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Abstract
Background/Aims: The ewe is increasingly being used as an 
animal model for pelvic floor disorders. The aim was to fur-
ther characterize changes in the vaginal properties during its 
entire lifespan. Methods: Vaginal tissues were collected at 
different stages of reproductive life (neonatal, prepubes-
cence, nulliparous, primiparous, multiparous, and meno-
pausal; ≥6 ewes/group). Vaginal size, as well as active and 
passive biomechanics, was measured. Microscopy included 
thickness of glycogen, epithelium, lamina propria and mus-
cularis thickness, densities of collagen, elastin, smooth mus-
cle, and nerves. Results: Vaginal dimensions increase during 
adolescence, peak at reproductive levels, and decrease 
sharply after ovariectomy. One year after first delivery, the 
distal vagina gets more compliant, yet this is reversed later 
in life. The thickness of glycogen staining epithelial layers 
changed with puberty and menopause. The epithelium was 
markedly thicker after multiple deliveries. The thickness of 

lamina propria and muscularis increased in puberty and in 
nulliparous. Semi-quantitative collagen assessment demon-
strated a lower collagen and higher elastin content after first 
and multiple deliveries. Conclusion: The changes in the 
ovine vaginal wall during representative moments of her 
lifespan parallel those observed in women. 

© 2019 S. Karger AG, Basel

Introduction

Pelvic floor disorders (PFD) are caused by a combina-
tion of anatomical, physiological, genetic, reproductive, 
and lifestyle factors which interact throughout life. 
DeLancey et al. [1] proposed a lifespan model describing 
how these factors may compromise pelvic floor function 
and lead to symptoms. Roughly spoken, the pelvic floor 
reaches maximal functionality in the late teens. Rarely, 
genetically predisposed women have early onset PFD. 
During reproductive life, pregnancy and vaginal delivery 
are the first major inciting factor, yet most women recov-
er from their symptoms. The second major inciting factor 
is age, which induces a continuous decline in pelvic floor 
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function. Menopause may add to this. Additional inter-
fering factors may boost the development of PFD, 
amongst which obesity is probably the most relevant one. 

Researchers use, amongst other tools, animal models 
to study pelvic floor function in physiological as well as 
pathophysiologic conditions. These models are also use-
ful for preclinical testing of interventions meant to re-
verse the natural course of PFD [2–4]. Animal models 
have the advantage that one can characterize features 
which are difficult to obtain clinically as well as one can 
do longitudinal studies. Rodents have a relatively small 
pelvic floor limiting their use, as there might not be suf-
ficient tissue for comprehensive testing, neither are some 
measurements possible given the small specimen size. 
Rabbits have also been used, and though their vagina is 
larger, the histologic structure is not well comparable to 
that of humans [5]. Also the dimensions are relatively 
small [6]. Non-human primates are closest to humans [7–
9], however, their use in research has been nearly com-
pletely banned in Europe [10]. Sheep may be alternatives 
as their pelvic floor anatomy and dimensions as well as 
the microscopic architecture have many similarities to 
that of humans [11, 12]. We and others have recently be-
come interested in sheep for pelvic floor research and ex-
perimental surgery [13–15]. For that purpose, we previ-
ously compared the pelvic floor anatomy and tissue com-
position of reproductive, pregnant, and postpartum ewes 
to that of women [11, 12, 16–18]. Herein, we further ex-
plore the impact of key moments in the lifespan of wom-
en on the ovine pelvic floor, using gross anatomical and 
biomechanical readouts. 

Materials and Methods

Animals
Thirty-eight swifter ewes were included in this study: (1) neo-

natal (day 1 of life, n = 6/group), (2) prepubescent (age: 0.3 years, 
n = 6/group), (3) early reproductive yet nulliparous (age: 1 year, 
n = 6/group), (4) 1 year after first vaginal delivery (age: 2 years, n 
= 6/group), (5) multiparous (age: 7 years, n = 6/group), (6) meno-
pausal (age: 7 years, exceptionally n = 8/group). The cycle of repro-
ductive sheep was synchronized by insertion of a medroxy-proges-
terone acetate sponge (Veramix, Pfizer, IJsel, The Netherlands) for 
14 days and were euthanized 5 days after its removal [17]. Not 
many species have a spontaneous and lasting menopause. Most 
other mammalians, including sheep, have lifelong estrous cycles 
and typically are removed from the life stock when not reproduc-
ing anymore [19]. We surgically induced menopause by ovariec-
tomy [20]. In that group, we recruited a higher number of animals 
(n = 8), to compensate for potential loss of animals. All survived 
and were euthanized 160 days later. The age and weight of animals 
are displayed in Figure 1.

All animals were treated in accordance with current national 
guidelines on animal welfare. The experiment was approved by the 
Ethics Committee for Animal Experimentation of the Faculty of 
Medicine of the K.U. Leuven. Some animals were redundant from 
another experiment. Neonatal lambs were fraternal twins from an 
experiment on the co-twin. 

Explantation and Macroscopy
Following euthanasia, the vagina with surrounding tissue and 

organs were first harvested en bloc. The vagina was dissected and 
cut longitudinally along the line of urethral insertion. First, the 
length and width were measured [17] and the vagina was divided 
into a distal, middle, and proximal part. Active biomechanical 
properties were tested immediately after explantation on 4 × 8 mm 
specimens. Passive biomechanical testing by ball-burst testing was 
done on 35 × 35 mm specimens. The proximal part includes the 
vaginal fornices and was not tested because of its inappropriate 
shape and size. In neonatal lambs, the specimen was too small for 
passive biomechanical testing. In all groups, 1 × 1 cm specimens 
of the distal and middle vagina were fixed in paraformaldehyde for 
histology. 

Biomechanical Testing
Active biomechanical testing was done on freshly harvested ex-

plants. The weight of the distal resp. middle vaginal sample was 
measured using a FZ–300i balance (A&D, Tokyo, Japan; measure-
ment accuracy: 0.001 g). Both strips were oriented along the cir-
cumferential axis of the vagina and placed into warmed (37  ° C) 
physiological Krebs solution with CO2/O2. Samples were twice 
subjected to a 0.5 mN preload and allowed to equilibrate for 1 h. 
After 1 h, each sample was subjected to stepwise increasing doses 
of potassium (15–120 mM KCl). The contractile force was normal-
ized to the tissue weight (mN/g). 

Specimens for passive biomechanics were frozen (–20  ° C) in a 
saline soaked gauze. When collection of specimens was complete, 
they were thawed 6 h prior testing. Thickness was measured prior 
to clamping using a micrometer (Mitutoyo, Kawasaki, Japan, ac-
curacy 0.01 mm). A Zwick tensiometer (Zwick GmbH & Co. KG, 
Ulm, Germany) with a 200-N load cell was used with an 11.5 mm 
plunger, and Ø30 mm compression ring with an aperture of Ø20 
mm. Specimens were preloaded (0.1N) and loaded under 10 mm/
min speed till disruption. TestXpert II software (Zwick GmbH & 
Co) was used to record measurements. The stiffness (N/mm) in 
the comfort (lower forces) and stress (higher forces) zone were 
calculated [21].

Histology and Immunohistochemistry
Five µm tissue sections were stained by Hematoxylin and Eosin, 

periodic acid-Schiff for presence of glycogen Masson’s trichrome 
for connective tissue with predominance of collagen, Miller’s pen-
tachrome for elastin, alpha smooth muscle antibodies (clone 1A4, 
1: 200 dilution DAKO) for smooth muscle, and PGP9.5 (Abcam, 
Cambridge, UK) for neurons. The exact protocols we used were 
earlier reported in detail elsewhere [22]. Thickness of the epitheli-
um, lamina propria, and muscularis were measured with ZEN2 lite 
software (Carl Zeiss Microscopy, Oberkochen, Germany 2011) on 
an Axioplan 40 microscope (Zeiss). Full slide digitalized images 
were acquired with the fully automated digital microscopy system 
dotSlide (Olympus, BX51TF, Aartselaar, Belgium) coupled with a 
Peltier-cooled high-resolution digital color camera (1,376 × 1,032 
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Fig. 1. a Sheep characteristics. b Change of weight and (c, d) vaginal 
dimensions during different life periods of ewe. e and f Active con-
tractility and (g, h) stiffness at comfort zone of specimens at differ-

ent lifespan periods. Neonat – neonatal, Prepub – prepubescent, 
Nullip – nulliparous, Primip – 1 year after first vaginal delivery, 
Multip – multiple deliveries, Menop – 160 day after ovariectomy.
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pixels; XC10, Olympus) at high magnification (100×) resulting in 
virtual images in which the pixel size was 0.65 µm.

Image processing and measurements were performed using the 
image analysis toolbox of MATLAB R2016a (9.0.0.341360; Math-
works, Inc., Natick, MA, USA) according to a methodology de-
scribed previously [23]. On the binary images, we measured the 
collagen, elastin, and smooth muscle density (area occupied by 
stain of interest per unit surface). For evaluation of the lamina pro-
pria neuronal network, 10 sections stained for PGP9.5 were manu-
ally analyzed for the presence of nerves. 

Statistics
Normality testing was done by the Shapiro-Wilk test. Com-

parison of groups with normally distributed data was performed 
with t test and Mann-Whitney for non-normally distributed data. 
We compared groups chronologically before and after start of re-
productive life, before and after first delivery, the latter compared 
to findings after ≥4 deliveries, and those multiparous to meno-
pausal. Neonatal data are displayed for completeness. According 
to normality, data were reported as mean ± SD or median ± SEM. 
Significance level was defined as p < 0.05. 

Results

Demographics of the animals as well as biomechanical 
outcomes are displayed in Figure 1. All measured values 
(macroscopy, biomechanics, histology) including data 
from neonatal animals are displayed in Table 1. Graphs 
with glycogen stain and epithelial thickness, collagen and 
elastin density together with representative figures of his-
tology are in Figure 2. No differences in the latter were 
observed. We did not observe differences in smooth mus-
cle density. Below we describe the changes happening 
through different phases of the lifespan of ewes. 

Prepubescent versus Early Reproductive Age
While the animals were growing and their weight in-

creased, the vagina also became longer and wider. The 
contractile force of the reproductive vagina was higher, 
without measurable change in stiffness. Morphologically 

Table 1. Table summaries all values from quantitative analysis

Distal vagina Neonatal Prepubescent Nulliparous Primiparous Multiparous Menopausal

Stiffness, n/mm
Comfort zone – 0.35±0.09 0.25±0.12* 0.13±0.05*, # 0.37±0.10# 0.42±0.15
Stress zone – 9.33±2.44 9.36±4.62 7.14±3.40 9.30±1.63 7.45±2.64

Contractility 116.90±51.22 63.44±59.25* 222.30±136.60* 99.15±65.69 239.10±99.19 167.8±41.91†

Thickness, µm
Glycogen 10.96±6.80 5.12±2.97 29.55±8.89 29.07±8.21 27.24±10.91 2.76±1.21
Epithelium 47.79±10.35 48.31±27.70 44.52±8.12 40.03±12.07* 101.10±31.23*, # 37.2±10.08#

Lamina propria 190.30±63.11* 436.20±208.80* 468.80±162.40 512.30±104.80 503.40±94.14 564.60±183.70
Muscularis 770.10±265.00* 1,652.00±599.00*, # 3,682.00±1,384.00# 2,503.00±367.70 2,328.00±162.30 2,167.00±675.60

Densities
Collagen 0.38±0.03 0.48±0.08 0.54±0.03* 0.38±0.05*, # 0.45±0.05#, Δ 0.62±0.04Δ
Elastin 0.01±0.01 0.02±0.02 0.01±0.00* 0.05±0.03* 0.05±0.01# 0.02±0.01#

Smooth muscle 0.18±0.04 0.13±0.09 0.17±0.04 0.14±0.03 0.14±0.02 0.18±0.08 
Neuronal stain PGP 9.5 (% area) – 0.80±0.36 0.40±0.24 0.57±0.32 1.70±0.75 0.46±0.28

Middle vagina Neonatal Prepubescent Nulliparous Primiparous Multiparous Menopausal

Stiffness, n/mm
Comfort zone 0.39±0.23 0.32±0.15 0.23±0.19 0.24±0.07 0.35±0.11 0.30±0.12†

Stress zone 0.53±0.46 13.37±5.95 16.15±5.29 18.63±1.63* 10.53±4.31* 8.94±2.67†

Contractility 69.97±51.77* 173.70±73.35*, † 337.60±1,649 352.3±159.10 444.70±156.60# 119.40±48.52#

Thickness, µm
Glycogen 4.68±4.63 5.71±2.28 36.82±19.66 22.76±5.22 20.94±7.60 1.88±1.18
Epithelium 39.69±15.19 41.05±25.27 39.60±6.90 32.55±10.11* 72.83±29.34*, # 28.32±7.27#

Lamina propria 149.70±38.35* 400.40±80.46*,# 782.20±275.60#, Δ 509.70±139.40Δ 462.40±171.40 420.20±106.80
Muscularis 547.90±271.80* 1,734.00±533.70*, # 2,664.00±634.50# 1,970.00±519.50 2,212.00±396.00 2,044.00±478.50

Densities
Collagen 0.45±0.09* 0.56±0.05* 0.45±0.16 0.39±0.03 0.43±0.09# 0.62±0.07#

Elastin 0.01±0.01 0.01±0.01 0.01±0.01* 0.04±0.02*, # 0.07±0.02#, Δ 0.02±0.01Δ
Smooth muscle 0.18±0.06 0.16±0.04 0.15±0.07 0.12±0.01 0.14±0.04 0.20±0.70

Neuronal stain PGP 9.5 (% area) – 0.65±0.30 0.50±0.37 0.76±0.32 1.74±0.84 0.74±0.35
Vaginal length 40.7±7.2* 77.0±8.0*, # 95.0±12.0#, Δ 108.7±8.3Δ 100.2±15.9+ 79.0±10.2+

Vaginal width 9.8±1.6* 26.2±5.3*, # 43.2±4.8#, Δ 57.3±7.0Δ, + 44.8±7.5+, ɸ 34.9±2.9ɸ
Ewe weight 3.7±0.4* 24.1±2.7*, # 50.2±8.0# 57.0±14.0 67.5±4.1Δ 58.1±4.8Δ

Values followed by the same character (Δ, +, *, #, ϕ) are significantly different (p < 0.05). Not normally distributed data are marked by †.
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Fig. 2. a Representative figures of epithelial and glycogen (dark 
superficial purple layer marked by black line) thickness accompa-
nied by graphs with results. b Representative figures of connective 
tissue in lamina propria. Blue on Masson’s Trichrome stains main-
ly collagen. Black elastin fibers are visible on Miller stain, again 

accompanied with graphs. Neonat – neonatal, Prepub – prepubes-
cent, Nullip – nulliparous, Primip – 1 year after first vaginal deliv-
ery, Multip – multiple deliveries, Menop – 160 day after ovariec-
tomy. PAS, periodic acid-shiff.
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the superficially located glycogen containing layer of epi-
thelial cells was thicker, yet the total thickness of the epi-
thelial layer was similar. The lamina propria and muscu-
laris were thicker, though the collagen and elastin density 
was comparable. 

Nulliparous versus Primiparous Ewes
In primiparous ewes, the vagina was longer and wider. 

There was no measurable impact on vaginal contractility, 
yet the stiffness of the distal vagina was lower. In that area, 
the collagen density was lower and the elastin density 
higher. The thickness of the glycogen rich layer of the 
epithelium, of the epithelium, the lamina propria, and the 
muscularis was not different in nulliparous and primipa-
rous ewes. 

Primiparous versus Multiparous Ewes
In multiparous animals, the vagina became narrower. 

There was a discrepancy in findings in the distal and mid-
dle vagina. The distal vagina became stiffer. This coin-
cided with an increased collagen density, yet no changes 
in elastin were observed. Its epithelium was also thicker; 
the glycogen rich layer was of equal thickness. There were 
no differences in the thickness of the lamina propria and 
muscularis. Vaginal contractility was neither different.

The middle vagina displayed similar collagen and an 
increased elastin content, no difference in stiffness and 
nor in contractility. 

Status after Ovariectomy in Multiparous Ewes
Following ovariectomy the ewes weighed less and their 

vagina was shorter and narrower. The epithelial layer was 
thinner and there was less glycogen content. There was 
no change in vaginal laxity. However, the vaginal contrac-
tility in the middle vagina was lower. This coincided with 
a higher collagen and lower elastin density, yet similar 
thickness of the lamina propria or muscularis. 

Discussion

In this study, we documented the changes of ovine 
vaginal properties at different scales throughout the lifes-
pan of a ewe. The purpose was to make a parallel to what 
is known on the human vagina. In girls, the vagina is pro-
portionally small, reaching 6 cm in length prior to pu-
berty [24]. This dramatically changes when growing up, 
as it does in our sheep. In a large demographic study us-
ing clinical assessment with the pelvic organ prolapse 
(POP)-Q score, the vaginal length was correlated with 

biometry and age, and reached around 9.4 cm by adult-
hood. The vaginal size is apparently very comparable to 
what we measured in our ewes at reproductive age from 
this study, hence making the model representative from 
a surgical perspective. Exact dimensions reported in 
studies change according to the method used. Using vag-
inal casts, the vagina at reproductive age is 11.5 cm (mea-
sured to the end of fornix) and 4.7 cm wide [25]. When 
using MRI [26] the distance from the cervix to the introi-
tus, excluding the fornix, is 6.3 cm and the width of the 
lumen in the proximal part is 3.3 cm. In sheep, we mea-
sured an increase in vaginal dimensions with first deliv-
ery, both in length and width. The vaginal length was also 
increased in the above mentioned study using MRI [26], 
yet this was mainly because the fornices enlarged. We 
unfortunately did not measure that specifically in sheep; 
moreover, the transition from cervix to vagina is differ-
ent in sheep [27]. Thereafter, in multiparous sheep, vag-
inal dimensions were smaller again, in particular the va-
gina became narrower. Also in women who get older, 
vaginal dimensions diminish (–0.08 cm for every 10 years 
[age: 58.9 ± 13.6 year]). Clinically there is also an addi-
tional reduction by 0.17 cm around the menopause [28]. 
Shortening and narrowing of the vagina is clinically one 
of the typical clinical signs of vulvovaginal atrophy, yet 
most studies do not really provide values or measure-
ments [29]. In sheep, the vaginal dimensions became 
smaller in artificially menopaused sheep. Our experi-
ment however does not identify what changes would oc-
cur at elder age as our sheep were around 9 years maxi-
mum. Whereas these animals easily can become older, it 
is difficult to get hold of such ewes as they are usually 
removed from the stock. 

Our knowledge about vaginal biomechanical proper-
ties in women is very limited, given that large specimens 
are not easily available. Recently, Eberhart et al. [30] re-
viewed the current knowledge on changes in selected pa-
tient groups and in animals. The clinical literature does 
not report much on the biomechanical properties of the 
vagina of asymptomatic women over the course of their 
life. The available data demonstrate that women with a 
high BMI or who are menopausal have a stiffer vaginal 
wall [31, 32]. In our menopausal sheep, we also observed 
an increase in stiffness. Much more is known about the 
biomechanical characteristics of POP patients as com-
pared to those without [30]. These are however inconsis-
tent and we neither have really parallel data. Though the 
ewe has been suggested as a model mimicking spontane-
ous POP [33], it remains uncertain from what point one 
should consider the ovine vagina to be prolapsed. 
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We also documented biomechanical changes follow-
ing delivery. The laxity of the distal vagina increased after 
first vaginal delivery, which is in line with our previous 
study and with the study performed by Emmerson et al. 
[17, 34]. In the sheep of this study, the distal vagina be-
came stiffer after multiple deliveries. This finding is not 
in concordance with that of Emmerson et al. [34] yet in 
that study the animals were half the age (3–4 years) of that 
of our (4.5–9.5 years) sheep. To our knowledge, no robust 
clinical data on this matter are available. 

We also documented the collagen content. There are 
clinical data on collagen content in the vaginal wall of 
women that is from patients who are symptomatic and 
have anatomical abnormalities. Again, the findings are 
very discordant between studies investigating POP [35, 
36]. Other studies focus on the vagina of women with 
stress urinary incontinence [37] and on the impact of 
estrogen therapy on incontinence in postmenopausal 
women [38]. However, we did not find studies describ-
ing physiological changes during the lifespan of asymp-
tomatic women. We came across one study comparing 
the collagen ratio and total collagen content in the vag-
inal wall of castrated sheep being compared to that of 
menopausal women – yet without comparable measure-
ments in premenopausal subjects [12]. This is a com-
parison we cannot make. In our ewes, following a single 
vaginal delivery, the distal vaginal wall contained less 
collagen, as previously measured by hydroxyproline as-
say and reported by Emmerson et al. [34]. Thereafter, in 
multiparous and even more so after castration, the col-
lagen density increased, the first already described in 
literature [34]. Our semi-quantitative findings in colla-
gen parallel the changes in stiffness. Under the assump-
tion that collagen I is the major constituent, and respon-
sible for connective tissue stiffness, this makes sense 
[39]. One must however be cautious because the method 
we use for measuring collagen is semi-quantitative. Also 
the findings on elastin content parallel what was earlier 
described in ewes. Our primiparous ewes displayed an 
increased elastin density which is in agreement with ob-
servations of Emmerson et al. [34]. In multiparous ewes, 
the density increased in the middle vagina, a trend also 
observed in 2 other studies [34, 40]. Clinical observa-
tions we cannot really give, as the few studies on elastin 
in clinical vaginal specimens we are aware of, are in 
women with POP and urinary incontinence [35]. We 
have no explanation why the neuronal stain was compa-
rable between groups. This may be due to the fact that 
in this species there is no difference, or that the mea-
surement is not sensitive to detect it. PGP 9.5 stain was 

used to stain neuronal network in cadaveric human 
specimen observations [41] as well as in rhesus ma-
caques [22].

Smooth muscle contractility is considered as a proxy 
for vaginal function [42]. Contractility of female vaginal 
tissue has been reported in few studies using various 
agents that can make smooth muscles contract (i.e., KCl, 
carbachol, phenylephrine, others) [43–45]. However, all 
specimens have been obtained from elder gynecological 
patients (hysterectomy for benign lesions or malignancy, 
POP) and no comparison between comparable time 
points during life has been performed so far. In sheep 
vaginal contractility testing as we did, was used only in 2 
studies investigating impact of delivery on vaginal con-
tractility. These studies reported discordant results [17, 
46]. Another study in which contractility was tested, did 
so for the purpose of documenting the impact of foreign-
material implantation in pelvic floor reconstruction [47]. 
In our sheep, we saw an increase in contractility when the 
ewes became reproductive and a drop at menopause. We 
are not aware of studies by others in sheep, neither about 
parallel measurements in women without PFDs, yet dur-
ing different stages of reproduction. The only data we 
know of are from women with POP and further from rats, 
in which contractility recovers 4 weeks after delivery [48]. 
Studies investigating the density of smooth muscle and 
the thickness of the lamina muscularis focus again main-
ly on women with POP. Those studies show concordant 
results, that is, a decrease in smooth musculature in POP 
patients [49]. We have not found studies describing 
changes over the course of life in women, few studies de-
scribed the impact of deliveries on smooth muscle in 
ewes, however with discordant results [34, 40]. 

This study has several limitations. First the number of 
animals at each time point is limited. Second, it is not a 
longitudinal study, that is, in the same animals biopsied 
at different time points. Third, we did not have a stan-
dardized read out set for reporting. We could certainly 
have expanded the outcome measures such as clinical 
POP-Q score adapted to sheep, plasma estrogen levels, 
biochemical analysis of ECM components, or more ad-
vanced molecular analysis. We could also have done pas-
sive biomechanical testing with cyclic preconditioning. 
We did choose however not to do so because we wanted 
compare the results with our previous studies [17]. We 
also could have expanded our observations to other inter-
esting phases during the lifespan of an ewe, such as preg-
nancy, different time points after vaginal delivery, follow-
ing delivery via cesarean section or after sustained meno-
pause (> 1 year). One could also focus on documenting 
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the impact of estrus, synchronization, season, food in-
take, and other environmental impacts which may have 
an effect on the ewe [50]. In our previous study, we chose 
shorter period (60 days) after ovariectomy [51], which in 
that study yielded a measurable effect on the vaginal epi-
thelium [17]. This time we wanted to determine whether 
the effects persist or even are more exacerbated by a lon-
ger menopausal period. One hundred and sixty days is 
what is found in the literature on research into osteopo-
rosis [52–55], yet the observation period could be even 
longer. These shortcomings add to the limitation that 
there is at present, to our knowledge, no good reference 
literature on findings in humans at the time points in life 
as used in this study, making the full translation difficult. 
Indeed, our study provides insight on what changes dif-
ferent lifespan events induce in the sheep vagina. This is 
relevant data, now that sheep are increasingly being pro-
posed as a large animal model of POP, usable for testing 
surgical procedures. Sheep have been frequently used in 
vaginal surgery training that is, vaginal hysterectomy or 
transvaginal meshes insertion [56, 57]. The second ap-
proach was used also in reproductive medicine research 
to test novel implant materials that is, collagen coated or 
electrospun meshes [13, 15, 58, 59]. Other methodologic 
strengths are that we used ball-burst testing which more 

closely represents the in vivo-biomechanical situation as 
compared to uniaxial testing, often used in the literature. 
The ECM histologic quantification was performed on the 
entire specimen, rather than selected regions, which is 
more often used [22, 34].

Vaginal wall properties are influenced by different 
events occurring throughout life. Vaginal size and stiff-
ness described in women were in parallel to our observa-
tions in sheep. Notably the vagina was stiffer in meno-
pausal women as in our castrated animals. Other find-
ings, not yet described in women, that is, collagen and 
elastin changes, were in agreement with earlier published 
data on sheep. Additionally in this study, in multiparous 
ewe, castration adversely affect vaginal contractility.
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