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Introduction: Implantation of mid-urethral slings (MUSs) is a safe and effective
approach for the surgical repair of stress urinary incontinence. However,
concerns regarding the deformability of the prototype MUS, mechanical cut
Gynecare TVT prompted manufacturers to use techniques like laser cutting,
heat-sealing, and the inclusion of an interwoven stabilizing suture to decrease
deformation with loading. We hypothesized that a laser cut or heat-sealed MUS
would be stiffer but deform less, and experience less permanent elongation as
compared to a mechanical cut MUS. Additionally, the inclusion of a stabilizing
suture would minimize the loss of porosity.

Methods: Uniaxial tensile testing to failure and cyclic loading was performed to
analyze the structural properties and permanent elongation, respectively, of
commercially available MUSs Gynecare TVT (mechanical cut), Gynecare TVT
Exact (laser cut), ArcTV (laser cut, with and without the stabilizing suture), and
Desara Blue (heat-sealed). A custom Mathematica code was used to quantify the
porosity of the MUSs following sequential uniaxial loading from 0 N to 10 N.

Results: Desara Blue was significantly stiffer (p-values < 0.05), elongated less at
failure (p = 0.002), and experienced less permanent elongation in response to
cyclic loading (p-values = 0.001) relative to Gynecare TVT. Similarly, permanent
elongation was significantly less (p-values = 0.004) and the stiffness was higher
(p = 0.004) for Gynecare TVT Exact as compared to Gynecare TVT. Very little
differences in stiffness and no differences in relative elongation at failure nor
permanent elongation were observed between ArcTV (without the interwoven
suture) and Gynecare TVT (p-values > 0.05). The porosity of all MUSs significantly
decreased with loading (p-values < 0.001); except for ArcTV with the stabilizing
suture which showed the least amount of deformation (i.e., percent change in
porosity decreasing by only 14%, p < 0.001, at 10 N).

Discussion:Overall, heat-sealing decreased deformability at the cost of markedly
increasing device stiffness to a point which likely outweighs benefits, and risks
increased complications. Laser cutting had different effects on the behavior of
TVT Exact and ArcTV suggesting manufacturer technical differences, but overall
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reduced deformation without a substantial impact on stiffness. An interwoven
stabilizing suture minimized the loss of porosity which translates clinically to less
deformation and mechanistically to reduced mesh complications.

KEYWORDS

mid-urethral sling, incontinence, porosity, permanent elongation, polypropylene mesh,
cyclical loading

1 Introduction

Stress urinary incontinence (SUI) is defined as involuntary
leakage of urine with coughing, sneezing, or physical exertion
when intraabdominal pressure exceeds urethral pressure (Luber,
2004). The pathophysiology of SUI is attributed to urethral
hypermobility due to a loss of pelvic floor musculature or vaginal
connective tissue support which prevents the urethra and bladder
neck from sufficiently closing in response to increases in
intraabdominal pressure (Wu, 2021). Similarly, a loss of urethral
smooth muscle in the case of intrinsic urethral sphincter deficiency
can also lead to insufficient urethral closure and SUI. To overcome
the loss of support and hence restore urethral closure, non-surgical
(e.g., weight loss, pelvic floor muscle training, vaginal devices,
medications) and surgical interventions (e.g., Burch
Colposuspension, urethral bulking agent, pubovaginal sling, mid-
urethral sling) are performed (Wu, 2021). Overall, SUI is a prevalent
condition among women. In the United States, the prevalence of
stress urinary incontinence, when defined as any symptoms in the
previous year among adult women, is approximately 46% (Wu,
2021; Abufaraj et al., 2021). Among women living in mainland
China, roughly 24.5% of them have SUI while 33% and 35% of
women living in Saudi Arabia and Africa, respectively, have SUI (Li
et al., 2024; Alhamoud et al., 2024; Bertui et al., 2025). Similar rates
of SUI have been reported for women living in France (31%),
Germany (40%), Spain (39%), and the United Kingdom (41%)
(Hunskaar et al., 2004). Increasing age is a predominant risk
factor as well as race/ethnicity with White women having higher
prevalence than Black or Hispanic women (Townsend et al., 2010).
Additional risk factors include but are not limited to pregnancy,
vaginal delivery, and BMI (Wu, 2021; Abufaraj et al., 2021; Tähtinen
et al., 2016; Sawaqed et al., 2020).

The most commonly performed procedure for SUI treatment is
the surgical implantation of a mid-urethral sling, MUS (Jonsson
et al., 2012) - a minimally invasive procedure performed under
intravenous sedation in which a polypropylene mesh is placed under
the urethra at its mid-portion. MUSs provide a long-term solution
for SUI by restoring the normal urethral support and urethral
closure pressure to maintain continence during increases in
intra-abdominal pressure. MUSs have become popular due to
low complication rates and high cure rates. These devices can be
placed via three routes - retropubic, transobturator, or single
incision; however, the retropubic approach has been shown to be
advantageous with a lower rate of re-operation at >5 years as
compared to the transobturator route despite overall similar
subjective cure rates (Ford et al., 2017; Tulokas et al., 2020;
Gurol-Urganci et al., 2018). In the short-term (at 12 months),
single-incision slings have been shown to be as effective as
transobturator slings and may be as effective as retropubic slings

for subjective cure or improvement of SUI (Carter et al., 2023). The
use of MUSs has been questioned by some regulatory bodies because
of complications–mainly mesh exposure through the vaginal
epithelium and long-term pain. Rates of sling exposures are low,
estimated at 2%–4% (Ford et al., 2017; Gurol-Urganci et al., 2018;
Dejene et al., 2022; Abouassaly et al., 2004), but because symptoms
tend to persist even after the sling has been removed (Pace et al.,
2021), they remain problematic.

The original retropubic MUS is the Gynecare TVT (tension-free
vaginal tape procedure, Ethicon–Johnson & Johnson) introduced by
Ulmsten et al., in 1995 (Ulmsten et al., 1996). In this procedure, the
sling, a heavy weight polypropylene mesh (80 g/m2), is placed under
the urethra and passed through the retropubic space exiting through
two incisions roughly 2 cm from mid-line immediately above the
pubic rami. Based on the rapid adoption by surgeons and high
success rates of the TVT, other manufacturers began creating their
own variations of the retropubic sling system. Ultimately this
resulted in numerous MUS systems on the market containing
varied meshes; thus, making it difficult for surgeons to choose a
product. In our previous studies, we suggested that the type of mesh
used for MUSs may impact treatment outcomes and complications
(Moalli et al., 2008). Based on synthetic biomaterials used in other
soft tissue applications, we hypothesized that materials with
properties (particularly stiffness) better matched to those of the
tissue in which they are implanted will have fewer complications.
However, at the same time, we have mechanistically demonstrated
that deformations after loading in prolapse repair mesh, specifically
pore collapse and wrinkling, are one of the primary drivers of
prolapse mesh complications and greatly impacts the host
response and downstream outcomes (Knight et al., 2022). Thus,
while it is favorable to have a low weight, high porosity, low stiffness
device, it may be more beneficial if the device has a stable pore
geometry in response to the conditions in which it is being loaded.
Generally, devices that are heavier and stiffer have more stable
geometries, but this may be at the expense of increased
complications.

One of the difficulties in using the Gynecare TVT is that it easily
deforms with minimal manipulation. The edges of the device are
also mechanically cut. Thus, when over tensioned, the free fibers
generated from cutting across a knotted region, can be released into
the adjacent tissue eliciting a separate foreign body response. In
addition, slight over tensioning leads to permanent deformation or
contraction of the mesh, associated with collapsed pores and
wrinkling. To address these shortcomings, several manufacturers
began sealing the edges of the mesh either by the application of heat
(Advantage fit by Boston Scientific, Desara by Caldera) or
individually laser sealing each disrupted knot (Gynecare TVT
Exact originally by Ethicon, ArcTV by UroCure). Still others
have woven a suture into the longitudinal axis to further
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counteract deformation without significantly altering structural
properties (ArcTV). In the current study, we aimed to define the
impact of manufacturing techniques on the deformability of MUSs
by assessing mechanics and porosity. To do this, we performed
uniaxial tensile testing to failure to obtain the structural properties of
the MUSs with a particular interest in stiffness–a measure of the
resistance to deformation–and the elongation at failure. Secondly, to
assess how much the MUS would permanently elongate in response
to repetitive cycles of loading and unloading, a cyclic loading
protocol was utilized. Lastly, sequential uniaxial loading from
0 N to 10 N was done to assess how the porosity of the MUSs
changes with loading. We compared Gynecare TVT Exact (laser cut
edges), ArcTV (laser cut edges and a stabilizing suture), and Desara
Blue (heat sealed edges) to the original mechanical cut TVT. To
isolate the impact of heat sealing the edges, a secondary analysis was
performed by comparing the structural properties, permanent
elongation, and porosity of Desara Blue with the edges heat
sealed (commercially available) to Desara Blue with the edges
mechanically cut (not commercially available). We hypothesized
that while laser cutting and heat sealing would be associated with
reduced deformation (particularly reduced elongation at failure and
permanent elongation) as compared to mechanical cut, it would
substantially stiffen the MUS. Additionally, we proposed that the
inclusion of a stabilizing suture would help to maintain the original
MUS (pore) geometry as evidenced by a minimal change in porosity
with uniaxial loading.We propose the ideal edge modification would
stabilize the geometry (less deformation) while not substantially
increasing MUS stiffness.

2 Materials and methods

2.1 Mid-urethral slings

The following commercially available MUSs were analyzed in
this study: Gynecare TVT (n = 6, acquired inMarch 2025 by Caldera
Medical, Westlake Village, CA), Gynecare TVT Exact (n = 5,
acquired in March 2025 by Caldera Medical, Westlake Village,
CA), ArcTV (n = 14, UroCure, Minneapolis, MN), and Desara
Blue (n = 14, Caldera Medical, Westlake Village, CA) (Figure 1;
Table 1). They are all knitted and manufactured from polypropylene
monofilament using proprietary methods. Gynecare TVT (approved
via the 510(k) mechanism in 1998) is the predecessor to Gynecare
TVT Exact (approved via the 510(k) mechanism in 2010). Thus, the
mesh portion of Gynecare TVT Exact consists of the same knitted
material and dimensions as that of Gynecare TVT. However,
Gynecare TVT is mechanical cut leaving the edges free
(i.e., tanged edges) versus Gynecare TVT Exact which is laser cut
resulting in individually sealed edges (i.e., de-tanged edges). The
ArcTV (laser cut, de-tanged edges) contains a stabilizing suture that
is made of 3–0 vicryl and is secured by knots within the sling at four
distinct points (center knots, two in total, placed 4.5 cm on either
side of midline and one knot placed at each end of the sling). The
stabilizing suture is intended to minimize the overall distortion of
the sling and to prevent pore collapse during placement, tensioning,
sheath removal, and during any final sling adjustments. The suture
will remain implanted with the sling and will hold its strength for
approximately seven to 10 days. For mechanical testing (i.e., tensile

testing and the assessment of permanent elongation) the stabilizing
suture was removed as we have previously shown it to have
negligible contribution to the structural properties of a sling and
it is designed to degrade rapidly (therefore the properties of the
suture will also degrade rapidly) (Moalli et al., 2008). However, for
porosity testing, ArcTV was tested with (n = 7) and without the
stabilizing suture (n = 7) to assess the ability of the suture to
maintain the geometry of the pores with loading. To assess the
impact of applying heat to the edges of the sling, two different forms
of Desara Blue mid-urethral sling were analyzed: Desara Blue heat
sealed (n = 7) and Desara Blue mechanical cut (n = 7, not
commercially available). It is noteworthy that heat-sealing melts
the entire edge of the mesh forming thick segments along the length
of the sling as opposed to laser sealing which is a more precise
method of sealing the edge. Similar to Gynecare TVT, the edges of
Desara Blue mechanical cut were tanged (Figure 1). Magnified
images of the pores and edges of the MUSs were taken with a
Jeol JSM-6390LV Scanning Electron Microscope (Jeol United States,
Inc., Peabody, MA). Prior to testing, all mid-urethral slings were
removed from the original packaging and protective sheath, when
applicable. Overall, the manufacturing (i.e., knit pattern and pore
geometry) and material were consistent along the length of all
MUSs; therefore, the mid-portion of the MUS was used for
tensile load-to-failure testing, while the areas proximal and distal
were used for the assessment of permanent elongation and porosity.

2.2 Tensile testing

The structural properties of the mid-urethral slings were assessed
using tensile load to failure testing as previously described (Moalli
et al., 2008). Briefly, samples approximately 9–10 cm long were cut
from the mid-portion of each MUS and clamped on opposing ends
using custom clamps. Samples were clamped such that the aspect ratio
(clamp-to-clamp distance by sample width) was at least 8. Clamped
samples were then submerged in a 37°C saline bath that was attached
to an Instron™ 5565 testing machine such that the inferior clamp was
fixed to the bottom of the saline bath (essentially at the base of the
Instron™) while the superior clampwas attached to a load cell (Model
31, Honeywell, Columbus, Ohio) in series with the crosshead of the
Instron™. After equilibrating in the bath for 5 min, a 0.1 N preload
was applied (at 10mm/min) and the sample was then loaded to failure
at 50 mm/min. The resulting load (N) and displacement (mm) were
recorded and the following structural properties were determined as
previously described (Moalli et al., 2008): low stiffness (N/
mm) – minimum slope over a 15% interval of relative elongation,
high stiffness (N/mm) – maximum slope over a 30% interval of
relative elongation, load at failure (N), relative elongation at failure
(%), and relative elongation at the inflection point (%) – calculated as
the intercept of two tangent lines fit to the low stiffness and high
stiffness regions of the load-relative elongation curve.

2.3 Permanent elongation

In vivo MUSs will undergo repetitive cycles of loading and
unloading (i.e., cyclic loading) in result of fluctuations in intra-
abdominal pressure with normal physiologic functions such as
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sneezing, coughing, lifting, and rising from a seated position. Since
MUSs are not elastic materials, they will experience unrecoverable
lengthening (i.e., permanent elongation) in response to cyclic
loading. To assess the amount of permanent elongation, cyclical
loading was performed as described previously (Moalli et al., 2008).
Briefly, the MUSs were cut to size, clamped (aspect ratio of at least
8), and submerged in a 37°C saline bath attached to the Instron as
described in the tensile testing protocol Section 2.2. Samples were
allowed to equilibrate for 5 min and then were preloaded to 0.1 N (at
10 mm/min). The clamp-to-clamp distance was recorded
(representative of the initial length of the MUS) and the samples
were subjected to the following three cyclic loading protocols: 1)
Cycle 1–0.5 N–5 N for 10 cycles at 50 mm/min, 2) Cycle

2–0.5 N–15 N for 10 cycles at 50 mm/min, and 3) Cycle
3–0.5 N–5 N for 10 cycles at 50 mm/min. The forces used in
this protocol are estimates of in vivo loading of MUSs based on the
reported surface area of the urethra and urethral pressure (Diokno
et al., 1991; Feng et al., 2025; Howard et al., 2000; Kapoor et al., 2012;
Meng et al., 2020). Given the proximity of the urethra and vagina,
the surface area of the anterior wall of the vagina and
intraabdominal pressure were also used to estimate in vivo
loading of MUSs (Howard et al., 2000; Luo et al., 2016). Thus,
5 N and 15 N were found to be within range of the forces associated
with pressures measured during a range of activities (e.g., standing,
coughing, valsalva), 15 N is towards the upper limit. After each
Cycle, samples were preloaded to 0.1 N (at 10 mm/min) and the

FIGURE 1
Close-up images of the mid-section of the mid-urethral slings taken with an EOS Rebel T3 camera. Scale bar represents 1 mm.

TABLE 1 Company reported properties.

Thickness (mm) Pore size (mm) Weight (g/m2) Processing method Mesh edges/features

TVT 0.63 1.379 100 Mechanical cut Tanged

TVT Exact 0.63 Not reporteda Not reporteda Laser cut De-tanged

ArcTV Sling 0.66 1.15 90 Laser cut De-tanged

Desara Blue (heat sealed) 0.69 >1 103 Heat sealed De-tanged

Desara Blue (mechanical cut)b 0.69 Not reporteda Not reporteda Mechanical cut Tanged

aIt is assumed that TVT and TVT Exact and that Desara Blue heat sealed and Desara Blue mechanical cut have the same thickness, pore size, and weight.
bDesara Blue (mechanical cut) is not commercially available; therefore, limited textile properties are reported by the company.
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clamp-to-clamp distance was recorded. The amount of permanent
elongation (reported as a percentage) was determined by first
subtracting the initial clamp-to-clamp distance from the clamp-
to-clamp distance following each cycle and then normalizing this
value by the initial clamp-to-clamp distance.

2.4 Porosity assessment

Change in porosity with loading was assessed as previously
described (Barone et al., 2016). Briefly, slings were cut, clamped
(aspect ratio of at least 8), and attached to the Instron™ as described
in the tensile testing protocol, Section 2.2. To prevent distortion,
samples were not tested in a saline bath. Initially, slack was removed
from the samples by manually lengthening the sample using the
crosshead controller. Samples were then sequentially loaded to 0.1 N
(rate of 10 mm/min), 5 N (rate of 50 mm/min), and 10 N (rate of
50 mm/min). The loads of 5 N and 10 N are within the physiologic
range as described in Section 2.3 Permanent Elongation. After each
load (including at 0 N), the mid-section of the sample was imaged
using a digital SLR camera (EOS Rebel T3; Canon, Melville, NY)
equipped with an EF-S 60-mm f/2.8 macro lens. All images were
taken with the same lighting conditions and camera settings (high
aperture, F16, and low ISO settings, ISO 100). For porosity analysis,
mid-section pictures were cropped such that the only black space in
the image was the space between the pores of the MUSs. The height
of the cropped image was 10 mm whereas the width of the image
varied depending on the width of the MUS following the application
of each load. Cropped images were then imported into a custom
Mathematica script and the pore size (i.e., average minimal and
maximal pore diameter) and porosity (i.e., percentage of void space)
were calculated for each image as well as the percent change using
the porosity at 0 N as the reference. Since pore size is also an
indication of void space and there is no minimal pore size
established for MUSs, only the porosity data is reported in the
main text of this manuscript.

2.5 Statistical analysis

The sample sizes chosen in this study were based on a previous
study in which it was estimated that five samples per MUS were
needed to detect a minimum difference of 100% in low stiffness, 15%
in the relative elongation at the inflection point, and 75% difference
in permanent elongation between Gynecare TVT midurethral slings
and various brands with 80% power (Moalli et al., 2008). Thus, a
minimal of five samples per MUS per mechanical test was analyzed.
Kruskal-Wallis followed by post-hoc pairwise Mann-Whitney U
tests with a Bonferroni correction (p-values<0.0167 for significance)
was used to assess differences in the structural properties and
permanent elongation following tensile testing and cyclic loading
(respectively) between Gynecare TVT, Gynecare TVT Exact,
ArcTV, and Desara Blue heat sealed. Desara Blue mechanical cut
is not commercially available; therefore, Desara Blue mechanical cut
was not compared to all slings but was only compared to Desara Blue
heat sealed via Mann-Whitney U tests to assess the effect of heat
treating the edges on the structural properties obtained following
tensile testing and the porosity assessment. The overall porosity and

percent change in porosity was compared using mixed effects
general linear models. Pairwise comparisons were made using
postestimations for the difference between coefficients estimated
by the parent model, with statistical inference based on the
z-statistic. Statistical analyses were performed using SPSS 28.0
(IBM, Armonk, NY) and STATA 18 (StataCorp LLC, College
Station, TX). Significance was set to p < 0.05 unless otherwise stated.

3 Results

Since themechanical cut Gynecare TVT (TVT) is considered the
prototype mid-urethral sling, the overall pore geometry, structural
properties following tensile testing, permanent elongation in
response to cyclic loading, and porosity in response to tensile
loading for the newer generation mid-urethral slings were
compared to it. For tensile testing and permanent elongation
assessment, the stabilizing suture for ArcTV was removed as it
fails early and does not contribute to the structural properties.

3.1 Mid-urethral sling morphology

Overall, the general pore shape of the MUSs analyzed in this
study was a quadrilateral (Figures 1–3). As anticipated, differences
were observed along the edges of the MUSs. Desara Blue mechanical
cut edges were similar to the TVT and were “tanged”meaning where
a knot was disrupted during the cutting process, the edges were left
free (Figures 2,3). The Desara Blue heat sealed sling, in contrast, had
a thick edge formed from neighboring tanged edges melting together
(Figure 3). Finally, Gynecare TVT Exact (TVT Exact) and ArcTV
had similar edges that were individually sealed (laser cut), a more
precision focused modification barely perceptible to the naked eye
and did not coalesce together like heat sealed edges.

3.2 Tensile testing

Following tensile load to failure testing, all MUSs demonstrated
the typical bilinear load-relative elongation curve previously
described for MUSs with an initial low stiffness region followed
by a transition region (quantified by the inflection point),
culminating into a high stiffness region (Figure 4). It is
noteworthy, that at approximately 50% relative elongation, the
load-relative elongation curves of TVT Exact exhibited premature
failures which were apparent as repetitive peaks and valleys in the
load-relative elongation curve (Supplementary Figure S1). These
premature failures were not observed for TVT and therefore, were
presumed to be failures at the laser cut edges. As shown in
Supplementary Figure S1, the load-relative elongation curve for
the TVT depicts a device that 1) easily deforms with loading and 2) is
less stiff than TVT Exact. Upon close examination, the premature
failures observed with TVT Exact were confirmed to be the result of
disruption of the laser cut edges and were visualized as small
fragments breaking away from the device (Supplementary Video
S1). This phenomenon, however, would only occur with substantial
overtensioning of the MUS and rarely occurs in vivo given that most
of the disruptions occurred at loads that were beyond the
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physiologic range (and relative elongations of 1.5 to 2X their original
value). For example, a sling with an original length of 8 cm is not
expected to increase to 12 cm in vivo. Thus, the load-relative
elongation curves for TVT Exact were truncated to exclude this
premature failure region, which likely resulted in an
underestimation of the structural properties, specifically the load
at failure and elongation at failure for TVT Exact. Importantly, there
were instances in which small fibers were observed breaking away
from TVT, ArcTV, Desara Blue heated sealed, and Desara Blue
mechanical cut MUSs when loaded beyond the physiologic range
(Supplementary Videos S2–S5); however, these did not impact the
load-relative elongation curves to the extent that they did for the
TVT Exact. It is important to keep in mind that aside from cutting
the MUSs to the appropriate length for testing, no other alterations
were done to the MUSs. Additionally, all mid-urethral slings when
loaded to failure elongated beyond the physiologic range (estimated
to end at ~25% relative elongation). Therefore, the structural
properties were presented up to failure, and the load-relative
elongation curves for all MUSs were truncated at 25% relative
elongation from which the low and high stiffnesses were
calculated and reported.

3.2.1 Structural properties up to failure
The load-relative elongation curves up to failure were similar for

TVT, TVT Exact, and ArcTV (no stabilizing suture) within the initial
low stiffness region (up to ~14% relative elongation). Beyond 14%
relative elongation, the load-relative elongation curve of ArcTV most

closely resembled that of TVT (Figure 4a). Quantifying the structural
properties (Table 2), revealed that the low stiffness, high stiffness, and
relative elongation at failure were not significantly different between
TVT and ArcTV [all p-values>0.05], corroborating the observation
that ArcTV responded to loading similar to the TVT. The TVT,
however, was approximately 18% stronger (i.e., failed at a higher load,
p = 0.001) and the relative elongation at the transition point between
the low and high stiffness regions (i.e., the relative elongation at the
inflection point) was roughly 15% lower than ArcTV (p = 0.001). The
low stiffness of TVT Exact was not significantly different from that of
TVT (p = 0.792). All other structural properties for TVT Exact were
significantly less than that of TVT (all p-values = 0.004), and this is
likely the result of the premature failures experienced by TVT Exact,
which resulted in the truncated load-relative elongation curve.

Initially, the stiffness of Desara Blue heat sealed was 130% higher
than that of the TVT (p = 0.002) as quantified by the low stiffness
value; however, the high stiffness was not significantly different
between the two mid-urethral slings (p = 0.485). The load at failure,
relative elongation at failure, and relative elongation at the inflection
point were all significantly higher for TVT as compared to Desara
Blue heat sealed meaning that it deformedmore easily (all p-values =
0.002). Lastly, the low and high stiffness values of Desara Blue heat
sealed were 283% (p = 0.001) and 15% (p = 0.014) higher than
Desara Blue mechanical cut, respectively. Additionally, the relative
elongation at failure and relative elongation at the inflection point
were 97% (p = 0.001) and 258% (p = 0.001) higher for Desara Blue
mechanical cut relative to Desara Blue heat sealed due to its higher

FIGURE 2
SEM images of TVT, TVT Exact, and ArcTV with complete pores shown in the top images and the edges of the respective MUSs depicted in the
bottom images. Overall, the MUSs have a general pore shape that is quadrilateral. The edges of TVT (mechanical cut) are free whereas those of TVT Exact
and ArcTV (both laser cut) are sealed.
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stiffness. These results are consistent with the load-relative
elongation curves in which the curve for Desara Blue mechanical
cut was less steep and shifted towards the right (meaning it
elongated more) as compared to Desara Blue heat sealed
(Figure 4b). Overall, the behavior of Desara heat-sealed is
reflective of a substantially stiffer product.

3.2.2 Low stiffness and high stiffness up to 25%
relative elongation

Conducting uniaxial tensile testing to failure is a common
protocol used to assess the maximum properties of a material/
device (e.g., how much force or elongation the material/device will
withstand prior to failing). However, the loads (via intra-abdominal

FIGURE 3
SEM images of Desara Blue heat sealed and Desara Blue mechanical cut with complete pores shown in the top images and the edges of the
respective MUSs depicted in the bottom images. Similar to the other MUSs analyzed in this study, the Desara Blue MUSs have a general pore shape that is
quadrilateral. The edges of Desara Blue heat sealed have a thick edge resulting from the neighboring tanged edgesmelting together whereas the edges of
Desara Blue mechanical cut were left free with the tanged edges on one side being longer than the opposing side.

FIGURE 4
Average load-relative elongation curves following load-to-failure testing of the commercially available MUSs (a) and the commercially available
Desara Blue (heat sealed) versus the non-commercially available Desara Blue (mechanical cut) (b).
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pressures) experienced by mid-urethral slings with physiologic
loading are not within the failure range. Thus, all load-relative
elongation curves were truncated at 25% of relative elongation
(Figure 5), which corresponds to approximately 15 N for the
MUSs analyzed in this study. The low stiffness and high stiffness
were then re-calculated as the minimum and maximum slope,
respectively, over a 2% interval of relative elongation (Table 3).
Qualitatively, TVT, TVT Exact, and ArcTV (no stabilizing suture)
curves followed a similar path until reaching ~12% relative
elongation at which point the curves began to separate from
TVT Exact which had a steeper slope (indicating a higher
stiffness) followed by TVT and ArcTV. The curve for Desara
Blue heat sealed, however, had the steepest slope distinguishing it
as substantially stiffer than the other MUSs. A similar result was
observed when comparing Desara Blue heat sealed vs. mechanical
cut in that the Desara Blue heat sealed load-relative elongation curve
had a steeper slope.

Quantifying the low stiffness up to 25% relative elongation
which is more relevant to what occurs physiologically, there was
not a significant difference between TVT and TVT Exact (p = 0.082).
However, the low stiffness of ArcTV and Desara Blue heat sealed
were 67% (p = 0.001) and 183% (p = 0.002) higher than TVT,
respectively. Additionally, the low stiffness of the Desara Blue heat
sealed sling was 240% increased (p = 0.001) as compared to Desara
Blue mechanical cut. Similar trends were observed when comparing
high stiffness values. The TVT Exact and Desara Blue heat sealed
were 109% (p = 0.004) and 479% (p = 0.002) stiffer than the TVT
high stiffness, respectively. The high stiffness of ArcTV was not
different from TVT (p = 0.731). Compared to Desara Blue

mechanical cut, the high stiffness of Desara Blue heat sealed was
1,094% increased (p = 0.001).

3.3 Permanent elongation following
cyclic loading

In vivo it is anticipated that MUSs will undergo repetitive cycles
of loading and unloading as a result of fluctuations in intra-
abdominal pressure with normal physiologic functions such as
sneezing, coughing, lifting, and rising from a seated position.
Thus, the MUSs were subjected to cyclical loading and the
amount of permanent elongation (i.e., unrecoverable lengthening
of the MUSs) was quantified as a shift to the right in the peaks and
valleys of the load-relative elongation curves (Figure 6). Note,
ArcTV was test without the stabilizing suture for the assessment
of permanent elongation.

Following Cycle 1 (0.5 N–5 N for 10 cycles), permanent
elongation was significantly lower for TVT Exact (↓54%, p =
0.004) and Desara Blue heat sealed (↓75%, p = 0.001) as
compared to TVT (Table 4). ArcTV (no stabilizing suture)
experienced slightly less permanent elongation relative to TVT
(12.1% vs. 15.5%); however, this difference was not significant
(p = 0.051). Relative to Desara Blue heat sealed, permanent
elongation for Desara Blue mechanical cut increased by 538%
(p < 0.001). Similar results were observed following Cycle 2
(0.5 N–15 N for 10 cycles) in which TVT Exact and Desara Blue
heat sealed deformed 63% (p = 0.004) and 76% (p = 0.001) less than
TVT, respectively. Permanent elongation was not significantly

TABLE 2 Structural properties obtained following a uniaxial tensile test to failure.

Low stiffness
(N/mm)

High stiffness
(N/mm)

Load at
failure (N)

RE at
failure (%)

RE at the inflection
point (%)

TVT (mechanical cut, n = 6) 0.10 ± 0.03 2.2 ± 0.3 91.0 ± 6.3 105.3 ± 10.9 65.2 ± 5.3

TVT Exact (laser cut, n = 5) 0.10 ± 0.01 1.2 ± 0.2 26.4 ± 4.7̂ 46.0 ± 5.7̂ 22.2 ± 1.9

ArcTV (laser cut, no stabilizing
suture, n = 7)

0.12 ± 0.01 1.9 ± 0.2 76.8 ± 2.4 112.3 ± 3.3 76.4 ± 3.5

Desara Blue (heat sealed, n = 7) 0.23 ± 0.02 2.3 ± 0.2 61.1 ± 10.8 52.4 ± 9.3 19.6 ± 2.3

Desara Blue (mechanical cut,
n = 7)§

0.06 ± 0.01 2.0 ± 0.2 69.1 ± 6.6 103.3 ± 3.8 70.2 ± 2.2

Overall p-value* 0.001a <0.001a <0.001a <0.001a <0.001a

TVT vs. TVT Exact 0.792b 0.004b 0.004b 0.004b 0.004b

TVT vs. ArcTV (no stabilizing
suture)

0.234b 0.073b 0.001b 0.295b 0.001b

TVT vs. Desara Blue (heat
sealed)

0.002b 0.485b 0.002b 0.002b 0.002b

Desara Blue heat sealed vs.
mechanical cut

0.001c 0.014c 0.181c 0.001c 0.001c

RE, relative elongation.

Data represented as mean ± standard deviation.

T̂VT Exact exhibited premature failures; thus, the load-relative elongation curves for TVT Exact were truncated, which likely resulted in an underestimate of the load at failure and elongation at

failure for TVT Exact.

*P-value obtained using:
aKruskal-Wallis, followed by
bMann-Whitney U tests with a Bonferroni correction (adjusted α = 0.0167).
§Desara Blue mechanical cut is not commercially available; therefore, Desara Blue mechanical cut was not compared to all slings. A separate analysis was performed to assess the impact of heat

by comparing Desara Blue heat sealed vs Desara Blue mechanical cut (pvalue obtained using cMann-Whitney U test).
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different between TVT and ArcTV (p = 0.534). Heat sealing Desara
Blue led to an 80% reduction (p < 0.001) in permanent elongation
relative to mechanical cutting. The percentage of permanent
elongation changed very little following Cycle 3, which was
anticipated given that the protocol for Cycle 3 is the same as that
for Cycle 1 (i.e., the MUSs were only loaded up to 5 N). Therefore,
the same trends and significant differences following Cycle 3 were
observed when comparing TVT to TVT Exact, ArcTV, and Desara
Blue heat sealed and between Desara Blue heat sealed vs. Desara Blue
mechanical cut.

3.4 Porosity quantification

Prior to loading, the pores of all mid-urethral slings were open.
However, with loading a dramatic alteration in pore geometry
occurred for all MUSs except for ArcTV with the stabilizing
suture (Figure 7). At 5 N, nearly all the mid-urethral slings

contracted in the lateral direction while the pores remained
relatively open and were elongated for TVT, TVT Exact, ArcTV
without the stabilizing suture, and Desara Blue heat sealed. This
contrasts with Desara Blue mechanical cut in which the pores were
nearly all collapsed. ArcTV with the stabilizing suture was the only
MUS in which the pores remained open and were geometrically
unaltered by loading. Increasing the load to 10 N resulted in
increased pore elongation and MUS contraction with the greatest
change in pore geometry (i.e., complete pore collapse) observed for
Desara Blue mechanical cut followed by TVT. Similar to the results
at 5 N, the lowest change in pore geometry at 10 N was observed for
ArcTV with the stabilizing suture (i.e., the pores remained relatively
open with minimal MUS contraction) (Figure 7).

Quantifying the porosity and pore size (average minimal and
maximum pore diameter, see Supplementary Figures S2,S3,
respectively) confirmed the qualitative observations (Figure 8;
Table 5). Increasing the load from 0 N to 5 N resulted in a
significant decline in porosity by approximately 24%–33% for all

FIGURE 5
Average load-relative elongation curves up to 25% relative elongation of the commercially available MUSs (a) and the commercially available Desara
Blue (heat sealed) versus the non-commercially available Desara Blue (mechanical cut) (b).

TABLE 3 Low and high stiffness up to 25% relative elongation.

Low stiffness (N/mm) High stiffness (N/mm)

TVT (n = 6) 0.06 ± 0.01 0.33 ± 0.02

TVT Exact (n = 5) 0.08 ± 0.01 0.69 ± 0.12

ArcTV (no stabilizing suture, n = 7) 0.10 ± 0.01 0.32 ± 0.05

Desara Blue (heat sealed, n = 6) 0.17 ± 0.02 1.91 ± 0.30

Desara Blue (mechanical cut, n = 7)§ 0.05 ± 0.01 0.16 ± 0.02

Overall p-value* <0.001a <0.001a

TVT vs. TVT Exact 0.082b 0.004b

TVT vs. ArcTV (no stabilizing suture) 0.001b 0.731b

TVT vs. Desara Blue (heat sealed) 0.002b 0.002b

Desara Blue heat sealed vs. mechanical cut 0.001c 0.001c

Data represented as mean ± standard deviation.

*P-value obtained using:
aKruskal-Wallis, followed by
bMann-Whitney U tests with a Bonferroni correction (adjusted α = 0.0167).
§Desara Blue mechanical cut is not commercially available; therefore, Desara Blue mechanical cut was not compared to all slings. A separate analysis was performed to assess the impact of heat

by comparing Desara Blue heat sealed vs Desara Blue mechanical cut (pvalue obtained using cMann-Whitney U test).
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mid-urethral slings (all p-values <0.001) except for ArcTV with the
stabilizing suture in which the porosity at 5 N was not different from
0 N (p = 0.739). Increasing the load to 10 N, the largest reduction in
porosity was observed for Desara Blue mechanical cut which
decreased by 83% (p < 0.001) followed by TVT, decreasing by
70%, p < 0.001. Overall, the smallest decline in porosity was
observed for ArcTV with the stabilizing suture, reducing 14%
(p < 0.001) at 10 N. Given that the starting porosity of each

mid-urethral sling was different, the percent change from 0.1 N
was calculated and used to compare porosity changes across all mid-
urethral slings. Furthermore, since ArcTV with the stabilizing suture
experienced the smallest change in porosity, the percent change in
porosity for all mid-urethral slings (while controlling for the load
applied) was compared to ArcTV with the stabilizing suture. Indeed,
the percent change in porosity (loss of porosity represented as a
negative number) for all mid-urethral slings was significantly

FIGURE 6
Representative load-relative elongation curves following cyclical loading after Cycle 1–0.5 N–5 N for 10 cycles and Cycle 2–0.5 N–15 N for
10 cycles. Permanent elongation is evidenced by a shift to the right (arrows) of the load-relative elongation curves.

TABLE 4 Permanent elongation following cyclical loading–Cycle 1 and 3 (0.5 N–5 N) and Cycle 2 (0.5 N–15 N).

Permanent elongation after
Cycle 1 (%)

Permanent elongation after
Cycle 2 (%)

Permanent elongation after
Cycle 3 (%)

TVT (mechanical cut, n = 6) 15.5 ± 2.8 46.2 ± 6.1 47.8 ± 5.1

TVT Exact (laser cut, n = 5) 7.1 ± 1.0 17.2 ± 1.3 17.2 ± 1.6

ArcTV (laser cut, no stabilizing
suture, n = 7)

12.1 ± 2.2 43.5 ± 3.0 43.9 ± 3.0

Desara Blue (heat sealed, n = 7) 3.9 ± 0.6 11.0 ± 1.4 11.0 ± 1.8

Desara Blue (mechanical cut,
n = 7)§

24.9 ± 4.8 55.8 ± 5.6 56.2 ± 5.2

Overall p-value* <0.001a <0.001a <0.001a

TVT vs. TVT Exact 0.004b 0.004b 0.004b

TVT vs. ArcTV (no stabilizing
suture)

0.051b 0.534b 0.101b

TVT vs. Desara Blue (heat sealed) 0.001b 0.001b 0.001b

Desara Blue heat sealed vs.
mechanical cut

<0.001c <0.001c <0.001c

Data represented as mean ± standard deviation.

*P-value obtained using:
aKruskal-Wallis, followed by
bMann-Whitney U tests with a Bonferroni correction (adjusted α = 0.0167).
§Desara Blue mechanical cut is not commercially available; therefore, Desara Blue mechanical cut was not compared to all slings. A separate analysis was performed to assess the impact of heat

by comparing Desara Blue heat sealed vs Desara Blue mechanical cut (pvalue obtained using cMann-Whitney U test).
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increased with adjusted mean differences ranging from −18 to −32
(all p-values<0.001, Table 6) relative to ArcTV with the stabilizing
suture. A significant difference in the percent change in porosity was
not observed between TVT and TVT Exact (p = 0.201) whereas
Desara Blue mechanical cut experienced a greater reduction in the
percent change in porosity as compared to Desara Blue heat sealed
(p < 0.001).

4 Discussion

Implantation with a mid-urethral sling (MUS) is the gold-
standard method for the treatment of stress urinary incontinence
(Cox et al., 2013). The safety and efficacy of mid-urethral slings has
been extensively studied with over 2000 scientific publications
globally describing the treatment of SUI with MUSs, including
multiple studies with follow-ups at 17-years or more (Tulokas
et al., 2020; Ogah et al., 2011; Nilsson et al., 2013; Lorenzo-
Gómez et al., 2024; Al-Zahrani and Gajewski, 2016; Goessens
and Cammu, 2023). All mid-urethral slings are knitted,
macroporous, have a common pore geometry, and are composed
of monofilament polypropylene, yet manufacturers use various
techniques such as laser cutting, heat sealing, and the inclusion
of an interwoven stabilizing suture to reduce deformation of the
MUS. This study aimed to assess how these modifications impact the
mechanical behavior (i.e., deformation and change in pore geometry
with loading) of mid-urethral slings by comparing the structural
properties, permanent elongation, and porosity of devices that are
laser cut, heat sealed, and have an interwoven stabilizing suture to

the mechanical cut TVT (the prototype MUS). To assess the impact
of laser cutting, the TVT (mechanical cut) was compared to the TVT
Exact (laser cut) and to assess the additional impact of a stabilizing
suture, the change in porosity with loading of ArcTV was evaluated
with and without the stabilizing suture. Lastly, to evaluate the impact
of heat sealing, Desara Blue heat sealed (a commercially available
MUS) was compared to the non-commercially available MUS,
Desara Blue mechanical cut.

Congruent with the study hypothesis, the application of heat to
the edges via heat-sealing (laser cutting to a lesser extent) increased
stiffness and reduced the elongation at failure of the MUS compared
to mechanical cutting, in which the edges are left untreated.
Additionally, the increased stiffness resulting from heat treatment
significantly reduced the amount of permanent elongation in
response to cyclical loading for the laser cut and heat-sealed
MUSs. This was particularly observed when comparing Desara
Blue heat-sealed versus Desara Blue mechanical cut and TVT
versus TVT Exact. From a surgeon’s perspective, a heat-treated
MUSwould be beneficial for reducing deformation (i.e., maintaining
the shape of the MUS) during handling and surgical placement.
Thus, if a surgeon were to apply a small load (<5 N) during
implantation, a high stiffness/heat treated MUS would be less
likely to elongate or permanently change shape relative to a
mechanical cut MUS. Similarly, in vivo a high stiffness/heat
treated MUS would be less likely to elongate in response to small
sudden changes in load (e.g., a small cough or sneeze) or to small
consecutive changes in load (e.g., small, repeated coughs or sneezes)
relative to a mechanical cut MUS. However, it is important to keep
in mind that in vivo it is anticipated that tissue will grow within the

FIGURE 7
Representative images of the mid-section of the MUSs after the application of 0 N, 5 N, and 10 N. All slings contracted and the pores collapsed
except ArcTV with the stabilizing suture in which the sling experienced little contraction and the pores remained open.
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pores of the MUS thus impacting how much the MUS deforms in
vivo. Future studies are needed to assess how the incorporation of
tissue within the MUS will impact deformation. Nevertheless, the
cost of increasing stiffness, however, is the substantial stiffness
mismatch with the urethra making the MUS more likely to cause

tissue damage due to micro-motion (i.e., a stiffer material, MUS,
moving against a softer tissue) and stress shielding whereby the stiff
MUS would shield the tissue from experiencing the normal
physiologic loads thus causing the tissue to atrophy (Rumian
et al., 2009; Yamamoto et al., 1993). This would be particularly

FIGURE 8
Average porosity following the application of 0 N, 0.1 N, 5 N, and 10 N. A significant difference in porosity between 0.1 N and 5N is represented by (*)
and between 0.1 N and 10 N is represented by (**). Error bars represent standard deviation.

TABLE 5 Change in porosity with increasing load.

Load Porosity
(%)

Unadjusted mean
difference (95% CI)

P-valuea Load Porosity
(%)

Unadjusted mean
difference (95% CI)

P-valuea

Mean (SD) Mean (SD)

TVT (mechanical cut, n = 6) TVT exact (laser cut, n = 5)

0 N 42.4 (3.0) Referent <0.001b 0 N 43.0 (4.9) Referent <0.001b

0.1 N 42.8 (1.5) 0.4 (−1.10, 1.90) 0.602 0.1 N 41.7 (3.3) −1.3 (−3.03, 0.43) 0.141

5 N 29.7 (2.4) −12.7 (−14.6, −10.8) <0.001 5 N 28.9 (2.2) −14.1 (−19.4, −8.87) <0.001

10 N 12.9 (2.8) −29.5 (−32.5, −26.6) <0.001 10 N 23.6 (2.3) −19.4 (−25.3, −13.5) <0.001

ArcTV with stabilizing suture (laser cut, n = 7) ArcTV without stabilizing suture (laser cut, n = 7)

0 N 37.8 (2.3) Referent <0.001b 0 N 39.6 (2.2) Referent <0.001b

0.1 N 38.0 (1.1) 0.26 (−1.25, 1.77) 0.739 0.1 N 38.3 (2.5) −1.29 (−2.44, −0.13) 0.029

5 N 36.4 (3.1) −1.39 (−4.35, 1.58) 0.360 5 N 30.0 (1.3) −9.64 (−11.3, −7.97) <0.001

10 N 32.6 (1.6) −5.13 (−7.08, −3.17) <0.001 10 N 19.4 (2.0) −20.3 (−22.4, −18.1) <0.001

Desara Blue (heat sealed, n = 7) Desara Blue (mechanical cut, n = 7)

0 N 32.5 (2.3) Referent <0.001b 0 N 23.9 (1.7) Referent <0.001b

0.1 N 32.1 (1.7) −0.36 (−1.49, 0.78) 0.536 0.1 N 23.9 (1.5) 6.11e-16 (−0.43, 0.43) 1.000

5 N 23.8 (1.6) −8.67 (−10.26, −7.09) <0.001 5 N 17.3 (2.1) −6.6 (−8.39, −4.81) <0.001

10 N 18.6 (2.0) −13.9 (−16.7, −11.08) <0.001 10 N 4.0 (1.3) −19.9 (−21.6, −18.3) <0.001
aP-value from mixed effects linear regression.
bOverall p-value from unadjusted mixed effects linear regression model.
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true of younger reproductive aged women whose tissues are softer
than those of older women. Previously, Shapiro et al. found evidence
of stress shielding in vivo with increased stiffness of a single incision
sling in an ovine model (Shapiro et al., 2020). Studies on pelvic organ
prolapse (prolapse) meshes implanted in a nonhuman primate
model have also demonstrated 1) vaginal degeneration and
atrophy (i.e., stress shielding), particularly with the implantation
of a high stiffness mesh (Feola et al., 2013; Jallah et al., 2016; Liang
et al., 2013; Shaffer et al., 2019), and 2) evidence of injury due to
micromotion (Artsen et al., 2019; Tennyson et al., 2019). In an ex
vivo study using porcine abdominal muscle, Schmidt et al. found
that erosion rates were higher for heat treated MUSs versus
mechanical cut MUSs (Schmidt and Taylor, 2021). Based on
these studies, it is hypothesized that MUSs, particularly those
that are heat treated, will have a similar impact on the
surrounding tissue as mini-slings and prolapse meshes and would
not be recommended for use by surgeons; however, future studies
are needed to test this hypothesis using an in vivo approach.

In addition to impacting the structural properties and percent of
permanent elongation, the way that the edges of MUSs are finished
also influences the tendency of small fibers to break away (referred to
as fly aways) from the MUSs during loading. Specifically, MUSs that
were cut closer to knots (i.e., intersecting fibers) were more prone to
disruptions (aka “fly aways”) and this occurred primarily with laser
cut edges, particularly with the TVT Exact. Fly aways were also but
less often observed for the mechanical cut MUSs given that the edges
tended to unravel before fly aways were observed. Similarly, little to
no fly aways were observed with Desara Blue heat sealed, suggesting
that heat sealing the edges may serve as a technique for preventing
fly aways; however, the increased amount of material along the edges
of Desara Blue heat sealed is likely to increase the host response to
the MUS. Overall, small fibers breaking away from the MUSs is
detrimental as it 1) compromises the structural integrity of the MUS
and 2) studies have demonstrated that particles of different sizes can

induce a varied immune response (Chikaura et al., 2016; Lebre et al.,
2017). However, it is important to keep in mind that fly aways were
mainly observed in this study at loads and elongations that are
beyond the physiologic range, yet it is imperative that manufacturers
consider the potential consequences of mechanical cutting versus
laser cutting versus heat sealing on the fragility of the edges
of the MUS.

Incorporating an interwoven absorbable suture within the mid-
urethral sling was highly effective in maintaining the integrity
(i.e., pore shape and overall architecture) of the MUS. Indeed,
the pores of the ArcTV mid-urethral sling with the stabilizing
suture remained open, resulting in a minimal change in porosity
with increased loading. In contrast, removing the stabilizing suture
from ArcTV caused the pores to collapse with loading and the
porosity to significantly decrease similar to the other MUSs
evaluated in this study. From a surgeon’s perspective, the
inclusion of a stabilizing suture would be highly beneficial as it
would reduce distortion of the MUS during handling and surgical
implantation. Maintaining open pores in the early stages following
implantation is critical, as this will allow for tissue integration into
the pores of the MUS. Indeed, previous studies in the hernia
literature have demonstrated that large pore, high porosity
synthetic meshes are associated with 1) improved tissue
integration, 2) decreased inflammation and fibrosis, and 3)
decreased risk of the foreign body responses overlapping between
neighboring fibers (i.e., bridging fibrosis) relative to small pore, low
porosity synthetic meshes (Greca et al., 2001; Greca et al., 2008;
Klinge et al., 2002; Orenstein et al., 2012). Implanting synthetic
meshes onto the vagina of nonhuman primates with the pores
collapsed and the mesh wrinkled led to exposure of the mesh
fibers through the vaginal epithelium and smoothing to a
complete loss of the vaginal rugae as seen clinically (Knight
et al., 2022). Collectively these studies demonstrate the
importance of maintaining pore size and porosity for improving

TABLE 6 Percent change in porosity relative to ArcTV with stabilizing suture.

Percent change in porosity (%)
Mean (SD)

Adjusteda mean difference
(95% CI)

P-valueb

ArcTV (stabilizing suture, n = 21) −5.2 (9.7) Referent

TVT (n = 18) −32.8 (30.2) −27.5 (−32.4, −22.7) <0.001

TVT Exact (n = 15) −26.2 (20.2) −21.0 (−30.7, −11.3) <0.001

ArcTV (no stabilizing suture, n = 21) −26.1 (20.5) −20.9 (−27.9, −14.0) <0.001

Desara Blue (heat sealed, n = 21) −23.2 (18.5) −18.0 (−26.7, −9.28) <0.001

Desara Blue (mechanical cut, n = 21) −36.9 (36.0) −31.6 (−39.2, −24.1) <0.001

Pairwise comparisons

TVT vs. TVT Exact 6.56 (−3.49, 16.6) 0.201c

Desara Blue heat sealed vs.
mechanical cut

−13.7 (−17.2, −10.1) <0.001c

Load

0.1 N (n = 39) −0.7 (4.4) Referent

5 N (n = 39) −23.3 (12.3) −22.6 (−25.1, −20.1) <0.001
10 N (n = 39) −50.4 (24.0) −49.7 (−52.1, −47.3) <0.001

aAdjusted for load.
bP-value from mixed effects linear regression.
cP-value based on the z-statistic for the difference between coefficients estimated by the parent model.
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outcomes; however, unlike synthetic meshes used in hernia and
prolapse applications, MUSs are smaller and have a lower mesh
burden. Thus, in vivo studies are needed to assess the impact of pore
size and porosity on MUS outcomes.

The methods utilized in this study to assess the structural
properties and permanent elongation of the MUSs were the same
as those used previously byMoalli et al., 2008, in which the TVT was
also assessed (Moalli et al., 2008). The shape of the load-relative
elongation curve, structural properties, and percent of permanent
elongation after each cycle for the TVT in the current study
mirrored those identified in that study, indicating that a direct
comparison of the structural properties and permanent elongation
for all MUSs assessed by Moalli et al., 2008 can be directly compared
to those assessed in the current study (and to others in which the
same methods are utilized). Unlike the previous study, the low and
high stiffness was reported up to 25% relative elongation in the
current study. Truncating the data at 25% relative elongation is
beneficial as it allows for the interpretation/comparison of the
behavior of the MUSs within the physiologic range, particularly
when assessing the load-relative elongation curves in which the
point that the curves begin to separate (the MUSs start to resist
deformation more, i.e., stiffen) can be identified. This would allow
surgeons to have a better understanding of how the MUS may
respond in vivo.

The hypotheses in this study were addressed using ex vivo
mechanical testing of MUSs in the absence of tissue integrated
within the pores of the MUS. Although the results may reflect the
properties and behavior of the MUS in the early period immediately
following mesh implantation (i.e., before tissue incorporation),
ideally tissue will eventually integrate within the pores of the
MUS and this will alter the behavior of the MUS. Thus, in vivo
data (whether from animal studies and/or clinical trials) is needed to
elucidate how manufacturing techniques such as laser cutting, heat-
sealing, mechanical cutting, and the inclusion of a stabilizing suture
impact the host response and ultimately clinical outcomes. Such data
will allow surgeons to make an informed decision when selecting the
appropriate MUS for their patients. It will also aid in the design of
the next-generation of products used for SUI repairs.

The primary objectives of this study were 1) to assess how
mechanical cutting, laser cutting, and heat-sealing impact the
structural properties and permanent elongation of MUSs and 2)
to define the impact of incorporating an interwoven stabilizing
suture on the porosity of a MUS. To accomplish these objectives,
a limited number of MUSs were analyzed. This was done to control
for the number of parameters (e.g., pore size, pore shape, thickness,
knit pattern) that could also impact the structural properties and
porosity. It is important to note that companies typically do not
report exactly how they manufacture their respective MUS and
limited data was available regarding methods of edge modification
or the textile properties of TVT Exact and Desara Blue mechanical
cut. Since the respective meshes by each company were the same
except for the property of the edges, we were able to assume that the
textile properties (e.g., thickness, pore size, and weight) and knit
pattern of TVT vs. TVT Exact and Desara Blue heat sealed vs. Desara
Blue mechanical cut were the same and that the observed differences
were due to the treatment of the edges which may differ
methodologically by manufacturer. Additionally, the MUSs
assessed in this study are not exhaustive of the MUSs that are

currently available on the market. It would be interesting to see how
a knotless MUS (e.g., KIM® System, Neomedic International,
Terrassa, Spain) would influence the structural properties and
porosity with loading using the same mechanical tests performed
in this study.

Overall, the structural properties and percent of permanent
elongation of ArcTV (without the stabilizing suture) most closely
resembled that of the TVT. This is an interesting finding given that
ArcTV is laser cut versus the TVT which is mechanically cut
suggesting that other factors are impacting the mechanical
behavior of the device such as the knit pattern and textile
properties. Incorporating the interwoven stabilizing suture
provided an added benefit of maintained pore geometry with
loading, which will likely translate clinically to reduced distortion
of ArcTV during handling and surgical placement. Furthermore, the
results of this study demonstrate that laser cutting and heat sealing
reduces the deformability of a mid-urethral sling by increasing the
stiffness of the device. Increasing stiffness in turn decreases the
compliance of the mid-urethral sling, which will potentially
increase micro-motion and lead to stress shielding, two scenarios
that negatively impact outcomes. Therefore, there must be a balance
between stiffness and the deformability of mid-urethral slings. In
practical terms, when weighing the risks, the substantial increase in
stiffness incurred by heat sealing likely exceeds benefits and laser
cutting is a more acceptable edge modification for reducing
deformation with less impact on stiffness as compared to heat
sealing. The results of this study also corroborate the incorporation
of a stabilizing suture as a technique for maintaining the integrity of
the pores; thus, reducingMUS distortion during handling and surgical
placement. These factors are, in theory, critical when optimizing a
device for maximal tissue integration. Future studies are warranted to
assess the impact of manufacturing technique on tissue integration
and the host response.
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