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BACKGROUND

Abdominal wall hernia repair is a common surgical procedure. In
Denmark, about 10,000 and 3,000 patients are operated on an-
nually for groin and ventral hernias, respectively [4, 5]. The groin
hernias are classified as primary and recurrent hernia, and based
on the anatomic location as the indirect and direct inguinal hernia
and the femoral hernia. The ventral hernias are categorized as the
primary hernias comprising umbilical, epigastric, Spigelian and
lumbar hernias, or as the secondary hernias, which develop in a

former surgical scar, i.e. incisional, trocar-site and parastomal
hernias.

Throughout the years, epidemiological studies have attempted to
identify risk factors for hernia formation [6-10]. Several exoge-
nous factors such as smoking, heavy lifting, obesity and comorbid-
ity have been suggested as factors associated with abdominal wall
hernias. Smoking is a risk factor for both primary and recurrent
incisional hernia formation and for inguinal hernia recurrence [11-
14]. Smoking has detrimental effects on wound healing [15, 16]
and may impair the initial healing process after surgery and
thereby increase the risk of incisional and recurrent hernia. On
the contrary, smoking appears to be negatively associated with
primary inguinal hernia formation, however, the underlying path-
ophysiological mechanisms remain to be elucidated [7, 10, 17].
Increased intra-abdominal pressure caused by heavy lifting,
chronic coughing, constipation, prostate hypertrophy or adiposity
has been proposed to be a risk factor for hernia development [8,
9]. Recently, a large epidemiological study reported that years of
standing increased the risk of indirect inguinal herniation slightly
[18]. However, heavy workload was not significantly associated
with risk of inguinal hernia, corresponding to the findings of other
studies [7, 10, 18, 19]. Obesity is a risk factor for primary and
recurrent incisional hernia formation [20-23]. However, obesity
seems to be negatively associated with the formation of primary
inguinal hernia [17, 24], whereas diverging results exist with
regard to inguinal hernia recurrence [12, 25, 26].

Surgical factors related to the primary surgery are important for
both incisional hernia formation and hernia recurrence. Well-
documented risk factors for incisional hernia formation are re-
operation, fascial closure in a suture to wound length ratio below
4, the use of quickly absorbable sutures, large stitch length, post-
operative wound infection and wound dehiscence [14, 27-30].
Considering inguinal hernia recurrence, mesh size and mesh
overlap of the hernia defect both seem to be significant factors,
whereas surgical technique (open or laparoscopic), mesh fixation
method and mesh material are of lesser importance [31-34].

The proposed endogenous factors associated with hernia devel-
opment are male gender, anatomic variations, inheritance, and
connective tissue disorders. Male gender is a well-known risk
factor for inguinal hernia formation, most probably due to the
different anatomy in the groin region of men and women [35,36].
Also, male gender seems to be a risk factor for incisional hernia
development [14], though studies of patients operated on for
incisional hernias reveal a larger proportion of women than men
[2, 14, 37].

The patent processus vaginalis is a known risk factor for the indi-
rect inguinal hernia, however, about 20% of men do have a pa-
tent processus vaginalis, but are not developing an inguinal hernia
[6, 38, 39]. Experimentally, it was demonstrated that a patent
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processus vaginalis alone only caused herniation in 20% of rats
[40]. However, inhibition of the cross-link catalysing enzyme lysyl
oxidase together with a patent processus vaginalis caused herni-
ation in 90% suggesting that altered collagen quality is involved in
indirect inguinal hernia formation.

Studies of families with inguinal hernias propose a genetic trait
for both primary and recurrent inguinal hernias [13, 41, 42].
Furthermore, a familial susceptibility to both primary and sec-
ondary ventral hernias has been demonstrated [43]. Recently,
mutations in different collagen genes have been suggested to be
associated with the development of inguinal and incisional herni-
as in humans and scrotal hernias in pigs [44-46]. Moreover, some
patients develop multiple hernias and several recurrences [47],
suggesting that some patients may be more prone to herniogene-
sis than others. Furthermore, hernias are more prevalent in pa-
tients with rare connective tissue disorders such as Marfan’s
Syndrome and Ehlers-Danloss Syndrome [48-50]. Taken together,
these findings lead to the hypothesis that alterations in the con-
nective tissue contribute to hernia development.

THE CONNECTIVE TISSUE

THE EXTRACELLULAR MATRIX

The connective tissue comprises the extracellular matrix (ECM)
and the cells within. The ECM may be categorized as the intersti-
tial ECM and the basement membranes. The interstitial ECM
contains proteins and proteoglycans, which together create a
dense network important for tissue stability. The prominent
proteins are collagens, elastin, fibrillin, fibronectin and laminin
[51]. The proteoglycans consist of long chains of repeating disac-
charides so-called glycosaminoglycans that are attached to core
proteins [52]. The basement membrane is a thin acellular layer
that separate cells from the interstitial matrix and is composed
mainly of collagen type IV, laminins and perlecan [53].

COLLAGEN SYNTHESIS AND MATURATION

Collagen is the major protein of the ECM and the synthesis pro-
cess is complex and involves extensive post-translational modifi-
cations before a mature collagen fibril is formed [54, 55].
Collagen is synthesised and secreted by fibroblasts [56]. On the
ribosomes, pro-alpha chains of about 1000 amino acid residues
are synthesised [57]. Thereafter, proline and lysine are hydrox-
ylated into hydroxyproline and hydroxylysine in a reaction cata-
lysed by lysyl hydroxylase that requires molecular oxygen and
ascorbic acid [54]. The hydroxyproline amino acid is almost
unique for the collagen molecule and is often used to quantitate
collagen [58]. The next step in the collagen synthesis is a glycosyl-
ation reaction of some of the hydroxylysine residues by galacto-
syl- and glycosyl-transferases through an O-glycosidic linkage [55].
Both the hydroxylation and glycosylation reactions are crucial for
the subsequent self-assembly and cross-linking processes [54,59,
60].

Next, the pro-alpha chains self-assemble into a triple-helical
structure known as the procollagen. The procollagen molecule is
soluble due to N-terminal and C-terminal extension peptides
allowing the molecule to be transported within the cell [57]. The
procollagen is exocytosed to the extracellular space where procol-
lagen N- and C-proteinases remove the N- and C-terminal exten-
sion peptides. This cleavage probably occurs in the crypts of the
cell membrane, as the remaining N- and C-terminals are thought
to be re-entering the cell to regulate the collagen synthesis in a
feed-back mechanism [57].

After removal of the extension peptides, the collagen molecules
self-assemble with subsequent fibril formation. The extra-cellular
self-assembly process is influenced by proteoglycans which seem
to modulate the correct alignment of the fibrils [52]. The collagen
fibrils are further stabilised by the formation of intra- and inter-
molecular covalent cross-links catalysed by the copper-dependent
enzyme lysyl oxidase. The cross-linking process is extremely im-
portant as it imparts the collagen fibril with its special strength
and stability [34].

TYPES OF COLLAGEN

There are 28 genetically different types of human collagens [55].
In the interstitial matrix, type | collagen is the most abundant with
smaller amounts of type Ill and V collagens [52, 55]. Type |, lll and
V are all fibrillar collagens. Type | is a strong collagen, whereas
type Ill and V collagens are weaker. The same collagen fibre can
comprise both type I and Il collagens or type | and V collagens
[61-63]. The more type Il collagen relative to type | collagen, the
thinner and weaker the fibre [64]. Type V collagen seems to be
essential for the initiation of fibrillogenesis [65]. As a contrast to
the fibrillar collagens, type IV collagen creates a sheeth-like struc-
ture and is found in basement membrane [53]. The skin and fascia
consist mainly of type | collagen with smaller amounts of type Ill,
IV and V collagens [55].

MATRIX METALLOPROTEINASES

Matrix metalloproteinases (MMPs) are a family of 23 human zinc-
dependent proteases involved in collagen remodelling. The MMPs
are divided into groups based on their structure and function: the
collagenases, gelatinases, stromelysins, matrilysins, membrane
type MMP (MT-MMP) and other MMPs [51,66].

The classical collagenases (MMP-1, MMP-8 and MMP-13) degrade
type | and Il collagen in their native triple-helical form by unwind-
ing them into gelatin [67]. Thereafter, the gelatinases (MMP-2
and MMP-9) cleave the denatured collagens [67]. Additionally,
MMP-2 and MMP-14 have the ability to cleave native type | and
Il collagens, but at a lower rate than the collagenases [68,69].
The stromelysins (MMP-3, MMP-10 and MMP-11) and the matri-
lysins (MMP-7 and MMP-26) do not cleave native collagens [69].
The MMP activity is partly controlled by a2-macroglobulin in the
blood [51, 66]. Furthermore, MMPs are inhibited by the tissue
inhibitors of metalloproteinases (TIMPs) [51]. The ECM remodel-
ling process is complex. Not only does the balance between
MMPs and TIMPs play an important role, the MMPs also interact
with several growth factors and cytokines in regulatory pathways
of tissue turnover [51, 69].

COLLAGEN ALTERATIONS IN HERNIA PATIENTS

Several previous studies have evaluated the connective tissue in
patients with inguinal and incisional hernias [1]. Electron micros-
copy studies of the anterior rectus sheath have reported thinner
collagen fibrils and fibres in patients with inguinal hernia [70-72].
Histological evaluation of fascial biopsies has shown disorganized
collagen, fibrohyaline degeneration of muscle fibres and chronic
inflammation [71-74].

Several studies reported on an imbalance between type | collagen
and type lll collagen in the rectus sheath, fascia transversalis and
skin of patients with both indirect and direct inguinal hernias,
recurrent inguinal hernias and primary and recurrent incisional
hernias as compared to controls [75-91]. In subgroup analyses,
the lowest type | to Ill collagen ratio was observed in patients
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with recurrence of both inguinal and incisional hernias [80, 81,
86-88].

Increased collagen degradation by MMPs has been suggested to
be associated with hernia formation. Studies on the interstitial
collagenase MMP-1 generated ambiguous results in patients with
inguinal hernias [76-80, 92, 93]. On the other hand, the MMP-2
protein level was significantly higher in the fascia transversalis,
skin and serum of patients with inguinal hernia. The highest levels
were measured in patients younger than 50 years with direct
inguinal hernia [92-98]. Two studies reported on increased MMP-
9 levels in fascia of patients with inguinal hernia [93, 98]. MMP-13
was not detected in the skin, hernia sac or in fibroblasts from
inguinal hernia patients [76-79]. Studies on the involvement of
MMPs in incisional hernia patients reported inconclusive results
[3, 80, 87, 89, 99, 100].

IN SUMMARY

Hernia formation is a multifactorial disease that involves im-
portant endogenous factors. These are probably affected by
exogenous factors. Male gender and a familial history of inguinal
hernia seem to be important factors for primary inguinal hernia
formation. Smoking, surgical factors and a familial history of
incisional hernia or hernia recurrence are factors associated with
incisional hernia and recurrent inguinal hernia, respectively.
Furthermore, alterations in collagen composition seem to con-
tribute to abdominal wall hernia formation, possibly related to
increased collagen breakdown. The collagen composition appears
altered in fascial tissue but also in skin biopsies, suggesting that
the collagen alterations are systemic. More pronounced collagen
alterations are found in patients with hernia recurrences. Differ-
ent risk factors for primary inguinal hernias and incisional hernias
and hernia recurrences suggest various specific pathogeneses.
Hypothetically, primary inguinal hernias are formed due to a
systemic predisposition to altered connective tissue, whereas
impaired healing affects the formation of incisional hernias and
hernia recurrences.

HYPOTHESES

This thesis was undertaken to evaluate the overall hypothesis of a
systemically altered collagen metabolism in hernia patients. The
collagen alterations may differ between different types of hernia
patients. Hypothetically, patients with direct inguinal hernias,
recurrent hernias and multiple primary hernias present the most
severe collagen alterations.

e  Patients with a direct or recurrent inguinal hernia have a

Table 1
Overview of studies

higher risk of ventral herniation than patients with indirect
inguinal hernia due to systemic collagen alterations

e MMPs are systemically altered in patients with hernias

e The collagen turnover is systemically altered in patients with
hernias and could be used as biomarkers for the hernia dis-
ease

e  Formation of incisional hernia and recurrent hernia is associ-
ated with impaired wound healing

e The collagen content and the morphology are altered in the
fascia transversalis of patients with hernias

AIMS

The overall objective of this thesis was to describe and investigate

the collagen turnover systemically and locally in patients with

primary inguinal hernia, multiple hernias and incisional hernia.

Specifically, the thesis addressed the:

e relevant evidence of connective tissue alterations in hernia
patients

e association between inguinal hernia repair and ventral her-
nia repair

e systemic levels of MMPs in hernia patients

e systemic levels of biomarkers for collagen turnover in hernia
patients

e  total collagen deposition and levels of MMPs in granulation
tissue of hernia patients

e total collagen concentration and morphology of the fascia
transversalis from hernia patients

MATERIAL AND METHODS

STUDY OVERVIEW

This thesis is based on a systematic literature review (Study 1), a
nationwide database study (Study 2), a clinical study of a previ-
ously enrolled study population (Study 3) and a clinical study with
prospectively enrolled patients (Study 4). An overview of the
studies is listed in Table 1.

The material and methods are described briefly below; please
refer to the specific papers for details. Unpublished material from
the studies 4.2 and 4.3 are outlined in detail below.

PATIENT POPULATION, STUDY 2

In Denmark, inguinal and ventral hernia repairs are registered
prospectively in the Danish Inguinal Hernia Database, established
in 1998, and in the Danish Ventral Hernia Database, established in

Paper Study Patients Objective Sample Analyses
| 1 N/A Evaluating existing evidence N/A N/A
1] 2 92,283 inguinal hernia Association between inguinal and N/A Multivariable logistic regressen
843 ventral hernia ventral hernia repair analysis
1] 226 controls MMP/TIMP multiarray, MMP-9,
3 79 incisional hernia Systemic levels of MMPs and TIMPs Serum TIMP-1 ELISA, MMP-2 and MMP-9
gelatin zymography
1\ 18 controls Systemic levels of biomarkers for colla- Biomarkers for typ I, Ill, IV and V
4.1 N . Serum .
17 inguinal hernia gen turnover collagen synthesis and breakdown
42 21multiple hernias MMPs in serum, total collagen deposi- Serum MMP-2 and MMP-9 gelatin zy-
) 25 incisional hernia tion and MMPs in granulation tissue ePTFE tube mography, hydroxyproline assay
4.3 Collagen concentration Fascia transversalis Hydroxyproline assay, histology
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2007. In these databases, about 98% and 80% of all hernia repairs
are recorded based on each patient’s unique personal identifica-
tion number. In a conjoined search in both databases, patients
aged 18 years or more recorded in the Inguinal Hernia Database
between January 1998 and June 2010 and in the Ventral Hernia
Database between January 2007 and June 2010 were identified.
Perioperative data on hernia type and surgical approach are
registered in the databases.

PATIENT POPULATION, STUDY 3

Patients subjected to emergency or elective laparotomy from
January 1997 to December 1998 were registered prospectively in
a database. After a median of 3.7 years, a total of 310 patients
were examined by an experienced surgeon, and the presence of
an incisional hernia was registered. An incisional hernia was de-
fined as a palpable defect in the laparotomy scar with protrusion
of tissue during Valsalva’s manoeuvre, including parastomal
hernias [14]. Whole venous blood was collected at the day of
clinical examination from a total of 305 patients and the serum
fraction was stored at -80°C until analysis.

PATIENT POPULATION, STUDY 4
Eligible patients were included prospectively from September
2009 to September 2011.

Inclusion criteria

Males older than 40 years and postmenopausal women subjected
to laparoscopic elective surgery for:

e  Gallbladder stones without hernias (Group 1)

e  Unilateral primary inguinal hernia (Group 2)

e  Three or more different hernias (Group 3)

e Incisional hernia (Group 4)

Exclusion criteria

Patients receiving corticosteroids, cytostatics or immunosuppres-
sive medicine during the last three months prior to surgery were
excluded. Women receiving hormone replacement therapy and
patients who were not able to give informed consent were not
included. As for patients in group 1 and 2, previous hernia sur-
gery, connective tissue disease and aortic aneurysm disease were
exclusion criteria. Patients in group 2 were excluded if they pre-
sented with any other hernias than the primary inguinal hernia.

Sample size calculation

The optimal sample size was difficult to calculate before study
initiation as some of the planned analyses had never been evalu-
ated previously in patients with hernias. Thus the sample size
calculation was based on data from a previous study on hydroxy-
proline levels in subcutaneously implanted expanded polytetra-
fluoroethylene (ePTFE) tubes [101] estimating a 5% type 1 error
and a 15% type 2 error. The minimally relevant difference and
standard deviation were set to 1.00 and 1.13 pg hydroxyproline
per centimetre of ePTFE tube, respectively. Based on an unpaired
analysis, 21 patients were required in each group. It was decided
to include a total of 100 patients (25 patients in each group) in
the study.

Blood samples

Whole venous blood was collected preoperatively. The blood was
coagulated for 30 minutes, centrifuged for 10 minutes at 1,800x g
at 4°C, and the serum fraction was stored at -80°C until analysis.

The ePTFE tube

The ePTFE tube represents a validated wound healing model
[102]. The ePFTE tube has a porous surface that allows for in-
growth of cells that synthesize granulation tissue. An ePTFE tube
(0.25 x 6.5 cm) was implanted during surgery (Figure 1A). The
tube was placed via a cannula subcutaneously in the groin region
at the level of the anterior superior iliac spine and sutured to the
skin (Figure 1B). The tube was removed 10 days after implanta-
tion (Figure 1C).

Figure 1

A) The ePTFE tube and cannula prior to implantation. B) Implantation of
the ePTFE tube. C) Removal of the ePTFE tube at the 10th postoperative
day.

Fascia transversalis biopsy

A fascia transversalis biopsy was excised from all included pa-
tients. It was decided to collect the biopsy from the same ana-
tomic area in all patients so that analyses’ results were compara-
ble across groups. Furthermore, the hypothesis of a systemically
altered connective tissue disease proposed that any possible
alteration would also be present in the fascia transversalis of
incisional hernia patients, even though the fascia was not ana-
tomically involved in the hernia. Fascia transversalis is a part of
the posterior wall of the inguinal canal and clearly visible during a
transabdominal preperitoneal inguinal hernia repair.

The biopsy was collected laparoscopically, between the umbilicus
and the superior spina iliac crest laterally to the epigastric vessels.
The peritoneum was carefully incised and a piece of fascia (ap-
proximately 1 x 2 cm) was excised with cold laparoscopic scissors
(Figure 2).

Figure 2
The peritoneum is incised, and the fascia transversalis biopsy is excised.
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ETHICS

The studies were performed in agreement with the Helsinki Il
declaration and approved by the Committees on Biomedical
Research Ethics (H-A-2009-045) and the Danish Data Protection
Agency (2009-41-3864). Informed oral and written consent for
participation was obtained from all included patients.

ANALYSES

MMP ANALYSES

A subset of the serum samples from patients in Study 3 were
screened for MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9,
MMP-10, MMP-12, MMP-13, TIMP-1, TIMP-2 and TIMP-4 with
the ExcelArray MMP/TIMP (#82012; Pierce Biotechnology, Rock-
ford, IL). MMP-9 (DY911; R&D Systems, Minneapolis, MN, USA)
and TIMP-1 (900-K438, PeproTech, Rocky Hill, NJ, USA) was ana-
lysed in all patients from Study 3 with ELISA.

Gelatin zymography was performed for evaluation of MMP-2 and
MMP-9 in serum of patients from Study 3 and in ePTFE tubes of
patients from study 4. Recombinant human pro-MMP-2 (20 pg,
PF037; Millipore, Billerica, MA, USA) and recombinant human
MMP-9 (50 pg, 841030; R&D Systems) were used as standards.
Densitometric measurements of band intensities were performed
with Image) software (National Institute of Health, Bethesda, MD,
USA) and correlated to the standards. Data are presented as
geometric means of pro-MMP-2 and pro-MMP-9 in ng per mL of
serum and in ng per g of ePTFE tube.

COLLAGEN BIOMARKERS

Biomarkers for collagen turnover were measured as neo-epitope
fragments for collagen synthesis and degradation (Table 2). A
neo-epitope is a unique fragment of a native protein, which is
measurable in serum [103]. The neo-epitopes were assessed by
solid-phase competitive immunoassays developed by Nordic
Bioscience A/S (Herlev, Denmark). Briefly, the assays were carried
out in streptavidin pre-coated 96-well plates (Roche Diagnostics,
Mannheim, Germany). First, the wells were coated with respec-
tive biotinylated antigen for 30 minutes at room temperature.
Then, 20 pL of the antigen standard or serum samples were incu-
bated together with 100 pL of horseradish peroxidase-conjugated
monoclonal antibodies for 1-3 hours at 4°C/20°C or for 20 hours
at 4°C. Tetramethylbenzidine was added (100 pL/well) and after
15 minutes at room temperature the reaction was stopped by the
addition of 100 pL 1% sulphuric acid. The optical densities were
read at 450 nm and 650 nm (reference) using ELISA reader (Ver-
saMAX; Molecular Devices, Wokingham Berkshire, UK). Standard
curves were plotted using a 4-parametric mathematical fit model.

HYDROXYPROLINE ANALYSES

The amino acid hydroxyproline is almost unique for collagen and
is @ measure for the total collagen concentration. The hydroxy-
proline analysis was performed by the validated method de-
scribed elsewhere [58]. The ePTFE tubes (median dry weight 8
mg) and fascia biopsies (median dry weight 1.5 mg) were delipi-
dated in acetone, freeze-dried for 24 hours, weighed and hydro-
lyzed in hydrochloric acid. The hydroxyproline content of the
samples was derived from linear standard curves (0-10 pug/mL)
produced from 4-hydroxy-L-proline (H 1637; Sigma-Aldrich). The
optical density was read at 570 nm using a microtiter plate reader
(Thermo Scientific, Waltham, MA, USA). The hydroxyproline

concentration was expressed as pg hydroxyproline/g of ePTFE
tube and as pg hydroxyproline/mg of fascia.

Table 2

Biomarkers of collagen turnover

Collagen Neo-epitope for Neo-epitope for
subtype synthesis degradation
Type | MMP-2, MMP-9 and
collagen N-terminal pro-peptide MMP-13 generated frag-
of type | collagen (PINP) ments of type | collagen
(C1Mm)
Type I C-terminal pro-peptide MMP-9 generated frag-
collagen of type Ill collagen (Pro- ment of type Ill collagen
C3) (C3Mm)
Type IV N-terminal pro-peptide Pepsin and MMP-9 gener-
collagen of type IV collagen ated fragments of type IV
(PANP) collagen (C4M)
Type V C-terminal pro-peptide MMP-2 and MMP-9 gen-
collagen of type V collagen erated fragments of type V
(P5CP) collagen (C5M
HISTOLOGY

The fascia biopsies were fixed in 4% phosphate-buffered para-
formaldehyde and embedded in paraffin. Five-um and two-um
thick sections were stained with haematoxylin and eosin and Van
Gieson and Alcian Blue, respectively. The fascia morphology was
graded semi-quantitatively with the Bonar score [104-106]

(Table 3). The Bonar score was originally designed to assess patel-
lar tendon morphology by light microscopy, but has been used on
other tendons and fascia as well [85, 106]. There is no standard-
ized method for describing fascia morphology, and since it re-
sembles tendon, it was decided to use the Bonar score. The Bonar
score grades collagen arrangement, the degree of ground sub-
stance, cell morphology and the level of vascularity from 0, which
is normal appearance, to 3, which is abnormal appearance [105].
A total Bonar score of 12 represents the most severe abnormality
of the fascia. Five randomly selected biopsies from each patient
group were assessed with the Bonar score by two blinded
pathologists. The mean Bonar score of the two pathologists was
reported.

STATISTICS

The association between the type of inguinal hernia repair and
ventral hernia repair were tested by uni- and multivariable logistic
regression analyses adjusted for age, gender and surgical ap-
proach. The MMPs, TIMP, biomarkers, and hydroxyproline levels
were not normally distributed and thus log transformed before
statistical analyses. When testing for differences between hernia
groups and controls, firstly a one-way ANOVA test was applied,
and if statistically significant, pairwise comparisons between
groups were performed with the two-sided t-test. Data are given
as geometric means + back-transformed standard error of the
mean (SEM). The biomarkers are presented as the ratios between
the marker for synthesis and the marker for breakdown, reflect-
ing the turnover of each type of collagen. The mean Bonar score
of the two pathologists were compared across groups with Krus-
kal-Wallis test. Unweighted kappa-statistics were applied for
evaluation of agreement between pathologists. The kappa value
was presented with 95% confidence intervals (Cl). P < 0.05 was
considered statistically significant.
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Overview of the Bonar score [106]
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Figure 3

Overview of collagen formation and maturation in hernia patients based on a systematic literature review [1]
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RESULTS

This section highlights the key results from the studies herein and
unpublished results. For a more detailed description, please refer
to the specific papers.

THE COLLAGEN METABOLISM OF HERNIA PATIENTS

The original systematic literature review [1] was supplemented
with an updated literature search covering January 2010-October
2013. A total of 55 original articles were reviewed. The papers
represented qualitative studies on connective tissue, semi-
quantitative and quantitative studies on specific connective tissue
proteins. A decreased type | to lll collagen ratio was the main
finding, probably leading to thinner collagen fibers and attenuat-
ed fascial structures as illustrated in Figure 3 [1]. Furthermore,
sparse evidence suggested decreased lysyl oxidase activity and
fewer cross-links in inguinal hernia patients [107, 108]. Lastly, a
local and systemic MMP-2 increase was reported in younger
patients with inguinal hernia [92, 94-97, 109].

THE ASSOCIATION BETWEEN INGUINAL AND VENTRAL HERNIAS
In a nationwide database study, direct and recurrent inguinal
hernia repair was significantly associated with ventral hernia
repair in a multivariable analysis adjusted for age, gender and
type of surgery. Furthermore, female gender, age of 47-69 years
and laparoscopic inguinal hernia repair was significantly associat-
ed with ventral hernia repair. In a subgroup multivariable logistic
regression analysis, both direct and recurrent inguinal hernias
were associated with primary ventral hernias, whereas only re-
current inguinal hernia was associated with secondary ventral
hernia (Table 4).

Table 4

Subgroup multivariable logistic regression analysis of association between
type of repaired inguinal hernia and primary and secondary ventral hernia
surgery. Odds ratio adjusted for age, gender and surgical approach

Primary ventral hernias, Secondary ventral hernias,
N =620 N =223
Lnj:ligal Odds ratio p Odds ratio p
(95% Cl) (95% Cl)
type
_Umilateral, 1 1
indirect
Bilateral,
indirect - 1.12 (0.74-1.68) 0.603 1.12 (0.56-2.26) 0.743
indirect
Unilateral, | 30(1.06-158) 0011 | 1.22(0.89-1.66)  0.220
direct
Bilateral,
indirect - 1.89 (1.27-2.80) 0.002 1.26 (0.57-2.75) 0.569
direct
Bilateral,
direct - 1.53 (1.13-2.08) <0.001 1.25(0.70-2.24) 0.454
direct
Uni- or
bilateral 1.78 (1.35-2.32) <0.001 1.76 (1.11-2.79) 0.016
recurrent

SYSTEMIC MEASUREMENTS OF MMPS AND TIMPS

Measurement of MMP-1, MMP-2, MMP-3, MMP-7, MMP-8,
MMP-9, MMP-10 and MMP-12 and TIMP-1, TIMP-2 and TIMP-4 in
a subgroup of serum samples from patients with and without
incisional hernias indicated differences in MMP-9 and TIMP-1.
ELISA analyses of MMP-9 and TIMP-1 of a total of 79 patients with
incisional hernia and 226 controls without incisional hernias
revealed no significant differences between patients with and
without incisional hernias, P = 0.411 and P = 0.670, respectively
[3].

Zymographic analyses of pro-MMP-2 and pro-MMP-9 revealed no
differences between controls and patients with inguinal, multiple
and incisional hernia (Figures 4-6). In a subgroup analysis of
different hernia types, the serum pro-MMP-9 level was signifi-
cantly increased in patients with recurrent incisional hernia com-
pared with primary incisional hernia, P = 0.007 (Figure 6B). No
significant differences with regard to gender and smoking status
on pro-MMP-2 and pro-MMP-9 levels were found.

Multiple
Multiple
Multiple
Incisional
Incisional
Incisional

= = ® s ®
T & S S < < <
€ b= 35 = E
2 s £ S & ® @
= 2 5} 5} S £ =

MMP-8 dimer

MMP-8/NGAL

pro-MMP-9
MMPS

pro-MMP2

12887| 15144| 8924 6742 4426| 11277| 8289 6499| 8521| 5831 16742| 13067| Pro-MMP-9

8253| 10701 8379 10426 7411| 10271| 8368| 8504| 9305 8356( 10510| 9398| pro-MMP-2

Figure 4

Zymogram of serum samples (50 nL/slot) from controls without hernia,
patients with inguinal, multiple and incisional hernia. Standards are re-
combinant human MMP-9 (50 pg) and MMP-2 (20 pg). The positions of
the four MMP-9 forms and pro-MMP-2 are indicated. Band intensities of
pro-MMP-9 and pro-MMP-2 were measured by densitometry using the
software Imagel. The results of the measurements are indicated in arbi-
trary units below the zymogram.

SYSTEMIC BIOMARKERS OF COLLAGEN TURNOVER

PINP was significantly decreased in patients with inguinal and
multiple hernias, though the ratio of PINP/C1M did not differ
significantly between groups (Figure 7A). The Pro-C3/C3M ratio
was significantly decreased in patients with inguinal and multiple
hernias favouring decreased synthesis and increased breakdown
(Figure 7B). The PANP/C4M ratio was significantly increased in all
three hernia groups, due to increased synthesis and decreased
breakdown (Figure 7C). The ratio of PSCP/C5M was significantly
decreased in patients with inguinal and incisional hernia, and
insignificantly decreased in patients with multiple hernias (Figure
7D). There were no significant differences on biomarker levels
with regard to gender, smoking, hypertension, diabetes and use
of medications. In subgroup analysis, there were no significant
differences between hernia subtypes (Figure 8).
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Figure 5

Zymographic analyses of pro-MMP-2 in serum of A) controls without
hernia (N=18) and patients with primary unilateral inguinal hernia (N=17),
multiple hernias (N=21) and incisional hernia (N=25). ANOVA, P = 0.705
and B) controls without hernia (N=18) and patients with indirect inguinal
hernia (N=17), direct inguinal hernia (N=12), recurrent inguinal hernia
(N=5), primary incisional hernia (N=16) and recurrent incisional hernia
(N=9). ANOVA, P = 0.920. Data are geometric means * SEM
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Figure 7
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Controls

Figure 6

Zymographic analyses of pro-MMP-9 in serum of A) controls without
hernia (N=18) and patients with primary unilateral inguinal hernia (N=17),
multiple hernias (N=21) and incisional hernia (N=25). ANOVA, P =0.811
and B) controls without hernia (N=18) and patients with indirect inguinal
hernia (N=17), direct inguinal hernia (N=12), recurrent inguinal hernia
(N=5), primary incisional hernia (N=16) and recurrent incisional hernia
(N=9). ANOVA, P = 0.049. Data are geometric means + SEM. Asterisks
mark statistically significant data, **, P < 0.01

B Pro-C3/C3M
0,6
0,5
04 * *
0,3 1
0,2 1
0,1 4
0 T T T |
Controls Inguinal Multiple Incisional
hernia hernia hernia
D P5CP/C5M
1,2 -
14
*
08 * %k %
0,6
0,4
0,2 -
0 T T T
Controls Inguinal Multiple Incisional
hernia hernia hernia

Ratios of collagen biomarkers in serum of controls without hernia (N=18) and patients with primary unilateral inguinal hernia (N=17), multiple hernias
(N=21) and incisional hernia (N=25). A) type | collagen synthesis (PINP) and breakdown (C1M), ANOVA, P = 0.333, B) type Ill collagen synthesis (Pro-C3)
and breakdown (C3M), ANOVA, P = 0.032, C) type IV collagen synthesis (P4NP) and breakdown (C4M), ANOVA, P < 0.001 and D) type V collagen synthesis
(P5CP) and breakdown (C5M), ANOVA, P = 0.049. Data are geometric means + SEM. Asterisks mark data statistically significant from controls, *, P < 0.05,

** P<0.01
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Figure 8

LR

Controls  Indirect Direct  Recurrent Primary Recurrent
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Ratios of collagen biomarkers in serum of controls without hernia (N=18) and patients with indirect inguinal hernia (N=17), direct inguinal hernia (N=12),
recurrent inguinal hernia (N=5), primary incisional hernia (N=16) and recurrent incisional hernia (N=9). A) type | collagen synthesis (PINP) and breakdown
(C1M), ANOVA, P = 0.284, B) type lll collagen synthesis (Pro-C3) and breakdown (C3M), ANOVA, P = 0.040, C) type IV collagen synthesis (P4NP) and
breakdown (C4M), ANOVA, P < 0.001 and D) type V collagen synthesis (P5CP) and breakdown (C5M), ANOVA, P = 0.226. Data are geometric means *
SEM. Asterisks mark data statistically significant from controls, *, P < 0.05, **, P <0.01, ***, P <0.001
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Figure 9

A) Hydroxyproline concentration in ePTFE tubes from controls without
hernia (N=14) and patients with inguinal hernia (N=15), multiple hernias
(N=20) and incisional hernia (N=23). ANOVA, P = 0.717.

B) Hydroxyproline concentration in ePTFE tubes from controls without
hernia (N=14) and patients with indirect inguinal hernia (N=16), direct
inguinal hernia (N=12), recurrent inguinal hernia (N=4), primary incisional
hernia (N=14) and recurrent incisional hernia (N=9). ANOVA, P = 0.295.
Data are geometric means * back-transformed SEM
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Figure 10

Pro-MMP-2 concentration in ePTFE tubes of A) controls without hernia
(N=14) and patients with inguinal hernia (N=15), multiple hernias (N=20)
and incisional hernia (N=23), ANOVA, P = 0.690 and B) controls without
hernia (N=14) and patients with indirect inguinal hernia (N=16), direct
inguinal hernia (N=12), recurrent inguinal hernia (N=4), primary incisional
hernia (N=14) and recurrent incisional hernia (N=9). ANOVA, P = 0.422.
Data are geometric means * back-transformed SEM
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COLLAGEN DEPOSITION AND MMP LEVELS IN EPTFE TUBES

The ePTFE tubes contained 257.6 + 22.4 ug (geometric mean +
SEM) hydroxyproline per g of ePTFE tube. There were no signifi-
cant differences on the collagen deposition in the ePFTE tubes
between hernia groups and controls or between subgroups of
hernia patients (Figure 9).

The pro-MMP-2 and pro-MMP-9 levels were similar in the ePTFE
tubes of patients with and without hernias (Figure 10 and 11). In
patients with direct inguinal hernia, there was a tendency to-
wards increased pro-MMP-2 compared with controls, though the
ANOVA test was insignificant (Figure 10B). There were no differ-
ences in collagen deposition or MMP levels with regard to gender
and smoking status.
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Figure 11

Pro-MMP-9 concentration in ePTFE tubes of A) controls without hernia
(N=14) and patients with inguinal hernia (N=15), multiple hernias (N=20)
and incisional hernia (N=23), ANOVA, P = 0.771 and B) controls without
hernia (N=14) and patients with indirect inguinal hernia (N=16), direct
inguinal hernia (N=12), recurrent inguinal hernia (N=4), primary incisional
hernia (N=14) and recurrent incisional hernia (N=9). ANOVA, P = 0.400.
Data are geometric means + back-transformed SEM

COLLAGEN CONCENTRATION AND MORPHOLOGY OF FASCIA
TRANSVERSALIS

The fascia transversalis biopsies contained 58.4 + 1.70 pg (geo-
metric mean + SEM) of hydroxyproline per mg of tissue. There
were no significant differences on the collagen concentration in
the fascia transversalis between hernia groups and controls or
between subgroups of hernia patients (Figure 12A and 12B). The
fascia morphology did not differ between patients with and with-
out hernias (Figure 13G). The mean Bonar score of the two
pathologists was 3.1 and ranged from 1.5 to 5.5 (Figure 13G). The
collagen arrangement ranged from tightly cohesive well-
demarcated bundles to separated fibre bundles with loss of polar-
ization (Figure 13A-13F). The pathologists agreed in 65% (13/20)
of the cases, resulting in a fair agreement (kappa = 0.20 [0.0-
0.54]).
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Figure 12

A) Hydroxyproline concentration of fascia transversalis from controls
without hernia (N=18) and patients with inguinal hernia (N=17), multiple
hernias (N=21) and incisional hernia (N=25). ANOVA, P = 0.952.

B) Hydroxyproline concentration of fascia transversalis from controls
without hernia (N=18) and patients with indirect inguinal hernia (N=17),
direct inguinal hernia (N=12), recurrent inguinal hernia (N=5), primary
incisional hernia (N=16) and recurrent incisional hernia (N=9). ANOVA, P =
0.588. Data are geometric means + back-transformed SEM
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Figure 13

Morphology of fascia transversalis from a patient with incisional hernia A-
C), and a patient with an inguinal hernia D-F). Original magnifications and
stainings: A and D): x 20, haematoxylin and eosin; B and E): x 100, haema-
toxylin and eosin; C and F): x 100, Van Gieson and Alcian Blue. G) Mean
Bonar score of fascia transversalis from controls without hernia (N=5),
patients with inguinal hernia (N=5), multiple hernias (N=5) and incisional
hernia (N=5) assessed by two pathologists independently. Horizontal line
indicates median, boxes indicate interquartile range and whiskers indicate
minimum and maximum Bonar score. Kruskal-Wallis test, P = 0.394.

DANISH MEDICAL JOURNAL 10



DISCUSSION

PRINCIPAL FINDINGS

The overall aim of the studies was to evaluate the collagen turno-
ver in patients with primary inguinal hernia, multiple hernias and
incisional hernia. Firstly, a positive association between direct and
recurrent inguinal hernias and ventral hernia surgery was demon-
strated epidemiologically. Systemic measurement of MMPs re-
vealed no differences between hernia patients and controls.
However, an altered collagen turnover was found in serum sam-
ples from hernia patients, and biomarkers for type IV collagen
turnover seemed to predict the presence of both inguinal and
incisional hernias. In granulation tissue from patients with and
without hernias, the collagen deposition and MMP levels were
unaltered. Locally in fascia transversalis biopsies, no differences in
total collagen concentration or morphology were found between
hernia patients and controls.

SYSTEMIC PREDISPOSITION TO ABDOMINAL WALL HERNIA

Only a few research groups have studied patients with multiple
hernias, though most general surgeons will probably recognize
the cases from the clinical setting. Bilateral inguinal hernia and
hernia recurrences in early childhood appear in patients with rare
connective tissue diseases [110]. Further, bilateral inguinal hernia
repair is associated with incisional hernia repair [111]. Moreover,
inguinal hernia is associated with umbilical hernia in women [7].
In the current thesis it was demonstrated that specifically direct
and recurrent inguinal hernia repair is associated with ventral
hernia repair [2]. These findings suggest that some patients are
predisposed to abdominal wall hernias.

Interestingly, only recurrent inguinal hernia was associated with
incisional hernia repair in the current thesis [2], suggesting that
hernia recurrence and incisional hernia may share common path-
ogenetic factors possibly related to healing after the primary
surgery. Unfortunately, potential confounding variables such as
smoking, overweight and comorbidity were not available from the
Danish Hernia Database. In a recent study, a slightly increased
spouse risk of both inguinal and incisional hernia was reported,
also suggesting that exogenous factors are involved [43].
Emerging evidence suggests that inguinal hernias represent an
inherited disease, however the inheritance pattern remains to be
clarified [42]. Most of the literature on groin hernia inheritance
included hernias in children and did not distinguish between the
types of inguinal hernia [42]. Interestingly, the strongest inherited
link has been found in females with groin hernias [112, 113]. As
hernias in children and groin hernias in women are most often of
the indirect type [38, 114], one may assume that the demonstrat-
ed inheritance patterns relate to indirect inguinal hernias. Further
studies are needed to clarify whether it is the anatomic defect of
a patent processus vaginalis or a collagen alteration that is inher-
ited.

Recently, a few small-scaled genetic studies have been published.
A polymorphism in the regulatory region of the COL1A1 gene and
a missense point mutation in the elastin gene have been suggest-
ed in inguinal hernia patients including both indirect and direct
inguinal hernias [45, 115]. Furthermore, a genome-wide associa-
tion study of recurrent incisional hernia was performed, reporting
on an inverse correlation between GREM1 and COL3A1 [46].
GREML1 is a regulator of tissue differentiation and seems to be
related to fibrosis [46].

SYSTEMIC MMPS AND ABDOMINAL WALL HERNIA

The collagen alterations found in patients with hernias are pro-
posedly caused by increased collagen breakdown by MMPs [116].
However, diverging results exist on MMPs and hernia. In the
current thesis, there were no significant differences between the
systemic MMP levels in patients with and without hernias. The
measurable levels of MMPs in the circulation are affected by
several factors. Active MMPs are complexed to inhibitors in the
circulation such as a2-macroglobulin and TIMPs in order to pro-
tect overall tissue stability [117]. Systemically high levels of active
MMPs would potentially have detrimental effects on several
tissues and not only cause hernias. Furthermore, measurements
of MMPs depend on which fraction of the total MMP that is
measured, i.e. the complexed form, the pro-form or the active
form.

Inguinal hernia

Previous studies did not report convincing results with regard to
involvement of MMP-1, MMP-9 and MMP-13 in patients with
inguinal hernias (Appendix 1). A total of 6 studies reported that
MMP-2 was increased systemically and locally in patients with
inguinal hernias, and especially increased in younger males with
direct hernia [92, 94-97, 109]. On the contrary, one study report-
ed that MMP-2 was decreased in plasma, though MMP-2 was
increased in fascia from the same patients [98] indicating that the
local MMP level may not be reflected systemically. An increased
MMP-2 level in serum was not reproduced in the current thesis.
This may be explained by the fact that patients in the current
study population were older than 40 years. MMP-2 appears to be
up-regulated in skin and serum of older individuals [118, 119],
which may mask a systemic increase in older patients with herni-
as.

Incisional hernia

Only a few previous studies evaluated MMPs in incisional hernia
patients and reported ambiguous results (Appendix 1). The cur-
rent study is the largest to date evaluating multiple MMPs and
TIMPs systemically in patients with and without incisional hernia,
and no significant differences were found between patients with
primary incisional hernia and controls [3].

Interestingly, zymographic analysis of serum from Study 4
demonstrated significantly increased pro-MMP-9 in patients with
recurrent incisional hernia compared with primary incisional
hernia, suggesting that surgical factors may be the main reasons
for a primary incisional hernia, whereas increased collagen break-
down may cause recurrent incisional hernia in agreement with
previous reports [80, 81, 88, 90, 91, 120]. This finding may be
limited by the fact that the number of patients was small. Fur-
thermore, the pro-MMP-9 level did not differ significantly from
the controls. Further studies are needed to clarify this.

SEROLOGICAL BIOMARKERS FOR HERNIA DISEASE

MMPs do not appear suitable as circulating biomarkers for hernia
disease, even though they may be involved locally in tissue turno-
ver during hernia development. On the other hand, the collagen
degradation products formed by MMPs may reflect the MMP
activity indirectly. Besides, the pro-peptides that are cleaved off
during collagen formation represent the level of collagen synthe-
sis. The products of collagen synthesis and breakdown are known
as neo-epitopes and mirror the systemic collagen turnover [103].
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In patients with inguinal hernias, the turnover of type I, IV and V
collagen was systemically altered, whereas only type IV and V
collagen turnover was altered in incisional hernia patients. The
synthesis of the interstitial type Ill and V collagen was decreased
with an unaltered degradation. On the contrary, the basement
membrane type |V collagen synthesis was increased with de-
creased breakdown, suggesting an imbalance between interstitial
matrix collagen and basement membrane collagen. This matrix
imbalance possibly impairs the matrix quality increasing the risk
of hernia formation.

Type V collagen is important for the initiation of type | collagen
fibrillogenesis [65]. A decreased type V collagen turnover may
alter the quantity or quality of type | collagen fibres. This may
correspond to the findings of a decreased type | to Ill collagen
ratio in hernia patients reported by other research groups. A
previous study evaluated type V collagen in skin scars of incisional
hernia patients, but did not demonstrate any significant differ-
ences [80]. A slight overexpression of the genes coding type V
collagen was found in skin of patients with recurrent incisional
hernia together with a significant overexpression of the genes
coding type IV collagen [46].

Type IV collagen seems to be associated with fibrosis in both the
liver and kidney [121, 122]. Another research group attempted to
measure type IV collagen in fascia of incisional hernia patients,
but concluded that it was not detectable [89]. In an experimental
study, fibrosis in the tissue surrounding the ventral hernia was
reported [123]. Further, subserosal fibrosis of inguinal hernia sacs
has been found [124]. Whether or not fibrosis is the explanation
of the increased type IV collagen turnover of hernia patients
needs further evaluation.

Until recently, the ECM has been considered a strong and sup-
portive network that on the cellular basis anchors cells and pro-
teins, and on a higher level supports tissue stability, for instance
in tendon and fascia. Lately, emerging evidence suggests that the
ECM may have more complex functions such as binding growth
factors and cytokines and thereby regulate cell functions [125].
The post-translational breakdown products of various ECM pro-
teins may have a function in themselves in controlling tissue
turnover [125]. Possibly, the matrix imbalance demonstrated by
the biomarker measurements in hernia patients should be con-
sidered as an alteration of the matrix function rather than as an
altered tissue stability. Hypothetically, one of the breakdown
products generated by the matrix imbalance has a special role in
affection of collagen stability by indirectly affecting lysyl oxidase,
MMPs or other important enzymes.

WOUND HEALING IN HERNIA PATIENTS

It is likely to believe that the formation of incisional and recurrent
inguinal hernias is related to impaired wound healing. Smoking is
a risk factor for both incisional and recurrent inguinal hernia [11,
14]. In smokers, the function of the fibroblasts is compromised
and the collagen synthesis is decreased leading to delayed wound
healing, possible wound dehiscence and ultimately hernia for-
mation [15]. Furthermore, smokers have a higher risk of surgical
site infections that also increase the risk of incisional hernia de-
velopment [14].

The wound healing potential of hernia patients was evaluated
with a subcutaneously implanted ePTFE tube that allows for
ingrowth of cells that synthesize granulation tissue [102]. The
total collagen deposition in the ePTFE tubes did not differ be-
tween hernia patients and controls or between the subtypes of
hernias. This result is in accordance with one previous study

evaluating specific models for wound healing in 20 patients with
and 47 patients without groin hernias [126]. These findings sug-
gest that the total amount of collagen in granulation tissue is not
important for hernia formation. However, the collagen quality
and turnover during wound healing may still play a role and re-
mains to be evaluated.

MMPs have a variety of functions during wound healing such as
degradation of ECM and facilitation of cell migration, however,
the exact function of the individual MMPs is still not fully under-
stood [127]. The levels of the gelatinases pro-MMP-2 and pro-
MMP-9 were measured semi-quantitatively in the ePTFE tubes.
There were no significant differences between hernia patients
and controls. Interestingly, there was a tendency towards in-
creased pro-MMP-2 protein level in the granulation tissue of
patients with direct inguinal hernia. This suggests that the direct
inguinal hernia is a systemic disease possibly related to systemic
up-regulation of MMP-2, corresponding to the findings of previ-
ous studies [92, 94-97, 109].

LOCAL CHANGES IN FASCIA OF HERNIA PATIENTS

In the current study, the total collagen content of the fascia sam-
ples did not differ between hernia patients and controls or be-
tween patients with indirect, direct and recurrent inguinal herni-
as. Furthermore, there was no difference in the morphology of
the fascia transversalis in patients with and without hernias.

Inguinal hernias

Considering the collagen quantity, there are a few previous re-
ports on lower amounts of total collagen [70, 128-130], whereas
others have described an unaltered level of total collagen [80,
108, 131] in the fascia of inguinal hernia patients (Appendix 1).
The majority of the studies analysed the total collagen content
semi-quantitatively by colorimetric quantification of histologic
sections, which is not as accurate as hydroxyproline measurement
[128-131]. In accordance with the current thesis, Pans et al.[108]
reported no significant differences between inguinal hernia pa-
tients and controls on the total collagen content of the fascia
measured as hydroxyproline. On the other hand, Wagh et al.[70]
demonstrated a decreased amount of hydroxyproline in the
rectus sheath of direct inguinal hernia patients.

One previous study assessed the collagen fibre organization in
the anterior rectus sheath by the Bonar score and demonstrated
no significant differences between hernia patients and controls,
corresponding to the findings of the current thesis [85]. The
agreement between the pathologists in the current thesis was
only fair, suggesting that the Bonar score may not be the best tool
for scoring the fascia transversalis. The Bonar score is designed
for sections of tendons with longitudinally orientated fibres [106].
The fascia transversalis biopsy is very thin and difficult to orien-
tate properly in the paraffin embedding.

A number of other studies described unorganized collagen fibres,
increased vascularity, inflammation and fibrohyaline degenera-
tion of muscle fibres by unstandardized evaluations of tissue
biopsies from inguinal hernia patients [71, 73, 74]. These descrip-
tive studies suggest that the fascial collagen architecture is al-
tered in inguinal hernia patients, but due to the qualitative design
they are difficult to compare with the current study findings.
Patients with multiple primary hernias have never been included
previously in studies on collagen alterations. Hypothetically,
patients with multiple hernias would exhibit more severely al-
tered collagen than patients with one unilateral primary inguinal
hernia. Surprisingly, no differences between inguinal and multiple
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hernia patients was demonstrated with regard to total collagen
guantity nor systemic collagen turnover. In the group of patients
with multiple hernias, there were more direct hernias than in the
group of patients with primary unilateral inguinal hernia. Still,
there were no signs of enhanced collagen alterations in the mul-
tiple hernia patients. Furthermore, no differences between ingui-
nal hernia subtypes were found.

Incisional hernias

The total collagen quantity has not been evaluated previously in
fascial tissue from incisional hernia patients. However, a total of
12 studies evaluated collagen subtypes in skin and fascia from
incisional hernia patients. Half of the studies reported on a de-
creased type I/1Il collagen ratio in recurrent incisional hernias only
[80, 81, 88, 90, 91, 120], and four studies reported on pro-
nounced alterations in recurrent incisional hernias as compared
to primary incisional hernias [85-87]. Two studies on ventral
hernia patients and primary incisional hernia patients did not find
a decreased type I/Ill collagen ratio [84, 132]. The decreased type
I/11l collagen ratio has mainly been found in the skin and in fascia
probably surrounding the hernia defect, however, the exact ana-
tomic position was not described [78, 87, 89]. One study did
report that the decreased type /11l collagen ratio was not present
in the fascia transversalis of incisional hernia patients [90]. A
recent study concluded that the type I/1ll collagen alterations of
the skin correlated significantly with the alterations in both the
fascia transversalis and the anterior rectus sheath in both primary
and recurrent inguinal and incisional hernia patients [85], sug-
gesting a systemic collagen alteration in both inguinal and inci-
sional hernia patients.

Collagen alterations of the fascia and skin have been demonstrat-
ed in patients with both inguinal and incisional hernias, suggest-
ing that both types of hernia share pathogenic factors. Incisional
hernia recurrence may be associated to a compromised healing
potential reflected as altered collagen turnover in fascia and skin.

METHODOLOGICAL CONSIDERATIONS

Due to the strength and stability of the collagen protein, the
protein level may be difficult to analyse. In vitro, it is necessary to
degrade the cross-links in order to measure the collagen. Fur-
thermore, identification of the collagen subtypes is useful. The
hydroxyproline amino acid is specific for collagen, but it lacks the
specificity to differentiate between the collagen subtypes [133].
Besides, elastin contains small amounts of hydroxyproline, also
contributing to the total hydroxyproline content [58]. The factor
for defining the total collagen content from hydroxyproline de-
pends on the distribution of collagen subtypes, which vary be-
tween tissues. To be certain that the true conversion factor is
used, an internal control of specific tissue is necessary. Alterna-
tively, data must be presented as the amount of hydroxyproline
per tissue.

Collagen analyses depend on the extraction protocol. The number
of extraction processes with pepsin is crucial for the collagen
cross-links to be broken down. Variations between extraction
methods may cause bias in analysis results, rendering the results
incomparable. Pepsin extraction of collagen was performed in a
few studies, but the number or length of extraction was either
not described or only performed for 24 hours [76, 86, 87, 108].
Whether 24 hours of pepsin extraction is enough to degrade
collagen cross-links in fascial tissue is questionable.

Previous studies analysing collagen in hernia patients collected
biopsies from both linea alba, the anterior rectus sheath, fascia

transversalis and skin. No standardized method for biopsy collec-
tion with regard to hernias has been described. The total collagen
content of fascia transversalis seems to be lower than the colla-
gen content of the anterior rectus sheath [108]. Furthermore,
emerging evidence suggests that the collagen alterations of the
rectus sheath correlate with the collagen alteration in the skin of
hernia patients, indicating that the collection of skin biopsies may
be sufficient in future studies [85].

In the current study, biopsies from the fascia transversalis were
collected in all patients based on the hypothesis of a systemic
collagen alteration in hernia patients. The fascia transversalis is
anatomically involved in groin hernias, but not in incisional herni-
as. One disadvantage with fascia transversalis biopsies is that the
fascia may be difficult to reach and locate during other proce-
dures than the transabdominal pre-peritoneal inguinal hernia
repair. Besides, the fascia transversalis is very thin and the biopsy
crumples after removal making it difficult to orientate properly in
a paraffin embedding. Furthermore, due to the thinness, a fascia
transversalis biopsy is easily contaminated with underlying mus-
cle tissue, which may affect some analyses. Biopsies from the
linea alba or anterior rectus sheath would probably have been
easier to collect in a uniform manner from the umbilical trocar
site.

Selection of a matched non-hernia control group may be difficult
as it is unknown whether the controls will develop a hernia later
in life and actually possess systemically connective tissue altera-
tions at the moment of inclusion. Furthermore, there are ethical
considerations with regard to biopsy collection and in the current
study implantation of the ePTFE tube. There is always a risk of
bleeding and infection when performing a surgical procedure,
though none of that was encountered in the present experi-
ments.

STRENGTHS AND LIMITATIONS

The current thesis evaluates the association between hernias and
collagen alterations extensively in a thorough literature review,
epidemiologically with a nationwide database study and experi-
mentally with collagen analyses of patients with inguinal, multiple
and incisional hernias.

STUDY 1

A thorough review of the literature concerning connective tissue
alterations in hernia patients was completed, giving an overview
of the current knowledge for the general surgeon. It was decided
to include all English papers evaluating connective tissue altera-
tions in humans with abdominal wall hernias. A standardized
methodology checklist for selection of included studies was not
used, and the quality of the studies was not assessed systemati-
cally. A part of the studies included quantitative evaluations of
the connective tissue, which may be difficult to assess and report
in a systematic review, increasing the risk of reporting bias. Very
few studies reported insignificant results, suggesting that publica-
tion bias may be a significant limitation to the review. Many of
the studies included few patients and some lacked a control
group. Furthermore, the included studies were inhomogeneous
with regard to techniques for biopsy collection, sample handling
and types of analyses, and it is unknown whether these methods
were reproducible and comparable.

STUDY 2
The epidemiological study was strengthened by the fact that data
was retrieved from the nationwide Danish Hernia Database in
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which data on hernia repairs are registered prospectively. The
type of inguinal hernia is available leading to the unique possibil-
ity to evaluate differences between patients undergoing indirect,
direct and recurrent inguinal hernia repair. Nearly all (98%) ingui-
nal hernia repairs in Denmark are registered in the database,
leading to a low risk of selection bias. Unfortunately, the registra-
tion rate of the ventral hernia database is only 80%, possibly
leading to an underestimation of the ventral hernia repairs.

The ventral hernia database only dates back to 2007, hence the
time overlap between the two databases is only 3 years. Only
patients operated on for hernias are registered in the databases,
and the real hernia prevalence may be much higher. Potential
confounders such as smoking, BMI and comorbidity are not avail-
able from the database, which is a significant limitation to the
study, as smoking is a known risk factor for both recurrent ingui-
nal hernia and incisional hernia. Furthermore, laparoscopic sur-
gery appeared as a confounder for the repair of a ventral hernia,
as patients undergoing laparoscopic surgery for bilateral primary
or recurrent inguinal hernia may easily have an umbilical hernia
repaired during the same procedure.

STUDY 3

This is the first study to analyse multiple MMPs and TIMPs in a
large cohort of patients examined for incisional hernia after lapa-
rotomy. The patients included in the subgroups were randomly
selected based on gender, smoking status and incisional hernia.
Multiple MMPs and TIMPs were only analysed in the subgroups,
and the results may be biased by the subgroup selection. As only
9 patients were included in each subgroup, a single sample with
an outlier in the protein level could have affected the entire
group. Local MMP or TIMP alterations possibly involved in inci-
sional hernia formation may change over time, and may hypo-
thetically only be measurable in serum during wound healing in
the first days after the primary laparotomy, and not in blood
collected at the day of clinical examination years after incisional
hernia formation. Last but not least, the incisional hernia group
comprises a heterogenic patient population undergoing different
types of primary laparotomies ranging from open elective chole-
cystectomy to colorectal cancer surgery to emergency laparoto-
my. Besides, known risk factors for incisional hernia formation,
such as re-laparotomy, wound dehiscence and suturing technique
were not accounted for. Possibly, some incisional hernias are
caused by these known risk factors, whereas others are caused by
increased collagen breakdown.

STUDY 4

Four well-defined patient groups were enrolled prospectively, and
serum, ePTFE tubes and fascia biopsies were collected from the
patients in order to assess collagen alterations systemically and
locally. No pilot study was carried out, and unexpected problems
were encountered during the process. The recruitment of pa-
tients was more difficult than expected, and was terminated after
two years despite inclusion of fewer patients than planned. Pa-
tients with a unilateral primary inguinal hernia were difficult to
recruit, as many of them presented with an asymptomatic contra-
lateral inguinal hernia or an umbilical hernia upon clinical exami-
nation. Furthermore, there were fewer males in the control group
than in the inguinal hernia and multiple hernia groups. The study
design with three hernia groups and one control group included a
risk of type | error due to multiple testing. This was accounted for
in the statistical analyses by initial testing for differences with
one-way ANOVA test. Pairwise comparisons between groups

were only performed if the ANOVA test was statistically signifi-
cant.

The sample size calculation was based on data from a previous
study evaluating hydroxyproline levels in ePTFE tubes [101].
Fewer patients had an ePTFE tube implanted than estimated by
the sample size calculation. A retrospective power calculation was
carried out leading to a power of 50% suggesting that the risk of
type Il error was highly increased. This means that a potential
alteration of collagen deposition in granulation tissue of hernia
patients may not be detected due to the small number of pa-
tients.

Serological biomarkers of collagen turnover have never been
evaluated previously in hernia patients. The biomarkers are not
tissue-specific and alterations in biomarker levels may arise from
other factors than the hernia itself. Also, it is unknown whether
the biomarker alterations are a cause or a consequence of the
hernia disease.

There is no standardized scoring system for evaluation of fascia
morphology. The Bonar score may not be optimal for fascia trans-
versalis morphology, as the agreement between pathologists was
only fair. Furthermore, only a subgroup of 20 randomly selected
fascia transversalis biopsies was scored increasing a risk of selec-
tion bias.

PERSPECTIVES

IMPLICATIONS FOR RESEARCH

A large epidemiological study on unselected material re-
evaluating the extrinsic factors associated with inguinal and ven-
tral hernia formation could be relevant. The optimal setting
would include clinical examination of all patients to evaluate the
accurate hernia prevalence. It seems that smoking, obesity and
diabetes are negatively associated with primary inguinal hernia,
but on the contrary, some are risk factors for incisional hernia
formation and hernia recurrence. This divergence needs further
evaluation in order to properly understand the pathogenesis of
inguinal and incisional hernia formation.

Emerging evidence suggests that inguinal hernia represents an
inherited disease. However, the inheritance pattern has not yet
been determined. Furthermore, a large genome-wide association
study including patients with familial susceptibility for hernia is
still lacking.

The present study suggests that serological biomarkers for type IV
and V collagen turnover are altered in hernia patients. We intend
to evaluate if the findings are reproducible in a larger patient
cohort. Furthermore, it would be interesting to evaluate if the
biomarkers predict hernia formation, though such a study should
include a long follow-up and may be difficult to complete. Be-
sides, local alterations of type IV and V collagens in fascial tissue
remain to be evaluated.

Collagen fibril assembly requires several critical steps, and a miss-
ing step will affect the overall quality of the collagen and possibly
the composition of collagen fibre. The cross-linking process im-
parts the collagen molecule with its special strength. For a proper
cross-linking process to succeed, the glycosylation reaction and
self-assembly with the aid of glycosaminglycans are important
together with proper functioning of lysyl oxidase. Several steps of
the collagen formation process remain to be evaluated with
regard to the hernia disease. Further research on collagen altera-
tions in hernia patients should focus on the collagen quality both
during wound healing and locally in fascia. Analyses of lysyl oxi-
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dase activity and the covalent collagen cross-links are lacking and
may play a role in hernia formation.

CLINICAL IMPLICATIONS

In international guidelines for inguinal hernia repair it is recom-
mended that women should be operated on laparoscopically.
Furthermore, a recurrent inguinal hernia primarily repaired with
open technique should be scheduled for a laparoscopic repair and
vice versa [134]. However, the preferred surgical technique for a
man with a primary inguinal hernia is a mesh repair either open
or laparoscopic depending on the surgeon’s expertise. If a sero-
logical biomarker could predict the risk of recurrence or the risk
of developing a contralateral inguinal hernia, a tailored surgical
strategy for the individual patient with a groin hernia could be a
future option.

The subgroup of incisional hernia patients of particular interest
are those who undergo primary laparotomy under clinically per-
fect circumstances and despite correct fascial closure and no
post-operative complications still develop an incisional hernia.
These patients may have a connective tissue disease solely lead-
ing to hernia development. If they could be identified preopera-
tively with a serological biomarker, prophylactic precautions
could be considered such as prophylactic mesh augmentation.
This surgical principle has been evaluated in patients at higher risk
of developing incisional hernia [135-137]. Larger randomized
controls are lacking, but it seems that prophylactic mesh augmen-
tation does decrease the incisional hernia rate without a rise in
post-operative complications [138].

CONCLUSIONS

Direct and recurrent inguinal hernia repair are associated with
ventral hernia repair, suggesting a systemic predisposition to
hernia disease in these patients. MMPs are not suitable as serum
biomarkers for inguinal or incisional hernia disease. Though
MMPs may be involved in local tissue processes, the systemic
levels may not reflect the local environment. Serological bi-
omarkers of type Ill, IV and V collagen turnover are altered in
patients with inguinal and incisional hernia. Specifically, markers
for type IV collagen turnover seem to predict the presence of
hernias. This novel finding suggests that type IV and V collagen
may be involved in hernia development. During wound healing,
the total collagen deposition and MMP levels seems to be the
same in patients with and without hernias. Besides, the total
collagen content and morphology of fascia transversalis appears
unaltered in patients with hernias. There are no signs of more
severe connective tissue affection in patients with multiple herni-
as and no difference in collagen turnover between patients with
indirect or direct inguinal hernia.

Taken together, the findings of this thesis suggest that abdominal
wall hernia is a clinical manifestation of a systemic disease, which
is not associated with the local collagen quantity, but rather with
the systemic collagen turnover. Further studies are needed to
evaluate if markers of collagen turnover can predict the for-
mation of hernias. A systemic biomarker predicting hernia disease
would be useful to plan a tailored surgical strategy for the indi-
vidual patient.

SUMMARY

BACKGROUND

Hernia formation is a multifactorial disease involving important
endogenous factors possibly affected by exogenous factors. Al-
terations in collagen composition seem to contribute to ab-
dominal wall hernia formation, possibly related to increased
collagen breakdown. The collagen composition appears altered in
fascial tissue but also in skin biopsies, suggesting that the collagen
alterations are systemic. More pronounced collagen alterations
are found in patients with hernia recurrences. Hypothetically,
primary inguinal hernias are formed due to a systemic predisposi-
tion to altered connective tissue, whereas impaired healing influ-
ences on the development of incisional hernias and hernia recur-
rences. The overall objective of this thesis was to investigate the
collagen turnover systemically and locally in patients with primary
inguinal hernia, multiple hernias and incisional hernia.

METHODS AND RESULTS

In a systematic literature review, a total of 55 original articles
were reviewed evaluating connective tissue alterations in patients
with abdominal wall hernias. Patients with inguinal and incisional
hernias exhibit a decreased type | to lll collagen ratio in fascia and
skin biopsies with the most pronounced alterations found in
patients with direct inguinal hernia and hernia recurrence. An
increased level of MMP-2 was reported in patients with inguinal
hernias.

In a nationwide study from the Danish Hernia Database, 92,283
patients with an inguinal hernia repair were identified from Janu-
ary 1998 until June 2010. A total of 843 patients were also regis-
tered with a ventral hernia repair. Direct (OR = 1.28 [95% C.I.
1.08-1.51]) and recurrent (OR = 1.76 [95% C.I. 1.39-2.23]) inguinal
hernia repairs were significantly associated with ventral hernia
repair compared to indirect inguinal hernia repair after adjust-
ment for gender, age and surgical approach. In a multivariable
subgroup analysis, direct and recurrent inguinal hernia repair
were associated with primary ventral hernia surgery, whereas
only recurrent inguinal hernia repair was associated with second-
ary ventral hernia surgery.

In a cohort of 305 patients followed up a median of 3.7 years
after emergency or elective laparotomy, a total of 79 patients
were identified with an incisional hernia. Patients were sub-
grouped based on the identified risk factors male gender and
smoking in eight groups with nine patients in each. Pooled serum
samples were screened for MMP-1, MMP-2, MMP-3, MMP-7,
MMP-8, MMP-9, MMP-10, MMP-12, MMP-13, TIMP-1, TIMP-2,
and TIMP-4 with a multiarray and zymography. The screening
indicated differences in MMP-9 and TIMP-1, which were meas-
ured in serum samples of the whole patient cohort with ELISA.
There were no differences in systemic MMP-9 and TIMP-1 levels
between patients with and without incisional hernia.

Patients were enrolled consecutively in four groups; 1) patients
undergoing elective laparoscopic cholecystectomy without herni-
as (N = 18), patients operated on for 2) primary unilateral inguinal
hernia

(N =17), 3) multiple hernias defined as three or more primary
hernias (N = 21) and 4) incisional hernia

(N =25). Venous blood was collected preoperatively. Pro-MMP-2
and pro-MMP-9 were measured in serum by gelatine zymogra-
phy, and there were no significant differences between hernia
patients and controls. Furthermore, serological biomarkers for
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type |, Ill, IV and V collagen turnover were measured in serum by
solid-phase competitive immunoassays. In patients with inguinal
hernia, type Ill and V collagen turnover were significantly de-
creased, whereas type IV collagen turnover was significantly
increased. In incisional hernia patients, type V collagen turnover
was significantly decreased, whereas type IV collagen turnover
was significantly increased. Type IV collagen turnover seem to
predict the presence of both inguinal and incisional hernia.

An ePTFE tube was implanted perioperatively in all four patient
groups and explanted on the 10th postoperative day. Newly
synthesized granulation tissue in the ePFTE tube represents the
patients’ wound healing potential. Hydroxyproline levels were
measured as a marker for total collagen deposition and were
unaltered in hernia patients compared to controls. Pro-MMP-2
and pro-MMP-9 levels in the PTFE tubes did not differ between
hernia patients and controls. A fascia transversalis biopsy was
excised perioperatively in all four patient groups. There were no
significant differences between hernia patients and controls in
total collagen concentration or morphology of the fascia transver-
salis.

CONCLUSIONS

Direct and recurrent inguinal hernia repair are associated with
ventral hernia repair, suggesting a systemic predisposition to the
hernia disease. MMPs are not suitable as serum biomarkers for
inguinal or incisional hernia disease. Serum biomarkers for colla-
gen turnover are altered in both inguinal and incisional hernia
patients; specifically markers for type IV collagen turnover seem
to predict the presence of hernias. A systemic biomarker predict-
ing hernia disease would be useful to plan a tailored surgical
strategy for the individual patient.
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