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There is a challenge in characterizing the soft tissue mechanical functionality in cylindrical geometries by current elastography
techniques applied to small organs. Torsional waves are a type of shear elastic waves that propagate through soft tissue radially and
in depth in a curled geometry, ideally suited to explore structures such as the cervix. Here, a sensor based on a novel arrangement
of concentric sandwiches of piezo- and electromechanical elements is prototyped and tested to quantitatively assess stiffness in
human cervix. The purpose is to determine the robustness of a torsional wave elastography (TWE) sensor prototype to quantify
cervical stiffness, as a first step to validate a reliable measurement protocol using TWE. An array of tests designed to validate a set
of hypothesis about the contact conditions were performed on up to 3 different nonpregnant voluntary women. The mechanical
properties were reconstructed from the recorded TWE signals, and the outcomes were statistically analyzed to validate the contact
condition hypothesis. The results suggest that, although future tests need to be performed to fully assess the repeatability and quality
of the measurements, some characteristics of the measurement protocol become clear; in particular: (1) the use of speculum is
recommended since it not only stabilizes the measurements, but also corrects and stabilizes the orientation of the cervical neck,
and allows to visually verify the positioning and alignment of the probe, while not significantly increasing discomfort to women
during this test; (2) the use of lubricant gel has no significant effect on the measurement quality; (3) 1cm off-centering from external
cervical os is not acceptable; (4) a range of applied force between 500-2000 N does not significantly vary measurement signal quality,
but the reconstructed value of the shear modulus does vary, probably due to its constitutive nonlinearity; (5) breathing movements
affects measurements, but short duration of TWE pulse (0.3 s) allows to take measurements in apnea.

1. Introduction
The structural microarchitecture of soft tissue is recently
catching attention among the biomechanics community, and
it is gaining interest for clinical diagnosis in a broad spectrum
of medical specialties, since quantitative measurement of
cervical elasticity by shear waves in vivo constitutes a new
diagnostic principle that only recently is being proposed [1–
5]. This concept is first being applied to early diagnosing birth
and labor disorders, such as premature ripening of the cervix,
delivery induction failures, etc.
In the last years, elastography has been proposed by many
authors to evaluate cervical stiffness/softness [1–3, 6, 7], as
there is no clinical tool for the quantitative and objective
assessment of the cervical biomechanical state during pregnancy [4]. The World Health Organization (WHO) estimates

that in 2017 approximately 15 million babies will be born
preterm (< 37 weeks of gestation), this is, a rate above 1
in 10 newborns [8]. Worldwide, complications of preterm
birth have supplanted pneumonia as the primary cause of
child mortality for children under five years of age [8, 9].
The problem is not isolated to the developing countries, as
preterm birth rates are rising in most countries in Europe [10].
While some progress is being made in identifying cultural
and/or socioeconomic risk factors of preterm birth, there
is a considerable proportion of unpredictable spontaneous
preterm delivery, and the biology of cervical ripening that
leads to birth remains poorly understood.
To objectively quantify cervical stiffness, a TWE sensor
prototype was designed, prototyped and was the object of
the present test for measurement robustness. Unlike commercial elastography, torsional wave is shear elastic waves
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that propagate through soft tissue radially and in depth in
a curled geometry, perfectly suited to the small size and
specific cylindrical shape of the cervix, which challenge
ARFI-based elastography [11]. The TWE sensor is based on
a novel arrangement of concentric sandwiches of piezo- and
electromechanical elements, which enables the precise interrogation of soft tissue mechanical functionality in cylindrical
geometries.
The purpose of this work is to evaluate the robustness
of the mechanical characterization of the cervix through
the TWE probe, specifically against some relevant contact
conditions. By robustness we define the maintenance of
measurement signals quality and consistency against variations in a set of examination procedures and errors during
the application of the clinical probe operation. The specific
objectives are
(O1) To verify the positioning, orientation and alignment
of the probe respect to the cervix.
(O2) To determine the need of speculum.
(O3) To determine the need of lubricant gel.
(O4) To validate the robustness against probe cervical os
off-centering.
(O5) To analyze the effect of probe applied force on the
cervix within a soft force range.
To this end, an array of tests designed to validate a set
of hypothesis about the contact conditions were performed
on up to 3 different nonpregnant voluntary women. The
mechanical properties were reconstructed from the recorded
TWE signals, and the outcomes were statistically analyzed to
validate the contact condition hypothesis.

2. Methods
The endovaginal examination with the TWE probe was
simultaneously guided by an abdominal sagittal ecography to
assess cervical alignment to endocervical canal (to analyze
objective O1),and to confirm the probe position on the
cervix using or not speculum (to analyze objective O2).
The probe was positioned in contact with the cervical lips,
centered at the os. The torsional waves propagate in depth
and radially interrogating the compound dermal, internal
stromatic connective tissue, therefore not excluding mucus,
epithelium, and crypts, which are a priori expected to be
a potential explanation for measurement complications to
be tested. An examination series was performed with and
without lubricant gel on the probe (to analyze objective O3).
Measurements in external cervical os against other regions of
the cervix (anterior, posterior and lateral lips) were obtained
(to analyze objective O4). The operators applied first a normal
force and second a soft force on the cervix, in a range of 5002000 N (equivalent to 50-200 g). A training for the operator
was required to apply a uniform force, within an error of
subjective perception around ± 20% which was estimated
through testing probe force in a balance (to analyze objective
O5). The variation between measurements taken at the start
and the end of the examination protocol in each woman was
calculated. The protocol sequence was repeated twice by each

Figure 1: In-lab designed and prototype torsional wave elastography
probe.

operator. Breathing and postural movements of the subjects
were recorded during measurement.
2.1. Torsional Wave Elastography. Elastography was performed using an in-lab designed and prototyped probe capable of generating, receiving and analysing torsional waves
free of spurious compression waves, as well as sensing them
at safe radiation energies. The proof of concept device (Figure 1) is composed of three parts; sensor, generation/receiver
electronic system, and the interface software. The proposed
sensor concept is based on (1) a transmitting disc with a
sandwich design combining piezoceramic or electromechanical elements to control impedance and inertia, resonant
frequency and energy transmission to reduce dilatational
waves, and a Faraday shield to control electronic cross-talk.
The receiving part consists of a (2) crown ring sandwich
with a converse design to the transmitter, encapsulated
in (3) a casing with geometrical and material selection
to control the mechanical cross-talk. This configuration
eliminates the masking p-waves that systematically arise at
the boundaries of the regular contact or comb transducers.
Further technical details are processing for reconstruction
of mechanical parameters are covered by patents [12–14]
and previous publications by the authors [15, 16]. From the
reconstructed shear wave velocity 𝑐𝑠 , it is possible to compute
a shear elasticity under the assumption of a purely elastic and
incompressible medium, for which the shear modulus 𝜇 can
be written as
𝜇 = 𝜌𝑐𝑠2

(1)
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off-centering from cervical os on the measurements, the
ANOVA test was used. Stiffness was normalized to a reference
subject (A) within women. The p-values for all hypothesis
were 2-sided and a statistical significance was considered
at p <0.05. Data were analysed using the MATLAB [17],
particularly packages ttest2 and anova1 [18].
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Figure 2: Illustrative example of three transmitted and received
1kHz signals.

where 𝜌 is the density of the medium. In order to describe
soft tissue elasticity, the usual parameter is Young’s modulus,
𝐸 = 𝜇(3𝜆 + 2𝜇)/(𝜆 + 𝜇). In macroscopic and homogeneous
media 𝜆 is 104 ∼ 106 times larger than 𝜇, thus a good and an
usual approximation of 𝐸 is: 𝐸 = 3𝜇. Thus, Young’s modulus
can then deduced from the shear wave velocity as
𝐸 = 3𝜌𝑐𝑠2

(2)

The propagated torsional wave is a burst configured as a
1-cycle sinusoid of frequency 𝑓 between 0.5 and 1.5 kHz with
10× averaging. An example of the transmitted and received
signal is shown in Figure 2.
2.2. Settings and Ethical Issues. The study was conducted
in the Fetal Medicine Unit at the Universitary Hospital
Complex of Granada, Spain, in March 2017. The prototype
of the probe and the analysis of the data were performed
at the Non-Destructive Laboratory (University of Granada).
The study was designed according to the Declaration of
Helsinki, with the approval of the ‘Comité de Ética de la
Investigación Biomédica de Granada, the Comité de Ética de
la Universidad de Granada,’ and the ‘Comisión de Ética e
Investigación Sanitaria del Hospital Universitario San Cecilio
de Granada.’
2.3. Population. Eligible participants were non-pregnant,
>18 years old women. Exclusion criteria were cervical
surgery (e.g., conization), premalignant or malignant cervical
changes, and menopause. All the elegible women agreed to
participate and gave written informed consent. Datasets were
anonymized.
2.4. Outcome Measures. The outcomes to compare the set
of measurements in the protocol were cervical stiffness (G),
estimated through the velocity of signal, and signal quality
(Q).
2.5. Statistical Analysis. To compare the effects of using a
speculum, a lubricant gel, a range of pressure, and the probe

A total of 3 women aged 27-39 years were recruited for
examination through TWE technique. They were one primiparous, one multiparous, and one nulliparous woman.
Obstetrical formulae of term-birth/preterm-birth (< 37
weeks)/Abortus/Living children (TPAL) were T1P0A2L1,
T2P0A1L2, and T0P0A0L0, respectively.
The measurements protocol through TWE probe could
not be totally applied in some of the participants. A time
interval of 30 minutes was considered to test variation
between outcomes of measurements from the start to the end
of the protocol application in one woman.
ANOVA analysis results for the tested hypothesis are
shown in Table 1 and illustrated in Figure 3, including the
specification of the hypothesis to be tested, the number 𝑁
of patients, and the number of operators. p-value and t-stat
are provided, as well as the summary of the reconstructed
stiffness modulus 𝐺 and the quality estimate 𝑄.
The limitation of the small population (3 women) theoretically increases the risk of type-II error, but due to the
multiplicity of measurements taken intraoperator and, as the
p-values indicate, most of the hypotheses are tested with
statistical significance, overcoming the limitation for the
goals of this study. In the next studies, a larger population will
be required for inter-operator repeatability and other tests.

4. Conclusions
The statistical analysis of the tested hypothesis about the
contact conditions allow us to draw a number of conclusions,
detailed below, which provide initial hints of the measurement protocol to be applied by the clinician to operate the
present TWE probe. However, further hypothesis needs to
be tested, which are the goal of a future work, to assess the
feasibility of objectively quantifying cervical stiffness through
a TWE sensor prototype with repeatability and reliability,
upon a measurement protocol to be designed.
(i) The use of speculum is recommended during TWE
examination since it corrects and stabilizes the orientation of the cervical neck, and allows to visually
verify the positioning and alignment of the probe, as
supported with simultaneous abdominal echography.
Although the use of speculum becomes a training
requirement for the operator, the speculum does not
significantly increase discomfort to women during
this test.
(ii) The use of lubricant gel has no significant effect on the
measurement quality, and it is therefore proposed to
be optional.

Speculum effect
H=0 (no effect)
p-value=0.262
t-stat=-1.15
Gel
H=0 (no effect)
p-value=0.709
t-stat=-0.38
Force on cervix-intraoperator
H=0 (no effect)
p-value=0.323
t-stat=1.03
Force on cervix-interoperator
H=1 (effect)
p-value=0.000002
t-stat=7.24
Probe off-centering on cervix
H=1 (effect)
p-value=0.00004
t-stat=4.60
Time interval measurement variation
H=0 (no effect)
p-value=0.107
t-stat=-1.77
A: 3 No-Speculum measurement sets
1.00 ± 0.17
59.8 %
A: 3 No-Gel measurement sets
1.00 ± 0.20
66.19 %
A: 2 Normal force measurement sets
1.00 ± 0.14
50.42 %
A: 1 Normal force measurement set
1.00 ± 0.16
55.86 %
A: 4 Centered measurement sets
1.00 ± 0.13
51.89 %
A: 1 Initial measurement set
1.00 ± 0.10
76.16 %

Outcome
𝐺 (norm by A)
𝑄
Outcome
𝐺 (norm by A)
𝑄
Outcome
𝐺 (norm by A)
𝑄
Outcome
𝐺 (norm by A)
𝑄
Outcome
𝐺 (norm by A)
𝑄
Outcome
𝐺 (norm by A)
𝑄

Table 1: ANOVA results.

B: 3 Gel measurement sets
1.03 ± 0.29
59.75 %

B: 3 Speculum measurement sets
6.00 ± 16.97
3.5 %

by 2 operators N women= 2
B: 4 Off-centered >1cm measurement sets
0.66 ± 0.31
64.94 %
N women = 1
B: 1 Final measurement set (after 30 minutes)
1.12 ± 0.14
87.20 %

B: 2 Soft force measurement sets
0.75 ± 0.57
46.75 %
by 2 operators N women= 1
B: 1 Soft force measurement set
0.48 ± 0.15

N women = 1

N women = 3

N=3

4
Mathematical Problems in Engineering

5

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

No speculum

Speculum

Stiffness normalized to reference within patient

Stiffness normalized to reference within patient

Mathematical Problems in Engineering
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

No gel
(b)

2

Stiffness normalized to reference within patient

Stiffness normalized to reference within patient

(a)

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Normal

Soft

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Normal

Soft
(d)

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Misaligned
(e)

Stiffness normalized to reference within patient

Stiffness normalized to reference within patient

(c)

Centered

Gel

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Initial

After 30 mins
(f)

Figure 3: ANOVA box plots for testing each hypothesis indicated on the left vertical axis.

(iii) A threshold of 1cm off-centering from external cervical os divides measurements into stable or unstable
and therefore repeatable or non-repeatable. Therefore, such a misalignment is not acceptable.
(iv) A range of applied force between 500-2000 N does
not significantly vary measurement signal quality.

However, the reconstructed value of the shear modulus does vary, probably due to the constitutive
nonlinearity of the tissue.
(v) Breathing movements affects measurements, but
short duration of TWE pulse (0.3 s) allows us to take
measurements in apnea.
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(vi) Larger sample-size studies using a validated measurement protocol with a concordance test to assess interoperator and intraoperator repeatability are needed in
further research.
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