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Abstract
Aims—Elevated intra-abdominal pressure may be a potentially modifiable risk factor for pelvic
floor disorders. However, limited evidence exists due to the lack of instruments suitable to
measure abdominal pressures in real world settings. The aim of this study was to develop and test
a vaginal sensor prototype to measure intra-abdominal pressure in women.

Methods—We developed a non-directional vaginal sensor by housing pressure-sensing circuit
boards in 1.2 × 3cm radially symmetric silicon capsules. We characterized the response in a
standardized pressure chamber. Eight women wore a sensor intra-vaginally while undergoing
filling cystometry. We compared peak pressures during coughing, valsalva, squatting, and
jumping to those obtained using a #10 french rectal balloon urodynamics catheter. We calculated
Pearson’s correlation coefficients between rectal and vaginal sensors for each event.

Results—The vaginal sensors exhibited linear responses during initial bench testing. Each
transducer correlated well with the rectal balloon catheter during coughing, valsalva, and squatting
(r= 0.97, 0.94, and 0.97, respectively). However, the rectal balloon catheter recorded higher peak
and lower, often negative, trough pressures during jumping. The vaginal sensor showed no such
artifact.

Conclusions—This vaginal pressure sensor can be used as a surrogate for measuring intra-
abdominal pressure in women without advanced prolapse. By measuring pressure at the
physiological source, the vaginal sensor is less prone to extraneous noise and error than current
transducers. Using this prototype, we will next develop a remote wireless version to capture a
range of abdominal pressures experienced outside of the laboratory setting.
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INTRODUCTION
Elevated intra-abdominal pressure (IAP) has been implicated in a host of medical
complications, including hernias, severe drops in cardiac output, and post-operative
complications such as prolonged healing time and wound dehiscence.(1-3) Many also
believe that elevated IAP may cause the onset or recurrence of stress urinary incontinence
and pelvic organ prolapse.(4) However, there is little empirical evidence to support these
assertions. Given that the lifetime risk of having surgery for either pelvic organ prolapse or
urinary incontinence is11.1%(5), a recent National Institutes of Health State of the Science
conference emphasized the need for future research to establish the mechanisms of pelvic
floor dysfunction.(6) Previous investigations about the effect of elevated IAP on pelvic floor
disorders have been hampered by a lack of instruments with which to assess IAP during
daily activities.

Currently, IAP can be assessed by placing sensors directly into the abdominal compartment,
inferior vena cava, stomach, uterus, bladder, rectum and vagina.(7, 8) These methods are
limited by their invasiveness or requirement to maintain strict sensor orientation.
Additionally, the sheer bulk of current sensing equipment can limit the natural/fluid
movement of the participant. The most commonly used methods, cystometric transducers
placed in the bladder, rectum or vagina, are further limited to assessing activities that can be
performed within the confines of the laboratory setting. Consequently, the available data
about IAP in women relate to activities that can be measured while tethered to a
urodynamics machine. These limited data reveal that activities practitioners often restrict
after gynecological surgery (e.g. lifting heavy objects) raise IAP less than activities that are
not routinely contraindicated (e.g. coughing, valsalva).(9-11) Given the health benefits of
exercise in women (12, 13), it is important to understand the impact of all types of physical
activity and elevated IAP on the incidence, progression or regression of pelvic floor
disorders such that women can be objectively counseled using clinical evidence. However,
obtaining future evidence about the impact of physical stressors on pelvic floor disorders
relies on our ability to measure the risk factor in question.

The aim of this study was to develop and validate the performance of a prototype for an
abdominal pressure sensor that could fit comfortably in the upper vagina. The hypothesis
was that by developing this type of transducer, IAP could be measured more effectively
during physical activity than current technology permits.

MATERIALS AND METHODS
To develop the prototype the gynecology team (ER, IN) considered the physical design
requirements of a pressure transducer, the intended physiologic location, and the available
technology. The goal was to design a comfortable, accurate sensor that could be placed in
the upper vagina to measure IAP. Accordingly, the following requirements were proposed to
the engineering team (RH, PJ): 1) The sensor capsule would sustain supraphysiological
pressures to 500 cmH20. 2) The sensor would be able to accurately measure IAPs under
dynamic conditions in which pressure changes rapidly. 3) The sensor would be disposable
and would not include any components that pose threats to biocompatibility. 4) The shape
would be consistent with that of devices known to stay in the vagina without falling out with
increased abdominal pressure. 5) The sensor would make accurate readings independent of
orientation and the size would be as small as possible. 6) The device would be connected to
a monofilament string to make removal as easy as removing a tampon. 7) The device would
have a continuous exterior with no holes or crevasses. Finally, the device would be
conducive to further development into a self-contained wireless sensor that will accurately
measure real-world IAP outside of the laboratory setting for extended periods of time.
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The bioengineering team fabricated eight working sensors that met the requirements. The
final sensor design was cylindrical and measured 1.2cm in diameter and 3cm in length.
(Figure 1) The vaginal sensor was then bench tested. Dynamic frequency responses,
including natural frequencies and damping coefficients of both the vaginal sensor and
standard rectal balloon catheter, were compared and recorded using a test setup in
accordance with industry guidelines (ANSI/AAMI, BP22:1994/(R)2006).. The specific
details of the sensor assembly and bench testing are outlined in a separate publication.(14)

After developing the prototype, we designed this prospective study to develop and test the
reproducibility of the intravaginal pressure sensor compared to rectal pressure measured
during urodynamics testing. The Institutional Board Review at the University of Utah Health
Sciences Center approved the study and all participants completed informed consent
documents.

Women undergoing routine filling cystometry were recruited for the study. They were aged
21 years or older, with no known vaginal lesions, not menstruating, not pregnant, and had no
pelvic organ prolapse beyond 1 cm below the hymeneal ring. In addition, they had no
previous pelvic or vaginal surgery other than hysterectomy.

Prior to the study session, each disposable intra-vaginal sensor was characterized for linear
response in a calibrated pressure chamber. After uroflowmetry, the urodynamics technician
placed a LifeTech #6 french water-filled catheter into the bladder and a #10 french rectal
balloon catheter past the internal sphincter to measure intra-abdominal pressure. The rectal
catheter balloon was inflated with 5ml of sterile saline. These two catheters were connected
per standard practice to a cystometry machine (Aquarius; Laborie Medical Technologies
Corp USA, Williston, Vermont). The study physician then placed the intra-vaginal pressure
sensor inside the participant’s vagina. If the patient had a uterus, the device was placed in
the posterior fornix. If the patient did not have a uterus, the device was placed as proximally
as possible at the vaginal cuff. The vaginal device was connected to an Agilent 34970A data
acquisition unit which was controlled by a laptop running custom LabView 8.0 data
collecting software. Data acquisition included initial voltage readings for zero (atmospheric)
pressure that were used to establish sensor offset. The offset values were applied to the
pressure transfer function to calculate pressure values.

Routine filling cystometry testing then ensued. The rectal and bladder catheters were zeroed
to atmospheric pressure and the performance of the catheters was checked when participants
performed a series of coughs. Discrepancies were corrected by either flushing or
repositioning the catheters. Filling cystometry was done in the standing position. The
bladder was filled with sterile room temperature water at 50ml/minute. Once the bladder
was filled to 100ml, the participant was once again instructed to perform a series of coughs
to ensure that the catheters were performing optimally. The standard urethral function test
procedure then began. At a bladder volume of 200ml, the filling was stopped and the patient
was asked to perform a Valsalva maneuver to reach a bladder pressure over 100cmH2O.
This was repeated two more times. If no leakage occurred then the bladder was filled to
300ml and the patient was asked to perform three more Valsalva maneuvers. Following
filling cystometry, participants were asked to perform three additional tasks with the rectal
and vaginal catheters in place. While maintaining a straight back, subjects bent their legs to
squat to the ground and return to a standing position. They repeated the squats while lifting
20 pounds. Finally, they jumped in place.

Peak pressures from the rectal and vaginal sensors were plotted using Microsoft Excel.
Events were categorized as cough, valsalva, squatting, and jumping. Pearson’s correlation
coefficients (r) were calculated between the rectal and vaginal sensors for each group of
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events. A coefficient of determination (R2) was calculated to explain the variance in the
model for combined peak pressures by sensor type.

RESULTS
Prior to each clinical study the intra-vaginal pressure sensor displayed a linear response (R=.
9996) to pressure changes throughout the range of 0 to 387cmH2O in the standardized
pressure chamber. An overshoot of 107% was measured from the balloon catheter’s
response to an impulse pressure input. The natural frequency, Fn, of the rectal transducer
was calculated to be 17.6 Hz and the damping coefficient, D, was calculated to be 0.01
representing a highly underdamped system. Natural frequencies and damping coefficients
for the newly designed vaginal pressure sensor and reference transducer were incalculable,
demonstrating no measurable overshoot during both swept sine wave and impulse response
tests. Clinically, the intra-vaginal pressure sensor measurements correlated with the
urodynamic rectal balloon catheter during coughing (r=0.97), valsalva maneuver (r= 0.94)
and squatting with and without weight (r= 0.97). An example of a tracing for an individual
participant during valsalva is show in Figure 2. The combined R2 for peak pressures during
coughing, valsalva and squatting was 0.961 (Figure 3).The transducers responded
differently, however, when the subjects jumped in place. The rectal balloon catheter
measured higher peak pressures and lower trough pressures, often decreasing to negative
pressures. These differences were noted only during jumping which caused abrupt intra-
abdominal pressure changes quicker than 450cmH2O/sec. However, the intravaginal
pressure sensor demonstrated fewer artifacts, with positive values throughout events. An
example of this difference is shown in Figure 4.

The vaginal pressure sensor was easily placed in all subjects. The device was retained in
participants with stage II or less pelvic organ prolapse. Two women expelled the devices
with exertion and were noted to have greater prolapse (Stage III) than appreciated on initial
evaluation. All participants stated that the device was comfortable to wear. They also stated
that the vaginal sensor was more tolerable to be placed than either the rectal or bladder
urodynamic catheters.

DISCUSSION
We have developed a novel intra-vaginal pressure sensor that can be used to monitor intra-
abdominal pressure during a variety of physical activities. This vaginal device correlated
with the standard rectal balloon catheter when recording activities that generated gradual
pressure changes. However, there were significant differences between the two devices
when measuring physical activities with abrupt and rapid pressure changes. The rectal
transducer exhibited over- and under-shoot responses that are typical of underdamped
second-order systems and other fluid-coupled devices.(15) The results of our frequency
response testing demonstrate that the intravaginal sensor has superior dynamic response
compared to a standard fluid-coupled rectal balloon catheter and does not require the use of
a fluid filled catheter line which is known to cause system resonance and noise. (14).
Location of the sensor cannot explain the clinical dynamic response differences because
balloon catheters measure IAP equivalently when placed in either the rectum or vagina.(16)
Placing the vaginal transducer’s microsensor at the physiological source eliminates the need
for a fluid-coupled catheter. This reduces the resonance error and permits more accurate IAP
readings during high impact activities.

Other commercially available sensors, such as the micro-tip transducer, also measure
pressure at the physiological source. However, micro-tip transducers are designed to be
placed in fluid filled surroundings. Therefore, IAP can be measured with a micro-tip
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transducer within the bladder, but the risk of infection and injury are too great to be used
during vigorous activities outside a controlled setting. Additionally, micro-tip transducers
need to maintain strict sensor orientation for accurate measurements.(17) This precludes IAP
measurements during activities where continuous jostling would displace traditional sensors.
The microsensor of the vaginal sensor we developed is encased by medical grade compliant
silicon. The radially symmetric design allows placement in both fluid and non-fluid filled
environments. This permits accurate and continuous IAP measurements within the vagina
without concern for sensor orientation.

Study participants universally favored wearing the vaginal device over the rectal and bladder
catheters, as others have also found.(18) The vaginal sensor is smaller than standard
menstrual tampons. The minimal invasiveness and comfort of this device will allow IAP
measurements without hindering participation in daily physical activity. The vaginal sensor
has been designed to measure intraabdominal pressure coupled across the vaginal wall and
thus necessitates placement in the upper vagina above the pelvic floor. A possible limitation
of this study is the assumption that close coupling between the sensor and the inner wall of
the vagina is achieved and leads to an accurate reflection of intraabdominal pressure.
However, our goal was to compare the new sensor to the current laboratory standard both on
the bench and the clinic. Future work on this sensor application will focus on placement and
coupling errors.

This study was limited by precluding subjects with advanced pelvic organ prolapse. The
device must remain above the pelvic floor musculature for retention. However, this
limitation is not felt to hinder the ultimate goal of understanding the impact of strenuous
physical activity on the pelvic floor. The sensor is small and situated in the upper vagina and
therefore is unlikely to impact continence in any way; we did not test whether leak point
pressures differed with or without the sensor in place.

This feasibility study utilized a connecting cable for data acquisition. The tethered design
limits range of motion during IAP measurements. However, the results of this study have
encouraged us to proceed with designing a wireless version of the implant. Our current
sensor capsule can accommodate a small radio frequency transmitter. A Holter-type receiver
worn by the subject will replace the current data acquisition unit. This wireless design will
permit unencumbered movement during physical activity.

Conclusion
We have successfully designed and tested a novel vaginal pressure sensor that can be used
as a surrogate for measuring intra-abdominal pressure in women with normal vaginal
support. The vaginal device correlates well with the current standard rectal balloon catheter
for measuring IAP during filling cystometry and performs more reliably than the rectal
urodynamics catheter during activities that produce rapid IAP changes. By measuring
pressure at the physiological source, and without regard to orientation, this sensor
overcomes the limitations of standard fluid-filled transducer catheters. The results have
encouraged us to begin development of a wireless version of the vaginal sensor which will
help to characterize pressures generated during real world activities. We anticipate that this
device will ultimately improve our understanding of the role that strenuous physical activity
plays in the incidence, progression and recurrence of pelvic floor disorders.
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Fig. 1.
Vaginal pressure sensor. Left: complete sensor, Middle, in cross section, Right, circuit board
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Fig. 2.
Response of vaginal pressure sensor and rectal balloon sensor during three consecutive
valsalva maneuvers (from one subject)
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Fig. 3.
Combined correlation of vaginal pressure sensor and rectal balloon sensor during coughing,
valsalva, and squatting with and without weight
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Fig. 4.
Response of vaginal pressure sensor and rectal balloon sensors during 5 consecutive jumps
(from one subject)
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