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Abstract

Objective: To investigate the maximum Young’s modulus (SWE-max) of thyroid nodules using two-
dimensional Shear Wave Elastography (2D-SWE) in thyroid nodules. Young's modulus is a measure of
the stiffness of a solid material. It defines the relationship between stress (force per unit area) and strain
(proportional deformation) in a material.

Materials and method: A total of 244 patients with 289 nodules schedules for thyroid operation or fine-
needle aspiration were recruited in our study. 2D-SWE examinations were performed after the grey-
scale ultrasound to get the maximum Young’s modulus of thyroid nodules, which were then correlated
with pathology results. Then we investigate the distribution of the SWE-max by using logarithmic
normal distribution. Finally we presented the association in differentiation the quality of thyroid nodules
with the nodule’s SWE-max.

Result: The mean age was 45.58 + 12.15 years old. Of all these 244 patients, 18 (7.4%) exhibited with
multiple nodules and 226 (92.6%) presented with single nodules were included in this study. The mean
diameter of 289 nodules was 12.7 + 6.4 cm. If SWE-max > 120 kPa, the nodule was highly suspicious for
malignancy. If 120>SWE-max > 69 kPathe nodule was suspicious for malignancy. It indicated that the
possibility for malignancy was higher than benignancy. 69 kPa was considered as the expected value for
malignant nodules. If 69 kPa>SWE-max > 45 kPa, the nodule was indeterminate. If 45 kPa>SWE-max,
the nodule was suspicious for benignancy.

Conclusion: 2D-SWE imaging can provide quantitative information about thyroid nodules’ stiffness.
And the quantitative parameters are effective in differentiating benign and malignant thyroid nodules.

Keywords: Two-dimensional shear wave elastography, Thyroid nodules, Maximum Young’s modulus of thyroid

nodules.

Introduction

Thyroid nodule is a common clinical disease, about 4%-8% of
them can be found by palpation, 68% of which can be detected
by high-frequency ultrasound with color Doppler [1].
However, only 5%-15% are malignant. Recently, high-
frequency grey-scale ultrasound has played an important role
in differentiating malignant from benign nodules. Approved
sonographic signs that are suggestive of thyroid malignancy
include the following findings: poor margin, irregular shape,
taller-than-wide shape, microcalcification, marked
hypoechogenicity, absence of blood flow or peripheral
vascularization [2,3]. However, using each single characteristic
sign to predict malignancy has relatively low sensitivity
(26.5-59.1%) [4,5]. Conventional ultrasonography is very
sensitive to thyroid nodules but cannot reliably differentiate the
few malignant nodules from the common benign ones [6,7].
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By inducing motion in soft tissue, elastography has become a
wide medical application field to assess soft tissue mechanical
properties. Several techniques appeared according to the type
of mechanical properties. Different imaging patterns can be
used to estimate the resulting tissue displacements: Ultrasound
(US) or Magnetic Resonance (MR). In ultrasound field, US-
based elastography, a new technique for soft tissue elasticity
mapping, has become a top hot study. It can be widely used in
several organs, such as breast, liver, prostate, thyroid, kidney
and so on [8-14]. Most malignant thyroid nodules are
associated with nodular stiffness, especially for papillary
carcinoma which is the most common thyroid cancer type.
However, the majority of the benign nodules have a relatively
soft texture [15,16]. Therefore, eclastography has been
considered as a complementary method to help distinguishing
malignant from benign thyroid nodules. It has been proved that
the quasi-static elastography can help diagnose thyroid nodules
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[15,17]. Nevertheless, quasi-static elastography is a qualitative
diagnostic tool with many limitations such as relatively low
repeatability and high operator dependence. On the other side,
as a new quantitative, operator-independent, and reproducible
tool, Shear Wave FElastography (SWE) can supplement the
conventional ultrasound by quantitative evaluating tissue
hardness. The elasticity index delivers quantitative information
in terms of shear wave velocity (expressed in m/s) or estimated
tissue stiffness (expressed in kilopascals-kPa) [18]. And from
the velocity, the Young’s modulus is used to impact the tissue
stiffness. The harder the tissue is, the higher the Young’s
modulus [19-21].

Our study was demonstrated to describe the maximum Young’s
modulus of nodules in discriminating the quality of thyroid
nodules.

Materials and Methods

Patients

This study was approved by the ethics committee of the first
affiliated hospital with Nanjing Medical University (2012-
SR-058) and opened for enrolment from September 2015 to
January 2016. All patients signed a written informed consent.
The inclusion criteria included (a) age of 18 years and older;
(b) patients who were scheduled to undergo US-guide Fine-
Needle Aspiration (FNA) or thyroid surgery; (c) distance from
the surface skin to nodule center larger than 2.5 cm; (d)
patients had got solid or most solid thyroid nodules by US
examination; (e) history of radiotherapy or surgery on head and
neck regions and history of previous pharmacotherapy for
thyroid nodules were excluded in our study; (f) presence of
pure cystic nodules were eliminated [22].

US examination

Thyroid US examinations were performed by a real-time US
device (Aixplorer, Supersonic Imagine, Aix en Provence,
France) equipped with a linear transducer with 4-15 MHz liner
transducer. All the patients accepted grey-scale US and SWE
examinations operated by the same operator with more than 3
years’ experience in thyroid US and US elastography.

The patients were maintained at a supine position, head
backward, fully exposed to the neck. A careful evaluation was
performed to get the following grey-scale features for every
nodule: echogenicity (remarkable hypoechoic, hypoechoic,
isoechoic or hyperechoic in comparison with the adjacent
thyroid parenchyma), irregular or regular shape, poor or well
margin, absence or presence of halo sign, presence of
microcalcifications or mixed calcification (Microcalcifications
were defined as calcifications that were 1 mm in diameter,
which was visualized as tiny, punctate hyperechoic foci, either
with or without acoustic shadows. Macrocalcifications were
defined as hyperechoic foci larger than 1 mm, including rim or
egg-shell calcifications) [23], aspect ratio and nodular
vascularization (absence of blood flow, peripheral
vascularisation, increased vascularisation or intranodular blood
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flow) [24-28]. Every nodule was classified into different
categories according to Kwak [29].

SWE images were obtained for thyroid nodules on longitudinal
plane after conventional grey-scale US. The transducer was
held without compression or movement when SWE activated.
The real-time elastograms were displayed in dual mode
alongside grey-scale images to assist in anatomic localization.
The region-of-interest (ROI) (Q-box; Supersonic Imagine) was
set to cover the nodular lesion and the adjacent normal thyroid
parenchyma. On SWE mappings, using a default chromatic
scale with succession from blue to red showed soft to hard
tissue stiffness. The tissue elastic modulus was showed in
kilopascals (kPa) and an upper limit of the display 100 kPa was
set. Fixed 2 x 2 mm ROIs were placed over the stiffest part of
the nodule, the same level of muscle anterior portion and
normal thyroid parenchyma [30]. We acquired at least 3 SWE
cineloops lasting more than 10 s from each lesion for analysis.
During SWE examinations, all patients were asked to hold
their breath and refrain from other movements at least 3", The
operator froze the image and stored the corresponding image in
the machine.

We performed the shear wave elastographic measurement by
the Aixplorer, developed by the Supersonic Imagine. We
measured the following parameters which were automatically
displayed by the machine system: the whole nodule’s mean
value of EI (SWE-mean), the whole nodule’s maximum value
of EI (SWE-max), the whole nodule’s minimum value of EI
(SWE-min), the standard deviation of the EI (SWE-ESD); And
all the above indicators were measured when ROIs were
covered the nodular lesion and the adjacent normal thyroid
parenchyma. Then fixed 2 x 2 mm ROIs to get the following
parameters: the normal thyroid’s mean value of EI (SWE-
mean-thyroid), the normal thyroid’s maximum value of EI
(SWE-max-thyroid), the muscle anterior portion’s mean value
of EI (SWE-mean-muscle), the muscle anterior portion’s
maximum value of EI (SWE-max-muscle). At last, in this
study we performed a new index called the E-ratio, which was
calculated by the ratio between SWE-max and SWE-max-
muscle. On account of the happening of areas lacking SWE
signal, the SWE-min was not considered reliable. For each
parameter, the measurement was performed at least three
times.

All the measurements were performed by at least two operators
with more than 3 years’ experience in thyroid US and US
elastography.

Pathologic examination

All the pathological results, including US-FNA reports and
final postoperative diagnosis, were performed by two
pathologists with more than 5 years’ experience in thyroid
according to Bethesda system and WHO guidelines [31]. And
all the pathological results were considered as either benignity
or malignancy on basis of US-FNA and operative pathological
findings.
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Statistical analysis

We took the average value of three for each parameter’s
ultimate value. Comparison between the benign and malignant
thyroid nodules groups was made by using two independent
sample t-test. All the parameters were described as X = S, and
two-tailed p<0.05 was considered to be statistically significant.
The diagnostic performance for each SWE indices in
differentiating benign from malignant thyroid nodules was
assessed by Receiver Operating Characteristic (ROC) analyses.
Ultimately, the area under the ROC curve (AUC) of SWE-max
was the highest one in all the SWE indices. Then we performed
analysis of the distribution of the SWE-max by using
logarithmic normal distribution. At last we presented a scheme
in differentiation the quality of thyroid nodules in accordance
with the nodule’s SWE-max. We collected all the results in a
Microsoft Excel file. The statistical analyses were carried out
by using SPSS version 19.0, Medcalc version 10.3.0.0 and
Matlab version 7.0.
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Figure 1. SWE image (top) and simultaneous grey-scale image
(bottom) in a 52-year-old female. The 2D-SWE mapping showed a
homogeneous blue pattern representing low Young's modulus, and the
nodule was diagnosed as a benign follicular adenoma at surgical
pathologic investigation.

Table 1. Distribution of 289 thyroid nodules according to pathology.

Pathological results n

Malignant Papillary carcinoma 168
Medullar carcinoma 2
Total 170

Benign Nodular goitre 43
Adenoma 68
Hashimoto’s thyroiditis 5
Focal thyroiditis 3
Total 119

Total 289
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Figure 2. SWE image (top) and simultaneous grey-scale image
(bottom) in a 28-year-old male. The 2D-SWE mapping showed a
yellow even red area representing high Young's modulus, and the
nodule was diagnosed as a malignant papillary carcinoma at surgical
pathologic investigation.

Results

At last, 24 patients with 29 nodules were yielded because of
non-diagnostic results after US-FNA (Bethesda category I).
Overall, 244 patients (197 female and 47 male) with 289
nodules acquiring specific pathological results were recruited
in our study. The mean age was 45.58 £ 12.15 years old (range
from 21 to 76 years). Of all these 244 patients, 18 (7.4%)
exhibited with multiple nodules and 226 (92.6%) presented
with single nodules were included in this study. The mean
diameter of 289 nodules was 12.7 + 6.4 cm, range from 0.3 to
3.9 cm. The final pathological results were obtained from US-
FNA and surgical specimens. For most thyroid nodules, the
2D-SWE mapping showed a homogeneous blue pattern
representing low Young’s modulus in benign ones and an in
homogeneous pattern with yellow even red area for malignant
ones (Figure 1). And all the pathological results were
summarized in Table 1.

Grey-scale US examinations

We performed the main signs’ statistical analyses of
conventional ultrasound in diagnosing thyroid nodules.
Comparison between the benign and malignant thyroid nodules
groups was made by using two independent sample t-test. Then
we drew ROC curve of each criteria, got the AUC value,
sensitivity and specificity. And all the results were collected in
Table 2.

Among all the grey-scale features, irregular shape was the best
characteristic to predict malignant thyroid nodule (75.3%
sensitivity and 74.8% specificity, p=0.04). Hypoechoicity was
the highest sensitivity (98.2%) to diagnose malignancy, but the
specificity was extremely low (only about 19.3%), p=0.000.
Taller-than-wide shape was considered to be the highest
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specificity (94.1%) feature in differentiating thyroid nodules,
but the sensitivity was also very low (about 22.9%), p=0.000.
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Table 2. Diagnostic performance of grey-scale US signs in differentiating thyroid nodules.

Pathology p AUC Sensitivity (%) Specificity (%)
Benign Malignant

Shape Oval 89 42 0.004 0.758 75.3 74.8
Roundness 9 28
Irregular 21 100

Aspect ratio >1 7 39 0 0.585 22.9 94.1
<1 112 131

Margin Well 98 58 0 0.74 65.5 82.4
Poor 21 112

Boundary Closely linked 95 158 0.001 0.562 92.9 20.2
Halo sign 24 12

Echogenicity Mixed-echogenicity 18 12 0 0.527 98.2 19.3
Hypoechoicity 74 152
Isoechoicity 23 3
Hyperechoicity 4 3

Calcification Absence 97 63 0 0.741 59.9 89
Microcalcification 14 103
Large calcification 8 4

Vascularisation Absence of blood flow 27 54 0.117 0.565 31.8 77.3
Peripheral vascularisation 18 2
Increased vascularisation 74 114

SWE examinations

Quantitative measurement: The main signs’ statistical
analyses were performed with SWE elasticity indices between
benign and malignant thyroid nodules. And the comparison
was made by using two independent sample t-test. We mapped
all the SWE quantitative parameters’ ROC curve, got their
AUC value, sensitivity and specificity. All the results were
collected in Table 3.

Among all the parameters, SWE-max was considered to be the
most effective one to differentiating benign and malignant
thyroid nodules (p=0.000). And 52.7 kPa was considered to be
a cut-off value in diagnosing thyroid nodules. But this cut-off

value was based on a normally distributed data. In previous
articles, a normally distributed data was rarely mentioned. So
we drew a statistical distribution histogram about SWE-max.
The column diagram showed in Figure 2. The SWE-max’s
distribution range was showed in Table 4.

From Figure 2, we could see clearly that the SWE-max was
abnormally distributed. Using statistics of normal distribution
assumption of statistical procedure, the result of the test was
not in conformity with the real data distribution. So the result
was unreasonable. And this might be the reason for bad result
statistics of thyroid nodules.

Table 3. Diagnostic performance of SWE elasticity indices between benign and malignant thyroid nodules.

Benign Malignant P value AUC Sensitivity (%) Specificity (%)
SWE-mean 23.2+9.6 30.4+10.5 0 0.741 729 70
SWE-max 50.9+26.0 75.9 +38.8 0 0.764 75.3 731
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SWE-mean-muscle 16.0+3.9 166 +£4.4 0.179 - - -
SWE-mean-thyroid 14.0+43 14.3+£4.5 0.581 - - -
E-ratio 2.73+3.33 3.37£2.17 0.048 0.585 22.9 94.1
Table 4. Distribution range of SWE-max between benign and
malignant thyroid nodules. A - B *
-
o
Emnax Maximum (kPa) Minimum (kPa) 7 2‘ e
b 3 »
Malignant nodules 2715 227 % |
! i
186.5 18.1

Benign nodules

The probability analysis of SWE-max

It was considered to be a peak near 40 kPa in Figure 2. The
SWE-max was in small range below 40 kPa, and there would
be a threshold value near 18 kPa. This threshold value was
considered to be the Young’s modulus of normal thyroid
parenchyma. It was slowly declined when the SWE-max was
above 40 kPa. And this distribution of thyroid nodules’ SWE-
max was in accordance with the previous studies. So we used a
logarithmic normal distribution of SWE-max according to the
frequency distribution. We drew a probability density function
curve and got expected value of two-kinds of thyroid nodules
(Figure 3). All the statistical results were collected in Table 5.

Table 5. SWE-max’s statistical result of benign and malignant thyroid
nodules.

Statistical Number of Expected values E Variance
parameter data points yields o
Lg (x) X (kPa)
Malignant nodules 170 4.235 69.1 0.4465
Benign nodules 119 3.812 45.2 0.4297
Expected stiffness value
0.025 T T T
i = Benign
_f" Malignant
2 oo20p !
=x o
£ ]
L !
© 0015} - 4
2 P
= i
2 .
a 0 E B
7] 0.010 ;
o H
IS i
~ i
0.005¢ 1
0 sl T
0 100 150 200 250 300
Nodules stiffness(kPa)

Figure 3. Probability density function curve and expected value of
two-kinds of thyroid nodules.
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Figure 4. Logarithmic normal distribution of thyroid nodules (A):
Stiffness of benign nodules, (B): Stiffness of malignant nodules.
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Figure 5. SWE-max s statistical distribution histogram.

Discussion

Thyroid malignant nodules, as a majority of them are papillary
thyroid carcinomas, most of them are hard. The stiffness
evaluation has become part of nodules characterization. US
elastography, a recent and sophisticated imaging technique, has
been considered to evaluate tissue stiffness [28]. Real-time
shear wave elastography (Supersonic Elastography, SSE) is a
new elastic technical developed in recent years. It is an
operator-independent, reproducible and quantitative
elastography method [29,30]. The elastography imaging is
overlaid on the grey-scale image. Its inter- and intra-operator
reproducibility in quasi-static elastography is acceptable, with
a correlation coefficient ranging from 0.73 to 0.79 for inter-
observer variability and between 0.73 and 0.84 for intra-
observer variability [31]. Up to now, some studies using SSE to
assess thyroid nodules, tying to differentiating benign vs.
malignant by define a cut-off value of the Elasticity Index (EI).
A closest study, made by Park et al. [32], reported that a mean
value for EI > 85 kPa or a maximum value > 94 kPa are
independent predictors of thyroid malignancy [33]. All the
reported cut-off value was different from each other. And
Bathia et al. [34] calculated different cut-off values for EI, with
the ROI kept at 2 mm, found that increasing the cut-off value
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(>10.3 kPa, >132 kPa) is associated with increasing specificity
(8.9-100%), and decreasing sensibility (100-7.7%). And all the
studies used normal distribution model. In our study, we could
see clearly from Figure 3 that the SWE-max was abnormally
distributed. Using statistics of normal distribution assumption
of statistical procedure, the result of the test was not in
conformity with the real data distribution. So, it is obviously
inaccuracy to differentiating benign vs. malignant by define a
cut-off value of the Elasticity Index (EI).

Therefore, we used a logarithmic normal distribution model in
our study. And this kind of model could best reflex thyroid
nodules’ maximum Young’s modulus, being characteristic of
asymmetric distribution and bad concentration. In logarithmic
normal distribution models, the expected value was different
from peak value. So, the SWE-max’s distribution character
could be better reflected by the logarithmic normal distribution
model. Taking malignant thyroid nodules for instance (Figures
4 and 5), the centrostigma point of the SWE-max’s distribution
or the peak value of the probability density function was
around 57 kPa. But the mean value of SWE-max or the
expected value of the logarithmic normal distribution was
around 69 kPa.

A total of 289 thyroid nodules were enrolled in our study, and
119 nodules were benign (41.2%), 170 nodules were malignant
(58.8%). And this kind of statistical distribution was reliable

Table 6. Distribution range of SWE-max for differentiating thyroid nodules.

Hang/Xue/Deng/Ye/Li/Ma/Li/Du

for statistical result. It was obviously that the SWE-max of
malignancy was higher than benignancy. So the SWE-max
could be as an auxiliary pointer in diagnosing thyroid nodules.
Totally speaking, we presented a distribution range of SWE-
max for differentiating thyroid nodules. The results were
collected in Table 6. And the distribution range was as follows:

If SWE-max > 120 kPa, the nodule was highly suspicious for
malignancy. And the possibility of SWE-max was less than 2%
in benign nodules.

If 120>SWE-max > 69 kPathe nodule was suspicious for
malignancy. It was mean that the possibility for malignancy
was higher than benignancy. 69 kPa was considered as the
expected value for malignant nodules. Among this range, the
possibility of SWE-max in malignant nodules was higher than

50%, but slim chance appeared in benign nodules.

If 69 kPa>SWE-max > 45 kPa, the nodule was indeterminate.
In other words, when the SWE-max was in this range, the
nodules were considered to both in possible.

If 45 kPa>SWE-max, the nodule was suspicious for
benignancy. It was mean that the possibility for benignancy
was higher than malignancy. There was less chance for
malignant nodules for reaching such a low SWE-max value,
but the possibility of benign nodules was around 50%.

Emax (kPa) Emax = 120

120>Epmax 2 69

69>Eay 2 45 Emax<45

Thyroid nodules Highly suspicious for malignancy

Suspicious for malignancy

Indeterminate Suspicious for benignancy

Table 7. Distribution of 289 thyroid nodules according to pathological
results and distribution range.

Emax (kPa) Total Number
Emax = 120 19 Benign 1
Malignant 18
120>E 5 2 69 84 Benign 14
Malignant 70
69>E . = 45 95 Benign 34
Malignant 61
Emax<45 90 Benign 76
Malignant 14

We collected our data in Table 7 according to the E ..
distribution range. From Table 7 we could see only one benign
thyroid nodule’s E,,, value was higher than 120 kPa. After we
reviewed this image data, this nodule was larger than two
centimetres with no calcification. And the distance from
nodule to the body surface was only 5 mm. So the pressure
applied on the neck from the nodule might alter the values of
EI [35]. In other words, the closer distance to the body surface
of nodules and the bigger nodules got higher EI values. In our
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study, 90 nodules’ E ., value was under 45 kPa including 14
malignant nodules. After we had a retrospective analysis of
these nodules, all the 14 malignant nodules’ size was less than
or equal to 1 cm. Two nodules contained microcalcifications
among the 14 nodules had bigger EI values than the rest ones.
So, a malignant nodule equal or less than 1 cm in maximum
diameter got lower EI values than the bigger nodules. And this
result was similar to Liu et al. [36]. In a word, nodule size,
presence of calcification and distance between body surface to
the nodule were limitations of performing SSE in thyroid
nodules [37,38].

At last, we could see from Table 6 that our results were similar
to the thyroid imaging reporting and data system proposed by
Kwak [19]. So we could combine our results with the thyroid
imaging reporting and data system for US features of nodules.

The shear wave elastography imaging can provide quantitative
information about thyroid nodules’ stiffness. And the
quantitative parameters are effective in differentiating benign
and malignant thyroid nodules. Our results are similar to the
thyroid imaging reporting and data system. We could combine
our results with the thyroid imaging reporting and data system
for US features of nodules. Finally, we enrolled SWE-max as a
single index for differentiating benign and malignant thyroid
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nodules in this study. The analysis of other parameters and
combined application of them were not evaluated in our study.
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