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Abstract

Introduction: About 3.5% of women experience an obstetric anal sphincter injO#Sl)at first
delivery, damaging the external anal sphincter (EAS). It is still unclear whether women can give birth
vaginally in a new pregnancy (with good sphincter repair) or whetlvaesarearsection is advised to

avoid further damaging a weak sphinctefhe current ZGT guideline includes symptoms and
ultrasounddetermined anatomic damage but n&ASunction. This study aims to use functional 4D
ultrasound to determine the difference in the displacement of the EAS dwdngractionbetween
women with and without a OASI

Method: In five nullipara women (controls) and five women with a previ@/sSI(patients), a 4D
transperineal ultrasound recording (3D + time) was made of the EAS. Recordings were made from rest
to maximal contraction. The EAS was segmented in thest frame and tracked to maximum
contraction. The displacement of the EAS was calculated per voxel in 3 directions (caudal/cranial,
anterior/posterior and left/right). These displacements were compared between the conirdl a
patient groups.

Results:In the caudal/cranial direction, we observe a similar displacement of the EAS between the
groups. In the anterior/posterior direction, in the control grotipe displacement is higheeh the left

and right side of the EA®hile in the patient group, this mostly happens only on one side. In addition,
in the left/right direction ofthe control group, the left and right parts are closing, while in the patient
group, these parts open.

ConclusionThere is a difference in the displement of the EAS measured by 4D ultrasound between
healthy women and women with a previous obstetric anal sphincter injury. These differences support
our hypothesis that there are functional differences between the groups and that through
transperineal urasound, these should be included in the care aro@#S|



1. Introduction

Vaginal delivery is the main risk factor pelvic floor disorder§PFD]1], such agelvic organ prolapse
urinary incontinence, andaecalincontinence(Fl) EspeciallyFl hasa high negativeimpact on the
quality of life and can be divided into the loss of gasses, fluid and/or fé¢dsl can be prevented by
an adequatelycoordinated function of three (intact) pelvic floonuscles namely the puborectalis
muscle (PRM), internal anal sphincter (IAS)extdrnal anal sphincter (EA%) The PRMorms a sling
aroundthe anal canabnd relaxesduring defecation to create a straight passdge the feces.The
passagespacewill decrease during PRM contracti@and can be conscioustpntracied. The IAS isra
involuntary musclecontractedat rest and relaxesvith an increasen rectum filling which allows
defecationof the rectum[3]. The EA$% a voluntary muscltéhat automaticallycontracts more due to
higher abdominal pressure or increased rectum fillimighout the urgency to defecatelt is also
possible to contract the EAS conscigud moments ofurgency andwhendefecation is not predrred,
so the EAS prevesithe unintendedloss of fece$3].

FI can becaused byarious aspects such agle,chronic diarrheaneurologicdiseases, or sphincter
traumg4], [5]. However,anessentiafactorfor Flin women isan obstetric anal sphincter injury (OASI)
[6]¢[8]. Theseverity of OASI can be classified with the Sultan classification intoggtadet[9]. The

EAS is rupturedni case of more severe OASI (gm@and 4).Figure lillustrates a schematic
representation of the OASI grades 3 tdrtgrade 3aup to 50% of the external anal sphincter (EAS) is
ruptured. In grade 3160% up tal00% of the EAS is ruptured while the internal anal sphincter (IAS) is
intact. In grade 3ahe internalanal sphincter is involveals well Grade 4 is the most severe O/®id

the tear completely extendsito the anal sphincterincluding the rectal mucosal surfafl0], [11] In

2020 in the Netherlands, an OASI grade 3 or 4 occurred in 3.55% of th@dilgiarous)deliveries

after 37 weeks of gestation and occurred in 1.36% of multiparous wq&dnThe study of Nilsson et
al.[13] shows comparable results for nulliparous and multiparous wor8e3%o and between 0.7 and
1.1% respectively.Therisk of a repeated OASI waé-fold of the change for multiparous women
without previous OAJIL3]. The prevalence of womewith Flafter two singletonvaginal deliveries
doubled to 23.7% for 1 OASI and tripled to 36.1% for 2 OASIs, compared to 11.7% for women without
OAS[13].
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Figurel. Classification of OASI gradéo34 in a schematic representation of the an:
sphincte[11]. Grade 3a is a rupture up to the first dotted line. Grade 3b is between
the first and second dotted lines. Grade 3c is between the second and third dott
and grade 4 is past the thidbtted line.



The current protocoin dZekenhuisgroep Twente (Z§&$ thatpregnantwomen withpreviousOASHet

a 2Dendoanal ultrasound (EAU®)determine theextent of thesphincter injury{14]. The sphincter is
classifiedvith 2D EAU&s normal when less than 1/12 part of the sphincgtethe transversal planés
damaged mild when 1/12 to 3/12 part of the sphinctarthe transversal plané damaged and severe
when 3/12 or moreof the sphincter inthe transversal plands damaged14]. The women were
counselledfor vaginal delivery or a primary caesarean secti@sed on the& symptoms and the
sphincter defect classification of the EAUS], [15] During this counselling, the women were
informed alout the risk of FI in the future and the disadvantages and risks of a primary caesarean
section.The dsadvantages of the EAUS are thia probe must be inserted into the anal canal and
shows aransversalDimage For a correct sphincter analysis, iniscessary to move the probe and
estimate which part of the length of the sphincter is damag&dditionally, the analysis is only done
on the anatomy of the sphincter and not based on the sphincter's functiamich is essential
information.

The functionof the external analsphincter can be measuredusing anorectal manometry EMG
assessment (e.g. MAPLdE)manually A balloon, probe or finger must be inserted into the anal canal
to measure the pressure or signal during contraction for all these methdosever,these methods
givelessor no information about the anatomgf the sphincterA studyby Jordanet al.[15] hasshown
that manometry in combination with EAW&n help bycounseling for the delivery mode. However,
this means an additional diagnostilevice must beinserted into the anal canalAdditionally, the
manometrytakes 30 to 45 minutesvhich is relatively long

To be able to assethe EASanatomy and functiona new promising technique is considered, namely
3D transperineal ultrasound (TPUShis techniqués a less invasive methatlie to positioning the
probe on the perieuminsteadof inside the anal canalt gives comparableanatomicalresults of the
EAS with 2D EAUS5], [17] Additionally, it can quatitatively assess the pelvic fld®@rmotion in 3D
during contraction or Valsalv@io our knowledgeDas et al[18] wasthe first study that quantitatively
determinedthe function of the PRM based @train measurementsStainis the deformation of the
Ydza Of SQa @2t dhépassese@hel3ni displ&cement and strain in the PRM during
contractionand Valsalva measudevith 3D TPU$18]. This method is also called 4D TPUS due to the
analyses of the 3D volume over time, so time is the fourth dimengistudyby Hdlscher et al[19]
YSIFadz2NBa (GKS 9! { (GKAOlySaa Fd ¢ FYyR muH 2Q0f 201
between rest and contraction with perianal tomographic ultrasound imakjesvever, this was not a
guantitative measurement of the whole EAS, and there wereneasurements on the left and right
EASparts. It would be interesting to know if 3D displacement calculations between rest and
contraction can also assess the EAS functitgalthy nulliparous women are chosen to understand
what happens with the EAS betweeest and contraction in healthy EARat are womernwho have

not yet given birth, sdghese EAS are considered intactd healthy Therefore this pilot study gives
insight into a normal EAS functiatetermined with 3D displacement calculatiosdditionally,it is
interesting toinvestigate if there ardifferences betweerEAS function meased with 4D TPUS
between healthy women and women with previous QA®krefore, women with previous OASI are
also used in this studyVe hypothesized that differences in EAS function would be assessed with 4D
TPUS with 3D displacement calculations.

Summarized, the first aim of this pilot study is to assess the technical feasibility of EAS segmentation
and3Ddisplacement assessment. The second aim is to get insights into the displacement outcomes of
EAS during contraction in healthy nulliparargd in women withprevious OASAnd compareboth

results if there are differences



2. Materiak andmethods

2.1. Studypopulation
This prospectivepilot study was conductedvith patients and controlsAll women had a good
knowledge of the Dutch language and were 18 years or olttez. patients consistedf women with
previousOASI from the gynecology department of ZGT hakjn Hengelaand Almelo who were
planned for 2D EAUShe exclusion critemim of the patient grougs a previous sphincter surgeryhe
controls consisted of women who had never given birth (nulliparous), had never been pregnant, and
were enrolled via flyers The exclusion criteria of the control gro@pe a gestation > 14 weeks,
symptoms of pelvic floor dysfunction (e.g. urinary or fecal incontinence) or known sphincter injury.

2.2. Data acquisitiofcollection
The 4D TPU®olumeswere acquiredwith the EPIQ 7G US machiasing the Philips X6 matrix
transducerat the ZGTAIl the patiens and controls were scanned &supine positionand a gepad
with a thickness of 2 cm was added between the probe and the patientfiffdlegelpad construction
is shown inFigure2. The gelpad ensures the whole sphincter complex is in the field of view during
contraction. The probe consisted of 9212 elementdetvolume angle was 90 degreés both
orthogonaldirections the scardepthwas 9 cmtheframerate was 3Hand the postprocessing filters
were set off.

The ultrasound protocol was optimized during the data collection resulting in variations in the data of
the patient group.Theresolutionvariedin the patient grougpetween0.750.83 mm between the 256
X-slices,0.48-0.53 mm between the 1Bto 187 Y-slices and.430.44 mm between th@22 to 2347-
slices.The last 4-47 frames of the 4D measurement were savéd. the nulliparousdata were
collectedwith the final ultrasound protocolThe resolution of théframescollected with the final
protocol was0.75 mm between the 28&:slices 0.50 mm between the 188&-slices and 0.43 mm
between the226 Z-slices.The last 41 frames of the 4D measummwere saved

During theTPU&ssessmentwo 4D measurements were maad the anal sphincter comple¥igure

2 visualiss the LINR op®dltian on the perineum during the TPUS assessméntring the
measurements, they were asked to contract the pelvic floor how they would hold their defecation,
hold this for 2 seconds, and relax again. The measurement was stopped 2 seconds after the relax
instruction, and the 4D measurementas saved condiag of rest to contraction and back to rest.
Figure3 shows the TPUithagesof the anal sphincter complex during reéatsagittal and transversal

view. The EAS is a hyperechogenic (white) structure, while the IAS is a hypoechogenic (black) structure.



Figure2. Probe position orthe perineum ér the measurement of the anal sphincter com
(A)24] and the gepad added on the probe with a glove around it and fixed with tape(B).

Figure3. TPUS images of anadtsncter complex in transversal (A) and sagittal view (B) hyherechogenistructureis the
EAS (yellowarrow), andthe hypoechogenic structuiie the IAS (orangarrow). Inside the IAS is the anal mucwsable (rec
arrow).



2.3. Data processing

Data preparation

Input data for the displacement calculations argginal data of théJS machine, eonventionaDICOM
format and the manually segmentedegion of interest (ROI) of the EAS in the restframe before
contraction.

TheoriginalUS machine data of the 4D measnrents were in DICOM format. However, these data

Ydzad TFANBRG 0SS O2y@SNISR G2 | FAE{S gAGK (GKS WYoF
conversion was done with QLAB, version 1Philips HealthcareAndover, MA,USAThe conversion

to a conventionaDICOM file was done in MATLAB. QLAB was used to determine the rest frame before

the contraction and the frame with maximum contraction. The DICOM file of the rest frame is
extracted from all the frames to use for segmentat of the EARvith MATLAB.

3DEASegmentation

The EAS sphincternsanuallysegmented in the restframe befottee start of contractionin 3D Slicer
version 5.21.. Proper guidelines on 3D segmentation of the EAS are lackinginhouse 3D
segmentation protocol is developed &nsure adequate and reproducible resulihis protocol is
based orpublished 2D segmentations in previous padefy, [21] anatomical information of the EAS
in previous paper$22] (Appendix A)a TPUS expert meetingnd our own clinical experience with
assessing EAUS anatomy. The protocol is statéallass:

Step 1:Rotate the slicetoward the anal canain the sagittal and coronaliews(Figure 4). This rotation
ensures that the EAS can be determined over these axes in the transviEnsalmaking it most
comparable with the EAUS (the golden standard).

Step 2:Setthe upperboundaryof the EASh the transversal viewl he uppetboundaryis determinel
at the slice of opening thEASandmergesinto the PRMn thetransversaview (Figure 5).

Step 3:Setthe lowerboundaryof the EAS in the transversal viethe lowerboundaryis determined
at thelast slicewherethe internal anal sphincter igisiblein the transversalview in combination with
the sagittal and coronaliew (Figire 6).

Step 4:Set the thickness of the EASlifferent viewsby setting the inner (step 4a) and outer boundary

of the EAS (step 3kFigure7 showsthe segmentatiorof the thickness of the EAShe thickness is first
determined in the transversal view and checked in the sagittal and coronal Stev4aSet the inner
boundary of the EAShe inner boundary is the edge of the I1ABe IAS has a hypoechogenic structure,

and the EAS is a hyperechogenic structure. This difference ensures a good distinction between both
structures Step 4b:Set the outeboundary of the EAS. The outer boundeayn be determined due to
following the white colour on the left and right sides of the EAS to the anterior and posterior parts.
The distinction between the EAS and other muscles is more difficult in the anterigoatetior parts

of the EAS than in the left and righEspecially for the outer boundary, it is essential to check the
muscle in the other directions to see if another muscle or structure is segmented instead of the EAS.

Step 5:Smooth thesegmentatiorboundariesusing the Gaussian smoothing method with a standard
deviation of 1 mm

The segmentation of a patient with a previous OA&&tsists of the same steps of the healthy
segmentation protocolHowever, the segmentation is more difficult in thedaga due to the OASI part.

The OASI part is defined by an interruption of the hyperechogenic EAS, which is visible as a
hypoechogenic structurelhe OASpart will also be segmented in thehole EAS segmentation.



Figure4. Therotation into the anal canalThe red linésthe rotationin the sagittalview(A), andthe green lingsthe
rotation in the coronaview (B).

Figureb. Upper boundary segmentation in sagittél), transversal (B) arebronal (Cyiewsof the EAS in greeiihe yellow
line in the sagittal and coronalewcorresponds with thplanein the transversal direction.

Figure6. Lower boundary segmentatian sagittal (A), transversal (B) and coro(@jviewsof the EAS in greeiihe IAS is
still minimally visible in the transversal slieadit is still visiblen the coronaklice



Figure7. TPUS images witho(#, B, C)and with the segmentatiofgreen volume in D, E, tB)illustrate the
thickness of the EAS sagittal (AD), transversal (B, E) and coronal (C, F) views.

Displacement software

A part of thestrainsoftware ofDas et al[18]is used to calculataccumulated displacement estimates
in the EASThe input of this softwarés the original US machine data, the conventiobdCOMdata
and the manually segmented ER®I Figure8 shows the most important steps tiis software

The first step of the softwarewas to calculate intevolumetric displacementsin this step the
displacement of the ROI between thelectedrestframe and thesubsequenframeis estimated with
a 3D normalizedrosscorrelationalgorithm optimized for PF muscles athé US system by Das et al
[18]. The only change in the softwafer the EAS wasodifyingthe kernel sizeand template sizéo
61x61x61 and 41x41x4tespectively, because of thether shape of the EAS than the PRMis
algorithmcalculateghe displacementor each two subsequently recorded frames.

The EA changes in position during contractiso between the different framesTherefore, it is
important to change thénitial ROI position over the following frames. Because if the initiapBgion

of the firstframe is used in calculating the displacement between frehand 5, the EAS not lated
atthe initial ROI position due to the movement during contracti®a.then another structure than the
EAS is trackedror that reasonthe second step igacking the muscleTrackingneans that the initial
ROI will be updatedsing theestimated diplacement of step 1IThese steps are repeated till the last
frameand are also in the software of Das et[&B].



The estimated displacements were calculated in each direction. These Vmtvesen thedifferent

frames can be used to calculate the accunedadisplacement estimates the x-, y- or zdirectionto

take the sum of the estimated displacemaritthe rest frameuntil the contraction frameMore details
about the software can be found in the article of Das efld].

Estimation
displacement
values
Accumulated
Inter-volume .

US volumes ) . displacement
. displacement Tracking . .
(input) estimations estimates in

EAS (output)
Manual .
segmentcjation Initial/
. ROI
of EAS (input) updated RO

Figure8. Visualisation of the mostiportant steps to calculate the accumulated displacement estimates.

2.4. Data analysidisplacements
The accumulated displacements values are visualised in a scatterplot. A scatterplot consists of the
accumulated displacement between rest and maximum contraction in thg xor zdirection. The
displacement will be visually analysed individually in ¢hdérections in the control group, in the
patient group and between both groups to compare the most representative control and patient.

6D data (a 3D structure with three displacement directions) is challenging to analyse and compare, so
it is chosen firsto analyse all displacement directions in the middle transversal frame of the length of
the EAS. The last updated ROI is used to determine this middle frame to determine the lowest and
maximum xcoordinate value of the ROI, and then it is known at whictalue is the middle frame.
Figure 9 shows a \visualisation of the middle frame of the EAS Ilength.
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Figure9. Visualisation of the middilame of the length of the EAS. Thestsxis is
the direction of the EAS length. The rec s the selected middle frame.
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3. Results

Figurel0 showsthe flowchart of the included patients with previous OASI. TR&JSvasconducted
on 13 patients8 patientswere excluded from the study based on poor image qudlity 6), t@ much
damagein IAS and EAS distinguish EA® make the segmentation (r=1) and an error during voxel
trackingdue to EAS position and the used kerraatd template siz€n = 1).Thedisplacementsare
calculated for5 patients with previous OASB nulliparous controls were includedand the
displacements arecalculated in all of thesecontrols Table 1 summarizethe demographic
characteristics ofhe patients and controls

TPUS of OASI patients (n=13)

Y

EAS segmentation
(completed n=6)

6 excluded:
»

* Poor image quality

|+ Too much damage to distinguish sphincter for

1 excluded:

segmentation in combination with poor image
quality

P

1 excluded:
*  Error during tracking due to position EAS and
the used kernel and template size

Y

EAS displacement
calculations of OASI patients
(n=5)

Figurel0. Howchart of the included OASI patients

Table 1. Overview of the demographic characteristics of the patient and control group.
* wrong grade 2 grading after vaginal delivery, EAS damage on EAUS.
Age (yr) | Gravida Para Grade Complaints | Postmenopausa
OASI of FI
Patient 1 | 38 3 2 3A Yes, FlI fol No
fluid
Patient 2 | 28 2 1 3B No No
Patient 3 | 31 6 2 3A Yes, FlI fol No
gasses
Patient 4 | 29 2 2 2* Yes, FlI fol No
fluid and
gasses
Patient5 | 31 2 1 3A No No
Control 1 | 24 0 0 - No No
Control 2 | 55 0 0 - No Yes
Control 3 | 22 0 0 - No No
Control 4 | 60 0 0 - No Yes
Control 5 | 20 0 0 - No No
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3.1. Segmentation
The3D segmentation and corresponding transversal view odritrol are illustrated in Figure 1R
completeoverview of all controlsincluding sagittal and coronal visyecan be found in Appendix B.

Figurell The 3D view of the segmentation of a con{®)| and a transversal slice of the segmentatinrthe ultrasound
image (B) The segmentation athe EAS in green.

The 3DEAS and OAS¢gmentation and corresponding transversal view of 1 patient are illustrated in
Figure 12Afull overview d all patients including sagittal and coronal vievesin be found in Appendix
C.

Figurel2 The 3D view of the segmentationaypatient (A), and a transversal slice of the segmentatiorthe ultrasound
image B). The segmentation athe EASIncludingOASIisin green and the suksegmentation of the OASI pastin red.

12



3.2. Orientationsphincter
Figurel3shows the defined orientatiom the TPUS imagesid the US coordinate systefhe xaxis
is defined aghe caudalcranial directionanda lower xcoordinate is the caudal padf the EASThe
y-axisis defined ashe anteriorposterior directionand alower y-coordinate is theanterior part of the
EAS The zaxisis defined ashe rightleft direction and a lower zoordinate is the left part of the EAS
The axis in the transversal vidgtween the TPUS images and the US coordinate syistetated.
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Figurel3. TPUS images tiie anal ghincter complex isagittal (A) andtransversaview (B)and theorientation of the EAS
segmentationin the US coordinate syste(@,D) The bluedoubleheaded arrowin thesagittal viewrepresents the caudal
cranial direction. Thgreen doubleneaded arrow represents the anterposteriordirection. The red doubleeaded arrow in
the transversaliew represents the rigHeft direction.
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3.3. Displacementontrols
The displacement in the- xy-, and zdirection of each voxel of the segmented EAS in a 3D view of one
control are visualiseth Figure 14. Ishows thatthe estimated displacements are the highest in the
direction of the xaxis. These displacements are positive values representing the movement to the
cranial direction. The estimated displacements of thexis are also all positive values, representing a
movement to the posterior direction. The displacements of tkexis consist of positive and negative
values. The positive voxels move to the right part of the sphincter, and the negative voxels move to
the left part. Additionally, the different colours tfe displacements differ slightly in the EAS length (x
axis).

Displacement z-direction Displacement x-direction

0.09 0.09
Right 0.5 i
g 008 E 000
& 0.07 p & 0.07 .
50 D "
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0.06 0.06 / >
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0.05 0.07 2 005 “Caudal 67
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US-y (m) US-x (m) US-y (m) US-x (m)

Displacement y-direction

’
0.06
i 0.08
0.05 Anterior 7

0.07
0.04 0.06
US-y (m) US-x (m)

Figurel4. A visualisation of the displacemegdtimates in the x y, and zaxis of the 3D EAS from rest to maximum
contraction in one control. The colours of the image display the displacement of that specific direction in mm. A po
displacement value is a movement of that specific voxel igleh value in that axis (red arrow). The black arrow show
direction of a negative displacement.

Figurel5 shows thedisplacement othe voxelsbetween rest andhe maximum contractiorof one
transversaklicein the middle of the EAEBNgth of all controls(Appendix D)The scale of theolour
bar differs between the different controlgdue to differentmaximumand minimumdisplacement
valuesin the specific directionThe displacements in control 2 dreall directions less than in the other
four controls.However, the mximum displacement value in all control is the highest in tdeection
and all positiveso the EAS moves the most in the cranial directi@misoshowsthat the displacement
in the x-direction is the largest in the poster part of the EAS, so the posterior part moves more in
the cranial directiorthan the anterior part of the EAS.
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Figurel5. Thex-, ¥, and zdisplacement of the voxet the middle slice of the bmcter inthe transversal view of all the controls. Th
colours of the image display the displacement of that voxel in the specific direction iFhemghestisplacementvalue of a contro
in the specific direction is visualised in yellamd the lovest valuedsin blue.The red arrows represent a positive displacement in
axis and the black arroweepresenta negative displacement. The length of the arrow is based on the extent of displacement o

control.

The displacement in theg/-direction shows that this i®nly positive in control 1 and 2, positive and
around zerdn control 4, negativand around zerdn control 3 and positive and negative in contral 5
Additionally,the anterior and posterior side of the EAS moves to eadtenin control 2, 34 and 5
Whilethe posterior part moves more to thgosterior sidethan the anterior parbf the EA$n control

1, so both parts movaway from each other during contractioMost displacement during contraction
in the ydirection is n all controls' the left or right EAS part.

The displacement in the -direction shows that this is only positive in control 1, only negative in
controls 2, 4 and 5, and negative and around zero in control 3. Additionally, it shows that the right part
moves more to the left than the left part in controls 2, 3, and 4. While in control 1, the left part moves
more to the right than the right part of the EAS. Further, in control 5, the right part moves less to the
left than the left part of the EAS. So imdt of 5 controls, the right and left parts move to each other

during contraction.
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3.4. Displacement OASI
Figure B showsthe displacement of the voxels between rest and the maximum contraction of one
transversal slice in the middle of the EAS length of &ikpes (Appendix E)The scale of the colour bar
differs between the patients due to different maximum and minimum displacement values in the
specific directionIn patiens 3 and 4 the maximum displacement is the highest in thelixection, so
the EAS mees the most tahe cranial direction in these patient$n the otherthree patients the
maximum displacement is the highest in theliyection, so the EAS moves the most to the rigint
these patients

The displacement in the xdirection is in all patients higher in the posterior part than in the anterior
part of the EAS, so the posterior part moves more in the cranial direction than thearpeart of the

EAS. Additionally, this displacement is the same in the right and left part of the EAS as the posterior
part in patient 1, and the left part of the EAS moves more to the cranial than the right part in patients

3,4, and 5.
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Figurel6. Thex-, y, and zdisplacement of the voxei the middle slice of the sphincter in transversal view of all the patients. The ¢
of the image display the displacement of that voxel in the specific direction i henhiglestdisplacementalue of gpatientin the
specific direction is visualised in yelland the lowest valuein blue.The red arrows represent a positive displacement in that axt
the black arrowsepresenia negative displacement. The length of #ieow is based on the extent of displacement of that patient.
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Thedisplacement in the ydirection isin all voxelgositive in patient 1,2,3 and 5, and positivewell
negative in patient 4Additionally, itshowsthat in patient 1, 2, and 3 #adisplacement values in-y
directionare approximately equallyositivein the anterior part as the posterior part. While fratient
4, the displacement value in thanterior part is around zer@and the posterior siddas a negative
displacement, so moves to the anterior sidend n patient5, the displacement in theanterior part
has ahigher positivevalue than in the posterior partSo in three patients theg-displacement in
anterior and posterior side areomparable and in two patientthe anterior and posterior side are
closer together at maximum contraction comparedrest.

The displacement in the-direction is positive and negative in patient 3 and negative in the other
patients.Additionally, the displacement ithe z-directionhasa lessnegative value in the right part of
the EAS compared with the left sidle patients 1, 4, and.9n patient2, the right parthas a more
negative displacemerhanthe left part of the EASVioreover,in patient 3 the right part has a positive
displacement while the left part has a negative displacem8atthe left and righparts are more apart

at maximum contraction than in rest in 4 out of 5 patients, only not in patient 2.
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3.5. Comparisortontrol and patient
Figure T shows the displacement of the voxels between rest and the maximum contraction of one
transversal slice in gnmiddle of the EAS length of control 3 and patienft®e maximum displacement
in the x and ydirection are higher in control 3 than in patieBtThe displacement in the xdirection
is higher in the posterior part than in the anterior part in t@ntrol and in the patient. In control, the
displacement in thexlirection is more symmetrical in the left and right parts than in the patient.

The displacement in the -girection is in control 3 higher in the anterior part of the EAS than in the
posteria part, while these displacements are more comparable in both papatient 3 Additionally,

the displacement in the-direction is in the control reasonably comparable in the left and right parts.
In contrast, in the patient, this displacement is higirethe left part than in the right part of the EAS.

The displacement in the-direction is maostly negative or around zero in control 3 and mostly positive
and minimally negative in patient 3he right part of the EAS moves to the lagftcontrol 3 while in
patient 3 this part moves to the right. Additionally, the anterior part moves tol#itin control 3,
while it moves minimally to the right in patient 3. The left and posterior part moves fairly similarly in
control 3 and patient 3. Due to a movement in another direction in the right part of the EAS, the left
and right parts are closdogether during maximum contraction compared to rest in control 3, while
in patient 3 the left and right parts are further apart during maximum contraction than in rest.
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Figurel?. The x, y, and zdisplacement of the voxel in the middle slice of the sphincter in transversal view of control 3 and pa
The colours of the image displtne displacement of that voxel in the specific direction in mm. The highest displacement value
patient in the specific direction is visualised in yellow, and the lowest value is in blue. The red arrows represerg digalsitiemen
in that axis, ad the black arrows represent a negative displacement. The length of the arrow is based on the extent of displac
that patient.
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4. Discussion

This pilot study shows that it is technically feasible to segment the &#Sdetermine 3D
displacements. In most controls, during contraction, a cranial movement of the whole sphincter,
closing of the left and right parts, and closing of the anterior and posterior parts are found. In most
patients, during contraction, an asymunieal movement of the left and right parts in the cranial and
posterior direction and openings of the left and right parts are found. There were differences in
comparing the control and patient, which is very promising for the future.

4.1. EAS segmentation
The EAS consists of different partsleally, the full EASis assessed during thdisplacement
calculations Due to technical limitationge.g.difficult to distinguish the subcutaneous part of the EAS
due to less spacdetween the EA&GNnd no IAS)only the superficialand deep parts of the EAS were
included in the segmentationAdditionally, the deep part of the EASergesinto the PRM.n the
current segmentation protocolhe segmentatiorendedcranialwhere the EAS opened on the arnibr
side while it is known that the posterior part of the EA3dnger than the anterior sidea women[22].
It isanticipated that the lack of these segmentatiomdl not have influenced these results siraxding
these parts will give additional informatiarf theseparts andnot give other displacement value$
the currenty used segmentations

The EASof patients aremore difficult to segment due to the damage the sphincter Ideally, the
correctEASpartswere segmented and assessed during dligplacement calculations. Howevaet,is
sometimesdifficult to distinguish theEASfrom the surrounding tissuesThere could bescar tissue
between the EAS parts that attached the parts, aBobtheroption could be that a part of the EAS is

not attached tothe other EAS partThe segmentation protocol could be adjusted to stop the
segmentation when there is a sign of a retractedste with a higher density, resulting in a ron
circular EAS segmentatiodditionally, the OASI is always located on the anterior side of the EAS. This
location provides a more difficult segmentation on the deep EAS part because the EAS will also open
in that part. So, it is sometimes difficult to distinguish between scar tissue and opening the EAS.
Further, one patient was excluded due to too much damage on the EAS and IAS to segment the EAS
because it cannot be distinguished propefispatient shows that, in some cases, the TPUS is more
difficult to interpret than the EAUSHowever, the image quality was also poor due to insufficient
ultrasound gel causing signal lossmdartefacts This quality could also be a reason why it was dlfficu

to distinguish the EAS for segmentatidastly, the segmentations are not checked by another expert,

but doubts about the segmentation of the patients are discussed with another expert. So, there were
still some doubts or improvement points in the Ed&ymentationsHowever, most parts of the
sphincters were segmented well, which are reliable for displacement calculations.

4.2. Displacements
To our knowledge, this study was the first studyassesa quantitative 3D displacement of the EAS
The results show variation in displacement value in the different controls. Waenenwho indicated
difficulty with contractingher sphincter also had low displacement valugkis supports the conclusion
that quantitative 3D displacement of the EAS is feasible.

The results showa large displacement of the EAS in the cranial directddrthe controls This
displacementannot be due to the EAS itself becatfsis isthe movement in the EAS lengtind the
EAS is mnorecircular muscle. It could bihe effect of the PRM cdraction because¢he PRM will also
be contracting wheieontracting the pelvic floaio holdthe defection.The PRM lies with a sling around
the posterior part of the anal canal and is attached to théipubbone When contracting the PRMhe
anorectal angle will beharpening resultingin the anus and thusthe EAS will be moved in tloeanial

19



direction defined in the US imagethis can also clarify why thgosterior part moves more in this
direction thanthe anterior part of the EAS herefore, the displacement in thedrrection (cranial
caudal direction) isnimportant for the EAS function. Howeveaitso the PRM function is important to
maintain fecal conhence.

The displacement in the-girection, in the anteriomposterior axis defined in the US image, was higher

in the left and/or right part of the EAS than in the anterior and posterior parts. This could be because
the anterior and posterior are attached to thgerineal body and coccygeal ligament, respectively.
There may be less movement due to these attachments and more movement in the left and right parts.
Further, in control 1, the anterior and posterior parts are more apart during contrattiam inthe

other controls.It was seen that the tracking of the anterior part of the EAS was the worst when
analysing the certainty of the trackinGontrol Imadea goodand fastcontraction of the pelvic floor.
Thisfast contractioncan make it more difficult to tracthe muscle.

In thedisplacement in the-direction, leftright axis, the results shoim the control group thathe left
and rightparts are closer together during contraction. However, tamount thatboth parts come
closer together is minimal between tieand 4 mm in the control grougOn the otherhand, this
already give new insights ito the movement of the EAS during contracti¢iurther, the movement
in the zdirection in most patients is that thleft and right are opening, so the opposite happdns.
patient 2 this displacementvas not differentfrom the controls However,the EASvas very skewed
in the 4D TPUS imageghich can give other resultgncethe displacements werealculated in the US
coordinate system

In the comparison of control 3 and patient 3, the displacement of the right part of the EAS was different
compared with the control. The OASI part was also in the right part of the EAS,t$s tie most
logical explanation for why that part differs.

4.3. Drawback analysis
There are some drawbacks of thesplacementanalysighat affectthe results Firstly, he analysis is
mostly done on themiddle slice of the EAS lengiind not on the whole 3D volumén the controls,
we saw only small differences in displacement over the length of the EAS, so this probably will not
result in other resultsin the OASI patients, this is not analysed yet; especially in the patient group,
differences are expected due to damage in (a part of) the B&®Bever, only the middle slices of the
EAS already give other displacements in a patient than in co®ealondly, the displacements were
calculated in the US coordinate systemy'syxand zdirection. The positiomnd orientationof the EAS
differs between the different controls and patients and depends on the probe position during the TPUS
assessmentConsequently, the movement of the EAS due to PRBM can also influence the
displacementsvaluesin the otherdirections Thirdly, the defined axis in the Bordinate system
does not correspond completely to the anatomical axis of the body due to the position and rotation of
the probe during the TPUS assessmditte cranial direction definedhithe US coordinate system is
more in the direction between the anterior and cranial directions in the body. HoweveGrdnial
direction in the US coordinate systens more ini KS RANBOGA2Y 27F ThekeSs & LKA
differences do not affect thelisplacement itself but the clinical interpretation of the displacement
values in the X, y, andaxis.Lastly, the EASoxelsmakes one movement during contraction, but the
displacements were analysed in each direction individually. The analysing per axis makes it more
difficult to interpret how the whole sphincter moves because the colour bar axis also differs between
the direcions. However, due to the analysis per axis, the effect of the PRM is mainly seen in the x
direction, and it is easier to compare the displacements of the sphincter in -thieegtion and z
direction, which the EAS mostly causes.
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There are some limitatisof the data used in this study. Firstly, the number of controls and patients
is limited. However, there are already differences between the groups despite these low numbers,
which is very promisingSecondlythe rest frame and the contraction frame aselected in the TPUS
images.lt is difficult to select the correct frame before contraction and the frame at the maximum
contractionwhen there is less contraction. Ttgslectioncan influence the results because the EAS
displacement between these framés calculated. Moreover, if a woman does not know how to
contract her sphincter consciously, it does not immediately mean that the sphincter is not working
since the EAS can also contract unconsciolusatly, it could be that the probe moved during tHeUIS
recording, but it was tried to keep the probe as steady as possible. Moving the probe during
contraction also displaces the EAS in the recording, so some displacement could also be due to the
probe movements and not the EAS contraction.

4.4. Future perspetives
This pilot study shows that it is technically feasible to segment the EAS manually and determine the
3D displacements. However, the software could still be optimised for the EAS. The chosen kernel size
was based on another data set, and we saw arpotracking of the EAS with a larger contraction. The
data of the other dataset consist of smaller voxel sizes, so optimising the kernel and template sizes on
this data could give better results in tracking the EAS and displacement values of the Ei&niinel
the necessity of changing these sizes, the EAS can also be segmented in the maximum contraction
frame, and the Dice score and Haussdorf distance between the tracked and manually segmented EAS
can be calculated. Based on these results can be détexif a change in kernel and template size is
necessaryFurther, this pilot study shows different displacements between controls and patients.
However, the results are challenging to interpret, and improvements are needed to make an easier
interpretation and comparison possible because that is necessary for clinical use. Therefore,
expressing the EAS function as a value possible to calculate a strain is useful. At least two steps are
necessary to investigate whether a strain could express the EAS fuictime value. Thiirst step is
to change the US coordinate system into a coordinate system with one axis in the length of the anal
canal and the other 2 in the anterignosterior and lefiright EAS parts. The displacement can then be
calculated in thisiew coordinate system, resulting in the probe's angle having no influence on the
displacements. Theecondstep is that the displacement could also be calculated in a cylindrical
coordinate system. The z value in the cylindrical coordinate system carspon@ with the xaxis in
the UScoordinate system. The r and theta can be determined in thplgae of the US coordinate
system. This coordinate system gives more information about what happened in a circular structure
because that is difficult to intergt in a cartesian coordinate system. To know if a strain calculation is
a good step to express the EAS function in a value, it is important to see a gradient in the displacement
values calculated in the cylindrical coordinate system, especially in thet thata values because the
z value is in the EAS length and is caused by the PRM. A gradient in these values means there will be a
deformation of the EAS in that direction, resulting in the strain that can be used. If there is no gradient
in the axis, it Bould be investigated whether the function can be expressed in another outcome
measurementThat outcome measurement should then be compared to manometry measurements,
because Jordan et dll5] have studied that their protocol, including the manometrgasurement,
can help clinicians in their decisiomaking betweervaginal delivery andaesarean. The manometry
measurement was used to determine the functioithat study. However, it is also important to realise
that other pelvic floor muscles alsofluence the manometry measurements because an avulsion of
the levator ani muscle is associated with a lower manometric squeeze pr¢&3lpessible that an
avulsion of the levator ani muscle is also important information for the counselfirtgs possible to
express the function of the EAS with 4D TPUS assessment, this tool could be used in the counselling of
pregnant women with a previous OASI. However, also in women in the postpartum period with an
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OASI during vaginal delivery, to determine tiadtion as a preventive screening for the future and
whether or not advising pelvic floor physical therapy.

5. Conclusion
In conclusionthe results of this pilot study are veppsitiveand promisinglt istechnicaly feasible to
segment and determine the[3 displacemenbf the EASn 4D TPUS recordingand there were
different displacements between the controls and patierfithe meaning of these differences EAS
function cannotbe concluded yet.
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Appendices

Appendix A: Anatomical backgrountbrmation of the EAS
In women isthe anteriorly partof the EAShorter approximately 1.5 cm (in men approximately 2.7
cm). The lateral part iapproximately 2.7 cmThe EAS has a thickness of approximately 4 mm.

TheEAS consist of three patSgurel):

- Deep part:
o circular muscle fibers.
0 Blends with puborectalis part of levator ani (posteriorly and laterally).
- Superficial part:
o0 Elliptical muscle fibers
0 Attaches from the tip of the coccyx posteriorly to the perineal body anteriorly
o0 Only part ofthe sphincter with bone attachment
- Subcutaneous part:
o Circular muscle fibers
o Lower ends curve inwards, lying below the end of the internal sphincter

Longitudinal muscle of rectum

Circular muscle of rectum

Levator ani

Columns of morgagni

Deep external sphincter
Dentate line
Conjoint longitudinal coat

Superficial extarnal sphincter

Internal sphincter

Subcutaneous external sphincter

Corrugator cutis ani

Levator ani
muscle

External
sphincter ani

— Perianal skin

Figurel. Anatomical view of theA&S andhe different parts. a. coronal section of the anorectum. b. Anal sphincter and
levator ani muscles.
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Figures 2 and 3 show more information about the surrounding muscles of the pelvic flodheand
attachment of the EASFigure 4 shows the anatomicalchtion of the PRM and anal sphinciara

sagittal view of the pelvis.

Clitoris

Ischiocavernosus

Bulbospongiosus (aka
bulbocavernosus)

Urethra

Vagina

Transverse perineal
muscles

Anus

External anal sphincter

Levator ani

Coccyx

Figure 2 Overview of the differentgivic floor muscles and the attachment of the EAS with that
muscles.

uterus

blaas
os pubis -—-—) rectum
musculus
anaal kanaal
anale sfincter

Figure 3The tranverse perin€liP)is Figure 4An overview of the pelvic structures and the PRM (muscult
seen to fuse with the EAS. The and the anal sphincter.
puborectalis (PRprms a sling around
the EAS.
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Appendix BSegmentation results of theontrols

Control 1
3D Segmentation Transversal view

Sagittal view Coronal view

26



Control 2
3D Segmentation Transversal view

Sagittal view Coronal view

Cranial

Anterior
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Control 3
3D Segmentation Transversal view

Sagittal view

Cranial

Anterior
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Control 4
3D Segmentation Transversal view

Sagittal view

Anterior
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Control 5
3D Segmentation Transversal view

Sagittal view

30



Appendix CSgmentationresults of the patients

Patient 1
3D Segmentation Transversal view

Anterior

Sagittal view Coronal view

Cranial

Anterior
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Patient 2
3D Segmentation Transversal view

Sagittal view Coronal view

Cranial B ‘anial

Anterior Le‘ '
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Patient 3
3D Segmentation Transversal view

Sagittal view Coronal view

Cranial

Anterior
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Patient 4
3D Segmentation Transversal view

Anterior

Sagittal view

Cranial

Anterior
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Patient 5
3D Segmentation Transversal view

|

Anterior

Sagittal view Coronal view

Cranial Cranial

Anterior
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Appendix Dbisplacement figures dhe controls
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Control 2
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Control 4
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Control 5
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Appendix EDisplacement figures of the patients
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Patient 3
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Patient 4
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