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Abstract—The purpose of this research was to determine the feasibility of a transvaginal ultrasound vibro-elas-
tography (TUVE) technique for generating and measuring shear wave propagation in the uterus. In TUVE, a
0.1-s harmonic vibration at a low frequency is generated on the abdomen of a subject via a handheld vibrator. A
transvaginal ultrasound probe is used to measure the resulting shear wave propagation in the uterus. TUVE was
evaluated on a female ultrasound phantom. The shear wave speeds in the region of interest of the uterus of the
female ultrasound phantom were measured in the frequency range of 100�300 Hz. The viscoelasticity was ana-
lyzed based on the wave speed dispersion with frequency. The measurement of shear wave speed suggests that
the uterus of this female ultrasound phantom is much stiffer than the human uterus. This research illustrates the
feasibility of TUVE for generating and measuring shear wave propagation in the uterus of a female ultrasound
phantom. We will further evaluate TUVE in patients, both normal controls and those with uterine diseases such
as adenomyosis. (E-mail: zhang.xiaoming@mayo.edu) © 2018 World Federation for Ultrasound in Medicine &
Biology. All rights reserved.
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INTRODUCTION

The uterus is an organ that provides easy access for the

diagnosis of pathologies such as endometrial hyperplasia

and endometrial cancer by endometrial biopsy. Other

pathologies are more challenging to diagnose without

major surgery, including entities such as adenomyosis,

smooth muscle tumors of uncertain malignant potential

and leiomyosarcoma. In such cases, needle biopsy can

be attempted; however, needle biopsy sensitivity

depends on several factors, including the extent of dis-

ease, number of biopsy specimens, sampling site, needle

gauge and operator experience (Levgur 2007).

Transvaginal ultrasound (TVUS) is a non-invasive

imaging modality used to evaluate these diseases, espe-

cially in women with pre-malignant endometrial lesions.

An endometrial thickness �5 mm is associated with a

low risk of endometrial disease (Goldstein et al. 1990;

Karlsson et al. 1995). The American College of
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Obstetricians and Gynecologists (2009) advises that an

endometrial thickness �4 mm evaluated by TVUS is

effective as the first diagnostic step in women with post-

menopausal bleeding. The Society of Radiologists in

Ultrasound (SRU) suggests that an endometrial thickness

�5 mm is an effective diagnosis for women with post-

menopausal bleeding (Goldstein et al. 2001). TVUS is

increasingly used for diagnosing adenomyosis, with sen-

sitivity and specificity of 72% and 81%, respectively

(Champaneria et al. 2010).

Some studies use strain elastography to diagnose

adenomyosis and uterine leiomyomas (Frank et al. 2015;

Stoelinga et al. 2014; Tessarolo et al. 2011). However,

strain elastography is a subjective technique. Moreover,

conventional TVUS also provides information on the

echotexture of the myometrium, where tissue viscoelas-

ticity may change in adenomyosis (Hanafi 2013). Yet, it

is unable to quantify the tissue viscoelasticity to evaluate

disease development and progression.

The purpose of this study was to illustrate the feasi-

bility of using a transvaginal ultrasound vibro-elastogra-

phy (TUVE) technique to measure uterine elastic
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properties. In addition to imaging, TUVE provides the

viscoelasticity of the uterus, which may be useful for

evaluating uterine diseases that are currently difficult to

diagnose.
METHODS

A female ultrasound phantom (General Pathol-

ogy Transvaginal Ultrasound Training Model, Blue

Phantom, CAE Healthcare, Sarasota, FL, USA) was

used in this study. In the TUVE technique, a 0.1-s

harmonic vibration is generated on the abdomen

of the phantom using a handheld vibrator (Model

FG-142, Labworks Inc., Costa Mesa, CA, USA)

mounted on a stand (Fig. 1a). In this research, five

exciting frequencies were used to measure the shear

waves: 100, 200, 300, 400 and 500 Hz. The excita-

tion signal at a frequency was amplified by an audio

amplifier (Model D150 A, Crown Audio Inc., Elkhart,

IN, USA). The handheld shaker applies local excita-

tion on the abdomen through a 3-mm-diameter

indenter (Kubo et al. 2018a, 2018b). The resulting

wave propagation in the uterus is measured using a

transvaginal ultrasound probe (GE-IC5-9-D, GE

Healthcare, Madison, WI, USA) with a central fre-

quency of 5.682 MHz. A Verasonics (Kirkland, WA,

USA) ultrasound system is used. The Verasonics

ultrasound system can collect up to a few thousand

imaging frames per second using a plane-wave pulse

transmission method (Cheng et al. 2018; Kubo et al.

2018a, 2018b). Figure 1(b) is a typical B-mode image

of the phantom.
Fig. 1. (a) Experimental setup for transvaginal ultrasound
(b) Typical B-mode ima
The techniques for measuring the shear wave in

response to the mechanical vibration, as illustrated in

the B-mode imaging area (Fig. 1b), are summarized

as follows. The radiofrequency (RF) data of the ultra-

sound echo are obtained first. By demodulation of the

RF data using quadrature detection, the IQ data of

ultrasound signals are processed. Cross-correlation

analysis of the ultrasound IQ data is used to calculate

the motion at a location in the ultrasound imaging

area (Clay et al. 2018; Hasegawa and Kanai 2006).

Tracking the wave propagation in both the horizontal

and vertical directions allows the wave speed at a

pixel in the B-mode imaging area to be measured and

the speed map of the entire B-mode imaging area to

be obtained (Song et al. 2014).

The shear wave speed is related to elasticity by

cs ¼
ffiffiffiffi
m

r

r
ð1Þ

where m is shear modulus and r is mass density.

The measurement of wave speeds at multiple

frequencies enables calculation of both elasticity m1

and viscosity m2 using the Voidt model. Equation (1)

can be modified as (Zhang et al. 2018a)

cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 m2
1 þ v2m2

2

� �
r m1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2
1 þ v2m2

2

p� �
vuut ð2Þ

where v is the angular frequency.

Given the measured shear wave speeds at different

frequencies, the material parameters associated with

Voigt’s model were identified by using the
vibro-elastography of a female ultrasound phantom.
ge of the phantom.
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Levenberg�Marquardt non-linear, least-squares algo-

rithm for minimizing the objective function, which

reflects the agreement between measured and pre-

dicted shear wave speeds at different excitation fre-

quencies, yielding unique estimates of the material

parameters (Prim et al. 2016; Suh and Bai 1998;

Zhou et al. 2014). Residual error is the output of the

objective function

V ¼
XN
n ¼ 1

cTn�cEn
� �2 ð3Þ

where the superscripts E and T refer to the experimen-

tally measured and theoretically calculated values of

shear wave speed, and subscript n indicates a particu-

lar experimental state. The ranges over which param-

eter values were sought were identical with limiting

values based on the physical meaning of each param-

eter. Multiple iterations of functional minimization

were performed to ensure that the obtained parameter

values were insensitive to the initial guesses within

the prescribed ranges.
Fig. 2. Measurement of shear wave speed at 100 Hz in the re
region of interest and the probe is approximately 20 mm.
RESULTS

The shear wave speed in the region of interest (ROI)

of the uterus of the female ultrasound phantom, as illus-

trated in Figure 2, is 7.50§ 3.15 m/s at 100 Hz. The results

are expressed as the mean§ standard deviation in the ROI.

Three measurements were performed at each frequency.

The average shear wave speed for the three measurements

in the ROI of the uterus was 7.26 § 0.21 m/s at 100 Hz.

The average shear wave speeds were 6.99 § 0.05 m/s at

150 Hz, 6.43 § 0.03 m/s at 200 Hz, 6.77 § 0.02 m/s at

250 Hz and 7.62 § 0.01 m/s at 300 Hz in the ROI of the

uterus. Figure 3 illustrates the wave speed dispersion with

frequency, from which both the elasticity and viscosity of

the uterus can be estimated from eqn (2). The shear elastic-

ity m1 and shear viscosity m2 are estimated in Figure 3,

respectively, as 46.63 kPa and 9.58 Pa¢s.
DISCUSSION

Transvaginal ultrasound vibro-elastography is a

non-invasive technique for generating and detecting the

shear wave speed of the uterus. Shear wave propagation
gion of interest of the uterus. The distance between the
ROI = region of interest; STD = standard deviation.



Fig. 3. Estimation of both elasticity and viscosity from the wave speed dispersion curve. LMS = least mean squares.
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in the uterus is generated by applying a small, local,

0.1-s harmonic vibration on the abdomen of a subject. A

transvaginal ultrasound probe is used to measure the

resulting shear wave propagation in the uterus. The

shaker was typically positioned 5�10 mm away from

the ultrasound transducer in our previous studies measur-

ing wave speeds of lung, skin and penis (Zhang et al.

2018b, 2018c). In this technique for vaginal application,

there is no need to specify this distance.

The results obtained in this study are in agreement

with published results. The dynamic response of the

phantom manifesting as shear wave speed dispersion

with excitation frequency is qualitatively similar to that

of soft biological tissues (Dai et al. 2014). The wave

speed values of the phantom obtained in this study are in

the same range as reported by Zhang et al. (2018b). The

Young’s modulus was reported as 22.6�274.2 kPa by

Acar et al. (2016); values obtained on the phantom fall

in that range.

Currently, most shear wave elastography (SWE) tech-

niques use ultrasound radiation force (URF) to generate tis-

sue motion. However, URF may not be applied to some

tissues such as the lung because the relatively high-intensity

ultrasound energy may cause alveolar hemorrhage or lung

injury (Zachary et al. 2006). In addition, a long period of

ultrasound pulses with relatively high-intensity ultrasound

energy may damage the ultrasound system itself—for exam-

ple, high-voltage drop and probe element damage, in our

experience. SWE has been used to measure the shear wave

speed of ex vivo cervix (Carlson et al. 2014) and in vivo cer-

vix (Muller et al. 2015). Compared with SWE, TUVE can

easily and safely generate high-displacement tissue motion

in a large area of the female organ. Because the aperture of

a transvaginal ultrasound probe is typically small, it is diffi-

cult to generate large motion in the uterus. The probe may
be easily damaged by the generation of high-displacement

tissue motion. SWE may be useful for a small area of cervix

but may be difficult to generate the shear wave propagation

over a large area of uterus. External mechanical excitation

of wave propagation can be used to measure the elastic prop-

erties of other vulnerable tissues such as the lungs (Zhang et

al. 2017, 2018a, 2018b, 2018c) and eyes (Sit et al. 2018;

Zhou et al. 2017).

This study determined the feasibility of using TUVE

to generate and measure shear wave propagation in the

uterus of a female ultrasound phantom. These measure-

ments of shear wave speed suggest that the uterus of this

phantom is much stiffer than the human uterus. In a study

on measurement of the human cervix (Muller et al. 2015),

shear wave speed ranged from 1.2 to 1.8 m/s. In another

study measuring the shear wave speed of an excised

uterus (Carlson et al. 2014), the shear wave speeds were

between 2.11 and 3.56 m/s depending on the location on

the cervix. It should be easier to generate shear wave

propagation in the human uterus. We are working on clin-

ical protocols to evaluate this technique in patients. We

plan to start evaluating this technique initially in patients

with adenomyosis. This technique may be useful for other

uterine diseases such as endometrial lesions, uterine leio-

myomas and adenomyomas.

Although this was a technique feasibility study on a

female ultrasound phantom, the objective is to use the

technique to study patients with disease of the uterus. On

the basis of this feasibility study, we planned a pilot

study on some patients and control patients. We are con-

fident of the clinical use of the technique because it is

tolerable and easily performed. A sonographer can apply

the mechanical vibration on a subject’s abdomen using

the handheld vibrator. The sonographer can also use the

transvaginal ultrasound probe to collect the ultrasound
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data at the same time. In another option, the small vibra-

tor can be placed on the subject’s abdomen using a flexi-

ble holder so that the sonographer operates only the

transvaginal ultrasound probe. The technique’s advan-

tage is that the low-frequency mechanical wave can

propagate over large areas, such as from the subcutane-

ous tissue to the uterus. The wave speed measurement,

however, is local and dependent only on local elastic

properties of tissue. Therefore, the wave speed measure-

ment of the uterus is only dependent on the elastic prop-

erties of the uterus and is independent of the location of

wave excitation, which is on the abdomen. This tech-

nique may be improved by combining a miniature vibra-

tor and the transvaginal ultrasound probe into a single

device.
CONCLUSIONS

We have described the use of a TUVE technique for

generating and measuring shear wave propagation in the

uterus of a female ultrasound phantom. The shear wave

propagation in the uterus was successfully generated on

the abdomen of the phantom using a handheld vibrator.

A transvaginal ultrasound probe was used to measure the

shear wave speed in the ROI of the uterus between 100

and 300 Hz. The viscoelasticity can be obtained from

the wave speed dispersion with frequency. This proof-

of-concept study illustrates the feasibility of using

TUVE to generate and measure shear wave propagation

in the uterus of a female ultrasound phantom. We will

further evaluate TUVE for patients with uterine diseases

such as adenomyosis.
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