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Contribution

What are the novel findings of this work?

Pelvicfloorultrasound has a lowersensitivity, but ahigherspecificity forthe detection of levator ani
muscle avulsion compared to MRI. MRI and EVUS have a good predictive ability for major avulsion and
correlate to anterior vaginal wall prolapse. Agreement for avulsion and hiatal measurements was

highest between MRIand EVUS.

What are the clinical implications of this work?

Pelvic floor ultrasound can be implemented as a triage test to assess parous women for levator ani
muscle avulsion but cannot substitute MRI. The predictive ability of ultrasound is moderate for
presence and very good for absence of LAM avulsion. A positive test should be re-confirmed by a

differentobserverorimagingtechnique.
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Abstract

Objective: To estimate diagnostictest accuracy of magneticresonance imaging (MRI) and pelvicfloor
ultrasound for diagnosing levator ani muscle (LAM) avulsion in a general population, with a view to

establishif ultrasound could substitute MRIto diagnose LAM avulsion.

Methods: Cross-sectional study on 135women four years after their first delivery. Signsand symptoms
were assessed using validated methods. All underwent 4D transperineal ultrasound (TPUS), 3D
endovaginal ultrasound (EVUS) and MRI. Images were acquired at rest, squeeze and Valsalva and
analysed by two blinded observers. Pre-defined cut-off values were used to diagnose LAM avulsion.
Inthe absence of areference standard, latent class analysis (LCA) was usedto establish diagnostic test
characteristics for LAM avulsion as the primary outcome measure. Secondary outcomes were kappa
agreement between imaging techniques, intra-class correlation (ICC) for hiatal measurements at rest,

squeeze and Valsalva, and correlation with signs and symptoms of pelvicfloor dysfunction.

Results: Prevalence of LAM avulsion with MRl was 22.9%, TPUS 11.1%, and EVUS 17.8%. Prevalence
based on LCA was 15.7%. Sensitivity of TPUS (71%; Cl 50-90) and EVUS (91%; Cl 74-100) for LAM
avulsionislowerthan MRI (100%; Cl 84-100). Specificityof TPUS (100%; Cl 97-100) and EVUS (95%; Cl
91-99) is higher than MRI (91%; Cl 85-97). MRI (PPV 95% and NPV 100%) and EVUS (PPV 100% and
NPV 98%) have high predictive values forassessment of major LAM avulsion and correlate to anterior
vaginal wall prolapse. TPUS has high predictive values for minor LAM avulsion (PPV 100% and NPV
95%). Agreement for diagnosis of LAMavulsion (k 0.69) and hiatal measurements (ICC0.60-0.81) was
highest between MRIand EVUS.

Conclusion: Pelvic floor ultrasound can be implemented as a triage test to assess parous women for
LAM avulsion because of its high specificity. Ultrasound cannot substitute MRI because of a lower
sensitivity. The predictive ability of ultrasoundis moderate for presence and very good for absence of

LAM avulsion. A positive test should be re-confirmed by a different observer orimaging technique.

DTA of MRI and ultrasound for LAM avulsion



Introduction

During childbirth the levator ani muscle (LAM) stretches up to 3.3 times its initial length to allow
passage of the fetal head[1].This couldcause stretchinjuryto oravulsion of the muscle from the pubic
bone. LAM avulsion occurs in 13-36% of women during first vaginal delivery[2][3]. Women with an
enlarged hiatal area or LAM avulsion have an increased risk of developing pelvic organ prolapse
(POP)[4][5] and recurrence of cystocele after surgical repair[6][7]. Early detection of LAM avulsion
could help to select women who are at risk to develop pelvic floor dysfunction (PFD) and prevent
symptoms by early implementation of pelvic floor muscle training[8]. Identification of LAM avulsion
in women with symptoms of PFD could change treatment strategy[9][10]. LAM avulsion is not easily
demonstrable on clinical examination, hence additional imaging is required[11][12]. Currently, no

imaging methodisimplementedin clinical practice to assesswomen for LAMavulsion.

Magneticresonance imaging (MRI) was the firstimaging techniqueto demonstrate LAMavulsionand
consideredthe reference standard. Ultrasound is less expensive and more widely available, allowing
an easier implementation in clinical practice after establishing its diagnostic test accuracy and
agreement of measurements. For detection of LAM avulsion, transperineal ultrasound (TPUS) shows
reasonable agreement with MRI in women who are postpartum([13] and in those with POP[14][15],
and endovaginal ultrasound (EVUS) iscomparableto MRl in women with PFD[16]. Agreement of hiatal
measurements between TPUS and MRI was assessed in asymptomatic nullipara[17][18][19] and in
symptomatic women at rest[20]. Diagnostic test accuracy (DTA) comparing all three imaging
techniques has not been established, as well as agreement of measurements at rest, squeeze and

Valsalvain parous women.

The primary objective was to establish the DTA of MRI, TPUS and EVUS for diagnosing LAM avulsion
in a general population, usinglatent class analysis in the absence of a reference standard. Secondly,
to assess agreement between imaging techniques for LAMavulsion and hiatal measurements at rest,
squeeze and Valsalva, and to correlate LAM avulsion to signs and symptoms of PFD. The aim of this

study was to establish if ultrasound could substitute MRI to diagnose LAMavulsion.
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Methods
Patient recruitment

This is a cross-sectional study on women four years after their first delivery, who were recruited as
part of a prospective longitudinal study with the aim to establish the prevalence of LAM avulsion
during childbirth[2]. Between January 2011 and May 2012, 269 nulliparous women were recruited
antenatally at Croydon University Hospital, Croydon, United Kingdom. All nulliparous women were
invited to participate to create a sample representative of the general population. Inclusion criteria
were a singleton pregnancy, no previous pregnancies beyond 20 weeks of gestation, age 18 years or
above, and being able to read and understand English. The study was approved by the National
Research Ethics Service SouthWest London Committee (REC10/H0806/87). All study participantsgave
writteninformed consent forthe prospective study and separately for the MRl in this cross-sectional

study.
Data collection

The appointmentfouryearsfollowingfirst delivery was performed by one investigator (IvG). Patient
characteristics and delivery details were collected from patient’s history and hospital records.
Symptoms were assessed using validated questionnaires. The International Consultation on
Incontinence Questionnaire - Short Form (ICIQ-SF) to assess the frequency, amount, type and
bothersomeness of urinary incontinence [21]. The International Consultation on Incontinence
Questionnaire —Vaginal Symptoms (ICIQ-VS) to assess symptoms of POP and sexual dysfunction[22];
the presence of a lump or bulge inside or outside of the vagina, as well as the interference and
bothersomenessof vaginal symptomsin asexualrelationship. The St Mark’s score was used for faecal

and flatal (anal) incontinence[23].

On clinical evaluation, pelvicfloor muscle strength (PFMS) was assessed by digital palpationusing the
Modified Oxford Score (MOS) on a six-point scale[24] and POP using the validated International
Continence Society POP quantification (ICS-POP-Q) staging method[25]. Pelvic floor ultrasound
consisting of EVUS and TPUS was performed during the same consultation. The MRI appointment was
eitherbeforeoraftertheultrasound appointment and where possible on the same day. Time between

MRI and ultrasonography was kept as short as possible.
Image acquisition

All imagingtechniques were performed with the women in the supine position with the knees semi-

flexed and an empty bladder. MRI was conducted by radiographers who were specifically trained for
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this study by an experienced radiologist (ASt). Pelvic floor ultrasound was performed by an

experienced research fellow (IvG) rigorously trained by the principalinvestigator (RT).

Magnetic resonance imagingwas performed with a closed 1.5 Tesla magnet scanner (Siemens
Avanto). The patients were instructed on how to correctly performpelvicfloor muscle contraction and
maximum Valsalva. Initially, T2W HASTE sagittal images were acquired at rest for an overview of the
pelvic anatomy (Field of View (FoV) 250 mm, slice thickness 4 mm, TR 5180ms, TE 128 ms) and high
resolution 3-dimensional T2W sequence SPACE (FoV 256 mm, slice thickness1 mm, TR 1600 ms, TE
90 ms) was used for more detailed assessment of the LAM. Secondly, T2W TRU FIST fast dynamic
sequences were performed as cineloops in the sagittal plane during pelvic floor muscle contraction
and maximum Valsalva (FoV 350 mm, slice thickness 5 mm, TR 3.57 ms, TE 1.79 ms). The FoV was
corrected according to degree of pelvic floor lifting during contraction and descent during Valsalva.
Finally, women were asked to maintainconstant squeezefor 16 seconds, when 5 axial images of pelvic
floor level and puborectalis muscle were taken (T2W FSE, FoV 256 mm, slice thickness 5 mm, TR
3100ms, TE 128 ms). Following this, women were asked to maintain constant maximal Valsalva for 16
seconds and images were obtained using the same protocol. All images were stored and analysed

using Sectra PACS and diagnosticradiological workstations.

Four-dimensional (4D) TPUS was performed using the Voluson | system (GE Medical Systems, Zipf,
Austria) with a4-8 MHz curved array volume transducer (acquisition angle 85 degrees) positionedon
the perineum between the mons pubis and the anal margin, with slight pressure and good tissue
contact[26]. Images were acquired at rest, maximum pelvicfloor contraction and maximum Valsalva.
Three cineloops were taken and the best was used for analysis. Offline analysis was carried out using

4D View software (version 10.2; GE Medical Systems).

Three-dimensional (3D) EVUS was performed using the Profocus 2022 ultrasound scanner (BK-
Medical, Herlev,Denmark).A high-resolution linear array transducer type 8838 (6—12 MHz, focal range
3-60 mm, contact surface 65 mm) was placed into the vagina providinga 2D image in the mid-sagittal
plane. A 3D volume was acquired by 360 degrees rotation of the build-in array in 60 seconds with
intervals of 0.2 mm. Images were acquired at rest only, as dynamicstudies are currently not possible
using 3D EVUS. Offline analysis was performed using the 3D viewer software (version 5.19; BK

Medical).

Imaging analysis
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On all three imaging techniques the LAMwas assessed foravulsioninthe plane of the minimal hiatal
dimensions. The mid-sagittal plane was used to identify the minimal antero-posterior diameter of the
levator hiatus, from the posterior margin of the symphysis pubis to the anterior margin of the LAM

where itdefinesthe anorectal angle[5][27][28].

On MRI, LAM attachment to the pubic bone was assessed on the axial images using a previously
validated scoring system and confirmed in the coronal plane[29][30]. The leftand the right side were
scored separately. A score of 0 was assigned if no damage was visible, 1if <50% of the muscle bulk
was missing, 2 if > 50% of the muscle bulk was missing and 3 if the complete muscle was detached
from the pubic bone. The bilateral score, the sum of both sides ranging from 0 to 6, was categorised

as follows: 0=no avulsion orintact muscle; 1-3=minoravulsion; 4—6or unilateral 3= majoravulsion.

On 4D TPUS, LAM avulsion was assessed using Tomographic Ultrasound Imaging (TUI) creating a set
of eightslicesinthe axial plane with 2.5 mm slice interval from 5mm caudal to 12.5 mm cranial of the
plane of the minimal hiatal dimensions[31]. The three central slices (presenting the plane of the
minimal dimensions as well as the two slices cranial of that plane) were assessed for absent
connection betweenthe LAMand inferior pubicramus using direct visualisation, scoringleft and right
side separately. The final unilateral score ranged from 0 slices affected (no avulsion), 1 or 2 slices
affected (partialavulsion)to 3slices affected (complete avulsion). Asummedtotal score was assigned
for both sides, and classified as no LAM avulsion (summed score 0), minor LAM avulsion (summed

score 1-3) or major LAM avulsion (summed score 4-6, or unilateral score 3)[2][32][33][34].

On 3D EVUS, LAM avulsion was assessed in the axial plane, wherethe pubicbone, the midurethra, the
anal canal and the pubococcygeus parts of the LAM were all visualised on the same image[35]. LAM
attachment to the pubic bone was assessed using the DelLancey score also described for MRI, which

has been used for EVUS[12], and confirmed in the sagittal planes.

Offline imaging analysiswas performed by investigators blinded to clinical details, results of the other
observerand otherimagingtechniques. An observerassessed images of different techniques at least
a month apart to overcome recollection bias. LAMavulsion on each imaging technique was assessed
by two independent observers and discrepancies were resolved by a third observer. A discrepancy
meeting was heldif therewas a difference of atleast 2 points on the 7-point scale (bilateral sum score
ranging from O to 6) or in case there was a difference in category: no, minor avulsion, or major
avulsion. MRIwas analysed by IvGand ASt (3 and 12 years of experiencerespectively) and SD as third
observer (5 years of experience). TPUS was assessed by IvG and KvD (3 and 6 years of experience

respectively)and RT as third observer(10years of experience). EVUS was analysed by lIvGand ASt and
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discrepancies were resolved by RT. IvG was rigorously trained in assessment of LAM avulsion by the

seniorauthors (AS, ASt, RT).

Hiatal measurements were performed on all three imaging techniques in the axial plane, in the plane
of the minimal hiatal dimensions, at rest, squeeze and Valsalva: hiatal transverse diameter, hiatal
antero-posterior diameter and hiatal area[35]. Measurements on all three techniques were

performed by one observer (IvG).
Reference standard

MRI has previously been considered as reference standard for diagnosis of LAM avulsion. The normal
anatomy of the LAM on MRI correlates well with cadaveric sections[36], however LAM avulsion on
MRI has notbeen correlated histologically. A methodthat could be used in the absence of areference
standard is latent class analysis (LCA). This is a statistical model which aims to identify the true
patient’s status by combining the results of the three imaging techniques [37]. The actual results of
the imaging techniques are assumed to be imperfect observations of the true unobserved status of
the patients, i.e. latent classes ‘healthy and ‘diseased’. Other methods dealing with the absence of a
reference standard are composite reference standard and consensus diagnosis[38]. A composite
reference standard could not be used because no a priori consensus exists about what combination
of tests would be a suitable reference standard, and consensus diagnosis might be subjective, less

reproducible andis labourintensive[39].
Pre-defined outcome measures

Itisimportant to minimise the number of false positives (e.g. high specificity), because costs (financial
and discomfortto the patient) of subsequenttestsare highin relation to the potential benefit of early
treatment. Itis less important to minimise the number of false negatives(e.g. highsensitivity), because
LAM avulsionis not a life-threatening condition and does notrequire urgenttreatmentasit does not
progress quickly. Hence forultrasoundto be able to be a triage test it should have asimilar specificity

comparedto MRl and it should have asimilar sensitivity and specificity to be able to substitute MRI.
Statistical analysis

Agreement between imaging techniques for diagnosis of LAM avulsion at rest, squeeze and Valsalva
was evaluated using weighted kappa, which enables the assessment of agreement between ordinal
variables, corrected for chance findings[40]. The weighted difference between no and minor, and
between minorand majoravulsion weresetat 1, and the weighted difference between no and major

avulsionwassetat 2. Akappa<Oreferstoaless-than-chance agreement, 0.01-0.20 slight agreement,
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0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial agreement, 0.81—

0.99 almost perfectagreementand 1.00 perfectagreement[41].

The diagnostic test accuracy of MRI, TPUS and EVUS for diagnosis of LAM avulsion was assessed for
the methods that are most commonly used in current practice as they seem to best diagnose LAM
avulsion;i.e. MRl at rest, TPUS at maximum pelvicfloorcontractionand EVUS at rest. Because of the
absence of a reference standard, diagnostic test characteristics were estimated using LCA. The latent
classes were estimated with an expectation maximisation algorithm assuming conditional
independence between the diagnostic test results [42], as the images of each of the three imaging
techniques wereanalysed blinded (i.e.the outcomes are notrelatedto each other). Different starting
valueswere used to ensure a global maximum. We assessed modelfit by checking the goodness of fit
statistics (AIC and BIC), by comparing observed versus expected frequencies, by evaluating the
plausibility of the assignments of the individual patterns, and by comparing the median bootstrap
results with the point estimates from the original data. BIC and AIC indicated a two-classes model
when using the original data. Sensitivity, specificity, areaunderthe curve (AUC), positive and negative
predictive values (PPV/NPV), and positive and negative likelihoodratio’s (LR+/LR-) with95% bootstrap
confidence intervals were estimated based on the observed three categories (no/minor/major) to
calculate results for any (minor/major vs no), minor (minor vs no/major) and major (major vs
minor/no) avulsion. Bootstrapping based on 500 runs was used to calculate the 95% confidence
intervals. In case confidence intervals ranged from 1to 1 with a point estimate of 1, the exact binomial
distribution (based on the number of women who had an avulsion according to LCA with >50%
probability as cut-off) was used to calculate a more appropriate confidence interval. For example, if
10 women had a major avulsion according to LCA, the confidence interval was based on the exact
binomial distribution for 10 events out of 10 women. If needed, for the LR+, the lower limits of
confidence intervals with value infinity were replaced by the point estimate of the sensitivity divided
by the lowerlimit of the Cl for the specificity. Similarforthe LR-, upperlimits of confidence intervals
withvalue Owere replaced by (1- lowerlimit of Cl for sensitivity) divided by the point estimate of the
specificity. Test accuracy was defined as follows: AUC 0.9-1.0 excellent, 0.8-0.9 good, 0.7-0.8

moderate, 0.6-0.7 fair, 0.5-0.6 poor, and below 0.5 as a useless test.

Agreement between imaging techniques for LAM biometry measurements at rest, squeeze and
Valsalva was assessed using Bland Altman plots[43] to detect systematic bias between the imaging
techniques. The mean difference (6) and standard deviation of the differences (SDd) were calculated.
Limits of agreement (LOAs) were constructed as 6 + 1.96 x SDd. Intra-class correlation coeffidents

(ICCs), using a two-way mixed model with test as fixed effect and rater as random effect, were
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calculated to measure repeatability between imaging techniques for hiatal measurements (<0.0, no
repeatability; 0.0-0.20, slight; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00,

excellent repeatability).

The association of LAM avulsion to symptoms and signs of PFD was assessed with the Mann-Whitney
U non-parametrictest when datawere not normally distributed and with the independent samplest-
test when normally distributed. For the assessment of urinary incontinence, the ICIQ-SF total score
was used (range 0-21) and for anal incontinence the St Mark’s total score (range 0-24)[21][23].
Symptoms of POP were evaluated using ICIQ-VS questionnaire question 5 and 6 (range 0-28) and for
symptoms of sexual dysfunction ICIQ-VS questionnaire questions 11-13 (range 0-36)[22]. POP-Q
points Ba, C and Bp were respectively taken for assessment of anterior, middle and posterior

compartment prolapse[25].

The initial power calculation was based on the incidence of LAM avulsion after first delivery[2]. For
this cross-sectional study on diagnostictest accuracy, no separate power calculation was performed.
Statistical analyses were performed using SPSS 26 and R 3.6.2 (package polLCA version 1.4.1 for

polytomous variables)[44]. Two-sided P values <.05were considered statistically significant.
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Results
Basic characteristics

Of the 269 women who were recruited antenatally, 147 returned at the four-yearfollow-up and 135
agreedforan MRI scan. Allwomen who underwent ultrasound and MRI were included in the analysis
(Figure 1). The mean age was 34.9 (SD 5.6) years, BMI 26.5 (SD 6.0) kg/m? and parity 1.6 (SD 0.6).
Ethnicity comprised of 79 (58.5%) Caucasian, 26 (19.3%) Black, 20 (14.8%) Asian, 8 (5.9%) mixed and
2 (1.5%) any other ethnicity. The women were assessed at a mean of 45 months (SD 4.9) after their
firstdelivery; 32(23.7%) had one or more caesarean sectionsand 103 (76.3%) had one or more vaginal
deliveries. Most women (100/135; 74%) had ultrasound and MRI examinations on the same day. The
median time difference between ultrasound and MRI was 0 days (range 0-212 days). No adverse
events from performing these imaging techniques were observed during this clinical trial. For MR],
two scans at squeeze and three at Valsalva were not analysable, and for TPUS at Valsalva one scan
was not analysable. In the discrepancy meeting, the disagreements in diagnosis between two
observers were resolved; 21 MRI scans at rest, 25 at squeeze and 19 at Valsalvawere re-assessed by
the third observer. For TPUS 22 at rest, 14 at squeeze and 14 at Valsalva, and for EVUS 35 scans were
re-assessed. The inter-observer agreement (weighted kappa) for diagnosis of LAM avulsion was

moderate (k 0.46 — 0.62), exceptfor TPUS at Valsalva (k 0.25) (Supplemental digital content Table 1).

LAM avulsion

The prevalence of minor and major LAM avulsion on each imaging technique at rest, squeeze and
Valsalvaare presentedin Table 1. Prevalence of LAMavulsion assessed at Valsalva was lowerthan at
rest or squeeze. Agreement between imaging techniques for diagnosis of minor and major LAM
avulsion at rest, squeeze and Valsalva is presented in Table 2. Agreement between MRI and TPUS
assessed at the same condition (e.g. both rest, squeeze and Valsalva) was moderate (k 0.45-0.47).
EVUS at rest correlated best with TPUS squeeze (k 0.60) and MRI at rest (k 0.69). Agreement for
diagnosis of LAM avulsion on MRI at rest compared to MRI performed at squeeze and Valsalva was
moderate (both k 0.58). Agreement for diagnosis of LAM avulsion on TPUS at rest compared to

squeeze and Valsalvawas moderate (both k0.53).

The diagnostic test accuracy of MRI, TPUS and EVUS for diagnosis of LAM avulsion was assessed for
the methods that are most commonly used in current practice as they seem to best diagnose LAM
avulsion;i.e. MRI at rest, TPUS at maximum pelvic floor contraction and EVUS at rest (Figure 2).
Prevalence of any minor or major LAM avulsion was for MRI 22.9%, TPUS 11.1% and EVUS 17.8%.

Diagnostictest characteristics for diagnosis of LAM avulsion of all three techniques based on LCA are
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presented in Table 3. The prevalence of any minor or major avulsion estimated with LCA was 15.7%
(C110.1-22.1), of which 9.2% (Cl 4.4 —14.1) were majorand 6.5% (Cl 3.0— 12.3) minor; corresponding
with 21 women with any LAMavulsion; 12 majorand 9 minor (by illustration inround numbers). When
using LCA as reference standard, MRI correctly diagnosed any minor or major LAM avulsionin all 21
cases and did not underdiagnose. MRl overdiagnosed 9 minor and 1 major avulsions. TPUS correctly
diagnosed any minoror major LAM avulsionin 15 out of 21 cases and underdiagnosed 2minorand 4
major avulsions. TPUS did not overdiagnose any minor or majoravulsion, but overdiagnosed 5 major
avulsions that were actually minor avulsions. EVUS correctly diagnosed any minor or major LAM
avulsion in 19 out of 21 cases and underdiagnosed in 1 minor and 1 major avulsions. EVUS

overdiagnosed 5minoravulsions and no majoravulsions.

Overall, the estimated diagnostictest accuracy forany, minor or major LAM avulsion was for MRI AUC
95.7 (C192.4 — 98.3), TPUS AUC 85.7 (CI 75.0 —95.1) and EVUS AUC 92.8 (CI 84.4 — 98.6). The point
estimates forsensitivity of TPUS (71%; CI 50-90) and EVUS (91%; CI 74-100) forany LAM avulsion were
lower compared to MRI (100%; Cl 84-100). The point estimates for specificity of TPUS (100%; CI 97-
100) and EVUS (95%: Cl 91-99) were higher compared to MRI (91%; Cl 85-97). In a general population
with a low prevalence of LAM avulsion, when a major LAM avulsion is present on MRI (PPV 95%; Cl
69-100) or EVUS (PPV 100%; Cl 69-100), the probability of this diagnosisis quite likely, however when
aminor LAMavulsionis presenton MRI (PPV 49%; Cl 23-80) or EVUS (PPV 54%; Cl 26-82) this diagnosis
remains uncertain. When a minor LAM avulsion is present on TPUS (PPV 100%; Cl 15-100) the
probability of this diagnosis is likely, however when a major LAMavulsion is visible on TPUS (PPV 62%;
Cl 38-90) this diagnosis remains uncertain. When no minor or major LAM avulsion are seen on any of

the three imaging techniques (NPV 94.8%-100%), the absence of a LAM avulsionis nearly certain.
Hiatal measurements

Results of hiatal measurements performed on each imaging technique at rest, squeeze and Valsalva
are provided in Table 4, together with Bland-Altman limits of agreement (LOA) and intra-class
correlation coefficient (ICC) for differences in measurements between imaging techniques. Bland-
Altman plots are provided in Supplementary digital content Figure 1. In parous women with and
without LAM avulsion, the mean hiatal measurements on TPUS were all largerthan on MRI and EVUS
when performed at rest. At squeeze and Valsalva, TPUS transverse diameter was larger than MRI,
however anterior-posterior diameter and hiatal area were smaller than MRI. Differences in hiatal

measurements between EVUS and MRI at rest were smallest, with the highest ICC (0.60-0.81).

Signs and symptoms of PFD
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LAM avulsions diagnosed on best practice imaging methods were correlated to signs and symptoms
of PFD to evaluate if these imaging techniques are able to identify clinically significant avulsions.
Results comparing women with minor or major LAM avulsion to women with no LAM avulsion are
providedinTable 5. Women with majoravulsion on all three imaging techniques did not significantly
have more symptoms of POP. Women with a minor avulsion on EVUS (4.8 vs 1.1; p=0.001) and TPUS
(10 vs 1.6; p=0.002) had more symptoms of POP than women with no LAMavulsion.Presence of major
LAM avulsion did not correlate to symptoms of urinary/faecal incontinence and sexual dysfunction.
Pelvicfloor musclestrength was reduced in womenwith either minor or majoravulsion diagnosedon
all three imagingtechniques (1.0-2.4vs 3.4-3.5; p=0.000 — 0.039). Anteriorvaginal wall prolapse was
worse in women with major LAM avulsion on MRI (Ba -1.9 vs -2.6; p=0.017) and EVUS (Ba-1.7 vs -2.6;
p=0.003), but not on TPUS (-2.2 vs -2.5; p=0.469). Anterior compartment prolapse stage 2 or higher
was more often presentin women with major LAM avulsion on MRI (3/13 (23%) vs 3/104 (2.9%);
p=0.018) and EVUS (3/10 (30%) vs 3/111 (2.7%); p=0.007), but not on TPUS (1/13 (7.7%) vs 6/120 (5%);
p=0.522). Middle (POP-Q C) and posterior (POP-Q Bp) compartment prolapse was not significantly
different between women with or without LAM avulsion. Women with a major avulsion had a
significantly larger hiatal area on EVUS (15.9 vs 11.6; p = 0.005) and MRI at rest (17.3 vs 11.7 cm2;
p<0.001), squeeze (15.4 vs 11.1 cm2; p<0.001) and Valsalva (27.5 vs 21.3 cm2; p=0.036), this
correlation was notfound for minoravulsion.On TPUS, a larger hiatal areain women with major LAM
avulsionwas foundat pelvicfloorsqueeze (14.3vs 10.9 cm2; p=0.008) and Valsalva(24.2vs 19.8 cm2;

p=0.020), but notat rest.
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Discussion
Main findings

In a random sample of 135 women fouryears after their first delivery, the prevalence of any minoror
major LAM avulsion on MRl was 22.9%, TPUS 11.1%, EVUS 17.8%. Prevalence estimated with LCA was
15.7%. Sensitivity of pelvicfloor ultrasound for LAM avulsion was lower, but specificity was higher
comparedto MRI. According the pre-established definitions, both TPUS and EVUS can become atriage
test, but will not be ableto substitute MRI. MRl and EVUS have a good predictive ability for major LAM
avulsion and correlate to anteriorvaginal wall prolapse. TPUS has a good predictive ability for minor
LAM avulsion. Agreement for diagnosis of LAM avulsion and hiatal measurements was highest

between MRl and EVUS.

Interpretation and correlation to literature

All three imaging techniques are well able to identify an intact LAM (high specificity and NPV).
However, diagnosis of LAM avulsion appeared to be more difficult (moderate sensitivity and PPV).
Differences in interpretation of presence of LAM avulsion could be caused by air or movement
artefacts, however the investigators tried to keep this to a minimum by repeating
acquisition/sequences. A small deviation of the plane of the minimal hiatal dimensions may place a
defect justinside or outside the assessed image, which occurs easily as there is no fixed reference
point[13][14]. Muscle thickness varies widely among unaffected women. When the LAM appearance
is symmetrical, itis hard to distinguish between bilateral partial avulsion and muscle atrophy, as the
amount of muscle missingisrelated to the normal diameter of the contralateral muscle[15][45]. The
use of different classification systems could affect diagnosis; the TPUS classification measures the
defect depth[31][34], whereas the MRI and EVUS classifications measure the width of the musde
damage[12][30]. Although, good agreement was found between them when both were applied on
TPUS[15][45]. Finally, image resolution could affect interpretation. MRl and EVUS are more likely to
overdiagnose minoravulsion and did not overdiagnose majoravulsion;inthe detailed highresolution
images a minor asymmetry could be picked up as minor avulsion and the small difference between
nearly complete and complete avulsion is well visible. TPUS is more likely to overdiagnose major
avulsion and did not overdiagnose minor avulsion; due to the lower resolution it could be more
difficultto determine whetherthe complete or nearly complete muscle bulk was missing unilaterally

and minorasymmetryislessvisible.

Notten et al. found a sensitivity of 78% (Cl 65-91%) and a specificity of 86% (Cl 79-93%) to diagnose

major LAM avulsion with TPUS compared to MRI as a reference standard[14]. In asimilar sample size
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we found a lower sensitivity (65%) and higher specificity (96%) when considering none of the tests
superior. Avulsions presenton TPUS and absent on MRI could also be true positives based on the
assumption that MRI is not a gold standard; not considering those as false positives increases
specificity of TPUS. PPV increases and NPV decreases with raising prevalence, Notten et al. found a

higher PPV (71%) and lower NPV (90%) among women with stage 2 cystocele (prevalence 30%).

Hiatal measurements on TPUS were larger compared to MRI in some[18] and smaller in other
reports[17][46], refuting the previously suggested systemic bias caused by differences in slice
thickness between TPUS in the rendered format (2 cm) and MRI (1 mm). Interestingly, limits of
agreement between TPUS and MRI in our study were similar or wider than in asymptomatic
nulliparous women[17][18][19], but smaller than in women with symptoms of POP [20][46]. This
suggeststhatagreement could depend onthe degree of pelvicfloor damage ratherthan the imaging
method itself. Similar to others, hiatal area at rest showed higher agreement than hiatal area at

Valsalva, explained by difficulties in obtaining equivalent Valsalva[17][46].

Major LAM avulsion correlated to signs and not to symptoms of PFD, most probably because it takes
more than four years for the larger hiatal area and weaker pelvic muscles to become symptomatic
[47]. Contrary to MRI and EVUS, major LAM avulsion on TPUS did not correlate to anterior vaginal wall
prolapse and hiatal area at rest. This might be because TPUS overdiagnosed fiveand underdiagnosed
four major avulsions; excluding diseased and including healthy women could cause insignificant
findings. Contrary to EVUS and TPUS, minor LAM avulsion on MRI did not correlate to POP symptoms,
which could be explained by MRI overdiagnosing nine minor avulsions. Zhuang et al found higher
number of major avulsions on TPUS and higher number of minor avulsions on MRI[15], what they
attributed to LAM avulsions being better visualised at contraction[48], however we did not find
improved correlation between TPUS and MRI at maximum squeeze. These numbers are better
explained by the tendency of TPUS to overdiagnose majorand MRI to overdiagnose minoravulsions.
Some studies claim minor LAM avulsion not to be of clinal relevance[30][34], however since women
with minor LAM avulsion show symptoms of POP and reduced PFMS, this diagnosis should not be

ignored.

Implication for practice

Pelvicfloorultrasoundcan be atriage test for diagnosis of LAMavulsion because of its high specifidty,
howeverdoes not have the same discriminative ability as MRI (ability of a test to recognise diseased
and not-diseased patients, e.g. high sensitivity and specificity). As MRI is more expensive, time

consuming and has contraindications to its use, the non-invasive ultrasound can be implemented in
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clinical practice to assess parous women for LAM avulsion. The predictive ability (ability of a test to
predict the probability of disease or non-disease in an individual once the test result is known) of
ultrasound is moderate for presence (PPV 54-100%) and high for absence of LAM avulsion (NPV 95
99%). Whenin doubt of presence of an avulsion, the women couldbe assessedby a different observer
or imaging technique. Both ultrasound and MRI require a substantial learning curve, training and
consolidation of expertise. Future research should focus on methods toincrease agreement between
observers andimagingtechniques, forinstance by developing an easierto apply classification system

that issuitable forall three imaging methods that assesses the LAMin the same way.
Strength and Limitations

A prospectively collected random sample was enrolled, thresholds for test positivity were pre-
specified and images were analysed blinded, although observers could not be blinded for presence of
prolapse on imaging. Testaccuracy for best practice methods was established using LCA rather than
an imperfect reference standard. The application of LCA might be less stable considering the small
number of patients, number of avulsions and number of tests; however this study is the first to
compare the three available imaging techniques, is performedina large sample size considering the
number of MRI scans, and was designed to establish DTA in the general population,in which the
prevalence islow, and where it may be more difficult to discriminate between cases with and without
avulsion. Forthe first time high resolution3D SPACE sequences were used at rest, allowingassessment
in any desirable plane. This is unlike traditional T2W MRI sequences performed in axial, coronal and
sagittal planes separately. MRl images at squeeze and Valsalva were acquired in a pre-planned plane;
occasionally the LAM attachment zone was not visible because no tilting was possible. The limitation
of TPUS is the low resolution caused by the convex abdominal probe with a low frequency and
relatively far from the area of interest. The 3D EVUS cube can be precisely tilted in every plane,
howeveralimitationisthat EVUS could only be performed at rest and not at pelvicfloor squeeze and

Valsalva.
Conclusion

Pelvicfloorultrasound can be implemented as a triage test to assess parous women for LAM avulsion,
because of its high specificity. Ultrasound cannot substitute MRI because of a lower sensitivity. The
predictive ability of ultrasound is moderate for presence and very good for absence of LAM avulsion.

A positive test should be re-confirmed by adifferent observer orimagingtechnique.
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Figure 1 Recruitmentflow chart

Figure 2a Minor LAM avulsion (arrow) in the same patienton all three imagingtechniquesinthe
plane of the minimal hiatal dimensions a) magneticresonanceimaging (rest) b) endovaginal
ultrasound (rest) c) transperineal ultrasound (TUl squeeze)

Figure 2b Major LAM avulsion (arrow) in the same patient on all three imaging techniquesinthe
plane of the minimal hiatal dimensions a) magneticresonanceimaging (rest) b) endovaginal
ultrasound (rest) c) transperineal ultrasound (TUl squeeze)

Figure S1 BA plots of LAM biometryin 135 women with and without LAM avulsion
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Table 1 Prevalence of LAMavulsionin 135 primiparous women on three imaging techniques

Imaging Condition |LAM Minor Major Any
technique Intact avulsion | avulsion | avulsion
MRI rest 104 (77.1) | 18 (13.3) | 13 (9.6) |31 (22.9)
squeeze 103 (77.5) | 19 (14.3) | 11 (8.3) |30 (22.5)
Valsalva |111 (84.1) | 15(11.4) | 6 (4.5) 21 (15.9)
TPUS rest 113 (83.7) | 7 (5.2) 15 (11.1) | 22 (16.3)
squeeze | 120 (88.9) | 2 (1.5) 13 (9.6) |15(11.1)
Valsalva |123(91.8) | 3(2.2) 8 (6.0) 11 (8.2)
EVUS rest 111 (82.2) | 14 (10.4) | 10(7.4) |24 (17.8)

All results presented as n (%)

LAM = Levator ani muscle

MRI = MagneticResonance Imaging

TPUS = Transperineal Ultrasound (using tomographicultrasound imaging)

EVUS = Endovaginal Ultrasound
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Table 2 Agreement between imaging techniques for diagnosis of minorand major LAM avulsions

Imaging technique | MR/ rest MRI squeeze MRI Valsalva EVUSrest
TPUS rest 0.456 0.390 0.436 0.524
TPUS squeeze 0.585 0.451 0.531 0.598
TPUS Valsalva 0.379 0.366 0.473 0.478
EVUSrest 0.693 0.504 0.562 n/a

All results presented in weighted kappaforordinal values
MRI = MagneticResonance Imaging
TPUS = Transperineal Ultrasound (using tomographicultrasound imaging (TUI))

EVUS = Endovaginal Ultrasound
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Table 3 Diagnostictest characteristics for diagnosis of minor and major LAM avulsion for MRI, TPUS

and EVUS using Latent Class Analysis

Imaging | Prevalen | Sensitivity | Specificity | AUC PPV NPV LR + LR -
Techniq | ce (95% | (95% ClI) (95% ClI) (95% ClI) (95% ClI) (95% ClI) (95% ClI) (95% ClI)
ue Cl)
Any avulsion
MRI 15.7 100 91.4 95.7 68.4 100 11.6 0.0
(10.1- |(83.9- (85.2 - (92.4 - (51.4 - (96.5 - (6.7-29.1) | (0.0-
22.1) 100) 96.6) 98.3) 87.8) 100) 0.2)
TPUS 71.4 100 85.7 100 94.8 Inf 0.3
(50.0 - (96.8 - (75.0 - (95.5 - (90.3 - (22.4 - Inf) | (0.1 -
90.2) 100) 95.1) 100) 98.7) 0.5)
EVUS 90.5 95.1 92.8 79.9 97.5 18.6 0.1
(73.7 - (90.6 - (84.4 - (61.0 - (93.7 - (10.0 - (0.0-
100) 99.0) 98.6) 96.3) 100) 92.8) 0.3)
Major avulsion
MRI 9.2 100 99.2 99.6 95.3 99.7 200.9 0.0
(4.4—- (73.5 - (96.8 - (98.0 - (68.7 - (99.3 - (30.7 - Inf) | (0.0-
14.1) 100) 100) 100) 100) 100) 0.3)
TPUS 64.6 95.9 80.3 61.5 9.4 15.8 0.4
(36.4 - (92.1- (66.0 - (37.5 - (93.0 - (6.8-95.5) | (0.0-
100) 99.2) 97.7) 89.5) 100) 0.7)
EVUS 80.7 100 90.4 100 98.1 Inf 0.2
(59.9 - (97.0 - (79.9 - (69.2 - (95.3 - (27.3 - Inf) | (0.0-
100) 100) 100) 100) 100) 0.4)
Minor avulsion
MRI 6.5 100 92.9 9.4 49.0 100 13.7 0.0
(3.0- (71.0 - (87.3 - (81.7 - (22.8 - (96.9 - (7.4-35.8) | (0.0-
12.3) 100) 96.9) 98.4) 79.7) 100) 0.3)
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TPUS

EVUS

22.7 100 61.3 100 94.9 Inf 0.8
(0.0-56.2) | (97.1 - (50.0 - (15.8 - (89.4 - (7.8-1Inf) |(0.4-
100) 78.1) 100) 98.2) 1.0)
85.7 95.2 90.5 54.0 99.3 16.8 0.2
(50.0 - (90.8 - (71.8 - (26.2 - (96.1 - (8.1-57.6) | (0.0-
100) 98.4) 98.8) 82.1) 100) 0.5)

MagneticResonance Imaging (MRI) was performed at rest, Transperineal Ultrasound (TPUS) at pelvic

floorsqueeze and Endovaginal Ultrasound (EVUS) atrest. AUC= Areaunderthe curve; PPV = Positive

predictive value; NPV =Negative predictive value; LR+ = Likelihood ratio positive; LR-

ratio negative; Cl = confidence interval; inf =infinity
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Table 4 Agreement of measurements betweenimaging techniquesin 135 primiparous women with

and without LAMavulsion

Parameter Imaging A | Imaging B | Mean difference | SDd | Lowe | Uppe | ICC# (95% Cl)
Mean Mean (9) (95% ClI) r LOA | r LOA
(SD) (SD)

MRI (A) vs TPUS (B) rest

HiatusTV (cm) |3.25 3.92 -0.66 (-0.75to - 0.4 |-1.63 [0.30 |0.36(-0.09 to
(0.56) (0.57) 0.58) 9 0.66)

Hiatus AP (cm) 5.10 5.24 -0.14 (-0.23 to - 0.5 [-1.15 [{0.87 | 0.74 (0.64 t00.81)
(0.72) (0.75) 0.05) 2

Hiatus Area 12.3(3.4) | 14.4(3.4) | -2.11(-2.54to - 2.5 [-7.11 [2.89 |[0.60(0.17 to 0.79)

(cm2) 1.67) 5

MRI (A) vs EVUS (B) rest

HiatusTV (cm) |3.25 3.29 -0.04 (-0.12to 0.4 |-1.00 [0.93 | 0.60(0.49 to 0.70)
(0.56) (0.56) 0.05) 9

Hiatus AP (cm) |5.10 4.89 0.21(0.12t00.30) | 0.5 |-0.82 [1.24 | 0.69 (0.55 to 0.79)
(0.72) (0.68) 3

Hiatus Area 12.3(3.4) |12.0(3.1) | 0.26 (-0.08t00.60) | 1.9 |-3.64 |4.16 | 0.81(0.74 to 0.86)

(cm2) 9

TPUS (A) vs EVUS (B) rest

HiatusTV (cm) |3.92 3.29 0.63(0.54t00.71) | 0.5 |-0.35 [1.60 | 0.37(-0.08 to
(0.57) (0.56) 0 0.66)

Hiatus AP (cm) |5.24 4.89 0.35(0.28t00.42) |0.4 |-0.43 |1.12 |0.76 (0.30 to 0.89)
(0.75) (0.68) 0

Hiatus Area 14.4 (3.4) |12.0(3.1) | 2.37(2.01t02.72) |2.0 |-1.69 |6.43 | 0.63 (0.00 to 0.84)

(cm2) 7

MRI (A) vs TPUS (B) squeeze
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HiatusTV (cm) |3.43 3.58 -0.15 (-0.24 to - 0.5 [-1.22 |0.93 |0.61(0.491t00.71)
(0.68) (0.58) 0.05) 5

HiatusAP (cm) |4.75 4.21 0.54 (0.45t00.63) | 0.5 |-0.52 [1.60 | 0.50(0.01 to0.75)
(0.69) (0.64) 4

Hiatus Area 11.7 (3.3) |11.3(3.1) | 0.45(0.07t00.84) |2.2 |-3.92 [4.82 | 0.75(0.66 to 0.81)

(cm2) 3

MRI (A) vs TPUS (B) valsalva

HiatusTV (cm) |4.28 4.42 -0.15(-0.31to - 0.9 |-1.95 [1.65 | 0.46(0.311t00.58)
(0.99) (0.77) 0.01) 2

HiatusAP (cm) |6.35 5.91 0.44 (0.24t00.64) |1.1 [-1.85 |2.73 | 0.47 (0.30 to 0.60)
(1.27) (1.06) 7

Hiatus Area 21.7 (8.5) |20.4(6.7) | 1.35(0.04t02.65) |7.6 |- 16.27 | 0.50 (0.36 to 0.62)

(cm2) 1 13.57

SD, standard deviation; ICC, intraclass correlation coefficient; Cl, confidence interval; 3, mean
difference between measurements; SDd, standard deviation of difference between measurements;
LOA, limits of agreement; TV, transverse diameter; AP, antero-posterior diameter. The meanis
calculated as measurement A+ B/ 2 and the difference is calculated as measurement A—B. Limits of

agreementare calculated as mean difference (6) £1.96 x SDd.
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Table 5 LAM avulsion on MRI, EVUS and TPUS correlated to signs and symptoms of PFD

Mean (SD) MRI (rest) EVUS (rest) TPUS (squeeze)

Major | Minor | None Major | Minor | None Major | Minor | None

n=13 n=18 n=104 |n=10 n=14 n=111 |n=13 n=2 n=120

Symptoms of PFD
Urinary 4.2 4.7 3.6 4.8 5.4 3.5 4.6 6.5 3.7
Incontinence (4.9) (5.1) (4.4) (5.2) (6.2) (4.3) (4.7) (0.7) (4.6)

(range 0-21)

POP symptoms 4.9 3.1 1.2 5.9 48 % 1.1 2.9 10 * 1.6
(range 0-28) (8.9) (5.5) (3.7) (10.0) | (6.9) (3.3) (7.4) (2.8) (4.3)
Anal incontinence |0.8 0.5 0.3 1.0 0.9* 0.2 1.0 2.5 0.2
(range 0-24) (2.0) (1.3) (1.2) (2.3) (1.7) (1.0) (2.2) (3.5) (1.0)

Sexual dysfunction | 7.4 4.7 5.4 9.0 6.7 5.1 4.6 0.0 5.7
(range 0-36) (9.3) (9.6) (9.5) (10.3) |(13.8) [(8.7) (8.3) (n/fa) | (9.6)

Signs of PFD on clinical examination

Modified Oxford 2.2 24 3.5 2.0 2.3 3.5 1.8 1.0 3.4
score (range 0-5) (1.4)* | (1.4)* |(1.3) (1.2)* | (1.8)* |(1.3) (1.2)* [(1.4)* | (1.4)

POPQBa in cm -1.9 24 |26 |17 |23 |26 |22 |25 |[-25
(range-3to+10) |(1.1)* |(0.8) |(0.6) [(1.2* |(0.8) |(0.6) |(1.1) |(0.7) |(0.6)

POPQBpincm -3.0 -2.8 -2.8 -3.0 -2.9 -2.8 -3.0 -2.5 -2.8
(range -3 to +10) (0.0) (0.4) (0.7) (0.0) (0.4) (0.7) (0.0) (0.7) (0.7)

POPQCincm -6.6 -7.2 -7.3 -6.5 -6.9 -7.3 -6.9 -7.0 -7.2
(range -10 to +10) (1.4) (1.9) (1.4) (1.6) (1.7) (1.4) (1.3) (1.4) (1.5)

Signs of PFD on imaging

Hiatal area incm?- | 17.3 12.0 11.7 16.2 12.5 11.6 16.0 18.8 14.1
rest (5.1)t |(3.2) (2.5) (5.0t | (2.4) (2.6) (3.6) (0.8) (3.2)
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Hiatal areaincm?- | 15.4 12.3 11.1 N/A N/A N/A 14.3 14.2 10.9
squeeze (6.2)T | (3.4) (2.3) (5.3)T |(2.6) (2.5)
Hiatal area in cm?- | 27.5 20.2 21.3 N/A N/A N/A 24.2% 33.1 19.8
Valsalva (12.0)t | (7.5) |(7.9) (8.3) |(15.2) |(6.1)

* = statistically significant (p <0.05) compared to women with no LAM avulsion using Mann-WU test

t = statistically significant (p <0.05) compared to women with no LAM avulsion usingindependent T-

test

MRI = MagneticResonance Imaging

EVUS= Endovaginal ultrasound

TPUS= Transperineal ultrasound

POP=Pelvicorgan prolapse
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Figure 1 Recruitmentflow chart

Initial antenatal

recruitment:
269

No follow-up: 122

Reasons:
- Did not attend appointment 8
- Too busy 28

147

postpartum: - Withdrawn 29

Ultrasound:
147

No MRI: 12

Reasons:
- Claustrophobia 2
- Too busy 7
- Pregnant3

- /

MRI:
135

- Unobtainable 21
{ Follow-up 4 year } - Moved away 36




Figure 2a Minor LAM avulsion (arrow) in the same patienton all three imagingtechniquesinthe
plane of the minimal hiatal dimensions a) magneticresonanceimaging (rest) b) endovaginal
ultrasound (rest) c) transperineal ultrasound (TUl squeeze)

Figure 2b Major LAM avulsion (arrow) inthe same patienton all three imaging techniquesin the
plane of the minimal hiatal dimensions a) magneticresonanceimaging (rest) b) endovaginal
ultrasound (rest) c) transperineal ultrasound (TUl squeeze)
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