition, the right image represents the At-Pl image. The white arrow indicates the area of filling defect.
(A) The US image reveals a solid hypoechoic lesion in the right lobe of the thyroid gland, characterized by clear borders, a
regular shape, and uneven echoes. There are thick and strong echoes present within the lesion, accompanied by attenuation
in the posterior region. The nodules are classified as C-TIRADS category 4a. The At-Pl image shows a perfusion defect, which,
when compared to the US image, highlights the presence of thick calcification and a significant sound shadow behind it.
The pathology indicates nodular goiter with calcification and fibrosis. (B) The US image again shows the solid right lobe of
the thyroid gland, where the hypoechoic lesions exhibit clear borders, irregular shapes, and uneven echoes. The nodules
are classified as C-TIRADS category 4b. The At-Pl image displays a combination of local abundant perfusion and defect, with
the maximum diameter of the lesion measuring approximately 3.23 cm; the pathology is consistent with papillary thyroid
carcinoma (PTC). Figure was created using PowerPoint version 2016 (Microsoft Corporation, Washington, USA).

peripheral area. Similarly, AT, _ in the malignant group was also
greater than in the benign group (2.182+1.965 s >0.320+1.706
s), with a statistically significant difference (P<0.05). Further de-
tails can be seen in Table 3, indicating that the contrast agent
in malignant thyroid nodules often takes longer to reach the
lesion compared to the surrounding thyroid tissue at the same
depth. No significant differences were observed in the remain-
ing parameters between the 2 groups.

Analysis of Diagnostic Efficacy of the Time Span (AT) in
the Diagnosis of Thyroid Cancer

By analyzing the ROC curve, it was determined that the ar-
eas under the curve for AT, and AT, , were 0.715 (95% Cl:
0.624-0.805) and 0.763 (95% Cl: 0.676-0.851), respectively. The
Youden index for each parameter was calculated to determine
the cutoff value - a cutoff value of 1.075 s for AT,  resulted in

a sensitivity of 54.2% and a specificity of 84.1%; while a cut-
off value of 0.739 s for AT, _ led to a sensitivity of 80.7% and
a specificity of 80.7%. The overall accuracy was found to be
68.2%, as shown in Figure 5.

Discussion

As a cutting-edge imaging technology, CEUS can provide real-
time visualization of microcirculatory perfusion within lesions,
enhancing the detection of microvessels and complementing
the morphological information obtained through traditional US
imaging [14]. The use of CEUS in thyroid diseases has sparked
interest in achieving accurate diagnoses through quantitative
analysis of perfusion characteristics. Both domestic and foreign
studies on CEUS applications in thyroid nodules highlight key
malignant perfusion characteristics such as ‘slow progression’,
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Table 1. Patient clinical data and C-TIRADS category.

Patient clinical data Benign (n=44) Malignant (n=83)

Table 2. Comparison of intergroup qualitative parameters of At-Pl in thyroid nodules.

Benign (n=44) Malignant (n=83) x*/F P

Enhancement time Earlier 3 (6.8%) 17 (20.5%)
Later 17 (38.6%) 61 (73.5%) 38.746 <0.001

Synchronous 24 (54.5%) 5 (6.0%)

Perfusion mode Centripetal 14 (31.8%) 54 (65.1%)
Centrifugal 1 (2.3%) 18 (21.7%) 38.071% <0.001

Diffuse types 29 (65.9%) 11 (13.3%)

Early annular enhancement Presence 6 (13.6%) 24 (54.5%)
———————————————————————————————————————————————————————————————————————————————————————————————————————— 3.233 0.072

Absence 38 (86.4%) 20 (45.5%)

Perfusion defect assessment Presence 23 (27.7%) 17 (20.5%)
———————————————————————————————————————————————————————————————————————————————————————————————————————— 15.263 <0.001

Absence 60 (72.3%) 66 (79.5%)

# Fisher’s precision probability test.
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Table 3. Comparison of intergroup quantitative parameters of At-Pl in thyroid nodules. T : the earliest arrival time of the contrast
agent; T,: the latest arrival time of the contrast agent; T,: the time when the contrast agent reached the central area of the
lesion; T,: the time when the contrast agent reached the peripheral area of the lesion; T,: the time taken for the contrast
agent to reach the lesion area;T,: the time taken for the contrast agent to reach the surrounding normal thyroid tissue at the

same depth as the lesion. AT, =T -T,; AT, ,=T,-T; AT, =T -T..
Benign (n=44) Malignant (n=83) t P
T, 10.730+2.803 11.108+2.265 -0.765 0.446
T, 16.622+5.413 16.95614.633 -0.336 0.737
AT, 5.892+3.598 5.847+3.209 0.067 0.947
22

Ty, 13.548+3.832 14.39343.663 -1.217 0.226
T, 13.471+3.495 13.256+3.095 0.357 0.722
AT, 0.076+1.671 1.136+£1.868 -3.153 0.002
T 12.950+3.488 14.049+3.00 -1.852 0.066
T, 12.039+2.473 12.109+1.885 -0.178 0.859
AT, 0.320+1.706 2.182+1.965 -5.31 <0.001

‘color parametric imaging (CPI)’, and ‘arrival time imaging (ATI)’

10 [10,18,19]. Despite its potential, the literature contains few re-
ports on use of At-PI for assessment of thyroid nodules.

08 The inflow phase process of CEUS of thyroid nodules is rapid

and displays a single color. In small nodules, it can be challeng-

06 ing for the human eye to capture the arterial phase perfusion

g characteristics, potentially leading to the oversight of crucial

2 diagnostic information. This technology heavily relies on the

g 04 operator’s subjective judgment, resulting in limited diagnos-

tic efficacy. At-PI technology offers qualitative and quantita-

tive parameters to aid sonographers in diagnosing perfusion

02 | characteristics that may be hard to discern visually, reducing

— AT, (AUC=0.715) discrepancies between different operators in CEUS mode anal-

— AT, (AUC=0.763) ysis and thereby enhancing the objectivity and confidence of

0.0 I I I I | diagnosis. Research by Wakui et al has demonstrated that At-

0.0 02 04 06 0.8 10 Pl excels in detecting the spoke pattern of focal nodular hyper-

1-Specificity plasia of the liver <3 cm, suggesting its superiority in assessing

the enhancement pattern of smaller lesions [20]. Consequently,

Figure 5. ROC curves for AT, , (the time span from the periphery
to the central area or vice versa) and AT, (the time
span [absolute value] for the contrast agent to reach
the lesion and the surrounding thyroid tissue at the
same depth). The Figure was produced using MedCalc
version 11.4.2.0 (MedCalc Software, Ostend, Belgium,).

‘heterogeneous low enhancement’, ‘peripheral to central en-
hancement’, ‘extrathyroidal invasion’, and ‘peripheral irregular
ring enhancement’ [15-17]. The use of arrival time-parametric im-
aging (At-Pl) allows for intuitive assessment of enhancement pat-
terns and timing, as well as quantitative analysis of parameters
like arrival time differences in different areas. This technology is
also referred to as ‘arrival time parametric imaging (CEUS-PAT)’,

we conducted a pioneering study using At-Pl to enhance the
diagnostic accuracy of benign and malignant thyroid tumors.

In this study, At-Pl was employed to compare the qualitative
characteristics of 127 thyroid nodules. The results indicated
that malignant nodules typically exhibit multiple enhancement
patterns that occur later than in the surrounding thyroid gland,
exhibit centripetal enhancement, and lack perfusion defects,
aligning with the conclusions of previous studies.

The normal thyroid gland is characterized by a rich blood sup-
ply, with the arterial phase demonstrating rapid and uniform
enhancement. The blood perfusion of thyroid nodules is in-
fluenced by the quantity, structure, and distribution of blood
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vessels. We observed that 65.1% of the At-Pl enhancement
patterns in malignant nodules were centripetal, while 65.9%
of benign nodules displayed diffuse patterns. Furthermore,
the difference in perfusion defects between benign and ma-
lignant nodules as assessed by At-Pl was statistically signifi-
cant (P<0.001). A comparison with US and CEUS revealed that
benign nodules frequently exhibit perfusion defects. In cystic-
solid nodules, the area that appears on CEUS after the absorp-
tion of cyst fluid typically shows no enhancement, along with
coarse calcification and significant sound shadowing, which
aligns with established guidelines regarding benign character-
istics [13]. Currently, scholars assert that PTCs are predomi-
nantly tumors characterized by insufficient blood supply, with
internal neovascularization often being underdeveloped. The
infiltrative growth of the tumor compresses the vasa vaso-
rum, leading to varying degrees of collapse or destruction.
Consequently, CEUS enhancement is often delayed compared
to the surrounding thyroid tissue, consistent with the findings
of this study. The results corroborate previous research [21];
Jin et al suggest that blood vessels in the central regions of
malignant lesions are relatively sparse, while those in the pe-
ripheral regions are denser, resulting in most malignant nod-
ules exhibiting centripetal enhancement on CEUS [22]. The At-
PI results of this study confirm the low efficacy of microvessels
in the central area of malignant thyroid nodules. This finding
may be attributed to the presence of dense interstitial fibrosis
in cancerous tissues, which reduces the density of microvessels
within the nodules, often resulting in a relatively low number
of central blood vessels. In contrast, the distribution of blood
vessels surrounding benign nodules is more regular, charac-
terized by fewer damaged vessels, and there is no significant
difference in the blood vessel distribution compared to the
surrounding thyroid tissue. Consequently, benign nodules of-
ten exhibit diffuse enhancement, aligning with the results re-
ported by Fan et al [23]. The At-PI technology effectively marks
the areas where the contrast agent reaches with color, while
areas without color marking indicate a lack of perfusion. The
display of perfusion defects using At-Pl observation is simpler
and more intuitive than that of CEUS. Through At-PI, the vas-
cular distribution of tumors can be assessed objectively, en-
abling researchers to select target areas for further study and
analysis. This methodology warrants consideration by other
researchers in the field for future investigations [24,25].

In the At-PI quantitative parameter analysis, relative parame-
ters obtained from the differences of At-PI parameters are set
in addition to directly measuring the parameters. This approach
largely eliminates factors related to the individual’s baseline
status, such as cardiac function or overall thyroid perfusion lev-
els affected by diffuse thyroid diseases like hyperthyroidism,
hypothyroidism, or Hashimoto’s thyroiditis. The quantitative
parameter results of At-Pl indicate that the difference in AT,
, was higher in the malignant group compared to the benign
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group (1.136+1.868s >0.076+1.671 s), and AT, . was also higher
in the malignant group than the benign group (2.182+1.965 s
>0.320+1.706). These findings suggest that the contrast agent
takes longer to reach the central area of malignant thyroid nod-
ules compared to the periphery, indicating centripetal enhance-
ment. Additionally, the contrast agent takes longer to reach the
lesion compared to the surrounding thyroid tissue at the same
depth, indicating late enhancement. These results align with
the qualitative characteristics observed in this study using At-
PI. Qualitative features are easily discernible on At-Pl imag-
es, but for contentious lesions that are small or challenging to
differentiate visually, specific parameters can be employed to
quantify perfusion characteristics. The receiver operating char-
acteristic curve (ROC) analysis revealed that the areas under
the curve for AT, ; and AT, , were 0.715 and 0.763, respective-
ly. Using 1.075 s as the cutoff value, AT, , exhibited a sensitiv-
ity of 54.2% and specificity of 84.1%, while AT, ,, with a cutoff
value of 0.739 s, showed a sensitivity of 80.7% and specifici-
ty of 68.2%. We believe that both AT, and AT , exhibit diag-
nostic potential for thyroid cancer. In addition to generating a
parametric imaging color map to visualize the differences in
arrival time on a two-dimensional section, At-PI’s relative pa-
rameter AT serves as an objective metric for distinguishing be-
tween benign and malignant thyroid nodules, demonstrating
promising research prospects and application value. This ap-
proach is fundamentally analogous to previous research that
utilized AT to assess the nature of lymph nodes [12].

This study demonstrates that the At-Pl feature manifests as
an enhanced edge of peritumoral tissue, with early and col-
or-coded enhancement. Additionally, foreign researchers have
noted that malignant lesions frequently exhibit irregular pe-
ripheral annular enhancement [26-28]. However, there is cur-
rently a limited body of research addressing this feature. The
extent of early annular enhancement often corresponds with
or slightly exceeds the nodule boundary. This phenomenon
may be associated with the outward invasive growth of tu-
mor tissue, which stimulates reactive proliferation of the sur-
rounding thyroid tissue, thereby increasing the density of ad-
jacent new blood vessels and enhancing blood flow velocity.
Consequently, this results in an increase in microcirculato-
ry blood perfusion. On CEUS, this is observed as an irregular
high-enhancement ring with an enlarged border. In At-Pl im-
ages, it is evident that the peritumoral tissue enhances ear-
lier than the thyroid tissue located in and around the nodule
at the same depth during the arterial phase.

This study has several limitations. (1) It was a retrospective
study, which introduces potential biases in the data, and the
sample size was small, as it is a single-center prospective study,
and some thyroid nodules exhibit rare pathological types. (2)
The exclusion of these cases may limit the applicability of the
study’s results to a broader patient population. Future research
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should aim to more accurately analyze the qualitative charac-
teristics and quantitative parameters of At-Pl for identifying
thyroid nodules through larger-sample studies. Such diagnos-
tic advancements could provide a more objective visual refer-
ence for clinical practice. (3) The study population comprised a
higher number of men than women, which contrasts with previ-
ous studies. This discrepancy may be attributed to the fact that
our hospital is a military facility, where most surgical patients
are men, leading to an inevitable bias. (4) The images obtained
through At-PI only depict the blood perfusion pattern during
the inflow phase of the arterial phase, thus preventing analysis
of the outflow phase. A comprehensive evaluation of the full-
time phase of CEUS is necessary in clinical practice. (5) The At-
Pl software’s mid-arrival time is its sole quantitative parameter,
and it does not facilitate the analysis of enhancement inten-
sity. Consequently, it is not advisable to base differential diag-
noses solely on the quantitative parameters provided by At-PI.

Conclusions

At-PI can offer more effective parameters for differentiating be-
tween benign and malignant thyroid nodules. Several of these
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parameters have demonstrated diagnostic efficacy in the de-
tection of thyroid cancer. Additionally, At-PI enhances the vi-
sualization of ring enhancement in certain thyroid nodules.
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