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Abstract

Introduction and hypothesis Polypropylene (PP) mesh for the treatment of pelvic organ prolapse (POP) has raised substantial
concerns over long-term complications, leading to its ban in multiple countries. In response, emerging materials are being
explored as alternatives for prolapse surgery. Preclinical animal models have historically played a pivotal role in validating
medical devices, prior to clinical trials. Successful translation of these materials necessitates the identification of suitable
animal models that replicate the female human pelvis and its biomechanical properties. Preclinical in vivo testing assesses
the safety of surgical mesh and treatment efficacy in preventing POP recurrence.

Methods The research critically reviews animal models used for preclinical pelvic mesh testing over the last decade and
proposes a promising model for future preclinical studies.

Results Rats were the most common mammal used for toxicity and biocompatibility investigations through abdominal
implantation. Although non-human primates serve as a gold standard for efficacy testing, ethical considerations limit their
use owing to their close biological and cognitive resemblance to humans. Consequently, sheep were the most preferred large
animal model owing to their reproductive system similarities and propensity for spontaneous POP following parity.
Conclusion The study contributes valuable insights into the selection of appropriate animal models for preclinical pelvic
mesh testing, offering guidance that is crucial for enhancing the safety and efficacy of novel surgical interventions in the
treatment of POP.

Keywords Pelvic mesh - Polypropylene - Animal model - Graphene - Preclinical trials - Biomaterials

Introduction mammalian anatomy, animal models have played a pivotal

role in the evolution of scientific research. Over the centu-

The use of animal models in clinical research traces back
to ancient Greece and dates back to the sixth century BCE.
Initially employed to enhance our understanding of clini-
cal anatomy and serve as comparative models for studying
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ries, the role of animal models has extended beyond ana-
tomical studies to encompass a wide range of applications,
including preclinical trials for testing medical drugs, surgical
devices and even products in industries such as cosmetics.
This has led to the animal studies industry becoming a bil-
lion-dollar market, with health care companies now relying
on animal models to evaluate product safety, toxicity and
efficacy prior to human translation.

The polypropylene (PP) mesh (Fig. 1) is a surgical
adjunct used to treat pelvic organ prolapse (POP). The
transvaginal PP mesh was initially approved in 1996,
having been modelled from the mesh previously used
in hernia surgery. However, concerns surrounding long-
term complications, such as chronic pain and mesh expo-
sure, have prompted the ban of transvaginal PP meshes
in several countries, including the UK, USA and Canada.
To introduce a novel surgical implant onto the market,
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extensive testing is imperative to ensure product safety
prior to human use, involving meticulously designed pre-
clinical trials. In this context, it becomes paramount to
design appropriate animal trials and select the most suit-
able animal model that closely mimics the biomechanical
properties and histology of the female human pelvis.

The primary objective of this research was to critically
review the animal models used in preclinical pelvic mesh
testing to date, aiming to propose the most suitable animal
model for the design of future preclinical trials investigating
novel surgical implants for prolapse surgery. Our review will
highlight preclinical animal trials investigating the applica-
tion of PP mesh in POP treatment over the last decade and
assess the suitability of each animal model. In these in vivo
trials, we aim to assess not only the safety of the mesh surgi-
cal adjunct in avoiding long-term complications but also its
efficacy in preventing recurrence of POP.

Materials and Methods

For this comprehensive review, we conducted a systematic
search of three major databases: PubMed/Medline, Embase
and Cochrane Library (Wiley). Our search was aimed
at identifying relevant studies on animal models in POP
research and the use of synthetic mesh. We employed the
following key words: animal model; pelvic organ prolapse;
pelvic mesh; synthetic mesh; and a range of animal species
often used in preclinical trials. We restricted the search to
publication over the last 10 years.

Results

A summary of all preclinical trials utilising animal mod-
els to investigate the safety and efficacy of synthetic pel-
vic mesh has been highlighted in Table 1. Overall, we

Fig. 1 Polypropylene mesh used in pelvic organ prolapse surgery

@ Springer

identified 36 animal trials dedicated to investigating syn-
thetic mesh for POP in the past decade. In subsequent sec-
tions, we comprehensively assess the suitability of each
animal model used.

Mouse

Mice are small, readily available and cheap, and are hence
commonly used in preclinical trials. However, their suit-
ability depends on the purpose of the trial. Owing to their
small size, housing is easy. Mice may be used initially to
investigate the toxicity of the implant material prior to test-
ing efficacy in larger animal models.

The mouse reproductive tract differs from the human
reproductive tract in a number of ways. A significant struc-
tural difference is that midline fusion of Miillerian ducts
leads to a unicornuate uterus in humans and a bicornuate
uterus in mice [37]. Researchers must be mindful of these
anatomical differences when designing experiments or inter-
preting results, especially if the study involves aspects of the
reproductive tract that are influenced by uterine structure.
This structural difference makes mice unsuitable for the
mechanical investigation of a novel surgical adjunct for POP.

Of all 36 trials, only two of the trials of the last 10 years
used mice for preclinical tests. Both of the preclinical trials
that took place in mice investigated the use of endome-
trial stem cells to enhance tissue regeneration and recovery
[17, 21]. The findings of both concluded that endometrial
mesenchymal stem cells improved clinical outcomes and
that gelatin improved retention of these stem cells. Mice
were deemed most suitable for these studies as the breed
of mouse used (NOD SCID gamma mice) lacks an adap-
tive immune system and allows focus on the innate foreign
body response. In addition, this breed has a longer reten-
tion period of stem cells.

Non-Human Primate

Non-human primates (NHPs) are the gold standard animal
model for preclinical trials investigating a surgical adjunct
for POP repair surgery. NHPs, especially rhesus macaques,
share several anatomical and physiological similarities with
humans, making them an appropriate model for studying
pelvic anatomy. For example, their bipedal walking, squat-
ting behaviour on defecation and vaginal delivery of live
infants are characteristics that closely resemble those of
human activities. Thus, the NHP is an appropriate model
for investigating the efficacy of a pelvic implant.

The rhesus macaque is an NHP species considered most
similar to the female human with regard to pelvic anatomy
and mechanical properties. Rhesus macaques experience
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pelvic remodelling during pregnancy, primarily because of
the larger head size of their infants—similar to humans [38].
This remodelling process, particularly in multiparous indi-
viduals, increases their susceptibility to spontaneous POP.
This characteristic makes them even more relevant for POP
research.

Two animal studies of the last 10 years used NHPs,
experimenting with commercial PP mesh (Gynemesh™)
and MatriStem as treatments for POP [18, 30]. Both the
aforementioned studies used the rhesus macaque species for
their investigations. Both these studies were carried out by
the same research team and the research has not yet been
brought forward into clinical trials. No results have yet been
found investigating the use of MatriStem to treat POP.

Despite their suitability as animal models for preclini-
cal trials, NHPs are less commonly used in research owing
to several challenges. These include high cost, difficulty in
obtaining and housing, and ethical concerns associated with
use in biomedical research. In summary, although NHPs pro-
vide a valuable and relevant model for investigating the effi-
cacy of pelvic implants for POP repair, their use is limited
by practical and ethical considerations. Nonetheless, their
anatomical and physiological similarities to humans make
them a valuable resource for understanding and developing
treatments for POP.

Ovine

Ovine, or sheep, are large animals abundant and readily
available from the farming industry, making them relatively
affordable as a model for large animal studies. Their avail-
ability and cost-effectiveness contribute to their frequent use
in research. Sheep are unique among quadrupedal mammals
in that they can develop spontaneous POP. This phenomenon
is believed to be related to their delivery of large live infants
[39, 40]. Understanding and investigating spontaneous POP
using sheep can be crucial to providing insights into treat-
ment and cure in humans.

Ovine pelvic anatomy is considered most similar to that
of humans compared with other quadrupedal mammals [22].
This similarity extends to histology, vaginal size and col-
lagen composition [41]. This makes sheep a valuable model
for studying POP in relation to human anatomy. Figure 2
depicts the sheep reproductive system, showing the uterine
horns and body, the cervix as pointed out by the instrument,
leading inferiorly to the vagina.

Sheep were the most popular large animal model, with
7 of the 36 animal trials noted in Table 1 being performed
in sheep. These trials likely chose sheep because of their
anatomical similarities to humans and their propensity to
develop POP. However, this does not mean that working
with sheep as an animal model does not carry its own down-
sides and challenges.

@ Springer

Fig.2 Reproductive system of a sheep obtained from an abattoir

One challenge associated with using sheep in preclinical
trials is the difficulty in anaesthesia and positioning. Sheep
have a non-straight back, which goes on to complicate surgi-
cal procedures when placing these animal models in a dorsal
position; to overcome this the procedure would have to be
performed as fast as possible whilst maintaining accuracy
[42]. In addition, continuous gastric secretions during the
procedure cause problems, with the possibility of post-oper-
ative complications. It is important to consult a veterinary
specialist prior to performing any procedure.
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One particularly promising aspect of using sheep as a
model is that some research groups have successfully tran-
sitioned from preclinical trials in sheep to clinical trials in
humans. A research group in China carried out initial inves-
tigations in the ovine model and continued to human clinical
trials using their titanium-coated PP mesh, TiLOOP [43].
Note that this was the only animal study of a novel implant
for POP identified to have been carried on into human clini-
cal trials. This suggests that the sheep model has transla-
tional potential for preclinical studies.

In summary, ovine models offer anatomical and physi-
ological similarities to humans, making them valuable in
preclinical trials for POP treatments. Although there are
challenges related to anaesthesia and positioning, the trans-
lational potential demonstrated in some studies underscores
the significance of this animal model in advancing POP
research.

Porcine

Porcine or pig models have been among the least commonly
used animal models for preclinical trials investigating sur-
gical adjuncts for POP repair surgery. The porcine model
was used for only 2 of the 36 studies identified in Table 1,
which is the same frequency as the use of the mouse model
and NHPs [2, 7]. These studies were both carried out by
the same research group. One advantage highlighted by
the research group was the larger size of the pig vagina.
This larger size allowed them to utilise several implants per
animal for their studies. This can be advantageous for par-
ticular experimental set-ups, especially when the quantity
is significant.

A notable challenge associated with the use of pigs
is their growth pattern. Pigs continue to have growth
spurts until sexual maturity is reached, which can cre-
ate additional costs and logistical challenges related
to handling and housing. This continuous growth can
affect the stability of mechanical properties, potentially
impacting the reliability of the study results. Owing to
the challenges related to growth and associated costs,
pigs are generally considered less desirable for research
purposes. The abundance of pigs in the farming industry
does not make them the preferred choice for preclinical
studies.

In summary, although porcine models have been used in
a limited number of preclinical studies for investigating POP
treatments. Their growth pattern and associated challenges
make them less desirable for this purpose than other animal
models, such as sheep. Researchers need to consider the
potential impact of growth-related variability on study out-
comes when using porcine models in such surgical research.

Rabbit

The rabbit serves as a valuable animal model for conduct-
ing initial toxicology and biocompatibility studies related to
surgical implants for POP. However, its essential to note that
rabbits are not known to suffer from POP and therefore the
rabbit model is not an appropriate model for testing treat-
ment efficacy of a novel implant [44]. Despite this, rabbits
have some desirable qualities in that they are relatively larger
in size than other rodents, such as rats [5]. The larger over-
all size of rabbits provides researchers with a more feasible
platform for investigating POP grafts.

The rabbit has an internal abdominal vagina and an exter-
nal vagina. The external vagina is better accessible for surgi-
cal procedures requiring pelvic access. Rabbit was used in
only 8 of the studies outlined in Table 1. Because rabbits
are larger than rats, vaginal implantation was observed to
be the main benefit [5]. However, it is noted that of the 8
studies performed in rabbits, only 3 of these studies opted
to use the vaginal site to investigate the mesh graft [5, 6,
16]. Future research may explore methods of using rabbit
models in ways that benefit researchers and allow reliability
of results, by way of testing biocompatibility and toxicology
at the site of vaginal tissue.

Rats

Rats emerged as the most frequently used animal model,
featured in 17 out of the 36 trials. This is due to a number
of advantageous and desirable qualities of the rat model.
Rats are small and do not grow significantly, are thus cost-
effective and easy to feed, handle and house, and do not
require much space. Rats are also readily available, thus
overall providing a practical option.

The small size of the rat model does make it an economical
choice, as smaller sections of implant material can be investi-
gated per animal model. However, this prevents investigation
of efficacy. The small size of rats also imposes limitations on
the level of tension that can be applied when investigating pel-
vic mesh, thereby restricting the scope of investigations [10].
Although the rat model cannot be used to test treatment effi-
cacy, it is readily available for toxicology and biocompatibility.

Rat connective tissue composition is similar to that
of humans [44]. Other research has found the rat model
more suitable for pelvic floor studies than mouse or rabbit,
because there are more similarities to the human pelvis [45].
A common site on the rat model for device implantation is
in the subcutaneous tissue of the abdominal wall [46]. This
site provides an easier surgical procedure and a large surface
area for explant analysis.

@ Springer
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In conclusion, rats serve as valuable subjects in the early
stages of preclinical trials for the investigation of new mate-
rials. Desirable qualities include affordability, accessibility,
and tissue composition similarities to humans. Rats provide
a suitable benchmark for initial studies of material toxicity
and biocompatibility, prior to continuing preclinical tests of
treatment efficacy in larger animals.

Discussion

The human pelvis has unique features that support upright
bipedal transport, which thus has a significant impact on
pelvic environment. These features play a crucial role in
designing preclinical trials to assess the efficacy of surgical
implants for treating POP. Replicating the biomechanical
environment of the human pelvis closely in in vivo investi-
gations is essential for ensuring successful human transla-
tion. NHPs are considered the gold standard animal for these
preclinical trials, but their use is limited owing to high costs
and ethical concerns. Preclinical guidelines categorise NHPs
as “acutely scarce resources” [30]. Therefore, academic and
industry researchers must conduct investigations using alter-
native suitable models.

The “3Rs” principle, developed over 50 years ago, pro-
vides a framework for responsible animal research. The
principle advocates the reduction, replacement and refine-
ment of animals included in preclinical in vivo investiga-
tions. Reduction translates to using the minimum number of
animals for consistent results. Refinement means not caus-
ing the animals any unnecessary harm. Replacement is to
replace animals with other modes of investigation, such as
numerical and computer modelling [47]. This framework is
aimed at minimising animals used whilst ensuring consist-
ent and reliable results. An alternative, in order to reduce
and refine the use of animal models, would be to encourage
further use of ex vivo studies prior to in vivo investigations.

The choice of the animal model for preclinical investiga-
tions should align with whether the focus is on biocompat-
ibility/toxicity studies versus treatment efficacy. Rats are
a common animal model for biocompatibility and toxicity
studies, across all specialities. This is because they are small
and easy to house and maintain. Only the material is being
investigated; therefore, a small amount can be implanted
subcutaneously. Owing to the frequent usage of rats in bio-
compatibility studies, established protocols exist providing
consistency for biocompatibility and toxicity studies.

The anatomical structures and organ sizes are important
to prepare for when planning animal trials. The adult human
uterus measures approximately 8cm in height, S5cm in width
and 3cm in thickness, with variations amongst individu-
als, parity, and stage of the menstrual cycle. Smaller ani-
mals, such as mice, have much smaller pelvic dimensions,
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therefore limiting the amount of material available for use
in the model. Therefore, efficacy investigations require large
animal models.

With regard to efficacy, sheep models provide the most
suitable large animal model for efficacy investigations. A
degree of error needs to be considered owing to bipedal
versus quadrupedal locomotion. In addition, most animals,
including sheep, are structured to support tails and tail func-
tion with muscles pointed dorsally, converse to the human
pelvis [48]. The sheep have been recorded to suffer from
spontaneous POP, as mentioned above, and so provide a
useful, replicable environment for POP investigation.

Conclusions

In this paper, we performed a thorough investigation of the
animal models used to investigate a surgical adjunct for the
treatment of POP. Six animal models were identified from
preclinical trials spanning over the last decade, including
mice, non-human primates, pigs, sheep, rabbits, and rats.
Each animal model was discussed in detail highlighting the
benefits and downsides of use. We concluded that rats were
the most frequently used species, owing to their small size
and the fact that they are readily available. The gold-standard
animal model is the non-human primate; however, this is
rarely used in reality owing to ethical concerns and lim-
ited availability. Sheep were the most common large animal
model, as they provide a suitable alternative and are known
to develop spontaneous POP. Preclinical trials are critical
to evaluating the safety and efficacy of a device prior to
human translation and careful selection of the animal model
and design of the trial is significant to the translatability of
outcomes.
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