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Abstract

Introduction: The true etiology of pelvic organ prolapse and urinary incon-
tinence and variations observed among individuals are not entirely unders-
tood. Tactile (stress) and ultrasound (anatomy, strain) image fusion may fur-
nish new insights into the female pelvic floor conditions. This study aimed to
explore imaging performance and clinical value of vaginal tactile and ultra-
sound image fusion for characterization of the female pelvic floor. Methods:
A novel probe with 96 tactile and 192 ultrasound transducers was designed.
Women scheduled for a urogynecological visit were considered eligible for
enrollment to observational study. Intravaginal tactile and ultrasound images
were acquired for vaginal wall deformations at probe insertion, elevation, ro-
tation, Valsalva maneuver, voluntary contractions, involuntary relaxation,
and reflex pelvic muscle contractions. Biomechanical mapping has included
tactile/ultrasound imaging and functional imaging. Results: Twenty women
were successfully studied with the probe. Tactile and ultrasound images for
tissues deformation as well as functional images were recorded. Tactile
(stress) and ultrasound (strain) images allowed creation of stress-strain maps
for the tissues of interest in absolute scale. Functional images allowed identi-
fication of active pelvic structures and their biomechanical characterization
(anatomical measurements, contractive mobility and strength). Fusion of the
modalities has allowed recognition and characterization of levator ani mus-
cles (pubococcygeal, puborectal, iliococcygeal), perineum, urethral and ano-
rectal complexes critical in prolapse and/or incontinence development. Con-
clusions: Vaginal tactile and ultrasound image fusion provides unique data
for biomechanical characterization of the female pelvic floor. Bringing novel
biomechanical characterization for critical soft tissues/structures may provide
extended scientific knowledge and improve clinical practice.
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1. Introduction

Pelvic organ prolapse (POP) is a highly prevalent condition affecting 40-50% of
women in the U.S. during their lifetime [1] [2]. Urinary incontinence (UI) af-
fects up to 48% of women [3]. The true etiology of POP and UI and variations
observed among individuals are not entirely understood. These disorders are
thought to share common pathogeneses, weakening (elasticity changes) of the
connective support tissues and pelvic floor muscle dysfunction [4] [5] [6].

The lifetime surgery risk for either UI or POP in women is about 20% [7] [8].
A representative study reported a POP surgical failure rate of 61.5% for uterosa-
cral ligament suspension and 70.3% for sacrospinous ligament fixation groups
[9]. Substantial improvement is possible if patients with the diseased pelvic floor
conditions undergo imaging and biomechanical diagnostic tests, the results of
which could be fed into a patient-specific optimal treatment [10] [11] [12].

Conventional ultrasound is available for the imaging of pelvic floor organs.
Perineal or translabial, transvaginal, and abdominal ultrasounds are increasingly
used for assessing UI and POP. Ultrasound, as a part of the diagnostic workup,
enables morphological and dynamic assessment of the female pelvic floor [13]
[14] [15].

Biofeedback with vaginal pressure measurements (air balloon or 1 - 2 pressure
sensors) has been widely utilized in the treatment of pelvic floor dysfunctions,
mainly by promoting patient knowledge about muscle contraction. Urodynam-
ics allows pressure measurements in the bladder, urethra, vagina, and rectum
with catheters. A Vaginal Tactile Imager provides a high-resolution mapping of
pressures and assesses the strength of pelvic floor muscles within the vagina to
assist in diagnosis [16].

None of the above-listed techniques allows biomechanical mapping (stress-strain
or functional) of the female pelvic floor structures with accurate anatomical
identification.

Elastography, or elasticity imaging, involves the application of stress to soft
tissue and measurement of the resulting tissue mechanical response. There are
several methods available to apply stress to a tissue and measure the resulting
response. The stress can be generated from an external source such as a com-
pression probe, an external vibrator, acoustic radiation force, or physiological
sources of motion (cardiac motion and fluid flow). The most common mea-
surement methods of tissue response (strain) include ultrasound, magnetic re-
sonance imaging, and mechanical/tactile imaging [17]. The strain ultrasound

does not allow soft tissue characterization on an absolute scale without stress
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data. Shear wave elastography seems too complicated for intravaginal applica-
tion. The MRI elastography is a complex technology with a relatively high cost.
The tactile imaging probe translates stress data from the surface of deformed soft
tissue into a 2D/3D image, allowing the assessment of tissue elasticity, hetero-
geneity, and extraction of the non-linear elasticity component. Tactile imaging is
a relatively simple and non-expensive technique, but requires in-depth anatom-
ical strain data for accurate tissue characterization.

The approach reported in this article is intended to overcome the basic limita-
tions of the strain ultrasound imaging (no stress data) and tactile imaging (no
anatomy in depth) now being applied for the female pelvic floor. The objectives
of this study were to explore imaging performance, clinical value and safety of
vaginal tactile and ultrasound image fusion in a pilot study. Additionally, there
will be an exploration of a new possibility arising from that fusion—a functional
imaging of the pelvic floor structure/muscles contributing to pelvic floor disord-

€rs.

2. Materials and Methods

2.1. Vaginal Tactile Ultrasound Imager

The Vaginal Tactile Ultrasound Imager (TIUSv) includes a probe, ultrasound
electronics, proprietary tactile data acquisition/calibration electronics, and a
touchscreen computer. The probe comprises two tactile arrays (48 sensors per
probe side), an ultrasound transducer array of 192 elements, two temperature
sensors, a micro-heater, and a 3D orientation sensor (see Figure 1). The tactile
sensor (capacitor) includes 1) a ferroelectret film used as a dielectric, and 2)
flexible pads used as electro-conductive plates. Sensor step along the probe is 2.5
mm. Sensor array temperature is maintained at 35°C + 1.0°C to eliminate tem-
perature dependence of sensor readings and for the patient’s comfort. Three-axis
accelerometer ADXL327 (Analog Devices, Norwood, MA, USA) is used as a probe
orientation sensor.

The linear 192-element ultrasound array was fabricated by Vermon (Tours,
France) according to our specifications. It has an operational length of 63.4 mm,
center frequency of 5.0 MHz, pitch of 0.33 mm, and elevation aperture of 2.0
mm. The tactile and ultrasound array are molded in the same silicone as used for
the surface layer of the probe. Ultrasound electronics ArtUs (Telemed, Vilnius, Li-

thuania) was used in the device; it has 64 channels multiplexed to 192 transducers.

Pressure sensors

Probe handle with electronics Hhgseundisay ‘

Figure 1. Vaginal probe with 96 tactile and 192 ultrasound transducers.
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Tactile data were synchronized with ultrasound data acquisition. Tactile and ul-
trasound images were visualized in real-time in two separate panels. We devel-
oped a stand-alone data processing application to visualize and analyze the rec-

orded tactile and ultrasound data after the patient examination.

2.2. Study Design

The Western Institutional Review Board (IRB) issued approval No. 20193069 on
December 26, 2019 for clinical protocol “Tactile and Ultrasound Imaging of the
Female Pelvic Floor” for observational case-controlled study at Princeton Uro-
gynecology (Princeton, NJ, USA) and INOVA Medical Group (Falls Church,
VA, USA). A written informed consent was obtained from all enrolled subjects.
This clinical research was conducted in compliance with the Health Insurance
Portability and Accountability Act. The study objectives included 1) assessment
of imaging performance and clinical value of the device, 2) identification of basic
pelvic floor structures, and 3) exploration of normal versus POP conditions.
Women scheduled for a urogynecological visit were considered eligible for the
enrollment. The study inclusion criteria were 1) Age of 21 years or more, 2) no
prior pelvic floor surgery, and 3) one of the following: normal pelvic floor condi-
tions or POP stage I-III affecting one or more vaginal compartments. The study
exclusion criteria were as follows: 1) prior pelvic surgery related to POP, incon-
tinence or other reason, 2) active skin infection or ulceration within the vagina,
3) presence of a vaginal septum, 4) active cancer of the colon, rectum wall, cer-
vix, vagina, uterus or bladder, 5) ongoing radiation therapy for pelvic cancer, 6)
impacted stool, 7) severe hemorrhoids, 8) significant circulatory or cardiac con-
ditions that could cause excessive risk from the examination as determined by a
physician, 9) current pregnancy, and 10) cognitive impairment. The analyzed
dataset of 20 subjects participated in the study was characterized by the follow-
ing metrics: average patient age was 51.9 years (from 27 to 83); parity of 1.8
(from 0 to 4); 14 subjects had anterior POP, 10 had posterior POP, and 8 had
uterine POP; 5 subjects had no POP, 3 had stage I POP, 8 had stage II POP, and
4 subjects had stage III POP; 8 subjects had stress urinary incontinence (SUI), 4
had UI and 3 subjects had an overactive bladder (OAB).

The TIUSv examination data were obtained and recorded during the sche-
duled urogynecological visits. The study workflow comprised of the following
steps: 1) Recruiting women who had not had a pelvic surgery; 2) Acquisition of
clinical diagnostic information related to the inclusion/exclusion criteria (age,
POP stage, co-morbidities) by standard clinical means; 3) Subject enrollment;
4) Performing a TIUSv examination in lithotomic position; and 6) Analyzing
TIUSv-recorded data and composing tactile ultrasound image fusion. Prior to
the TTUSv examination, a standard physical examination was performed, including
a bimanual pelvic examination and Pelvic Organ Prolapse Quantification (POP-Q)
[18]. The pelvic floor conditions were categorized by the stage of the prolapse,
based on the maximum stage from anterior, posterior, and uterine prolapse. For

each of the subjects, the pelvic floor evaluation was performed by their urogy-
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; Distance (cm)

necologists with the treatment plan prescribed independent of this study.

2.3. Examination Procedure

The TIUSv examination procedure consisted of eight Tests: 1) probe insertion,
2) elevation, 3) rotation, 4) Valsalva maneuver, 5) voluntary muscle contraction
(anterior versus posterior compartment), 6) voluntary muscle contraction (left
versus right side), 7) involuntary muscle relaxation, and 8) reflex muscle con-
traction (cough). The TIUSv probe allows 3 - 15 mm tissue deformation at the
probe insertion (Test 1), 20 - 45 mm tissue deformation at the probe elevation
(Test 2), 5 - 7 mm deformation at the probe rotation (Test 3), and recording of
dynamic responses at pelvic muscle contractions (Tests 4 - 8). Tests 1 - 5and 7 -
8 provide data for anterior/posterior compartments, while Test 6 provides data

for left/right sides. The full TTUSv examination takes 3 - 5 minutes.

3. Results

In 20 cases, the enrolled women were successfully studied with the TIUSv; the

tactile and ultrasound imaging data were recorded. Figure 2 presents an example

Tactile Image
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Figure 2. Tactile and Ultrasound imaging fusion for Test 1 (probe insertion) allows elastici-
ty assessment for critical structures; 34 y.o. women with normal pelvic floor conditions.
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of tactile ultrasound image fusion for Test 1 (probe insertion). It allows identifi-
cation of specific pelvic structure contributing to the tactile image composition
(pubic symphysis, urethra in anterior and perineum, levator ani in posterior
compartments). The pressure gradient distributions (kPa/mm) for vaginal wall
deformation in the orthogonal to vaginal canal direction (up and down) reveal
elasticity distribution along the vagina.

Comparative Test 2 (probe elevation) results for patients with normal pelvic
support (no POP) and with stage II POP are presented in Figure 3. Tissue de-
formation (up to 45 mm) in posterior compartment (see Figure 3(C)) allows
acquisition of pressure feedback patterns versus the probe angle to quantify the
pelvic floor support at Levels I-III, as defined by DeLancey [19], because the
deeper support structures contribute to the pressure patterns on the vaginal wall
at such deformations [10]. The tactile ultrasound image fusion (see Figure 4(A)
and Figure 4(B)) provides anatomical identification of the levels of support.

Test 3 (probe rotation by 360 degrees) allows acquisition of circumferential
tactile and ultrasound images, which can be transformed into a 3D ultrasound
image of the pelvic floor structures around the vagina. The angled tactile pat-
terns from vaginal walls can be placed inside that 3D ultrasound image (see yel-
low pressure line in Figure 4(A)) to analyze suspicious findings with increased
pressure feedback. Figure 4 presents an example of such images (orthogonal
cross sections) with imposed pressure patterns. Mutual orthogonal positions for
ultrasound images in Figure 4(A) and Figure 4(B) are marked by green lines.
Asymmetry in the circumferential pressure distribution relative the vertical
dashed line (see Figure 4(A)) reveals a nodule on the left side and levator ani
defect on the right upper side; this patient has stage II anterior prolapse.

Test 4 (Valsalva maneuver) results for anterior compartment are depicted in
Figure 5. The left panel (Figure 5(A)) shows the anterior sagittal anatomy with
pressure pattern on the vaginal wall at rest; the right panel (Figure 5(B)) shows
the anterior sagittal anatomy with pressure pattern on the vaginal wall at Valsal-
va. In this specific case, one may see 1) unusual urethral complex (elongated,
heterogeneous), 2) significant reduction in the distance (see L1) between the
bladder and body surface (skin) at Valsalva, 3) urethral pressure changes from 7
kPa at rest to 19 kPa at Valsalva (see maximum pressure values in Figure 5(A)
and Figure 5(B)), 4) significant urethral mobility by about 13 mm at Valsalva
(see maximum pressure shift in Figure 5(B) relative to Figure 5(A)), and 5) a
bladder defect discovered in Figure 5(B).

Test 5 (voluntary muscle contraction, anterior versus posterior) results for
posterior compartment are shown in Figure 6. The left panel (Figure 6(A))
shows the posterior sagittal anterior anatomy with pressure pattern on the va-
ginal wall at rest; the right panel (Figure 6(B)) shows the posterior sagittal
anatomy with pressure pattern on the vaginal wall at muscle contraction. In this
specific case, one may see 1) anorectal complex (angled to the vaginal wall), and
2) three pressure peaks at muscle contraction. It allows characterization of the

contractile strength of the pelvic floor muscles from the tactile data and their

DOI: 10.4236/0jog.2021.116063

679 Open Journal of Obstetrics and Gynecology


https://doi.org/10.4236/ojog.2021.116063

V. Egorov et al.

Pressure Colormap
0| NN |20 kPa

Distance (cm)

Distance (cm)

Posterior

€
KA
K
3
©
=
g
>
5
£
s
Q
]
a

amlkevel 11l
support

Depth from vaginal wall (cm)

Posterior
compartment

2 3
Distance along vagina (ci

Pressure (kPa)

Gradient (kPa/mm)l
0.8

4
)

Normal pelvic floor conditions

Distance (cm)

Distance (cm)

Depth from vaginal wall (cm)

Depth from vaginal wall (cm)

N

Pressure Colormap
O] NN |20 kPa

Pressure (kPa)

0.3
.

Vaginal wall

Posterior
compartment

2 3 4
Distance along vagina (cm)

Level Ill
support

Stage Il posterior prolapse

TIUSv probe

Ultrasound array

Tactile array

Posterior

Anterior

Bladder

Figure 3. Normal (left, Al - A4) and POP Stage II (right, B1 - B4) posterior conditions imaged by TIUSv at probe
elevation against posterior compartment (Test 2 results). (Al, B1) tactile images (pressure patterns); (A2, B2)
gradient images calculated from the tactile images Al and B1; (A3, B3) ultrasound images; (A4, B4) tactile and
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Figure 4. Orthogonal ultrasound images with pressure distribution patterns in Test 3 (probe rotation). (A) transverse image; (B)
image along the vagina at specified angle for 53 y.o. patient with stage II anterior prolapse.
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Figure 5. Anterior sagittal images of a patient with anterior Stage III POP and overactive bladder at rest (A) and Valsalva ma-
neuver in Test 4 (B).

identification from the ultrasound images. Specifically, puboperineal, puborectal
and pubovaginal muscles were identified as responsible for the peaks at the mus-
cle contraction observed in Figure 6(B). Contractive pressure values for these
muscles can be considered as biomechanical parameters (markers) characteriz-
ing pelvic function.

Test 6 (voluntary muscle contraction, left versus right sides) results for the left
side are shown in Figure 7. It allows characterization of the contractile strength
of the pelvic floor muscles from the tactile data and their identification from the
ultrasound images. Specifically, Puboperineal and puborectal muscles were iden-
tified as being responsible for the two peaks at the muscle contraction observed
in Figure 7(A)). Contractive pressure values for these muscles can be considered

as biomechanical parameters (markers) characterizing pelvic function.
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Figure 7. Left side images of a 27 y.o. patient without prolapseat rest (A) and at voluntary pelvic muscle contraction in Test 6 (B).

Test 7 provides data for involuntary pelvic muscle relaxation, when a patient
is asked to squeeze and keep the strength. The pelvic muscle is relaxed involun-
tary to decreased pressure values. The speed of muscle relaxation for a posterior
pressure peak (see Figure 8(A))) can be quantified from the tactile data in kPa/s
or %/s units. Figure 8(B) presents the dynamic pressure profile along the post-
erior vaginal wall at the involuntary muscle relaxation. The relaxation speed is
related to the muscle innervation state [20].

Test 8 (reflex muscle contraction on coughing) results are shown in Figure 8.

An anterior ultrasound image with imposed peak pressure pattern at contraction
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Figure 8. Images for involuntary muscle relaxation (Test 7), 37 y.o. patient without prolapse. (A) ultrasound image at maximum
muscle strength, and (B) dynamic tactile image (pressure distribution on the vaginal wall as function of time - vertical axis).

is presented in Figure 9(A)); urethral complex is easy identifiable there. Figure
9(B) presents the dynamic pressure profile along the anterior vaginal wall at the
reflex muscle contraction. Urethral mobility can be quantified from the tactile
data in Figure 9(B). That is another biomechanical parameter (marker) charac-
terizing pelvic function.

No TIUSv-related adverse events were reported from the participating clinical

sites.

4. Discussion

Many pelvic floor disorders, including POP/UI, are manifested by concurrent
changes in the mechanical properties of pelvic structures. Therefore, the biome-
chanical mapping of response to applied pressure or load within the pelvic floor
and muscle contractive patterns opens new possibilities for the assessment and
monitoring of the female pelvic floor conditions. There are no other physical
characteristics of soft tissues with such great sensitivity to pathological and struc-
tural changes (at a micro level) than Young’s modulus and shear modulus of the
tissue. Detection of a mechanical heterogeneity by manual palpation is based on
sensing the variations of these tissue characteristics; for instance, Young’s mod-
ulus for different soft tissues varies over four orders of magnitude and, even
within one tissue, may change by many orders of magnitude in diseased condi-
tions [21]. Further, the functional imaging of active pelvic structures with their
contractive force/pressure measurements seems highly important for the cha-
racterization of the female pelvic floor conditions and diagnosis.

The TIUSv delivers a new functional imaging of the pelvic floor active struc-

tures (muscles) contributing to pelvic floor disorders. This possibility arises from
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pressure signal (yellow graph) is coming from the urethra, not from pubic symphysis, for 44 y.o. patient with normal pelvic sup-

port (no POP), but with SUI and hyperactive urethra; and (B) dynamic tactile image (pressure distribution on the vaginal wall as

function of time - vertical axis) allows measurement of urethral mobility.

the fusion of tactile and ultrasound techniques. Such fusion has fundamental
importance, because these technologies are complementary to each other: tactile
images provide stress data and ultrasound images provide strain data as well as
anatomy for the same tissue during its deformation. This fusion allows elasticity
characterization as a stress-to-strain ratio, according to its classical definition
[22].

To the best of our knowledge, no one has ever attempted to quantify soft tis-
sue elasticity, pelvic support and function with the fusion of tactile and ultra-
sound transducers in one probe. In the proposed approach, the tactile sensor ar-
rays provide the tissue stress data, while the ultrasound transducers provide
anatomical and the tissue strain data. Figures 2-9 show examples of the im-
age/data fusion for the studied patients with TIUSv probe. Both modalities (tac-
tile and ultrasound) have imaging resolution sufficient for recognition and seg-
mentation of the basic pelvic floor components.

The TIUSv probe has the same design (geometrical sizes) as the Vaginal Tac-
tile Imaging (VTI) probe (oval 16 mm x 31 mm). In earlier studies, 54% of the
patients classified VTI comfort level as more comfortable than manual palpa-
tion, 36 % as the same, and 10 % as less comfortable than manual palpation [23].

Computational procedures with only tactile data for Tests 1 - 8 generate 52
biomechanical parameters (12 related to tissue elasticity, 12 to pelvic support
and 28 to pelvic function) [24]. Tactile and ultrasound data can provide calcula-
tion of 33 new biomechanical parameters (not available in the VTI); among
them, 8 use only ultrasound data (Minimal levator hiatus area, Urethral length,

Levator plate descent angle, Anorectal angle, Perineal muscle resting position,
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Perineal muscle squeeze position, Vaginal levator resting position, Vaginal leva-
tor squeeze position [14]), and 25 parameters use both tactile and ultrasound
data additionally characterizing tissue elasticity, pelvic support and function. A
finite element model (FEM) of the pelvic floor to simulate tissue deformations in
anterior and posterior compartments by the TIUSv probe will provide more ac-
curate tissue elasticity (Young’s modulus, kPa) calculation based on tactile (stress)
and ultrasound (strain) data acquired in tests 1 - 3. Figure 2 illustrates the con-
cept of tactile/ultrasound imaging, where the pressure spatial gradient (kPa/mm)
characterizes tissue elasticity. The FEM development is beyond the current re-
search. Recently, we have designed the female pelvic floor FEM for tissue defor-
mation in the posterior compartment for obstetrical application [25].

The American Urogynecologic Society conducted a survey among the leaders
in the field, including clinicians, clinical and basic science researchers, and rep-
resentatives from government agencies, industry, patient advocacy groups, and
the public. The objective was to identify critical areas of need for future research.
The survey identified mechanistic research on pelvic supportive structures (1st
position), clinical research to optimize outcomes after POP surgery (4th posi-
tion) and evidence-based quality measures for POP outcomes (5th position) as
the main needs [26]. Further, this panel stated, “For POP, there is a need to de-
scribe interdependence of load-bearing structures such as levator ani muscles,
connective tissue, and nerves because these structures relate to the bony anato-
my and to the proposed components of pelvic support. Furthermore, there is a
need to understand how expulsive forces are applied and distributed.” The pro-
posed approach with the TIUSv seems relevant to these objectives.

As abnormalities of the different pelvic compartments are often interrelated,
their thorough diagnostic characterization is paramount for proper disease
management and treatment [27]. Hence, the female pelvic floor assessment and
diagnostics must include dynamic stress/strain and functional imaging to facili-
tate the identification and characterization of the pelvic floor structures contri-
buting to POP/UI development. The fusion of tactile (stress, surface strain) and
ultrasound (anatomical, 2D strain) images promises to provide such a possibili-
ty. Specifically, this fusion may provide (not available currently in clinical prac-
tice) the following:

1) Biomechanical characterization of levator ani muscles (pubovaginal, pu-
boanal, puborectal, iliococcygeal), perineum, urethra and key ligaments (cardin-
al and uterosacral) critical in POP/UI development;

2) A 3D imaging of the anatomic and mechanical defects within the female
pelvic floor;

3) Anatomical and functional information necessary for a custom pessary de-
sign;

4) 3D biomechanical data for computer simulation of surgical procedures and
treatment effectiveness;

5) The objective and quantitative pre- and post-treatment assessment of pelvic
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floor conditions to improve evidence-based management in urogynecology [10].

The strength of this study is that it is the first clinical exploration and demon-
stration of the new possibilities in biomechanical characterization of the female
pelvic floor. The discovery of novel biomechanical markers for critical soft tis-
sues/structures may provide extended scientific knowledge and improve clinical
practice. One of the key tasks of the TIUSv is to assist the clinicians in differen-
tiating normal soft tissue with an expected elasticity range from affected tissues
with distinctive biomechanical properties. The fusion of tactile and ultrasound
images and tissue/structure characterization may improve the diagnostic accu-
racy of complex pelvic floor disorders and selection of an optimal treatment.
Biomechanical mapping of the female pelvic floor before the POP surgery and
probability distributions for success/failure of specific surgical procedures and
their combinations to recover the biomechanical status of the pelvic floor may
change clinical practice [28].

The weakness of this study is the limited sample size studied, which does not
allow deriving any dependencies of the biomechanical parameters versus the
pelvic conditions. That will be the subject of future research. Another weakness
is image dependence on operator’s skill level. In general, an examination with a
tactile and/or ultrasound imaging probe is operator-dependent and requires ap-

propriate training.

5. Conclusion

Vaginal tactile and ultrasound image fusion provides unique data for biome-
chanical characterization of the female pelvic floor. Bringing novel biomechani-
cal characterization for critical soft tissues/structures may provide extended

scientific knowledge and improve clinical practice.
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