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Abstract. The cervix is a biochemically active tissue that changes its
biomechanical properties in a remodeling process during pregnancy to
be prepared for parturition. This maturation process is associated with
changes of the mechanical properties of the cervical stroma. Preterm
delivery is connected with undesired cervical changes bound to cervical
ripening. Non-destructive evaluation using ultrasonic signals is a well-
established method to obtain physically relevant mechanical parameters,
and thus ultrasonic may be an useful tool to diagnostic preterm birth.
A two-dimensional finite difference model for mechanical waves in the
collagenous tissues has been developed, and used to understand how
propagation of ultrasound is affected by the hierarchical structure of cer-
vical tissue during pregnancy. The model simulates the wave propagation
through two different soft tissues: a micrograph from human cervical tis-
sue, and an artificially created profile with random generated fibers.
Results show the ability of the proposed model to describe the mechanical
behavior of the cervical tissue as a fiber-reinforced material, and that the
ultrasonic wave propagation phenomena can be exploited to reconstruct
the mechanical properties of soft tissues.

1 Introduction

The structural functionality of the cervix is currently believed to be a key de-
terminant of pregnancy and delivery. The cervical maturation involves catabolic
processes leading to degradation of collagen, where the collagen network, its
geometrical configuration, and mechanical properties of cervical tissue change
concurrently. In some patients, the spontaneous preterm birth is connected to
undesired cervical changes which appear to be caused by impaired mechanical
properties of the cervical tissue. Control of cervical ripening is hence considered
one of the most pressing problems in obstetrics [1], and an early detection of
premature maturation of cervix is a promising way to prevent the preterm birth
[2].

A significantly earlier anticipation or preterm delivery is expected if the me-
chanical cervix effacement is quantitatively measured with sufficient precision.
Based on earlier experimental studies, high-frequency ultrasonic evaluation of
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the structure and mechanical properties of soft tissues may become a clinically
relevant diagnostic tool [3, 4].

It is known that cervical mechanical properties arise from the ECM, which
functions as a fiber-reinforced composite, and the collagen fibers are responsi-
ble for its mechanical strength. Cervical stroma has three preferred orientated
collagen zones that will provide strength both along and around the tissue [5,
6]. These preferentially aligned fibers are responsible for the typical anisotropic
behavior to the material. Furthermore, when the collagen fibers are observed in
between crossed polarizers in the optical microscope, they present an undulat-
ing appearance. This waviness is found in many connective tissue types, such
as tendon, ligament, cervix, cornea or intestine [7, 8]. This wavy configuration
of the fibrils at the microscopic level imparts a high degree of elasticity to soft
tissues, enabling them to be stretched repeatedly longitudinally without damag-
ing the underlying structure at the nano and molecular levels. Experimentally,
these characteristics are difficult to investigate individually, and thus a numerical
model is needed.

In this study, a 2-D finite difference time-domain (FDTD) model to idealize
ultrasonic measurements of cervical tissue in transmission configuration is devel-
oped. Surface profiles obtained from histological images of human cervix samples
were inserted and performed in the model. Additionally, to evaluate the effect of
the geometrical and mechanical properties of collagen fibers on the ultrasound
propagation through the tissue, artificially created profiles with randomly gen-
erated fibers and different material parameters were implemented in the model.
These synthetic profiles allow to analyze the influence of the collagen architec-
ture, which represents over 70 % in the cervical tissue. Morphological features,
as the waviness or the alignment of fibers, and the mechanics as well, were stud-
ied. Understanding the tissue-ultrasound interaction is the main objective of the
present work.

2 Methodology

The proposed methodology consists of three elements: A (1) FDTD numerical
model is used to idealize ultrasonic measurements of cervical tissue; (2) histolog-
ical images of human cervix samples are performed in the model; and to study
the geometrical features of collagenous fibers, (3) numerically developed spatial
profiles are proposed to model soft-tissue.

2.1 Finite difference time-domain model (FDTD-model)

The FDTD simulation technique is based on the linearized wave equations of
continuity and motion written in the time-domain. A numerical solution of the
linear elastic wave propagation equations was computed in the simulation do-
main. The formulation of the equilibrium equations is obtained by applying the
linear momentum theorem for each direction of the two dimensional orthonormal
basis,

ρv̈i + γρvi = bi + σij,j (1)
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where i, j = x, y are the cartesian components of the particle velocity vector
vi and of the stress tensor σij , bi are the volume force densities, γ = η

ρ is
the kinematic viscosity, that effectively defines a damping scalar field related to
dynamic viscosity η, and ρ denotes the density of the medium in which the waves
propagate.

The relation between the stress and the strain tensor is established with the
constitutive equations. For a linear isotropic material with space dependency,
they are described as follows,

σ̇ij + γσij = λ(x, y)δij ε̇kk + 2µ(x, y)ε̇ij (2)

where εij is the strain tensor, δij denotes the Kronecker symbol, and λ(x, y) and
µ(x, y) are the space-dependent Lamé constants.

Finally, the kinematic relations establish a relation between the displacement
field ui and the strain vector εij . They are written in the index notation in the
following compatibility equation,

ε̇ij =
1

2
(vi,j + vj,i) (3)

These equations are discretized directly in their differential notation. A staggered
grid stencil discretization was used, where velocity and strain/stress variables
are defined at alternating positions and times shifted by a half-step in space and
time [9]. Since the problem considered involves an unbounded region, absorbing
boundary condition (ABC) are required at the borders of the computational
grid. The purpose of the ABC is to avoid reflections at the boundaries so the
grid appears to be unbounded [10]. The source is modeled by a broadband shear
and compressional velocity pulse centered at 250 kHz, for S and P-waves re-
spectively. The temporal resolution was taken following the stability criteria
∆t = ∆x/

√
2cmax, where ∆t and ∆x are the temporal and spatial resolution,

respectively. The projections of the particle velocity, vx and vy, were recorded
by the receiver. A simulation duration of 50 µs was chosen. It is enough time to
guarantee most of the energy transmission and avoid possible reflections.

2.2 2-D collagenous tissue model

Spatial models are proposed for modeling and simulating the ultrasound prop-
agation through the collagenous tissue, which is idealized as a fiber-reinforced
material, that is collagenous fibers surrounded by a matrix. The geometry of
the simulation domain is defined using a 2-D regular mapping of the mechanical
properties of the considered media: (i) ground substance, and (ii) collagen fibers.
The inhomogeneous soft tissue was represented by two-dimensional matrices of
density and longitudinal and shear velocity values. These values were estab-
lished for matrix and collagen materials, assuming that they have a constant
values of density and Lamé parameters, and therefore a constant wave velocity.
The material parameters used in the simulations were chosen according to the
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Parameter symbol matrix collagen
Density ρ [kg/m3] 1000 1200
Young modulus E [MPa] 0.09 3000
Poisson’s ratio ν [-] 0.5 0.35
Kinematic viscosity γ [s−1] 5 · 104 5 · 104

Table 1. Mechanical parameter values used for the FDTD simulations.

bibliography [5, 11], and correspond to a realistic range of material properties
for cervical tissue. Those properties are given in Table 1.

Two spatial mediums are used for modeling and simulating the ultrasound
propagation through the connective tissue: a micrograph from human cervical
tissue and artificially created profiles.

The micrograph was taken by an optical microscope in an human cervical
tissue after a vaginal hysterectomy from a non-pregnant woman. Only a healthy
part, far enough from the damaged areas, and with a single preferent direction
in the collagen fibers was implemented in the FDTD model. The correspond
spatial model is obtained by a segmentation of the micrograph. The image was
segmented by defining a segmentation threshold, normalized into RGB interval
and converted into a binary image, where fiber density is monotonically related
to the segmentation threshold.
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Figure 1. 2-D cervical tissue spatial models: Micrograph from human cervical tissue
and its posterior segmentation used in simulations, and the artificial profile created
ramdonly.
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The wavy conformation of the fibrils at the microscopic level is known to
impart a high degree of elasticity to soft tissues enabling them to be stretched
repeatedly longitudinally without damaging the underlying structure at the nano
and molecular levels [8, 11]. Thus, the waviness takes an important role at the
micro scale, determining the general mechanical behavior of the tissue. This
characteristic is difficult to investigate in the micrograph images and thus an
artificial model is needed to study the role that plays the waviness in the tis-
sue. Thus, the effect of the waviness was evaluated by numerical simulations in
synthetic profiles generated with a randomized algorithm in Matlabr, where
the crimped morphology of collagen fibers is described by a Beta distribution
characterized by two form parameters, α and β. The election of the distribu-
tion function was based on previous numerical tests performed by Elbischger
et al. [12, 13], which suggests that the probability of the fiber waviness can be
approximated satisfactorily by a Beta function.

The input values for the algorithm which generates the synthetic medium
include the size of the profile, collagen fibers thickness, a minimum distance
between fibers, desired values of fiber fraction and the number of fibers. Every
fiber is randomly generated in an interval of defined length on the x-axis such
that at any point x within that interval the associated coordinates y and z are
independent and normally distributed random variables with zero mean and a
predefined variance. Finally, the stretchability of every fiber is determined and
described by a Beta distribution which is characterized by two form parameters,
α and β, which in turn depend only on the variance [13]. Figure 1 shows the
two different spatial medium performed in the numerical model: the micrograph
taken from the cervical tissue and its posterior segmentation, and the artificial
profile in a smaller scale in order to capture the role of the fibers waviness.

Finally, the dimensions of the spatial models were chosen after several sim-
ulations, where different values of spatial windowing have been applied. Thus,
US propagations were performed in profiles with dimensions 250 x 65 µm and
4 x 3.2 mm in artificial created profiles and image taken from the micrograph,
respectively. The spatial resolution step was adjusted to 1 µm, in the synthetic
profiles, and 10 µm in the spatial medium taken from the microscope.

2.3 Parametric study

In a collagenous tissue, the velocity of plane waves varies depending on its prop-
agation direction, the stretch and the preferred direction of fibers. In order to
validate the FDTD code and to understand the wave propagation through cer-
vical tissue, different cases were simulated. The modeling can be divided into
three separate parametric studies as described next.

1. Ultrasonic waves characteristics: incidence angle, wave type and excitation
frequency. Simulations with different values of incidence angle of the ultra-
sound beam, as well as different range of excitation frequency were made for
compressional and shear waves.
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2. Mechanical properties of collagen fibers: Young modulus, E, and volume frac-
tion, Vf . A quantification of the mechanical parameters allows realistic sim-
ulations. To quantify how the fibers density and Young modulus affect the
mechanical behavior of tissue, simulations were made for different fibers den-
sity (from 20 to 100 %) and Young modulus of fibers (from 3 to 7 GPa).

3. Morphology of collagen fibers: waviness and stretch. Wave velocity and am-
plitude were calculated from the modeled data obtained for five profiles with
different waviness and fiber stretch, and fixed values of the material mechan-
ical properties (see Table 1).

3 Results

Results show the evolution of velocity and attenuation waves, and they have
a similar tendency in both considered spatial mediums. These tendencies can
be explained by considering the microstructure of the tissue, i.e., the collagen
fibers, and thus the wave velocity depends mostly on the collagenous stroma of
the tissue, as it was expected.

The dependence of the velocity and attenuation on geometrical and mechan-
ical properties of the collagen tissue was nearly similar for different material
parameter combinations, for increasing values of velocity we got decreasing at-
tenuations.
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Figure 2. FDTD simulated dependency of P-wave velocity and amplitude ratio on the
relative orientation between fibers and incoming ultrasonic wave using the micrograph
as spatial medium.

The angular dependence of the velocity and attenuation is evident in Figure
2. The wave velocity is lower at 0 and 90 degrees, whereas it increases at inter-
mediate angles, with a maximum around 45 degrees. The attenuation has the
opposite trend, and it is stronger at intermediate angles, which can be explained
by the increased scattering when the wave travels along misoriented interfaces.

Figure 3 shows how the proposed model is able to predict the influence of
the frequency excitation on the ultrasound transmitted signals. The frequency
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Figure 3. FDTD simulated dependency of S-wave velocity and amplitude ratio on the
frequency excitation using the synthetic profile as spatial medium.

dependence of the phase velocity and attenuation of ultrasonic waves is a typical
characteristic of viscoelastic materials as soft tissues.

To quantify how the fibers density affects the mechanical behavior of tis-
sue, simulations were made for different segmentation thresholds in the micro-
graph spatial medium (fiber density is monotonically related to the segmentation
threshold). In the synthetic profiles, to simulate the same, the volume fraction
fibers was increasing. In both mediums, velocity and amplitude of waves are
shown to increase with the density of fibers, due to the increase of the material
stiffness, as it is depicted in Figures 4 and 5. The positive dependency of velocity
of both P and S waves on the Young modulus of collagen is correctly predicted
by the FDTD model. The dependency of the attenuation is also predicted.

Effect of the stretch of fibers or tissue elongation was computed in both
considered spatial mediums.. In this case, opposite tendencies are observed. A
negative dependency of the velocity is observed when the spatial medium corre-
sponds to the microscopic image (Figure 6), while a positive tendency is shown
when the simulations were made in the synthetic profiles (Figure 7). This result
indicates the necessity of a more detailed spatial medium than the one got from
the microscopic image, and justifies the synthetic profiles developed, which are
able to capture the morphology of the collagen fibers at the micro-scale. As soon
as the fibers are more straight, they guide the wave transmission, and conse-
quently the velocity increases. Whereas the wave velocity is observed to increase
with stretch, possibly due to alignment of fibers, the attenuation increases.

Finally, the waviness of the collagen fibers was analyzed in the synthetic
profiles, evolution of velocity and attenuation were estimated in profile with
different waviness of fibers. Figure 8 shows the influence of the morphology of
collagen fibers in the ultrasound transmission. For any chosen combination of
the values of the mechanical parameters, the same dependency of results on the
morphological characteristics of collagen fibers was obtained. When the waviness
of the collagen fibers increases, the wave velocity decreases, and the opposite
tendency is observed in the attenuation. The higher sensitivity that shear waves
have to the micro-architecture of soft tissues is depicted in Figure 8, where it
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Figure 4. FDTD simulated dependency of S-wave velocity and amplitude ratio on
Young modulus and quantity of collagen fibers using the micrograph as spatial medium.

is clearly shown how S-waves have stronger dependency on the waviness while
none clear tendency is observed in the P-waves simulations.

Waviness of fiber is responsible for, in part, the mechanical behavior and
creep of tissue. In the cervical micrographs analyzed, the middle zone of the
cervix, where fibers are aligned in the circumferential direction, presents lower
waviness than zones with longitudinal fibers. This is hypothesized to be due to
the fact that the higher values of waviness that tissue cut in the longitudinal
direction has a higher creep rate that tissue cut in the circumferential direction.

4 Conclusions

A Finite-Difference Time-Domain (FDTD) method was developed to simulate
ultrasound propagation through a 2-D model of a cervical tissue. The FDTD
simulations can be used both to show the interaction between ultrasonic waves
and the hierarchical structure of connective tissues and to study the mechanical
properties of soft tissues.

The results show the ability to describe mechanical behavior of the cervical
tissue like as a fiber reinforced material. Ultrasound waves interact with collagen
fibers (micro-scale), which determines macroscopic properties (centimeter scale)
and are responsible for the mechanical behavior of connective tissue. Further-
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Figure 5. FDTD simulated dependency of S-wave velocity and amplitude ratio on
Young modulus and volume fraction of collagen fibers using the synthetic profile as
spatial medium.
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Figure 6. FDTD simulated dependency of P-wave velocity and amplitude ratio on
tissue elongation using the micrograph as spatial medium.

more, this work manifests how shear-waves are more sensitive to collagenous
tissues architecture than compressional waves.

This work highlights the role of collagen architecture in soft tissues mechan-
ics, and in the cervical tissue particularly. Not only the main known mechanical
parameters as the Young modulus are responsible for the tissue behavior, but
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Figure 7. FDTD simulated dependency of S-wave velocity and amplitude ratio on
tissue elongation using the synthetic profile as spatial medium.
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Figure 8. FDTD simulated dependency of S and P-wave velocity and amplitude ratio
on waviness of collagen fibers using the synthetic profile as spatial medium.

also the geometry in the micro-scale. The distribution of fibrils as fibers or fibril
bundles occurs as a common pattern in many tissues, with the fiber direction
being aligned to provide the bespoke mechanical characteristics of the tissue.
The response of the tissue to the applied stress strongly depends upon the strain
rate, where high strain rates cause elongation of the collagen molecules and initi-
ate shearing effects within fibrils. While at small strains there is a straightening
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of kinks in the collagen structure (first at the fibrillar and then at the molecular
level).

The FDTD method can be used easily to simulate ultrasound propagation in
more complex models of the cervix, which would lead to better understanding
of the effect of cervix structure on an ultrasound signal. This understanding, in
turn, would allow development of a new method to anticipate the preterm birth
based on mechanical properties.
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