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Abstract
Purpose  Before being marketed, hernia mesh must undergo in vivo testing, which often includes biomechanical and histo-
logical assessment. Currently, there are no universal standards for this testing and methods vary greatly within the literature. 
A scoping review of relevant studies was undertaken to analyse the methodologies used for in vivo mesh testing.
Methods  Medline and Embase databases were searched for relevant studies. 513 articles were identified and 231 duplicates 
excluded. 126 papers were included after abstract and full text review. The data extraction was undertaken using standardised 
forms.
Results  Mesh is most commonly tested in rats (53%). 78% of studies involve the formation of a defect; in 52% of which 
the fascia is not opposed. The most common hernia models use mesh to bridge an acute defect (50%). Tensile strength test-
ing is the commonest form of mechanical testing (63%). Testing strip widths and test speeds vary greatly (4–30 mm and 
1.625–240 mm/min, respectively). There is little consensus on which units to use for tensile strength testing. Collagen is 
assessed for its abundance (54 studies) more than its alignment (18 studies). Alignment is not measured quantitatively. At 
least 21 histological scoring systems are used for in vivo mesh testing.
Conclusions  The current practice of in vivo mesh testing lacks standardisation. There is significant inconsistency in every 
category of testing, both in methodology and comparators. We would call upon hernia organisations and materials testing 
institutions to discuss the need for a standardised approach to this field.
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Introduction

Identifying an ideal mesh for hernia repair has been a sub-
ject of huge interest for general surgeons for decades. The 
first ‘modern’ polypropylene mesh was introduced by Usher 
in the late 1950′s [1], and its use to provide a tension free 
inguinal hernia repair was then popularised by Lichtenstein 
several years later [2]. In recent decades, mesh development 
has proceeded at an exponential rate as industry develops 
novel biomaterials with beneficial properties. To this day, 
hundreds of different mesh products have been tested and 
sold, with at least 70 different mesh products on the market 
[3].

Before hernia meshes can be marketed, developers must 
provide evidence of a product’s safety and efficacy. This evalu-
ation is mostly undertaken in vivo: testing the mesh on live 
animal subjects and explanting the mesh for analysis. The pur-
pose of this testing is to establish that a new mesh is at least 
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equivalent, if not superior, to an established product. Regula-
tion for this area began in 1977 with the US Food and Drug 
Administration (FDA) Bioresearch Monitoring Programme, 
but more recent guidelines such as those from the European 
Union (EU) in 1993 and then 2017 [4] have provided more 
detailed advice on the requirements for product approval. The 
FDA have developed a guideline outlining suitable testing 
methods for new mesh products [5], however, this does not 
provide detail on the technical aspects of experimentation nor 
the comparators that should be analysed. To this day there is 
no recognised gold standard for the methods used to test hernia 
meshes in vivo.

The lack of a recognised standard has led to significant vari-
ance in the literature. A recent study by Vogels et al. [6] sought 
to investigate this by reviewing the animal models used for 
hernia mesh testing. They reviewed 15 years of experimental 
mesh studies and demonstrated significant variety in the mod-
els used. Their work recommended that guidelines should be 
established to standardise such research. Articles from experts 
in the field such as Deeken et al. [7] have also described how 
variable methodology can be, and that data reported by dif-
ferent groups can be inconsistent. Our review investigates the 
field in more detail than previous studies by identifying the 
specific testing methods used, the parameters recorded and 
how they are measured.

Given recent controversy and media attention surrounding 
hernia mesh, as well as the most recent EU regulations [4], the 
field of in vivo mesh testing will become increasingly relevant 
in years to come. The data from in vivo studies are already 
commonly used to market mesh products and will be progres-
sively used as justification to commence human trials.

Our work reviews in vivo mesh testing studies conducted 
between 2009 and 2019 and focuses on four specific areas:

•	 Animal specifications and mesh implant/explant tech-
niques.

•	 Biomechanical testing of mesh/tissue samples.
•	 Histology: structural analysis of mesh/tissue samples.
•	 Histology: inflammatory cellular analysis of mesh/tissue 

samples.

Our review analyses the variability in these four areas of 
in vivo mesh testing. By doing so, it will help identify the 
need, if any, for standardisation in the field and the areas in 
which this is most urgently required.

Methods

Literature search

A search was conducted of the Medline and Embase data-
bases using the OVID interface. The search was designed 

and conducted by a specialist science librarian from Uni-
versity College London (UCL). The search was designed 
to identify in vivo studies in which hernia mesh prostheses 
are implanted into animals and subsequently extracted for 
the purposes of testing. Articles in the English language 
were selected between January 2009 and October 2019. The 
specific search thread for both Embase and Medline can be 
found in our supplementary figures (figure 1).

Article screening

The initial search produced 513 articles. 231 of these were 
duplicates and were excluded. Details of all remaining 282 
papers were uploaded to Covidence online systematic review 
software (Covidence systematic review software, Veritas 
Health Innovation, Melbourne, Australia, www.covid​ence.
org). Using this software, the remaining 282 articles under-
went abstract review. Abstracts were assessed by four of the 
authors (TWC, RK, JB, VB). Each abstract was screened 
independently by two reviewers and was automatically 
included or excluded if there was consensus. In the case 
of disagreement, the final decision was referred to the lead 
author (TWC). Specific inclusion/ exclusion criteria were 
disseminated amongst the authors to standardise the pro-
cess in which 144 articles were excluded. These criteria are 
provided below.

Inclusion criteria

•	 Single arm studies and comparative studies that look to 
test the effectiveness and/or biocompatibility of surgical 
mesh.

•	 In vivo studies where the mesh and tissue sample has 
been explanted from the animal before testing.

•	 Studies looking at any type of mesh or mesh with a new 
coating. This includes synthetic, biological or composite 
meshes.

•	 Studies that examine mesh/ tissue interaction at the 
abdominal wall for Inflammatory, structural or biome-
chanical properties.

•	 Studies where the mesh is implanted in the abdominal 
wall.

•	 Studies published between the years January 2010 and 
October 2019 inclusive.

•	 Studies published in the English language

Exclusion criteria

•	 Studies that compare or assess fixation technique.
•	 Studies where a primary subject of investigation is not 

mesh performance.
•	 Studies where a mesh or coating is exclusively assessed 

for adhesion formation or mesh shrinkage.

http://www.covidence.org
http://www.covidence.org
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•	 Studies testing new pharmacological products.
•	 In-vitro studies.
•	 Studies where mesh is placed and assessed for femoral/

obturator hernias.
•	 Studies where the mesh is placed around pelvic organs 

to test use in treatment for prolapse/incontinence.
•	 Studies where the mesh is used as part of a rectopexy 

procedure for prolapse surgery.

Following abstract review, the remaining 138 papers 
underwent full text review and data extraction. Papers were 
distributed equally between the four reviewing authors 
(TWC, RK, JB, VB) for simultaneous full text review and 
data extraction. 12 papers were excluded after full text 
review, due to an inappropriate study design (11), or the 
paper was not available (1). This left 126 papers to undergo 
data extraction. A full PRISMA diagram for article screen-
ing is available in our supplementary figures (Supplemen-
tary figure 2).

Data extraction

The data extraction and entry were undertaken using a stand-
ardised online spreadsheet. Painstaking efforts were made 
to standardise data collection between authors. Authors 
met before the process began to discuss the data extraction, 
and how to appropriately record results. Further such meet-
ings were held after five papers had been reviewed by each 
author, and at 2–3-week intervals thereafter until data collec-
tion was complete. The data collection forms were adapted 
during the process to reflect the results being collected.

A full list of variables that were measured from each 
study is outlined below. An initial protocol for the review 
has been published [8].

Study/experimental data

•	 Primary variable assessed (e.g. type of mesh).
•	 Primary outcome assessed (e.g. tensile strength of mesh/

tissue composite)
•	 Is the mesh new to market? (yes no/unclear).
•	 The use of a non-mesh control (yes/no).
•	 Animal species used.
•	 Animal subspecies used.
•	 Animal weight.
•	 Animal age.
•	 Number of animals used in the study.
•	 Defect shape (linear/2-dimensional).
•	 Defect depth (partial thickness/full thickness*).
•	 Defect size.
•	 Mesh size.
•	 Nature of defect (Chronic/Acute**).
•	 Plane of mesh placement.

•	 Defect closure (yes/no).
•	 Attachment of mesh (absorbable or non-absorbable/

tacks or sutures).
•	 Times of mesh explantation (single/multiple and time 

in days).

Mechanical testing

•	 Method of mechanical testing
•	 The units used to quantify material properties.
•	 Initial load on testing mechanism.
•	 Speed of testing mechanism.
•	 Width of testing samples.
•	 Cross-sectional area of testing samples.
•	 Structure of testing samples.
•	 Inter-clamp distance for tensile strength testing.
•	 Shape of testing strip for tensile strength testing (dog 

bone/Not dog bone).

Histology—structural analysis

•	 The technique used to visualise collagen (e.g. staining).
•	 Differentiation of type 1 from type III collagen (yes/

no).
•	 Aspects of collagen investigated (abundance/alignment/

both).
•	 The scale used to measure the presence of collagen 

(quantitative/scored using quantitative assessment/scored 
using qualitative assessment/qualitative assessment).

•	 Other structural components assessed (e.g. tissue integra-
tion, fibrous encapsulation).

•	 The scale used to measure other structural components 
(quantitative/scored using quantitative assessment/scored 
using qualitative assessment/qualitative assessment).

•	 Use of scoring system (uncited/cited/no).

Histology—inflammatory cellular analysis

•	 Types of cell assessed.
•	 The technique used to visualise each type of cell.
•	 The scale used to measure the presence of cells (quantita-

tive/scored using quantitative assessment/scored using 
qualitative assessment/qualitative assessment).

•	 Use of scoring system (uncited/cited/no).

*Partial/full thickness defects do not/do include the peri-
toneum respectively.

**Acute defects are made and repaired during the same 
procedure. Chronic defects are made and allowed to mature 
before then being repaired.
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Results

126 studies were reviewed. The results are divided into four 
sections as described in our methods.

Experimental technique

Rats represented the most common animal used for studies 
(53%) followed by pigs (24%) and rabbits (18%). Guinea 
pigs, dogs and sheep were also used in several studies. Sub-
species included at least two rabbit species, three pig spe-
cies and four rat species. 84% of studies provided details 
of animal weights, only 25% of studies provided details on 
animal ages. 78% of studies (98) involved the formation of 
a hernia defect. Table 1 below represents how hernia defects 
were formed and repaired.

The most common in vivo hernia models involve the for-
mation of an acute defect in which the fascia is subsequently 
not closed (50% of studies with a defect). Two-dimensional 
defects (69.4%) such as square or circular ones are more 
than twice as common as linear defects (30.6%). Only 5% 
of studies with defects involved an appropriate physiological 
mimic of a human hernia repair (a partial thickness chronic 
defect). For those studies in which a defect was not formed, 
75% of meshes were placed intraperitoneally.

The sizes of defects and mesh implants varied between 
studies. We used these measurements to assess the mesh/tis-
sue overlap for studies where that information was available. 
Overall mean mesh/tissue overlap was 0.98 cm. This overlap 
was significantly larger for studies in which the fascia was 
opposed (1.6 cm) compared to studies using mesh to bridge 
a defect (0.51 cm) (Supplementary figure 2).

Mesh and tissue were explanted from animals at a variety 
of time points. 47% of studies explanted mesh and tissue 
from animals at one fixed time point (7–240 days, median 
42 days). 53% of studies involved between two and six 
explantation time points (Table 2).

Mechanical testing

Of the 126 reviewed studies, 63 papers undertook mechani-
cal testing of mesh/tissue samples. 67% of those studies 
used uniaxial tensile strength testing, making it the most fre-
quently used technique. 16% and 10% of studies undertook 
T-Peel and ball-burst testing respectively. 3% of mechani-
cal testing studies undertook biaxial tensile strength testing. 
Given the popularity of uniaxial tensile strength testing, we 
have used it as the focus for our mechanical testing analysis.

To undertake uniaxial tensile strength testing, strips 
are formed from the testing material and are pulled apart 
in order to assess various properties. In 29% of these stud-
ies, the formation of the testing strips was unclear. Figure 1 
shows the formation of all testing strips used amongst the 
42 studies that carried out uniaxial tensile strength testing. 
Explanatory diagrams of these testing strips can be found in 
our supplementary material (Supplementary figure 3).

The width and cross-sectional area of these testing strips 
was also analysed. 69% (29) of uniaxial tensile testing stud-
ies provided a width measurement for the testing strips used. 
Widths ranged from 4 to 30 mm (median 10 mm) and only 
three studies recorded a cross-sectional area. All tensile 
strength testing studies used rectangular strips—apart from 
four which chose to use “dog bone” shaped strips. Testing 
speeds were documented in 86% of studies, which ranged 
from 3 to 240 mm/min (median 25.2 mm/min).

Table 1   Summary of techniques 
used in defect formation and 
repair amongst the 98 studies 
in which a hernia defect was 
created

Type of defect formation and repair Linear defect (%) 2D defect (e.g. 
square/circular) 
(%)

Acute defect, partial thickness, defect left open 2 21.4
Acute defect, partial thickness, fascia opposed 5.1 5.1
Acute defect, full thickness, defect left open 0 28.6
Acute defect, full thickness, fascia opposed 10.2 7.1
Chronic defect, partial thickness, defect left open 5.1 0
Chronic defect, partial thickness, fascia opposed 2 3.1
Chronic defect, full thickness, defect left open 6.1 2
Chronic defect, full thickness, fascia opposed 0 2
Total 30.6 69.4

Table 2   The number of 
explantation points for each of 
the 126 studies

Number of explantation points 1 2 3 4 5 6

Number of studies (%) 47 26 16 6 3 2
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Amongst the uniaxial tensile testing studies reviewed, dif-
ferent material properties were measured and different units 
used. For each study, every measurement that was taken and 
its associated unit of scale was recorded. Table 3 summarises 
the number of studies in which each measurement was used.

Histology—structural analysis

All histopathological structural factors encountered through-
out the review were recorded. For sake of analysis, we have 
only included factors encountered in 10 or more studies.

Histological structural factors most frequently assessed 
include neovascularisation, inflammation and mesh incor-
poration. Figure 2 demonstrates all the structural factors that 
were encountered in the review (when n ≥ 10). Data has been 
divided into those factors that underwent either qualitative 
or quantitative analysis; either category can include the use 
of a scoring system.

The presence of collagen was assessed in 47% (59/126) 
of all studies. 69% of those studies measured its abundance, 
7% measured its alignment or organisation, and 24% meas-
ured both. Collagen abundance was most often measured 

Fig. 1   A chart showing the 
distribution of how testing 
strips were formed amongst 42 
studies in which uniaxial tensile 
strength testing was undertaken
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Table 3   Number of studies in which certain measurements and units are used to assess a range of material properties

 Pa N/cm N g/kg J/cm2 gf % strain Strain (mm) 
Point of rupture 5 4 6 1 2 1   
Ul�mate tensile 
strength 7 5 8 1     
Resistance   3      
Modulus/S�ffness 5 9       
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Strain at Max load        2 
Strain at given Load        2 
Strain at yield stress        1 

One study may contribute more than one measurement. Green columns represent stress measurements, and blue columns represent strain meas-
urements. 4 outliers are described in the smaller table
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quantitatively; however, its alignment or organisation 
was exclusively measured qualitatively (Fig. 3). Collagen 
was vizualised most frequently through staining and light 
microscopy (71%), but also polarising microscopy (17%) 
and immunostaining (12%).

Histology—inflammatory cellular analysis

67% (85/126) studies undertook an assessment of inflam-
matory cells. The most commonly analysed cell types were 
macrophages and giant cells. Macrophages were visualised 
microscopically with simple stains such as haematoxylin and 
eosin (82%) or with immunostaining (18%). Studies used 
both qualitative and quantitative assessment to identify 
inflammatory cells (Fig. 4).

For both the structural and inflammatory cellular analysis, 
scoring systems were frequently used to summarise results. 
57 papers used a scoring system for structure and 36 for cel-
lularity, but there was significant overlap between the two. 
35 different papers used scoring systems that were either 

uncited or created by the authors. Within those papers that 
used a cited or established scoring system, 21 different scor-
ing systems were identified.

Discussion

Hernia meshes have been tested in vivo for decades; dat-
ing back to the 1950s, 60 s and 70 s when the testing of 
products such as stainless steel and silver meshes [9] was 
commonly conducted on dogs [10] but also pigs, rats and 
rabbits [11–13]. Whilst a few studies have examined hernia 
meshes in human and animal models simultaneously [14] 
the question of how in vivo experiments translate to patient 
outcomes is still not clear. Part of this issue may lie in the 
animal species used for in vivo studies and how they relate 
to human anatomy and physiology.

Our review indicates that rats (53%) are the animal most 
frequently used for in vivo studies—a finding identical to 
that of Vogels et al. [6] in 2017 (53.3%). This is unsurprising 

Fig. 2   A graph showing the 
number of studies in which each 
structural factor was assessed. 
Blue represents studies which 
used quantitative methods, and 
orange qualitative methods 
(colour figure online)
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given its obvious financial advantages but provides poor 
physiological and anatomical compatibility. Not only are 
there significant differences in terms of size and fascial 
thickness, but rats also possess a superior ability to heal 
[15]. Experts in the field have pointed to porcine models as 
the most physiologically appropriate option [7], especially 
for mechanical testing. Given that only 24% of studies are 
using porcine models, much research may be devoid of this 
physiological accuracy.

84% of the reviewed studies documented a weight for 
the animals used- usually from the beginning of each study. 
Whilst such details may appear trivial, any growth of ani-
mals throughout a study can have a significant effect upon 
results. When Cerise et al. conducted one of the early mesh 
testing studies in 1975 [16], they found that rats doubled 
in size during the study. This growth mirrored a similar 
increase in the bursting strength of the abdominal wall, 
which also doubled. The use of adult Vs juvenile animals 
was not measured in this review, however perhaps the size 
of each animal is not as important as the change in that size.

In the studies reviewed, a variety of techniques are 
reported for the formation and repair of hernia defects—
most of which are dissimilar to defects in human hernia 
repair. Experimental defects are most likely to be two-
dimensional, with a mesh used to bridge un-opposed fas-
cia (50% of studies with defects). A “bridged” repair was 
defined as any hernia repair where the mesh was placed in 
the space between the two fascial layers and these fascial 
layers were not closed. We did not differentiate between 
onlay, inlay and intraperitoneal bridging, and our descrip-
tion does not therefore adhere strictly to the recently pub-
lished ICAP guidelines [17]. Given that fascial opposition 
is recommended for ventral hernia repair [18], we must 
question whether such bridged models are best placed to 
assess hernia mesh. Theoretically, one model demonstrates 
a mesh’s ability to support a repair, whilst the other assesses 
de novo fascial synthesis. Most human hernial defects are 

also partial thickness in nature (no peritoneal defect) and 
are repaired after the hernia has been present for some time 
(i.e. a chronic hernia). When looking for studies which fit 
these characteristics, few can be found. Only 5% of stud-
ies involving the repair of a defect used “mature” partial 
thickness defects where fascia was opposed upon repair. It 
is also accepted best practice that hernia mesh should over-
lap fascial closure. The Danish hernia registry recommends 
an overlap of at least 1 cm for small (< 2 cm) defects and 
3 cm for larger (2–6 cm) defects [18]. Within our review, 
the data could be gathered for 39 studies that used the most 
common experimental model (bridged defects). Of the 39 
studies, only 7 involved an overlap of 1 cm or more and 
10 did not involve any overlap at all. Our data support the 
hypothesis that in vivo studies poorly mimic the physiology 
and anatomy of human hernia repair.

The decision of when to explant tissue should depend 
upon the nature of the subsequent analysis. Studies in 
our review were split evenly between those with multiple 
explantation time points (53%) and those with a singular 
explantation point (47%). Studies with a singular explanta-
tion time varied greatly between 7 and 240 days (median 
42). Healing of the abdominal wall happens in a number 
of stages, typically taking several months to reach comple-
tion [19] and will appear histologically different throughout 
that time. A better understanding is required of the healing 
milestones in animal models to appreciate any histological 
analysis made at a single time point. Not only this, but If 
samples are analysed mechanically before full maturation of 
the healing process, then testing relies too heavily on mesh 
strength and fixation, rather that fascial healing.

Uniaxial tensile strength testing is the technique most 
frequently used for mechanical testing. Interestingly, some 
of the earliest mechanical testing of hernia mesh performed 
in vivo was in the form of burst strength testing in the 1970’s 
[16, 20]. Despite this being an arguably more physiological 
test, it constitutes less than 10% of the testing in our data. 

Fig. 4   A graph showing the 
number of studies in which each 
inflammatory cell was assessed. 
Blue represents studies which 
used quantitative methods, and 
orange for qualitative methods 
(colour figure online)
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Whilst there are several studies looking at uniaxial tensile 
strength of human rectus sheath [21, 22], there are few that 
have examined its burst strength [23]. It may be this empha-
sis on uniaxial testing in human tissue (and its ease of prac-
tice) that has fuelled its popularity in mesh testing.

Uniaxial tensile strength testing uses tissue/mesh samples 
cut into strips, that are pulled apart by testing apparatus. 
The constituent parts of these testing strips can range from 
a simple mesh/tissue interface [24] to two sides of healed 
fascia and underlying mesh being pulled apart [25]. Strips of 
different designs will inevitably test different aspects of the 
tensile strength of the sample. Such factors may include the 
strength of integration between mesh and tissue, the strength 
of the mesh itself, the strength of healed fascia or indeed a 
mixture of all three. Such variation in practice leaves us to 
question not only what is being tested, but also what should 
be tested? Areas such as mesh/tissue integration can be 
assessed through both tensile strength testing and T-Peel 
testing. The establishment of one of these two as the meth-
odology of choice provides a basic example of the possible 
standardisation in the field.

Tensile strength testing is performed at a set speed (mm/
min), and it is well understood that polymers display differ-
ent tensile strength characteristics at different testing speeds 
[26]. To combat phenomena, such as this, international test-
ing standards have been developed by groups such as The 
International organisation for standardisation (ISO). ISO 
have published a range of standards for materials testing, 
including the tensile strength testing of plastics [27]. These 
standards; however, are designed for extrusion or machined 
plastics rather than polymer mesh. ASTM International 
(previously the American Society for Testing and Materi-
als) have published guidelines for the testing of “non-rigid” 
plastics, and advised for a test speed of either 50 or 500 mm/
min [28]. These standards are only applicable for “standard 
dumbbell shaped specimens” and it is unclear whether this 
includes polymer meshes. The extensive ex vivo work done 
by Deeken et al. used a testing rate of 25 mm/min [29, 30] 
without identifying specific guidance. Given that some her-
nia mesh resembles a woven/knitted fabric, other ex vivo 
studies have tested mesh at a rate of 50 mm/min—citing 
guidelines used for fabric testing [31]. Our review identi-
fied a significant range of testing speeds (1.62–240 mm/min) 
which is unsurprising given the apparent gap in the guid-
ance, particularly with regards to mesh/tissue composites. 
Developing any such guidance would be difficult given the 
mixture of gentle and more harsh movements of the human 
abdominal wall. In this case perhaps standardisation between 
studies would be more useful than physiological accuracy.

In our review, the widths of the testing strips ranged from 
4 to 30 mm. Both ASTM international and ISO recommend 
that plastic strips for tensile strength testing should be a 
regulated width and shape. The ISO standards recommend 

that testing strips should be a specific shape with the nar-
row portion measuring anywhere from 10 to 2 mm depend-
ing upon the overall size of the sample [27]. The ASTM 
standards for non-rigid plastics recommend a testing strip 
width of either 19 mm or 6 mm [28]. Both these standards 
also recommend a “dog bone” shape for each testing strip—
something not recommended by ISO for testing fabrics [32], 
and only adopted by four of the studies we reviewed.

The ISO standards for the tensile strength testing of plas-
tics provide detailed definitions for mechanical terms such as 
stress at break and elasticity modulus as well as the appro-
priate units for each measurement [27]. Stress measurements 
must be represented in MPa (N/mm2), and strain should be 
measured as a dimensionless ratio or percentage. Studies 
within this review use a number of different units including 
N/mm2, N/mm and also solely Newtons. Whilst these units 
are convertible given the cross-sectional area of a testing 
strip, only 3 articles provided this data. The variation in units 
(N/mm2 vs N/mm) stems from the way plastic meshes are 
tested in vivo and ex vivo respectively. Many ex vivo stud-
ies display their results in terms off N/mm—treating hernia 
mesh as essentially a 2D structure [7]. When a mesh/tissue 
interface is tested, the thickness and therefore cross-sectional 
area of the sample must be accounted for. Failure to do so 
has the potential to breed inconsistency.

Histopathological assessment of mesh/tissue samples is 
commonplace amongst in vivo studies and the lay down of 
collagen is often used as a surrogate marker for healing. 
Amongst our data, collagen appears to be measured far more 
frequently by its abundance (43%) than by its alignment or 
organisation (14%). Coupled with the fact that it is measured 
purely qualitatively, it could be assumed that collagen align-
ment is considered a less relevant factor to analyse. There is 
evidence from the literature as early as 1985 that researchers 
were interested in the alignment of collagen whilst testing 
the efficacy of hernia mesh [33]. There is also good evidence 
that the physical attributes of the rectus sheath (namely its 
anisotropy) are linked to the alignment of its collagen fibres 
[22], which form either an oblique pattern or a transverse 
pattern dependent upon the layer of aponeurosis [34, 35]. 
Studies have also shown that disorganised scar tissue in 
the rectus sheath lacks the strength of organised native tis-
sue [21]. If collagen alignment is indeed an important fac-
tor in the strength of wound healing, then measuring this 
quantitatively might become an important factor for future 
research. Work from our group has already displayed how 
collagen alignment in vitro [36] and tissue collagen fibril 
analysis [37] can be conducted quantitatively through elec-
tron microscopy.

Our review divides histopathological assessments of 
mesh into quantitative and qualitative measurements as well 
as those that use a scoring system. A significant number of 
studies reviewed (particularly structural assessment) present 
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data purely qualitatively—providing only a brief descrip-
tive summary of results and no objective analysis. Cellular 
inflammatory data are measured more quantitatively, which 
is unsurprising given the relative ease of quantification.

A number of the histopathological studies across this 
review gather and present their data in the form of a scor-
ing system. Our review identified 57 different papers which 
used a scoring system to assess structure, and 36 which 
assessed cellular activity. 35 papers were identified which 
used their own unique scoring systems or failed to cite a 
previously recognised one. Within the papers that cited rec-
ognised scores, we identified 21 separate systems. Whilst 
most of those scoring systems are taken from other in vivo 
mesh studies, a number are from very different experiments 
including looking at the effect of mesh upon a rabbit vagi-
nal model [38] or looking at inflammation in murine bowel 
anastomosis [39]. We identified only one study which cited 
an internationally recognised scoring system [40].

This study has its limitations. The data has only been 
taken from the last 10 years and studies before 2010 may 
reveal significant differences. Furthermore, only studies ana-
lysing mechanical, structural and cellular assessment were 
included. Looking at other factors such as adhesions or mesh 
shrinkage may provide significantly higher rates of standard-
isation. Initial inclusion/exclusion of papers was conducted 
using abstracts, which may have introduced inaccuracies. 
Finally, this study does not represent a rigorous systematic 
review of the subject and rather represents a summary of 
the literature to assist further studies. Whilst a protocol was 
designed, new factors were included in the study if they were 
of significant relevance.

Conclusions

In vivo mesh testing literature from the last decade varies in 
its methodology and comparators. The techniques used for 
mesh implantation and defect formation vary significantly 
and often represent a model unrepresentative of human 
hernia surgery. Mechanical testing requires closer adher-
ence to current standards or production of new standards all 
together. Histopathological scoring systems vary through-
out the literature and would benefit from standardisation. 
Whilst individual studies may be scientifically sound, har-
monisation of techniques and comparators across the field 
would create a more robust data set for systematic review or 
meta-analysis. Our group has begun work on a standardised 
in vitro model for mesh testing to standardise the testing 
substrate; however, we would invite testing agencies as well 
as the hernia community to discuss standardisation of testing 
methods and how this may be achieved.
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