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Es gibt keinen Weg zum Glück,
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Siddhartha Gautama Buddha

Knowledge can only be got in one
way, the way of experience;
there is no other way to know
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Chapter 1

Introduc琀椀on
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1.1 Brief descrip琀椀on of female pelvic 昀氀oor (PF)
anatomy

The earliest two scien琀椀昀椀c men琀椀ons about normal female pelvic 昀氀oor (PF)
anatomywhich could be found from digital archives are from a gradua琀椀on thesis
from 1880, and a textbook of gynecology published in 1894 [1‐2]. The authors
described about the pelvic diaphragm and the levator ani muscle (LAM) among
other anatomical structures of the PF. Actual men琀椀on of female PF disorder like
prolapse and its treatment have also been found fromhistorical documents from
the Egyp琀椀an 琀椀mes [3]. It is interes琀椀ng to ponder on the fact that there are s琀椀ll
new discoveries to bemade and studied on the female PF, just like human heart,
brain etc.

The female PF can be divided into two compartments; the anterior and pos‐
terior compartment. The pubic bones and the pelvic sidewalls are the anterior
and lateral boundaries. The posterior boundaries are the sacrum and the leva‐
tor ani muscle (LAM), perineal body and the posterior vaginal wall. The organs
which are included within these boundaries are the bladder and the urethra
(within the anterior compartment) and the rectum and the anus (within the pos‐
terior compartment). The two compartments are shown in Figure 1.1 and are
divided by the 昀氀exible anterior vaginal wall. The anterior vaginal wall and the
connec琀椀ve 琀椀ssue that connects the pubovaginal por琀椀on of the LAM to the pu‐
bic bone and the LAM itself, all form the suppor琀椀ve system. Other than Besides
the suppor琀椀ve system, otherPF muscles present in the PF consists of the urinary
sphincter muscles located in the urethra and the anal sphincter muscles.

The external openings to the rectum and bladder are closed by the anal
sphincter and the urethral sphincter muscles respec琀椀vely. Increase in bladder
pressure is counteractedby theurethral closure pressure tomaintain con琀椀nence.
Urethral closure pressure is provided by the sphincter muscles of the urethra.
This pressure must be more than the bladder pressure at all 琀椀mes to maintain
con琀椀nence. PF muscles are also ac琀椀ve in counterac琀椀ng the low atmospheric
pressure with the higher PF pressure so as to maintain con琀椀nence. That is why,
these muscles maintain a constant tone [4‐6].
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Figure 1.1: Sagi琀琀al view of the pelvic organs a昀琀er removal of the blad‐
der and rectum showing the anterior and posterior com‐
partments separated by the uterus and vagina (deLancey
book) [6]

1.1.1 Levator Ani muscles (LAM)

The individualmuscles of the group ofmuscles called LAM is shown in Figure
1.2 as well as in Figure 1.3.

The vagina and the en琀椀re pelvic cavity are closed by the LAM. Thus, the
func琀椀ons of the LAM come into play during rest as well as during ac琀椀vi琀椀es like
coughing, straining and jumping. Furthermore, LAM also have func琀椀ons during
pregnancy and childbirth, such as the following.

;
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Figure 1.2: A schema琀椀c view of the levator ani muscles (LAM) from be‐
low a昀琀er the vulvar structures and perinealmembrane have
been removed showing the urethra (U), vagina (V), exter‐
nal anal sphincter (EAS), puboanal muscle (PAM), perineal
body (PB) uni琀椀ng the two ends of the puboperineal mus‐
cle (PPM), iliococcygeal muscle (ICM) and puborectal mus‐
cle (PRM) [6]

• to support and counteract the weight of the overlying pelvic organs at rest

• to resist the forces created by the di昀昀erences between atmospheric and
abdominal pressures during ac琀椀vi琀椀es. LAMmaintains the pressures in the
two compartments, namely the anterior and the posterior compartment.
The li昀琀ing ac琀椀on of the LAM causes a balance of pressures between the
two compartments making the pelvis an isobaric chamber

• to extend during vaginal delivery to allow for the passage of the baby

During rest, the baseline ac琀椀vity of intact LAM keeps the urogenital hiatus
closed by compressing the vagina, urethra and rectum against the pubic bones,
the PF organs in the cephalic direc琀椀on. This con琀椀nuous ac琀椀on closes the lumen
of the vagina leading to support of the overlying PF organs [11].
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;

Atmaximumvoluntary contrac琀椀on of the LAM, the pubovisceralmuscle and
the PRM, further (addi琀椀onal to the baseline ac琀椀vity) compress the mid‐urethra,
distal vagina and rectum against the pubic bone distally and against abdominal
pressure more proximally. It is this compressive force which is also detected by
intra‐vaginal palpa琀椀on during maximum voluntary contrac琀椀on [11].

During pregnancy, the pelvic diaphragmextends support to the fetus. There‐
a昀琀er, during vaginal delivery, LAM are extended, allowing the levator hiatus (LH)
to widen during crowning [7‐10].

Figure 1.3: Female pelvic 昀氀oor (PF) anatomy showing the surrounding
pelvic bones and the levator ani muscle (LAM) forming the
pelvic diaphragm. The puborectalis muscle (PRM) is high‐
lighted in green [Kenhub (www.kenhub.com), illustrator: L.
Zno琀椀na]

1.1.2 Puborectal muscle (PRM)

The suppor琀椀ve system of the PF, as men琀椀oned earlier, consists of the con‐
nec琀椀ve 琀椀ssues and LAM, forming the pelvic diaphragm. This pelvic diaphragm
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as shown in Figure 1.3 is located below the urethra and the vesical neck.

LAM can be sub‐divided in three muscles; pubococcygeal or pubovisceral,
iliococcygeal and puborectal muscle (PRM). PRM has its origin in the pubis and
it forms the sling behind the rectumwhich is also its inser琀椀on point, as shown in
green in Figure 1.3. The func琀椀on of the PRM is to form the anorectal angle and
thus closing of the PF. The posterior part of the LAM consis琀椀ng of uterosacral
ligaments and cardinal ligaments [5].

Out of the three muscles of the LAM, the PRM has been chosen for strain
analysis in this work because of the following reasons.

• During the second stage of labor the LAMextends and thus the PRMbeing
part of the LAMalso extends. The stretch ra琀椀obywhich PRMextends have
been determined by computer simula琀椀on and has been found to be 2.28
[6]. Since, the PRM consists of striated muscle 昀椀bers, it is suscep琀椀ble to
frequent damage when stretched to this extent [6].

• In about half of all women a昀琀er vaginal child delivery, there is substan琀椀al
altera琀椀on of the func琀椀onal anatomy a昀昀ec琀椀ng the PRM component of the
LAM [10, 12‐14]. The integrity of this structure, which encloses the largest
poten琀椀al hernial portal in the human body, is currently the best‐de昀椀ned
e琀椀ological factor in the pathogenesis of prolapse [12‐13].

• PRM forms the outline of the LH when it is viewed in the top view in US
data of the female PF [53]. Complete avulsion of the PRM, on one side or
on both sides of the pubic symphysis (PS) can be reliably imaged in 3D US
imaging.

1.1.3 Female PF disorders

LAM is extended by several 琀椀mes, allowing the LH to widen during crown‐
ing in vaginal delivery [5‐6, 7‐9, 14]. Vaginal delivery is associated with mul琀椀ple
LAM defects, all of which are risk factors for later‐life pelvic 昀氀oor dysfunc琀椀on
(PFD) [7‐9, 14‐17]. PFD comprises disorders that include stress urinary incon琀椀‐
nence (SUI), overac琀椀ve bladder, and pelvic organ prolapse (POP) [17‐18]. SUI is
involuntary urine leakage during physical exer琀椀on. When PF muscles are dam‐
aged or weakened, support for the pelvic organs is lost. Thus, the pelvic organs
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descend [6]. This descent is known as prolapse or POP. It has been reported
that the primary cause of these late‐age PFD in women result from the damage
of one or more muscles of the LAM [10, 12‐13]. Damage and disconnec琀椀on of
PRM is known as avulsion. Avulsion is termed as unilateral when one of the con‐
nec琀椀on of the PRM is disconnected and bilateral when both are disconnected.

The openingwithin the LAM,where the urethra and the vagina pass is known
as the levator or urogenital hiatus, through which also prolapse occurs, as men‐
琀椀oned earlier. This hiatus is supported ventrally or anteriorly by the pubic bones
and LAM and dorsally or posteriorly by the external anal sphincter muscle and
perineal body.

;

The normal func琀椀oning of the PF muscles consists of preven琀椀on of urinary
incon琀椀nence and pelvic organ prolapse (POP). Preven琀椀on of prolapsemeans up‐
li昀琀ing of the load or pressure due to the PF organs. This is broadly the abdominal
pressure, both during rest and contrac琀椀on. When the muscles are damaged or
weakened, the hiatus in the LAM can be pushed open and pelvic organs can de‐
scend to form di昀昀erent stages of prolapse. This leads to descend of one or both
of the vaginal walls. The resultant misalignment creates a pressure di昀昀eren琀椀al
between abdominal and atmospheric pressures. This di昀昀erence is a devia琀椀on
from the normal PF as an isobaric chamber.

As men琀椀oned earlier, there are two compartments of the PF, anterior and
posterior. Apical or central compartment is men琀椀oned while describing POP.
Dietz et al. men琀椀ons presence of this central compartment [12]. Thus, various
forms of prolapse are brie昀氀y men琀椀oned here according to their anatomical po‐
si琀椀ons in the anterior, central (or apical) or posterior compartments. Descent of
the anterior vaginal wall is associated with the anterior compartment. As a con‐
sequence, the bladder descends and is clinically termed as cystocele. Uterine
prolapse is associated with the central compartment. And lastly, the descent of
the posterior vaginal wall is clinically diagnosed as rectocele and is associated
with the posterior compartment [12].
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1.2 PF through the lens of evolu琀椀on

The problem of di昀케cult childbirth and structure of the female PF cannot be
overemphasized [9, 12]. Primates who are our evolu琀椀onary rela琀椀ves, do not
have to go through similar childbirth related di昀케cul琀椀es. The ques琀椀on which
arises is that why human childbirth is di昀케cult, frequently leading to damage to
maternal or baby’s health. Thus, there are certain bene昀椀ts to obstetrics and gy‐
necology in understanding the evolu琀椀onary history of human traits and selec琀椀ve
pressures that have shaped them [76‐81].

Anatomically, the human maternal birth canal is not uniformly shaped and
ver琀椀cal, unlike that of primates [78]. Due to humans’ ver琀椀cal PFs, it is believed
that a small pelvic outlet and a narrow pelvis enhances support func琀椀on of the
PF. On the other hand, a broad pelvis is advantageous for childbirth but not suit‐
able for carrying the heavy fetus throughout a long pregnancy [76]. Moreover, a
study showing 昀椀nite element analysis of lower birth canal also indicates that not
only the size but also the shape of the birth canal plays a role [76‐77]. Thus, hu‐
mans have PFs and birth canals which are not uniform in orienta琀椀on or in shape,
due to the e昀昀ects of evolu琀椀on.

Both a broad pelvis during carrying the fetus and a narrow pelvis during par‐
turi琀椀on can lead to pelvic 昀氀oor dysfunc琀椀ons (PFDs). The source of PFD can be
consequences of birth leading to injuries of the lower PF, as well as disorders
expected to originate from strain to the muscles and connec琀椀ve 琀椀ssues while
carrying the heavy fetus. Although, these can also result from acute injuries
during childbirth or otherwise [77‐78].

1.3 Imaging of female PF

Imaging plays a crucial role in diagnosis of PFD. Magne琀椀c resonance imaging
(MRI) and US are most frequently used to image the PF. These techniques are
mainly used to image the anatomy to diagnose POP or stress urinary incon琀椀‐
nence (SUI). Segmented organs in MRI or US images are used in biomechan‐
ical analysis to gain a be琀琀er understanding of various pelvic organ disorders
or speci昀椀cally to diagnose POP [19‐22]. Furthermore, biomechanical modeling
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using imaging as input has been performed to enhance understanding of the
anatomy of PF, aid in the diagnosis of various PF disorders and aid in surgical
planning for correc琀椀ve surgeries [23‐27]. Diagnosis of POP and SUI is also per‐
formed using anatomically signi昀椀cant reference points (e.g., bladder neck and
anorectal angle) [28‐29]. Current studies also include deforma琀椀on analysis of
the PF, which has been performed using PF organs such as the bladder, uterus,
and rectum [30‐32]. Lastly, research on PF also includes vaginal tac琀椀le imaging,
magne琀椀c resonance defecography, and distribu琀椀on representa琀椀on of PF mus‐
cles in human motor cortex [33‐35]. In summary, the PF as a whole has been
inves琀椀gated, however studies in the individual PF muscles remain scarce, espe‐
cially considering the biomechanical behavior.

;

As men琀椀oned before, current methods of detec琀椀ng LAM damage involve
imaging of it by US or MRI [36‐40]. Dynamic imaging of PF muscles, enables
characteris琀椀c measurements of certain anatomical structures. For example, by
dynamic imaging of a healthy contrac琀椀on, substan琀椀al shortening of the levator
hiatus in the sagi琀琀al plane and a change in the angle between levator plane and
pubic symphysis (PS) can be quan琀椀昀椀ed. Other PF organs, including the uterus,
bladder and urethra, will be displaced cranially aswell as compression of the ure‐
thra, vagina and anorectal junc琀椀on [41]. The devia琀椀ons from these character‐
is琀椀c measurements of anatomical structures like the anorectal angle, perimeter
of the PRM at contrac琀椀on and hiatal area at Valsalva can be measured through
imaging [41‐42]. Diagnosis of PRM damage is dependent on these measure‐
ments togetherwith the symptoms experienced by thewoman [46, 58]. Imaging
whether through US orMRI, is most e昀昀ec琀椀ve when the damage in themuscle or
the group of muscles is extensive and has been termed as macroscopically vis‐
ible tears [46]. For example, unilateral or bilateral avulsions or disconnec琀椀ons
from the bone are consequences of macroscopically visible tears in the PRM.

1.3.1 Transperineal ultrasound (TPUS)

Transperineal US (TPUS) is frequently used for female PF imaging because
of its versa琀椀lity and real 琀椀me capabili琀椀es [43]. Moreover, many recent studies
have tried to establish PFD through imaging methods, such as US, because of its
ease of use, lack of ionizing radia琀椀on, minimal discomfort, the rela琀椀vely short
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period required for the acquisi琀椀on of the required data, and low price [7‐10, 14,
36, 44‐45]. As men琀椀oned earlier, US is chosen above MRI in this work, since
good consistency between US and MRI in the imaging of PF muscles has been
established as well as the fact that it allows deforma琀椀on imaging [44‐45].

Minimum speci昀椀ca琀椀ons for the US machine required to acquire transper‐
ineal US (TPUS) images is a B‐mode capable 2D US system with cine‐loop. For
3D or 4D images/volumes, these are required aswell. TheUS transducer needed
is usually a curved array transducerwith the frequency range of 3.5 to 6MHz [65,
74].

TPUS can be obtained by placing the US transducer 昀椀rmly against the sym‐
physis pubis without causing signi昀椀cant discomfort, except in case of marked
atrophy. Good contact of the transducer and 琀椀ssues can be ensured by cough‐
ing which would part the labia, expel air bubbles and detritus [65].

In 2D imaging of the PF, usually the mid‐sagi琀琀al view is considered as a stan‐
dard view. This view includes the symphysis anteriorly, the urethra, bladder
neck, the vagina, cervix rectum and anal canal. Figure 2.1c show these organs as
labeled. The posi琀椀on of the muscle of interest for this work, the PRM is situated
beyond the anal canal. The orienta琀椀on of theUS image shown in this 昀椀gure, with
reference to anatomy is cranio‐ventral aspects to the right and dorso‐caudal to
the le昀琀. The placement of the US transducer is shown below [65].

However, it is not possible to image the LAM, and therefore the PRM reliably
using only 2DUS imaging because LAM lies in the axial plane. For visualiza琀椀on of
the axial plane 3D US imaging is required. Furthermore, as in this work, we have
focused on strain, we needed dynamic imaging. Thus 3D volumes over 琀椀me or
four dimensional (4D) imaging have been acquired. 4D imaging allows tracking
of the PF muscles under contrac琀椀on and under Valsalva maneuver [74].

1.3.1.1 Three‐dimensional (3D) US volumes showing PRM

Figure 1.4 and Figure 1.5 illustrate US data acquired from a PF in the rest
state, as imaged with TPUS. In this example, we can observe the PRM in the
rest state. The US transducer was posi琀椀oned against the PF while the women
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were in supine posi琀椀on. Both the bone pubic symphysis (PS) and the PRM can
be visualized with ease in the sagi琀琀al view, as can the surrounding PF organs.
In Figure 1.4a and Figure 1.5a and Figure 1.5b, female PF can be seen in US in
sagi琀琀al, axial and coronal views respec琀椀vely. The intact PRM in these images
can be seen as the yellow region bordering the anal canal. In Figures 1.4c the
important organs like uterus and bladder and canals like urethra, vagina and anal
canal have been outlined in colour.

;

Figure 1.4: Pelvic 昀氀oor (PF) anatomy and puborectalis muscle (PRM) as
observed in transperineal ultrasound (US) data in sagi琀琀al
view (z‐y plane in US grid) (a) B‐mode US image, (b) B‐mode
US image with labeling of the important PF organs, (c) Out‐
line of the B‐mode US in sagi琀琀al view with labeling of the
PF organs [10, 57]

1.3.2 Limita琀椀ons of US imaging of PF muscles

Macroscopically visible tears of the PFmuscles like avulsion can be observed
in US images, leading to altered func琀椀onal proper琀椀es. Although the presence
of micro damages within the muscle can be indirectly assessed by observing the
hiatal area during Valsalva maneuver, the change in contrac琀椀le and func琀椀onal
proper琀椀es cannot be derived [46]. This is due to the fact that in B‐mode US,
micro‐structures like scar 琀椀ssue within themuscle are di昀케cult to image, without
using any computa琀椀onal methods [47–50].

To obtain informa琀椀on about the state of the PF muscles, US data are ac‐
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Figure 1.5: Transperineal ultrasound (US) data of the pelvic 昀氀oor (pub‐
orectalis muscle in yellow) in; (a) axial view (z‐x plane in US
grid), (b) coronal view (y‐x plane in US grid) [57]

quired of PF muscles from rest to contrac琀椀on. Although informa琀椀on is obtained
over the contrac琀椀on cycle, only global geometrical changes can be determined
from the sta琀椀c 2D images forming the 3D volumes. Therefore, the main lim‐
ita琀椀on of the imaging of PRM through US is that only indirect informa琀椀on on
the contrac琀椀le proper琀椀es can be deducted. Func琀椀onal informa琀椀on cannot be
deducted.

1.3.3 Func琀椀onal imaging of PRM: feasability using US

US‐based strain imaging can be used to inves琀椀gate muscle movement and
has been used extensively to understand and inves琀椀gate the complex move‐
ments of the heart and skeletal muscles [51‐52]. To date, US‐based strain imag‐
ing is concentrated predominantly on two‐dimensional (2D) US images, whereas
the PF muscles are complex three‐dimensional (3D) structures and their move‐
ments and deforma琀椀ons cons琀椀tute an inherent 3D phenomenon. This means
that the muscle has to be tracked over 琀椀me in 3D as well. Furthermore, the de‐
forma琀椀on has to be quan琀椀昀椀ed in mul琀椀ple direc琀椀ons to fully characterize the
deforma琀椀on of the muscle and to be able to iden琀椀fy dysfunc琀椀onal or dam‐
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aged parts of it.

;

The hypothesis of this work state that it is possible to quan‐
琀椀fy strain 3D for the deforming PRM using a 琀椀me series of volumetric US data.
This work involved segmenta琀椀on, displacement es琀椀ma琀椀ons, tracking and 昀椀nally
strain imaging of the PRM using 3D US data over 琀椀me.

A certain analogy can be derived from cardiac strain imaging or echocar‐
diography, to explain why deforma琀椀on and strain imaging might be a good al‐
terna琀椀ve to assess func琀椀onal proper琀椀es. Myocardial deforma琀椀on is a result
of contrac琀椀on and relaxa琀椀on of the cardiac muscle 昀椀bers in the longitudinal,
circumferen琀椀al and radial direc琀椀ons during a cardiac cycle along with a twist‐
ing mo琀椀on. Therefore, the measurements of these deforma琀椀ons are typically
made along these three axes, resul琀椀ng in longitudinal, circumferen琀椀al and radial
strain, respec琀椀vely. Strain is advantageous because it can assess regional as well
as global func琀椀on and is less suscep琀椀ble to cardiac transla琀椀on, imaging angle
and measurement error than conven琀椀onal systolic func琀椀on measurements. 3D
speckle tracking echocardiography allows for the simultaneous measurement
of global and regional longitudinal, circumferen琀椀al, and radial strains. Among
these, global longitudinal strain is emerging as an important parameter of prog‐
nos琀椀c value in pa琀椀ents with (risk of) cardiovascular disease [54‐56].

In this work, strain has been calculated along the muscle 昀椀ber direc琀椀on of
the PRM. For the detec琀椀on of PFD, it is crucial to have func琀椀onal informa琀椀on
on the PF muscles. Studies that have inves琀椀gated the PF muscles conclude that
the bio‐mechanics of these muscles can be an indicator of PF disorders such
as POP [60‐61]. Quan琀椀fying the deforma琀椀on of the muscle provides func琀椀onal
informa琀椀on of the PRM.

1.3.4 Strain imaging of PRM: clinical perspec琀椀ve

Computer simula琀椀on of vaginal birth shows that PRM has to stretch up to
2.28 琀椀mes [4‐5]. Due to this elonga琀椀on, the en琀椀re LAM including the PRM can
get damaged leading to pelvic 昀氀oor dysfunc琀椀on [2‐5, 25]. The prevalence of PFD
increases with age [6]. The extent of induced damage determines the inability
of the LAM to provide support to the PF organs, which can lead to POP [14‐15].

It can be men琀椀oned that the poten琀椀al clinical value is two‐fold. Firstly, in‐
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forma琀椀on about the extent and the loca琀椀on of PRM damage would determine
whether the 昀椀rst line of treatment, i.e., physiotherapy would be e昀昀ec琀椀ve. It
would also determine the necessity of training speci昀椀c muscles like PRM, de‐
pending on whether it is func琀椀onally damaged. Also, recognizing that there is
severe structural damage may well change the policy of having PF muscle train‐
ing in every women with PF disorders. Secondly, when clinicians look at regen‐
era琀椀ve ac琀椀on for the muscle a昀琀er delivery, it would be possible to determine if
there has been func琀椀onal improvement of the muscle a昀琀er training. Func琀椀onal
improvement would show a change in strain in the muscle as observed from
before to a昀琀er training.

1.3.5 Pessary usage and strain imaging

POP is a common condi琀椀on among women with defects in LAM. It is o昀琀en
observed that these women generate less vaginal closure force during a maxi‐
mum contrac琀椀on than controls [5]. Symptoma琀椀c POP is frequently treated by
placement of a pessary. Pessaries are an inexpensive, simple, low risk, and ef‐
fec琀椀ve conserva琀椀ve treatment for POP [62–64]. The e昀昀ec琀椀veness of pessary
昀椀琀�ng is determined by a ques琀椀onnaire which is answered by the woman, post
pessary 昀椀琀�ng and usage. This ques琀椀onnaire is qualita琀椀ve rather than quan‐
琀椀ta琀椀ve. It has been previously shown that successful pessary 昀椀琀�ng is associ‐
ated with the size of the hiatal area. Therea昀琀er, contrac琀椀bility of the PRM im‐
proved a昀琀er pessary 昀椀琀�ng [66‐67]. This improvement was shown by a strain
ra琀椀o [68]. Although US is an accepted imaging modality used for visualizing fe‐
male PF muscles for years, func琀椀onal informa琀椀on about PF muscles a昀琀er pes‐
sary 昀椀琀�ng, through US remains limited [36‐37, 65, 75]. Thus, strain imaging
could be performed both prior to and post pessary 昀椀琀�ng, in order to determine
the e昀昀ec琀椀veness of the 昀椀琀�ng by analyzing the actual quan琀椀ta琀椀ve func琀椀onal
informa琀椀on from the PRM.

1.4 Tissue characteriza琀椀on of PRM

PRM 琀椀ssue composi琀椀on also plays a role in it’s func琀椀onality, thus altera琀椀on
of this composi琀椀on would also lead to altered func琀椀onality. Muscle damage to
LAMs can be microscopic leading to changes in microstructural composi琀椀on or
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macroscopic damage.

;

One of the most common forms of macroscopic damage
of the LAMs is known as avulsion.

Unilateral or bilateral avulsion can be diagnosed according to Dietz (2010)
by palpa琀椀on or digital assessment of the PF muscle (PFM) via the vaginal or
transanal route [65]. The alterna琀椀ve, more reproducible way of diagnosing such
trauma is with the aid of US imaging. Avulsion of the PRM from the bone can
occur with or withoutmicrodamagewithin themuscle. This microdamage could
be indica琀椀ve of the extent of damage of the PRM. This is due to the fact that in
B‐mode US, only the macrostructures are imaged and the microstructures, such
as scar 琀椀ssue, within the PRM are di昀케cult to imagewithout using computa琀椀onal
methods [47].

1.4.1 Muscle trauma/damages in PRM through US

Woodhouse and McNally (2011) have presented that strains, tears, and lac‐
era琀椀ons aremuscle injurieswhich aremost commonly causedbyover‐elonga琀椀on
of muscles in the body [69]. These indirect muscle injuries have altered mi‐
crostructural composi琀椀on. Recurrent and/or severemuscle injury can also leave
behind intramuscular scarswhich appear as hyperre昀氀ec琀椀ve foci or hyper‐echogenic
areas. These injuries can alter the func琀椀onal dynamics of the surrounding mus‐
cle [69]. Such an example of a hyperechogenic region due to muscle injury can
be seen in Figure 1.6.

The presence of an avulsion of the PRM could result in a change in the sta‐
琀椀s琀椀cal distribu琀椀on of gray values in a B‐mode US image of the PRM. Thus apart
from strain analysis, sta琀椀s琀椀cal analysis on the gray values in the US volumes,
might be a suitable tool to examine whether di昀昀erences between intact and
avulsed PRMs can be quan琀椀昀椀ed.
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Figure 1.6: Rectus femoris showing par琀椀al tears (arrowheads) and a
small hematoma (arrows). Permission has been granted by
the publisher to use this image [69]

1.4.2 Sta琀椀s琀椀cal parameters

In US imaging, US waves are absorbed, re昀氀ected, or sca琀琀ered by structures
in the human body. The brightness of the pixels in a B‐mode US image depends
on the strength of the returning echo [49, 70]. Microstructural composi琀椀on of
muscle 琀椀ssue can be assessed indirectly bymeasuring echogenicity as represen‐
ta琀椀on of the re昀氀ec琀椀ve proper琀椀es of the 琀椀ssue [71]. It has already been found
that there are changes in the mean echogenicity (MEP) and levator hiatal area
a昀琀er vaginal delivery using 2D US images at rest and at contrac琀椀on [59, 72]. In
the current work, we will inves琀椀gate if MEP, Shannon’s entropy as well as shape
parameter of Gamma distribu琀椀on calculated from 3D images, can be used for
characterizing 琀椀ssue damage of the PRM [73].

1.5 Outline of the thesis

The principal aim of the en琀椀rework is to derive func琀椀onal informa琀椀on about
the deforming PRM through quan琀椀fying 琀椀ssue strain. This func琀椀onal informa‐
琀椀on is intended as an aid to the clinician to assess the condi琀椀on of the muscle.
Presence of avulsion can already be detected by the clinician from US images.
Yet, addi琀椀onal func琀椀onal informa琀椀on would show how func琀椀onal the PRM s琀椀ll
is in the avulsed end, as well as its e昀昀ect on the en琀椀re PRM.
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US data which has been used in this work is acquired in the same way as
is needed for clinical diagnosis. Thus, to be able to implement this work in the
clinic, addi琀椀onal apparatus or ethical approval would not be required.

;
Pa琀椀ent

consent is only required to be able to use the acquired data for research pur‐
poses. This consent have been acquired from all the women whose US images
have been included in this work. The algorithm in its current form can pro‐
vide strain results one day a昀琀er the calcula琀椀ons have been started. This can
be achieved due to the usage of a graphics card for the calcula琀椀ons.

Chapter 1

This Introduc琀椀on is Chapter 1 of the thesis and it is the general introduc‐
琀椀on to the topic of female PF muscles and strain imaging to derive func琀椀onal
informa琀椀on about the muscle, par琀椀cularly PRM.

Chapter 2

In Chapter 2, the algorithm to calculate strain, including tracking have been
explained. This algorithm has been u琀椀lized to es琀椀mate displacement es琀椀mates
from the deforming intact PRMs. Deforma琀椀ons of the muscle include rest and
contrac琀椀on as well as rest and Valsalva maneuver. Principal strain has been cal‐
culated for these two deforma琀椀ons. The methods to obtain the results have
beenexplainedboth in Chapter 2 and the respec琀椀ve昀氀owcharts havebeen shown
in Appendix A, B, C, D and E.

Chapter 3

In Chapter 3, improvement of the previously men琀椀oned algorithm has been
described calcula琀椀ng the strain in the muscle 昀椀ber direc琀椀on. Women with in‐
tact PRMs and PRMs with unilateral avulsions were included and strain during
contrac琀椀on of the PRMs were inves琀椀gated. The methods to obtain the results
of Chapter 3 have been explained both in the chapter itself and the respec琀椀ve
昀氀owcharts have been shown in Appendix F and G.
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Chapter 4

Chapter 4 is about strain in avulsed PRMs before and a昀琀er pessary 昀椀琀�ng.
Women with both unilateral and bilateral avulsions have been included. The
methods to obtain the results have been brie昀氀y explained in Chapter 4 and the
昀氀owcharts have been shown in Appendix F and G.

Chapter 5

The results of 琀椀ssue characteriza琀椀on have been shown in Chapter 5. In this
chapter, women with intact PRMs and PRMs with unilateral avulsion have been
included. The methods to obtain the results have been explained in Chapter 5
and the 昀氀owchart have been shown in Appendix H.

Chapter 6 and 7

Finally, in Chapter 6, a general discussion have been provided. This chapter
decribes the research objec琀椀ves, developed methods and future prospec琀椀ves
for the en琀椀re work.

General discussion of the thesis is followed by a short summary of the en琀椀re
thesis, in English followed by in Dutch. This summary forms Chapter 7; the 昀椀nal
chapter of this thesis.
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Chapter 2

3D ultrasound strain imaging
of puborectalis muscle

This chapter is based on the publica琀椀on:
S. Das, H. H. G. Hansen, G. A. G. M. Hendriks, F. van den Noort, C. Manzini, C. H. van der Vaart &
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Abstract

The female pelvic 昀氀oor (PF)muscles provide support to the pelvic organs. During
delivery, some of these muscles have to stretch up to three 琀椀mes their original
length to allow passage of the baby, leading frequently to damage and conse‐
quently later‐life PF dysfunc琀椀on (PFD). Three‐dimensional (3D) ultrasound (US)
imaging can be used to image these muscles and to diagnose the damage by as‐
sessing quan琀椀ta琀椀ve, geometric and func琀椀onal informa琀椀onof themuscles through
strain imaging. In this study we developed 3D US strain imaging of the PF mus‐
cles and explored its applica琀椀on to the puborectalis muscle (PRM), which is one
of the major PF muscles.

Keywords ‐ Puborectalis, Ultrasound, Strain imaging, Pelvic 昀氀oor, Obstetrics, 3D
imaging
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2.1 Brief introduc琀椀on

In this chapter, principal strain have been calculated for the puborectal mus‐
cles (PRMs) of four women. Ini琀椀ally, displacement es琀椀mates from the tracked
PRMs have been es琀椀mated and therea昀琀er principal strain. Strain calcula琀椀ons
are from contrac琀椀ng PRMs as well as PRM showing Valsalva maneuver. The re‐
sults shown in this chapter demonstrate that strain imaging of PRM using three‐
dimensional (3D) ultrasound (US) is feasible.

2.1.1 Data acquisi琀椀on

Data acquisi琀椀on from the women for which the results of principal strain
have been shown can be brie昀氀y men琀椀oned in the Table 2.1.

Dynamic 3D TPUS volumes were acquired using a Philips X6‐1 matrix trans‐
ducer connected to an EPIQ 7G US machine (Philips Healthcare, Bothell, WA,
USA), at the University Medical Centre (UMC), Utrecht, The Netherlands. The
transducer was 昀椀琀琀ed with a gel pad and a glove to permit the full PRM within
it’s 昀椀eld of view. All data were acquired by one clinician minimizing any intra‐
observer variability.

In each of the acquired datasets, one volume consists of 352 x 229 x 277
pixels (in the X, Y and Z direc琀椀ons respec琀椀vely). The physical size of the volume
is 14.78cm x 13.74cm x 9.41cm. The volumetric data were acquired at a rate of
approximately 1.5 volumes/sec resul琀椀ng in 22 volumes which span over 11‐15
seconds. The data were stored in the Digital Imaging and Communica琀椀ons in
Medicine (DICOM) format.

Data from all womenwere acquiredwith the same preset in the USmachine.
The 琀椀me gain compensa琀椀on (TGC) and other se琀�ngs like 昀椀ltering, contrast, gain,
power, gray map or processing were iden琀椀cal for all acquisi琀椀ons. Since, the
US machine and the matrix transducer were iden琀椀cal for all acquisi琀椀ons, the
B‐mode log compression, normaliza琀椀on etc. were also the same. That is why,
two di昀昀erent scans for the same woman/subject will not show di昀昀erent levels
of brightness. Two di昀昀erent scans from di昀昀erent women/subjects, will indeed
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show similar or di昀昀erent levels of echogenicity regarding di昀昀erence in the state
of the 琀椀ssue.

TheMedical Research Ethics Commi琀琀eeofUMCUtrecht exempted theproject
from approval, since all these women came to the clinic for treatment, as part
of rou琀椀ne diagnos琀椀c procedures and standard care from the clinic. All women
signed appropriate research consent forms.

2.1.1.1 Intact PRMs

US data were obtained over 琀椀me from women (n = 4) who had never given
birth (nulliparous). These women had overac琀椀ve PFs, which is chronically raised
pelvic muscle tone. The PRMs in these women were intact and undamaged, as
con昀椀rmed by the clinician. US volumes were recorded during two types of exer‐
cise (in supine posi琀椀on with empty bladder). During the 昀椀rst exercise, contrac‐
琀椀on, the women were asked to ac琀椀vely contract their PF muscles, commencing
and ending with the muscles in a state of rest.

During the second exercise, they performed a Valsalva maneuver. A Valsalva
maneuver is performed by a moderately forceful exhala琀椀on against a closed air‐
way. It is used to increase the abdominal pressure, which causes LAM distension
and allows the clinician to assess the full extent of a POP. Data acquisi琀椀on com‐
menced with rest and ended at maximum Valsalva maneuver.

To ensure that the women could perform contrac琀椀on or Valsalva maneuver
of their PF muscles, the clinician acquired the data while the US images were
being observed on the screen of the US machine. Posi琀椀ve bio‐feedbacks were
provided to the women if she could properly contract her PF muscles or do Val‐
salva maneuver. Thus it was ensured that all included women in this study could
change the state of their PF muscles during data acquisi琀椀on.

2.1.2 Aim of the study

We hypothesized in this work that it is possible to quan琀椀fy strain in three
dimensions for the deforming PRM using a 琀椀me series of volumetric US data.
Strain imagingwas performed in four nulliparouswomen (n = 4), whowere asked
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to contract (n = 4) their PF muscles or perform both a contrac琀椀on and a Valsalva
maneuver (n = 1). We chose nulliparous women, that is, women who have not
yet given birth because these women are considered to have intact PF muscles.
Therefore, this study provides insight into how the undamaged muscle strains
in three dimensions during ac琀椀va琀椀on. Summarized, the aim of this study was to
develop 3D US strain imaging of the PF muscles and to explore its applica琀椀on to
the PRM, which is one of the PF muscles.

2.2 Methods

The block diagram in Figure 2.1 illustrates the processing steps performed
to calculate strain in the acquired volumes of the PRM. The input comprised the
recorded dynamic US volumes and the region of interest (ROI) for which strain
was calculated. To obtain the ROI, the PRM was manually segmented by an ex‐
perienced clinician in the ini琀椀al US volume (rest before exercise) [1]. The output
was a set of accumulated echo volumes as a func琀椀on of 琀椀me. The in昀氀uence of
segmenta琀椀on of the ROI was varied by decreasing the ROI, and displacement
es琀椀mates were calculated using these volumes. The di昀昀erence in the values ob‐
tained at these di昀昀erent sizes was iden琀椀cal for corresponding voxels. The pro‐
cessing sequence can be divided into four steps: volumetric data prepara琀椀on,
intervolume displacement es琀椀ma琀椀ons, tracking (involving an update of the ROI)
and strain calcula琀椀ons.

Each processing step is explained in detail herea昀琀er. Each block of the block
diagram shown in Figure 2.1 have been detailed with 昀氀owcharts, shown in Ap‐
pendices A ‐ E.

2.2.1 Volumetric data prepara琀椀on

The 昀椀rst of the two inputs for the work was the data from the US machine,
which were in DICOM format. These data were 昀椀rst converted to a rec琀椀linear
format with “.昀氀d” extension using a proprietary so昀琀ware called QLAB, Version
10.8 (Philips Healthcare, Andover, MA, USA). Conversion of the data was per‐
formed to allow import in MATLAB R2018 a (The MathWorks, Inc., Na琀椀ck, MA,
USA), which was the program we used to develop our 3D strain analysis so昀琀‐
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ware. The total number of volumes per data set was 22, and each of the 3D
volumes contained 352 x 229 x 277 (X x Y x Z) pixels which were uniformly sam‐
pled at distances of 0.42 x 0.60 x 0.34 mm (dx x dy x dz).

US
VOLUMES
(INPUT)

MANUAL
SEGMENTATION

OF PRM
(INPUT)

VOLUMETRIC
DATA

PREPARATION
INTER‐VOLUME
DISPLACEMENT
ESTIMATIONS

INITIAL /
UPDATED

ROI

TRACKING STRAIN
CALCULATIONS

INTER‐VOLUME
DISPLACEMENT
ESTIMATES

STRAIN IN
PRM

(OUTPUT)

Figure 2.1: Block diagram of the processing steps involved to obtain 3D
strain output from the 3D ultrasound data sequence (PRM
= puborectalis muscle; ROI = region of interest)

2.2.2 Intervolume displacement es琀椀ma琀椀ons

The next step was to calculate intervolumetric displacements. Therefore,
displacements were es琀椀mated between the 昀椀rst two volumes within the ini‐
琀椀al ROI (illustrated in Figures 2.4 and 2.5 for volunteer 1). Intervolumetric dis‐
placements for each pair of subsequent volumes were es琀椀mated with a 3D nor‐
malized cross‐correla琀椀on algorithm op琀椀mized for PF muscles and the US system
used in this study [2‐3].

In this algorithm, two subsequently recorded volumes were subdivided into
3D blocks called kernels and templates. The kernel and template sizes used
for those volumes were (111 x 81 x 41) and (51 x 51 x 11) pixels, respec琀椀vely.
The kernels were matched on the templates, and the loca琀椀ons of the 3D cross‐
correla琀椀on peaks were calculated. These loca琀椀ons of peaks indicated the dis‐
placements between the two blocks. To es琀椀mate subsample displacements, the
cross‐correla琀椀on peaks were interpolated (parabolic 昀椀t) [3]. The displacement
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es琀椀mates were 昀椀nally 昀椀ltered using a 3D median 昀椀lter.

2.2.3 Tracking

As the PRM changes (posi琀椀on and shape) from volume to volume, that is,
changes with 琀椀me, the posi琀椀on and shape of the ROI for displacement es琀椀ma‐
琀椀on also needs to be updated over 琀椀me. Otherwise, displacement es琀椀ma琀椀on
would no longer be performed for PRM 琀椀ssue only, but would gradually shi昀琀
to the surrounding 琀椀ssue. The ROI coordinates (posi琀椀on of the manually seg‐
mented PRM) of the next volume were updated using the displacement es琀椀‐
mates as calculated in the previous step. In the next step, displacements were
calculated between the next two subsequently acquired volumes, and the ROI
was updated. The process of es琀椀ma琀椀ng intervolumetric displacements and up‐
da琀椀ng ROI is called tracking [4‐5]. Tracking began a昀琀er the displacement es琀椀‐
ma琀椀ons between the 昀椀rst two subsequently acquired volumes were es琀椀mated
using the ini琀椀al ROI.

The input to this processing step was the 昀椀ltered intervolume displacement
es琀椀mates from the previous step. Filtering was done using a median 昀椀lter (2 x 2
x 2 cm) to smoothe the displacement es琀椀mates and remove outliers [5‐6]. This
was required for tracking.

Accumula琀椀on of the 昀椀ltered displacement es琀椀mates was performed using
the equa琀椀on shown below:

accum_disp_estmts(n+ 1) =
n+1∑

n=1

inter_vol_disp_estmts(n, n+ 1)

(2.1)

where,

accum_disp_estmts = accumulated displacement es琀椀mates in z, x or y
direc琀椀on,
inter_vol_disp_estmts = intervolume displacement es琀椀mates in z, x or y
direc琀椀on and
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n = number of US volumes.

The accumulated displacement es琀椀mates were the total movement of the
muscle up to the (n + 1)th volume or 琀椀me point. These displacement es琀椀mates
were obtained in number of US grid points that a certain index had passed. The
indexes were updated with these accumulated displacement es琀椀mates.

Because the updated indexes are subsample values, displacement es琀椀mates
were calculated from the eight surrounding sample points, and the displacement
es琀椀mates of the subsample points were arrived at by linear interpola琀椀on (Figure
2.2). In this way, the muscle could be tracked throughout its complete deforma‐
琀椀on cycle. A昀琀er each update of the ROI, it was checked visually on the respec‐
琀椀ve US volume to ensure whether it was at the same posi琀椀on as the displaced
muscle.

Figure 2.2: Visual explana琀椀on of the temporary surrounding eight‐
point grid; (a) Part of the ultrasound grid, where the circled
corners represent the posi琀椀ons or indices forming part of
the region of interest (black circles), (b) Changes in posi琀椀ons
of the indexes when updated by accumulated z, x and y dis‐
placement es琀椀mates to posi琀椀ons that are out of grid (gray
circles), (c) One example of surrounding eight points in the
ultrasound grid (blue circles) to follow a certain updated out
of grid posi琀椀on or index (gray circle)

Therefore, for this processing step, the inputs were the intervolume dis‐
placement es琀椀mates, and the outputs were the updated ROIs.
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2.2.3.1 Valida琀椀on of tracking

The tracked muscle was superimposed on each of the acquired US volumes
from rest tomaximum contrac琀椀on or Valsalvamaneuver. Therea昀琀er all these 22
volumes for all four women were visually checked. This was performed to vali‐
date whether the tracking of the deforming muscle matched with the expected
posi琀椀on of the muscle.

An example each of the PRMat rest, at contrac琀椀on and at Valsalvamaneuver
for one of the volunteers have been shown in Figure 2.3a, b and c. In Figure 2.3a
the PRM at rest has been shown in yellow. As the muscle moved away from the
rest posi琀椀on to maximum contrac琀椀on, it can be observed that it moved towards
the PS. This is shown in Figure 2.3b. The PRM at rest is dark gray and the actual
contracted posi琀椀on of the PRM is in yellow. The same is shown in Figure 2.3c,
except it is for Valsalva maneuver. In this last sub‐昀椀gure, the deformed PRM can
be seen as moved away from the PS.

Figure 2.3: Puborectalis muscle (PRM) as observed in transperineal ul‐
trasound (US) data in sagi琀琀al view (z‐y plane in US grid) (a)
B‐modeUS image, showing PRMat rest in yellow (b) B‐mode
US image, showing PRM at max. contrac琀椀on in yellow and
the posi琀椀on at rest in dark gray (c) B‐mode US image, show‐
ing PRM at Valsalva maneuver in yellow and the posi琀椀on at
rest in dark gray
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2.2.4 Strain calcula琀椀ons

Strain calcula琀椀on was the last processing step. Accumulated displacements
were calculatedby summing intervolumetric displacements up to each琀椀mepoint.
The non‐昀椀ltered intervolumetric displacements were used and 昀椀ltered with a
median 昀椀lter kernel (1 x 1 x 1 cm) before accumula琀椀on [3, 6]. A kernel size
smaller than that in the tracking step was applied to avoid too much smooth‐
ing of the displacements, which would result in the absence of a gradient in the
strain calcula琀椀ons. As the displacement es琀椀mates were 昀椀ltered using a di昀昀er‐
ent kernel, interpola琀椀on was again performed, now for the updated indexes. In
the next step, the interpolated displacement es琀椀mates were accumulated using
Equa琀椀on . These accumulated displacement es琀椀mates were used to calculate
the 3D strain tensor using a 3D least‐squares strain es琀椀mator (LSQSE) [7].

The contrac琀椀on direc琀椀on of the PRM is not coalignedwith the rec琀椀linear co‐
ordinate system. To determine the major or principal component of the strain
that is induced in the contrac琀椀on or Valsalva maneuver of PRM, principal strains
were calculated from the individual strain values in the z, x and y direc琀椀ons [8].
As we have observed from the LSQSE strain that strain for contrac琀椀on is nega‐
琀椀ve and strain for Valsalva maneuver is posi琀椀ve, we chose the largest nega琀椀ve
principal strain component for data during contrac琀椀on and the largest posi琀椀ve
strain component for data during the Valsalva maneuver.

2.3 Results

Accumulated displacement es琀椀mates are illustrated in Figures 2.4 and 2.5,
and principal strain results, in Figures 2.6 and 2.7, for two of four volunteers
(Figures S2.1, S2.3 and S2.5 in the supplementary 昀椀gures show the results for
the other three volunteers for contrac琀椀on). These 琀椀me points are, respec琀椀vely,
muscle at rest, muscle at maximum contrac琀椀on andmuscle at rest post contrac‐
琀椀on, for volunteer 1. In the case of volunteer 4, the 琀椀me points are rest andmax‐
imum Valsalva maneuver. The principal strain magnitudes and principal strain
direc琀椀ons are illustrated in the 昀椀gures. The demographic characteris琀椀cs of all
the women included in the study are shown in Table 2.1.
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Table 2.1: Demographic informa琀椀on about all the inclusions

Volunteer
1

Volunteer
2

Volunteer
3

Volunteer
4

Volunteer
5

Age
(yrs)

52 38 61 23 23

Body
mass
index

(Kg/m2)

26.9 19.0 24.8 19.2 19.2

Exer‐
cise
per‐

formed

Contrac‐
琀椀on

Contrac‐
琀椀on

Contrac‐
琀椀on

Contrac‐
琀椀on

Valsalva
maneuver

2.3.1 Acumulated displacement es琀椀mates

In volunteer 1, at the 琀椀me point at which the muscle is at rest (Figure 2.4a,
2.4d, 2.4g, 昀椀rst column), the es琀椀mated displacements between the 昀椀rst two vol‐
umes are quite low in all direc琀椀ons, which is expected at rest. We observed this
for displacement es琀椀mates of all volunteers. In Figure 2.4b,2.4e, 2.4h (second
column) are the accumulated displacement results for maximum contrac琀椀on.
The displacement es琀椀mates in the z‐direc琀椀on are the highest, followed by dis‐
placement es琀椀mates in the y‐direc琀椀on. In the x‐direc琀椀on, we see that displace‐
ment es琀椀mates are almost zero.

During contrac琀椀on, in the z‐direc琀椀on, nega琀椀vedisplacement es琀椀matesmean
that the PRM ismoving toward the bone PS and, thus, toward the US transducer.
In the y‐direc琀椀on, displacement es琀椀mates are posi琀椀ve, which means that in this
direc琀椀on, the muscle is moving away from the US transducer. There is very lit‐
tle lateral or side‐to‐side movement of the muscle, that is, in the x‐direc琀椀on.
These movements or lack of movement with respect to the muscle at rest are
illustrated in Figure 2.8b‐d.

In Figure 2.4c, 2.4f, 2.4g (third column), we see that the muscle is almost
back at rest, and so the accumulated displacement es琀椀mates are again back to
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approximately zero values. The muscle does not completely return to the rest
posi琀椀on, because these data sets were acquired in women who have overac琀椀ve
PFs. Thus, these women might take longer to return to the rest posi琀椀on post‐
contrac琀椀on.

In the data sets acquired during the Valsalva maneuver, data acquisi琀椀on was
stopped when the muscle reached maximum Valsalva maneuver. The accumu‐
lated displacement results are illustrated in Figure 2.5. We observe that dis‐
placements are ini琀椀ally close to zero, as the muscle is at rest.

During themaximumValsalvamaneuver the accumulated displacements are
predominantly posi琀椀ve in the z‐direc琀椀on and nega琀椀ve in the x‐ and y‐direc琀椀ons.
This indicates elonga琀椀on of the muscle in Valsalva maneuver as opposed to
shortening during contrac琀椀on. This deforma琀椀on with respect to the muscle at
rest is illustrated in Figure 2.9b‐d.

The movements of the PRM during contrac琀椀on and Valsalva maneuver, ax‐
ial, sagi琀琀al and coronal views, are illustrated in the supplementary videos in the
Supplementary Data (online only). In these videos, the dark gray area repre‐
sents the posi琀椀on of the muscle during rest, and the yellow area, the muscle
during contrac琀椀on/ Valsalva maneuver. We can observe that the movement
during contrac琀椀on with respect with the bone PS is complementary in direc琀椀on
compared with that of Valsalva maneuver.

2.3.2 Principal strain values

During contrac琀椀on, as illustrated in Figure 2.6, it is observed that the ma‐
jor principal strain becomes more nega琀椀ve with increasing contrac琀椀on. As the
muscle returns to the rest posi琀椀on, the nega琀椀ve strain decreases but does not
become zero. The principal strain component direc琀椀ons change for all volun‐
teers when the muscle contracts from rest and becomes predominantly aligned
with muscle 昀椀ber direc琀椀on at maximum contrac琀椀on. In Figure 2.6e, 2.6f, it can
be seen that the direc琀椀on of strain further changes when the muscle returns to
the rest state a昀琀er contrac琀椀on (Figures S2.2, S2.4 and S2.6 in the supplemen‐
tary 昀椀gures show principal strains and direc琀椀ons for the other three volunteers).
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Figure 2.4: Accumulated displacement es琀椀mates at three 琀椀me points dur‐
ing the rest‐contrac琀椀on‐rest sequence of volunteer 1; (a‐c) Accu‐
mulated z‐direc琀椀on displacement es琀椀mates, (d‐f) Accumulated x‐
direc琀椀on displacement es琀椀mates, (g‐i) Accumulated y‐direc琀椀on dis‐
placement es琀椀mates)
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Figure 2.5: Accumulated displacement es琀椀mates at two 琀椀me points dur‐
ing the rest‐Valsalva maneuver sequence of volunteer 4; (a‐
c) Accumulated z‐direc琀椀on displacement es琀椀mates, (d‐f) Ac‐
cumulated x‐direc琀椀on displacement es琀椀mates, (g‐i) Accumu‐
lated y‐direc琀椀on displacement es琀椀mates
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Figure 2.6: Accumulated principal strain (%) magnitudes (昀椀rst row) and
their respec琀椀ve direc琀椀ons (second row) for volunteer 1 (US
= ultrasound)

As illustrated in Figure 2.7, the data for volunteer 4 contain a Valsalva ma‐
neuver. In this case, rest remains the sameas the rest during contrac琀椀on, whereas
during maximum Valsalva maneuver, strain is posi琀椀ve with a peak value of 60%
strain.

The bo琀琀om row of Figure 2.7 illustrates the principal strain component di‐
rec琀椀ons. Once again it is observed that the direc琀椀ons change when the muscle
changes from rest to maximum Valsalva maneuver.

Table 2.2 lists the spa琀椀al means of the principal strain (%) values over the
PRM for all data sets. Mean principal strain (%) values in the rest posi琀椀on for all
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Figure 2.7: Accumulated principal strain (%) magnitudes (昀椀rst row) and
their respec琀椀ve direc琀椀ons (second row) for volunteer 4 (US
= ultrasound; Val. Man. = Valsalva maneuver)

昀椀ve volunteers were less than 3%. The principal strains at maximum contrac琀椀on
ranged between ‐8.9% and ‐41.5%. For the data set for the Valsalva maneuver,
the maximum principal strain was 38.6%. At the last 琀椀me point, namely, rest
post‐contrac琀椀on, strain had decreasedwith respect to earlier 琀椀me points before
but was not equal to that before contrac琀椀on.

2.4 Discussion

To our knowledge, this is the 昀椀rst study in which 3D displacement and strain

52



Table 2.2: Mean principal strain values of the four volunteers included
in the study

Time point Mean principal strain (%)
Volunteer

1
Volunteer

2
Volunteer

3
Volunteer

4
Volunteer

4
Rest ‐0.9 ‐1.6 ‐2.0 ‐1.1 3.1
Maximum
contrac琀椀on
\Valsalva
maneuver

‐8.9 ‐13.7 ‐33.4 ‐41.5 38.6

Rest post‐
contrac琀椀on ‐5.2 ‐7.5 ‐28.8 ‐21.8 ‐

were es琀椀mated in the PRM.Normally, when clinicians examine the PFwith TPUS,
they can only visually examine the mo琀椀on of the PF and measure the (rela琀椀ve)
mo琀椀on for certain speci昀椀c anatomic landmarks. In other words, a qualita琀椀ve
assessment can be made. As can be observed, the proposed algorithm allows
quan琀椀ta琀椀ve determina琀椀on of strain, locally within the PRM.

We observe from the obtained results that the strain during contrac琀椀on and
the strain during Valsalva maneuver are complementary, which allows the algo‐
rithm to dis琀椀nguish between these two opposite movements of themuscle. We
also observe that there are changes in the deforma琀椀on of themuscle. These de‐
forma琀椀ons are di昀昀erent for contrac琀椀on compared with Valsalva maneuver. Be‐
cause of the short data acquisi琀椀on 琀椀me, we can observe the muscle returning
to almost rest but not complete rest post‐contrac琀椀on.

For this ini琀椀al study, we focused on strain es琀椀ma琀椀on in the undamaged
and intact PRM of nulliparous women undergoing voluntary contrac琀椀on or Val‐
salva maneuver before focusing on strain es琀椀ma琀椀on in pa琀椀ents with a complex
pathology, for example, avulsions.

We observe in the last column of displacement es琀椀mates in Figure 5 that
the muscle does not return to the exact rest posi琀椀on post‐contrac琀椀on. There
are three possible explana琀椀ons for this: a clinical one, an explana琀椀on related to
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the hardware and a technical explana琀椀on. The clinical explana琀椀on is that the
volunteers from whom the data were acquired had overac琀椀ve PFs. Therefore,
it might be that the PRM will take more 琀椀me to return to its rest posi琀椀on post‐
contrac琀椀on. For example, in volunteer 1, we 昀椀nd the maximum contrac琀椀on is
at volumes 13 and 14, which means that 7 of the 11sec of total data acquisi琀椀on
琀椀me had already passed. The PRM does not return to rest within the remain‐
ing approximately 4sec. As the volunteers were supine and contrac琀椀ng their PF
muscles only during data acquisi琀椀on, mo琀椀on of the volunteer or global mo琀椀on
can be ignored. This can also mean a hardware limita琀椀on; the 琀椀me for data ac‐
quisi琀椀on was too short and ended before the muscle had returned to its rest
posi琀椀on. Lastly, the technical explana琀椀on is that tracking might not be ideal.
Small inaccuracies in the displacement es琀椀mates accumulate over 琀椀me to intro‐
duce error in tracking.

The complementary sign is visible in the displacement es琀椀mates and strain
during Valsalva maneuver (Figures 2.7 and 2.8), compared with those observed
during contrac琀椀on (Figures 2.5 and 2.6). It can be observed that the muscle
has moved away from the US transducer in the z‐direc琀椀on, and there is clearly
a change in shape of the muscle. In the x‐direc琀椀on, we can observe that one
end of the muscle has moved more than the other end. This di昀昀ers from the
results for contrac琀椀on, where there is li琀琀le or no movement in the x‐direc琀椀on.
This might be because the contrac琀椀ng muscle is expected to move toward the
bone PS (in e昀昀ect the US transducer) to which it is a琀琀ached. It is not expected
to move laterally or from side to side in contrac琀椀on. In the Valsalva maneuver,
while the muscle is elonga琀椀ng, we observe that deforma琀椀on is occurring in all
three z, x and y direc琀椀ons. In this volunteer, in the x‐direc琀椀on, one arm of the
muscle is manifes琀椀ng more displacement than the other. In the y‐direc琀椀on, we
observe that the muscle has moved toward the transducer. Because we stud‐
ied the Valsalva maneuver in only one volunteer, these observa琀椀ons cannot be
generalized. The presence of these trends needs to be inves琀椀gated in a large
sample size.
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Figure 2.8: Deforma琀椀on of the puborectalis muscle (PRM) at contracted
state (red) when comparedwith the rest state (blue) for volun‐
teer 1; (a) The undeformed PRM at rest state in the ultrasound
grid, (b) Deforma琀椀on of the PRM in z‐y plane, (c) Deforma琀椀on
of PRM in y‐x plane, (d) Deforma琀椀on of PRM in z‐x plane (US =
ultrasound)
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Figure 2.9: Deforma琀椀on of the puborectalis muscle (PRM) at Valsalva ma‐
neuver state (green) compared with the rest state (blue) for
volunteer 4; (a) The undeformed PRM in rest state in the ul‐
trasound (US) grid, (b) Deforma琀椀on of PRM in z‐y plane, (c)
Deforma琀椀on of PRM in y‐x plane, (d) Deforma琀椀on of PRM in
z‐x plane

56



The PRM is almost uniformly strained (Figures 2.6a‐c, 昀椀rst row), indica琀椀ng
contrac琀椀on, whereas itmanifests non‐uniform strainwhen it returns to rest a昀琀er
contrac琀椀on. A possible explana琀椀onmight be that in the case of an overac琀椀ve PF,
di昀昀erent parts of the muscle take longer to return to zero strain. As the sample
size was small in this study, it should be extended in future studies to inves琀椀gate
whether this trend is present in a large group of women.

Also, there is a large varia琀椀on between the strain (%) values obtained during
contrac琀椀on from the four volunteers in contrac琀椀on, as illustrated in Table 2. A
possible reason could be that di昀昀erent women have di昀昀erent levels of control
over their PRMs during contrac琀椀on. Addi琀椀onally, deforma琀椀on of the muscle
during contrac琀椀on might also vary per woman. Larger sample sizes in future
studies could provide a range of strain from minimum to maximum for undam‐
aged PRM.

We can observe the direc琀椀ons of the principal strains in Figures 2.7 and 2.8d‐
f, second row. It can be observed that the strains are in the direc琀椀on of muscle
昀椀ber orienta琀椀on.

2.4.1 Clinical signi昀椀cance

First, knowledge of the exact length by which themuscle has moved and de‐
formed is bene昀椀cial in that we can assess numerically how far the woman can
move hermuscle voluntarily. Therea昀琀er, we can compare howmuchmovement
is expected in a normal undamaged muscle compared with a damaged muscle.
Moreover, it would provide clinicians and pelvic physiotherapists with a quan琀椀‐
ta琀椀ve tool to follow pa琀椀ents’ improvements during treatment (e.g., PF muscle
training).

Second, when the muscle is observed in the image displayed in the US ma‐
chine, it is di昀케cult to assess quan琀椀ta琀椀vely which part of the muscle is displaced
more and which is displaced less. As illustrated in the results, for undamaged
muscles, it is possible to know which part of the muscle is displaced more from
the di昀昀erent colors of the displacement es琀椀mates in the 昀椀gures. For example,
in the case of displacement es琀椀mates in the z‐direc琀椀on, for volunteer 1 (Figure
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2.5e), the “sling” of the PRM moved more than the two ends that are a琀琀ached
to the bone PS. In the results for volunteer 4 (Figure 2.6), in the Valsalva maneu‐
ver, we observe that di昀昀erent parts of the PRM move dissimilarly in all three z,
x and y direc琀椀ons. These observa琀椀ons of the 昀椀gures can give us an idea about
how the undamagedmusclemoves. Therea昀琀er, a comparison can bemadewith
damaged muscle movement.

Lastly is the exact 琀椀me point, or more speci昀椀cally the volume, at which the
muscle, for certain data at maximum contrac琀椀on/Valsalva maneuver, can be de‐
termined. It can be useful in TPUS as a means of automa琀椀cally arriving at the
speci昀椀c volume for maximum contrac琀椀on/Valsalva maneuver, thus reducing a
source of variability in TPUS assessments.

In this study, the primary reason for calcula琀椀ng strain induced in the PRM
was to quan琀椀fy the deforma琀椀on and strain in undamaged PRM. When there is
damage or scar 琀椀ssue forma琀椀on in themuscle, it might be of clinical signi昀椀cance
to assess the exact posi琀椀on of the damage through the di昀昀erent strain (%) values
in di昀昀erent parts of the muscle along with the direc琀椀ons of the strain values.
Therea昀琀er, it might also be possible to quan琀椀fy in three dimensions which part
of the muscle is damaged.

To further inves琀椀gate PFmuscles through 3D strain, future studies should in‐
clude larger sample sizes for both undamaged PRM and complex PRM patholo‐
gies. Other LAMs should also be inves琀椀gated to learn how the muscles behave
in rela琀椀on to each other.

2.5 Conclusion

Strain imaging of PRM is possible as it deforms from rest to maximum con‐
trac琀椀on or Valsalva maneuver from acquired 3D US volumes of the muscle.
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Chapter 3

3D US strain imaging of PRM
with & without unilateral
avulsion

This chapter is based on the publica琀椀on:
S. Das, G. A. G. M. Hendriks, F. van den Noort, C. Manzini, C. H. van der Vaart & C. L. de Korte, 3D
ultrasound strain imaging of puborectal muscle with and without unilateral avulsion. Interna‐
琀椀onal urogynecology journal, vol. 34, no. 9, pp. 2225‐2233, 2023.

67



Abstract

The puborectal muscle (PRM), one of the female pelvic 昀氀oor (PF) muscles, can
get damaged during vaginal delivery leading to disorders like pelvic organ pro‐
lapse. Current diagnosis involves ultrasound (US) imaging of the female PF mus‐
cles but func琀椀onal informa琀椀on is limited. Previously, we developed a method
for strain imaging of the PRM, from US images to obtain func琀椀onal informa‐
琀椀on. In this ar琀椀cle, we hypothesize that func琀椀onal informa琀椀on like strain in the
PRM could be used to dis琀椀nguish between intact PRMs from PRMs with uni‐
lateral avulsion. We calculated strain in PRMs at maximum contrac琀椀on, along
their muscle 昀椀ber direc琀椀on, from US images of two groups of women, which
consisted of women with intact (n1 = 8) and avulsed PRMs (unilateral) (n2 = 10).
Normalized strain ra琀椀os between both ends of the PRM (avulsed or intact) and
the mid region were calculated. Subsequently, the di昀昀erence in ra琀椀o between
the avulsed and intact PRMs was determined. We observe from the obtained
results that the contrac琀椀on/strain pa琀琀ern of intact and undamaged PRMs is dif‐
ferent from PRMs with unilateral avulsion. Normalized strain ra琀椀o’s between
avulsed and intact PRMs were sta琀椀s琀椀cally signi昀椀cant (p = 0.04). US strain imag‐
ing of PRMs can shows di昀昀erences between intact PRMs and PRMs with unilat‐
eral avulsion.

Keywords ‐ ultrasound, puborectal muscle, unilateral avulsion
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3.1 Brief introduc琀椀on

In this chapter, calcula琀椀ons for projected strain have been introduced for the
puborectal muscles (PRMs) of women. Ini琀椀ally, displacement es琀椀mates in the
muscle 昀椀ber direc琀椀on from the tracked PRMs have been es琀椀mated and there‐
a昀琀er strain have been calculated in the same direc琀椀on, which is called as pro‐
jected strain. Strain calcula琀椀ons are from women with intact PRMs as well as
from women with unilateral avulsions of PRMs. The results shown in this chap‐
ter demonstrate that projected strain imaging of PRMs can be used to assess the
state of the muscle.

3.1.1 Data acquisi琀椀on

Data acquisi琀椀on from all the women (intact PRMs as well as unilateral avul‐
sion of PRMs) for which the results of projected strain have been shown is brie昀氀y
men琀椀oned in the Table 3.1.

3.1.1.1 Intact and unilateral avulsion of PRMs

US data were obtained over 琀椀me from women who had intact and undam‐
aged PRMs (n1 = 8) and fromwomenwho had unilateral avulsion (n2 = 10). In all
women, US volumes were recorded from rest to maximum contrac琀椀on. Details
of data acquisi琀椀on have already been explained in Chapter 2, Sec琀椀on 2.1.1, for
womenwith intact PRMs. Forwomenwith unilateral avulsions of PRMs, data ac‐
quisi琀椀on was the same. The criteria for determining avulsion had been levator–
urethra gap of≤ 25mm on the three central slices on either right or le昀琀 side as
unilateral or both sides as bilateral [16].

3.1.2 Aim of the study

The aim of the work is to inves琀椀gate if contrac琀椀on/strain pa琀琀erns of undam‐
aged PRMs and PRMs with unilateral avulsion show di昀昀erences. Our hypothesis
is that intact or undamaged PRMs will have di昀昀erent contrac琀椀on pa琀琀erns than
PRMs with unilateral avulsion in which scar or connec琀椀ve 琀椀ssue forma琀椀on can
be present.
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3.2 Methods

The next step, a昀琀er data acquisi琀椀on is to calculate strain in the PRMs us‐
ing the obtained US volumes (DICOM). The method to calculate strain is ex‐
plained thoroughly in our previous publica琀椀on and is summarized in Figure 3.1
[1]. In short, inter‐volume displacements were calculated between subsequent
recorded volumes and used to update the segmenta琀椀ons of the PRMs. Those
intervolume displacements were accumulated to calculate strain during muscle
contrac琀椀on.

US
VOLUMES
(INPUT)

MANUAL
SEGMENTATION

OF PRM
(INPUT)

VOLUMETRIC
DATA PREPA‐

RATION

INTER‐
VOLUME
DISPLACE‐
MENT
ESTIMA‐
TIONS

INITIAL /
UPDATED

ROI

TRACKING
PROJECTED
STRAIN CAL‐
CULATIONS

INTER‐VOLUME
DISPLACEMENT
ESTIMATES

PROJECTED
DISPLACEMENT
ESTIMATIONS

PROJECTED
DISPLACEMENT
ESTIMATES

STRAIN IN
PRM

(OUTPUT)

Figure 3.1: Block diagram 1; the blocks in white have been explained
in our previous publica琀椀on [1] (The blocks in grey with bold
le琀琀ers have been explained in the current sec琀椀on)

3.2.1 Post‐processing of US volumes

Since the objec琀椀ve of this work is to detect whether there might be di昀昀er‐
ences in the contrac琀椀on pa琀琀ern of the PRM, the strain in the muscle 昀椀ber direc‐
琀椀on is determined. However, since the muscle 昀椀ber direc琀椀on is dependent on
the loca琀椀on, the displacement es琀椀mates were determined in the x, y and z di‐
rec琀椀ons. From that, strain along the muscle 昀椀ber direc琀椀on have been obtained.
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Informa琀椀on about the muscle 昀椀ber direc琀椀on is not provided by studies on
gross anatomy [2]. However, this informa琀椀on has been determined by MR 昀椀ber
tractography [3]. According toMR tractography of female PF, the 昀椀ber direc琀椀ons
are such, that the individual 昀椀bers are connected to the two parts of the bone
pubic symphysis (PS), and they curve around to form the sling of the muscle as
shown in Figures 3.2a and 3.2b.

Figure 3.2: (a) Pelvic 昀氀oor anatomy showing PRM [2] (Permission
granted by the publisher to use this image), (b) MR tractog‐
raphy showing the muscle 昀椀ber orienta琀椀on of the PRM and
thepuborectal sling [3] (Permission grantedby thepublisher
to use this image)

Therefore, we modi昀椀ed the original method to assess strain along the 昀椀ber
direc琀椀on (gray blocks of the block diagram in Figure 3.1). These gray blocks have
been detailed with 昀氀owcharts, shown in Appendices F ‐ G.

As shown in this block diagram, the ‘inter‐volume displacement es琀椀mates’
at a certain 琀椀me point or volume number were used to calculate the ‘projected
displacements’ along the 昀椀ber direc琀椀on. Therefore, the center line of the PRM
was calculated which acted as reference for the muscle 昀椀ber direc琀椀on.

The center line of the muscle was obtained in three steps. In the 昀椀rst step,
the ‘manual segmenta琀椀on of PRM’, or ‘updated ROI’ as shown in Figure 3.3
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was eroded over its en琀椀re length. This allowed us to obtain a connected curve
or center line over the length of PRM. In the second step, this connected curve
was 昀椀琀琀ed to a polynomial curve to smooth the obtained curve and to remove
outliers. In the third step, the accumulated displacements (x, y and z direc琀椀ons)
were projected to the closest point on this central axis using vector projec琀椀ons
[4]. Finally, strain was calculated by the projected displacements using a 2x2x2
least‐squared strain es琀椀mator (LSQSE) [5]. These calcula琀椀ons were performed
while correc琀椀ng for the change in angle or direc琀椀on of the previously calculated
center line of the PRM. Thus, we obtain the projected strain values for the PRM
at a certain volume. These projected displacements were calculated for all vol‐
umes, from rest to contrac琀椀on.

Figure 3.3: An example of a segmented PRM (in 3D), showing the cen‐
ter line through it and center line a昀琀er curve 昀椀琀�ng and scal‐
ing (Steps 1‐3). The last 昀椀gure shows the displacement es琀椀‐
mates projected on the center line
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3.2.2 Normalized ra琀椀o of strain percentage in PRM

Anatomically, the muscle 昀椀bers in the PRM are approximately parallel to the
US transducer direc琀椀on in the two connected ends, when imaged in TPUS. The
muscle 昀椀bers in the mid region or ’sling’ of the PRM are approximately perpen‐
dicular to the US transducer direc琀椀on. Since we are interested in the e昀昀ect of
avulsion on the local contrac琀椀on proper琀椀es of the PRM, we have divided the
whole PRM into three parts: the two ends, that are in undamaged condi琀椀on
connected to the PS and the mid region between these two ends, containing
the ‘sling’. The reason for choosing three regions in the PRM is based on the
observa琀椀on (later shown in Results sec琀椀on, Figure 3.5b) that in case of intact
PRMs, the two regions near the bone show similar strain and the mid‐region
show di昀昀erent strain. The division of the muscle into three regions enable us
to relate the strain in the ends of the PRM with that of the mid‐region through
normalized strain ra琀椀o.

Figure 3.4: Three regions (shown in XZ plane, axial view) within the
PRM with the right, le昀琀 (blue) and mid regions (yellow) la‐
beled; (a) example showing intact PRM, (b) example show‐
ing PRM with unilateral avulsion

Since the PRM for each woman has slightly di昀昀erent size and volume; each
PRM has been individually divided into three subdivisions. The combined vol‐
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ume of both the subdivisions of the PRMs which includes the connec琀椀on to the
PS (shown in blue in Figure 3.4a and Figure 3.4b), was approximately one‐third
of the total volume of the PRM. These three subdivisions have been done for
both intact PRMs and PRMs with unilateral avulsion. Examples of these sub‐
divisions or regions are shown in Figure 3.4a and Figure 3.4b, for both intact
PRM and unilateral avulsion of PRM.

For the analysis, the strain values in the three regions were used. As a 昀椀rst
step, medians of the strain values were obtained for the three regions for all the
women. Since the contrac琀椀on of the PRMwas widely variable among women, a
wide range of strain valueswas obtained. To correct for this e昀昀ect, the di昀昀erence
in strain values for both ends was normalized by rela琀椀ng it to average di昀昀erence
in strain between the mid region and the average of both ends according to
Equa琀椀on .

Normalized strain ra琀椀o =
[abs(εright − εleft)]

[abs(εmid–avg(εright, εleft))]
(3.1)

where,

εright = median of the percentage of strain in right region of PRM,

εleft = median of the percentage of strain in le昀琀 region of PRM,

εmid = median of the percentage of strain in mid region of PRM

and abs and avg indicate absolute and average values respec琀椀vely.

3.2.3 Sta琀椀s琀椀cal analysis

The normalized strain ra琀椀o was calculated for all women with and without
unilateral avulsion (two independent and non‐paired groups). Since the nor‐
malized strain ra琀椀os were not normally distributed, non‐parametric sta琀椀s琀椀cal
analysis had been performed. Shapiro‐Wilk test of normality was used to verify
non‐normality. Sta琀椀s琀椀cal signi昀椀cance has been calculated using Mann‐Whitney
U‐test and a p‐value< 0.05 was considered signi昀椀cant [6].
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P‐values and medians for the two groups, for age, BMI and parity have been
calculated and shown in Table 3.1. Since, ages and BMIs for the two groups
followed normal distribu琀椀on, t‐tests were used for calcula琀椀ng p‐values. To cal‐
culate the p‐value for parity, Mann‐Whitney U test was used since parity values
for the two groups did not follow normal distribu琀椀on.

3.3 Results

The developed method had been applied on all the datasets acquired from
women with intact and undamaged PRMs (n1 = 8) and women with unilateral
avulsion (n2 = 10). The demographic characteris琀椀cs of all these women is shown
in table 1. The median values of age, BMI, parity and addi琀椀onal informa琀椀on
about delivery for all thewomen included are listed as indicators of the health of
their PFmuscles. Womenwith intact PRMs are in general, younger and have less
parity, as shown in the medians. The median of BMI between the two groups
show lower median for the group with intact PRMs although were not signi昀椀‐
cantly di昀昀erent. In this work, the e昀昀ects of di昀昀erent age, parity and BMI have
not been analyzed and can be only done on a large scale study. Thus sta琀椀s琀椀cal
signi昀椀cance for these parameters between the two groups have also been not
considered.

Figures 3.5a and 3.5b show typical projected strains of an intact PRM and
a PRM with unilateral avulsion, respec琀椀vely (Figures S3.1 to S3.8 in the supple‐
mentary 昀椀gures show projected strains for the rest of the includedwomen). The
projec琀椀on of the strain on the central axis resembles the strain in and along the
muscle 昀椀ber direc琀椀on. The intact PRM shows that high nega琀椀ve strain values (in‐
dica琀椀ng high levels of contrac琀椀on) are present in the mid region and the strain
values at both ends show posi琀椀ve strain values. In case of PRM with unilateral
avulsion, it can be observed that the strain pa琀琀ern di昀昀ers from the intact and
undamaged PRM. Here, strains in the avulsed end and the mid region are nega‐
琀椀ve. In the intact end of the PRM, strain is posi琀椀ve similar to the two intact ends
in case of an intact PRM. We observed similar 昀椀ndings for the strain values in all
women in the two groups, as observed in these two examples.
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Table 3.1: Demographic informa琀椀on about all the inclusions

Women with Women with P‐
intact unilateral values
PRMs avulsion
(n1 = 8) of PRMs

(n2 = 10)
Median of

age 34 58 0.01

Median of
BMI 20.9 24.4 0.07

Parity 0‐1 1‐3 <0.01

Addi琀椀onal
informa琀椀on

7 women
nulliparous, 1

woman vaginally
nulliparous (with
primary C‐sec琀椀on)

1 woman with 1
vaginal delivery
(and 1 vacuum
extrac琀椀on), 6
women with 2

vaginal deliveries,
2 women with 3
vaginal deliveries

‐

In Figure 3.6 two boxplots are shown of the normalized strain ra琀椀o obtained
using equa琀椀on 1 in women with intact PRMs and women with unilateral avul‐
sion. In case ofwomenwhodo not have an avulsion, the ra琀椀os are in general less
than 1, which means that the two ends of the PRMs show similar strain values
which are larger than the strain in themid‐sec琀椀on. In case ofwomenwith unilat‐
eral avulsion, the ra琀椀o in general is larger than 1. Valuesmore than 1means that
the di昀昀erence between the two ends is greater than the di昀昀erence between the
strain of the mid region and the strain in the two ends. In other words, it means
that these par琀椀cular PRMs have a large di昀昀erence in strain values between the
two ends.

In case of women with intact or undamaged PRMs, the median of the nor‐
malized strain percentage ra琀椀o is 0.36, with the upper and lower limits being
3.07 and 0.13 respec琀椀vely. In case of women with unilateral avulsion the me‐
dian is 1.54, with upper and lower limits being 14.59 and 0.95 respec琀椀vely. The
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Figure 3.5: Percentage of strain at maximum contrac琀椀on (shown in 3D)
in two women with; (a) intact PRM, (b) unilateral avulsion
of PRM (The avulsed and intact ends of the avulsed PRM
are labeled. X, Y and Z axes are in meter and the color bars
show percentage of strain from nega琀椀ve (dark red) to posi‐
琀椀ve (yellow))

di昀昀erence in the medians between these two groups of women is represented
in the boxplots.

The normalized strain ra琀椀o is within 1, for six out of the eight women with
undamaged PRMs. For two women, in this group, we found that the normalized
strain ra琀椀o is more than one (1.96 and 3.07).

In the group of women with unilateral avulsion, the normalized strain ra琀椀o
is larger than 1 for nine out of ten women. For one of the women, the ra琀椀o is
0.95.

Non‐parametric sta琀椀s琀椀cal analysis using Mann‐Whitney U‐test shows a sig‐
ni昀椀cant di昀昀erence (p = 0.04) demonstra琀椀ng that womenwith unilateral avulsion
have a higher ra琀椀o than women with intact PRMs.
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Figure 3.6: Boxplots showing normalized strain ra琀椀o for women with in‐
tact PRMs and women with unilateral avulsion

3.4 Discussion

The principal 昀椀nding of this pilot study is that the strain pa琀琀ern at contrac‐
琀椀on in the avulsed end of the PRM, is di昀昀erent from the intact end, whereas
strain pa琀琀erns were similar in both ends of intact and undamaged PRMs.

PRM is part of LAM. Func琀椀on of the LAM is to maintain equilibrium by bal‐
ancing the hydrosta琀椀c pressure of the overlying pelvic organs and also adjust to
varia琀椀ons in posture [12‐13, 7]. LAM consists of type 1 striated muscle 昀椀bers.
Striated muscles are most prone to injury when they are forcibly lengthened,
such as vaginal birth [12‐13]. Earlier studies have demonstrated that LAM de‐
fects occur a昀琀er vaginal birth which can confer a four‐to eleven‐fold increase in
risk for developing prolapse among parouswomen [13]. LAMdamage is avulsion
of the PRM [14]. This damage can be imaged by func琀椀onal imaging.

Current literature already explains the term func琀椀onal imaging using MRI
[8]. Func琀椀onal US imaging of the female PF can be de昀椀ned as US imaging of
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the PF while the woman voluntarily contracts or undergoes Valsalva maneuver
(VM) of their PF muscles. In recent func琀椀onal studies of the PF, shear wave
elastography (SWE) has been studied and it has been reported that it is possi‐
ble to measure the shear modulus of the LAM, at rest and at VM [9]. Another
method reported in literature is representa琀椀ve 昀椀nite element model (FEM) of
the PF based on anatomy from a 2D or 3D level [10‐11]. These studies have
usedMRI imaging of PF at VM instead of contrac琀椀on of the LAM. Since, we used
3D strain as measure for contrac琀椀on we could not directly compare our results
with already published results.

In the obtained results, in case of the group of women with intact and un‐
damaged PRMs, it can be observed in Figure 3.5a that the contrac琀椀on started
at the mid region or slings of the PRMs. The nega琀椀ve strain in the sling shows
contrac琀椀on of this part of the PRM. The two ends which are connected to the PS
show posi琀椀ve strain which indicate elonga琀椀on of these two parts. This indicates
that the contrac琀椀on of the PRM is dominated by the central area, whereas both
connected ends appear to elongate as indicated by the posi琀椀ve strain values.

Our results, as shown in Figure 3.5b, showed that in case of strain in PRMs in
womenwith unilateral avulsion, nega琀椀ve strain was obtained in themid‐regions
as well as the avulsed ends of the PRMs. The possible explana琀椀on for this is that
the avulsed end could contract along with the mid region to which it was con‐
nected and not elongate since it was not connected to the bone. The intact ends
of these PRMs s琀椀ll showed posi琀椀ve strain indica琀椀ng elonga琀椀on. This revealed a
di昀昀erent contrac琀椀on pa琀琀ern when compared with strain images of PRMs with
no damage, where both the intact ends of the muscle showed posi琀椀ve strain or
elonga琀椀on. Thus, we obtained di昀昀erent contrac琀椀on pa琀琀erns in the two groups
of women.

In our work, data was acquired from women only at rest and contrac琀椀on,
since the primary objec琀椀ve was to inves琀椀gate about the ac琀椀ve component of
PRM func琀椀onality shown during contrac琀椀on. A future extension of this work
could also be used to inves琀椀gate about the passive component of PRM func‐
琀椀onality, shown during Valsalva maneuver. The boxplots in Figure 3.6 showed
a di昀昀erence in the medians of the normalized strains in these two groups of
women. Furthermore, although we had to perform a non‐parametric sta琀椀s琀椀cal
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test due to small sample sizes, we s琀椀ll could show that the strain ra琀椀o is signi昀椀‐
cantly (p = 0.04) di昀昀erent between avulsed and intact PRMs.

The normalized strain ra琀椀o is within 1, for six out of the eight women with
undamaged PRMs. This indicates that the strain in the two connected ends
of the PRM are similar. This is also expected because the ends of the muscle
are intact and undamaged, resul琀椀ng in similar strain. For two women, in this
group, we found that the normalized strain ra琀椀o is more than one (1.96 and
3.07). Since, our study is a pilot study, the cause for this higher ra琀椀o could not
be determined.

In the group of women with unilateral avulsion, the normalized strain ra琀椀o
is larger than 1 for nine out of ten women. This indicates that the strain in the
avulsed end of themuscle is more nega琀椀ve than strain in the intact end. For one
of these women, the ra琀椀o is marginally less than 1.

Although we had to perform a non‐parametric sta琀椀s琀椀cal test due to small
sample sizes, we s琀椀ll could show that the strain ra琀椀o is signi昀椀cantly (p = 0.04)
di昀昀erent between avulsed and intact PRMs.

3.4.1 Clinical signi昀椀cance

Poten琀椀al clinical signi昀椀cance of our work can be stated as two‐fold. Firstly,
recognizing which part of themuscle is dysfunc琀椀onal may be of bene昀椀t for phys‐
iotherapists trea琀椀ng women with pelvic 昀氀oor disorders. Also, recognizing that
there is presence of severe structural damage may well change the policy of
having PF muscle training in every women with PF disorders.

Secondly, when clinicians look at regenera琀椀ve ac琀椀on for the muscle a昀琀er
delivery, it would be possible to determine if there has been func琀椀onal improve‐
ment of the muscle a昀琀er training. Changes in strain in the muscle as observed
from before to a昀琀er training could tailor the training to obtain op琀椀mal bene昀椀t.

3.4.2 Limita琀椀ons and future work

There are three limita琀椀ons of the work. Firstly, the tracking of the PRM that
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was integral part of the method, was only visually veri昀椀ed on B‐mode US vol‐
umes. However, since the technology is based on similar principles as applied
for extensively validated cardiac strain imaging techniques, and the contrac琀椀on
pa琀琀erns are in accordance with physiologic assump琀椀ons, it can be concluded
that the performed analysis is valid. Secondly, currently our method is based
on in house developed so昀琀ware for displacement es琀椀ma琀椀on which makes the
method computa琀椀onally extensive. However, since 3D cardiac strain es琀椀ma‐
琀椀on is feasible almost online, we expect our analysis can also be made nearly
real‐琀椀me. Thirdly, the segmenta琀椀on of the PRMs at rest have been performed
manually, which could be extended to automated as is demonstrated in litera‐
ture [15].

To further inves琀椀gate PF muscles through 3D strain, future studies should
include larger sample sizes and e昀昀ort to reduce the computa琀椀on 琀椀me for cal‐
cula琀椀on of the strain values. Also, other muscles of the LAM apart from PRM
should be studied to learn how the surrounding muscles behave in rela琀椀on to
each other, in both groups of women.

3.5 Conclusion

We could show in this pilot study that women with unilateral avulsion of
their PRMs show di昀昀erent strain pa琀琀ern than women with intact PRMs.
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Figure S3.8: Percentageof strain atmaximumcontrac琀椀on (shown in 3D)
in one woman with unilateral avulsion of PRMs. X, Y and
Z axes are in meter and the color bars show percentage of
strain from nega琀椀ve (dark red) to posi琀椀ve (yellow)
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Chapter 4

Func琀椀onal assessment of ring
pessary e昀昀ect on avulsed PRM

This chapter is based on the manuscript (submi琀琀ed):
S. Das, G. A. G. M. Hendriks, F. van den Noort, C. Manzini, C. H. van der Vaart & C. L. de Korte,
E昀昀ect of a ring pessary on avulsed puborectal muscle through ultrasound strain imaging.
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Abstract

Placement of a ring pessary is one of the treatment op琀椀ons for women with
pelvic organ prolapse (POP). To determine the e昀昀ect of ring pessary use in these
women, usually qualita琀椀ve measures like a pa琀椀ent experience ques琀椀onnaire is
used. However, quan琀椀ta琀椀ve func琀椀onal informa琀椀on could provide addi琀椀onal in‐
forma琀椀on about the state of the pelvic 昀氀oor muscles. In this work, we describe
ultrasound (US) strain imaging of puborectal muscle (PRM) to provide func琀椀onal
informa琀椀on. We acquiredUS data inwomenwith avulsion, before and a昀琀er pes‐
sary 昀椀琀�ng and subsequently, their strain pa琀琀erns have been compared. Nor‐
malized strain ra琀椀os have been calculated for these women to quan琀椀ta琀椀vely
indicate the changes in the state of the PRM at maximum contrac琀椀on, before as
well as three months a昀琀er pessary use . Before pessary placement, the strain
ra琀椀o was elevated with respect to strain ra琀椀os found in women without an avul‐
sion. A昀琀er pessary placement, we found that the strain ra琀椀o decreased to values
close to strain ra琀椀os found in women with no avulsion indica琀椀ng the bene昀椀t of
pessary placement.

Keywords ‐ 3D Ultrasound, Puborectalis, Pessary, Strain imaging
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4.1 Brief introduc琀椀on

Pelvic organ prolapse (POP) is a common condi琀椀on among women with de‐
fects in levator ani muscle (LAM). It is o昀琀en observed that these women gen‐
erate less vaginal closure force during a maximal contrac琀椀on than controls [1].
One of the treatment op琀椀ons of symptoma琀椀c POP is pessary placement. Pes‐
saries are an inexpensive, simple, low risk, and e昀昀ec琀椀ve conserva琀椀ve treatment
for POP [2–4]. The e昀昀ec琀椀veness of pessary 昀椀琀�ng can be assessed by a ques‐
琀椀onnaire which is answered by the woman, post pessary 昀椀琀�ng and usage. This
ques琀椀onnaire is qualita琀椀ve rather thanquan琀椀ta琀椀ve. It has beenpreviously shown
that successful pessary 昀椀琀�ng is associated with the size of the hiatal area and
that contrac琀椀bility of the PRM changed a昀琀er three months of pessary use [22‐
24].

For years ultrasound (US) is a widely accepted imaging modality used for
visualizing female PF muscles [5–7]. However, to the best of our knowledge
func琀椀onal informa琀椀on about PF muscles obtained with US imaging is limited. In
our previous work, we showed that strain imaging from three‐dimensional (3D)
US images of PRM, can provide func琀椀onal informa琀椀on about the muscle. The
level of contrac琀椀on as well as the region(s) within the PRM where this contrac‐
琀椀on occurs, can be quan琀椀昀椀ed by US‐based strain imaging whereas the woman
voluntarily contracts the PRM [8]. Thus, strain imaging could be performed both
prior to and post pessary 昀椀琀�ng as a quan琀椀ta琀椀ve assessment of the change in
PRM func琀椀on. In our previous study, we have formulated a normalized strain ra‐
琀椀o which provides a quan琀椀ta琀椀ve measure of the condi琀椀on of the muscle. This
ra琀椀o was found to be di昀昀erent in intact PRMs as compared to PRMs with unilat‐
eral avulsion [20]. The hypothesis of this study is that the normalized strain ra琀椀o
a昀琀er three months of pessary usage will change to levels obtained in women
with intact PRMs as compared to the normalized strain ra琀椀o measured prior to
pessary placement.

In this chapter, projected strains have been calculated for the puborectal
muscles (PRMs) of women before and a昀琀er pessary 昀椀琀�ng. The results shown
in this chapter demonstrate that strain in a PRM a昀琀er pessary is a昀昀ected by the
pessary in women with unilateral as well as bilateral avulsion.
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4.1.1 Data acquisi琀椀on

Data acquisi琀椀on from the women for which the results of principal strain
before and a昀琀er pessary 昀椀琀�ng have been shown in Table 4.1.

The datawere stored in theDigital Imaging andCommunica琀椀ons inMedicine
(DICOM) format. US data were obtained over 琀椀me from women with unilateral
(n1 = 6) and bilateral (n2 = 3) avulsions. In all women, US volumes were recorded
from rest to maximum contrac琀椀on, as the women were asked to voluntarily and
ac琀椀vely contract their PF muscles (in supine posi琀椀on with empty bladder). Pres‐
ence of PRM contrac琀椀on in these women were ensured by a posi琀椀ve biofeed‐
back while the clinician observed themuscle contrac琀椀on in the USmachine dur‐
ing data acquisi琀椀on. Details of data acquisi琀椀on have been explained in Chapter
2, Sec琀椀on 2.1.1 and in Chapter 3, Sec琀椀on 3.1.1.

The criteria for determining avulsion had been levator–urethra gap of ≥25
mm on the three central slices on either right or le昀琀 side as unilateral or on
both sides as bilateral [9]. All women were 昀椀琀琀ed at intake with a ring pessary
of appropriate size. The reason for choosing this type of pessary was that , it
is clinically acceptable to start the pessary treatment with this type and con‐
琀椀nue usage unless deemed not 昀椀t by the woman [10]. Data were acquired from
women both before and a昀琀er three months of successful pessary use. The fol‐
lowing appointment was scheduled two to four weeks a昀琀er ini琀椀al 昀椀琀�ng to as‐
sess pa琀椀ents’ sa琀椀sfac琀椀on about the pessary. Therea昀琀er upon success, usage
con琀椀nued for at least three months 琀椀ll the follow up acquisi琀椀on. At follow‐up
the acquisi琀椀on protocol was the same as stated earlier and the pessary was re‐
moved twenty minutes prior to data acquisi琀椀on. No ques琀椀onnaires were used
for evalua琀椀on of user experience from the women.

4.1.2 Aim of the study

The aim of the study is to inves琀椀gate if strain pa琀琀erns as obtained with 3D
ultrasound imaging from a contrac琀椀ng PRM in womenwith avulsion, before and
a昀琀er pessary 昀椀琀�ng are di昀昀erent and whether the normalized strain ra琀椀o indi‐
cates this change.
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4.2 Methods

4.2.1 Post‐processing of US volumes

The next step, a昀琀er data acquisi琀椀onwas to calculate strain in the PRMs using
the obtained US volumes (DICOM). The method to calculate strain is explained
in the Methods sec琀椀on of Chapter 3 and is summarized in Figure 3.1. In short,
inter‐volume displacements were calculated between subsequent recorded vol‐
umes and used to update the segmenta琀椀ons of the PRMs. Those inter‐volume
displacements were accumulated to calculate total displacement at a 琀椀me point
and had been used for subsequent strain calcula琀椀ons at maximum muscle con‐
trac琀椀on.

Since the objec琀椀ve of this work is to detect whether there might be di昀昀er‐
ences in the contrac琀椀on pa琀琀ern of the PRM, the strain in the muscle 昀椀ber di‐
rec琀椀on is determined. However, since the muscle 昀椀ber direc琀椀on is dependent
on the loca琀椀on, the displacement es琀椀mates were ini琀椀ally determined in the x, y
and z direc琀椀ons. From that, 昀椀rst the projected displacement es琀椀mates towards
muscle 昀椀ber direc琀椀on were es琀椀mated. Therea昀琀er strain along the muscle 昀椀ber
direc琀椀ons have been obtained. Therefore, we modi昀椀ed the original method to
assess projected strain in themuscle 昀椀ber direc琀椀on (gray blocks of the block dia‐
gram in Figure 1). Strain was calculated from the projected displacements using
2x2x2 cm least‐squared strain es琀椀mator (LSQSE) while correc琀椀ng for the change
in angle or direc琀椀on [14]. The projected strain valueswere obtained for the PRM
at all volumes from rest to maximum contrac琀椀on.

4.2.2 Normalized ra琀椀o of median of strain percentages in PRM

Anatomically, the muscle 昀椀bers in the PRM are approximately parallel to the
US transducer direc琀椀on in the two connected ends, when imaged in TPUS. The
muscle 昀椀bers in the mid region or ’sling’ of the PRM are approximately perpen‐
dicular to the US transducer direc琀椀on. Similar muscle 昀椀ber direc琀椀ons for PRM
have also been observed in 昀椀ber tractography [12‐13]. Since we are interested
in the e昀昀ect of avulsion on the local contrac琀椀on proper琀椀es of the PRM, we have
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divided the whole PRM into three parts: the two ends, that are in the undam‐
aged condi琀椀on connected to the PS and themid‐region between these twoends,
containing the ’sling’. The reason for choosing three regions in the PRM is based
on the observa琀椀on (as shown in Figure 2a) that in case of intact PRMs, the two
regions near the bone show similar low nega琀椀ve strain values as compared to
the mid‐region that show high nega琀椀ve strain values. Nega琀椀ve strain resembles
contrac琀椀on of the muscle while posi琀椀ve strain represents relaxa琀椀on. The divi‐
sion of the muscle into three regions enable us to relate the strain in the ends
of the PRM with that of the mid‐region through normalized strain ra琀椀o.

Since the PRM for each woman has slightly di昀昀erent size and volume; each
PRM has been individually divided into three subdivisions. The combined vol‐
ume of both the subdivisions of the PRMs which includes the connec琀椀on to the
PS (shown in blue in Figure 4.1), was approximately one‐third of the total vol‐
ume of the PRM. These three subdivisions have been done for both intact PRMs
and PRMs with avulsions. Examples of these subdivisions or regions are shown
in Figure 4.1.

For the analysis, the strain values in the regions were used. As a 昀椀rst step,
median values of the strain values were obtained for the three regions for the
women. Since the level of contrac琀椀on varies substan琀椀ally amongwomen, awide
range of strain values was obtained. To correct for this e昀昀ect, the di昀昀erence in
strain values for both ends was normalized by rela琀椀ng it to average di昀昀erence
between the mid region and the average of both ends is according to Equa琀椀on
from Chapter 3. It is men琀椀oned below again for easy reference.

Normalized strain ra琀椀o =
[abs(εright − εleft)]

[abs(εmid–avg(εright, εleft))]
(4.1)

where,

εright = median of the percentage of strain in right region of PRM,

εleft = median of the percentage of strain in le昀琀 region of PRM,

εmid = median of the percentage of strain in mid region of PRM

and abs and avg indicate absolute and average values respec琀椀vely.
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4.2.3 Sta琀椀s琀椀cal methods

The normalized strain ra琀椀o (NSR) was calculated for all women, before pes‐
sary placement and 3 months a昀琀er using a pessary. Shapiro‐Wilk test of nor‐
mality was used to verify non‐normality. Since the NSRs were not normally dis‐
tributed, a Wilcoxon signed rank test was used to compare the strain ra琀椀o be‐
fore and a昀琀er pessary placement using the paired groups [15‐16]. A p‐value of
< 0.05 was considered signi昀椀cant.

4.3 Results

The developed method have been applied to calculate projected strain and
subsequent normalized strain ra琀椀os for women with avulsion, before and a昀琀er
pessary 昀椀琀�ng. Since the aim of the study is to determine whether the strain
pa琀琀ern in the contrac琀椀ng PRM changes a昀琀er 昀椀琀�ng pessary, both unilateral (n1
= 6) and bilateral (n2 = 3) avulsions have been considered. Furthermore, the
ra琀椀os have been calculated as an a琀琀empt to quan琀椀fy the changes observed in
the strain pa琀琀ern.

The demographic characteris琀椀cs of all these women such as median of age,
median of bodymass index (BMI) and parity all inclusions are shown in Table 4.1.
These characteris琀椀cs are listed as indicators of the health of their PF muscles.

Table 4.1: Demographic informa琀椀on about all the inclusions for e昀昀ect
of pessary

Women with
unilateral avulsion
of PRMs (n1 = 6)

Women with
bilateral avulsion
of PRMs (n2 = 3)

Median of age (yrs) 65 67
Median of BMI

(kg/m2) 23.47 23.88

Parity 2‐4 2
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Figure 4.1: (a) Projected strain in intact PRM (b) Three regions (shown in XZ plane,
axial view) within the PRM with right, le昀琀 (blue) and mid (yellow) la‐
beled, example showing intact PRM, (c) example showing unilateral
avulsion, (d) example showing bilateral avulsion
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4.3.1 Strain in unilateral avulsion of PRMs

In case of PRMs with unilateral avulsion, before pessary 昀椀琀�ng, strain pat‐
terns di昀昀er from that of intact and undamaged PRM [20]. Figure 4.2a shows an
example of unilateral avulsion before pessary 昀椀琀�ng. We can observe that the
muscle starts to contract from themid region or sling of the PRM. The connected
end of the PRM, shows posi琀椀ve strain and the mid region along with the discon‐
nected end shows nega琀椀ve strain. The nega琀椀ve strain in the end of the muscle
that is connected to the PS indicates that the 琀椀ssue extends. The mid region of
the PRM contracts and thus acts as normal PRM琀椀ssue. The disconnected end of
the PRM also contracts along with themid region, since this end is disconnected
form the PS.

Figure 4.2b shows the same PRM as visualized in Figure 4.2a but a昀琀er pes‐
sary 昀椀琀�ng (Figures S4.1 to S4.5 in the supplementary 昀椀gures show projected
strains for the rest of the included women with unilateral avulsion). In this case
also the mid region of the PRM is contrac琀椀ng. However, both ends of the PRM
show a more similar contrac琀椀on pa琀琀ern to intact PRMs than before pessary 昀椀t‐
琀椀ng.

Figure 4.2: Strain in unilateral avulsion of PRM, at maximum voluntary
contrac琀椀on (a) Before pessary 昀椀琀�ng (b) A昀琀er pessary 昀椀琀�ng
(to be changed to 3D images)
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4.3.2 Strain in bilateral avulsion of PRMs

Strain pa琀琀ern in the PRMs with bilateral avulsion before pessary as shown
in an example in Figure 4.3a, showed that, at maximum contrac琀椀on, one end
showed nega琀椀ve strain while the other end has posi琀椀ve strain values. However,
di昀昀erent contrac琀椀on levels can be observed in both ends. The mid part of the
PRM shows nega琀椀ve strain values indica琀椀ng contrac琀椀on of this part of the mus‐
cle.

Strain pa琀琀ern in these PRMs a昀琀er pessary 昀椀琀�ng, as shown in Figure 4.3b,
showed that, both ends of the PRM showed zero to slightly posi琀椀ve strain to
nega琀椀ve strain at maximum contrac琀椀on (Figures S4.6 and S4.7 in the supple‐
mentary 昀椀gures show projected strains for the rest of the included women with
bilateral avulsion). But one end showed a large region of posi琀椀ve strainwhile the
other showed a very small region of posi琀椀ve strain and the rest being nega琀椀ve
strain as much as the mid region.

Figure 4.3: Strain in bilateral avulsion of PRM, at maximum voluntary
contrac琀椀on (a) Before pessary 昀椀琀�ng (b) A昀琀er pessary 昀椀琀�ng
(to be changed to 3D images)
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4.3.3 Normalized strain ra琀椀o (NSR)

The NSR ra琀椀o in these women before and a昀琀er pessary 昀椀琀�ng are shown in
the boxplots of Figure 4.4a. The median value of the NSR of all PRMs before
pessary placement is 1.89 while a昀琀er pessary placement a median value of 0.61
is found. Sub‐analysis of unilateral and bilateral avulsions shows similar behavior
before and a昀琀er pessary placement: from 1.69 to 0.99 for the unilateral avulsion
and from 2.54 to 0.32 for the bilateral avulsions.

We can also observe from the two boxplots, that the median of strain ra琀椀o
from before pessary to a昀琀er pessary reduces from 2.12 to 0.61.

Figure 4.4: Boxplots showing normalized strain ra琀椀os for women with
(a) PRMs of women with avulsion before and a昀琀er pessary
昀椀琀�ng and women with avulsion a昀琀er pessary 昀椀琀�ng (b)
Change of normalized strain ra琀椀o in women with avulsion,
from before pessary (BP) to a昀琀er pessary (AP)

NSR in womenwith bilateral avulsion, similar to womenwith unilateral avul‐
sion, showed a decrease in value a昀琀er pessary 昀椀琀�ngwith respect to before. This
is shown in Figure 4.4b. The only excep琀椀on being one woman with unilateral
avulsion who showed marginal increase from before to a昀琀er pessary 昀椀琀�ng.

Di昀昀erence between strain ra琀椀o before and a昀琀er pessary placement for all
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women included in this study (n = 9) was signi昀椀cant (p = 0.004), demonstra琀椀ng
that women with avulsion before pessary 昀椀琀�ng have a higher NSR than a昀琀er
pessary 昀椀琀�ng . The di昀昀erence ofmedians of the NSR between these two groups
was 1.3.

4.4 Discussion

Strain imaging of the PRM is an innova琀椀ve and novel technology that might
be of added value to the diagnosis and follow‐up of women with prolapse. In
this study we have inves琀椀gated if strain imaging of the PRM might be a new
tool to evaluate the e昀昀ect on PRM in women a昀琀er pessary use. We obtained
strain values inwomen a昀琀er threemonths of pessary usage and compared these
values with baseline before pessary 昀椀琀�ng. The principal 昀椀nding of this proof of
principle study is that the strain ra琀椀o is increased with respect to normal values
before pessary 昀椀琀�ng and that these values decrease a昀琀er threemonths pessary
usage.

Prolapse occurs through the opening within the LAM, the urogenital hiatus
where the urethra and the vagina pass. This hiatus is supported ventrally or an‐
teriorly by the pubic bones and LAM and dorsally or posteriorly by the external
anal sphincter muscle and perineal body. During rest, the baseline ac琀椀vity of an
intact LAM keeps the urogenital hiatus closed by compressing the vagina, ure‐
thra and rectum against the pubic bones, the PF organs in the cephalic direc琀椀on.
This con琀椀nuous ac琀椀on closes the lumen of the vagina leading to support of the
overlying PF organs [11, 17].

At maximum voluntary contrac琀椀on of the LAM, the pubovisceral muscle and
the PRM further (addi琀椀onal to the baseline ac琀椀vity) compress the mid‐urethra,
distal vagina and rectum against the pubic bone distally and against abdominal
pressure more proximally. The part of the PRM which is suppor琀椀ng these three
regions is the sling or mid region. Thus, as shown in Figure 4.1a, intact PRMs
during voluntary contrac琀椀on show greater strain in the mid region of the PRMs
rather than the two ends connected to the pubic bone [20]. It is known that
the PRM consists of type I slow twitch muscle 昀椀bers, which are physiologically
equipped for an琀椀‐gravity and endurance ac琀椀vi琀椀es [1, 18, 21]. These kind of
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muscle 昀椀bers are expected to contract in the middle and not in the connected
ends [19].

In order to quan琀椀fy, the di昀昀erent strains observed in the regions of the PRM,
we have formulated the NSR [20]. This ra琀椀o, as de昀椀ned in equa琀椀on 1, expresses
the di昀昀erences between the two connected or disconnected ends of the muscle
regardless of the type or sign of the contrac琀椀on, posi琀椀ve or nega琀椀ve. In our
previous study we have shown that increased strain ra琀椀o values are observed
in women with unilateral avulsion with respect to women without avulsion. We
found that theNSRs for these intact PRMs are lower than onewhereas in avulsed
PRM’s the ra琀椀o is higher than one [20].

4.4.1 Strain in avulsed PRMs prior to pessary 昀椀琀�ng

We presented results from six women (n1 = 6) with complete unilateral avul‐
sion and three women (n2 = 3) with bilateral avulsion before pessary 昀椀琀�ng. In
case of unilateral avulsion, at maximum contrac琀椀on, probably the loading due
to the overlying PF organs is now more on the connected end. The connected
end elongates more to compensate this addi琀椀onal loading, whereas the discon‐
nected end contracts along with the mid region of the PRM.

In case of bilateral avulsion, at maximum contrac琀椀on, the two disconnected
ends do not show same strain pa琀琀ern. Themid region is s琀椀ll the onewhich starts
to contract and at maximum contrac琀椀on, the two ends behave in a way which
might be an indica琀椀on of the damage present. Since the damage in general is
di昀昀erent both ends of the muscle, the end which is possibly more damaged is
s琀椀ll showing higher nega琀椀ve strain than the other end.

In our previous study, we found that women with no avulsion showed NSR
values of one or near to 1 [20]. Thus, this NSR showed that the high strain in the
mid region were counteracted by the strains in the two connected ends. When
we calculated the NSR values for the nine women in this current study, we ob‐
tainedNSR valueswhichweremore than one formost of them. The high strain in
themid region in these womenwere not completely counteracted by the strains
in the two ends. These two ends were one connected and one disconnected in
case of unilateral avulsion and both disconnected in case of bilateral avulsion.
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4.4.2 Strain in avulsed PRMs post pessary 昀椀琀�ng

US acquisi琀椀on from the women a昀琀er pessary 昀椀琀�ng was performed twenty
minutes a昀琀er pessary removal. Thus, the di昀昀erence observed in the strain pat‐
tern, shows that the func琀椀on of the PRM has undergone changes due to the
presence of pessary for three months. These changes result in a contrac琀椀on
pa琀琀ern of the PRM, even without pessary, that is di昀昀erent than that at intake.
In other words, e昀昀ects were observed which were more than just the mechani‐
cal e昀昀ect due to the presence of pessary.

In case of unilateral avulsion, before pessary, the intact end of the PRM ex‐
tends during contrac琀椀on in order to pull the PRM in the direc琀椀on of the pubic
bone. At intake this extension might be higher to compensate for the damaged
end which cannot exert this pulling func琀椀on because of the damage as well as
the excessive load exerted by the prolapse. As a result, the damaged end con‐
tracts along with the mid region of the PRM. The presence of pessary might
counteract the addi琀椀onal loading of the prolapse, allowing the damaged part
to (par琀椀ally) recover its func琀椀on, and reducing the di昀昀erence in strain between
the two ends.

Similarly, in case of bilateral avulsion, presence of pessary might counteract
the addi琀椀onal loading due to prolapse. As a result the two damaged ends (par‐
琀椀ally and to di昀昀erent extent) recover their func琀椀on, once again, reducing the
di昀昀erence in strain between the two ends. It can be men琀椀oned here that the
although it is bilateral avulsion, the extent of damage between the both ends
might be di昀昀erent as shown by di昀昀erence in strain, as observed in Figure 4.4b.
Irrespec琀椀ve of the di昀昀erence in the extent of damage in the two ends of the
PRM, both ends s琀椀ll show di昀昀erence in strain a昀琀er pessary usage.

We found that, all women a昀琀er pessary usage showed reduced NSR values
than that before pessary as shown in 昀椀gure 5b. Onewomanwith unilateral avul‐
sion who shows only a slight decrease in the value with respect to a昀琀er pessary
usage, the decrease is small (di昀昀erence in NSR is 0.01) and might be in the same
range as the accuracy of the method. A dedicated study inves琀椀ga琀椀ng the re‐
producibility of the NSR values while scanning women at di昀昀erent 琀椀me points is
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required. The reduc琀椀on in the normalized strain ra琀椀o is mainly due to the fact
that the di昀昀erence in the medians of strain in the two ends of the PRMs is less
a昀琀er pessary usage with respect to before pessary 昀椀琀�ng. Although the strain
in the mid region of the PRM is also reducing a昀琀er using a pessary, the change
in strain di昀昀erence between the two ends is domina琀椀ng.

It has been found that possibly womenwith POP try to relieve the addi琀椀onal
loading due to POP by constantly contrac琀椀ng the PRM. The support provided by
pessary would reduce the addi琀椀onal loading of POP and thus would also reduce
this con琀椀nuous contrac琀椀on of the PRM. As a result, a change in PRM func琀椀on
during pessary treatment might in昀氀uence the success of ring pessary use over
琀椀me [22].

4.4.3 Clinical signi昀椀cance

There could be at least two clinical signi昀椀cances or bene昀椀ts of func琀椀onal
measurements of PRM through strain. Firstly, normalized strain ra琀椀o could be
used as an indicator for the e昀昀ec琀椀veness of pessary treatment. Although the
number of women included is small, a clear decrease in normalized strain ra琀椀o
could be observed in women who used the pessary for three months and the
di昀昀erence is signi昀椀cant. It would be interes琀椀ng to assess in future large scale
studies, the correla琀椀on between normalized strain ra琀椀o and the degree of sub‐
jec琀椀ve sa琀椀sfac琀椀on with the treatment. Addi琀椀onally, if the reduc琀椀on in this ra琀椀o
is discovered to be an indicator of success of pessary treatment then, then this
ra琀椀o could also be used to assess the best type and size of pessary for a speci昀椀c
woman.

Secondly, normalized strain ra琀椀o could also be used for assessing the e昀昀ec‐
琀椀veness of PF muscle therapy (PFMT) by monitoring the PRM before and af‐
ter PFMT to quan琀椀ta琀椀vely score the bene昀椀t of treatment. Therea昀琀er, the ra琀椀o
could be used to tailor the PFMT to the speci昀椀c problem of the pa琀椀ent. In this
study, women with a pessary without addi琀椀onal PFMT were included. Normal‐
ized strain ra琀椀o could be compared in women with pessary alone and women
with pessary treatment and PFMT could be done to assess the added bene昀椀t of
PFMT on pessary treatment.

107



4.4.4 Limita琀椀ons and future work

The 昀椀rst limita琀椀on of this study is the limited number of included women.
However, since in both subgroups the NSR values decrease to normal values, the
presented analysismight turn out to be a parameter. Furthermore, the decrease
in NSR value is observed in both subgroups independent on the type of avulsion.
Secondly, our study does not include women who have intact PRMs, yet have
received pessary for some degree of prolapse. Strain imaging in these women
could help in determining how support may be reduced or lost without de昀椀nite
avulsion.

Future extension of this work could be 昀椀nite element modeling as well as
strain imaging of all the female PF muscles including PRM, to have a be琀琀er un‐
derstanding of the bio‐mechanics of the en琀椀re pelvic diaphragm.

4.5 Conclusion

The principal observa琀椀on in this work is that the contrac琀椀on of the PRM
di昀昀ers when pessary is introduced and used for three months. We observed
that the normalized strain ra琀椀o of avulsed PRMs decreases a昀琀er pessary use.

For women included in this study, the normalized strain ra琀椀o decreased to
more normal values. Thus this normalized strain ra琀椀o could be used as an indi‐
cator for the e昀昀ec琀椀veness of pessary treatment.
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Supplementary 昀椀gures
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Chapter 5

Tissue characteriza琀椀on of PRM
from 3D US

This chapter is based on the publica琀椀on:
C. Cernat∗, S. Das∗, G. A. G. M. Hendriks, F. van den Noort, C. Manzini, C. H. van der Vaart & C.
L. de Korte, Tissue characteriza琀椀on of puborectalis muscle from 3D ultrasound. Ultrasound in
medicine and biology, vol. 49, no. 2, pp. 527‐538, 2022.
∗ The 昀椀rst and second authors have equal contribu琀椀on.
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Abstract

Pelvic 昀氀oor (PF) muscles have the role to prevent pelvic organs’ descent. The
puborectalis muscle (PRM) which is one of the female PF muscles, can be dam‐
aged, during child delivery. This damage can poten琀椀ally cause irreversible mus‐
cle trauma and even lead to an avulsion, which is disconnec琀椀on of the muscle
from its inser琀椀on point, the pubic bone. Ultrasound imaging allows diagnosis of
such trauma based on comparison of geometric features of a damaged muscle
with the geometric features of a healthy muscle. Although avulsion, which is
considered a severe damage can be diagnosed, micro damages within the mus‐
cle itself leading to structural changes cannot be diagnosed by visual inspec琀椀on
through imaging only. Therefore, we developed a quan琀椀ta琀椀ve ultrasound 琀椀s‐
sue characteriza琀椀on method to obtain informa琀椀on about the state of the 琀椀ssue
of the PRM and the presence of micro damages in avulsed PRMs. The mus‐
cle was segmented as the region of interest (ROI) and further sub‐divided into
six regions of interest (sub‐ROIs). Mean echogenicity, entropy, and shape pa‐
rameter of the sta琀椀s琀椀cal distribu琀椀on of gray values were analyzed on two of
these sub‐ROIs, nearest to the bone. The regions nearest to the bones are also
the most likely regions showing damage in case of disconnec琀椀on or avulsion.
This analysis was performed both for the muscle at rest and at contrac琀椀on. We
found that, for PRMs with unilateral avulsion compared to undamaged PRMs,
the mean echogenicity (p‐value = 0.02) and shape parameter (p‐value < 0.01)
were higher, whereas the entropy was lower (p‐value < 0.01). This method
might be applicable on quan琀椀fying PRM damage, within the muscle.

Keywords ‐ 3D Ultrasound, Shape Parameter, Puborectalis, Echogenicity
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5.1 Brief introduc琀椀on

In this chapter, from B‐mode datasets, echogenicity and other sta琀椀s琀椀cal
parameters like entropy and shape parameter have been calculated to deter‐
mine whether there can be di昀昀erences between undamaged puborectal mus‐
cles (PRMs) and unilaterally avulsed PRMs. The results shown in this chapter
demonstrate that 琀椀ssue characteriza琀椀on of PRMs can show di昀昀erence in the
state of the muscle.

5.1.1 Data acquisi琀椀on

Data acquisi琀椀on from all the women (intact PRMs as well as unilateral avul‐
sion of PRMs) for which the results of this chapter have been obtained, is brie昀氀y
men琀椀oned in the Table 5.1.

5.1.1.1 Intact and unilateral avulsion of PRMs

US data were obtained over 琀椀me from women who had intact and undam‐
aged PRMs (n1 = 8) and from women who had unilateral avulsion (n2 = 6). In all
women, US volumes were recorded from rest to maximum contrac琀椀on. Details
of data acquisi琀椀on have been explained in Chapter 2, Sec琀椀on 2.1.1 for women
with intact PRMs and in Chapter 3, sec琀椀on 3.1.1 for womenwith unilateral avul‐
sion of PRMs.

5.1.2 Aim of the study

The aim of this study is to develop a Quan琀椀ta琀椀ve Ultrasound (QUS) 琀椀ssue
characteriza琀椀on method to obtain diagnos琀椀c informa琀椀on about PRMs with and
without avulsion. We hypothesized that the presence of an avulsion of the PRM
will result in a change in the sta琀椀s琀椀cal distribu琀椀on of gray values in a B‐mode US
image of the PRM.

We performed this study to inves琀椀gate if QUS parameters are di昀昀erent in
PRMs without avulsion compared to PRMs with unilateral avulsion. Women
with PRMs without damage are nulliparous women, which means that damage
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due to vaginal childbirth is absent. Women with unilateral avulsion, are non‐
nulliparous and since avulsion is present, they have some formof damagewithin
the PRM.Most non‐nulliparous women having vaginal delivery show some form
of PRM damage [1‐2]. Furthermore, two dis琀椀nct scenarios were analyzed: 昀椀rst,
when the muscle was at rest and second when the muscle was voluntarily con‐
tracted. The accuracy of the developed QUS method is then evaluated based
on its ability to dis琀椀nguish between damaged and undamaged PRM using the
receiver opera琀椀ng characteris琀椀c curve (ROC).

5.2 Materials and Methods

5.2.1 Muscle segmenta琀椀on and ROIs

The PRM was segmented in the 3D volume at rest as described by Manzini
et al. (2021) [3]. van den Noort et al. (2018) showed that automa琀椀c segmenta‐
琀椀on provides volumes similar to manual segmenta琀椀on of the PRM [4]. For the
purpose of this work, the segmented PRM at rest was used. The 3D volume of
the segmented muscle can be seen in Figure 5.1.

Figure 5.1: Three dimensional volume of segmented puborectalis mus‐
cle at rest
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The segmented volume of the muscle at rest (Figure 5.1) was tracked over
the contrac琀椀on cycle by es琀椀ma琀椀ng inter‐volumetric displacements. Each of the
3D US volumes contained 352 × 229 × 277 ( X × Y × Z in Cartesian co‐ordinate
system) pixels which were uniformly sampled at distances of 0.42 mm × 0.60
mm × 0.34 mm (non‐uniform intervals dx × dy × dz). For each pair of subse‐
quent volumes using a 3D normalized cross‐correla琀椀on algorithm [5‐7]. In this
algorithm, two subsequently recorded volumes were subdivided into 3D blocks
called kernels and templates. The kernels were matched on the templates, and
the loca琀椀ons of the 3D cross‐correla琀椀on peaks were calculated. These loca琀椀ons
of peaks indicated the displacements between the two blocks. To es琀椀mate sub‐
sample displacements, the cross‐correla琀椀on peaks were interpolated (parabolic
昀椀t). The displacement es琀椀mates were 昀椀nally 昀椀ltered using a 3D median 昀椀lter.
For each inter‐volume displacement es琀椀mates the posi琀椀on of the muscle was
tracked by accumula琀椀ng all the previous displacement es琀椀mates up to the cur‐
rent 琀椀me point. The resul琀椀ng segmenta琀椀on from tracking made it possible to
also analyze the PRM in the contracted state. From now on, the 3D segmenta‐
琀椀on of the PRM, both at rest and contrac琀椀on, will be referred to as the 3Dmask.
The reference co‐ordinates that we have for each volume and thus the 3D mask
are rec琀椀linear co‐ordinate system (non‐uniform intervals dx, dy and dz for X, Y
and Z axes respec琀椀vely), which is also Cartesian co‐ordinate system.

The 3D mask of the PRM for both at rest and contrac琀椀on volume, had been
昀椀rst used for dividing themuscle into twopartswith approximate equal volumes.
This had been done by calcula琀椀ng the length of the opening between two ends
of the PRM (in x‐axis), and dividing this length to obtain the mid‐line of the mus‐
cle, from the top view. Therea昀琀er, for each of these two parts separated by
the mid‐line, three equal divisions are calculated (in z‐axis). Thus the total mus‐
cle is divided into approximately equal six parts. While dividing the muscle into
parts, the corresponding y‐axis indices are not used since y‐axis represents the
thickness of the muscle. In other words, each of the sub‐ROIs had the complete
thickness of the muscle. These 3D indices were saved as a binary mask (having
0 or 1 values), for both rest and contrac琀椀on. The gray values were extracted by
mul琀椀plying each sub‐ROI with the US volume, in 3D. This process is illustrated
in Figure 5.2.
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Figure 5.2: Process of division of the puborectalis muscle (PRM) into
sub‐regions of interest (ROI = region of interest)

Unilateral avulsion of a PRM results in a disconnec琀椀on, on one end of PS
whereas, a PRM without avulsion, has both ends connected to the PS. To be琀琀er
exploit this par琀椀cularity, the muscle had been divided into six regions of interest
(sub‐ROI 1 to sub‐ROI 6) as shown in Figure 5.3a and in the block diagram of
Figure 5.2. The division of the muscle into six sub‐ROIs had been done to make
this method applicable to any number of woman. Since PRMs have been found
to have di昀昀erent length and volume from woman to woman, each muscle had
been subdivided a昀琀er calcula琀椀ng its par琀椀cular length (in x‐axis) and depth (in
z‐axis). In this way, the two ends nearest to the bone has been kept as one‐sixth
of the total volume of the muscle, in terms of number of indices or pixels in 3D.
This can be seen in the example shown in Figure 5.3b.

Figure 5.3: (a) Subregions of interest of puborectalis muscle a昀琀er divi‐
sion, (b) Two subregions nearest the inser琀椀on points at the
pubic bone (US = ultrasound)
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The clinical reason for choosing the two end points of the PRM is that the
damage to the PRM is likely to be present near the loca琀椀on of disconnec琀椀on
from the bone. Moreover, because of the complex shape of the PRM, there are
parallel and perpendicular 昀椀bers with respect to the US transducer. Regions of
the muscle which is connected to the PS have parallel 昀椀ber orienta琀椀on whereas
in the mid region, the 昀椀ber orienta琀椀on is perpendicular to the US transducer as
con昀椀rmed by MR tractography [8]. This di昀昀erence in orienta琀椀on would further
have di昀昀erent backsca琀琀ering from di昀昀erent regions of the muscle [9]. Since the
two regions nearest to the bone have parallel muscle 昀椀bers, these are compa‐
rable.

Calcula琀椀ons of mean echogenicity, entropy and shape parameter for all the
three sub‐divisions of the muscle have been detailed in a 昀氀owchart, shown in
Appendix H.

5.2.2 Mean echogenicity

Grob et al. (2016) showed that structural changes in the muscle can be dis‐
琀椀nguished and analyzed bymeasuring themean echogenicity of the PRM (MEP),
during and a昀琀er pregnancy [23]. It was shown that six months postpartum,MEP
was signi昀椀cantly lower (p<0.001) than the values during pregnancy. Therefore,
it is expected that structural changes due tomuscle trauma can also be analyzed
usingmean echogenicity. In this study, MEPwas calculated by summing the gray
values of the pixels in each sub‐ROI and dividing the result by the number of pix‐
els in that sub‐ROI, as shown in the equa琀椀on below.

MEP =

m∑

i=0

n∑

j=0

I(i, j) (5.1)

where I(i,j) is the gray value of the pixel at loca琀椀on (i,j) from the region of interest
of size mxn pixels, where m and n are the corresponding 2D direc琀椀ons. In our
case the gray values for each 3D indices was divided by the number of indices in
that region.
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5.2.3 Shannon’s entropy

Shannon’s entropy is a widely used QUS technique for ultrasound 琀椀ssue
characteriza琀椀on which measures the signal uncertainty or level of informa琀椀on.
Chen et al. (2020) inves琀椀gated the clinical value of Shannon’s entropy in grading
di昀昀erent stages of hepa琀椀c steatosis. The results were compared to a deep learn‐
ing VGG‐16 model [10]. It was shown that Shannon’s entropy outperformed
VGG‐16 in iden琀椀fying candidateswithmoderate or severe hepa琀椀c steatosis. Fur‐
thermore, the authors showed that when compared to a conven琀椀onal sta琀椀s琀椀cal
parametric method based on Nakagami distribu琀椀on, Shannon’s entropy outper‐
formed it with a 10% higher area under the receiver opera琀椀ng characteris琀椀c
(ROC) curve. For a given ROI, Shannon’s entropy can be calculated as described
by Chen et al. (2020) [10]:

Hc = −

n∑

i=1

log2 [w(yi)] (5.2)

where w(yi) represents the probability value obtained from the normalized his‐
togram counts, n is the number of bins in the histogram and yi is the discrete
random variable of the backsca琀琀ered echo intensity.

In our case, since we have used gray scale values from B‐mode images,w(yi)
denotes the probability of a gray scale value yi which is present within the ROI.
Smaller the probability of a gray scale value yi being present, higher is the level
of informa琀椀on of this gray scale value and vice versa. Hc is the sumof all possible
gray scale values from 1 to n. Values of Hc range from 0 (low level of informa‐
琀椀on) to in昀椀nity (high level of informa琀椀on). Thus, Hc measures the granularity
of a region. A homogeneous region has a low level of informa琀椀on and thus low
entropy, whereas a more granular region has a higher level of informa琀椀on and
thus higher entropy [11].

It is expected that a change in the structure of the PRM would result in a
change in the entropy, leading to the change in the level of informa琀椀on that a
region within the PRM may contain.
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5.2.4 Sta琀椀s琀椀cal distribu琀椀on of gray values

As men琀椀oned by Girardi (2019), 琀椀ssue microstructure informa琀椀on can be
found in the envelope of the backsca琀琀ered ultrasonic echo [12]. The envelope
of the backsca琀琀ered ultrasonic echo from 琀椀ssues are dependent on the shape,
size and density of the sca琀琀erers inside the 琀椀ssue [13]. According to sta琀椀s琀椀cs
of US echoes measured from biological 琀椀ssues, the envelope can be classi昀椀ed
as pre‐Rayleigh, Rayleigh, and post‐Rayleigh distribu琀椀ons. All these three types
of distribu琀椀ons can be modeled by Nakagami distribu琀椀on. The probability dis‐
tribu琀椀on of the Nakagami model is given by Tsui et al. (2010) [13]:

pa(A | Ω) =
2mmA(2m−1)

Γ(m)Ωm
∗ exp(

−mA2

Ω
) ∗ U(A) (5.3)

whereU(A) is the unit step func琀椀on,Γ(m) is the gamma func琀椀on, A corresponds
to possible values of the random variable of the backsca琀琀ered signal envelopes,
m is the Nakagami shape (or spread) parameter and Ω is the scaling factor.

If the envelope follows a Nakagami distribu琀椀on, then the intensity follows a
gamma distribu琀椀on and the probability density func琀椀on (PDF) is given by [14]:

PGamma(I | α, β) =
βα

Γ(α)
I(α−1)e−βI (5.4)

where Γ(α) is the gamma func琀椀on, I is the intensity of the US backsca琀琀ered
signal, α is the shape parameter, and β is the rate parameter.

The shape parameter of the Gamma distribu琀椀on results from the pixel dis‐
tribu琀椀on within each ROI of the B‐mode image of the PRM. It was determined
using a maximum likelihood es琀椀mator.It is expected that a change in the 琀椀ssue
microstructure would be re昀氀ected in a change of the pixel distribu琀椀on in each
ROI, resul琀椀ng in a change in the shape parameter as well.
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5.2.5 Analysis procedure

While analyzing an undamaged PRM, both sub‐ROI 1 and sub‐ROI 6 were
used, while for a PRM with unilateral avulsion, either sub‐ROI 1 or sub‐ROI 6
was used. This was based on whether the avulsion was located on the le昀琀 (sub‐
ROI 1) or on the right (sub‐ROI 6). In order to analyze the regions closest to a
possible damage, the regions closest to the inser琀椀on points were considered.

Themeanechogenicity, entropy and the shapeparameter values of theGam‐
ma distribu琀椀on were computed for each sub‐ROI at rest and at maximum con‐
trac琀椀on. Since the sample size was small, Wilcoxon Rank Sum Test was used
to determine whether the computed values could be described by distribu琀椀ons
with equal medians. Equal medians would imply that, the proposed parameters
cannot be used to dis琀椀nguish damaged from undamaged PRMs. Alterna琀椀vely, a
lower p‐value, indica琀椀ng that the computed values are from distribu琀椀ons with
unequal medians, would imply that the proposed parameters can be used for
dis琀椀nguishing between damaged from undamaged PRMs.

Furthermore, for eachparameter, the receiver opera琀椀ng characteris琀椀c (ROC)
curve was computed and the area under the curve (AUC) was calculated to com‐
pare the diagnos琀椀c ability of a classi昀椀er using each of the three parameters de‐
scribed above. The ROC curve is created by plo琀�ng the true posi琀椀ve rate (TPR)
against the false posi琀椀ve rate (FPR) at various threshold se琀�ngs [15].

5.3 Results

Table 5.1 shows the demographic characteris琀椀cs of all the inclusions for this
chapter.

Figure 5.4 presents the results for themean echogenicity, entropy and shape
parameter values as adjacent boxplots comparing PRMs with and without avul‐
sion both at rest and at maximum contrac琀椀on. On each boxplot, the central
mark indicates the median, and the bo琀琀om and top edges of the plots indicate
the 25th and 75th percen琀椀les, respec琀椀vely. The whiskers extend to the most
extreme data points not considered outliers. The outliers are plo琀琀ed individu‐
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Table 5.1: Demographic informa琀椀on about all the inclusions for 琀椀ssue
characteriza琀椀on

Women with Women with
intact unilateral
PRMs avulsion
(n1 = 8) of PRMs

(n2 = 6)
Median of
age (yrs) 34 47

Median of
BMI (Kg/m2) 20.9 25.6

Parity 0‐1 2‐3

Addi琀椀onal
informa琀椀on

7 women nulliparous,
1 woman vaginally
nulliparous (with
primary C‐sec琀椀on)

4 women with 2
vaginal deliveries (1

with vacuum
extrac琀椀on), 2 women

with 3 vaginal
deliveries

ally using the + symbol (MATLAB, 2021). The sta琀椀s琀椀cal criteria to determine an
outlier is the one used as the default in MATLAB. By default, an outlier is a value
that is more than three scaledmedian absolute devia琀椀ons (MAD) away from the
median.

Figure 5.5 shows the exact ROC curves for the mean echogenicity, entropy
and shape parameter values as adjacent line‐plots comparing PRMs at rest and
at maximum contrac琀椀on.

5.3.1 Mean echogenicity

When PRMs were at rest, the mean echogenicity showed an increase (p‐
value< 0.01) for PRMswith unilateral avulsion compared to PRMswithout avul‐
sion. The distance between the medians of the two classes was found to be
34.69 and the AUC of 0.94. This means that it is possible to correctly dis琀椀nguish
damaged from undamaged PRMs with the help of mean echogenicity, with a
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Figure 5.4: Mean echogenicity, entropy and shape parameter values for
the puborectalis muscle without avulsion and with unilat‐
eral avulsion, at rest (top row) and in contrac琀椀on (bo琀琀om
row)

probability of 94%, when calculated at rest.

For the casewhen PRMswere at contrac琀椀on, themean echogenicity showed
no increase (p‐value = 0.75) for PRMswith unilateral avulsion compared to PRMs
without avulsion. Thus, it can be said that mean echogenicity at contrac琀椀on is
not e昀昀ec琀椀ve in dis琀椀nguishing damaged from undamaged PRMs. The distance
between the medians of the two classes was found to be 2.42. Since there is
almost no di昀昀erence between the two groups, the ROC analysis reveals an AUC
of 0.56.

5.3.2 Entropy

When PRMs were at rest, the entropy showed a decrease (p‐value < 0.01)
for PRMs with unilateral avulsion compared to PRMs without avulsion. The dis‐
tance between the medians of the two classes was found to be 0.43 and the
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Figure 5.5: Receiver opera琀椀ng characteris琀椀c (ROC) curves for mean
echogenicity, entropy and shape parameters when pub‐
orectalis muscles were at rest (top row) and in contrac琀椀on
(bo琀琀om row). Here the blue area represents the area under
the ROC (AROC), and the red points represent the discrete
values

AUC was 0.89. The high AUC value indicates that there is a probability of 89%
of correctly dis琀椀nguishing a damaged PRM from an undamaged one when using
entropy values calculated at rest. (p‐value <0.01).

For the case when PRMs were at contrac琀椀on, the entropy showed no signif‐
icant decrease (p‐value = 0.14) for PRMs with unilateral avulsion compared to
PRMs without avulsion. The distance between the medians of the two classes
was found to be 0.39 and the AUC was 0.75.

5.3.3 Shape parameter of Gamma distribu琀椀on

When PRMs were at rest, the shape parameter value showed an increase
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(p‐value < 0.01) for PRMs with unilateral avulsion compared to PRMs without
avulsion. The distance between the medians of the two classes was found to be
52.19 and the AUC was 0.96.

For the case when PRMs were at contrac琀椀on, the shape parameter showed
no signi昀椀cant increase (p‐value = 0.28) for PRMs with unilateral avulsion com‐
pared to PRMs without avulsion. The distance between the medians of the two
classes was found to be 30.98 and the AUCwas 0.73. Similar tomean echogenic‐
ity and entropy, AUC for shape parameter as well is less at contrac琀椀on.

The summarized results for the distance between the medians, the sta琀椀s‐
琀椀cal signi昀椀cance and the AUC for the 昀椀琀琀ed curve and the exact curve for each
parameter can be found in Table 5.2 for PRMs at rest and contrac琀椀on.

Table 5.2: Summarized values for the three parameters at rest and con‐
trac琀椀on

State of the puborectalis muscle
At rest At contrac琀椀on

Mean
echogenic‐

ity
Entropy

Shape
pa‐

rame‐
ter

Mean
echogenic‐

ity
Entropy

Shape
pa‐

rame‐
ter

Distance
between
medians

34.69 0.43 52.19 2.42 0.39 30.98

Sta琀椀s琀椀cal
signi昀椀‐
cance

(p‐value)

<0.01 <0.01 <0.01 0.76 0.14 0.18

AUC
昀椀琀琀ed
curve

0.91 0.89 0.93 0.52 0.75 0.73

AUC
exact
curve

0.94 0.92 0.96 0.56 0.70 0.73
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Furthermore, images with representa琀椀ve colors were created by assigning
each ROI within the PRM the value of the shape parameter. These images can
provide visual aid to the clinician in diagnosing the disconnected ends of the
PRMs closest to the inser琀椀on points. This way, informa琀椀on regarding the locality
of the damage within the PRM were visualized. Such an example can be seen in
Figures 5.6a and 5.6b (Figures S5.1 to S5.5 in the supplementary 昀椀gures show
shape parameter of Gamma distribu琀椀on for the rest of the included women).
Here blue corresponding to low values of the shape parameter which indicate
regions of undamaged 琀椀ssue. Whereas yellow, corresponding to high values of
the shape parameter indicates regions of damaged 琀椀ssue.

Figure 5.6: Visual representa琀椀on of the shape parameter change for (a)
an undamaged, (b) a damaged puborectalis muscle (PRM)
at rest (US = ultrasound)

5.4 Discussion

In this ar琀椀cle, we described a method for QUS analysis of damaged and un‐
damaged PRM to dis琀椀nguish between avulsion and non‐avulsion. The princi‐
pal 昀椀nding of the study is that the echogenicity, entropy and shape parameters
inves琀椀gated for the avulsion group are di昀昀erent from the non‐avulsion group
when the PRM is at rest. In women without avulsion, the echogenicity‐based
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parameters of the two sides of the PRM are similar, at rest.

At contrac琀椀on, all parameters performed worse in classifying the damaged
PRMs from the undamaged ones. During contrac琀椀on, while the 琀椀ssue compo‐
si琀椀on is not changed, the muscle 昀椀bers are contracted, which will result in a
di昀昀erent backsca琀琀ering of the US waves with respect to the rest situa琀椀on [9,
16].

5.4.1 Physical interpreta琀椀on

Van de Waarsenburg et al. (2019) inves琀椀gated the structural composi琀椀on
of PRM before and a昀琀er delivery. It was shown that MEP signi昀椀cantly increased
from one day to twenty‐four weeks a昀琀er delivery. The authors studied this using
2D images of the levator hiatus in an axial posi琀椀on and minimal hiatal area [17].
This is in line with our 昀椀nding that MEP increases for the damaged PRM, at rest.
Furthermore, instead of one slice from the volumetric data, we used the en琀椀re
PRM, automa琀椀cally segmented. The increase in MEP means that the brightness
of the region has increased which might be the result of connec琀椀ve 琀椀ssue for‐
ma琀椀on in damaged PRMs. MEP is less for undamaged PRM, which indicates
absence of connec琀椀ve 琀椀ssues.

Our 昀椀nding that at contrac琀椀on the echogenicity of the avulsed regions is
decreased is in line with fundamental studies performed at the myocardial wall.
Integrated backsca琀琀er, a normalized parameter represen琀椀ng echogenicity is de‐
creased in the myocardium during systole compared to diastole [16]. In systole
the cardiac muscle is thickened with respect to diastole which is perfectly in line
with our 昀椀nding that at contrac琀椀on the echogenicity of the avulsed part is de‐
creased.

Since informa琀椀on content of a region in an image is known as entropy, a
homogeneous region would have low entropy and inhomogeneous or granular
region of would lead to more entropy. From our results, entropy showed a de‐
crease for PRMs with unilateral avulsion compared to PRMs without avulsion,
at rest. This could indicate that the en琀椀re region has a homogeneous forma‐
琀椀on of scar 琀椀ssue throughout the muscle, which has replaced the muscle 昀椀bers.
Thus the presence of normal muscle 琀椀ssue with echogenicity determined by the
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orienta琀椀on of the 昀椀bers would s琀椀ll have more entropy or granularity than PRM
with unilateral avulsion, especially since we have always considered the end of
the muscle which is disconnected and likely to contain scar or connec琀椀ve 琀椀ssue.

Lastly, our results showed that, there was a change in the 琀椀ssue microstruc‐
ture depicted through the shape parameter. The shape parameter was lower
for the undamaged PRMs and higher for the damaged ones, at rest. Shape pa‐
rameter follows a Rayleigh distribu琀椀on according to di昀昀erent sca琀琀erer concen‐
tra琀椀ons in the 琀椀ssue. It moves from a pre‐Rayleigh to a Rayleigh distribu琀椀on if
the 琀椀ssue distribu琀椀on becomes more homogenous (and vice versa) [18]. Thus,
if the scar or connec琀椀ve 琀椀ssue forma琀椀on in the disconnected region of the dam‐
aged PRMs are homogeneous forma琀椀ons, this would lead to an increase of the
shape parameter in damaged PRMs as compared to undamaged ones. This is
also consistent the results obtained for the damaged PRMs with lower entropy
and higher echogenicity as compared to undamaged.

Our 昀椀nding that microstructural damage of the PRM might be made visible
using the method described in this research has the poten琀椀al to become of clin‐
ical relevance as an early indicator of possible avulsion/later life disorders. Such
a use case could be when a woman would like to have a second childbirth and
the US image of the PRM is analyzed using the shape parameter. If the muscle
shows microstructural damage, then the clinician could es琀椀mate whether it is
going to become avulsed a昀琀er the childbirth or not. However, thorough vali‐
da琀椀on of this method on a bigger dataset containing women with or without
known damage of the PRM, is required to evaluate if the algorithm can reliably
aid the clinician in the diagnosis of microstructural damage.

5.4.2 Limita琀椀on and shortcomings

One main limita琀椀on and two shortcomings of the method have been iden琀椀‐
昀椀ed. The limita琀椀on is that the number of the datasets (n = 14) was small which
resulted in the use of a non‐parametric test for evalua琀椀on. This limits the tech‐
niques that could be used to rather conven琀椀onal ones as opposed tomoremod‐
ern, machine learning/deep‐learning oriented ones. However, even while hav‐
ing a low number of pa琀椀ents and while using a non‐parametric test, a signi昀椀cant
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di昀昀erence between undamaged and avulsion was found for the three parame‐
ters inves琀椀gated. Furthermore, the age of the women was unknown and there‐
fore, if age has any in昀氀uence on the structure of the muscle, it could not have
been accounted for.

A shortcoming is that di昀昀erent USmachines and transducers provide unique
B‐mode images. It makes the applica琀椀on of this method machine dependent
since di昀昀erent machines u琀椀lize di昀昀erent transmi琀琀ed frequencies, transducer
sensi琀椀vi琀椀es, beampro昀椀les, signal‐to‐noise ra琀椀os etc. resul琀椀ng in di昀昀erent echo‐
grams. This limits direct transla琀椀on of our 昀椀ndings to other machines and cen‐
ters. To overcome this shortcoming, a comparison of the echogenicity using
phantoms can be done usingmatrix transducers for di昀昀erent commercially avail‐
able US machines. Therea昀琀er, factors by which the echogenicity might change
can be calculated and applied to have comparable measurements [19‐21].

The second shortcoming is that although the methods proposed can dis琀椀n‐
guish between PRMs with and without avulsion rela琀椀ve to each other, no con‐
clusion can be drawn regarding the type of damage/trauma each muscle had
su昀昀ered. The increase in the mean echogenicity of the PRMs with unilateral
avulsion, at rest, might indicate scar 琀椀ssue forma琀椀on, although this conclusion
cannot be drawn from this measurement alone. This shortcoming can be over‐
come by calcula琀椀ng func琀椀onal parameters like strain to determine di昀昀erences
in contrac琀椀lity between undamaged and damaged muscles [7].

Furthermore, although Dieter et al. (2015) indicates that high‐frequency lin‐
ear array probes,> 7MHz and preferably> 10MHz, are required to adequately
image muscle, a 1‐6MHz matrix probe has been used [1]. This is because in‐
creased spa琀椀al resolu琀椀on (achieved through higher US frequencies) comes at
the cost of decreased penetra琀椀on depth limi琀椀ng the ability to image deeper
located structures [22]. Therefore, it was crucial that depth penetra琀椀on was en‐
sured such that the PRM could be imaged completely. Furthermore, the number
of elements has to be increased to obtain similar 昀椀eld of view when applying to
high frequency.

5.4.3 Future direc琀椀ons
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The results obtained in this ar琀椀cle show the poten琀椀al of quan琀椀ta琀椀ve echog‐
raphy to iden琀椀fy PRM avulsion. The di昀昀erent parameters could serve as input
(a so called feature) for more specialized machine learning algorithms such as
neural networks. However, it is crucial for such applica琀椀ons that the dataset is
enlarged to a level which allows training and tes琀椀ng of such algorithms.

On the other hand, a deep learning approach could be used for both fea‐
ture detec琀椀on and classi昀椀ca琀椀on. An en琀椀re segmented PRM could be fed to a
deep neural network (DNN) or convolu琀椀onal neural network (CNN) which could
poten琀椀ally classify both the state of the muscle (damaged and undamaged) as
well as the type of trauma that themuscle could have su昀昀ered. For this scenario,
only the database of segmented PRMs has to be increased.

5.5 Conclusion

In this study, we used mean echogenicity, Shannon’s entropy, and shape pa‐
rameter value based on log‐compressed B‐mode images for assessing the state
of the PRM in two scenarios: at rest and at maximum contrac琀椀on. The re‐
sults demonstrate that the shape parameter of the 昀椀rst order sta琀椀s琀椀cs of the
speckle (gray value distribu琀椀on) is the strongest parameter to dis琀椀nguish intact
and damaged PRMs. This has been demonstrated by analyzing the AUC. The en‐
tropy has slightly less performance. Also, analysis of the muscle at contrac琀椀on
has decreased performance with respect to analysis at rest. This supports the
hypothesis that a change in the state of the 琀椀ssue will result in a change in the
sta琀椀s琀椀cal distribu琀椀on of gray values in a B‐mode image of the PRM.
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Chapter 6

General discussion
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In this chapter, the work which have been presented in the preceding four
chapters will be discussed. A昀琀er a brief men琀椀on of the research objec琀椀ves, the
exis琀椀ng clinical and research work昀氀ows will be discussed, followed by the back‐
ground and contribu琀椀on of the work and further clinical signi昀椀cance. Following
those sec琀椀ons, limita琀椀ons of the developed methods are also discussed. And
lastly, prospec琀椀ve future extensions for the work are outlined followed by con‐
clusion.

6.1 Research objec琀椀ves

The female pelvic 昀氀oor (PF) consists of the PForgans and thepelvic diaphragm.
This pelvic diaphragm is located around the inlet of the lower birth canal and
consists of the muscle group called levator ani muscle (LAM). The LAM includes
the puborectal muscle (PRM), which has been primarily inves琀椀gated in the cur‐
rent work. This muscle gets frequently damaged during childbirth which may
lead to prolapse in later life. In this work, three‐dimensional (3D) strain imaging
of the PRM had been inves琀椀gated.

US analysis of the PRM, using real‐琀椀me 3D volumetric datasets over 琀椀me
were analyzed to quan琀椀fy the global and regional strain of the LAM. A US im‐
age is characterized by its noisy appearance which are called speckles. As is
well known, this speckle is not noise but the result of coherent summa琀椀on of
the echo signals received by the individual elements of the US transducer. If
the 琀椀ssue mo琀椀on/deforma琀椀on which is being imaged is small, the speckle pat‐
tern moves but remains almost unchanged. Tracking the speckle pa琀琀ern over
琀椀me allows to quan琀椀fy 琀椀ssue displacement. In 3D volumetric datasets, the dis‐
placement of the 琀椀ssue in three orthogonal direc琀椀ons can be quan琀椀昀椀ed. These
displacement datasets can be used to determine the strain of the 琀椀ssue in 3D.

Thus, func琀椀onal measurements and 琀椀ssue characteriza琀椀on of the LAM, in‐
cluding the PRM were the two research objec琀椀ves of this thesis, as men琀椀oned
below:

• Dedicated speckle tracking algorithms tailored to the LAM were to be de‐
veloped. Based on 3D strain es琀椀ma琀椀on strategies available at the research
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group Medical UltraSound Imaging Center (MUSIC). Thus, combina琀椀on
of segmenta琀椀on, speckle tracking and quan琀椀ta琀椀ve echography methods
were to be developed, tailored for LAM. The resul琀椀ng technique were to
provide func琀椀onal as well as echographic informa琀椀on over the contrac‐
琀椀on and relaxa琀椀on cycle of the LAM.

• For US based 琀椀ssue characteriza琀椀on, the currently used 2D methods ex‐
panded to 3D and sophis琀椀cated echographic parameterswere to be inves‐
琀椀gated [1]. Instead of only echogenicity that has been u琀椀lized for charac‐
teriza琀椀on of the LAM, based on the research group’s experience in liver
and muscles, other sta琀椀s琀椀cal parameters would be inves琀椀gated for dis‐
琀椀nguishing between undamaged and damaged muscle [2‐3].

These two research objec琀椀ves were met for PRM through pilot studies car‐
ried on small number of women as proofs of concepts. These studies and the
obtained results are described in Chapters 2, 3, 4 and 5. Calcula琀椀on of strain
was developed from principal strain to obtain the strain in the muscle 昀椀ber di‐
rec琀椀ons. Therea昀琀er, a comparison between strain in PRM before and a昀琀er pes‐
sary use was obtained. Lastly, 琀椀ssue characteriza琀椀on of PRM were shown to
di昀昀eren琀椀ate between avulsed and intact PRMs.

6.2 Clinical and research work昀氀ows

The clinical work昀氀ow started with the woman experiencing symptoms of PF
disorders and deciding to visit the clinic. In general, all the women who were in‐
cluded in the studies experienced overac琀椀ve PF. These women were subjected
to US imaging to examine the state of their PF muscles. In addi琀椀on to this imag‐
ing, one more acquisi琀椀on was made using a preset in the US machine. This pre‐
set was used to eliminate any addi琀椀onal 昀椀ltering in the USmachine for improved
viewing on the screen of the machine. It also ensured that there would not be
any se琀�ngs change in data acquisi琀椀on from pa琀椀ent to pa琀椀ent, such as bright‐
ness, contrast or 琀椀me gain compensa琀椀on (TGC).

The research work昀氀ow started a昀琀er data was acquired through the US ma‐
chine at the clinic by the clinician. These DICOM (Digital Imaging and Communi‐
ca琀椀ons in Medicine) volumes were therea昀琀er, converted from machine DICOM
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to 昀椀les to 昀椀les containing the individual volumes with grey values. These 昀椀les
were used for manually segmen琀椀ng the PRMs at the volumes when themuscles
were at rest. Therea昀琀er, these volume 昀椀les were further converted to be used
as inputs for the upgraded ’strainMUSIC’ algorithm in MATLAB, for calcula琀椀ons
of displacement es琀椀mates and therea昀琀er strain.

These two work昀氀ows are required for future implementa琀椀on of the devel‐
oped methods in clinic as explained later in Sec琀椀on 6.4.1.

6.3 Brief background and contribu琀椀on

The normalized cross‐correla琀椀on algorithm developed in MUSIC research
group have been u琀椀lized, upgraded and tailored to be used for strain analysis of
PRM. This algorithm was originally developed to be used with radio frequency
(RF) data for caro琀椀d arteries as well as for breast imaging. RF data contains
the raw, unprocessed US signal informa琀椀on before it is converted into the B‐
mode image. As is well known, using RF data in US research o昀昀ers several ben‐
e昀椀ts over simple amplitude detec琀椀on and provides addi琀椀onal informa琀椀on that
can be leveraged in various ways. Since, calcula琀椀on of strain requires accurate
displacement es琀椀mates, RF‐based displacement (or strain) es琀椀ma琀椀on is be琀琀er
than envelope based methods. It has been demonstrated that there is signif‐
icant reduc琀椀on in the variability of strain es琀椀mated as well as improvements
in the spa琀椀al resolu琀椀on and signal‐to‐noise ra琀椀os obtained using RF signals as
compared to envelope data [12]. Tradi琀椀onal and clinical US imaging generates
B‐mode images by detec琀椀ng the amplitude of the beam‐formed RF data. This is
also known as the envelope data.

However, instead of RF, in this work, B‐mode images consis琀椀ng of gray values
or envelope data have been used. The reason for using gray values are two‐fold.

• Firstly, the deforma琀椀on in the PRM is too large to be tracked using RF‐
based techniques. If the deforma琀椀on is high, deforma琀椀on of the rf‐signal
will be so high that it cannot be correlated to the signal obtained before
deforma琀椀on. This typically is the case for strains in the order of 5% or
higher [4]. Due to 3D imaging, the volume rate that was available was
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limited resul琀椀ng in high strain of the 琀椀ssue between two subsequently
acquired volumes and thus the need for envelope based strain es琀椀ma琀椀on.
Moreover, Philips EPIQ US system, which is a commercially available US
machine, was provided for data acquisi琀椀on in this project. This system
did not provide access to the RF or raw data.

• Secondly, clinical data acquisi琀椀on involved acquisi琀椀on through commer‐
cially available US machine. From the point of view of the clinician, who
is already busy, no major extra steps were needed during data acquisi‐
琀椀on. As men琀椀oned earlier, a simple preset was saved for the acquisi琀椀ons.
Strain analysis using B‐mode gray values would enable data acquisi琀椀on
from any commercially available US machines, without any need for ex‐
tra apparatus or proprietary addi琀椀ons to the machine. This would enable
data acquisi琀椀on from any clinic, for future extensions.

Segmenta琀椀on of the muscles of the LAM and par琀椀cularly of the PRM was
not one of the research objec琀椀ves of the current work since it was performed
by another PhD student, who was also part of the GYNIUS project. Segmenta‐
琀椀on of the PRM at rest was needed for developing the methods for the current
work, namely, tracking the PRM over the contrac琀椀on cycle. An ini琀椀al region
of interest (ROI) was required as ini琀椀al input using ’strainMUSIC’ algorithm. This
manual step could be fully automated by future research involving ar琀椀昀椀cial intel‐
ligence (AI). The developed AI network could be trained on di昀昀erent datasets to
have automated segmenta琀椀ons. Furthermore, AI‐based segmenta琀椀on and 琀椀s‐
sue tracking can be u琀椀lised as complimentary to each other in order to improve
the segmenta琀椀on over the contrac琀椀on cycle and make it more robust. The clin‐
ical reason, for segmenta琀椀on was that LAM being a group of muscles, the ROI
represen琀椀ng only the PRM needed to be singled out for analysis of the obtained
strainmeasurements. Also, themuscle 昀椀ber orienta琀椀on of PRM is di昀昀erent from
the surrounding muscles of the LAM, thus, would also result in di昀昀erent strain.

Transperineal US (TPUS) is frequently used for imaging PF muscles because
of its versa琀椀lity and real‐琀椀me capabili琀椀es [5]. To obtain informa琀椀on about the
state of the PF muscles, US acquisi琀椀on from these muscles is from rest to con‐
trac琀椀on. Although informa琀椀on is obtainedover the contrac琀椀on cycle, only global
geometrical changes can be determined from the sta琀椀c 2D images forming the
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3D volumes. Thus only indirect informa琀椀on on the contrac琀椀le proper琀椀es can
be deduced and local func琀椀onal informa琀椀on cannot be deduced at all [6‐7].
Whereas, measuring strain from this same TPUS images could provide insight
about the func琀椀onal informa琀椀on, thus was selected for the current work.

6.3.1 Contribu琀椀on of the current work

The current work was a 昀椀rst a琀琀empt towards explaining the behavior of the
PRM through 3D US strain imaging, which has not previously been inves琀椀gated
or published. Through 3D strain, certain pa琀琀erns have been observed in the
intact PRM while di昀昀erent pa琀琀erns were found in avulsed PRM’s. In all PRMs,
strain towardsmuscle 昀椀ber direc琀椀on showed that the sling ormid region of PRM
show nega琀椀ve strain represen琀椀ng contrac琀椀on. And the intact ends of the PRMs
show posi琀椀ve strain or extension. This indicates that the contrac琀椀le proper琀椀es
of these parts of the PRM are limited and more or less behave passively. The
posi琀椀ve strain represents extension that is induced by the contrac琀椀ng mid‐part
of the PRM. The PRM consists of both skeletal and smoothmuscle 昀椀bers and this
is in line with the characteris琀椀c of the complex func琀椀onality of the combina琀椀on
of these two muscle 昀椀bers [8]. The LAM, and thus also PRM have res琀椀ng my‐
oelectric ac琀椀vity, to support the overlying pelvic organs. This ac琀椀vity has been
suggested to be related to the presence of smooth muscle 昀椀ber bundles in the
LAM, whereas, the skeletal muscle 昀椀bers are responsible for voluntary contrac‐
琀椀on of the muscle [8]. The strain results of the current work show di昀昀erent
strain values for di昀昀erent regions of the PRM during contrac琀椀on. This di昀昀er‐
ence in local strain might also indicate the di昀昀erence in distribu琀椀on of smooth
and skeletal muscle 昀椀bers in the PRM. Further large scale histological studies
could speci昀椀cally link the type of strain to the type of muscle 昀椀bers, namely the
pa琀琀ern of elonga琀椀on in the ends and contrac琀椀on in themid region. This pa琀琀ern
was complimentary for the avulsed ends of PRMs, which did not show posi琀椀ve
strain. Thus the primary observa琀椀on has been that 3D strain is capable of show‐
ing changes in the deforma琀椀on of the muscle. Also, the strain results obtained
from PRMs a昀琀er pessary use indicated the changes in the muscle already a昀琀er
a short 琀椀me of three months, when compared with strain from PRM before use
of pessary. These short term changes in the muscle, could be related to the
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fact that the smooth muscle 昀椀bers do not have to remain constantly severely
contracted to support the load of the pelvic organs since the presence of the
pessary provides support to the PRM. This release could have led to morpho‐
logical changes in the PRM, which results in less strain even when pessary was
removed during data acquisi琀椀on. Thus, strain showed marked di昀昀erence from
before to a昀琀er pessary use.

It is to be men琀椀oned here that in the current work, all the reported stud‐
ies have been performed as pilot studies on small number of women. Although
the included number of women is small, already signi昀椀cant di昀昀erences were
found, strengthening the opinion that 3D strain analysis could be a very promis‐
ing technology with high sensi琀椀vity and speci昀椀city. Thus future large scale and
diverse studies would be required for further con昀椀rma琀椀on of the conclusions of
the current study. Of course, unintended bias might have been present in the
inclusions of the current studies, leading to biased results which could be ad‐
dressed by performing large scale studies with balanced inclusions represen琀椀ng
the diversity of popula琀椀on.

6.4 Clinical signi昀椀cance of func琀椀onal informa琀椀on

The current work shows that it is possible to obtain func琀椀onal informa琀椀on
represen琀椀ng the state of the PRM. This func琀椀onal informa琀椀on could be used to
detect local defects like avulsion. Furthermore, it might bear quan琀椀ta琀椀ve infor‐
ma琀椀on by comparing the avulsed end with the connected end. This quan琀椀ta‐
琀椀ve informa琀椀on was also shown to be able to dis琀椀nguish changes in the avulsed
PRMs from before to a昀琀er pessary usage. Adding quan琀椀ta琀椀ve func琀椀onal infor‐
ma琀椀onmight provide an improved 昀椀gure of merit of the e昀昀ect of pessary on the
PRM since currently analysis is limited to the experience of the woman without
providing a quan琀椀ta琀椀ve measure.

The clinician can already determine from the symptoms as well as from the
US images of the PF, if there is an avulsion in the PRM. In other words, it is not
necessary to know strain in the muscle to determine avulsion. However, when
this addi琀椀onal informa琀椀on is available to the clinician, it would enable him/her
to know whether the avulsed muscle is s琀椀ll func琀椀onal to some extent and to
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what extent. It would also ideally, aid in iden琀椀fying the reason whether the
muscle has lost func琀椀onality due to damage in it or there might be other cause
like damage to the nerve as well [9]. Ideally, if a muscle is not disconnected
and yet does not show normal func琀椀onality, it could also be a consequence of
nerve damage. Thus, if loss of func琀椀onality is a result of nerve damage instead
of muscle damage, then PF muscle therapy (PFMT) might be less bene昀椀cial.

Deriving func琀椀onal informa琀椀on is emphasized in the current study, not only
for the current conclusions but also for further insights through large scale stud‐
ies with diverse inclusions. Since, the PRM is of crucial importance in female PF
func琀椀oning, this func琀椀onal informa琀椀on would be able to lead to insights such
as:

• predict which pregnant women are at high risk for obstruc琀椀ve labor. In
that case, strain imaging would be needed to be performed for PRMs dur‐
ing di昀昀erent stages of pregnancy as well as before pregnancy

• develop and test early regenera琀椀ve therapies that enhance func琀椀onal re‐
covery of the PRM a昀琀er delivery trauma. In this case, the strain informa‐
琀椀on before delivery would provide a means for comparison to the extent
of damage in the PRM a昀琀er delivery

• predict which women having pelvic organ prolapse (POP) would bene‐
昀椀t from PF muscle therapy (PFMT). In this case, func琀椀onal informa琀椀on
through strain before PFMT would provide a means for comparison for
the extent of damage. Strain imaging a昀琀er PFMT would show if there
have been any improvement in the func琀椀on of the PRM

• visualiza琀椀on of the recovery or the lack thereof of PRM, from before to
a昀琀er pessary usage for women with avulsion treated with pessary

• allow the development of specialized andpa琀椀ent‐centered treatment pro‐
tocols for urinary incon琀椀nence (UI) and POP

6.4.1 Implementa琀椀on in clinic

Implementa琀椀on of any new technology in the clinic can be complicated, es‐
pecially when new equipment or apparatus is required. However, since no addi‐
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琀椀onal apparatus/protocol is needed for data acquisi琀椀on by the US machine and
since a clinically standardized acquisi琀椀on such as TPUS is u琀椀lized, implementa‐
琀椀on of the developed method in the clinic could be compara琀椀vely straigh琀昀or‐
ward. Implementa琀椀on would involve only two prior steps, as men琀椀oned in the
clinical and research work昀氀ows (Sec琀椀on 6.2). These two steps are data acqui‐
si琀椀on with a speci昀椀ed preset and segmenta琀椀on of the PRM at rest. A昀琀er these
two steps, calcula琀椀on of the 3D strain over the full contrac琀椀on cycle is auto‐
mated, thus free of intra or inter‐observer variabili琀椀es. These calcula琀椀ons can
be simply added as an addi琀椀onal tool/feature either in the US machine itself or
through another computer. For the current calcula琀椀ons, results would be avail‐
able in approximately one day a昀琀er the aforemen琀椀oned steps, for analysis by
the clinician. It has to be noted that only minor e昀昀ort has been put in speeding
up the 3D strain calcula琀椀ons since 昀椀rst the poten琀椀al and bene昀椀t of the method
needed to be provided. However, since real‐琀椀me 3D strain calcula琀椀on is already
commercially available for cardiac applica琀椀ons, it can be expected that this long
calcula琀椀on 琀椀mes can also be reduced to become semi real‐琀椀me. Strain analysis
could be performed for all women, who could bene昀椀t from func琀椀onal informa‐
琀椀on (as men琀椀oned in the previous sec琀椀on), who are already visi琀椀ng the clinic
for US imaging.

Usually, when a woman with symptoms visits a clinic, TPUS is performed to
assess the condi琀椀on of the PF. In the US volumes, the whole PF is imaged and
details about the PRM can be qualita琀椀vely observed. These same US volumes
can now be used for further func琀椀onal and quan琀椀ta琀椀ve informa琀椀on of the spe‐
ci昀椀c muscle PRM, through strain and echogenicity analysis. This new informa‐
琀椀on would then aid the clinician to knowwhich parts of the muscle is func琀椀onal
and also to which extent, rather than just the fact as to whether the muscle is
avulsed or not. In other words, the new informa琀椀on is showing the func琀椀on‐
ality of the whole muscle in 3D, including the connected or disconnected ends.
The normalized strain ra琀椀o (NSR) as presented in Chapter 3 and 4 already pro‐
vides an indica琀椀on of the e昀昀ect of an avulsion. Thus, NSR provides a threshold
number which could be used to dis琀椀nguish between func琀椀onal PRM from non‐
func琀椀onal one, irrespec琀椀ve of whether avulsion can be observed in US volumes.
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The NSR for women with no damage to the PRM will have values close to
one, indica琀椀ng that both ends of the PRM as well as the mid region or sling of
the PRM are func琀椀oning properly. In case of women with avulsions, the discon‐
nected end of the PRM can be directly observed through strain, even without
making any addi琀椀onalmeasurements. In case of unilateral avulsion, a di昀昀erence
would be present between the connected and disconnected end. Especially,
when the connected end would show posi琀椀ve strain and the disconnected end
would show nega琀椀ve strain, the di昀昀erence will be large leading to a high NSR.
In case of bilateral avulsion, the strain in both ends would be more similar but
very di昀昀erent from the mid region also resul琀椀ng in a large NSR.

Usually, the success of pessary use is determined by the absence of POP
symptoms and a posi琀椀ve response of the woman. If the woman s琀椀ll con琀椀nues
to use the same pessary in follow up studies a昀琀er the 昀椀rst trial, then it is ac‐
cepted that treatment is successful. However, the success of pessary treatment
on certain parameters measured through TPUS have also been used to assess
the e昀昀ect of pessary treatment on PRM func琀椀on [10‐11]. But these parameters
have been calculated from 2D slices from 3D volumes introducing observer vari‐
ability. However, the PRM is a 3D structure and 3D strain and subsequently NSR
provides a direct measure of func琀椀onality of the PRM. If there is no change in
NSR from before to a昀琀er pessary usage, it might indicate that there has been no
func琀椀onal improvement due to the pessary. Similarly, a normaliza琀椀on of NSR
even a昀琀er a short period of three months of pessary use, as shown in Chapter
4, indicate success of pessary treatment. Thus NSR provides an objec琀椀ve and
quan琀椀ta琀椀ve measure. It is to be emphasized here that a large scale study to
validate NSR is required to demonstrate the e昀昀ec琀椀veness of NSR as quan琀椀ta琀椀ve
method to determine pessary placement success.

Tissue characteriza琀椀on of the PRMs of women with avulsion would show
that there has been changes in the 琀椀ssue in the disconnected end, apart from
the fact that there has been also a func琀椀onal change. The results showing a
comparison of the 琀椀ssue characteriza琀椀on between PRMs of women with and
without unilateral avulsion have been shown and discussed in Chapter 5. Here
as well, 琀椀ssue characteriza琀椀on of the 3D muscle is provided in this work, unlike
the current availability of measures like echogenicity only from 2D images of the
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muscle.

Combina琀椀on of strain and 琀椀ssue characteriza琀椀on could be complimentary
to each other, the former showing func琀椀onal informa琀椀on while the later show‐
ing composi琀椀on and condi琀椀on of the muscle 昀椀bers. Especially, for women who
cannot contract their PRMs due to nerve damage or any other pathological con‐
di琀椀on, strain cannot be measured. But 琀椀ssue characteriza琀椀on from US volumes
can s琀椀ll be done. And local changes in the 琀椀ssue of PRM, such as scar 琀椀ssue
forma琀椀on could be discovered by the increased echogenicity with respect to
normal 琀椀ssue. Thus, in absence of histological studies, 琀椀ssue characteriza琀椀on
could be used to provide informa琀椀on on the composi琀椀on of the local parts of
the muscle.

6.5 Limita琀椀ons

There are certain limita琀椀ons for the current work as men琀椀oned below.

• Firstly, there was no ground truth yet available for strain in PRM. Poten‐
琀椀ally, this limita琀椀on could be overcome by using MRI tagging as ground
truth. However this requires a very extensive study. A large scale study
with inclusions comprising of di昀昀erent age, ethnicity, body mass index
(BMI) etc. could also be performed. If the reported strain pa琀琀erns are
found in most of the women for the di昀昀erent situa琀椀ons (avulsion, pre and
post pessary placement), then that could be established as the ground
truth.

• Secondly, in the current work TPUS data acquisi琀椀on was performed by
only one clinician. This eliminated the presence of any inter‐operator or
inter‐machine variabili琀椀es in the included datasets. This is a limita琀椀on
because this might also allow for some kind of uninten琀椀onal bias. Since
US imaging is operator dependent, even for standardized acquisi琀椀on like
TPUS, further inves琀椀ga琀椀on might be required for elimina琀椀ng variabili琀椀es
or biases when mul琀椀ple operators would be acquire data in future.

• Thirdly, the complete dataset has been acquired using only one US ma‐
chine and one matrix transducer. Changes in US machine parameters like
(TGC, gain, brightness) and/or changes in transducer frequency might re‐
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sult in di昀昀erence in strain calcula琀椀ons. This limita琀椀on could be overcome
by performing comparison studies among US machines provided by dif‐
ferent vendors, using phantoms. Therea昀琀er, the exis琀椀ng dataset could be
extended with TPUS acquisi琀椀ons using mul琀椀ple US machines.

• Fourth limita琀椀on would be about the computa琀椀onal barriers. Ideally, if
computa琀椀onal barriers could be overcome, both segmenta琀椀on and strain
measurement could be implemented even real‐琀椀me. So, the clinicianwould
be able to observe the changes in strain directly on screen of the US ma‐
chine (during data acquisi琀椀on) as the woman is contrac琀椀ng or performing
Valsalva maneuver. This would require both the automa琀椀c segmenta琀椀on
and the complete strain algorithm to run on real‐琀椀me. But in reality, only
near real‐琀椀me would be possible to be achieved. Near real‐琀椀me is men‐
琀椀oned because complete data acquisi琀椀on step has to be prior to segmen‐
ta琀椀on and strain calcula琀椀ons steps. However, the reduc琀椀on in the 琀椀me
di昀昀erence between acquisi琀椀on and strain measurements to sub‐minute
would s琀椀ll be overcoming of this limita琀椀on for all prac琀椀cal purposes.

• Lastly, since RF data was not available, 琀椀ssue characteriza琀椀on could only
be done from B‐mode gray values. It is known that strain es琀椀ma琀椀on using
the RF‐signal has a ten 琀椀mes be琀琀er performance than based on the enve‐
lope [9]. However, this only counts for strain es琀椀ma琀椀on in the direc琀椀on of
the ultrasound image lines. Since we quan琀椀昀椀ed the strain in 3D with the
probe at the perineum, this will preclude RF‐based 3D strain es琀椀ma琀椀on.
Furthermore, the strain values are rela琀椀vely large limi琀椀ng the bene昀椀cial
e昀昀ect of RF‐based strain es琀椀ma琀椀on, as is also men琀椀oned in Sec琀椀on 6.3.

6.6 Future extensions

The goal of future extensions of this work would be to establish strain anal‐
ysis as an addi琀椀onal aid for the clinician to be able to determine the state of the
PRM as well as the en琀椀re LAM. Future studies of this work can have both clinical
extensions as well as extensions involving improvement of the developed algo‐
rithm. The clinical extensions could be carried out with the current version of
the algorithm already, with certain minor changes. More inclusions would then
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allow parametrical sta琀椀s琀椀cal analysis.

6.6.1 Clinical extensions

The developed algorithm in its current version could be used for applica琀椀on
in the following types of studies for extensive clinical analysis. As extensions of
this work, it is suggested to have three direc琀椀ons. These are brie昀氀y explained
below.

• 3D strain analysis of more inclusions is required to inves琀椀gate further how
the normal and undamaged PRM deforms. It would be even more useful
if the strain analysis could be validated with the clinicians’ diagnosis for
a large number of women with and without any damage in their LAMs
and/or PFs as well as with magne琀椀c resonance imaging (MRI) preferably
using MRI tagging to validate the US strain measurements. Thus, the 昀椀rst
extension would be to include more data for nulliparous women with in‐
tact and undamaged PRMs. These inclusions should be for both contrac‐
琀椀on and Valsalva maneuver.

• The second extension would be to also perform the strain analysis for all
the remaining muscles of the LAM and inves琀椀gate how the muscles be‐
have in rela琀椀on to each other. This should include both damaged and
undamaged muscles. For this, manual or automa琀椀c segmenta琀椀on of the
individual muscles of the LAM would be required. Furthermore, certain
tailoring of the algorithm would be required to include the muscle 昀椀ber
orienta琀椀on of a speci昀椀c muscle.

• The third direc琀椀on would be to do strain analysis of di昀昀erent data con‐
sis琀椀ng of pa琀椀ents with di昀昀erent pathological condi琀椀ons regarding the PF,
apart from avulsions of PRMs. These pathological condi琀椀ons could be
such as rectocele (a昀昀ec琀椀ng support of posterior compartment of PF) or
cystocele (a昀昀ec琀椀ng support of anterior compartment of PF). Through 3D
strain, the func琀椀onality of the a昀昀ected muscles of the PF in these patho‐
logical condi琀椀ons compared to normal func琀椀onality could be inves琀椀gated.
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6.6.2 Algorithm improvement

Improvement for the current version of algorithm can be achieved through
speeding up the calcula琀椀on 琀椀me and addi琀椀on of features. The extensions for
improvement could be as faster calcula琀椀ons and modelling.

• The current version of the algorithm requires long 琀椀me to compute. This
computa琀椀on 琀椀me needs to be reduced in order to achieve near/semi real‐
琀椀me results. Thus computa琀椀onal op琀椀miza琀椀ons of the whole calcula琀椀on
including cross‐correla琀椀on, interpola琀椀on and 昀椀ltering is required. One
way of doing these op琀椀miza琀椀ons is to use dedicated GPU for these cal‐
cula琀椀ons.

• Future extension of this work could include, 昀椀nite elementmodeling apart
from strain imaging of the PRM and all the female PF muscles, to have a
be琀琀er understanding of the bio‐mechanics of the en琀椀re pelvic diaphragm.
Modelling would provide a comparison to strain.

6.7 Conclusion

This thesis describes a new 3D strain and quan琀椀ta琀椀ve echo analysis method
to assess the func琀椀on and composi琀椀on of the PRM. It has been demonstrated
that the di昀昀erence in func琀椀onality of intact PRM as compared to avulsed PRM
could be determined through strain. Furthermore, strain could also demon‐
strate the changes in PRM from before to a昀琀er pessary usage.
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7.1 Summary in English

Func琀椀onal informa琀椀on about the female pelvic 昀氀oor (PF) muscles were dee‐
med necessary for inves琀椀ga琀椀ng damage frequently in昀氀icted on these muscles
by vaginal delivery. Ultrasound (US) imaging is already used for inves琀椀ga琀椀ng the
state of PFmuscles to diagnose damage in it such as avulsion. Since cardiac strain
imaging has been bene昀椀cial to know func琀椀onal informa琀椀on of cardiac muscles,
it was hypothesized that strain imaging of the PFmuscleswould also be feasable.

One of the PFmuscles is the puborectalmuscle (PRM). PRMhas been inves琀椀‐
gated for deforma琀椀on and strain, since disconnec琀椀on from the bone or avulsion
frequently occurs for this muscle, causing loss of support. The PRM was seg‐
mented in the ini琀椀al 3D volumewhen themuscle was at rest. Therea昀琀er the de‐
formingmusclewas tracked in each volume for two types ofmusclemovements;
rest to contrac琀椀on and rest to Valsalva maneuver (VM). Displacement es琀椀mates
were es琀椀mated using an in‐house developed cross‐correla琀椀on based algorithm,
using the acquired 3D US volumes and the segmented or tracked PRM. Principal
strain were calculated from the displacement es琀椀mates for both of the move‐
ments. These two movements, namely, contrac琀椀on and VM showed compli‐
mentary strains. Whilemaximumcontrac琀椀on showed nega琀椀ve strain, maximum
VM showed posi琀椀ve strain. These results demonstrated that the developed al‐
gorithm, could dis琀椀nguish between the two di昀昀erent muscle movements.

Since the PRM being a striated muscle, it is expected that the strain in it
would also be directed towards the orienta琀椀on or direc琀椀on of themuscle 昀椀bers.
Whereas, the direc琀椀ons of the previously calculated principal strain did not align
with the muscle 昀椀ber direc琀椀on or orienta琀椀on. Thus, the algorithm was further
updated to calculate displacement es琀椀mates and strain inmuscle 昀椀ber direc琀椀on.
This so‐called projected strain was acquired from US volumes recorded of PRMs
from rest to contrac琀椀on from intact and undamaged PRMs as well as PRMs with
unilateral avulsion or disconnec琀椀on. The algorithm could show di昀昀erences in
strain in di昀昀erent parts of the muscle, whether connected to the bone or dis‐
connected. Thus the avulsed end could be dis琀椀nguished from the connected
end through strain. Therea昀琀er, normalized strain ra琀椀o had been calculated to
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indicate the di昀昀erence in regions of themuscle showing contrac琀椀on and elonga‐
琀椀on. This ra琀椀o could be used to di昀昀eren琀椀ate between disconnected or avulsed
PRMs and intact PRMs. Sta琀椀s琀椀cal analysis showed that this di昀昀erence was sta‐
琀椀s琀椀cally signi昀椀cant.

One of the objec琀椀ves of inves琀椀ga琀椀ng PRM through strain was to get func‐
琀椀onal informa琀椀on from it. So that, the state of the muscle could be determined
from before to a昀琀er PF muscle therapy or pessary use. Strain could also be used
to show di昀昀erence in the state of the avulsed PRMs from before to a昀琀er pes‐
sary use. In this case, data consisted of PRMs with both unilateral as well as
bilateral avulsions. Data were acquired before pessary 昀椀琀�ng and a昀琀er pessary
昀椀琀�ng with subsequent use for three months. Acquisi琀椀ons were from the same
women while they voluntarily contracted their PRMs from rest. Projected strain
and the earlier formulated normalized strain ra琀椀o were calculated for both be‐
fore and a昀琀er pessary use for all these women. This ra琀椀o showed a decrease in
all the women from before to a昀琀er pessary use except one that had already a
normal ra琀椀o that only slightly increased. This indicated that di昀昀erence between
the two ends of the PRMs had reduced a昀琀er three months of pessary use. Sta‐
琀椀s琀椀cal analysis showed that this di昀昀erence was signi昀椀cant.

The other objec琀椀ve of the work was to develop a 3D Quan琀椀ta琀椀ve US (QUS)
琀椀ssue characteriza琀椀on method to obtain diagnos琀椀c informa琀椀on about PRMs
with and without avulsion. It was hypothesized that the presence of an avul‐
sion of the PRM would result in a change in the sta琀椀s琀椀cal distribu琀椀on of gray
values in a B‐mode US volume of the PRM. Echogenicity and other sta琀椀s琀椀cal pa‐
rameters like entropy and shape parameter have been calculated to determine
whether there can be di昀昀erences between undamaged PRMs and unilaterally
avulsed PRMs. The obtained results demonstrated that 琀椀ssue characteriza琀椀on
of PRMs could show di昀昀erence in the state of the muscle.

The four studies form a con琀椀nuum from idea to proofs of concepts. Thus
all the studies have been carried out on small number of datasets. The posi琀椀ve
outcome was that the results were already signi昀椀cant in spite of small datasets.
In order for strain analysis of PRM being u琀椀lized in clinic, it would be necessary
to perform the developed methods on a large number of datasets, which would
allow for inclusion of more diverse popula琀椀ons and preven琀椀on of possible in‐
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clusion bias. Furthermore, it would also allow for parametric sta琀椀s琀椀cal analyses
instead of non‐parametric ones. These datasets should include both intact and
avulsed PRMs. Moreover, it would be bene昀椀cial to do strain analysis of all the
neighboring muscles of PRM in the PF and inves琀椀gate how the muscles behave
in rela琀椀on to each other.
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7.2 Samenva琀�ng in Nederlands

Func琀椀onele informa琀椀eover de vrouwelijke bekkenbodemspieren (BB)wordt
noodzakelijk geacht voor het onderzoeken van schade die vaak aan deze spieren
wordt toegebracht door vaginale bevalling. Echogra昀椀e (US) beeldvormingwordt
gebruikt voor het onderzoeken vande toestand vanBB spieren omschadedaarin
te diagnos琀椀ceren, zoals avulsie. Aangezien beeldvorming van de ‘strain’ van
het hart nu琀�g is geweest om de func琀椀e van de hartspier te onderzoeken, werd
verondersteld dat beeldvorming van de ‘strain’ van de bekkenbodemspieren ook
haalbaar zou zijn.

Eén van de BB spieren is de puborectalis spier (PRS). De PRS is onderzocht
op vervorming en rek, aangezien losraken van het bot of avulsie vaak optreedt
voor deze spier, waardoor wat leidt 琀椀t verlies van wat houdt dit in. De PRS
werd gesegmenteerd in het oorspronkelijke 3D‐volumewanneer de spier in rust
was. Daarna werd de vervorming van de spier in elk volume gevolgd voor twee
soorten spierbewegingen; rust tot contrac琀椀e en rust tot Valsalva‐manoeuvre
(VM). Scha琀�ngen van de verplaatsing werden geschat met behulp van een in
huis ontwikkeld algoritmeopbasis van kruiscorrela琀椀e,met behulp vande verkre‐
gen 3D‐volumes uit de US en de gesegmenteerde of gevolgde PRS. De hoofd
‘strain’ werd berekend op basis van scha琀�ngen van de verplaatsing voor beide
bewegingen. Deze twee bewegingen, namelijk contrac琀椀e en VM, vertoonden
complementaire spanningen. Terwijl demaximale contrac琀椀e eennega琀椀eve span‐
ning vertoonde, vertoonde de maximale VM een posi琀椀eve spanning. Deze re‐
sultaten toonden aan dat het ontwikkelde algoritme onderscheid kon maken
tussen de twee verschillende spierbewegingen.

Aangezien de PRM een dwarsgestreepte spier is, wordt verwacht dat de
spanning erin ook gelijk zou zijn aan de rich琀椀ng of oriënta琀椀e van de spiervezels.
Terwijl de rich琀椀ngen van de eerder berekende hoofd ‘strain’ niet overeenkwa‐
men met de rich琀椀ng of oriënta琀椀e van de spiervezels. Zo werd het algoritme
verder geüpdatet omverplaatsingsscha琀�ngen en ‘strain’ in de rich琀椀ng van spier‐
vezels te berekenen. Deze zogenaamde geprojecteerde ‘strain’ werd verkregen
uit US volumes geregistreerd van PRS’s van rust tot samentrekking van intacte
en onbeschadigde PRS’s, evenals PRS’s met eenzijdige avulsie of ontkoppeling.
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Het algoritme kan verschillen in spanning laten zien tussen verschillende de‐
len van de spier, of ze nu verbonden zijn met het bot of zijn afgescheurd. Zo
kon ‘strain’ onderscheid maken tussen een geavulseerd of verbonden uiteinde.
Daarna werd de genormaliseerde ‘strain’ verhouding berekend om het verschil
aan te geven tussen verschillende delen van de spier, welke contrac琀椀e en rek
vertoondenn. Deze genormaliseerde ‘strain’ verhouding kan worden gebruikt
om onderscheid te maken tussen niet‐verbonden of geavulseerde PRS’s en in‐
tacte PRS’s. Sta琀椀s琀椀sche analyse toonde aan dat dit verschil sta琀椀s琀椀sch signi昀椀cant
was.

Eén van de doelstellingen van het onderzoek van PRM door middel van be‐
las琀椀ng was om er func琀椀onele informa琀椀e uit te halen. Zodat de toestand van
de spier kan worden bepaald van voor tot na PF‐spiertherapie of pessariumge‐
bruik. Stam kan ook worden gebruikt om een verschil aan te tonen in de toes‐
tand van de geavulseerde PRM’s van voor tot na het gebruik van het pessarium.
In dit geval bestonden de gegevens uit PBM’smet zowel unilaterale als bilaterale
avulsies. De gegevens werden verkregen vóór het passen van het pessarium
en na het plaatsen van het pessarium met daaropvolgend gebruik gedurende
drie maanden. Acquisi琀椀es waren van dezelfde vrouwen, terwijl ze vrijwillig hun
PRM’s uit rust opliepen. De geprojecteerde stam en de eerder geformuleerde
genormaliseerde stamverhouding werden berekend voor zowel voor als na het
gebruik van het pessarium voor al deze vrouwen.Deze verhouding nam bij alle
vrouwen af na het gebruik van het pessarium, behalve bij één vrouw die al een
normale ‘strain’ verhouding had, in dit geval nam de verhoudinglicht toe. Dit
gaf aan dat het verschil in ‘strain’ tussen de twee uiteinden van de PRS’s was
afgenomen na driemaanden pessariumgebruik. Sta琀椀s琀椀sche analyse toonde aan
dat dit verschil signi昀椀cant was.

Het andere doel van het werk was het ontwikkelen van een 3D kwan琀椀ta琀椀eve
ultrageluid (QUS) weefselkarakteriseringsmethode om diagnos琀椀sche informa琀椀e
te verkrijgen over PRS’s met en zonder avulsie. Er werd verondersteld dat de
aanwezigheid van een avulsie van de PRS zou resulteren in een verandering in
de sta琀椀s琀椀sche verdeling van grijswaarden in een B‐mode US volume a昀戀eelding
van de PRS. Echogeniciteit en andere sta琀椀s琀椀sche parameters zoals entropie en
vormparameter zijn berekend om te bepalen of er verschillen kunnen zijn tussen
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onbeschadigde PRS’s en eenzijdig geavulseerde PRS’s. De verkregen resultaten
toonden aan dat weefselkarakterisering van PRS’s een verschil in de toestand
van de spier kon aantonen.

De vier studies beschreven in die dit proefschri昀琀 vormen een con琀椀nuüm
van idee tot proofs of concepts. Alle studies zijn dus uitgevoerd op een klein
aantal datasets. Desondanks, waren de resultaten sta琀椀s琀椀sch signi昀椀cant. Om
‘strain’ analyse van de PRS in het kliniek te kunnen gebruiken. Het is nodig om
de ontwikkelde methoden uit te voeren op een groot aantal datasets, waar‐
door meer diverse popula琀椀es kunnen worden meegenomen en mogelijke in‐
clusie bias kan worden voorkomen. Bovendien zou dit parametrische sta琀椀s琀椀s‐
che analyses mogelijk maken in plaats van niet‐parametrische. Deze datasets
moeten zowel intacte als geavulseerde PRS’s beva琀琀en. Bovendien zou het nut‐
琀椀g zijn om een spanningsanalyse uit te voeren van alle aangrenzende spieren
van PRM in de bekkenbodem en te onderzoeken hoe al deze spieren zich ten
opzichte van elkaar gedragen.

169



.



Appendices of 昀氀owcharts

171



Appendix A

Volumetric data prepara琀椀on
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Appendix B

’strainMUSIC’ algorithm
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Appendix C

Least Squared Strain Es琀椀mator
(LSQSE)
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START
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RESFILE
(n, n+1)

READ WINDOW SIZE
(from PARAMETER 昀椀le)

READ INDICES FOR
THE MUSCLE (n)

MAKE KERNELS AS
GIVEN IN WINDOW SIZE

READ DISPLACEMENT ESTIMATES (n)

CALCULATE LSQSE STRAIN FOR DISPLACE‐
MENT ESTIMATES WITHIN EACH KERNEL

SAVE LSQSE STRAIN FOR DIS‐
PLACEMENT ESTIMATES (n, n+1)

IS n = (N‐1) ?

STOP

No

Yes



Appendix D

Tracking
(upgrade to the ’strainMUSIC’
algorithm)
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Filtering and principal strain
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Appendix F

Displacement es琀椀ma琀椀on
(along muscle 昀椀bre direc琀椀on)
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Appendix G

Strain calcula琀椀ons
(along muscle 昀椀bre direc琀椀on)
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Appendix H

Calcula琀椀ons for
琀椀ssue characteriza琀椀on
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