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Abstract. Shear wave elastography (SWE) using acoustic radiation force impulse (ARFI) is a novel ultrasonography
technique. The aim of this study was to investigate the clinical usefulness of quantitative SWE for differentiating thyroid
nodules. For phantom study, we measured the shear wave velocities (SWVs) of the four spheres of 2- and 1-cm diameters
with varying hardness. For clinical study, the SWVs of normal thyroid glands and thyroid nodules, that were classified as
benign or malignant according to either cytological or pathological findings, were measured. The SWVs of each thyroid
patient were compared with that of a normal thyroid and each other. In phantom study, the SWVs for the 2-cm spheres
correlated with the hardness of the targets, whereas the values for the 1-cm spheres did not. In clinical study, 112 nodules
identified in 167 patients and 94 normal thyroid glands were analyzed according to the criteria for the study. The nodules
included 84 benign nodules, and 28 papillary carcinoma. The mean SWVs of each group were 1.64 + 0.47 m/s for normal
thyroid, 1.88 £0.62 m/s for benign nodules and 2.67 + 0.76 m/s for papillary carcinoma. The SWVs of papillary carcinoma
were significantly higher than those of benign nodules (P < 0.001). The area under the ROC curve was 0.809 with a cut-
off value of 2.01 m/s. The sensitivity and specificity were 85.7% and 62.0% respectively. Results showed that SWE
provides new information on tumor characteristics, such as hardness and larger nodules tended to provide stable

measurements.
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RECENTLY ULTRASONOGRAPHY EQUIPMENT
has remarkably improved. High-resolution ultrasonog-
raphy excels in the detection of thyroid lesions, and it is
an essential tool for diagnosing thyroid diseases. The
present of specific features on B-mode sonography,
evaluation of blood flow with Doppler sonography, and
the strain ratio measured by strain elastography (SE)
provide predictions of tissue characteristics to a certain
degree. However, ultrasonography remains subopti-
mal for diagnosing thyroid diseases [1, 2].

The novel technology of shear wave elastography
(SWE), also known as virtual touch quantification
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(VTQ), can measure the shear wave velocity (SWV)
caused by acoustic radiation force impulse (ARFI).
Using Young’s modulus, the velocity directly reflects
the tissue hardness. Thus, SWE has the potential to
quantitatively evaluate the tissue hardness. For evalua-
tion of the tissue hardness, SE imaging is a well-known
technique. SE measures the strain ratio of tissues in
the region of interest (ROI). Therefore, the evaluation
is a relative estimate, and it is limited to the ROI on
one side of the neck. In addition, sonographers have
a significant effect on the diagnoses [3, 4]. Compared
with SE, SWE is a quantitative and not an operator-
dependent method that avoids the limitation of SE for
the head and neck region, including the thyroid [5-8].
Therefore, SWE is expected to provide more informa-
tion. However, only limited clinical patient data on
patients for the head and neck region are available,
because SWE is a new system. The aim of this study
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was to perform the phantom experiment and investi-
gate the clinical usefulness of SWE for differentiating
thyroid nodules.

Patients and Methods

Phantom study

For the phantom study, we used a commercially
available Elasticity QA Phantom Model 049 (CIRS,
Nolfolk, VA, USA). Four spheres of both 2- and 1-cm
diameters with varying hardness were embedded.
The depth of the 2-cm spheres from the surface to the
sphere center was 3.3 c¢cm, while the depth of the 1-cm
spheres was 1.4 cm. The hardness level of the spheres
and background were as follows: lesion type 1, 8 kpa;
lesion type 2, 14 kpa; lesion type 3, 45 kpa; lesion type
4, 80 kpa; and background, 25 kpa. We measured the
SWV (m/s) for the four spheres of each size and the
background at each depth for the phantom. With the
ROI set at the center of a target, the measurement was
repeated for five times.

Patients

Informed consent was obtained from the patients, and
the study was performed in accordance with the ethi-
cal guidelines of the Helsinki Declaration. The insti-
tutional review board of Tottori University approved
the study protocol. The study was conducted between
November 2011 and April 2013. We included patients
with thyroid nodules who had undergone an ultrasound
examination for screening or further evaluation of the
thyroid gland at our otolaryngology-head and neck sur-
gery department. Patients were then screened to deter-
mine whether they satisfied the inclusion criteria for
this study listed below. The nodules were classified as
either benign or malignant and then compared with the
normal thyroid glands and with each other. The each
inclusion criteria for the study were as follows.

Criteria

The normal thyroid group had normal imaging on
ultrasonography, with normal serum thyroid hormone
levels (TSH, FT3, and FT4). The thyroid nodules were
>10-mm diameter that were performed fine needle aspi-
ration biopsy (FNAB) of thyroid nodules and exam-
ined their cytology, and/or histopathology by surgery.
Benign nodules included goiter nodules and adenomas.
Diffuse goiters were excluded. Exclusion criteria were
cystic lesions, multiple small nodules.

FNAB/ surgery

FNAB was performed on >10-mm diameter nod-
ules. The nodules were then classified as either benign
or malignant according to either cytological or patho-
logical findings. It is possible that a small number of
follicular carcinoma have benign cytology, and in this
study they would have been classified as benign nod-
ules, except when pathologically diagnosed as follicu-
lar carcinoma, after surgery. Patients with nodules of
indeterminate cytology by FNAB without confirmation
by surgery were excluded.

Measurement procedures

The thyroid glands of all the patients were examined
using the ACUSON S2000 ultrasound system (Siemens
Medical Systems, Mountein View, CA, USA) with a
B-mode-ARFI combination linear transducer (9L4;
Siemens Medical Solutions). The location, size, echo
pattern, and vascularity were observed for each lesion.
To perform SWE on B-mode US images, a target region
with a fixed dimension of 5 x 5 mm was identified as
the region of interest (ROI). An acoustic push pulse
was transmitted and a shear wave generated in the tar-
get region. The shear waves were detected by sono-
graphic detection pulses, and the numerical values of
the SWE were displayed. We applied the SWE to the
right and/or left lobe of the thyroid gland and to the
solid parts of the thyroid tumors. The probe was axi-
ally pushed lightly into the neck. The 5-mm square
ROI was placed within the entire thyroid lesion (Fig. 1):
five measurements were then performed at the same
point. The mean of the five measurements for each thy-
roid patient was compared with that of a normal indi-

Fig.1 The 5-mm square ROI within the entire thyroid lesion
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vidually.

In SWE, the SWV was expressed in m/s. Only
numerical results were taken into consideration. When
the measurements showed X.XX m/s and five times of
numeric results could not be recorded, we regarded the
objects as unmeasurable lesions.

Statistical analysis

Statistical analyses were performed using SSPS
software (IBM SPSS Statistics 21; IBM, Japan). First,
we calculated the ratios between measurable and
unmeasurable lesions in each group with normal tis-
sue, benign nodules, or malignant nodules. The data of
measurable lesions were expressed as the mean + stan-
dard deviation (SD).

The groups with normal tissue, benign nodules, or
malignant nodules were compared with each other
using either Student’s #-test or the Mann—Whitney U
test. The diagnostic performance was assessed using
receiver operating characteristic curves (ROC curves),
and the optimal cut-off values were calculated using
Youden’s index. The correlations between tumor diam-
eter and SD of the five measurements were assessed by
Pearson’s correlation coefficient. For unmeasurable
malignant nodules, the ultrasonographic features of
thyroid cancer were assessed using the y° test.

Results

Phantom study

The results are shown in Table 1. The mean SWVs
for sphere types 1—4 of smaller size (1-cm diameters)
and background at 1.4-cm depth, was 1.74 m/s (range,
1.72-1.75 m/s; SD, 0.01), 2.04 m/s (range, 2.01-2.06
m/s; SD, 0.02), 2.84 m/s (range, 2.47-3.02 m/s; SD,
0.23), 2.00 m/s (range, 1.95-2.11; SD, 0.06), and 2.62
m/s (range, 2.61-2.65 m/s; SD, 0.02) respectively. The
mean SWVs for sphere types 1—4 of 2.0-cm diameter
and background at 3.3-cm depth, were 1.36 m/s (range,
1.32—-1.40 m/s; SD, 0.03), 1.90 m/s (range, 1.88—1.93
m/s; SD, 0.02), 3.46 m/s (range, 3.43—3.47 m/s; SD,
0.03), 5.22 m/s (range, 5.18—5.24; SD, 0.02), and 2.54
m/s (range, 2.50-2.57 m/s; SD, 0.03), respectively.
For 2-cm spheres, the measurements closely reflect
the hardness of the targets. The SWVs for the big-
ger spheres correlated with the hardness of the targets,
whereas the values for the smaller, hard spheres (types
3 and 4) of 1-cm diameter did not relate to their hard-
ness. The depth of the measurements may not have

materially affected the results.

Clinical evaluation

A total of 336 patients were underwent ultrasono-
graphic examinations according to the study protocol,
with 112 nodules and 94 normal glands identified in
167 patients (males, 56; females, 111; mean age, 59
years; range, 12—91 years) analyzed according to the
criteria for the study. The groups included 94 normal
thyroids glands, 84 cases with benign nodules, and 28
cases with malignant nodules. Characteristics of all
cases are shown in Table 2. All nodules were diagnosed
by FNAB cytology and/or surgery. All malignant nod-
ules were papillary carcinomas. The measurable ratios
of each group were 100% for normal thyroids glands,
94% for benign nodules, and 50% for papillary carci-
noma (Table 3). The mean SWVs of each group were
as follows: 1.64 + 0.47 m/s for normal thyroid glands,
1.88 £ 0.62 m/s for benign nodules, and 2.67 + 0.76 m/s
for papillary carcinoma (Fig. 2). The SWVs of papil-

Table 1 Results of the Phantom Study. The hardness of each
sphere and the mean shear wave velocities (SWVs) are
shown. For 2-cm spheres, the measurements closely
reflect the hardness of the targets

Sphere type  hardness (kpa) S;;]}}geo{r;/g;n S;gﬁgeo(frﬁ/g?
type 1 8 1.74 £ 0.01 1.36 £0.03
type 2 14 2.04+0.02 1.90 +0.02
background 25 2.62 +0.02 2.54+£0.03
type 3 45 2.84 +£0.23 3.46+0.03
type 4 80 2.00 £ 0.06 5.22+0.02

Table 2 The number and characteristics of the patients in the study

Normal Benign Malignant
Patient number 66 76 25
Case number 94 84 28
Sex (female/male) 32/34 60/16 19/6
Age (yrs) 59+ 18 59+ 17 59+17
Age range (yrs) 12-91 16-93 24-79

Table3 The number and ratio of measurable and unmeasurable
cases in each group

N*  Measurable Unmeasurable Nﬁ:gﬁ)u(r&t)))le
Normal 94 94 0 100
Benign 84 79 5 94
Malignant 28 14 14 50

* N: number of cases.
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Fig. 2 Box-and-whisker plots of the shear wave velocities
(SWVs) measured in normal thyroid glands, benign nod-

ules, and malignant nodules. x means outlier.

Table 4 The results with the cut-off value of 2.01 m/s

Papillary carcinoma  Benign nodules
SWV >2.01 m/s 24 32

SWV <2.01 m/s 4 52

lary carcinoma were significantly higher than those of
normal thyroids (P < 0.001). Analysis using the z-test
showed that there was no significant difference in the
SWVs between normal thyroid glands and benign nod-
ules. Because the Levene’s test showed that data of
the benign nodules had unequal variance, we used the
Mann—Whitney U test to analyze data of the benign
nodules. This showed there was a significant differ-
ence between normal thyroid glands and benign nod-
ules (P <0.05).

The SWVs of papillary carcinoma were signifi-
cantly higher than those of benign nodules (P <0.001).
As shown in Fig. 3, the area under the ROC curve was
0.809, and the cut-off value using Youden’s index was
2.01 m/s. When the cut-off value was 2.01 m/s, the sen-
sitivity, specificity, positive predictive value, negative
predictive value, and diagnostic accuracy were 85.7%,
62.0%, 67.9%, 92.9% and 67.9%, respectively (Table 4).
The diameter of individual benign and malignant nod-
ules is shown in Fig. 4. The mean diameters of benign
and malignant nodules were 21.2 mm + 12.5 and 19.4
+ 9.9 mm, respectively. A weak negative correlation

1.0 B

0.8 1

o
o

Sensitivity

o
N

0.2 4

0.0 T T T T !
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity
Fig. 3 Receiver Operating Characteristic (ROC) curve for dif-
ferentiating between benign and malignant nodules using
shear wave velocities (SWVs) measurements.
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Fig. 4 Box-and-whisker plots of the diameters of benign and
malignant nodules. x means outlier.

was observed between the tumor diameters of the
benign nodules and SD of the five measurements, with
a Pearson’s correlation coefficient of —0.38 (Fig. 5a).
There was no correlation between the tumor diame-
ters of malignant nodules and SD of the five measure-
ments, with a Pearson’s correlation coefficient of —0.11
(Fig. 5b). Coarse calcification was one of the causes
for unmeasurable papillary carcinoma observed during
ultrasonography (;° = 4.094, P < 0.05). In contrast, a
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Fig. 5a Chart showing the correlation chart of correlation be-
tween the diameters of benign nodules and standard de-
viations of the five measurements (Pearson’s correlation
coefficient, —0.38).
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Fig. 5b Chart showing the correlation chart of correlation be-
tween the diameters of malignant nodules and standard
deviations of the five measurements (Pearson’s correla-
tion coefficient, —0.11).

Table 5 The ;(2 tests for correlation between unmeasurable malignant nodules and
ultrasound features of thyroid cancer: heterogeneous of internal echo, coarse
calcification, and marked intranodular blood flow

Heterogeneous Coarse calcification Type 3 blood flow
Yes No Yes No Yes No
N* 21 7 9 19 12 15
Measurable 9 5 2 12 4 9
Unmeasurable 12 2 7 7 8 6
72 value 1.714 4.094 1.899
P value 0.190 <0.05 0.168

*N: number of cases

heterogeneous internal echo and type 3 blood flow or
marked intranodular blood flow [9], were not causes
of the unmeasurable state (y° = 1.714, P = 0.190; y° =
1.899, P =0.168, respectively) (Table 5).

Discussion

The advantages of SWE are that is a simple, quanti-
tative method with no self-judgment required by sonog-
raphers. We observed a significant difference between
benign nodules and papillary carcinoma, with the
results indicating that SWE could provide new infor-
mation on tumor characteristics, such as hardness.

However, numerical results could not be measured
in 50% papillary carcinoma. When SWV can not be

calculated in SWE, “X.XX” is displayed on the mon-
itor [10, 11]. There are various interpretations of
“X.XX” [5, 10, 12-15], with a major view being that
“X.XX” represents the SWVs that exceed the range of
1-10 m/s for SWE [5, 10, 12]. In their study, Bojunga
et al. substituted numerical values of 8.4 m/s, when
“X.XX” was displayed on the monitor [5]. However,
it remains unclear what value should be used when
“X.XX” is expressed.

We considered the relationship between nodule size
and the availability of SWV measurements. In the phan-
tom study, the small, hard type 3 and 4 spheres did not
provide consistent measurements, whereas, the mea-
surements of all the 2-cm spheres reflected their hard-
ness. Clinical evaluation of the benign nodules showed



620 Fukuhara et al.

that bigger nodule diameters had smaller SDs for the
five measurements. Zhang et al. also demonstrated
that the diagnostic performance of SWV for differenti-
ating benign from malignant thyroid nodules improved
when the nodules had a diameter of >20 mm [8]. In
contrast, when the nodules had small diameters, SWV
measurements were not stable. The ultrasonic waves of
the push pulse that were reflected and refracted at the
curved boundaries of the nodules, resulting in irregu-
lar production of shear waves, were thought be respon-
sible for this depreciation. On the other hand, in SE,
the strain ratio of large tumors compared with that of
the surrounding tissue cannot be measured because the
tumor size is greater than the ROI of elastography [16,
17]. SWE may avoid this limitation of elastography
imaging.

However, the nodule size may be just one of the
causes for measurement error because 50% of papillary
carcinoma were unmeasurable compared with approxi-
mately all benign nodules that were measurable, despite
no differences in the nodule size between the two types
of lesions. The current study found that coarse calci-
fication is one malignant feature that influences mea-
surement error on B-mode sonography. Therefore, we
considered that SWVs were affected by the pathologi-
cal structures of the targets. In the ACUSON S2000
ultrasound system, SW is detected at numbers of points
within ROI and then the velocity of SW is calculated.
When the SWV is not constant within ROI, the veloc-

ity is not able to be calculated. We thought this was
one of reasons why the measured value of tissue with
mixed structure became error. Conversely, because the
majority of malignant nodules show “X.XX” on the
monitor, it is likely that the unmeasurable state may be
a characteristic feature of malignant nodules. The lim-
itations of this study were that all malignant nodules
were papillary carcinomas; therefore, differentiation
between follicular adenoma and follicular carcinoma
remained unclear, and half of papillary carcinoma were
unmeasurable.

The SWVs of benign nodules did not significantly
differ from those measured in normal thyroid glands and
the causes for measurement error of papillary carcinoma
has been unclear. Therefore, further studies are required
to determine the correlation between SWV and pathol-
ogy of the targets as well as measurement artifacts.
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