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Chapter 1  Introduction 

1.1   Epidemiology of stress urinary incontinence 

Stress urinary incontinence (SUI) is extremely bothersome and can lead to significant 

interference in the quality of life in the female population. It is defined clinically, by the 

international continence society (ICS), as “the involuntary leakage of urine on effort or 

exertion, or sneezing or coughing”  [1]. This sign may be reproduced by the clinician on 

examination. In addition to this, urodynamic observations may be undertaken to provide more 

precise although more invasive evaluations of incontinence. This is typically not required as 

women may be characterised as suffering from SUI by symptoms and signs alone and 

conservative measures undertaken to help treat the condition. However, if there is disparity in 

symptoms or surgical intervention is contemplated urodynamics is currently considered 

beneficial. The urodynamic definition of incontinence proposed by the ICS is “the involuntary 

leakage of urine during increased abdominal pressure, in the absence of a detrusor 

contraction”. This is referred to as urodynamic stress urinary incontinence. SUI is in 

contradistinction to urgency urinary incontinence, whereby a sudden compelling desire to void 

occurs which is difficult to defer. This often shows detrusor overactivity during urodynamic 

testing. Occasionally both types of incontinence can occur simultaneously. 

The definitions above were only coined by the ICS in 2002. Prior to this the definitions of SUI 

were varied and thus reports of the prevalence of SUI are variable. In a meta-analysis of 48 

studies, Hampel et al. reported the prevalence of urinary incontinence to be 16% for women 

younger than 30 years and 29% for women aged 30 to 60 years [2]. The authors found SUI to 

be more common than urge urinary incontinence, with 78% of women having SUI versus 51% 

with urge urinary incontinence, with 27% of them having mixed urinary incontinence. In the 

year 2000, incontinence was responsible for more than 1.1 million office visits in the USA [3]. 

Also, each year, an estimated 135,000 women undergo surgery for urinary incontinence in the 

united states alone [4]. The estimated annual cost to the US economy is approximately $19.5 

billion [5]. Moreover, it is believed that more than half of women suffering from SUI are 

embarrassed by the condition, are unable to mention it to their healthcare provider or may 

even accept some incontinence as part of the ageing process [6].  

Incontinence may be characterised by the impact caused by the symptoms on quality of life, by 

questionnaires like the Incontinence Impact Questionnaire [7]. As a measure of severity, the 

most widely used indexes are the Sandvik Severity Index [8] and the ICIQ-UI SF index [9]. These 

have been validated [10]. 
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1.1.1 Aetiology of SUI 

The Integral theory of female urinary incontinence, put forward by Petros and Ulmsten, 

proposes that the cause of SUI is connective tissue laxity in the vagina itself, or in its anterior 

and/or posterior supporting ligaments [11]. The pelvic floor muscles are unable to compensate 

for the laxity of the connective tissues sufficiently to maintain closure of the urethra.  The 

levator ani muscles run bilaterally from the superior ramus of the pubis to the spine of the 

ischium and coccyx. The middle fibres are attached to the rectal sphincter muscles and the 

anterior fibres descend upon the side of the vagina.  In addition to this the arcus tendinius 

pelvic fascia, termed the “endopelvic fascia” extends from the vaginal apex to perineum and 

from arcus tendinius to arcus tendinius. Thus pelvic structures are suspended from the 

endopelvic fascia (Fig 1.1.1.1). Immediately anterior to the proximal urethra are condensations 

of endopelvic fascia. These are dense enough to be recognised and are termed the pubo-

urethral ligaments (Fig 1.1.1.2). 

The levator ani muscles, in combination with the endopelvic fascia form an important part of 

the continence mechanism in women forming a hammock like layer which provides support to 

the bladder neck (Fig 1.1.1.3) [12]. Contraction of the levator ani pulls the vagina against the 

posterior surface of the urethra thus closing it [13]. This model is analogous to compression of 

a hose pipe beneath the foot whilst it is lying on supported and unsupported ground. If the 

ground is firm good compression may be obtained, whereas a soft ground will lead to 

inadequate compression. The posterior urethra is intimately connected to the anterior vaginal 

wall, levator ani muscle complex and the arcus tendineus fascia pelvis. The fascial covering of 

the levator ani consists of two leaves: the endopelvic fascia (abdominal side) and pubocervical 

fascia (vaginal side). The two leaves fuse to insert into the arcus tendineus creating a hammock 

of support suburethrally (Fig 1.1.1.3) [12].  DeLancey also noted that the medial portion of the 

levator ani had a direct connection with the endopelvic fascia and during increases in 

intrabdominal pressure contraction of the levators contributed to stabilisation of the urethra. 

In a series of magnetic resonance imaging (MRI) studies, it has been shown that the anterior 

and posterior walls of the bladder neck are pulled apart due to unequal movement of the 

opposing walls during stress [14] [15].  Anterior support is provided by the pubourethral 

ligaments working in conjunction with the pubourethralis muscle of the levator ani. Together 

the two structures form the “midurethral complex”, which is thought to also play a significant 

role in the maintenance of continence. In patients, weakness of the suburethral complex may 

be sufficient to permit distraction of the anterior and posterior urethral walls during rotational 

descent.  
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The other theory previously put forward for the underlying cause of SUI was presented by 

Enhorning, who proposed that the descent of the urethra outside of the portion of the pelvis 

affected by intra-abdominal pressure meant no transmission of intra-abdominal pressure onto 

the urethra. This has however been disputed [12]. Women with SUI commonly show 

radiological features suggestive of impairment of urethral support such as an increased 

urethrovesical angle [16], bladder neck hypermobility, reduced functional urethral length [17] 

or disruption of periurethral ligaments or defects in endopelvic fascia [18]. In summary, the 

essence of urethral support in women is multifaceted and both endopelvic fascia and pelvic 

floor muscle tone acting under neural control are responsible for continence.    
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In addition to urethral supports two arches of striated muscle (compressor urethrae and 

urethrovaginal sphincter) run over the distal urethra, causing the urethral pressure rise usually 

seen preceding a rise in abdominal pressure [13]. In women, integrity of the intrinsic urethral 

sphincteric mechanism is a major factor in maintenance of continence. The urethral sphincter 

is composed of intrinsic urethral smooth muscle and extrinsic striated muscle components and 

it extends throughout the proximal two-thirds of the urethra. In certain patients an intrinsic 

sphincteric deficiency exists leading to incomplete sphincter closure thus predisposing to SUI 

[19] [20]. Blaivas et al. first classified primary urethral weakness into three types [21]. Although 

the classification still remains in the literature it has been largely superseded by the term 

“intrinsic sphincter deficiency”, focussing attention on urethral elements which include 

pudendal innervation, striated sphincter mass and function, urethral smooth muscle, mucosa 

and submucosal cushions [22]. It is believed that both intrinsic sphincter weakness and para-

urethral tissue weakness leading to urethral hypermobility may co-exist to some degree in 

women with SUI [23]. Urodynamic studies, in particular urethral pressure profilometry, may be 

utilised to diagnose pure intrinsic sphincter deficiency. However, currently these procedures 

do not comprise routine practice [24].  

 

1.1.2  Risk factors for SUI 

Consequently risk factors, leading to weakness of either endopelvic fascia or pelvic floor 

musculature, have been investigated in an effort to increase understanding of the condition. It 

is evident that ageing is associated with a higher risk of SUI [25]. SUI increases up to the age of 

50, thereafter it is followed by little increase in the levels of prevalence [26]. The mechanism in 

these cases may be the effect of the loss of muscle tone, long term effects of denervation 

injuries sustained during childbirth or changes in hormonal status leading to alterations in 

collagen in paravaginal tissues [27] [28]. However, it has proved difficult to show a link 

between natural menopause and increasing risk of SUI [29] [30]. Also the evidence for 

hormone replacement therapy does not show it to reduce the risk of the development of SUI 

as evidenced by two RCTs [31] [32] [33].  

Likewise, obesity has been cited as a risk factor, with women who have a higher body mass 

index displaying higher rates of SUI [34]. Women in the highest quartile of body mass index are 

two to four times more likely to have urinary incontinence than those in the lowest quartile 

[31]. This is postulated to be consequent upon the existence of a greater abdominal pressure 

and/ or laxity in support tissues caused by chronic strain. Smokers have been shown to have 

between 1.8 and 2.9 times the relative risk of SUI as a non-smoker [34] [35]. Alarmingly, the 
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above three risk factors are all on the increase. This will further propel the prevalence of this 

condition in the future adding to the pressing requirement for prevention and adequate cure. 

The other major risk factors are pregnancy and vaginal delivery [36], which have been found to 

lead to SUI postulated to be due to denervation of the pelvic floor sphincter muscles, which 

progresses during a period of many years [37] [38]. The data concerning the actual risk are 

conflicting with some studies indicating no statistically increased risk with pregnancy [39] or 

vaginal delivery [40]. However, some studies have demonstrated that women who gave birth 

via caesarean section were at increased risk of SUI compared to nulliparous women and 

women who gave birth vaginally were at an even greater risk than those giving birth via the 

caesarean route [25] [41].  Epidemiological studies have shown approximately half of all 

women develop transient urinary incontinence during pregnancy and post partum the 

prevalence of urinary incontinence is still 9-31% [22]. Moreover, 40% of primigravid women 

have a history of occasional SUI before becoming pregnant. With this being the case, it is 

noted, that the SUI invariably worsens during pregnancy itself rather than post parturition 

[42].     

Medical co-morbidities, such as, the length of time with type II diabetes mellitus have been 

found to confer increased risk of SUI [43]. Other co-morbidities presenting risk include 

neurological disorders and connective tissue disorders [44] [45]. Hysterectomy was feared to 

impose a significant risk, however most studies have failed to show an association with SUI 

[46] [47].  

 

1.2   Epidemiology of pelvic organ prolapse 

Similar to SUI, pelvic organ prolapse (POP) is an extremely troublesome condition.  Studies vary 

as to the exact prevalence of POP, which is reported to be between 3.6% -11.4% [48] [49]. 

Each year, an estimated 225 00 women undergo surgery for POP in the united states [50]. The 

lifetime risk of undergoing a surgical procedure for SUI or POP by age 80 was reported at 

11.1%, 30% of these requiring additional surgical procedures for recurrence of the same 

condition [51] [52]. More recently, in an Australian study, the lifetime risk for a woman of 

requiring POP surgery was reported at 19% [53]. Pelvic floor disorders affect nearly one third 

of pre-menopausal women and nearly half of post-menopausal women [51]. 

In 2001, POP was defined by the National Institute of Health as “the leading edge of any 

vaginal segment being > 1cm above the hymenal remnants [54]. The following year the ICS 
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defined POP as the descent of one or more vaginal segments; anterior, posterior and apex or 

vault after hysterectomy [55]. This led to the POP quantification system (POPQ): 

   Stage 0: no prolapse  

Stage 1: more than 1 cm above the hymen  

Stage 2: within 1 cm proximal or distal to the plane of the hymen  

Stage 3: more than 1 cm below the plane of the hymen but protrudes no further than 

2 cm less than the total length of the vagina  

Stage 4: complete eversion of the vagina 

Thus we see two august bodies with different definitions of normality and abnormality. Some 

studies have reported between 0.2-11% of asymptomatic patients having vaginal segments at 

or beyond the hymenal remnants, with 35% having POPQ stage 2 [56] [57] [58] [59] [60].  The 

other known grading system used for cystocele is the Baden-Walker halfway system: 

I: bladder descent toward introitus with strain 

II: bladder to introitus with strain 

III: bladder outside introitus with strain 

IV: bladder outside introitus at rest 

Although we have begun to classify and describe genital tract prolapse in a recognised and 

comparable fashion, this still has no real bearing on what symptoms the patient may have and 

what is considered normal [61] [62].  A study by Gutman et al. found vaginal descent 0.5cm 

beyond the hymen predicted bulging symptoms but no correlation was found with other 

symptoms [63]. A combination method of symptomotology and quantifiable grading is still 

sought.  

 

There are three compartments for prolapse: 

Anterior compartment prolapse- is a prolapse of the bladder, urethra or both into the vagina, 

resulting in a cystocoele, urethrocoele or cystourethrocoele respectively (Fig 1.2.1).  

Middle compartment prolapse- is a prolapse of the uterus or herniation of the pouch of 

Douglas (containing omentum/small intestine- enterocoele) into the vagina. In addition to this, 

women post hysterectomy can develop a vault prolapse (Fig 1.2.2). 

Posterior compartment prolapse- is a prolapse of the rectum into the vagina (Fig 1.2.3). 
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1.2.1 Aetiology of POP 

DeLancey has provided a good description of the connective tissue support of the vagina, 

dividing the support into 3 levels (Table 1.2.1.1)  [64] . Level 1 provides support to the upper 

1/3rd of the vagina and is comprised of the uterosacral and cardinal ligaments (Fig 1.2.1.1). 

Level 2 provides support to the midvagina, consisting of the arcus tendinius fasciae, which 

attach laterally extending to the pelvis. Level 3 describes the support to the distal vagina by 

the perineal body and perineal membrane.  In addition to the pelvic ligaments; the paravaginal 

tissue, termed endopelvic fascia, is one of the mechanisms responsible for pelvic floor 

strength. Underlying the vaginal serosa it extends from vaginal apex to perineum and from 

arcus tendinius to arcus tendinius. A tear or weakness in this layer leads to herniation of the 

underlying tissues into the vagina. 

 

Table 1.2.1.1 Structural elements of pelvic organ support, possible damage and resulting 
failure (reproduced with permission from Delancey [64]). 

 

Histologically, the pelvic floor ligaments are composed of connective tissue containing; 

collagen, elastic fibres, proteoglycans, extracellular matrix (ECM) and smooth muscle [65]. The 

vaginal wall is composed of 4 layers; the squamous epithelium, the thin subepithelium- 

composed of dense collagen, the muscularis- a fibromuscular layer providing longitudinal 

support, the adventitia- loose connective tissue surrounding the vagina. The muscularis layer is 

the layer that is plicated during prolapse repair. The tensile strength in these tissues is 

determined by the amount of collagen I in respect to collagen III and IV [66]. An increase in 

collagen I leads to an increase in tensile strength of the tissue, conversely excess collagen III 

and IV decrease mechanical integrity [67]. Menopause seems to decrease the collagen I/III 

ratio [68] [69].  
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Paravaginal tissues contain approximately 84% collagen and 13% elastin. Elastin provides the 

tissues with passive recoil after stretch. Altered elastin metabolism and gene expression have 

been found in women with POP [70]. Patients with pelvic floor dysfunction also have been 

found to have structurally altered tissue, particularly in reference to collagen [71] [72] [73] 

[74]. Tenascin, a glycoprotein involved in tissue repair has also been found in uterosacral and 

cardinal ligaments of prolapsed uteri [75]. This finding points towards remodelling secondary 

to biomechanical stress as predisposing to POP. In addition, women with POP have also been 

found to have less organised and smaller bundles of smooth muscle, with loss of smooth 

muscle  content correlating with degree of prolapse [76] [77].  A more in depth discussion of 

the histological changes is presented in section 1.11. 

Nichols and Randall described two types of anterior vaginal wall prolapse: distension and 

displacement [78]. Distension is thought to result from overstretching and attenuation of the 

anterior vaginal wall, caused by overdistention of the vagina associated with vaginal delivery or 

atrophic changes associated with aging and menopause. The distinguishing physical feature of 

this type was described as diminished or absent rugal folds. The other type, displacement, was 

attributed to pathologic detachment or elongation of the anterolateral vaginal supports to the 

arcus tendineus fasciae pelvis, resulting in descent of the anterior segment with the rugae 

intact. 

 

1.2.2 Risk factors for POP 

Intact innervation of the levator ani muscle, anal and urethral sphincters is required for normal 

pelvic function. Electromyogrpahic studies performed before and after childbirth induced 

pelvic floor denervation showed increased fibre density after parturition [79] [80]. Ageing 

leads to further deterioration of pelvic floor denervation. Prolapse stage has been found to be 

increased by pregnancy and shown to persist in women post vaginal delivery [81]. Mant et al. 

analysed a database of over 17, 000 women attending the Oxford family planning clinic and 

reported that women with a history of 2 or more pregnancies had a relative risk of requiring 

surgery to correct POP of 8.4 compared to nulliparous women [56]. Vaginal birth has long been 

associated with POP [82] [83]. However, delivery via caesarean section has only been shown to 

be partially protective[40]. In multivariate analyses, a birth weight greater than 4kg has been 

shown to increase the risk of POP [83] [84].  

In a population based cross sectional study looking at non obstetric risk factors; BMI, family 

history, heavy lifting at work (>10kg) and constipation were all significantly and positively 
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associated with the development of POP [85]. Another study found family history to confer a 

risk of 1.4 times normal [86]. Comparative studies have reported a 30% familial incidence of 

POP [87]. Genetic polymorphisms, such as the laminin-C1 (LAMC1), conferring risk of POP have 

been documented [88]. In mice it has been identified that the gene responsible for the 

formation of the uterosacral ligaments was the Homeobox-A11 (HOXA11). In women with 

prolapse, HOXA11 and collagen expression were shown to be significantly decreased [89].    

Epidemiological studies have demonstrated age as a major risk factor for POP [90] [91]. 

However, the interaction of age, menopause and hormonal status seems inseparable. Weight 

loss was not found to significantly cause regression of POP in a prospective study, suggesting 

damage to the pelvic floor related to excess weight may be irreversible [92]. Smoking has not 

been found to confer a significant risk [93]. Women with connective tissue disorders such as 

Ehlers Danlos and Marfan’s syndrome, as well as women with neurological disorders are 

predisposed to developing POP [45] [94]. 

  

1.3   Treatment of SUI 

1.3.1 Non surgical treatments 

The National Institute of Clinical Excellence (NICE) recommends lifestyle changes such as 

weight loss and supervised pelvic floor exercises as first line therapy for the treatment of SUI 

[95]. Failing this, electrical stimulation and biofeedback may be used. However, in one study, 

electrical stimulation has not shown to be effective compared to sham treatments in patients 

with the ability to contract pelvic floor musculature [96].  Conversely, Castro et al. reported 

benefit in patients receiving treatment via pelvic floor exercises, electrical stimulation or 

vaginal cones [97]. The subjective improvements were of the range of 54-58% for all three 

treatment modalities compared to 21% in an untreated group. However, the urodynamic 

parameters stayed the same which may suggest a placebo effect. Pelvic floor exercises have 

been shown to improve symptoms of SUI and have also been recommended for prevention of 

POP in nulliparous women prior to pregnancy [61]. Moderate weight loss has been shown to 

decrease SUI symptoms [98].  

Women with SUI have lower resting urethral pressures than age matched continent women 

[99] [100].  Therefore, pharmacological methods to increase urethral pressure seem logical. 

Urethral tone is maintained by the release of noradrenaline on to the alpha adreno-receptors 

[101]. Many different alpha adreno-receptor agonists have been used to treat SUI. The most 

widely used were ephedrine and norephedrine [22]. Alhasso et al. reviewed the evidence for 
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alpha adreno-receptor agonists and found limited evidence to recommend their routine use 

[102]. The evidence suggested that drugs were better than placebo at reducing pad usage and 

improving subjective parameters. Beta adreno-receptor antagonists have been postulated to 

enhance alpha adrenoreceptor action by beta adrenoreceptor blockade. However, the clinical 

benefit of this has not been sufficiently reported [103].      

Duloxetine, a serotonin nonadrenaline reuptake inhibitor has been licensed for the treatment 

of women with SUI. It is understood to work on the urethral rhabdosphincter [104]. Both 

noradrenaline and serotonin are thought to lead to enhanced contraction of the sphincter via 

a potentiating effect on glutamate [105]. Women taking Duloxetine for eight weeks were 

found to have a significantly higher mean urethral pressure profile, maximal urethral closure 

pressure but not functional urethral length [105]. A double blind, randomised, placebo 

controlled study in 533 women found Duloxetine to significantly decrease incontinence 

episode frequency in 64% of women at a dose of 80mg/day [106]. At that dose 15% of women 

discontinued the drug due to non severe side effects most commonly nausea. Further clinical 

trials have also led to this conclusion [107-109]. Higher doses have been associated with 

psychiatric disorders which has limited its popularity. 

A Cochrane review concluded subjective cure to be 10.8% with duloxetine compared to 7.7% 

for placebo [110]. Moreover, surgery is still considered more cost effective than Duloxetine 

[95]. It is postulated Duloxetine will help correct sphincter disturbances, however, urethral 

mobility due to poor suburethral tissues will remain uncorrected and therefore women with a 

dominance of this leading to their SUI will have less benefit from Duloxetine. Imipramine 

works in a similar fashion to Duloxetine. A 35% cure rate and 50% improvement have been 

reported in patients with this [111]. However, there exist no RCTs on the effects of 

Imipramine.   

Oestrogens play a significant role in the continence mechanism. In addition to oestrogen 

receptors existing in the vagina, levatores muscles, ligaments and fascia, oestrogen plays an 

important role in the maintenance of a positive urethral pressure [22]. Exogenous oestrogens 

have been shown to reduce collagen concentration and decrease collagen cross linking in 

urogenital tissues [112]. A recent Cochrane review has not shown sufficient benefit from local 

oestrogen therapy and systemic therapy has been linked with worsening of SUI [113].     

As lack of collagen is thought to be a cause for pelvic floor disorders, many researchers have 

attempted to inject collagen para-urethrally, to act as a urethral bulking agent. A Cochrane 

review found peri-urethral collagen injections for SUI to have a reasonable short term cure 

[114], but  a multicentre randomised trial found a 19% reduced success rate with collagen 



15 
 

injection compared to surgery [115]. Isom-Batz and Zimmern discuss the use of collagen 

injections in patients after a failed suspension procedure. Outcomes were good with 93% 

claiming improvement or cure with just over half of patients only requiring one injection [116]. 

However, one must bear in mind that this is a complex population of patients and cost 

effectiveness analysis has found collagen injection to be beneficial only as second line 

treatment after failed surgery [117].  Other urethral bulking agents have been used ranging 

from autologous fat, carbon particles, calcium hydroxyapetite, ethylene vinyl calcohol 

copolymer, dextranomer and silicone based Macroplastique®. The latter has been found to 

have the greatest efficacy over the others [118].   

Macroplastique® is a urethral bulking agent involving injection of cross-linked 

polydimethylsiloxane. It is a soft, flexible implant, which upon implantation is encapsulated in 

fibrin. The carrier gel is absorbed leaving the fibrous capsule, which is thought will not migrate 

[119]. A systematic review found success rates of 46% and 88% [120]. Recently Ghoniem et al. 

reported a multicentre single blinded RCT comparing collagen injection to Macroplastique® 

[121].  The cure rate at 1 year was 36.9% of patients in the Macroplastique® group compared 

to 24.8% in the collagen group. The risk of urinary retention was 3.2 and 6.6% and urethral 

erosion was 0.8 and 1.6 % respectively.  Given the cure rates are less than that reported for 

surgery, many surgeons would not use bulking agents as first line. However, it may be 

considered for use as second line after failed surgery. Moreover, if used as a first line 

treatment, many note an adverse effect on consequent surgical intervention.   

 

1.3.2 Surgical treatments for SUI 

Surgery is often the treatment modality of choice for SUI. There are 5 main categories of 

repair: 

1. Anterior vaginal repair/ anterior colporrhaphy with bladder buttress (Fig 1.3.2.1). 

Anterior vaginal repair is used to treat prolapse, if associated with incontinence then 

buttress sutures are placed on the bladder. This plication provides support to and/or 

elevates the urethra and/or bladder neck. Many variations of the procedure exist. 

Meta-analysis have reported the success rate of this procedure to be in the region of 

67.8-72% [122]. The serious complication rate is 1% and the incidence of detrusor 

overactivity 6%. At 5 years the continence rate was found to decline to just 37%,  thus 

making this procedure unpopular [123] [124]. 
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2. Burch Colposuspension is a longstanding effective treatment. The top of the vagina is 

lifted and fixed with permanent stitches into the space behind the pubic bone (Fig 

1.3.2.2). It is reported as having a continence rate of 83-87% at one year [125] [124]. A 

51% objective cure rate has been reported at two years by Ward and Hilton in a 

multicentre randomised trial [126]. At five years the authors reported a 90% negative 

pad-test amongst women in the colposuspension arm of the trial [127]. Complications 

reported from this study showed a rate of 39.8% of POP after this procedure and 

reoperation rates for incontinence of 3.4%.  The procedure may also be undertaken 

laparoscopically but currently is not recommended for primary SUI [128].  

 

3. Needle suspension procedures use suspending sutures and patch materials to suspend 

the bladder neck, usually from bone anchors placed in the pubic bone.  These are 

seldom used due to poor success rates [129]. At a mean follow up of 5 years of 42 

patients Tebyani et al. found a subjective success rate of 5%, improvement in 12% and 

failure in 83%.  

 

4. Tape procedures use synthetic materials as a tape placed beneath the mid urethra 

without tension. The tape procedure has enjoyed much success in recent years due to 

the minimal invasiveness of the technique. There are three main methods of 

positioning the tape, depending on its length. A full-length tape passes through the 

retropubic space, underneath the urethra to the other side, and is fixed by sutures to 

the anterior abdominal wall. Shorter tapes are attached by suspending sutures at each 

end of the tape to the anterior abdominal wall. Alternatively, bone screws may be 

used to secure the sutures into the pubic bones. The tape can also be brought round 

through to the obturator internus muscle and out of the obturator foramen, termed 

the transobturator tape (TOT). Once the sling is in position, a cystoscopy may be 

performed to check that there has been no bladder perforation. The simplified 

variations of the procedure are shown in Fig 1.3.2.3. 

Over the years many different companies have begun to market their tapes, which are 

made of different materials. By far the most common prosthesis used is the tension 

free vaginal tape (TVT- Ethicon®). More than 1.4 million procedures have been 

performed worldwide with this. There are many different kits and operative variations 

available marketed from the numerous companies selling these tapes. The 

transobturator tapes are either placed from inside to out (TVTO) or outside to in (TOT) 

Fig 1.3.2.4.  
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The objective success rates of the TVT are 63% at two years and improvement is noted 

in another 20% [130]. In the updated meta-analysis by Novara et al. the objective cure 

rates for the TVT were higher than the TOT but the subjective cure rate was the same 

and TOT led to a decreased risk of intraoperative complications [131]. The success 

rates are similar to that of the pubovaginal sling but the latter was found to lead to a 

higher rate of storage lower urinary tract symptoms (LUTS).  

5. Pubovaginal slings have been used for many years. Price described the first rectus 

fascia sling in 1933. The sling is placed beneath the bladder neck and the amount of 

tension on the sling requires an individualized approach. A sling which is too tight may 

lead to urinary retention and conversely a sling that is too loose may lead to 

recurrence. Tissue may be obtained from many different sources such as autografts, 

allografts and xenografts. The characteristics of the various materials used in all of the 

above are considered later in the thesis. 

The success rates of pubovaginal slings vary according to the type of material used. 

The success reported with cadaveric fascia is mixed, ranging from 33 to 93% [132] 

[133] [134]. The rectus fascia sling has a success rate of approximately 80% depending 

on the level of patient selection and follow up [135] [136]. The success rates with 

porcine dermis have been found to be 54% at 36 months follow up [137]. However, 

Abdel-Fattah et al. found no difference in improvements in cure, defined by 

improvements in quality of life, between porcine dermis and TVT [138].   

 

1.3.2.1 Complications of SUI surgery 

Complications of SUI surgery may be divided into intraoperative and postoperative. 

Intraoperative complications involve injury to organs, vessels and nerves. The injury may occur 

to: 

1) Urethra- This is a rarely reported complication. It may occur during transvaginal 

dissection or trocar placement. Failure to recognise this leads to the risk of 

urethrovaginal fistula development and sling erosion/infection.  

2) Bladder- Bladder injury varies with the surgical approach. Albo et al. reported more 

injuries with colposuspension compared to sling procedures [139]. At meta-analysis 

the risk of bladder perforation is less with TOT compared to TVT (p=0.0007). 
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3) Ureter- ureteric injury is very uncommon, but the ureter may be kinked during a Burch 

colposuspension. The position of the midurethral sling makes it extremely unlikely for 

the ureters to be encountered.  

4) Blood vessels- multiple blood vessels traverse the deep pelvis, these are at risk in the 

obturator fossa and pelvic side walls. The Iliac vessels and vascular pedicle of the 

bladder are at risk especially during blind passage of trocars or needles.  

5) Bowel- bowel injury is very rare, only being reported in case reports [140]. It may occur 

during retropubic dissection for a burch colposuspension, during the retropubic 

dissection for a pubovaginal sling or during trocar passage for a midurethral sling.  

6) Nerve injury- may occur during harvest of rectus fascia or during trocar movement in 

the pelvis [141] [142] . 

Postoperative complications include: 

1) Voiding dysfunction and urinary retention- symptoms range from difficulty voiding to 

complete retention and/ or urgency incontinence. Post-op voiding difficulties lasting 

more than four weeks occur in 4-8% of burch colposuspension procedures and 3-11% 

of sling procedures and permanent retention was estimated to occur in less than 5% of 

patients [143]. Surgical intervention for voiding dysfunction has been reported in 0-5% 

of women after midurethral sling procedures [140] [144].   

2) Vaginal extrusion and urinary tract erosion- extrusion implies the presence of sling in 

the vaginal cavity and erosion refers to the appearance of sling in the urinary tract. 

Extrusion rates have been found to be higher with multifilament slings as opposed to 

monofilament [145] [146]. The risk of extrusion with monofilament slings is less than 

5% [147]. The risk of erosion is reported to be less than 1% [144] [147] [148] [149]. 

3) Infection- multiple case reports of pelvic abscesses have been reported post SUI 

surgery [150] [151] [152] [153] [154].  

 

1.3.2.2 Outcome measures of SUI surgery 

Comparable scientific assessment is essential for the evaluation of SUI surgery, to allow 

comparison between procedures and guide best practice. The commonly used methods of 

both objective and subjective assessment are discussed below. Any outcome measure must be 

reliable, valid, interpretable and responsive to change.  
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Objective measures: 

1) Urodynamics- has been found not to show SUI in 15% of women with primary SUI 

[155].  Post operatively, Azam et al. demonstrated almost 40% of women, who 

complained of persisting SUI, did not show leakage on urodynamics [156].  Although 

urodynamics is the gold standard for the objective assessment of SUI, its reliability is 

not proven. 

2) Cough stress test- may be used to assess cure, but may not be used to assess 

improvement [157]. Prior to commencing the test, bladder volume, number and force 

of coughs should be standardized. However, currently no standards exist.  

3) Pad tests- have been used to objectively define cure, using a cut off depending on the 

test duration and standardization. The 1 hour, 24 hours and 72 hours pad test have 

been validated [158] [159] [160]. 

4) Bladder diaries- have been shown to be a reliable measure but rely on the duration of 

the test and are currently not standardized [161] [162].  

Subjective measures: 

1) ICIQ questionnaire- is a modular questionnaire which has been validated, shown to be 

reliable and is used in many research studies [128]. The ICIQ modular questionnaire is 

an amalgamation of other existing questionnaires. The modules range from core 

symptom modules, quality of life modules and optional modules.   

2) Satisfaction outcomes- ascertain from patients their satisfaction from a certain 

intervention. This relies heavily on patient goals and expectations and Norton has 

shown a reduction of leaks by 50% does not entail a 50% improvement in satisfaction 

[163]. 

 

1.4 Treatment of POP 

Current treatment options for POP involve pelvic floor muscle training, use of pessaries 

(mechanical devices such as rings or shelves), and surgery.  

 

1.4.1 Non surgical treatments 

Pelvic floor muscle training requires skilled support. Hagen et al. randomised 47 women with 

POP to either supervised physiotherapy or a lifestyle advice sheet. There were both objective 
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(45%) and subjective (63%) improvements in symptoms, which were better than the control 

group [164].  A Cochrane review concluded the evidence for pelvic floor muscle training is still 

limited and requires further robust study [165]. Moreover, it has been found, less than one 

quarter of women with POP can perform adequate muscle contractions at the time of initial 

evaluation [166].   

A survey of gynaecologists in the United States found pessaries were most frequently used in 

patients deemed to be poor surgical candidates [167]. Also vaginal pessaries were found to be 

commonly used with topical oestrogens. These are occasionally prescribed pre-operatively to 

prevent the progression of pelvic organ prolapse [168]. In a study by Fernando et al. from 203 

women who chose a pessary for treatment of their POP, 15% discontinued treatment within 2 

weeks. Urinary symptoms were improved in approximately 30% of women, but there were no 

improvements in SUI symptoms [169].      

 

1.4.2 Surgical treatments 

The surgical treatments for the different types of POP are considered separately as three 

groups.  

 

1.4.2.1 Upper vaginal prolapse (Uterine & vault) 

Uterine prolapse occurs due to weakening of the uterine support ligaments. As this occurs 

most commonly in women above the age of 50, hysterectomy with vaginal apex fixation has 

been the treatment of choice. For younger women, wishing to preserve their fertility a 

sacrohysteropexy may be performed, where the uterus is attached to the sacral bone in a 

tension free fashion providing support for the uterus. In the U.S.A the most common indication 

for hysterectomy in the over 55 age group was found to be uterine and vaginal prolapse [170].  

When comparing vaginal hysterectomy with abdominal sacrohysteropexy, Roovers et al. found 

significantly more complications in the abdominal group [171]. 

Vaginal vault prolapse is a late complication of hysterectomy and has an incidence of 0.2-4.3% 

[172]. For the treatment of vaginal vault prolapse, Richter first described the vaginal 

sacrospinous colpopexy for suspension of the vaginal vault [173]. This procedure involves 

suture suspension, either unilaterally or bilaterally, of the vagina from the sacrospinous 

ligament resting the upper vagina over the levator plate. The main concern with this procedure 
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is the fact that the vagina is placed in an exaggerated horizontal position, which increases force 

on the anterior compartment with increases in abdominal pressure. This is increasingly likely if 

a concomitant anti-incontinence procedure is performed. This non physiologic axis likely 

results in a higher rate of cystocele formation, reported at around 20% to 30% [174]. 

The sacralcolpopexy involves vaginal fixation through suspension material (mesh) to the 

anterior longitudinal ligament of the sacrum (Fig 1.4.2.1.1). Lane later reported the 

sacralcolpopexy as an abdominal approach. The abdominal sacralcolpopexy uses a mesh to 

suspend the vaginal vault retroperitonealy. Maher and colleagues [124] in their meta-analysis 

combined 3 studies [175] [176] [177] which showed abdominal sacralcolpopexy was better 

than vaginal colpopexy with a better surgical outcome and less recurrence of vaginal prolapse 

or occurrence of SUI postoperatively. The abdominal operation was however longer and led to 

a slower return to activities of daily living [175].   

For use in the sacralcolpopexy, Culligan et al. compared the use of absorbable cadaveric fascia 

lata with non-absorbable polypropylene mesh [178]. There were no recurrences of vault 

prolapse but 14 out of 44 women in the fascial group and four out of 45 in the mesh group 

developed prolapse at another site. Also two out of 54 women in the mesh group developed 

mesh erosion. A recent review noted the rates of erosion to be 2-11% for sacralcolpopexy 

using synthetic mesh [179]. Allograft fascia has been found to have no risk of mesh erosion but 

results in high failure rates, often with no evidence of mesh remaining at reoperation [132] 

[180].   

 

1.4.2.2 Anterior vaginal wall prolapse (cystocele, urethrocele, paravaginal defect) 

Many forms of anterior vaginal repair exist. Typically, the anterior vaginal repair (anterior 

colporrhaphy) involves an incision in the anterior vaginal wall, reduction of the bulge followed 

by plication of the paravaginal fascia (Fig 1.4.2.2.1). Thereafter, a mesh/graft may be placed 

over the repair to induce fibrosis and strengthen the repair (Fig 1.4.2.2.2). The graft may also 

be used to suspend the vaginal wall from the pelvic side walls. Finally the vaginal wall is closed 

over the graft. Techniques for mesh/graft application include: overlays, modified four-corner 

attachments, transobturator attachments, and anterior flaps as part of an apical mesh 

procedure. A Paravaginal repair may also be used to treat anterior wall prolapse. This involves 

attachment of the lateral vagina to the arcus tendinius fascia either abdominally or vaginally. 

Success rates vary from 75-97% [181] [182].     
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At meta-analysis Jia et al. looked at 10 randomised controlled trials involving 1148 women 

[183]. There was evidence that the use of any mesh/graft was better than no mesh/graft at 

preventing objectively determined recurrence of anterior prolapse, 14% Vs 30% respectively. 

When Non-RCT data was included, procedures not using mesh had the highest failure rate 

(29%), followed by absorbable synthetic (polyglactin) mesh (23%), porcine dermis graft (18%), 

and non-absorbable synthetic polypropylene mesh (9%). This trend appeared to be supported 

by the need for re-operation (for recurrent and new prolapse), which was highest in women 

treated with absorbable synthetic mesh (9%) compared with 3% for biological grafts and 1% 

for non-absorbable synthetic mesh. The median follow up of the above studies was 13 months. 

Jia et al. also concluded that the data comparing different types of grafts/ mesh for posterior 

vaginal prolapse repair were too few to perform meta-analysis. 

Another meta-analysis by Foon et al. reported a lower risk of objective recurrence after one 

year in the patients having an anterior repair with a biological adjuvant material (odds ratio 

0.56) and absorbable synthetic adjuvant material (odds ratio 0.44) [184]. The erosion rates 

amongst studies using non-absorbable and absorbable synthetic adjuvant material were 14% 

(21/150) and 2.9% (1/35) respectively, whilst amongst the studies with biological adjuvant 

material it was 0.67% (1/150). The number needed to treat with biological adjuvant material to 

prevent one recurrence at 12 months post-operatively was 13 and with absorbable synthetic 

adjuvant material it was six. 

Mesh contracture had been reported by Gauruden-Burmester in 192 women who had anterior 

or posterior mesh placement [185]. Introital ultrasound measurements revealed 

polypropylene (PPL) mesh contracted on average from 7.5cm to 3.5cm (54%) in the anterior 

compartment compared to and 11.5cm to 6.4cm (46%) in the posterior compartment. The 

authors found that this was not associated with altered post-op vaginal length measurements.  
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1.4.2.3 Posterior vaginal wall repair (rectocele) 

There are three common approaches to repairing a rectocele. A posterior colporraphy involves 

a midline plication of the vaginal bulge thus tightening the posterior vaginal fascia. A 

levatorplasty involves plication of the levatores muscles over the rectum. A site specific repair 

involves specific plication of the paravaginal defect and in some cases addition of a graft. A 

vaginal or anal approach may be undertaken to perform the repair. 

At meta-analyses, the results for posterior vaginal wall repair were better than trans-anal 

repair in terms of subjective (RR 0.36) and objective (RR 0.24) failure rates. Analysing women 

with rectocele alone showed that recurrent rectocele occurred in 2/39 in the vaginal group 

and 7/48 following the trans-anal repair, a difference that did not reach statistical significance. 

Postoperative enterocele was, however, significantly less common following the vaginal 

surgery as compared to the trans-anal group [124] .  

Sand et al. compared posterior repair with and without Vicryl absorbable mesh [186]. 

Rectocele recurrence (graded according to modified Baden-Walker) appeared equally common 

with and without mesh augmentation. However, no subjective outcomes were measured. 

Transperineal rectocele repair using polyglycolic acid led to an 89% anatomical cure rate at 14 

months follow up as well as improvements in functional outcomes [187]. Synthetic grafts used 

for the traditional posterior colporraphy are associated with higher anatomical success rates 

but carry the risk of higher complication rates [188] [189].    

 

1.4.2.4 Complications of POP surgery 

Complications of POP surgery may be divided into intra and post-operative. Intra-operative 

complications are similar to those of SUI discussed earlier. Damage may occur to local 

structures depending on the approach and procedure.  

Post-operatively there is a risk of occult or de novo stress incontinence [190]. Also there is a 

risk of urgency incontinence, although it is believed prolapse repair improves this risk [191] 

[192]. In addition, there is a risk of gastrointestinal complications such as ileus and small bowel 

obstruction post abdominal sacrocolpopexy [193]. 

 

 

 



29 
 

1.4.2.5 Outcome measures of POP surgery 

Scientific evaluation post surgery for POP is essential to allow comparisons between studies 

and guide clinical practice. Methods of assessment are divided into objective and subjective. 

Objective measures: 

1) Clinical examination and measurement using the POPQ or Baden walker halfway 

grading systems. Unfortunately these anatomical measurements may not bear a 

significant relationship to patient symptoms and although a patient may have a degree 

of persistence of prolapse after a procedure they may be symptom free [194]. In 

addition to this un-operated areas of the vagina may seem unsupported but again be 

asymptomatic. Moreover, attempting for POPQ-stage 0 (perfect vaginal support) is an 

unrealistic aim and is inconsistent with the demographic profile of asymptomatic 

parous women [195].  

Subjective measures: 

1) There are three main questionnaires that have been validated to assess POP. These 

are the Pelvic Floor Distress Inventory (PFDI), Pelvic Floor Impact Questionnaire (PFIQ) 

and the electronic Personal Assessment Questionnaire (ePAC) [128]. The 

questionnaires assess a range of symptoms and quality of life parameters. 

 

1.5 Simultaneous SUI and POP 

Although women with anterior vaginal wall prolapse may also experience SUI, women with 

advanced prolapse may not have apparent SUI symptoms. This is due to the phenomenon of 

urethral compression or kinking leading to an increase in maximum urethral closure pressures 

[196].  Conversely 40% of women with urethral sphincter incompetence will have a significant 

cystocele. Occasionally referred to as “occult” or “latent” incontinence, the appearance of SUI 

during the valsalva manoeuvre after reduction of the prolapse in the absence of a detrusor 

contraction, is the urodynamic definition of the condition. Therefore occult SUI will also 

present after correction of the prolapse and its incidence is thought to range between 36-80% 

[197]. The risk of de novo SUI following POP repair (patients with a negative preoperative 

reduction cough stress test) was shown to be 1.9% [190].   

The long standing question of performing prophylactic continence procedures during POP 

surgery or embarking upon POP surgery whilst inserting mid-urethral slings has been looked at 
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on the Netherlands TVT database [198]. TVT and POP surgery was performed in 59 women 

compared with 687 women having TVT alone. Of the 59 all had SUI but not all had POP. The 

tape was equally successful in all patients whether a prolapse procedure was required or not. 

Another study followed 1356 women undergoing sling procedures for SUI and found 

concomitant procedures were performed in 34.4% [199].  Women undergoing a dual 

procedure were less likely to require a repeat procedure for their SUI in the first year post sling 

insertion. Also these women were less likely to undergo surgery for POP in the first year; 

however, the occurrence of outlet obstruction was significantly higher (9.4% Vs 5.5%) in this 

group.  

A randomised trial, which was commenced to evaluate the benefit of dual prolapse and 

incontinence surgery in patients with prolapse who develop occult incontinence on manual 

reduction of the prolapse prior to surgery, was terminated early (after the first 232 women 

had been randomised, but data were finally available for a total of 322 women) because of a 

significant difference in the incontinence rates at three months after surgery. The addition of 

Burch colposuspension to abdominal sacrocolpopexy significantly decreased the incidence of 

SUI three months after surgery (44% Vs 24% with Burch). However, the operating time was 

longer and the blood loss higher in the Burch group [186]. 

Abou-Elela et al. looked at the use of the transobturator tension-free vaginal mesh and TVT-O 

procedures for patients with SUI & anterior vaginal prolapse [200], 18/20 patients had optimal 

anatomic results and two patients had stage 1 prolapse at a mean of eight months. All patients 

were simultaneously cured of urinary incontinence and were satisfied on questionnaire. 

Besides one patient with perivesical haematoma, treated conservatively, no other 

complications were noted. Meschia et al. demonstrated that adding a TVT led to better two 

year objective continence results compared to adding endopelvic plication of the 

urethrovesical junction to a cystocoele repair [201]. Complications were not different.   

 

1.6 Prostheses in SUI/ POP 

The purpose of the sub-urethral sling is to provide support to the posterior urethral wall. The 

rationale for mesh use in POP surgery comes from repair of abdominal wall hernias. Hernia 

recurrence rates are much lower if mesh is used to repair it. Meta-analysis of 10 randomised 

controlled trials has shown that the use of any mesh to treat POP led to a decrease in 

recurrence rates[183]. It follows that the patient’s tissues are already weak and to stitch these 
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together as is done for a colporrhaphy, without providing extra support or the potential for 

fibrosis leads to increased risk of recurrence.  An ideal adjuvant material is one that has: 

1. Good tissue integration- non-carcinogenic, resistant to infection and non-allergenic i.e. 

biocompatible. 

2. Good biomechanical characteristics similar to native healthy tissue. 

3. Good surgical characteristics i.e. easy to handle and suture, and cost effective. 

The reaction of soft tissues to implanted biomaterials is variable. Four types of response have 
been identified [202]:  

 A minimal response, with a thin layer of fibrosis around the implant. 

 A chemical response, with a severe and chronic inflammatory reaction around the 

implant. 

 A physical response, with an inflammatory reaction to certain materials and the 

presence of giant cells. 

 Necrotic tissue: a layer of necrotic debris is produced, resulting from in situ exothermic 

polymerization. 

 

The first type of response is what we generally aim for. Histologically four stages are seen over 

time [203]: 

 Stage 1- In the first week, an intense inflammatory infiltrate around the implant, 

capillary proliferation, granular tissue and the presence of giant cells containing 

birefringent material. 

 Stage 2- After two weeks the granular tissue remains and histiocytes appear, with 

more or fewer giant cells. 

 Stage 3- After four weeks, the acute inflammation disappears, capillaries reduce in 

number, and the number of histiocytes and giant cells increases. 

 Stage 4- Some giant cells are present on the external surface of the implant with 

dense, fibrous tissue present. 

 

Adjuvant materials can be classified by material type, weave and pore size and may be 

biological or synthetic. Biological adjuvant materials (grafts) come in the form of allografts, 

autografts and xenografts. Autografts are taken from the patient themselves (e.g. fascia lata 

from the thigh). Allografts are taken from the same species while xenografts are taken from 

another species (e.g. porcine dermis/ small intestine submucosa). Synthetic adjuvant materials 

may be classified as absorbable and non-absorbable and the pore size classified as macro-

porous (>75μm) and micro-porous (<75μm). Type 1, large pore synthetic monofilament has 
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been recommended for use in SUI/ POP [204] [205].  It is thought that knitted monofilament, 

lighter weight, larger pore size, increased porosity, and decreased density are associated with 

improved host tolerability and, consequently, lower rates of exposure, erosion, and infection. 

We describe the different prostheses available and their current problems. Thereafter we will 

describe our proposed tissue engineered solution to these problems.  

 

1.6.1 Absorbable synthetic prostheses 

The most commonly used are Dexon (polyglycolic acid) and Vicryl (polyglactic acid). These 

implants are absorbed by the body and are proposed to stimulate fibroblast activity to 

stimulate long lasting fibrosis. Absorption of mesh occurs via macrophages digesting the mesh 

material, this is replaced by healthy scar tissue with newly formed collagen fibres [206]. Vicryl 

takes 30 days and Dexon 90 days to be absorbed. Unfortunately clinically, absorbable meshes 

have performed less well for treating prolapse compared to non-absorbable meshes [186] 

[207]. However, a recent meta-analysis reported absorbable synthetic material to have a lower 

objective recurrence rate at 12 months compared to no mesh but this data is only short term 

[184]. The use of absorbable sub-urethral slings is minimal and with limited follow up [208]. 

Absorbable meshes are associated with less erosion or infection.  

 

1.6.2 Non Absorbable synthetic prostheses 

Many varieties of these exist and are classified according to structure, material composition 

and pore size, classified into four types by amid below [209]: 

 Type I: Completely macroporous mesh (Atrium, Marlex, Prolene and Trelex). The pore 

size exceeds 75 µm, the size required for infiltration by macrophages, fibroblasts, 

blood vessels in angiogenesis and collagen fibres. 

 Type II: Totally microporous mesh (Gore-Tex, surgical membranes). The pore size is 

smaller than 10 µm in at least one dimension. 

 Type III: Macroporous patch, with multifilaments or a microporous component: 

Polytetrafluoroethylene (PTFE Teflon), woven Dacron (Mersilene), woven 

polypropylene (Surgipro), perforated PTFE (Mycro Mesh). 

 Type IV: Biomaterials with submicron pores (Silastic, Cellgard, dura mater substitute). 

These materials are often associated with those of type I to prevent adhesion in 

intraperitoneal implantation. 
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When pore sizes are smaller than 10µm, bacteria measuring 1µm may be admitted into the 

mesh and be protected from macrophage attentions due to the larger size of these cells which 

cannot enter the mesh. Thus type II and III meshes are vulnerable to infection and type I less 

so as they admit macrophages, especially fibroblasts and allow for angiogenesis. Thus, 

theoretically infections should be treatable in Type I meshes without the need to remove the 

implant.  Moreover, histological analysis has revealed a decreased level of inflammation and 

fibrosis when large pore mesh is used. Macroporous mesh with a pore size of greater than 

100µm is thought to allow fibrous tissue through the mesh thus allowing adhesion formation, 

while biomaterials that contain a pore size of less than 75µm may be more prone to being 

encapsulated rather than infiltrated by the host tissue [210] [211] [212]. 

The structure may be; woven, leading to good strength and memory but poor conformity and 

fraying of material, or knitted, giving flexibility and conformity but compromising strength. In 

addition to this, surfaces may be a composite of materials where one material may provide 

strength and the other flexibility. Thereafter materials may be multifilament or monofilament, 

wrapped or braided.  

At meta-analysis non-absorbable synthetic meshes have a lower objective prolapse recurrence 

rate than absorbable meshes- 8.8% Vs 23.1% respectively, but the rate of erosion was 10.2% 

compared to 0.7% respectively [213]. When polypropylene (PPL) tape was explanted from 10 

women requiring revision of their original surgery, no mesh degradation had occurred [214]. 

PPL had the greatest degree of host tissue infiltration with neovascularisation. However a 

foreign body reaction was evident by the presence of giant cells, macrophages and occasional 

calcification. TVT is the most common sling used for incontinence repair, with reported rates of 

success of 85% and a patient satisfaction rate of 70% at 7 year follow up [215]. Erosion rates 

vary according to the type of synthetic material used and the type of procedure performed, 

ranging from 2% to 10.7% [216] [217] [218] [219], with synthetic materials having an erosion 

rate 15 times greater than allografts [220]. The risk of erosion was found to be significantly less 

with the type I PPL monofilament sling as compared to the type III multifilamentous PPL tape 

[216]. This may be due to better integration of the type I macroporous tape, allowing better 

integration into host tissue.      

 

 

1.6.3 Autologous prostheses 

Autologous prostheses are obtained from the patient themselves. These are preferred in 

younger women due to there being less perceived risk of erosion in the longer term. They are, 
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however, associated with morbidity to the harvest site [221]. Autologous tissue causes no 

immunogenic reaction and over time collagen remodelling has been demonstrated in it [222].  

This is supported by histological analysis by Woodruff et al. which showed moderate 

degradation of the grafts and also showed moderate and uniform infiltration of host 

fibroblasts, as well as neovascularisation. There was no evidence of inflammatory cell infiltrate 

or foreign body reaction. Autologous material displayed no evidence of encapsulation (fibrous 

rim of tissue surrounding and isolating the graft) [214]. Although initial success rates in 

incontinence repair are good, in the longer term failure rates increase and at five years 

Guerrero et al. report only 50% success rates [223]. When autologous tissue has been used to 

augment enterocele repair,  at 22 months follow up, 90% of patients were subjectively 

satisfied with their outcome and objective rates of persistent enterocele were 1.7%, cystocele 

15% and vault prolapse 8.3% [224]. Adjusting for different follow up periods Howden et al. 

found the recurrence of incontinence post autologous sling repair to be five recurrences per 

100 women-years [225].       

 

1.6.4 Allograft prostheses 

These are usually of cadaveric origin and can consist of fascia lata, dermis or dura matter.  

They are freeze-dried and gamma irradiated to render them non-antigenic thus tissue typing is 

not required prior to implantation. Upon re-exploration of the failure of these, many authors 

describe allografts as being absent [226] [222]. Woodruff et al. showed high levels of 

degradation and moderate levels of encapsulation [214]. The peripheries of the grafts were 

invaded by fibroblasts but the central portions remained acellular. This fits with the clinical 

picture as medium term (four to 12 months) results of cadaveric fascia allografts have shown 

unexpectedly high rates of failure [227] [228]. Adjusting for different follow up periods 

Howden et al. found the recurrence of incontinence post cadaveric graft repair to be 16 

recurrences per 100 women-years [225]. Similar results were also found by McBride et al. at 

two months follow up where 42% of patients receiving a cadaveric allograft had urodynamic 

stress incontinence although the subjective improvement rate was higher [229]. When 

comparing cadaveric fascia lata to synthetic mesh the optimal surgical outcome was only 

achieved in 61% of women in the former group compared to 89% in the latter suggesting its 

inferiority [230].  Erosion rates vary between 0% [180] [231] to 11% [232]. In addition to this 

cadaveric tissues have the added risk of virus or prion transmission albeit small. 
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1.6.5 Xenograft prostheses 

These come from other species and as allografts are gamma sterilised and may be crosslinked. 

The majority are porcine in origin, either porcine dermis (PD), or small intestinal submucosa 

(SIS). PD grafts have been found to be severely encapsulated at explantation from women, 

being entirely separate from periurethral tissue. These grafts were completely acellular 

without evidence of host infiltration or neovascularisation [214]. This is demonstrated clinically 

in sub-urethral sling procedures by the high failure rate. Giri et al. reporting a failure rate of 

46% at 36 months follow up [137]. In addition to this, Lucas et al. began to compare TVT Vs 

Pelvicol® (porcine dermal collagen). The authors had to stop the Pelvicol® arm of the RCT due 

to high failure rates at both 6 and 12 months [233]. When looking at patients who underwent 

cystocele repair and augmentation with PD graft, 13% had recurrence of cystocele at 24 

months follow up [234]. Recently in a randomised study, Feldner et al. found significantly 

higher anatomical cure rates (86% Vs 59%) by using a SIS graft compared to traditional 

colporrhaphy for anterior prolapse at 12 months follow up [235]. However there were no 

differences in the quality of life of the two groups. 

 

1.6.6 Tissue engineered prostheses 

Attempts at the manufacture of living tissue engineered prostheses have only reached an early 

stage. We could not find any reports of these reaching patients for clinical evaluation. 

However, in vitro, Skala et al. have described the methodology of vaginal fibroblast isolation 

and attachment to different meshes [236]. Starting with 1cm2 of vaginal tissue, which was 

subsequently cut into smaller pieces and incubated with collagenase A in buffer overnight they 

went on to centrifuge at 300g for 7 minutes. The cell sediment was re-suspended in DMEM 

and into T25 flasks. Each mesh was then seeded with 10 million cells per 2-3cm2 at passage 

three to five. The cells were positively stained for vimentin and negatively stained for actin, 

and cytokeratins five, six, and 14, which is in keeping with fibroblasts. Propidium iodide 

staining also helped quantify the extent of fibroblast attachment at five hours and five weeks 

post seeding. Seven meshes were assessed for fibroblast attachment and the biological 

xenograft meshes (Sugisis and Pelvicol) had the most fibroblast attachment at five hours and 

five weeks. This was followed by Obtape (thermo-annealed PPL). Surgisis showed some 

degeneration in structure over five weeks.   

Similarly, Langer et al. attached human fibroblasts on to three PPL based meshes [237]. They 

found light weight, thin filament meshes were better for fibroblasts to attach to. Also 
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fibroblasts attached to mesh nodes and around thin filaments. Polyglactin (absorbable Vicryl) 

allowed for better cell attachment. Interestingly, microporous meshes had a better cell coating 

than macroporous meshes.  

Kapishke et al. attached 300 000 foreskin fibroblasts to three different PPL meshes [238]. They 

found fibroblasts settled on PPL threads and developed long extensions with a ruffled surface.  

SEM also revealed fibroblasts were capable of deposition of extracellular matrix containing 

type I and III collagen, with type I collagen forming an extended network of collagen fibres. 

Contineza et al. found human dermal fibroblasts concentrated around PPL thread 

intersections, whereas in polyester meshes they surrounded the multifilamentous threads 

[239].  

Another research group, Cannon et al,  have made tissue engineered slings from muscle 

derived stem cells on an SIS scaffold [240]. Histological staining showed these cells could 

migrate and form differentiated myotube structures with spontaneous contractile activity at 

four and eight weeks. The authors also used a rat model to assess sling properties by assessing 

the effect on leak point pressure in rats with and without slings. The tissue engineered slings 

were found to have no adverse effect on leak point pressure.   

Mitterberger et al. injected autologous myoblasts and fibroblasts in 123 women with SUI 

[241]. The cells were obtained from skeletal muscle biopsies, suspended in a collagen carrier 

material. Fibroblasts were injected into the urethral submucosa and myoblasts into the 

rhabdosphincter. Patients with mild urethral hypermobility were excluded. After a follow up of 

one year 79% were subjectively cured and 13% improved. All patients received injections on 

average of 3.8 x 107 fibroblasts and 2.8 x 107 myoblasts. The same group also used the same 

treatment in 63 men with stress incontinence post prostatectomy and showed improvement in 

17 and a return of continence in 41 [242]. These results appear excellent but it must be noted 

the same group had a randomised controlled trial publication, comparing injection of collagen 

with myoblasts and fibroblasts, retracted from the Lancet for failure to comply with ethical 

guidelines. The investigators questioning this study had concerns whether the published RCT 

actually existed [243].     

From the above studies we see the recognition of the need to attach fibroblasts to meshes to 

aid tissue integration. We see much work still needs to be done to develop a methodology to 

easily isolate fibroblasts, attach them to meshes and quantify the number of cells required for 

this purpose. Moreover, research is needed to define the effect this has on the mesh and 

ultimately the effect of this in vivo and on patient outcome. 
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1.6.7 Design of a tissue engineered prosthesis (TEP) 

Given the success and complication rates of current prostheses, described above, it is clear 

much work is still required to optimise the prostheses used in SUI/ POP surgery. The idea of a 

TEP has recently attracted some attention and will continue to do so as our understanding of 

both prostheses and tissue engineering science increase. I have described the sought after 

characteristics of a prosthesis above and with these as our aim we ask the question “what are 

the key and necessary requirements for the design of a tissue engineered prosthesis?” Fig 

1.6.7.1 shows the design inputs and the output characteristics of the ideal TEP. Essentially, we 

need to identify the scaffold, cells and culture conditions for a TEP.  

 

1.7 The scaffold 

This thesis will attempt to increase our understanding of a good scaffold material. Much work 

is required in this regard. The scaffolds upon which cells have attached well, in the literature to 

date, are porcine dermis (PD), porcine subintestinal submucosa (SIS) and polypropylene (PPL) 

(Section 1.6.6). Therefore we will include these three scaffolds and another four; cadaveric 

dermis (CD) and Alloderm (AL)- these have been used for SUI/POP surgery as acellular 

biological scaffolds and, thermoannealed Poly(L)-Lactic acid (Th PLA) which is a favourable 

scaffold used extensively in tissue engineering, and sheep forestomach (SF)- as it has been 

proposed to have good biomechanical properties. These scaffolds will be assessed for the 

outputs shown in Fig 1.6.7.1.   

 

1.8 The cell 

The question of which cell is beneficial for the creation of a tissue engineered prosthesis is an 

important one. Thus far in the literature, dermal fibroblasts, vaginal fibroblasts, foreskin 

fibroblasts and muscle derived stem cells have been used (section 1.6.6). Given the majority 

cell type in the endopelvic fascia (the connective tissue amongst which prostheses are placed) 

are fibroblasts, it seems intuitive to use fibroblasts. However, the source of the fibroblasts is 

under much debate. One might assume that autologous fibroblasts from the host site would 

be ideal. However, there is concern in the field regarding the use of fibroblasts from affected 

tissue. In fibroblasts from the anterior vaginal wall of women with SUI, Chen et al. showed a 

pro-metalloproteinase state and these fibroblasts could not be stimulated to produce tissue 
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inhibitors of metalloproteinase by oestrodiol [244]. In contrast, fibroblasts from women 

without prolapse showed higher levels of tissue inhibitors of metalloproteinase and were 

stimulated by oestrodiol. Also in other studies, myofibroblasts (differentiated from fibroblasts) 

from women without POP led to greater contraction of collagen gels, than myofibroblasts from 

women with POP [245].  

We were unable to find any studies of the investigation of oral fibroblasts in women with 

SUI/POP. However, encouragingly, skin from women with SUI/POP has been shown to be 

normal and not easily extensible [246]. This implies that the skin fibroblasts that produce this 

skin are also normal and their use is therefore probably not precluded. In addition, autologous 

cells clearly remove the risk of an adverse immune reaction. 

Stem cells are gaining popularity in the field of tissue engineering. Broadly speaking, two types 

of stem cells have been identified; adult and embryonic. The latter as the name suggests are 

derived from an embyo and have the ability to differentiate in to all cell types i.e. are 

totipotent. Despite their promise, preliminary trials with these have led to problems such as 

tumour formation [247].  Adult stem cells, also known as tissue derived stem cells, have lesser 

differentiating potential but can still be stimulated to differentiate into mature functioning 

cells. This is independent of their source up to a degree [248] [249]. Adipose derived stem 

cells, due to their abundance and ease of extraction are also becoming a popular choice [250]. 

However, In contrast to fibroblasts, mesenchymal stem cells require guidance to differentiate 

and this can take the form of culture chemicals [251] [252], structured scaffolds [253], 

adjunctive cell culture [250] or manipulation of the physical environment [254].    

In this thesis, we will only use buccal mucosa fibroblasts. This is because we have extensive 

experience with their use in the laboratory along with clinical experience in human subjects 

[255]. They are also easy to access and lead to minimal morbidity which could be beneficial 

when taking this work forward to the clinic. In addition, the literature base on the 

differentiation of stem cells producing connective tissue is still only being developed and 

hence there are, as yet, no studies of long term clinical use.      

 

 

 

 

 



39 
 

1.8.1 Buccal mucosa 

Buccal mucosa is relatively easy to obtain and is a good source of fibroblasts. We have 

extensive experience in our laboratory of isolation, culture, attachment of cells to scaffolds 

and implantation in patients of fibroblasts obtained from buccal mucosal biopsies [256] [255]. 

Excess mucosal biopsies, from substitution urethroplasty operations (where patients have 

given informed consent for some of their tissue to be used for research) are easily obtained 

and will provide a good source of fibroblasts for in vitro studies. Barbagli et al. describe data 

from 350 patients who underwent a single cheek biopsy of 4 X 2.5cm [257]. Eighty-five per 

cent of patients had no pain post-operatively, 73.4% had oral numbness for one week and 98% 

of patients said they would be happy to undergo the biopsy procedure again. The volume of 

oral biopsy required, which will be approximately 1cm2 , for isolating fibroblasts is much less 

than that taken by Barbagli and colleagues and therefore complications from this aspect of the 

procedure, if it did reach the clinic, are expected to be even less. 

 

1.8.2 Fibroblasts 

Fibroblasts are the most common connective tissue cell. They are responsible for secretion of 

ECM rich in collagen and other proteins and molecules described above [258]. Inactive 

fibroblasts are known as fibrocytes. Fibroblasts may be recognised by their branched 

cytoplasm surrounding an elliptical, speckled nucleus (Fig 1.8.2.1). Migration is a noted feature 

of fibroblasts. In addition to this they are noted to retain positional memory and if 

transplanted ectopically, they will retain memory of their previous functional role over a few 

generations [259]. Fibroblasts may differentiate into myofibroblasts. Myofibroblasts have been 

observed to express smooth muscle actin and are responsible for contraction [260].   
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1.9  Cell culture conditions 

In our laboratory, we have experience with the culture of fibroblasts on scaffolds for various 

purposes. The optimum method for fibroblast culture is described in the methods section. This 

thesis will continue the use of these culture conditions and attempt to progress research on 

this topic further. From the literature, four studies have cultured fibroblasts on scaffolds used 

in SUI/POP repair (section 1.6.6). Kapischke et al. and Langer et al. used Roswell Park Memorial 

Institute (RPMI-1640) medium supplemented with 10% fetal calf serum with unrestrained 

scaffolds [237] [238]. Skala et al. used Dulbecco’s Modified Eagle Medium (DMEM) with 

5ng/ml platelet derived growth factor (PDGF) and scaffolds restrained in plastic rings [236].  

We could not find any published studies utilising chemical mediators or physical regimes to 

improve the outcomes of tissue engineered prostheses to be utilised in POP/SUI. Syedain and 

Tranquillo have shown Transformin growth factor- β (TGF-β) and cyclical stretching of fibrin 

based constructs may be used to stimulate collagen production by fibroblasts and increase 

ultimate tensile strength/ Young’s modulus [261]. In this study, we aim to investigate the use 

of chemical mediators and physical regimes to improve our tissue engineered prostheses.    

 

1.10 Biomechanical testing 

As discussed earlier paravaginal tissue weakness is one of the postulated mechanisms of 

etiological significance in both SUI and POP. The common forms of treatment aim to correct 

this weakness by inducing fibrosis and re-strengthening the weakened tissue. Re-enforcement 

with a weaker substitute is considered to be counterproductive and a stronger less flexible 

prosthesis may lead to erosion of existing tissue and patient discomfort. Therefore the study of 

the biomechanical characteristics of paravaginal tissue is central to developing tissues for 

clinical use.  

There are no standardised protocols for testing the biomechanical properties of vaginal tissue. 

Many researchers have looked solely at structural properties of materials, not taking account 

of geometric data. For instance performing uniaxial testing to measure breaking load of a 

tissue plotted against elongation. This methodology takes no account of tissue size; in 

particular tissue thickness and thus is inappropriate for comparative purposes. More accurate 

testing should involve calculation of stress (force divided by cross sectional area of tissue) 

versus strain (change in elongation in relation to initial length) data. The data that may be 

obtained from this graph (Figure 1.10.1) is: 
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1) The ultimate tensile strength (UTS)- the maximal stress the tissue may take 

2) The ultimate strain (UT strain)- the strain corresponding to the point of maximal stress 

3) The tangent/ elastic/ Young’s modulus (YM)- the slope of the linear portion of the 

curve, gives information of ability to stretch 

4) The strain energy density- area beneath the curve 

Normally the curve is non-linear and has three distinct sections; initial toe, linear and failure 

regions [262]. In order to calculate the YM the volume of the tested tissue must be calculated. 

This may be done via contact and non-contact methods [263].  The latter involves the shadow 

amplitude method, the profile method, and the use of laser technology [264]. The most 

accurate are non-contact methods as there is less risk of causing weakening of tissue via 

measurement, although in practice this may be minimal depending upon the tissue being 

tested. The next question that arises is the method of securing the tissue for uniaxial loading. 

Some researchers have used clamp grips and others pin grips. The latter we feel is less 

accurate than clamping both sides of the tissue, as the clamp may purchase the full width of 

the tissue and distribute the force more evenly across the tissue. Another variable is the strain 

rate. When studying ligaments and tendons from animals; strain rate has not been shown to 

affect the biomechanical properties [265] [266].  

Much work has gone into looking at the effects of variables of tissue conditions such as 

ambient air, storage in saline, temperature, and freezing on the biomechanical testing of 

paravaginal tissue [267] [268]. Rubod et al. explored the differences between fresh and frozen 

samples in terms of the mechanical properties of vaginal tissue, and found that the effect of 

frozen storage was negligible [267]. The same authors also found vaginal tissue in sheep to be 

anisotropic, thus implying direction of uniaxial testing may affect results. This can only be 

resolved by bi-axial straining in two orthogonal axes.   

Moreover, living tissues are viscoelastic/ viscoplastic and have the ability to retain stretch and 

weaken with repetitive strain. An elastic material will return to its original shape when a force 

or load is removed, without the need for compressive force. If residual deformation is present 

it is recognised as plasticity. Viscosity in a material is described as an elongation over time due 

to a sustained load. Most biologic materials will exhibit a mixture of these properties [269]. 

This behaviour results from the complex interactions of the collagen, elastin, proteoglycans, 

and water within the tissue. These behaviours are important for processes such as delivery 

because they allow the tissue to mechanically adapt and soften over time to reduce the 

likelihood of injury. There are a variety of viscoelastic tests that may be performed [270]. For 

instance cyclical loading can be used to measure the area between loading and unloading 
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curves, which describes the viscous phenomenon of energy dissipation, i.e. hysteresis. Pena et 

al. discuss the use of uniaxial stress and relaxation curves to estimate the viscoelastic 

properties of paravaginal tissues and describe this for a small series of patients with prolapse 

[271].  The viscoelastic properties have been modelled to show the effect of damage processes 

and more recently have been used as a model for vaginal tissue [271] [272].   

When testing human vaginal tissue, the degree of hydration has been found to affect the 

tensile properties of the tissue to be tested.  Anterior vaginal tissue was removed from 42 

patients with a cystocele and tested within two hours of extraction [273]. Factors the authors 

controlled to prevent influence on tissue strength were temperature and time delay. 

Comparing tissues immersed in saline, with tissues wrapped in moist gauze the authors found 

points of pre-transition strain, YM and yield point were significantly lower in the former group, 

whereas UTS was significantly higher. The authors postulate this is due to water absorption 

causing swelling and disruption to loose connective tissue reducing YM. There are no 

standardised criteria for tensiometry testing of recently excised human tissues. However, one 

would ideally aim to prevent delay of testing to maintain the tissue in its original form. If a 

delay is inevitable then one must endeavour to maintain tissue sterility and prevent 

desiccation. Rudob et al. found tissue soaked in saline remained stable up to 24 hours and this 

had no effect on the biomechanics of the tissue, storage in paraffin did not affect the results 

either [267]. Also when comparing samples at room temperature to samples at 370C no 

differences were found. 

Also the extent of stress testing has been questioned. DeLancey has reviewed pelvic floor 

dimensions and loading [274]. The area of the average female pelvis is 94cm2 [275]. The load 

on the pelvis comes from the abdominal viscera, muscles and from respiratory activity. In the 

supine position the load is 19N, this rises to 37N in the standing position and reaches 129N on 

coughing.    

 

Therefore, testing to failure usually to a level much higher than this is thought not to be 

required and more importantly should not be used for comparison between tissues. Another 

important consideration is that during parturition the pelvic stretch ratio in the pelvic muscles 

can reach 3.26 [274].  However it must be born in mind this is at a time when tissues have 

completely adapted to accept this stretch and may be less relevant in the post menopausal 

female who will not undergo such strain.  

 

Moreover, until the ideal testing conditions are explored further it seems prudent to keep to a 

physiological environment and avoid tissue fixation and freezing. At present, data is still lacking 
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on the uniaxial testing properties of vaginal tissue and more complicated biaxial testing may 

need to be developed later. Cyclical loading also needs to be developed further for testing 

vaginal tissue.  

1.10.1 Biomechanical testing protocols 

There have been three major protocols published in the literature for the biomechanical 

testing of paravaginal tissues [276], [267], [273].  

Ettema et al. describe application of high frequency vibrations during slow length uniaxial 

changes to the tissue. This method was first described when testing contracting skeletal 

muscle to distinguish contractile from passive properties [277]. The authors claim, the high 

frequency vibration allows a more detailed analysis of the non-linear relationship between 

stiffness and stress and allows stiffness to be measured over a wider range of stresses. Tissue 

in their study was wrapped in saline soaked gauze and frozen to -70°C. The strips were thawed 

in approximately 1 hour to room temperature and trimmed to a rectangular size 

(approximately 50mm long, 10mm wide). The ends of the material were sutured and glued in 

place. The tissue was kept in paraffin oil to prevent desiccation. The stretch rate was kept 

constant at 0.8mm/s. The experiment was terminated at a peak force of 18N.  

Zimmern et al. describe a methodology to test freshly collected samples within two hours of 

harvest. They compared tissue transfer in moist gauze with transfer in saline. Both were kept 

on a bed of ice to maintain a constant temperature. A 2.2N preload was applied to remove 

slack. Samples were mounted between aluminium blocks lined with adhesive tape. Uniaxial 

testing was performed and the sample strain rate was 0.5mm/sec. Stress versus strain was 

plotted and YM, UTS and “yield point” strain (UT strain) were recorded. It was found hydration 

weakened the samples and samples kept in moist gauze had a higher UTS and YM [273].   

Rubod et al. describe uniaxial testing using clamp grips and a constant deformation rate of 

0.02mm/sec. A rate of 0.2mm/sec led to few measurements and a slower rate of 0.002mm/sec 

led to tissue dehydration due to a longer test and this affected the results. The authors found 

tissue freezing or tissue temperature had no effect on biomechanics but advise that all tissues 

should be frozen at -18 C in physiological solution and defrosted for nine hours before testing. 

Furthermore, samples should not be kept in solution longer than 24 hours prior to testing and 

tissue should also be cut and tested in the same orientation.  
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1.10.2  Biomechanical properties of paravaginal tissue 

Only four studies could be found where the biomechanical properties of paravaginal tissue 

were investigated [6] [17] [18] [19] (Table 1.10.2.1). These all looked at women with POP. No 

studies were found where tissue from women with SUI was studied. From these only one 

study looked at the biomechanical properties of healthy (non prolapsed) paravaginal tissue 

[19]. The authors found women with POP to have less elastic tissue which tore at lesser stress 

and strain. The YM and UTS was seen to correlate with the degree of prolapse with a higher 

grade of prolapse having a higher YM and lower UTS. It was also noted that postmenopausal 

women had tissue with lower UTS and higher YM. The graphs of the stress vs. strain are not 

included in the paper, nor is there mention of linearity of data.  Also one must comment on 

the testing protocol where the tissue underwent a freeze-thaw process, thus potentially not 

giving us accurate data of the tensile properties of vaginal tissue.  

Using uniaxial testing at a rate of 0.8mm/s, comparing tissue strength of prolapsed tissue in 

pre and post-menopausal women Goh found a higher YM in postmenopausal vaginal tissue, 

this was put down to an age related phenomenon, possibly related to tissue hydration and 

maturation of collagen crosslinks [269]. Epstien et al. found women with a vaginal prolapse 

had significantly more extensibility in their vaginal skin compared to women without prolapse 

[246]. The skin laxity was noted to have a linear relationship with severity of prolapse and was 

not related to a systemic skin laxity. However vaginal skin extensibility could have been a 

manifestation of the stretch applied to the skin as a result of the prolapse and as the prolapse 

grade worsens the skin extensibility increases. Although to counteract this, the authors used 

sidewall vaginal tissue which is the least likely to be affected by stretching from a prolapse and 

is more likely to represent baseline vaginal tissue. The researchers used a vacuum cutometer 

MPA to estimate YM, with tissue undergoing cyclical testing.  

Paravaginal tissue in women with POP was found to be hyper-elastic with large deformation 

before rupture [278]. The authors only looked at tissue of five patients with prolapse and 

compared this to tissue from five cadavers without prolapse. All tissues underwent the freeze 

thaw process.  As the curves were non-linear calculation of YM was not felt to be appropriate. 

However, looking at the curves we see an initial “toe in” portion followed by a linear region to 

the curve therefore YM could have been calculated in this region. Moreover, others have 

successfully calculated YM to define elasticity for this tissue [279] [269] [280] [276]. 

Intervariability was found between pelvic ligaments and tissues when tested for resistance to 

tear, however, this was performed on cadaveric tissue and the study only measured the 
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breaking force required [281]. The iliopectineal ligament was statistically significantly stronger 

than the sacrospinous and arcus tendineus pelvic fascia varying from 22 to 200N for the break 

point. The same authors looked at the strength of vaginal tissue in 16 women with prolapse, 

who were undergoing prolapse repair. The samples were from patients with posterior prolapse 

and were tested for tensile strength and a second group of samples for break point [282]. To 

calculate the break point the tissue was held and a piston of 1cm diameter plunged into the 

tissue measuring distension and force.  

We have combined the above data where possible to provide ranges of biomechanical 

properties observed for paravaginal tissue in both prolapsed and non-prolapsed states. The 

ranges for pre-menopausal women without prolapse are important in providing us with a 

baseline to aim for when engineering replacement tissue (Table 1.10.2.1). When replacing 

damaged vaginal tissue it would seem logical that the biomechanical range of normal tissue 

should be the target range for prostheses to reduce the risk of failure and erosion. Indeed it 

has been postulated that prostheses with a decreased UTS will lead to recurrence and those 

with an increased YM may lead to erosion. In section 1.10.5 we analyse whether this is the 

case. 

 

1.10.3  Mechanical properties of pelvic organ prostheses 

In total we found 15 papers assessing the biomechanical properties of slings/meshes used in 

POP/SUI [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] [295] [296] 

[297]. As can be seen from the tables in appendix 1, a variety of materials have undergone 

uniaxial testing by a variety of methods. Those calculating stress vs. strain data are 

summarised in table 1.10.3.1. We can clearly see the wide range of biomechanical properties 

described for the various prostheses. Below, (Section 1.10.5) we correlate these properties to 

success and complication rates.  
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Author Sample Ultimate tensile 
strength (MPa) 

Ultimate tensile 
strain 

Young’s modulus 
(MPa) 

Cosson et al. 2004 
[296] 

Prolapsed vaginal tissue   0.15   

Goh et al. 2002 [281] Premenopausal Prolapsed vaginal 
tissue 

    9.5 

  Postmenopausal Prolapsed vaginal 
tissue 

    11.3 

Lei et al. Premenopausal, no pelvic organ 
prolapse 

0.79 0.68 6.65 

2006 [297] Postmenopausal, no pelvic organ 
prolapse 

0.42 0.37 10.26 

  Premenopausal, pelvic organ 

prolapse 
0.6 0.5 9.45 

  Postmenopausal, pelvic organ 
prolapse  

0.27 0.14 12.1 

          
  Ranges for prolapsed tissue 0.27-0.6 0.14-0.5 9.45-12.1 
  Ranges for non-prolapsed tissue 0.42-0.79 0.37-0.68 6.65-10.26 

 Table 1.10.2.1. Biomechanical properties of paravaginal tissue.  
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Table 1.10.3.1. Biomechanical properties of pelvic organ prostheses.  

Author Sample Ultimate tensile strength 

(MPa) 
Ultimate tensile 

strain 
Young’s modulus 
(MPa) 

Hilger et al.  Autologus fascia (Rabbit) 1.57   4.67  
2006 [298] Pocine dermis 5.14   26.72  
  Porcine collagen-coated polypropylene mesh 4.74   4.53  
  Human cadaveric dermal graft 10.68   30.59  
Pierce et al. Porcine dermis  2.31 0.55 9.18 
2009 [299] Polypropylene 2.59 0.41 9.04 
Moalli et al. 

2008 [304] 
Gynecare     3.17 

(corrected for 

thickness) 
Boston Scientific     2.88 

  AMS     2.58 
  Bard     1.94 
  Caldera     2.5 
  Mentor     5.6 
Atmaca et al. Prolene 25.2 1.81   
2008 [311] Mersilene 9.2 1.31   
  Ultrapro 2.2 0.91   
  Vypro 8.1 0.84   
          
  Ranges for prosthesis 1.57-25.2 0.31-1.81 1.94-26.72 
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Table 1.10.4.1. Biomechanical properties of pelvic organ prostheses post explantation from rabbit vagina

Author Sample Ultimate tensile 

strength (MPa) 
Ultimate tensile 

strain 
Young’s modulus 
(MPa) 

Hilger et al.  Autologous fascia 1.12  - 3.3  
2006 [298] Porcine dermis 1 0.82  - 4.78  
(Post 12 weeks in rabbit 

abdomen/vagina) 
Porcine collagen-coated 

polypropylene mesh 
3.52  - 3.17  

  Human cadaveric dermal 

graft 
1.43  - 8.26 

Pierce et al. 
2009 [299] 
(post 9 months 

Porcine dermis 2 
  

1.84 0.35 7.27 

in rabbit vagina/ abdomen) Polypropylene  1.6 0.38 87.48 
Walter  et al.  
2003 [309] 
Post explantation at 12weeks 

from rabbit vagina 

Human cadaveric fascia 2.0 - 8.1 

          
  Range post explantation 0.82-3.52 0.35-0.38 3.3-87.84 
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1.10.4 In vivo host response to the mechanical properties of pelvic organ 

prostheses 

The scientific basis for using pelvic organ prostheses is to induce fibrosis in the local tissue 

allowing for support to the posterior wall of the urethra or walls of the vagina thus reducing 

the chances of urine leakage or POP recurrence. Therefore some authors have looked at the 

effect of this tissue reaction on the biomechanical properties of pelvic organ prostheses. In our 

review, we found three papers which assessed these parameters for prostheses after 

explantation from the paravaginal tissue [283] [284] [294] (Table 1.10.4.1). All three used a 

rabbit model. Hilger et al. and Walter et al. explanted materials at 12 weeks whereas Pierce et 

al. explanted at nine months. 

We found all materials underwent a decrease in UTS after implantation in the paravaginal 

space of rabbits (Fig 1.10.4.1). Rabbit fascia, cadaveric fascia and cross linked porcine dermis 

(porcine dermis 2) decreased in YM, whereas polypropylene (PPL), cadaveric dermis (CD) and 

fenestrated porcine dermis (porcine dermis 1) increased and porcine collagen coated PPL 

remained the same (Fig 1.10.4.2). Cadaveric tissues underwent the greatest decrease in 

strength which is in keeping with the histological findings of gross degradation and this also 

explains the clinical findings with these tissues [226] [222]. Fenestrated porcine dermis grafts 

lost strength and increased in YM, but cross linked porcine dermis did not change a great deal. 

This may be because the latter is known to become encapsulated and no remodelling occurs 

within it [214] [298]. These results point to better integration for fenestrated grafts, which is 

also the case in hernia models [299] .  

The biomechanical properties of autologous rabbit fascia were unchanged and this leads us to 

believe they are not altered significantly by the host response to them [214].  Over time 

collagen remodelling has been demonstrated in autologous tissue [222]. PPL and porcine 

collagen coated PPL decreased in UTS. PPL, however, became stiffer on implantation whereas, 

PPL coated in collagen was resistant to that increase.  

Dora et al. [300] looked at tissue strength of five materials used as slings, which were 

transplanted on rabbit rectus fascia. Human cadaveric fascia, porcine SIS & PD all decreased in 

strength at 12 weeks compared to baseline, whereas PPL mesh and autologous fascia kept 

their tensile strength [300]. When looking at stiffness of tissue after 12 weeks implantation, 

human cadaveric fascia, PD and SIS decreased significantly, whereas that of PPL increased and 

autologous fascia stayed the same. The authors also looked at change in surface area of the 
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tissue and found; no change in human cadaveric fascia, PD and PPL mesh, whereas SIS 

decreased by 41% and autologous fascia by 50%.  

With the same materials Krambeck et al. [301] requested an opinion from an independent 

pathologist of the degree of fibrosis present in tissue at six and 12 weeks post implantation. 

They found all tissues demonstrated a high degree of fibrosis, which is noted to be highest 

with the PPL mesh and least in porcine material. The researchers also looked at the degree of 

inflammatory infiltrate present on the tissue at six and 12 weeks post implantation finding PPL 

mesh to have the least B and T cell markers. Thus the authors claim PPL is a superior material 

by having a low inflammatory infiltrate and greater fibrosis/ scarring at both six and 12 weeks. 

The major criticism of this is the association of inflammation with weakening of tissues. It is 

well known tissues will progress through an initial inflammatory process in order for fibrosis/ 

scarring to occur [302] [303]. The time taken for this to occur will vary between materials. We 

also know materials may be weakened by the inflammatory process (macrophage activity) 

prior to remodelling into stronger structures. This remodelling will vary between tissues and 

may simply occur earlier in the course for PPL. A study looking at a more complete time course 

would be more appropriate.   

Speiss et al. [286] compared cadaveric fascia lata to PPL at six and 12 weeks implantation in a 

rat model. The rats were implanted with both materials, one on each side to reduce variability. 

The criticism of this study is that the slings were not implanted paravaginally. Other authors 

have placed pelvic organ prosthesis in abdominal walls of rats, rabbits or pigs to test the effect 

this would have on the biomechanical properties of the prosthesis [304] [305] [296] [295] 

[297] [306] [307].  

Sergent et al. describe a good time course and changes in biomechanical properties up to 180 

days in an abdominal wall model [304]. These, although useful, we feel may not provide the 

same data as vaginal placement as it is hypothesised that the endogenous microflora and 

increased vascularity of the vagina may lead to increased autolysis of graft material [294].  

In conclusion, it is difficult to predict the biomechanical behaviour of prostheses implanted 

within the human vagina. From animal studies we see weakening occurs early on, followed by 

some strengthening when fibrosis occurs. Moreover, the experiments of vaginal implantation 

would need to be repeated with longer periods of implantation to observe the effect of time 

on the strength of the tissue. These studies may have clinical implications and may help in 

predicting prosthetic failure and erosion.   
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1.10.5  Correlation of mechanical properties, host response and success 

of pelvic organ prostheses 

We correlated the mechanical properties of UTS and YM for prostheses, reported in the 

literature, with those of native tissue (Fig 1.10.5.1).   

The materials that are closest to native tissue in terms of UTS and YM are rabbit rectus fascia 

[283], porcine dermis 2 (cross linked) [284] and macroporous monofilament PPL [284]. The 

materials with a greater YM and UTS are cadaveric dermis and (fenestrated) porcine dermis 1 

[283].  Porcine collagen coated PPL has a slightly lower YM but a much greater UTS than native 

tissue [283].  

When matching the properties of UTS and YM to success and erosion rates we found the 

materials closest to native tissue had varying success and erosion rates. Macroporous PPL has 

been shown to have good success rates with SUI and POP repair but has a greater risk of 

erosion [308] [309] [310] [311]. At five year follow up, in a randomised trial,  Tate et al. 

describe a better objective success rate with PPL mesh compared to autologous fascia lata 

[312]. There are no reports of rabbit rectus fascia being used clinically. The success of cross 

linked porcine dermis is very low but the erosion rate is also low[137]. Natale et al. compared 

PPL mesh with PD mesh and found an objective cure rate of 71.9% with PPL and 56.4% with PD 

[313]. The erosion rate was 6.3% and 0% respectively.  

To our knowledge, fenestrated PD has only been described in one study in the literature for 

use in POP or SUI [314]. The results of early follow up in 35 patients were good with no 

complications but the number of patients so far studied is too low as yet to draw any 

meaningful conclusions. The other material with much greater YM and UTS than native tissue 

was cadaveric dermis. At medium term follow up, of 6-12 months, cadaveric dermal grafts 

showed high failure rates of 50% [227] [228]. Erosion rates varied between 0% [180] [231] to 

11% [232] [315]. The material with much higher UTS and lower YM was porcine collagen 

coated PPL mesh. This is currently undergoing clinical testing and at present no data could be 

found for either its success or complication rates, clearly these results need to be assessed in 

future years. 

From the above evaluation of the current studies we were unable to demonstrate any simple 

correlation between the biomechanical properties of prostheses and the success and 

complications reported for them. It is likely that other factors will influence the final outcome. 

The host response to implanted materials is acknowledged to be at first sight very variable and 

this is discussed next.  
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The relationship of the biomechanical properties of prostheses post explantation to native 

tissue are shown in Figure 1.10.5.2. There are no prostheses post explantation that have 

similar UTS and YM to native tissue. Cadaveric dermis, cadaveric fascia and PD had similar YM 

to native tissue, whereas rabbit rectus fascia and fenestrated PD had similar UTS but lower YM. 

Porcine collagen coated PPL was a lot stronger and less stretchy, whereas PPL was both 

stronger and less stretchy.    

We see that PPL post explantation has extremely high YM and has high UTS. This may explain 

its greater risk of causing erosion. We note that rabbit rectus facia, porcine collagen coated 

PPL and fenestrated PD are stretchier than native tissue (lower YM), from these only the 

fenestrated PD has been used clinically but only in one study [314]. It would be interesting to 

see the clinical findings of porcine collagen coated PPL, however rabbit studies revealed it to 

have caused erosion in two out of two rabbits after 12 weeks of implantation [283]. Cadaveric 

dermis, cadaveric fascia and PD have the same stretchiness as native tissue but a higher UTS, 

this again does not correlate with their clinical findings.  
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1.10.6 Properties of materials to be tested 

We aim to investigate seven materials to produce tissue engineered prostheses. The materials 

we selected were Alloderm (AL), cadaveric dermis (CD), porcine dermis (PD), porcine small 

intestinal submucosa (SIS) and polypropylene (PPL) which have all been used clinically in 

SUI/POP with variable results as discussed below. We will also investigate two new materials 

not used in SUI/ POP surgery; sheep forestomach (SF) and thermoannealed poly(L)lactic acid 

(Th PLA). This is because these materials have been shown to be good in tissue engineering 

applications as discussed below.     

1.10.6.1 Alloderm (AL) and Cadaveric dermis (CD) 

CD has its epithelium and all cellular components removed leaving behind an acellular 

biological matrix. These materials have been used in both SUI/ POP surgery and tissue 

engineering and were thus selected on this basis. The different companies manufacturing CD 

have patented processes for cellular removal. The dermis may be dried in various ways 

including freeze or solvent. AL is a specific type of CD manufactured by LifeCell Corporation. 

Lemer et al. found only small differences in maximum load and stiffness between the different 

types of drying processes [304]. Also to increase tensile strength the biological matrix may be 

cross linked. The tensile properties of CD have been described by three studies [287] [296] 

[304]. 

Choe et al. have described AL as having a maximum load of 60% of human fascia lata but to 

stretch twice as much before failure [300]. Hilger et al. found implantation in a rabbit 

abdomen/vagina for 12 weeks led to a significant decrease in UTS (seven fold) and YM (three 

fold) [296]. This is in keeping with the expected inflammatory response and clinical 

observations. Conversely when placed in a rat abdomen, AL was found to increase in UTS at 

both 30 and 60 days [316]. However, it must be noted, the authors explanted graft with 

adjoining abdominal wall, which could have led to its increased strength. Collagen deposition 

and neovascularisation was higher with AL than vicryl.  

Different cadaveric fascia meshes have been shown to induce different inflammatory markers 

in vitro. This includes monocytes, macrophages, interleukins and VEGF [317]. Sclafani et al. 

have shown good fibroblast infiltration of CD from biopsies taken from human subjects 

implanted with it in the skin behind the ear [318]. However, in vitro, Ng et al. found fibroblasts 

proliferated around the periphery of CD grafts with limited penetration into the matrix [319]. 

In this study, CD did allow for collagen production. CD has also been found to form a capsule 
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around it with minimal cell infiltration in a rat abdominal model [320]. The authors also found 

CD to induce more inflammatory cells than fibroblasts (low aspect ratio) compared to SIS.  

Blander et al. performed histological examination of five cadaveric fascia slings removed at re-

operation [321]. The slings demonstrated collagen but lacked any cellularity. Similarly 

Woodruff et al. removed slings from three patients with failed procedures and found CD slings 

only to be infiltrated peripherally [221]. They also had an element of degradation. Clinically CD 

grafts used for POP or SUI have had high failure rates especially at medium term (>1 year) 

follow up [322] [231]. This is in keeping with the in vitro findings above.    

1.10.6.2 Polypropylene (PPL) 

Polypropylene is the most common synthetic material in use for the surgical treatment of SUI/ 

POP and therefore we included it in this study. Accordingly, various combinations with other 

materials exist along with different patterns of weave and manufacture. As described earlier, 

Amid classified synthetic meshes into 4 categories [209]. Type 1 macroporous PPL has been 

recommended by NICE (guideline CG40).  Therefore we will investigate this for its potential use 

in tissue engineering applications. 

In the literature, eight papers were found which reviewed the tensile properties of type 1 PPL 

mesh used for SUI/ POP surgery [284] [286] [287] [288] [289] [290] [292] [293]. Pierce et al. 

showed PPL to weaken and become stiffer with implantation in a rabbit vagina/abdomen after 

nine months [284]. Weakening was also the case when implanted in a rat abdomen for six and 

12 weeks [286]. The only comparable results, reporting stress vs. strain data, were from Pierce 

et al. where the UTS of PPL was found to be 2.59MPa and the YM 9.04MPa [284]. The other 

researchers did not take account of tissue size and so cannot be compared, however, different 

types of PPL within the same study showed different biomechanical profiles.  

Skala et al. attached vaginal fibroblasts to seven different meshes and found xenograft meshes 

allowed for the best attachment of vaginal fibroblasts [236]. However Obtape (thermo-

annealed PPL) also allowed good fibroblast attachment at both five days and five weeks in 

vitro. This was measured by a semi-quantitative method using immunofluorescence 

microscopy. Macroporous PPL meshes had poor coating of fibroblasts. The fibroblasts coated 

along the filaments but could not bridge the pores. The prostheses with smaller pores (75-

50µm) had better fibroblast coating. Slack et al. noted more of an inflammatory response with 

microporous tapes (IVS and Obtape) compared to macroporous (Monarc) [323].  The Monarc 

was better integrated and showed more collagenous formation. The microporous meshes 
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showed more inflammatory cells, less fibrous tissue and severely restricted formation of 

collagenous bridges through the meshes.  

Kapischke et al. have precoated PPL meshes with human foreskin fibroblasts and used 

scanning electron microscopy (SEM) to show that fibroblasts settle on PPL threads [238]. 

Fibroblasts also showed variability by developing long extensions and a ruffled surface. The 

meshes were also seen, by immunostaining, to have collagen I and III. Similarly Langer et al. 

showed fibroblasts may coat material surfaces. They found fibroblasts prefer to grow on low-

weight meshes, thin filaments and mesh nodes [237]. A microporous mesh had better coating 

than a macroporous mesh. Interestingly, when looking at Vypro mesh (PPL and polyglactic acid 

combined) at six weeks when both were present fibroblast attachment was good, however as 

the polyglactin dissolved at three months the fibroblast attachment was 50% of that at six 

weeks.  

Pierce et al. studied the inflammatory response of rabbit vaginal tissue with PPL mesh [324]. 

PPL showed less inflammation but greater fibroblast proliferation compared to PD. 

Neovascularisation was present in both meshes. Erosion was 27% and 15% respectively. The 

inflammatory response with PPL was milder, more uniform and showed good tissue 

integration consisting of new collagen, fibroblasts, blood vessels and smooth muscle. Elmer et 

al. took pre and post operative biopsies of women undergoing pelvic reconstructive surgery 

with PPL mesh one year after placement [325]. Patients with mesh at one year showed a 

reduction in fibroblasts but an increase in macrophages and mast cells. This suggests a mild 

inflammatory but enduring foreign body cellular response. This is in keeping with animal 

studies [326] [324]. The reduced number of fibroblasts may be due to the timing of the biopsy 

and at 1 year the need for fibroblasts may have passed if structured tissue had been formed. 

There were no significant differences in collagen density. Three cases from 10 showed mild 

granuloma formation and two showed mild erosion. 

Clinically, TVT (lightweight PPL) has good success rates for the treatment of SUI. Objective and 

subjective cure rates of 80% at seven years are recorded [327] [328].  Liapis et al. reported 

complications at seven years to involve 11% of patients with detrusor overactivity, 19.6% with 

urgency and one patient out of 65 with vaginal erosion [327]. Meta-analysis by Jia et al, 

involving 10 RCTs consisting of 1148 patients found objective recurrence was halved by the use 

of a mesh from 30% to 14% [183].  PPL had a failure rate of 9% at a median term follow up of 

13 months. Monofilament PPL mesh has been found to have an erosion rate of 10.2% when 

used in the treatment of POP [218]. All erosions in this study were evident by the first clinic 
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visit. Foon et al. described an erosion rate of 14% in their meta-analysis with the use of PPL 

[184]. 

In summary Type 1 macroporous PPL comes in many different packages. It has good results in 

the treatment of SUI over a seven year follow up period. Its use in the surgical treatment of 

POP has no long term data. Short term data suggests it to be better than no mesh but does 

have a high risk of erosion. Attempts to attach fibroblasts have shown mixed results; meshes 

with smaller pores having greater success. Nevertheless fibroblasts do attach to the 

macroporous PPL and allow for an inflammatory response. The expected inflammatory 

response with macroporous PPL mesh is one of a prolonged low grade foreign body cellular 

reaction, with occasional mild granuloma.  

1.10.6.3 Porcine dermis (PD) 

PD is a decellularised porcine skin and it may be cross linked to make it less likely to be 

digested by collagensaes. It has been used for tissue engineering and in a few clinical studies 

described below. Its mechanical properties have been described in two studies, Hilger et al. 

used a fenestrated PD [283] and Pierce et al. describe a cross linked PD [284]. As discussed 

above in 1.10.5 cross linked PD is closer to native tissue in its mechanical properties but 

fenestrated PD allows better integration. In a rat hernia model cross linked PD was shown to 

be more durable up to one year and had greater UTS [329]. In addition, cross-linking may occur 

during sterilising protocols and in our experience ethylene oxide [330] and paracetic acid [331] 

both decreased dermal pliability when used to sterilise human donor dermis. Recent thinking 

in this area suggests that scaffolds based on natural matrices which are strongly crosslinked 

(for example with glutarldehyde) to the extent that the host cells cannot break them down will 

provoke a chronic inflammatory response [332], often ending up with encapsulation and 

failure of the implant. Badylak discusses the process of remodelling by the immune system of 

modified natural scaffolds [333]. Mantovani et al. [334] point out that macrophages are 

capable of responding to materials (living and non-living) introduced into the body by acquiring 

a pro-inflammatory (M1) or anti-inflammatory (M2) phenotype. Following on from this is the 

premise that any scaffold to be implanted must be capable of being remodelled and replaced 

by the body’s own ECM. 

Woodruff et al. have found PD to be encapsulated upon explantation from four women 

requiring revision of their sling surgery [214]. Ghandi et al. found variable host responses 

including foreign body reaction, encapsulation and inflammation in 12 patients requiring re-

operation after a PD graft [298].  At a mean follow up of 24 months, cure rates from anterior 

vaginal repair with PD were shown to be 78% [335]. However, 17% of patients receiving a PD 
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developed epithelial sloughing resulting in vaginal discharge presumably due to placement of 

vaginal mucosa over an avascular graft. Gomelsky et al. have shown 7% of 240 women 

developed vaginal extrusion of PD grafts after pelvic organ surgery [336]. Leboeuf et al. have 

reported a 7% recurrence rate without significant complications at 24 months [337]. In 

conclusion, although the early results with PD have been good, 36 months follow up has 

shown success in only 54% of patients after PD sling surgery for SUI [137].       

1.10.6.4 Sheep forestomach (SF) 

Sheep forestomach is a decellularised extracellular matrix proposed to have good biophysical 

characteristics and been shown to attach cells well [338]. It has also been shown to allow the 

growth of human fibroblasts and keratinocytes [339]. It has however, not been utilised in the 

treatment of SUI/ POP. 

1.10.6.5 Porcine small intestinal submucosa (SIS) 

SIS is a porcine-derived graft obtained from the small intestine submucosa (submucosa, 

muscularis mucos and stratum compactum). The graft is acellular and composed of non-

crosslinked collagen (types I, III, and V), glycosaminoglycans, proteoglycans, glycoproteins, and 

multiple growth factors. The extracellular matrix also contains cytokines, binding proteins, 

growth factors and matrix receptors that regulate cellular migration, infiltration, proliferation 

and differentiation [340] [341]. SIS is reported to be replaced by 120 days [342]. It is a 

commonly used material in tissue engineering applications and has been used cell free in 

pelvic floor surgery.   

Rice et al. have described an increase in UTS of SIS when implanted in a rat abdomen [316].  

However excision of the graft included adjacent abdominal wall tissue potentially confounding 

the results. Collagen deposition and neovascularisation was higher with SIS than with vicryl. SIS 

has been found to have near complete cellular infiltration with minimal encapsulation when 

implanted in a rat abdomen [320]. The authors have also found a high aspect ratio described 

as; increased fibroblasts compared to inflammatory cells. This is important as inflammatory 

cells are required initially but fibroblasts are then required to continue strengthening tissue 

and produce collagen matrix, to act as a scaffold for new tissue formation. This allows 

angiogenesis to take place.   

Skala et al. have shown SIS to act as a good scaffold allowing fibroblast attachment, 

distribution and proliferation at five hours and five weeks after seeding [236]. Also Cannon et 

al. have described the attachment of muscle derived stem cells on SIS scaffolds confirming its 
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propensity to allow cellular attachment and distribution [240]. Compared to CD, PD and 

cadaveric fascia lata, VandeVord et al. found SIS to have better biocompatibility allowing 

increased collagen deposition and angiogenesis[320]. 

Clinically, in some cases, SIS has been noted to cause an intense inflammatory reaction when 

used as a sling to treat SUI [343]. Five of 16 patients complained of suprapubic pain and one 

patient also had induration of the mons pubis requiring surgical drainage. An excessive 

inflammatory response was also noted by other researchers [344]. However, other authors 

have noted better clinical outcomes from SIS [342]. Success rates of 93% with 50% of patients 

having frequency/urgency are reported. Weidemann et al. took biopsies from patients with SIS 

slings and no evidence of a significant immunological reaction or foreign body reaction was 

noted [345].     

1.10.6.6 Thermoannealed Poly-L-Lactic acid (Th PLA) 

There are several methods utilised to fabricate highly porous biodegradable polymer cell 

scaffolds; including particulate-leaching, fibre extrusion and bonding,  phase separation, gas 

foaming, emulsion freeze drying , 3-D printing techniques and electrospinning [346] [347] 

[348] [349] [350] [351]. Critical determinants for cell attachment are dependent on choice of 

polymer, fabrication method and scaffold morphology [352] [353]. Electrospinning has 

emerged as an efficient method of producing scaffolds allowing variation of fibre diameter, 

porosity and arrangement. These scaffolds may be produced to have a high surface area to 

volume ratio to provide more surface for cell attachment [354].  

Poly(L)lactic acid (PLA)/ Poly(L)-lacto-co-glycolic acid (PLGA) are  biocompatible, biodegradable 

hydrophobic polymers, which have been used clinically for a variety of purposes ranging from 

bone [355], skin [356], bladder [357], nerve guide conduits [358], adipose tissue [359] and 

cartilage [360].  The ratio of lactic acid to glycolic acid may be varied. It can easily be moulded 

into shapes which have good mechanical properties [361]. PLGA lacks chemical moieties that 

allow cellular interactions and surface chemistries to occur [362]. When different fibre 

diameters for PLGA were compared ranging from 150 to 6 000 nm, all fibres had a tensile 

modulus close to normal human skin [351]. The average pore diameters were between 10-14 

microns. Human skin fibroblasts attached to these showed significant progressive growth on 

fibre matrices in the 350-1,100 nm range.   

The average half-life of PLGA scaffolds is 10 weeks [363]. PLGA is hydrolysed into lactic and 

glycolic acids and is metabolised in vivo [364]. PLGA as a polymer has been found to degrade 

faster than pure PLA and slower than pure Polyglycolic acid (PGA) [365]. The degradation 
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characteristics may be varied by adjusting molecular structure, crystillinity and L/D forms ratios 

[366]. Also as the fraction of PGA increases the fibre diameter increases [367]. Prior work in 

our laboratory with polymer electrospinning has produced non-woven randomly arranged 

fibres with an average diameter of 2.1+1.2 mm for PLA (mean+SD), 2.9 +1.3 mm for PLA plus 

lactide oligomers, 2.7 +0.5 mm for PLGA 85:15 scaffolds, 4.5 +1.4mm for PLGA 75:25, and 4.3 

+1.5 mm for PLGA 50:50. In vitro the PLGA 85:15 scaffold appeared not to undergo any 

significant degradation over 108 days, whereas the PLGA 75:25 began degradation at 80 days. 

In contrast the PLGA 50:50 underwent complete degradation by day 24 [367]. Accordingly, it 

should be possible to design synthetic electrospun scaffolds composed of biodegradable/ 

bioresorbable materials which can act as temporary tissue supports and guides, providing 

these can ultimately be replaced in a process of constructive remodelling. This has been the 

success of these polymers. 

De Tayrac et al. looked at the in vivo degradation of PLA(94) mesh (94% L-lactyl and 6% D-

lactyl) and found the mesh retained an acceptable strength for eight months [368]. The in vivo 

response to PLA(94) implantation in a rat abdominal wall showed the inflammatory response 

was significantly less with the PLA as compared to PPL, and collagen production also showed 

greater organisation in the former [369]. The authors also found gamma sterilisation increased 

mesh degradation and decreased UTS making hernias more likely to recur. In a previous study 

the mesh shrinkage seen with PLA was 23% compared to 24%  with PPL, at 90 days, and PLGA 

(90:10) had completely degraded by 90 days  [370]. The tensile strength and strain post 

explantation of PLA was always higher than PPL at all time points up to 90 days. The same 

authors also reported PLA to have less infection risk as compared to other meshes in a rat 

infected abdominal model [371].     

In our laboratory, we have found Th PLA has shown a higher UTS (three fold) and YM (50%) 

than PLA without affecting cellular attachment (unpublished data). This change in properties 

occurs due to β crystal formation due to the annealing process [372]. This also leads to a 

reduction in porosity affecting cell viability and surface interactions [373]. Therefore we will 

assess Th PLA in this thesis. Neither PLA nor Th PLA have been used clinically in the treatment 

of SUI/ POP. 

1.11 Paravaginal tissue histology 

Paravaginal connective tissue “endopelvic fascia” is made up of a complex of fibroblasts, 

myofibroblasts, smooth muscle cells and ECM containing collagen, elastin, proteoglycans, 

soluble proteins, glycoproteins, fibronectins, and glycosaminoglycans (GAGs) [374]. Resident 
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fibroblasts are responsible for the synthesis of the ECM and thus endow the tissue with their 

biomechanical properties. This in turn is mediated by specific cell receptors and cell binding 

epitopes which play an important role in cell attachment, migration and differentiation. The 

most dominant component of the ECM is collagen. More than 20 different collagens have been 

discovered in human tissue. Collagens are proteins forming a characteristic triple helix of three 

polypeptide chains, which further combine with other supporting proteins to form 

supramolecular organisations [375]. Collagens may be further subdivided into six groups: 

1. Fibril forming collagens 

2. Fibril associated collagens (FACIT) 

3. Network forming collagens 

4. Anchoring collagens 

5. Transmembrane collagens 

6. Basement membrane collagens 

The majority of collagen in connective tissue is fibril forming (types I and III) and provides most 

of the mechanical strength of these tissues [376]. Type III collagen is abundant in elastic tissues 

and contributes to mixed fibrils with type I collagen [377]. Type IV collagens provide flexibility 

and are restricted to basement membranes [378].   

Collagen assembly depends on cell type and genetic factors and is controlled by growth factors 

and cytokines [379]. Most collagen genes reveal a complex extron-intron pattern with the 

mRNA of fibrillar collagens encoded by more than 50 exons. Mature mRNA is translated at the 

rough endoplasmic reticulum forming pre-procollagen molecules. Following removal of a 

single peptide the procollagen molecule undergoes multiple post translational modifications 

[374]. Hydroxylation of proline and lysine residues occurs at variable points allowing cross-

linking [380]. Thereafter the molecules are packaged within the golgi apparatus and secreted 

into the extracellular space. The organisation of collagen fibrils is contained within the 

structure, as these align independently and form further covalent bonds. The efficient 

formation and folding of procollagen chains requires further enzymes and collagen specific 

chaperones e.g. HSP47 [381]. 

Collagens are resistant to digestion by proteases [382] and can only be degraded by specific 

collagenases. Three collagensases have been described. Collagenase A (MMP-1) is the 

interstitial collagenase. Collagenase B (MMP-8) is mainly specific to neutrophils. Collagenase C 

(MMP-13) is involved in remodelling. It cleaves type II collagen more efficiently than types I 

and III. In tissues a balance is found between the opposing actions of collagenases and tissue 

inhibitors of matrix metalloproteinases (TIMPs).  
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The endopelvic fascia forms the adventitial layer lying between the vagina and corresponding 

organs (Fig 1.11.1). The endopelvic fascia is not uniform and may be thicker in certain areas. 

Although surgeons commonly use this endopelvic fascia for plication when performing a 

prolapse repair anatomists have often debated whether it exists as a separate structure to the 

adventitia or is in fact the same thing. The current thinking is that it is the same structure, 

created by surgical dissection, composed of moderately dense connective tissue with smooth 

muscle, areolar tissue and loose connective tissue (Fig 1.11.2)  [383] [384].  

 

1.11.1  Collagen in POP/SUI 

Some authors have found a decrease in overall collagen content of tissue from women with 

SUI/ POP [71] [72] [73] [74], whereas others have shown a specific decrease in type I [385] 

[386] and type III [387] [388] [389] collagen using immunohistochemical techniques (Figs 

1.11.1.1 and 1.11.1.2). Other reports, on the other hand, have shown no difference in collagen 

content between women with and without POP or SUI [390] [389] [391]. We know POP and 

SUI are of multifactorial aetiology and this may explain findings of decreased collagen in 

certain patients and not others. Also Bailey’s review concluded increasing age is associated 

with changes in collagen and this may be a big confounding factor [392]. Another finding 

described by Trabucco et al. was a non homogenous pattern of staining for collagen with some 

areas of intense staining and some absent areas of staining in incontinent women but a more 

homogenous staining in controls. This could lead to sampling error depending upon the 

location and number of samples taken in each study and may explain the variations of reports 

in the literature [385].   

We know the tensile strength in these tissues is determined by the amount of collagen I 

compared to collagen III and IV [66]. An increase in collagen I leads to an increase in the UTS of 

the tissue, conversely excess collagen III and IV decrease mechanical integrity [67]. Menopause 

seems to decrease the collagen I/III ratio [68] [69]. Falconer et al. compared the ultrastructure 

of paraurethral tissue from postmenopausal women with SUI and from normal controls. The 

collagen fibril diameter was 76nm in the SUI group compared to 58nm in the control group  

[112]. The former group also contained a greater concentration of collagen and mRNA 

expression for collagen I and III with greater cross linking of collagen fibrils. It has been shown 

that type I collagen contains larger diameter fibrils than type III collagen and the addition of 

type III decreases collagen diameter [393]. Lang et al. have also described an increase in 

collagen fibril diameter in patients with SUI and POP [394].It is known cross-linking is the last 
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step in collagen biosynthesis and this greatly increases tensile strength. The other important 

factor for tensile strength is the fibre length to diameter ratio [395]. 

In post-menopausal women with SUI the picture is less clear, with some studies showing a 

decrease[387] [396] and others no change to collagen content [112]. However, greater cross-

linking of fibres was observed in these incontinent women, which decreases the flexibility of 

these tissues [330]. In this study the change was not seen in women undergoing oestrogen 

therapy.  

Collagen I and III levels in women with SUI/POP have been found to be the same or reduced 

compared to normal women and the mRNA for them has been found to be increased [397].  

This suggests a problem with translation, formation of quaternary structure or increased 

breakdown of collagen. One study showed however that the rate of collagen synthesis was 

similar in fibroblasts cultured from samples from women with or without SUI [398], implying 

reduced collagen content may be related to increased breakdown [399]. We have summarised 

the changes in collagen content and collagen mRNA in women with SUI/ POP as reported in 

the literature in Tables 1.11.7.1 and 1.11.7.2. 

 

1.11.2 Elastin in POP/SUI 

Immunohistochemical staining using Weigert Van Geison staining revealed elastin made up 

3.81% and 5.93% of the cross sectional area of endopelvic tissue from women with SUI and a 

control group respectively (Fig 1.11.2.1) [390].  Elastin provides the tissues with passive recoil 

after stretch. Elastin sequences interact with multiple proteins found in microfibrils and 

crosslinking contributes to tissue structural integrity [400]. Elastin has been found to be 

significantly diminished in patients with POP [75]  [401] [402], whereas other studies have 

found no difference in elastin  [389] [403] (Table 1.11.7.1). Elastin expression has been 

negatively correlated with the degree of prolapse, with tissue from women with greater grades 

of prolapse showing less elastin [401]. Elastin mRNA has only been described in one study, 

where it was found to be decreased [404]. SUI is also associated with remodelling of the tissue 

with respect to elastin-collagen interaction [405]. In addition to this altered elastin metabolism 

and gene expression have been found in women with POP [70]. Elastase activity is also 

increased in pelvic floor tissue from women with SUI [406]. Elastic fibre width has been seen to 

be halved in patients with prolapse [402]. Yamamoto et al. have shown elastin mRNA and 

elastin synthesis was decreased in fibroblasts from prolapsed uterine ligaments compared to 

non-prolapsed uterine ligaments [70].   



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

1.11.3 Glycosaminoglycans (GAG) in POP/SUI 

There are many types of GAG: chondroitin sulphate, dermatan sulphate, heparin sulphate, 

keratin sulphate, hyaluronic acid and heparin. Dermatan sulphate has been found to be the 

predominant GAG in paravaginal tissue (85%) [407]. GAGs were found to be increased in 

patients with POP or SUI [407]. In another study GAGs were not found to have been changed 

in patients with SUI [408] and another reported decrease in GAGs [409]. Post menopausal 

women have been found to have decreased sulphated GAGs, dermatan sulphate and 

chondroitin sulphate [410]. 

 

1.11.4 Proteoglycans in POP/SUI 

Small proteoglycans such as decorin and fibromodulin bind to different portions of the 

collagen fibril and are important for fibrillogenesis, whereas other proteoglycans such as 

biglycan and versican keep collagen molecules apart [411]. Women with SUI have been shown 

to have less small proteoglycan content than women without SUI [412]. Fibromodulin has 

been found to be increased [385] and decreased [413] in POP/SUI, whereas its mRNA was 

found to be decreased [391] [413] or normal [414]. Wen et al. found concentrations of 

prostaglandin to vary according to the woman’s menstrual cycle [413]. Decorin mRNA 

expression was significantly increased in women with SUI and/or POP [387] [413].   

 

1.11.5 Other proteins in POP/SUI 

Elastic fibre protein Fibrillin-1 mRNA expression was found to be decreased in patients with 

SUI [414] but the amount of Fibrillin 1 was found to be normal [391]. Fibrillin-5 mRNA 

expression was found to be the same [414] between continent and incontinent women, 

whereas in women with POP it was found to be decreased [415]. Li et al. however found 

fibrillin-5 expression to be significantly reduced in women with prolapse which correlated with 

degree of prolapse [401]. Fibulin-5 is another protein involved in elastic fibre assembly. Fibulin-

5 mRNA has been found to be increased in ligaments of women with POP [416]. Drewes et al. 

have shown fibulin-5 knock out mice to have developed POP [417]. Work from the same group 

has also shown vaginal protease activity to precede the development of POP [418].  
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1.11.6  Collagenase in POP/SUI 

Studies have revealed increased MMP activity in POP [403]. No difference was found in 

proMMP-2, MMP-2 or proMMP-9, however MMP-9 was increased in tissue from women with 

prolapse [419]. Strinic et al. found MMP-1 to be increased in uterosacral ligaments of women 

with POP but not MMP-2 [420], the converse was true in a similar study by Gabriel et al. [421]. 

It must be noted MMP-2 and MMP-9 are gelatinases. Rechberger et al. found no increase in 

collagenase activity in tissue from incontinent women [73]. Contrary to this, Zhang et al. found 

an increase in MMP-9 mRNA expression and a decrease in TIMP-1 mRNA expression in patients 

with SUI compared with continent controls [422].  

Chen et al. found para-urethral tissue from incontinent women expressed less tissue inhibitors 

of metalloproteinases (TIMPs) compared to tissue from continent women [244]. The 

expression of active metalloproteinase protein was the same. The authors also showed 

expression of TIMPs may be increased by the use of oestrodiol from cultured fibroblasts from 

continent women but not from incontinent women [244]. These results imply a lack of TIMP 

production by fibroblasts in paraurethral tissue of incontinent women, which leads to a pro 

collagenolytic state in these women.  

 

1.11.7 Paravaginal tissue in SUI/ POP 

From the above conflicting data it is unclear exactly what histological changes occur in the 

tissue of women with SUI/ POP. Generally the studies can be separated to those assessing the 

amount of each component via staining methods and those assessing component mRNA via 

real time polymerase chain reaction. We have summarised the studies showing an increase, 

decrease or no change in the various tissue components (Table 1.11.7.1) and mRNA (Table 

1.11.7.2).  

The differences in the studies may be due to sampling bias, sample sizes and the use of 

“controls”. As discussed by Trubacco, non homogenous staining was identified in women with 

SUI [385]. In the assessment of tissue components 728 patients including controls were 

assessed. The study size ranged from18-94, average =48.5. In the assessment of mRNA, 480 

women were assessed, average study size was 53.3 (range 29-120). Samples from different 

paravaginal regions were selected, including the endopelvic fascia, vaginal wall, uterosacral 

ligaments and arcus tendinius tissue. It has been shown that the menstrual cycle may affect 

the ECM composition and this was not accounted for in these studies [423] [424]. Some 
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authors have suggested that only women in the proliferative phase of the menstrual cycle 

should be assessed to standardise this variable [425]. In addition, other contributory factors 

were not standardised in patients and controls such as weight, smoking and parity, thus 

potentially leading to the variations in the findings. 

Component Decreased No change Increased 

Collagen I [385] [386] [390] [389] [391]  
Collagen III [387] [388] [389] [390] [391]  
Collagen IV  [389]  
    

Elastin [426] [401] [402] [389] [403]  
    
Glycosaminoglycans [409] [408] [407] 
    
Small proteoglycans    
Decorin [391]  [413] 
Lumican  [385]  
Fibromodulin [413]  [385] 
    
Large proteoglycans    
Biglycan   [413] 
Other proteins    
Fibrillin-1  [391]  
Fibrillin-5 [401]   

Table 1.11.7.1. A summary of the evidence reporting the changes in connective tissue 
components in women with SUI/POP compared to women without SUI/POP.     

 

Component Decreased No change Increased 

Collagen I   [397] 
Collagen III   [397] 
Collagen IV    
    

Elastin [404]   
    
Glycosaminoglycans    
    
Small proteoglycans    
Decorin [391] [427] [387] [413] 
Lumican [391] [414]  
Fibromodulin [391] [413] [414]  
    
Large proteoglycans    
Biglycan  [413] [427]  
Other proteins    
Fibrillin-1 [414]   
Fibrillin-5 [415] [414]  
Fibullin-5 [391]  [416] 

Table 1.11.7.2. A summary of the evidence reporting the changes in mRNA of connective  
tissue components in women with SUI/POP compared to women without SUI/POP.  
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1.12 Aims, objectives and hypotheses 

The aim is to develop a fibrous connective tissue sheet based on the patient’s own oral 

fibroblasts and either a synthetic or natural scaffold material to improve the quality of 

repairs that can be offered to women with stress incontinence and vaginal or uterine 

prolapse. 

It is proposed to use autologous fibroblasts taken from a small biopsy of oral mucosa obtained 

under local anaesthetic, expand these fibroblasts in the laboratory and then introduce them 

into sheets of candidate materials to make a sheet of connective tissue which can survive long 

term, will become vascularised post-implantation, and will undergo contraction rather than 

relaxation when introduced into the body. 

The project will: 

1. Evaluate two synthetic and five biological support materials as substrates for 

producing an autologous prosthesis. Candidate materials will be (a) Alloderm, (b) 

human acellular cadaveric dermis, (c) macroporous polypropylene, (d) porcine dermis, 

(e) sheep forestomach, (f) porcine small intestinal submucosa, and (g) thermoannealed 

poly(L)lactic acid. These materials will be combined with oral fibroblasts and assessed 

for their: 

 Ability to support fibroblast attachment and growth 

 Mechanical properties with and without cultured cells 

 Extent of cell based contraction 

 Ability to support new extracellular matrix production by the attached fibroblasts 

 

2. Assess the effect of scaffold restraint on all of the above properties of the scaffolds. 

 

3. Evaluate the use of Vitamin C for the improvement of tissue engineered materials. 

 

4. Commence work towards the development of a variable stress rig to examine to what 

extent mechanical conditioning improves the quality of tissue engineered tissues for 

clinical use. 

 

 



75 
 

At the start of this thesis, based on the preceding literature, the hypotheses that can be 

proposed are that: 

1) All scaffolds will support fibroblast attachment and subsequent performance to some 

extent but that it should be possible to select the most promising to take forward. 

2) The mechanical properties of scaffolds will not be significantly affected by the 

attachment of cells. 

3) The mechanical properties of polypropylene, porcine dermis, sheep forestomach and 

thermoannealed poly(L)lactic acid will be closest to those of native tissue. 

4) The extent of cell based contraction will relate to the stiffness of the scaffolds. 

5) The biological scaffolds will facilitate the production of collagen and extracellular 

matrix significantly more than the synthetic scaffolds. 

6) Scaffold restraint will have no significant impact on the integration of cells with 

scaffolds. Restraint will however, lead to increased collagen production. 

7) The inclusion of vitamin C will enhance matrix production by cells in the scaffolds. 

8) Mechanical conditioning of cells in scaffolds will affect the ECM proteins produced by 

the cells as a response to the variable stress applied to the materials and cells. 
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Chapter 2 Methods  

2.1  Materials 

2.1.1  Alloderm® (AL)  

AL was obtained, as a kind donation, from LifeCell Corporation® (Branchburg, New Jersey). 

2.1.2  Cadaveric dermis (CD) 

Sterile acellular Euroskin® was purchased from the European tissue bank (Beverwijk, 

Netherlands). This came in glycerol and, as per manufacturer’s recommendations, was washed 

with PBS. Subsequently 1M NaCl was added and incubated overnight at 370C. Thereafter the 

epidermis was removed by scraping with a scalpel handle. The resulting de-epithelialised 

dermis was then used for experiments. 

2.1.3 Polypropylene (PPL) 

Sterile macroporous PPL samples were obtained, as a kind donation, from Gynecare Ethicon® 

(Somerville, New Jersey).  

2.1.4 Porcine dermis (PD) 

PD was obtained, as a kind donation, from LifeCell Corporation® (Branchburg, New Jersey). 

2.1.5  Sheep forestomach (SF) 

SF was obtained, as a kind donation from Mesynthes Ltd, (Lower Hutt, New Zealand).   

2.1.6  Small intestinal submucosa (SIS)  

SIS was obtained, as a kind donation, from Cook medical®. The SIS sheets were 4-ply, acellular 

and not chemically cross linked.   

2.1.7 Poly(L) lactic acid (PLA) 

Sterile PLA, as used in chapter 9, was produced in the laboratory clean rooms via 

electrospinning [367]. Poly(L-lactide) (Mn~99K) was dissolved in dichloromethane (PLA 20% 

wt/wt) overnight at room temperature from Sigma-Aldrich,Dorset U.K.  The fibres were spun in 

a random orientation from four 2ml blunt tip syringes charged to 17 000 volts (Genvolt UK) at 

a flow rate of 30µl/min. The fibres were collected on an earthed rotating aluminium cylinder 

coated in aluminium foil rotating at 200rpm 20cm from the rotator.  
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2.1.8  Thermoannealed poly(L) lactic acid (Th PLA) 

Due to deficiencies in the mechanical properties of PLA noticed in chapter 9, we heat annealed 

PLA at 600C for three hours. This led to an improvement in mechanical properties as shown in 

chapter 4. The heat annealing method was based on unpublished data in the laboratory. 

 

2.2 Cell isolation and culture  

Oral mucosa was selected as the source of fibroblasts as discussed in section 1.8. This was 

obtained with full and informed consent (Appendix 2- see patient information leaflet) and 

ethical approval, from small pieces of urethroplasty grafts which were surplus to requirements. 

All samples were handled on an anonymous basis under a research tissue bank licence 

(number 08/H1308/39) under the Human Tissue Authority. 

Specimens were cut into 0.5cm2 pieces and incubated overnight (12-16h) at 4°C in (0.4%) 

Difco-trypsin plus 0.1% w/v D-glucose in PBS, pH 7.45 (Difco Labs, Michigan, USA). The 

epidermis was manually parted from the dermis in a Petri dish. The epidermis was discarded 

and the dermis further minced with scalpel blades in a small volume of 10% DMEM medium 

(444ml DMEM + GlutaMaxTM  (Gibco Invitrogen, Paisley, UK) supplemented with 50ml fetal calf 

serum (Advanced protein products, Brierley Hill, UK) 5ml penicillin (100units/ml), 

streptomycin(100µg/ml), and 2.5ml fungizone (630ng/ml) (Gibco Invitrogen, Paisley, UK).   

The minced dermis was transferred to a Petri dish containing 10ml collagenase A (0.05% in 

10%DMEM) and incubated at 37oC in a 5% CO2 atmosphere overnight. The resulting 

suspension was centrifuged at 335.4g for 10 minutes and the pellet isolated and resuspended 

in 10% DMEM. Thereafter a cell count was obtained to guide seeding into T25 flasks, which 

were seeded with a minimum of 5 000 cells per T25 flask incubated at 37oC in a 5% CO2 

atmosphere. Regular visual inspections were undertaken to observe cell morphology and 

exclude infection. Media was changed as required or at most every three days and all cells 

were passaged prior to 80% confluency. 

The passage procedure involved three washes in PBS followed by incubation for 5 minutes at 

37oC 5%CO2 atmosphere with 5ml Trypsin/EDTA (Sigma-Aldrich, Dorset, UK) per T75 flask. 

Thereafter, the suspension was centrifuged at 83.85g for 5 minutes and the cells counted in a 

haemocytometer. Between 100 000 to 1 000 000 cells were added to each T75 flask, 

depending on the requirements. Cells between passage 5-9 were utilised in the experiments.  
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2.3   Material preparation and cell seeding 

All material preparation and seeding was undertaken in a sterile laminar flow culture hood 

reserved specifically for human cell lines. The seven sterile prostheses were cut to 2cm2 pieces 

and placed in 6 well plates. Oral fibroblasts (800 000 per prosthesis), detached by 

trypsinisation, were seeded on to the cut pieces with a small volume of 10% DMEM. After 

30mins, to allow for cell attachment, a further 5ml of 10% DMEM was added and the 6 well 

plates incubated at 37oC in a 5%CO2 atmosphere. We also included media free and cell free 

with media only controls. Each experiment was run in triplicate and repeated three times.   

 

2.4  AlamarBlue®staining 

AlamarBlue® (5ml of 10% AlamarBlue in PBS, AbD serotec, Kiddlington, UK) was added to each 

six well plate one hour after seeding 800 000 cells. This was incubated for 60 minutes at 37oC 

in a 5% CO2 atmosphere and then read at 570nm (manufacturers recommendations) in a 

colorimetric plate reader (Bio-TEK, NorthStar Scientific LTD, Leeds, UK) to obtain baseline 

values of colorimetric absorbance. On days 7 and 14, each sample was washed with PBS three 

times and placed in a new 6 well plate with 5ml AlamarBlue to assess metabolic activity at 

these time points.  

Data analysis involved calculating the % change in absorbance over time relative to day 0 

(Baseline) when 800 000 cells were seeded for each of the scaffolds. Differences between 

scaffolds were statistically tested against the hypotheses (section 1.12) using a two sample T 

test with equal variance not assumed, n=9 (Significance = p<0.05). 

 

2.5  DAPI staining 

The DNA stain 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) was utilised to identify 

the presence and location of fibroblast nuclei via fluorescence imaging. After completion of 

culture (14 days), cut portions of the tissue engineered prostheses were fixed in 3.7% formalin 

solution (3.7% formaldehyde in PBS). Thereafter, 0.8ml of 1ng/ml DAPI (Gibco Invitrogen, 

Paisley, UK) was added to each well (24 well plate) and incubated at 37oC in a 5% CO2 

atmosphere for 40 minutes. After three washes in PBS, the samples were observed through an 

Axon ImageXpressTM fluorescent microscope (Molecular Devices limited, Union city, CA) at 

λex385nm/λem461nm. The samples were imaged through their depth in all quadrants.  
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2.6   Contraction 

Scaffold contraction on days 7 and 14 was calculated relative to day 0 using digital 

photographs and ImageJ software (NIH, USA). The % contraction at days 7 and 14 was 

statistically assessed between the 7 scaffolds, against the hypotheses (section 1.12) using a 

two sample T test with equal variance not assumed, n=9 (Significance = p<0.05). Cell mediated 

contraction was calculated by subtracting the difference between scaffolds with and without 

cells (controls).  

 

2.7   Tensiometry 

Tensiometry was performed on day 14 and all samples remained in media until the time of 

testing. Samples were cut, measured and then the moist samples were clamped to the 

tensiometer (BOSE Electroforce test instruments, Minnesota, USA). A small load cell was 

selected (<22N) as this was found to be the most accurate during sample tuning. All seven 

scaffolds were tuned separately prior to commencing the experiments. A ramp test was 

applied at a rate of 0.05mm/s with a maximum displacement of 10mm. The first failure point 

or plateau was recorded as the load at failure, and the displacement at this point was also 

recorded. Thereafter the ultimate tensile strength, the ultimate strain and Young’s modulus 

were calculated as described in section 1.10. The ideal biomechanical properties were those of 

native paravaginal tissue as discussed in section 1.10.2. Statistical differences between native 

tissue and the 7 scaffolds were assessed, against the hypotheses (section 1.12), using a two 

sample T test with equal variance not assumed, n=9 (Significance = p<0.05). 

  

2.8   Sirius red staining 

Total collagen produced by the cells on the scaffolds was assessed using Sirius red staining. At 

14 days constructs were washed three times in PBS and fixed in 3.7% formalin. Following a 

further three washes with PBS the tissue engineered prostheses were stained with 0.8ml Sirius 

red stain (0.1% Direct Red 80 in saturated picric acid, Sigma-Aldrich, Dorset, UK) to each well of 

a 24 well plate. After 16 hours, excess stain was washed off with distilled water. The specimens 

were then pat dried and weighed. For a quantitative analysis, the stain from the tissue 

constructs was eluted with 2ml 0.2M NaOH: methanol 1:1 to each well in the 24 well plate for 
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15 minutes. The absorbance was read at 490nm in a plate reader spectrophotometer (Bio-TEK, 

NorthStar Scientific LTD, Leeds, UK).  

Data analysis involved calculating absorbance of stain per gram of dry construct. In addition, 

the difference in collagen stain absorbance per gram of construct between samples with cells 

and controls without cells was calculated to give an indication of “new collagen production” by 

cells on the scaffolds. This is because biological scaffolds already contain a background of 

collagen. Differences between scaffolds were statistically tested against the hypotheses 

(section 1.12) using a two sample T test with equal variance not assumed, n=9 (Significance = 

p<0.05).  

 

2.9   Immunofluorescence imaging 

The presence and distribution of collagen types I, III, IV and elastin were assessed using 

Fluorescein labelled (FITC) antibodies. Primary antibodies included goat anti-human collagen I, 

III, IV, and rabbit anti human alpha elastin antibody (sensitive to both alpha and beta elastin). 

The respective secondary antibodies included FITC labelled anti goat IgG and anti rabbit IgG 

(AbD serotec, Oxford, UK). All antibodies were polyclonal.  

All samples were fixed in 3.7% formaldehyde, underwent the DAPI staining procedure above 

and were then washed in PBS thrice. Thereafter 2ml 1% bovine serum albumin was added to 

each construct in the 24 well plates to reduce non-specific binding. This was washed away with 

PBS three times after 30 minutes. Then 100µl primary antibody (Diluted 1:50 in PBS) was 

added, to each sample, and incubated at 37oC in a 5% CO2 atmosphere for 30 minutes followed 

by three washes with PBS. Finally 100µl secondary antibody (Diluted 1:50 in PBS) was added 

and the samples incubated at 37oC in a 5% CO2 atmosphere for 30 minutes and washed thrice 

with PBS. The constructs were imaged with an Axon ImageXpressTM fluorescent microscope 

(Molecular Devices limited, union city, CA).  The relative positions of nuclei (DAPI stained) and 

collagen I,III, IV and elastin were ascertained by switching between DAPI and FITC filters. 

Excitation and emission wavelengths for FITC were λex495nm/λem515nm. Filters for DAPI have 

been described above.  

Three postgraduate researchers who were presented the images for blind scoring marked each 

image using a qualitative and quantitative grading scale; - absent= 0, + mild presence=1, ++ 

good presence =2, +++ abundance =3,  (n=9). Both the mean and modal values were 

presented. 
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2.10 Scanning electron microscopy 

SEM was used to assess new extracellular matrix production on the scaffolds. All samples were 

fixed in 3.7% formaldehyde. After three washes in PBS, the samples were incubated for 5 

minutes with the addition of 2ml 0.1M cacodylate buffer. After removal of the cacodylate, 2ml 

2.5% gluteraldehyde in distilled water was added and incubated as above for 30 minutes. The 

gluteraldehyde was aspirated and again 2ml of cacodylate buffer added to rinse any remaining 

gluteraldehyde. Thereafter, 500μl of osmium tetraoxide was added and incubated for 2 hours. 

The osmium tetraoxide was aspirated and 2ml cacodylate buffer added and left for 15 minutes 

at room temperature. Subsequently the samples were incubated for 15 minutes with 75, 95 

and 100% ethanol and finally freeze dried for 16 hours. 

A Gold coater (Edwards sputter coater S150B, Crawley, England) was utilised to coat all 

samples with gold. A Phillips XL-20 scanning electron microscope (Cambridge, UK) was utilised 

to obtain the SEM images. Three random images were taken for each sample at X100, X800 

and X5000 magnification. The samples were then scored for extracellular matrix production by 

three independent blinded postgraduate researchers. The marking scale included  - No ECM, + 

little ECM, ++ good ECM, +++ abundant ECM. The modal and mean results were calculated. 

 

2.11 Restraint of scaffolds 

Restraint was applied to all seven scaffolds using a non-absorbable 5/0 monofilament suture 

(Ethilon®). The sutures were placed in the four corners of each sample and sutured to a metal 

grid. The restraint was released on day 14 by cutting the sutures. All the above parameters 

were assessed with restrained scaffolds and included controls without cells.   

 

2.12 Variable stress rig 

The development of a variable stress rig is a continuing work in progress. Thus far we have 

been able to test an initial rig and an improved version based on the findings of the first rig. 

The first rig involved the inverted use of a ScaffdexTM (Scaffdex Oy, Tampere, Finland) cell 

culture ring. This allowed a constant restraint of the scaffolds. The scaffold was clamped in the 

ring and placed in a six well plate. Thereafter four ball bearings, weighing 0.261g each, were 
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placed in the centre of each ScaffdexTM ring on alternating days (Fig 2.11.1). This was done only 

with the Th PLA scaffold.  

The second rig was designed to improve upon the deficiencies of the first rig and utilised the 

same Scaffdex rings which were cut to reduce the height of the rings. The cut non clamp end 

was used as a base and the ring clamp side was used as intended by the manufacturer. This 

allowed the scaffold to rest lower in the 6 well plate (Fig 2.11.2).    

 

2.13 Vitamin C 

The addition of vitamin C to the culture media was investigated to examine its impact on cell 

behaviour, particularly total collagen production. A stable form of vitamin C, Ascorbate-2-

phosphate (Asc-2p) (Sigma-Aldrich, Steinheim, Germany) was added to the 10% DMEM media 

making up concentrations of 0.3, 1 and 3mM. The effect of the different concentrations on 

cells on Th PLA was investigated using AlamarBlue, DAPI, tensiometry and Sirius red staining.  
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Chapter 3 Attachment of fibroblasts to scaffolds 

3.1 Introduction 

Fibroblasts are adherent cells and their survival is dependent upon attachment to a solid 

surface. Surfaces, such as tissue culture plastic, allow attachment through matrix proteins 

which adsorb onto the hydrophobic surface. Many researchers have attached fibroblasts to 

different meshes. Skala et al. have shown good attachment of human vaginal fibroblasts to SIS 

and PD after five hours and five weeks, semiquantitatively, by the use of propidium iodide 

fluorescence staining [236]. Langer et al. reported poor human dermal fibroblast attachment 

to PPL mesh as assessed by SEM [237]. Kapischke et al. noted human foreskin fibroblasts 

attached well to 3 different PPL meshes as assessed by light and scanning electron microscopy 

[238]. Two of the meshes were multifilament and the other monofilament and microporous. 

The authors also showed the presence of collagen I and III using monoclonal antibodies. FACS 

analysis was performed and showed some increase in the marker Ki67 implying cells were 

proliferating on the meshes. Kumbar et al. showed human skin fibroblast proliferation 

continued to increase on a PLA/ PLGA scaffold over 28 days via an MTT assay [351]. Ng et al. 

have shown an increase in metabolic activity of human dermal fibroblasts on Alloderm and 

PLGA/polycaprolactone scaffolds[319]. Confocal and SEM imaging showed a good distribution 

of cells on the two scaffolds.      

 

In these experiments AlamarBlue® was used to assess the metabolic activity of cells on the 

seven different scaffolds. This stain has also been used as a surrogate marker of proliferation 

[428]. It uses an oxidation-reduction (REDOX) indicator, resazurin (blue) which is reduced to 

resorufin (pink), and can be assessed by fluorescence and colorimetric methods. Importantly 

the stain is non toxic and can simply be washed away and thus used repeatedly on the same 

sample without impairing cellular processes [429]. Importantly, the resorufin continually 

develops and therefore a precise time point is required for assessment.  

 

In addition to the metabolic activity and proliferation of cells, we also assessed the distribution 

of cells within the scaffolds. For this purpose, fluorescent DAPI staining was used. The axon 

ImageXpress allows one to assess the whole scaffold and capture sections sliced throughout 

the scaffolds. The scaffolds and their parameters are shown in table 3.1.1. 
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Scaffold Fibre diameter Pore size mean 
diameter 

Cross linking or modification 

AL A B Naturally cross linked only 
CD A B Naturally cross linked only 
PPL 0.1mm 2.25mm Woven 
PD A B Naturally cross linked only 
SF 0.8-11.6 µm B Naturally cross linked only 
SIS 5µm 0.2-5µm Naturally cross linked only 
Th PLA 2.1µm 5-20µm Heat annealed 

Table 3.1.1. Parameters of the seven scaffolds utilised. A- Data not reported in the literature, 
however, this material contains natural collagen fibres of 2-300nm diameter forming collagen 
bundles of approximately 10µm diameter. B-Mean pore size not reported in the literature, 
however, this material is a natural collagen matrix containing pore sizes up to 10µm.  
 

 
3.2  AlamarBlue results 

AlamarBlue absorbance was read one hour after incubation and was recorded on days 0, 7 and 

14. The absorbance of AlamarBlue is plotted below in each figure compared to the absorbance 

of controls without cells. The results indicate the proliferation and activity of cells over the 14 

days of culture.    

   

3.2.1  Alloderm 

Fig 3.2.1.1 shows no significant change in absorbance of AlamarBlue stain from AL with cells 

over 14 days. This implies that cells remain metabolically stable over a 14 day time course 

when seeded on AL. However the confidence interval at 14 days is wide and is no longer 

significant when compared to AL without cells. This implies that some scaffolds did well and 

others less so.  

 

3.2.2  Cadaveric dermis 

The metabolic activity of fibroblasts on CD decreased significantly at seven days but thereafter 

made a significant recovery on day 14 (Fig 3.2.2.1). Metabolic activity was significantly more on 

the scaffolds with cells than those without throughout the whole 14 days of culture. 

 

3.2.3  Polypropylene 

Cells did not survive on PPL. There was a significant reduction in the cellular activity up to day 

7, which reached baseline values and continued this way until day 14 (Fig 3.2.3.1). 
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3.2.4  Porcine dermis 

Fig 3.2.4.1. Shows no significant change in absorbance of AlamarBlue stain from PD with cells 

at 7 (p=0.4) and 14 (p=0.55) days culture in relation to baseline. The difference between PD 

with and without cells also became non-significant after 7 days culture.  

 

3.2.5  Sheep forestomach 

Fig 3.2.5.1. Shows no significant change in absorbance of AlamarBlue stain from SF with cells 

over 14 days culture. On day 14 the difference between SF with and without cells became 

significant (p=0.016), which suggests cellular proliferation over time. 

 

3.2.6  Small intestinal submucosa 

Metabolic activity as measured by AlamarBlue continued to increase significantly over the 14 

days with SIS (Fig 3.2.6.1).  

 

3.2.7  Thermoannealed PLA 

Metabolic activity as measured by AlamarBlue continued to increase significantly over the 14 

days with Th PLA (Fig 3.2.7.1).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



88 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



89 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



90 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



91 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



92 
 

3.3  Comparison of cell metabolic activity on potential scaffold materials 

The metabolic activity of cells on the seven different scaffolds was compared by standardising 

each scaffold to its control (i.e. scaffold without cells). Thereafter, the % change from day 0 

when 800 000 cells were seeded on each scaffold, which formed a reference point of 100%, 

was calculated.  Cells on SIS and Th PLA showed the greatest increase in metabolic activity (Fig 

3.3.1). PPL showed a decrease in the metabolic activity of cells and the remaining scaffolds 

remained approximately the same over 14 days.  

 

Table 3.3.1 shows the significant differences between the scaffolds. The third column shows 

the p value between scaffolds in rank order and the fourth column shows the points at which 

the p values become significant which allows us to grade the scaffolds (column five). We can 

see the first two scaffolds did significantly better than the remaining five.   

  

Order Descending order 
of materials 
according to  
relative activity to 
controls   

P value of difference 
between material and 
previous most 
metabolically active 
material 

Point where P value 
becomes significant 
between 1st significant 
sample and next most 
significant 

Grade  

1 SIS   +++ 

2 Th PLA 0.4  +++ 

3 SF <0.001 <0.001 ++ 

4 CD 0.2  ++ 

5 PD 0.65  ++ 

6 AL 0.9  ++ 

7 PPL 0.19 <0.001 + 

Table 3.3.1. Materials in rank order of highest metabolic activity achieved by fibroblasts. p 

values of differences in relative metabolic activity of different materials using two sample T 

test, equal variance not assumed. n=9 (Significance at P<0.05). Scale: +++ for best material, 

++ for materials if significantly different (p<0.05) from 1st material (using unpaired T-test), + 

for next material (p<0.05), followed by +/- for next significantly different material (p<0.05). 

 

3.4  DAPI images 

DAPI stains DNA within cells. It was used to assess the distribution of cells within scaffolds. 

Representative images of DAPI stained scaffolds with and without cells are shown in Fig 3.4.1. 

Clear differences can be seen between scaffolds with and without cells and between individual 

scaffolds too. To the naked eye SIS and Th PLA both appear to have significantly more visible 

nuclei compared to the other scaffolds. 
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3.5  Discussion 

It was hypothesised that all scaffolds would support fibroblast attachment and subsequent 

performance to some extent. This was based on the available literature at the time of 

commencing the thesis as discussed in the introduction of this chapter (section 3.1). We found, 

SIS and Th PLA were significantly better at supporting cell attachment than the other five 

scaffolds (see Fig 3.4.2 and Table 3.3.1) and PPL was significantly worse than the remaining 

four scaffolds. Only PPL failed to support fibroblast attachment. 

SIS significantly outperformed the other biological scaffolds. The DAPI stained images showed 

a good distribution of fibroblasts on the SIS (Fig 3.4.1). The remaining biological scaffolds 

showed variable cell attachment. Cells which were attached to AL, PD and SF did not increase 

or decrease significantly in metabolic activity over the 14 days of culture (Figs 3.2.1.1, 3.2.4.1 

and 3.2.5.1). On day 14, all three materials showed a large variation in their results (large 

standard error of the mean), which suggests some scaffold samples performed well and others 

less so. This variation has also been recognised in the literature for biological scaffolds. 

AL, CD, SF, SIS and PD are biological scaffolds which have had their cellular components 

removed. The decellularised matrices are postulated to serve as readymade scaffolds which 

allow easy attachment of cells to a biological framework. The scaffolds are absorbed over time 

and new matrix is laid down by local fibroblasts [430]. The reaction of cells to biological 

matrices is dependent upon two things- the nature/ configuration (including cross-linking) of 

the implanted matrix and the host immune response to it. The configuration of the matrix may 

vary depending on the various patented methods of cell removal, sterilisation and subsequent 

cross linking [431] [432]. In addition, the αGal epitope was highlighted as a potential reason for 

rejection in humans. Therefore SIS scaffolds have been developed from αGal knockout pigs 

[433]. Recently it has been shown that the removal of αGal from SIS has not impacted upon its 

properties [434]. Also of particular importance, biological scaffolds are often cross linked to 

increase their strength and make them easier to handle. However, this may have unwarranted 

effects and lead to a chronic inflammatory response resulting in encapsulation [435].  

Ng et al. found fibroblasts proliferated around the periphery of AL grafts with limited 

penetration into the matrix over three weeks culture [319]. In vitro studies in the mouth have 

shown phagocytosis occurs in the first few weeks after implantation of AL grafts, followed by 

remodelling [436].  In vivo, Sclafani et al. have shown good fibroblast infiltration of CD from 

biopsies taken from human subjects implanted with it in the skin behind the ear [318], 

whereas failed CD sling procedures have been shown to lack cellularity and have only 

peripheral cellular infiltration [321] [214].  
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Tang et al. reported good attachment of 3T3 fibroblasts to PD as assessed by MTT over four 

days [437]. However, looking at the MTT results, reported by Tang et al, there is no significant 

increase in cell proliferation over the four days of study. Cook et al. have shown superiority of 

porcine SIS compared to PD using synovial and tendon fibroblasts. The SIS scaffold allowed 

greater retention of viable cells after one week in vitro, and in vivo showed better replacement 

with regenerative tissue after six and 12 weeks in a rat abdominal wall model [438]. These in 

vitro findings agree with ours. Armour et al. have shown that only 31% of PD grafts showed 

fibroblast infiltration but the proliferation of human fibroblasts on the PD scaffolds continued 

to increase over the four weeks of the study [439].  

Using AlamarBlue, Englehardt et al. have shown an increase in proliferation of urothelial cells 

seeded on SIS over a 13 day time course thus showing it to be a good scaffold for supporting 

cells [440]. The reasons behind this ability is yet to be completely elucidated, but it has been 

suggested that the scaffold configuration and the availability of growth factors in the scaffold 

may be responsible [333] . The growth factors that have been found to stimulate cell activity 

are fibroblast growth factor 2, transforming growth factor beta, vascular endothelial growth 

factor, insulin like growth factor 1 and platelet derived growth factor [441] [434]. In addition to 

this, SIS has been shown to have inherent antimicrobial activity [442]. 

The ability of SF has not been compared in the literature to other materials. However, Irvine et 

al. have shown that SF led to greater blood vessel formation than an SIS matrix on an 

untreated wound in a pig wound model [443]. We seeded cells on the luminal surface of SF 

which only showed an increase in metabolic activity on day 14. Recently, the abluminal surface 

of SF has been shown to allow better attachment of fibroblasts as assessed by manual 

counting of DAPI stained scaffolds [339].   

PPL and Th PLA are both synthetic scaffolds. PPL is made of knitted and interlocked filaments 

to create a macroporous non absorbable mesh. Fibroblasts did not attach well to the PPL 

except at the interlocking junctions where smaller pores existed. The cells can be seen, by 

DAPI, to congregate at the interlocked junctions but are not able to extend from one junction 

to the next (Fig 3.4.1). This is similar to the findings of Skala et al. who used 

immunofluorescence microscopy and showed that fibroblasts could attach to mesh nodes but 

not bridge the large pores [323]. In contrast Kapischke et al. showed fibroblasts were able to 

attach to PPL mesh at four to six weeks but the mesh used had small pores (0.26mm) [238]. It 

has been suggested that cells may not be able bridge large pores, whereas with small pores 

which allow cell to cell communication cells may be able to proliferate better [444].   
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Electrospun random fibres of PLA allowed good attachment of fibroblasts, as viewed by DAPI 

(Fig 3.4.1), and cells showed good metabolic activity on these scaffolds (Fig 3.3.1). In the 

literature a flow perfusion bioreactor was reported that led to better organisation and more 

homogeneity of fibroblasts on PLA, in addition to increasing fibroblast numbers [445]. This also 

led to quicker in vitro maturation by simulating an in vivo environment. Other methods of 

increasing cell adhesion and proliferation are to modify the PLA surface with a coating such as 

gelatin [446] or to form co-polymers with other materials [447]. These unfortunately affect the 

mechanical properties and also the extent of collagen and elastin deposition. The reasons for 

the success of PLA have been postulated to be the fibre diameter (2.1+ 1.2µm), pore size (5-10 

µm) and arrangement (random). These properties create a matrix close enough to native 

tissue (Table 3.1.1) to encourage fibroblasts to attach, proliferate and produce new ECM.    

It has been suggested that it may be the hydrophobicity of PLA which encourages fibroblast 

attachment. However, it has also been shown that when collagen was blended with PLA it 

made the scaffolds more hydrophilic and hydroxyapatite made them more hydrophobic. 

Scaffolds combined with collagen and hydroxyapatite with PLA were shown to have the most 

viable cells [448]. Another study added polyethylene glycol to PLA to increase hydrophillicity. 

The authors found an 80:20 ratio allowed for the best cell-matrix interaction [449]. One must, 

however, bear in mind that this will change other properties of the co-scaffold [450]. Heat 

annealing slows hydrolytic degradation rate and increases hydrophobicity [451]. This may 

explain why fibroblasts attached well to the Th PLA.   

These are the first results, to my knowledge, that compare the ability of these seven scaffolds 

to support fibroblasts in this way. There is no accepted standard measurement in the literature 

to measure cell attachment and activity. We have shown two scaffolds to be significantly 

superior to the other scaffolds for the attachment of fibroblasts. Later in the thesis, the effects 

of adding vitamin C to the culture media and of culturing cells on scaffolds under fixed or 

dynamic tension are examined for cells grown on the Th PLA scaffolds.  

Other scaffolds which have shown recent promise in the literature include human recombinant 

tropoelastin which is electrospun to resemble a dermal matrix [452]. The authors reported 

good cellular attachment and ECM production but the biomechanical properties were those 

that resembled skin and not paravaginal tissue. Recently, the use of gelatin as a co-polymer 

with other scaffold materials has also shown benefit to fibroblast attachment [453] [454] 

[455]. The use of patterned electrospun fibres has also shown some degree of benefit [456] 

[457].   
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Fibroblasts which integrate into scaffolds have been shown to display a different morphology 

to those in monolayers due to cell-matrix entanglement [458]. It has been shown fibroblasts 

may migrate in a 3D matrix via a chemoattractant gradient, most notably platelet derived 

growth factor [459] [460] [461]. The mechanical loading of scaffolds has been shown to 

influence whether cells acquire a proliferative or resting phenotype [462]. Therefore, the 

measurement of bioactive substances produced by fibroblasts on the scaffolds may also 

improve our understanding of why fibroblasts prefer one scaffold over another. Moreover, it 

will help us understand what cellular processes occur at various time points and this may lead 

to an avenue for modulation. In addition to the initial attachment and growth of cells on the 

scaffolds, the biomechanical properties, contraction and production of ECM are also important 

and these are considered in the following chapters. The importance of cell attachment to 

tissue engineered scaffolds for use in SUI/POP is considered further in the main discussion in 

chapter 10. 
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Chapter 4 The mechanical properties of scaffolds seeded with 

fibroblasts 

4.1 Introduction 

The biomechanical properties of scaffolds are hypothesised to affect their ability to integrate 

into native tissue (section 1.10). Although in our review of this area, we found no absolute 

correlation between prosthesis success/ erosion rate and the UTS or YM, it must be noted that 

the description of the biomechanics of these properties is limited in the literature (Section 

1.10.5). In addition, it seems reasonable to propose that the biocompatibility of prostheses 

and the ability of meshes to integrate with native tissue will play a significant part in their 

success. Accordingly, the relative contribution of the biomechanics of a prosthesis to its 

success is not known at the present time.  

As discussed in section 1.10, there are no standardised uniaxial testing protocols. We used a 

protocol described by our group previously [463]. The calculation of stress vs. strain data takes 

account of the tissue volume being tested and thus is comparable between different studies. 

The effect of small variations in testing have been shown to be negligible as discussed in 1.10. 

All scaffolds were tested immediately after removal from media for standardisation. 

We found no reports in the literature of the assessment of the biomechanical properties of the 

seven scaffolds we studied after culture with fibroblasts. The effect fibroblasts may have on 

scaffolds has been investigated with other materials. Liao et al. have demonstrated a decrease 

in the YM of polyethylene glycol diacrylate after culture with vocal fold fibroblasts for 30 days 

[464]. These authors revealed that collagen production was largely unaffected but elastin 

production increased with decreasing YM. Selim et al. showed a decrease in the UTS and 

increase in the YM of PLGA:PLA (85:15) scaffolds cultured with cells [463]. The UTS and YM of 

collagen gels was shown to decrease after 6 days culture with human and mouse fibroblasts 

[465]. The converse has also been reported by Ouasti et al. who reported that a higher YM led 

to increased cell spreading of fibroblasts, however, the scaffolds with higher YM had increased 

amounts of hyaluronic acid which the authors claimed would not have ordinarily led to such 

increases in YM [466]. 

As there are no reports in the literature of the change in the mechanical properties of the 

seven scaffolds after the addition of cells, our null hypothesis is that “the addition of cells will 

not significantly affect the mechanical properties of the seven scaffolds”. The mechanical 

properties investigated were the UTS, UT strain and YM as discussed in section 1.10. The 

ranges for healthy native tissue discussed in section 1.10.2 will form the target range for 
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comparison between materials. Based on the current literature, it is  hypothesised that, the 

mechanical properties of PPL, PD, SF and Th PLA will be closest to native tissue. 

 

4.2  Tensiometry results 

We assessed the UTS, UT strain and YM of all seven scaffolds with and without cells. These 

were compared to the range for native healthy paravaginal tissue. 

 

4.2.1 Alloderm 

We found no significant difference in the mechanical properties of AL with and without cells. 

The UTS is the only parameter for which AL is in the correct range (Fig 4.3.1). The UT strain (fig 

4.3.2) is higher and the YM (Fig 4.3.3) lower than required for native tissue. This makes AL 

more accepting of stretch than required. 

 

4.2.2 Cadaveric dermis 

The mechanical properties of CD were not significantly affected by the addition of fibroblasts.  

The UTS and UT stain are higher than native tissue and YM is lower thus making the scaffold 

stronger but stretchier than native tissue (Figs 4.3.1, 4.3.2 and 4.3.3).  

 

4.2.3 Polypropylene 

PPL remained unchanged by the addition of cells and culture for 14 days. The YM of PPL is 

slightly less than native tissue, (Fig 4.3.3) whereas the UTS is three fold higher (Fig 4.3.1). The 

UT strain is within the range for native tissue (Fig 4.3.2).  

 

4.2.4 Porcine dermis 

PD showed no change in its biomechanical properties after the addition of cells for 14 days. 

Although the UTS and UT strain are within the range of healthy tissue, the YM is approximately 
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40% of native tissue (Figs 4.3.1, 4.3.2 and 4.3.3). This suggests it accepts stretch more readily 

than native tissue. 

 

4.2.5 Sheep forestomach 

SF was the only material to show a significant difference (p=0.02) between the UT strain of 

scaffolds cultured with and without cells after 14 days (Fig 4.3.2). This is in the range of native 

tissue. SF has a UTS six fold higher, and a YM that is at the upper limit of non-prolapsed tissue 

(Fig 4.3.1 and 4.3.3).  

 

4.2.6 Small intestinal submucosa 

SIS has a UTS and UT strain much higher than healthy tissue (Fig 4.3.1 and 4.3.2). The YM was 

found to be at the lower end of the native tissue range (Fig 4.3.3). The changes in the 

mechanical properties with and without cells were not significant.  

 

4.2.7 Thermoannealed PLA 

Th PLA was within the range of native tissue for all three parameters and was not significantly 

affected by culturing with cells for 14 days (Figs 4.3.1, 4.3.2 and 4.3.3). 

 

4.3 Comparison of materials 

Materials were ranked in order of those closest to native tissue (Table 4.3.1). The statistical 

difference was calculated between each material and native tissue. The materials were then 

graded according to the statistical difference between them.  

In terms of UTS; Th PLA, AL and PD are not statistically different from native tissue (Table 

4.3.1). When looking at UT strain; PD, Th PLA, PPL and SF are statistically within the range for 

healthy tissue (Table 4.3.2). Only SF and Th PLA have the same YM as native tissue (Table 

4.3.3). Therefore the only material to be in the native tissue range for UTS, UT strain and YM is 

Th PLA.      
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Order Descending order of 
materials according 
to UTS closest to 
native tissue 

p value of 
difference 
between material 
and native tissue 

Point where p value becomes 
significant between 1st 
significant sample and next 
most significant 

Grade  

1 Th PLA 0.56  +++ 

2 AL 0.43  +++ 

3 PD 0.41  +++ 

4 CD 0.003 0.001 ++ 

5 PPL 0.002  ++ 

6 SIS 0.002  ++ 

7 SF 0.0005 0.007 + 

Table 4.3.1. Comparison of UTS. Materials are shown in rank order of being closest to native 

tissue. Third column shows p values of differences in UTS of materials with cells against 

native tissue using one sample T test. Fourth column shows significant differences between 

scaffolds using a two sample T test, equal variance not assumed. n=9 (Significance at 

P<0.05). Scale in fifth column: +++ for best material, ++ for materials if significantly different 

(p<0.05) from 1st material (using unpaired T-test), + for next material (p<0.05), followed by 

+/- for next significantly different material (p<0.05). 

 

 

Order Descending order of 
materials according 
to UT strain closest 
to native tissue 

p value of difference 
between material and 
native tissue 

Point where p value becomes 
significant between 1st 
significant sample and next 
most significant 

Grade  

1 PD 0.96  +++ 

2 Th PLA 0.96  +++ 

3 PPL 0.8  +++ 

4 SF 0.5  +++ 

5 AL 0.046 0.002 ++ 

6 SIS 0.02  ++ 

7 CD 0.01  ++ 

Table 4.3.2. Comparison of UT strain. Materials are shown in rank order of being closest to 

native tissue. Third column shows p values of differences in UT strain of materials with cells 

against native tissue using one sample T test. Fourth column shows significant differences 

between scaffolds using a two sample T test, equal variance not assumed. n=9 (Significance 

at P<0.05). Scale in fifth column: +++ for best material, ++ for materials if significantly 

different (p<0.05) from 1st material (using unpaired T-test), + for next material (p<0.05), 

followed by +/- for next significantly different material (p<0.05). 
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Order Descending order of 
materials according 
to YM closest to 
native tissue 

p value of difference 
between material and 
native tissue 

Point where p value becomes 
significant between 1st 
significant sample and next 
most significant 

Grade  

1 SF 0.19  +++ 

2 Th PLA 0.2  +++ 

3 SIS 0.01 0.01 ++ 

4 PPL 0.005  ++ 

5 CD <0.0001  ++ 

6 PD <0.0001 0.03 + 

7 AL <0.0001  + 

Table 4.3.3 Comparison of YM. Materials are shown in rank order of being closest to native 

tissue. Third column shows p values of differences in YM of materials with cells against 

native tissue using one sample T test. Fourth column shows significant differences between 

scaffolds using a two sample T test, equal variance not assumed. n=9 (Significance at 

P<0.05). Scale in fifth column: +++ for best material, ++ for materials if significantly different 

(p<0.05) from 1st material (using unpaired T-test), + for next material p<0.05, followed by +/- 

for next significantly different material. 

 

4.4 Discussion 

These findings show that culturing the seven materials with and without cells did not affect the 

mechanical properties significantly except for the UT strain of SF. The findings in the literature, 

discussed in the introduction above, do not however agree with our findings. This may be due 

to the different materials used; for instance the collagen gels used by Saddiq et al. [465] would 

be more prone to the effects of fibroblast digestion and remodelling. This may also be true for 

the PLGA:PLA mixed scaffold used by Selim et al.[463], which has been shown to degrade 

faster than pure PLA [367]. Clearly, besides the speed of degradation, the length of time in 

culture may also lead to different changes.  

Once fibroblasts have attached to scaffold fibres they may begin to spread out via chemical 

mediators either from the cells or from the surrounding ECM. The physical properties of the 

scaffold have been shown to affect this outgrowth of cells [467]. Fibroblasts exhibit 

pseudopodia which aid distant cell attachment and movement [468].  Thereafter, the 

fibroblasts either produce matrix metalloproteinase to aid the breakdown of the scaffold or 

produce ECM to reinforce the scaffold. The scaffold properties have been shown to dictate this 

behaviour [469]. Fibroblasts may also differentiate to myofibroblasts, which have contractile 

properties  [470]. At high cell counts cell-cell contact inhibition occurs.  

The difference in the mechanical properties will be based on these changes. One may expect, 

the production of new ECM including collagen and elastin by the fibroblasts to lead to a 
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significant change in the mechanical properties, however, a lack of this may be due to a lack of 

ECM production or immature ECM which adds no significant strength to the scaffold. In 

addition, the scaffolds tested are stronger than those reported in the literature and therefore 

changes to their properties will not be as apparent. 

The scaffold closest to native tissue in UTS, UT strain and YM was Th PLA. One must note, that 

nine months implantation in vivo led to decreases in UTS and YM in the majority of scaffolds 

(section 1.10.4), possibly due to scaffold degradation by macrophages [283] [284] . Therefore, 

should we be aiming to create prostheses that will lead to the same mechanical properties as 

native tissue after implantation?  

It must be borne in mind that none of the scaffolds described in section 1.10.4 were cellular. 

Therefore, the scaffolds only had the intrinsic ability to undergo degradation or stimulate local 

fibroblasts to produce new ECM. We already know that local fibroblasts in patients with 

SUI/POP may produce deficient matrix [471]. Therefore could the implantation of laboratory 

expanded autologous buccal fibroblasts lead to new and stronger ECM production which 

maintains itself over time? If new matrix production leads to maintenance of the 

biomechanical properties then it is totally reasonable to aim, as we did, to produce prostheses 

with the mechanical properties of healthy native tissue. This will clearly need further 

investigation in animal models.  

In conclusion, the knowledge gained from these studies allows us to design a prosthesis and 

aim to achieve the ideal mechanical properties of native tissue but this remains a new area 

where there are several basic question yet to be answered. These are further examined in the 

main discussion in chapter 10. 

 

 

 

 

 

 

 

 

 



108 
 

Chapter 5 Contraction of scaffolds seeded with fibroblasts 

5.1 Introduction 

Scaffold contraction is often a nuisance in tissue engineering applications [472]. However, with 

this application, a degree of contraction would be a welcomed feature. Approximately 14-25% 

prosthetic contraction is noted with current prostheses such as PPL in a rat abdominal wall 

model [370] [304]. There is no consensus on how much contraction is appropriate for a pelvic 

organ prosthesis. Excessive contraction leads to induration of tissues and pain and a total lack 

of contraction may lead to loose tissues thus increasing the risk of recurrence of SUI/POP 

[473].  

Some authors have suggested that with current PPL meshes, 15% contraction per year may 

occur continuing up to 85% [474]. However Dietz et al. have shown no contraction of mesh 

occurred from three months to 18 months in 40 women, concluding that the initial mesh 

contraction was probably part of integration and remodelling and was non progressive [475]. 

This was the only study that followed up patients over more than two time points after 

implantation. Others have shown a reduction in mesh size compared to the time of 

implantation [476] [477]. More recently, Svabik et al. have shown that in addition to 

contraction some folding of mesh also occurs which may give the appearance of contraction 

[478]. The authors assessed mesh size before surgery, then four days and thereafter four 

months after surgery. Initial reduction in mesh size at four days was thought to be due to 

folding of mesh whereas later reduction in size was explained as mesh contraction.       

In vitro, however, the contraction of meshes is well recognised. This is in part due to a lack of 

attachment or restraint of the scaffolds which is not the case in vivo. Mesh contraction in vitro 

is important in giving us an idea of the size of mesh to commence with. Clearly, contraction 

which occurs post implantation requires in vivo study. However, it is hypothesised that 

investigating cell mediated contraction in vitro may help predict if in vivo contraction may 

occur.     

Scaffold contraction was assessed with serial digital photographs. I was hypothesised that in 

the tissue engineered prostheses the extent of scaffold and cell based contraction will relate to 

the stiffness (Young’s modulus) of the scaffolds.  
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5.2 Scaffold contraction results  

Change in % contraction from baseline over 14 days in scaffolds with and without cells cultured 

in media was assessed. Dry scaffolds did not undergo any contraction (data not presented). 

  

5.2.1 Alloderm 

AL underwent approximately 3% contraction over 14 days (Fig 5.2.1). This was not significantly 

different from day 0. Cells did not affect this contraction. AL has a low YM and also did not 

undergo significant contraction (Fig 5.3.2).  

 

5.2.2 Cadaveric dermis 

CD underwent significant contraction (16%) in the first 7 days. Thereafter further contraction 

was not significant (Fig 5.2.2). There was a significant increase in the contraction of scaffolds 

with cells. This is related to a high YM of 18MPa. This suggests cell mediated contraction with 

CD even in the presence of high YM.  

 

5.2.3 Polypropylene 

PPL did not undergo any significant contraction with and without cells (Fig 5.2.3). It has a 

relatively high YM which may explain its low contraction (Fig 5.3.2). 

 

5.2.4 Porcine dermis 

PD did not show much contraction over 14 days (Fig 5.2.4). The only significant contraction of 

4% occurred between days zero to seven in scaffolds with cells. PD has a low YM and there was 

no difference between scaffolds with and without cells.  

 

 

 



110 
 

5.2.5 Sheep forestomach 

SF showed a very high YM (Fig 5.3.2) and did not show any significant contraction over 14 days 

(Fig 5.2.5). 

5.2.6 Small intestinal submucosa 

The majority of scaffold contraction occurred within seven days with SIS (Fig 5.2.6). There was 

no significant difference between scaffolds with and without cells. This implies the contraction 

was not cell mediated. The YM of SIS is high (Fig 5.3.2).  

5.2.7 Thermoannealed PLA 

Similar to SIS and CD, the majority of contraction with Th PLA occurred within the first seven 

days of culture with and without cells (Fig 5.2.7). Again contraction was scaffold based. 

Scaffold YM was relatively low.  

 

5.3 Comparison of materials 

Fig 5.3.1 shows the % contraction of each scaffold with cells. CD, SIS and Th PLA contracted to 

approximately 15%, PD contracted to 7%, and, AL, PPL and SF showed no significant 

contraction. As there is no agreed definition of the amount of contraction that may be 

beneficial we did not score scaffolds with respect to this but calculated the significance of the 

difference between scaffolds with and without cells (Table 5.3.1). This shows the significance 

of cell mediated contraction. We also found no significant correlation between scaffold YM 

and scaffold contraction; Pearson’s correlation = -0.23, p=0.62 (Fig 5.3.2).      

Scaffold  % contraction over 14 days 
of scaffolds without cells 

% contraction over 14 days 
of scaffolds with cells 

p value of the difference 
between scaffolds with and 
without cells 

PPL 1.53 1.18 078 

SF 4.24 2.26 0.46 

AL 2 3.4 0.63 

PD 4.4 7.1 0.29 

Th PLA 10.9 14.1 0.51 

SIS 14 15.4 0.52 

CD 7.7 17.6 0.017 

Table 5.3.1. The % contraction of scaffolds with and without cells, significance = p<0.05. 

 

 



111 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 
 

5.4 Discussion 

Scaffold contraction was shown to occur independently of YM and thus the null hypothesis 

was rejected. The extent of scaffold contraction was a predictive feature of the materials. Most 

contraction occurred within the first seven days. With the exception of CD, scaffold contraction 

was not shown to be cell mediated and occurred with scaffolds kept in culture medium over 14 

days.  

AL and CD are derived from the same source. However, AL undergoes a different patented 

decellularisation process [479]. This results in a more cross linked scaffold which has also 

shown to be resistant to contraction when cultured with human dermal fibroblasts [319]. CD 

however, did undergo significant cell mediated contraction. In in vivo models, the use of AL has 

been shown to lead to reduced contraction in skin [480], abdominal wall [481], eyelid [482], 

and diaphragmatic models [483]. Contrastingly, PD and SIS have shown no benefit in reducing 

skin wound contraction when applied to mouse skin models [484]. Therefore, it may be the 

ability of the scaffold to resist softening by media and cells, which is independent of their YM 

that prevents them from contracting. Biological scaffolds are postulated to contract on 

exposure to media due to release of cross linked bonds. A biological material in vivo is under 

constant strain and lacks a toe in region when performing uniaxial testing. The amount of non-

biological cross linking which occurs during preparation will dictate contraction once media is 

added.  

Harley et al. have discussed the various methods which may be used to measure the 

contractile force generated by fibroblasts in contracting scaffolds [485]. The mechanisms by 

which fibroblasts cause contraction is twofold; firstly fibroblasts can slowly contract free 

floating gels by tractional remodelling [486], secondly by assuming the form of myofibroblasts; 

contraction may be achieved by retraction of pseudopodia and collapse of actin filament 

bundles. Tissue strain is proposed to induce this change to the myofibroblast phenotype and 

once this strain is removed fibroblasts will revert to their normal phenotype [487]. Fibroblasts 

have been proposed to utilise microtubule dependant dendritic extensions to provide a 

mechanical structure to enable contraction  as well as actin-myosin activity when under 

greater stress [488]. Grinnell has shown that cell based contraction may occur secondary to 

mechanical loading as a response to the tension applied to the fibroblasts [489]. The four ply 

SIS has been shown to contract to 29% after implantation as a jejunal segment in rats after 8 

weeks, in contrast to the one ply which contracted to 6% [490]. This may therefore explain 

why we observed minimal cell mediated contraction and thus fixed scaffolds may induce 
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fibroblasts to increase this contraction. In addition to this, it has been shown that Platelet 

derived growth factor and lysophosphotidic acid may induce matrix contraction [491]. 

There are no studies investigating contraction of SF scaffolds either in vitro or in vivo and 

therefore our findings are important in clarifying this. PLA:PLGA has been shown to contract up 

to 50% within the first five days irrespective of whether cells were attached, followed by a 

further 10% by day 19 [463]. We used thermoannealed PLA as this has been shown in our 

laboratory to reduce scaffold contraction (unpublished work). PPL mesh has been shown to 

contract by 31% compared to 25% if restrained [492], and increased contraction has been 

linked to reduced tissue ingrowth [444]. The difference in contraction between PPL mesh and 

Th PLA mesh may be due to the electrospinning process. This leads to stretching of PLA fibres 

as they are sprayed on to the collecting drum. Upon exposure to media this leads to softening 

of stretched intercommunications which allow contraction. PPL is not produced in a stretched 

fashion and therefore this phenomenon is absent with PPL. 

As there is no definition of the desired amount of contraction, we were unable to grade the 

scaffolds accordingly. However, knowledge of the amount of in vitro contraction is important 

in calculating the starting scaffold size. As the rate of scaffold contraction had slowed down 

between days seven to 14, it would not be expected for further significant contraction to occur 

beyond this point.  One may aim to investigate contraction over a longer time course but it is 

not envisaged that pre implantation culture will last longer than this. Finally as discussed 

above in vitro contraction may give an indication of in vivo contraction. 

Further consideration of how this knowledge relates to a tissue engineered scaffold is 

discussed in the main discussion in chapter 10. 
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Chapter 6 Extracellular matrix production by fibroblasts on 

scaffolds 

6.1 Introduction 

A suitable scaffold should not only encourage the attachment and proliferation of fibroblasts 

but also the production of new ECM throughout the matrix. Ng et al.  showed collagen I, III and 

fibronectins only in the periphery of Alloderm matrix seeded with dermal fibroblasts but a 

more homogenous distribution of ECM was seen with PLGA-PCL scaffolds [319]. Kapishke et al. 

showed high expression of collagen I on PPL meshes but low expression of collagen III as 

assessed by immunostaining [238].     

The production of ECM proteins on the scaffolds in vitro is clearly a reflection of cell survival 

and proliferation on the scaffolds. This forms the basis for continued production of ECM in 

vivo. The importance of each ECM component is discussed in section 1.11. It is not the aim to 

create a completely formed connective tissue pre-implantation, but rather to show that the 

capability to produce ECM exists in the tissue engineered implants. 

It was hypothesised that the biological scaffolds will facilitate the production of collagen and 

ECM significantly more than the synthetic scaffolds. To test this hypothesis we assessed total 

collagen production using Sirius red staining, and collagen I, III, IV and elastin production using 

immunostaining and also assessed total scaffold ECM coverage using scanning electron 

microscopy (SEM).  

 

6.2 Total collagen production results  

New collagen production by cells on scaffolds was assessed by standardising with control 

scaffolds without cells. The absorbance of Sirius red stain per gram is presented in Fig 6.2.1. SF, 

SIS, Th PLA and AL were significantly better than the remaining scaffolds for collagen produced 

by fibroblasts (Table 6.2.1).    
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Order Descending order 
of materials 
according to most 
Sirius red stain per 
gram of scaffold 

P value of difference 
between scaffold and 
next ranked scaffold 

Point where P value becomes 
significant between 1st 
significant sample and next 
most significant 

Grade  

1 Th PLA   +++ 

2 SIS 0.21  +++ 

3 SF 0.52  +++ 

4 AL 0.57  +++ 

5 CD 0.97 0.02 ++ 

6 PPL 0.08  ++ 

7 PD 0.83  ++ 

Table 6.2.1. Comparison of new collagen production. Materials are shown in rank order of 

most Sirius red stain per gram. Third column shows p values of differences in stain per gram of 

materials in rank order and fourth column shows significant differences between scaffolds 

using a two sample T test, equal variance not assumed, n=9 (Significance at p<0.05). Scale in 

fifth column: +++ for best material, ++ for materials if significantly different (p<0.05) from 1st 

material (using unpaired T-test), + for next material (p<0.05), followed by +/- for next 

significantly different material. 
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6.3 Immunostaining for collagen I, III, IV and elastin results 

We assessed for the presence of collagen I, III, IV and elastin on all the scaffolds with and 

without cells using immunostaining. Cell nuclei within scaffolds were initially stained with DAPI 

followed by a fluorescent stain for the particular ECM protein. Some positive images for Th PLA 

and SIS with cells are shown in Fig 6.3.1 and Fig 6.3.2. Three postgraduate researchers who 

were presented the images for blind scoring marked each image using the scale below (n=9). In 

Table 6.3.1 the modal value and mean of the three researcher’s scores are presented. The 

mean + SEM is also shown in Fig 6.3.3 for collagen I, Fig 6.3.4 for collagen III and Fig 6.3.5 for 

Elastin.  

The results for collagen IV are not presented as there was no evidence of any production of 

this in culture. With AL and CD there was a small amount present intrinsically in these scaffold 

but no evidence of any collagen IV being produced by the cells during the period of culture.  

 

Material Mode Mean Mode Mean Mode Mean Mode Mean 

AL without cells ++ 1.56 + 0.56 - 0.22 - 0.22 

AL with cells ++ 1.67 + 0.56 - 0.11 + 0.67 

CD without cells ++ 1.56 + 0.67 - 0.22 - 0.22 

CD with cells ++ 1.56 + 0.75 - 0.11 - 0.33 

PPL without cells - 0 - 0 - 0 - 0 

PPL with cells - 0 - 0 - 0 - 0 

PD without cells - 1.56 - 0 - 0 - 0 

PD with cells - 1.56 - 0 - 0 - 0 

SF without cells + 0.44 -  - 0 + 0.67 

SF with cells + 0.67 -  - 0 - 0.22 

SIS without cells + 0.67 - 0.44 - 0 + 1 

SIS with cells ++ 1.67 + 0.89 - 0 ++ 1.67 

Th PLA without 
cells 

- 0 - 0 - 0 + 0.67 

Th PLA with cells ++ 1.78 + 1 - 0 ++ 1.56 

Table 6.3.1. Summary of immunostaining results. Modal and mean values are presented as 

reported by three blinded researchers (n=9). Qualitative and quantitative grading scale; - 

absent= 0, + mild presence=1, ++ good presence =2, +++ abundance =3. 
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6.4 Use of SEM to assess extent of ECM production  

The assessment of ECM by immunostaining utilised three postgraduate researchers who 

assessed the presence of ECM on the seven scaffolds. These are presented as the modal and 

mean values in Table 6.4.1 and graphically in Fig 6.4.1. Representative images are shown in Fig 

6.4.2. 

Material Mode Mean 

AL without cells +++ 2.78 

AL with cells +++ 2.44 

CD without cells +++ 2.78 

CD with cells +++ 2.56 

PPL without cells - 0 

PPL with cells - 0.11 

PD without cells +++ 2.78 

PD with cells +++ 2.78 

SF without cells ++ 1.78 

SF with cells ++ 1.56 

SIS without cells + 1.22 

SIS with cells + 1.33 

Th PLA without cells - 0.11 

Th PLA with cells + 1.22 

Table 6.4.1. Summary of SEM results. Modal and mean values are presented as reported by 

three blinded researchers (n=9). Qualitative and quantitative grading scale; - ECM absent= 0, + 

mild presence=1, ++ good presence =2, +++ abundance =3. 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



129 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 
 

6.5  Discussion 

The results show that most collagen was produced by fibroblasts on the Th PLA, SIS and SF 

scaffolds (Fig 6.2.1). The immunostaining and SEM images further clarified these results.  

AL and CD intrinsically showed a mild to good level of collagen I and elastin present in the 

absence of cells which did not change with the addition of cells (Fig 6.3.3 and 6.3.5). Collagen 

III was only mildly present on these scaffolds with and without cells (Fig 6.3.4). Similarly SEM 

scores also did not indicate any increase with the addition of cells (Fig 6.4.1). As these natural 

collagenous human skin derived scaffolds are rich in ECM proteins such as collagen and elastin, 

the ability to detect any new collagen and elastin production may be difficult against this 

background - a limitation of this assessment methodology. Similarly, PPL and PD showed no 

change in any of the investigated ECM products with the addition of cells. This suggests that 

cells did not produce any new ECM products on these two scaffolds.  

SF, SIS and Th PLA are seen to be good scaffolds which enabled cells to produce collagen I and 

III (Fig 6.3.3 and 6.3.4). More elastin was seen to be produced by cells on Th PLA and SIS than 

on SF (Fig 6.3.5). Only Th PLA seems to show a large difference between scaffolds with and 

without cells when assessing ECM production as seen by SEM (Fig 6.4.1). This is probably 

because as Th PLA is a synthetic scaffold without any intrinsic ECM the appearance of ECM on 

this scaffold is more easily detectable as can be seen in the representative images in Fig 6.4.2.     

A further limitation of this semi quantitative assessment is that the scale is limited by human 

interpretation and the ability to detect visual differences. Therefore only a four point scale was 

selected. Even with this there were differences in reported scores by three independent 

assessors. We have presented the modal and mean values. Neither of these can be used for 

statistical comparison but can be used to give an indication of ECM protein production.   

We assessed the presence of collagen I, III, IV and elastin on DAPI stained scaffolds. The 

presence of these ECM products can be seen to be associated with the presence of cells (Fig 

6.3.1).  Collagen IV was only seen in AL and CD scaffolds as it is intrinsic to their structure. It 

was not produced by fibroblasts on any of the scaffolds over the period of 14 days culture. This 

is because it is principally seen in the basal lamina which is absent in connective tissue [493]. It 

has also been shown that an air liquid interface and keratinocytes may be required for 

epithelial differentiation and production of a basal lamina [494]. Pena et al. have shown 

stratification and basement membrane formation, via immunostaining for collagen IV and 

laminin 5, using both oral fibroblasts and keratinocytes on an autologous fibrin scaffold [495]. 
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The basal lamina took 21 days to form. Other studies have also shown the presence of collagen 

IV only after three weeks in vitro [496]. 

In section 1.11.7, we report a review of the literature regarding the deficits in collagen and 

elastin in the tissue of women with SUI/POP. There is only a small amount of relevant 

published literature in this area-some studies report collagen I, III and elastin to be reduced 

and others state that these are unchanged in women with SUI/POP (Table 1.11.7.1). Therefore 

the production of these by fibroblasts is clearly important. We have shown that fibroblasts 

may produce these proteins on the SIS and Th PLA scaffolds in vitro but whether this continues 

in vivo clearly requires an in vivo study. Rouabhia and Allaire have shown that a tissue 

engineered oral mucosa equivalent consisting of a collagen scaffold, oral fibroblasts and 

keratinocytes survived well when implanted in to the dorsal skin of a rat model [497]. The 

authors showed histological evidence of a well organised epithelium at 60 days, and 

immunological evidence of angiogenesis. Interestingly there were no hair follicles on the 

transplanted oral mucosa, implying that the native skin fibroblasts/ keratinocytes had not 

invaded into the transplanted tissue. 

The reasons why some scaffolds were better than others at encouraging ECM production may 

be due to the ability of fibroblasts to attach to them. Table 3.3.1 shows that the scaffolds on 

which most cells attached and were metabolically active were SIS and Th PLA followed by SF. 

These are the scaffolds upon which most ECM was produced. It has, however also been shown 

that scaffold geometry can affect the ability of fibroblasts to produce ECM [489]. If the ECM is 

seen as being different and fibroblasts are capable of attaching to the matrix then the 

fibroblasts will secrete a new matrix to modify their own environment [498]. This in turn could 

be responsible for the increased metabolic activity of cells on those scaffolds.       

Type I collagen plays a critical role in tissue strength. Therefore the production of significant 

amounts of type I collagen should increase the overall scaffold strength. In Fig 4.3.1 we see 

that the UTS of SIS decreased by the addition of cells and that of Th PLA did not change 

significantly. This may be due to the production of immature collagen which after two weeks is 

not organised sufficiently to increase the UTS and in addition the SIS scaffold may have 

undergone some degradation which led to a decrease in UTS.   

Similarly, elastin is thought to decrease the YM of tissues and make them more elastic. The 

three tissues which showed increased elastin production were AL, SIS and Th PLA (Fig 6.3.5). 

The YM of AL and Th PLA did not change significantly (Fig 4.3.3) but that of SIS decreased 

making it more elastic. However, this may be the effect of scaffold degradation as the UTS 

decreased as well.   
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More recently, using media obtained from Mesenchymal stem cells, Jeon et al. showed that 

this media could increase fibroblast survival and production of collagen, elastin and fibronectin 

[499]. Other methods of increasing ECM production by cells may also be employed. Eming et 

al. have reported the use of high PDGF-A expressing keratinocytes to produce increased 

collagen I and IV [500]. This also led to reduced contraction of scaffolds. Sarukawa et al. have 

shown increased fibroblast proliferation and ECM production on PLA scaffolds coated with 

chitosan [501]. Ascorbate, fibronectins, velvet antler extract and angiotensin II have also been 

shown to stimulate collagen production by fibroblasts in cell culture [502] [503] [504] [505]. In 

addition to this, mechanical uniaxial strain has been shown to increase collagen production by 

fibroblasts [506].   

Mariotti has reported the use of 1nM estradiol with gingival fibroblasts, to reduce collagen I 

production on plastic and collagen IV matrices, and non-collagen protein production to 

decrease on plastic and collagen I matrices [507]. This shows that fibroblasts behave 

differently on different matrices; which is in keeping with our findings.   

In summary, this data suggests that the presence of existing ECM and auto fluorescence of 

biological scaffolds makes the delineation of new ECM produced by added fibroblasts very 

difficult to detect in these scaffolds. The future use of western blotting may help with a more 

quantitative assessment of ECM production [508].  As expected in synthetic scaffolds it is easy 

to detect new ECM. The results did show however the presence of new ECM orientated 

adjacent to fibroblasts in the synthetic PLA scaffold which is what we wished to establish in 

developing a tissue engineered prosthesis.   
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Chapter 7 The effect of restraint on the production of tissue 

engineered prostheses 

7.1 Introduction 

Restraint has been used to induce tissue growth and remodelling of tissue engineered tissue 

[509]. The use of bioreactors has been recognised as an efficient way to apply mechanical 

stress to scaffolds cultured with cells. Stress may be static or dynamic and Kanda and Matsuda 

have shown that dynamic stress led to smooth muscle cells with increased contractile 

apparatus, whereas static stress led to an increase in cellular synthetic apparatus within the 

smooth muscle cells [510]. Bioreactors have been used mostly to apply dynamic stress in the 

tissue engineering of cardiovascular tissue where a pulsatile flow is often used to mimic 

arterial flow [511].  

Static load has also been shown to increase the tensile strength of tissue engineered 

constructs with fibroblasts by inducing cellular and ECM alignment towards the axis of 

stimulation [512]. Using 10% strain via a clamp within a bioreactor, Gauvin et al. showed 

increased ECM production by dermal fibroblasts on a self assembled ECM matrix [508]. Elastin 

was shown to be increased by static strain and cells and ECM were seen to be aligned in 

parallel to the axis of stress. This led to an increase of 40% in UTS and YM only in the direction 

of stress resulting in tissue to become anisotropic. 

All seven scaffolds were restrained by suturing them onto metal grids. Scaffolds were sutured 

to grids without cells as controls and the same parameters were calculated as in the previous 

chapters. Below, the effect of restraint on all seven scaffolds is compared. It was hypothesised 

that simple restraint will have no effect on the integration of cells with scaffolds, or on the 

mechanical properties of the cell populated scaffolds. However, it was hypothesise that, 

collagen and ECM production will be increased on all the scaffolds.    
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7.2 The effect of restraint on the production of tissue engineered prostheses 

results 

7.2.1 Cell attachment 

Fig 7.2.1.1 shows the metabolic activity of fibroblasts on the seven scaffolds under restraint. 

The most surprising finding is the increase in metabolic activity of cells on PPL making it the 

second best scaffold. Fig 7.2.1.2 shows the difference at 14 days between scaffolds with and 

without restraint. Restraint only led to a significant improvement of the metabolic activity of 

cells on PPL. The other scaffolds showed some change but these were not significant.   

DAPI images were not different for scaffolds with and without cells except for PPL. These 

showed that fibroblasts were capable of attaching to mesh intersections when the PPL was 

restrained (Fig 7.2.1.3). 

 

7.2.2 Tensiometry 

The effect on the mechanical properties of the addition of cells on restrained scaffolds is 

shown in Figs 7.2.2.1, 7.2.2.2 and 7.2.2.3. PD showed a significant decrease in UTS and UT 

strain. The only other change with the addition of cells was the decrease in UT strain in Th PLA 

with the addition of cells. 

The effect of restraint on the mechanical properties of scaffolds with cells is shown in Figs 

7.2.2.4, 7.2.2.5 and 7.2.2.6. Restraint only affected the UTS and UT strain of CD. YM was 

unaffected by restraint on all of the scaffolds.    
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7.2.3 Contraction 

While many of these scaffolds contracted both with and without cells, scaffolds restrained 

with sutures did not show any significant contraction over 14 days of culture. Visual inspection 

of the scaffolds revealed no pulling through of the sutures through the material. Fig 7.2.3.1 

shows the negligible contraction of scaffolds in restraint compared to scaffolds without 

restraint. Table 7.2.3.1 shows the significant differences between restrained and unrestrained 

scaffolds. 

Scaffold % Contraction 
without restraint  

% Contraction with 
restraint 

P value of difference 
in contraction 

AL without cells 2 0.15 0.4 

AL With cells 3.4 2.4 0.67 

CD without cells 7.7 0.91 0.04 

CD with cells 17.6 2.43 <0.001 

PPL without cells 1.53 0.33 0.31 

PPL with cells 1.18 0.44 0.38 

PD without cells 4.38 0.4 0.055 

PD with cells 7.17 1.7 0.044 

SF without cells 4.24 0.37 0.1 

SF with cells 2.26 0.32 0.38 

SIS without cells 14.02 -0.45 <0.001 

SIS with cells 15.4 -0.87 <0.001 

Th PLA without cells 10.9 1.56 0.003 

TH PLA with cells 14.1 3.14 0.044 

Table 7.2.3.1. Difference in contraction of scaffolds with and without restraint. 

 

Thus for the four scaffolds that contracted while unrestrained (CD, PD, SIS and Th PLA), the 

suturing of these scaffolds for 14 days significantly reduced this contraction (Table 7.2.3.1). 

 

7.2.4 Matrix production 

7.2.4.1 Total collagen production 

Total collagen produced by cells on the seven scaffolds was calculated by standardising each 

scaffold (stained with Sirius red) with its controls. Fig 7.2.4.1.1 shows there was no significant 

change in collagen production assessed by elution of Sirius red. 
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7.2.4.2 Immunostaining for collagen I, III, IV and elastin 

As before, collagen I, III, IV and elastin were assessed by staining with a fluorescent labelled 

antibody. Three postgraduate researchers who were presented the images for blind scoring 

marked each image using the scale below (n=9). In Table 7.2.4.2.1 we present the modal value 

and mean of the three researcher’s scores. 

Figs 7.2.4.2.1, 7.2.4.2.2 and 7.2.4.2.3 show the difference between the ECM products collagen 

I, III and elastin respectively on restrained and unrestrained scaffolds. We note only small 

differences in collagen I production on PPL and SF, and collagen III on SF which were improved 

by using restraint.  However, the extent of the increases in the ECM proteins were small and 

were not statistically significant. 

 

Material Mode Mean Mode Mean Mode Mean Mode Mean 

AL without cells ++ 1.67 + 0.78 - 0.33 - 0.22 

AL with cells ++ 1.89 + 0.56 - 0.33 - 0.33 

CD without cells ++ 1.78 + 0.56 - 0 - 0.11 

CD with cells ++ 1.67 + 1 - 0.33 - 0.15 

PPL without cells - 0 - 0 - 0 - 0 

PPL with cells - 0.44 - 0 - 0 - 0 

PD without cells - 0.33 - 0 - 0 - 0 

PD with cells + 0.56 - 0 - 0 - 0 

SF without cells - 0.22 - 0 - 0 - 0.22 

SF with cells + 1 - 0.33 - 0 - 0.33 

SIS without cells - 0.67 + 0.56 - 0 + 0.67 

SIS with cells ++ 1.67 + 1.1 - 0 + 1.22 

Th PLA without 
cells 

- 0 - 0 - 0 + 0.67 

Th PLA with cells ++ 1.78 + 0.78 - 0 + 1.44 

Table 7.2.4.2.1 Summary of immunostaining results for restrained scaffolds. Modal and mean 

values are presented as reported by three blinded researchers (n=9). Qualitative and 

quantitative grading scale; - absent= 0, + mild presence=1, ++ good presence =2, +++ 

abundance =3. 
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7.2.4.3 Use of SEM to assess the extent of ECM production 

As for the assessment of ECM by immunostaining three postgraduate researchers assessed the 

presence of ECM on the seven scaffolds. These are presented as the modal and mean values in 

Table 7.2.4.3.1 and these are compared to unrestrained scaffolds in Fig 7.2.4.3.1.  Restraint led 

to increased ECM production on PPL. Representative images of new ECM on PPL are shown in 

Fig 7.2.4.3.2. 

Material Mode Mean 

AL without cells  ++ 2 

AL with cells  +++ 2.67 

CD without cells  ++ 2.22 

CD with cells  +++ 2.56 

PPL without cells  - 0 

PPL with cells  + 0.89 

PD without cells  +++ 2.78 

PD with cells  +++ 2.67 

SF without cells  ++ 1.89 

SF with cells  ++ 1.89 

SIS without cells  + 1.11 

SIS with cells  + 1.44 

Th PLA without cells  - 0.22 

Th PLA with cells  + 1.22 

Table 7.2.4.3.1. Summary of SEM results for restrained scaffolds. Modal and mean values are 

presented as reported by three blinded researchers (n=9). Qualitative and quantitative grading 

scale; - ECM absent= 0, + mild presence=1, ++ good presence =2, +++ abundance =3. 
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7.3 Discussion 

The use of restraint during the culture of fibroblasts on seven scaffolds has only shown limited 

benefit. Fig 7.2.1.2 shows only one significant change, on PPL, to the metabolic activity of cells 

from all the scaffolds. The reason why PPL performs significantly better with restraint may be 

due to the stretching and fixing of the intersections of the PPL. This is where the cells were 

seen to congregate when stained with DAPI (Fig 7.2.1.3) and additionally new ECM was seen 

here too with SEM (Fig 7.2.4.3.2). Langer et al. have shown that fibroblasts prefer to grow on 

mesh nodes, lighter mesh filaments (<50g/m2) and also that large pores may be too large for 

fibroblasts to bridge, in addition a pore size of <130µm was thought to lead to difficulties for 

fibroblast attachment [513]. The PPL mesh we used has a reported thickness of 0.1mm and a 

weight of 44g/m2 with a pore size of 5.82mm2 [288]. This large pore size was too large for 

fibroblasts to cross but they did manage to cross the smaller pores between filaments at the 

mesh nodes. We hypothesise that the use of restraint may have affected the geometry of the 

pores between filaments and not the macroporous pores which allowed the fibroblasts to 

attach.     

In addition, increases in metabolic activity may be due to localised niche pressures. It has been 

shown that fibroblasts exert a pressure on the filaments to which they are attached and this 

pressure will be dissipated if more fibroblasts are present [514]. Current thinking is that it is 

not only the pore size but also the micro-environmental stress which may affect cellular 

attachment and proliferation on meshes.   

The UTS and UT strain of CD, was increased by the use of restraint and cells (Figs 7.2.2.4 and 

7.2.2.5). This may be due to reduced degradation of the scaffold as there was not an increase 

in collagen or ECM production. In turn this may also be a result of the stress placed on the 

microenvironment of the cells within the scaffold. With the exception of PPL there were no 

changes in ECM production on the scaffolds and therefore the null hypothesis is rejected.      

Although the literature has shown improvements in collagen and elastin production with fixed 

strain [512] [508], we did not see any with our scaffolds except for PPL. The reasons for this 

may be that both of these research groups used a self assembled matrix scaffold, synthesised 

by dermal fibroblasts, which may be more amenable for cells to work with and align to. Also 

the axis of strain was uniaxial in their experiments but we used a biaxial strain in all four 

corners. The biaxial strain in our scaffolds was less than 10% at the time of suture. We expect 

the stress on the scaffolds to increase with time during culture due to the restriction to 

contraction seen with the matrices under restraint.  
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Contraction was significantly inhibited on unrestrained scaffolds with greater than 5% 

contraction (Table 7.2.3.1) leading to all restrained scaffolds contracting less than 3%. 

Therefore, when in vitro scaffold contraction is a perceived problem, restraint would be 

advocated. Whether scaffolds continue to contract post release of restraint forms an 

important question for in vivo study. It is postulated that the answer may lie with whether the 

scaffold is implanted in vivo in a restrained or unrestrained manner. It may be that scaffolds 

that were allowed to contract in vitro and have reached a stable amount of contraction, as 

witnessed by the fact that most contraction was complete within the first seven days (Fig 

5.3.1), do not contract further in vivo. Contrastingly, it may be that fibroblast behaviour on 

restrained scaffolds is altered to prevent them from attempting to contract a fixed matrix and 

thus implanted restrained matrices do not contract further. These are interesting questions for 

an in vivo study.  

In conclusion, the use of restraint, imparting unmeasured static stress on scaffolds, does not 

lead to significant improvements in cell attachment, ECM production or in the mechanical 

properties for five of the seven materials tested. PPL did show some benefit in terms of cell 

attachment and ECM production and the UTS and UT strain of CD became closer to native 

tissue.  

We will now investigate dynamic strain as this is an evolving art and has been shown in some 

studies to be beneficial. As discussed further in chapter 10, it is becoming clear that we have 

identified two matrices, SIS and Th PLA that have shown the greatest potential as scaffolds to 

take forward for further evaluation for a prosthesis for use in SUI/ POP. The work in this 

chapter and the next assess the physical culture conditions for a tissue engineered prosthesis 

and chapter 9 assesses chemical culture conditions. The next chapter will describe the 

development of a variable stress rig commencing with Th PLA and repeating the work with SIS 

if the concept proves feasible and provides promising results.   
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Chapter 8 The effect of variable stress on a thermoannealed 
PLA tissue engineered prosthesis 

 

8.1 Introduction 

The use of a variable stress rig to improve the mechanical properties of tissue engineered 

constructs has been reported in the literature [508]. Most commonly a bioreactor is utilised. 

These have the disadvantage of being expensive and difficult to set up. The type of bioreactor 

and type of stress applied to each scaffold largely depends on the application. It has been 

shown that in order to create a tissue similar to native tissue, the stress applied to the scaffold 

should resemble that of the native tissue [515]. For instance, in engineering of vascular tissues 

a biaxial device has been used [516], whereas heart valve engineering requires a pulse flow or 

cyclic stretch [511]. 

 

In light of this literature (and the knowledge that mechanical conditioning is often used in the 

development of hard tissues such as cartilage and bone) it seemed reasonable to examine the 

effect of mechanical stress on the development of a tissue engineered material for pelvic floor 

repair. It is hypothesised that such stresses might induce the production of ECM proteins more 

characteristic of the native tissues. 

 

To create a tissue engineered prosthesis for use in SUI/ POP, it may prove necessary to apply 

multiaxial stress. The stress intensity and frequency may need to replicate that of a female 

pelvic floor (Fig 8.1.1). No reports, were found, in the literature which have modelled the 

stresses and strains placed on the individual components of the pelvic floor of women daily. In 

particular there are no reports of the contribution of stress on the pelvic tissue which is 

repaired during SUI/ POP surgery.  

 

However, Ashton-Miller and DeLancey have shown that the average area of the female pelvic 

floor is 94cm2. The pressure on the pelvic floor is postulated to be 37N whilst standing, 19N 

during lying down and 129N during coughing [274]. It is not known what stress the endopelvic 

fascia is under during rest and daily activities as the stress will be divided between the various 

pelvic floor support structures. Therefore a variable stress system should be designed to allow 

the application of varying stress loads to the tissue engineered prosthesis.   

 

In this part of the work the aim was to create a simple variable stress rig to obtain the proof of 

concept of whether a tissue engineered prosthesis for use in SUI/ POP responds positively to 

variable stress during culture. For this purpose a very simple variable stress rig was developed 
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(Fig 8.1.2), and tested with Th PLA as this had shown to be a good scaffold for a tissue 

engineered prosthesis. Briefly, the rig consisted of the scaffold being fixed in an inverted 

ScaffdexTM ring with 0.261g X4 weights being applied and removed on an alternate day basis. It 

was hypothesised that mechanical conditioning of cells on scaffolds would affect the proteins 

produced by the cells as a response to the stress applied and this would consequently affect 

the mechanical properties of the scaffolds. 

 

8.2 The effect of variable stress results 

The first variable stress rig  (variable stress 1) showed that cells were not proliferating on the 

inverted ScaffdexTM rings (Fig 8.2.1). This was even with the scaffolds that were simply 

restrained without the application of weights. The mechanical properties were found to be 

unchanged from controls and there was no collagen production (data not shown). This was 

believed to be due to the height of the ScaffdexTM rings when inverted, which reached the top 

of the six well plates. Therefore, the cells were essentially at an air liquid interface. In addition, 

it was found that air bubbles would form under the rings thereby preventing media from 

reaching the cells. 

 

Building on these initial findings improvements to the variable stress rig (variable stress 2) 

were made, as shown in chapter 2 (Fig 2.11.2). They involve cutting the ring in half from its 

base and using the ring the correct way up. This lowers the scaffold in to the media and allows 

air to escape from beneath the scaffold. The remainder of the chapter discusses the findings 

from the variable stress 2 rig.   

 

8.2.1 Cell attachment 

The use of Th PLA in the variable stress 2 rig without the use of weights led to a decrease in the 

metabolic activity of cells compared to unrestrained Th PLA scaffolds (Fig 8.2.1.1). The addition 

of weights to the Th PLA scaffolds led to a non-significant decrease in metabolic activity. 

Although there were decreases in metabolic activity compared to unrestrained scaffolds, there 

was still an increase over the 14 days of culture relative to day 0. 

 

Looking at the DAPI images (Fig 8.2.1.2) we see a greater number of cells on both the 

restrained and variable stress 2 rigs than on the unrestrained scaffolds at 14 days. We did not 

find any areas where cells were absent on the scaffolds in the variable stress 2 rig which shows 

that the weights were not compressing and killing the fibroblasts.   
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8.2.2 Contraction 

No significant contraction of scaffolds in the restrained and in the variable stress 2 rig was 

found (data not shown). This is because in both cases the scaffolds are restrained and 

therefore unable to contract. 

 

8.2.3 Tensiometry 

The UTS of Th PLA is increased by the use of variable stress (Fig 8.2.3.1), however this was 

found not to be significant. The UT strain (Fig 8.2.3.2) and YM (Fig 8.2.3.3) of Th PLA in the 

variable stress 2 rig was found to be unchanged.  

 

8.2.4 Matrix production 

Sirius red staining showed increased collagen production by fibroblasts on Th PLA in the 

variable stress 2 rig (Fig 8.2.4.1). However, this was not significant compared to restrained 

(p=0.08) and to unrestrained Th PLA (p=0.09). Further studies with longer periods of loading 

are clearly indicated. 

 

Immunostaining showed some increases in the appearance of collagen III (Fig 8.2.4.2) and 

Elastin (Fig 8.2.4.3). Collagen I remained unchanged.     
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8.3 Discussion 

The results show that cells may be cultured on a variable stress rig made of a ScaffdexTM ring 

with weights intermittently applied to the scaffold. Although the metabolic activity of cells was 

reduced compared to cells on free scaffolds, DAPI images did not show a significant reduction 

in the number of cells. This implies that the cells do proliferate but are less active. In addition, 

no areas of the scaffold devoid of cells were found and so can conclude that the cells may be 

cultured beneath the weights without an adverse impact on cell proliferation.  

 

Kim et al. have shown cyclical mechanical strain increased proliferation of smooth muscle cells 

and increased collagen and elastin gene expression [517]. The authors also showed alignment 

of cells to the direction of strain, an increase in UTS and YM. Interestingly, mechanical strain 

increased collagen and elastin production on the fibronectin-coated PGA scaffolds but not on 

the type I collagen sponges [517]. This is an important finding and tells us that cells behave 

differently on different scaffolds under strain and the findings from one scaffold cannot be 

extrapolated to another. In addition, it also shows that cells are not just responsive to macro-

stress (stress upon the entire scaffold) but will respond to microstress, which is also dependent 

upon scaffold microarchitecture. Due to the confluence of cells on these scaffolds we were 

unable to see whether there was alignment of cells on the Th PLA. However, as we applied 

biaxial stress, alignment may not be noticeable as described by the authors above; who used 

uniaxial strain.   

 

Gauvin et al. have shown an increase in UTS and YM of 40% by the use of dynamic uniaxial 

stress on a self assembled scaffold [508]. The UTS and YM perpendicular to the scaffold 

however decreased by 40-60% [508]. Therefore as biaxial strain was applied we may not have 

seen such differences in the mechanical properties of Th PLA by the use of our variable stress 2 

rig as tissue would not become anisotropic. Grinell has shown that fibroblasts will orient their 

cytoskeleton in the direction of stress [462], and therefore in biaxial stress upon a randomly 

oriented scaffold cytoskeletal alignment may not occur. The mechanical properties of the 

scaffolds under variable strain remain close to those of native tissue.  

 

Gilbert et al. have shown that the variation of the type of strain can affect the resultant tissue 

produced by fibroblasts on a SIS matrix [515]. Therefore, logically, it follows that to create a 

tissue for a specific function, replication of that function provides the fibroblasts with the 

correct signals to produce this tissue. The fibroblasts however, must be capable of producing 

this tissue. Oral fibroblasts increased collagen III and elastin production by the use of variable 
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biaxial strain. Unfortunately, this work was undertaken at the end of this thesis and time did 

not permit its completion. For example due to the breakdown of the electron microscope it 

was not possible to assess ECM orientation with the variable stress rig. This work will be 

completed after submission of this thesis and repair of the electron microscope.  

Histological analysis of neo tissue architecture may reveal changes between scaffolds under 

varying conditions. In addition to this, the functional ability of fibroblasts has been shown to 

be altered by the use of cyclic strain and therefore the assessment of chemical mediators 

released by fibroblasts may give an indication of the various processes occurring during low 

and high strain. Also tissue engineered prostheses will be implanted under strain and will be 

required to take strain from day 0. Therefore if an in vitro rig can model this strain then early 

failure can be predicted from the in vitro results.   

To conclude, a simple variable stress rig has been designed which allows cellular proliferation 

and ECM production. It has been shown that collagen production may be increased by this 

loading regime and that this affects the mechanical properties of the scaffold to a degree. This 

simple rig can be examined further and greater loading for longer periods of time is clearly 

indicated. These findings should enthuse researchers to a further avenue of research using 

mechanical conditioning of tissue engineered prostheses for POP/ SUI. We hypothesise that 

with the development of a rig capable of providing a higher frequency of stress change may 

lead to tissue more like native paravaginal tissue. 
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Chapter 9 The effect of Vitamin C on a PLA tissue engineered 
prosthesis 

 

9.1 Introduction 

Vitamin C (L-ascrobic acid/ ascorbate), has been shown to stimulate collagen production from 

skin fibroblasts via enhancement of type I and III collagen gene transcription [503]. The stable 

form of Vitamin C is Ascorbate-2-phosphate (Asc 2p). This has been shown to increase collagen 

synthesis and improve ECM organisation by skin fibroblasts in culture at a concentration of 

0.1-1mM [518]. Ascorbic acid not only stimulates collagen production at the mRNA 

transcriptional level but also stimulates lysly hydroxylase which stabilises collagen by cross 

linking [519]. In culture, cells have been shown to devote 85% of synthesis to collagen I and 

15% to collagen III, in addition to small amounts of type IV and V collagen. The optimum 

concentration of ascorbic acid to produce collagen by cells in two dimensional culture has 

been shown to be 30-40µM [519] [520]. 

 

Similarly, in three dimensional scaffolds Asc-2p has been used to stimulate collagen 

production. SIS sheets were seeded with dermal fibroblasts for four weeks [502]. The resultant 

composites were then cultured with media alone, media with 0.45 mM Asc-2p or fibronectin 

pre-treated SIS and 0.45 mM Asc-2p. Fibronectin treated scaffolds also treated with Asc-2p 

showed the most increase in type I collagen with more organised tissue on the surface of the 

SIS. There was no change to the matrix metalloproteinase activity which suggests the SIS 

scaffold was not being broken down over the four weeks [502]. Other researchers have also 

utilised the potential of vitamin C to increase collagen production. Gauvin et al. used 0.3mM 

ascorbate to increase collagen production by fibroblasts subjected to dynamic strain [508]. 

Proulx et al. also utilised 0.3mM of ascorbate to increase collagen production by corneal 

fibroblasts [521]. Guo et al. utilised 1mM ascorbate to increase collagen production from 

corneal keratinocytes [522].  

 

A literature search was unable to find any studies investigating different concentrations of 

ascorbate in the production of tissue engineered prostheses. Therefore the effect of 0.3mM, 

1mM and 3mM ascorbate compared to no ascorbate in the production of collagen from oral 

fibroblasts on a PLA scaffold was investigated.  The effect this had on the other properties of 

the scaffolds including cell attachment, contraction and biomechanical properties was also 

assessed. It was hypothesised that ascorbate would lead to increased collagen production 

without affecting the other parameters of the tissue engineered prostheses.   
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9.2 Results of the effect of Asc-2p  

9.2.1 Cell attachment 

Fig 9.2.1.1 shows the effect of vitamin C on the metabolic activity of cells. Both 0.3 and 1mM 

of Asc-2p led to a significant increase in metabolic activity at 14 days of culture. DAPI images 

showed increased numbers of cells with 0.3 and 1mM Asc-2p (Fig 9.2.1.2).     

 

9.2.2 Tensiometry 

Asc-2p led to an increase in the UTS of PLA (Fig 9.2.2.1), however, only 0.3mM was significant. 

The addition of cells did not significantly increase the UTS. The UTS was at the lower limit of 

native tissue. The UT strain (Fig 9.2.2.2) and YM (Fig 9.2.2.3) were inferior to native tissue and 

did not change significantly with the addition of Asc-2p. 

   

9.2.3 Contraction 

Neither the addition of cells nor ascorbate led to significant changes in the contraction of PLA, 

which was approximately 30% over 14 days (Fig 9.2.3.1). Looking at Fig 9.2.3.1  one can see 

that the majority of contraction occurred during the first seven days of culture.  

 

9.2.4 Total collagen production 

Cells cultured with 0.3mM Asc-2p produced significantly more collagen than cells with no Asc-

2p as assessed by absorbance of Sirius red stain (Fig 9.2.4.1). The production of collagen in the 

presence of Asc-2p showed a peak at 0.3mM which decreased at higher concentrations. The 

extent of the increase with 0.3mM compared to no Asc-2p was 60% over the 14 days of 

culture. 
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9.3 Discussion 

Asc-2p led to significant increases in cell metabolic activity, UTS and collagen production on a 

PLA scaffold. There were no significant changes to the UT strain, YM and contraction of the 

scaffolds. The mechanical properties of PLA are inferior to those of native tissue and therefore 

prostheses based on PLA without thermoannealing would not be recommended for use in SUI/ 

POP.  

However, as a proof of concept study, these experiments show the benefit of chemical 

modulation; in this case ascorbate. Asc-2p not only led to increased collagen production as 

hypothesised but also increased cell metabolic activity. This may have been due to the increase 

in collagen production, however, looking at the images in Fig 9.2.1.2 it is seen to increased cell 

proliferation too. This may have been due to a direct effect of the Asc-2p on proliferation or 

the production of increased collagen may have led to an increased surface area for fibroblasts 

to proliferate and attach to.  

There was an optimal increase in total collagen production with 0.3mM Asc-2p. It would have 

been interesting to see what type of collagen ascorbate stimulated and whether this was at 

the expense of other proteins such as elastin, however, these experiments were conducted 

prior to obtaining the immunofluorescent antibodies and thus it was not possible to do this. 

Other researchers have shown that ascorbate may lead to a reduction in elastin production 

from skin fibroblasts [523] or elastin and lysyl oxidase from smooth muscle cells [524]. This 

may explain why the UTS is affected and the YM remains unchanged. The important message 

still lends to the concept of chemical modulation to increase cell proliferation and collagen 

production which may in turn improve some of the mechanical properties. However, one must 

be aware that improvement in collagen content may be accompanied by a reduction in the 

production of other cellular proteins. In addition, other properties of the graft may be 

affected, for instance an acidic environment may lead to quicker hydrolysis of PLA. 

Other researchers have used ascorbate to increase collagen production [502] [508] [521] [522] 

but there are no reports of increased cell proliferation or improvements in UTS with its use. 

Soucy et al. have shown a doubling in collagen I production by lung fibroblasts with the 

addition of 500µg/ml ascorbate which did not affect the YM [525]. Grinnel et al. have shown 

increased crosslinking of collagen fibres with the use of ascorbate but did not assess the 

mechanics of the new tissue [526]. Increased cross linking may be the reason why an increase 

in the UTS with the addition of Asc-2p was seen. Throm et al. used epidermal growth factor to 

increase collagen I content produced by foreskin fibroblasts over 21 days culture but again this 

did not affect the UTS [526].  
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Other cells have been manipulated by ascorbate and/ or other chemical mediators. The use of 

ascorbate with transforming growth factor-β was shown to increase cell proliferation of 

Mesenchymal stem cells on a scaffold [527]. Nugent et al. have shown that chondrocytes may 

be stimulated to increase GAGs and hydroxyproline production [528]. Our results and those 

reported in the literature point to the important findings that chemical mediators may be used 

to alter cell proliferation, collagen production and mechanical properties. The optimum 

constituents of culture media will depend largely on the native tissue requirements both 

histologically and structurally and it would be prudent that investigations assessing the utility 

of these chemicals assess these in future experiments. 
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Chapter 10   Discussion 

10.1  Failure of current prostheses 

The failure and complications associated with current prostheses for pelvic floor disorders and 

their impact on patient health and quality of life was the motivation for pursuing a higher 

research degree in this field. After a comprehensive review of the literature it became 

apparent that our knowledge of why prostheses fail is still in its infancy. A particular problem is 

the lack of long term follow up studies. The newer less invasive procedures using lighter 

meshes for SUI, and even the inclusion of mesh for POP surgery, all obviously lack long follow 

up data in sufficiently large populations resigns us to this lack of knowledge. Nevertheless, 

patterns for failure have emerged and we have categorised these in Fig 10.1.1 for synthetic 

meshes, Fig 10.1.2 for autologous grafts and 10.1.3 for biological grafts. 

For all meshes, early surgical complications are shown in the grey boxes. The causes of the 

common post-operative problems; bladder outflow obstruction, erosion, pain and failure are 

shown in the green boxes. The figures relate to SUI procedures as this is better studied than 

POP and also the SUI technique is standardised and therefore more comparable. We have 

discussed the relevant data of the outcomes in POP surgery in the text.  

The reported success of mid urethral tapes depends largely on the definition of success; these 

encompass both objective and/ or subjective evaluation. The longest prospective follow up 

data is of 11 years from Nilsson et al. who reported 90% objective success rates and 77% 

subjective success rates with TVT [529]. Other studies reporting medium term outcomes have 

shown lesser success rates of 81% and 70% at five years [530] [531]. Nilsson et al. also 

reported no cases of erosion over 10 years, whereas other studies have shown a rise in 

incidence of erosion over time [532], which also varies with the type of tape utilised [533]. 

Mesh erosion may occur within weeks to years after surgery [534]. The rate of mesh erosion 

for POP is even higher than SUI surgery at 8-24% for anterior repair, 6-13% for posterior repair 

and 3.4-16% for apical repair [535]. The success rate of POP procedures has been shown to be 

improved by the use of synthetic mesh by 15% by Jia et al. [213] and as reported more recently 

in a Cochrane systematic review [536]. However, the risk of complications increases as 

discussed above.      
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The aetiology of bladder outflow obstruction post tape surgery is hypothesised to be linked to 

haematoma formation,  infection and the host response to the material [537]. PPL has been 

shown, in some cases, to undergo degradation by the host immune system particularly in the 

presence of infection. This leads to pro-inflammatory breakdown products of the PPL resulting 

in further inflammation and mesh prominence leading to pain. If the vaginal epithelium is 

breached it is termed extrusion. Violation of the urinary tract mucosa is termed erosion and is 

a much more serious complication. If the fibrotic response to the material leads to tissue 

thickening this is thought to lead to varying degrees of bladder outflow obstruction. 

Infection and the host inflammatory response may explain why some patients develop erosion. 

In addition, if the mesh has a higher YM than native tissue and fails to integrate and stimulate 

new tissue formation then there will be a continuing grating effect leading to the mesh 

wearing through the host tissue which may be responsible for pain and dyspareunia. It has 

been suggested that fixing the mesh will make it less likely to contract and “grate” through 

host tissue. The biomechanical properties of meshes in relation to success and erosion rate 

have been reviewed by us in section 1.10.5 [538]. We found no simple correlation between the 

mechanical properties of prostheses and their success and erosion rate but emphasise there is 

a paucity of data in this regard.  

As discussed in chapter five the significance of synthetic mesh folding or contraction is still 

poorly understood. There is no evidence relating mesh contraction to any of the reported 

complications. However, as this is a feature of meshes it should still be recognised and will 

require further study.   

The host response to PPL was previously considered to be fibrotic leading to no degradation of 

implants. However, more recently, it has been proposed that this is not necessarily the case 

and the immune response may be individual to each person and this may also be altered by 

infection [537].  

The current response to PPL is understood to occur within minutes of host injury whereby a 

biofilm is formed on the “inert” synthetic implant, proteins are adsorbed onto this film 

independent of a cell response known as the Vroman effect [539]. Proteins such as albumin, 

fibrinogen, immunoglobulins, kinninogen and ECM molecules are adsorbed on to the biofilm. 

An inflammatory response, including leucocytes, macrophages, the complement system, the 

clotting and fibrinolytic cascades ensues against these bound proteins, in particular fibrinogen 

[540] [541]. Bacterial infection at this time may affect the biofilm leading to an altered immune 

response [542].  
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Thereafter, a more typical chronic inflammatory response will follow i.e. a foreign body 

reaction, with formation of granulation tissue with fibroblasts, macrophages, granulocytes and 

giant body cells with some neovascularisation. Neutrophils generally only persist for the first 

stage of the response. They produce a cytokine profile dominated by tumour necrosis factor-α, 

interferon-ϒ and interluekin-1 referred to as the M2 response which stimulates T helper-2 (Th 

2) cells and is pro-inflammatory [542]. Macrophages are postulated to mediate the 

inflammatory response based on their “acceptance” of the biofilm. This is when the material 

composition, pore size, weight, and structure of the implant become important [543].  

The pore size, surface properties and weight are important factors for macrophage infiltration 

and later fibroblast infiltration and blood vessel formation [212]. Pores that are too large have 

been shown to be filled with fat and pores that are too small become encapsulated [544]. The 

ability of fibroblasts to integrate in turn allows new ECM to be produced by the fibroblasts. The 

implant surface architecture has been shown to affect the amount of tissue ingrowth [545]. 

The acceptance of the above factors by macrophages leads to varying degrees of chronic 

inflammation, tissue ingrowth and mesh integration as shown in Fig 10.1.4. Once fibroblasts 

are present, growth factors and cytokines stimulate the healing processes. The important 

cytokines are platelet derived growth factor, fibroblast growth factor, keratinocyte growth 

factor, epidermal growth factor, transforming growth factor- α, and transforming growth 

factor-β [546]. This will be altered in the presence of chronic inflammation.  

Interestingly, the presence of a large number of macrophages has been shown to be 

associated with erosion [547]. In the five cases reported by Kavvadias et al. it was not clear 

whether the macrophages were contributory to the erosions or were a result of mesh 

infection. Bacterial contamination has been linked to mesh complications too [548]. However, 

mesh erosion in these patients was only linked to small bacterial counts (1x103) after enriched 

culture. Therefore the importance of a low grade bacterial infection modifying the implant 

biofilm and immune response is still not known.       

Besides mesh related factors, surgical and patient factors are also significant and may be 

irreversible. Factors affecting wound healing such as age, menopausal status, smoking, 

concomitant illness, obesity, medications and the ability of host fibroblasts to produce an ECM 

may also affect the inflammatory and healing response.  

It can be concluded that synthetic materials stimulate a chronic inflammatory response to 

varying degrees as depicted in Fig 10.1.4. The amount of host tissue infiltration is dependent 

upon mesh composition, pore size and configuration and this will in turn influence mesh 

integration and new ECM production. The importance of bacterial infection in the aetiology of 



175 
 

erosion is yet to be elucidated and the impact of the biomechanical properties on outcomes 

still requires further study.  

The difference between the autologous sling procedure and the other procedures is the donor 

site morbidity which involves infection, pain and scarring which are most often self limiting. In 

addition the former procedure takes longer and also leads to increased hospital stay [549].  

The rate of post operative urinary retention is also higher with autologous sling procedures 

due to the tension applied during the surgical procedure [139].  Albo et al. have shown 6% of 

women required surgery for bladder outflow obstruction within two years of sling surgery 

[139]. The catheterisation rate one year post surgery has been shown to be 10% [223]. The 

most likely reason for voiding difficulties in patients post autologous sling surgery is likely to be 

the technique which involves tension via suture/ “string” fixation. The correct tensioning of 

slings is currently not an exact science and relies heavily on surgical experience. The formation 

of a haematoma at the surgical site may also contribute to post operative “tightening” of the 

autologous sling. However, one would not anticipate a haematoma in such a high proportion 

of patients inferring that this is not the only contributory factor. No hyperinflammatory 

response has been reported with autologous tissue and therefore it is unlikely that this 

contributes to the high obstruction rate either.   

The rate of erosion with autologous slings is extremely low and is only described in a few case 

reports being diagnosed from a few weeks to five years after surgery [550] [551] [552] [553]. 

However, reading the case reports it is apparent that all patients had symptoms of pain or 

bladder irritation early (with a few weeks) after their surgery. Therefore it is feasible that 

erosion is an early feature in patients after sling surgery and the diagnosis may be made at any 

point thereafter. This suggests that it may be early infection or a lack of tissue infiltration early 

in the postoperative period that leads to failure of integration and erosion. However, there is 

no histological data to support this hypothesis. A biomechanical mismatch as an aetiological 

factor is also considered less likely as the risk of erosion would then be expected to continue 

over a long time course.  

The early success rate of autologous sling procedures have been shown to be very good [223] 

but long term data is lacking and shows a large variation ranging from 90% to 53% success 

rates depending on the definition of success [554] [223]. Woodruff et al. have shown in five 

women who failed SUI surgery that there was moderate degradation of the autologous fascia 

which remained intact and the tissue did show moderate fibroblast infiltration and vascularity 

[214]. Therefore it may be the progression of tissue weakness, graft degradation, failure of the 

mesh to stimulate new ECM production that leads to failure with autologous grafts.      
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Autografts stimulate a very limited foreign body reaction and generally are thought to 

integrate well into native tissue [555]. The autograft contains a native tissue matrix with its 

intervening cells (mostly fibroblasts). The quality of both the scaffold and the cells is largely 

patient dependant. Therefore elderly postmenopausal women with medical comorbidities are 

likely to provide weakened autografts. Also after the absorption of the scaffold the 

replacement tissue is likely to be weak in these patients. Although Woodruff et al. have shown 

graft degradation in failures, Fitzgerald et al. have not shown large degradation of rectus fascia 

slings in successful procedures and have shown remodelling with fibroblast proliferation, 

neovascularisation and ECM production [222]. This suggests that tissue degradation may be 

the cause of failure in susceptible patients. 

The other reason for failure is progression of host tissue laxity and failure to produce new 

ECM. Almeida et al. have shown that PPL and SIS stimulate greater inflammatory responses 

than autologous tissue and by day 30 the inflammation in the latter was equivalent to a sham 

surgery group without any implant [556]. Autologous tissue was also shown to lead to less 

collagen III production compared to SIS and PPL and this may be the reason for its failure. It 

may in fact be the case that it is the lack of an immune response initiating constructive 

remodelling of new collagen production that is responsible for failure. Fig 10.1.5 shows a 

schematic of the current understanding of autologous grafts.  

Biological grafts may be of cadaveric or xenogeic origin. The failure rates are individual to the 

type of graft material used. Cadaveric fascia has poor medium term success rates (61-48%) 

after 12 months, which is the case for both SUI [227] [229], and POP surgery  [228] [230]. 

Frederick et al. have shown 56% of failures occur after 12 months [315]. Woodruff et al. have 

shown moderate levels of graft degradation and only peripheral infiltration of cadaveric grafts 

by fibroblasts in patients where grafts failed [214]. Van de Vord et al. have shown in rat 

models, that cadaveric dermis forms a thick capsule around the graft which persists to 12 

weeks and limits fibroblast infiltration and therefore implies a persisting inflammatory phase 

[320]. This was also supported by the finding of increased inflammatory cells. Erosion rates 

vary between 0% [180] [557] reported up to four years to 11% [232]. In addition to this 

cadaveric tissues have the added risk of virus or prion transmission albeit this is small (1 in 8 

million). 

Porcine dermis however, showed no collagen capsule formation and showed very little cell 

infiltration and angiogenesis [320]. Woodruff et al. reported total encapsulation of the porcine 

dermis graft with no cellular infiltration in a patient who failed [214]. Clinically, PD is shown to 

have failed in 39% of women within one year of surgery [558]. The reasons for poor 
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incorporation of PD may lie with the processing method, which may alter the native biological 

matrix sufficiently to affect its incorporation [432]. It appears that PD stimulates very little 

inflammation, does not attract fibroblasts and is eventually encapsulated and/ or degraded by 

a foreign body response [559]. 

In contrast, SIS stimulates a vigorous inflammatory response, and has shown a thick capsule at 

two weeks, thereafter this was remodelled and fibroblasts and new blood vessels were seen to 

be integrating into the mesh [320]. At 12 weeks the implant was indistinguishable from the 

native tissue. Again the processing methods and the extent of decellularisation will affect this 

outcome. SIS has been described to be remodelled by a “constructive” process [560].  

Remodelling begins with an intense inflammatory response which leads to occasional seroma 

formation. Badylak argues that this is part of the early remodelling process and is driven by 

blood monocytes [561]. Occasionally infection intervenes leading to purulent discharge [562]. 

SIS has been shown to contain fibroblast growth factor-β and transforming growth factor-β 

which are postulated to reduce the inflammatory reaction [563]. Polymorphonuclear cells are 

most prominent up to the 14 days at which point macrophages peak [564]. Thereafter, 

macrophages remain at a lower stable level and are thought to promote constructive 

remodelling. Foreign body giant cells are present for up to 30 days but have been shown to be 

absent at 90 days.     

Macrophages have been shown to carry the cell surface marker CD163+ which classifies them 

as having a remodelling phenotype (M2). However, the M2 response will interchange with the 

proinflammatory (M1) response during different time points depending on the processing of 

the SIS [435]. Therefore Badylak argues, that the recognition of a proinflammatory phenotype 

(M1) over a tissue remodelling phenotype (M2) requires the mapping of cell surface markers 

and cannot be done by simple histological assessments which are most commonly reported. It 

must be understood that the M1 and M2 responses lie on a continuum and are not distinct 

entities[334].  

SIS topography and microarchitecture has been shown to favour cell attachment [565]. Also 

SIS degradation has been shown to release vascular endothelial growth factor and fibroblast 

growth factor-β which promote vascularisation. In addition SIS degradation products have 

been shown to be chemotactic stimulating new cell influx as scaffold degradation occurs [566]. 

The presence of cellular material or cross linking in addition to xenogeneic ECM epitopes are 

thought to affect the immune response. One such epitope identified as causing hyperacute 

rejection is the α-Gal epitope [567], although in primate models there has been no evidence of 

rejection [568].   
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Regardless of the macrophage phenotype the ultimate outcome of tissue integration and the 

strength imparted to the native tissue is clearly what is most important. Claerhout et al. have 

shown that SIS was remodelled into a thin fibrotic layer within three months in a rat abdominal 

wall model [559]. Ozog et al. showed that SIS was remodelled into collagenous tissue with 

good vascularisation but this added no strength to the repair and at 90 days was weaker than a 

native tissue repair [564]. Dora et al. have shown graft weakening of cadaveric dermis, porcine 

dermis and SIS too in rabbit models up to 12 weeks [300]. 

Clinical results from the use of SIS are limited. Short term results with SIS augmentation in 

anterior repair have shown 86% anatomic cure rates but these did not translate to superior 

quality of life results[235]. Chaliha et al. used SIS graft to augment anterior repair and found 

better results than native repair at six months but at two years this difference was no longer 

apparent [569]. Long term results were recently reported with SIS used as a pubovaginal sling 

in 48 patients [570]. The authors reported 69% cure rates at a median of 76 months follow up, 

with no dyspareunia, retention or erosion.     

It can be concluded that although SIS has the ability to integrate well, support and attract host 

fibroblasts and promote vascularisation of tissue, it is mostly degraded by three months and 

may not leave behind a tissue with sufficient strength for the repair to remain successful. This 

is specifically a concern when considering success of SUI/ POP procedures. In addition, the 

native cells that may be attracted may indeed be the ones causing the tissue laxity in the first 

place and therefore recruitment of these will not logically be beneficial. New ectopic cells 

which have the ability to produce good ECM may provide the answer.  Fig 1.10.6 shows the 

schematic of the host response to biological grafts. 
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10.2 Solutions for an improved prosthesis 

Current thinking of the failure of prostheses for POP/ SUI surgery is summarised in Figs 10.1.4, 

10.1.5 and 10.1.6.  It can be seen that the problems lie with: 

1) A poor inflammatory response- which leads to encapsulation and failure 

2) Poor tissue integration- which leads to failure and/ or erosion 

3) Persistence of chronic inflammation (M1 response)- which leads to erosion 

4) A lack of continued ECM production after the constructive remodelling (M2 response)- 

which leads to long term failure 

Therefore, a successful implant will need to stimulate a sufficient inflammatory response to 

prevent itself from being encapsulated and thereafter allow tissue integration. It is our opinion 

that the persistence of a small proportion of chronic inflammation with a synthetic scaffold is 

not necessarily harmful (purple arrow Fig 10.1.4) and allows the pelvic connective tissue to 

retain its strength. With a permanent scaffold this chronic inflammation will persist lifelong 

and if native tissue weakens, or an infection increases the inflammation, then erosion may 

occur. There is just not enough data to say how much chronic inflammation is acceptable and 

whether the risk of erosion increases much more over time. With a biological scaffold it is 

currently suggested that the M2 response is preferred but with complete tissue integration 

and graft degradation there is no longer a stimulus to continue new ECM production. In 

addition the native cells have been shown to produce substandard ECM and cannot be relied 

upon to remodel pelvic connective tissue with good ECM. 

Our solution was to develop a tissue engineered prosthesis using a scaffold with autologous 

cells. It has been shown that the use of autologous cells with scaffolds can lead to improved 

outcomes not possible with scaffolds alone or cells alone [571] [572]. Badylak has however, 

shown a shift towards the M1 proinflammatory phenotype in a rat abdominal wall model using 

cellular than cell free porcine urinary bladder matrix [573]. The significance of this is not 

known as the study was only conducted up to 28 days.  

Contemporary work in the field of tissue engineering has mainly concentrated on 

strengthening the rhabdosphincter in women with stress incontinence. Laboratory models 

involving rats have shown benefits with the injection of autologous fibroblasts and muscle 

derived cells directly in to the urethral sphincter [574]. However, only the muscle derived cells 

led to increased contractility of the urethral muscle. 
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In the clinic, work from the Innsbruck laboratory reported good results with the injection of 

myoblasts and fibroblasts para-urethrally in women with SUI [241]. However, it has 

subsequently emerged that there were many scientific irregularities in their work and the 

majority of their publications regarding this have now been retracted [243] [575]. Another 

group in North America have reported a pilot study showing cure from SUI in one of eight 

women, with five being improved with the injection of muscle derived stem cells into the 

urethral sphincter [576]. Improvements were seen after a delay of three to eight months, 

suggesting the improvements may be due to a delayed bulking effect or restoration of the 

urethral sphincter [577]. However, no evidence of increased sphincteric activity has been yet 

presented.   

Despite the work continuing on improving the urethral sphincter, it has long been accepted 

that in the majority of women with stress incontinence, connective tissue laxity and urethral 

hypermobility play a greater role than intrinsic sphincteric deficiency [578] [579]. Although, 

more recently DeLancey has questioned this and presented evidence that urethral 

hypermobility is difficult to assess and therefore has not correlated as strongly with SUI as has 

the mean urethral closure pressure [580].  However, DeLancey does accept that the majority 

of women will show improvement with a procedure to stabilise and support the urethra as 

opposed to methods which aim to increase sphincteric contractility. Therefore, a procedure to 

treat the connective tissue laxity component of SUI is entirely logical and also lends itself to 

POP surgery. 

Development of tissue engineered slings is still at an early stage and has not yet reached the 

clinic. In vitro, Skala et al. [236], Langer et al. [237] and Contineza et al. [239] describe 

fibroblast isolation and culture with existing meshes and assess fibroblast attachment, 

Kapishke et al. [238], in addition, show ECM production on to the meshes.  

In a rat incontinence model (sciatic nerve transection), Cannon et al. have shown 

improvements in leak point pressure (LPP) after the implantation of acellular and cellular SIS 

with muscle derived cells [240]. In a similar model, Zou et al. have shown increases in LPP with 

the use of a silk sling with Mesenchymal stem cells which led to increased collagen production 

at 12 weeks [581]. The UTS and YM of the tissue were also increased. Labelled Mesenchymal 

stem cells were seen at the implant site four weeks after implantation and improved the 

integration of the silk matrix.     

The use of tissue engineering for POP has only been investigated to our knowledge by two 

studies. Hung et al. used vaginal fibroblasts with a high collagen producing potential on a PLGA 

scaffold [582]. A tissue engineered fascia was created by culture over five days in 10% fetal 
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bovine serum and 50ng/ml ascorbate. After transplantation transplanted cells were shown to 

be producing a neo fascia for up to 12 weeks. Although the authors showed that some women 

with POP have vaginal fibroblasts with high collagen producing potential, this therapy would 

be limited only to those women with vaginal fibroblasts capable of generating new collagen. 

Ho et al. have shown that muscle derived stem cells seeded on a SIS scaffold may differentiate 

in to smooth muscle cells up to eight weeks of implantation [583].   

From the above we see that the progress made with tissue engineered prostheses for SUI/ POP 

is still at an early stage. The majority of studies have described isolation of cells and shown 

that they can be cultured on a scaffold. Three studies have shown the cells to produce ECM, 

two in a rat model. None of the reported literature, however has compared a range of 

scaffolds for these parameters. Neither have they discussed the ideal mechanical properties 

required from prosthesis for human use. The contraction of prostheses has not been reported, 

which is increasingly being recognised as important. Clearly, methods to improve the 

properties of scaffolds, either mechanical or chemical are important but they are currently 

lacking in the literature.      

Therefore, a comprehensive approach, to investigating a tissue engineered prosthesis which 

may be used for treating SUI/ POP, was taken. Fig 1.6.7.1 in the introduction chapter shows 

the key inputs and outputs of such a prosthesis. In this thesis we evaluated the best scaffold 

from a selection of seven scaffolds and thereafter assessed different culturing conditions. All 

the work undertaken is in vitro and will inform our in vivo studies. A schematic of the target in 

vivo response is shown in Fig 10.2.1.  

 

 

 

 

 

 

 

 

 



185 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



186 
 

10.3 Relating results from this study to the current literature 

For the first time in the literature a correlation between the mechanical properties of SUI/ POP 

prostheses with their success and erosion rates has been reported [538]. It was concluded that 

implant integration and the host response need to be considered, as well as the mechanical 

properties, to design materials with lasting clinical benefit.  

The in vitro parameters which are important when designing a tissue engineered prosthesis 

were then sought. Thereafter seven scaffolds were assessed against these parameters and 

were graded (Table 10.3.1) to select the most appropriate to take forward to in vivo study.  

Table 10.3.1 summarises the properties of the scaffolds. The scaffolds with the best properties 

are SIS and Th PLA. Restraint led to an improvement in the UTS of SIS and a deterioration of 

the UT strain and YM of Th PLA. The variable stress 2 rig led to a decrease in the metabolic 

activity of cells and showed similar mechanical properties to unrestrained Th PLA. Collagen III 

and elastin appeared to be increased and this suggests much more work is needed in light of 

these promising results. Also 0.3mM Asc-2p led to increased collagen production on a PLA 

scaffold. Although the current (non thermoannealed) PLA scaffold is poor biomechanically the 

ability of cells to improve this plus the addition of ascorbic acid needs further investigation. It 

is clear in this study that we have only touched the surface of how collagen stimulating agents 

such as ascorbic acid can improve mechanical properties of tissue engineered constructs. 

From the parameters assessed, one would assert that the ability of a scaffold to deliver cells, 

capable of making new matrix, to the area of weak tissue is probably the most important. As 

discussed in section 10.1 it is a failing of current prostheses to stimulate cells to produce good 

quality collagen which leads to surgical failure and/ or erosion. Therefore it is postulated that it 

is only with the delivery of a sufficient number of cells capable of integration, proliferation and 

repair that long lasting success may occur.  

Currently, it is not known how many cells are required in a tissue engineered prosthesis, 

whether these cells will require a well vascularised graft bed to take and whether these cells 

will persist long term to continue ECM production.  

The first question can only be answered by a comparative in vivo study but one would propose 

that more cells would increase the chances of cell survival, proliferation and ECM production 

and therefore be more beneficial. However, cells that reach confluency may experience cell-

cell inhibition and may differentiate into fibrocytes.  
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The second question is interesting and can be related to current autologous sling procedures, 

whereby a fascial sling is removed and ectopically transplanted with its residing cells. There 

have been no reports of problems with graft uptake or tissue necrosis implying that the sling 

becomes vascularised easily in the paravaginal bed. Therefore one would not expect a problem 

to occur specifically with a tissue engineered graft. Also in a rat SUI model, Cannon et al. 

showed no adverse inflammatory reactions to implantation of a cell seeded SIS matrix [240]. 

Muscle derived cells were implanted paravaginally and were shown to produce myotube 

structures by four and eight weeks culture. Other groups have shown the same findings and 

therefore this reassures us that the graft and cells will take [581] [582]. 

The final question has been investigated by Chang et al. who have shown diversity in 

fibroblasts from different sites [259]. In addition to this fibroblasts were noted to retain 

positional memory and if transplanted ectopically were shown to retain memory of their 

previous functional role over a number of generations [259]. This will mean a great advantage 

in terms of ECM production in a region which often contains fibroblasts with a reduced ability 

to produce good quality ECM.  

More recently, it is being recognised that it is possible to change transdifferentiation pathways 

of fibroblasts by altering the culture conditions [584]. The authors suggest that by changing 

fibroblast commitment, it is possible to exponentially stimulate a tissue remodelling 

phenotype. This leads to the use of modified fibroblasts, which may be tailored to specifically 

produce ECM for the pelvic floor. The studies relating to this work are however, still at a 

preliminary stage and much more work is needed in this area. 

At present it is not known how much contraction is required or acceptable from a pelvic organ 

prosthesis. Both Th PLA and SIS contracted to approximately 15%. This is similar to that 

reported for PPL [370] [304]. Contraction can be prevented in vitro by the use of restraint but 

the effect this may have on subsequent implantation is not known. 

In the review of the mechanical properties of contemporary prostheses, it was shown that 

implantation led to a reduction in UTS in all the materials reported in the literature (Fig 

1.10.4.1). The YM was more variable with implantation (Fig 1.10.4.2). Although, a direct 

correlation between UTS/ YM of prostheses with success/ erosion rates was not shown, these 

parameters are still important because, a prosthesis must have sufficient strength to provide 

support to the pelvic floor on implantation. All the materials tested in this study had the same 

or higher UTS than native tissue and would thus not have this problem.  
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In addition, the YM is related to the ability of the scaffold to stretch and as the scaffold is 

implanted it will be required to stretch immediately. If it resists stretch then erosion can occur 

through grating of native tissue. Another aspect of this, worth consideration, is the effect of 

stress shielding. This is well recognised in the orthopaedic literature [585]. The theory is based 

on having a stronger material next to host tissue. The stronger material takes the strain in the 

region and this consequently results in weaker host tissue which causes failure. Therefore 

integration of a prosthesis with similar mechanical properties to native tissue may also be 

important to prevent stress shielding. 

More importantly, the two best scaffolds SIS and Th PLA are absorbable and the rate of 

degradation in relation to new tissue formation may dictate the failure rate. As the scaffold is 

degraded, new tissue needs to be formed to take the strain of the degrading scaffold. The 

scaffolds can be altered by cross linking and other methods to reduce their degradation rate 

but this may affect the host inflammatory response. Currently, it is not known what the ideal 

degradation rate should be and this will need assessment in an in vivo study.    

The addition of cells to the scaffolds did not significantly affect the UTS (Fig 4.3.1) or YM (Fig 

4.3.2). This may be because of the timescale of culture. Fourteen days may not have been long 

enough for in vitro scaffold degradation and although new ECM production in this timeframe 

has been shown, the neo ECM is probably too immature to have an impact on a scaffold which 

has a high baseline UTS. At present, the optimum culture time prior to implantation is 

unknown.  

A culture period of two weeks was used and this  has shown cell number increased on the Th 

PLA and SIS scaffolds over this time period. This was based on results from other work in the 

laboratory involving the urethra and skin [256] [586]. The key difference between the other 

applications and this one is that a stratified tissue is not required here. In addition, with the 

other applications once stratification and confluence was achieved constructs were implanted 

within a few days. 

Whether immediate implantation after cell attachment is better will need to be assessed by an 

in vivo study. There are benefits to both a shorter and a longer culture period. The former 

reduces the risk of in vitro infection and will result in a reduced wait for a patient to undergo 

their procedure. In contrast, a longer time period allows cells to proliferate and commence 

ECM production. This will have implications for the host immune response. A longer culture 

period may also result in an alteration of the mechanical properties of the tissue engineered 

grafts, which was not seen over two weeks culture. This can only be answered by in vivo 

investigations.   
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Based on these results and others in the laboratory (unpublished work), one may envisage a 

window for implantation lasting from a few hours up to approximately four weeks after cell 

seeding. This provides the flexibility required by hospitals and surgeons. Therefore a patient 

may donate a small oral mucosa biopsy, from which fibroblasts are isolated and cultured 

(average two weeks). Thereafter these fibroblasts are seeded on to a matrix which is cultured 

between a few hours or up to four weeks. A patient’s surgery can be arranged in that time 

period as shown by the red arrows in Fig 10.3.1. Further fibroblasts may be frozen and kept in 

storage and therefore if a repeat procedure is required may be utilised without the 

requirement for a further biopsy.   

Preliminary experiments towards a proposed one stage approach to creating a tissue 

engineered prosthesis have also been commenced (blue arrows Fig 10.3.1). The data is not 

shown in the thesis as it has only reached a preliminary stage and thus far there is not enough 

data to draw meaningful conclusions. Early indications, however, are that there is outgrowth 

of cells from minced tissue but this is limited and will require investigation of techniques to 

encourage cellular outgrowth. This technique could remove the delay associated with cell 

culture and the expense of a clean room laboratory.    

The production of new ECM consisting of collagen I, III and elastin was highest on SIS and Th 

PLA, although CD and AL contain these already and this makes it difficult to assess this on 

these two scaffolds. A key question that arises is whether this ECM is good enough and will it 

serve its purpose in strengthening a pelvic floor repair. The data regarding this in the literature 

is limited and we found no long term studies assessing the quality of tissue produced after 

transplantation of fibroblasts with a scaffold in to the pelvic floor. In the short term, Zou et al. 

have shown good collagen production by Mesenchymal stem cells on a silk scaffold which led 

to increases in UTS and YM of the tissues at four and 12 weeks [581], suggesting that good 

ECM was produced. 

The ECM produced by oral fibroblasts will be more akin to autologous oral mucosa. Oral 

mucosa has not been shown to have weakened properties in women with SUI/ POP and 

therefore one would hypothesise that a good ECM will be produced. This is in contrast to bone 

marrow stem cells which may differentiate into the type of cells required by the particular 

region. The stimulus for stem cell differentiation may be physical or chemical [587] [588]. In 

vivo this will be dependent on the requirements of the particular region and therefore should, 

in theory, also lead to good ECM production.      

In conclusion, for the first time superiority of two scaffolds (SIS and Th PLA) over five other 

scaffolds to attach fibroblasts, allow their proliferation and encourage new ECM production 
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has been shown (Table 10.3.1). Both SIS and Th PLA are biodegradable and therefore will not 

pose a long term risk of erosion. Their mechanical properties are also close to native tissue but 

as has been discussed in section 1.10.4 these may be affected by an in vivo response. 

Therefore, the key processes post implantation which will define the success of these tissue 

engineered prostheses are the inflammatory response, transplanted cell survival and 

continued ECM production to maintain good biomechanical properties of these tissues in 

supporting the weakened pelvic floor.     

The use of simple restraint did not show a sufficient benefit to endorse its use with the 

scaffolds, except with PPL (which gave a poor performance overall). The use of a simple 

variable stress rig showed a non-significant benefit for collagen production and this should be 

investigated further. The use of Asc-2p also, in combination with putting tissues under 

dynamic tension while producing them in culture now needs to be examined. 

This work establishes a foundation for future experimental paradigms and answers the 

question of which scaffold could be used and whether ECM production can be stimulated (by 

fixed or dynamic strain or the addition of agents which stimulate collagen production). The 

next section discusses on-going and future work which we hope will lead to a tissue 

engineered prosthesis which can improve the quality of life of the millions of women 

worldwide who require surgery for pelvic floor disorders.    
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10.4 On-going and future work  

In the laboratory, work has commenced towards defining the ideal cell for the tissue 

engineered prosthesis. Early results have shown adipose derived stem cells work synergistically 

with fibroblasts to increase collagen and elastin production. This is also the case in the 

literature, where co-culture of stem cells with differentiated cells has shown that adipose 

derived stem cells may be stimulated to differentiate and work synergistically with the 

differentiated cells [589]. In addition, fibroblasts have also been shown to proliferate quicker 

in the presence of adipose derived stem cells [590]. The latter cells have also been shown to 

stimulate angiogenesis via distinct cytokine and protease expression [591]. This is different to 

the typical stimulation patterns with fibroblasts which involve plasminogen activation. 

Therefore, there is substantial benefit from pursuing investigation of a co-culture system. The 

major drawbacks of this approach are the need for both an oral mucosa and a subcutaneous 

skin biopsy and the time taken to culture adipose derived stem cells, which is twice as long as 

fibroblasts. 

Further in vitro work should continue to assess the effect of mechanical and chemical 

stimulation. The proof of concept studies have shown benefit from using variable strain and 

Asc-2p. The application and variation of strain in our preliminary experiments were crude and 

a bioreactor to replicate pelvic floor strains should be explored as evidence in the literature 

also suggests this may stimulate fibroblasts to produce good ECM capable of accepting the 

applied strain [508] [592] [593]. The growth factors that have been suggested from the 

literature are platelet derived growth factor and basic fibroblast growth factor [594] [595], 

insulin like growth factor-1 [596], transforming growth factor β-1 [597] and epidermal growth 

factor [598], as well as vanadate [599] and oestrogen receptor β agonists[600].           

The use of hormones, growth factors and drugs integrated into biodegradable scaffolds has 

also recently attracted interest in the field of tissue engineering [601]. Work from our own 

laboratory has shown that scaffolds may be mixed with ibuprofen which releases as the 

scaffold degrades [601]. The obvious hormone that may benefit a tissue engineering 

application for SUI/ POP is oestradiol as it is used as a first line treatment for extrusion of mesh 

in to the vagina. A slow release of oestrodiol from the scaffold may help prevent extrusion/ 

erosion. 

The effect of the length of culture prior to implantation should also be defined to guide 

surgical practice. Although it is shown two weeks of culture produces good prostheses, a 

window needs to be defined of prosthetic availability to allow operative planning. Further 
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investigation of the one stage approach is also warranted as this would take a large cost away 

from the process and makes it accessible to surgeons geographically distant from an approved 

laboratory clean room. Moving on from our early findings, techniques to improve cellular 

outgrowth need to be investigated. These experiments are on-going in other projects of tissue 

engineering for skin and cornea within the laboratory at present. 

Moving on to in vivo work, the host response to the tissue engineered prostheses needs to be 

investigated in animal models. The assessment of tissue integration, cell survival, 

vascularisation and new ECM production does not require a pathological model. The 

macrophage phenotype (M1 or M2) may also be investigated but at present we are unsure of 

its significance. In addition to this, the strength of the graft at various time points needs to be 

examined.  

Progression to a clinical pilot study can only be achieved if it is shown that there is no adverse 

inflammatory response to the scaffolds which integrate well into native tissue. One needs to 

prove transplanted cells survive beyond the survival of the scaffold and continue to produce 

new collagen which strengthens the weak native tissue.   

With respect to animal models, the use of pathological models has its limitations and 

strategies such as sciatic nerve denervation or surgical creation of structural defects do not 

always create a scenario akin to SUI/ POP in women. Nevertheless they may still shed some 

light on efficacy and failure. A pathological model may help guide how much contraction is 

acceptable from a tissue engineered prosthesis in a situation where it may be required. Also if 

excess contraction was to occur it will inform us if urinary retention or erosion occur. 

Although it seems as though there is a vast amount of work still required and many avenues 

unexplored, the above list of suggestions for future work are by no means essential for 

progression to a pilot study. As shown in Fig 10.4.1 the results of the in vivo study will dictate 

progression to a clinical pilot study. The extra work highlighted and discussed above can be 

used to improve upon the design of prostheses even after they have reached a clinical stage 

thereby providing avenues for continued development and improvement in patient care.    
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Conclusions 

 

 Current prostheses for SUI/ POP fail due to a poor inflammatory response, poor tissue 

integration and a lack of new collagen production. 

 

 Cell seeded prostheses have the ability to overcome the deficiencies in current 

prostheses 

 

 Properties desired of a  tissue engineered prosthesis have been described 

 

 Incomplete correlation between the mechanical properties of current prostheses and 

their success and erosion rates have been shown 

 

 Oral fibroblasts may be a suitable cell type for a tissue engineered prosthesis for SUI/ 

POP 

 

 From a comparison of seven materials, SIS and Th PLA have been identified as good 

scaffolds for further study based on their ability to support cells, support the 

production of new extracellular matrix and their mechanical properties being close to 

those of native tissue 

 

 The use of simple fixed restraint did not show benefit in improving the properties of 

tissue engineered prostheses (except for PPL which was otherwise a poor scaffold) and 

in reducing in vitro contraction 

 

 The addition of simple variable stress showed a small benefit in improving the 

properties of tissue engineered prostheses and should be investigated further 

 

 The use of Asc-2p has been shown to improve collagen production by cells on a PLA 

matrix and should be investigated further particularly in combination with dynamic 

strain. 

 

 



197 
 

Reference List 

 

 (1)  Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, Van KP, Victor A, Wein 
A. The standardisation of terminology in lower urinary tract function: report from 
the standardisation sub-committee of the International Continence Society. Urology 
2003; 61:37-49. 

 (2)  Hampel C, Wienhold D, Benken N, Eggersmann C, Thuroff JW. Definition of 
overactive bladder and epidemiology of urinary incontinence. Urology 1997; 50:4-14. 

 (3)  Litwin MS, Saigal CS, Yano EM, Avila C, Geschwind SA, Hanley JM, Joyce GF, Madison 
R, Pace J, Polich SM, Wang M. Urologic diseases in America Project: analytical 
methods and principal findings. J Urol 2005; 173:933-937. 

 (4)  Subak LL, Waetjen LE, van den Eeden S, Thom DH, Vittinghoff E, Brown JS. Cost of 
pelvic organ prolapse surgery in the United States. Obstet Gynecol 2001; 98:646-
651. 

 (5)  Hu TW, Wagner TH, Bentkover JD, Leblanc K, Zhou SZ, Hunt T. Costs of urinary 
incontinence and overactive bladder in the United States: a comparative study. 
Urology 2004; 63:461-465. 

 (6)  Wallner LP, Porten S, Meenan RT, O'Keefe Rosetti MC, Calhoun EA, Sarma AV, 
Clemens JQ. Prevalence and severity of undiagnosed urinary incontinence in women. 
Am J Med 2009; 122:1037-1042. 

 (7)  Shumaker SA, Wyman JF, Uebersax JS, McClish D, Fantl JA. Health-related quality of 
life measures for women with urinary incontinence: the Incontinence Impact 
Questionnaire and the Urogenital Distress Inventory. Continence Program in Women 
(CPW) Research Group. Qual Life Res 1994; 3:291-306. 

 (8)  Sandvik H, Seim A, Vanvik A, Hunskaar S. A severity index for epidemiological surveys 
of female urinary incontinence: comparison with 48-hour pad-weighing tests. 
Neurourol Urodyn 2000; 19:137-145. 

 (9)  Espuna-Pons M, Dilla T, Castro D, Carbonell C, Casariego J, Puig-Clota M. Analysis of 
the value of the ICIQ-UI SF questionnaire and stress test in the differential diagnosis 
of the type of urinary incontinence. Neurourol Urodyn 2007; 26:836-841. 

 (10)  Klovning A, Avery K, Sandvik H, Hunskaar S. Comparison of two questionnaires for 
assessing the severity of urinary incontinence: The ICIQ-UI SF versus the 
incontinence severity index. Neurourol Urodyn 2009; 28:411-415. 

 (11)  Petros PE, Ulmsten UI. An integral theory of female urinary incontinence. 
Experimental and clinical considerations. Acta Obstet Gynecol Scand Suppl 1990; 
153:7-31. 

 (12)  DeLancey JO. Structural support of the urethra as it relates to stress urinary 
incontinence: the hammock hypothesis. Am J Obstet Gynecol 1994; 170:1713-1720. 

 (13)  DeLancey JO. Structural aspects of the extrinsic continence mechanism. Obstet 
Gynecol 1988; 72:296-301. 



198 
 

 (14)  Yang A, Mostwin JL, Rosenshein NB, Zerhouni EA. Pelvic floor descent in women: 
dynamic evaluation with fast MR imaging and cinematic display. Radiology 1991; 
179:25-33. 

 (15)  Mostwin JL, Yang A, Sanders R, Genadry R. Radiography, sonography, and magnetic 
resonance imaging for stress incontinence. Contributions, uses, and limitations. Urol 
Clin North Am 1995; 22:539-549. 

 (16)  JEFFCOATE TN, ROBERTS H. Observations on stress incontinence of urine. Am J 
Obstet Gynecol 1952; 64:721-738. 

 (17)  BALL TL, DOUGLAS G, FULKERSON LL. Topographic urethrography. Am J Obstet 
Gynecol 1950; 59:1252-1259. 

 (18)  Macura KJ, Genadry RR. Female urinary incontinence: pathophysiology, methods of 
evaluation and role of MR imaging. Abdom Imaging 2008; 33:371-380. 

 (19)  McGuire EJ, Fitzpatrick CC, Wan J, Bloom D, Sanvordenker J, Ritchey M, Gormley EA. 
Clinical assessment of urethral sphincter function. J Urol 1993; 150:1452-1454. 

 (20)  Pajoncini C, Costantini E, Guercini F, Bini V, Porena M. Clinical and urodynamic 
features of intrinsic sphincter deficiency. Neurourol Urodyn 2003; 22:264-268. 

 (21)  Blaivas JG, Olsson CA. Stress incontinence: classification and surgical approach. J Urol 
1988; 139:727-731. 

 (22)  P Abrams, L Cardozo, S Khoury, A Wein. Pathophysiology of Urinary Incontinence, 
Faecal Incontinence and Pelvic organ prolapse. Incontinence. Paris, Health 
publication, 2009. 

 (23)  Kayigil O, Iftekhar AS, Metin A. The coexistence of intrinsic sphincter deficiency with 
type II stress incontinence. J Urol 1999; 162:1365-1366. 

 (24)  Wadie BS, El-Hefnawy AS. Urethral pressure measurement in stress incontinence: 
does it help? Int Urol Nephrol 2009; 41:491-495. 

 (25)  Rortveit G, Daltveit AK, Hannestad YS, Hunskaar S. Urinary incontinence after vaginal 
delivery or cesarean section. N Engl J Med 2003; 348:900-907. 

 (26)  Hannestad YS, Rortveit G, Sandvik H, Hunskaar S. A community-based 
epidemiological survey of female urinary incontinence: the Norwegian EPINCONT 
study. Epidemiology of Incontinence in the County of Nord-Trondelag. J Clin 
Epidemiol 2000; 53:1150-1157. 

 (27)  Nitti VW. The prevalence of urinary incontinence. Rev Urol 2001; 3 Suppl 1:S2-S6. 

 (28)  Nygaard I, Barber MD, Burgio KL, Kenton K, Meikle S, Schaffer J, Spino C, Whitehead 
WE, Wu J, Brody DJ. Prevalence of symptomatic pelvic floor disorders in US women. 
JAMA 2008; 300:1311-1316. 

 (29)  Swithinbank LV, Donovan JL, du Heaume JC, Rogers CA, James MC, Yang Q, Abrams 
P. Urinary symptoms and incontinence in women: relationships between occurrence, 
age, and perceived impact. Br J Gen Pract 1999; 49:897-900. 



199 
 

 (30)  Sommer P, Bauer T, Nielsen KK, Kristensen ES, Hermann GG, Steven K, Nordling J. 
Voiding patterns and prevalence of incontinence in women. A questionnaire survey. 
Br J Urol 1990; 66:12-15. 

 (31)  Brown JS, Grady D, Ouslander JG, Herzog AR, Varner RE, Posner SF. Prevalence of 
urinary incontinence and associated risk factors in postmenopausal women. Heart & 
Estrogen/Progestin Replacement Study (HERS) Research Group. Obstet Gynecol 
1999; 94:66-70. 

 (32)  Steinauer JE, Waetjen LE, Vittinghoff E, Subak LL, Hulley SB, Grady D, Lin F, Brown JS. 
Postmenopausal hormone therapy: does it cause incontinence? Obstet Gynecol 
2005; 106:940-945. 

 (33)  Hendrix SL, Cochrane BB, Nygaard IE, Handa VL, Barnabei VM, Iglesia C, Aragaki A, 
Naughton MJ, Wallace RB, McNeeley SG. Effects of estrogen with and without 
progestin on urinary incontinence. JAMA 2005; 293:935-948. 

 (34)  Hannestad YS, Rortveit G, Daltveit AK, Hunskaar S. Are smoking and other lifestyle 
factors associated with female urinary incontinence? The Norwegian EPINCONT 
Study. BJOG 2003; 110:247-254. 

 (35)  Bump RC, McClish DK. Cigarette smoking and urinary incontinence in women. Am J 
Obstet Gynecol 1992; 167(5):1213-1218. 

 (36)  Hampel C, Artibani W, Espuna PM, Haab F, Jackson S, Romero J, Gavart S, 
Papanicolaou S. Understanding the burden of stress urinary incontinence in Europe: 
a qualitative review of the literature. Eur Urol 2004; 46:15-27. 

 (37)  Swash M, Snooks SJ, Henry MM. Unifying concept of pelvic floor disorders and 
incontinence. J R Soc Med 1985; 78(11):906-911. 

 (38)  Snooks SJ, Swash M, Henry MM, Setchell M. Risk factors in childbirth causing 
damage to the pelvic floor innervation. Int J Colorectal Dis 1986; 1(1):20-24. 

 (39)  Brown JS, Seeley DG, Fong J, Black DM, Ensrud KE, Grady D. Urinary incontinence in 
older women: who is at risk? Study of Osteoporotic Fractures Research Group. 
Obstet Gynecol 1996; 87:715-721. 

 (40)  MacLennan AH, Taylor AW, Wilson DH, Wilson D. The prevalence of pelvic floor 
disorders and their relationship to gender, age, parity and mode of delivery. BJOG 
2000; 107:1460-1470. 

 (41)  Press JZ, Klein MC, Kaczorowski J, Liston RM, von DP. Does cesarean section reduce 
postpartum urinary incontinence? A systematic review. Birth 2007; 34:228-237. 

 (42)  FRANCIS WJ. Disturbances of bladder function in relation to pregnancy. J Obstet 
Gynaecol Br Emp 1960; 67:353-366. 

 (43)  Lifford KL, Curhan GC, Hu FB, Barbieri RL, Grodstein F. Type 2 diabetes mellitus and 
risk of developing urinary incontinence. J Am Geriatr Soc 2005; 53:1851-1857. 

 (44)  Maggi S, Minicuci N, Langlois J, Pavan M, Enzi G, Crepaldi G. Prevalence rate of 
urinary incontinence in community-dwelling elderly individuals: the Veneto study. J 
Gerontol A Biol Sci Med Sci 2001; 56:M14-M18. 



200 
 

 (45)  Carley ME, Schaffer J. Urinary incontinence and pelvic organ prolapse in women with 
Marfan or Ehlers Danlos syndrome. Am J Obstet Gynecol 2000; 182:1021-1023. 

 (46)  Bhattacharya S, Mollison J, Pinion S, Parkin DE, Abramovich DR, Terry P, Kitchener 
HC. A comparison of bladder and ovarian function two years following hysterectomy 
or endometrial ablation. Br J Obstet Gynaecol 1996; 103:898-903. 

 (47)  Iosif CS, Bekassy Z, Rydhstrom H. Prevalence of urinary incontinence in middle-aged 
women. Int J Gynaecol Obstet 1988; 26:255-259. 

 (48)  Slieker-ten Hove MC, Pool-Goudzwaard AL, Eijkemans MJ, Steegers-Theunissen RP, 
Burger CW, Vierhout ME. Symptomatic pelvic organ prolapse and possible risk 
factors in a general population. Am J Obstet Gynecol 2009; 200:184-187. 

 (49)  Fritel X, Varnoux N, Zins M, Breart G, Ringa V. Symptomatic pelvic organ prolapse at 
midlife, quality of life, and risk factors. Obstet Gynecol 2009; 113:609-616. 

 (50)  Brown JS, Waetjen LE, Subak LL, Thom DH, van den Eeden S, Vittinghoff E. Pelvic 
organ prolapse surgery in the United States, 1997. Am J Obstet Gynecol 2002; 
186:712-716. 

 (51)  Olsen AL, Smith VJ, Bergstrom JO, Colling JC, Clark AL. Epidemiology of surgically 
managed pelvic organ prolapse and urinary incontinence. Obstet Gynecol 1997; 
89:501-506. 

 (52)  Fialkow MF, Newton KM, Lentz GM, Weiss NS. Lifetime risk of surgical management 
for pelvic organ prolapse or urinary incontinence. Int Urogynecol J Pelvic Floor 
Dysfunct 2008; 19:437-440. 

 (53)  Smith FJ, Holman CD, Moorin RE, Tsokos N. Lifetime risk of undergoing surgery for 
pelvic organ prolapse. Obstet Gynecol 2010; 116:1096-1100. 

 (54)  Weber AM, Abrams P, Brubaker L, Cundiff G, Davis G, Dmochowski RR, Fischer J, Hull 
T, Nygaard I, Weidner AC. The standardization of terminology for researchers in 
female pelvic floor disorders. Int Urogynecol J Pelvic Floor Dysfunct 2001; 12:178-
186. 

 (55)  Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, van KP, Victor A, Wein 
A. The standardisation of terminology of lower urinary tract function: report from 
the Standardisation Sub-committee of the International Continence Society. 
Neurourol Urodyn 2002; 21:167-178. 

 (56)  Mant J, Painter R, Vessey M. Epidemiology of genital prolapse: observations from 
the Oxford Family Planning Association Study. Br J Obstet Gynaecol 1997; 104:579-
585. 

 (57)  Bland DR, Earle BB, Vitolins MZ, Burke G. Use of the Pelvic Organ Prolapse staging 
system of the International Continence Society, American Urogynecologic Society, 
and Society of Gynecologic Surgeons in perimenopausal women. Am J Obstet 
Gynecol 1999; 181:1324-1327. 

 (58)  Versi E, Harvey MA, Cardozo L, Brincat M, Studd JW. Urogenital prolapse and 
atrophy at menopause: a prevalence study. Int Urogynecol J Pelvic Floor Dysfunct 
2001; 12:107-110. 



201 
 

 (59)  Swift SE. The distribution of pelvic organ support in a population of female subjects 
seen for routine gynecologic health care. Am J Obstet Gynecol 2000; 183:277-285. 

 (60)  Samuelsson EC, Victor FT, Tibblin G, Svardsudd KF. Signs of genital prolapse in a 
Swedish population of women 20 to 59 years of age and possible related factors. Am 
J Obstet Gynecol 1999; 180:299-305. 

 (61)  Swift S. Current opinion on the classification and definition of genital tract prolapse. 
Curr Opin Obstet Gynecol 2002; 14:503-507. 

 (62)  Swift S. Pelvic organ prolapse: is it time to define it? Int Urogynecol J Pelvic Floor 
Dysfunct 2005; 16:425-427. 

 (63)  Gutman RE, Ford DE, Quiroz LH, Shippey SH, Handa VL. Is there a pelvic organ 
prolapse threshold that predicts pelvic floor symptoms? Am J Obstet Gynecol 2008; 
199:683-687. 

 (64)  DeLancey JO. Anatomy and biomechanics of genital prolapse. Clin Obstet Gynecol 
1993; 36:897-909. 

 (65)  Wen Y, Zhao YY, Li S, Polan ML, Chen BH. Differences in mRNA and protein 
expression of small proteoglycans in vaginal wall tissue from women with and 
without stress urinary incontinence. Hum Reprod 2007; 22:1718-1724. 

 (66)  Doillon CJ, Dunn MG, Bender E, Silver FH. Collagen fiber formation in repair tissue: 
development of strength and toughness. Coll Relat Res 1985; 5:481-492. 

 (67)  Niyibizi C, Eyre DR. Structural characteristics of cross-linking sites in type V collagen 
of bone. Chain specificities and heterotypic links to type I collagen. Eur J Biochem 
1994; 224:943-950. 

 (68)  Ewies AA, Al-Azzawi F, Thompson J. Changes in extracellular matrix proteins in the 
cardinal ligaments of post-menopausal women with or without prolapse: a 
computerized immunohistomorphometric analysis. Hum Reprod 2003; 18:2189-
2195. 

 (69)  Moalli PA, Talarico LC, Sung VW, Klingensmith WL, Shand SH, Meyn LA, Watkins SC. 
Impact of menopause on collagen subtypes in the arcus tendineous fasciae pelvis. 
Am J Obstet Gynecol 2004; 190:620-627. 

 (70)  Yamamoto K, Yamamoto M, Akazawa K, Tajima S, Wakimoto H, Aoyagi M. Decrease 
in elastin gene expression and protein synthesis in fibroblasts derived from cardinal 
ligaments of patients with prolapsus uteri. Cell Biol Int 1997; 21:605-611. 

 (71)  Ulmsten U, Ekman G, Giertz G, Malmstrom A. Different biochemical composition of 
connective tissue in continent and stress incontinent women. Acta Obstet Gynecol 
Scand 1987; 66:455-457. 

 (72)  Gilpin SA, Gosling JA, Smith AR, Warrell DW. The pathogenesis of genitourinary 
prolapse and stress incontinence of urine. A histological and histochemical study. Br 
J Obstet Gynaecol 1989; 96:15-23. 

 (73)  Rechberger T, Postawski K, Jakowicki JA, Gunja-Smith Z, Woessner JF, Jr. Role of 
fascial collagen in stress urinary incontinence. Am J Obstet Gynecol 1998; 179:1511-
1514. 



202 
 

 (74)  Wong MY, Harmanli OH, Agar M, Dandolu V, Grody MH. Collagen content of 
nonsupport tissue in pelvic organ prolapse and stress urinary incontinence. Am J 
Obstet Gynecol 2003; 189:1597-1599. 

 (75)  Goepel C. Differential elastin and tenascin immunolabeling in the uterosacral 
ligaments in postmenopausal women with and without pelvic organ prolapse. Acta 
Histochem 2008; 110:204-209. 

 (76)  Badiou W, Granier G, Bousquet PJ, Monrozies X, Mares P, de TR. Comparative 
histological analysis of anterior vaginal wall in women with pelvic organ prolapse or 
control subjects. A pilot study. Int Urogynecol J Pelvic Floor Dysfunct 2008; 19:723-
729. 

 (77)  Boreham MK, Wai CY, Miller RT, Schaffer JI, Word RA. Morphometric properties of 
the posterior vaginal wall in women with pelvic organ prolapse. Am J Obstet Gynecol 
2002; 187:1501-1508. 

 (78)  Nichols DH, Randall CL. Vaginal Surgery. 4th ed. Lippincott Williams & Wilkins, 1996. 

 (79)  Dolan LM, Hosker GL, Mallett VT, Allen RE, Smith AR. Stress incontinence and pelvic 
floor neurophysiology 15 years after the first delivery. BJOG 2003; 110:1107-1114. 

 (80)  Snooks SJ, Swash M, Mathers SE, Henry MM. Effect of vaginal delivery on the pelvic 
floor: a 5-year follow-up. Br J Surg 1990; 77:1358-1360. 

 (81)  O'Boyle AL, O'Boyle JD, Calhoun B, Davis GD. Pelvic organ support in pregnancy and 
postpartum. Int Urogynecol J Pelvic Floor Dysfunct 2005; 16:69-72. 

 (82)  Lukacz ES, Lawrence JM, Contreras R, Nager CW, Luber KM. Parity, mode of delivery, 
and pelvic floor disorders. Obstet Gynecol 2006; 107:1253-1260. 

 (83)  Rortveit G, Brown JS, Thom DH, Van Den Eeden SK, Creasman JM, Subak LL. 
Symptomatic pelvic organ prolapse: prevalence and risk factors in a population-
based, racially diverse cohort. Obstet Gynecol 2007; 109:1396-1403. 

 (84)  Swift S, Woodman P, O'Boyle A, Kahn M, Valley M, Bland D, Wang W, Schaffer J. 
Pelvic Organ Support Study (POSST): the distribution, clinical definition, and 
epidemiologic condition of pelvic organ support defects. Am J Obstet Gynecol 2005; 
192:795-806. 

 (85)  Miedel A, Tegerstedt G, Maehle-Schmidt M, Nyren O, Hammarstrom M. 
Nonobstetric risk factors for symptomatic pelvic organ prolapse. Obstet Gynecol 
2009; 113:1089-1097. 

 (86)  McLennan MT, Harris JK, Kariuki B, Meyer S. Family history as a risk factor for pelvic 
organ prolapse. Int Urogynecol J Pelvic Floor Dysfunct 2008; 19:1063-1069. 

 (87)  Rinne KM, Kirkinen PP. What predisposes young women to genital prolapse? Eur J 
Obstet Gynecol Reprod Biol 1999; 84:23-25. 

 (88)  Nikolova G, Lee H, Berkovitz S, Nelson S, Sinsheimer J, Vilain E, Rodriguez LV. 
Sequence variant in the laminin gamma1 (LAMC1) gene associated with familial 
pelvic organ prolapse. Hum Genet 2007; 120:847-856. 



203 
 

 (89)  Connell KA, Guess MK, Chen H, Andikyan V, Bercik R, Taylor HS. HOXA11 is critical for 
development and maintenance of uterosacral ligaments and deficient in pelvic 
prolapse. J Clin Invest 2008; 118:1050-1055. 

 (90)  Handa VL, Garrett E, Hendrix S, Gold E, Robbins J. Progression and remission of pelvic 
organ prolapse: a longitudinal study of menopausal women. Am J Obstet Gynecol 
2004; 190:27-32. 

 (91)  Nygaard I, Bradley C, Brandt D. Pelvic organ prolapse in older women: prevalence 
and risk factors. Obstet Gynecol 2004; 104:489-497. 

 (92)  Kudish BI, Iglesia CB, Sokol RJ, Cochrane B, Richter HE, Larson J, Hendrix SL, Howard 
BV. Effect of weight change on natural history of pelvic organ prolapse. Obstet 
Gynecol 2009; 113:81-88. 

 (93)  Kim CM, Jeon MJ, Chung DJ, Kim SK, Kim JW, Bai SW. Risk factors for pelvic organ 
prolapse. Int J Gynaecol Obstet 2007; 98:248-251. 

 (94)  Strohbehn K, Jakary JA, DeLancey JO. Pelvic organ prolapse in young women. Obstet 
Gynecol 1997; 90:33-36. 

 (95)  National Collaborating Centre for Women's and Children's Health. National Institute 

for Health and Clinical Excellence; London: 2006. NICE Clinical Guideline Number 

40: The management of urinary incontinence in women.  2009.  
Ref Type: Statute 

 (96)  Gilling PJ, Wilson LC, Westenberg AM, McAllister WJ, Kennett KM, Frampton CM, 
Bell DF, Wrigley PM, Fraundorfer MR. A double-blind randomized controlled trial of 
electromagnetic stimulation of the pelvic floor vs sham therapy in the treatment of 
women with stress urinary incontinence. BJU Int 2009; 103:1386-1390. 

 (97)  Castro RA, Arruda RM, Zanetti MR, Santos PD, Sartori MG, Girao MJ. Single-blind, 
randomized, controlled trial of pelvic floor muscle training, electrical stimulation, 
vaginal cones, and no active treatment in the management of stress urinary 
incontinence. Clinics (Sao Paulo) 2008; 63:465-472. 

 (98)  Brown JS, Wing R, Barrett-Connor E, Nyberg LM, Kusek JW, Orchard TJ, Ma Y, 
Vittinghoff E, Kanaya AM. Lifestyle intervention is associated with lower prevalence 
of urinary incontinence: the Diabetes Prevention Program. Diabetes Care 2006; 
29:385-390. 

 (99)  Hendriksson L, Andersson KE, Ulmsten U. The urethral pressure profiles in continent 
and stress-incontinent women. Scand J Urol Nephrol 1979; 13:5-10. 

 (100)  Hilton P, Stanton SL. Urethral pressure measurement by microtransducer: the results 
in symptom-free women and in those with genuine stress incontinence. Br J Obstet 
Gynaecol 1983; 90:919-933. 

 (101)  Anderson KE. Pharmacology of lower urinary tract smooth muscles and penile 
erectile tissues. Pharmacol Rev 1993; 45:253-308. 

 (102)  Alhasso A, Glazener CM, Pickard R, N'Dow J. Adrenergic drugs for urinary 
incontinence in adults. Cochrane Database Syst Rev 2005;CD001842. 



204 
 

 (103)  Kaisary AV. Beta adrenoceptor blockade in the treatment of female urinary stress 
incontinence. J Urol (Paris) 1984; 90:351-353. 

 (104)  Michel MC, Peters SL. Role of serotonin and noradrenaline in stress urinary 
incontinence. BJU Int 2004; 94 Suppl 1:23-30. 

 (105)  Espey MJ, Downie JW, Fine A. Effect of 5-HT receptor and adrenoceptor antagonists 
on micturition in conscious cats. Eur J Pharmacol 1992; 221:167-170. 

 (106)  Norton PA, Zinner NR, Yalcin I, Bump RC. Duloxetine versus placebo in the treatment 
of stress urinary incontinence. Am J Obstet Gynecol 2002; 187:40-48. 

 (107)  Dmochowski RR, Miklos JR, Norton PA, Zinner NR, Yalcin I, Bump RC. Duloxetine 
versus placebo for the treatment of North American women with stress urinary 
incontinence. J Urol 2003; 170:1259-1263. 

 (108)  van KP, Abrams P, Lange R, Slack M, Wyndaele JJ, Yalcin I, Bump RC. Duloxetine 
versus placebo in the treatment of European and Canadian women with stress 
urinary incontinence. BJOG 2004; 111:249-257. 

 (109)  Millard RJ, Moore K, Rencken R, Yalcin I, Bump RC. Duloxetine vs placebo in the 
treatment of stress urinary incontinence: a four-continent randomized clinical trial. 
BJU Int 2004; 93:311-318. 

 (110)  Mariappan P, Ballantyne Z, N'Dow JM, Alhasso AA. Serotonin and noradrenaline 
reuptake inhibitors (SNRI) for stress urinary incontinence in adults. Cochrane 
Database Syst Rev 2005;CD004742. 

 (111)  Gilja I, Radej M, Kovacic M, Parazajder J. Conservative treatment of female stress 
incontinence with imipramine. J Urol 1984; 132:909-911. 

 (112)  Falconer C, Ekman-Ordeberg G, Blomgren B, Johansson O, Ulmsten U, Westergren-
Thorsson G, Malmstrom A. Paraurethral connective tissue in stress-incontinent 
women after menopause. Acta Obstet Gynecol Scand 1998; 77:95-100. 

 (113)  Cody JD, Richardson K, Moehrer B, Hextall A, Glazener CM. Oestrogen therapy for 
urinary incontinence in post-menopausal women. Cochrane Database Syst Rev 
2009;CD001405. 

 (114)  Pickard R, Reaper J, Wyness L, Cody DJ, McClinton S, N'Dow J. Periurethral injection 
therapy for urinary incontinence in women. Cochrane Database Syst Rev 
2003;CD003881. 

 (115)  Corcos J, Collet JP, Shapiro S, Herschorn S, Radomski SB, Schick E, Gajewski JB, 
Benedetti A, MacRamallah E, Hyams B. Multicenter randomized clinical trial 
comparing surgery and collagen injections for treatment of female stress urinary 
incontinence. Urology 2005; 65:898-904. 

 (116)  Isom-Batz G, Zimmern PE. Collagen injection for female urinary incontinence after 
urethral or periurethral surgery. J Urol 2009; 181:701-704. 

 (117)  Oremus M, Collet JP, Shapiro SH, Penrod J, Corcos J. Surgery versus collagen for 
female stress urinary incontinence: economic assessment in Ontario and Quebec. 
Can J Urol 2003; 10:1934-1944. 



205 
 

 (118)  Angioli R, Muzii L, Zullo MA, Battista C, Ruggiero A, Montera R, Guzzo F, Montone E, 
Musella A, Di D, V, Benedetti PP. [Use of bulking agents in urinary incontinece]. 
Minerva Ginecol 2008; 60:543-550. 

 (119)  Tamanini JT, D'Ancona CA, Tadini V, Netto NR, Jr. Macroplastique implantation 
system for the treatment of female stress urinary incontinence. J Urol 2003; 
169:2229-2233. 

 (120)  ter Meulen PH, Berghmans LC, van Kerrebroeck PE. Systematic review: efficacy of 
silicone microimplants (Macroplastique) therapy for stress urinary incontinence in 
adult women. Eur Urol 2003; 44:573-582. 

 (121)  Ghoniem G, Corcos J, Comiter C, Bernhard P, Westney OL, Herschorn S. Cross-linked 
polydimethylsiloxane injection for female stress urinary incontinence: results of a 
multicenter, randomized, controlled, single-blind study. J Urol 2009; 181:204-210. 

 (122)  Jarvis GJ. Surgery for genuine stress incontinence. Br J Obstet Gynaecol 1994; 
101:371-374. 

 (123)  Bergman A, Elia G. Three surgical procedures for genuine stress incontinence: five-
year follow-up of a prospective randomized study. Am J Obstet Gynecol 1995; 
173:66-71. 

 (124)  Maher C, Baessler K, Glazener CM, Adams EJ, Hagen S. Surgical management of 
pelvic organ prolapse in women: a short version Cochrane review. Neurourol Urodyn 
2008; 27:3-12. 

 (125)  Sivaslioglu AA, Caliskan E, Dolen I, Haberal A. A randomized comparison of 
transobturator tape and Burch colposuspension in the treatment of female stress 
urinary incontinence. Int Urogynecol J Pelvic Floor Dysfunct 2007; 18:1015-1019. 

 (126)  Manca A, Sculpher MJ, Ward K, Hilton P. A cost-utility analysis of tension-free vaginal 
tape versus colposuspension for primary urodynamic stress incontinence. BJOG 
2003; 110:255-262. 

 (127)  Ward KL, Hilton P. Tension-free vaginal tape versus colposuspension for primary 
urodynamic stress incontinence: 5-year follow up. BJOG 2008; 115(2):226-233. 

 (128)  P Abrams, L Cardozo, S Khoury, A Wein. Pathophysiology of Urinary Incontinence, 
Faecal Incontinence and Pelvic organ prolapse. Health Publications Ltd, 2010. 

 (129)  Karram MM, Angel O, Koonings P, Tabor B, Bergman A, Bhatia N. The modified 
Pereyra procedure: a clinical and urodynamic review. Br J Obstet Gynaecol 1992; 
99:655-658. 

 (130)  Ward KL, Hilton P. A prospective multicenter randomized trial of tension-free vaginal 
tape and colposuspension for primary urodynamic stress incontinence: two-year 
follow-up. Am J Obstet Gynecol 2004; 190:324-331. 

 (131)  Novara G, Artibani W, Barber MD, Chapple CR, Costantini E, Ficarra V, Hilton P, 
Nilsson CG, Waltregny D. Updated Systematic Review and Meta-Analysis of the 
Comparative Data on Colposuspensions, Pubovaginal Slings, and Midurethral Tapes 
in the Surgical Treatment of Female Stress Urinary Incontinence. Eur Urol 2010. 



206 
 

 (132)  FitzGerald MP, Edwards SR, Fenner D. Medium-term follow-up on use of freeze-
dried, irradiated donor fascia for sacrocolpopexy and sling procedures. Int 
Urogynecol J Pelvic Floor Dysfunct 2004; 15:238-242. 

 (133)  Amundsen CL, Visco AG, Ruiz H, Webster GD. Outcome in 104 pubovaginal slings 
using freeze-dried allograft fascia lata from a single tissue bank. Urology 2000; 56:2-
8. 

 (134)  Walsh IK, Nambirajan T, Donellan SM, Mahendra V, Stone AR. Cadaveric fascia lata 
pubovaginal slings: early results on safety, efficacy and patient satisfaction. BJU Int 
2002; 90:415-419. 

 (135)  Sharifiaghdas F, Mortazavi N. Tension-free vaginal tape and autologous rectus fascia 
pubovaginal sling for the treatment of urinary stress incontinence: a medium-term 
follow-up. Med Princ Pract 2008; 17:209-214. 

 (136)  Mitsui T, Tanaka H, Moriya K, Kakizaki H, Nonomura K. Clinical and urodynamic 
outcomes of pubovaginal sling procedure with autologous rectus fascia for stress 
urinary incontinence. Int J Urol 2007; 14:1076-1079. 

 (137)  Giri SK, Hickey JP, Sil D, Mabadeje O, Shaikh FM, Narasimhulu G, Flood HD. The long-
term results of pubovaginal sling surgery using acellular cross-linked porcine dermis 
in the treatment of urodynamic stress incontinence. J Urol 2006; 175:1788-1792. 

 (138)  Abdel-Fattah M, Barrington JW, Arunkalaivanan AS. Pelvicol pubovaginal sling versus 
tension-free vaginal tape for treatment of urodynamic stress incontinence: a 
prospective randomized three-year follow-up study. Eur Urol 2004; 46:629-635. 

 (139)  Albo ME, Richter HE, Brubaker L, Norton P, Kraus SR, Zimmern PE, Chai TC, Zyczynski 
H, Diokno AC, Tennstedt S, Nager C, Lloyd LK, FitzGerald M, Lemack GE, Johnson HW, 
Leng W, Mallett V, Stoddard AM, Menefee S, Varner RE, Kenton K, Moalli P, Sirls L, 
Dandreo KJ, Kusek JW, Nyberg LM, Steers W. Burch colposuspension versus fascial 
sling to reduce urinary stress incontinence. N Engl J Med 2007; 356:2143-2155. 

 (140)  Hodroff MA, Sutherland SE, Kesha JB, Siegel SW. Treatment of stress incontinence 
with the SPARC sling: intraoperative and early complications of 445 patients. Urology 
2005; 66:760-762. 

 (141)  Vervest HA, Bongers MY, van der Wurff AA. Nerve injury: an exceptional cause of 
pain after TVT. Int Urogynecol J Pelvic Floor Dysfunct 2006; 17:665-667. 

 (142)  Karram MM, Segal JL, Vassallo BJ, Kleeman SD. Complications and untoward effects 
of the tension-free vaginal tape procedure. Obstet Gynecol 2003; 101:929-932. 

 (143)  Leach GE, Dmochowski RR, Appell RA, Blaivas JG, Hadley HR, Luber KM, Mostwin JL, 
O'Donnell PD, Roehrborn CG. Female Stress Urinary Incontinence Clinical Guidelines 
Panel summary report on surgical management of female stress urinary 
incontinence. The American Urological Association. J Urol 1997; 158:875-880. 

 (144)  Tamussino KF, Hanzal E, Kolle D, Ralph G, Riss PA. Tension-free vaginal tape 
operation: results of the Austrian registry. Obstet Gynecol 2001; 98:732-736. 

 (145)  Meschia M, Pifarotti P, Bernasconi F, Magatti F, Vigano R, Bertozzi R, Barbacini P. 
Tension-free vaginal tape (TVT) and intravaginal slingplasty (IVS) for stress urinary 



207 
 

incontinence: a multicenter randomized trial. Am J Obstet Gynecol 2006; 195:1338-
1342. 

 (146)  Delorme E. [Transobturator urethral suspension: mini-invasive procedure in the 
treatment of stress urinary incontinence in women]. Prog Urol 2001; 11:1306-1313. 

 (147)  Schraffordt Koops SE, Bisseling TM, Heintz AP, Vervest HA. Prospective analysis of 
complications of tension-free vaginal tape from The Netherlands Tension-free 
Vaginal Tape study. Am J Obstet Gynecol 2005; 193:45-52. 

 (148)  Hammad FT, Kennedy-Smith A, Robinson RG. Erosions and urinary retention 
following polypropylene synthetic sling: Australasian survey. Eur Urol 2005; 47:641-
646. 

 (149)  Kuuva N, Nilsson CG. A nationwide analysis of complications associated with the 
tension-free vaginal tape (TVT) procedure. Acta Obstet Gynecol Scand 2002; 81:72-
77. 

 (150)  Benassi G, Marconi L, Accorsi F, Angeloni M, Benassi L. Abscess formation at the 
ischiorectal fossa 7 months after the application of a synthetic transobturator sling 
for stress urinary incontinence in a type II diabetic woman. Int Urogynecol J Pelvic 
Floor Dysfunct 2007; 18:697-699. 

 (151)  Busby G, Broome J. Necrotising fasciitis following unrecognised bladder injury during 
transobturator sling procedure. BJOG 2007; 114:111-112. 

 (152)  Deffieux X, Donnadieu AC, Mordefroid M, Levante S, Frydman R, Fernandez H. 
Prepubic and thigh abscess after successive placement of two suburethral slings. Int 
Urogynecol J Pelvic Floor Dysfunct 2007; 18:571-574. 

 (153)  Zumbe J, Porres D, Degiorgis PL, Wyler S. Obturator and thigh abscess after 
transobturator tape implantation for stress urinary incontinence. Urol Int 2008; 
81:483-485. 

 (154)  Goldman HB. Large thigh abscess after placement of synthetic transobturator sling. 
Int Urogynecol J Pelvic Floor Dysfunct 2006; 17:295-296. 

 (155)  Cardozo LD, Stanton SL. Genuine stress incontinence and detrusor instability--a 
review of 200 patients. Br J Obstet Gynaecol 1980; 87:184-190. 

 (156)  Azam U, Frazer MI, Kozman EL, Ward K, Hilton P, Rane A. The tension-free vaginal 
tape procedure in women with previous failed stress incontinence surgery. J Urol 
2001; 166:554-556. 

 (157)  Yalcin I, Versi E, Benson JT, Schafer W, Bump RC. Validation of a clinical algorithm to 
diagnose stress urinary incontinence for large studies. J Urol 2004; 171:2321-2325. 

 (158)  Matharu GS, Assassa RP, Williams KS, Donaldson M, Matthews R, Tincello DG, Mayne 
CJ. Objective assessment of urinary incontinence in women: comparison of the one-
hour and 24-hour pad tests. Eur Urol 2004; 45:208-212. 

 (159)  Jorgensen L, Lose G, Andersen JT. One-hour pad-weighing test for objective 
assessment of female urinary incontinence. Obstet Gynecol 1987; 69:39-42. 



208 
 

 (160)  Karantanis E, Allen W, Stevermuer TL, Simons AM, O'Sullivan R, Moore KH. The 
repeatability of the 24-hour pad test. Int Urogynecol J Pelvic Floor Dysfunct 2005; 
16:63-68. 

 (161)  Wyman JF, Choi SC, Harkins SW, Wilson MS, Fantl JA. The urinary diary in evaluation 
of incontinent women: a test-retest analysis. Obstet Gynecol 1988; 71:812-817. 

 (162)  Bright E, Drake MJ, Abrams P. Urinary diaries: evidence for the development and 
validation of diary content, format, and duration. Neurourol Urodyn 2011; 
30(3):348-352. 

 (163)  Norton C. The effects of urinary incontinence in women. Int Rehabil Med 1982; 4:9-
14. 

 (164)  Hagen S, Stark D, Glazener C, Sinclair L, Ramsay I. A randomized controlled trial of 
pelvic floor muscle training for stages I and II pelvic organ prolapse. Int Urogynecol J 
Pelvic Floor Dysfunct 2009; 20:45-51. 

 (165)  Hagen S, Stark D, Maher C, Adams E. Conservative management of pelvic organ 
prolapse in women. Cochrane Database Syst Rev 2006;CD003882. 

 (166)  Moen MD, Noone MB, Vassallo BJ, Elser DM. Pelvic floor muscle function in women 
presenting with pelvic floor disorders. Int Urogynecol J Pelvic Floor Dysfunct 2009; 
20:843-846. 

 (167)  Pott-Grinstein E, Newcomer JR. Gynecologists' patterns of prescribing pessaries. J 
Reprod Med 2001; 46:205-208. 

 (168)  Handa VL, Jones M. Do pessaries prevent the progression of pelvic organ prolapse? 
Int Urogynecol J Pelvic Floor Dysfunct 2002; 13:349-351. 

 (169)  Fernando RJ, Thakar R, Sultan AH, Shah SM, Jones PW. Effect of vaginal pessaries on 
symptoms associated with pelvic organ prolapse. Obstet Gynecol 2006; 108:93-99. 

 (170)  Mushinski M. Hysterectomy charges: geographic variations United States, 1994. Stat 
Bull Metrop Insur Co 1996; 77:2-12. 

 (171)  Roovers JP, van der Vaart CH, van der Bom JG, van Leeuwen JH, Scholten PC, Heintz 
AP. A randomised controlled trial comparing abdominal and vaginal prolapse 
surgery: effects on urogenital function. BJOG 2004; 111:50-56. 

 (172)  Cruikshank SH. Sacrospinous fixation--should this be performed at the time of 
vaginal hysterectomy? Am J Obstet Gynecol 1991; 164:1072-1076. 

 (173)  Richter K. Die chirurgische Anatomie der Vaginaefixatio sacrospinalis vaginalis: ein 

Beitrag zur operativen Behandlung des Scheidenblindsack prolapses. Geburtshilfe 
Frauenheilkd 1968; 28:321-327. 

 (174)  Pollack JT, Togami J, Davila GW, Ghoniem G. Vaginal axis and vault position following 
vaginal vault suspension. J Pelvic Med Surg 10(suppl 1), 14-15. 2004.  

Ref Type: Abstract 

 (175)  Maher CF, Qatawneh AM, Dwyer PL, Carey MP, Cornish A, Schluter PJ. Abdominal 
sacral colpopexy or vaginal sacrospinous colpopexy for vaginal vault prolapse: a 
prospective randomized study. Am J Obstet Gynecol 2004; 190:20-26. 



209 
 

 (176)  Lo TS, Wang AC. Abdominal colposacropexy and sacrospinous ligament suspension 
for severe uterovaginal prolapse: A comparison. Journal of gynecologic surgery 1998; 
14:59-64. 

 (177)  Benson JT, Lucente V, McClellan E. Vaginal versus abdominal reconstructive surgery 
for the treatment of pelvic support defects: a prospective randomized study with 
long-term outcome evaluation. Am J Obstet Gynecol 1996; 175:1418-1421. 

 (178)  Culligan PJ, Blackwell L, Goldsmith LJ, Graham CA, Rogers A, Heit MH. A randomized 
controlled trial comparing fascia lata and synthetic mesh for sacral colpopexy. Obstet 
Gynecol 2005; 106:29-37. 

 (179)  Nygaard IE, McCreery R, Brubaker L, Connolly A, Cundiff G, Weber AM, Zyczynski H. 
Abdominal sacrocolpopexy: a comprehensive review. Obstet Gynecol 2004; 104:805-
823. 

 (180)  Flynn MK, Webster GD, Amundsen CL. Abdominal sacral colpopexy with allograft 
fascia lata: one-year outcomes. Am J Obstet Gynecol 2005; 192:1496-1500. 

 (181)  Shull BL, Benn SJ, Kuehl TJ. Surgical management of prolapse of the anterior vaginal 
segment: an analysis of support defects, operative morbidity, and anatomic 
outcome. Am J Obstet Gynecol 1994; 171:1429-1436. 

 (182)  Bruce RG, El-Galley RE, Galloway NT. Paravaginal defect repair in the treatment of 
female stress urinary incontinence and cystocele. Urology 1999; 54:647-651. 

 (183)  Jia X, Glazener C, Mowatt G, MacLennan G, Bain C, Fraser C, Burr J. Efficacy and 
safety of using mesh or grafts in surgery for anterior and/or posterior vaginal wall 
prolapse: systematic review and meta-analysis. BJOG 2008; 115:1350-1361. 

 (184)  Foon R, Toozs-Hobson P, Latthe PM. Adjuvant materials in anterior vaginal wall 
prolapse surgery: a systematic review of effectiveness and complications. Int 
Urogynecol J Pelvic Floor Dysfunct 2008; 19:1697-1706. 

 (185)  Gauruder-Burmester A, Koutouzidou P, Rohne J, Gronewold M, Tunn R. Follow-up 
after polypropylene mesh repair of anterior and posterior compartments in patients 
with recurrent prolapse. Int Urogynecol J Pelvic Floor Dysfunct 2007; 18:1059-1064. 

 (186)  Sand PK, Koduri S, Lobel RW, Winkler HA, Tomezsko J, Culligan PJ, Goldberg R. 
Prospective randomized trial of polyglactin 910 mesh to prevent recurrence of 
cystoceles and rectoceles. Am J Obstet Gynecol 2001; 184:1357-1362. 

 (187)  Leventoglu S, Mentes BB, Akin M, Karen M, Karamercan A, Oguz M. Transperineal 
rectocele repair with polyglycolic acid mesh: a case series. Dis Colon Rectum 2007; 
50:2085-2092. 

 (188)  de TR, Picone O, Chauveaud-Lambling A, Fernandez H. A 2-year anatomical and 
functional assessment of transvaginal rectocele repair using a polypropylene mesh. 
Int Urogynecol J Pelvic Floor Dysfunct 2006; 17:100-105. 

 (189)  de TR, Devoldere G, Renaudie J, Villard P, Guilbaud O, Eglin G. Prolapse repair by 
vaginal route using a new protected low-weight polypropylene mesh: 1-year 
functional and anatomical outcome in a prospective multicentre study. Int 
Urogynecol J Pelvic Floor Dysfunct 2007; 18:251-256. 



210 
 

 (190)  Kleeman S, Vassallo B, Segal J, Hungler M, Karram M. The ability of history and a 
negative cough stress test to detect occult stress incontinence in patients 
undergoing surgical repair of advanced pelvic organ prolapse. Int Urogynecol J Pelvic 
Floor Dysfunct 2006; 17:27-29. 

 (191)  Burgio KL, Nygaard IE, Richter HE, Brubaker L, Gutman RE, Leng W, Wei J, Weber AM. 
Bladder symptoms 1 year after abdominal sacrocolpopexy with and without Burch 
colposuspension in women without preoperative stress incontinence symptoms. Am 
J Obstet Gynecol 2007; 197:647-6. 

 (192)  Brubaker L, Nygaard I, Richter HE, Visco A, Weber AM, Cundiff GW, Fine P, Ghetti C, 
Brown MB. Two-year outcomes after sacrocolpopexy with and without burch to 
prevent stress urinary incontinence. Obstet Gynecol 2008; 112:49-55. 

 (193)  Whitehead WE, Bradley CS, Brown MB, Brubaker L, Gutman RE, Varner RE, Visco AG, 
Weber AM, Zyczynski H. Gastrointestinal complications following abdominal 
sacrocolpopexy for advanced pelvic organ prolapse. Am J Obstet Gynecol 2007; 
197:78-7. 

 (194)  Burrows LJ, Meyn LA, Walters MD, Weber AM. Pelvic symptoms in women with 
pelvic organ prolapse. Obstet Gynecol 2004; 104:982-988. 

 (195)  Swift SE. The distribution of pelvic organ support in a population of female subjects 
seen for routine gynecologic health care. Am J Obstet Gynecol 2000; 183:277-285. 

 (196)  Versi E, Lyell DJ, Griffiths DJ. Videourodynamic diagnosis of occult genuine stress 
incontinence in patients with anterior vaginal wall relaxation. J Soc Gynecol Investig 
1998; 5:327-330. 

 (197)  Haessler AL, Lin LL, Ho MH, Betson LH, Bhatia NN. Reevaluating occult incontinence. 
Curr Opin Obstet Gynecol 2005; 17:535-540. 

 (198)  Schraffordt Koops SE, Bisseling TM, van Brummen HJ, Heintz AP, Vervest HA. Result 
of the tension-free vaginal tape in patients with concomitant prolapse surgery: a 2-
year follow-up study. An analysis from the Netherlands TVT database. Int Urogynecol 
J Pelvic Floor Dysfunct 2007; 18:437-442. 

 (199)  Anger JT, Litwin MS, Wang Q, Pashos CL, Rodriguez LV. The effect of concomitant 
prolapse repair on sling outcomes. J Urol 2008; 180:1003-1006. 

 (200)  Abou-Elela A, Salah E, Torky H, Azazy S. Outcome of treatment of anterior vaginal 
wall prolapse and stress urinary incontinence with transobturator tension-free 
vaginal mesh (prolift) and concomitant tension-free vaginal tape-obturator. Adv Urol 
2009;341268. 

 (201)  Meschia M, Pifarotti P, Spennacchio M, Buonaguidi A, Gattei U, Somigliana E. A 
randomized comparison of tension-free vaginal tape and endopelvic fascia plication 
in women with genital prolapse and occult stress urinary incontinence. Am J Obstet 
Gynecol 2004; 190:609-613. 

 (202)  Hunt JA, Abrams KR, Williams DF. Modelling the pattern of cell distribution around 
implanted materials. Anal Cell Pathol 1994; 7:43-52. 

 (203)  Kaupp HA, Matulewicz TJ, Lattimer GL, Kremen JE, Celani VJ. Graft infection or graft 
reaction? Arch Surg 1979; 114:1419-1422. 



211 
 

 (204)  Amrute KV, Badlani GH. Female incontinence: a review of biomaterials and minimally 
invasive techniques. Curr Opin Urol 2006; 16:54-59. 

 (205)  Chen CC, Ridgeway B, Paraiso MF. Biologic grafts and synthetic meshes in pelvic 
reconstructive surgery. Clin Obstet Gynecol 2007; 50:383-411. 

 (206)  Cosson M, Debodinance P, Boukerrou M, Chauvet MP, Lobry P, Crepin G, Ego A. 
Mechanical properties of synthetic implants used in the repair of prolapse and 
urinary incontinence in women: which is the ideal material? Int Urogynecol J Pelvic 
Floor Dysfunct 2003; 14:169-178. 

 (207)  Weber AM, Walters MD, Piedmonte MR, Ballard LA. Anterior colporrhaphy: a 
randomized trial of three surgical techniques. Am J Obstet Gynecol 2001; 185:1299-
1304. 

 (208)  Fianu S, Soderberg G. Absorbable polyglactin mesh for retropubic sling operations in 
female urinary stress incontinence. Gynecol Obstet Invest 1983; 16:45-50. 

 (209)  Amid PK. Classification of biomaterials and their related complications in abdominal 
wall surgery. Hernia 1, 15-21. 1997.  

Ref Type: Abstract 

 (210)  Morehead JM, Holt GR. Soft-tissue response to synthetic biomaterials. Otolaryngol 
Clin North Am 1994; 27:195-201. 

 (211)  Matthews BD, Pratt BL, Pollinger HS, Backus CL, Kercher KW, Sing RF, Heniford BT. 
Assessment of adhesion formation to intra-abdominal polypropylene mesh and 
polytetrafluoroethylene mesh. J Surg Res 2003; 114:126-132. 

 (212)  Klinge U, Klosterhalfen B, Birkenhauer V, Junge K, Conze J, Schumpelick V. Impact of 
polymer pore size on the interface scar formation in a rat model. J Surg Res 2002; 
103:208-214. 

 (213)  Jia X, Glazener C, Mowatt G, MacLennan G, Bain C, Fraser C, Burr J. Efficacy and 
safety of using mesh or grafts in surgery for anterior and/or posterior vaginal wall 
prolapse: systematic review and meta-analysis. BJOG 2008; 115:1350-1361. 

 (214)  Woodruff AJ, Cole EE, Dmochowski RR, Scarpero HM, Beckman EN, Winters JC. 
Histologic comparison of pubovaginal sling graft materials: a comparative study. 
Urology 2008; 72:85-89. 

 (215)  Song PH, Kim YD, Kim HT, Lim HS, Hyun CH, Seo JH, Yoo ES, Park CH, Jung HC, 
Gomelsky A. The 7-year outcome of the tension-free vaginal tape procedure for 
treating female stress urinary incontinence. BJU Int 2009; 104:1113-1117. 

 (216)  Chen HY, Ho M, Hung YC, Huang LC. Analysis of risk factors associated with vaginal 
erosion after synthetic sling procedures for stress urinary incontinence. Int 
Urogynecol J Pelvic Floor Dysfunct 2008; 19:117-121. 

 (217)  Abdel-Fattah M, Sivanesan K, Ramsay I, Pringle S, Bjornsson S. How common are 
tape erosions? A comparison of two versions of the transobturator tension-free 
vaginal tape procedure. BJU Int 2006; 98:594-598. 



212 
 

 (218)  Ganj FA, Ibeanu OA, Bedestani A, Nolan TE, Chesson RR. Complications of 
transvaginal monofilament polypropylene mesh in pelvic organ prolapse repair. Int 
Urogynecol J Pelvic Floor Dysfunct 2009; 20:919-925. 

 (219)  Araco F, Gravante G, Sorge R, Overton J, De VD, Primicerio M, Dati S, Araco P, 
Piccione E. The influence of BMI, smoking, and age on vaginal erosions after 
synthetic mesh repair of pelvic organ prolapses. A multicenter study. Acta Obstet 
Gynecol Scand 2009; 88:772-780. 

 (220)  Blaivas JG, Sandhu J. Urethral reconstruction after erosion of slings in women. Curr 
Opin Urol 2004; 14:335-338. 

 (221)  Flynn BJ, Yap WT. Pubovaginal sling using allograft fascia lata versus autograft fascia 
for all types of stress urinary incontinence: 2-year minimum followup. J Urol 2002; 
167:608-612. 

 (222)  Fitzgerald MP, Mollenhauer J, Brubaker L. The fate of rectus fascia suburethral slings. 
Am J Obstet Gynecol 2000; 183:964-966. 

 (223)  Guerrero K, Watkins A, Emery S, Wareham K, Stephenson T, Logan V, Lucas M. A 
randomised controlled trial comparing two autologous fascial sling techniques for 
the treatment of stress urinary incontinence in women: short, medium and long-
term follow-up. Int Urogynecol J Pelvic Floor Dysfunct 2007; 18:1263-1270. 

 (224)  Molsted-Pedersen L, Rudnicki M, Lose G. Transvaginal repair of enterocele and 
vaginal vault prolapse using autologous fascia lata graft. Acta Obstet Gynecol Scand 
2006; 85:874-878. 

 (225)  Howden NS, Zyczynski HM, Moalli PA, Sagan ER, Meyn LA, Weber AM. Comparison of 
autologous rectus fascia and cadaveric fascia in pubovaginal sling continence 
outcomes. Am J Obstet Gynecol 2006; 194:1444-1449. 

 (226)  Carbone JM, Kavaler E, Hu JC, Raz S. Pubovaginal sling using cadaveric fascia and 
bone anchors: disappointing early results. J Urol 2001; 165:1605-1611. 

 (227)  O'Reilly KJ, Govier FE. Intermediate term failure of pubovaginal slings using cadaveric 
fascia lata: a case series. J Urol 2002; 167:1356-1358. 

 (228)  Fitzgerald MP, Edwards SR, Fenner D. Medium-term follow-up on use of freeze-
dried, irradiated donor fascia for sacrocolpopexy and sling procedures. Int 
Urogynecol J Pelvic Floor Dysfunct 2004; 15:238-242. 

 (229)  McBride AW, Ellerkmann RM, Bent AE, Melick CF. Comparison of long-term 
outcomes of autologous fascia lata slings with Suspend Tutoplast fascia lata allograft 
slings for stress incontinence. Am J Obstet Gynecol 2005; 192:1677-1681. 

 (230)  Gregory WT, Otto LN, Bergstrom JO, Clark AL. Surgical outcome of abdominal 
sacrocolpopexy with synthetic mesh versus abdominal sacrocolpopexy with 
cadaveric fascia lata. Int Urogynecol J Pelvic Floor Dysfunct 2005; 16:369-374. 

 (231)  Clemons JL, Myers DL, Aguilar VC, Arya LA. Vaginal paravaginal repair with an 
AlloDerm graft. Am J Obstet Gynecol 2003; 189:1612-1618. 



213 
 

 (232)  Drake NL, Weidner AC, Webster GD, Amundsen CL. Patient characteristics and 
management of dermal allograft extrusions. Int Urogynecol J Pelvic Floor Dysfunct 
2005; 16:375-377. 

 (233)  Lucas M, Emery S, Alan W. Failure of porcine xenograft sling in a randomised 
controlled trial of three sling materials in surgery for stress incontience. International 
continence society . 2004.  

Ref Type: Abstract 

 (234)  Gomelsky A, Rudy DC, Dmochowski RR. Porcine dermis interposition graft for repair 
of high grade anterior compartment defects with or without concomitant pelvic 
organ prolapse procedures. J Urol 2004; 171:1581-1584. 

 (235)  Feldner PC, Jr., Castro RA, Cipolotti LA, Delroy CA, Sartori MG, Girao MJ. Anterior 
vaginal wall prolapse: a randomized controlled trial of SIS graft versus traditional 
colporrhaphy. Int Urogynecol J Pelvic Floor Dysfunct 2010; 21:1057-1063. 

 (236)  Skala CE, Petry IB, Gebhard S, Hengstler JG, Albrich SB, Maltaris T, Naumann G, 
Koelbl H. Isolation of fibroblasts for coating of meshes for reconstructive surgery: 
differences between mesh types. Regen Med 2009; 4:197-204. 

 (237)  Langer C, Schwartz P, Krause P, Mohammadi H, Kulle B, Schaper A, Fuzesi L, Becker 
H. [In-vitro study of the cellular response of human fibroblasts cultured on alloplastic 
hernia meshes. Influence of mesh material and structure]. Chirurg 2005; 76:876-885. 

 (238)  Kapischke M, Prinz K, Tepel J, Tensfeldt J, Schulz T. Precoating of alloplastic materials 
with living human fibroblasts--a feasibility study. Surg Endosc 2005; 19:791-797. 

 (239)  Continenza MA, Vicentini C, Paradiso-Galatioto G, Fileni A, Tchokogoue E. In vitro 
study of Human Dermal Fibroblasts seeded on two kinds of surgical meshes: 
monofilamented Polypropylene and multifilamented Polyestere. Ital J Anat Embryol 
2003; 108:231-239. 

 (240)  Cannon TW, Sweeney DD, Conway DA, Kamo I, Yoshimura N, Sacks M, Chancellor 
MB. A tissue-engineered suburethral sling in an animal model of stress urinary 
incontinence. BJU Int 2005; 96:664-669. 

 (241)  Mitterberger M, Marksteiner R, Margreiter E, Pinggera GM, Colleselli D, Frauscher F, 
Ulmer H, Fussenegger M, Bartsch G, Strasser H. Autologous myoblasts and 
fibroblasts for female stress incontinence: a 1-year follow-up in 123 patients. BJU Int 
2007; 100:1081-1085. 

 (242)  Mitterberger M, Marksteiner R, Margreiter E, Pinggera GM, Frauscher F, Ulmer H, 
Fussenegger M, Bartsch G, Strasser H. Myoblast and fibroblast therapy for post-
prostatectomy urinary incontinence: 1-year followup of 63 patients. J Urol 2008; 
179:226-231. 

 (243)  Kleinert S, Horton R. Retraction--autologous myoblasts and fibroblasts versus 
collagen [corrected] for treatment of stress urinary incontinence in women: a 
[corrected] randomised controlled trial. Lancet 2008; 372:789-790. 

 (244)  Chen B, Wen Y, Wang H, Polan ML. Differences in estrogen modulation of tissue 
inhibitor of matrix metalloproteinase-1 and matrix metalloproteinase-1 expression in 
cultured fibroblasts from continent and incontinent women. Am J Obstet Gynecol 
2003; 189:59-65. 



214 
 

 (245)  Meyer S, Achtari C, Hohlfeld P, Juillerat-Jeanneret L. The contractile properties of 
vaginal myofibroblasts: is the myofibroblasts contraction force test a valuable 
indication of future prolapse development? Int Urogynecol J Pelvic Floor Dysfunct 
2008; 19:1399-1403. 

 (246)  Epstein LB, Graham CA, Heit MH. Systemic and vaginal biomechanical properties of 
women with normal vaginal support and pelvic organ prolapse. Am J Obstet Gynecol 
2007; 197:165-166. 

 (247)  Wu DC, Boyd AS, Wood KJ. Embryonic stem cell transplantation: potential 
applicability in cell replacement therapy and regenerative medicine. Front Biosci 
2007; 12:4525-4535. 

 (248)  Brignier AC, Gewirtz AM. Embryonic and adult stem cell therapy. J Allergy Clin 
Immunol 2010; 125(2 Suppl 2):S336-S344. 

 (249)  Jin G, Prabhakaran MP, Ramakrishna S. Stem cell differentiation to epidermal 
lineages on electrospun nanofibrous substrates for skin tissue engineering. Acta 
Biomater 2011. 

 (250)  Hodgkinson T, Yuan XF, Bayat A. Adult stem cells in tissue engineering. Expert Rev 
Med Devices 2009; 6(6):621-640. 

 (251)  Scott MA, Nguyen VT, Levi B, James AW. Current Methods of Adipogenic 
Differentiation of Mesenchymal Stem Cells. Stem Cells Dev 2011. 

 (252)  Liu JY, Peng HF, Gopinath S, Tian J, Andreadis ST. Derivation of functional smooth 
muscle cells from multipotent human hair follicle mesenchymal stem cells. Tissue 
Eng Part A 2010; 16(8):2553-2564. 

 (253)  Fisher OZ, Khademhosseini A, Langer R, Peppas NA. Bioinspired materials for 
controlling stem cell fate. Acc Chem Res 2010; 43(3):419-428. 

 (254)  Ma K, Laco F, Ramakrishna S, Liao S, Chan CK. Differentiation of bone marrow-
derived mesenchymal stem cells into multi-layered epidermis-like cells in 3D 
organotypic coculture. Biomaterials 2009; 30(19):3251-3258. 

 (255)  Bhargava S, Patterson JM, Inman RD, MacNeil S, Chapple CR. Tissue-engineered 
buccal mucosa urethroplasty-clinical outcomes. Eur Urol 2008; 53:1263-1269. 

 (256)  Bhargava S, Chapple CR, Bullock AJ, Layton C, MacNeil S. Tissue-engineered buccal 
mucosa for substitution urethroplasty. BJU Int 2004; 93:807-811. 

 (257)  Barbagli G, Vallasciani S, Romano G, Fabbri F, Guazzoni G, Lazzeri M. Morbidity of 
Oral Mucosa Graft Harvesting from a Single Cheek. Eur Urol 2010. 

 (258)  Kulonen E, Pikkarainen J. Biology of fibroblasts. 1973. 

 (259)  Chang HY, Chi JT, Dudoit S, Bondre C, van de Rijn M, Botstein D, Brown PO. Diversity, 
topographic differentiation, and positional memory in human fibroblasts. Proc Natl 
Acad Sci U S A 2002; 99:12877-12882. 

 (260)  Spector M. Novel cell-scaffold interactions encountered in tissue engineering: 
contractile behavior of musculoskeletal connective tissue cells. Tissue Eng 2002; 
8:351-357. 



215 
 

 (261)  Syedain ZH, Tranquillo RT. TGF-beta1 diminishes collagen production during long-
term cyclic stretching of engineered connective tissue: implication of decreased ERK 
signaling. J Biomech 2011; 44(5):848-855. 

 (262)  Abramowitch SD, Feola A, Jallah Z, Moalli PA. Tissue mechanics, animal models, and 
pelvic organ prolapse: a review. Eur J Obstet Gynecol Reprod Biol 2009; 144 Suppl 
1:S146-S158. 

 (263)  Lee TQ, Woo SL. A new method for determining cross-sectional shape and area of 
soft tissues. J Biomech Eng 1988; 110:110-114. 

 (264)  Moon DK, Abramowitch SD, Woo SL. The development and validation of a charge-
coupled device laser reflectance system to measure the complex cross-sectional 
shape and area of soft tissues. J Biomech 2006; 39:3071-3075. 

 (265)  Lanir Y, Fung YC. Two-dimensional mechanical properties of rabbit skin. II. 
Experimental results. J Biomech 1974; 7:171-182. 

 (266)  Yin FC, Fung YC. Mechanical properties of isolated mammalian ureteral segments. 
Am J Physiol 1971; 221:1484-1493. 

 (267)  Rubod C, Boukerrou M, Brieu M, Dubois P, Cosson M. Biomechanical properties of 
vaginal tissue. Part 1: new experimental protocol. J Urol 2007; 178:320-325. 

 (268)  Moon DK, Woo SL, Takakura Y, Gabriel MT, Abramowitch SD. The effects of 
refreezing on the viscoelastic and tensile properties of ligaments. J Biomech 2006; 
39:1153-1157. 

 (269)  Goh JT. Biomechanical properties of prolapsed vaginal tissue in pre- and 
postmenopausal women. Int Urogynecol J Pelvic Floor Dysfunct 2002; 13:76-79. 

 (270)  Woo SL, Debski RE, Withrow JD, Janaushek MA. Biomechanics of knee ligaments. Am 
J Sports Med 1999; 27:533-543. 

 (271)  Pena E, Calvo B, Martinez MA, Martins P, Mascarenhas T, Jorge RM, Ferreira A, 
Doblare M. Experimental study and constitutive modeling of the viscoelastic 
mechanical properties of the human prolapsed vaginal tissue. Biomech Model 
Mechanobiol 2010; 9:35-44. 

 (272)  Calvo B, Pena E, Martins P, Mascarenhas T, Doblare M, Natal Jorge RM, Ferreira A. 
On modelling damage process in vaginal tissue. J Biomech 2009; 42:642-651. 

 (273)  Zimmern PE, Eberhart RC, Bhatt A. Methodology for biomechanical testing of fresh 
anterior wall vaginal samples from postmenopausal women undergoing cystocele 
repair. Neurourol Urodyn 2009; 28:325-329. 

 (274)  Ashton-Miller JA, DeLancey JO. On the biomechanics of vaginal birth and common 
sequelae. Annu Rev Biomed Eng 2009; 11:163-176. 

 (275)  Baragi RV, DeLancey JO, Caspari R, Howard DH, Ashton-Miller JA. Differences in 
pelvic floor area between African American and European American women. Am J 
Obstet Gynecol 2002; 187:111-115. 

 (276)  Ettema GJ, Goh JT, Forwood MR. A new method to measure elastic properties of 
plastic-viscoelastic connective tissue. Med Eng Phys 1998; 20:308-314. 



216 
 

 (277)  Ettema GJ. Mechanical behaviour of rat skeletal muscle during fatiguing stretch-
shortening cycles. Exp Physiol 1997; 82:107-119. 

 (278)  Rubod C, Boukerrou M, Brieu M, Jean-Charles C, Dubois P, Cosson M. Biomechanical 
properties of vaginal tissue: preliminary results. Int Urogynecol J Pelvic Floor 
Dysfunct 2008; 19:811-816. 

 (279)  Cosson M, Lambaudie E, Boukerrou M, Lobry P, Crepin G, Ego A. A biomechanical 
study of the strength of vaginal tissues. Results on 16 post-menopausal patients 
presenting with genital prolapse. Eur J Obstet Gynecol Reprod Biol 2004; 112:201-
205. 

 (280)  Lei L, Song Y, Chen R. Biomechanical properties of prolapsed vaginal tissue in pre- 
and postmenopausal women. Int Urogynecol J Pelvic Floor Dysfunct 2007; 18:603-
607. 

 (281)  Cosson M, Boukerrou M, Lambaudie E, Lobry P, Crepin G, Ego A. [Biomechanics of 
stress distribution and resistance of biological tissues: why use prostheses for the 
treatment of genital prolapse?]. J Gynecol Obstet Biol Reprod (Paris) 2003; 32:329-
337. 

 (282)  Cosson M, Lambaudie E, Boukerrou M, Lobry P, Crepin G, Ego A. A biomechanical 
study of the strength of vaginal tissues. Results on 16 post-menopausal patients 
presenting with genital prolapse. Eur J Obstet Gynecol Reprod Biol 2004; 112:201-
205. 

 (283)  Hilger WS, Walter A, Zobitz ME, Leslie KO, Magtibay P, Cornella J. Histological and 
biomechanical evaluation of implanted graft materials in a rabbit vaginal and 
abdominal model. Am J Obstet Gynecol 2006; 195:1826-1831. 

 (284)  Pierce LM, Grunlan MA, Hou Y, Baumann SS, Kuehl TJ, Muir TW. Biomechanical 
properties of synthetic and biologic graft materials following long-term implantation 
in the rabbit abdomen and vagina. Am J Obstet Gynecol 2009; 200:549-8. 

 (285)  Rubod C, Boukerrou M, Brieu M, Jean-Charles C, Dubois P, Cosson M. Biomechanical 
properties of vaginal tissue: preliminary results. Int Urogynecol J Pelvic Floor 
Dysfunct 2008; 19:811-816. 

 (286)  Spiess PE, Rabah D, Herrera C, Singh G, Moore R, Corcos J. The tensile properties of 
tension-free vaginal tape and cadaveric fascia lata in an in vivo rat model. BJU Int 
2004; 93:171-173. 

 (287)  Choe JM, Kothandapani R, James L, Bowling D. Autologous, cadaveric, and synthetic 
materials used in sling surgery: comparative biomechanical analysis. Urology 2001; 
58:482-486. 

 (288)  Jones KA, Feola A, Meyn L, Abramowitch SD, Moalli PA. Tensile properties of 
commonly used prolapse meshes. Int Urogynecol J Pelvic Floor Dysfunct 2009; 
20:847-853. 

 (289)  Moalli PA, Papas N, Menefee S, Albo M, Meyn L, Abramowitch SD. Tensile properties 
of five commonly used mid-urethral slings relative to the TVT. Int Urogynecol J Pelvic 
Floor Dysfunct 2008; 19:655-663. 



217 
 

 (290)  Krause H, Bennett M, Forwood M, Goh J. Biomechanical properties of raw meshes 
used in pelvic floor reconstruction. Int Urogynecol J Pelvic Floor Dysfunct 2008; 
19:1677-1681. 

 (291)  Lemer ML, Chaikin DC, Blaivas JG. Tissue strength analysis of autologous and 
cadaveric allografts for the pubovaginal sling. Neurourol Urodyn 1999; 18:497-503. 

 (292)  Dietz HP, Vancaillie P, Svehla M, Walsh W, Steensma AB, Vancaillie TG. Mechanical 
properties of urogynecologic implant materials. Int Urogynecol J Pelvic Floor 
Dysfunct 2003; 14:239-243. 

 (293)  Afonso JS, Martins PA, Girao MJ, Natal Jorge RM, Ferreira AJ, Mascarenhas T, 
Fernandes AA, Bernardes J, Baracat EC, Rodrigues de LG, Patricio B. Mechanical 
properties of polypropylene mesh used in pelvic floor repair. Int Urogynecol J Pelvic 
Floor Dysfunct 2008; 19:375-380. 

 (294)  Walter AJ, Morse AN, Leslie KO, Zobitz ME, Hentz JG, Cornella JL. Changes in tensile 
strength of cadaveric human fascia lata after implantation in a rabbit vagina model. J 
Urol 2003; 169:1907-1910. 

 (295)  Boukerrou M, Boulanger L, Rubod C, Lambaudie E, Dubois P, Cosson M. Study of the 
biomechanical properties of synthetic mesh implanted in vivo. Eur J Obstet Gynecol 
Reprod Biol 2007; 134:262-267. 

 (296)  Atmaca AF, Serefoglu EC, Eroglu M, Gurdal M, Metin A, Kayigil O. Time-dependent 
changes in biomechanical properties of four different synthetic materials in a rabbit 
model and the importance in respect to sling surgery. Urol Int 2008; 81:456-461. 

 (297)  Zorn KC, Spiess PE, Singh G, Orvieto MA, Moore B, Corcos J. Long-term tensile 
properties of tension-free vaginal tape, suprapubic arc sling system and urethral 
sling in an in vivo rat model. J Urol 2007; 177:1195-1198. 

 (298)  Gandhi S, Kubba LM, Abramov Y, Botros SM, Goldberg RP, Victor TA, Sand PK. 
Histopathologic changes of porcine dermis xenografts for transvaginal suburethral 
slings. Am J Obstet Gynecol 2005; 192:1643-1648. 

 (299)  Jenkins ED, Melman L, Deeken CR, Greco SC, Frisella MM, Matthews BD. 
Biomechanical and histologic evaluation of fenestrated and nonfenestrated biologic 
mesh in a porcine model of ventral hernia repair. J Am Coll Surg 2011; 212(3):327-
339. 

 (300)  Dora CD, DiMarco DS, Zobitz ME, Elliott DS. Time dependent variations in 
biomechanical properties of cadaveric fascia, porcine dermis, porcine small intestine 
submucosa, polypropylene mesh and autologous fascia in the rabbit model: 
implications for sling surgery. J Urol 2004; 171:1970-1973. 

 (301)  Krambeck AE, Dora CD, Sebo TJ, Rohlinger AL, DiMarco DS, Elliott DS. Time-
dependent variations in inflammation and scar formation of six different 
pubovaginal sling materials in the rabbit model. Urology 2006; 67:1105-1110. 

 (302)  Rosch R, Junge K, Schachtrupp A, Klinge U, Klosterhalfen B, Schumpelick V. Mesh 
implants in hernia repair. Inflammatory cell response in a rat model. Eur Surg Res 
2003; 35:161-166. 



218 
 

 (303)  Bellon JM, Bujan J, Contreras L, Hernando A. Integration of biomaterials implanted 
into abdominal wall: process of scar formation and macrophage response. 
Biomaterials 1995; 16:381-387. 

 (304)  Sergent F, Desilles N, Lacoume Y, Bunel C, Marie JP, Marpeau L. Experimental 
biomechanical evaluation of polypropylene prostheses used in pelvic organ prolapse 
surgery. Int Urogynecol J Pelvic Floor Dysfunct 2009. 

 (305)  Bazi TM, Hamade RF, Abdallah HH, I, Abi NK, Jurjus A. Polypropylene midurethral 
tapes do not have similar biologic and biomechanical performance in the rat. Eur 
Urol 2007; 51:1364-1373. 

 (306)  Spelzini F, Konstantinovic ML, Guelinckx I, Verbist G, Verbeken E, De RD, Deprest J. 
Tensile strength and host response towards silk and type i polypropylene implants 
used for augmentation of fascial repair in a rat model. Gynecol Obstet Invest 2007; 
63:155-162. 

 (307)  Konstantinovic ML, Lagae P, Zheng F, Verbeken EK, De RD, Deprest JA. Comparison 
of host response to polypropylene and non-cross-linked porcine small intestine 
serosal-derived collagen implants in a rat model. BJOG 2005; 112:1554-1560. 

 (308)  Winckler JA, Ramos JG, Dalmolin BM, Winckler DC, Doring M. Comparative study of 
polypropylene and aponeurotic slings in the treatment of female urinary 
incontinence. Int Braz J Urol 2010; 36:339-347. 

 (309)  de TR, Gervaise A, Chauveaud A, Fernandez H. Tension-free polypropylene mesh for 
vaginal repair of anterior vaginal wall prolapse. J Reprod Med 2005; 50:75-80. 

 (310)  Argirovic RB, Gudovic AM, Babovic IR, Berisavac MV. Transvaginal repair of genital 
prolapse with polypropylene mesh using a tension-free technique. Eur J Obstet 
Gynecol Reprod Biol 2010. 

 (311)  Iglesia CB, Sokol AI, Sokol ER, Kudish BI, Gutman RE, Peterson JL, Shott S. Vaginal 
mesh for prolapse: a randomized controlled trial. Obstet Gynecol 2010; 116:293-303. 

 (312)  Tate SB, Blackwell L, Lorenz DJ, Steptoe MM, Culligan PJ. Randomized trial of fascia 
lata and polypropylene mesh for abdominal sacrocolpopexy: 5-year follow-up. Int 
Urogynecol J Pelvic Floor Dysfunct 2010. 

 (313)  Natale F, La PC, Padoa A, Agostini M, De SE, Cervigni M. A prospective, randomized, 
controlled study comparing Gynemesh, a synthetic mesh, and Pelvicol, a biologic 
graft, in the surgical treatment of recurrent cystocele. Int Urogynecol J Pelvic Floor 
Dysfunct 2009; 20:75-81. 

 (314)  Dell JR, O'Kelley KR. PelviSoft BioMesh augmentation of rectocele repair: the initial 
clinical experience in 35 patients. Int Urogynecol J Pelvic Floor Dysfunct 2005; 16:44-
47. 

 (315)  Frederick RW, Leach GE. Cadaveric prolapse repair with sling: intermediate 
outcomes with 6 months to 5 years of followup. J Urol 2005; 173:1229-1233. 

 (316)  Rice RD, Ayubi FS, Shaub ZJ, Parker DM, Armstrong PJ, Tsai JW. Comparison of 
Surgisis((R)), AlloDerm ((R)), and Vicryl Woven Mesh ((R)) Grafts for Abdominal Wall 
Defect Repair in an Animal Model. Aesthetic Plast Surg 2009. 



219 
 

 (317)  Orenstein SB, Qiao Y, Kaur M, Klueh U, Kreutzer DL, Novitsky YW. Human monocyte 
activation by biologic and biodegradable meshes in vitro. Surg Endosc 2009. 

 (318)  Sclafani AP, Romo T, III, Jacono AA, McCormick S, Cocker R, Parker A. Evaluation of 
acellular dermal graft in sheet (AlloDerm) and injectable (micronized AlloDerm) 
forms for soft tissue augmentation. Clinical observations and histological analysis. 
Arch Facial Plast Surg 2000; 2:130-136. 

 (319)  Ng KW, Khor HL, Hutmacher DW. In vitro characterization of natural and synthetic 
dermal matrices cultured with human dermal fibroblasts. Biomaterials 2004; 
25:2807-2818. 

 (320)  Vandevord PJ, Broadrick KM, Krishnamurthy B, Singla AK. A Comparative Study 
Evaluating the In Vivo Incorporation of Biological Sling Materials. Urology 2009. 

 (321)  Blander DS, Zimmern PE. Cadaveric fascia lata sling: analysis of five recent adverse 
outcomes. Urology 2000; 56:596-599. 

 (322)  Owens DC, Winters JC. Pubovaginal sling using Duraderm graft: intermediate follow-
up and patient satisfaction. Neurourol Urodyn 2004; 23(2):115-118. 

 (323)  Slack M, Sandhu JS, Staskin DR, Grant RC. In vivo comparison of suburethral sling 
materials. Int Urogynecol J Pelvic Floor Dysfunct 2006; 17:106-110. 

 (324)  Pierce LM, Rao A, Baumann SS, Glassberg JE, Kuehl TJ, Muir TW. Long-term histologic 
response to synthetic and biologic graft materials implanted in the vagina and 
abdomen of a rabbit model. Am J Obstet Gynecol 2009; 200:546-548. 

 (325)  Elmer C, Blomgren B, Falconer C, Zhang A, Altman D. Histological inflammatory 
response to transvaginal polypropylene mesh for pelvic reconstructive surgery. J 
Urol 2009; 181:1189-1195. 

 (326)  Konstantinovic ML, Ozog Y, Spelzini F, Pottier C, De RD, Deprest J. Biomechanical 
findings in rats undergoing fascial reconstruction with graft materials suggested as 
an alternative to polypropylene. Neurourol Urodyn 2009. 

 (327)  Liapis A, Bakas P, Creatsas G. Long-term efficacy of tension-free vaginal tape in the 
management of stress urinary incontinence in women: efficacy at 5- and 7-year 
follow-up. Int Urogynecol J Pelvic Floor Dysfunct 2008; 19:1509-1512. 

 (328)  Nilsson CG, Falconer C, Rezapour M. Seven-year follow-up of the tension-free vaginal 
tape procedure for treatment of urinary incontinence. Obstet Gynecol 2004; 
104:1259-1262. 

 (329)  Mulier KE, Nguyen AH, Delaney JP, Marquez S. Comparison of Permacol and Strattice 
for the repair of abdominal wall defects. Hernia 2011. 

 (330)  Chakrabarty KH, Dawson RA, Harris P, Layton C, Babu M, Gould L, Phillips J, Leigh I, 
Green C, Freedlander E, Mac NS. Development of autologous human dermal-
epidermal composites based on sterilized human allodermis for clinical use. Br J 
Dermatol 1999; 141:811-823. 

 (331)  Huang Q, Dawson RA, Pegg DE, Kearney JN, MacNeil S. Use of peracetic acid to 
sterilize human donor skin for production of acellular dermal matrices for clinical 
use. Wound Repair Regen 2004; 12:276-287. 



220 
 

 (332)  Valentin JE, Badylak JS, McCabe GP, Badylak SF. Extracellular matrix bioscaffolds for 
orthopaedic applications. A comparative histologic study. J Bone Joint Surg Am 2006; 
88:2673-2686. 

 (333)  Badylak SF. The extracellular matrix as a biologic scaffold material. Biomaterials 
2007; 28:3587-3593. 

 (334)  Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine 
system in diverse forms of macrophage activation and polarization. Trends Immunol 
2004; 25:677-686. 

 (335)  Simsiman AJ, Luber KM, Menefee SA. Vaginal paravaginal repair with porcine dermal 
reinforcement: correction of advanced anterior vaginal prolapse. Am J Obstet 
Gynecol 2006; 195(6):1832-1836. 

 (336)  Gomelsky A, Haverkorn RM, Simoneaux WJ, Bilello S, Kubricht WS, III. Incidence and 
management of vaginal extrusion of acellular porcine dermis after incontinence and 
prolapse surgery. Int Urogynecol J Pelvic Floor Dysfunct 2007; 18:1337-1341. 

 (337)  Leboeuf L, Miles RA, Kim SS, Gousse AE. Grade 4 cystocele repair using four-defect 
repair and porcine xenograft acellular matrix (Pelvicol): outcome measures using 
SEAPI. Urology 2004; 64:282-286. 

 (338)  Floden EW, Malak SF, Basil-Jones MM, Negron L, Fisher JN, Lun S, Dempsey SG, 
Haverkamp RG, Ward BR, May BC. Biophysical characterization of ovine forestomach 
extracellular matrix biomaterials. J Biomed Mater Res B Appl Biomater 2011; 
96(1):67-75. 

 (339)  Lun S, Irvine SM, Johnson KD, Fisher NJ, Floden EW, Negron L, Dempsey SG, 
McLaughlin RJ, Vasudevamurthy M, Ward BR, May BC. A functional extracellular 
matrix biomaterial derived from ovine forestomach. Biomaterials 2010; 31(16):4517-
4529. 

 (340)  Hodde JP, Badylak SF, Brightman AO, Voytik-Harbin SL. Glycosaminoglycan content 
of small intestinal submucosa: a bioscaffold for tissue replacement. Tissue Eng 1996; 
2:209-217. 

 (341)  Hodde JP, Record RD, Liang HA, Badylak SF. Vascular endothelial growth factor in 
porcine-derived extracellular matrix. Endothelium 2001; 8:11-24. 

 (342)  Rutner AB, Levine SR, Schmaelzle JF. Processed porcine small intestine submucosa as 
a graft material for pubovaginal slings: durability and results. Urology 2003; 62:805-
809. 

 (343)  John TT, Aggarwal N, Singla AK, Santucci RA. Intense inflammatory reaction with 
porcine small intestine submucosa pubovaginal sling or tape for stress urinary 
incontinence. Urology 2008; 72:1036-1039. 

 (344)  Ho KL, Witte MN, Bird ET. 8-ply small intestinal submucosa tension-free sling: 
spectrum of postoperative inflammation. J Urol 2004; 171:268-271. 

 (345)  Wiedemann A, Otto M. Small intestinal submucosa for pubourethral sling suspension 
for the treatment of stress incontinence: first histopathological results in humans. J 
Urol 2004; 172:215-218. 



221 
 

 (346)  Mikos AG, Sarakinos G, Leite SM, Vacanti JP, Langer R. Laminated three-dimensional 
biodegradable foams for use in tissue engineering. Biomaterials 1993; 14:323-330. 

 (347)  Gasparini G, Kosvintsev SR, Stillwell MT, Holdich RG. Preparation and 
characterization of PLGA particles for subcutaneous controlled drug release by 
membrane emulsification. Colloids Surf B Biointerfaces 2008; 61:199-207. 

 (348)  Schugens C, Maquet V, Grandfils C, Jerome R, Teyssie P. Polylactide macroporous 
biodegradable implants for cell transplantation. II. Preparation of polylactide foams 
by liquid-liquid phase separation. J Biomed Mater Res 1996; 30:449-461. 

 (349)  Mikos AG, Bao Y, Cima LG, Ingber DE, Vacanti JP, Langer R. Preparation of 
poly(glycolic acid) bonded fiber structures for cell attachment and transplantation. J 
Biomed Mater Res 1993; 27:183-189. 

 (350)  Nam YS, Park TG. Biodegradable polymeric microcellular foams by modified 
thermally induced phase separation method. Biomaterials 1999; 20:1783-1790. 

 (351)  Kumbar SG, Nukavarapu SP, James R, Nair LS, Laurencin CT. Electrospun poly(lactic 
acid-co-glycolic acid) scaffolds for skin tissue engineering. Biomaterials 2008; 
29:4100-4107. 

 (352)  Vitte J, Benoliel AM, Pierres A, Bongrand P. Is there a predictable relationship 
between surface physical-chemical properties and cell behaviour at the interface? 
Eur Cell Mater 2004; 7:52-63. 

 (353)  Hollister SJ, Maddox RD, Taboas JM. Optimal design and fabrication of scaffolds to 
mimic tissue properties and satisfy biological constraints. Biomaterials 2002; 
23:4095-4103. 

 (354)  Nair LS, Bhattacharyya S, Laurencin CT. Development of novel tissue engineering 
scaffolds via electrospinning. Expert Opin Biol Ther 2004; 4:659-668. 

 (355)  Ma PX, Choi JW. Biodegradable polymer scaffolds with well-defined interconnected 
spherical pore network. Tissue Eng 2001; 7:23-33. 

 (356)  Chen G, Sato T, Ohgushi H, Ushida T, Tateishi T, Tanaka J. Culturing of skin fibroblasts 
in a thin PLGA-collagen hybrid mesh. Biomaterials 2005; 26:2559-2566. 

 (357)  Pattison M, Webster TJ, Leslie J, Kaefer M, Haberstroh KM. Evaluating the in vitro 
and in vivo efficacy of nano-structured polymers for bladder tissue replacement 
applications. Macromol Biosci 2007; 7:690-700. 

 (358)  Bini TB, Gao S, Xu X, Wang S, Ramakrishna S, Leong KW. Peripheral nerve 
regeneration by microbraided poly(L-lactide-co-glycolide) biodegradable polymer 
fibers. J Biomed Mater Res A 2004; 68:286-295. 

 (359)  Patrick CW, Jr., Chauvin PB, Hobley J, Reece GP. Preadipocyte seeded PLGA scaffolds 
for adipose tissue engineering. Tissue Eng 1999; 5:139-151. 

 (360)  Park SS, Ward MJ. Tissue-engineered cartilage for implantation and grafting. Facial 
Plast Surg 1995; 11:278-283. 



222 
 

 (361)  Thomson RC, Mikos AG, Beahm E, Lemon JC, Satterfield WC, Aufdemorte TB, Miller 
MJ. Guided tissue fabrication from periosteum using preformed biodegradable 
polymer scaffolds. Biomaterials 1999; 20:2007-2018. 

 (362)  Bertram JP, Jay SM, Hynes SR, Robinson R, Criscione JM, Lavik EB. Functionalized 
poly(lactic-co-glycolic acid) enhances drug delivery and provides chemical moieties 
for surface engineering while preserving biocompatibility. Acta Biomater 2009. 

 (363)  Baker SC, Rohman G, Southgate J, Cameron NR. The relationship between the 
mechanical properties and cell behaviour on PLGA and PCL scaffolds for bladder 
tissue engineering. Biomaterials 2009; 30:1321-1328. 

 (364)  Tsuji H, Ikarashi K. In vitro hydrolysis of poly(L-lactide) crystalline residues as 
extended-chain crystallites. Part I: long-term hydrolysis in phosphate-buffered 
solution at 37 degrees C. Biomaterials 2004; 25:5449-5455. 

 (365)  Zong X, Ran S, Kim KS, Fang D, Hsiao BS, Chu B. Structure and morphology changes 
during in vitro degradation of electrospun poly(glycolide-co-lactide) nanofiber 
membrane. Biomacromolecules 2003; 4:416-423. 

 (366)  Grizzi I, Garreau H, Li S, Vert M. Hydrolytic degradation of devices based on poly(DL-
lactic acid) size-dependence. Biomaterials 1995; 16:305-311. 

 (367)  Blackwood KA, McKean R, Canton I, Freeman CO, Franklin KL, Cole D, Brook I, 
Farthing P, Rimmer S, Haycock JW, Ryan AJ, MacNeil S. Development of 
biodegradable electrospun scaffolds for dermal replacement. Biomaterials 2008; 
29:3091-3104. 

 (368)  de TR, Chentouf S, Garreau H, Braud C, Guiraud I, Boudeville P, Vert M. In vitro 
degradation and in vivo biocompatibility of poly(lactic acid) mesh for soft tissue 
reinforcement in vaginal surgery. J Biomed Mater Res B Appl Biomater 2008; 85:529-
536. 

 (369)  de TR, Letouzey V, Garreau H, Guiraud I, Vert M, Mares P. Tissue Healing during 
Degradation of a Long-Lasting Bioresorbable gamma-Ray-Sterilised Poly(Lactic Acid) 
Mesh in the Rat: A 12-Month Study. Eur Surg Res 2010; 44:102-110. 

 (370)  de TR, Oliva-Lauraire MC, Guiraud I, Henry L, Vert M, Mares P. Long-lasting 
bioresorbable poly(lactic acid) (PLA94) mesh: a new approach for soft tissue 
reinforcement based on an experimental pilot study. Int Urogynecol J Pelvic Floor 
Dysfunct 2007; 18:1007-1014. 

 (371)  Mathe ML, Lavigne JP, Oliva-Lauraire MC, Guiraud I, Mares P, de TR. [Comparison of 
different biomaterials for vaginal surgery using an in vivo model of meshes infection 
in rats]. Gynecol Obstet Fertil 2007; 35:398-405. 

 (372)  Cho A, Myeong D, Jung H W, Hyun J C, Lee J S, Cho D, Joo Y L. Effect of annealing on 

the crystallization and properties of electrospun polylatic acid and nylon 6 fibers. 
Journal of Applied Polymer Science 2011; 120:752-758. 

 (373)  Zhang S, Cai Q, Zhang J, Mei F, Yang X. [Improved mechanical strength and cell 
occlusivity of electrospun L-polylactic acid aligned nanofibrous membranes by post 
heat treatment]. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 2011; 28(5):951-956. 



223 
 

 (374)  Gelse K, Poschl E, Aigner T. Collagens--structure, function, and biosynthesis. Adv 
Drug Deliv Rev 2003; 55:1531-1546. 

 (375)  Mayne R, Brewton RG. New members of the collagen superfamily. Curr Opin Cell Biol 
1993; 5:883-890. 

 (376)  Litwin MS, Saigal CS, Yano EM, Avila C, Geschwind SA, Hanley JM, Joyce GF, Madison 
R, Pace J, Polich SM, Wang M. Urologic diseases in America Project: analytical 
methods and principal findings. J Urol 2005; 173:933-937. 

 (377)  von der MK. Localization of collagen types in tissues. Int Rev Connect Tissue Res 
1981; 9:265-324. 

 (378)  Kramer JM. Basement membranes. WormBook 2005;1-15. 

 (379)  Piccinini G, Golay J, Flora A, Songia S, Luchetti M, Gabrielli A, Introna M. C-myb, but 
not B-myb, upregulates type I collagen gene expression in human fibroblasts. J Invest 
Dermatol 1999; 112:191-196. 

 (380)  Kivirikko KI, Ryhanen L, Anttinen H, Bornstein P, Prockop DJ. Further hydroxylation of 
lysyl residues in collagen by protocollagen lysyl hydroxylase in vitro. Biochemistry 
1973; 12:4966-4971. 

 (381)  Clarke EP, Cates GA, Ball EH, Sanwal BD. A collagen-binding protein in the 
endoplasmic reticulum of myoblasts exhibits relationship with serine protease 
inhibitors. J Biol Chem 1991; 266:17230-17235. 

 (382)  Bruckner P, Prockop DJ. Proteolytic enzymes as probes for the triple-helical 
conformation of procollagen. Anal Biochem 1981; 110:360-368. 

 (383)  Weber AM, Walters MD. Anterior vaginal prolapse: review of anatomy and 
techniques of surgical repair. Obstet Gynecol 1997; 89:311-318. 

 (384)  Farrell SA, Dempsey T, Geldenhuys L. Histologic examination of "fascia" used in 
colporrhaphy. Obstet Gynecol 2001; 98:794-798. 

 (385)  Trabucco E, Soderberg M, Cobellis L, Torella M, Bystrom B, Ekman-Ordeberg G, 
Petraglia F, Colacurci N. Role of proteoglycans in the organization of periurethral 
connective tissue in women with stress urinary incontinence. Maturitas 2007; 
58:395-405. 

 (386)  Liapis A, Bakas P, Pafiti A, Hassiakos D, Frangos-Plemenos M, Creatsas G. Changes in 
the quantity of collagen type I in women with genuine stress incontinence. Urol Res 
2000; 28:323-326. 

 (387)  Song Y, Hong X, Yu Y, Lin Y. Changes of collagen type III and decorin in paraurethral 
connective tissue from women with stress urinary incontinence and prolapse. Int 
Urogynecol J Pelvic Floor Dysfunct 2007; 18:1459-1463. 

 (388)  Liapis A, Bakas P, Pafiti A, Frangos-Plemenos M, Arnoyannaki N, Creatsas G. Changes 
of collagen type III in female patients with genuine stress incontinence and pelvic 
floor prolapse. Eur J Obstet Gynecol Reprod Biol 2001; 97:76-79. 



224 
 

 (389)  Lin SY, Tee YT, Ng SC, Chang H, Lin P, Chen GD. Changes in the extracellular matrix in 
the anterior vagina of women with or without prolapse. Int Urogynecol J Pelvic Floor 
Dysfunct 2007; 18:43-48. 

 (390)  Cor A, Barbic M, Kralj B. Differences in the quantity of elastic fibres and collagen type 
I and type III in endopelvic fascia between women with stress urinary incontinence 
and controls. Urol Res 2003; 31:61-65. 

 (391)  Soderberg MW, Bystrom B, Kalamajski S, Malmstrom A, Ekman-Ordeberg G. Gene 
expressions of small leucine-rich repeat proteoglycans and fibulin-5 are decreased in 
pelvic organ prolapse. Mol Hum Reprod 2009; 15:251-257. 

 (392)  Bailey AJ. Molecular mechanisms of ageing in connective tissues. Mech Ageing Dev 
2001; 122:735-755. 

 (393)  Lapiere CM, Nusgens B, Pierard GE. Interaction between collagen type I and type III 
in conditioning bundles organization. Connect Tissue Res 1977; 5:21-29. 

 (394)  Lang J, Zhu L, Sun Z, Chen J. Clinical study on collagen and stress urinary 
incontinence. Clin Exp Obstet Gynecol 2002; 29:180-182. 

 (395)  Aspden RM. Fibre reinforcing by collagen in cartilage and soft connective tissues. 
Proc Biol Sci 1994; 258:195-200. 

 (396)  Goepel C, Hefler L, Methfessel HD, Koelbl H. Periurethral connective tissue status of 
postmenopausal women with genital prolapse with and without stress incontinence. 
Acta Obstet Gynecol Scand 2003; 82:659-664. 

 (397)  Mosier E, Lin VK, Zimmern P. Extracellular matrix expression of human prolapsed 
vaginal wall. Neurourol Urodyn 2009. 

 (398)  Chen Y, DeSautel M, Anderson A, Badlani G, Kushner L. Collagen synthesis is not 
altered in women with stress urinary incontinence. Neurourol Urodyn 2004; 23:367-
373. 

 (399)  Kushner L, Mathrubutham M, Burney T, Greenwald R, Badlani G. Excretion of 
collagen derived peptides is increased in women with stress urinary incontinence. 
Neurourol Urodyn 2004; 23:198-203. 

 (400)  Mithieux SM, Weiss AS. Elastin. Adv Protein Chem 2005; 70:437-461. 

 (401)  Li B, Zhang QF, Lin XY, Chen LL, Ouyang L, Zhang SL. [Expression and significance of 
elastin and fibulin-5 in anterior vaginal tissue of women with pelvic organ prolapse]. 
Zhonghua Fu Chan Ke Za Zhi 2009; 44:514-517. 

 (402)  Karam JA, Vazquez DV, Lin VK, Zimmern PE. Elastin expression and elastic fibre width 
in the anterior vaginal wall of postmenopausal women with and without prolapse. 
BJU Int 2007; 100:346-350. 

 (403)  Jackson SR, Avery NC, Tarlton JF, Eckford SD, Abrams P, Bailey AJ. Changes in 
metabolism of collagen in genitourinary prolapse. Lancet 1996; 347:1658-1661. 

 (404)  Zhang SQ, Zhang LL, Yu H. [Expression of elastin, lysyl oxidase and elafin in the 
cardinal ligament of women with pelvic organ prolapse]. Zhonghua Fu Chan Ke Za Zhi 
2008; 43:675-679. 



225 
 

 (405)  Goepel C, Thomssen C. Changes in the extracellular matrix in periurethral tissue of 
women with stress urinary incontinence. Acta Histochem 2006; 108:441-445. 

 (406)  Chen B, Wen Y, Yu X, Polan ML. The role of neutrophil elastase in elastin metabolism 
of pelvic tissues from women with stress urinary incontinence. Neurourol Urodyn 
2007; 26:274-279. 

 (407)  Feldner PC, Jr., Kobayashi EY, Sartori MG, Nader HB, Baracat EC, Girao MJ. 
[Evaluation of glycosaminoglycans of periurethral tissue in patients with and without 
pelvic organ prolapse]. Rev Assoc Med Bras 2008; 54:173-177. 

 (408)  Suzme R, Yalcin O, Gurdol F, Gungor F, Bilir A. Connective tissue alterations in 
women with pelvic organ prolapse and urinary incontinence. Acta Obstet Gynecol 
Scand 2007; 86:882-888. 

 (409)  Bezerra LR, Feldner PC, Jr., Kati LM, Girao MJ, Sartori MG, Baracat EC, de Lima GR, 
Nader HB, Dietrich CP. Sulfated glycosaminoglycans of the vagina and perineal skin in 
pre- and postmenopausal women, according to genital prolapse stage. Int 
Urogynecol J Pelvic Floor Dysfunct 2004; 15:266-271. 

 (410)  Feldner PC, Jr., Sartori MG, Nader HB, Dietrich CP, Rodrigues de LG, Baracat EC, Girao 
MJ. Sulfated glycosaminoglycans of periurethral tissue in pre- and postmenopausal 
women. Eur J Obstet Gynecol Reprod Biol 2008; 139:252-255. 

 (411)  Kjellen L, Lindahl U. Proteoglycans: structures and interactions. Annu Rev Biochem 
1991; 60:443-475. 

 (412)  Falconer C, Ekman-Ordeberg G, Blomgren B, Johansson O, Ulmsten U, Westergren-
Thorsson G, Malmstrom A. Paraurethral connective tissue in stress-incontinent 
women after menopause. Acta Obstet Gynecol Scand 1998; 77:95-100. 

 (413)  Wen Y, Zhao YY, Li S, Polan ML, Chen BH. Differences in mRNA and protein 
expression of small proteoglycans in vaginal wall tissue from women with and 
without stress urinary incontinence. Hum Reprod 2007; 22:1718-1724. 

 (414)  Soderberg MW, Bystrom B, Hammarstrom M, Malmstrom A, Ekman-Ordeberg G. 
Decreased gene expression of fibrillin-1 in stress urinary incontinence. Neurourol 
Urodyn 2009. 

 (415)  Jung HJ, Jeon MJ, Yim GW, Kim SK, Choi JR, Bai SW. Changes in expression of fibulin-5 
and lysyl oxidase-like 1 associated with pelvic organ prolapse. Eur J Obstet Gynecol 
Reprod Biol 2009; 145:117-122. 

 (416)  Klutke J, Ji Q, Campeau J, Starcher B, Felix JC, Stanczyk FZ, Klutke C. Decreased 
endopelvic fascia elastin content in uterine prolapse. Acta Obstet Gynecol Scand 
2008; 87:111-115. 

 (417)  Drewes PG, Yanagisawa H, Starcher B, Hornstra I, Csiszar K, Marinis SI, Keller P, Word 
RA. Pelvic organ prolapse in fibulin-5 knockout mice: pregnancy-induced changes in 
elastic fiber homeostasis in mouse vagina. Am J Pathol 2007; 170:578-589. 

 (418)  Wieslander CK, Rahn DD, McIntire DD, Acevedo JF, Drewes PG, Yanagisawa H, Word 
RA. Quantification of pelvic organ prolapse in mice: vaginal protease activity 
precedes increased MOPQ scores in fibulin 5 knockout mice. Biol Reprod 2009; 
80:407-414. 



226 
 

 (419)  Moalli PA, Shand SH, Zyczynski HM, Gordy SC, Meyn LA. Remodeling of vaginal 
connective tissue in patients with prolapse. Obstet Gynecol 2005; 106:953-963. 

 (420)  Strinic T, Vulic M, Tomic S, Capkun V, Stipic I, Alujevic I. Matrix metalloproteinases-1, 
-2 expression in uterosacral ligaments from women with pelvic organ prolapse. 
Maturitas 2009; 64:132-135. 

 (421)  Gabriel B, Watermann D, Hancke K, Gitsch G, Werner M, Tempfer C, zur HA. 
Increased expression of matrix metalloproteinase 2 in uterosacral ligaments is 
associated with pelvic organ prolapse. Int Urogynecol J Pelvic Floor Dysfunct 2006; 
17:478-482. 

 (422)  Zhang QF, Song YF, Zhu ZY. [Expression of matrix metalloproteinases-9 and tissue 
inhibitors of matrix metalloproteinases-1 in connective tissue of vaginal wall of 
women with stress urinary incontinence]. Zhonghua Fu Chan Ke Za Zhi 2006; 41:810-
813. 

 (423)  Chen B, Wen Y, Zhang Z, Wang H, Warrington JA, Polan ML. Menstrual phase-
dependent gene expression differences in periurethral vaginal tissue from women 
with stress incontinence. Am J Obstet Gynecol 2003; 189(1):89-97. 

 (424)  Wen Y, Zhao YY, Li S, Polan ML, Chen BH. Differences in mRNA and protein 
expression of small proteoglycans in vaginal wall tissue from women with and 
without stress urinary incontinence. Hum Reprod 2007; 22:1718-1724. 

 (425)  Alarab M, Bortolini MA, Drutz H, Lye S, Shynlova O. LOX family enzymes expression 
in vaginal tissue of premenopausal women with severe pelvic organ prolapse. Int 
Urogynecol J Pelvic Floor Dysfunct 2010; 21(11):1397-1404. 

 (426)  Goepel C. Differential elastin and tenascin immunolabeling in the uterosacral 
ligaments in postmenopausal women with and without pelvic organ prolapse. Acta 
Histochem 2008; 110:204-209. 

 (427)  Falconer C, Blomgren B, Johansson O, Ulmsten U, Malmstrom A, Westergren-
Thorsson G, Ekman-Ordeberg G. Different organization of collagen fibrils in stress-
incontinent women of fertile age. Acta Obstet Gynecol Scand 1998; 77:87-94. 

 (428)  Zhang J, Wu L, Qu JM. Inhibited proliferation of human lung fibroblasts by LPS is 
through IL-6 and IL-8 release. Cytokine 2011; 54(3):289-295. 

 (429)  Wiegand C, Hipler UC. Methods for the measurement of cell and tissue compatibility 
including tissue regeneration processes. GMS Krankenhhyg Interdiszip 2008; 
3(1):Doc12. 

 (430)  Gilbert TW, Stewart-Akers AM, Simmons-Byrd A, Badylak SF. Degradation and 
remodeling of small intestinal submucosa in canine Achilles tendon repair. J Bone 
Joint Surg Am 2007; 89(3):621-630. 

 (431)  Gouk SS, Lim TM, Teoh SH, Sun WQ. Alterations of human acellular tissue matrix by 
gamma irradiation: histology, biomechanical property, stability, in vitro cell 
repopulation, and remodeling. J Biomed Mater Res B Appl Biomater 2008; 84(1):205-
217. 

 (432)  Reing JE, Brown BN, Daly KA, Freund JM, Gilbert TW, Hsiong SX, Huber A, Kullas KE, 
Tottey S, Wolf MT, Badylak SF. The effects of processing methods upon mechanical 



227 
 

and biologic properties of porcine dermal extracellular matrix scaffolds. Biomaterials 
2010; 31(33):8626-8633. 

 (433)  Milland J, Christiansen D, Sandrin MS. Alpha1,3-galactosyltransferase knockout pigs 
are available for xenotransplantation: are glycosyltransferases still relevant? 
Immunol Cell Biol 2005; 83(6):687-693. 

 (434)  Liang R, Fisher M, Yang G, Hall C, Woo SL. Alpha1,3-galactosyltransferase knockout 
does not alter the properties of porcine extracellular matrix bioscaffolds. Acta 
Biomater 2011; 7(4):1719-1727. 

 (435)  Badylak SF, Valentin JE, Ravindra AK, McCabe GP, Stewart-Akers AM. Macrophage 
phenotype as a determinant of biologic scaffold remodeling. Tissue Eng Part A 2008; 
14(11):1835-1842. 

 (436)  Scarano A, Barros RR, Iezzi G, Piattelli A, Novaes AB, Jr. Acellular dermal matrix graft 
for gingival augmentation: a preliminary clinical, histologic, and ultrastructural 
evaluation. J Periodontol 2009; 80(2):253-259. 

 (437)  Tang LL, Liu H, Wang YL, Xian CY, Su AH. Evaluation of the biocompatibility of 
acellular porcine dermis. Colloids Surf B Biointerfaces 2007; 57(2):215-218. 

 (438)  Cook JL, Fox DB, Kuroki K, Jayo M, De Deyne PG. In vitro and in vivo comparison of 
five biomaterials used for orthopedic soft tissue augmentation. Am J Vet Res 2008; 
69(1):148-156. 

 (439)  Armour AD, Fish JS, Woodhouse KA, Semple JL. A comparison of human and porcine 
acellularized dermis: interactions with human fibroblasts in vitro. Plast Reconstr Surg 
2006; 117(3):845-856. 

 (440)  Engelhardt EM, Micol LA, Houis S, Wurm FM, Hilborn J, Hubbell JA, Frey P. A 
collagen-poly(lactic acid-co-varepsilon-caprolactone) hybrid scaffold for bladder 
tissue regeneration. Biomaterials 2011; 32(16):3969-3976. 

 (441)  Voytik-Harbin SL, Brightman AO, Kraine MR, Waisner B, Badylak SF. Identification of 
extractable growth factors from small intestinal submucosa. J Cell Biochem 1997; 
67(4):478-491. 

 (442)  Sarikaya A, Record R, Wu CC, Tullius B, Badylak S, Ladisch M. Antimicrobial activity 
associated with extracellular matrices. Tissue Eng 2002; 8(1):63-71. 

 (443)  Irvine SM, Cayzer J, Todd EM, Lun S, Floden EW, Negron L, Fisher JN, Dempsey SG, 
Alexander A, Hill MC, O'Rouke A, Gunningham SP, Knight C, Davis PF, Ward BR, May 
BC. Quantification of in vitro and in vivo angiogenesis stimulated by ovine 
forestomach matrix biomaterial. Biomaterials 2011. 

 (444)  Gonzalez R, Fugate K, McClusky D, III, Ritter EM, Lederman A, Dillehay D, Smith CD, 
Ramshaw BJ. Relationship between tissue ingrowth and mesh contraction. World J 
Surg 2005; 29(8):1038-1043. 

 (445)  Pu F, Rhodes NP, Bayon Y, Chen R, Brans G, Benne R, Hunt JA. The use of flow 
perfusion culture and subcutaneous implantation with fibroblast-seeded PLLA-
collagen 3D scaffolds for abdominal wall repair. Biomaterials 2010; 31:4330-4340. 



228 
 

 (446)  Liu X, Won Y, Ma PX. Porogen-induced surface modification of nano-fibrous poly(L-
lactic acid) scaffolds for tissue engineering. Biomaterials 2006; 27:3980-3987. 

 (447)  Wan Y, Chen W, Yang J, Bei J, Wang S. Biodegradable poly(L-lactide)-poly(ethylene 
glycol) multiblock copolymer: synthesis and evaluation of cell affinity. Biomaterials 
2003; 24:2195-2203. 

 (448)  Cao D, Wu YP, Fu ZF, Tian Y, Li CJ, Gao CY, Chen ZL, Feng XZ. Cell adhesive and 
growth behavior on electrospun nanofibrous scaffolds by designed multifunctional 
composites. Colloids Surf B Biointerfaces 2011; 84(1):26-34. 

 (449)  Bhattarai SR, Bhattarai N, Viswanathamurthi P, Yi HK, Hwang PH, Kim HY. Hydrophilic 
nanofibrous structure of polylactide; fabrication and cell affinity. J Biomed Mater Res 
A 2006; 78(2):247-257. 

 (450)  Yang DJ, Zhang LF, Xu L, Xiong CD, Ding J, Wang YZ. Fabrication and characterization 
of hydrophilic electrospun membranes made from the block copolymer of 
poly(ethylene glycol-co-lactide). J Biomed Mater Res A 2007; 82(3):680-688. 

 (451)  Loo SC, Ooi CP, Wee SH, Boey YC. Effect of isothermal annealing on the hydrolytic 
degradation rate of poly(lactide-co-glycolide) (PLGA). Biomaterials 2005; 
26(16):2827-2833. 

 (452)  Rnjak J, Li Z, Maitz PK, Wise SG, Weiss AS. Primary human dermal fibroblast 
interactions with open weave three-dimensional scaffolds prepared from synthetic 
human elastin. Biomaterials 2009; 30(32):6469-6477. 

 (453)  Jafari J, Emami SH, Samadikuchaksaraei A, Bahar MA, Gorjipour F. Electrospun 
chitosan-gelatin nanofiberous scaffold: Fabrication and in vitro evaluation. Biomed 
Mater Eng 2011; 21(2):99-112. 

 (454)  Jaiswal M, Koul V, Dinda AK, Mohanty S, Jain KG. Cell adhesion and proliferation 
studies on semi-interpenetrating polymeric networks (semi-IPNs) of polyacrylamide 
and gelatin. J Biomed Mater Res B Appl Biomater 2011;10. 

 (455)  Chandrasekaran AR, Venugopal J, Sundarrajan S, Ramakrishna S. Fabrication of a 
nanofibrous scaffold with improved bioactivity for culture of human dermal 
fibroblasts for skin regeneration. Biomed Mater 2011; 6(1):015001. 

 (456)  Zhao M, Li L, Li X, Zhou C, Li B. Three-dimensional honeycomb-patterned 
chitosan/poly(L-lactic acid) scaffolds with improved mechanical and cell 
compatibility. J Biomed Mater Res A 2011;10. 

 (457)  Chung S, Gamcsik MP, King MW. Novel scaffold design with multi-grooved PLA 
fibers. Biomed Mater 2011; 6(4):045001. 

 (458)  Eckes B, Zigrino P, Kessler D, Holtkotter O, Shephard P, Mauch C, Krieg T. Fibroblast-
matrix interactions in wound healing and fibrosis. Matrix Biol 2000; 19(4):325-332. 

 (459)  Miron-Mendoza M, Seemann J, Grinnell F. Collagen fibril flow and tissue 
translocation coupled to fibroblast migration in 3D collagen matrices. Mol Biol Cell 
2008; 19(5):2051-2058. 



229 
 

 (460)  Grinnell F, Rocha LB, Iucu C, Rhee S, Jiang H. Nested collagen matrices: a new model 
to study migration of human fibroblast populations in three dimensions. Exp Cell Res 
2006; 312(1):86-94. 

 (461)  Jiang H, Rhee S, Ho CH, Grinnell F. Distinguishing fibroblast promigratory and 
procontractile growth factor environments in 3-D collagen matrices. FASEB J 2008; 
22(7):2151-2160. 

 (462)  Grinnell F. Fibroblast biology in three-dimensional collagen matrices. Trends Cell Biol 
2003; 13(5):264-269. 

 (463)  Selim M, Bullock AJ, Blackwood KA, Chapple CR, MacNeil S. Developing 
biodegradable scaffolds for tissue engineering of the urethra. BJU Int 2011; 
107(2):296-302. 

 (464)  Liao H, Munoz-Pinto D, Qu X, Hou Y, Grunlan MA, Hahn MS. Influence of hydrogel 
mechanical properties and mesh size on vocal fold fibroblast extracellular matrix 
production and phenotype. Acta Biomater 2008; 4(5):1161-1171. 

 (465)  Saddiq ZA, Barbenel JC, Grant MH. The mechanical strength of collagen gels 
containing glycosaminoglycans and populated with fibroblasts. J Biomed Mater Res 
A 2009; 89(3):697-706. 

 (466)  Ouasti S, Donno R, Cellesi F, Sherratt MJ, Terenghi G, Tirelli N. Network connectivity, 
mechanical properties and cell adhesion for hyaluronic acid/PEG hydrogels. 
Biomaterials 2011. 

 (467)  Lo CM, Wang HB, Dembo M, Wang YL. Cell movement is guided by the rigidity of the 
substrate. Biophys J 2000; 79(1):144-152. 

 (468)  Bard JB, Hay ED. The behavior of fibroblasts from the developing avian cornea. 
Morphology and movement in situ and in vitro. J Cell Biol 1975; 67(2PT.1):400-418. 

 (469)  Brydone AS, Dalby MJ, Berry CC, Dominic Meek RM, McNamara LE. Grooved surface 
topography alters matrix-metalloproteinase production by human fibroblasts. 
Biomed Mater 2011; %20;6(3):035005. 

 (470)  Darby IA, Hewitson TD. Fibroblast differentiation in wound healing and fibrosis. Int 
Rev Cytol 2007; 257:143-179. 

 (471)  Wen Y, Polan ML, Chen B. Do extracellular matrix protein expressions change with 
cyclic reproductive hormones in pelvic connective tissue from women with stress 
urinary incontinence? Hum Reprod 2006; 21(5):1266-1273. 

 (472)  Zhong SP, Zhang YZ, Lim CT. Tissue scaffolds for skin wound healing and dermal 
reconstruction. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2010; 2(5):510-525. 

 (473)  Feiner B, Maher C. Vaginal mesh contraction: definition, clinical presentation, and 
management. Obstet Gynecol 2010; 115(2 Pt 1):325-330. 

 (474)  Letouzey V, Deffieux J, Levailolant E, Faivre R, de Tayrac, Fernandez H. Ultrasound 

evaluation of polypropylene mesh contraction at long term after vaginal surgery for 

cystocele repair. Int urogynecol J 20, 205-206. 2009.  
Ref Type: Abstract 



230 
 

 (475)  Dietz HP, Erdmann M, Shek KL. Mesh contraction: myth or reality? Am J Obstet 
Gynecol 2011; 204(2):173-174. 

 (476)  Tunn R, Picot A, Marschke J, Gauruder-Burmester A. Sonomorphological evaluation 
of polypropylene mesh implants after vaginal mesh repair in women with cystocele 
or rectocele. Ultrasound Obstet Gynecol 2007; 29(4):449-452. 

 (477)  Velemir L, Amblard J, Fatton B, Savary D, Jacquetin B. Transvaginal mesh repair of 
anterior and posterior vaginal wall prolapse: a clinical and ultrasonographic study. 
Ultrasound Obstet Gynecol 2010; 35(4):474-480. 

 (478)  Svabik K, Martan A, Masata J, El-Haddad R, Hubka P, Pavlikova M. Ultrasound 
appearances after mesh implantation--evidence of mesh contraction or folding? Int 
Urogynecol J Pelvic Floor Dysfunct 2011; 22(5):529-533. 

 (479)  Livesey SA, delCampo AA, Nag A, Nichols KB, Coleman C.  Alloderm Patent. USA 
patent 5336616. 1994 1994. 

 (480)  Truong AT, Kowal-Vern A, Latenser BA, Wiley DE, Walter RJ. Comparison of dermal 
substitutes in wound healing utilizing a nude mouse model. J Burns Wounds 2005; 
4:e4. 

 (481)  Gaertner WB, Bonsack ME, Delaney JP. Experimental evaluation of four biologic 
prostheses for ventral hernia repair. J Gastrointest Surg 2007; 11(10):1275-1285. 

 (482)  Li TG, Shorr N, Goldberg RA. Comparison of the efficacy of hard palate grafts with 
acellular human dermis grafts in lower eyelid surgery. Plast Reconstr Surg 2005; 
116(3):873-878. 

 (483)  Dalla VL, Engum S, Kogon B, Jensen E, Davis M, Grosfeld J. Evaluation of small 
intestine submucosa and acellular dermis as diaphragmatic prostheses. J Pediatr 
Surg 1999; 34(1):167-171. 

 (484)  MacLeod TM, Sarathchandra P, Williams G, Sanders R, Green CJ. Evaluation of a 
porcine origin acellular dermal matrix and small intestinal submucosa as dermal 
replacements in preventing secondary skin graft contraction. Burns 2004; 30(5):431-
437. 

 (485)  Harley BA, Freyman TM, Wong MQ, Gibson LJ. A new technique for calculating 
individual dermal fibroblast contractile forces generated within collagen-GAG 
scaffolds. Biophys J 2007; 93(8):2911-2922. 

 (486)  Harris AK, Stopak D, Wild P. Fibroblast traction as a mechanism for collagen 
morphogenesis. Nature 1981; 290:249-251. 

 (487)  Delvoye P, Pierard D, Noel A, Nusgens B, Foidart JM, Lapiere CM. Fibroblasts induce 
the assembly of the macromolecules of the basement membrane. J Invest Dermatol 
1988; 90:276-282. 

 (488)  Rhee S. Fibroblasts in three dimensional matrices: cell migration and matrix 
remodeling. Exp Mol Med 2009; 41(12):858-865. 

 (489)  Grinnell F. Fibroblast-collagen-matrix contraction: growth-factor signalling and 
mechanical loading. Trends Cell Biol 2000; 10(9):362-365. 



231 
 

 (490)  Lee M, Chang PC, Dunn JC. Evaluation of small intestinal submucosa as scaffolds for 
intestinal tissue engineering. J Surg Res 2008; 147(2):168-171. 

 (491)  Abe M, Ho CH, Kamm KE, Grinnell F. Different molecular motors mediate platelet-
derived growth factor and lysophosphatidic acid-stimulated floating collagen matrix 
contraction. J Biol Chem 2003; 278(48):47707-47712. 

 (492)  Sekmen U, Gurleyik G, Kayadibi H, Saglam A. The role of suture fixation on mesh 
contraction after abdominal hernia repair. J Invest Surg 2009; 22(2):117-121. 

 (493)  Khoshnoodi J, Pedchenko V, Hudson BG. Mammalian collagen IV. Microsc Res Tech 
2008; 71(5):357-370. 

 (494)  Ng W, Ikeda S. Standardized, Defined Serum-free Culture of a Human Skin Equivalent 
on Fibroblast-populated Collagen Scaffold. Acta Derm Venereol 2011; 91(4):387-391. 

 (495)  Pena I, Junquera LM, Meana A, Garcia E, Aguilar C, Fresno MF. In vivo behavior of 
complete human oral mucosa equivalents: characterization in athymic mice. J 
Periodontal Res 2011; 46(2):214-220. 

 (496)  Tomakidi P, Breitkreutz D, Fusenig NE, Zoller J, Kohl A, Komposch G. Establishment of 
oral mucosa phenotype in vitro in correlation to epithelial anchorage. Cell Tissue Res 
1998; 292(2):355-366. 

 (497)  Rouabhia M, Allaire P. Gingival mucosa regeneration in athymic mice using in vitro 
engineered human oral mucosa. Biomaterials 2010; 31(22):5798-5804. 

 (498)  Jiang Y, Lu S, Zeng Y. Dermal fibroblast behaviour on micropatterned substrates with 
different pattern geometries. J Tissue Eng Regen Med 2011; 5(5):402-409. 

 (499)  Jeon YK, Jang YH, Yoo DR, Kim SN, Lee SK, Nam MJ. Mesenchymal stem cells' 
interaction with skin: wound-healing effect on fibroblast cells and skin tissue. Wound 
Repair Regen 2010; 18(6):655-661. 

 (500)  Eming SA, Medalie DA, Tompkins RG, Yarmush ML, Morgan JR. Genetically modified 
human keratinocytes overexpressing PDGF-A enhance the performance of a 
composite skin graft. Hum Gene Ther 1998; 9(4):529-539. 

 (501)  Sarukawa J, Takahashi M, Abe M, Suzuki D, Tokura S, Furuike T, Tamura H. Effects of 
chitosan-coated fibers as a scaffold for three-dimensional cultures of rabbit 
fibroblasts for ligament tissue engineering. J Biomater Sci Polym Ed 2011; 22(4-
6):717-732. 

 (502)  Cimini M, Boughner DR, Ronald JA, Johnston DE, Rogers KA. Dermal fibroblasts 
cultured on small intestinal submucosa: Conditions for the formation of a neotissue. 
J Biomed Mater Res A 2005; 75:895-906. 

 (503)  Tajima S, Pinnell SR. Ascorbic acid preferentially enhances type I and III collagen gene 
transcription in human skin fibroblasts. J Dermatol Sci 1996; 11:250-253. 

 (504)  Roh SS, Lee MH, Hwang YL, Song HH, Jin MH, Park SG, Lee CK, Kim CD, Yoon TJ, Lee 
JH. Stimulation of the extracellular matrix production in dermal fibroblasts by velvet 
antler extract. Ann Dermatol 2010; 22(2):173-179. 



232 
 

 (505)  Tang HT, Cheng DS, Jia YT, Ben DF, Ma B, Lv KY, Wei D, Sheng ZY, Xia ZF. Angiotensin 
II induces type I collagen gene expression in human dermal fibroblasts through an 
AP-1/TGF-beta1-dependent pathway. Biochem Biophys Res Commun 2009; 
385(3):418-423. 

 (506)  Lee CH, Shin HJ, Cho IH, Kang YM, Kim IA, Park KD, Shin JW. Nanofiber alignment and 
direction of mechanical strain affect the ECM production of human ACL fibroblast. 
Biomaterials 2005; 26(11):1261-1270. 

 (507)  Mariotti AJ. Estrogen and extracellular matrix influence human gingival fibroblast 
proliferation and protein production. J Periodontol 2005; 76(8):1391-1397. 

 (508)  Gauvin R, Parenteau-Bareil R, Larouche D, Marcoux H, Bisson F, Bonnet A, Auger FA, 
Bolduc S, Germain L. Dynamic mechanical stimulations induce anisotropy and 
improve the tensile properties of engineered tissues produced without exogenous 
scaffolding. Acta Biomater 2011. 

 (509)  Freed LE, Guilak F, Guo XE, Gray ML, Tranquillo R, Holmes JW, Radisic M, Sefton MV, 
Kaplan D, Vunjak-Novakovic G. Advanced tools for tissue engineering: scaffolds, 
bioreactors, and signaling. Tissue Eng 2006; 12(12):3285-3305. 

 (510)  Kanda K, Matsuda T. Mechanical stress-induced orientation and ultrastructural 
change of smooth muscle cells cultured in three-dimensional collagen lattices. Cell 
Transplant 1994; 3(6):481-492. 

 (511)  Syedain ZH, Tranquillo RT. Controlled cyclic stretch bioreactor for tissue-engineered 
heart valves. Biomaterials 2009; 30(25):4078-4084. 

 (512)  Grenier G, Remy-Zolghadri M, Larouche D, Gauvin R, Baker K, Bergeron F, Dupuis D, 
Langelier E, Rancourt D, Auger FA, Germain L. Tissue reorganization in response to 
mechanical load increases functionality. Tissue Eng 2005; 11(1-2):90-100. 

 (513)  Langer C, Schwartz P, Krause P, Mohammadi H, Kulle B, Schaper A, Fuzesi L, Becker 
H. [In-vitro study of the cellular response of human fibroblasts cultured on alloplastic 
hernia meshes. Influence of mesh material and structure]. Chirurg 2005; 76:876-885. 

 (514)  Corin KA, Gibson LJ. Cell contraction forces in scaffolds with varying pore size and 
cell density. Biomaterials 2010; 31(18):4835-4845. 

 (515)  Gilbert TW, Stewart-Akers AM, Sydeski J, Nguyen TD, Badylak SF, Woo SL. Gene 
expression by fibroblasts seeded on small intestinal submucosa and subjected to 
cyclic stretching. Tissue Eng 2007; 13(6):1313-1323. 

 (516)  Zaucha MT, Raykin J, Wan W, Gauvin R, Auger FA, Germain L, Michaels TE, Gleason 
RL, Jr. A novel cylindrical biaxial computer-controlled bioreactor and biomechanical 
testing device for vascular tissue engineering. Tissue Eng Part A 2009; 15(11):3331-
3340. 

 (517)  Kim BS, Nikolovski J, Bonadio J, Mooney DJ. Cyclic mechanical strain regulates the 
development of engineered smooth muscle tissue. Nat Biotechnol 1999; 17(10):979-
983. 

 (518)  Hata R, Senoo H. L-ascorbic acid 2-phosphate stimulates collagen accumulation, cell 
proliferation, and formation of a three-dimensional tissuelike substance by skin 
fibroblasts. J Cell Physiol 1989; 138:8-16. 



233 
 

 (519)  Pinnell SR. Regulation of collagen biosynthesis by ascorbic acid: a review. Yale J Biol 
Med 1985; 58:553-559. 

 (520)  Murad S, Tajima S, Johnson GR, Sivarajah S, Pinnell SR. Collagen synthesis in cultured 
human skin fibroblasts: effect of ascorbic acid and its analogs. J Invest Dermatol 
1983; 81:158-162. 

 (521)  Proulx S, d'Arc UJ, Carrier P, Deschambeault A, Audet C, Giasson CJ, Guerin SL, Auger 
FA, Germain L. Reconstruction of a human cornea by the self-assembly approach of 
tissue engineering using the three native cell types. Mol Vis 2010; 16:2192-2201. 

 (522)  Guo X, Hutcheon AE, Melotti SA, Zieske JD, Trinkaus-Randall V, Ruberti JW. 
Morphologic characterization of organized extracellular matrix deposition by 
ascorbic acid-stimulated human corneal fibroblasts. Invest Ophthalmol Vis Sci 2007; 
48(9):4050-4060. 

 (523)  Davidson JM, LuValle PA, Zoia O, Quaglino D, Jr., Giro M. Ascorbate differentially 
regulates elastin and collagen biosynthesis in vascular smooth muscle cells and skin 
fibroblasts by pretranslational mechanisms. J Biol Chem 1997; 272(1):345-352. 

 (524)  Faris B, Ferrera R, Toselli P, Nambu J, Gonnerman WA, Franzblau C. Effect of varying 
amounts of ascorbate on collagen, elastin and lysyl oxidase synthesis in aortic 
smooth muscle cell cultures. Biochim Biophys Acta 1984; 797(1):71-75. 

 (525)  Soucy PA, Werbin J, Heinz W, Hoh JH, Romer LH. Microelastic properties of lung cell-
derived extracellular matrix. Acta Biomater 2011; 7(1):96-105. 

 (526)  Throm AM, Liu WC, Lock CH, Billiar KL. Development of a cell-derived matrix: effects 
of epidermal growth factor in chemically defined culture. J Biomed Mater Res A 
2010; 92(2):533-541. 

 (527)  Yoon IS, Chung CW, Sung JH, Cho HJ, Kim JS, Shim WS, Shim CK, Chung SJ, Kim DD. 
Proliferation and chondrogenic differentiation of human adipose-derived 
mesenchymal stem cells in porous hyaluronic acid scaffold. J Biosci Bioeng 2011. 

 (528)  Nugent AE, Reiter DA, Fishbein KW, McBurney DL, Murray T, Bartusik D, Ramaswamy 
S, Spencer RG, Horton WE, Jr. Characterization of ex vivo-generated bovine and 
human cartilage by immunohistochemical, biochemical, and magnetic resonance 
imaging analyses. Tissue Eng Part A 2010; 16(7):2183-2196. 

 (529)  Nilsson CG, Palva K, Rezapour M, Falconer C. Eleven years prospective follow-up of 
the tension-free vaginal tape procedure for treatment of stress urinary incontinence. 
Int Urogynecol J Pelvic Floor Dysfunct 2008; 19(8):1043-1047. 

 (530)  Sharifiaghdas F, Mortazavi N. Tension-free vaginal tape and autologous rectus fascia 
pubovaginal sling for the treatment of urinary stress incontinence: a medium-term 
follow-up. Med Princ Pract 2008; 17(3):209-214. 

 (531)  Angioli R, Plotti F, Muzii L, Montera R, Panici PB, Zullo MA. Tension-free vaginal tape 
versus transobturator suburethral tape: five-year follow-up results of a prospective, 
randomised trial. Eur Urol 2010; 58(5):671-677. 

 (532)  Jones R, Abrams P, Hilton P, Ward K, Drake M. Risk of tape-related complications 
after TVT is at least 4%. Neurourol Urodyn 2010; 29(1):40-41. 



234 
 

 (533)  Kaelin-Gambirasio I, Jacob S, Boulvain M, Dubuisson JB, Dallenbach P. Complications 
associated with transobturator sling procedures: analysis of 233 consecutive cases 
with a 27 months follow-up. BMC Womens Health 2009; 9:28. 

 (534)  Deval B, Rafii A, Azria E, Darai E, Levardon M. Vaginal mesh erosion 7 years after a 
sacral colpopexy. Acta Obstet Gynecol Scand 2003; 82(7):674-675. 

 (535)  Bako A, Dhar R. Review of synthetic mesh-related complications in pelvic floor 
reconstructive surgery. Int Urogynecol J Pelvic Floor Dysfunct 2009; 20(1):103-111. 

 (536)  Maher C, Feiner B, Baessler K, Adams EJ, Hagen S, Glazener CM. Surgical 
management of pelvic organ prolapse in women. Cochrane Database Syst Rev 2010; 
(4):CD004014. 

 (537)  Ostergard DR. Polypropylene vaginal mesh grafts in gynecology. Obstet Gynecol 
2010; 116(4):962-966. 

 (538)  Mangera A, Bullock AJ, Chapple CR, MacNeil S. Are biomechanical properties 
predictive of the success of prostheses used in stress urinary incontinence and pelvic 
organ prolapse? A systematic review. Neurourol Urodyn 2012; 31(1):13-21. 

 (539)  Vroman L, Adams AL. Identification of absorbed protein films by exposure to antisera 
and water vapor. J Biomed Mater Res 1969; 3(4):669-671. 

 (540)  Tang L, Eaton JW. Fibrin(ogen) mediates acute inflammatory responses to 
biomaterials. J Exp Med 1993; 178(6):2147-2156. 

 (541)  Hu WJ, Eaton JW, Ugarova TP, Tang L. Molecular basis of biomaterial-mediated 
foreign body reactions. Blood 2001; 98(4):1231-1238. 

 (542)  Deprest J, Zheng F, Konstantinovic M, Spelzini F, Claerhout F, Steensma A, Ozog Y, De 
RD. The biology behind fascial defects and the use of implants in pelvic organ 
prolapse repair. Int Urogynecol J Pelvic Floor Dysfunct 2006; 17 Suppl 1:S16-S25. 

 (543)  Klosterhalfen B, Klinge U, Hermanns B, Schumpelick V. [Pathology of traditional 
surgical nets for hernia repair after long-term implantation in humans]. Chirurg 
2000; 71(1):43-51. 

 (544)  Beets GL, Go PM, van MH. Foreign body reactions to monofilament and braided 
polypropylene mesh used as preperitoneal implants in pigs. Eur J Surg 1996; 
162(10):823-825. 

 (545)  Bellon JM, Contreras LA, Bujan J, Palomares D, Carrera-San MA. Tissue response to 
polypropylene meshes used in the repair of abdominal wall defects. Biomaterials 
1998; 19(7-9):669-675. 

 (546)  Vishwaji S, Fuelhase C, Badlani GH. The biochemistry of wound healing in the pelvic 
floor: what have we learned? Curr blad dysf rep 2009; 4:13-19. 

 (547)  Kavvadias T, Kaemmer D, Klinge U, Kuschel S, Schuessler B. Foreign body reaction in 
vaginally eroded and noneroded polypropylene suburethral slings in the female: a 
case series. Int Urogynecol J Pelvic Floor Dysfunct 2009; 20(12):1473-1476. 

 (548)  Boulanger L, Boukerrou M, Rubod C, Collinet P, Fruchard A, Courcol RJ, Cosson M. 
Bacteriological analysis of meshes removed for complications after surgical 



235 
 

management of urinary incontinence or pelvic organ prolapse. Int Urogynecol J 
Pelvic Floor Dysfunct 2008; 19(6):827-831. 

 (549)  A Mangera, S Rymaruk, RD Inman, CR Chapple. A retrospective cohort analysis of the 
autologous rectus fascia sling Vs TOT for the treatment of SUI. BAUS . 2010.  

Ref Type: Abstract 

 (550)  Webster TM, Gerridzen RG. Urethral erosion following autologous rectus fascial 
pubovaginal sling. Can J Urol 2003; 10(6):2068-2069. 

 (551)  Amundsen CL, Flynn BJ, Webster GD. Urethral erosion after synthetic and 
nonsynthetic pubovaginal slings: differences in management and continence 
outcome. J Urol 2003; 170(1):134-137. 

 (552)  Handa VL, Stone A. Erosion of a fascial sling into the urethra. Urology 1999; 
54(5):923. 

 (553)  Golomb J, Groutz A, Mor Y, Leibovitch I, Ramon J. Management of urethral erosion 
caused by a pubovaginal fascial sling. Urology 2001; 57(1):159-160. 

 (554)  Morgan TO Jr, Westney OL, McGuire EJ. Pubovaginal sling: 4-YEAR outcome analysis 
and quality of life assessment. J Urol 2000; 163(6):1845-1848. 

 (555)  Pinna BR, Stavale JN, Pontes PA, Campones do Brasil OO. Histological analysis of 
autologous fascia graft implantation into the rabbit voice muscle. Braz J 
Otorhinolaryngol 2011; 77(2):185-190. 

 (556)  de Almeida SH, Rodrigues MA, Gregorio E, Crespigio J, Moreira HA. Influence of sling 
material on inflammation and collagen deposit in an animal model. Int J Urol 2007; 
14(11):1040-1043. 

 (557)  Ward RM, Sung VW, Clemons JL, Myers DL. Vaginal paravaginal repair with an 
AlloDerm graft: Long-term outcomes. Am J Obstet Gynecol 2007; 197(6):670-675. 

 (558)  Guerrero K, Watkins A, Emery S, Wareham K, Stephenson T, Logan V, Lucas M. A 
randomised controlled trial comparing two autologous fascial sling techniques for 
the treatment of stress urinary incontinence in women: short, medium and long-
term follow-up. Int Urogynecol J Pelvic Floor Dysfunct 2007; 18(11):1263-1270. 

 (559)  Claerhout F, Verbist G, Verbeken E, Konstantinovic M, De RD, Deprest J. Fate of 
collagen-based implants used in pelvic floor surgery: a 2-year follow-up study in a 
rabbit model. Am J Obstet Gynecol 2008; 198(1):94-96. 

 (560)  Badylak S, Kokini K, Tullius B, Simmons-Byrd A, Morff R. Morphologic study of small 
intestinal submucosa as a body wall repair device. J Surg Res 2002; 103(2):190-202. 

 (561)  Valentin JE, Stewart-Akers AM, Gilbert TW, Badylak SF. Macrophage participation in 
the degradation and remodeling of extracellular matrix scaffolds. Tissue Eng Part A 
2009; 15(7):1687-1694. 

 (562)  Petter-Puchner AH, Fortelny RH, Mittermayr R, Walder N, Ohlinger W, Redl H. 
Adverse effects of porcine small intestine submucosa implants in experimental 
ventral hernia repair. Surg Endosc 2006; 20(6):942-946. 



236 
 

 (563)  Badylak SF. Xenogeneic extracellular matrix as a scaffold for tissue reconstruction. 
Transpl Immunol 2004; 12(3-4):367-377. 

 (564)  Ozog Y, Konstantinovic ML, Verschueren S, Spelzini F, De RD, Deprest J. Experimental 
comparison of abdominal wall repair using different methods of enhancement by 
small intestinal submucosa graft. Int Urogynecol J Pelvic Floor Dysfunct 2009; 
20(4):435-441. 

 (565)  Badylak SF, Record R, Lindberg K, Hodde J, Park K. Small intestinal submucosa: a 
substrate for in vitro cell growth. J Biomater Sci Polym Ed 1998; 9(8):863-878. 

 (566)  Tottey S, Johnson SA, Crapo PM, Reing JE, Zhang L, Jiang H, Medberry CJ, Reines B, 
Badylak SF. The effect of source animal age upon extracellular matrix scaffold 
properties. Biomaterials 2011; 32(1):128-136. 

 (567)  Ansaloni L, Cambrini P, Catena F, Di SS, Gagliardi S, Gazzotti F, Hodde JP, Metzger 
DW, D'Alessandro L, Pinna AD. Immune response to small intestinal submucosa 
(surgisis) implant in humans: preliminary observations. J Invest Surg 2007; 20(4):237-
241. 

 (568)  Daly KA, Stewart-Akers AM, Hara H, Ezzelarab M, Long C, Cordero K, Johnson SA, 
Ayares D, Cooper DK, Badylak SF. Effect of the alphaGal epitope on the response to 
small intestinal submucosa extracellular matrix in a nonhuman primate model. 
Tissue Eng Part A 2009; 15(12):3877-3888. 

 (569)  Chaliha C, Khalid U, Campagna L, Digesu GA, Ajay B, Khullar V. SIS graft for anterior 
vaginal wall prolapse repair--a case-controlled study. Int Urogynecol J Pelvic Floor 
Dysfunct 2006; 17:492-497. 

 (570)  Siracusano S, Ciciliato S, Lampropoulou N, Cucchi A, Visalli F, Talamini R. Porcine 
small intestinal submucosa implant in pubovaginal sling procedure on 48 consecutive 
patients: long-term results. Eur J Obstet Gynecol Reprod Biol 2011. 

 (571)  Badylak SF, Vorp DA, Spievack AR, Simmons-Byrd A, Hanke J, Freytes DO, Thapa A, 
Gilbert TW, Nieponice A. Esophageal reconstruction with ECM and muscle tissue in a 
dog model. J Surg Res 2005; 128(1):87-97. 

 (572)  Yoo JJ, Meng J, Oberpenning F, Atala A. Bladder augmentation using allogenic 
bladder submucosa seeded with cells. Urology 1998; 51(2):221-225. 

 (573)  Brown BN, Valentin JE, Stewart-Akers AM, McCabe GP, Badylak SF. Macrophage 
phenotype and remodeling outcomes in response to biologic scaffolds with and 
without a cellular component. Biomaterials 2009; 30(8):1482-1491. 

 (574)  Kwon D, Kim Y, Pruchnic R, Jankowski R, Usiene I, de MF, Huard J, Chancellor MB. 
Periurethral cellular injection: comparison of muscle-derived progenitor cells and 
fibroblasts with regard to efficacy and tissue contractility in an animal model of 
stress urinary incontinence. Urology 2006; 68(2):449-454. 

 (575)  Retraction. Erratum to: Transurethral ultrasonography-guided injection of adult 
autologous stem cells versus transurethral endoscopic injection of collagen in 
treatment of urinary incontinence World J Urol 2010; 28(5):663. 

 (576)  Carr LK, Steele D, Steele S, Wagner D, Pruchnic R, Jankowski R, Erickson J, Huard J, 
Chancellor MB. 1-year follow-up of autologous muscle-derived stem cell injection 



237 
 

pilot study to treat stress urinary incontinence. Int Urogynecol J Pelvic Floor Dysfunct 
2008; 19(6):881-883. 

 (577)  Nikolavsky D, Chancellor MB. Stem cell therapy for stress urinary incontinence. 
Neurourol Urodyn 2010; 29 Suppl 1:S36-S41. 

 (578)  McGuire EJ, Lytton B, Pepe V, Kohorn EI. Stress Urinary Incontinence. Obstet Gynecol 
1976; 47(3):255-264. 

 (579)  Kayigil O, Iftekhar AS, Metin A. The coexistence of intrinsic sphincter deficiency with 
type II stress incontinence. J Urol 1999; 162(4):1365-1366. 

 (580)  DeLancey JO. Why do women have stress urinary incontinence? Neurourol Urodyn 
2010; 29 Suppl 1:S13-S17. 

 (581)  Zou XH, Zhi YL, Chen X, Jin HM, Wang LL, Jiang YZ, Yin Z, Ouyang HW. Mesenchymal 
stem cell seeded knitted silk sling for the treatment of stress urinary incontinence. 
Biomaterials 2010; 31(18):4872-4879. 

 (582)  Hung MJ, Wen MC, Hung CN, Ho ES, Chen GD, Yang VC. Tissue-engineered fascia 
from vaginal fibroblasts for patients needing reconstructive pelvic surgery. Int 
Urogynecol J Pelvic Floor Dysfunct 2010. 

 (583)  Ho MH, Heydarkhan S, Vernet D, Kovanecz I, Ferrini MG, Bhatia NN, Gonzalez-
Cadavid NF. Stimulating vaginal repair in rats through skeletal muscle-derived stem 
cells seeded on small intestinal submucosal scaffolds. Obstet Gynecol 2009; 114(2 Pt 
1):300-309. 

 (584)  Medina A, Ghahary A. Fibrocytes can be reprogrammed to promote tissue 
remodeling capacity of dermal fibroblasts. Mol Cell Biochem 2010; 344(1-2):11-21. 

 (585)  Au AG, James R, V, Liggins AB, Amirfazli A. Contribution of loading conditions and 
material properties to stress shielding near the tibial component of total knee 
replacements. J Biomech 2007; 40(6):1410-1416. 

 (586)  Hernon CA, Dawson RA, Freedlander E, Short R, Haddow DB, Brotherston M, 
MacNeil S. Clinical experience using cultured epithelial autografts leads to an 
alternative methodology for transferring skin cells from the laboratory to the 
patient. Regen Med 2006; 1(6):809-821. 

 (587)  Kim DH, Heo SJ, Kim SH, Shin JW, Park SH, Shin JW. Shear stress magnitude is critical 
in regulating the differentiation of mesenchymal stem cells even with endothelial 
growth medium. Biotechnol Lett 2011. 

 (588)  Wu G, Zheng X, Jiang Z, Wang J, Song Y. Induced differentiation of adipose-derived 
stromal cells into myoblasts. J Huazhong Univ Sci Technolog Med Sci 2010; 
30(3):285-290. 

 (589)  Ou DB, He Y, Chen R, Teng JW, Wang HT, Zeng D, Liu XT, Ding L, Huang JY, Zheng QS. 
Three-dimensional co-culture facilitates the differentiation of embryonic stem cells 
into mature cardiomyocytes. J Cell Biochem 2011;10. 

 (590)  Lei F, Sun JJ, Liu Y, Jiang DQ. [Effects of in vitro cultured adipose-derived stem cells of 
rats on the tympanic membrane fibroblasts]. Zhonghua Er Bi Yan Hou Tou Jing Wai 
Ke Za Zhi 2010; 45(7):587-591. 



238 
 

 (591)  Kachgal S, Putnam AJ. Mesenchymal stem cells from adipose and bone marrow 
promote angiogenesis via distinct cytokine and protease expression mechanisms. 
Angiogenesis 2011; 14(1):47-59. 

 (592)  Hoenig E, Winkler T, Mielke G, Paetzold H, Schuettler D, Goepfert C, Machens HG, 
Morlock MM, Schilling AF. High amplitude direct compressive strain enhances 
mechanical properties of scaffold-free tissue-engineered cartilage. Tissue Eng Part A 
2011; 17(9-10):1401-1411. 

 (593)  Sawaguchi N, Majima T, Funakoshi T, Shimode K, Harada K, Minami A, Nishimura S. 
Effect of cyclic three-dimensional strain on cell proliferation and collagen synthesis 
of fibroblast-seeded chitosan-hyaluronan hybrid polymer fiber. J Orthop Sci 2010; 
15(4):569-577. 

 (594)  Jennings JA, Crews RM, Robinson J, Richelsoph K, Cole JA, Bumgardner JD, Yang Y, 
Haggard WO. Effect of growth factors in combination with injectable silicone resin 
particles on the biological activity of dermal fibroblasts: a preliminary in vitro study. J 
Biomed Mater Res B Appl Biomater 2010; 92(1):255-260. 

 (595)  Thomopoulos S, Harwood FL, Silva MJ, Amiel D, Gelberman RH. Effect of several 
growth factors on canine flexor tendon fibroblast proliferation and collagen 
synthesis in vitro. J Hand Surg Am 2005; 30(3):441-447. 

 (596)  Costa MA, Wu C, Pham BV, Chong AK, Pham HM, Chang J. Tissue engineering of 
flexor tendons: optimization of tenocyte proliferation using growth factor 
supplementation. Tissue Eng 2006; 12(7):1937-1943. 

 (597)  Fox DB, Warnock JJ, Stoker AM, Luther JK, Cockrell M. Effects of growth factors on 
equine synovial fibroblasts seeded on synthetic scaffolds for avascular meniscal 
tissue engineering. Res Vet Sci 2010; 88(2):326-332. 

 (598)  Throm AM, Liu WC, Lock CH, Billiar KL. Development of a cell-derived matrix: effects 
of epidermal growth factor in chemically defined culture. J Biomed Mater Res A 
2010; 92(2):533-541. 

 (599)  Jiang D, Li Z, Jiang Z. [Effect of vanadate on proliferation and collagen production of 
medial collateral ligament fibroblasts]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 
2008; 22(10):1189-1192. 

 (600)  Novotny M, Vasilenko T, Varinska L, Smetana K, Jr., Szabo P, Sarissky M, Dvorankova 
B, Mojzis J, Bobrov N, Toporcerova S, Sabol F, Matthews BJ, Gal P. ER-alpha agonist 
induces conversion of fibroblasts into myofibroblasts, while ER-beta agonist 
increases ECM production and wound tensile strength of healing skin wounds in 
ovariectomised rats. Exp Dermatol 2011; %20. doi:10-0625. 

 (601)  Canton I, Mckean R, Charnley M, Blackwood KA, Fiorica C, Ryan AJ, MacNeil S. 
Development of an Ibuprofen-releasing biodegradable PLA/PGA electrospun scaffold 
for tissue regeneration. Biotechnol Bioeng 2010; 105(2):396-408. 

 
  

 

 



239 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices 

1 Data collection tables of the biomechanical testing of pelvic organ prostheses 

2 Patient information leaflet for buccal mucosa samples 
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Author Method of testing Sample Ultimate 
tensile 
strength 
(MPa) 

Ultimate 
strain 

Young’s 
modulus 
(MPa) 

Notes 

Hilger et al.  Uniaxial, servohydraulic  Autologous fascia (Rabbit) 1.57 - 4.67   
2006 [296] testing machine Porcine dermis 5.14 - 26.72   
 Clamp grip Porcine collagen-coated polypropylene mesh 4.74 - 4.53   
 Baseline values Human cadaveric dermal graft 10.68 - 30.59   
  

 
     

 Post 12 weeks in rabbit Autologous fascia 1.12  - 3.3   
 abdomen/vagina Porcine dermis  0.82  - 4.78   
  Porcine collagen-coated polypropylene mesh 3.52  - 3.17   
  Human cadaveric dermal graft 1.43  - 8.26  
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Author Method of testing Sample Ultimate 
tensile 
strength 
(MPa) 

% relative 
elongation 
at failure 

Young’s 
modulus 
(MPa) 

Notes 

Pierce et 
al. 

Uniaxial testing, 5mm/min  Porcine dermis (baseline) 2.31 54.75% 9.18  

2009 [297] Rate, clamp grip, wrapped in 
sterile moist gauze, 
refrigerated and tested  

Polypropylene (baseline) 2.59 40.97% 9.04 Macroporous 
monofilament 
(Gynecare) 

 within 24 hours Porcine dermis post 9 months in rabbit 
vagina/abdomen 

1.84 35.11% 7.27  

  Polypropylene post 9 months in rabbit 
vagina/abdomen 

1.6 3.76 87.48  

 

 

Author Method of testing Sample Ultimate 
tensile 
strength 
(MPa) 

% relative 
elongation at 
failure 

Notes 

Rudob et 
al. 
2007 [298] 

Uniaxial, 2mm/sec rate All 
samples underwent freeze 
thaw, kept in sat solution 

Non prolapsed cadaveric tissue 0.82-2.62 20-46% Data described as 
non- linear 
therefore 
Young’s 

 whilst thawing, clamp grip 
(PROTOCOL as per Ref 1) 

Prolapsed tissue from patient 2.12-6.06 19-41% Modulus not 
available 
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Author Method of testing Sample Baseline 
(Kg) 

6 weeks 
implantation 
in rat 
abdomen 
(kg) 

12 weeks 
implantation 
in rat 
abdomen 
(Kg) 

Notes 

Speiss et al. 
2004 [299] 

Uniaxial,  kept in N saline 
clamp grip, force required to 
rupture 

TVT (polypropylene)   0.74 0.58 0.27 No account of 
tissue size 

  Cadaveric fascia lata 0.39 0.17 0.19 No account of 
tissue size 
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Author Method of testing Sample Maximum 
load (N) 

Displacement 
(mm) 

Notes 

Choe et al.  Uniaxial, testing machine Human fascia lata 217 1.36 No account of  
2001 [300] Clamp grip  

Full length graft 
Cadaveric freeze dried human fascia lata 
(Alloderm) 

144 3.12 tissue size,  

   Polytetra fluoroethylene (Gore-Tex) 136 57.0  
  Prolene 134 28.3  
  Human dermis 122 8.83  
  Rectus fascia 42 5.87  
  Vaginal wall  42 6.25  
   

 
    

  Human Fascia lata 58 31.5  
 Graft attached to 0/1 

prolene suture 
Cadaveric freeze dried human fascia lata 
(Alloderm 

68 27.8  

   Polytetra fluoroethylene (Gore-Tex) 76 51.8  
  Prolene 63 67.8  
  Human dermis 75 48.9  
  Rectus fascia 38 30.7  
  Vaginal wall 21 15.5  
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Author Method of 
testing 

Sample Low stiffness 
Load/elongation 
(N/mm) 

High stiffness 
Load/elongation 
(N/mm) 

Load at 
failure 
(N) 

Relative 
elongation 
at failure (%) 

Cyclical testing 
%permanent 
elongation 

Notes 

Jones et 
al.  

Uniaxial, 
testing 
machine 

Gynecare 0.27 1.25  68.34 71.5 20.3 No account of  tissue 
size 

2009 
[301] 

Clamp grip  Popmesh N/A 0.36 21.4 60.95 32.1  

 Tested in N 
saline 

Polyform 0.05 0.69 51.67 92.25 29.6  

 50mm/min Pelvitex 0.07 0.87 55.35 100 39.5  
  Timesh 0.02 0.17 9.62 61.66 N/A  

 

 

Author Method of 
testing 

Sample Low stiffness 
Load/elongation 
(N/mm) 

High stiffness 
Load/elongation 
(N/mm) 

Load at 
failure 
(N) 

Relative 
elongation 
at failure (%) 

Cyclical 
testing 
%permanent 
elongation 

Notes 

Moalli et 
al.  

Uniaxial, testing 
machine 

Gynecare 0.09 2.0 73.5 108 17.5% No account of  tissue size 

2008 
[302] 

Clamp grip  Boston 
Scientific 

0.05 1.9 69.6 107 11.9%  

 Tested in N 
saline 

AMS 0.09 1.7 79.2 115.2 11.6%  

 50mm/min Bard 0.16 1.2 59.8 92.3 7.7%  
  Caldera 1.2 N/A 82.0 105.9 2.5%  
  Aris 1.5 N/A 56.3 42.7 0.3%  
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Author Method of testing Sample Maximum 
load (N) 

Maximum % 
strain  

Notes 

Krause  et 
al.  

Uniaxial, servohydraulic 
testing machine 

Gynemesh (Monofilament polypropylene) 37.5 63.4 No account of 
tissue size 

2008 [303] Clamp grip  TVT (Monofilament polypropylene) 77 113.4  
 Rate- 2mm/s Prolene (Monofilament polypropylene) 122 66.6  
  SPARC (Monofilament polypropylene) 66.8 135.3  
  Vypro (combined monofilament 

polypropylene & multifilament polyglactin) 
100 57.2  

  Dexon ( Multifilament polyglactin) 105 110  
  Vypro II (combined monofilament 

polypropylene & multifilament polyglactin) 
24.5 81  

  Atrium (Monofilament polypropylene) 95.4 80  
  IVS (Multifilament polypropylene) 50.8 47.8  

 

 

Author Method of testing Sample Maximum 
load/graft width 
(n/mm) 

Ultimate 
strain 

Stiffness 
(n/mm) 

Notes 

Lemer et al. Uniaxial, tissue kept in  Autologous rectus fascia 33.2 - 113 No account of 
1999 [304] N.Saline Solvent dehydrated fascia lata 31.9 - 114.5 tissue thickness 
 Clamp grip Freeze dried Fascia lata 25.0 - 89.2  
  Dermal graft 31.9 - 118.3  
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Author Method of testing Sample Maximum 
load (N) 

Stiffness(Tangent of load/ 
displacement) N/mm 

Notes 

Dietz  et al.  Uniaxial, tested in air TVT (Monofilament polypropylene) 68.1 0.23 No account of  
2003 [305] Roller  grip  SPARC (Monofilament polypropylene) 52.1 0.53 tissue size 
 Rate- 1200mm/min Prolene (Monofilament polypropylene) 56.4 0.53  
  Mersilene (polyester) 50.3 1.17  
  IVS (Multifilament polypropylene) 46.2 1.58  
  Gore-Tex Mycro mesh (Expanded PTFE) 71.3 2.61  
  Gore-Tex Soft tissue patch (Expanded 

PTFE) 
84.1 2.68  

  Nylon 422 6.83  

 

 

Author Method of 
testing 

Sample Low stiffness 
Load/elongation 
(N/m)X1000 

High stiffness 
Load/elongation 
(N/m)X1000 

Notes 

Afonso et 
al.  

Uniaxial, testing 
machine 

Aris 2.39 5.37 No account of  tissue size 

2007 
[306] 

5mm/sec TVTO 0.95 1.31  

  Uretex 1.14 3.22  
  Avaultra 1.79 3.78  
  Autosuture 1.05 2.26  

 

 

 



248 
 

Author Method of testing Sample Ultimate tensile 
strength (MPa) 

Ultimate 
strain 

Young’s 
modulus 
(MPa) 

Notes 

Walter  et 
al. 

Uniaxial, wrapped in gauze 
& refrigerated until testing 

Human cadaveric fascia 29.6 - 178.8  

2003 [307]    -   
  Human cadaveric fascia Post 

explantation at 12weeks from 
rabbit vagina 

2.0 - 8.1  

 

 

Author Method of testing Sample Breaking point in rigid 
orientation (N) 

Breaking point in soft 
orientation (N) 

Notes 

Boukerrou 
et al.  

Uniaxial, testing machine 
Tested until failure 

Prolene 85 54 No account of 
tissue size 

2006 [308] Velcro grip  
 

Prolene soft 33 31  

 Samples kept in 
physiological  

Mersuture 42 21  

 Serum for a few Vicryl 26 55  
 Hours Vypro 42 20  
      
      
 10 weeks implantation in 

pig abdomen 
Prolene 74 70  

  Prolene soft 41 35  
  Mersuture 39 37  
  Vicryl 21 15  
  Vypro 40 21  
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Author Method of testing Sample Ultimate tensile 
strength Baseline 
(MPa) 

Ultimate tensile 
strength 2 weeks 
explantation 
(MPa) 

Ultimate tensile 
strength 4 weeks 
explantation 
(MPa) 

Ultimate tensile 
strength 8 weeks 
explantation (MPa) 

Notes 

Atmaca et 
al. 

Uniaxial, 1kN load cell 
Rabbit abdomen 

Prolene 25.2 15.9 12.6 14.0  

2008 
[309] 

 Mersilene 9.2 10.2 11.4 8.5  

  Ultrapro 2.2 14.5 8.9 12.5  
  Vypro 8.1 14.4 9.5 7.0  

 

 

Author Method of testing Sample Ultimate strain 
Baseline 

Ultimate strain  
2 weeks 
explantation 

Ultimate strain 
 4 weeks 
explantation 

Ultimate strain  
8 weeks  
explantation 

Notes 

Atmaca et 
al. 

Uniaxial, 1kN load cell 
Rabbit abdomen 

Prolene 1.81 0.87 1.01 0.79  

2008 
[309] 

 Mersilene 1.31 1.0 0.97 1.1  

  Ultrapro 0.91 1.08 0.91 0.90  
  Vypro 0.84 0.82 0.85 0.55  
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Author Method of 
testing 

Sample Max load 
(Kg) 
Baseline 

Max load (Kg) 
6 weeks 
explantation 

Max load (Kg) 
3 months 
explantation 

Max load (Kg) 
6 months 
explantation 

Max load (Kg) 
9 months 
explantation 

Max load (Kg) 
12 months 
explantation 

Notes 

Zorn et al. Instron 
tensiometer 
Clamp grip 

TVT 0.779 0.525 0.685 0.697 0.569 0.523  

2007 
[310] 

Tested <3hours 
of harvest 

SPARC 0.453 0.517 0.597 0.450 0.515 0.497  

 Implantation in 
rat abdomen 

STRATASIS 
 

0.402 0.390 0.229 0.214 0.168 0.174  

 

 

 

 


