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uantity and distribution of levator ani
tretch during simulated vaginal childbirth

ennox Hoyte, MD; Margot S. Damaser, PhD; Simon K. Warfield, PhD; Giridhar Chukkapalli, PhD;
mitava Majumdar, PhD; Dong Ju Choi, PhD; Abhishek Trivedi, PhD; Petr Krysl, PhD
BJECTIVE: The objective of the study was to develop a model of the
emale pelvic floor to study levator stretch during simulated childbirth.

TUDY DESIGN: Magnetic resonance data from an asymptomatic nul-
igravida were segmented into pelvic muscles and bones to create a
imulation model. Stiffness estimates of lateral and anteroposterior le-
ator attachments were varied to estimate the impact on levator stretch.
9 cm sphere was passed through the pelvis, along the path of the

agina, simulating childbirth. Levator response was interpreted at 4
ositions of the sphere, simulating fetal head descent. The levator was
demonstrated that the
oi: 10.1016/j.ajog.2008.04.027

98.e1 American Journal of Obstetrics & Gynecology AUGUST 2008
ESULTS: A maximum stretch ratio of 3.5 to 1 was seen in the poste-
iomedial puborectalis. Maximum stretch increased with increasing
tiffness of lateral levator attachments.

ONCLUSION: Although preliminary, this work may help explain epi-
emiologic data regarding the pelvic floor impact of a first delivery.
he models and simulation technique need refinement, but they may
elp study the effect of labor parameters on the pelvic floor.

ey words: childbirth simulation, pelvic magnetic resonance

olor mapped to display the stretch experienced. imaging, levator ani

ite this article as: Hoyte L, Damaser MS, Warfield SK, et al. Quantity and distribution of levator ani stretch during simulated vaginal childbirth. Am J Obstet
ynecol 2008;199:198.e1-198.e5.

emale pelvic floor dysfunction
(PFD) includes urinary inconti-

ence and pelvic organ prolapse (POP).
rinary incontinence affects 17-55% of
lder women and 12-42% of younger
omen,1 at a direct annual US cost of
12 billion.2 Pelvic organ prolapse affects
p to 50% of women over 50 years old.3

t is the most common indication for
ysterectomy in the United States,4 and

the annual direct cost of POP related sur-
gery was $1 billion in 1997.5 Significant
risk factors for pelvic floor dysfunction
are believed to include childbirth, and
epidemiologic data suggest that the first
delivery is the most significant contribu-
tor to the development of urinary
incontinence.6

Study data have suggested that child-
birth-related injury to the nerves and
muscles of the pelvic floor may lead to
the development of urinary inconti-
nence.7 In addition, detailed pelvic mag-
netic resonance imaging (MRI) studies
have shown that visible puborectalis
muscle damage occurs singularly in vag-
inally parous women and is considerably
more prevalent in parous women with
stress urinary incontinence, compared
with those without stress urinary incon-
tinence.8 Other imaging studies have
suggested that bony pelvic shape may
also be a risk factor for the development
of childbirth-related prolapse and that
the more obstetrically suitable pelvis
may be associated with increased rates of
pelvic organ prolapse.9,10

To help elucidate which childbirth pa-
rameters may influence these PFD risk
factors, Lien et al11 performed computer
simulations of vaginal childbirth and

tion of levator ani is subject to stretch
ratios of greater than 3:1 during the de-
livery of the fetal head.

Our group sought to better under-
stand the distribution of the actual
stretch within the levator muscles, with a
view to evaluating the impact of child-
birth parameters (eg, maternal bony pel-
vic shape, and levator ani muscle bulk)
on the stretch distribution during
childbirth.

Therefore, the objective of this study
was to develop an MRI-based 3-dimen-
sional simulation model of the female
pelvic floor and use the model to study
the quantity and pattern of levator ani
stretch during vaginal childbirth.

MATERIALS AND METHODS
The subject is a 21 year old, asymptom-
atic nulligravida who presented for pel-
vic magnetic resonance evaluation to
evaluate for a uterus didelphys. She was
considered to be of normal height and
not obese. The imaging protocol was a
high-resolution axial MRI scan, taken in
the supine position, ranging from the is-
chial tuberosities inferiorly, up to the up-
per aspect of the acetabulae.

The imaging protocol was as follows:
T2-weighted axial source images were
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lectric Medical Systems, Milwaukee,
I) and a torso phased array coil

rapped around the pelvis. The follow-
ng imaging parameters were used: repe-
ition time 4200 milliseconds, time to
cho 108 milliseconds, 128 phase en-
odes, 24 cm field of view, and 3 mm slice
hickness, no gap. Pixel dimensions were
.781 � 0.781 mm. Institutional review
oard approval was obtained for review
f the chart and images.
Image data were transferred to a Win-

ows-based personal computer with

FIGURE 1
Axial view of the levator childbirth

xial view of the levator childbirth model show
ni muscle (LA) during the simulation of childbi
(resting), 1 (head at ischial spines), 2 ( head p

re the suspension ties, which tether the levator p
nterior and lateral ties are not shown. The pel
re considered rigid and immovable (in other w
uring the simulation). The bones are displayed
ni muscle; C, coccyx; S, symphysis; Tb, ties o
occyx respectively.
oyte. Quantity and distribution of levator ani stretch durin
dvanced graphics capability. The 3-di- l
ensional Slicer software (www.slicer.
rg)12 was used to display and manually
egment the gray-scale images into ana-
omically significant organs, such as the
ladder, urethra, vagina, levator ani, ob-
urator internus, bony pelvis, symphysis,
nd coccyx, in a manner similar to our
revious work.13

Specialized finite element modeling
nd analysis tools14-16,18 were then ap-
lied to the segmented structures to cre-
te an appropriate computer model of
he bony pelvis, obturator internus, and

del

the fetal head ( H ) interacting with the levator
Left to right, top to bottom are the labor stages:
ischial spines), and 3 ( crowning). Also shown
eriorly to the coccyx and the ischial spines. The
bones do not participate in the simulation and
s, the margins of the pelvic floor are stationary

only as an orientation aid. H, head; LA, levator
nterior and posterior levator to symphysis and

ulated vaginal childbirth. Am J Obstet Gynecol 2008.
evator ani muscles for simulation. These s

AUGUST 2008 Americ
ools were used for decimating and
moothing the 3-dimensional models,14

implifying the topology of the 3-dimen-
ional models to facilitate finite element
nalysis,15 and for generating structural
esh models of the organs to enable the

ctual simulation.16

The mathematical deformation model
as discretized with the element-free
alerkin method17 and linear elastic

eometrically nonlinear springs to rep-
esent attachments of the modeled mus-
les to other anatomical structures and
he resulting ordinary differential equa-
ions were integrated with the centered
ifference method. Coarse and fine ver-
ions of the models were considered dur-
ng the simulation to assess the discreti-
ation error.

No displacement boundary condi-
ions were applied to the levator ani. For
he purposes of simulation, the levator
ni was assumed to attach anteriorly to
he pubic bones, bilaterally to the arcus
endinous levator ani, and posteriorly to
he coccyx. Ad hoc mechanical attach-

ents via uniaxial ties was used.
The rationale for using attachments

nstead of the representation of the ac-
ual anatomical layers of the pelvic floor
s 2-fold: the mechanical properties of
his complex anatomical structure are
nown very poorly if at all, and the
nowledge of the stretches in this part of
he anatomy was not required as output
f the simulation. The anterior and pos-
erior attachments were modeled sepa-
ately from the lateral attachments to in-
ependently quantify the effect of the
ncertainty of the mechanical properties
f each group of attachments.
There were no available model data for

he living female pelvic floor structures,
o plausible stiffness estimates based on
he cross-section of the tissue and gener-
lly accepted range for connective tissue
tiffness18 were used for the anterior/
osterior and the lateral attachments. To
ssess the effect of the estimated stiffness,
he stiffness factor of each type of attach-

ent (ie, anterior/posterior or lateral)
as varied during the simulation to
uantify the effect of varying stiffness on
he amount and location of levator ani
mo

ing
rth.
ast
ost

vic
ord
here
f a

g sim
tretch.

an Journal of Obstetrics & Gynecology 198.e2

http://www.slicer.org
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For the purposes of simplicity in this
nitial model, the reconstructed levator

uscle was assumed to be equally
tretchable in all directions (ie, isotro-
ic). The modified StVénant-Kirchhoff

arge-strain hyperelastic potential served
s the model stress- strain response.

The parameters, the uniaxial Young’s
odulus and the Poisson’s ratio, were

erived by adopting a representative
alue of 66 kPa for the shear modulus of
uman muscle from the literature,17

hich then yields the Young’s modulus
f 0.2 MPa from the almost incompress-

bility of the fluid-saturated muscle. Fi-
ally, by setting the bulk modulus of
uscle equal to the bulk modulus of wa-

er, the Poisson’s ratio was derived.
To model vaginal childbirth, a sphere

f 9 cm diameter, approximating the size
f a molded fetal head, was passed
hrough the pelvis, along the path of the
agina, to simulate passage of a term fetal
ead during vaginal childbirth.
The response of the pelvic floor was

nterpreted at 4 different positions of the
etal head: above ischial spines, in the
roximal true pelvis, in the distal true
elvis, and exiting the levator hiatus. The
imulation model was color coded to
how the amount of stretch experienced
y each point of the levator ani muscle at
ach point of the simulation. The result-
ng simulation images were rendered on
computer screen for visual and quanti-

ative evaluation at each simulation
oint.
Whereas the model may be considered

alidated for simulations of purely me-
hanical action of generic human mus-
les,17 it must be considered not vali-
ated for this particular application. The
rimary difficulty of validating the
odel is the paucity (or complete ab-

ence) of experimental data, especially of
he changes in mechanical properties of
he pelvic floor muscles because of com-
lex biochemical changes immediately
efore and during delivery.

ESULTS
he simulations are shown in Figures
-4. In Figure 1, an axial view of the rest-
ng levator is shown, together with the

equential changes observed as the sim- c

98.e3 American Journal of Obstetrics & Gynecolo
lated fetal head reaches and passes the
schial spines, followed by crowning of
he head. Figure 2 shows a lateral view of
he same progression. These figures
emonstrate that the descending fetal
ead at first distends the iliococcygeus
ortion of levator ani and then widens
nd lengthens the levator hiatus as the
ead exits.
Figures 3 and 4 show color-coded ver-

ions of the distending levators at each
tage of head descent (Figure 3, A, axial
iew; Figure 3, B, color legend; Figure 4,

FIGURE 2
Lateral view of the levator childbirt

ateral view of the levator childbirth model sho
ni muscle (LA) during the simulation of childbi

(resting), 1 (head at ischial spines), 2 (hea
imulation, the fetal head is advanced, leaving co
ody. Also shown are the suspension ties, which

schial spines. The anterior and lateral ties are n
nd do not participate in the simulation. The
, head; LA, levator ani muscle; C, coccyx; S
oyte. Quantity and distribution of levator ani stretch durin
oronal view). In Figure 4, a maximum f

gy AUGUST 2008
tretch ratio of about 3.5 to 1 was seen in
he inner posteriomedial portion of the
uborectalis part of the levator ani dur-

ng simulated vaginal childbirth (Figure
, bottom images).
When the stiffness of the lateral at-

achments of levator ani (iliococcygeus
o arcus tendineous levator ani attach-

ents) was decreased in the simulation,
ecreases in the maximal levator stretch
esulted. A 5-fold decrease in the lateral
ttachment stiffness resulted in a de-
rease in the maximum stretch ratio

odel

g the fetal head (H) interacting with the levator
Left to right, top to bottom are the labor stages:
ast ischial spines), and 3 (crowning). In the
s of itself behind to simulate the rest of the fetal
her the levator posteriorly to the coccyx and the
hown. The pelvic bones are considered fixed

nes are displayed only as an orientation aid.
ymphysis; Tb, ties of group (b).
ulated vaginal childbirth. Am J Obstet Gynecol 2008.
h m

win
rth.
d p
pie
tet

ot s
bo
, s

g sim
rom 3.5 to 1 down to about 3.0 to 1, or a
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4% decrease. Changes in the stiffness of
he antero/posterior attachments had no
mpact on the maximum stretch ratio
een on the levator ani.

OMMENT
he model demonstrates that during

imulated childbirth, maximal levator
ni stretch occurred in the anteroinferior
spect of the levator ani muscles, specif-
cally, the posteriomedial aspect of the
uborectalis. The puborectalis was iden-
ified as the maximally stretched portion
f levator ani in prior simulations by
ien et al,11 but our work specifically lo-
alizes the maximum stretch to the pos-
eriomedial portion of the puborectalis.
dditionally, the present work suggests

hat increasing stiffness of the lateral at-
achments of the levator ani to the pelvic
idewall causes increased stretch on the
evator ani muscles.

If the nulliparous levator is assumed to
ave stiffer attachments to the pelvic
idewall when compared with the levator
fter 1 or more vaginal deliveries, this
nding would suggest that, for a given

etal head geometry and pelvis, the nul-
iparous levator may be subject to higher
tretch ratios during childbirth when
ompared with the same levator after 1
r more vaginal deliveries.
This makes an intriguing hypothesis,

hich is supported by the epidemiological
vidence that suggests that the initial vagi-
al delivery may confer the highest risk for

he later development of urinary inconti-
ence,6 which is believed to be associated
ith hypermobility of the bladder neck.
The present simulation model is a pre-

iminary work, which is limited by a lack of
regnancy specific models for the muscles
nd attachments of the pelvic floor as well
s the assumption of equal multidirec-
ional distensibility of the levator ani,
hich is known to have varying fiber ori-

ntations, and thus should have varying di-
ectional stretch response.

In addition, contributions because of
etal head molding and ischiorectal fat
ave not been considered in the initial
imulations. However, the models pro-
uce plausible answers: based on a 2 cen-
imeter genital hiatus at rest and a 11 cm
FIGURE 3
Axial view showing areas of stretch

, Axial view showing the color-coded levator to demonstrate the stretch at the different levels of fetal head
escent. Left to right, top to bottom are: head above ischial spines, head at ischial spines, head past ischial
pines, and crowning. Maximal stretch of about 2.1 to 2.6:1 is seen on the outer posteromedial portions
f the puborectalis (green and yellow/orange regions). The pelvic bones are considered fixed and do not
articipate in the simulation. The bones are displayed only as an orientation aid. The pelvic structures were
efined in Figures 1 and 2. B, Color map definitions. The colors and numeric are shown. Violet indicates
stretch ratio of 1:1, and red indicates a stretch ratio of greater than 2.85 to 1 Intermediate stretch ratios

re as shown in the figure.
oyte. Quantity and distribution of levator ani stretch during simulated vaginal childbirth. Am J Obstet Gynecol 2008.
enital hiatus at maximum distention by

an Journal of Obstetrics & Gynecology 198.e4
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1

he fetal head, a puborectalis stretch fac-
or of about 3:1 is to be expected with the
assage of a 9 cm fetal head during labor.
Despite its limitations, the present

echnique permits further exploration
f the relationships between the vary-

ng maternal/fetal labor parameters
eg, levator ani muscle characteristics,
ony pelvic shape, and fetal head ge-
metry) and the muscle stretch in

abor.
It is important to note that the

resent modeling technique allows for
he inclusion of updated model param-
ters (eg, muscle/attachment stiffness,
ensile strength, and muscle fiber di-

FIGURE 4
Coronal view showing areas of stre

oronal view showing the color-coded levator t
abor. Left to right, top to bottom are: head abov
schial spines, and crowning. Maximal stretch
ortions of the puborectalis (orange/red regions)
articipate in the simulation. The bones are
tructures were defined in Figures 1 and 2. Co
oyte. Quantity and distribution of levator ani stretch durin
ection) because such parameters be- O

98.e5 American Journal of Obstetrics & Gynecolo
ome available in the future. Perhaps
ore sophisticated versions of these
odels will help to pinpoint the spe-

ific, modifiable aspects of childbirth,
hich may hold the key to preventing

hildbirth-related pelvic floor injury in
he future. f
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