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Abstract Computational simulation of degeneration or damage on the structures
that sustain the female pelvic organs may point to how they behave in real-life
conditions. This work evaluated the effect of the impairment of female pelvic
ligaments by means of numerical simulation considering rest and valsalva
maneuver conditions. The model included the pelvic organs and several support
structures, identified on magnetic resonance images from a young healthy female.
For each tissue, material properties were obtained in the literature, and the best
constitutive model was chosen for each structure. The displacement of the pelvic
organs was assessed for normal ligaments, and also when their impairment was
simulated by individually reducing their stiffness. The pelvic organs evidenced
increased displacement when considering the damaged ligaments, similarly to what
was found in previous imaging evidence. This model was suited for assessing
ligaments damage. This is an important issue when simulating aging or trauma of
the pelvic support structures.
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1 Introduction

Female pelvic organs are grouped into anterior (bladder and urethra), central (vagina
and uterus), and posterior (or anorectal) compartments. The spectrum of pelvic floor
dysfunction depends on the compartment involved, and includes urinary inconti-
nence (UI), constipation, and pelvic organ prolapse (POP), occurring in varying
combinations. These are major issues among urologists and gynecologists. Farther,
as they are also related with damage or weakness of the supports for the pelvic organs
—rprovided by muscles, ligaments and fascia—its biomechanical analysis is also of
interest to better understand the overall model of the disease.

The position and mobility of the structures of the anterior compartment are
important to the study of Ul Loss of anterior vaginal support may result in urethral
hypermobility, cystocele or anterior vaginal wall prolapse. The pubovesical, the
pubourethral (PUL), and the uterosacral-cardinal muscles complex uphold the
vesical and vaginal positions, as they stabilize the distal urethra, and maintain the
cervix and the bladder base attached to the connective tissue of the fascia in the
pelvic bones [1-4]. Damage or degradation of these apical supports is common in
women with stress UI (SUI) and vaginal prolapse [5]. The normal position of the
rectum is also maintained by the rectal fascia and the levator ani musculature [6].
Increased pressure in the proximal portion of the anal canal is supported by the
puborectal muscle through vigorous contraction. To strengthen this effect, the ilio-
coccygeal muscle firms the levaror plate and the lateral ligaments of the rectum [7].

While physical examination, standardized questionnaires and imaging studies
are the usual tools to assess pelvic floor dysfunction, computer simulation may also
be used to learn and predict the biomechanical behavior of the pelvic structures
under stress or after damage [8-10]. This is important in a clinical perspective,
because the biomechanics involved in pelvic organ support is very difficult to
evaluate experimentally. The finite element method (FEM) can be used to simulate
pelvic floor muscles contraction against downward pressures that simulate intra-
abdominal pressure or straining, as performed on dynamic magnetic resonance
imaging (MRI) acquisitions. It allows testing pelvic floor muscles performance and
compartmental stability when subjected to complex multidirectional forces. A study
of Saleme et al. showed that a contraction intensity of 50 % would be necessary to
avoid urine loss [11]. In addition, FEM can be used to mimic and predict vaginal
delivery features and effects on pelvic floor muscles, illustrating true mechanical
phenomena of one of the main causes of pelvic floor dysfunction. Interesting
findings have been reproduced and reported, including that there is a mechanical
response of the levator ani during the second stage of labor; muscle activation
during vaginal delivery may represent an obstacle to fetal descent and increase the
risk for pelvic floor injuries [12]; the shape of the head influences the mechanical
response of the muscle; fetal head flexion during vaginal delivery may facilitate
birth and protect the pelvic floor [13]; and increased fetal head diameter can
influence medial levator ani portion to overstretch and injure, predicting injury
patterns on predisposed women [14].
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Few previous works focused the modeling of pelvic floor dysfunction in relation
to damage in the support structures. Yip et al. [8] found that impaired pelvic floor
muscles lead to vaginal and bladder neck prolapse. Additionally, Chen et al.
reproduced anterior vaginal prolapse as related with progressive muscle and uterine
ligaments damage [15, 16]. However, these studies focused on the middle com-
partment, but the whole pelvic cavity may suffer from ligament damage. Accord-
ingly, this work evaluated the displacement of the pelvic organs considering the
effect of the impairment on the pelvic ligaments. It was performed based on MRI of
a healthy volunteer and numerical simulation using the FEM.

2 Method

The numerical model was built along several steps. The geometry of the pelvic
organs and bones was obtained from MR images.

Some anatomical features of the PUL, uterosacral, cardinal and lateral rectal
ligaments were confirmed in the literature [17]. The surfaces were meshed by
rendering techniques using the software Inventor™ (Autodesk, San Raphael, CA,
USA) (Fig. D).

A FE model (Fig. 2) was developed in Abaqus/CAE® software v. 6.12 (Dassault
Systémes Simulia Corp., Providence, RI, USA) (Fig. 2). The pelvic floor muscles
were considered as a single mesh, while respecting its average 3-mm thickness.
Material properties [18—20] and constitutive models were defined for each structure
according to previous work, using the curve-fitting algorithms from the Abaqus®.
The bones were fixed and considered as rigid, while the supportive structures were
attached to the organs and bone using multi-point constrains (Abaqus® tie).

Fig. 1 3D model of the
pelvis
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(b)

Fig. 2 Finite element model of the pelvis. The pelvic floor muscles and the pelvic fascia were
excluded to better visualize the position of the pelvic ligaments

For the constitutive equation adopted in this work for the 3D passive and active
behaviour of the pelvic floor muscles, a modified form of the incompressible
transversely isotropic hyperelastic model used by Parente et al. [20], based on the
work of Humphrey and Yin for passive cardiac tissues.

In the constitutive model, the strain energy per unit volume of the reference
configuration can be written in the following form:

U =U(If) + UsU) + U (0, ) (1)
where Uy,
U = c{eb(ilc_e') — 1} (2)

is the strain energy stored in the isotropic matrix, embedding the muscle fibres,

1 2
U]:B(J_l) (3)

is the portion of the strain energy associated with the volume change and
Uf (Xf, 0() = Upax (Xf) + Uact (Xfa Ot) (4)

is the strain energy stored in each muscle fibre, which can be divided into a passive
elastic part and an active part due to the contraction. The passive elastic part U, is
given by:
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Upas = A{exp [a(jvf - 3)2} - 1} (5)

when Xf > 1, otherwise we consider the strain energy to be zero, assuming that the
fibres offer no resistance to compression. The active part U, is given by:

Ay
Uy = o TV / 1-4(h—1)%d. (6)
1

where « is the activation level, ranging from O to 1. When 0.5 <Xf <1.5, U,y 18
larger than 0, for other values of Xf the muscle produces no force and, therefore, the
strain energy is zero. The constant 7}/ is the maximum tension produced by the
muscle at resting length (A; = 1).

In the above equation, TM ¢, b, A, a and D are constants [20], Tlc is the first
invariant of the right Cauchy-Green strain tensor with the volume change elimi-
nated, i.e.

If =uC=tr (F‘TF) =JBuC (7)
where F is the deformation gradient with the volume change eliminated (Eq. 8)
F=J"'/°F (8)
F is the deformation gradient and
J =detF )

the volume change. Eq. (10) illustrates the fibre stretch ratio in the direction N of
the undeformed fibre, given by:

M= VN'CN=,/C:(N®N) (10)

where ® denotes the tensor product.
The 2nd Piola-Kirchhoff stress tensor S can be obtained by the strain energy
density given in Eq. (1), as:

_oU_ou,  dU; | dU;
S=9E~9E T oE T OE (1

The Cauchy stress tensor o is related to the 2nd Piola-Kirchhoff stress tensor
S by
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o =J 'FSF" (12)
The material version of the tangent operator is defined as

*U  0S

“OEOE OE (13)

and the spatial version can be obtained through a push-forward transformation
1
hijkl = jFiijanpFlpHmnpq (14)

Muscles were assumed as having isotropic behavior, and the direction of the
muscle fibers was assumed as being coincident with the direction of the maximum
stress lines during deformation. Accordingly, a pressure of 1 kPa was applied in the
inner surface of the pelvic cavity in order to obtain the direction of the fibers.
Afterwards, the model was tested for supine rest (0.50 kPa) and supine valsava
maneuver (4.00 kPa) conditions [10]. Mean values of magnitude displacement of
the pelvic organs and pelvic floor muscles were evaluated when simulating healthy
and progressive impaired support structures, by reducing material stiffness by 25,
50 and 75 %.

3 Results

The results from the magnitude displacement of the pelvic organs and pelvic floor
muscles are presented on Table 1, and are illustrated on Figs. 3 and 4. The subtle
pressure induced by the organs at rest lead to minor displacement of the pelvic floor
muscles, upper portion of the bladder and uterus. When simulating valsalva
maneuver, all the structures exhibited posterior and downward movement (Fig. 3b).

Table 1 Results from mean magnitude displacement from numerical simulation of rest, valsalva
maneuver (VM) with healthy ligaments, and VM with different degrees of ligament impairment

Structure Displacement Rest VM VM, 25 % VM, 50 % VM, 75 %

(mm) impairment impairment impairment
Uterus min 0.48 1.86 3.61 4.54 6.16

max 4.92 20.1 29.04 29.73 30.17
Bladder min 0.61 2.6 4.8 5.5 6.59

max 5.89 10.13 15.85 16.75 17.71
Rectum min 0.11 0.34 0.53 0.66 0.98

max 1.92 5.58 8.34 8.63 8.97
Pelvic min 0 0 0 0 0
floor max 4.25 11.65 17.14 17.42 17.41
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(a) (b)

Fig. 3 Numerical simulation of valsalva maneuver. The basal pressure from the organ load was
simulated on a, while the magnitude of the displacements for valsalva are illustrated on b

U, Magnitude

Fig. 4 Numerical simulation of Valsava Manuever, assuming 25 a, 50 b, and 75 % c¢ reduction in
ligament stiffness

The rectal portion of the pelvic floor muscles evidenced higher displacement than
the anterior region, which was still not very evident when the support from the
pelvic ligaments failed (Fig. 4c). Accordingly, the maximum displacement of the
rectum was less than 4 mm from rest to valsalva maneuver, and 7.05 mm when
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almost total damage of the pelvic ligaments was simulated. When considering the
middle and anterior compartments, organs were more prone to descend, as indicated
by the results on Table 1. The bladder and the uterus descended 11.82 and
25.25 mm, which is considerably more than the rectum. These results are in
agreement with previous studies that evaluated the position of the pelvic organs for
different stages of organ prolapse [21] and SUI [22] through MRI.

4 Discussion

UI requires integration of central and peripheral nervous systems, bladder wall and
detrusor muscle, bladder neck, urethra, and pelvic support structures. Anteriorly,
the PUL insert on the arcus tendineus levator fascia and in the inferior aspect of the
pubic bone, assisting bladder neck opening during voiding [23]. The bladder neck
position is influenced by connections between the puborectal muscle, vagina and
proximal urethra. Additionally, the lateral ligaments of the bladder, and attachments
to the cervix and anterior vagina provide postero-inferior support to the trigone.

SUI is characterized by involuntary urine leakage on effort or exertion, or during
coughing [24] or exercise [24, 25]. Although its etiology is still an ongoing subject,
it is mostly related to bladder neck hypermobility due to weakened or damaged
pelvic floor muscles [26, 27], laxity of the fascia underlying the urethra, or damage
of the pelvic ligaments [27-30]. Similarly, POP is common after injury to these
support structures, which widens the genital hiatus and leads to organ prolapse,
which may further stress or stretch ligaments. Hormonal changes are also related
with weakened muscular and connective tissue support. A relation has been
established between age and menopause, and degeneration of pelvic with estrogen
receptors deficiency [31]. Moreover, progesterone is known to reduce muscular
tonus of the ureters, bladder, and urethra because of its smooth muscle-relaxing and
estrogen-antagonizing effects [32]. These features are typically seen in SUI and
POP patients [27-30, 33, 34].

As the present results suggest, the bladder and uterus are the most affected
by impaired ligaments. Despite the fact that the rectal portion of the pelvic floor
seems to be the most movable (arrows on Figs. 3b and 4c), the puborectal muscle
and the strong fascial involvement have a major role on maintaining rectal position.
On the contrary, the urethra, the bladder neck, and the vagina get progressively
compressed against the pelvic floor when the IAP is increased.

The FEM has been used by Marino et al. to study structural differences between
lateral, trigone and anterior walls of the bladder, in correlation with the disposition
of fibers of detrusor muscle and its thickness. When the simulation was performed
in the absence of the PUL, the deflections of pelvic fascia modified the distributions
of loads towards a centripetal orientation, which increases the stress over the per-
ineal area and sphincter tract [35]. The author also confirmed the role of these
ligaments between pubis and the cervix-urethra tract in dividing the global pressure
load in the several components. Chen et al. confirmed the relevance of the levator
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ani in cystocele formation, since the decreased muscle resistance to counteract the
stretch when the IAP is increased widens the genital hiatus. As a consequence, the
vaginal wall is exposed to higher pressure, which resulted in larger cystocele size.
Their model also helped to illustrate the role of apical support. With muscle
impairment present and the anterior vaginal wall subjected to a differential loading,
the tensile load has to be resisted by both apical and paravaginal connective tissue
supports, as an 80 % impairment in apical support resulted in a 33 % larger
cystocele size [16].

A model developed by Yip et al. [8] was employed to evaluate the impact of
pelvic muscular defect on the vaginal apex support and bladder neck support,
features which relates to SUI. Simulation showed that the compromise of muscular
contributed to the descend of those structures, whcih is commonly seen in
patients patients with SUL

Our results are similar to the ones from Yip et al. [8] and Chen et al. [15, 16],
regarding the fact that the middle and anterior compartments are more dependent on
the support role of the pelvic ligaments.

5 Conclusion

Numerical simulation of damage on the pelvic ligaments lead to increased down-
ward movement of the pelvic floor muscles and pelvic organs. These features are
similar to what happens after trauma or when the age and hormonal effects weaken
organ support. The results from this study are similar to the imaging studies that
regularly evaluate organ prolapse or UL
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