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The fallopian tubes play an important role in human fertility by facilitating the
spermatozoa passage to the oocyte as well as later actively facilitating the
fertilized oocyte transportation to the uterus cavity. The fallopian tubes
undergo changes involving biological, physical, and morphological processes
due to women aging, whichmay impair fertility. Here, we havemodelled fallopian
tubes of women at different ages and evaluated the chances of normal and
pathological sperm cells reaching the fertilization site, the ampulla. By utilizing a
unique combination of simulative tools, we implemented dynamic three-
dimensional (3D) detailed geometrical models of many normal and
pathological sperm cells swimming together in 3D geometrical models of
three fallopian tubes associated with different women’s age groups. By
tracking the sperm cell swim, we found that for all age groups, the number of
normal sperm cells in the ampulla is the largest, compared with the pathological
sperm cells. On the other hand, the number of normal sperm cells in the
fertilization site decreases due to the morphological and mechanical changes
that occur in the fallopian tube with age. Moreover, in older ages, the normal
sperm cells swim with lower velocities and for shorter distances inside the
ampulla toward the ovary. Thus, the changes that the human fallopian tube
undergoes due to women’s aging have a significant influence on the human
sperm cell motility. Our model of sperm cell motility through the fallopian tube in
relation to the woman’s agemorphological changes provides a new scope for the
investigation and treatment of diseases and infertility cases associated with aging,
as well as a potential personalized medicine tool for evaluating the chances of a
natural fertilization per specific features of a man’s sperm and a woman’s
reproductive system.

KEYWORDS

fallopian tube, sperm transportation, 3D reconstruction, women’s aging, infertility, finite
element modelling, biomechanical simulation

1 Introduction

The fallopian tubes, also known as uterine tubes, are important parts of the female
reproductive system and have a major effect on human fertility. The fallopian tubes are a
pair of muscular tubes leading from the ovaries of the human reproductive system into the
uterus. The function of the fallopian tubes is to facilitate the passage of the sperm cells to the

OPEN ACCESS

EDITED BY

Joao Miranda,
University of Porto, Portugal

REVIEWED BY

Nicole Guazzelli,
University of Pisa, Italy
Mohammad Reza Raveshi,
Monash University, Australia

*CORRESPONDENCE

Natan T. Shaked,
nshaked@tau.ac.il

RECEIVED 20 October 2023
ACCEPTED 27 February 2024
PUBLISHED 12 April 2024

CITATION

Nassir M, Levi M, Wiser A and Shaked NT (2024),
Evaluation of women’s aging influence on
sperm passage inside the fallopian tube using
3D dynamic mechanical modeling.
Front. Bioeng. Biotechnol. 12:1324802.
doi: 10.3389/fbioe.2024.1324802

COPYRIGHT

© 2024 Nassir, Levi, Wiser and Shaked. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 12 April 2024
DOI 10.3389/fbioe.2024.1324802

https://www.frontiersin.org/articles/10.3389/fbioe.2024.1324802/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1324802/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1324802/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1324802/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2024.1324802&domain=pdf&date_stamp=2024-04-12
mailto:nshaked@tau.ac.il
mailto:nshaked@tau.ac.il
https://doi.org/10.3389/fbioe.2024.1324802
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2024.1324802


oocyte and afterward to actively facilitate the fertilized oocyte
transportation to the uterus cavity (Eddy and Pauerstein, 1980).
The fallopian tubes provide a proper environment for spermatozoa
and oocyte transportation, and they can be affected by a wide range
of factors and conditions that may impair fertility (Talukdar and
Sahu, 2016). Due to their significant influence on fertility, fallopian
tubes are gaining importance in clinical studies and have become an
interesting subject of research in the last decade (Hunter, 1998;
Briceag et al., 2015; Dulohery et al., 2020; Vitale et al., 2022). The
fallopian tubes undergo changes involving biological, physical, and
morphological processes due to women’s aging. With age, the
cellular senescence of fallopian tubes is affected and may
contribute to a progressive decline in reproductive capacity
(Shirasuna and Iwata, 2017). Therefore, several studies described
the changes in morphology, cilia activity, and main functions of the
fallopian tube in different women age groups, aiming to be utilized
for the investigation and treatment of diseases and infertility
associated with aging (Barros et al., 2002; Talukdar and Sahu,
2016; Devi et al., 2017; Veerraju and Sesi, 2019).

The fallopian tube is a hollow seromuscular organ attached
distally to the ovary and proximally to the lateral aspect of the
uterine fundus (Eddy and Pauerstein, 1980). The fallopian tube is
composed of four regions: intramural, isthmus, ampulla, and
infundibulum. The intramural region connects the fundus of the
uterus with the isthmus. The isthmus is a short and less densely
ciliated tube with fewer mucosal folds. The ampulla is the longer
portion of the fallopian tube and has highly ciliated longitudinal
mucosal folds. In the ampulla region, the fertilization of the ovum by
a sperm cell and the initial embryo development occur. The
infundibulum is the proximal part of the fallopian tube near the
ovaries. This region includes finger-like fimbria, which catch the
released oocyte from the ovary during each menstrual cycle (Vue
et al., 2018; Winuthayanon and Li, 2018; Narang et al., 2019). The
fallopian tube length averages 10–12 cm and has a lumen diameter
of less than 1 mm (Han et al., 2013; Szmelskyj, 2015; Narang et al.,
2019). The wall of the fallopian tube is particularly composed of a
mucosal layer. The mucosal layer forms multiple and branched
longitudinal mucosal folds and is lined with a simple columnar
epithelium consisting of morphologically and functionally different
epithelial cells (Allen, 2009; Varga et al., 2018). Epithelium
morphology enhances hydrodynamic interactions, impacting
sperm function (Eisenbach and Giojalas, 2006; Suarez and Pacey,
2006). The interaction of sperm with the surface potentially guides
the sperm cells geometrically, improving their chances of survival,
promoting capacitation, and affecting fertilization rates (Smith and
Yanagimachi, 1990; Timothy Smith and Nothnick, 1997; Ertan
Kervancioglu et al., 2000). However, these studies used flat solid
surfaces that do not accurately represent the real morphology and
mechanical properties of the lumen of the fallopian tube. Several
studies have utilized droplet microfluidics to produce soft curved
interfaces with controlled shapes and sizes to examine sperm
behavior in real environment parameters. In a previous study,
droplet microfluidics was utilized to investigate sperm behavior
at soft curved interfaces, with individual sperm enclosed in droplets
(Raveshi et al., 2021). The study found that different surface
curvature geometry induced different sperm motility modes.
These results emphasize the importance of changes in
mammalian fallopian tube geometry in guiding sperm towards

the site of fertilization or affecting the fertilization success rate
(Raveshi et al., 2021). The fallopian tube is crowded with
secretory and ciliated cells with hair-like structures, the cilia,
where each cilium is about 10 µm long and 0.25 µm in diameter
(Satir, 1992; Lyons et al., 2006). The fallopian tube surface has cyclic
peristaltic contractions, which generate a sinusoidal wave and the
swaying motions of the cilia tips (Croxatto, 2002; Lyons et al., 2006).
The cilia of the fallopian tube assist self-propulsion of sperm cells
toward the ampulla, fertilization site, in the ovulation period and
transport the developing embryo to the uterine body if fertilization
occurs (Blake, 1982; Coy et al., 2012; Yuan et al., 2021). Theoretical
models of the fallopian tube fluid dynamics in a narrow tube have
been developed (Ashraf et al., 2016; Akbar et al., 2017; Hayat et al.,
2017; Zeeshan et al., 2017; Ahmadmawlood andMalathsagbanabied,
2019). A previous study presented a mathematical model analyzing
the peristaltic-ciliary flow of third-grade fluid within the fallopian
tubal (Ahmadmawlood and Malathsagbanabied, 2019).
Observations conducted in the natural environment of the
fallopian tube reveal that the movement of sperm plays a crucial
role in transporting them to the central region of the fallopian tube
lumen. While spermmotility is vital for this initial transport, it is not
the primary factor influencing the overall progress of sperm within
the female genital tract (Kölle et al., 2009, 2010; Kölle, 2012).
Previous research has demonstrated that sperm cells move
forward due to the strong current produced by ciliary beating
and smooth muscle contraction, particularly intensified during
ovulation (Kodithuwakku et al., 2007; Kölle et al., 2009; Ikawa
et al., 2010; Okabe, 2015). Consequently, the coordinated action
of the fallopian tube’s ciliary-peristaltic movements and the dynamic
flow of tubal fluid, along with sperm motility, facilitates the upward
movement of sperm. This intricate interplay ultimately leads to the
complete acquisition of sperm fertilizing capacity and sets the stage
for successful fertilization within the fallopian tube. An additional
factor affecting sperm motility is the ion signaling that is crucial for
sperm adaption. Mammalian sperm relies on interpreting signals
from the female reproductive tract and egg layers for successful
fertilization. Recent studies used electrophysiological recordings and
genetic models to confirm the importance of ion channels like
CatSper in sperm function, offering potential targets for
contraceptives and infertility treatments (Wang et al., 2021).
Understanding defective sperm function, especially genetic
causes, is crucial for infertility treatment and assessing patient
and offspring health (Wang et al., 2021). Several studies
described two-dimensional models of peristaltic flow, ciliary flow,
flow of viscoelastic and non-Newtonian fluid to demonstrate the
transport pathway of the spermatozoa and the fertilized oocyte
within the fallopian tube fluid (Ashraf et al., 2016; Akbar et al., 2017;
Hayat et al., 2017; Zeeshan et al., 2017). However, the transportation
mechanism of sperm cells within peristaltic-ciliary flow through the
fallopian tube is not completely understood and still unclear.
Fallopian tubes change their morphology with aging, and exhibit
the greatest changes between the reproductive and the
postmenopausal age groups (Hwang and Song, 2004). Various
studies observed important age-related variations of the fallopian
tube while the length, lumen area, mucosal layer area, and outer
diameter of the fallopian tube change between pre-reproductive-
(0–14 years), reproductive- (15–44 years) and postmenopausal-
(+45 years) age groups (Kim-Bjorklund et al., 1991; Hwang and
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Song, 2004; Talukdar and Sahu, 2016; Veerraju and Sesi, 2019). The
length, the number, and the degree of convolution of the fallopian
tube decrease with aging (Hwang and Song, 2004). Moreover, the
total areas of the tube, mucosal layer, and lumen in the ampulla
decrease in cross-section due to women aging (Talukdar and Sahu,
2016; Devi et al., 2017; Veerraju and Sesi, 2019). The mucosal layer
of the fallopian tube is columnar at the reproductive stage due to
strong muscular activity, but it changes into cuboidal or squamous
with aging (Lisa et al., 1954; Wolman, 2014; Devi et al., 2017).
Previous studies show a decreased number of tubal ciliated cells in
the fallopian tube associated with age and strikingly appeared in the
ampulla region (Li et al., 2013; Tao et al., 2020). The reduction of
tubal ciliated cells may be due to reduced capacity for removing
follicular fluid-induced genotoxicity within the fallopian tube (Coan
et al., 2018). Additional studies indicate that the mechanical features
of the fallopian tube tissue, as well as other biological tissues, are age
dependent. The elasticity of the fallopian tube tissue decreases with
aging, as well as the stiffness (Barros et al., 2002; Shirasuna and
Iwata, 2017; Şendur et al., 2020; Jafarbeglou et al., 2021). Thus, the
morphology and mechanical properties of the human fallopian
tubes change in the different age groups.

In the current study, using a unique combination of simulative
tools, we developed a mechanical model of sperm-cell swimming
behavior within the human fallopian tube in different age groups
and analyzed the women’s aging effects on the chances of normal
and pathological sperm cells reaching the fertilization site. We used
the 3D detailed geometrical models of the normal and pathological
sperm cells developed in our previous studies (Nassir et al., 2022;
2023), but simplified the 3D geometry of the sperm models,
including the external sperm cell real organs (head, flagellum,
and midpiece) to allow dynamic 3D simulation of many sperm
cells swimming together in the woman’s body. The pathological
sperm models include frequent defects in the sperm head and
flagellum morphologies appearing in WHO-2021 guidelines
(World Health Organization, 2021). We then developed three
3D models of the human fallopian tubes, based on human
uterus ultrasound and MRI results (Rimbach et al., 1998; De
Geyter et al., 2007; La Parra Casado et al., 2013; Revzin et al.,
2020; Luo et al., 2023). Each 3D geometrical model presented the
human fallopian tube of a different women’s age group, and was
built based on the morphological changes of the fallopian tube due
to women’s aging, as reported in previous studies (Kim-Bjorklund
et al., 1991; Hwang and Song, 2004; Talukdar and Sahu, 2016; Devi
et al., 2017; Veerraju and Sesi, 2019). We applied peristalsis-ciliary
activity along the inner walls of the different fallopian tube models.
Dynamic simulations were performed for the normal and
pathological sperm cells swimming inside the different fallopian
tubes, evaluating the effects of the women aging on the chance for
success of the sperm cells in reaching the fertilization site. We
calculated the numbers of the sperm cells that succeeded in reaching
the fertilization site inside the fallopian tube as a function of
displacement and time. We also compared the simulation results
of swimming behaviors inside the different fallopian tubes and
estimated the women’s aging influence on the chances of the sperm
cells chances of reaching the egg. Our advanced model shows an
important age relation between the fallopian tube and the potential
fertility of different age groups and may help in various disease
conditions of the fallopian tube.

2 Methods and materials

2.1 3D modelling of the human
fallopian tubes

We designed and constructed three detailed 3D human
fallopian-tube models: one for women ages in the middle 20s,
one for women ages in the middle 30s, and one for women ages
in the middle 40s (Figure 1). We built the different geometrical
fallopian tubes based onMagnetic Resonance Imaging (MRI) results
of the human fallopian tubes (Rimbach et al., 1998; De Geyter et al.,
2007; La Parra Casado et al., 2013; Revzin et al., 2020; Luo et al.,
2023) and based on studies about the morphological changes in the
human uterine tube according to aging (Lisa et al., 1954; Kim-
Bjorklund et al., 1991; Hwang and Song, 2004; Wolman, 2014;
Talukdar and Sahu, 2016; Devi et al., 2017; Veerraju and Sesi, 2019).
Each 3D geometrical model is considered a finite three-dimensional
elongated trumpet-shaped structure crowded with ciliated cells. The
fallopian tube model is approximately a narrow tube, 88–105 mm in
length and 5–12 mm in diameter with radial tapering in the
intramural portion.

The 3D models are composed of four regions: intramural,
isthmus, ampulla, and infundibulum (Figure 1). The isthmus and
intramural are the straight part of the fallopian tube and
approximately 40 mm in length and 5–7 mm in diameter. The
ampulla, a highly ciliated central portion, is a convoluted site
approximately 50 mm long and 8–11 mm in diameter. The inner
surface of the fallopian tube model is protruded by internal
longitudinal folds with ciliated cells, presenting the mucosal layer.
The folds of the mucosal layer change from columnar to cuboidal
shape according to the different age groups (see Figures 1D–F). The
tubal fluid flows inside the fallopian tube model in the lumen area
and helps the sperm cells reach the ampulla where fertilization
occurs. The geometrical parameters of each part of the fallopian
tubes are varied according to the women’s ages (Figure 2A) (Lisa
et al., 1954; Kim-Bjorklund et al., 1991; Hwang and Song, 2004;
Talukdar and Sahu, 2016; Veerraju and Sesi, 2019). The models were
built in SolidWorks (Premium 2022 x64 Edition,
Waltham, MA, USA).

2.2 Peristaltic-ciliary

Ciliated cells are dispersed on the longitudinal folds of the
mucosal layer. Here, we built 3D flexible cylinders connected
with the mucosal layer, presenting the axonemal structure of
cilia. The ciliated cell concentration decreases as the woman ages
(Li et al., 2013; Tao et al., 2020) (see Figure 2B). Here, we applied
uniformly centripetal force on each 3D cilia model as a function of
time. The direction of the force is orthogonal to the cilia and toward
the center of the curvature. We applied a force magnitude of
0.42*10−17[µN] to achieve the ciliary beat frequency reported in
previous studies, which is 5.4 Hz (Lyons et al., 2002; Papathanasiou
et al., 2008). Supplementary Video S1 shows a single 3D cilium
beating and indicates the magnitude and directions of the applied
forces. We assumed that the mucosal layer is made of isotropic
compressible materials and used a Neo-Hookean constitutive model
with strain energy function provided in Equations (1), (2), and (3):
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W � μ

2
I1 − 3( ) + μ ln J + λ

2
ln J( )2, (1)

λ � ]Lpκ
1 + ν( ) 1 − 2ν( )*A, (2)

μ � Lpκ

2A 1 + ]( ), (3)

where I1 is the first invariant of the right Cauchy-Green deformation
tensor, J is the determinant of the deformation gradient tensor. The
parameters μ and λ are the Lamé parameters that relate to stiffness of
the mucosal layer, L is the length, Ais the luminal area, and ] � 0.49
is the Poisson’s ratio of the muscle layer (Baah-Dwomoh et al., 2016;
Singh and Chanda, 2021) (Figures 2A–C). Supplementary Video S2
shows the cilia beat in the mucosal layer of the 3D fallopian tube
model for women at their 20s.

2.3 3D human sperm models

We used the 3D geometrical models of the normal and abnormal
sperm cells developed in our previous study (Nassir et al., 2022;
2023). We built a numerical mechanical sperm model based on
previous dynamic 3D optical imaging experimental results of sperm
cells done by our group (Dardikman-Yoffe et al., 2020). Shortly, a
normal-morphology sperm cell swimming in the fluid was acquired
with our dynamic interferometric optical computer tomography
method at a spatial resolution of 0.5 microns, achieving both
retrievals of the 3D refractive index profile of the sperm head and

the detailed four-dimensional localization of the thin, highly dynamic
sperm flagellum. To allow processing many of cell’s swimming
together, we simplified the 3D geometry of the sperm models
developed in our previous study so that the models possess full
sperm geometry with only the external sperm cell real organelles
(head, flagellum, and midpiece). The head of the model is
approximated by an elliptical shape, 4.2 µm long and 2.85 µm
wide with radial symmetrical tapering reaching the tip of the
head, approximated as 0.46 µm. The midpiece contains a filament
structure surrounded by spiral arrays ofmitochondria, 4 µm in length
and 1 µm in diameter. The flagellum is comprised of a 3D flexible
filament with a length of 55 µm and its diameter decreases from 1 μm
to 0.1 μm at the distal end. Dynein motors proteins are located along
the tail filament (Lindemann and Lesich, 2016). Here, we tested
7 detailed dynamic 3D sperm cell models: one for a normal sperm cell
and 6 for abnormal morphology sperm cells with different types of
abnormalities. These include defects in morphology of the tail (short
tail), head size (small head), and head shape (triangular, round,
asymmetrical, and diamond heads) (Nassir et al., 2023) (Figure 3).

2.4 Beat pattern

The developed model is a mechanical, mathematical model,
based on kinetic laws and finite elements’ motion in 3D. Each
element of the model is described as a node in a mesh and treated as
an independent body, based on the finite-elements theory. Forces
are applied to the elements, each of which moved in the 3D space

FIGURE 1
Human fallopian tube geometrical 3D models of women at their: (A) 20s, (B) 30s, and (C) 40s. The coinciding fallopian tube cross-sections
illustrating the internal longitudinal folds of the mucosal layer are shown in (D–F).
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creating its 3D path. The composition of all elements describes the
path of the cell. Each dynein component is designated to be an
element, sliding based on its curvature and position change. The
axonemal beating is created by activating the dynein motors located
on the single filament of the overall flagellum. Using Frenet
equations, we converted the applied forces to position and
rotation changes for each element. Finally, we used the location
and rotation changes to create a simulation of the beating pattern of
the sperm cell. The number of active dynein motors along the
filament is determined to be N = 100 nodes. The beating patterns of
the different models are unaffected by larger numbers of nodes but
influence the simulation runtime and memory. Low simulation
resolutions are obtained with fewer than 100 nodes of dynein
motors. The normal and abnormal sperm models were
considered to be hyperactivated sperm models. The 3D
hyperactivated beating patterns of the different models were
created by increasing the dynein sliding forces applied to the
sperm models from the previous study (Nassir et al., 2023).

The 3D geometry of the normal and pathological sperm cell
models was simplified to optimize the complex dynamic
simulations. The optimized simulation includes a large number
of swimming sperm cell models, short runtimes, saving memory,
and high resolution. For verification, we performed a flagellum

beating comparison between the full model and the simplified model
by presenting the movement characteristics of the sperm models
such as the flagellar amplitude, flagellar beat frequency, and straight-
line velocity (see Supplementary Video S3).

2.5 Computerized fluid-dynamic simulation

We studied sperm swimming inside a viscous medium in the
different 3D fallopian tube models. This viscous medium is
considered to be a fluid that has the same thermo-physical
properties as the cervical mucus to imitate the biophysical
environment mimic system of the human fallopian tubes such as
density 1007 [ kg

mm2], specific heat 4140 [ J
kJ*K], thermal conductivity

0.627 [W
mK], and dynamic viscosity (0.02γ + 0.98)[Pa* sec] (Lai et al.,

2007; Lafforgue et al., 2017; Nassir et al., 2023). We solved the
Navier-Stokes equations to describe the flow of the cervical mucus in
the 3D fallopian tube model. To represent the Navier-Stokes
equations, we used Computerized Fluid Dynamic (CFD) analysis
software by SolidWorks flow simulation. These equations are
described by formulations of mass, momentum, and energy
conservation laws [see Equations (4), (5), (6), and (7)]
(Sobachkin and Dumnov, 2013; Jonuskaite, 2017):

FIGURE 2
Geometrical and mechanical values of the fallopian tube models. (A) The geometrical parameters, (B) Ciliated cell density of fallopian tube models,
and (C) Stiffness of the mucosal layer for women at their 20s, 30s, and 40s. Bars are mean ± SEM (standard error of the mean). (*) Significantly different
from the normal control group (p < 0.05).
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∂ρ
∂t

+ ∂ ρui( )
∂xi

� 0, (4)
∂ ρui( )
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+ ∂
∂xj

ρuiuj( ) + ∂P
∂xi

� ∂
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τ ij + τRij( ) + Si, (5)
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+
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ρ( )
∂xi

� ∂
∂xi

uj τ ij + τRij( ) + qi( ) − τRij
∂ui

∂xj
+ ρε + Siui,

(6)
E � e + u2

2
, τ ij � µSij, τ

R
ij � µtSij −

2
3
ρκδij, Sij � ∂ui

∂xj
+ ∂uj

∂xi
− 2
3
δij

∂uk

∂xk

(7)
where ρ is the fluid density, t is the time, u is the velocity, P is the
pressure, τ is the stress tensor, q is the heat flux, ε − κ is the turbulent
model and µ is the fluid viscosity.

To perform dynamic simulations, we meshed the 3D
geometrical sperm models. We used the generation and
processing toolbox by SolidWorks to create a 3D tetrahedral
element mesh for this purpose. The mesh densities of the
different models vary between the cells. This variability can affect
the simulation runtime but negligibly changes the outcome
measures (less than 3%). The models were assumed to be hyper-
elastic uncompressible materials with the Neo-Hookean constitutive
model. The models were assumed to be uncompressible materials
with uniform mechanical proprieties for all components, such as the
density. Since the cell head is the major component by weight,
changing the density of the components is not expected to
significantly affect the swimming behavior (Nassir et al., 2023).

We applied a dynamic simulation for each fallopian tube model.
We analyzed the beating patterns of the normal and pathological
sperm cell models swimming inside a viscous fluid in each 3D

fallopian tube model. For each fallopian tube model, we simulated
10,000 sperm models with the same morphology, in total
70,000 sperm models for each simulation. The sperm models
were assigned a random initial position within the intramural
portion and were free to swim through the 3D fallopian tube
model. The dynamic simulations were performed using
SolidWorks 2022, Blender 2.91, and Python 3.3 SW (3D
modelling and rendering package).

2.6 Outcome measurements

The 3D swimming trajectories of the different models were
analyzed for position maps. The localized displacements that
developed in the sperm head centroid of the normal and
pathological models were determined as a function of time. The
results were calculated by SolidWorks 2022, Blender 2.91 Python
3.3 SW (3D modelling and rendering package). Outcome
measures included:

1. The 3D swimming trajectories of the sperm head centroid of
the normal and pathological models, across the different 3D
human female fallopian tube models over 5 h.

2. The quantity of the normal and pathological sperm models
reaching the ampulla portion where the fertilization occurs.

3. The velocity of the normal and pathological sperm models
inside the different 3D human female fallopian tube models.

4. Evaluation of the selection ability of the 3D fallopian tube
model with age by comparison between the percentages of the
normal and pathological sperm cells inside the
ampulla portion.

FIGURE 3
Normal and pathological sperm cell models (according to the WHO classification (World Health Organization, 2021)). (A) Normal sperm cell model.
(B) Different pathological sperm cell models.
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3 Results

We tracked the sperm head centroid of each model during
swimming in the different fallopian tube models. The 2D trajectories
of the normal sperm models through each fallopian tube model are
shown in Figure 4. For all ages, we observed that the normal sperm
models moved forward inside the fallopian tube with a small lateral
displacement. This swimming behavior is equivalent to the swimming
pattern of the normal sperm cells reported in previous bio-mechanical,
microfluidic, and experimental imaging studies of human sperm cell
motility (Chenoweth, 2005; Su et al., 2012; Sartori et al., 2016; Rode et al.,
2019; Dardikman-Yoffe et al., 2020; World Health Organization, 2021;
Nassir et al., 2022, 2023). Figure 4 shows that most of the normal sperm
models accumulated in the intramural and isthmus regions due to the
small luminal area. Some of the normal sperm models kept swimming
near the fallopian tubewalls and toward the fertilization site, the ampulla.
The number of the normal sperm models that succeeded to pass to the
ampulla is the largest in the fallopian tube of women at their 20s. In
addition, at the 20s, the normal spermmodels swam to greater distances
inside the ampulla compared to older ages. Hence, as a woman’s age
increases fewer normal cells succeed in reaching the ampulla region;
moreover, they swim for shorter distances toward the ovary (Figure 4).

We described the positions of the normal sperm models inside the
different 3D fallopian tube models after 5 h. We evaluated the fallopian
tubes based on the numbers and the positions of the normal sperm
models accumulated in the isthmus or reached the fertilization site, the
ampulla. After 5 h, all the spermmodels remained in their local location
inside each fallopian tubemodel. Figure 5 describes the final positions of

1000 normal sperm models in the forward direction inside each
fallopian tube. For all ages, most normal sperm models accumulated
in the isthmus region and were unable to continue swimming into the
ampulla. For women at their 20s, 4.2% of the normal sperm models
succeeded in passing the isthmus region and continued to swim inside
the ampulla. The percentages of normal spermmodels that reached the
ampulla decreased with age, 3% for women at their 30s and 1.1% for
women at their 40s. With age, the normal sperm models did not get as
far inside the ampulla, which can affect their chances to reach the egg.
For women at their 20s, the normal spermmodels swam approximately
40 mm into the ampulla, whereas they swam about 30 mm for women
at their 30s and 10 mm for women at their 40s.

Sperm cell motility is a significant parameter for successful
fertilization. The sperm cells’ velocity and swimming distance inside
the fallopian tube are affected by the morphological and mechanical
changes in the fallopian tube due to women aging. To evaluate the
woman’s age influence on sperm cell motility, we calculated the average
velocities and swimming distances of the normal spermmodels through
the 3D fallopian tube models for women at their 20s, 30s and 40s.
Figures 6A–C show the positions of a single normal spermmodel inside
the different fallopian tube models. We calculated the average velocities
and distances for all the sperm cells inside the fallopian tubemodels and
calculated the standard error of the mean (SEM) for each women’s age
group, each group contains 100 experiments. We observed that for
women at ages 20s the normal sperm models had the highest average
velocity (24.43 ± 0.46 µm

sec) and the highest average swimming distance
inside the fallopian tube (68.8 ± 15.9mm), compared with the other
age groups. The average velocity of the normal sperm models

FIGURE 4
Swimming patterns of the normal sperm models in the different fallopian tube models. Two-dimensional trajectories in the anterior view of the
fallopian tube model for women at their (A) 20s, (B) 30s, and (C) 40s.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Nassir et al. 10.3389/fbioe.2024.1324802

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1324802


swimming in the fallopian tube is 19.29 ± 4.12 µm
sec for women at their

30s, and (4.88 ± 0.42 µm
sec) for women at their 40s. The average

swimming distance of the normal sperm models in the fallopian
tube is (47.1 ± 8.18mm) for women at their 30s, and

(43 ± 0.1mm) for women at their 40s. Normal sperm models
velocity inside the fallopian tube decreased by 21% and 80%, at the
30s and 40s, respectively, compared to the velocity for women at their
20s (see Figure 6D). Normal sperm models swimming distance inside

FIGURE 5
Final depths (x) inside the woman’s body of 1000 normal sperm models in the forward direction inside the different fallopian tube models. The
percentages of normal sperm models that reach the ampulla region are 4.2%, 3%, and 1.1% for women at their 20s (blue dots), 30s (red dots), and 40s
(yellow dots), respectively.

FIGURE 6
Swimming behavior of the normal spermmodels in the different fallopian tubemodels. A single normal spermmodel swims in the 3D fallopian tube
model for women at their (A) 20s, (B) 30s, and (C) 40s. The average velocity (D) and the average distance (E) of the normal spermmodels through the 3D
fallopian tube models, at women at their 20s, 30s and 40s (see Supplementary Video S4). Bars are mean ± SEM (standard error of the mean).
(*) Significantly different from the normal control group (p < 0.05).
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the fallopian tube decreased by 31.5% and 37.5%, at the 30s and 40s,
respectively, compared to the velocity for women at their 20s (see
Figure 6E). Hence, woman aging has a significant effect on sperm cell
velocity and swimming distance, which can influence their journey to
meet the egg in the ampulla region (see Supplementary Video S4).

We calculated the percentages of the normal and pathological
sperm models that succeeded in reaching the ampulla of each age
group fallopian tube model (Figure 7). Most of the sperm cell models
accumulated in the isthmus region due to a smaller luminal area. For all
ages, the percentages of normal sperm models that enter the ampulla
region are the highest (1.1%–4.2%), compared to the pathological sperm
models (0%–0.3%) (Figure 7A). The pathological sperm models swam
inside the small luminal area in 3D lateral displacement and twisted
trajectories; therefore, few pathological spermmodels cross the isthmus
region and reach the fertilization site, the ampulla (see Figure 7A). We
evaluated the selection ability of the different fallopian tubes by
comparison between the percentages of the normal and the
pathological sperm models inside the ampulla area (see Figure 7B).
For women at their 20s, 80.8%± 15.4% (n= 10,000 sample tested) of the
total sperm models that reached the ampulla are normal sperm models
and 19.2% ± 3.6% (n = 10,000 sample tested) of them are abnormal
sperm models. With age, the percentage of the normal sperm models
inside the ampulla decreases, 77.5% ± 16.5% (n = 10,000 sample tested)

for women at their 30s and 73% ± 7.7% (n = 10,000 sample tested) for
women at their 40s. On the other hand, with age, the percentage of the
pathological sperm models inside the ampulla increases, 22.5% ± 4.8%
(n = 10,000 sample tested) for women at their 30s and 27% ± 2.8% (n =
10,000 sample tested) for women at their 40s (see Figure 7B). The
decrease in the percentage of normal sperm cells and the increase in the
percentage of pathological ones inside the ampulla due to aging can
decrease the chances of normal sperm cells succeeding in reaching the
egg and fertilizing it.

We tracked the sperm models during swimming near the
mucosal layer of the different fallopian tube models. For all ages,
we observed that most normal sperm models prefer to swim beside
the fallopian tube walls, in contrast to the pathological spermmodels
that swim inside the luminal area with 3D lateral displacements.
Figure 8 and Supplementary Video S5 show the position of a single
sperm model of each morphology in the fallopian tube model for
women at their 20s. The swimming section shown in Figure 8 and
Supplementary Video S5 only describes a local path of the overall
swimming behaviour for each sperm model. The 3D swimming
patterns were affected by the collision angle with the surface,
collision velocity, cell-to-cell interactions, and the local geometry
of the collision site. The swimming behavior of the sperm cells near
the surface is equivalent to previous studies that tracked the healthy

FIGURE 7
The percentage of the normal and pathological spermmodels that reached the ampulla versus various typical spermmorphologies (A) andwomen’s
age groups (B). Bars are mean ± SEM (standard error of the mean). (*) Significantly different from the normal control group (p < 0.05).
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sperm cells swimming close to walls (Chenoweth, 2005; Su et al.,
2012; Dardikman-Yoffe et al., 2020; World Health Organization,
2021; Nassir et al., 2022; Nassir et al., 2023).

4 Discussion

In this study, we evaluated the women’s aging effect on the chances
of sperm cells to reach the fertilization site by describing their swimming
behavior. This was done for three typical morphologies describing the
human fallopian tube over age. Using a unique combination of
simulation tools, we implemented 3D detailed geometrical models of
normal and pathological sperm cells swimming together in 3D models
of three human fallopian tubes based on human uterus.We also applied
peristalsis-ciliary activity along the inner walls of the different fallopian
tube models. Dynamic simulations were performed for the different
human sperm models swimming inside the fallopian tube models to
evaluate the women’s aging influence on the changes of sperm cells of
reaching the egg. The fallopian tubes provide a proper environment for
sperm cells and oocyte transportation and have a significant influence
on fertility. The fallopian tube undergoes morphological and
mechanical changes due to women’s aging, which may impair
fertility. Our study shows that this also happens due to impairing
the ability of sperm cells to reach the fertilization site of the aging
woman. Thus, this advanced mechanical model of the swimming
behavior of the sperm cells inside the fallopian tube of different
women’s age groups can play a role key in understanding the
women’s aging influence on fertility.

For all age groups, we observed that the normal sperm models
moved forward inside the fallopian tube models with a small lateral
displacement. Most of the 3D trajectories of the normal sperm models
were close to the fallopian tube walls near the internal longitudinal folds
of the mucosal layer. Our findings match the results of previous studies
about tracking healthy human sperm cells (Chenoweth, 2005; Su et al.,
2012; Dardikman-Yoffe et al., 2020; World Health Organization, 2021;
Nassir et al., 2022; Nassir et al., 2023) and sperm cell-to-surface
interactions (Guidobaldi et al., 2015; Rode et al., 2019; Zaferani
et al., 2021). For all age groups, most of the normal sperm models

accumulated in the intramural and isthmus regions due to the small
luminal area. Swimming behavior characteristics through a narrow path
such as linear and angular velocity, swimming directions, and distances
can be affected due to the increase in the cell-to-cell and cell-to-surface
interactions. Therefore, few normal spermmodels succeeded in passing
the narrow isthmus region and continued swimming into the ampulla.
These results are equivalent to those of previous studies that considered
the narrow paths as a significant barrier and selector against sperm cells
(Bartoov et al., 1982; Denissenko et al., 2012; Heydari et al., 2023).

The number of the normal spermmodels in the fertilization site,
the ampulla, decreases with the women’s aging. Furthermore, with
women’s aging, the normal sperm cells swim for shorter distances
inside the ampulla toward the ovary, and the empty area from
normal sperm cells inside the ampulla increases, which lowers the
success chances of the sperm cell reaching the oocyte. The aging of
the human fallopian tube also affects the average velocity of normal
sperm cells. Low sperm cell motility, especially inside the
fertilization site of the fallopian tube has a significant impact on
fertility impairment (Hunter, 1998; Ahlgren, 2010; Ambildhuke
et al., 2022). Thus, women’s aging is associated with a decrease
in the quantity, swimming distance, and velocity of the normal
sperm cells inside the fertilization site due to the morphological and
mechanical changes in the fallopian tube over aging. The changes
that the fallopian tube undergoes because of women’s aging, such as
the small luminal area, low internal longitudinal folds, and low wall
stiffness, prevent most of the normal sperm cells frommoving inside
the fallopian tube toward the fertilization site. The cell-to-cell and
cell-to-surface collisions increase in smaller swimming luminal
areas; therefore, fewer normal sperm cells can cross the isthmus
region and reach the ampulla. The normal spermmodels swam close
to the internal longitudinal folds inside the different fallopian tube
models. With age, the folds surface decreases due to the low quantity
of internal longitudinal folds. Hence, the normal sperm models
swim in smaller swimming areas of the fold surfaces as the age
increases. This small swimming area also causes more collisions and
interruptions against the sperm cells’ progress forward.
Furthermore, the stiffness of the internal wall of the fallopian
tube decreases with women’s aging. Therefore, the friction

FIGURE 8
3D sperm cells swimming near the mucosal layer of the fallopian tube model for women at their 20s (see Supplementary Video S5).
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between the normal sperm models and the internal wall increases
and decelerates the velocity of the normal sperm models toward the
ovary. Our study thus confirms the results of previous studies in this
field about the defects in function and selection ability of the human
fallopian tube due to women’s aging (Pinero and Foraker, 1963;
Bouyer et al., 2003; Maheshwari et al., 2008; Briceag et al., 2015;
Szmelskyj et al., 2015).

Lastly, we observed that for all age groups the number of normal
sperm models that succeeded in reaching the ampulla is larger
compared with the pathological sperm models. On the other hand,
the percentage of normal spermmodels inside the ampulla decreases
with aging while the percentage of the pathological sperm models
increases. Most normal sperm models prefer to swim beside the
fallopian tube walls, in contrast to the pathological sperm models
that swim inside the luminal area with 3D lateral displacements. The
main morphological and mechanical changes in the fallopian tube
due to aging occur in the internal mucosal walls; therefore, the
swimming behavior of the normal sperm models is more affected
than the swimming behavior of the pathological sperm models. As
the percentage of pathological sperm cells increases in the ampulla,
the success chances of a normal sperm cell reaching the egg and
fertilizing it are statistically lower with age. With age, the normal
sperm cells encounter more difficult challenges in their journey
inside the fallopian tube and their success chances of reaching the
fertilization area and the egg diminishes.

Note that this study focuses on hyperactivated sperm within the
fallopian tube due to its crucial role in the fertilization process and its
potential implications for reproductive success, especially concerning
women’s aging. Hyperactivated sperm display heightened motility
patterns linked to successful fertilization, facilitating better
penetration of the oocyte’s protective barriers. By centering on
hyperactivated sperm, the study focuses on how age-related
alterations in the fallopian tube environment can affect sperm
behavior and fertility. The emphasis on hyperactivated sperm in this
study does not diminish the importance of examining other motility
patterns. The study is the initial step for future research of analyzing the
entire range of sperm behavior within the fallopian tube.

Our study builds upon empirical data from prior research on
gamete behavior within the female reproductive system. It validates
different stages of our simulations and elucidates how such clinical
outcomes can be achieved through a detailed mechanical and computer
model, which is impractical to perform in an actual clinical trial on
humans. We address this gap and offer overall simulative tools for
impactful conclusions that can enhance our understanding of sperm cell
behavior within the female reproductive system and its implications for
fertilization chances. To conclude, we have presented an advanced
dynamic mechanical model for evaluating the women’s aging influence
on themotility of healthy and pathological human sperm cells inside the
female fallopian tubes. Our model describes the impact of the
morphological and mechanical changes in the fallopian tube on
fertilization potential due to women’s aging. Our method combines
full dynamic 3D modeling of different human sperm cells, free
swimming inside different 3D fallopian tube tracts, and interactions
with real internal environment parameters. This method may lead to
additional studies in evaluating the age influence on the selection ability
of the fallopian tubes and provide missing links in previous studies.
Especially, our study on sperm cellmotility through the fallopian tube in
relation to different ages provides a new scope for investigation and

treatment of diseases and infertility cases associated with aging.
Moreover, this new approach can be the basis for personalize
medicine in fertility treatments, as it can simulate the chances of a
certain woman to conceive from a certain sperm sample; thus being able
to adapt and select certain sperm features to certain woman
reproductive organs and age and use them for intrauterine
insemination (IUI).
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SUPPLEMENTARY VIDEO S2
The Cilia Beat in the Mucosal Layer of the 3D Fallopian Tube Model for
Women at their 20s.
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Demonstration of Free Swimming of the Full and Simplified Sperm Models.

SUPPLEMENTARY VIDEO S4
Normal Sperm Models Swim in the Different 3D Fallopian Tube Models.

SUPPLEMENTARY VIDEO S5
3D Sperm Cells Swimming Near the Mucosal Layer of the Fallopian Tube
Model for Women at their 20s.

References

Ahlgren, M. (2010). Sperm transport to and survival in the human fallopian tube.
Gynecol. Investig. 6, 206–214. doi:10.1159/000301517

Ahmadmawlood, J., and Malathsagbanabied, H. (2019). Fallopian tube analysis of the
peristaltic-ciliary flow of third grade fluid in a finite narrow tube. J. Phys. Conf. Ser. 1362,
012157–012621. doi:10.1088/1742-6596/1362/1/012157

Akbar, N. S., Tripathi, D., Khan, Z. H., and Bég, O. A. (2017). Mathematical model for
ciliary-induced transport in MHD flow of Cu-H2O nanofluids with magnetic induction.
Chin. J. Phys. 55, 947–962. doi:10.1016/j.cjph.2017.03.005

Allen, W. E. (2009). Terminologia anatomica: international anatomical terminology
and terminologia histologica: international terms for human cytology and histology.
J. Anat. 215, 221. doi:10.1111/j.1469-7580.2009.1093_1.x

Ambildhuke, K., Pajai, S., Chimegave, A., Mundhada, R., and Kabra, P. (2022). A
review of tubal factors affecting fertility and its management. Cureus 14,
e30990–e30996. doi:10.7759/cureus.30990

Ashraf, M. M., Hasan, N., Lewis, L., Hasan, M. R., and Ray, P. (2016). A systematic
literature review of the application of information communication technology for
visually impaired people. Int. J. Disabil. Manag. 11, e6–e18. doi:10.1017/idm.2016.6

Baah-Dwomoh, A., McGuire, J., Tan, T., and De Vita, R. (2016). Mechanical
properties of female reproductive organs and supporting connective tissues: a review
of the current state of knowledge. Appl. Mech. Rev. 68, 1–12. doi:10.1115/1.4034442

Barros, E. M. K. P., Rodrigues, C. J., Rodrigues, N. R., Oliveira, R. P., Barros, T. E. P.,
and Rodrigues, A. J. (2002). Aging of the elastic and collagen fibers in the human
cervical interspinous ligaments. Spine J. 2, 57–62. doi:10.1016/S1529-9430(01)00167-X

Bartoov, B., Eltes, F., Langsam, J., Snyder, M., and Fisher, J. (1982). Ultrastructural
studies in morphological assessment of human spermatozoa. Int. J. Androl. 5, 81–96.
doi:10.1111/j.1365-2605.1982.tb00306.x

Blake, J. R. (1982). Mechanics of ciliary transport. Prog. Clin. Biol. Res. 80, 41–45.
doi:10.1002/cm.970020710

Bouyer, J., Coste, J., Shojaei, T., Pouly, J. L., Fernandez, H., Gerbaud, L., et al. (2003).
Risk factors for ectopic pregnancy: a comprehensive analysis based on a large case-
control, population-based study in France. Am. J. Epidemiol. 157, 185–194. doi:10.1093/
aje/kwf190

Briceag, I., Costache, A., Purcarea, V. L., Cergan, R., Dumitru, M., Briceag, I., et al.
(2015). Fallopian tubes-literature review of anatomy and etiology in female infertility.
J. Med. Life 8, 129–131.

Chenoweth, P. J. (2005). Genetic sperm defects. Theriogenology 64, 457–468. doi:10.
1016/j.theriogenology.2005.05.005

Coan, M., Vinciguerra, G. L. R., Cesaratto, L., Gardenal, E., Bianchet, R., Dassi, E.,
et al. (2018). Exploring the role of fallopian ciliated cells in the pathogenesis of high-
grade serous ovarian cancer. Int. J. Mol. Sci. 19, 2512. doi:10.3390/ijms19092512

Coy, P., García-Vázquez, F. A., Visconti, P. E., and Avilés, M. (2012). Roles of the
oviduct in mammalian fertilization. Reproduction 144, 649–660. doi:10.1530/REP-12-
0279

Croxatto, H. B. (2002). Physiology of gamete and embryo transport through the
fallopian tube. Reprod. Biomed. Online 4, 160–169. doi:10.1016/S1472-6483(10)61935-9

Dardikman-Yoffe, G., Mirsky, S. K., Barnea, I., and Shaked, N. T. (2020). High-
resolution 4-D acquisition of freely swimming human sperm cells without staining. Sci.
Adv. 6, eaay7619. doi:10.1126/sciadv.aay7619

De Geyter, C., Steimann, S., Fröhlich, J. M., Wiesner, W., Wight, E., Steinbrich, W.,
et al. (2007). Selective visualization of the Fallopian tube with magnetic resonance
imaging. Reprod. Biomed. Online 14, 593–597. doi:10.1016/S1472-6483(10)61051-6

Denissenko, P., Kantsler, V., Smith, D. J., and Kirkman-Brown, J. (2012). Human
spermatozoa migration in microchannels reveals boundary-following navigation. Proc.
Natl. Acad. Sci. U. S. A. 109, 8007–8010. doi:10.1073/pnas.1202934109

Devi, J., Medhi, T., and Hussain, F. (2017). Age related changes of morphology, length
and luminal diameter of human fallopian tube. IOSR J. Dent. Med. Sci. e-ISSN 16, 1–08.
doi:10.9790/0853-1607030108

Dulohery, K., Trottmann, M., Bour, S., Liedl, B., Alba-Alejandre, I., Reese, S.,
et al. (2020). How do elevated levels of testosterone affect the function of the
human fallopian tube and fertility? new insights. Mol. Reprod. Dev. 87, 30–44.
doi:10.1002/mrd.23291

Eddy, C. A., and Pauerstein, C. J. (1980). Anatomy and physiology of the fallopian
tube. Clin. Obstet. Gynecol. 23, 1177–1194. doi:10.1097/00003081-198012000-00023

Eisenbach, M., and Giojalas, L. C. (2006). Sperm guidance in mammals - an unpaved
road to the egg. Nat. Rev. Mol. Cell. Biol. 7, 276–285. doi:10.1038/nrm1893

Ertan Kervancioglu, M., Saridogan, E., John Aitken, R., and Djahanbakhch, O. (2000).
Importance of sperm-to-epithelial cell contact for the capacitation of human
spermatozoa in fallopian tube epithelial cell cocultures. Fertil. Steril. 74, 780–784.
doi:10.1016/S0015-0282(00)01514-4

Guidobaldi, H. A., Jeyaram, Y., Condat, C. A., Oviedo, M., Berdakin, I., Moshchalkov,
V. V., et al. (2015). Disrupting the wall accumulation of human sperm cells by artificial
corrugation. Biomicrofluidics 9, 024122–024129. doi:10.1063/1.4918979

Han, X., Wang, L., Wang, S., Chou, Y., Liu, X., Guo, C., et al. (2013). Radiographic
morphology of fallopian tubes in women of child-bearing potential: a descriptive study.
J. Obstet. Gynaecol. Res. 39, 820–824. doi:10.1111/j.1447-0756.2012.02049.x

Hayat, T., Nazar, H., Imtiaz, M., Alsaedi, A., and Ayub, M. (2017). Axisymmetric
squeezing flow of third grade fluid in presence of convective conditions. Chin. J. Phys.
55, 738–754. doi:10.1016/j.cjph.2017.02.005

Heydari, A., Zabetian Targhi, M., Halvaei, I., and Nosrati, R. (2023). A novel
microfluidic device with parallel channels for sperm separation using spermatozoa
intrinsic behaviors. Sci. Rep. 13, 1185. doi:10.1038/s41598-023-28315-7

Hunter, R. H. F. (1998). Have the fallopian tubes a vital rôle in promoting fertility?
Acta Obstet. Gynecol. Scand. 77, 475–486. doi:10.1080/j.1600-0412.1998.770501.x

Hwang, T. S., and Song, J. (2004). Morphometrical changes of the human uterine
tubes according to aging and menstrual cycle. Ann. Anat. 186, 263–269. doi:10.1016/
S0940-9602(04)80014-1

Ikawa, M., Inoue, N., Benham, A. M., and Okabe, M. (2010). Fertilization: a sperm’s
journey to and interaction with the oocyte. J. Clin. Investig. 120, 984–994. doi:10.1172/
JCI41585

Jafarbeglou, F., Nazari, M. A., Keikha, F., Amanpour, S., and Azadi, M. (2021). Visco-
hyperelastic characterization of the mechanical properties of human fallopian tube
tissue using atomic force microscopy. Materialia 16, 101074. doi:10.1016/j.mtla.2021.
101074

Jonuskaite, A. (2017). Flow simulation with SolidWorks. 1–52.

Kim-Bjorklund, T., Landgren, B. M., Hamberger, L., and Johannisson, E. (1991).
Comparative morphometric study of the endometrium, the fallopian tube, and the
corpus luteum during the postovulatory phase in normally menstruating women. Fertil.
Steril. 56, 842–850. doi:10.1016/s0015-0282(16)54653-6

Kodithuwakku, S. P., Miyamoto, A., and Wijayagunawardane, M. P. B. (2007).
Spermatozoa stimulate prostaglandin synthesis and secretion in bovine oviductal
epithelial cells. Reproduction 133, 1087–1094. doi:10.1530/REP-06-0201

Kölle, S. (2012). Live cell imaging of the oviduct. Methods Enzymol. 506, 415–423.
doi:10.1016/B978-0-12-391856-7.00045-7

Kölle, S., Dubielzig, S., Reese, S., Wehrend, A., König, P., and Kummer, W. (2009).
Ciliary transport, gamete interaction, and effects of the early embryo in the oviduct: ex
vivo analyses using a new digital videomicroscopic system in the cow. Biol. Reprod. 81,
267–274. doi:10.1095/biolreprod.108.073874

Kölle, S., Reese, S., and Kummer, W. (2010). New aspects of gamete transport,
fertilization, and embryonic development in the oviduct gained by means of live cell
imaging. Theriogenology 73, 786–795. doi:10.1016/j.theriogenology.2009.11.002

Lafforgue, O., Bouguerra, N., Poncet, S., Seyssiecq, I., Favier, J., and Elkoun, S. (2017).
Thermo-physical properties of synthetic mucus for the study of airway clearance.
J. Biomed. Mat. Res. - Part A 105, 3025–3033. doi:10.1002/jbm.a.36161

Lai, S. K., O’Hanlon, D. E., Harrold, S., Man, S. T., Wang, Y. Y., Cone, R., et al. (2007).
Rapid transport of large polymeric nanoparticles in fresh undiluted humanmucus. Proc.
Natl. Acad. Sci. U. S. A. 104, 1482–1487. doi:10.1073/pnas.0608611104

La Parra Casado, C., Molina Fàbrega, R., Forment Navarro, M., and Cano Gimeno, J.
(2013). Fallopian tube disease on magnetic resonance imaging. Radiol. Engl. Ed. 55,
385–397. doi:10.1016/j.rxeng.2012.10.001

Li, J., Ning, Y., Abushahin, N., Yuan, Z., Wang, Y., Wang, Y., et al. (2013). Secretory
cell expansion with aging: risk for pelvic serous carcinogenesis. Gynecol. Oncol. 131,
555–560. doi:10.1016/j.ygyno.2013.09.018

Lindemann, C. B., and Lesich, K. A. (2016). Functional anatomy of the mammalian
sperm flagellum. Cytoskeleton 73, 652–669. doi:10.1002/cm.21338

Lisa, J. R., D, G. J., and Rubin, I. C. (1954). Observations on the interstitial portion of
the fallopian tube. Surg. Gynecol. Obstet. 99, 159–169.

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Nassir et al. 10.3389/fbioe.2024.1324802

https://doi.org/10.1159/000301517
https://doi.org/10.1088/1742-6596/1362/1/012157
https://doi.org/10.1016/j.cjph.2017.03.005
https://doi.org/10.1111/j.1469-7580.2009.1093_1.x
https://doi.org/10.7759/cureus.30990
https://doi.org/10.1017/idm.2016.6
https://doi.org/10.1115/1.4034442
https://doi.org/10.1016/S1529-9430(01)00167-X
https://doi.org/10.1111/j.1365-2605.1982.tb00306.x
https://doi.org/10.1002/cm.970020710
https://doi.org/10.1093/aje/kwf190
https://doi.org/10.1093/aje/kwf190
https://doi.org/10.1016/j.theriogenology.2005.05.005
https://doi.org/10.1016/j.theriogenology.2005.05.005
https://doi.org/10.3390/ijms19092512
https://doi.org/10.1530/REP-12-0279
https://doi.org/10.1530/REP-12-0279
https://doi.org/10.1016/S1472-6483(10)61935-9
https://doi.org/10.1126/sciadv.aay7619
https://doi.org/10.1016/S1472-6483(10)61051-6
https://doi.org/10.1073/pnas.1202934109
https://doi.org/10.9790/0853-1607030108
https://doi.org/10.1002/mrd.23291
https://doi.org/10.1097/00003081-198012000-00023
https://doi.org/10.1038/nrm1893
https://doi.org/10.1016/S0015-0282(00)01514-4
https://doi.org/10.1063/1.4918979
https://doi.org/10.1111/j.1447-0756.2012.02049.x
https://doi.org/10.1016/j.cjph.2017.02.005
https://doi.org/10.1038/s41598-023-28315-7
https://doi.org/10.1080/j.1600-0412.1998.770501.x
https://doi.org/10.1016/S0940-9602(04)80014-1
https://doi.org/10.1016/S0940-9602(04)80014-1
https://doi.org/10.1172/JCI41585
https://doi.org/10.1172/JCI41585
https://doi.org/10.1016/j.mtla.2021.101074
https://doi.org/10.1016/j.mtla.2021.101074
https://doi.org/10.1016/s0015-0282(16)54653-6
https://doi.org/10.1530/REP-06-0201
https://doi.org/10.1016/B978-0-12-391856-7.00045-7
https://doi.org/10.1095/biolreprod.108.073874
https://doi.org/10.1016/j.theriogenology.2009.11.002
https://doi.org/10.1002/jbm.a.36161
https://doi.org/10.1073/pnas.0608611104
https://doi.org/10.1016/j.rxeng.2012.10.001
https://doi.org/10.1016/j.ygyno.2013.09.018
https://doi.org/10.1002/cm.21338
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1324802


Luo, H., Li, S., Kou, S., Lin, Y., Hagemann, I. S., and Zhu, Q. (2023). Enhanced 3D
visualization of human fallopian tube morphology using a miniature optical coherence
tomography catheter. Biomed. Opt. Express 14, 3225. doi:10.1364/boe.489708

Lyons, R. A., Djahanbakhch, O., Mahmood, T., Saridogan, E., Sattar, S., Sheaff, M. T.,
et al. (2002). Fallopian tube ciliary beat frequency in relation to the stage of menstrual
cycle and anatomical site. Hum. Reprod. 17, 584–588. doi:10.1093/humrep/17.3.584

Lyons, R. A., Saridogan, E., and Djahanbakhch, O. (2006). The reproductive
significance of human Fallopian tube cilia. Hum. Reprod. Update 12, 363–372.
doi:10.1093/humupd/dml012

Maheshwari, A., Hamilton, M., and Bhattacharya, S. (2008). Effect of female age on
the diagnostic categories of infertility. Hum. Reprod. 23, 538–542. doi:10.1093/humrep/
dem431

Narang, K., Cope, Z. S., and Teixeira, J. M. (2019). “Chapter 6 - developmental
genetics of the female reproductive tract,” in Human reproductive and prenatal genetics
(Germany: Academic Press), 129–153. doi:10.1016/B978-0-12-813570-9.00006-1

Nassir, M., Levi, M., Dardikman-Yoffe, G., Mirsky, S. K., and Shaked, N. T. (2022).
Prediction of sperm progression in three dimensions using rapid optical imaging and
dynamic mechanical modeling. Cells 11, 1319. doi:10.3390/cells11081319

Nassir, M., Levi, M., and Shaked, N. T. (2023). Dynamic 3D modeling for
humansperm motility through the female cervical canal and uterine cavity to
predict sperm chance of reaching the oocyte. Cells 12, 203. doi:10.3390/cells12010203

Okabe, M. (2015). Mechanisms of fertilization elucidated by gene-manipulated
animals. Asian J. Androl. 17, 646–652. doi:10.4103/1008-682X.153299

Papathanasiou, A., Djahanbakhch, O., Saridogan, E., and Lyons, R. A. (2008). The
effect of interleukin-6 on ciliary beat frequency in the human fallopian tube. Fertil.
Steril. 90, 391–394. doi:10.1016/j.fertnstert.2007.07.1379

Pinero, D. A., and Foraker, A. G. (1963). Aging in the fallopian tube. Am. J. Obstet.
Gynecol. 86, 397–400. doi:10.1016/0002-9378(63)90017-6

Raveshi, M. R., Abdul Halim, M. S., Agnihotri, S. N., O’Bryan, M. K., Neild, A., and
Nosrati, R. (2021). Curvature in the reproductive tract alters sperm–surface
interactions. Nat. Commun. 12, 3446. doi:10.1038/s41467-021-23773-x

Revzin, M. V., Moshiri, M., Katz, D. S., Pellerito, J. S., Gettle, L. M., and Menias, C. O.
(2020). Imaging evaluation of fallopian tubes and related disease: a primer for
radiologists. Radiographics 40, 1473–1501. doi:10.1148/rg.2020200051

Rimbach, S., Wallwiener, D., Barth, C., Bekeredjian, R., Hardt, S., and Bastert, G.
(1998). Intraluminal ultrasound imaging of the fallopian tube wall: results of
standardized in vitro investigations of pig and human tubal specimens. Fertil. Steril.
70, 161–164. doi:10.1016/s0015-0282(98)00124-1

Rode, S., Elgeti, J., and Gompper, G. (2019). Sperm motility in modulated
microchannels. New J. Phys. 21, 013016. doi:10.1088/1367-2630/aaf544

Sartori, P., Geyer, V. F., Scholich, A., Jülicher, F., and Howard, J. (2016). Dynamic
curvature regulation accounts for the symmetric and asymmetric beats of
Chlamydomonas flagella. Elife 5, 132588–e13326. doi:10.7554/eLife.13258

Satir, P. (1992). Mechanisms of ciliary movement: contributions from electron
microscopy. Scanning Microsc. 6, 573–579.

Şendur, H. N., Cindil, E., Cerit, M. N., Kılıç, P., Gültekin, I. İ., and Oktar, S. Ö. (2020).
Evaluation of effects of aging on skeletal muscle elasticity using shear wave elastography.
Eur. J. Radiol. 128, 109038. doi:10.1016/j.ejrad.2020.109038

Shirasuna, K., and Iwata, H. (2017). Effect of aging on the female reproductive
function. Contracept. Reprod. Med. 2, 23–28. doi:10.1186/s40834-017-0050-9

Singh, G., and Chanda, A. (2021). Mechanical properties of whole-body soft human
tissues: a review. Biomed. Mat. 16, 062004. doi:10.1088/1748-605X/ac2b7a

Smith, T. T., and Yanagimachi, R. (1990). The viability of hamster spermatozoa stored
in the isthmus of the oviduct: the importance of sperm-epithelium contact for sperm
survival. Biol. Reprod. 42, 450–457. doi:10.1095/biolreprod42.3.450

Sobachkin, A., and Dumnov, G. (2013). Numerical basis of CAD-embedded CFD.
NAFEMS World Congr. 2013, 1–20.

Su, T. W., Xue, L., and Ozcan, A. (2012). High-throughput lensfree 3D tracking of
human sperms reveals rare statistics of helical trajectories. Proc. Natl. Acad. Sci. U. S. A.
109, 16018–16022. doi:10.1073/pnas.1212506109

Suarez, S. S., and Pacey, A. A. (2006). Sperm transport in the female reproductive
tract. Hum. Reprod. Update 12, 23–37. doi:10.1093/humupd/dmi047

Szmelskyj, I. (2015). “Chapter 2 – anatomy and physiology of the reproductive
system: prerequirements for conception,” in Acupuncture for IVF and assisted
reproduction (USA: Churchill Livingstone), 23–58. doi:10.1016/B978-0-7020-5010-7.
00002-3

Szmelskyj, I., Aquilina, L., and Szmelskyj, A. O. (2015). Anatomy and physiology of
the reproductive system. Acupunct. IVF Assist. Reprod. 113, 23–58. doi:10.1016/b978-0-
7020-5010-7.00002-3

Talukdar, H., and Sahu, S. K. (2016). A morphological study on fallopian tube. Int.
J. Anat. Res. 4, 3066–3071. doi:10.16965/ijar.2016.403

Tao, T., Lin, W., Wang, Y., Zhang, J., Chambers, S. K., Li, B., et al. (2020). Loss of tubal
ciliated cells as a risk for “ovarian” or Pelvic Serous Carcinoma. Am. J. Cancer Res. 10,
3815–3827. doi:10.21203/rs.3.rs-39624/v1

Timothy Smith, T., and Nothnick, W. B. (1997). Role of direct contact between
spermatozoa and oviductal epithelial cells in maintaining rabbit sperm viability. Biol.
Reprod. 56, 83–89. doi:10.1095/biolreprod56.1.83

Varga, I., Kachlík, D., Žišková,M., andMiko,M. (2018). Lymphatic lacunae of themucosal
folds of human uterine tubes— a rediscovery of forgotten structures and their possible role in
reproduction. Ann. Anat. - Anat. Anz. 219, 121–128. doi:10.1016/j.aanat.2018.06.005

Veerraju, T. S. N. V. V., and Sesi, D. A. V. S. (2019). A study on development and
morphometric changes of fallopian tubes. Dent. Med. Sci. 18, 7–9. doi:10.9790/0853-
1806050709

Vitale, S. G., Carugno, J., D’alterio, M. N., Mikuš, M., Patrizio, P., and Angioni, S.
(2022). A new methodology to assess fallopian tubes microbiota and its impact on
female fertility. Diagnostics 12, 1375–1414. doi:10.3390/diagnostics12061375

Vue, Z., Mullen, R. D., Yen, S.-T., Ontiveros, A. E., Stewart, A. C., and Behringer, R. R.
(2018). “Fetal and postnatal female tract development,” in Encyclopedia of reproduction
(Germany: Academic Press), 261–268. doi:10.1016/B978-0-12-801238-3.64399-4

Wang, H., McGoldrick, L. L., and Chung, J. J. (2021). Sperm ion channels and
transporters in male fertility and infertility. Nat. Rev. Urol. 18, 46–66. doi:10.1038/
s41585-020-00390-9

Winuthayanon, W., and Li, S. (2018). Fallopian tube/oviduct: structure and cell
biology, 282–290. doi:10.1016/B978-0-12-801238-3.64401-X

Wolman, I. (2014). Berek and novak’s gynecology 15th edition: lippincott williams
and wilkins, 2012, 1560 pp, hardcover, rs. 2659 on www.flipkart.com, ISBN-
139788184736106, ISBN-10818473610X. J. Obstet. Gynaecol. India 64, 150–151.
doi:10.1007/s13224-014-0538-z

World Health Organization (2021).WHO laboratory manual for the examination and
processing of human semen. Sixth Edition.

Yuan, S., Wang, Z., Peng, H., Ward, S. M., Hennig, G. W., Zheng, H., et al. (2021).
Oviductal motile cilia are essential for oocyte pickup but dispensable for sperm and
embryo transport. Proc. Natl. Acad. Sci. U. S. A. 118, 21029401188–e2102940211.
doi:10.1073/pnas.2102940118

Zaferani, M., Suarez, S. S., and Abbaspourrad, A. (2021). Mammalian sperm
hyperactivation regulates navigation via physical boundaries and promotes pseudo-
chemotaxis. Proc. Natl. Acad. Sci. U. S. A. 118, e2107500118. doi:10.1073/pnas.2107500118

Zeeshan, A., Ijaz, N., Bhatti, M. M., and Mann, A. B. (2017). Mathematical study of
peristaltic propulsion of solid–liquid multiphase flow with a biorheological fluid as the
base fluid in a duct. Chin. J. Phys. 55, 1596–1604. doi:10.1016/j.cjph.2017.05.020

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Nassir et al. 10.3389/fbioe.2024.1324802

https://doi.org/10.1364/boe.489708
https://doi.org/10.1093/humrep/17.3.584
https://doi.org/10.1093/humupd/dml012
https://doi.org/10.1093/humrep/dem431
https://doi.org/10.1093/humrep/dem431
https://doi.org/10.1016/B978-0-12-813570-9.00006-1
https://doi.org/10.3390/cells11081319
https://doi.org/10.3390/cells12010203
https://doi.org/10.4103/1008-682X.153299
https://doi.org/10.1016/j.fertnstert.2007.07.1379
https://doi.org/10.1016/0002-9378(63)90017-6
https://doi.org/10.1038/s41467-021-23773-x
https://doi.org/10.1148/rg.2020200051
https://doi.org/10.1016/s0015-0282(98)00124-1
https://doi.org/10.1088/1367-2630/aaf544
https://doi.org/10.7554/eLife.13258
https://doi.org/10.1016/j.ejrad.2020.109038
https://doi.org/10.1186/s40834-017-0050-9
https://doi.org/10.1088/1748-605X/ac2b7a
https://doi.org/10.1095/biolreprod42.3.450
https://doi.org/10.1073/pnas.1212506109
https://doi.org/10.1093/humupd/dmi047
https://doi.org/10.1016/B978-0-7020-5010-7.00002-3
https://doi.org/10.1016/B978-0-7020-5010-7.00002-3
https://doi.org/10.1016/b978-0-7020-5010-7.00002-3
https://doi.org/10.1016/b978-0-7020-5010-7.00002-3
https://doi.org/10.16965/ijar.2016.403
https://doi.org/10.21203/rs.3.rs-39624/v1
https://doi.org/10.1095/biolreprod56.1.83
https://doi.org/10.1016/j.aanat.2018.06.005
https://doi.org/10.9790/0853-1806050709
https://doi.org/10.9790/0853-1806050709
https://doi.org/10.3390/diagnostics12061375
https://doi.org/10.1016/B978-0-12-801238-3.64399-4
https://doi.org/10.1038/s41585-020-00390-9
https://doi.org/10.1038/s41585-020-00390-9
https://doi.org/10.1016/B978-0-12-801238-3.64401-X
https://doi.org/10.1007/s13224-014-0538-z
https://doi.org/10.1073/pnas.2102940118
https://doi.org/10.1073/pnas.2107500118
https://doi.org/10.1016/j.cjph.2017.05.020
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1324802

	Evaluation of women’s aging influence on sperm passage inside the fallopian tube using 3D dynamic mechanical modeling
	1 Introduction
	2 Methods and materials
	2.1 3D modelling of the human fallopian tubes
	2.2 Peristaltic-ciliary
	2.3 3D human sperm models
	2.4 Beat pattern
	2.5 Computerized fluid-dynamic simulation
	2.6 Outcome measurements

	3 Results
	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


