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INTRODUCTION

Pelvic organ prolapse (POP) is a highly prevalent condition 
affecting 40-50% of women during their lifetimes.1-3 Urinary 
incontinence (UI) affects up to 48% of women.4,5 Both POP 
and UI are more common in women than in men, and their 
prevalence is increased with age.3-6 POP is often associated with 
concomitant pelvic floor disorders, UI and fecal incontinence, 
pelvic pain, voiding, and sexual dysfunctions.7 These conditions 

cause significant morbidity beyond the physical and the quality-
of-life impacts.8,9

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.10-22 The lifetime surgery risk for either UI 
or POP in women is about 20%.23,24 A POP surgical failure rate 
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ABSTRACT

Vaginal Tactile Imaging is a novel technology that creates a visual map of the female pelvic floor based on its biomechanical properties. The 
vaginal tactile imager is a medical device built on this technology to assist clinicians in diagnosis and prognosis of pelvic floor conditions and 
treatment from detailed characterization of vaginal tissue elasticity, pelvic support and function. This information is presented in the form of 
tactile images, a format in which pressure mapping is combined with spatial dimensions. The dynamic pressure patterns are combined using 
two opposing areas along the vaginal walls during Valsalva maneuver, voluntary and reflex muscle contraction, and involuntary relaxation. 
Based on these measurements, the biomechanical integrity score of the pelvic floor was developed and introduced to facilitate clinical 
interpretation of the complex data. This article begins with a brief overview of the tactile imaging for a broad spectrum of applications, clinical 
research findings and their respective impact. Then the article focuses on the evolution of the technology and its progressive development for 
the female pelvic floor disorders characterization and diagnostics, including evaluation of surgical intervention. Finally, future possibilities for 
tactile imaging are discussed, including applications in obstetrics and a fusion with ultrasound imaging.
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of 61.5% for uterosacral ligament suspension and 70.3% for 
sacrospinous ligament fixation groups in a representative study 
was reported.25 The estimated annual cost of POP surgeries and 
UI care in the U.S. is about $24 billion.26,27

With the global population getting older the pelvic floor diseased 
conditions will increase in prevalence.3,28 It is projected that by 
2050, 43.8 million women, or nearly 33% of the adult U.S. female 
population, would be affected by at least one troublesome 
pelvic floor disorder.6,29 Additionally, due to the Coronavirus 
disease-2019 pandemic a large number of the population has 
been unable to attend routine appointments increasing the 
likelihood of undiagnosed pelvic floor conditions. 

The current clinical practice for assessment of POP and UI 
is generally limited to the evaluation of surface anatomy by 
manual palpation. In severe or complicated cases, ultrasound, 
magnetic resonance imaging (MRI), and X-ray imaging may be 
used for additional evaluation. Bladder and rectum function 
tests, such as urodynamics, manometry, or defecography might 
also be employed.7,30-34

Conventional ultrasound is available for the imaging of 
pelvic floor organs. Perineal or translabial, transvaginal, and 
abdominal ultrasounds are increasingly used for assessing POP 
and UI.35-38 Ultrasound, as a part of the diagnostic workup, 
enables morphological and dynamic assessment of the lower 
urinary tract. In the last decade, transrectal ultrasound gained 
ground for assessing the female urogenital organs.39

Despite criticisms that MRI is an expensive modality, cost-
analysis studies are demonstrating utility for MRI in surgical 
decision-making trees for patients at risk for POP repair failure. 
Novel measures such as anterior pelvic area and levator volumes 
are proposed.40 Diffusion-weighted imaging, dynamic contrast-
enhanced MRI, and susceptibility-weighted imaging were 
developed for evaluation of endometriosis, local staging of 
cervical and endometrial cancers, and assessment of nodal and 
peritoneal metastases.41 Dynamic MRI is used for the assessment 
of fecal incontinence.42,43

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 learning 
about muscle contraction.44,45 Urodynamics records pressure 
measurements in the bladder, urethra, vagina, and rectum 
with catheters. Despite technical and procedural advances in 
urodynamics, the role of urodynamics in women with UI remains 
controversial.46-49 

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

Elastography, or elasticity imaging, involves the application of 
a stress to soft tissue and measurement of the resulting tissue 
mechanical response. There are several methods available to 
apply stress to a tissue and to measure the resulting response. 
The stress can be generated from an external source such as 
a compression probe, an external vibrator, acoustic radiation 
force, or physiological sources of motion (cardiac motion and 
fluid flow). The most common measurement methods of tissue 
response (strain) include ultrasound, MRI, and mechanical/
tactile imaging.50,51 The strain ultrasound is not capable of soft 
tissue characterization on an absolute scale without stress data. 
Shear wave elastography seems too complicated for intravaginal 
application due to the heterogeneity of the tissues.52-55 The MRI 
elastography is a complex technology with a relatively high cost 
and low resolution.56-58 A mechanical imaging (MI) reconstructs 
form and elasticity distribution of an organ or object based on 
pressure patterns of the object surface and expected anatomy 
and pathology of the object.59 A tactile imaging probe translates 
stress data from the surface of deformed soft tissue into a 2D 
tactile image, assessing tissue biomechanical parameters.60,61 
It also provides high-definition pressure response patterns 
at Valsalva maneuver, voluntary and reflex pelvic muscle 
contractions.14 Tactile imaging is a relatively simple and 
inexpensive technique.62 With the increasing need for diagnostics 
and no practical method for biomechanical assessment of the 
female pelvic floor, tactile imaging may have a profound impact 
on women’s healthcare.

Definitions

MI is a modality of medical diagnostics based on reconstruction 
of tissue structure and viscoelastic properties using mechanical 
sensors. The essence of MI is the solution to an inverse 
problem using the data of stress patterns on the surface of 
tissue compressed by a pressure sensor array. A key feature of 
MI is “knowledge-based imaging”. To produce a 3D image, the 
computer uses both the measured parameters of an individual 
examined object and a general database on anatomy and 
pathology of the object.59

Tactile imaging is a medical imaging modality that translates the 
sense of touch into a digital image. The tactile image is a function 
of p (x, y, z), where p is the pressure on the soft tissue surface 
under applied deformation and x, y, and z are the coordinates 
where p was measured. The tactile image is a pressure map on 
which the direction of tissue deformation is specified.63

Functional tactile imaging translates muscle activity into 
dynamic pressure pattern p (x, y, t) for an area of interest, where 
t is time and x, y are coordinates where the pressure P was 
measured. It may include: (1) Muscle voluntary contraction, (2) 
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involuntary reflex contraction, (3) involuntary relaxation, and (4) 

specific maneuvers.61 

Biomechanical mapping = Tactile imaging + Functional tactile 

imaging.64

A tactile imaging probe has a pressure sensor array mounted 

on its face that acts similarly to human fingers during a clinical 

examination, deforming the soft tissue and detecting the 

resulting changes in the pressure pattern on the surface. The 

sensor head is moved against or over the surface of the tissue to 

be studied, and the pressure response is measured at multiple 

locations along the tissue. The results are used to generate 

images that show pressure distribution over the area of the 

tissue under study. The tactile image p (x, y, z) reveals tissue or 

organ anatomy and elasticity distribution.61

History

Throughout the years several mechanical and tactile imaging 

systems have been developed for prostate, breast, muscle, and 

other soft tissues. The prostate mechanical imager (PMI) was 

designed to assist in diagnosis of prostate pathologies. The 

PMI system works through use of a transrectal probe with two 

pressure sensing arrays to acquire data from rectal wall and 

anus, and a 3D orientation sensor. The device aims to provide 

a more accurate and sensitive method for detection of prostate 

abnormalities as opposed to digital rectal examination (DRE).65 

Figure 1 presents mechanical images of the prostate. The left 

panel presents 2D cross-sectional mechanical images for the 

3D prostate image presented on the right panel. These images 
clearly demonstrate the prostate abnormality with a nodule in 
the left lobe and prostate asymmetry. In the clinical study of 168 
patients the PMI was able to create full 3D mechanical images 
of the prostate in 84% of patients while demonstrating a higher 
sensitivity than DRE for the biopsy detected nodules.66 

In the application of MI technology for breast, the breast 
mechanical imager (BMI) was designed to image breast tissue 
and assist in the diagnosis of benign versus cancerous lesions.67 
The BMI had 2D pressure array with 192 pressure sensors. An 
examination procedure and algorithms to provide assessment 
of breast lesion features such as hardness related parameters, 
mobility, and shape have been developed. Figure 2 presents 
an example of the MI of a breast lesion. A statistical Bayesian 
classifier was constructed to distinguish between benign and 
malignant lesions by utilizing all the listed features as the input. 
Clinical results for 179 cases collected at four different clinical 
sites, established a reliable image formation of breast tissue 
abnormalities and calculation of lesion features. The tactile 
imaging demonstrated increased hardness and strain hardening 
as well as decreased mobility and longer boundary length in 
comparison with benign lesions for the histologically confirmed 
malignant breast lesions. Statistical analysis of differentiation 
capability for 147 benign and 32 malignant lesions revealed an 
average sensitivity of 91% and specificity of 87%. The area under 
the receiver operating characteristic curve characterizing benign 
and malignant lesion discrimination is 86% with the confidence 
interval ranging from 80 to 91%, with a significance level of 

Figure 1. Prostate mechanical imaging for a 62 y.o. patient. Left panel - 2D orthogonal cross-sections of prostate, coronal (upper left) and transversal (lower 
left) tactile images; right panel - 3D reconstruction of the prostate with three iso-surfaces of pressure (see text)
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p=0.0001.68 We hypothesized that the BMI has the potential 
to be used as a cost-effective device for cancer diagnostics 
that could reduce the benign biopsy rate, serve as an adjunct 
to mammography and to be utilized as a screening device for 
breast cancer detection.

For validation of the MI devices, the tissue elastometer was 
designed to measure stress-strain relationship for soft tissue 
and to calculate its Young’s modulus in the range of 10-400 kPa. 
In the testing of the excised tissue samples the repeatability 
of elasticity measurements was demonstrated in the range of 
8-14%.69 

Quantification of the mechanical properties of muscle is of a 
significant clinical interest. Local changes in the mechanical 
properties of muscle are often associated with clinical 
symptoms. In particular, myofascial trigger points (MTrPs) are 
a very common, yet poorly understood and overlooked cause 
of non-articular musculoskeletal pain. MTrPs are localized, 
stiff, hyperirritable tender nodules, palpated in taut bands of 
skeletal muscle. Objective validated measures of the mechanical 
properties of MTrPs could potentially be a clinical outcome 
measure. Ultrasound shear wave elastography and tactile 
imaging as complementary objective methods to assess the 

mechanical properties of MTrPs were explored on 50 subjects 

(27 healthy controls and 23 with symptomatic chronic neck pain 

and active MTrPs). The upper trapezius muscles in these subjects 

were imaged using shear wave elastography using an external 

vibration source to measure shear wave speed and dispersion 

in tissue, and tactile imaging using an array of pressure sensors 

creating a 3D reconstruction of mechanical structures in tissue. It 

was found that symptomatic muscle tissue in subjects with neck 

pain is mechanically more heterogeneous and stiffer compared 

to normal muscle in control subjects.70 

Changes in the elasticity of the vaginal walls, connective support 

tissues, and muscles are thought to be significant factors in 

the development of POP. It poses two questions specific to 

the biomechanical properties of pelvic support tissues: how 

does tissue elasticity affect the development of POP and how 

can functional elasticity be maintained through reconstructive 

surgery? A first prototype of vaginal tactile imaging probe for 

visualization and assessment of elastic properties of pelvic floor 

tissues was comprised of 120 sensors array for 2D pressure 

response pattern and a tilt sensor (Figure 3). We assumed that 

the slope of a peak pressure value related to specified zone 

inside a tactile image versus total applied force to the probe head 

Figure 2. Mechanical imaging of breast lesion for a 45 y.o. patient. Upper panels - 2D orthogonal cross-sections of the lesion, coronal (left) and sagittal (right) 
mechanical images; lower panel - 3D mechanical image of the lesion
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(scanhead) characterizes relative elasticity of a hard inclusion 
placed inside soft tissue against which the scanhead has been 
pressed. The probe was used in a pilot clinical study with 13 
patients and demonstrated that vaginal walls increased rigidity 
due to implanted mesh grafts following reconstructive pelvic 
surgery and showed potential for prolapse characterization.60

The purpose of the next study was to assess the clinical 
suitability of 3D vaginal tactile imaging and tissue elasticity 
quantification under normal and prolapse conditions. The 
updated tactile imaging device included a vaginal probe with 
a 6D (three coordinates and 3 angles) electro-magnetic motion 
tracking system. The pressure sensor array comprised 128 
capacitive pressure sensors.20 Three orthogonal projections 
of the 3D vaginal pressure integrated response (tactile image) 
with probe location are observed by the operator in real time. 
The examination procedure with the vaginal probe included 
multiple compressions of the vaginal walls and composition of 
a circumferential 3D vaginal tactile image.61 Figure 4 presents 
examples of examination results for normal and prolapse 
conditions. Specifically, Figure 4A shows transverse and sagittal 
cross-sections of the 3D vaginal tactile image for a 63 y.o. patient 
with normal pelvic floor anatomy on manual palpation during 

physical examination. Figure 4B shows transverse and sagittal 

planes of 3D vaginal tactile image received with VTI for a 77 y.o. 

patient with Stage III prolapse in the anterior and upper half of 

the posterior compartment that recurred less than a year from a 

vaginal hysterectomy and anterior repair. Study with 31 subjects 

demonstrated significant differences in anterior and posterior 

vaginal tissue elasticity with POP development stage (p<0.0001). 

The most affected locations were the mid and apical aspects of 

the anterior vaginal walls, where elasticity is decreasing up to 

340% from normal to POP stage III. The lesser affected was the 

mid-posterior part where elasticity decreased up to 220%, the 

apical side walls of the vagina (decrease of approximately 100%), 

and the mid side walls of the vagina where we did not detect 

statistically significant tissue elasticity decrease. That means 

the horizontal (anterior, posterior) support structures weaken 

the most under POP conditions. This approach also allowed 

anatomical characterization of POP development. Specifically, 

we found that the anterior/posterior spacing increases for the 

apical part of vagina from 18±6 mm under normal conditions 

to 32±12 mm under POP stage III. The comfort level of VTI 

examination was found very close to manual palpation by 77% 

of patients.61 

Figure 3. Tactile imaging of anterior and posterior vaginal walls. The diagrams on the left showcase the mesh graft implementation and below that shows a 
patient examination with the vaginal tactile imaging probe. This approach provides visualization and quantitative elasticity evaluation (see right graphs) at 
pelvic locations where these mesh grafts were placed (see two tactile images in the middle of the figure) [adapted from (60) with permission]
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Vaginal Tactile Imager (VTI)

The VTI comprises a vaginal probe with 96 pressure (tactile) 
sensors, an orientation sensor, temperature sensors, micro-
heating elements, and an electronic board (see Figure 5A). The 
pressure sensors provide pressure patterns (25 frames per second) 
from contact with the vaginal walls during the examination. 
The 3D accelerometer is used to measure the rotation and 
elevational angles of the probe. Probe positional information is 
combined with the pressure patterns from the tactile sensors to 
accurately track the location of the probe in the female pelvic 
floor during the examination. The temperature control system 
(micro-heating elements and temperature sensors) preheats the 
probe body including the tactile sensors to a temperature of 36 
°C before the examination begins. The temperature stability of 
the probe increases accuracy of the tactile sensors and improves 
patient comfort. During the patient examination procedure, data 
are sampled from the probe sensors and displayed on the VTI 
computer display in real time. The calibration chamber is used 
to calibrate the tactile sensors in the vaginal probe by applying 
air pressures in the range from 0 to 40 kPa. The tactile sensors 
are calibrated every time before the patient examination relative 
to two independent highly accurate air pressure transducers. 

A lubricating jelly is used for patient comfort and to provide 
reproducible boundary/contact conditions with deformed 
vaginal tissue.

The pressure sensors sensitivity, defined as an average noise 
level, was found of about 50 Pa with dynamic response 40 ms 
and a measuring range up to 100 kPa. The spatial resolution of 
1.0 mm along the VTI probe is achieved by a real-time pressure 
and positioning data processing. 

Intra- and inter-observer agreements were evaluated in the subset 
of 12 subjects that have been enrolled into a larger observational 
case-controlled study (NCT02294383 at ClinicalTrials.gov).71 Two 
measurements of the full set of VTI parameters (markers) were 
obtained by two observers. Agreements within and between 
observers for VTI parameters were analyzed using 95% prediction 
intervals, Bland-Altman plot with 95% limits of agreement, and 
the intraclass correlation coefficient (ICC).72,73 All twelve subjects 
were successfully scanned with the VTI four times; two scans 
were completed by each of two operators. Mean patient age was 
39.0 years (range 26 to 60), pelvic floor conditions were from 
normal (10 subjects) to Stage I/II POP (one subject with Stage 
1 and one subject with Stage II prolapse), and mean parity of 
1.2 (range 0 to 2). The data set with 1920 VTI measurement 

Figure 4. Cross-sections of 3D vaginal tactile images received with the vaginal tactile imaging device equipped with six-degrees-of-freedom motion tracking of 
the probe. The Y-axis represents distance along the vagina. Tactile images on the left are a patient with normal pelvic floor conditions (A) and tactile images 
on the right are of Stage III prolapse (B). Young’s modulus (kPa) for vaginal tissue was calculated for areas specified by a rectangle [adapted from (61) with 
permission]
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records (12 subjects x 10 parameters x 4 locations x 4 VTI scans) 

was analyzed. Intra-observer ICC was found in the range from 

0.80 (Test 8: Reflex contraction at cough) to 0.92 (Test 3: Probe 

rotation) with average value of 0.87.  Inter-observer ICCs were 

found in the range from 0.73 (Test 2: Probe elevation and Test 8: 

Reflex pelvic muscle contraction at cough) to 0.92 (Test 3: Probe 

rotation) with average value of 0.82. Intra-observer ICC was found 

in the range from 0.80 (Test 8: Reflex pelvic muscle contraction at 

cough) to 0.92 (Test 3: Probe rotation) with average value of 0.87 

for all 10 parameters. Intra-observer limits of agreement were 

in the range from ±11.3% (Test 1: Probe insertion) to ±19.0% 

(Test 8: Reflex pelvic muscle contraction) with average value of 

±15.1%. Inter-observer limits of agreement were in the range 

from ±12.0% (Test 5: Voluntary pelvic muscle contraction) to 

±26.7% (Test 2: Probe elevation) with average value of ±18.4%. 

Based on these results the conclusion was made that there is 

reasonable intra- and inter-observer reproducibility for VTI 

measurements, though improved inter-observer reproducibility 

can be reached by operator training and consistency in VTI 

examination technique.71

The VTI examination procedure consists of eight tests: 1) Probe 

insertion, 2) elevation, 3) rotation, and 4) Valsalva maneuver, 5) 

voluntary muscle contraction, 6) voluntary muscle contraction 

(left  versus  right side), 7) involuntary relaxation, and 8) reflex 

muscle contraction (cough). Tests 1-5 and 7-8 provide data for 

anterior/posterior compartments; test 6 provides data for left/

right sides. The probe’s maneuvers in tests 1-3 accumulate 

multiple pressure patterns from the tissue surface to compose 

an integrated tactile image corresponding to each test for the 

investigated area using the image composition algorithms.61 Tests 

1 and 3 provide data for assessment of the vaginal tissue 

elasticity, test 2 provide parameters to characterize the pelvic 

support strength. Test 4-8 provide the dynamic pressure patterns 

for functional characterization. The VTI examination with all 

tests 1-8 completed takes 3-5 minutes. Figure 5 illustrates the 

probe positioning and examples of an acquired tactile images 

for the selected tests. Figure 5B shows acquired tactile images 

for anterior and posterior vaginal compartments for test 2 

(probe elevation). The vaginal probe elevation acquires pressure 

feedback from the pelvic floor structures at about 15-40 mm 

depth under significant tissue deformation (up to 45 mm) for 

the anterior and posterior vaginal compartments. The VTI probe 

include an orientation sensor to measure an elevation angle, 

such that the pressure feedback acquired by pressure sensor 

arrays from the contact with the vaginal walls can be mapped 

along the elevation angle. The up and down elevation of the 

vaginal probe is usually completed relative to the hymen. In the 

anterior compartment, from left to right, tactile responses from 

the pelvic bone (pubic symphysis), the urethra, and the cervix 

may be observed. In the posterior compartment, from left to 

Figure 5. The vaginal tactile imaging probe with orientation sensor positioning during pelvic examination (A). Tactile imaging of anterior and posterior 
compartment at probe elevation relative to the hymen (B). Anterior (C) and posterior (D) pressure distribution along the vagina at pelvic muscle contraction. 
Dynamic pressure patterns along anterior (E) and posterior (F) compartments during pelvic muscle contraction
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right, tactile responses from Level III support, Level II support, 

and Level I support may be seen. Level III support includes 

perineum and puborectal muscle, Level II support includes 

puboanal and pubovaginal muscles, and Level I support includes 

iliococcygeal muscle, levator plate, cardinal and uterosacral 

ligaments.17 Figure 5C illustrates the test 5 approach for VTI 

capturing parameters at voluntary muscles contractions. Three 

contractive peaks are observed in the posterior compartment 

which are described as originating from puboperineal, 

puborectal, and pubovaginal muscles. The contractive changes 

for these 3 posterior peaks have different value and separated 

along the vagina for the subject. 

Comfort level: Based on the recorded feedback, subjects found 

on average the VTI procedure more or at least as comfortable 

as manual palpation. Specifically, 54% classified the VTI 

examination as more comfortable, 36% as the same, and 10% as 

less comfortable than manual palpation.63

Indications for use: The VTI was cleared by the FDA for the 

following indication “The VTI obtains a high-resolution mapping 

of pressures and assesses the strength of pelvic floor muscles 

within the vagina. It is used in a medical setting to acquire the 

pressures and store the corresponding data. It also provides 

visualization, analysis tools and information. The real time 

data as well the analysis information can then be viewed with 

an intention of assisting in the diagnosis and evaluation. The 

device is intended for use by physicians, surgeons and medically 

trained personnel”.74 

It is important to note that the VTI is not a diagnostic device; 

it is not intended to be used to diagnose any specific diseased 

conditions, such as POP or UI, on the binary basis as present versus 

absent. It is an imaging device and the image interpretation has 

to be completed by a clinician taking into account knowledge 

of general and functional pelvic anatomy, and their clinical 

experience and skills. The Integral Theory developed by Petros22 

may be used for identification of the pelvic floor structures 

contributing into the tactile images and dynamic pressure 

patterns acquired with the VTI. 

VTI Clinical Applications 

The VTI was uniquely designed to collect measurements for 

biomechanical characterization of the female pelvic floor. It is 

capable of quantifying muscle function, support strength, and 

tissue elasticity. This gives the device value in determining the 

inciting event for pelvic floor disease conditions. It was shown 

that with the VTI, a Biomechanical paradigm could achieve a 

baseline to assist in diagnosing POP conditions or estimate the 

risk factor for future POP.14,61,75 Through this paradigm the pelvic 

floor conditions can be characterized by 52 VTI parameters 
derived from eight different tests (as previously described). 
This large body of measurements could be used to evaluate 
individual variations as well as identify specific potential markers 
that characterize tissue properties and muscle function in 
patients’ diseased conditions that are accompanied by changes 
in mechanical properties and, often, physiologic manifestations. 
For a female patient that presents with complaints of increasing 
vaginal pressure, discomfort, backache, and bulging exacerbated 
by lifting and straining, the physician can perform transvaginal 
biomechanical mapping with the VTI probe to define the pelvic 
defects and to use this information to determine the best course 
of treatment. The procedure images are visualized in real time 
on a display to provide feedback to an operator, then used to 
produce an examination report in a form of a computer file 
and hard-copy record, so that the physician can review and 
interpret the results, dictate a report, and discuss the results 
with the patient. Clinical disorders that can benefit from the VTI 
to help optimize and monitor treatment include POP, stress UI, 
tissue atrophy, and others where the pelvic diseased conditions 
are accompanied by significant changes (100-500%) of pelvic 
tissue biomechanical properties and functions. The proposed 
approach also may help further differentiate the types of pelvic 
floor conditions, their underlying severity, and understand 
how to tailor treatments for the individual patient in the most 
effective manner.      

Factors that expand on the biomechanical paradigm of the 
female pelvic floor include patient age, weight, height, and 
parity. The quantifiable impact of these factors was studied with 
the VTI.76 Of the 52 VTI parameters, 12 had statistically significant 
correlation in patient age and 9 parameters were correlated 
with parity number. No parameter was found to have direct 
correlation with patient weight. Therefore, VTI measurements 
confirm generally observed correlation in age and parity with an 
increased risk of deteriorated biomechanical pelvic conditions. 
Future studies will be able to build on this information and 
give an increasingly more comprehensive understanding of the 
biomechanical condition that can be expected for a healthy 
patient. 

A recent VTI study was designed to estimate the efficacy of 
different pelvic floor surgical procedures. Patients were recruited 
and examined prior to surgery and then four to six months 
after surgery. Seventy-eight cases with a total of 255 surgical 
procedures were included in reported data analysis.77 The list 
of surgical procedures included sacral colpopexies, sacrospinous 
ligament suspensions, uterosacral ligament suspensions, 
illiococcygeal suspension, anterior and posterior colporrhaphies, 
enterocele repairs, perineorrhaphies, total and supracervical 
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hysterectomies, and midurethral sling. Results of the study 

demonstrated VTI documented biomechanical changes varied 

by procedure. The VTI parameters strongly correlated weak 

pelvic floor pre-surgery with positive POP surgery outcome of 

improved biomechanical properties. However, the data indicated 

that strong biomechanical pre-operative pelvic conditions may 

lead to negative changes after the surgery. Authors concluded 

that (1) POP surgery, in general, improves the biomechanical 

conditions and integrity of the weak pelvic floor, (2) the proposed 

biomechanical parameters can predict changes resulting from 

POP surgery.77 This provides a promise of using the VTI to reduce 

the POP failure rates by preventing or delaying a surgery that 

would be ineffective for the individual. Additional studies and 

analysis could have the potential to inform surgeons on what 

procedure would work best on a case-by-case basis. 

Another study was focused on hysterectomy patients and found 

a quantifiable change in key biomechanical properties of the 

tissues before and six months after surgery. Results showed mean 

tissue elasticity improvement due to the anatomical changes 

after hysterectomy, and mean urethral mobility decrease.78 

In women with cervical cancer, treatment with radiation may 

cause changes in vaginal biomechanical properties, anatomy, and 

function. A study aimed to objectively assess effects of radiation 

therapy on vaginal elasticity, wall mobility, and contraction 

strength measured using the VTI, and to evaluate associations 

of these changes with sexual function. A total of 25 subjects 

with locally advanced cervical cancer were included in the final 

data analysis. Following radiation therapy, the mean scores for 

vaginal elasticity and vaginal tightening were significantly lower 

than at pre-treatment. Accompanied by the significant decreases 

in pelvic muscle mobility and pelvic muscle contraction 

strength. The conclusion was made that women with locally 

advanced cervical cancer who have been treated with radiation 

therapy exhibit persistent vaginal biomechanical changes that 

compromise sexual activity and result in considerable distress.79 

There are many other medical procedures that could get better 

efficacy and risk analysis with quantifiable biomechanical data 

from the VTI.  

Recently, many clinics have been offering vaginal treatments 

using carbon dioxide lasers or radiofrequency devices. These are 

new procedures with relatively low efficacy data. The VTI is able 

to test the claims of these energy-based rejuvenation therapies. 

Three independent studies have been performed and found 

increases in both tissue elasticity and pelvic muscle strength.80-82 

All of these studies followed patients for under a year so it is 

hard to say what the long-term effects of vaginal rejuvenation 

would be. The overall population for these studies is still very 

low. Additional work would need to be done to fully validate 
such procedures. 

The benefits of biomechanical data have been shown in multiple 
clinical studies but it became clear that 52 VTI parameters 
expressed in raw units might be difficult for interpretation in 
routine clinical practice. Ideally, for VTI measurements to be 
clinically useful, they should be presented in terms that are 
readily understandable by patients and clinicians as well as to be 
independent of the particular measurement device. that is why 
the biomechanical integrity score (BI-score) was introduced as a 
single parameter in the units of standard deviation to characterize 
the biomechanical status of the female pelvic floor.83 The BI-
score is built from five components derived from the VTI data: (1) 
Tissue elasticity, (2) pelvic support, (3) pelvic muscle contraction, 
(4) involuntary muscle relaxation, and (5) pelvic muscle mobility. 
The BI-score as well as all its five components were normalized 
using data from a clinical population with normal pelvic floor 
conditions. The BI-score for an individual is the deviation from 
the healthy population’s average. Figure 6 shows the BI-score 
graph as it appears to the clinician. The graph is presented 
similarly to T-score for bone density, measured in units of 
standard deviation relative to the patient’s age. To validate this 
approach, 253 subjects with normal and POP conditions were 
included in the multi-site observational, case-control study; 125 
subjects had normal pelvic floor conditions and 128 subjects 
had POP stage II or higher. The p-value for the BI-score in POP 
population versus normal population was 4.3×10-31. A reference 
BI-score curve against age for normal pelvic floor conditions 
was defined. Three colored backgrounds (normal, transition 
and diseased zones) have been suggested to be used in the 
presentation of the patient VTI examination results as shown in 
Figure 6. The POP diagnostic accuracy of the BI-score, calculated 
as an area under a receiver operating characteristics curve for 
the analyzed sample, was found as 89.7%.84 The dependence of 
the BI-score on age for normal pelvic conditions is described as 
a second order curve (see blue line in Figure 6); its ± standard 
deviations are depicted by the dashed curves. It is clear that an 
age-adjusted BI-score can also be calculated relatively to the 
normal similar to the Z-score in the bone densitometry. As with 
bone density measurement, it is important to monitor patient 
progress with or without treatment. For this reason, it would be 
important to define the minimal clinically important difference 
in BI-score. The future research directions also may address 
(1) BI-score use for monitoring of a pelvic floor treatment 
outcome, (2) obtaining periodic BI-scores before a woman has 
symptoms, (3) recommendation for specific treatment based on 
the five components, (4) predictive capabilities of the BI-score 
for symptoms. The BI-score is currently validated for POP, but 
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it can also be used for characterization of other pelvic diseased 

conditions which change the biomechanical components. This 

approach can be used in diagnosing and monitoring pelvic 

conditions as well as in selecting and evaluating treatment.

Future Directions

One of the greatest complications in infant and maternal health 

is a spontaneous preterm delivery. There are interventions that 

can reduce the harm of preterm birth however there is still no 

diagnostic tool to accurately forecast a preterm delivery. The 

Cervix monitor is a device that combines tactile and ultrasound 

technology to evaluate cervical depth and elasticity which may 

detect cervical conditions leading to spontaneous preterm 

delivery. The Cervix monitor probe has a single ultrasound 

transducer designed for cervical depth measurement. The probe 

then compresses the cervix, this compression creates a change 

in the ultrasound signal which is used to quantify cervical strain 

and tactile sensors to find an applied pressure to the cervical 

surface. With all that information the device can generate 

Young’s modulus and depth for the patient’s cervix. A pilot 

clinical study was designed to compare 10 non-pregnant women 

with 10 women 22-29 weeks pregnant.85 It found that pregnancy 

decreased cervical elastic modulus from 54±17 kPa to 19.7±15.4 

kPa. Additionally, pregnancy was correlated with a decrease in 

cervical length from 42±13 mm to 30.7±6.6 mm. The data in 

Figure 7 shows length and elasticity numbers for the 10 pregnant 

women in the study. It should be noted that soft tissue can vary 

drastically between individuals, however if the device tracks a 

single patient throughout pregnancy cervical effacement could 

be accurately measured and risk of preterm delivery may be 

identified and combined with the other important obstetrical 

markers. Extended clinical study with a larger sample size is on 

the way. 

Another device designed to predict maternal birth trauma is the 

antepartum tactile monitor (ATM). A highly specialized probe 

with a double curve sensor array designed to simulate the 

shape of fetal head during delivery (see upper panel in Figure 

8), sets ATM apart from the VTI in addition to other differences 

in technological as well as in clinical aspects. The ATM vaginal 

probe uses a six degrees-of-freedom electromagnetic motion 

tracking sensor to generate accurate positions and orientations 

in space of all 168 tactile sensors to form tactile images. Using 

the probes geometry and the tactile imaging information, the 

computer performs finite element modeling (FEM) to calculate 

Young’s modulus of the tissues. Examination procedure was 

designed with the probe being inserted and contacting the 

critical locations along the birth canal to receive stress-strain 

data for structures behind the vaginal walls and estimate the 

critical measurements between opposite sides of the vagina. 

The probe is pressed and slides along the posterior vaginal wall 

until reaching the vaginal introitus. Then the probe is rotated 

and the same procedure is done on the anterior vaginal wall. 

Figure 7. Cervical elasticity and length for 10 pregnant women measured 
with Cervix monitor and graphed by case. The circular cervical map shows 
averages values for the studied population in respective sector of the Cervix 
[adapted from (85)]

Figure 6. Biomechanical integrity score (BI-score) and its five components 
for a 58 y.o. patient acquired with the vaginal tactile imager (adapted from 
(83)]
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This procedure forms tactile images of the perineum, levator 
ani, and pubic symphysis (see Figure 8). In a study of the ATM, 20 
nulliparous women were successfully examined with real-time 
observation of the probe location, applied load to the vaginal 
walls, and 3D tactile image composition. Authors concluded that 
tactile imaging reproducibly characterized perineal elasticity 
and pubic bone-perineal critical distance.87 The ATM requires 
further technological development and clinical validation.

Tactile (stress) and ultrasound (anatomy, strain) image fusion may 
furnish new insights into soft tissue characterization. A study was 
completed to explore imaging performance and clinical value of 

vaginal tactile and ultrasound image fusion for characterization 

of the female pelvic floor. A novel probe with 96 tactile and 192 

ultrasound transducers was designed. Intravaginal tactile and 

ultrasound images were acquired for vaginal wall deformations 

at probe insertion, elevation, rotation, Valsalva maneuver, 

voluntary contractions, involuntary relaxation, and reflex pelvic 

muscle contractions. Biomechanical mapping included tactile/

ultrasound imaging and functional imaging. 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 

create stress-strain maps for the tissues of interest in absolute 

scale. Functional images allowed identification of active pelvic 

structures and their biomechanical characterization (anatomical 

measurements, contractive mobility and strength). Fusion of 

Figure 9. Tactile and ultrasound image fusion for test 1 (probe insertion) 
allows identification of pelvic anatomical landmarks and elasticity 
assessment for critical structures; 34 y.o. women with normal pelvic 
conditions [adapted from (88)]

Figure 8. Top image shows the antepartum tactile monitor (ATM) probe, 
below is a screenshot from the ATM software interface showing tactile 
images in three orthogonal cross-sections with Y-axis representing distance 
along the vagina [adapted from (86)]
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the modalities provides recognition and characterization of 

levator ani muscles (pubococcygeal, puborectal, iliococcygeal), 

perineum, urethral, and anorectal complexes critical in prolapse 

and/or incontinence development. Figure 9 presents an example 

of tactile ultrasound image fusion for yest 1 (probe insertion); 

identifying specific pelvic structures 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 is 

orthogonal to vaginal canal direction (up and down) revealing 

elasticity distribution along the vagina. It has been concluded 

that vaginal tactile and ultrasound image fusion provides 

unique data for biomechanical characterization of the female 

pelvic floor.88 

Further, the fusion of tactile and ultrasound techniques in one 

probe 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 approach might 

be used for the detection and characterization of endometriosis, 

adenomyosis, uterine fibroids and ovarian cancer; as well as 

breast cancer. Vaginal tactile ultrasound imaging may provide 

characterization of levator ani muscles (pubovaginal, puboanal, 

puborectal, iliococcygeal), perineum, urethra, and key ligaments 

(cardinal and uterosacral) critical in POP/UI development. 

Imaging of the anatomical and mechanical defects within the 

pelvic floor, provides anatomical and functional information 

necessary for a custom pessary design. The biomechanical data 

can be applied for computer simulation of surgical procedures 

and treatment effectiveness. Bringing novel biomechanical 

characterization for critical soft tissues/structures may provide 

extended scientific knowledge and improve clinical practice.

CONCLUSION 

Obstetrics and gynecology are integral parts to the healthcare 

system and the continuation of a thriving population. While it is 

evident that diagnostics are progressing at a rapid pace it seems 

urogynecologists are relying on manual palpation and speculums 

for characterization and monitoring of the diseased conditions 

which effect millions of women. The new biomechanical 

paradigm for tissue/structure characterization may improve 

diagnostic accuracy of complex pelvic floor disorders and 

selection rate of optimal treatment. Biomechanical mapping of 

the female pelvic floor before surgery and probability assessment 

for success of specific surgical procedures and their combinations 

to recover healthy biomechanical status of the pelvic floor may 

change clinical practice.     
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