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Dynamic maximum urethral closure pressures measured
by high-resolution manometry increase markedly after sling
surgery
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Abstract
Introduction and hypothesis The premise of midurethral sling
(MUS) surgery is to apply a tension-free vaginal tape in the
midurethra that does not constrict the urethra at rest but stabi-
lizes the urethra and prevents downward descent and opening
of the urethra during stress maneuvers, but current technology
has limitations in measuring urethral pressures during dynam-
ic conditions. Our objective was to describe the change in
maximum urethral closure pressures (MUCPs) after MUS sur-
gery using an 8F high-resolution manometry (HRM) system
that can measure urethral pressures during cough and strain
maneuvers (ManoScan® ESO; Covidien) without migration
or withdrawal limitations.
Methods We measured rest, cough, and strain MUCPs in 26
women before and after retropubic or transobturator MUS for
stress urinary incontinence using the HRM system.
Results The objective success rate after MUS was 92.3 %
based on postoperative cough stress testing. Mean resting
MUCPs measured by HRM did not change after surgery
(59.3 before vs. 59.7 cm H2O after surgery; p=1.0). Mean
cough MUCPs measured by HRM increased from 36.9 to

100.7 cm H2O (p<0.001), and strain MUCPs increased from
35.0 to 92.7 cm H2O (p<0.001).
Conclusions Advanced HRM technology to measureMUCPs
under cough and strain conditions without withdrawal tech-
niques provides new insights into the continence mechanism
after tension-free MUS: MUCPs do not change at rest but do
increase significantly during cough and strain maneuvers.

Keywords High-resolutionmanometry .Maximum urethral
closure pressures . Stress urinary incontinence .Midurethral
sling surgery

Introduction

Urinary incontinence affects 16 % of adult women [1]. Stress
urinary incontinence (SUI), the involuntary loss of urine on
effort or physical exertion such as cough and strain [2], can be
treated with pelvic floor muscle exercises, pessaries, and sur-
gery, with surgery being the most successful treatment [3].
Approximately 260,000 stress incontinence surgical proce-
dures are performed each year in the US [4]. The most fre-
quently performed surgical treatment for SUI is mesh
midurethral sling (MUS) surgery, which has a success rate of
approximately 80 % [5].

The premise of MUS surgery is to apply a tension-free
vaginal tape in the midurethra that does not constrict the ure-
thra at rest but stabilizes the urethra and prevents downward
descent and opening of the urethra during stress maneuvers.
Indeed, most studies have shown that resting maximum ure-
thral closure pressures (MUCPs) do not change significantly
after MUS surgery [6–8]. It is more difficult to assess and
understand the function of the urethra during typical stress
maneuvers such as cough and strain. Current technologies
are hindered by slow response times or the need for
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withdrawal techniques. Instruments that measure a single
point of pressure in the urethra can be displaced from the
maximum pressure zone with a cough or strain and therefore
changes may merely be artifact. Pressure transmission ratios
measure the ratio of urethral pressure to bladder pressure with
repetitive coughs while withdrawing a microtip catheter
through the urethra. These ratios have generally been shown
to increase after SUI surgery [9], but in several decades, these
ratios have never become a widespread or clinically useful
tool. The search for a simple tool that can measure urethral
pressures during dynamic conditions and help us understand
successful or failed treatments remains elusive.

A high-resolution manometry (HRM) system (ManoScan®
ESO; Covidien, Culver City, CA) has recently been shown to
be well tolerated in the bladder and urethra and to provide
pressure measurements that correlate well with water-
perfusion urethral pressure profilometry measurements at rest
[10]. The potential advantage of this technology is that it has a
fast 25-ms response time and can measure circumferential
pressures at many points along the urethra at once without a
withdrawal technique. Because of its ability to capture
MUCPs during cough and strain, it may be clinically useful
in evaluating outcomes after MUS for SUI. Although resting
MUCPs may not change after surgery, the more important
question is whether cough and strain MUCPs increase after
MUS, and HRM technology can measure this.

The purpose of this investigation was to determine if this
new HRM technology allows us to better understand how
MUS affects urethral pressures under dynamic conditions.
Specifically, we sought to measure changes in rest, cough,
and strain MUCPs after MUS. We hypothesized that the
MUS functions by increasing urethral pressures during cough
and strain maneuvers but not at rest.

Materials and methods

The HRM system we used is a pediatric esophageal catheter
and pressure-sensing software produced by Covidien for use
in gastroenterology (ManoScan® ESO) [11]. This catheter is
2.75 mm in diameter (approximately 8F) and has circumfer-
ential pressure sensors along 26.5 cm of its length. The min-
iature solid-state sensors are 4 mm long with 2 mm of active
sensing area separated by 3 mm of flexible molding giving a
7.5 mm on center spacing between each of the 36 sensors.
Each individual sensor has 16 pressure-sensitive segments
circumferentially distributed around it (Fig. 1). Computer pro-
cessing of the signal comes from the pressure-sensing ele-
ments and calculates average circumferential pressures.
Pressures between sensing elements are interpolated, and the
data are presented on a color graphic display (Fig. 2).

Women with primary or recurrent urinary incontinence
who were scheduled to undergo full-length MUS surgery at

our institution were recruited to have HRM bladder and ure-
thral pressure measurements before and 6 weeks after surgery.
The study was approved by our Institutional Review Board,
and written consent was obtained. All subjects were at least
18 years of age, not pregnant, without evidence of a UTI, and
without pelvic organ prolapse beyond the hymen. Women
with prior prolapse or incontinence surgery were not exclud-
ed. All subjects had positive standing cough stress tests (CST)
prior to surgery. Each subject completed demographic infor-
mation including age, height, weight, parity, medical history,
and surgical history as well as the Incontinence Severity Index
(ISI, scale 0 to 12) [12], Incontinence Impact Questionnaire
Short Form (IIQ-7, scale 0 to 100), and Urogenital Distress
Inventory Short Form (UDI-6, scale 0 to 100) questionnaires
[13]. Question 3 of the UDI-6 was specifically used to capture
subjective SUI: BDo you experience and, if so, how much are
you bothered by urine leakage related to activity, coughing, or

Fig. 1 High-resolution manometry catheter. Diameter 2.75 mm with 4-
mm copper pressure sensors spaced 3 mm apart. Each sensor has 16
circumferential pressure-sensing foci (top right)

Fig. 2 High-resolution manometry system output display. The y-axis is
distance along the catheter and the x-axis is time. Color display pressures
are shown during three coughs (left) and three strains (right) measured in
a continent subject

906 Int Urogynecol J (2015) 26:905–909



sneezing?^ Questionnaires were repeated 6 weeks after
surgery.

Prior to obtaining pressure measurements, subjects’ blad-
ders were drained with a sterile catheter and then filled with
250 ml sterile water or with the maximum volume she could
comfortably hold for 15 min if this was less than 250 ml. This
catheter was removed, and the HRM catheter was placed such
that the tip was approximately 5 cm inside the bladder.
Bladder and urethral pressures were obtained after 10 s of rest,
during three coughs, and during three strain maneuvers. For
strain maneuvers, subjects were instructed to bear down or
push as though trying to have a baby or a bowel movement.
MUCPs were calculated by subtracting the maximum bladder
pressures 2 cm proximal to the urethrovesical junction from
the maximum urethral pressure anywhere along the urethra
during each maneuver. Because each 4-mm sensor has a 2-
mm sensing area and there are 3-mm spaces between sensors,
there are 5-mm sections along the urethra that are not mea-
sured with this system. Our previous experiments, in which
the catheter was moved several millimeters and pressure re-
cordings repeated, demonstrated that the location of this non-
measured area does not appear to affect maximum pressure
measured [10].

The primary endpoint was change in MUCP during dy-
namic maneuvers (cough and strain) after compared with be-
fore MUS surgery. We pooled retropubic and transobturator
MUS because these types of MUS, with only small differ-
ences in placement and outcomes, are thought to function
similarly [5]. Preoperative and postoperative MUCPs were
compared using paired t-tests, questionnaire scores were com-
pared using paired Wilcoxon tests, and the change in the per-
cent of patients with positive CST before and after surgery
was analyzed with the chi-squared test. Tests were adjusted
for multiple comparisons using the Bonferroni method, and
p<0.01 was considered significant. We recruited 26 subjects
in order to have 80 % power to detect a mean change of
14 cm H2O (standard deviation 20 cm H2O) during cough
and strain after MUS surgery based on previous studies [14]
with an 85 % success rate after MUS surgery [15] and 20 %
drop-out rate. Analyses were performed using R (http://r-
project.org). In a secondary analysis, we defined composite
surgical success as objective negative postoperative CST and
subjective improvement in ISI score, and we compared
composite success rates in subjects with increased
postoperative cough and strain MUCPs to those in subjects
with decreased postoperative MUCPs using Fisher’s exact
test.

Results

Included in this study were 26 women, of whom 20 had
retropubic and 6 transobturator MUS surgery. Their median

age was 53.5 years (range 38 – 77 years), median BMI
27.9 kg/m2 (range 20.8 – 37.2 kg/m2), and median vaginal
parity 2 (range 0 – 5). Seven subjects (26.9 %) had had at least
one prior continence surgery. Preoperative and postoperative
continence severity, quality of life measures, CST, and
MUCPs are shown in Table 1. All continence severity and
quality of life measures improved significantly after surgery.
All subjects had positive CST before surgery, and 2 had pos-
itive stress tests 6 weeks after surgery (objective success rate
of 92.3 %). ISI scores improved in 96.2 % (25/26) of subjects.
Composite success (negative CST and improvement in ISI)
was 88.5 % (23/26).

Figure 3 shows preoperative and postoperative MUCPs
after MUS surgery for rest, cough, and strain in each subject.
Resting MUCPs generally did not change after surgery while
cough and strain MUCPs increased in the vast majority of
subjects. Cough and/or strain MUCPs decreased after surgery
in three subjects; the composite success rate in these subjects
was 66.7 % (2/3), compared to 91.3 % (21/23) in subjects in
whom cough and strain MUCPs increased. The difference in
success rates between the two groups was not statistically
significant (p=0.3), but this study was not powered for this
secondary analysis.

Mean restingMUCPs were not different after surgery (59.3
before vs. 59.7 cm H2O after surgery; p=1.0). Mean cough
MUCPs increased from 36.9 to 100.7 cm H2O (p<0.001) and
strain MUCPs increased from 35.0 to 92.7 cm H2O
(p<0.001); Table 1, Fig. 4).

Table 1 Demographics, maximum urethral closure pressures (MUCP),
continence severity, and quality of life measures in the 26 included
patients

Preoperative Postoperative Change p value

MUCP (cm H2O), mean (SE)

Rest 59.3 (4.3) 59.7 (3.8) +0.4 1.0a

Cough 36.9 (4.1) 100.7 (12) +63.8 <0.001a

Strain 35 (4.3) 92.7 (10) +57.7 <0.001a

Questionnaires, median (range)

ISI 8 (4 – 12) 0 (0 – 8) −8 <0.001b

UDI-6 50 (22.2-72.2) 11.1 (0 – 55.6) −38.9 <0.001b

UDI-6 Q3 3 (1 – 3) 0 (0 – 2) −3 <0.001b

IIQ-7 33.3 (4.8 – 100) 0 (0 – 47.6) −33.3 <0.001b

Positive cough
stress test, n
(%)

26 (100) 2 (8) −92 % <0.001c

ISI Incontinence Severity Index, UDI-6 Urogenital Distress Inventory
Short Form, UDI-6 Q3 question 3 of UDI-6, IIQ-7 Incontinence Impact
Questionnaire Short Form
a Paired t-test
bWilcoxon test
c Chi-squared test
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Analyzing retropubic and transobturator MUS subjects
separately, the trends remained similar to those seen in all
subjects. There were enough subjects who underwent
retropubic MUS (20) to meet our power calculation because
no subjects dropped out of the trial, and, similar to our primary
endpoint for all subjects, cough and strain MUCPs increased
significantly (p<0.001), while rest MUCPs did not change
significantly (p= 0.2). In subjects who underwent
transobturator MUS, the same trends were seen, but there
were not enough of these subjects (6) to show statistical sig-
nificance in this subgroup: change in cough and strain nearly
met significance (p=0.05 and p=0.02, respectively), while
change in rest MUCP was not significant (p=0.16).

We included women with prior continence surgery in this
study because they were surgical failures and candidates for
MUS surgery regardless of what surgery had been done in the
past. Similar results were obtained from subjects with and
without prior continence surgery analyzed separately with on-
ly slightly better results in those without prior surgery (data
not shown).

Discussion

The major finding of our study is that the mean MUCPs dur-
ing cough and strain measured by a HRM system increase
markedly (60 cm H2O) and significantly after MUS surgery.
Postoperative cough and strain MUCPs were similar to
MUCPs seen in continent women [10].We found a high mean
increase even when we included those subjects who did not
improve after surgery. In contrast to the change after surgery
in MUCP with cough or strain, the resting MUCP did not
change. These results support our hypothesis that MUS does
not appreciably affect the urethra at rest but has a profound
effect on the urethra with cough and strain. No change in
resting pressure after MUS surgery is consistent with the find-
ings of most previous studies using other technologies [6–8,
16]. The increase observed in MUCPs after surgery during
dynamic conditions is also consistent with the findings of
studies that have found increased pressure transmission ratios
after surgery [6, 9], but the magnitude of the effect can only be
appreciated with this non-withdrawal technique.

Most cough and strain MUCPs increased after surgery, and
the few subjects in whomMUCPs did not increase had some-
what worse though not significantly different postoperative
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outcomes. This suggests that this technologymay be clinically
useful for measuring success afterMUS surgery andmay even
help clinicians determine whether a sling revision, sling tight-
ening, or an additional sling is likely to improve continence in
patients who remain incontinent after MUS surgery. Since this
was a preliminary pilot study using this new technology be-
fore and after surgery, and we had few failures, additional
studies with sufficient power are needed to determine its clin-
ical utility in differentiating success from failure.

HRM technology is an improvement over other
urodynamic measurements because of its fast response rate
and multiple pressure-sensing segments that ensure it can reg-
ister millisecond pressure changes during coughs and capture
maximum pressures along the length of the urethra even if the
catheter changes position. There remain some limitations to its
accuracy because its inherent rigidity and circumference can
produce artifact. Nonetheless, it has allowed us to dramatical-
ly demonstrate the mechanism of action of MUS in improving
continence andmay prove to be clinically useful in diagnosing
and assessing treatment success in women with SUI.

Advanced HRM technology to measure MUCPs under
cough and strain conditions without withdrawal techniques
provides new insights into the continence mechanism after
tension-free MUS surgery. MUCPs do not change at rest,
but marked increases occur during cough and strain maneu-
vers. Future studies are planned to evaluate this technology as
an intraoperative tool to adjust sling tensioning or understand
surgical failures.
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