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1. INTRODUCTION: 

Roughly 300,000 surgeries are performed annually in the US to repair pelvic organ prolapse 
(POP) – a common condition in women in which the pelvic organs descend into the vaginal lumen. 
The changing demographics of the VA population with more women utilizing VA benefits and 
services combined with the increased risk of developing POP in women engaging in strenuous 
activity portends a rapidly escalating demand for repair of POP and related conditions among 
female veterans. Following POP surgical repairs utilizing a woman’s own tissues, 40% will fail by 
2 years, and 70% by 4 years prompting surgeons to seek materials to augment repairs, most 
commonly polypropylene mesh. While current literature supports the use of knitted, lightweight, 
wide pore polypropylene, the ideal mesh has not been defined and no mesh to date is without 
complications.  
 
Currently, all meshes used in POP repairs are hernia meshes simply remarketed as 510K devices 
for a different indication. Hernia meshes are comprised of a stiff plastically deforming polymer 
(polypropylene), whose use prior to 2011 was motivated by the need for mesh products to be 
similar to their abdominal hernia counterparts so that a 510K device status could be retained. 
Thus, prolapse meshes were never developed specifically for the mechanical and physiologic 
needs of the vagina and polypropylene was never deemed the ideal polymer. In addition, for 
hernia repairs, large pores (>1mm) have been shown to be critical for successful host tissue 
integration. Yet, recent research has revealed that when implanted for POP repairs, unlike in the 
abdominal wall, polypropylene mesh pores are much more likely to collapse below the critical 1 
mm threshold. Pore collapse leads to localized areas of increased mesh burden (density) and 
altered mesh mechanics (increased stiffness) increasing the risk of complications, particularly 
pain and mesh erosion/exposure. 
 
In response to the Department of Defense Discovery Award in the Program Topic Area “Advanced 
Prosthetics”, we propose to develop a novel synthetic prolapse mesh based on an auxetic pore 
geometry that 1) undergoes elastic as opposed to plastic deformation and 2) maintains or exceeds 
its initial pore sizes when loaded, with 3) a material stiffness that matches that of the vagina. An 
“auxetic” structure is one that has a negative Poisson’s ratio. Thus, instead of the middle of the 
device collapsing in on itself when placed in tension, as in most current polypropylene meshes, 
the middle expands leading to increased pore sizes with mechanical loading. The meshes will be 
constructed using elastomeric polymers. Unlike polypropylene, these meshes will extend and 
contract as they are loaded and unloaded respectively; thereby behaving more similar to native 
supportive tissues. We hypothesize that these novel elastomeric, auxetic prolapse meshes 
will evoke improved tissue integration and preserve vaginal function relative to current 
commonly used polypropylene prolapse meshes. 
 

2. KEYWORDS: prolapse, auxetic, pore, porosity, elastomer 

 

3. ACCOMPLISHMENTS:  

What were the major goals of the project?  

Aim 1: To utilize computational modeling to design and then construct a novel device that affords 
sufficient anatomic support to the vagina and hence the pelvic organs while maximizing device 
porosity 

 Conduct computational modeling of a prototype device 
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o Milestone achieved: prototypes of polydimethylsiloxane (PDMS) and 
polycarbonate (PCU) obtained – completed 

o Milestone achieved: IACUC Approval – completed 
o Milestone achieved: paper accepted – completed (see list of Journal publications) 

 Manufacture prototype devices 
o Milestone achieved: elastomeric auxetic devices created and the mechanical 

behavior described – completed 
o Milestone achieved: paper accepted – in progress (mechanics of prototypes will 

be included with the in vivo paper, Aim 3) 
 

Aim 2: To develop and validate the rabbit model for mesh implantation 

 Compare rabbit and nonhuman primate host response following implantation of Restorelle 
(commercially available mesh)  

o Milestone achieved: abstract submission to national meeting – completed 
o Milestone achieved: paper accepted – completed 

 

Aim 3: To evaluate the host response to an elastomeric auxetic mesh and to compare this 
response to a commercially available polypropylene mesh, Restorelle 

 Implant prototype devices  
o Milestone achieved: characterization of the host response to a novel elastomeric 

auxetic mesh – completed 
o Milestone achieved: paper accepted – paper in progress 

 
What was accomplished under these goals?  

Aim 1: Computational modeling 
and mechanical testing 
demonstrated that the bowtie 
auxetic geometry is the most 
favorable geometry given that the 
pores of the bowtie model 
expanded and maintained auxetic 
behavior at increasing loads with 
the least amount of model 
deformation and limited elongation, 
~30% (See publication: Knight et al 
2018, Preventing Mesh Pore 
Collapse by Designing Mesh Pores 
With Auxetic Geometries: A Comprehensive Evaluation, Journal of Biomechanical Engineering). 
Based on these results, a novel elastomeric auxetic mesh using the bowtie geometry was 
manufactured from polydimethylsiloxane (PDMS) and polycarbonate urethane (PCU). The 
material stiffness of PDMS and PCU utilized were both on the same order of magnitude as vaginal 
tissue (PDMS material stiffness = 10 MPa, PCU material stiffness = 27 MPa, vaginal stiffness = 
6-14 MPa (human) and 25-34 MPa (animal)). Uniaxial tensile testing was used to determine the 
structural properties of the two meshes (Table 1). 

Table 1: Uniaxial structural properties of the PDMS and PCU meshes.

PDMS (n=5) PCU (n=5)

Low Stiffness (N/mm) 0.06  0.01 0.09  0.01

High Stiffness (N/mm) 0.12  0.01 0.20  0.01

Ultimate Load (N) 4.77  0.62 20.87  1.65

Relative Elongation (mm/mm) 0.51  0.01 0.52  0.01

Energy Absorbed (N*mm) 115.3  24.1 1926  265

Data represented as mean  standard deviation.
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Aim 2: We developed a 
novel method to implant 
mesh onto the internal 
rabbit vagina via a 
lumbar colpopexy. 
Comparable to what we 
found in nonhuman 
primates (NHPs), 
polypropylene mesh had 
a negative impact on 
vaginal smooth muscle 
function in the rabbit 
with a 43% decrease in 
vaginal contractility following the implantation of Restorelle (Figure 1). Vaginal contractility 
decreased by 46% in the NHP following the implantation of Restorelle (Feola et al 2013). The 
observed decrease in contractile function was also associated with an 18% reduction in the rabbit 
vaginal smooth muscle layer (Figure 2). Thinning of the vaginal smooth muscle layer in the NHP 
was also observed previously (Liang et al 2013). Additionally, we observed mesh buckling with 
the implantation of Restorelle on the rabbit vagina, in spite our efforts to implant the mesh in a flat 
configuration. In the areas where the mesh buckled, the underlying vagina was significantly 
thinned – characteristic of a mesh exposure (Figure 2). Collectively these results suggest that not 

Figure 1: Contractile force of the rabbit (left) and nonhuman primate (right) vagina in response to 120 mM KCl.
The contractile force of the rabbit vagina significantly decreased by 43% with the implantation of Restorelle via a
lumbar colpopoexy and this result is similar to the 46% decrease in contractility with the implantation of
Restorelle onto the nonhuman primate vagina via an abdominal sacral colpopexy.
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Figure 2. Mesh wrinkling and impact on the vagina after implantation by sacrocolpopexy in the rabbit. A.1 is a modeled
cross-section of the vaginal muscularis. A.2-3 show a 3D image of mesh and corresponding surface curvature Kmax with
loading. Tensioning/loading mesh can cause wrinkling which pushes in on the vagina as shown in the shape (A.4) with
corresponding cross-section and gross anatomy (below, B.3-4). Computational analysis (upper panel) deforming the
geometry on the left (A.1) into the geometry on the right (A.4)reveals a strain distribution that is consistent with what
would be predicted from a simple beam analysis. In the cross section image of a mesh wrinkle (B.3), locations where
curvature and tissue strain are the highest corresponds to where the vaginal vaginal wall (especially smooth muscle) has
thinned to the point where mesh fibers (circled in black) enter into the lumen of the vagina (mesh exposure). The is in
contrast to the middle image (B) where mesh was implanted flat without wrinkles leading to general smooth muscle
thinning relative to control, but no regions where mesh fibers are close to the lumen of the vagina. Thus, these data show
that mesh wrinkling should be avoided, which one of the major focuses of this proposal.
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only is the rabbit a valid 
model for testing the 
host response to mesh, 
but it is also useful for 
understanding 
mechanisms of one of 
the most common 
mesh complications – a 
mesh exposure. 

Aim 3: The elastomeric 
auxetic meshes 
developed and 
manufactured in Aim 1, 
were implanted onto 
the vagina of 20 New 
Zealand White Rabbits 
(PDMS n = 10 and PCU n=10) via a lumbar colpopexy for 12-weeks. For comparison, Restorelle 
(polypropylene mesh, n=10) was also implanted. Ten animals served as Sham, no mesh 
implanted. After 12-weeks, the mesh-vagina complexes were explanted and the contractile 
function of the vagina (active mechanics), smooth muscle morphology and thickness, collagen 
structure, total collagen and sulphated glycosaminoglycan (GAG) content, and foreign body 
response were assessed. 

For the active mechanics, a vaginal contractility assay was performed in which the mesh-vagina 
complexes or vagina alone in the case of Sham were exposed to 3 stimuli in order to assess the 
contractile function of the vagina (an indirect measure of the contractile function of the vaginal 
smooth muscle): 120 mM KCl (assesses muscle-mediated contractions), electrical field 
stimulation - 20 V for a duration of 5 secs and the frequency was increased from 1-64 Hz 
(assesses nerve-mediated contractions), and 10-7 to 10-4 M phenylephrine (an α1-adreno-receptor 
agonist), applied non-cumulatively (assesses receptor-mediated contractions). In response to 120 
mM KCl, the contractile 
force of the vagina was 
significantly decreased 
with the implantation of 
Restorelle (p-value = 
0.036) and PCU (p-value 
= 0.001) relative to Sham 
(Table 2). There were no 
significant differences in 
the contractile response 
to electrical field 
stimulation, p-value = 
0.142. The contractile 
force in response to 
phenylephrine stimulation 
for the PCU implanted 
vaginas was significantly 
less than Sham (p-value = 
0.002). Overall, good tissue ingrowth between the pores was observed for all meshes (Figure 3). 
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Compared to Restorelle, the PDMS and PCU meshes had a markedly reduced macrophage 
response (Figure 3). Relative to Sham, total collagen and GAG content were both significantly 
decreased with the implantation of all meshes (Table 3). There were no significant differences in 
the collagen and GAG content between the mesh implanted vaginas.  
 
Overall, the meshes manufactured from the softest elastomer, PDMS, preserved vaginal smooth 
muscle function and had less of a negative impact on the vagina compared to the PCU and 
Restorelle meshes. The impact of the PCU mesh on vaginal structure and function was similar to 
Restorelle and this is likely a result of the PCU mesh being structurally too stiff. Nonetheless, 
these results demonstrate the potential of manufacturing meshes from a soft elastomer to improve 
the impact of the mesh on the vagina. The PDMS mesh manufactured in this study, is not strong 
enough to withstand the loads in the female pelvis, yet PCU is strong enough. In future studies 
(newly funded NIH grant, see Major Accomplishment Section), we will work to optimize the design 
of the PCU mesh such that the impact of the newly designed PCU mesh on the vagina matches, 
ideally it will exceed, that of Restorelle. 

 
 



6 
 

Major Accomplishment – The results were used as preliminary data in an NIH R01 application 
which was successfully funded in February 2019 (NICHD R01 HD097187).        

What opportunities for training and professional development has the project provided?  

1. Katrina Knight: Magee-Womens Research Institute and Foundation Postdoctoral Fellow in the 
Department of Obstetrics, Gynecology, and Reproductive Sciences at the University of Pittsburgh. 
Project title: Development of a novel urogynecologic mesh to overcome current limitations of 
polypropylene. Dr. Knight through this grant enhanced her surgical skills, aided with the 
development of the rabbit model for this study, and completed the majority of the experiments in 
this study, which she will disseminate in 3 manuscripts. Currently, Dr. Knight has two first author 
manuscripts as a result of her work on this study, and is currently working on a third. Additionally, 
Dr. Knight has presented the work from this study in multiple settings including the annual 
scientific meeting of the American Urogynecologic Society (AUGS) which has increased her 
visibility and enhanced her presentations skills. 
 
2. Aimon Iftikhar: Current Ph.D. Candidate in Bioengineering at University of Pittsburgh; NIH TL1 
Clinical & Translational Science Predoctoral Fellow Thesis Title: Development of a Clinically 
Relevant Rabbit Surgical Model of Pelvic Reconstruction to Evaluate the Immune Response to 
Novel Surgical Materials. She is currently testing a cytokine local delivery system and working on 
developing the rabbit model for use in this study and also presented at AUGS. 
 
How were the results disseminated to communities of interest? 

Annual Scientific Meetings: 

 American Urogynecologic Society 
 Society for Pelvic Research 
 Invited Talks 

o Invited Speaker: Society of Women in Urology (SWIU) 6th Annual Meeting “The 
science behind the mesh: Fact vs fiction”; Fort Lauderdale, FL -> January 2017 

o Duke University Department of Obstetrics and Gynecology Grand Rounds, 
“Urogynecologic Mesh Complications: what is the science telling us?” -> June 
2017 

o Invited Member of POP & Incontinence Workgroup: “National Women’s Health 
Technologies Coordinated Registry Network (CRN) Think-Tank”, collaboration 
between the FDA, the National Institute of Health (NIH)/National Library of 
Medicine (NLM), the Office of the National Coordinator for Health Information 
Technology (ONC), the American Congress of Obstetricians and Gynecologists 
(ACOG), American Urogynecologic Society (AUGS), clinicians, industry and other 
stakeholders, Silver Spring, MD -> September 2017 

o Invited Speaker: The Royal Society of Science Meeting, London, England 
“Towards rebuilding vaginal support utilizing an extracellular matrix bioscaffold” -> 
October 2017 

o Invited Speaker: Endowed David Nichols, MD lectureship, Grand Rounds, 
Womens & Infants Hospital, Providence, RI, “The science behind urogynecologic 
meshes: learning from current products to improve future materials” -> November 
2017 

o Invited Speaker: Reproductive Sciences Seminars, University of Colorado, Aurora, 
CO, "The Science Behind Urogynecologic Meshes: Learning from Current 
Products to Improve Future Materials" -> March 2018 
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o Invited Speaker: American Urogynecology Society Basic Science Symposium, 
Chicago, IL, “The Role of Mechanics in Mesh Complications” -> October 2018 

o Invited Speaker: Grand Rounds, St. Louis University School of Medicine, St. Louis, 
MO, “Urogynecologic Meshes: A lesson in the evaluation of novel gynecologic 
devices” -> January 2019 

o Invited Speaker: Howard Kelly Lectureship in Pelvic Reconstructive Surgery, John 
Hopkins University School of Medicine, Baltimore, MD, “The Science Behind 
Urogynecologic Meshes: Learning From Current Products to Improve Future 
Materials” -> April 2019 

o Invited Speaker: 16th International Symposium on Computer Methods in 
Biomechanics and Biomedical Engineering and 4th Conference on Imaging and 
Visualization, New York City, NY, “Computer Methods for Understanding and 
Repair of Pelvic Organ Prolapse” -> August 2019 

o Invited Speaker: Biomedical Engineering Society 2019 Annual Meeting, 
Philadelphia, PA, “Translational Biomechanics Laboratory: Focus on Pelvic Floor 
Biomechanics” -> October 2019 

o Invited Speaker: State of the Art Speaker, 4th Annual Meeting of the Society for 
Pelvic Research, Charleston, SC, “Innovation in Urogynecologic Surgery: A 
Lesson in the Development of Novel Surgical Biomaterials” -> November 2019 

 Local Meetings: Magee-Womens Research Institute Works-in-Progress Seminar Series 
o Knight KM. Development of an Elastomeric Auxetic Mesh for Prolapse Repair: An 

Alternative to Polypropylene Mesh. Magee-Womens Research Institute Works-in-
Progress Seminar Series, Pittsburgh, PA -> November 2017 

o Abramowitch SD. Opportunities for Biomechanics, Tissue Injury, and 
Rehabilitation Research in Obstetrics and Gynecology. Biomechanics in 
Regenerative Medicine (BiRM), University of Pittsburgh, Pittsburgh, PA -> July 
2019 

o Abramowitch SD. Exposing Pelvic Floor Disorders Using Biomechanics, Image 
Analysis, and Computer Methods. Biomedical Engineering Seminar, Duquesne 
University, Pittsburgh, PA -> November 2019 

o Abramowitch SD. Translational Engineering: Novel Insights into Pelvic Floor 
Disorders and Repair. REI Conference, Pittsburgh, PA -> December 2019   

 

What do you plan to do during the next reporting period to accomplish the goals?   

Nothing to Report 

 

4. IMPACT:  

What was the impact on the development of the principal discipline(s) of the project?  

The development of this product has significantly impacted the Urogynecologic and Pelvic 
Reconstructive Surgery Community as surgeons are very interested in novel materials that 
overcome the limitations of polypropylene mesh. Furthermore, with the FDA mandating that 
manufacturers of transvaginal meshes stop distributing their meshes preceded by a broader ban 
of the distribution of transvaginal meshes by institutions world-wide, the current project which 
investigates alternative materials and a novel mesh design has proved to be timely. 
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What was the impact on other disciplines?  

Once the device is tested in large animals, we predict that it will be highly applicable to other 
disciplines that utilize mesh including general (abdominal and inguinal hernia repair) and thoracic 
surgery (diaphragmatic hernia repair). 

What was the impact on technology transfer?  

None to date although we anticipate filing patent rights over the next several months.  We have 
had a long process of working with the DOD to release the technology. 

What was the impact on society beyond science and technology?  

None to date although anticipate impacting the lives of women with prolapse and incontinence 
including military women.  

 

5. CHANGES/PROBLEMS:  

Changes in approach and reasons for change – Although we initially proposed to use 
poly(vinyl) alcohol (PVA) as one of the elastomers, we found that it was microporous at the 
microscopic level – a property that would increase susceptibility to harboring bacteria and 
becoming infected. Additionally, the manufacturing process needed to develop a mesh as well as 
the lack of mechanical strength of PVA ultimately led us to consider other elastomers. We also 
added another Aim in order to validate the appropriateness of using the rabbit model for mesh 
implantation. 

Actual or anticipated problems or delays and actions or plans to resolve them – Working 
with Kenneth Gall, a material scientist at Duke University, we replaced PVA with a tougher 
elastomer, polycarbonate urethane. Switching to a new polymer resulted in a delay in animal 
implantations; however, given the no cost extensions, we were able to complete all animal 
implantations and experimental endpoints.    

Changes that had a significant impact on expenditures – Nothing to Report 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, 
and/or select agents – Nothing to Report 

Significant changes in use or care of human subjects – Nothing to Report 

Significant changes in use or care of vertebrate animals – Nothing to Report 

Significant changes in use of biohazards and/or select agents – Nothing to Report 

 

6. PRODUCTS:  

Publications, conference papers, and presentations 

Journal publications:  

1. Knight KM., Moalli PA., Abramowitch SD. Preventing Mesh Pore Collapse by Designing Mesh 
Pores with Auxetic Geometries: A Comprehensive Evaluation via Computational Modeling. 
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Journal of Biomechanical Engineering 2018;140(5):051005-1-051005-8 (accepted and yes 
acknowledgement of federal support was made) 
 

2. Knight KM., Artsen AM., Routzong MR., King GE., Abramowitch SD., Moalli PA. New Zealand 
White Rabbit: A Novel Model for Prolapse Mesh Implantation via a Lumbar Colpopexy. 
International Urogynecology Journal 2019 (Accepted, article in press and yes 
acknowledgement of federal support was made) 

 

Books or other non-periodical, one-time publications: Nothing to Report 

Other publications, conference papers, and presentations:  

*Knight K.M., Moalli P.A., Abramowitch S.D. Preventing Mesh Pore Collapse Through Auxetic 
Geometries: A Comprehensive Evaluation via Computational Modeling. American 
Urogynecology Society 37th Annual Scientific Meeting, Denver, CO, September 27 – October 
1, 2016  

 

Knight K., Abramowitch S., Moalli P. In vivo Evaluation of the Host Response to an 
Elastomeric Mesh: An Alternative to Polypropylene Mesh. American Urogynecology Society 
38th Annual Scientific Meeting, Providence, Rhode Island, October 3-7, 2017 

 

*Knight KM., King GE., Palcsey SL., Moalli PA., Abramowitch SD. Impact of Prolapse Mesh 
on Vaginal Smooth Muscle Function: A Comparison Between the Rabbit and Nonhuman 
Primate. Society for Pelvic Research, Reno, Nevada, December 2-3, 2017 

 
Knight KM, Moalli PA, Abramowitch SD. Development and Evaluation of an Elastomeric Mesh 
for Pelvic Organ Prolapse Repair: An Alternative to Knitted, Polypropylene Mesh. 8th World 
Congress of Biomechanics, Dublin, Ireland, July 8-12, 2018 

 
Knight K, Abramowitch S, Moalli P. In vivo Evaluation of the Host Response to an Elastomeric 
Mesh: An Alternative to Polypropylene Mesh. Magee-Womens Research 9-90 Summit, 
Pittsburgh, PA, October 9-10, 2018 

 

*Knight KM, Artsen AM, King GE, Palcsey SL, Abramowitch SD, Moalli PA. The New Zealand 
White Rabbit: An Alternative Model for Studying the Impact of Polypropylene Mesh on Vaginal 
Smooth Muscle Morphology and Function. American Urogynecology Society 39th Annual 
Scientific Meeting, Chicago, Illinois, October 9-13, 2018 

 
Iftikhar, A. Nolfi AL, Artsen AM, Moalli PA. A Clinically Relevant Rabbit Surgical Model of 
Pelvic Reconstruction to Evaluate the Immune Response to Mesh in the Abdomen and 
Vagina. American Urogynecology Society 39th Annual Scientific Meeting, Chicago, Illinois, 
October 9-13, 2018 

 
Knight K.M., Artsen A.M., King G.E., Palcsey S.L., Abramowitch S.D., Moalli P.A. Stiff vs Soft 
– Exploring the Role of Material Stiffness on Vaginal Contractile Function and Composition. 
American Urogynecology Society/International Urogynecological Association Joint Scientific 
Meeting, Nashville, Tennessee, September 24-28, 2019 
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Website(s) or other Internet site(s):  
Our organization has updated the Magee-Womens Research Institute Website which details our 
research projects and publications. https://mageewomens.org/investigator/pamela-moalli-md-
phd/ 
 
Technologies or techniques: Nothing to Report 

Inventions, patent applications, and/or licenses:  

The University of Pittsburgh has released the technology to us and we have received a letter from 
the U.S. Army Medical Research and Development Command stating that the Army releases the 
technology to us as well. We are currently in the process of completing the final paperwork to 
have the Army official release the technology to us at which point we will pursue a patent 
application with another entity.  

Other Products: Nothing to Report 

 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

What individuals have worked on the project?  

Name: Pamela Moalli, Principal Investigator 

Nearest person month worked: 0.8 

Contribution to Project: 

She oversaw the biochemical, histomorphology 
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Preventing Mesh Pore Collapse
by Designing Mesh Pores
With Auxetic Geometries:
A Comprehensive Evaluation
Via Computational Modeling
Pelvic organ prolapse (POP) meshes are exposed to predominately tensile loading condi-
tions in vivo that can lead to pore collapse by 70–90%, decreasing overall porosity and
providing a plausible mechanism for the contraction/shrinkage of mesh observed follow-
ing implantation. To prevent pore collapse, we proposed to design synthetic meshes with
a macrostructure that results in auxetic behavior, the pores expand laterally, instead of
contracting when loaded. Such behavior can be achieved with a range of auxetic struc-
tures/geometries. This study utilized finite element analysis (FEA) to assess the behavior
of mesh models with eight auxetic pore geometries subjected to uniaxial loading to evalu-
ate their potential to allow for pore expansion while simultaneously providing resistance
to tensile loading. Overall, substituting auxetic geometries for standard pore geometries
yielded more pore expansion, but often at the expense of increased model elongation,
with two of the eight auxetics not able to maintain pore expansion at higher levels of ten-
sion. Meshes with stable pore geometries that remain open with loading will afford the
ingrowth of host tissue into the pores and improved integration of the mesh. Given the
demonstrated ability of auxetic geometries to allow for pore size maintenance (and pore
expansion), auxetically designed meshes have the potential to significantly impact surgi-
cal outcomes and decrease the likelihood of major mesh-related complications.
[DOI: 10.1115/1.4039058]

Keywords: bowtie mesh, pelvic organ prolapse, Poisson’s ratio, polypropylene, uniaxial/
tensile loading

1 Introduction

Synthetic meshes are commonly used in the repair of pelvic
organ prolapse (POP), one of the most prevalent pelvic floor dis-
orders characterized by the descent of the pelvic organs into the
vaginal canal. Of the 300,000 surgeries performed to repair POP
in 2010, one-third involved the use of mesh. In spite of a good
anatomic success rate of approximately 82%, mesh usage has
been hampered by complications with mesh exposure through the
vaginal epithelium and pain being the two most commonly
reported [1,2]. Recent research suggests that collapse of the mesh
pores may be contributing to the pathogenesis of POP mesh com-
plications [3,4].

The majority of current POP meshes are simply hernia meshes
remarketed for POP repair. Additionally, these devices are manu-
factured from polypropylene and typically have large pores (i.e.,
>1 mm) with a porosity (defined as the amount of void space in a
mesh relative to the mesh area) that is greater than 55%. However,
these characteristics describe the mesh in the unloaded state and
prior to implantation. In vivo, the dominating forces applied to
POP meshes are tensile [3]. Unlike hernia meshes, in which ten-
sion is applied circumferentially, tension in POP mesh applica-
tions primarily occurs unidirectionally either along the
longitudinal axis of the mesh (sacrocolpopexy) or along mesh
arms (transvaginal mesh procedures). Meshes that are not con-
strained or tensioned uniformly around their perimeter change
shape, and this change largely results from a reorientation and

modification in the structural geometry of the mesh pores [5,6]. In
many cases, the application of tension well within the physiologic
range causes the pores of most POP meshes to collapse, resulting
in pore diameters that are less than 1 mm—a critical size for tissue
ingrowth [3,7].

Meshes with small pores and low porosity are associated with
increased inflammation and fibrosis and yield poor tissue integra-
tion with decreased collagen deposition relative to meshes with
large pores and high porosity [8–11]. Additionally, smaller pores
increase the risk of bridging fibrosis (overlapping of the foreign
body response to neighboring fibers), a process that can lead to
encapsulation and pain [10,11]. Clinically, mesh contraction (i.e.,
pores collapsing) is associated with vaginal pain, and interest-
ingly, problematic areas for patients experiencing mesh complica-
tions are often located in areas where the pores of a mesh have
collapsed after tensioning and/or loading [4]. Collectively, these
findings strongly suggest that controlling the response of pores to
loading is a critical design consideration in the development of
POP meshes that has the potential to lead to better host integration
and fewer complications.

With a long-term goal of overcoming the problem of pore col-
lapse and mesh contraction, we proposed to design synthetic
meshes with auxetic pore geometries. The term auxetic refers to
materials that have a negative Poisson’s ratio and structures that
demonstrate behaviors such as lateral expansion when placed in
tension. This type of behavior is counterintuitive given that most
materials contract or narrow in the transverse direction when
stretched longitudinally, i.e., they have a positive Poisson’s ratio.
To date, auxetic geometries have been utilized to manufacture
annuloplasty prostheses for cardiac valve repair surgery, artificial
intervertebral disks, cushion pads, and knee prosthetics [12,13].
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However, beyond these applications, there has been limited use of
auxetic geometries within the biomedical field. The development
of a mesh with pores designed to open in response to tension as
opposed to contracting has the potential to be highly beneficial in
regards to the development of meshes for POP repair.

The objective of this study was to assess the behavior of auxetic
pore geometries with tensile loading and to evaluate their poten-
tial to provide resistance to tensile loads while simultaneously
undergoing pore expansion. To minimize cost, time, and the intro-
duction of additional variables resulting from manufacturing and
mechanical testing of each design, this investigation utilized a
standard engineering workflow whereby finite element analysis
(FEA) was used to provide an objective first investigation to iden-
tify auxetic geometries that should be explored further as potential
pore designs for POP meshes intended for sacrocolpopexy. Ten-
sion is primarily applied along the longitudinal axis of the mesh
when implanted via a sacrocolpopexy (Fig. 1). The purpose of the
mesh in a sacrocolpopexy is to reinforce the vaginal walls, stabi-
lize the apex (superior) of the vagina, and to resist the motion of
the distal vagina resulting from an increase in abdominal pressure.
From a gross mechanical perspective, mesh function for a sacro-
colpopexy is in many ways analogous to a tether. Thus, eight
computational models of meshes with auxetic pore geometries
(referred to as auxetic models) were constructed and subjected to
simulated uniaxial tensile tests via three-dimensional quasi-static,
large deformation finite element analysis. For comparison, com-
putational models of meshes with standard pore geometries (i.e.,
pore shapes that are commonly used for commercial synthetic
meshes) were also created and exposed to the same simulated
boundary conditions as the computational models with auxetic
pores. These models are referred to as standard models. Quantita-
tive measurements of the minimal pore diameter, porosity, effec-
tive porosity, effective pore area, and overall expansion (or
contraction) of the models’ width, via calculation of the relative
lateral contraction, were used to characterize the deformation of
the pore geometries and models overall.

2 Materials and Methods

2.1 Design of Models Using Computer-Aided Design. Eight
models with auxetic pore geometries and three models with stand-
ard pore geometries were generated using the computer-aided
design (CAD) software, SOLIDWORKS 2013 �64 Edition (Dassault
Systèmes SOLIDWORKS Corporation, Waltham, MA). The pore
geometries for the auxetic models included (1) bowtie (B), (2) spi-
ral (S), (3) triangle (T), (4) square chiral(a) (SCa), (5) chiral hexa-
gon (CH), (6) square chiral(b) (SCb), (7) hexagon(b) (Hb), and (8)
square grid (SG) (Fig. 2). These geometries were chosen as they
were deemed to be without obvious limitations that would

negatively impact performance or manufacturability by authors of
this paper with significant mesh expertise (Pamela Moalli and Ste-
ven Abramowitch).

Currently, the majority of commercially available POP meshes
have pores that are either square, diamond, or hexagon shaped;
therefore, these three shapes were used to construct the standard
CAD models in this study. Specifically, the standard CAD models
with square- and diamond-shaped pores were simplified geometries
modeled after Restorelle (Coloplast, Minneapolis, MN) POP mesh,
and the CAD model with hexagon-shaped pores was a simplified
geometry modeled after Gynemesh PS (Ethicon, Somerville, NJ)
POP mesh. Calipers were used to measure the fiber width (distance
between two fibers), thickness, and the pore size of the commercial
products. These dimensions were ultimately used to guide the
development of the standard models which included (1) square
(SQ), (2) diamond (D), and (3) hexagon(a) (Ha) (Fig. 3).

Additionally, to create a realistic model with auxetic pore geo-
metries, the dimensions (i.e., fiber width, thickness, and pore size)
of the auxetic model pores were also modeled after Restorelle.
The latter was chosen as the “model mesh” given the relative sim-
plicity of the pore geometry (square pore geometry) and the ease
of measuring the dimensions of these pores. However, it is impor-
tant to note that the pore size of the auxetic pore geometries did
not exactly match those of Restorelle due to the design/complex-
ity of these geometries.

The pores of each model were designed with specific considera-
tions. First, the width of the fibers equaled 0.30 mm, and the mini-
mal pore diameter was at least 1 mm. The latter was the maximum
pore size that could be achieved given the fiber width, geometry
of the pore, and the requirement that the volume of material was

Fig. 1 Schematic of a sacrocolpopexy in which the mesh is
attached to the anterior and posterior walls of the vagina and
fixed to the sacrum. In vivo intra-abdominal pressure exerts a
downward force on the pelvic organs. This results in a tensile
force along the longitudinal axis of the mesh.

Fig. 2 Orthographic frontal plain views of three-dimensional
auxetic CAD models with eight different auxetic pore geome-
tries. Note the models pictured represent only a portion of the
total length of the CAD models utilized in the FEA.
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consistent from model to model. Indeed, the majority of the mod-
els had pore dimensions that were greater than 1 mm. It should
also be noted that models containing angles less than 90 deg would
have small regions of the pore where two fibers would be closer
than 1 mm (i.e., intersections of model fibers forming corners). To
balance our interest in maximizing these spaces without compro-
mising the auxetic behavior of any specific geometry, the smallest
allowable angle within a pore was restricted to 45 deg. For designs
containing circles, the diameter of the circles was equal to 1 mm.

All models had an overall length of 84.7564.80 mm and aver-
age width of 14.7960.82 mm resulting in an aspect ratio of at
least 5. Additionally, the average volume of all models was
91.5460.66 mm3. There was a slight variation between designs on
these values, because the shape of individual pores would create
inconsistencies when boundary conditions were applied to the
model that would result in numerical instabilities in the simula-
tions and biased comparisons between models. Thus, we aimed to
keep these values as close as possible between designs.

2.2 Computational Analysis. Standard and auxetic CAD
models were discretized and refined using Autodesk Simulation
Mechanical (Autodesk, Inc., San Rafael, CA) and Gmsh
(V2.11.0), respectively. Discretized finite element models con-
sisted of a combination of tetrahedral, pentahedral, and hexahedral
elements ranging from 178,944 to 705,088 total elements per
model. The Neo-Hookean material was defined for all models.
Although the actual magnitude of the elongations achieved for an
applied force was not as relevant as the relative elongations
between mesh designs in this study, we nevertheless wanted to
choose material parameters that resulted in elongations that were
consistent with current mesh products. Thus, the material parameters
used for all models were obtained via an inverse optimization analy-
sis in which the uniaxial load-elongation data of Restorelle was fit to
a computational simulation of Restorelle, which had the same dimen-
sions as the physical mesh tested. Based on this optimization, it was
determined that the Neo-Hookean material with a Young’s Modulus
of 52.98 MPa and Poisson’s ratio of 0.41 could accurately describe
the nonlinear load-elongation behavior of Restorelle (Fig. 4). Thus,
these material parameters were utilized for all models.

Simulated uniaxial tensile tests were performed using FEBio
Software Suite (University of Utah, MRL). Specifically, a rigid
body was fixed to the top edge of each model allowing the rigid
body to drive the displacement (Fig. 5). The rigid body was only
allowed to move vertically. This allowed for the top edge of each

model to be limited to only vertical displacement resulting from
the application of a 3 N vertical load to the rigid body. The bottom
edge of each model was fixed in translation and rotation. All
deformation was constrained to be in the frontal plane of the
model. The resulting deformed solution for all discretized models
was obtained and postprocessed to quantify the following parame-
ters: relative elongation, minimal pore diameter, effective pore
area (area of the pores with diameters that are greater than 1 mm)
[14], porosity, effective porosity (percent of void space from pores
with minimal diameters that are greater than 1 mm) [14], and rela-
tive lateral contraction (analogous to the Poisson’s ratio for a con-
tinuous material). Three Newtons represents the minimal amount
of force that a mesh must be able to withstand based on our esti-
mates of the surface area of the anterior vagina using magnetic
resonance imaging measurements and estimates of the intra-
abdominal pressure reported with sitting and standing [15–19].

2.3 Quantification of Parameters. Relative elongation was
calculated by dividing the amount that the model elongated in
response to 3 N by the initial length of the model. To quantify the

Fig. 3 Standard CAD models (top images) were created with square, diamond, and hexagon
shaped pores, which are commonly used pore shapes for commercial synthetic meshes (bot-
tom images). Note, the outlined shapes (in bold) in the commercial images represent the geom-
etry that was used to create the respective CAD model. Actual images of mesh (bottom images)
are 10 mm 3 10 mm.

Fig. 4 Finite element simulation of the square pore model with
a Neo-Hookean material (Neo-Hookean, triangle) was able to
accurately capture the ex vivo, nonlinear load-elongation
behavior of Restorelle uniaxially loaded to 3 N (experimental,
diamond)
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minimal pore width, effective pore area, porosity, and effective
porosity, a custom Mathematica V10 (Wolfram, Champaign, IL)
script was utilized. These parameters were calculated for the pores
within a 30 mm� 12 mm section of the mid-region of the models.
The previously mentioned dimensions were chosen as they cap-
tured the repeating geometry of the pores. Additionally, focusing
on those pores within the midregion of the model minimized the
influence of edge effects on pore deformation. A similar method
was used by Barone et al. [3]. Briefly, screenshots of the midre-
gion of the models in the undeformed (0 N) and deformed (3 N)
states were taken and imported into Mathematica. Images were
then binarized and an edge detection algorithm was used to iden-
tify the fibers of the model (black pixels) and the pores (white pix-
els). Unlike the previous parameters, the relative lateral
contraction was calculated for the models using images of the
entire model (i.e., lateral edge to lateral edge). The undeformed (0
N) and deformed model images (assessed at loads of 0.6 N, 1.5 N,
2.4 N, and 3 N) were imported into a custom MATHEMATICA V10
(Wolfram, Champaign, IL) script, and the pores were identified
using algorithms as described previously. Next, the center of mass
(i.e., the centroid) was located for each pore, and the coordinate
position of these centroids, in the un-deformed and deformed
states, was exported. These positions were then used to calculate
the relative lateral contraction as follows: relative lateral contrac-
tion¼�(relative elongationtransverse/relative elongationlongitudinal).
This parameter is representative of the degree of contraction with
a positive value indicating contraction (i.e., pore collapse—
typical of most materials and structures) and a negative value indi-
cating expansion (i.e., pores remaining open/enlarging), consistent
with the definition of Poisson’s ratio for continuous materials.

2.4 Model Assessment Criteria. The following four criteria
were used to define what would be clinically considered to be a
positive mesh response to uniaxial loading in vivo.

(1) The pores can expand but the overall geometry of the pore
should not be dramatically reoriented (e.g., a significant
degree of rotation) in response to loading. It is believed that
significant motion between the mesh and the host can nega-
tively impact the host response to an implant, and this

phenomenon has been demonstrated for percutaneous
implants at the skin–device interface and for dental
implants at the implant–bone interface [20,21].

(2) The minimal pore diameter should be at least 1 mm, and
the effective pore area as well as the porosity and effective
porosity should be maintained following the application of
load. In both the abdominal hernia and urogynecology liter-
ature, large pore, high porosity meshes yield better tissue
integration with increased collagen deposition between the
pores and decreased inflammation and fibrosis relative to
meshes with small pores and low porosity [8–11]. For poly-
propylene meshes, 1 mm is identified as the optimal mini-
mal pore diameter needed to allow for tissue ingrowth and
to prevent bridging fibrosis [10].

(3) A negative relative lateral contraction will signify mesh
expansion, which is considered to be a beneficial response
to loading for POP meshes. Contraction of POP meshes is
associated clinically with vaginal pain, dyspareunia (pain
with sexual intercourse), and tenderness upon palpation of
the contracted portion of the mesh [4]. Additionally, when
pores contract, the chances of bridging fibrosis increases
[11]. It is therefore important that the mesh width overall,
and hence the pores, are maintained or expand with loading.

(4) Overall the amount of mesh elongation should be minimal
to provide maximal stiffness of the mesh (i.e., reduce the
risk of recurrence) with a minimal amount of material. In
other words, the mesh should be as stiff as possible using
the least amount of material. This is complicated by the
fact that the structural stiffness of the overall mesh results
from the interconnections and orientations of fibers that
provide specific pore geometries, the stiffness of the mate-
rial that composes those fibers (e.g., polypropylene), and
the amount of that material (heavy versus light weight).
Clinically, lightweight meshes have been shown to be more
favorable relative to heavyweight meshes [10,22–25].
Thus, if a mesh design undergoes greater elongation rela-
tive to another design, more material (heavier weight)
would be required to make them equal. Alternatively, a
stiffer material could also be substituted, potentially at the
risk of causing a significant stiffness mismatch between the
mesh and the vagina. In this study, both the amount of
material and stiffness of the material were held consistent
between models so that the impact of pore geometry on rel-
ative elongation of the mesh could be assessed. This was
accomplished by assigning the same constitutive model and
same model parameters for each simulation and ensuring
that the dimensions and volume of material used for each
model was consistent across all model designs.

3 Results

3.1 Convergence Testing. Using the boundary conditions
described previously, model convergence (specifically conver-
gence of model elongation, minimal pore diameter, and pore
length) was performed for all 11 model designs using the h-
refinement method. Models were considered to achieve conver-
gence when an increase in the number of elements resulted in a
less than 5% difference in the three parameters. In this study, three
to four levels of refinement were utilized using a combination of
tetrahedral, pentahedral, and hexahedral elements ranging from
a total of 178,944 to 705,088 elements across model designs
(Table 1). The results reported are for simulations in which the
model elongation, minimal pore diameter, and pore length all con-
verged within 5%. See Supplemental Figs. 1–3 for graphs of the
convergence results, which are available under “Supplemental
Data” tab for this paper on the ASME Digital Collection.

3.2 Computational Results. The pore and overall model
deformation of the CAD models with three standard and eight

Fig. 5 To simulate a uniaxial tensile test, the bottom edge of
the models was fixed in translation and rotation, while the top
edge was fixed to a rigid body
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auxetic pores in response to 3 N of force was assessed via simu-
lated uniaxial tensile tests. For the standard models, only the pores
of the square model remained opened, whereas the pores of the
diamond and hexagon(a) models contracted (Fig. 6). For the aux-
etic models, pore expansion was visibly apparent for four of the
eight models: the bowtie, spiral, hexagon(b), and square grid mod-
els (Fig. 7). The triangles and the circles within the remaining
four auxetic models (triangle, chiral hexagon, square chiral(a),
and square chiral(b)), all contracted (Fig. 8). Overall, the pores of
the square grid model experienced the most dramatic change in
pore shape, changing from an initial collection of rectangles to
large squares (Fig. 7). Upon qualitative assessment of the models,
expansion of the bowtie, square chiral(a), and square grid models
was visibly apparent unlike the diamond and hexagon(a) models,
which contracted. The subtle changes in the deformation of all
other models made it difficult to qualitatively determine whether
these models expanded or contracted in response to 3 N. However,
assessing the overall elongation of each model, it was clear that
the pore geometry impacted how much the model elongated. Spe-
cifically, the square and hexagon(a) models deformed the least
with relative elongations of 9.3% and 16.2%, respectively, while
the square grid model deformed the most, elongating 112.1%
more than its initial length.

Table 1 Composition of finite element models in terms of element. Numbers represent the amount of elements in each category
listed in the heading.

Tetrahedral elements Pentahedral elements Hexahedral elements Total number of elements

Square 0 0 178,944 178,944
Diamond 0 0 228,480 228,480
Hexagon(a) 21,056 39,744 199,616 260,416
Bowtie 258,432 181,184 265,472 705,088
Spiral 0 0 224,768 224,768
Triangle 218,240 105,152 300,224 623,616
Square chiral(a) 212,800 177024 286,656 676,480
Chiral hexagon 167,296 204,352 242,944 614,592
Square chiral(b) 63,680 74,752 206,656 345,088
Hexagon(b) 162,432 167,872 314,880 645,184
Square grid 20,800 17,472 325,376 363,648

Fig. 6 FEA results at 0 N and 3 N for the standard models. The
pores of the square model (SQ) remained relatively open,
whereas the pores of the diamond (D) and hexagon(a) (Ha)
models collapsed resulting in model contraction. RE 5 relative
elongation.

Fig. 7 FEA results at 0 N and 3 N for the bowtie (B), spiral (S),
hexagon(b) (Hb), and square grid (SG) auxetic models. Pore
expansion is apparent for all models pictured. RE 5 relative
elongation.

Fig. 8 FEA results at 0 N and 3 N for the triangle (T), chiral hex-
agon (CH), square chiral(a) (SCa), and square chiral(b) (SCb)
auxetic models. The triangles and circles within these models
all contracted. RE 5 relative elongation.
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Quantitatively assessing the deformation of the pores at 3 N,
the minimal pore diameter of the diamond, square chiral(a), chiral
hexagon, and square chiral(b) models decreased below 1 mm (see
Supplemental Fig. 4, which is available under “Supplemental
Data” tab for this paper on the ASME Digital Collection). The
observed decrease in the minimal pore diameter also translated to
a complete loss or decrease in the effective pore area for the previ-
ously mentioned models. The effective pore area was maintained
at 100% for all other models (square, hexagon(a), bowtie, spiral,
triangle, hexagon(b), and square grid). In addition to the effective
pore area, the deformation of the pores was characterized via
quantification of the porosity and effective porosity. In response
to 3 N of force, the porosity decreased for the diamond and hexa-
gon(a) models, while the porosity of the square model and all aux-
etic models increased. A decrease in the effective porosity was
observed for the diamond, hexagon(a), and chiral hexagon mod-
els, whereas the effective porosity remained the same or increased
for all other models in response to 3 N. See Table 2 for a summary
of these results.

Interesting results were observed when assessing the expansion
of the models via quantification of the relative lateral contraction
(Fig. 9). The relative lateral contraction for the standard pore
models was positive, signifying lateral contraction of these mod-
els, and this result was expected given that the pores of these mod-
els were nonauxetic. Consistent with auxetic behavior, the relative

lateral contraction for all models with auxetic pores was negative
at lower loads indicating lateral expansion. However, at 1.5 N and
2.4 N, the relative lateral contraction was positive and remained
positive with additional loading for the triangle and chiral hexa-
gon models, respectively. For all other models (the bowtie, spiral,
square chiral(a), square chiral(b), hexagon(b), and square grid) the
relative lateral contraction remained negative throughout loading
signifying lateral expansion with the bowtie expanding the most.

4 Discussion

In this study, the behavior (i.e., pore deformation and the over-
all expansion or contraction) of synthetic mesh models with aux-
etic pore geometries in response to 3 N of uniaxial tension was
assessed using computational modeling. For comparison, the
behavior of models with standard pore geometries was also ana-
lyzed. Congruent with our hypothesis, models with auxetic pore
geometries designed to expand in response to uniaxial loading did
not experience pore collapse with loading. However, one impor-
tant caveat to note is that using auxetic shapes as pore geometries
does not guarantee that the pores will remain open and that the
model as a whole will expand indefinitely. For example, the trian-
gle and chiral hexagon models both displayed contraction at 3 N
despite initially expanding at lower tensions. This suggests that
the auxetic behavior is not maintained for all auxetic geometries

Table 2 Characterization of pore deformation via quantification of the percent change in minimal pore diameter, effective pore
area, porosity, and effective porosity

CAD model Minimal pore diameter % change Effective pore area % change Porosity % change Effective porosity % change

Square �3.9% No changea þ2.7% þ2.7%
Diamond �81.6% �100% �33.3% �100.0%
Hexagon(a) �43.5% No changea �12.5% �12.5%
Bowtie þ113.0% No changea þ25.9% þ25.9%
Spiral �2.0% No changea þ12.9% þ12.9%
Triangle �30.2% No changea þ14.5% þ14.5%
Square chiral(a) �32.0% �13.0% þ15.0% No changeb

Chiral hexagon �18.9% �10.7% þ6.9% �5.2%
Square chiral(b) �32.7% �12.3% þ15.3% No changeb

Hexagon(b) þ125.0% No changea þ21.4% þ21.4%
Square grid þ443.0% No changea þ40.3% þ40.3%

aInitially, the effective pore area for all CAD models was 100%; thus, no change means that the effective pore area at 3 N was maintained at 100%.
bNo change—the effective porosity before (0 N) and after loading (3 N) are the same.

Fig. 9 Relative lateral contraction results with increasing tension for both the standard and
auxetic models. As anticipated, the relative lateral contraction was positive for the nonauxetic
models for all levels of tension. Initially, the relative lateral contraction was negative for all aux-
etic models. However, at 1.5 N and 2.4 N, the relative lateral contraction was positive (and
remained positive) for the triangle and chiral hexagon models, respectively. A positive value
indicates model contraction, and a negative value indicates expansion.
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with increasing tension. As anticipated, the models with standard
pore geometries contracted and/or their pores collapsed with load-
ing, and this result is consistent with ex vivo testing of commer-
cial synthetic mesh products with similar pore geometries [3].

Given that the pores remained open for all models with auxetic
pore geometries, the question of which auxetic geometry is best
for POP repair arises. This study only investigated mesh geome-
tries and loading conditions that are relevant to abdominal sacro-
colpopexy. Based on the model assessment criteria outlined in
Sec. 2.4, the square grid geometry is not appropriate for abdomi-
nal sacrocolpopexy given that the square grid pores rotated which
resulted in significant pore deformation. This pore rotation
allowed the square grid model to elongate more than any other
model (more than doubling in length), which would necessitate
the use of more material or a stiffer material to achieve the smaller
deformed lengths observed in the other models. The auxetic geo-
metries with circles (chiral hexagon, square chiral(a), and square
chiral(b)) demonstrated contraction of the circles with loading
which resulted in a minimal pore diameter that was less than
1 mm, ultimately decreasing the effective porosity. Meshes with
pores less than 1 mm can become encapsulated due to bridging
fibrosis—a phenomenon that has been associated with pain [26].
One way to overcome this limitation is to increase the diameter of
the circles. However, this change would likely negatively impact
the elongation of these designs, because there would be less mate-
rial to resist the same amount of tension; thus, the chiral hexagon,
square chiral(a), and square chiral(b) were determined to be infe-
rior by our criteria.

Of the remaining four auxetic geometries (bowtie, spiral, trian-
gle, and hexagon(b)), the relative lateral contraction of the triangle
model was positive at 3 N, and therefore, the triangle auxetic
geometry was excluded. The bowtie stood out as the most favor-
able geometry due to its increasing porosity and greater effective
porosity with loading. The bowtie model also deformed the least
and had the greatest increase in porosity and effective porosity
compared to the spiral and hexagon(b) models. Additionally, rela-
tive to all other models, the relative lateral contraction was the
most negative for the bowtie model. Given these promising
results, the bowtie geometry shows significant potential and likely
warrants focus of additional investigations. However, it is impor-
tant to note that these qualities arise at the expense of increased
elongation relative to the square pore standard geometry. Addi-
tionally, the uniaxial response to 3 N of tension for the bowtie
model, and all other models simulated in this study, is specific to
the direction in which it was loaded and to the amount of tension
applied. Although not explored in this study, a rotation of the
bowtie geometry by 45 deg with respect to the loading axis would
likely result in destabilization of the pore with pore collapse and a
decrease in the effective porosity. Similarly, increasing the
amount of tension applied to the bowtie model (and all other aux-
etic models that experienced pore expansion) would likely alter
the pore deformation and could possibly result in pores contract-
ing and/or collapsing. Thus, the bowtie geometry may only be
suited for sacrocolpopexy repairs within a certain range of
tension.

Comparison of the behavior of the standard pore models, partic-
ularly the square pore model, to the auxetic models demonstrated
the strengths of the auxetic pore geometry. Arguably, the square
pore geometry performed just as well as the bowtie. In response to
the applied load of 3 N, the pores of the square model remained
open and the minimal pore diameter was greater than 1 mm. Addi-
tionally, the square model deformed the least overall, the effective
pore area was maintained at 100%, and the porosity and effective
porosity both increased for this model. However, the relative lat-
eral contraction of the square model was positive, implying that
the model contracted. In addition to the model contracting, the
individual pores also contracted (from an average minimal diame-
ter of 2.04 mm to 1.96 mm). Although minimal, it is important to
note that this small amount of contraction is in response to a very
low load (3 N), and we are utilizing an idealized geometry that

does not account for the influence of the mesh knit pattern.
In vivo, intra-abdominal forces are higher than 3 N with activities
such as jumping, coughing, and sneezing. Additionally, the knit
pattern can also contribute to changes in pore geometry with
increasing tension that were not predicted in this study. With those
caveats, it is nevertheless interesting that in vivo implantation
studies by Feola et al. and Liang et al. showed that a square pore
mesh performs better in terms of its impact on vaginal smooth
muscle function and morphology as well as collagen and elastin
content compared to other POP meshes with pore geometries that
are more likely to collapse in response to tension [27,28]. These
findings are congruent with what would be predicted based on the
results of this study. However, it is also important to understand
that other factors including the structural stiffness and weight of
each mesh may have also contributed to those in vivo findings
[10,22–25,27–31].

The way in which the auxetic and standard models were
designed and evaluated is a major strength of this study. The
aspect ratio (length to width), fiber width, and the amount of mate-
rial (the volume) were consistent for all models. Other constraints
on angulation and pore diameters allowed us to focus on specific
designs based on clinical relevance. Additionally, this allowed for a
reduction of the possible solution space for auxetic designs and a com-
parison between designs that minimized bias. By designing this study
in this way, the impact of the pore geometry on the overall behavior
of the model could be evaluated and compared as the dependent vari-
able. Changing these parameters (e.g., increasing and decreasing
angles, thickness, stiffness, etc.) will likely produce numerical values
that are different from the ones reported in this study.

In addition, the utilization of FEA allowed for us to establish
reasonable first approximations of mesh behavior with auxetic
pores without the cost, time, and introduction of variables related
to manufacturing and experimental testing if these tests were to
have been performed on physical samples. However, FEA is also
limiting in that the results obtained are theoretical predictions and
must be validated. Thus, future studies will aim to manufacture
and mechanically test the most promising model designs identified
in this study.

As a final note, the term “mesh” is typically used to describe a
textile that is knitted or woven. The models evaluated in this study
are more appropriately described as mesh analogues since behav-
iors of knots and other factors (knit/weave patterns, etc.) were not
simulated.

Overall, this work provides an initial proof of concept that con-
structing meshes with auxetic pore geometries can prevent pore
collapse and mesh contraction. Based on the previous research
highlighting the importance of pore size, this novel mesh design is
likely to afford better ingrowth of host tissue into the pores, host
integration of the mesh, and also decrease the likelihood of bridg-
ing fibrosis. Successfully designing an auxetic mesh, as described,
may significantly reduce the occurrence of major mesh-related
complications.
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Abstract
Introduction and hypothesis New Zealand white rabbits are an inexpensive large-animal model. This study explored the rabbit
as a model for mesh-augmented colpopexy using the intra-abdominal vagina. We hypothesized that polypropylene mesh would
negatively impact rabbit vaginal smooth muscle (VSM) morphology and contractile function, similar to the nonhuman primate
(NHP)—the established model for prolapse mesh evaluation.
Methods Restorelle was implanted onto the vagina of ten rabbits via lumbar colpopexy after a hysterectomy. Ten rabbits served
as sham. Twelve weeks post-implantation, the vagina was excised and VSMmorphology and vaginal contractility were assessed.
Outcome measures were compared using independent samples t and Mann-Whitney U tests with a Bonferroni correction, where
appropriate. Results from the rabbits were compared with published NHP data.
Results Animals had similar age, parity and BMI. VSM was 18% thinner after Restorelle implantation, P = 0.027. Vaginal
contractility was 43% decreased in response to 120 mM KCl (P = 0.003), similar to the 46% reduction observed in the NHP
vagina implanted with Restorelle (P = 0.027). Three meshes wrinkled in vivo, resulting in dramatic thinning of the underlying
vagina in the area of the mesh causing a mesh exposure.
Conclusions Polypropylene mesh negatively impacts VSM morphology and vaginal contractility in the rabbit, similar to the
NHP, suggesting that the rabbit may serve as an alternative large-animal model. The vaginal thinning and appearance of a mesh
exposure in the area of a mesh wrinkle suggest the rabbit may also serve as a model for understanding the pathophysiology of
mesh exposure.

Keywords New Zealand white rabbit . Vaginal smooth muscle . Pelvic organ prolapse . Modified abdominal sacrocolpopexy .

Lumbar colpopexy . Polypropylene mesh

Introduction

Polypropylene mesh is commonly used in the surgical treat-
ment of pelvic organ prolapse (POP) [1]. Unfortunately, mesh
usage has been hampered by complications, with mesh expo-
sure through the vaginal epithelium and pain most commonly
reported [1]. The precise etiology of mesh complications is
unclear. Animal models have improved our understanding of
the impact of mesh on the vagina and provided insight into
mechanisms of mesh complications [2–6].

The nonhuman primate (NHP), Rhesus macaque, is current-
ly the gold standard model for investigating the impact of mesh
on the vagina. NHPs are advantageous as they spontaneously
develop prolapse and their pelvic anatomy and physiology are
similar to those of humans [7]. Additionally, the NHP’s pelvis is
large enough to accommodate implantation of a prolapse mesh
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of reasonable dimensions onto the vagina in a flat configuration
via an abdominal sacrocolpopexy (ASC), similar to humans.
However, NHPs are a limited resource and are expensive,
which limits the number and length of studies that can be con-
ducted with this model. Hence, there is an urgent need for a
cheaper large-animal model that can be used to investigate
mechanisms of mesh complications.

The ewe is a cheaper and more accessible animal model
relative to the NHP, and previous studies have utilized the ewe
to implant mesh onto the vagina via a transvaginal approach
[8–10]. However, performing abdominal surgery on ewes is
surgically difficult because of the large rumen, and bowel
obstructions are extremely common after surgery. The New
Zealand White rabbit, on the other hand, is an alternative
large-animal model that is cheaper than the NHP and is not a
ruminant. Additionally, the rabbit vagina is large enough
(~15 cm long and 2.5–4 cm wide) to allow for the implanta-
tion of mesh in a flat configuration. It is important to note that
unlike in NHPs and humans, the rabbit vagina consists of two
parts—an intra-abdominal portion and an external portion.
The external vagina has previously been used for mesh im-
plantation studies [11–15]. However, meshes implanted on the
external vagina cannot be placed on tension because of limited
accessibility of the pelvic side wall and spine. In contrast,
mesh can be implanted in a flat configuration on the intra-
abdominal vagina and placed on tension by attaching it to
the spine, similar to an ASC. Additionally, compared with
the external vagina, the intra-abdominal vagina is more repre-
sentative of POP in women because it naturally lacks lateral
and apical support, common sites of support defects in women
with POP. In this way the rabbit may serve as an alternative
model for addressing certain questions regarding the impact of
mesh on the vagina such as the impact of tensioning and
loading. We describe a novel method for implanting mesh
onto the internal rabbit vagina and then define the impact of
mesh on rabbit vaginal smooth muscle (VSM) morphology
and vaginal contractility. Additionally, the results of this study
were compared to the results from previous studies in which
mesh was implanted onto the NHP vagina to assess the valid-
ity of using the rabbit as an alternative model to the NHP
[4–6]. As studies utilizing the NHP have found that polypro-
pylene mesh negatively impacts VSM morphology and vagi-
nal contractility [4–6], we hypothesize the rabbit, if an appro-
priate model, would behave similarly.

Materials and methods

Animals

Twenty female New Zealand white rabbits, retired breeders,
ages 2 to 3 years, were utilized according to experimental
protocols approved by the University of Pittsburgh

Institutional Animal Care and Use Committee (IACUC
#16035431). Rabbits were housed in standard cages, on a
12-h alternating light/dark cycle, with water and a standard
rabbit diet supplemented with hay and greens ad libitum.

Surgical procedures

Sterile samples (12 × 3 cm2) of Restorelle (Coloplast,
Minneapolis, MN) were implanted onto the anterior and poste-
rior vagina via a modified ASC. Restorelle was chosen as it is
widely used in humans and in previous studies had the least
negative impact on vaginal morphology and function [4–6].
Following laparotomy, the bladder and rectum were gently dis-
sected off of the vagina. Muscles overlying the lumbar spine
were divided, and two 2-0 PDS II sutures, which served as the
mesh-vagina anchoring sites, were placed through the ligamen-
tous portion of the vertebral body. Next, a complete hysterec-
tomy was performed without excision of the ovaries, and two
straps of mesh were secured to the anterior and posterior vagina
with 3-0 PDS II sutures. The two straps were then anchored to
the lumbar spine with the previously placed 2-0 PDS II sutures
(Fig. 1, right). For sham animals, the vagina with no mesh
attached was anchored to the lumbar spine (Fig. 1, left).
Lastly, the abdominal muscle layer was closed with 2-0 PDS
II, and the skin was closed with a continuous subcuticular stitch
(2-0 Vicryl). Note the more appropriate terminology for this
modified ASC is lumbar colpopexy, a term that will be used
throughout this manuscript. Twelve weeks post-implantation,
the vagina with and without mesh was excised and harvested
for histomorphology and biomechanical analyses.

Histology analysis

VSM morphology was assessed using Masson’s trichrome
staining. Briefly, full-thickness cross sections of the rabbit
vagina with and without mesh were excised, fixed in formalin,
embedded in paraffin and sectioned at 7 μm. Sections were
stained with hematoxylin solution Gill no. 2 (to stain nuclei)
and trichrome stain AB solution (Sigma-Aldrich, St. Louis,
MO, USA) and imaged at ×100 using a Nikon Eclipse 90i
imaging microscope (Melville, NY, USA). VSM thickness
was measured using a custom Mathematica V11.3
(Wolfram, Champaign, IL) script, developed by Megan R.
Routzong (co-author). Briefly, the smooth muscle layer was
outlined by identifying the inner (i.e., the intersection where
the sub-epithelium ends and the smooth muscle begins) and
outer (i.e., the intersection where the smooth muscle ends and
the adventitia begins) borders of the smooth muscle layer. The
distance between the inner and outer border of the smooth
muscle was then determined using built-in mathematical func-
tions within Mathematica. This method was found to be with-
in a 5% error when calculating the thickness of known geom-
etries and manual measurements.
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Vaginal contractile function analysis

The contractile function of the VSM was assessed utilizing a
vaginal contractility assay as previously described [4, 5].
Briefly, strips (approximately 7 mm× 2 mm) oriented along
the circumferential direction were cut from the anterior and
posterior proximal vagina (2 strips per side) with and without
mesh. For samples with mesh, the mesh-vagina complex was
tested intact to avoid damaging the tissue or the mesh and to
afford testing of the contractile function of the vagina in the
presence of mesh. Strips were clamped on opposing ends, and
care was taken to ensure that no mesh was placed between the
clamps in the case of mesh-implanted vaginas. Contraction of
the vagina was induced using three stimulants: (1) 120 mM
KCl to assess function of muscle myofibers via global muscle
depolarization, (2) electrical field stimulation (EFS) 20 V for
5 s at 1–64 Hz to measure nerve-mediated smooth muscle
contraction and (3) 10−7 to 10−4 M phenylephrine (an α1-
adreno-receptor agonist), applied non-cumulatively to mea-
sure receptor-mediated smooth muscle contraction via recep-
tor depolarization. After each stimulant, maximum contractile
force was recorded, and tissues were washed with Krebs so-
lution prior to the application of the next stimulant. The resul-
tant contractile forces generated in response to all three stimuli
were normalized by the tissue volume. For comparison of
rabbit to NHP, contractile force to EFS was also normalized
by force generated in response to 120 mM KCl, both accept-
able methods of normalization [4, 5, 16].

Historic nonhuman primate study design and analysis
synopsis

Previously, Restorelle was implanted onto the anterior and
posterior vaginal walls of eight middle-aged NHPs under
nearly identical conditions—sacrocolpopexy after a hysterec-
tomy with preservation of the ovaries [4–6]. Eight NHPs
served as sham. Similar to the methods and analyses described
previously, the histomorphology and thickness of the VSM
were assessed after staining with Masson’s trichrome and la-
beling with α-smooth muscle actin, respectively. The contrac-
tile function of the vagina was also evaluated using KCl and
EFS as described for the rabbits. The NHP vagina does not

consistently respond to phenylephrine; therefore, the response
to phenylephrine was not compared between the rabbit and
NHP. Given the similar methods utilized, the impact of mesh
on VSM structure and vaginal contractility between the rabbit
and NHP was compared.

Statistical analysis

Based on a power analysis, ten animals per group were
needed to detect differences between groups with a power
of 80% and a two-tailed significance set at P < 0.05. To
determine whether the data were normally distributed,
Kolmogorov-Smirnov tests were utilized. Differences in
the smooth muscle thickness and contractile force within
(rabbit sham vs. Restorelle) and between species (rabbit vs.
nonhuman primate) were determined using independent
samples t-tests in normally distributed data and Mann-
Whitney U tests as a nonparametric alternative, with a
Bonferroni correction where appropriate. All statistical
analyses were performed utilizing SPSS 25.0 statistical
software (IBM, Armonk, NY, USA).

Results

Twenty female rabbits underwent a hysterectomy with preser-
vation of the ovaries followed by mesh implantation via lumbar
colpopexy (a modified ASC) vs. sham (no mesh). One rabbit in
the mesh-implanted group sustained a bowel obstruction and
was excluded, leaving a final sample size of sham N = 10 and
Restorelle N = 9. Animals had similar age and weight.

Gross morphology and histology analysis

At the time of tissue harvesting, vaginal tissue was well inte-
grated within the pores of Restorelle in the mesh-implanted
rabbit vagina (Fig. 2). Similar to humans and NHPs, the rabbit
vagina had four layers (epithelium, subepithelium, muscularis
and adventitia) (Fig. 3a) [7]. However, the rabbit vaginal epi-
thelium is glandular, and the smooth muscle layer comprised
approximately 70% of the overall thickness compared with
approximately 30% of the NHP vagina (Fig. 3a and b). In six

Fig. 1 Rabbit in vivo lumbar
colpopexy. Surgical image
depicting a lumbar colpopexy
post-hysterectomy in which the
vagina is attached to the lumbar
spine without (left image) and
with mesh attached to the vagina
(right image). Note in the right
image the mesh is attached to the
vagina in a flat configuration.
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animals, meshes remained flat after implantation; however,
three meshes wrinkled and were exposed through the vaginal
epithelium (Fig. 4). In areas where the mesh wrinkled toward
the vaginal lumen, there was an associated thinning of the un-
derlying vagina (Fig. 5). This is in contrast to the meshes that
remained flat after implantation, which displayed thinning of
the muscularis without areas of extreme thinning as observed
with wrinkles. Overall, the VSM layer was significantly thinner
after Restorelle implantation compared with sham
[1577.1 (319.4) μm vs. 1286.8 (125.0) μm, respectively (P =
0.027)].

Contractile function

The contractile function of the rabbit vagina without and with
mesh implanted was assessed utilizing 120 mMKCl, EFS and
phenylephrine. Given that anterior and posterior strips of the
vagina were evaluated, statistical analyses were performed to
determine whether the contractile function of the sham anteri-
or and posterior strips of the vagina differed. In response to all
three stimuli, the resulting contractile forces were not signifi-
cantly different between the sham anterior and posterior vagi-
na (120mMKClP = 0.518, EFSP = 0.428 and phenylephrine

P = 0.114); therefore, for the purposes of this study, the con-
tractility data presented here represent the average contractile
force of the anterior and posterior vagina.

Implanting Restorelle onto the rabbit vagina negatively im-
pacted the ability of the myofibers, nerves and receptors to
induce a smooth muscle contraction (Table 1). The contractile
force decreased 43.3% in response to 120 mM KCl (P =
0.003), 50% following EFS (P = 0.007) and 44.9% following
stimulation with phenylephrine (P = 0.012). A similar 46.2%
decrease in muscle-mediated contractile function was ob-
served with the implantation of Restorelle onto the NHP va-
gina, P = 0.027; however, nerve-medicated contractile func-
tion was not significantly decreased (P = 0.379), and a con-
tractile response to phenylephrine was not consistently ob-
served, likely because of the higher smooth muscle content
in the rabbit vagina.

Compared with the nonhuman primate, the rabbit vagina
was significantly more contractile (Table 2). In response to
120 mM KCl, the rabbit vagina, without (sham) and with
mesh implanted (Restorelle), was 6.6- (P < 0.001) and 6.9-
(P < 0.001) fold more contractile than the NHP sham and
Restorelle-implanted vagina, respectively. Similarly, the rab-
bit vagina without (sham) and with mesh implanted

Fig. 2 Mesh-vagina explant. Mesh-vagina complex explanted 12 weeks post lumbar colpopexy. Demonstrated in the image, vaginal tissue is incorpo-
rated between the pores of the mesh, and the mesh remained in the flat configuration in which it was implanted.
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(Restorelle) was 88- and 44- fold more contractile than the
NHP sham and Restorelle-implanted vagina in response to
EFS, respectively (P < 0.001 for both). Normalizing the con-
tractile force to EFS by the contractile force in response to
120mMKCl, an alternative method of normalization, resulted
in a similar decrease in smooth muscle contractility in the
rabbit and NHP sham vagina (P = 0.315). The decrease in
contractility between the rabbit and NHP Restorelle-
implanted vagina was also similar by this method (P = 0.610).

Discussion

By suspending the vagina to the lumbar spine via a mesh
bridge (lumbar colpopexy), we were able to (1) implant
Restorelle onto the rabbit internal vagina in a flat configura-
tion and (2) recreate the loading conditions observed during a
human ASC. Interestingly, the internal vagina of the rabbit
lacks lateral and apical support structures and therefore is

similar to the vagina of women with advanced prolapse. The
most important points of this study are that, first, implanting
polypropylene mesh onto the rabbit internal vagina resulted in
a significant decrease in VSM thickness and vaginal contrac-
tile function, similar to previous observations following im-
plantation of Restorelle in the NHP. This finding is congruent
with the study hypothesis and suggests that the rabbit can
serve as an alternative model to the NHP. Second, significant
thinning of the vagina was observed in areas where the mesh
wrinkled, similar to what is seen in women with mesh expo-
sure. In this way, the rabbit is one of the first models with
potential for directly studying the mechanism(s) of mesh ex-
posure. The third major finding was the rabbit vagina is com-
prised of considerably more muscle than the NHP (or human
based on qualitative observation) and appears more sensitive
to VSM stimulants, suggesting that it might also be a preferred
model for studying the impact of vaginal implants on VSM.

VSM thickness significantly decreased with the implanta-
tion of mesh for the rabbit but not for the NHP, although the

Fig. 3 Rabbit and nonhuman primate sham vaginal cross section.
Masson’s trichrome staining of the a rabbit and b nonhuman primate
sham vagina demonstrating the characteristic layers of the vagina with a

prominent muscularis (smooth muscle) layer. Relative to the nonhuman
primate, the muscularis layer makes up a greater portion of the rabbit
vagina.
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trend was similar. This is likely a result of the rabbit vagina
consisting of proportionally more smooth muscle than the
NHP in which the smooth muscle layer is not as predominant.
Hence, changes in thickness will be more observable in the
rabbit VSM than in the NHP. The relative change in the

contractile force in response to EFS for the rabbit was higher
than the NHP, 50% and 31%, respectively, and only the de-
crease in the rabbit achieved statistical significance. However,
when normalizing the EFS contractile force by the force of
contraction to 120 mM KCl, the observed decrease in both

Fig. 4 Mesh wrinkle. Cross-sectional view of the mesh-vagina complex depicting a mesh wrinkle.

Fig. 5 Smooth muscle thinning with mesh implantation. Cross-sectional
images of the rabbit vagina stained with Masson’s trichrome staining
depicting: a a vagina in which no mesh was implanted, b a mesh with
no wrinkle and c a mesh wrinkle in which the mesh fibers (black circles)

erode toward the lumen (dotted white line) of the vagina (characteristic of
a mesh exposure). Overall, thinning of the muscularis (smooth muscle)
layer was observed in the mesh-implanted rabbit vagina relative to sham.
Note: For esthetics, only a few mesh fibers are outlined in b and c.
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models was statistically similar, suggesting that the impact of
mesh on nerve-mediated contractions is indeed similar for the
rabbit and NHP. Likewise, the relative change in the muscle-
mediated contractions was significantly decreased for both
rabbit (43% decreased) and NHP (46% decreased). Together
these results support that the impact of polypropylene mesh on
the rabbit and NHP vagina is similar.

Vaginal smooth muscle plays an essential role in maintain-
ing vaginal tone and the overall support of the vagina through
the connection between VSM fibers and fibers of the levator
ani muscles [17]. Additionally, VSM is critical to sexual func-
tion as the relaxation of VSM with sexual stimulation results
in vaginal enlargement, vasocongestion, engorgement and lu-
brication [18]. Studies have shown that in women with POP,
VSM is disorganized, the fractional area of smooth muscle is
decreased, and smooth muscle apoptosis is increased [19–21].
Based on studies in the NHP and now the rabbit demonstrat-
ing the negative impact of polypropylene mesh on VSM, it is
possible that surgeons are implanting mesh onto a vagina that
is already compromised with regard to VSM structure and
function and that mesh could be exacerbating this condition.
With the abundance of VSM within the rabbit and the ability
to elicit both nerve- and receptor-mediated contractions, the
rabbit model provides a cost-effective model for defining the
impact of mesh on VSM morphology and function.

Mesh exposure is one of the most common complications
reported, occurring in approximately 10–20% of the meshes
placed transvaginally and 10.5% of meshes placed
transabdominally with rates that increase with time [1,

22–25]. Infection, host reaction to a foreign material, stress
mis-matches between the mesh and the vagina, and micro-
motion are all proposedmechanisms [2, 4, 6]. Clinically, mesh
exposures are often observed in the areas of a mesh wrinkle
and/or contraction [26, 27]. Furthermore, mesh explants re-
moved from women with exposure demonstrate marked de-
formation and wrinkling associated with increased pro-MMP-
9 and cytotoxic T cells relative to control tissue without mesh,
indicative of tissue degradation [28, 29]. Indeed, thinning of
the underlying tissue in the area of mesh wrinkles, as observed
in this study, strongly suggests that mesh wrinkling leading to
tissue degradation is a plausible mechanism for mesh
exposure.

Together, our data establishing the rabbit model as an alter-
native to the NHP comprise a crucial next step toward under-
standing mechanisms of mesh complications, particularly
those whose pathophysiology involves smooth muscle dys-
function and atrophy. The availability, size, ability to implant
mesh via a lumbar colpopexy and relatively low expense of
the rabbit give scientists the ability to investigate multiple
research questions and to conduct long-term studies.

The strengths of this study include the use of an inexpen-
sive large-animal model that lacks apical and lateral vaginal
support similar to women with POP. Additionally, the
methods utilized to assess the contractile function of the rabbit
vagina are the same as those used previously for the NHP and
women with prolapse, which allows for a direct comparison
between species [4, 5, 30]. The NHPASC model also served
as a way to validate the rabbit lumbar colpopexy model

Table 2 Rabbit vs. nonhuman primate contractile force response to stimuli

Stimulant Sham Restorelle

Rabbit (N = 10) NHP (N = 8) Rabbit vs. NHP Rabbit (N = 9) NHP (N = 8) Rabbit vs. NHP

120 mM Potassium chloride (mN/mm3) 1.71 ± 0.52 0.26 ± 0.11 P value < 0.001b 0.97 ± 0.41 0.14 ± 0.08 P value < 0.001b

Electrical field stimulation (mN/mm3) 0.88 (1.10) 0.01 (0.02) P value < 0.001b 0.44 (0.43) 0.01 (0.02) P value < 0.001b

Electrical field stimulation (g/g) 0.46 (0.69) 0.46 (0.44) P = 0.315b 0.51 (0.36) 0.62 (0.49) P = 0.610a

NHP nonhuman primate

Data represented as mean ± standard deviation or median (interquartile range)
aP value obtained using independent samples t-test
bP value obtained using Mann-Whitney U test

Table 1 Rabbit maximum
contractile force in response to
stimuli

Stimulant Sham (N = 10) Restorelle (N = 9) P value

120 mM Potassium chloride (mN/mm3) 1.71 ± 0.52 0.97 ± 0.41 0.003a

Electrical field stimulation (mN/mm3) 0.88 (1.10) 0.44 (0.43) 0.007b

Phenylephrine (mN/mm3) 2.36 ± 0.89 1.30 ± 0.74 0.012a

Data represented as mean ± standard deviation or median (interquartile range)
aP value obtained using independent samples t-test
bP value obtained using Mann-Whitney U test
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developed in this study. This study however has some limita-
tions which must be considered. First, the rabbit vagina is
structurally different from that of humans. Specifically, the
rabbit vagina has a glandular epithelium, it is primarily
smooth muscle and is thinner than the human vagina (which
can make the rabbit vagina more susceptible to mesh compli-
cations), and it lacks lateral and apical support (typical of
women with POP but not women with normal support).
Furthermore, the rabbit is a quadruped and it does not develop
POP spontaneously. Due to the inherent challenges in
conducting longitudinal experiments on tissue in women un-
dergoing prolapse procedures, researchers must utilize animal
models that mimic the human condition. Indeed, if the appro-
priate animal model is chosen based on the research question
investigated, the limitations of utilizing an animal model can
be reduced. Second, the contractile function of the VSM from
sham and Restorelle-implanted animals was indirectly mea-
sured with the vagina or mesh-vagina complex completely
intact (i.e., the VSM was not isolated from the other layers
of the vagina). This was done to (1) avoid any damage that
would occur when separating the smooth muscle layer from
the other layers of the vagina, especially since the mesh was
well integrated within the vaginal tissue, and (2) to determine
how vaginal tissue functions (i.e., contracts) in the presence of
mesh. In this study, the contractile function reported was nor-
malized to the volume of the sample tested to account for any
differences in the dimensions of the samples (e.g., length,
width and thickness). This addresses questions about the over-
all contractile function of the organ as a whole, but does not
provide information on the contractile phenotype of specific
cells or cell layers. Lastly, stimulating rabbit vaginal tissue
with 120 mM KCl did not produce the maximal contractile
response (i.e., phenylephrine stimulation produced the highest
response in this study), but did allow for a direct comparison
to that of the NHP since 120 mMKCl was also utilized on the
NHP vagina. Moreover, we performed a preliminary dose-
response curve of the rabbit vagina (the smooth muscle was
not isolated from the other layers of the vagina) in response to
KCl and found that the dose for maximal stimulation (over
160 mM KCl) substantially exceeds physiologic ranges.

Overall, this study demonstrated that polypropylene mesh
negatively impacts rabbit vaginal morphology and function,
similar to what we have observed in the NHP, suggesting that
the rabbit model can serve as an alternate model. Perhaps most
interestingly and unexpectedly, we were able to recreate con-
ditions consistent with mesh exposures in women. In this way,
the rabbit may serve as a model for understanding the mech-
anism(s) of mesh exposure.
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