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Abstract—Pelvic floor (PF) muscles have the role of preventing pelvic organ descent. The puborectalis muscle
(PRM), which is one of the female PF muscles, can be damaged during child delivery. This damage can poten-
tially cause irreversible muscle trauma and even lead to an avulsion, which is disconnection of the muscle from
its insertion point, the pubic bone. Ultrasound imaging allows diagnosis of such trauma based on comparison of
geometric features of a damaged muscle with the geometric features of a healthy muscle. Although avulsion,
which is considered severe damage, can be diagnosed, microdamage within the muscle itself leading to structural
changes cannot be diagnosed by visual inspection through imaging only. Therefore, we developed a quantitative
ultrasound tissue characterization method to obtain information on the state of the tissue of the PRM and the
presence of microdamage in avulsed PRMs. The muscle was segmented as the region of interest (ROI) and fur-
ther subdivided into six regions of interest (sub-ROIs). Mean echogenicity, entropy and shape parameter of the
statistical distribution of gray values were analyzed on two of these sub-ROIs nearest to the bone. The regions
nearest to the bones are also the most likely regions to exhibit damage in case of disconnection or avulsion. This
analysis was performed for both the muscle at rest and the muscle in contraction. We found that, for PRMs with
unilateral avulsion compared with undamaged PRMs, the mean echogenicity (p = 0.02) and shape parameter (p
< 0.01) were higher, whereas the entropy was lower (p < 0.01). This method might be applicable to quantification
of PRM damage within the muscle. (E-mail: chris.dekorte@radboudumec.nl) © 2022 The Author(s). Published
by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION symphysis (PS). PRM can stretch up to 250% of its origi-
nal length during vaginal delivery (Svabik et al. 2009).
This may cause permanent muscle trauma and represents
a risk factor for later-life PF dysfunction such as pelvic
organ prolapse (POP) and urinary or fecal incontinence
(Silva et al. 2017). After vaginal childbirth, about half of
all women present with substantial alteration of PRM
function. PRM damage is currently the best-defined etio-
logical factor in the pathogenesis of POP (Dietz 2013).
Consequently, one-fourth to one-sixth of all women >40
years of age experience POP and urinary incontinence,

The female pelvic floor (PF) muscles are a group of
muscles that provide support of the PF organs and facili-
tate the passage of the baby during delivery (DeLancey
2016). This group of muscles is known as the levator ani
muscles (LAMs). The puborectal muscle (PRM) is one
of the LAMs. The PRM encircles the urogenital hiatus
containing the PF organs such as the vagina, urethra and
rectum, and it is attached on both sides to the bone pubic
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respectively (Bedretdinova et al. 2016; Dieter et al.
2015). This is associated with major inconveniences in
their daily life (van de Waarsenburg et al. 2019).
Ultrasound (US) imaging is already used as a diag-
nostic tool to detect avulsion of the PRM resulting from
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Fig. 1. Rectus femoris showing partial tears (arrowheads) and a small hematoma (arrows). Permission has been granted
by the publisher to use this image (Woodhouse and McNally 2011).

muscle trauma, which may lead to POP (Dietz 2013).
Furthermore, the irreversible overdistension of the leva-
tor hiatus can also be diagnosed by measuring the levator
hiatal area during Valsalva maneuver. Van de Waarsen-
burg et al. (2019) and Grob et al. (2018) reported that
there are changes in the mean echogenicity (MEP) and
levator hiatal area after vaginal delivery using 2-D US
images. Grob et al. (2018) report that tomographic ultra-
sound imaging was performed on volumes obtained on
maximum pelvic floor muscle contraction (PFMC) at
2.5-mm slice intervals, from 5 mm below to 12.5 mm
above the plane of minimal hiatal dimensions (eight sli-
ces). Strain measurement was performed on the slice of
minimal hiatal dimensions, that is, the tomographic US
image (TUI) slice in which the pubic bones are closed.
This means that one 2-D slice was selected from these
eight slices within the volume at rest and the volume at
contraction. A similar method was also used by the
authors from the article by van de Waarsenburg et al.
(2019). Three-dimensional quantitative US (QUS) analy-
sis takes into account the entire muscle rather than a par-
tial muscle in 2-D slices. It enables us to analyze
differences between parts within the PRM, leading to a
better understanding of this PF muscle and the trauma it
causes.

Muscle trauma/damage in US images

As presented by Woodhouse and McNally (2011),
strains, tears and lacerations are muscle injuries most
commonly caused by over-elongation of muscles in the
body. These indirect muscle injuries have altered micro-
structural composition. In US imaging, US waves are
absorbed, reflected or scattered by structures in the
human body. The brightness of the pixels in a B-mode
US image depends on the strength of the returning echo
(van Holsbeeck and Introcaso 2001; Whittaker and
Stokes 2011). Echogenicity or mean echogenicity (ME)
is the average of this brightness of the pixels or the gray

values (gray scale with a range of 0—255) of the pixels
of an object in a B-mode US image. The microstructural
composition of muscle tissue can be assessed indirectly
by measuring the echogenicity or reflective properties of
the tissue (Bellos-Grob 2016). Muscle injuries can be
visualized in a US image as areas of altered echogenicity
within the muscle. Figure 1 illustrates a partial tear of
muscle fibers of the rectus femoris (located in the upper
leg) and a small hematoma (Woodhouse and McNally
2011).

Recurrent and/or severe muscle injury, on the other
hand, can leave behind intramuscular scars, which
appear as hyper-reflective foci or hyper-echogenic areas.
These injuries can alter the functional dynamics of the
surrounding muscle (Woodhouse and McNally 2011).
Such an example of a hyper-echogenic region resulting
from muscle injury can be seen in Figure 2 (Woodhouse
and McNally 2011).

Muscle damage to LAMs can be microscopic lead-
ing to changes in microstructural composition or macro-
scopic damage. One of the most common forms of
macroscopic damage of the LAMs is known as avulsion.
Avulsion of the PRM can be unilateral or bilateral. In
cases of unilateral avulsion, the disconnection of PRM is
from one side of the bone PS, whereas in cases of bilat-
eral avulsion, disconnection is from both sides of the PS.

Diagnosis of muscle damage in LAMs

Unilateral or bilateral avulsion can be diagnosed
according to Dietz (2010) by palpation or digital assess-
ment of the PF muscle (PFM) via the vaginal or transanal
route. However, this method poses a challenge as the cli-
nician must be trained to diagnose it correctly. Further-
more, the distinction between partial or complete trauma
can be hard to detect (Dietz 2010).

The alternative, more reproducible way of diagnos-
ing such trauma is with the aid of US imaging. The use
of 3-D or 4-D transperineal US (TPUS) to render
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Fig. 2. Scar formation (arrows) seen after recurrent injury, adjacent to the musculotendinous junction (arrowheads) at the
site of the original injury. Permission has been granted by the publisher to use this image (Woodhouse and McNally 2011).

volumes was first described in 2004 (Dietz 2010). Using
these volumes, the clinician evaluates by assessing dif-
ferent inter-slice intervals (2-D images within a certain
volume) containing the PRM. Diagnosis of unilateral
avulsion is performed by measuring the distance of each
end of the insertion point of the PRM from the urethra in
the 2-D images. If this distance is >25 mm for one of
the ends, it is considered to be disconnected from its
insertion point, the PS (Dietz 2010). Hence the diagnosis
is unilateral avulsion.

Avulsion of the PRM from the bone can occur with
or without microdamage within the muscle. This micro-
damage could be indicative of the extent of damage of
the PRM, even if this is not revealed by the apparent
symptoms or, more importantly, through primary obser-
vation of TPUS images. This is due to the fact that in B-
mode US, only the macrostructures are imaged and the
microstructures, such as scar tissue, within the PRM are
difficult to image without using computational methods
(van Hooren et al. 2020).

Aim of the study

The aim of this study was to develop a quantitative
ultrasound (QUS) tissue characterization method to
obtain diagnostic information on PRMs with and without
avulsion. We hypothesized that the presence of an avul-
sion of the PRM results in a change in the statistical dis-
tribution of gray values in a B-mode US image of the
PRM.

We performed this study to investigate whether
QUS parameters differ between PRMs without avulsion
and PRMs with unilateral avulsion. Women with PRMs
without damage are nulliparous women, which means
there is no damage caused by vaginal childbirth. Women
with unilateral avulsion are non-nulliparous, and because
avulsion is present, they have some form of damage
within the PRM. Most women who are non-nulliparous
and undergo vaginal delivery exhibit some form of PRM
damage (Dieter et al. 2015; de Araujo et al. 2018). Fur-
thermore, two distinct scenarios were analyzed: first,

when the muscle was at rest, and second, when the mus-
cle was voluntarily contracted. The accuracy of the QUS
method developed is then evaluated based on its ability
to distinguish between damaged and undamaged PRM
using the receiver operating characteristic curve (ROC).

METHODS

Data acquisition

Three-dimensional/four-dimensional (3-D/4-D)
TPUS was acquired using Philips X6-1 matrix transducer
connected to an EPIQ 7G US machine (Philips Health-
care, Bothell, WA, USA), at the University Medical
Centre (UMC), Utrecht, the Netherlands. Data was
acquired from the PRMs in women without an avulsion
(n; = 8) and in women with unilateral avulsion (n, = 6).
The Medical Research Ethics Committee of UMC
Utrecht exempted the project from approval, and all vol-
unteers signed informed consent forms.

All the data from women with undamaged as well
as unilateral avulsion of the PRMs were acquired with
the same pre-set in the US machine. The time-gain com-
pensation (TGC) and other settings such as filtering, con-
trast, gain, power, gray map and processing were
identical for all acquisitions. Because the US machine
and the matrix transducer were identical for all acquisi-
tions, the B-mode log compression, normalization, and
so on were also the same. That is why two different scans
for the same woman/subject will not reveal different lev-
els of brightness. Two different scans from different
women/subjects will reveal similar or different levels of
echogenicity regarding differences in the state of the tis-
sue. Furthermore, as the same clinician acquired all the
data, inter-observer variability is also eliminated.

In each of the acquired data sets, one volume con-
sists of 352 x 229 x 277 pixels (in the x-, y- and z-direc-
tions respectively). The physical size of the volume is
14.78 x 13.74 x 9.41 cm. The volumetric data were
acquired at the rate of approximately 1.5 vol/s resulting
in 22 volumes that span over 11—15 s. The data were



530 Ultrasound in Medicine & Biology

Fig. 3. Slice of an ultrasound volume of a puborectalis muscle
(top view).

stored in Digital Imaging and Communications in Medi-
cine (DICOM) format. In Figure 3, a slice of the 3-D vol-
ume containing the PRM can be seen. The yellow
highlighted area represents the PRM.

During data acquisition, the women voluntarily con-
tracted their PF muscles from rest to maximum contrac-
tion. Based on the principle of altered echogenicity
caused by muscle trauma, Crema et al. (2015) presented a
new approach to detecting minor muscle injuries. In
dynamic ultrasound assessment, the candidate voluntarily
contracts the muscle to better expose areas of low echoge-
nicity inside the muscle. These areas could be minor par-
tial tears or minor strains of muscle fibers. These partial
tears or minor strains appear as ill-defined hypo-echo-
genic areas at rest, whereas in contraction these appear as
much more prominent areas of low echogenicity. This
was analogous to our situation, as the women voluntarily
contracted their PRMs starting from rest.

Muscle segmentation and ROIs

The PRM was segmented in the 3-D volume at rest
as described by Manzini et al. (2021). Van den Noort et
al. (2018) reported that automatic segmentation provides
volumes similar to those provided by manual segmenta-
tion of the PRM. For the purpose of this work, the seg-
mented PRM at rest was used. The 3-D volume of the
segmented muscle can be seen in Figure 4.

The segmented volume of the muscle at rest (Fig. 4)
was tracked over the contraction cycle by estimating
inter-volumetric displacements. Each of the 3-D US vol-
umes contained 352 x 229 x 277 (X XY X Z in
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Fig. 4. Three-dimensional volume of segmented puborectalis
muscle at rest.

Cartesian coordinate system) pixels, which were uni-
formly sampled at distances of 0.42 x 0.60 x 0.34 mm
(non-uniform intervals dx x dy x dz). For each pair of
subsequent volumes using a 3-D normalized cross-corre-
lation algorithm (Hendriks et al. 2016; Gijsbertse et al.
2017; Das et al. 2021). In this algorithm, two subse-
quently recorded volumes were subdivided into 3-D
blocks called kernels and templates. The kernels were
matched on the templates, and the locations of the 3-D
cross-correlation peaks were calculated. These locations
of peaks indicated the displacements between the two
blocks. To estimate subsample displacements, the cross-
correlation peaks were interpolated (parabolic fit). The
displacement estimates were finally filtered using a 3-D
median filter. For each inter-volume displacement esti-
mate, the position of the muscle was tracked by accumu-
lating all the previous displacement estimates up to the
current time point. The resulting segmentation from
tracking made it possible to also analyze the PRM in the
contracted state. Henceforth, the 3-D segmentation of
the PRM, both at rest and in contraction, is referred to as
the 3-D mask.

Initially, the US grid (or coordinates) specifies the
indices and their corresponding B-mode gray values of
the entire 3-D volume, including the indices of the mus-
cle at rest. This is the initial 3-D mask at rest. When the
muscle is contracted and deformed, the indices at rest
are tracked or followed in the same US grid to the now
displaced indices. This is each 3-D mask in contraction.
Thus, the US grid or coordinates do not change over
time, but the indices of the muscle change spatially
within the fixed coordinates, and these are spatial coordi-
nates or a Eulerian description (Mase et al. 2010). Fur-
thermore, the reference coordinates we have for each
volume and thus the 3-D mask are Cartesian, as is the
rectilinear coordinate system (non-uniform intervals dx,
dy and dz for x-, y- and z-axes, respectively).

The 3-D mask of the PRM for both rest and contrac-
tion volumes had first been used for dividing the muscle
into two parts with approximate equal volumes. This had
been done by calculating the length of the opening
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Fig. 5. Process of division of the segmented puborectalis muscle (PRM) into subregions of interest. ROI = region of
interest

between two ends of the PRM (in x-axis) and dividing
this length to obtain the midline of the muscle, from the
top view. Thereafter, for each of these two parts sepa-
rated by the midline, three equal divisions are calculated
(in the z-axis). Thus, the total muscle is divided into
approximately six equal parts. While dividing the muscle
into parts, the corresponding y-axis indices are not used
because the y-axis represents the thickness of the muscle.
In other words, each of the sub-ROIs had the complete
thickness of the muscle. These 3-D indices were saved
as a binary mask (having 0 or 1 values), for both rest and
contraction. The gray values were extracted by multiply-
ing each sub-ROI by the US volume, in 3-D. This pro-
cess is illustrated in Figure 5.

Unilateral avulsion of a PRM results in a disconnec-
tion from one end of the PS, whereas in a PRM without
avulsion, both ends are connected to the PS. To better
exploit this detail, the muscle was divided into six regions
of interest (sub-ROI 1 to sub-ROI 6) as illustrated in
Figure 6a and in the block diagram. The muscle was
divided into six sub-ROIs to make this method applicable
to any number of woman. As PRMs have been found to
vary in length and volume from woman to woman, each
muscle was subdivided after calculating its particular
length (in x-axis) and depth (in z-axis). In this way, the two
ends nearest the bone were kept as one-sixth of the total
volume of the muscle, in terms of number of indices or pix-
els in 3-D. This can be seen in the example in Figure 6b.

0.06 |
0.07

0.05

US-y (m)

0.04

(a)

The clinical reason for choosing the two endpoints
of the PRM is that the damage to the PRM is likely to be
present near the location of disconnection from the bone.
Moreover, because of the complex shape of the PRM,
there are parallel and perpendicular fibers with respect to
the US transducer. Regions of the muscle that is con-
nected to the PS have a parallel fiber orientation,
whereas in the midregion, the fiber orientation is perpen-
dicular to the US transducer as confirmed by MR trac-
tography (Zijta et al. 2013). This difference in
orientation would further have different backscattering
from different regions of the muscle (Holland et al.
1998). As the two regions nearest the bone have parallel
muscle fibers, they are comparable.

Mean echogenicity

Grob et al. (2018) found that structural changes in
the muscle can be distinguished and analyzed by mea-
suring the mean echogenicity (ME) of the PRM, during
and after pregnancy. It was found that 6 months post-
partum, the ME was significantly lower (p < 0.001)
than during pregnancy. Therefore, it is expected that
structural changes caused by muscle trauma can also
be analyzed using ME. In this study, ME was calcu-
lated by summing the gray values of the pixels in each
sub-ROI and dividing the result by the number of pix-
els in that sub-ROI,

0.1

0.05 fitse
US-y (m) 0.04 004 USx (m)

(b)

Fig. 6. (a) Subregions of interest of puborectalis muscle after division. (b) Two subregions nearest the insertion points at
the pubic bone. US = ultrasound.
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n

ME = Z

m
i=0 j=0

1(i.j) (1)

where (i, j) is the gray value of the pixel at location (i, ;)
from the region of interest of size m * n pixels, where m
and » are the corresponding 2-D directions. In our case,
the gray value for each 3-D index was divided by the
number of indices in that region.

Shannon’s entropy

Shannon’s entropy is a widely used QUS technique
for US tissue characterization that measures the signal
uncertainty or level of information. Chen et al. (2020)
investigated the clinical value of Shannon’s entropy in
grading different stages of hepatic steatosis. The results
were compared with those of a deep learning VGG-16
model. It was determined that Shannon’s entropy outper-
formed VGG-16 in identifying candidates with moderate
or severe hepatic steatosis. Furthermore, the authors deter-
mined that when compared with a conventional statistical
parametric method based on the Nakagami distribution,
Shannon’s entropy outperformed it with a 10% higher area
under the receiver operating characteristic (ROC) curve.
For a given ROI, Shannon’s entropy can be calculated as
described by Chen et al. (2020),

n

H. = - ZW()G') log, [w(yi)] 2)

i=1

where w(y;) represents the probability value obtained
from the normalized histogram counts, # is the number
of bins in the histogram and y; is the discrete random var-
iable of the backscattered echo intensity.

In our case, because we have used gray scale values
from B-mode images, w(y;) denotes the probability of a
gray scale value y; that is present within the ROIL. The
smaller the probability of a gray scale value y; being
present, the higher is the level of information of this gray
scale value and vice versa. H, is the sum of all possible
gray scale values from 1 to n. Values of H, range from 0
(low level of information) to infinity (high level of infor-
mation). Thus, H, measures the granularity of a region.
A homogeneous region has a low level of information
and, thus, low entropy, whereas a more granular region
has a higher level of information and, thus, higher
entropy (Gdynia et al. 2009).

It is expected that a change in the structure of the
PRM would result in a change in the entropy, leading to
the change in the level of information that a region
within the PRM may contain.

Statistical distribution of gray values
As mentioned by Girardi (2019), tissue microstruc-
ture information can be found in the envelope of the
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backscattered ultrasonic echo. The envelope of the back-
scattered ultrasonic echo from tissues is dependent on
the shape, size and density of the scatterers inside the tis-
sue (Tsui et al. 2010). According to statistics on US ech-
oes measured from biological tissues, the envelope can
be classified as a pre-Rayleigh, Rayleigh or post-Ray-
leigh distribution. All these three types of distributions
can be modeled by the Nakagami distribution. The prob-
ability distribution of the Nakagami model is given by
(Tsui et al. 2010),

2m"4¥m-1 (—mA2
exp

Pa(4 | Q) = W* Q) * U(4) 3)

where U(A) is the unit step function, I"(m) is the gamma
function, 4 corresponds to possible values of the random
variable of the backscattered signal envelopes, m is the
Nakagami shape (or spread) parameter and £2 is the scal-
ing factor.

If the envelope follows a Nakagami distribution,
then the intensity follows a gamma distribution (Sikdar
et al. 2018), and the probability density function (PDF)
is given by,

o
PGamma(I | O‘vﬁ) = %[a—le—ﬁl (4)
where I'(«) is the gamma function, [ is the intensity of
the US backscattered signal, « is the shape parameter
and g is the rate parameter.

The shape parameter of the gamma distribution
results from the pixel distribution within each ROI of the
B-mode image of the PRM. It was determined using a
maximum likelihood estimator.

It is expected that a change in the tissue microstruc-
ture would be reflected in a change of the pixel distribu-
tion in each ROI, resulting in a change in the shape
parameter as well.

Analysis procedure

In analysis of an undamaged PRM, both sub-ROI 1
and sub-ROI 6 were used, while for a PRM with unilat-
eral avulsion, either sub-ROI 1 or sub-ROI 6 was used.
This was based on whether the avulsion was located on
the left (sub-ROI 1) or on the right (sub-ROI 6). To ana-
lyze the regions closest to possible damage, the regions
closest to the insertion points were considered.

The mean echogenicity, entropy and shape parame-
ter values of the gamma distribution were computed for
each sub-ROI at rest and in maximum contraction. As
the sample size was small, the Wilcoxon rank sum test
was used to determine whether the computed values
could be described by distributions with equal medians.
Equal medians would imply that the proposed parame-
ters cannot be used to distinguish damaged from
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undamaged PRMs. Alternatively, a lower p value, indi-
cating that the computed values are from distributions
with unequal medians, would imply that the proposed
parameters can be used to distinguish damaged from
undamaged PRMs.

Furthermore, for each parameter, the receiver oper-
ating characteristic (ROC) curve was computed and the
area under the curve (AUC) was calculated to compare
the diagnostic ability of a classifier using each of the
three parameters described previously. The ROC curve
is created by plotting the true-positive rate (TPR) against
the false-positive rate (FPR) at various threshold settings
(Cardillo 2021).

RESULTS

In Figure 7 are the results for ME, entropy and
shape parameter values illustrated as adjacent boxplots
comparing PRMs with and without avulsion both at rest
and in maximum contraction. On each boxplot, the cen-
tral mark indicates the median, and the bottom and top
edges of the plots indicate the 25™ and 75™ percentiles,
respectively. The whiskers extend to the most extreme
data points not considered outliers. The outliers are plot-
ted individually using the + symbol (MATLAB version
R2021a, 2021, The MathWorks Inc., Natick, MA, USA).

Muscle state vs. mean

Muscle state vs. entropy

The statistical criterion used to determine an outlier is
the one used as the default in MATLAB. By default, an
outlier is a value that is more than three scaled median
absolute deviations (MADs) away from the median.

In Figure 8 are the exact ROC curves for the mean
echogenicity, entropy and shape parameter values as
adjacent lineplots comparing PRMs at rest and in maxi-
mum contraction.

Mean echogenicity

When PRMs were at rest, the ME was increased (p
< 0.01) for PRMs with unilateral avulsion compared
with PRMs without avulsion. The distance between the
medians of the two classes was found to be 34.69, and
the AUC was 0.94. This means that it is possible to cor-
rectly distinguish damaged from undamaged PRMs with
the help of ME, with a probability of 94%, when calcu-
lated at rest.

For PRMs in contraction, the ME did not increase
(p = 0.75) for PRMs with unilateral avulsion compared
with PRMs without avulsion. Thus, it can be said that
ME in contraction is not effective in distinguishing dam-
aged from undamaged PRMs. The distance between the
medians of the two classes was found to be 2.42. As
there is almost no difference between the two groups,
ROC analysis revealed an AUC of 0.56.

Muscle state vs. shape parameter

71 —
230 |
7 1
—_
220 6.9
210 o8
6.7
£ 200
3 6.6
= + 1
190 6.5 1
L
6.4
180
1 6.3
170 ﬁ 6.2
—f. 6.1
160

—_

=
S

]
S

3
S

®
3

Shape parameter of Gamma distribution

r
il
|_

n
S

Undamaged Damaged Undamaged

Damaged Undamaged Damaged

Mean

210

200

190

180

170

160

Muscle state

a) Mean echogenicity at rest

Muscle state vs. mean

Muscle state
b) Entropy at rest

Muscle state vs. entropy

Muscle state

c) Shape parameter at rest

Muscle state vs. shape parameter

T
| |
| I
| 1
1

J

Shape parameter of Gamma distribution

120

100

40

——

|
|
|
|
I
|
|
1

= L

-l

Undamaged Damaged

Muscle state

d) Mean echogenicity at contraction

Fig. 7. Mean echogenicity, entropy and shape parameter values for the puborectalis muscle without avulsion and with
unilateral avulsion, at rest (fop row) and in contraction (bottom row).
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Fig. 8. Receiver operating characteristic (ROC) curves for mean echogenicity, entropy and shape parameters when
puborectalis muscles were at rest (fop row) and in contraction (bottom row). Here the blue area represents the area under
the ROC (AROC), and the red points represent the discrete values.

Entropy

When PRMs were at rest, the entropy exhibited a
decrease (p < 0.01) for PRMs with unilateral avulsion
compared with PRMs without avulsion. The distance
between the medians of the two classes was found to be
0.43 and the AUC was 0.89. The high AUC value indi-
cates that there is a probability of 89% of correctly dis-
tinguishing a damaged PRM from an undamaged one
when using entropy values calculated at rest.

For the PRMs in contraction, entropy did not
exhibit a significant decrease (p = 0.14) for PRMs with
unilateral avulsion compared with PRMs without avul-
sion. The distance between the medians of the two clas-
ses was found to be 0.39 and the AUC was 0.75.

Shape parameter of gamma distribution

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

For the PRMs which were in contraction, the
shape parameter did not significantly increase
(p = 0.28) for PRMs with unilateral avulsion com-
pared with PRMs without avulsion. The distance
between the medians of the two classes was found to
be 30.98 and the AUC was 0.73. Similar to ME and
entropy, the AUC for the shape parameter is also
smaller in contraction.

The summarized results for the distance between
the medians, the statistical significance and the AUC for
the fitted and exact curves for each parameter can be
found in Table 1 for PRMs at rest and in contraction.

Furthermore, images with representative colors
were created by assigning each ROI within the PRM the
value of the shape parameter. These images can provide
a visual aid to the clinician in diagnosing the discon-
nected ends of the PRMs closest to the insertion points.
In this way, information regarding the locality of the
damage within the PRM was visualized. Such an exam-
ple can be seen in Figure 9a and 9b, where blue corre-
sponds to low values of the shape parameter which
indicate regions of undamaged tissue, whereas yellow
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Table 1. Results for the three parameters at rest and contraction

State of puborectalis muscle

At rest In contraction
Mean echogenicity Entropy Shape parameter Mean echogenicity Entropy Shape parameter
Distance between medians 34.69 0.43 52.19 2.42 0.39 30.98
Statistical significance (p value) <0.01 <0.01 <0.01 0.76 0.14 0.18
AUC fitted curve 0.91 0.89 0.93 0.52 0.75 0.73
AUC exact curve 0.94 0.92 0.96 0.56 0.70 0.73

AUC = area under the receiver operating characteristic curve.

corresponds to high values of the shape parameter indi-
cating regions of damaged tissue.

DISCUSSION

In this article, we have described a method for QUS
analysis of damaged and undamaged PRM to distinguish
between avulsion and non-avulsion. The principal find-
ing of the study is that the echogenicity, entropy and
shape parameters investigated for the avulsion group dif-
fer from those for the non-avulsion group when the PRM
is at rest. In women without avulsion, the echogenicity-
based parameters of the two sides of the PRM are similar
at rest.

In contraction, all parameters performed worse in
differentiating damaged from undamaged PRM. During
contraction, although the tissue composition does not
change, the muscle fibers contract, which results in a dif-
ferent backscattering of the US waves with respect to the
rest situation (Rijsterborgh et al. 1990; Holland et al.
1998).

0.05
US-y (m)

0.06

0.04 US-x (m)

0.04

a) Undamaged PRM with all pixels
replaced by the shape parameter values

Physical interpretation

Van de Waarsenburg et al. (2019) investigated the
structural composition of PRM before and after delivery.
It was found that ME significantly increased from 1 day
to 24 weeks after delivery. The authors studied this using
2-D images of the levator hiatus in an axial position and
minimal hiatal area. This is in line with our finding that
ME increases for the damaged PRM at rest. Furthermore,
instead of one slice from the volumetric data, we used
the entire PRM, automatically segmented. The increase
in ME means that the brightness of the region has
increased which might be the result of connective tissue
formation in damaged PRMs. ME is lower for undam-
aged PRM, which indicates the absence of connective
tissues.

Our finding that in contraction the echogenicity of
the avulsed regions is decreased is in line with funda-
mental studies performed at the myocardial wall. Inte-
grated backscatter, a normalized parameter representing
echogenicity, is decreased in the myocardium during
systole compared with diastole (Rijsterborgh et al.
1990). In systole the cardiac muscle is thickened with
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Fig. 9. Visual representation of the shape parameter change for (a) an undamaged and (b) a damaged puborectalis mus-

cle (PRM) at rest

. US = ultrasound.
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respect to diastole, which is perfectly in line with our
finding that in contraction, the echogenicity of the
avulsed part is decreased.

As the information content of a region in an image
is known as entropy, a homogeneous region would have
lower entropy and an inhomogeneous or granular region
would have higher entropy. From our results, entropy
was decreased for PRMs with unilateral avulsion com-
pared with PRMs without avulsion, at rest. This could
indicate that the entire region has a homogeneous forma-
tion of scar tissue throughout the muscle, which has
replaced the muscle fibers. Thus, the normal muscle tis-
sue with echogenicity determined by the orientation of
the fibers would still have more entropy or granularity
than PRM with unilateral avulsion, especially because
we have always considered the end of the muscle, which
is disconnected, as likely to contain scar or connective
tissue.

Lastly, our results indicated that there was a change
in the tissue microstructure depicted by the shape param-
eter. The shape parameter was lower for undamaged
PRMs and higher for the damaged PRMs, at rest. The
shape parameter follows a Rayleigh distribution accord-
ing to different scatterer concentrations in the tissue. It
moves from a pre-Rayleigh to a Rayleigh distribution if
the tissue distribution becomes more homogenous (and
vice versa) (Weng et al. 2017). Thus, if the scar or con-
nective tissue formation in the disconnected region of
the damaged PRMs is homogeneous, this would lead to
an increase in the shape parameter in damaged as com-
pared with undamaged PRMs. This is also consistent
with the results obtained for the damaged PRMs with
lower entropy and higher echogenicity as compared with
undamaged PRMs.

Our finding that microstructural damage of the
PRM might be made visible using the method described
in this research has the potential to become of clinical
relevance as an early indicator of possible avulsion/later-
life disorders. Such a use could occur when a woman
would like to have a second childbirth and the US image
of the PRM is analyzed using the shape parameter. If the
muscle is found to have microstructural damage, then
the clinician could estimate whether it is going to
become avulsed after childbirth. However, thorough val-
idation of this method on a larger data set containing
women with or without known damage of the PRM is
required to determine if the algorithm can reliably aid
the clinician in the diagnosis of microstructural damage.

Limitations and shortcomings

One main limitation and two shortcomings of the
method have been identified. The limitation is that the
number of the data sets (n = 14) was small, which
resulted in the use of a non-parametric test for
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evaluation. This limits the techniques that could be used
to rather conventional as opposed to more modern,
machine learning/deep learning—oriented techniques.
However, even though this study involved a small num-
ber of patients and used a non-parametric test, a signifi-
cant difference between undamaged and avulsed tissue
was found for the three parameters investigated. Further-
more, the age of the women was unknown, and therefore,
whether age has any influence on the structure of the
muscle could not have been accounted for.

A shortcoming is that different US machines and
transducers provide unique B-mode images. It makes the
application of this method machine dependent as differ-
ent machines use different transmitter frequencies, trans-
ducer sensitivities, beam profiles, signal-to-noise ratios
and so on, resulting in different echograms. This limits
direct translation of our findings to other machines and
centers. To overcome this shortcoming, a comparison of
the echogenicity using phantoms can be done using
matrix transducers for different commercially available
US machines. Thereafter, factors by which the echoge-
nicity might change can be calculated and applied to
have comparable measurements (Thijssen et al. 2008;
Weijers et al. 2012, 2016).

The second shortcoming is that although the meth-
ods proposed can distinguish between PRMs with and
without avulsion relative to each other, no conclusion
can be drawn regarding the type of damage/trauma with
which each muscle is affected. The increase in the ME
of the PRMs with unilateral avulsion, at rest, might indi-
cate scar tissue formation, although this conclusion can-
not be drawn from this measurement alone. This
shortcoming can be overcome by calculating functional
parameters such as strain to determine differences in
contractility between undamaged and damaged muscles
(Das et al. 2021).

Furthermore, although Dieter et al. (2015) indicate
that high-frequency linear array probes, >7 MHz and
preferably >10 MHz, are required to adequately image
muscle, a 1- to 6-MHz matrix probe was used. This is
because increased spatial resolution (achieved through
higher US frequencies) comes at the cost of decreased
penetration depth limiting the ability to image deeper
located structures (van Holsbeeck and Introcaso 2001).
Therefore, it was crucial that depth penetration was
ensured so that the PRM could be imaged completely.
Furthermore, the number of elements has to be increased
to obtain a similar field of view when using high fre-
quency.

Future directions

The results obtained in this article illustrate the
potential of quantitative echography to identify PRM
avulsion. The different parameters could serve as input
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(a so-called feature) for more specialized machine learn-
ing algorithms such as neural networks. However, it is
crucial for such applications that the data set is enlarged
to a level that allows training and testing of such algo-
rithms.

On the other hand, a deep learning approach could
be used for both feature detection and classification. An
entire segmented PRM could be fed to a deep neural net-
work (DNN) or convolutional neural network (CNN)
which could potentially classify both the state of the
muscle (damaged and undamaged) and the type of
trauma that affected the muscle. For this scenario, only
the database of segmented PRMs has to be increased.

CONCLUSIONS

In this study, we used ME, Shannon’s entropy and
shape parameter values based on log-compressed B-
mode images to assess the state of the PRM in two sce-
narios: at rest and in maximum contraction. The results
indicate that the shape parameter of the first-order statis-
tics of the speckle (gray value distribution) is the stron-
gest parameter for distinguishing intact and damaged
PRMs. This was determined by analyzing the AUC.
Entropy as a parameter had a slightly less strong perfor-
mance. Also, analysis of the muscle in contraction has
decreased performance with respect to analysis at rest.
This supports the hypothesis that a change in the state of
the tissue will result in a change in the statistical distribu-
tion of gray values in a B-mode image of the PRM.
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