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Abstract

An anatomically realistic computational model of the pelvic floor and anal canal regions was used
in this study to examine the mechanics of normal defecatory function within the female pelvic floor.
This subject-specific, MRI-based model enabled mechanical simulations to be performed and
quantitatively assessed against experimental data retrieved from the same volunteer. The levator ani
muscle group mesh was used as the domain over which the governing equations of finite elasticity
were solved using the finite element method with a Mooney-Rivlin material law. Deformation of the
levator ani was simulated during a ‘bear down’ maneuver in order to visualize the way this muscle
group functions in an asymptomatic subject. A pressure of 4 kPa was imposed on the mesh and the
computed mesh displacements were compared to those obtained from dynamic MR images with an
average, experimentally consistent, downwards displacement of 27.2 mm being achieved. The RMS
error for this movement was 0.7 mm equating to a percentage error of 2.6% in the supero-inferior
direction and 13.7 mm or 74.5% in the antero-posterior direction.
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[. Introduction

One in every ten women will, at some point in their lives, suffer a form of pelvic floor

dysfunction so severe that it will require surgery, with one third of these undergoing repeated
surgical procedures (Olsen, Smith, Bergstrom, Colling & Clark 1997). Pelvic floor dysfunction
(PFD) results from specific damage to, or atrophy of, the muscles, fascial structures and nerves
of the pelvic floor. The spectrum of dysfunction is vast, and abnormalities of the pelvic floor
can lead to defecation disorders such as fecal incontinence or obstructed defecation (Smith &
Witherow 2000). Fecal incontinence is a disorder that affects people of all ages. It is, however,
more common in women and in older adults, but is not considered a normal part of the aging
process. It remains unclear whether muscle damage or neuropathy is the primary mechanism
for the development of PFD, but some authors believe that the PFD is largely caused by damage
to the connective tissues (ligaments and fascia) and muscles of the pelvic floor. The combined
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action of ligaments, fascia and muscles anchors the pelvic organs, and the urethra, vagina and
anal canal. The normal function of the pelvic organs is thus dependent on the integrity of the
pelvic floor (Petros 2004).

Normal defecatory control requires the complex integration of neurological pathways and four
main muscle groups in the pelvic floor and anal canal: the internal anal sphincter, external anal
sphincter, puborectalis and the levator ani muscle group. It also requires the ability to
adequately determine anorectal contents, and the ability to access the necessary facilities to
evacuate the rectum. In particular, the LA is important in controlling defaecation as it acts
together with the striated muscle of the anterior abdominal wall, to generate intra-abdominal
pressure. Any increase in intra-abdominal pressure (e.g., caused by sneezing or coughing) is
applied equally to all sides of the pelvic and abdominal walls. If the LA is pathologically
weakened or temporarily inactivated, the pressure on one side of a pelvic organ may become
greater than that on the other, allowing the organ to descend (genital prolapse). If this movement
carries the organ outside the pelvic cavity, pressure acting on the content of that organ will be
directed unequally and in the case of the bladder or rectum could cause urinary or faecal
incontinence (Janda, van der Helm & de Blok 2003). The shape of the levator ani and regional
thickening during different levels of physiological loading can provide an indication of pelvic
floor dysfunction (Lee, Horkaew, Darzi & Yang 2004).

In the past, the poor selection of patients, insufficient baseline investigations and poorly audited
surgical techniques, have led to unacceptable levels of surgical failure. In many cases, patients
and their symptoms were not adequately assessed, which may have led to a delay in diagnosis,
with prolonged morbidity and unnecessary or inappropriate surgical procedures (Smith &
Witherow 2000). The ability to accurately simulate levator ani muscle function will enable
clinicians to better understand the anatomical and physiological defects which may be affecting
normal defecatory function in patients and thereby select the most appropriate treatment for
each individual.

Few of the currently available geometric pelvic floor models are suitable for finite element
analysis. One of the most advanced numerical models to date is the d’ Aulignac, Martins, Pires,
Mascarenhas & Jorge (2005) model which uses shell finite elements to reconstruct the levator
ani muscle in three dimensions. Muscle fiber direction and tissue incompressibility were
included in the model to help simulate the muscle under pressure and with active contraction.
However, the geometry for the d’Aulignac et al. (2005) model was constructed using data from
a 72 year old female cadaver and therefore may not be representative of live subjects.

The purpose of this study is to present simulation results of levator ani muscle function using
the finite element method on computational meshes based on live subject data.

[l. Pelvic Floor Model

An anatomically realistic female pelvic floor model, based on live subject MRI data (previously
described in detail in Noakes, Bissett, Pullan & Cheng (2008)), was used as the basis of the
simulation environment. The model was constructed from 120 cross-sectional T2 weighted
MRI images, with a base resolution of 384 x 384 pixels with a 1 mm slice separation. The
subject was a healthy, nulliparous, 32 year old female volunteer. Ethical approval and informed
consent were obtained for the MRI data to be used in this study.

The boundaries of each of the pelvic structures in the model were delineated via manual data
point placement on each MR image. A total of 19, 678 data points were traced around 13
components of interest including the rectum, vagina, uterus and bladder (including urethra),
the puborectalis (PR) muscle, the levator ani muscle group (LA), the internal and external anal
sphincter (IAS and EAS respectively), the transverse perineae (TP) muscles, obturator internus
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(Ol) muscles, the bulbospongiosus muscle, the coccyx bone and the perineal body (PB). Initial
trilinear finite elements were constructed around each data cloud. A least squares iterative
fitting technique was then used to minimize the distances between each data point and its
orthogonal position on the initial mesh (Bradley, Pullan & Hunter 1997, Cheng, Sands, French,
Withy, Wong, Legget, Smith & Pullan 2005). The final fitted surface and volume meshes
(shown in Figure 1) were interpolated using tricubic Hermite basis functions to give a realistic
appearance to the anatomical geometries and had an average RMS error of less than 0.75 mm
between the data points and final fitted mesh surfaces.

lll. Mechanical Modelling: Valsalva Pressure on the Levator Ani Muscle

The levator ani muscle was presented using 160 nodes and 58 tricubic Hermite elements. The
finite elasticity deformation simulations were performed using the CMISS? software package.
For simulation purposes the levator ani (LA) muscle group was created with the local

coordinate system (&1, &y, &3) defined as follows: &; running (subject’s) right to left around the
muscle, &, running in a superior/inferior direction and &3 running in a medio-lateral direction.

Pressure was applied orthogonally to the anterior surface of each of the muscle elements to
simulate the deformation experienced by the LA muscle during a ‘bearing down’ abdominal
squeeze maneuver, performed by increasing intra-abdominal pressure while relaxing the pelvic
floor muscles, as is carried out in the process of evacuation of the bowel or during the delivery
of a baby (Parente, Jorge, Mascarenhas, Fernandes & Martins 2007).

Understanding and predicting the deformation of a material under varying distributions of
applied stresses and strains is fundamental to understanding its function. Biological materials
present nonlinear mechanical behavior and so a finite deformation elasticity framework must
be employed.

Continuum models of mechanical function have two preliminary requirements: (a) an
appropriate representation of the 3D geometry of the pelvic floor, and (b) information about
the mechanical behavior of the muscle tissue. On this basis, it is possible to solve governing
equations that obey well-established physical laws of conservation of mass, momentum, and
energy subject to pressure and displacement boundary conditions (Hunter, Pullan & Smaill
2003). Because regional stresses cannot be measured, models can be validated only by
comparing displacement and strain fields observed during contraction or relaxation with
predicted behavior. At present, the accuracy of continuum modelling is constrained much more
by incomplete knowledge of the constitutive relations and associated material parameters that
govern the 3D mechanical behavior of skeletal and smooth muscle than by the precision of the
modelled anatomic description.

A. Material Parameters

Soft biological tissues are generally modeled as incompressible elastic solids for which the
components of the second Piola-Kirchhoff stress tensor are given by the derivatives of the
strain energy function, W. The functional form the strain energy function can be inferred from
experimental data, and the material parameters may then be estimated using well-established
fitting techniques. The Mooney-Rivlin material law (Mooney 1940), commonly used in
biomechanical simulations (see Equation 1), was used in this study. This simple material law
utilizes a non-linear relationship between stress and strain to describe incompressible
hyperelastic materials that exhibit near-isotropic behavior.

W=c (I} = 3)+ca(lr - 3) (1)

1http://www.cmiss.org/
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where W is the strain energy function and c; and c, are material parameters which have
dimensions of stress but no physical interpretation (Humphrey 2002), and must be determined
from experiments on the particular material being modelled, and 11 and I, are principal strain
invariants of the right Cauchy-Green tensor.

As itis difficult to test the material behaviour of the levator ani muscle in vivo, a two-parameter
Mooney-Rivlin (Mooney 1940) hyperelastic material model was initially adopted with the
same parameters as those used in the work of Lee, Darzi & Yang (2005) who also modelled
the levator ani. In that work they used coefficients of ¢1p = 2.5 kPa, ¢y = 0.625 kPa, however
these material parameters were found to be too compliant in our case. Previous hyperelastic
material models from Gérard, Wilhelms-Tricarico, Perrier & Payan (2003) (tongue), Meier &
Blickhan (2000), lonescu, Guilkey, Berzins, Kirby & Weiss (2005) and Teran, Sifakis,
Blemker, Hing, Lau & Fedkiw (2005) (skeletal muscle and tendons) were used as a guide to
increase the Mooney-Rivlin parameters to ¢1g =4.5 kPa and cyg =2 kPa in order to increase the
material stiffness. The Mooney-Rivlin model in our simulation hence approximates the strain
energy function W as defined in Equation 2;

W=4.5(1) — 3)+2(I, - 3) @)

B. Boundary Conditions

To simulate the deformation of the levator ani muscle, boundary conditions were imposed on
the model to incorporate the existence of the surrounding supporting structures. The elements
which experienced the applied pressures, and the displacement boundary constraints are
illustrated in Figure 2. We applied fixed displacement boundary conditions (including nodal
values and their derivatives) to twenty nodes on the undeformed mesh. These zero-
displacement nodes were located along the top of the muscle and those located posteriorly on
the muscle where the LA is firmly attached to the coccyx bone. A further 32 nodes,
corresponding to those portions of the LA which attach to the fasciae of obturator internus
(laterally), were constrained to move only in the z (inferior-superior) direction. This is because
the presence of the obturator internus muscle prevents lateral movement (x direction) and any
antero-posterior movement is minimized due to the close attachment of the LA with the pubis
bone. All other nodal parameters (and derivatives) in the mesh were left unconstrained.

Intra-abdominal pressure (IAP) has been measured at rest by Schaer, Perucchini, Munz,
Peschers, Koechli & Delancey (1999), Sanchez, Tenofsky, Dort, Shen, Helmer & Smith
(2001), Cobb, Burns, Kercher, Matthews, Norton & Heniford (2005) and Chionh, Wei, Martin
& Opdam (2006) with an average of approximately 0.48 kPa. IAP during valsalva (forced
exhalation against a closed glottis) has also been measured under different conditions by Sugrue
(1995), Howard, Miller, Delancey & Ashton-Miller (2000), Cobb et al. (2005), Hemat
(2003) and Brandt, Lorenzato, Nobrega, Albuquerque, Falcao & Junior (2006) with average
values of 4.76 kPa for subjects lying supine, while standing subjects gave valsalva pressures
of approximately 9.65 kPa (see Table I).

Because the model was based on images taken of the subject in a supine position and in a
resting state, the muscles already incorporate resting tone. Therefore, the mean resting pressure
(0.5 kPa) was subtracted from the approximated average supine valsalva pressure (4.5 kPa) to
give the final pressure (4 kPa) to be applied to the LA model in the simulation.

C. Simulation Results

In order to compute the final deformation of the LA muscle, twenty load steps, each providing
5% of the total load, were used to solve the nonlinear equations via Newton’s method. Loading
of all 58 elements in the model with 4 kPa produced an average downwards displacement of
27.2 mm and an average posterior displacement of 18.4 mm of the mesh. The shape of the
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muscle was shown to have deformed during the simulation from a ‘seagull-like’ shape (when
viewed posteriorly) into a shape with a more concave, ‘bow!’ type appearance. The deformation
of the muscle, and its relative movement compared to the original reference mesh at rest, are
shown in Figure 3a. Figure 3(b) and Figure 3(c) show the stresses and extension ratios located
at each of the computational Gauss points at the final deformed state. Figure 3(b) shows the
maximum principal stresses at each of the Gauss points ranging from —10-200 kPa (—10 kPa
is denoted blue, 0 kPa is denoted white, 200 kPa is denoted red). Figure 3(c) shows the extension
ratios in the &, direction (i.e., the superior-inferior direction) ranging from 0.7-2 (0.7 is denoted
blue, 1 is denoted white and 2 is denoted red).

D. Comparison with Dynamic MRI

Dynamic T2 weighted sagittal MR images, were taken of the same subject during a ‘bear down’
maneuver. These images were used to determine the actual displacement of the subject’s levator
ani muscle during ‘bear down’ by digitizing the posterior surface of the levator ani muscle on
the MR images at rest, and then again at the final stage of the ‘bear down’ when the
displacement of the muscles was greatest. Figure 4(a) shows the location of the dynamic sagittal
slices in relation to the LA muscle mesh. Three points on the posterior surface of the LA muscle
mesh were tracked during its simulated deformation and compared to the movement of 3
similarly positioned locations identified on the digitized surface of the muscle in the dynamic
MR image sequence. The displacement of the muscle during ‘bear down’ (as measured on the
MR images) had an average inferior movement of 27.9 mm and an average posterior movement
of 4.7 mm.

Figure 4(b) shows the undeformed levator ani muscle mesh (gold) overlaid on the dynamic
sagittal MR image at rest. The blue points on the image outline the posterior surface of the
levator ani on the image which closely corresponds with the undeformed muscle mesh.

The ‘bear down’ simulation produced an average (over the 3 tracked points) downwards
displacement of 27.2 mm and an average posterior displacement of 18.4 mm in the deformed
mesh. The inferior movement of the deformed mesh was similar, 0.7 mm less than that seen
in the dynamic MRI scans of the subject (see Figure 4(c) and Table I). However, the posterior
displacement was on average 13.7 mm greater, in the posterior direction, than the movement
shown in the MR images.

IV. DISCUSSION

We have presented results of finite elasticity simulation of a subject specific finite element
model of the levator ani muscle. The research of Hill (2006) recorded approximately half of
the asymptomatic nulliparous subjects having the posterior LA deforming into a ‘bowl’ shape
as it descended during valsalva loading. The LA model therefore appears to represent this type
of individual.

The finite elasticity simulation attempted to represent a ‘bear down’ maneuver. The simulation
results have been directly compared against dynamic MR images of the same subject. The
RMS error between the simulated results and the MR images was was 0.7 mm equating to a
percentage error of 2.6% in the supero-inferior direction and 13.7 mm or 74.5% in the antero-
posterior direction. There are a number of reasons for the larger than expected movement of
simulated LA muscle in the posterior direction; many related to assumptions and
simplifications in the finite element model.

The extension ratios showed that maximum compression in the &, direction occurred at the
bottom of the levator ani muscle and around the bottom coccyx region, whiles highest extension
in the in the & direction was obtained in the upper portions of the muscle. However, it is
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uncertain whether this distribution of extensions are an accurate representation of deformation
of the levator muscle in the in vivo case and further investigation is warranted.

One reason for the large posterior displacement error is the fact that the model does not restrict
the change in length in the posterior portion of the muscle which, Hill (2006) and Kruger,
Murphy & Heap (2005) believe, changes shape during a ‘bear down’ but does not stretch like
the anterior portions of the muscle which are fixed anteriorly at the pubis bone via a close
connection with the puborectalis. The simulation was performed on the LA muscle mesh in
isolation and therefore ignored (except for the boundary conditions) physical relationships with
surrounding musculature, bone and skin. The simulation could be further extended by including
the surrounding pelvic structures which apply a force on the movement of the muscle during
‘bear down’ and the constraints provided by the MRI table to restrict excessive movement in
the posterior direction. In addition, the relatively simple material law assumes isotropy in the
muscle. Our model also lacks any explicit fibre distributions known to be in the musculature.

In this study, passive mechanics was used to simulate the deformation of the LA muscle,
therefore, the mesh was assumed to react passively to the applied pressure with no natural (or
active) contractile response included in the simulation. We believe this assumption is realistic
when the LA is loaded with pressure during an abdominal squeeze ‘bear down’, because intra-
abdominal pressure is primarily generated by the abdominal muscles which sit above the pelvic
floor. However, during a valsalva maneuver, muscles within the pelvic floor also produce some
contraction and thereby contribute to the IAP. Further information about the tone of the LA
muscle is required to better understand the contractile behavior of the LA muscle when a subject
evacuates their bowel. This is important for future studies since, if the muscle contracts and
relaxes in a non-uniform fashion during ‘bear down’ (as is hypothesized by Hill (2006)) then
incorporating this irregularity into the simulation would require the use of an active mechanics
model and most likely change the deformation results which currently show the entire muscle
in a relaxed state deforming passively under pressure.

In the ‘bear down’ simulation, the dynamic sagittal slice sequence used for comparison was
only taken at one position in the subject. This practical limitation arose due to the short time
frame in which the subject could perform the ‘bear down’ whilst being imaged, and only
provided a tiny snapshot of what the deformed muscle shape might look like at any stage during
the maneuver. It was not possible to deduce the entire shape from a such a small (1 mm) interval
and so, whilst the deformation produced in the simulations was approved by an anatomist and
appears to follow previous research findings, more slices through the muscle would be needed
to verify the simulation. We hope that advances in MRI technology in the future will allow for
high-resolution 3D dynamic MRI scans.

V. CONCLUSIONS

The overall objective of this study was to model one of the mechanical process occurring within
the female pelvic floor in order to improve the understanding of normal defecatory function in
the pelvic floor and anal canal.

The levator ani muscle group mesh was used as a realistic, geometric domain over which the
governing equations of finite elasticity were solved using the finite element method. A simple
valsalva deformation, with an applied pressure of 4 kPa, was simulated on the levator ani
muscle mesh and caused the original ‘seagull-like’ shape to deform into a concave, ‘bowl’
shape with an average, experimentally consistent, downwards displacement of 27.2 mm
measured at the nodes. An average posterior displacement (13.7 mm greater than that measured
experimentally) of 18.4 mm was also recorded.
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The subject-specific MRI model was used as a framework to examine the mechanics of normal
function of the levator ani muscle group during a valsalva maneuver. The functional simulation
performed on the pelvic musculature produced promising results which were consistent with
live experimental data taken from the subject. The benefits of the inclusion of a detailed
anisotropic material laws and more realistic boundary conditions are unknown at this stage,
but may enable improved simulation accuracy.
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(c) Anterior (d) Posterior

Fig. 1.

The final fitted models from the MRI data set. Shown are (a) anterior and (b) posterior views
showing 12 of the 13 components — levator ani (LA) (gold), puborectalis (PR) (green), external
anal sphincter (EAS) (blue), internal anal sphincter (1AS) (beige), rectum (red), transverse
perineae (orange), perineal body (orange), coccyx (silver), uterus (beige), vagina (silver),
obturator internus (purple) and bulbospongiosus (brown). Also shown are enlarged views of
the (c) anterior and (d) posterior of the LA, PR, EAS, IAS and rectum. For clarity the lumen
has not been shown in these views.
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Fig. 2.

Anterior view of the levator ani computational mesh showing the boundary conditions applied
to the model. The superior surface (shaded red) shows the elements which experienced the
applied pressure. The nodes in silver are those which remain fixed. The brown nodes are
constrained to move only in the vertical (z) direction whilst the remaining (gold) nodes may
move and rotate freely under load.
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(a) Deformation (b) Maximum Principal Stress (c) &2 Extension Ratios

Fig. 3.

Results of finite elasticity simulations. Anterior view (a) of the levator ani (gold surface)
deforming under ‘bear down’ pressure compared to the muscle geometry (transparent surface)
atrest. The (b) stress and (c) extension ratio distributions are shown at the computational Gauss
points in the deformed state. The stresses varied from —10 — 200 kPa (with blue representing
maximum negative stress, white representing zero stress and red representing maximum
positive stress), while the extension ratios in the &, direction varied from 0.7 — 2 (with blue
representing maximum compression, white representing zero extension and red representing
maximum extension).
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(b) Undeformed mesh (c) Deformed mesh following valsalva with MRI data over-
laid

Fig. 4.

Location of (a) the dynamic slice overlaid against the reference LA mesh. The LA mesh can
be directly compared with the overlaid sagittal slice in the (b) rest position and (c) deformed
position. In (b) the LA muscle has been highlighted on the MR image by the blue points and
in (c) by the red points.
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TABLE |
Intra-abdominal (IAP) Pressure Recordings from Previous Research
Author IAP Valsalva-Supine (kPa) IAP Valsalva-Standing (kPa)
Sugrue (1995) 4.22 —
Howard et al. (2000) - 10.89
Hemat (2003) — 8- 10.67
Cobb et al. (2005) 5.29 (sitting) 8.65
Brandt et al. (2006) — 9.74
Average IAP 4.76 9.65
Values used in this study 4'5T *

7°Takes into account the slightly higher IAP contribution produced by the sitting position in Cobb et al. (2005).

* . . . .
Patient was supine when performing the valsalva maneuver, so standing values were not required.
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TABLE Il
Average LA Muscle Mesh Displacement Compared with MRI Experimental Findings Following Bear Down
Deformation. Positive y direction is in the anterior direction while positive z direction is in the inferior direction.

Displacement axis LA displacement from MR LA mesh displacement Difference (mm) % error
images (mm) (mm)

Antero-Posterior (y) 4.7 18.4 13.7 745

Supero-Inferior (z) -27.9 -27.2 0.7 2.6
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