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The only source of knowledge is experience
Albert Einstein
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Abstract
Background
Abdominal wall hernia is a common surgically treated condition. Patients with
primary umbilical hernia are operated with suture or mesh repair, but recurrence
and complication rates have been debated.
Larger abdominal wall hernias need implantation of reinforcing material for
repair. Synthetic implants are dominating. In complex hernia cases neither
synthetic nor biologic implants are optimal. A randomized controlled trial has
revealed satisfactory results from autologous full thickness skin grafts (FTSGs) in
onlay position. Further application intraperitoneally (IPOM) in laparoscopic
surgery and for repair of parastomal hernia in humans, must be based on a
translational concept including animal and morphologic studies since the IPOM
position has not been evaluated systematically. This thesis aims to be a link in a
translational chain, focused on establishing an experimental model for FTSG
evaluation.
Problem formulations

- Does synthetic mesh decrease the probability of recurrence and/or
complications in primary umbilical hernia?

- Can FTSG be evaluated for IPOM versus onlay position in a transgenic
mouse model using luminescence from substrate activated by the enzyme
luciferase expressed in donor tissue?

- How does the FTSG in IPOM position perform compared to FTSG in
onlay position?

Results
Recurrence rate at a median of 6.8 years follow-up was 9% for suture- and 8% for
mesh repair, odds ratio (OR) 0.9, 95% confidence interval (CI) 0.40-2.02, in 306
patients investigated patients. Surgical complications were in favor of suture
repair, OR 6.6, 95% CI 2.29-20.38.
In an experimental evaluation of FTSG, 20 mice received intervention with either
onlay or IPOM graft. Survival of FTSG was revealed for 8 weeks by luminescence
detection. All animals regained weight within 8 days in median. At sacrifice 8
weeks postoperatively, adhesions were evaluated by a modified Jenkins’ adhesion
tenacity scale. No onlay mice displayed adhesions while two IPOM mice had firm
and one dense adhesions. Inflammatory response evaluated in four animals
expressing nuclear factor kB (NF-kB) showed a peak at day 2 and returned to
stable low levels from day 5 until end of the 33-day follow up.
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FTSG in IPOM position showed similar morphology and immunohistochemistry
stain patterns as controls in onlay position. There was a low expression of the
inflammatory markers tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β)
and myeloperoxidase. Vascular structures were visualized by von Willebrand
factor-stain. In Picrosirius red stain, collagen bundles in dermis of FTSG in both
IPOM and onlay position was thicker, compared to internal controls. FTSG
extracellular matrix had metamorphosed mainly into thick collagen bundles, with
partially degraded skin appendages. Matrix metalloproteinases (MMP)-stain
from MMP-1, MMP-8 and MMP-9 were not co-distributed with their respective
collagen substrates.
Conclusions
Synthetic mesh does not decrease the probability of recurrence but significantly
increase complications in repair of small umbilical hernia.
FTSG can be evaluated in IPOM and onlay position in an experimental transgenic
mouse model. The two positions were similar in terms of graft survival, few
adhesions, micro-vessel formation, low grade inflammation, cyst formation and
collagen distribution.
FTSG implanted in IPOM position does not exhibit any systematic differences
from onlay position, thus from this perspective no difference in biomechanical
behavior can be anticipated.
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Aims
The overall aims of this thesis were to explore the biological prerequisites for and
subsequent tissue integration and remodelling after the use of a novel abdominal
wall repair concept based on the use of full-thickness skin graft (FTSG).
The specific aims were:

- To compare outcomes of umbilical hernia repair with suture or mesh
focused on surgical and biological risk factors for recurrence and
complications.

- To evaluate prerequisites in terms of tissue biology for a novel abdominal
wall repair technique based on FTSG – more specifically:o In an experimental mouse model:

§ Investigate feasibility of the experimental model.
§ Evaluate the tolerance of FTSG.
§ Compare FTSG survival in the intraperitoneal onlay

mesh (IPOM) versus (vs) the onlay position.
§ Compare adhesions in IPOM vs onlay positions.
§ Describe local inflammatory responses when applying

FTSG in the IPOM position.o In histological sections:
§ Evaluate FTSG survival in IPOM vs onlay positions.
§ Evaluate local inflammatory components in IPOM vs

onlay application of FTSG.
§ Evaluate FTSG tissue integration in the IPOM vs the

onlay position.
§ Describe FTSG tissue remodelling in the IPOM vs the

onlay position.
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Populärvetenskaplig sammanfattning(summary in Swedish)
Bukväggsbråck innebär en öppning i bukväggen där olika organ eller annan
vävnad kan tränga fram. I de fall man behöver åtgärda bråcket är behandlingen
kirurgisk. Operationsteknikerna bygger antingen på att sy igen öppningen (sutur)
eller att förstärka bukväggen med olika förstärkningsmaterial (nät). Näten kan
vara gjorda av plast (syntetiska) eller av material från gris, ko eller en annan
människa (biologiska). Vilken operationsmetod som väljs beror bland annat på
bråcktyp, lokalisation, bråckstorlek, hälsostatus, ålder, och i viss mån på
patientönskemål. Kirurger har länge debatterat vilken som är den bästa
behandlingsmetoden, men inte enats. Ett av de vanligaste främre
bukväggsbråcken är navelbråck. För att kartlägga komplikationer och återfall
relaterat till metod för reparation gjordes en långtidsuppföljning vid Norrlands
Universitetssjukhus som en första del i avhandlingen.
Alla navelbråcksoperationer som utförts vid Norrlands Universitetssjukhus
följdes upp drygt 6 år efter operation. Jämförelsen mellan nät och sutur visade
ingen statistisk skillnad i återfall mellan de två metoderna. Komplikationer var
vanligare i gruppen med förstärkningsnät. Studien påvisade också ett samband
där patienter med andra samtidiga bråck hade större sannolikhet att få ett återfall
i sitt navelbråck-. Detta har man sett antydan till även hos patienter med andra
typer av bråck, men har fortfarande ganska lite kunskap i ämnet. Resultaten ledde
till frågan om det fanns andra skonsammare sätt att förstärka bukväggen i de fall
enbart sutur bedöms otillräckligt. De ledde också in på frågan om hur
sammansättningen i bukväggen ser ut efter operation.
I komplicerade fall där bukväggen behöver förstärkas är det ibland svårt att hitta
en bra metod. Förstärkningsnät anses förhindra eller skjuta upp att bråcket
kommer tillbaka, men näten verkar medföra en hög risk för komplikationer.
Biologiska nät med ursprung i andra djurarter eller andra människor är dyra och
förefaller inte effektivt förhindra återfall. Kroppen kan även reagera med
inflammation mot de biologiska näten med en så kallad ”främmade-
kroppsreaktion”.
För att öka behandlingsmöjligheterna har forskargruppen CLISTER prövat att
använda kroppsegen hud som förstärkning. I huden från den egna individen finns
inga främmande äggviteämnen som immunförsvaret kan reagera mot. I en lottad
studie lades huden utanpå bukmusklerna alternativt användes ett syntetiskt nät
vid stora bukväggsbråck. Metoderna gav jämförbara resultat gällande återfall och
komplikationer. Ibland kan förstärkningen behöva läggas på insidan av
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bukväggen närmast tarmarna. Detta behövs vid titthålskirurgi och vid exempelvis
stomibråck. Innan man kan använda huden på detta sätt på människa krävs
tester på försöksdjur.
Det översiktliga målet med avhandlingen var att utforska de biologiska
omständigheterna för bråck och därefter för vävnadsintegrering efter operation
av hudtransplantat. De specifika målen var dels att jämföra utfall av
navelbråcksoperationer med avseende på återfall och komplikationer relaterat till
operationsmetod. Dels att utvärdera de biologiska grundförutsättningarna för en
ny potentiell reparationsteknik av bukväggsbråck. Hud opererades in i möss för
att förstärka bukväggen antingen på bukväggens insida eller ovanpå
bukmuskulaturen. Flera perspektiv studerades först experimentellt med
utvärdering av hudöverlevnad, mottagarens tolerans och inflammatoriska svar
samt värdering av sammanväxningar. Därefter utfördes vävnadsanalys med
mikroskop där cellöverlevnad, inflammationsmarkörer, vävnadsintegration, och
vävnadens omstrukturering utvärderades.
Efter etiskt godkännande och under uppsikt av veterinär prövades metoden på
20 genetiskt identiska möss som följdes i 8 veckor efter operation. Hudbiten från
givarmusen var markerad med ett äggviteämne som gjorde att huden kunde avge
ett speciellt ljus, som markör för hudöverlevnad. Ljuset framkom om man tog
bilder med en känslig kamera som kan mäta enskilda fotoner. Mössen sövdes och
transplanterades med hud antingen på bukväggens insida eller ovanpå
bukmusklerna. Det är den senare metoden som hittills använts vid operation på
människa. Samtliga möss klarade behandlingen bra och lekte och åt som de
skulle. Alla inopererade hudbitar överlevde fram till 8 veckor efter inplantationen
då preparat tillvaratogs. Hudbitarna hade då inte förorsakat några kraftiga
sammanväxningar i buken.
Hudbitarna tillvaratogs för att undersökas i mikroskop. De färgades med
antikroppar för olika ämnen. Resultaten bekräftade att äggviteämnet för
avgivande av ljus fanns kvar i hudbitarna, som ett mått på att cellerna överlevt.
Ett annat mått på överlevnad var att ett tunt (musspecifikt) muskellager fanns
kvar i hudbitarna, vilket inte hade funnits vid otillräcklig blodtillförsel. Vissa
kärlstrukturer sågs som tolkas som tecken till att blodtillförsel fanns. Hudbitarna
visade ett lågt inflammatoriskt svar, små blåsor med nedbruten vävnad och
begynnande inväxt av hudbiten i bukväggen. Omvandling av hudbitarna mot
stödjevävnad hade påbörjats, liksom nedbrytning av exempelvis hårsäckar och
fettkörtlar i det ytliga hudplanet.
Slutsatser: Syntetiska nät ger mer komplikationer än att enbart sy ihop ett
navelbråck. Nya metoder behövs för att kunna behandla bråck som kräver
förstärkningsmaterial. Musförsök med egen hud på bukväggens insida och
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ovanpå bukmusklerna visade inga negativa effekter på mössen. Även om
studierna är små pekar alla åt samma håll. Huden uppvisade likartade
egenskaper mikroskopiskt i båda positionerna och uppvisade god inläkning.
Utfallet hos möss är lovande vilket i framtiden skulle kunna leda till kliniska
lottade studier på patienter med exempelvis stomibråck. I framtiden kan
eventuellt kroppsegen hud bli ett möjligt alternativ vid bråckoperation i klinisk
vardag.
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Introduction
The seed of this thesis grew out of the results of Study I, that mesh did not
decrease long-term recurrence rates but rather was associated with increased risk
for early tissue biology-associated complications. The results raise questions
regarding the use of mesh in hernia repair. In cases where contamination and
other factors discourage the use of mesh, and in the case of complex repair
procedures, the clinical situation may be challenging even to the most
experienced surgeon. So, are there other treatment options beyond the
established repair techniques of today? This question led to the query; is the
application of a full-thickness skin graft (FTSG) feasible material for
reinforcement of the abdominal wall, hypothetically through metamorphosis into
collagen? A small pilot study on FTSG in the onlay position gave satisfactory
results, and a subsequent RCT, also performed by the research group CLISTER
(www.clister.se), revealed comparable results between FTSG in the onlay position
and synthetic mesh in the best possible position for repair of giant ventral hernia.
However, there are times when intraperitoneal (IPOM) implantation of FTSG
would seem desirable, but this has only been tested a few times many years ago
[3,4]. This led to one aim of the present study: to evaluate the feasibility of FTSG
implanted in the IPOM position of the abdominal wall. Does IPOM FTSG survive?
Does it trigger a strong inflammatory response in the host? How does a FTSG
behave intraperitoneally? What happens to the implanted FTSG and can it
survive? Does the graft metamorphose into collagen?

Hernia
A hernia is defined as a protrusion of tissue through its normal anatomical
boundaries. An abdominal wall hernia is a protrusion of intra-abdominal content
through the abdominal wall but lined with an intact sack [5]. This thesis is solely
devoted to ventral hernia and its repair, in adults. In Sweden more than 8 000
adults are operated for ventral hernia annually, equivalent to 103 per 100 000
citizens in 2018 [6]. The term herniology has been coined to describe the diverse
field of hernia research. There are primary and secondary hernias, where primary
hernias may be congenital or acquired [7]. Primary hernias develop through
natural openings such as the umbilicus, inguinal or femoral canal. Secondary
hernias develop in a scar following surgery (incisional hernia), or as a recurrent
hernia following previous hernia repair. The hernia may be asymptomatic, or
show symptoms ranging from a mildly uncomfortable protuberance to a large and
incapacitating bulge, or at worst incarceration of the intestine. Although
asymptomatic hernia usually does not need treatment, when treatment is
necessary it is exclusively surgical. Successful hernia repair has been performed
since the late 1800’s, but the war against surgical complications continues as this
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affect patient well-being. Furthermore, it is estimated that one serious
complication alone increases the cost of ventral hernia repair by $27 000 [8],
emphasising the fact that there are important economic considerations as well.
Major breakthroughs in hernia surgery were the introduction of synthetic mesh
in the 1950’s [9,10] and the non-absorbable polypropylene suture by Usher in
1962 [11]. Their widespread use and further advancements decreased recurrence
rates to today’s range between 3%-20% [12,13], depending on type of hernia
repair. Despite steady improvement in technique, complications following hernia
repair with mesh still occur, including recurrence, pain, seroma, incisional
hernia, postoperative infection, stiffness of the abdominal wall, adhesion
formation, erosion of the intestines and fistula formation, to name but a few [14-
18].
Primary umbilical hernia, including paraumbilical hernias, accounts for 10% of
all primary abdominal wall hernias which makes it the most commonly occurring
spontaneous hernia in adults. Ninety per cent of umbilical hernias are acquired
[19].
Primary umbilical hernia repair is rather well-documented. A nationwide Danish
study, with figures somewhat similar to Sweden, showed male predominance and
a biphasic prevalence with peaks in childhood and 60-70 years-of-age in males
(0.53% 5-year prevalence) and 40-50 years in women (0.086% 5-year
prevalence) [20]. The 5-year repair rate on symptomatic hernia for all ages was
0.18% in that material [20]. Consensus has long been a cut-off aperture of
approximately 3 cm, but this appears to be decreasing. In the latest
recommendation (2020) for elective primary umbilical repair, mesh
reinforcement is recommended for defects wider than 1 cm [21].
One predisposing factor for umbilical hernia is increased intra-abdominal
pressure [19,22]. This may be caused by long-term (chronic) constipation or
straining at the stool, chronic cough or sneezing such as in asthma/COPD, obesity
(body mass index (BMI) ≥30kg/m2), poor nutrition, smoking, enlarged prostate
(straining to urinate), cystic fibrosis, ascites, pregnancy, peritoneal dialysis or
overexertion/heavy lifting, to name but a few [19,22].
However, the fundamental pathogenesis of primary hernia involves several
intertwined biological systems including both innate and acquired factors, the
complexity of which is far from clear (Figure 1). Many genes associated with
congenital connective tissue disorders have been identified [23]. Raymond Read
proposed that several other organs should be assessed in abdominal hernia, since
this may reveal coexisting forms of hernia that pose an epidemiological risk such
as bowel (diverticulosis), gallbladder (Saint’s triad), aorta (aneurysm), lungs



3

(smoking and emphysema), skin (striae), and in women, prolapse and
incontinence [24]. This suggestion was based on the possibility of co-expression
of a systemic extracellular matrix (ECM) disorder that includes abdominal hernia
development [24].

Figure 1 Processes probably involved in hernia pathogenesis. Hernia development ismultifactorial and complex, with many uncertain causal links. Some factors may merely be co-existing rather than causative.
Interestingly, a recent study reported a higher incidence of dementia in patients
with (inguinal) hernia, suggesting a possible aetiology in the form of
dysregulation of tissue degradation by matrix metalloproteinases (MMP) [25].
Epidemiologically, patient characteristics associated with increased risk for
recurrence after umbilical hernia repair are high BMI, diabetes, current smoking
and hernia size >1.5 cm [26]. Suture repair is also a risk factor [27]. Risk factors
for recurrent hernia following ventral hernia repair include suture repair [18],
surgical site infection (SSI), wide hernia aperture, high BMI, young age and
smoking [28] (Figure 2).
Whereas primary hernia mainly can be considered an inherited disorder,
secondary hernia, such as incisional hernia, rather represents problems with
wound healing or iatrogenic technical factors [29]. The incidence of incisional
hernia after laparotomy ranges between 10 and 30% [30]. The incidence of
incisional hernia is probably going to increase since demographics point towards
a more elderly population, longer survival among cancer patients [31] and

Genetics •ECMcompositionand strength•Immunology•(Hormones?)

Strain
•Surgicaltechnique•Increasedintraabdominalpressure

Woundhealing
•Immunology•ECM regeneration•Tissue types, cellsmediators•Drugs, disease•Age? Smoking?
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increasing BMI in the population [32]. Extensive cancer surgery (such as
peritonealectomy with hyperthermic intraperitoneal chemotherapy (HIPEC))
also tend to generate complex defects. Consensus on the choice of treatment in
elective incisional hernia repair is surprisingly low [33]. Agreement has been
reached on mesh reinforcement in elective incisional hernia repair and
uncontaminated ventral hernia repair ≥ 2 cm [34]. The introduction of minimally
invasive laparoscopic techniques for access to intra-abdominal organs has
provided many benefits such as lower incidence of pain, adhesions, length of
hospital stay and better aesthetic outcome. With an increase in the proportion of
procedures performed laparoscopically, the smaller trocar incisions are expected
to lead to a decrease in the incidence of incisional hernia. However, trocar site
hernia has now become a new albeit small subgroup of incisional hernias [35,36].
Robot-assisted surgery is considered to have equally positive outcome in
incisional hernia repair as laparoscopy. Intraperitoneal (IPOM) application of
mesh is usually used in laparoscopic repair, but this introduces the risk of direct
contact with the intestines. Thus, the development of novel graft materials less
prone to cause negative and potentially life-threatening side-effects is of the
highest priority.

Figure 2 Possible factors influencing the risk for hernia recurrence.
Considering incisional hernia pathophysiology, it is possible that disturbance of
the early phase of wound healing is a major factor. One elegant model that
demonstrated this was the application metallic clips at the fascial edges. If the
metallic clips were separated by more than 1 cm during the initial 30 days, wound
healing was such that the risk for incisional hernia increased [37]. An increase in

Increasedrisk Protectivefactors
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immature collagen type III relative to the stronger collagen type I has been a
consistent finding in fascia close to the hernia among patients with incisional
hernia [38,39]. Sterile inflammation has recently been proposed as a possible
factor in the pathogenesis of incisional hernia, as the surgical trauma itself release
Damage-Associated Molecular Patterns (DAMP)s which trigger inflammation
and aberrant wound healing [40].
Other pathophysiological factors may lie behind recurrence after ventral hernia
repair including the protective effect of oestrogen since inhibition by Tamoxifen
caused hernia in a study on male mice but not in female mice [41]. This could
potentially at least partly explain why hernia is more common in males.
Decreased collagen type I:III ratio has been found in recurrent hernias [42,43].
Substantial efforts have been made to identify biomarkers that predict hernia. It
has been suggested that circulating collagen type IV and possibly collagen type V
could act as sensitive serologic markers for incisional hernia [44]. Its potential in
clinical practice, however, has yet to be seen.
Primary and secondary (incisional/recurrent) hernias should be regarded as
different entities and should not be pooled in clinical trials, despite the fact that
treatments are similar [29].
Parastomal hernia is an incisional hernia that develops in up to 50% of patients
with a new stoma [45,46]. Two recent RCTs have failed to show any protective
effect of prophylactic mesh when constructing a colostomy [47,48].
The ideal treatment for parastomal hernia is a matter of intense debate, and all
trials reported have recurrence rates between 27 and 46% [46,49]. Prophylactic
mesh to decrease parastomal hernia is frequently used despite its questionable
efficacy in prevention [48,50,51]. At present, the IPOM technique is usually
chosen using either the keyhole or Sugarbaker technique, but both are associated
with high recurrence rates [50,52]. Complication rates following parastomal
hernia repair are high, ranging between 30 and 50% [46,49]. Despite the fact that
many patients are afflicted, relatively few parastomal hernia repairs are
performed, reflecting the lack of satisfactory treatments available, and the
mortality rate is 5.5% in elective parastomal repair [53]. The overall number of
new stomas each year is expected to increase since stoma creation is an essential
part of permanent or temporary treatment also for rectal and urinary bladder
cancer, the incidences of which are increasing [31,54].
As synthetic meshes are associated with unacceptable recurrence and reoperation
rates in parastomal hernia repair [52], there is a need for a less complication-



6

associated repair concept; implantation of autologous (tissue from the same
individual) FTSG for reinforcement being a future candidate.
History tends to take unexpected turns and to repeat itself but in new shapes.
Historical findings that were not accepted at the time, can later regain attention
leading to new developments. After plastic mesh revolutionised hernia repair,
full-thickness skin graft was considered the poor man’s mesh for decades. FTSG
is now experiencing a comeback in the niche field of complex hernia repair where
there is currently no satisfactory surgical technique. In the 1940’s, this method
was shown to give satisfactory results in inguinal hernia, and its reintroduction
into clinical practice for specific cases where other reinforcement materials are
considered inadequate is worth evaluation.

Full-thickness skin graft (FTSG)
FTSG comprises epidermis and dermis and is less likely to shrink compared to
split-thickness skin graft. This property is highly appreciated in the
reconstruction of burn injuries and larger defects. FTSG donor sites require
primary surgical closure in contrast to split thickness skin graft donor sites [55].
When using FTSG for repair of abdominal wall hernia, it is usually possible to
harvest the graft from excess skin close to the intended surgical incision, thereby
minimising the risk for donor site complications [56]. After harvest of FTSG,
removal of fat from subcutaneous tissue is performed and the graft is fenestrated.
The aims of fenestration are to increase the surface area and to avoid collection
of fluid beneath the graft; both for uneventful healing.
Skin grafting using cutis was first introduced by Loewe in 1913 [57]. Uihlein and
colleagues stressed the fact that the cutis graft should be applied under tension in
humans to avoid epidermoid cysts [58]. In a study on humans, Peer observed that
epithelioid cysts lost their epidermal lining with time [59]. Mair, in the 1945, was
the first to apply FTSG in inguinal hernia repair in man [4]. The method was
further developed by Marsden and colleagues, and in 1948 they reported
acceptable clinical outcomes in 152 patients treated over a one-year period [60].
In 1951, Gray and colleagues expressed concern over inclusion cysts found in
histological samples from animal studies, and warned against the general use of
the method [61]. When synthetic mesh was introduced during the 1950’s, focus
shifted away completely from FTSG in hernia repair and only a few sporadic
studies was published during the following decades.
Historically, studies on FTSG have largely included an array of surgical methods
at different sites. On the other hand, cohorts have been large with long follow-up
times, and results have been encouraging. However times have changed, and
other standards are required today for scientific evaluation and documentation,



7

thereby preventing far-reaching conclusions from the results of historical
research. This emphasises the value of up-to-date animal studies, including
intraperitoneal application which has not been systematically evaluated and
historically infrequently used [62].
FTSG in the onlay position has been compared to mesh placed in the best possible
position in an RCT on giant incisional hernia repair, with comparable results at
3-month [56] and 1-year follow-up [63]. At the 1-year follow-up, FTSG in the
onlay position showed comparable results to synthetic mesh regarding
recurrence, pain, muscle strength, aesthetic outcome and patient satisfaction
with no adverse events [63]. One patient with FTSG implanted in the onlay
position for giant ventral hernia underwent laparotomy (for other reasons)
several years later, and histological examination of a tissue specimen taken at
surgery revealed fibrous tissue without skin adnexa [56].
The tissue strength of reinforcement graft is important if recurrence is to be
avoided. The tissue strength of FTSG has been shown to be superior to synthetic
mesh and much stronger than the forces applied by abdominal muscle and fascia
structures. Even the strength of the weakest skin tested, from a patient with
cancer, diabetes and long-term corticosteroid treatment, exceeded the
physiological forces expected by a factor of ten [64].

Ethics
Study I was approved by the Ethics Committee of Stockholm (Karolinska
University Hospital) (d-nr 2012 1961 31/1 SLL). Ethics approval for Studies II-IV was registered as FDU 6476 (Mattilsynet) in Norway. All animal studies were
approved by the Animal Care Institutional Review Panel in agreement with FOR-
1996-01-15-23 (Oslo University, Oslo University Hospital). All animal
experiments were performed between 2015 and 2016 at the Institute of Basic
Medical Sciences, Oslo, Norway, in accordance with EU Directive 2010/63/EU
for animal experiments and ARRIVE criteria [65].
The rationales behind register-based studies are several. The most important is
the continual audit of procedures including most methods and treatments in
routine clinical care. It could be considered unethical not use to valuable data that
already exist, even if gathered from everyday care and in an ad hoc manner.
Medical registers have a history of providing valuable insights into the state of
healthcare. The Swedish system of unique personal identity numbers has enabled
us to build high-quality registers that have made a substantial contribution to
healthcare audit and research. Register studies allow the identification of poorly
functioning procedures at an early stage and enable us to see associations with
factors that possibly influence outcome.
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On the other hand, register studies could be considered a breach of privacy since
validation with medical records is necessary. Furthermore, medical records are
confidential, and intrusion into privacy may be considered greater if medical data
are registered.
When evaluating a new intervention, ethical consideration is of paramount
importance since all new interventions are associated with some degree of risk.
Balancing risk against possible positive outcome is important. Here, animal
studies are considered an acceptable bridge between probable positive results,
risks, and similarity to a human model. In this phase of evaluating the basic
biological conditions for FTSG implantation in IPOM position, a model including
hernia may be considered a confounder. In all cases, it is essential not to put the
research subjects at unnecessary risks, being animals or humans. All animal
research was performed in accordance with the 3R’ code of practice: reduction,
replacement, refinement.
A drawback of studies on mice is the limited representability due to biological
differences between humans and mice. Historically, a further limiting factor for
generalisability of results has been the preference to use males since they were
considered more stable than females with their hormonal variations [66,67].
Modern data have shown that female mice do not show significantly greater
variability than males [66,67]. Consequently, today there is no reason to routinely
repeat identical tests carried out in all four phases of ovulation [66]. However,
there is the problem of biological differences between males and females, and the
historical preference for male animals in animal studies has produced a void
regarding pharmacological and preclinical data in females [68]. As defined by
Agenda 2030 and NIH guidelines, it is mandatory that we increase our knowledge
about biological responses in female research animals [69]. It could therefore be
argued that 50:50 gender distribution contributes to higher generalisability of
research data and conclusions, thus balancing inequality of outcome.
Despite suggestions that cohabitation of mice leads to larger variability in results
[67], animals in this thesis were kept together since mice are considered social
animals needing closeness to others to decrease stress. Male mice cannot be kept
in a cage with more than one or two animals. To have mice together is considered
more ethical, but the reduced stress does seem not to translate into improved
experimental conditions [67] and does not rule out diversity in results.
Nevertheless, by using female mice the representation of females increases
[67,68]. Drawbacks with animal models in general include different habits in diet
and exercise, difficulty in conveying potential pain through body language and
that animals cannot be asked about their subjective opinions.



9

Even if FTSG application turns out to be no more than satisfactory, there could
still be cases that would benefit from this alternative. Given its low cost, cost-
benefit alone could motivate its use. It would also be an alternative for patients
against synthetic petroleum materials and possible microplastic decay in their
body. If the method elicits a small postoperative inflammatory response and has
few severe side-effects, the risk:reward ratio would shift in favour of the use of
FTSG. In accordance with agenda 2030, special focus is placed on the developing
countries. Therefore, not performing research into novel methods applicable to a
wide spectrum of indications and settings but demanding less economical
resources could be considered unethical.

Abdominal wall
In humans the abdominal wall stretches from the lower ribs to the pelvis,
attached in the back to the lumbar spine. The abdominal wall functions as a
stabilising force, maintaining the integrity of intra-abdominal organs. Its muscles
and fascial structures are necessary for keeping the erect posture and body
balance in practically all movements. Abdominal wall muscles also contribute to
respiration, coughing, defaecation, urination and parturition.

Figure 3 Anatomical structures and positions for reinforcement materials in herniasurgery. Picture by Winsnes 2020 © CC BY-SA 2.0.
The main anatomical planes used by surgeons for reinforcement materials during
hernia repair are onlay, retrorectus (sublay) and IPOM as defined by Parker [70]
and described in Figure 3:

· Onlay: a space created anterior to the rectus abdominis muscle sheath or
external oblique muscle sheath.

· Retrorectus (sublay): a space created within the rectus abdominis muscle
sheath, posterior to the muscle but anterior to the posterior leaf of the
muscle sheath.
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· IPOM; a natural space inside the abdominal cavity posterior to the
peritoneum but anterior the abdominal cavity.

Figure 4 Cross section of human skin. Some differences between human and mouse denoted.Picture adapted from Word.
The skin is of major importance for the immune system, tactile function and to
keep homeostasis. It is made up, from the outside inwards, of epidermis
(epithelial cells), dermis (collagen, fibroblasts, mast cells, nerves, blood vessels),
hypodermis (white adipose tissue), and adventitia (subcutaneous tissue) (Figure
4). The epidermis and the dermis are delimited by basement membranes [71].

Structural differences between human and mouse abdominalwall
Murine models are widely used for dermatology research focusing on
inflammation. They are appreciated as the skin models mimic human
pathological processes. They are also cost-effective and are easily available
[72,73].
Mice and humans share a basic anatomical wall structure even if mouse
abdominal wall is far more delicate and has fewer cell layers in each structure. In
contrast to man, mouse epidermis does not contain rete pegs (Figure 4). Both
human and mouse basal layers of epidermis have keratinocytes with certain
regeneration properties [71].
Mouse skin contains a thin muscle layer that is missing in humans, interspersed
between the hypodermis (white adipose tissue) and adventitia (subcutaneous
tissue) [71]. It is called the panniculus carnosus muscle (striated skeletal muscle)
and shares some resemblance to the human platysma muscle in the anterior neck
[71]. Mouse abdominal skin does not contain sweat glands, neither eccrine nor
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apocrine, as in human skin. [71]. On the other hand, mouse dermis is less well
vascularised than human skin.
Another prominent difference between mouse and human skin is the presence of
fur in mice skin. Hair follicles are more dense in mice skin, and the growth cycle
of hair differs [71]. But hair follicles also inhabit stem cells. Stem cells can
modulate the host inflammatory response favourably, implying that the more
hair follicles the better it is for graft ingrowth.

Mesh
In recent decades, mesh has been increasingly used for reinforcement of the
abdominal wall in order to avoid the development of a recurrence. Reinforcement
is considered standard practice in non-contaminated hernia defects ≥2 cm [34].
In umbilical hernia repair, some advocate synthetic mesh in hernia of all sizes to
reduce the recurrence rate [74].
Mesh materials are mainly synthetic or biological [75]. Synthetic mesh triggers
an inflammatory reaction including angiogenesis and fibrotic encapsulation of
the mesh. A foreign body granuloma forms around the mesh fibres [76].
Synthetic meshes are mostly made of flexible plastic polymers. Knitted webs may
form large or smaller pores, corresponding to the mesh density. Biomechanical
properties of reinforcement material are a matter of commercial competition and
technical development where pore size, material, coating, absorbability, and
weight are widely debated. At present, non-absorbable lightweight (=large pore)
mesh is most frequently used.
Contaminated situations such as the presence of a stoma, infected wounds or
enterocutaneous fistula increase the risk of introducing bacteria that form a
biofilm. The use of plastic mesh in these circumstances is a matter of debate. If
prosthetic material becomes colonised by bacteria, a slime/biofilm is produced
that protects microorganisms from antibiotics and enables them to evade
immune identification [5]. If a pronounced foreign body response ensues, the
synthetic mesh may require removal.
Biological meshes were introduced during the 1990s as a complement to synthetic
mesh and promoted as better withstanding contamination. Their origin vary,
common origins are porcine, bovine or human cadavers. The American Food and
Drug Administration (FDA) classifies biologic mesh as moderate risk devices,
approved by the so-called 510(k)-process [77]. According to this process, devices
are only required to demonstrate substantial equivalence to a similar device in
clinical use prior to May 28th, 1976 [77]. Several of devices were approved by
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showing equivalence to Vicryl [77]. Human-derived biological mesh are not
required to show such equivalence being classified as human transplants covered
by the FDA tissue bank standards instead of the 510(k)-process [77]. Despite lack
of evidence of superior safety and efficacy compared to low-cost synthetic mesh,
the price tag in 2016 was substantial, with a mean price of $19.15 per cm2 i.e. 3.5
times more expensive than the average synthetic mesh averaging $5.41 per cm2
[77].
Depending on origin and processing, grafts have different material properties,
but in general they consist of an “empty” extracellular matrix 3D-network [78].
The theory is that the vacant 3D-matrix will be repopulated by host cells [79].
Their structure favours angiogenesis which allows immune cells and antibiotics
to be delivered to all parts of the mesh, thereby reducing infection rates [78].

“It is exceedingly difficult to accomplish complete tissue or organdecellularization, and most ECM scaffold materials retain residual DNA … andother cytoplasmic and nuclear material” [79].
The retained donor structures within the mesh thus possess donor antigens as
well as intact genetic material. Therefore biological mesh risks an immune
response (allografts, xenografts). To avoid this, inactivation or coating of the
epitopes are performed. However, it is exceptionally difficult, not to say
impossible with currently available methods, to achieve epitope-free biological
mesh without compromising tissue integrity and properties [79,80].
Indeed, delayed type IV hypersensitivity to porcine acellular implants
masquerading as infection has been reported [81]. The long-term immunological
effect of some biological meshes could thus be mediated through identification of
foreign (non-self) epitopes which elicit an immune response towards the mesh.
Some years after the introduction of biologic meshes, reports of long-term
complications and poor cost-effectiveness began to emerge [75]. This led to the
European consensus conference in Berlin in January 2016 to discourage their use
because of weak scientific evidence. The review published the following year by
the BioMesh Study Group concluded that biological mesh has no advantage over
synthetic mesh and cannot be recommended [82]. In a large retrospective study,
Boules et al stated that recommendation only can be considered for temporary
closure and with a predictably high recurrence rate [83]. Further trials are
ongoing [84].
The main reason for evaluating autologous FTSG application is thus the
sometimes-severe side-effects that affect patients after synthetic or biological
mesh repair. One of the aims of this thesis was to evaluate syngeneic (same
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genetical background) FTSG, and the surrounding ECM during ingrowth, a
setting that resembles the wound healing process.

Wound healing
Tissue damage initiates a cascade of well-orchestrated events that normally leads
to healing of the wound. A balanced inflammatory response is crucial in normal
wound healing, to prevent infections and to stimulate proliferation and
remodelling of the damaged tissue.
This process can roughly be divided into the following phases; haemostasis,
inflammatory phase, proliferation phase (growth phase + re-epithelialisation),
and tissue maturation/remodelling [40,85].

Figure 5 Suggested course of incisional hernia development. Potential effectors that maycause aberrant wound healing and ultimately hernia development. Adapted from Larsen et al [40].
Fibroblasts in the ECM convert to contractile myofibroblasts as a response to
inflammation and this is one of the main causes of tissue contraction in wounds
[86]. This contraction and subsequent fibrosis may secondarily cause stiffness of
the abdominal wall and is why a lower inflammatory response after hernia repair
may be beneficial, to avoid development of recurrent hernia (Figure 5).

Extracellular matrix and collagen
ECM refers to the framework where cells reside and sometimes refers to the cells
within this framework which is why it is a rather vague term. In this thesis, the
term ECM refers to the matrix and the cells within as they are studied in the same
context.
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The most common proteins in ECM are collagens, mainly collagen types I, II and
III, but also collagen type V, elastin, fibrillin, fibronectin and laminins [87]. The
ECM can be divided into the basement membranes and the interstitial ECM. The
basement membrane is a thin acellular layer that separates cells within the
extracellular matrix and is mainly composed of collagen type IV, but also laminins
and perlecan [88]. The interstitial ECM consists of proteoglycans and proteins,
and together they comprise a dense network important for tissue stability.
ECM components (mainly collagens) are produced by fibroblasts residing
throughout connective tissue and ECM. In recent years, there has been progress
in the differentiation of expressed fibroblast markers in ECM research [85].
Fibroblasts seem to have different lineages and different properties, and their
specific properties are not completely characterised [85].
Among the many cells of the ECM, several complex associations have been found.
Recently keratinocytes were shown to direct the immune response, through T-
cell immunity [89]. The microbiota of the ECM has been suggested as an
important factor in influencing both healthy homeostasis and pathological
conditions [90].
Collagen was first discovered in 1930’s [91,92] and is the main protein in the ECM
[93]. It forms the 3D-framework in ECM onto which other cells and molecules
adhere. The architecture is crucial for tissue integrity and resistance to
mechanical forces. Physical properties of collagens range from very flexible in
loose connective tissue to strong and hard as in cartilage and ligaments. Several
pathological conditions are associated with genetic alterations of the genes coding
for collagen or components of the complex assembly.
Collagens are not merely a matrix but interact with cells in its vicinity via several
receptor families. Through cellular binding to these receptors, the collagens take
part in cell differentiation, cell migration and cell growth [94]. Interestingly,
collagen types I and III show an inhibitory effect on immune cell activation invitro [94].
The most abundant protein in vertebrates is fibrillar collagen [95], namely
collagen type I [80].
Despite the complicated synthesis and development of collagen, the process of
formation and maturation seems to partly consist of a self-regulating process with
feedback control by cleavage products [96]. The complex collagen synthesis and
maturation is one of the problems associated with biological mesh production. It
is exceedingly difficult to mimic ECM without compromising other properties
[80].
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Collagens are elastic with a resilience of approximately 90%, meaning they can
reverse their structure after deformation [94]. This mechanical property of
collagen is dependent on covalent cross-linkage of various kinds. As collages are
long-lived proteins, they are subject to progressive age-related changes. In
senescent skin, collagens stiffen and become more insoluble. Both these events
are partly caused by cross-linkage through advanced glycation end-products [94].
Although collagen is the main component of ECM, malfunction of collagen
composition and/or turnover associated with hernia development has been
difficult to confirm. In 2001 Klinge was the first to show a significantly reduced
collagen type I:III ratio in fascia of patients with recurrent hernia [39]. This was
later confirmed by a Danish group from Copenhagen [38]. Other theoretically
important associated factors are degradation or metabolism processes involving
MMPs and TIMPs (tissue inhibitors of metalloproteinases), but MMPs and
TIMPs have not shown enough specificity and are not suitable as biomarkers for
hernia [97]. Analysis of collagen fragments from serum have shown a significantly
increased turnover of collagen type IV in patients with multiple hernias, while in
contrast, the turnover of collagen type V is decreased [98]. Henriksen et al
proposed that collagen type V synthesis could be a biomarker for multiple hernias
[98]. In a similar model, increased turnover of both collagen types IV and V was
seen after incisional hernia repair [99].
Collagen type I
Collagen type I belongs to the subfamily of fibril-forming collagen and is
distributed in large amounts in the skin [94]. It forms a network with thick
bundles of collagen, like in tendons, that are made up of parallel polymers of
collagen type I providing great tensile strength. Skin and blood vessels are a blend
of collagen types I and III with strength directly related to the proportion of
collagen type I. The mix of collagen types I and III gives tissue resistance to
multidirectional forces [23,100].
Collagen type I is largely degraded by MMP-1 and MMP-8, but also to some extent
by MMP-2, MMP-13 and MMP-14 [94].
The degradation products of ECM, such as small collagen types I and IV
fragments are thought to have physiological effects [93]. One well-known
physiological effect of these fragments is their ability to self-limit collagen
turnover through feedback loops. The fragments affect both MMPs and their
regulators, TIMPs.
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Collagen type III
Collagen type III also belongs to the subfamily of fibril-forming collagen [94], is
distributed in large amounts in the skin [100] and is co-distributed with collagen
type I [23]. When alone, collagen type III forms thin isolated limber fibres, but
together with collagen type I it forms vessels and skin structures that oppose
multidirectional forces [100]. Collagen type III is also an influential signalling
molecule in wound repair [101]. Collagen type III is deposited in a wound as
granulation tissue Days 2 to 14 during the proliferative phase. In the remodelling
phase, collagen type III is replaced by parallel bundles of collagen type I through
the action of MMPs [40]. This gradually enhances the strength of the tissue.
Klinge et al showed that patients with incisional hernia had a decrease in the
collagen type I:III ratio in the skin. A decreased collagen type I:III ratio has been
shown in both the skin and transversalis fascia of incisional and inguinal hernia
patients [43]. A decreased turnover of collagen type III has been shown in
patients with inguinal hernia [44]. Fascia transversalis is an important structure
affected in hernia cases, and the similar decrease in the collagen type I:III ratio
in both tissues suggests a systemic collagen defect rather than a local collagen
defect at the hernia site[43]. Further, increases in procollagen type III mRNA and
mRNA procollagen type I:III ratio have recently been demonstrated in fibroblasts
of parastomal hernia patients [102], however potential change in corresponding
mature collagens remains to be detected.
Collagen type III is degraded to a large extent by MMP-1 and MMP-8, [94].
Collagen type IV
Collagen type IV belongs to the subfamily of network-forming collagens [94] and
is the main component of basement membranes such as those located between
the dermis and epidermis [23]. It forms a basement membrane network that
takes part in molecular filtration [23].
Collagen type IV turnover in serum is increased in patients with inguinal and
incisional hernia [44].
Collagen type IV is degraded by MMP-2 and MMP-9, which both are gelatinases
that also degrade denatured collagen [94].
Collagen type V
Collagen type V belongs to the subfamily of fibril-forming collagens [94]. In small
amounts, it seems to be co-distributed with collagen type I [23]. Collagen type V
has furthermore been shown to initiate and regulate fibrillogenesis (collagen
maturation), and indirectly influence collagen type I quality and mass [103].
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Collagen type V production was reduced in incisional hernia patients in a study
from the Copenhagen group [44]. Another study from the same group found
increased serum collagen type V turnover postoperatively, compared to before
surgery, in an incisional hernia model [99]. Collagen type V has been associated
with fibrosis in ankylosing spondylitis and collagen type V is degraded by MMP-
2 and MMP-9 [104]. Procollagen type V is degraded and cleaved by Bone
Morphogenic Protein-1 (BMP-1) and furin [94].

Matrix metalloproteinases
Matrix MetalloProteinases (MMPs) is an enzyme family of 28 zinc-dependent
endopeptidases. Their main function is ECM degradation and maintenance,
where collagen is the main substrate [87]. MMPs and their inhibitors TIMPs
regulate the quality of ECM through the balanced synthesis and degradation of
collagen. Compelling evidence shows that MMPs play crucial roles in both
physiological and pathological tissue remodelling processes. Over-expression
often leads to increased degradation of collagens in the ECM, thus leading to
tissue weakness [40]. Schematic structures of MMP-1, MMP-8 and MMP-9,
focused on in this thesis, are shown in Figure 6.

Figure 6 Schematic illustration of protein structures of MMP-1, MMP-8 and MMP-8.Adapted from Stamenkovic et al [87].
In skin wound healing, MMPs are expressed by migrating keratinocytes and
inflammatory cells. Activation of MMPs occurs at the transcriptional level as well
as through enzymatic activation. MMP-1, MMP-8 and MMP-13 have enzymatic
activity that can degrade collagen (collagenases). They cleave fibrillar collagen
into fragments that self-denature into gelatin. MMPs such as MMP-2 and MMP-
9 that can digest gelatin are called gelatinases. In addition to gelatin, ECM
structures on the gelatinase menu include several native fibrillar collagens,
fibronectin, vitronectin, laminins and also non-ECM molecules such as pro-
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Tumour Necrosis Factor-α (pro-TNF-α) and pro-Interleukin-1β (pro-IL-1β)
[105].
MMPs are much more than passive digesters of extracellular matrix, and our
understanding of their role in health and disease is only in its early stages.
MMP-1
MMP-1 (interstitial collagenase) cleaves fibrillar collagen types I and III into
three-quarter and one-quarter sized fragments [94]. MMP-1 is induced by
Tumour Necrosis Factor-α (TNF-α) in atherosclerotic plaques (together with
MMP-9) [106]. Increased levels lead to decreased amounts of collagen types I, III
and IV [106]. MMP-1 has been shown to have a biological function in keratinocyte
migration and epithelialisation through cleavage of collagen type I [107]. It has
also been shown to interfere with cell migration, platelet aggregation, have a
proinflammatory action through degradation of Interleukin-1β (IL-1β), but also
anti-inflammatory through monocyte interaction [107].
MMP-8
MMP-8 (neutrophil collagenase) degrades fibrillar collagen types I and III [94].
Like MMP-1, it cleaves these collagens into three-quarter and one-quarter
fragments. As its name suggest, it is mainly expressed by neutrophils but also by
macrophages and fibroblasts during wound healing [108]. MMP-8 levels are
increased in wounds with impaired healing. Smoking also increases local levels
of MMP-8 in regenerating skin and the periodontium around teeth [108].
MMP-9
MMP-9 (gelatinase B) belongs to the gelatinase family, because it preferentially
digests collagen type IV in basement membranes and gelatin (denatured
collagens) [109]. It also digests collagen type V [104]. Cells producing MMP-9
include neutrophils, macrophages, fibroblasts and endothelial cells [110].
Increased levels of MMP-9 lead to decreased amounts of collagen types I, III and
IV [106].
The diverse functions of MMP-9 includes angiogenesis, inflammation,
proliferation, proteolytic cleavage, ECM degradation, protein cleavage in the
ECM and alteration of the ECM environment [110]. Its function has made MMP-
9 a target for cancer research since MMP-9 may enhance cancer growth through
angiogenesis, inflammation, proliferation, tumour metastasis and (cancer) cell
migration [110]. MMP-9 also takes part in processes involving normal wound
healing and faulty MMP-9 is associated with dermal disease. It is also considered
to be pro-inflammatory [111] and has functions such as recruiting and directing



19

migration of inflammatory cells such as neutrophil granulocytes, keratinocytes
and fibroblasts, in inflammation and regeneration of tissue [109]. The migratory
effect of MMP-9 on fibroblasts and other cells is important in tissue repair [109].
Besides degradation, MMP-9 can cleave for example IL-1β, exerting a direct or
indirect effect on modulation of inflammation and repair processes [109].

Immune responses of the skin
Skin is a major part of the immune system [71]. The most abundant immune cells
in the skin are macrophages and dendritic cells [73]. The immune system has two
main pathways for protection, innate immunity and adaptive immunity. Innate
immunity initiates inflammation rapidly but is inflexible and non-specific.
Adaptive immunological responses also elicit an inflammatory response, after a
delay of several days, which is slow but adaptive and highly specific. Both innate
and adaptive immune responses may start and proceed individually, parallel or
with important cross-talking.
Inflammation is both rapid and self-limiting due to multiple positive and negative
feedback loops governed by numerous modulators [112]. Normally, acute
inflammation subsides within a few days to one week [111]. The main
inflammatory cells are initially neutrophils and macrophages from the innate
immune system, later accompanied by lymphocytes of the adaptive immune
system.
Recognising self (autologous tissue) from non-self is crucial for body
homeostasis. The body’s immune system recognises own tissue from non-self
through the Major Histocompatibility Complex (MHC) classes I, II and III. Class
II MHCs in humans are called Human Leukocyte Antigens (HLA). HLA-antigens
are polypeptides and proteoglycans that exist on nucleated cells and platelets or
are displayed by macrophages and are derived from partially digested foreign
objects. They determine the tissue compatibility of transplants
(immunocompatibility). If foreign antigens are identified by immune cells, they
spark a complex and often systemic cascade of chain reactions, an immune
response. Both autologous and syngeneic tissue are recognised as “self” by the
body and does not cause rejection. Allograft and xenograft tissue are
immunological targets and elicit immune reaction – rejection.
IL-1 beta
Interleukin-1β (IL-1β) is a pro-inflammatory cytokine activated during
inflammation. High concentrations are found during chronic inflammation and
in several diseases. It is synthesised by macrophages, monocytes, fibroblasts, T-
cells, neutrophils, keratinocytes and Natural Killer cells (NK-cells). In addition to
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being a part of the inflammatory response, IL-1β also promotes tissue repair and
cell growth [113]. IL-1β is furthermore involved in enhanced re-epithelialisation
in inflammatory-experienced epithelial stem cells in mice [114].
IL-1β influences several cells and processes. Its pro-inflammatory properties
include stimulation of production of other pro-inflammatory cytokines [113] and
has the capability to induce Nuclear Factor k B (NF-kB).
TNF-alpha
Tumour Necrosis Factor Alpha (TNF-α) is a pro-inflammatory cytokine. Like IL-
1β, TNF-α is mainly part of the innate immunity cytokine network.
TNF-α is a cytokine chiefly synthesised by macrophages and T-cells, but may also
come from several leukocytes, endothelial cells, keratinocytes, adipocytes and
neural cells. TNF-α has an impact on several cell types and pathways. It responds
to multiple cytokines including IL-1 as well as autocrine pathways.
Several cytokines, including IL-1β and TNF-α have been shown to elicit pain, and
it seems that immune cells works bidirectionally involving both peripheral
nociceptor neurons and parts of the central nervous system [115].
TNF-α activates NF-kB which in turn increases levels of MMP-1 and MMP-9
leading to a decrease in levels of collagen types I and III [106].

NF-kB
NF-kB is short for Nuclear Factor kappa-light polypeptide gene enhancer in B-
cells. Its main function is to amplify inflammation, and NF-kB seems to be
involved in most inflammatory reactions in the body. NF-kB is produced in
lymphocytes [116] and is engaged in inflammation and immune responses of both
the innate and adaptive immune systems. It activates both B- and T-cells and
promotes antibody and pro-inflammatory cytokine synthesis such as TNF-α and
IL-1β. Both TNF-α and IL-1β further stimulate NF-kB activation.
During non-inflammatory states, NF-kB resides in the cytoplasm with inhibitor
proteins. After harmful stimuli from a plentitude of activators such as
inflammasomes, it quickly responds and can turn into an active transcription
factor without any intermediary protein synthesis. After activation, NF-kB
translocate to the cell nucleus where it acts through coordination of gene
transcription [116]. NF-kB is a major amplifier and controller of genes of the
innate immune system [112].
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Upon activation of pro-inflammatory transcription, self-limiting feedback loops
are transcribed as well as several regulatory mechanisms to direct the potent
inflammatory cascade in a non-lethal direction.
Myeloperoxidase
Myeloperoxidase (MPO) is an enzymatic “bomb” mainly produced by neutrophils
[117]. It is the most abundant enzyme in neutrophils, and its main function is
defence against pathogens. MPO is stored in granules for release upon activation
[117]. It is a component of the innate immune system.
Von Willebrand factor
Von Willebrand factor (VWF) is a protein stored in Weibel Palade bodies in the
vascular wall. Its physiological function is to take part in the coagulation cascade
in response to vascular injury by binding to subendothelial collagen types I and
III which are exposed following damage to the vessel [118]. It thereby mediate
platelet aggregation and platelet adhesion as well as recruiting coagulation factor
VIII from the circulation [119]. Other physiological functions include
angiogenesis and inflammation.
Only endothelial cells in blood vessels and megakaryocytes residing in the bone
marrow produce VWF [119].

Luciferase
Luciferase is an enzyme capable of producing
luminescence (light emission) under specific
circumstances. Bioluminescence is an oxidative
reaction taking place naturally in the North
American firefly (Figure 7) [120]. The luciferase
enzyme is derived from this fly and carries out
the oxidative light-emitting reaction. For light
emission to occur, the following criteria must be
met [121]:

1. Substrate: d-Luciferin
2. Oxygen (blood supply)
3. ATP (blood supply)
4. Mg2+
5. Enzyme: luciferase

Only viable cells meet the criteria above and deprivation of any parameter breaks
the chemical reaction chain, which result in absence of photon release.

Figure 7 North Americanfirefly (Photinus pyralis). It
harbors the luciferase enzymecapable of luminescence. Picturefrom Wikipedia under creativecommons CC BY-SA 2.0 license.
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The light emitted is too vague to be detected by the naked eye and requires a
highly sensitive photon camera for detection.

Why this thesis
The challenges faced by surgeons in hernia repair today call for new methods of
treatment. Were it possible to predict outcome with better accuracy, the quality
of treatment would increase, and improved scientific evidence for each treatment
outcome would increase accuracy. Non-arguably, optimal treatment translates
into reduced morbidity and mortality and increased quality-of-life for the patient.
A multidisciplinary approach to hernia treatment within the research field of
herniology should provide novel scientific concepts of repair.
First, there lies a substantial amount of information hidden in the history of
already performed procedures. Evaluation of exclusive umbilical hernia repair
was scares at the time. The long-term follow-up in Study I aimed to reveal this
information. The importance of biological factors was raised by this study.
Second, the way towards solving a clinical problem may need a preclinical detour
before the solution is reached. Such was the case with the novel conceptual model
assessed in Studies II-IV. In this thesis modern scientific techniques and
perspectives were applied to the method of FTSG application for abdominal wall
hernia repair. This was made possible by using immunologically and genetically
identical tissue (syngeneic) in a new application, namely implantation in the
IPOM position.
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Materials and methods
Paper I
Patients operated for primary umbilical hernia were included in a retrospective
observational cohort study of prospectively gathered data. The treatments
compared were repair with suture or synthetic mesh material. The primary
endpoint was long-term hernia recurrence rate, a secondary endpoint was
postoperative surgical complications at 30 days. The aim was to evaluate
surgical methods in the repair of small umbilical hernia, and how biological
variables affect outcome. At the time the database was constructed, the praxis
for hernia repair was an arbitrary cut-off between suture and mesh repair at an
aperture diameter of 2 cm.
Data acquisition
Prospective data were collected for 379 consecutive umbilical hernia repair
procedures performed between 2005 and 2014 at one university hospital (Umeå
University Hospital). A research nurse collected the pre- and perioperative data.
The points at which data were collected were predefined, as well as the timespan
of the study. Retrospective collection and evaluation of postoperative data gained
from medical records was performed in 2014, including medical, surgical, and (if
applicable) radiological records. In total, more than 40 parameters were retrieved
and grouped into patient baseline data, pre-, peri- and postoperative parameters
as well as primary and secondary outcomes as seen in Figure 8.
Children, pregnant women, and cases with other concomitant major abdominal
surgery were excluded.

Figure 8 Outline of database form used for data acquisition in Study I. (In Swedish).
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Database
An existing Access® 2011 (Microsoft Corp. US) database was extended during
retrospective evaluation and used for data storage. Before extraction of data from
the database, validation was performed on 40 randomly selected patients. The
validation rendered concurrence in 38 patients with 95% conformity, the
remaining two patients were found to have missing documents.
The database validation assessed seven parameters. Codes for surgical procedure
and codes for diagnosis were each retrieved from three data sources: two were
medical records (ICD code and written procedure description) and the third a
digital planning system for surgical procedures (Orbit®). The codes for surgical
procedures were compared with the written description of the surgical procedure.
Complete concurrence between all seven parameters was found in 32.5%.
Information sent to the database of the Swedish National Board of Health and
Welfare (Socialstyrelsen) was considered master data i.e. the two codes written
in the hospital admission summary. Conformity was calculated based on these
data. Discrepancies were solved by consensus decision between the authors AW
and KS.
Statistical methods
After exclusion of patients not conforming to the inclusion criteria (Figure 15),
variables were analysed in separate logistic regression models. Primary and
secondary outcomes as were defined as dependent variables and collected data
points as independent variables. Several independent variables were
dichotomised to simplify the multivariable model and facilitate interpretation of
the effect of each covariate. Significant independent variables in univariable
analyses were then included in a multivariable analysis for evaluation of their
effects on the dependent outcome variable.
Results were calculated as odds ratio (OR), describing the likelihood of events
occurring contra not occurring. OR was considered significant if the 95%
confidence interval (CI) did not include 1.
According to the ‘rare disease assumption’, in events appearing with low
prevalence (<10-15%) OR will give a value close to the relative risk (RR) value.
Therefore, in these cases, OR can be considered an acceptable surrogate for RR.
As the ‘rare disease assumption’ holds in Study I, the results will sometimes be
described in terms of risk instead of odds in this thesis.
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Differences in patient characteristics between the intervention groups were
analysed with Mann-Whitney U test on continuous variables, and with 2-sided
Fisher’s exact test on categorical variables including dichotomised variables.
Statistical analyses and calculations were performed using Stata/SE 12.1 software
(StataCorp LP, College Station, TX, US).

Paper II
A prospective experimental intervention in a non-controlled cohort study. The
intervention evaluated was FTSG applied as IPOM graft. This was compared with
FTSG applied in the onlay position. The primary endpoint was graft survival
(luminescence) after 8 weeks and the secondary endpoint was adhesions
evaluated using the Jenkins’ adhesion tenacity scale [122] modified to not include
area percentage calculation. Inflammation was evaluated in a concurrent NF-kB-
luminescence murine model.
Mice
Mice (Mus musculus) were defined according to luciferase enzyme expression.
The phenotypes were defined as either positive or negative; the negative
phenotype is called wildtype.

In this thesis the luciferase enzyme gene
was incorporated either as a
constitutionally active reporter gene in
the HLUC mouse model (after grafting
indirectly corresponding to cell
survival) or as a reporter gene
dependent on NF-kB activation, so that
the degree of luminescence after
grafting corresponded to the
inflammatory response.
All mouse strains were derived from
standard C57BL/6 mice by Professor JO
Moskaug in Oslo. In brief, mouse ova
(pronucleus of fertilised eggs) were
transfected with a retrovirus carrying
the gene for the enzyme firefly-
luciferase. This was achieved by
incorporation of the firefly-luciferase
gene into a plasmid either behind a

Figure 9 Schematically visualisedluminescence in transgenic mice of HLUCstrain. HLUC positive phenotype (the three tothe left) with constitutionally active expressionof luciferase enzyme and HLUC negativephenotype (right) (wildtype). Within the strain,all mice are syngeneic. Picture by Winsnes 2020© CC BY-SA 2.0.
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cytomegalovirus (CMV)-based promoter or behind NF-kB-binding sites, which
was then injected into each ovum. Resulting mouse strains either express the
luciferase enzyme constitutively (HLUC) or by co-expression with NF-kB
activation. Offspring were 50% wildtype mice and 50% positive phenotype (either
HLUC or NF-kB)(Figure 9). All wildtype mice are of HLUC-negative phenotype
if not otherwise stated. Within each strain the mice had an identical genetic
background as in identical twins (syngeneic). Only female recipients were used
since female mice cohabit more easily, thereby maintaining their social
behaviour.
FTSGs of positive phenotype are transplanted to wildtype mice (negative
phenotype). From now on, wildtype recipients receiving FTSG of HLUC positive
phenotype are named “HLUC-mice” and wildtype recipients receiving FTSG of
NF-kB positive phenotype are named “NF-kB-mice”.
Female donors were preferred to resemble autologous grafting, as difference in
sex-chromosome is a potential immunological target in the recipient. Males
express sex-specific cell surface antigens belonging to the minor
histocompatibility antigens family which may cause rejection [123]. Despite this,
male donors were also deliberately included. Our reason for encouraging sex-
chromosome mismatch was to make it possible to distinguish the FTSG from
surrounding recipient tissue based on the sex-chromosome seen in histology
should the luciferase-antibody stain fail (stain non-specific or absent). Thus, inStudies II and III 50% of donors were male, this subset having sex-chromosome
mismatch.
Only female donors (no mismatch) were used for evaluation in Study IV as this
model best represents autologous transplantation.
Pilot studies
In vitro tests preceded in vivo trials in mice to ensure avoidance of unnecessary
risk for the research animals. The in vitro test estimated expected FTSG survival
during the first days of intra-abdominal placement. The experiment was
performed on 10 x 10 mm FTSG from HLUC-positive mice. The graft was spread
out in Dulbecco’s Modified Eagle’s Medium (DMEM:F12) with a metal ring
placed on top to ensure a fixed position. The grafts were kept for 10 days at 37˚C
in an incubation chamber. Survival was evaluated every second day by adding the
substrate d-Luciferin followed by luminescence detection. The DMEM:F12 was
changed every second day after luminescence imaging. It was considered
plausible that the presence of a luminescence reaction corresponded to FTSG cell
survival.
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Next, a pilot study on one mouse was conducted to obtain a standard operating
procedure (SOP) where for example logistics, anaesthetic dose and equipment
handling were optimised. The skin incision was placed laterally to the abdominal
midline to minimise interference between the surgical wound and possible scar
tissue formation and photon measurements. No power calculation was made
from the pilot study since it was unknown how much the groups would differ, and
the pilot study included no follow up.
Intervention

Figure 10 Intervention shown schematically. Wildtype recipient receives a 10 x 10 mm pieceof skin from luciferase-positive donor, in either control onlay position (10 animals) or in the IPOM
position (10 animals) (Additional 4 wildtype recipients received NF-kB-positive donor FTSG in theIPOM position). Adapted from Winsnes et al [2].
Eligible mice were identified in a database created by Professor JO Moskaug,
based on sex, age and phenotype. Mice were examined, shown to be healthy and
anaesthetised. Recipients were all wildtype females.
The donor skin was shaved instead of using hair removal cream to avoid
interference by a chemical substance, despite the increased risk of microscopic
wounds. Another reason to shave was to minimise hypothermia associated with
the time taken for hair removal cream to act and rinsing off. Donor dorsal FTSGs
sized 10 x 10 mm were harvested from male or female mice with phenotype
HLUC-positive or NF-kB positive. The donor FTSGs were sutured to wildtype
recipients in the IPOM position (n = 10 HLUC and n = 4 NF-kB) or the onlay
position (n = 10 HLUC), with the dermis side towards the muscle (Figure 10).
A control group with sham surgery was not used.
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Figure 11 Perioperative setup (left picture). Onlay position of FTSG is seen in the centre
picture. The centre picture shows size of needle and thread for reference. Right picture: FTSG in theIPOM position sutured to the abdominal rectus muscle. Pictures by Winsnes 2020 © CC BY-SA 2.0.
Four single sutures with either 7-0 or 6-0 coated Vicryl™ absorbable sutures
(Ethicon) were used to attach the graft to the rectus muscle (Figure 11). Previous
findings suggest application of FTSG under tension. This was attempted but could
not be systematically achieved due to narrow space and nearby organs (Figure
11). The graft covered approximately 25% of the abdominal wall. Perioperatively
the mouse body temperature was maintained by an automatic temperature
maintenance pad.
Follow-up
Monitoring of mice
Mice were monitored each day postoperatively when the analgesic regimen
continued. Thereafter monitoring was conducted every 2 - 3 days together with
imaging (Figure 12). At other times, the mice were checked by a veterinarian who
looked for signs of stress including inactivity, ruffled fur, cannibalism, anorexia
and hunched back. Body weight was measured using a top-loaded digital balance.
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Figure 12 Follow-up for 8 weeks shown schematically. Every 2-3 days each recipient wasweighed and the luciferase photon count registered over 300 s by a photon camera 10 min afterinjection of the substrate d-Luciferin, using field of view C. Source: “Evaluating full-thickness skingrafts in intraperitoneal onlay mesh position versus onlay position in mice.” Adapted from Winsneset al [2].
Imaging luminescence
Luciferase emits light (luminescence) at wavelengths of 520-570 nm [124].
In this thesis, two concepts in the mice genome cause the enzyme to be expressed
as described above. Then, enzymatic activity requires the addition of substrate d-
Luciferin in the presence of oxygen and co-factors Mg2+ and ATP.
A photon is emitted for each oxidative reaction, which in turn is detected by the
photon camera. D-Luciferin (120 mg/kg; Biotema, Sweden) dissolved in 200 μl
PBS, pH 7.8 was used. The 200 μl solution was injected intraperitoneally 10 min
prior to imaging. The photon count was registered over a 300 s exposure covering
the field of view C in an light-sealed chamber, using the Perkin Elmer (Caliper)
IVIS spectrum In Vivo System (IS1144N5764, Andor, iKon) and images processed
with Living Image Version: 4.4.17105 (Aug 8 2013) [124].
The photons are known to be scattered and absorbed by different materials such
as melanocytes, hair, tissue and haemoglobin (in blood). The last-named was a
concern prior to the study, as this was a potential confounding factor if
luminescence from the graft was absorbed by the blood secondary to vascular
ingrowth in the graft.
Photon registration requires the aperture to be open several minutes. A range of
interest (ROI) i.e. the area from which the photons are emitted, must also be
defined. The ROI should preferably avoid areas of autoluminescence (Figure 13).
Furthermore, a ROI for background radiation must be defined, so that
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background emission can be accounted for. The number of photons per second
(flux) for each mouse was defined as the flux of each ROI minus the flux of the
background radiation ROI.

Figure 13 Follow-up. Postoperative mice with ROIs for FTSGs (ROIs 1-3) and backgroundradiation (ROI 4). Colour overlay represents photon count as a schematic visualisation of luciferaseactivity. Autoluminescence is seen from paws and nose. Picture by Winsnes 2020 © CC BY-SA 2.0.

Evaluation of adhesions
Mice were sacrificed 8 weeks postoperatively while still under anaesthesia for the
final imaging procedure. Abdominal wall tissue was dissected en bloc. Each
animal was evaluated regarding adhesions using a modified Jenkins’ adhesion
tenacity scale [122], without calculation of area-percentages as in the original
article.
The modified Jenkins’ scale thus grades the tenacity of adhesions in a scale from
0-4 as described in Table 1.
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Table 1 Adhesions characteristics. Evaluated by modified Jenkins’ adhesion tenancy scale.Adapted from Jenkins et al [122].

Papers III-IV
Are both cross sectional laboratory studies.
Tissue acquisition
The animals (as described in Paper II) were sacrificed 8 weeks postoperatively
and tissue harvested en bloc in approximately 15 x 15 mm sections that were
pinned to a cork plate for immediate immersion in 4% formalin. The
formaldehyde present in formalin fixates the tissue through cross-linking of
proteins via the formation of methylene bridges. Following a wash with
phosphate buffered saline (PBS) solution, biopsies were dehydrated in increasing
ethanol concentrations. A final clearing step was performed in xylene prior to
paraffin embedding with 3-4 mm thick slabs. One or two slabs were grouped
together, put endways and embedded in paraffin. Paraffin blocks were then sliced
in 4-6 µm slices using the microtome Mikrom HM 355 (Thermo Fisher Scientific,
Waltham, MA, USA), mounted on glass slides (Superfrost, Superfrost Plus, and
Superfrost Ultra Plus, Histolab, Askim Sweden), and fixated at 37 C˚ for three
hours. For orientation and morphologic examination, sections were stained with
haematoxylin and eosin (Histolab, Sweden).
Staining
Immunohistochemistry (IHC) (Figure 14) was performed on representative
tissue slides that were selected based on interpretable tissue morphology and
staining. These were formalin-fixed and paraffin-embedded (FFPE).
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Deparaffinisation and rehydration were performed using xylene and decreasing
concentrations of ethanol (99.5-70%). Heat-induced epitope retrieval (HIER)
was used to unmask epitopes through cleavage of methylene bridges formed by
the formaldehyde using citrate buffer at 95˚C kept in a boiler.

Figure 14 Schematic illustration of indirect immunohistochemistry, (step 5 in the list).Picture by Winsnes 2020 © CC BY-SA 2.0.
Blocking agent was added to slides in Shandon holders prior to
immunohistochemical staining. Primary antibodies (Table 2) were incubated
overnight at 4˚C, with a negative control in each batch together with
immunoglobulins of same type as the primary antibody.
After incubation with the primary antibody, a secondary antibody kit was used.
For each rabbit primary antibody, a goat anti-rabbit horseradish peroxidase
(HRP) kit was used (Dual Link System-HRP, Dako, CA, USA). For the goat
primary antibody, a donkey anti-goat HRP kit was used (VisUCyte HRP polymer,
HAF109, Biotechne, MN, USA).
The secondary antibodies are conjugated to a polymer, which in turn carries
multiple HRP-molecules to amplify the signal (Figure 14). The HRP stains the
chromogen substrate. When the chromogen substrate, 3.3′-diaminobenzidine
(DAB) (DAKO K3468, or Dual Link System-HRP, Dako, CA, USA) is added in the
presence of hydrogen peroxide, the oxidative reaction turns the DAB brown. This
visualises stained antibody as brown. Subsequently, tissues were counterstained
with Harris haematoxylin (purple) for visualisation of morphology. Dehydration
was performed using a series of increasing concentrations of alcohol (70-99.5%)
followed by xylene. Thereafter slides were mounted with cover glass using Pertex
(Histolab Sweden).



33

Table 2 Primary antibodies used. For each rabbit primary antibody, an anti-rabbit-HRPconjugate was used with rabbit-serum as negative control. For goat primary antibodies (luciferaseantibody no 3 NB100-1677) an anti-goat-HRP conjugate was used, with goat-serum as negativecontrol.
In Study III, abdominal wall tissue from all 20 HLUC-mice (10 IPOM and 10
onlay), harvested at 8 weeks was stained with IHC. Samples were randomised
and labelled consecutively, then semiquantified by two persons in a semiblinded
manner in an Eclipse E800 research microscope with a x10 magnification
eyepiece and lenses with magnification of respectively x2, x10, x20 and x40.
Definition of ingrowth was defined as yes/no to the question: “is there an area in
the slide where the transition between donor and recipient cannot be
distinguished?” Blinded grading of IHC for IL-1β, TNF-α, MPO, luciferase and
VWF was defined as negative if no staining could be identified, (+) if solitary areas
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stained and (++) if generally stained. To improve blinding, all inflammatory
stains were interpreted together (IL-1β, TNF-α and MPO).
In Study IV, abdominal wall tissue from the subset of 8 HLUC-transgenic mice
(4 IPOM and 4 onlay) with identical sex chromosomes, was stained with IHC and
Picrosirius red.
Picrosirius red (F3BA) was used to stain connective tissue as described previously
[125]. Representative sections were incubated in Weigert’s Haematoxyllin, 50/50
of solution A + B (Histolab, Gothenburg, Sweden) for 10 minutes, rinsed in tap
water and thereafter dipped in HCL/ethanol 95% and rinsed in tap water again.
Picrosirius red staining (0.1%) was performed in a saturated picric acid solution
for 30 min (Histolab, Gothenburg, Sweden) and thereafter, rinsed in acetic
acid/water (5mL/1000mL). Dehydration, clearing and mounting were
performed according to the protocol. Semiblinded qualitative evaluation was
performed for collagen types I and III in the Eclipse E800 research microscope
described above using the cross-polarisation microscopy technique described by
Junqueira [126], by comparing distribution and organization of stain between
IPOM, onlay and internal controls. Interpretation of IHC for collagen types IV, V,
MMP-1, MMP-8 and MMP-9 was intended to be performed in a semiblinded
semiquantifiable manner as described above.
Internal controls
An internal control was defined as the part of the recipient abdominal wall
adjacent to the lateral edge of the graft, preferably a few mm from the FTSG.



35

Results
Paper I
In Study I, the prospectively
collected data was gathered
manually and complemented in a
database. This data was analysed
retrospectively.
A total of 379 cases were
analysed, 73 procedures were
excluded (Figure 15). Patient
characteristics at baseline are
displayed in Table 3. Evaluation
of surgical methods in 306
patients after a median follow up
of 6.8 years showed no significant
difference in the primary
outcome, hernia recurrence rate,
between mesh or suture repair
(Table 4). In this long-term
follow-up, the recurrence rate
was 8% for mesh and 9% for
suture repair. Regarding
recurrence, only one parameter,
patients with a coexisting hernia,
was associated with a
significantly higher recurrence
rate in univariable analysis (OR
2.84, 95% CI 1.24-6.48).

Figure 15 Flow chart for patients includedin Study I. Adapted from Winsnes et al [1].
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Table 3 Baseline and patient characteristics. At baseline, the two groups differedsignificantly in BMI and hernia size (marked with asterisk). Adapted from Winsnes et al [1].

Table 4 Primary and secondary outcome measures. Median years to follow-up. OR forrecurrence in univariable analysis (n = 306), and for complications in multivariable analysis (n =270). Adapted from Winsnes et al [1].
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Table 5 Complications. Complications occurring within 30 days after surgery. Adapted fromWinsnes et al [1].
The secondary outcome variable, 30-day surgical complication rate, showed
significantly higher probability for complications following mesh repair
compared to suture repair in multivariable analysis (Table 4). Details of recorded
complications are given in Table 5.
The group “other” complications in Table 5 comprised: 2 reinforcement of
surgical wound with sutures postoperatively; 1 small bleed not requiring
transfusion; 1 discontented patient; 1 surgical wound revision; 1 wound healing
problem requiring minor intervention; 1 nausea; 1 exacerbation of COPD; 1
reported allergic reaction towards suture material (suture repair).

Paper II
FTSG survival was assessed in an in vivo non-invasive longitudinal study in mice.
Luminescence values by photon counts was the primary outcome measure, which
revealed counts clearly exceeding background radiation throughout the follow-
up period (Figure 16). Higher cell survival values (luminescence) was detected in
the subset of mice having the same sex chromosome in both donor and recipient
(Figure 17).
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Figure 16 Average luminescence quantification of all HLUC-positive FTSGs grafted towildtype animals. Continuous luminescence values from both IPOM and onlay implants aredetected. Background flux has been subtracted from each reading (6 000-30 000 photons/s).
Adapted from Winsnes et al [2].

Figure 17 Average luminescence quantification sub-grouped into same or disparatesex chromosome in donor FTSG and recipient within each position. Higher luminescencevalues were detected from both IPOM and onlay FTSG with same sex chromosomes as the recipient(solid lines), compared to grafts with sex chromosome disparity (dotted lines). Background flux has
been subtracted from each reading (6 000-30 000 photons/s). Adapted from Winsnes et al [2].
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The secondary outcome measured was adhesion assessment at 8 weeks
postoperatively. No adhesions were found in the onlay group while three
adhesions in three mice were found in the IPOM group as graded by a modified
Jenkins’ tenacity scale (Figure 18 and Table 6).
The results in Study II were retrievable since in vitro data indicated a
functioning model with up to 10 days FTSG survival.
To minimise the effect of the well-known confounder of hair which scatters the
photons, shaving was performed prior to each read-out.
Postoperatively mice showed normal activity and movement patterns and
regained preoperative weight within a median of 8 days. Mice received analgesics
for 2-10 days, except one mouse that received analgesics throughout the study
period. This mouse suffered a perioperative event with a malfunctioning
temperature maintenance pad. The pad was error reported and exchanged. The
mouse was examined daily by a veterinarian who approved continued inclusion.
This adverse event was considered a surgical complication but not related to the
FTSG intervention. No signs of stress were observed such as inactivity, ruffled
fur, cannibalism, anorexia and hunched back.

Figure 18 Adhesions of FTSG at sacrifice. No adhesion was seen in the onlay group (left). Anexample of loose adhesion in the IPOM group (right). Picture by Winsnes 2020 © CC BY-SA 2.0.
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Table 6 Results from grading by modified Jenkins’ adhesion tenancy scale. Within theIPOM group, a total of three adhesions were observed in three different mice. Adapted from Jenkinset al [122].

Paper III
The primary endpoint, FTSG cell
survival, was verified by donor-
specific luciferase-antibodies (no
3) (Figure 19) and was similar
between FTSG specimens
applied in the onlay and IPOM
positions. Secondary endpoints
were inflammatory response,
vascularisation and ingrowth of
the FTSG. The presence of
inflammatory cells was generally
similar in specimens from both
positions, as shown by staining of
the inflammatory markers TNF-
α, IL-1β and MPO in transitional
zones and areas with lymphocyte
aggregation (Figure 20). A few
onlay grafts showed stronger IL-
1β stain than IPOM grafts. TNF-
α also stained some hair follicles
and their glands. Neutrophils
were not degranulated (Figure
21).

Figure 19 Cell survival through luciferase stain.
Stain indicated by arrows.
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Figure 21 Detail of inflammatory stain MPO. Neutrophils harboring MPO were not
degranulated (arrows) in IPOM or onlay.
Ingrowth was present in 50% of the evaluated slides, also similar between IPOM
and onlay positions, corresponding to > 50% of mice when blinding was exposed.
Both IPOM and onlay grafts showed areas which appeared to be fully integrated,
and areas that appeared to not be integrated. The overall morphological
appearance of the FTSGs was similar in the two groups, with a tendency of better
morphology in FTSG in the IPOM position. Morphology showed donor structures
still present in the grafts, including preserved panniculus carnosus muscle and
dermis which was thicker than the overlying dermis. All had a central dermoid
cyst, vascular structures and some hair follicles.

Figure 20 Inflammatory stains for TNF-α, IL-1β and MPO. Stain indicated by arrows.
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VWF-stained small vascular structures seen in specimens from both positions
(Figure 22), with a tendency of slightly larger vessels in FTSG in the IPOM

position.
As luciferase
staining was
specific in the
evaluations, sex-

chromosome
identification was
not performed as
donor and
recipient tissue
could be
distinguished by
the luciferase IHC
stain.

Paper IV
Female donor and female recipients were used, in total 8 mice based on results
in Study II. FTSGs in the IPOM and onlay positions showed similar

morphological appearance
in terms of collagen
distribution and
organisation (Figure 23).
No systematic difference
between the two positions
was apparent. The
Picrosirius red stain showed
similar levels of staining
between onlay and IPOM,
and all grafts showed
varying degrees of
degradation with a central
inclusion cyst and hair
follicles in regression
(Figure 23).

Figure 22 Vascular stain for VWF.

Figure 23 Overview of abdominal with FTSG in IPOMand onlay position, respectively.
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Figure 24 IPOM and onlay in Picrosirius red stain. Interface between donor and recipientis marked with arrows.
Metamorphosis of dermis and epidermis towards collagenous/fibrous tissue was
visible. Original tissue structures were still present to a varying extent, such as
dermis, panniculus carnosus muscle, connective tissue, epidermis and hair
follicles (Figure 24).
Both IPOM and onlay FSTGs had slightly more prominent dermis and connective
tissue compared to the internal controls. Furthermore, lesser amounts of thin
collagen bundles were seen on Picrosirius red staining, corresponding to collagen
type III. ECM surrounding all FTSGs resembled internal controls, with some
additional leukocytes scattered between collagen fibers.
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Figure 25 Collagen and MMP stains in onlay and IPOM FTSGs. No co-distribution betweenMMP and their collagen substrates were identified. Stain for MMP was seen primarily in hairfollicles and adjacent glands.
IHC staining for MMP-1, MMP-8 and MMP-9 and collagen types IV and V
showed mainly hair follicles and adjacent sebaceous glands of both. No evident
co-distribution between metalloproteinases and collagen was seen. No
semiquantification was carried out since there were not quantifiable amounts of
stain in FTSG areas of interest (Figure 25).
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Discussion
No statement regarding the efficiency of a surgical method under investigation is
of value unless verified by careful long-term follow-up. Study I provides further
evidence regarding umbilical hernia repair in this respect.

Paper I
Study I is one of the longest follow-ups with among the largest material
exclusively investigating the outcome of primary umbilical hernia repair, with a
pooled median follow-up >80 months [127].
In Study I, no statistically significant difference in recurrence rate was seen
when comparing mesh and suture repair. This result was in contrast to both
systematic review available at the time by Aslani et al and Nguyen et al, which
both showed that mesh repairs was significantly associated with decreased
recurrence rates [12,128]. Since the publication of Study I, four additional
systematic reviews on elective umbilical hernia repair comparing mesh with
suture repair have been performed [127-131], however they are based on largely
the same RCTs. The systematic reviews all evaluated elective repair and found
mesh to significantly reduce recurrence rate. Two of these reviews, large and
seemingly with the high quality, found mesh repair to be associated with
increased rate of seroma [127] and SSI [12]. However, no study found significant
differences in haematoma. Most of the RCTs included have an unknown or high
risk for bias [127,129,131]. Only one RCT, by Kaufmann et al, had low risk for bias
in an overall bias assessment [74].
The RCT design is considered essential when proving the efficacy of a treatment,
it is important, however, that patients included are representative. Two RCTs
[132,133] both exclusively evaluated large defect repair i.e. sizes >3 cm and >4 cm
respectively, despite current consensus at the time was to perform mesh repair of
defects larger than 3 cm. Today (2020) it is recommended that mesh be used for
all primary umbilical hernia defects exceeding 1 cm [21]. The groups analysed by
Sadiq et al are hardly comparable, with 95% vs 10% females in the two arms, and
Abdel-Baki et al evaluated 97% females in exclusively incarcerated paraumbilical
hernia raising questions regarding the randomisation process [133,134].
Moreover, very little information on basic patient characteristics of the groups
were provided by Sadiq, Lal and Abdel-Baki [132-134]. There may be systematic
bias as they fail to report crucial information about study design, intervention,
follow-up, patient background, comorbidity, and statistical calculations. This
combined raise many questions regarding the methods used. So, several
frequently quoted RCTs have heterogenic cohorts, not only the surgical technique
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used but also the type of hernia, instead of including primary umbilical hernias
only. Furthermore, most RCTs are underpowered [129]. Systematic reviews
based on these RCTs thus evaluate a variety of interventions. Both Nguyen et al
and Madsen et al includes several cohort studies in addition to RCTs [12,127], and
by doing so the low quality RCTs may be given less weight.
A well-known disadvantage of an RCT is that the well-controlled and optimal
setting of participating surgeons and units may interfere with outcome variables,
making it difficult to transfer the results to everyday surgical practice. This often
causes RCTs to have high internal validity but limited external validity. Thus,
discrepancies between the results of RCTs and cohort studies, such as Study I,
may be a statistical effect. It is possible that confounders interfere with inclusion
in cohort studies, but this leads to a higher external validity. Only a pure
randomisation process in an RCT allocates unknown confounders to all
treatment groups. As they are unknown, they cannot be statistically accounted
for. Incorrect randomisation may lead to bias, thereby decreasing the internal
validity. It is a matter of concern that large differences in habitual factors are seen
between groups in several RCTs included in systematic reviews. These systematic
reviews are supposed to provide evidence base for the best umbilical hernia repair
treatment comparing mesh and suture.
Consequently, the profound and transparent systematic review of Madsen et al
seems to offer scientifically more valid results transferrable to the repair of
primary umbilical hernia [127]. Madsen et al and Shrestha et al found that hernia
recurrence is decreased by mesh repair, but found no significant increase in
surgical site infection rate following mesh repair [127,130]. In the RCTs included
in the systematic review by Shrestha et al, the recurrence rates were 0-4% for
mesh and 7-17% for suture repair [74,130,135-137]. Compared to the recurrence
rates of 8% in the mesh group and 9% in the suture group in Study I, the
difference between the two interventions are larger which could partly explain
why no significant difference was found in Study I despite the large dataset.
Discrepancy in outcomes between RCTs and cohort studies are seen in the pooled
results of Madsen et al [127]. The pooled results from RCTs reveal a significantly
lower recurrence rate for mesh in umbilical hernia repair than the pooled results
from cohort studies. Furthermore, the risk for SSI was not significantly increased
after mesh repair in pooled results from RCTs while the risk was significantly
increased after mesh repair in pooled results from cohort studies. Thus, the
results in Study I regarding recurrence rate and SSI are in concordance with
other cohort studies but not with recent RCTs [127]. The results of complicationsStudy I are also in line with the systematic review by Nguyen et al [12].
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Internal validity in Study I was enhanced by the exclusive inclusion of primary
umbilical hernia repairs, making the study cohort more homogeneous. External
validity is increased through having a large cohort with inclusion of diverse mesh
materials, surgical procedures, operating surgeons, and the inclusion of
emergency repairs. High external validity increases the generalisability to clinical
practice. However, the inclusion of e.g. emergency repairs while increasing the
external validity, decreases the homogeneity of indication for surgery, thus
decreasing internal validity.
One recent and frequently cited RCT included in systematic reviews is that of
Kaufmann et al from 2018 [74]. It is the only RCT with low global risk for bias
[127]. Kaufmann et al randomised 138 suture and 146 mesh hernia repairs with
an aperture diameter of 1-4 cm. Contrary to the results in Study I, their results
showed recurrence rates at 2-year follow-up of 3.6% in the mesh group and 11.4%
in the suture group [74]. Performing a suture repair for a hernia sized 4 cm seems
rather daring given the well-documented risk for recurrence in this aperture size.
The median follow-up time in Kaufmann’s study was 2 years whereas in Study I
the follow-up time was considerably longer; a median of 8.6 years in the suture
group and 5.5 years in the mesh group. Long-term follow-up outcomes from the
high quality RCT performed by Kaufmann et al would be interesting.
The finding in Study I of a significantly higher recurrence rate among patients
with a coexisting hernia (OR 2.84, 95% CI 1.24-6.48) suggests that there seems
to be patient-related biological factors contributing to a higher recurrence rate.
Apart from coexisting hernia, no independent parameter analysed showed
association with recurrence in univariable analysis. With only 10 independent
variables, the risk for mass significance was small.
The pathogenesis of acquired hernia is still ambiguous, and thus considered to
comprise several unknown factors; in particular, the molecular background to
recurrence after hernia repair has yet to be determined. The results in Study I
are in line with a previous study showing an association between ventral hernia
and direct as well as recurrent inguinal hernia [138]. In Study I, the variable
“coexisting hernia” included not only inguinal but other types of hernia so that
subgroup analysis was not feasible. However, these results are in contrast to those
of a large study comprising 97% males where the recurrence rate in patients with
a history of other hernia was not increased[139], suggesting that sex-dependent,
biological or habitual factors may influence the pathogenesis of recurrence. The
results further strengthen the supposition that patient-related factors including
global derangement in ECM composition, remodelling or collagen turnover,
could contribute to the pathogenesis of hernia development and recurrence.
Aberrations in collagen turnover have been identified in inguinal and incisional
hernia [38,39,44,98,99]. Multiple genetic collagen defects have been identified in
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congenital hernia, some of which are known to interfere with wound healing. As
regards umbilical hernia, few biological factors have been studied. Based on
findings from hernias in other locations, it seems probable that some degree of
collagen or ECM turnover abnormality is present in umbilical hernia as well,
though this remains to be seen. The finding that coexisting hernia is associated
with recurrence is therefore interesting despite its lack of proven causality. It
strengthens the motive to further evaluate the biology of hernia development and
recurrence as well as tissue remodelling and integration of prosthetic mesh
material.
In the future, molecular mapping, and increased knowledge on biological
mechanisms at the molecular level could potentially distinguish between causal
risk factors and associated risk factors for hernia development and recurrence.
Assuming there are some innate biological processes predisposing to hernia
development or recurrence, could it be that mesh merely postpones recurrence?
This possibility implies that studies on recurrence require longer follow-up times
to reveal the true recurrence rate. Of Study I and four recent studies with mean
follow-up of 5 years or longer, only the RCT from Arroyo et al report a significant
difference in recurrence rates while the cohort studies does not [137,140-142].
Longer follow-up times are reasonable, given the fact that relatively young
patients are operated for umbilical hernia. These patients will probably live long
enough to experience late recurrence. Several umbilical hernia recurrences may
be attributable to the coexistence of a rectus abdominis muscle diastasis. Suture
repair of an umbilical hernia with rectus diastasis gives rise to early recurrence
[143].
In line with reports from Denmark, careful follow-up is crucial and studies that
simply use accumulated reoperation rates considerably underestimate the
recurrence rate by a factor of 4-5 [144]. The reoperation rate was 7 in Study I,
and total number of recurrences 26, which supports that estimate as reoperations
alone would underestimate recurrences by a factor of 3-4. But one of the most
striking results is the high proportion of recurrences in patients receiving mesh-
repair in the present material compared to 4% in the study by Kaufmann et al
[74]. Furthermore, the recurrence rate after suture repair is higher in Study I
than in two other large cohorts with recurrence rates of 3.3% [26] and 4% [145],
though hernias in the study by Donovan et al [26] were smaller, with a mean size
of 1.6 ± 0.9 cm and only 14 months median follow up time. As most emergency
procedures were mesh repair, it may be argued that this factor contributed to an
increased recurrence rate. However, emergency surgery was not a significant risk
factor for increased recurrence rate according to Helgstrand et al [30].
Emergency repair did not differ significantly between the groups at baseline inStudy I. It is noteworthy that several reported epidemiological patient
characteristics that have been associated with increased hernia recurrence such
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as high BMI, diabetes, current smoking and hernia size >1.5 cm [26] did not show
significant association with recurrence in Study I.
It would have been interesting to know when the recurrences occurred and to
compare time of debut between the techniques analysed. This question could not
be answered in the present study.
Selection principles and properties of cohorts included are important for the
outcome of all studies. Consecutive sampling in the present study decreased
selection bias. Still two baseline parameters differed significantly between the
suture and mesh groups: BMI and hernia size. Differences in hernia size may be
attributable to the consensus during the study period to not perform suture repair
on defects larger than 3 cm. It seems the surgeons strictly adhered to this
principle, with no suture repairs performed on apertures larger than 2 cm.
Differences in BMI between the groups may also be attributable to a systematic
inclusion of patients with higher BMI to mesh repair due to their increase risk for
recurrence. Neither BMI nor hernia size were significantly associated with the
recurrence rate or the complication rate in multivariable analysis. One way to
estimate the impact of selection bias is to perform a drop-out analysis. However,
data on reasons for seeking primary healthcare were not available. Gender may
be another possible confounder; in this material it was not significantly
associated with any outcome nor was there any difference between the groups at
baseline. One further possible systematic bias may be differences in technique
and accuracy of measurement of hernia aperture size. Sometimes the aperture
was described as ‘three fingers wide’, which then had to be translated to cm
through a consensus decision between authors, AW and KS.
A significantly higher 30-day complication rate was seen in the mesh group inStudy I. Inclusion of emergency procedures in Study I does not seem to have
caused higher complication rates in the mesh group as no significant difference
in emergency surgeries were seen between the mesh and the suture group. Almost
all repairs were with open surgery, which does not permit flat comparison of the
results in Study I with data from the Danish hernia database which pools
epigastric and umbilical hernia and compares open with laparoscopic repair as
well as reason for readmission [27]. The proportion of laparoscopic umbilical
hernia repairs has increased over the last decade [146], but our database included
few laparoscopic repairs (only four in Study I). In the cohort of the over 5600
open repairs by Helgstrand et al, mesh repair was an independent risk factor for
30-day readmission after open umbilical and epigastric hernia repair in
multivariable analysis [27]. Reasons for these readmissions were dominated by
pain and wound-related problems. Pain was not evaluated in Study I. In the
Danish data, further independent risk factors for readmission after open
umbilical hernia repair were mesh fixation with clips, and hernia aperture size



50

exceeding 2 cm [27]. Most repairs were umbilical, still it would be interesting to
see if the results for above risk factors show the same association in subgroup
analysis of exclusively umbilical hernia repair. In Study I suture repairs were
only performed on hernias sized up to 2 cm, and the median hernia sizes differed
significantly between the intervention groups. It would thus seem plausible that
some of the differences in complication rates were associated to differences in
hernia sizes. However, increasing BMI and hernia size were only significant in
univariate analysis, not in multivariable analysis. In multivariable analysis only
mesh repair was significantly associated with complications, suggesting that it is
the mesh rather than hernia size that is associated with complications.
The RCT by Kaufmann et al found no difference in infection rate, complication
rate or pain between mesh and suture repair for umbilical hernia. They also found
a somewhat higher, though non-significant, rate of infection and seroma in the
mesh group, 3% and 2% respectively compared to<1% for both in the suture
group [74]. Infection is a known risk factor for late recurrence, and it may be the
that elevated infection rates correspond to the higher recurrence rates reported
in Study I. Nevertheless, surgical site infection has been clearly associated with
increase in late recurrence rates [147]. Furthermore, according to increasing
antibiotic resistance even minor infections may require broad spectrum
antibiotics. At least one case report of umbilical hernia describes a mesh infection
developing 11 years after surgery in a healthy immunocompetent male [148]. In
that case, the initial Staphylococcus aureus pathogen later developed methicillin
resistance [148]. Infection can lead to rejection necessitating evacuation of the
mesh, but less often in mesh with large pores. Mesh infection has also been
associated with postoperative pain [147]. The course of a postoperative infection
differs depending on the pathogen involved, from a small wound infection to
sepsis. Furthermore, the commensal flora may attenuate or boost the
pathogenicity [90].
Heterogeneity of mesh material and mesh position could be one contributing
factor to the complication rates in Study I. Subgroup analyses between the
various types of mesh was not possible due to small sample sizes in each group.
On the other hand, no specific mesh product was significantly associated with
increased complication rates, which implies that differences between the mesh
groups were not great. It also indicates that larger patient material is required to
detect differences. However, when analysing complication rates within the mesh
group, there was no difference in rate between the first and the last half of the
follow-up period. This indicates no substantial improvement in mesh
performance over the years, emphasising the robustness of the results, indicating
some other causal factor. The results in Study I call for a nationwide/multi-
national follow-up of different implants for different indications and in different



51

positions. The results also emphasise the need for an alternative to mesh repair
in circumstances where standard treatment is not optimal for some reason.
The results in Study I highlight the importance of carefully considering
treatment options in the repair of seemingly uncomplicated small primary
umbilical hernias and weighing up the advantages and disadvantages of each
technique. This seems particularly true when using mesh in certain clinical
settings such as expected high risk for infection and in patients with coexisting
hernia. The relatively young patients (median 48-50 years) included in Study I,
require a reinforcement technique that prevents recurrence for decades without
causing harm. These results stress the importance of searching for new
reinforcement materials with the strength of mesh but without their sometimes-
substantial side-effects.
Paper II
Study II is the first systematic evaluation of FTSG in the IPOM position. It
showed that syngeneic FTSGs, representing autografts, could be used to study
survival of FTSGs implanted in the abdominal wall of mice. FTSG survival was
seen after both onlay and IPOM application through measurement of luciferase-
mediated light emission. Few adhesions were seen when the FTSG was implanted
in the IPOM position and wellbeing of mice was interpreted as good without signs
of stress. The postoperative inflammatory response assessed by NF-kB activation
was not exaggerated, interpreted as that FTSG does not trigger a strong
inflammatory response in the host. The study combines the advantages of
modern techniques to study a surgical method prior to human application.
This experimental model with FTSGs implanted in the IPOM position with onlay
controls, revealed nothing detrimental to postoperative health, corresponding to
the clinical outcome of a previous RCT in humans [56]. The only adverse event
that occurred, did arise from a malfunctioning technical device and did not stem
from the FTSG. We demonstrated that the HLUC-mouse model is excellent for
evaluation of FTSG cell survival, and the NF-kB-mouse model may evaluate the
inflammatory response. Furthermore, luminescence as described by Sato et al is
used to demonstrate that both HLUC- and NF-kB-mouse skin emits sufficient
photons to be detected from beneath wildtype skin [121].
Graft survival was seen in both positions, with increasing emission from onlay
grafts and a higher but steady emission from IPOM grafts. The higher initial
luminescence from IPOM grafts may be due to the higher degree of
vascularisation from the peritoneum. Another possibility is that the side of the
graft facing the photon camera influences the degree of photon emission. The
explanation that a greater degree of vascularisation explains the higher emission
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from the IPOM graft is at least partly confirmed in Study III, where histological
sections of from IPOM FTSGs show larger vessels with well-preserved
morphology. Higher photon emission was detected from grafts from female
donors to female recipients. This underscores how small differences that may
initiate rejection. It further confirms that syngeneic tissue, and even more so
autologous tissue, is superior to any allograft or xenograft material in terms of
histocompatibility. Minimal tissue discrepancies seem to impair survival in
biological grafts (allografts and xenografts) since residual epitopes are left despite
extensive chemical and physical methods to achieve acellularity [79,80]. At least
one manufacturer of porcine acellular dermis graft considers allergy to pig to be
a contraindication to the use of their mesh, a statement that demonstrates the
inevitable presence of residual porcine epitopes. Although the porcine allergy is
rare, there are sporadic documentation of allergy towards an implanted porcine
acellular dermal matrix [81].
The aim of decellularisation is not only to remove cells but also DNA, cellular
debris and molecules [80]. Biological mesh is claimed to be “acellular” i.e. no
cells. As the name suggests, only the absence of cells is guaranteed, despite
ambitions. If we assume that all structures down to the size of a single cell are
eradicated in allografts and xenografts, average cell is approximately 10-20
micrometers [149]. One of the smallest cells in the body is the red blood cell 5-8
micrometers diameter, platelets are 20% the size of a red blood cell, 1-1.6
micrometer [150]. However the immune system recognises smaller epitopes such
as foreign polypeptides and proteoglycans, digested foreign cells and other
objects. A polypeptide is up to 50 amino acids long, if longer the chains are
classified as proteins. One amino acid is around 4 Å [151] an ångstrom being ten
billionths of a meter. Even if there are up to 50 amino acids in a polypeptide, its
size is still only 200 Å, 20 nanometer or 0.02 micrometers, i.e. a thousandth order
of magnitude smaller than an average cell in the body. Other immunological
targets are phospholipids, tRNA and antibodies which are around 10 nanometers;
a thousandth order of magnitude smaller than even the smallest cells in the body
[150]. Consequently, the word “acellularity” hardly guarantees that cell remnants
and tissue epitopes are not present in the graft. This is the reason why massive
chemical and physical treatment of allografts and xenografts is performed in an
attempt to improve tissue compatibility. However, these procedures alter tissue
strength and other properties negatively, or introduce other substances that can
trigger an immune response [80].
It has been shown that blood circulation within the FTSG after grafting is
enhanced by adding stromal vascular fraction cells in rats. Stromal vascular
fraction cells are heterogeneous cells extracted from adipose tissue containing
mature, progenitor and stem cells from the stroma. That study showed less
contracture, less stiffness and increased elasticity [152]. The authors’ hypothesis



53

was that increased graft survival is due to improved circulation. However, in that
study, grafts were devoid of their panniculus carnosus muscle, thus approaching
split-thickness skin grafts, and the procedure of adding the cell suspension to the
grafts was not described in detail. Furthermore, nothing can be said as to which
component(s) of the cell suspension led to the results observed. Further trials are
needed to verify the safety of the clinical application of potent cell suspensions.
However, this concept may have a future role to play in enhancing FTSG
performance.
Formation of adhesions between the abdominal wall and intestine is a common
consequence of abdominal surgery. In hernia surgery this is most frequent when
mesh is placed in the IPOM position. Small bowel obstruction is associated with
high morbidity and mortality [153]. Adhesions are an unwanted side-effect of
synthetic implants. Mice also develop adhesions [154]. A higher adhesion rate is
thus expected when placing an implant in the IPOM compared to the onlay
position. Although the pathogenesis of adhesion is incomplete abrasion and
chemical agents likely trigger adhesion formation. When designing the
experimental intervention in Study II, a choice had to be made between shaving
with residual hair stubble and chemical depilatory cream. Mechanical depilation
was not feasible. It was decided to use the shaving/hair stubble alternative, in the
belief that this was least likely to initiate adhesions. Therefore, the results inStudy II showing that FTSGs in the IPOM position showed only few and
relatively loose adhesions is promising. However, it cannot be ruled out that hair
remnants could have contributed to the adhesions seen in the IPOM group. The
use of specific anti-adhesion drugs may be a future possibility to decrease
adhesion formation. One of the latest methods proposed is the use of antibodies
against mesothelial markers [155]. However, its clinical application has so far
faced difficulties, thus effect, safety, specificity, and side-effects will determine its
future success.
Inflammation monitored as NF-kB-dependent luminescence showed a transient
increase, returning to a stable low level. This is consistent with a normal
uneventful postoperative course after surgical trauma. A balanced inflammatory
response is crucial for proper healing [85]. Since NF-kB is activated by a
multitude of factors, besides detection of NF-kB-activation the method is
sensitive but highly non-specific. However, low signaling corresponds to no
undue inflammatory response. A low inflammatory response would seem to be
beneficial for wound healing as inflammation involves various pro-healing
properties mediated by special macrophage phenotypes and T-cell phenotypes
[85].
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Study II of this thesis was based on the HLUC transgenic mouse model to detect
cell survival in vivo longitudinally. Prior to the start of this study, one concern
was the limited ability to interpret lack of flux. In this model, photons are a proxy
for cell survival and detection of luminescence assures that all factors required
are met, as deficiency of one factor cause absence of flux. Photons are prone to
scattering and/or absorption by virtually anything that lies between the source of
luciferase enzyme activity and detection by the photon camera – resulting in
fewer counts. Photon penetration is decreased by tissue thickness, hair and
pigment cells [121] and by blood (haemoglobin) [156]. These factors may produce
false negative results in the luciferase model. In these studies, luminescence was
easily detected despite background emission, and was therefore regarded as a
valid measure of FTSG survival. This was confirmed by longitudinal in vivo
follow-up observations, and subsequent histological exams in Study III. The use
of non-pigment or nude mice thus seems unnecessary. A clear methodological
advantage is that graft assessment can be performed at tight intervals during the
entire follow-up period as the measurements are non-invasive.
The mouse model used has specific limitations, an example being the small
sample size that increases the risk of not being able to detect a true difference
between groups. However, the fact that IPOM and onlay grafts all showed good
survival with only few loose adhesions, does not support this limitation. The
immune system of mice differs to some extent from that of humans, even wound
healing, hernia disease, size, posture, life expectancy and several other
parameters differ between the species. This raises the important question of
representability. Strict extrapolation of results from one species can only be
applied to the same species – but with such a conservative approach, animal
research could never be acceptable. To increase representability, the model used
in these studies was designed to mimic techniques intended for future clinical
practice. Mice of different ages were used, and to mimic autologous graft repair,
mice had an identical genetic background (syngeneic), ensuring compatibility
between donor and recipient. In donors and recipients of the same sex, only the
luciferase gene differs. Healing may be improved by the fact that mouse skin is
more delicate since delicate skin means shorter physical distance for diffusion
and vascularisation to overcome.
Hypothetically, the use of FTSG would be advantageous if the inflammatory
response is milder, since the surgical procedure would then be less traumatic, an
important factor in fragile patients. Generally, if FTSG is less prone to the serious
complications associated with synthetic mesh adhesions, SSI [147], fistula
formation [157] and postoperative pain [158], this method would have a clear
advantage.
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Mice studies, such as the ones in this thesis, provide us with the background
required for procedural logistics in future human RCTs. Confirmation of the
results in larger studies, in conjunction with hernias and in human models
remains to be evaluated. It is a step in the direction of expanding our preclinical
and clinical knowledge on FTSG in hernia repair – a step that has been called for
[14].

Paper III
Tissue sections with IHC staining of FTSGs applied in the IPOM position showed
graft cell survival, mild local inflammatory response, rudimentary vascular
structures, and identifiable areas of ingrowth. It seems that FTSG implanted in
the IPOM position behave largely as FTSG implanted in onlay, and FTSG can
survive in both positions. This study provides new knowledge on FTSG tissue
morphology during the healing process when implanted in the IPOM position.
The morphology observed was in line with previous reports of tissue buried in the
abdominal wall outside of the abdominal cavity [61,159].
The similar staining patterns seen in FTSGs in the onlay and IPOM positions, are
interpreted as evidence that FTSG does not induce tissue response patterns that
differ substantially between IPOM and onlay application. If any, small tendencies
of better morphology and IHC stain is seen in some IPOM grafts compared to
onlay grafts, but the small sample size as well as semi-quantitative method make
such statements uncertain. FTSG in the onlay position has already been shown to
function in humans [56,63].
The results in Study III represent a spot check and a known risk with small
studies is to commit a type 2 error; to fail to detect a difference that is present in
reality. Still, the results are consistent in showing longitudinal survival of cells
verified by luciferase antibody staining in grafted tissue. This is in line with results
of in vivo monitoring of cell survival by luminescence in Study II. This
strengthens the robustness of these studies and confirms the low risk of
autofluorescence as the origin of photons detected. It also confirms that luciferase
staining is confined to the FTSG area, in line with the results in Study II.
Inflammatory markers were found in transitional zones of FTSG in both the
IPOM and the onlay position. A mild inflammatory response is necessary for a
normal wound healing process [85], and every surgical procedure elicits an
inflammatory response. There are presently studies looking into the
inflammatory response balance required for optimal healing. In Study III,
several main components and mediators of acute and chronic inflammation were
assessed. From the results of these analyses, no undue inflammatory response
appears to occur, and no excessive fibrosis. The results of IL-1β analysis show



56

some degree of staining interpreted as very low degree acute phase inflammation,
based on known IL-1β activation during inflammation [160,161]. Pronounced
angiogenesis, a hallmark of inflammation, was not seen on staining for VWF, also
indicating low inflammatory activity over time. However somewhat larger
vascular structures were apparent in FTSG in the IPOM position. The main site
of expression for TNF-α and IL-1β was connective tissue between graft and
surrounding recipient tissue, a possible sign of wound healing. Stain was also
seen in vicinity of leukocyte thus it cannot be ruled out that there is a local low-
grade acute inflammatory response to epithelium or hair follicles [61]. This is
pure supposition as this was a cross-sectional study based on snapshots of a
dynamic process. A low level of MPO expression indicates a low degree of chronic
inflammation [160]. This was seen in both IPOM and onlay sections, though it
must be said that MPO activity cannot be assumed by the mere presence of the
protein [162]. However, degranulation of neutrophils was not observed and MPO
was found intracellularly. This suggests inactivity of the many inflammatory
processes that trigger MPO release [162], and is interpreted as a sign of low
chronic inflammation.
Macrophage infiltration judged by CD 68, apoptosis by caspase-14 and cell
proliferation by Ki67 pathways are interesting targets for further assessment of
the inflammatory response [111]. Based on these parameters, it appears that lung
surfactant reduces the inflammatory response, possibly providing a way of
modulation in the future [111]. However, the effect of surfactant seen in that study
may be preferable in a superficial wound healing model where re-epithelialisation
is desired, but not in the FTSG model. Results by Mirastschijski et al showed
increased migration of keratinocytes but no effect on fibroblasts, the main
producers of collagen. It could be speculated that increased keratinocyte
migration increases epithelial deposits, potentially increasing inclusion cysts.
Meanwhile such modulation would be reducing tissue strength as no effect was
seen on fibroblasts. Some cysts were visible in the present study, an observation
described previously [61]. There are reports that tension in the FTSG decreases
cyst formation and that cysts do not develop to the same extent in humans [163].
This suggests a significant difference between human and animal skin. As no
recent publication using a modern technique has systematically investigated the
risk and consequences of dermal inclusion cysts in FTSG, this must be the subject
of further research. The potential problem of cysts in clinical practice may be of
minor or major interest, depending on the situation and time framework
involved.
There are differences between murine and human immunology. Proteins released
may be the same but have different biological functions [164]. We therefore
employed several inflammatory markers to evaluate inflammation from various
perspectives in order to increase the strength of the results. Furthermore, FTSGs
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in the onlay position in both humans and mice appear to behave similarly in
terms of tolerance [56]. Inflammatory processes in FTSGs in the IPOM position
in mice appear to be like those in the onlay in mice. It thus seems reasonable to
believe that FTSGs applied in the IPOM position in humans may behave in a
similar way as in mice studies. It is interesting that in historical reports on human
FTSG implants, no inclusion cysts have been described on clinical evaluation [3].
However, in that material grafts were sutured with linen sutures that are no
longer used. In an interesting modern study on rats by Medberry et al, comparing
resistance to bacterial infection in autologous tissue, xenograft biologic mesh and
three synthetic meshes, only autografts showed absence of colony-forming units
at Day 28 [165]. Although the autografts comprised well-vascularized muscle
placed in the abdominal wall in a retro-oblique position, the results do suggest
greater resistance to bacterial infection in FTSG. This notion is further
strengthened by the results in rats of Reith et al [166] and in humans by Clay etal [56].
Angiogenesis is an important requisite for wound healing, and, in the case of
these studies, for graft survival. VWF staining was chosen because of its ability to
detect more complete vascular structures in the tissue, rather than using other
signalling molecules such as cytokines, e.g. vascular endothelial growth factor
VEGF, that only trigger angiogenesis [85]. The use of IHC staining for VWF also
marks endothelial cells and megakaryocytes which are mature vascular cells, but
this does not necessarily guarantee the presence of functional vascular structures.
Even if the presence of VWF staining does not definitely indicate angiogenesis,
together with detection of luminescence indicating an established blood supply,
the results still add to the evidence that a functioning blood supply does exist. The
findings of preserved panniculus carnosus muscle is further interpreted as
evidence for adequate circulation throughout the postoperative period, as muscle
is sensitive to hypoxia.
On the other hand, a reduced blood supply could be an advantage, since a lower
cell turnover potentially reduces the number of shredded epithelial cells and hair
follicles in dermoid cysts. A parallel can be drawn to a study by Muhammad et al,
where addition of adipose stem cells led to better vascularisation and retention of
more hair follicles in an acid burn healing model in the rat [167]. When FTSG is
buried under the skin (onlay) or in IPOM position, the aim is not preservation of
hair follicles, why a reduced blood supply be an advantage. The slightly larger
vascular structures observed in FTSG in the IPOM position could thus be argued
to be a relative drawback. On the contrary, in the IPOM position, FTSG tends to
slowly metamorphose into collagenous tissue. Complete absence of
vascularisation, on the other hand, leads to avascular necrosis; a factor known to
elicit a sterile inflammatory response [40]. This is devastating for a graft, but
again, this was not seen in onlay FTSGs in humans [56] or in the present studies
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as both luminescence values and luciferase stain was seen from within the grafts
at follow up. In Study III, vascular structures were identified in the grafts and
panniculus carnosus muscle was partially preserved. Nevertheless, a balance
between the two extremes is preferred, but the cut-off has yet to be established,
and is probably subject to inter-individual variability. In this material, there
seems to have been a satisfactory balance.
Ingrowth was seen in 50% of the slides evaluated, and when blinding was
exposed, it corresponded to > 50% of mice. A plausible explanation is regional
variation within grafts, which probably reflects the true in vivo situation. Already
1949, Chodoff showed in 7 hernia patients, that no recurrence appeared after
repair of inguinal hernia using FTSG, which may suggest ingrowth [168]. Chodoff
stressed that tension seemed to support the metamorphosis of FTSG into
connective tissue. Furthermore, Mair showed a recurrence rate of 1.2% (1/86) in
patients where an FTSG graft was used in inguinal hernia repair and sutured
under tension [3]. This also suggests ingrowth or some beneficial influence on
surrounding tissue though no histological evidence was provided. Tension could
not be assured in the present material as mentioned in the methods section; the
reason being the lack of space and the stretched-out position of the mice during
surgery. Mice, unlike humans, then have a forward-bent posture reducing the
tension on the abdominal wall, thereby reducing tension on the graft. On the
other hand, this leads to the IPOM graft being pushed towards the abdominal wall
by the intestines which is favourable. How these circumstances interfere with
ingrowth is unclear. Taking the above into account, ingrowth in more than 50%
of specimens is promising. Furthermore, as autologous grafts are well-accepted
[55,169], even better incorporation may be anticipated in autologous compared
to syngeneic grafts.
An assortment of representative tissue sections was used for qualitative
evaluation. Staining difficulties were seen in Studies III and IV, mainly IHC
staining, which caused morphological deterioration in some slides. This made it
impossible to rule out the small risk of loss of areas of interest for evaluation, as
not all slides could be interpreted. The reason was that tissue sections came away
from the glass slide during staining, and despite many efforts to improve the
staining procedure we still do not know why. One possible reason could be too
much time in the clearing agent xylene, since we were misled by pigments in
mouse skin that did not become opaque. Different qualities of glass slide were
tested during tissue slicing, but this only resulted in minor improvements.
However, the morphology picture improved in Study III after changing buffer
in the HIER step, from citrate buffer pH 6, to pH 9. Shortening the HIER time
also seemed to improve things. However, in Study IV the antibody
manufacturers explicitly recommended pH 6 for MMPs and collagens, and this
was followed.
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As luciferase IHC staining was able to distinguish between donor and recipient,
chromosome analysis was not carried out. An advantage of this was that
chromosome analysis requires a large amount of tissue, so there was more tissue
available for IHC analysis.
In this basic laboratory study, IPOM and onlay syngeneic FTSGs showed similar
histological appearances. Consequently, it would seem feasible to apply FTSG in
either the onlay or IPOM position. Future long-term studies should pay attention
to possible effects on morphology and the biomechanical effects of inclusion
cysts. The results in Study III increases our knowledge on FTSG in the IPOM and
onlay positions. It provides an argument for increased efforts to evaluate FTSG
as an alternative to synthetic or biologic mesh in cases where avoidance of such
is motivated.

Paper IV
Study IV focused on extracellular matrix changes after implantation of FTSG.
Collagen composition and matrix remodelling were compared between grafts in
the IPOM and onlay position. It seems that FTSG in both positions slowly
metamorphose into collagen.
Picrosirius red mostly stained thick bundles corresponding to cross-linked
mature collagen while thin bundles stained lower in this material compared to
internal control tissue. Collagen composition is important for tissue strength,
where thicker collagen bundles indicates greater tissue strength [100]. This
probably translates into higher tensile strength of the FTSG, which would be a
positive attribute for potential reinforcement material [64]. A decrease in the
collagen type I:III ratio is associated with several types of hernia [39,44].
However, in contrast, Zhao et al found an increased amount of procollagen type
III mRNA in parastomal hernia patients [102]. This was seen in in vitro studies
using RT-qPCR, and in that cohort all patients were operated on for rectal cancer
which may have influenced ECM properties. Also, procollagen mRNA levels do
not equal the mature collagen amount; several intermediary steps of complex
maturation and cross-linking are required. However, whether the described ratio
of collagen types is causal or simply coexistent with hernias, remains to be seen.
Inguinal hernia is a specific entity, which does not necessarily share the
pathogenesis of ventral abdominal wall hernia [43]. Incisional hernia patients are
heterogeneous and may display different skin types so that some may have skin
suitable for FTSG repair while others do not. Distinction between skin types was
not considered in the present material, and it should be noted that this was not a
hernia model. In this study the metamorphosis of FTSGs seen in both positions
correlates well to previous observations of partly degraded skin appendages
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[56,58,170]. Progressive degradation of sebaceous glands and hair follicles
proceeds for months [170].
MMPs were not found to coexist with their respective collagen substrates which
was surprising since MMPs are involved in wound healing and tissue
remodelling. It may be that evaluated MMPs mostly take part in the early phase
of wound healing [85], while later phases are mediated by other factors not
evaluated in the present studies. Another reason could be that the study set-up
failed to capture the dynamics of these processes appropriately. Non-specificity
of antibodies producing false negative results may have been the reason for our
results, but there are at least three reasons why this is unlikely [171]: first,
negative controls were blank; second, IHC staining was found in recipient tissue;
and third, staining was seen in a gradient dependent manner. However, low MMP
expression may be of benefit as both MMP-1 and MMP-9 have been associated
with unstable tissue turnover and inflammation [106,111]. In Study III TNF-α
stained hair follicles and glands where MMP stain was seen in Study IV,
suggesting a local inflammatory process could be present at this site.
The lack of MMP stain from areas containing their collagen substrates may also
suggest low collagenase and gelatinase activity, meaning low degradation of ECM
structures, which is a known issue with allografts and xenografts. Also, if FTSG
already had been degraded there would be no luminescence activity in Study II,
no luciferase stain in Study III and no retained donor structures in
morphological examination in Study III-IV. Collagens are not simply a matrix
but interact with nearby cells and take part in several biological processes such as
cell differentiation, cell migration and cell growth [94]. It could be speculated that
the intact FTSG may maintain better tissue integrity and functions after
implantation than an empty acellular ECM skeleton does.
Autologous and syngeneic grafts have inherent immunocompatibility, contrary to
biological grafts (allografts and xenografts), hence they do not suffer from the
disheartening trade-off between residual foreign epitopes and ECM disruption
[80]. In this respect, it may well be that FTSG will turn out to be a more successful
reinforcement material, and has already been shown to have outcomes
comparable to synthetic mesh in the onlay position [56,64]. In Study IV only
female mice were used as donors and recipients, based on the results in StudyII, since their syngeneic background is as close as possible to autologous grafting.
A strength of Study IV is that, although biological differences exist between mice
and humans, ECM structures are comparable [72]. The FTSG in the onlay
position intervention in mice corresponds to the method used in the RCT on
humans by Clay et al [56] and thus together with internal controls can be
considered a benchmark. A weakness is that there was no possibility to verify a
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similar histological appearance in FTSG implanted in the onlay position between
human and mice. Nevertheless, this study provides a comprehensive depiction of
the postoperative status of the FTSG by the examination of multiple areas in the
FTSGs. No systematic differences between IPOM and onlay graft positions were
seen, thereby suggesting similar biomechanical processes in this aspect.
The presently used experimental model of tissue integration focused on the basic
prerequisites for the application of FTSG in a new position that has not
systematically been evaluated. It provided insight into the process of collagen
composition in FTSGs implanted in the IPOM position. Considering the
association of collagen composition with the verified graft survival reported inStudies II and III, few of adhesions in Study II, low inflammatory response inStudies II and III, there is now a growing incentive to conduct further research
on autologous FTSG implanted in the IPOM position. Based on the results of such
research, further steps towards clinical translation may be taken, with evaluation
of the method in a human hernia model. Future research should include proof of
concept studies and clinical trials. An important perspective of future studies will
be the evaluation of postoperative responses to and long-lasting tensile strength
of FTSG buried within the abdominal wall.
Methodological considerations
The field of medical research covers wide-reaching and intertwined networks. At
the microlevel, cells have different functions and different thresholds for
activation or action. It is important to have sufficient knowledge of details at the
microlevel to be able to understand the holistic picture. Analysis of large datasets
such as register-based epidemiological studies, requires correlation with
biological processes to be truly relevant clinically. This translational thesis sheds
light on a problem taken directly from clinical practice. Several fields of research
were embraced, and old knowledge revisited with new perspectives; in this case
FTSG previously used as reinforcing material but now applied in a new position.
By focusing on a specific clinical problem and posing relevant questions to
experienced clinicians, results will more readily and rapidly be applied to clinical
practice.
In the longitudinal in vivo study on luciferase luminescence in Study II, we did
not use a control group with sham surgery to evaluate surgery-related
confounders. In retrospect, such a group would have added further knowledge to
benchmark the use of FTSG in the IPOM position; comparison with a synthetic
mesh for example. However, as FTSG was the source of luminescence detected,
sham surgery with implantation of material that does not emit photons would be
of little value. Sham surgery would though have allowed comparison of IPOM
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mesh implantation with FTSG in the IPOM position in terms of adhesion
formation.
The set-up with female donors to female recipients gave higher luminescence
values than male donors to female recipients. Sex chromosome differences is
known to cause rejection also in syngeneic models and the results are in line with
that.
When identifying a positive IHC stain, there is always some degree of uncertainty
as to whether the stain is truly positive or a false positive, as non-specific staining
is a concern with IHC [171]. Several standard safety precautions, such as negative
controls, and performing stain in gradient dependent manners, are used to assure
true positivity. There will always be a degree of subjective interpretation whether
staining in a specific region or cell is positive or not.
At the start of this Study III, IHC staining for luciferase showed interference
with negative controls. The first and second luciferase antibodies used (luciferase
antibody no. 1 and no. 2) used rabbit primary antibodies directed towards
luciferase enzyme, using an HRP-kit (DAKO HRP kit K4065) with secondary
antibodies towards rabbit and mouse. A blocking agent was provided, to block
mouse epitopes in the tissue. Repeated evaluation revealed the opposite – mouse
epitopes were not blocked, despite attempts to modify the protocol. We switched
to a new HRP kit (DAKO HRP kit 4010) with secondary antibodies for rabbit
primary antibody. Using this new kit, staining performed properly and produced
normal negative controls. Even so, both donor and recipient tissues were stained
in a non-specific manner. We therefore introduced a third luciferase antibody
(luciferase antibody no. 3) using goat primary antibodies that stained donor
tissue more specifically. In this way, non-specific staining with luciferase
antibodies no. 1 and no. 2 was confirmed. As luciferase antibody no. 3 was based
on goat primary antibody, donkey anti-goat secondary antibody in the HRP
conjugate was used. Finally, negative controls were blank and luciferase stain was
specific.
As the studies in this thesis had a descriptive rather than hypothesis-testing
approach, the reduction principle within animal testing was pursued. Although it
is tempting to trust available image processing programs when quantifying
results [172], such quantification does not solve methodological bias or
drawbacks inherent in the IHC technique. No quantification method can improve
the quality of the research question. Despite this, IHC staining is widely applied
in research due to its complementary value. Several currently used quantitative
methods are fundamentally built on qualitatively validated techniques, and
although it is easier to interpret quantitative results, it must be remembered that
diagnostics and morphological research are seldom quantitative. Diagnostics, as
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opposed to research on experimental models, is led by predefined criteria which
more easily may be used by image processing algorithms. In this case, however,
IHC results are important since they show and explain structures displayed from
other angles of a known field, compared to quantitative data. Some results may
be obvious to the naked eye but cannot be measured accurately, for example,
location and the tissue context. That was the case in MMP stain in Study IV
which showed reliable stain but not in expected areas making quantification
irrelevant. It is useful to have demonstrated in Studies II-IV that our
experimental method works, which was one of the aims at outset. Homogeneity
is also particularly important, and there were relatively small differences between
the groups in these studies. In line with the fact that FTSG in the onlay position
that has already proven useful in the clinical setting [56,64], our findings that the
outcome of IPOM implantation of FTSG does not differ significantly from that of
onlay application in this experimental model represents considerable progress.
We decided not to use computer-aided image processing programs for
histological colour staining interpretation due to the complexity of image
acquisition with several intensity scales and morphological overlap. A commonly
used reproducible semi-quantitative method for manual evaluation is to
determine the proportion of all cells in a section that stain positively i.e.
proportion of stained cells per power field. Unfortunately, this method was not
applicable because the stained components were proteins located both intra- and
extracellularly.
Another possibility is to measure the light intensity or wavelength of the
subcellular components per power field and quantify this by calculating the
proportional area of stain divided by the total area. However, such comparison is
hampered by variations in light intensity and wavelength, due to a myriad of
technical and tissue factors. But the single most important argument against is
its relevance in the context of our study since staining did not appear where we
expected but in hair follicles and glands. Thus, descriptive interpretation of tissue
staining is more adequate than attempts at quantification.
If we had had perfect imaging conditions and quantified our data perfectly by
using, for example, ImageJ with Fiji plug-in extension [172], interpretation of the
results would have been based on complex algorithms. This may indeed become
possible in the future as machine learning has seen considerable advancements
the recent years. The most important problem is that such self-learning
algorithms need a benchmark against which data are compared, an outcome.
Also, for such algorithms to build itself, considerable quantities of data are
required, perhaps millions of individual data inputs for interpretation to be
accurate. This is not possible in a narrow niche of research such as ours. Another
research ethical aspect is that research requires backtracking of all steps, making
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results repeatable and reviewable. A self-learned algorithm, however, is
somewhat of a black box; it provides results but not the foundations on which
they are built. These problems will certainly be solved in due time and may have
an immense positive effect on how research is executed but we are not there yet.
When analysing the use of FTSG from an environmental perspective, the method
should be more resource efficient than the production of synthetic mesh and
biological implants. FTSGs require no water-consuming production and no
transport. There are few chemicals involved in the handling of an FTSG, in strong
contrast to the heavy chemical load involved in the manufacture of other forms of
mesh. On the other hand, full thickness skin excised during surgery is often
thrown away, and occasional recycling of skin hardly settles the matter. Taken
together, the use of FTSG is an environmentally friendly and economically more
attractive technique than existing synthetic and biologic materials. Avoidance of
the negative side-effects of synthetic mesh has great socioeconomic value in terms
of financial benefits and better patient quality-of-life. This is especially so in areas
where resources are scarce, and where patients must pay for medical expenses.
But most of all, in areas where the option is either to use an incredibly expensive
top of the line material or no repair at all.
As is always the case in science, it is never one technique or one study that reveals
the nature of a complex scenario. Only when substantial amounts of data are
gathered through different methods and from different perspectives, can results
be considered to rest on scientific grounds or lead to a paradigm shift.
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Conclusions
In Study I there was no significant difference in recurrence rate between mesh
and suture repair at a median of 6.8 years follow-up. There was a significantly
higher 30-day complication rate associated with mesh repair. A significant risk
factor for recurrence was coexisting hernia (OR 2.84, 95 % CI 1.24–6.48). These
results suggest that surgeons should tailor the method of primary umbilical
hernia repair to the characteristics of the patient. Our results stress the occasional
underperformance of synthetic mesh repair, urging the profession to develop
diversified treatment strategies that meet the requirements of all patient
categories.
Study II addressed the question of alternative clinical treatment strategies at a
preclinical level, showing in the first systematic evaluation that the luciferase
mice model to be an appropriate method for the longitudinal non-invasive
assessment of graft survival in vivo. All FTSGs were shown to survive in both the
IPOM and onlay position in mice, without threat to recipient health. Few
adhesions were seen, and no adverse inflammatory response was observed.
Syngeneic FTSG transplantation between mice is as near as we can get to
autologous transplantation which suggests that the outcome of autograft grafting
should not be less successful.
Studies III and IV confirm the findings of Study II but from a histological
perspective. Syngeneic FTSGs show similar morphological appearance when
applied in both the IPOM and onlay position. Cell survival in the grafts was
confirmed, and the inflammatory response was low, supporting the findings ofStudy II. Furthermore, it was shown that the FTSGs exhibit nascent
incorporation, vascular structures, small inclusion cysts and collagen
metamorphosis with partial regress of adnexal structures. The small differences
that existed between the positions was not in disfavour of FTSG in the IPOM
position. The results need validation, and transmission to a hernia model.
Although Studies II-IV were small and with only internal controls, their results
all point in the same direction; adding to current experience with well-performing
FTSGs in the onlay position in humans. It may thus be expected that similar
biomechanical properties apply to FTSGs in the IPOM position. The results of this
thesis provide a stimulus to intensify research towards FTSG in the IPOM
position in humans.
Complicated disease states require constant improvement of treatment methods
to meet the challenge. The benefits and advantages of developing new effective
treatments is high, both for the patient and hopefully the system; indeed, patient
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benefits must legitimate the utilisation of resources involved. The indiscriminate
use of inefficient methods can only be destructive for everyone.
The pendulum may have started to swing in favour of the cautious reintroduction
of autologous FTSG as reinforcement material in selected cases of abdominal wall
hernia repair.
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Future perspectives
The variety of synthetic mesh materials and their use in hernia repair hampers
evaluation of reinforcement performance. Today there is no requirement to
register materials implanted in a patient. In the world of RFID and bar-codes it
is quite feasible for registration to be carried out at implantation and would
drastically reduce the resources required in the tracing and follow-up of different
forms of implants. A structure like that would upgrade the quality of databases
and expand areas where there is still an obvious lack of aggregated data. Such
databases would improve patient safety since pooled results of a variety of
procedures with different indications would become available, thereby allowing
early detection of poorly performing techniques or devices. With larger datasets,
our ability to draw conclusions on material performance and surgical methods
would be improved and the time required for evaluation reduced. One of the best-
established examples of such a system is the nationwide Danish Hernia Database.
In Sweden the National Inguinal Hernia register, established in 1992, has just
been fused with the Ventral Hernia Register with the ambition to achieve national
coverage equal to the Inguinal Hernia Register. Automatization and decreased
manual handling would increase the efficiency of data collection and
management. Data aggregation and maintenance of a proper database require
funding, but follow-up of interventions in population-based quality registers has
a far greater value. Clinical register studies have bidirectional perspectives. In the
case of this thesis, beside evaluating a surgical technique, also to provide input
for a basic scientific experimental setup for the evaluation of a surgical method
with possible clinical applications aimed to benefit a specific patient group.Study I attracted attention in the umbilical hernia community and has
contributed to a systematic review.
This translational thesis constitutes a preclinical evaluation of FTSG implanted
in the IPOM position, thus contributing to a careful clinical reintroduction of the
autologous FTSG technique. As Studies II-IV are small, their results need
validation. Further research on the clinical application of FTSG in hernia repair
is appropriate. Positive results from such studies would ultimately provide the
hernia surgeon with a new option for hernia repair. Repair of parastomal hernia
would benefit from a method that uses reinforcement material without high
recurrence or complication rates. The low adhesion rate associated with FTSG
may translate into improved postoperative results and fewer complications such
as strangulation of the intestines. Whether the low adhesion rate is due to the
nature of FTSG tissue itself or the seemingly low inflammatory response remains
to be seen. Evaluation of adhesions is a delicate process especially in human but
also in experimental models. There are possible evaluation models such as
monitor peritoneal cells ex vivo [173]; an interesting concept for further research.
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The occurrence of dermoid cysts and their clinical significance seem best
evaluated through long-term follow-up. The use of biopsy analysis is a less
invasive method for evaluation of tissue integration of an implanted FTSG,
avoiding unnecessary surgery. The results in Studies II-IV have led to a
feasibility study of FTSG implanted in the IPOM position for the repair of
parastomal hernia in four patients. The studies thus have contributed to the
advancement of evaluation of the clinical application of FTSG. A subsequent
randomised controlled trial named SHIFT (Stoma Hernia Intraperitoneal Full-
Thickness skin) registered at clinicaltrials.gov (ID NCT03667287) has now begun
and patients have been included.
The experimental mouse model provides a new tool for the experimental
evaluation of FTSG in hernia repair. It opens for new possibilities within tissue
integration studies, assessing the effect of changes in tissue parameters. The
effect of different ECM and collagen compositions may be evaluated, for example,
by genetic modification of donor or recipient tissues using the CRISPR/Cas9
technique and other methods described in this thesis and elsewhere.
By experiments on the NF-kB subset of mice, further evaluation of postoperative
responses following FTSG repair may be performed. The prospect of stem cells as
inflammatory modulators in different clinical applications has been the subject
of debate for some time. In the experimental mouse model, stem cells could be
seeded on the FTSG prior to application in order to evaluate the postoperative
inflammatory response. If a desirable response is seen and the safety and efficacy
of stem cell utilisation are confirmed, this could constitute a paradigm change
that may translate into the improvement of clinical outcome of hernia repair.



69

Acknowledgements
I wish to express my sincere gratitude to:
Prof. Jan Øivind Moskaug and Prof. Philippe Collas’ research group at
Oslo Stem Cell Centre, University of Oslo, for welcoming me to your group in
Oslo, generously sharing your profound knowledge, encouraging me and letting
me use your luciferase mouse model.
Assistant professor Karin Strigård, MD, my supervisor, for your belief in the
success of this project and your support in its realisation, as well as your relentless
faith in me throughout the process.
Peter Falk, PhD, my co-supervisor, for your inspiring way of sharing your
knowledge of laboratory work and for your endless encouragement and
thoughtful answers when things did not go as planned.
Prof. Ulf Gunnarsson, MD, my co-supervisor, for strategic input and
facilitation of the project, and providing the logistic as well as scientific backbone.
Assistant professor Birgit Stark, MD, my co-supervisor for your contributions.
Peter Cox MD, for valuable linguistic help and thoughtful proof reading.
Co-authors, Markku Haapamäki, MD and Prof. Marie-Lois Ivarsson, MD,
for your insight and stimulating collaboration.
Warm thanks to my survival guides in the administrative jungle at the office of
the CLISTER Research Group, and to all members of the CLISTER research team
for your dedicated peer reviews of plans, methods, result interpretation and
manuscripts. Thank you for all our rewarding scientific (and non-scientific)
discussions.
Members of the Collas’ Lab in Oslo and the Colorectal Cancer Research Unit in
Gothenburg for making me feel welcome in your pleasant working environment.
My clinical employers at NUS, SU, KS and DS for understanding and facilitating
the combination of clinical progress and doctoral research.
Family and friends. Your support has been crucial.



70

Funding authorities: Swedish Research Council (VR) and Research Council of
Västerbotten Region (ALF).



71

References
1. Winsnes A, Haapamäki MM, Gunnarsson U, Strigård K. Surgicaloutcome of mesh and suture repair in primary umbilical hernia:postoperative complications and recurrence. Hernia : the journal ofhernias and abdominal wall surgery. 2016;20(4):509-516.2. Winsnes A, Gunnarsson U, Falk P, Stark B, Moskaug J, Strigård K.Evaluating full-thickness skin grafts in intraperitoneal onlay meshposition versus onlay position in mice. J Surg Res. 2018;230:155-163.3. Mair GB. Analysis of a series of 454 inguinal herniae with specialreference to morbidity and recurrence after the whole skin-graft method.Br J Surg. 1946;34:42-48.4. Mair GB. The use of whole skin grafts as a substitute for fascial suturesin the treatment of hernias: Preliminary report. Am J Surg.1945;69(3):352-365.5. Engelsman AF, van der Mei HC, Ploeg RJ, Busscher HJ. Thephenomenon of infection with abdominal wall reconstruction.Biomaterials. 2007;28(14):2314-2327.6. Socialstyrelsen. Statistik om operationer och behandlingar ispecialistvård. 2020; https://www.socialstyrelsen.se/statistik-och-data/statistik/statistikamnen/operationer-och-behandlingar/. AccessedMarch 15, 2020.7. Muysoms FE, Miserez M, Berrevoet F, et al. Classification of primary andincisional abdominal wall hernias. Hernia : the journal of hernias andabdominal wall surgery. 2009;13(4):407-414.8. Howard R, Thompson M, Fan Z, Englesbe M, Dimick JB, Telem DA.Costs Associated With Modifiable Risk Factors in Ventral and IncisionalHernia Repair. JAMA Netw Open. 2019;2(11):e1916330.9. Stock FE. Repair of large herniae with nylon mesh. Lancet.1954;266(6808):395-396.10. Usher FC, Wallace SA. Tissue reaction to plastics; a comparison of nylon,orlon, dacron, teflon, and marlex. AMA Arch Surg. 1958;76(6):997-999.11. Usher FC, Allen JEJ, Crosthwait RW, Cogan JE. Polypropylenemonofilament. A new, biologically inert suture for closing contaminatedwounds. JAMA. 1962;179:780-782.12. Nguyen MT, Berger RL, Hicks SC, et al. Comparison of outcomes ofsynthetic mesh vs suture repair of elective primary ventralherniorrhaphy: a systematic review and meta-analysis. JAMA Surg.2014;149(5):415-421.13. McDermott FD BA, Brandsma HT, Daniels IR, Pinkney TD, Pullen J,Wheeler J, Williams GL, Smart NJ. ACPGBI Parastomal Hernia Group.Prevention and treatment of parastomal hernia: a position statement onbehalf of the Association of Coloproctology of Great Britain and Ireland.Colorectal Dis. 2018;20 Suppl 2:5-19.14. de Vries Reilingh TS, Bodegom ME, van Goor H, Hartman EHM, van derWilt GJ, Bleichrodt RP. Autologous tissue repair of large abdominal walldefects. Br J Surg. 2007;94(7):791-803.



72

15. Turza KC, Campbell CA, Rosenberger LH, et al. Options for closure of theinfected abdomen. Surg Infect. 2012;13(6):343-351.16. Fränneby U, Sandblom G, Nordin P, Nyrén O, Gunnarsson U. Riskfactors for long-term pain after hernia surgery. Ann Surg.2006;244(2):212-219.17. Klosterhalfen B, Klinge U. Retrieval study at 623 human mesh explantsmade of polypropylene--impact of mesh class and indication for meshremoval on tissue reaction. J Biomed Materials Res. 2013;101(8):1393-1399.18. Holihan JL, Hannon C, Goodenough C, et al. Ventral Hernia Repair: AMeta-Analysis of Randomized Controlled Trials. Surg Infect.2017;18(6):647-658.19. Colavita PD, Belyansky I, Walters AL, et al. Umbilical hernia repair withmesh: identifying effectors of ideal outcomes. Am J Surg.2014;208(3):342-349.20. Burcharth J, Pedersen MS, Pommergaard HC, Bisgaard T, Pedersen CB,Rosenberg J. The prevalence of umbilical and epigastric hernia repair: anationwide epidemiologic study. Hernia : the journal of hernias andabdominal wall surgery. 2015;19(5):815-819.21. Henriksen NA, Montgomery A, Kaufmann R, et al. Guidelines fortreatment of umbilical and epigastric hernias from the European HerniaSociety and Americas Hernia Society. Br J Surg. 2020;107(3):171-190.22. Hernia: MedlinePlus Medical Encyclopedia. 2020;https://medlineplus.gov/ency/article/000960.htm. Accessed February23, 2020.23. Kadler KE, Baldock C, Bella J, Boot-Handford RP. Collagens at a glance.J Cell Sci. 2007;120(Pt 12):1955-1958.24. Read RC. Herniology: past, present, and future. Hernia : the journal ofhernias and abdominal wall surgery. 2009;13(6):577-580.25. Hung KC, Sun CK, Chen JY, Wang HC, Kao CH. Association betweenabdominal hernia and the risk of subsequent dementia. Brain Behav.2019;9(11):e01434.26. Donovan K, Denham M, Kuchta K, et al. Predictors for recurrence afteropen umbilical hernia repair in 979 patients. Surgery. 2019;166(4):615-622.27. Helgstrand F, Jørgensen LN, Rosenberg J, Kehlet H, Bisgaard T.Nationwide prospective study on readmission after umbilical orepigastric hernia repair. Hernia : the journal of hernias and abdominalwall surgery. 2013;17(4):487-492.28. Helgstrand F, Rosenberg J, Kehlet H, Jorgensen LN, Bisgaard T.Nationwide prospective study of outcomes after elective incisional herniarepair. J Am Coll Surg. 2013;216(2):217-228.29. Kroese LF, Gillion JF, Jeekel J, Kleinrensink GJ, Lange JF. Primary andincisional ventral hernias are different in terms of patient characteristicsand postoperative complications - A prospective cohort study of 4,565patients. Int J Surg. 2018;51:114-119.30. Helgstrand F. National results after ventral hernia repair: Dan MedJ2016.



73

31. Socialstyrelsen. Cancerregistret. 2018;https://sdb.socialstyrelsen.se/if_can/val.aspx. Accessed March 15,2020.32. Singh S, Dulai PS, Zarrinpar A, Ramamoorthy S, Sandborn WJ. Obesityin IBD: epidemiology, pathogenesis, disease course and treatmentoutcomes. Nat Rev Gastroenterol Hepatol. 2017;14(2):110-121.33. Kokotovic D, Gogenur I, Helgstrand F. Substantial variation amonghernia experts in the decision for treatment of patients with incisionalhernia: a descriptive study on agreement. Hernia : the journal of herniasand abdominal wall surgery. 2017;21(2):271-278.34. Liang MK, Holihan JL, Itani K, et al. Ventral Hernia Management: ExpertConsensus Guided by Systematic Review. Ann Surg. 2017;265(1):80-89.35. Liot E, Breguet R, Piguet V, Ris F, Volonte F, Morel P. Evaluation of portsite hernias, chronic pain and recurrence rates after laparoscopic ventralhernia repair: a monocentric long-term study. Hernia : the journal ofhernias and abdominal wall surgery. 2017;21(6):917-923.36. Helgstrand F, Rosenberg J, Kehlet H, Bisgaard T. Low risk of trocar sitehernia repair 12 years after primary laparoscopic surgery. Surg Endosc.2011;25(11):3678-3682.37. Pollock AV, Evans M. Early prediction of late incisional hernias. Br JSurg. 1989;76(9):953-954.38. Henriksen NA, Yadete DH, Sorensen LT, Agren MS, Jorgensen LN.Connective tissue alteration in abdominal wall hernia. Br J Surg.2011;98(2):210-219.39. Klinge U, Si ZY, Zheng H, Schumpelick V, Bhardwaj RS, Klosterhalfen B.Collagen I/III and matrix metalloproteinases (MMP) 1 and 13 in thefascia of patients with incisional hernias. J Invest Surg. 2001;14(1):47-54.40. Larsen NK, Reilly MJ, Thankam FG, Fitzgibbons RJ, Agrawal DK. Novelunderstanding of high mobility group box-1 in the immunopathogenesisof incisional hernias. Expert Rev Clin Immunol. 2019;15(7):791-800.41. Ma X, Liu Y, Wang Q, et al. Tamoxifen induces the development of herniain mice by activating MMP-2 and MMP-13 expression. Biochim BiophysActa. 2015;1852(5):1038-1048.42. Junge K, Klinge U, Rosch R, et al. Decreased collagen type I/III ratio inpatients with recurring hernia after implantation of alloplasticprostheses. Langenbecks Arch Surg. 2004;389(1):17-22.43. Peeters E, De Hertogh G, Junge K, Klinge U, Miserez M. Skin as markerfor collagen type I/III ratio in abdominal wall fascia. Hernia : the journalof hernias and abdominal wall surgery. 2014;18(4):519-525.44. Henriksen NA, Mortensen JH, Sorensen LT, et al. The collagen turnoverprofile is altered in patients with inguinal and incisional hernia. Surgery.2015;157(2):312-321.45. Hotouras A, Murphy J, Thaha M, Chan CL. The persistent challenge ofparastomal herniation: a review of the literature and futuredevelopments. Colorectal Dis. 2013;15(5):e202-214.46. Odensten C, Strigård K, Dahlberg M, Gunnarsson U, Näsvall P.Parastomal Hernia Repair; Seldom Performed and Seldom Reported:



74

Results From a Nationwide Survey. Scand J Surg.2018:1457496918818984.47. Correa Marinez A, Bock D, Erestam S, et al. Methods of ColostomyConstruction: No Effect on Parastomal Hernia Rate: Results FromStoma-const-A Randomized Controlled Trial. Ann Surg. 2020.48. Odensten C, Strigård K, Rutegård J, et al. Use of Prophylactic Mesh WhenCreating a Colostomy Does Not Prevent Parastomal Hernia: ARandomized Controlled Trial-STOMAMESH. Ann Surg.2019;269(3):427-431.49. Harries RL, Daniels IR, Smart NJ. Outcomes of surgically managedrecurrent parastomal hernia: the Sisyphean challenge of the herniaworld. Hernia : the journal of hernias and abdominal wall surgery.2020.50. Aslam MI, Rubio-Perez I, Smart NJ, Singh B. A survey on practices forparastomal hernia prevention and repair among ESCP surgeons. Hernia: the journal of hernias and abdominal wall surgery. 2019;23(4):825-828.51. ACPGBI, Smart NJ, Group PH. Prevention and treatment of parastomalhernia: a position statement on behalf of the Association ofColoproctology of Great Britain and Ireland. Colorectal Dis. 2018;20Suppl 2:5-19.52. Näsvall P, Rutegård J, Dahlberg M, Gunnarsson U, Strigård K.Parastomal Hernia Repair with Intraperitoneal Mesh. Surg Res Pract.2017;2017:8597463.53. Helgstrand F, Rosenberg J, Kehlet H, Jorgensen LN, Wara P, Bisgaard T.Risk of morbidity, mortality, and recurrence after parastomal herniarepair: a nationwide study. Dis Colon Rectum. 2013;56(11):1265-1272.54. Kuipers EJ, Grady WM, Lieberman D, et al. Colorectal cancer. Nat RevDis Primers. 2015;1:15065.55. Ottoman C, Buntrock G, Gatz K, et al. SkinDot: A modified full-skintransplantation technique. Ann Anat. 2019;229:151454.56. Clay L, Stark B, Gunnarsson U, Strigård K. Full-thickness skin graft vs.synthetic mesh in the repair of giant incisional hernia: a randomizedcontrolled multicenter study. Hernia : the journal of hernias andabdominal wall surgery. 2018;22(2):325-332.57. Loewe O. Über Hautimplantation an Stelle der freien Fraszienplastik.Munch Med Wochenschr. 1913;24(3):1320-1321.58. Uihlein A. Use of the cutis graft in plastic operations. Archives ofSurgery. 1939;38(1):118-130.59. Peer LA, Paddock R. Histologic studies on the fate of deeply implanteddermal grafts - observations on sections of implants buried from oneweek to one year. Archives of Surgery. 1937:268-290.60. Marsden CM. Whole skin-graft repair of inguinal hernia; an account of163 operations, with a follow-up of 136 operations at 12 months. Br JSurg. 1948;35(140):390-394.61. Gray DB, Mansberger AR, Yeager GH. The fate of buried full-thicknessskin; an experimental study. Ann Surg. 1951;134(2):205-209.62. Millard DR, Pigott R, Zies P. Free skin grafting of full-thickness defectsof abdominal wall. Plast Reconstr Surg. 1969;43(6):569-582.



75

63. Holmdahl V, Stark B, Clay L, Gunnarsson U, Strigård K. One-yearoutcome after repair of giant incisional hernia using synthetic mesh orfull-thickness skin graft: a randomised controlled trial. Hernia : thejournal of hernias and abdominal wall surgery. 2019;23(2):355-361.64. Holmdahl V, Backman O, Gunnarsson U, Strigård K. The TensileStrength of Full-Thickness Skin: A Laboratory Study Prior to Its Use asReinforcement in Parastomal Hernia Repair. Front Surg. 2019;6:69.65. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improvingbioscience research reporting: the ARRIVE guidelines for reportinganimal research. PLoS Biol. 2010;8(6):e1000412.66. Beery AK. Inclusion of females does not increase variability in rodentresearch studies. Curr Opin Behav Sci. 2018;23:143-149.67. Prendergast BJ, Onishi KG, Zucker I. Female mice liberated for inclusionin neuroscience and biomedical research. Neurosci Biobehav Rev.2014;40:1-5.68. Putting gender on the agenda. Nature. Vol 465. England2010:665.69. Clayton JA, Collins FS. Policy: NIH to balance sex in cell and animalstudies. Nature. 2014;509(7500):282-283.70. Parker SG, Halligan S, Liang MK, et al. International classification ofabdominal wall planes (ICAP) to describe mesh insertion for ventralhernia repair. Br J Surg. 2020;107(3):209-217.71. Treuting PM, Dintzis SM. Comparative Anatomy and Histology: AMouse and Human Atlas. Vol 1. First ed: Academic Press an imprint ofElsevier; 2012.72. Nguyen AV, Soulika AM. The Dynamics of the Skin's Immune System.Int J Mol Sci. 2019;20(8).73. Malissen B, Tamoutounour S, Henri S. The origins and functions ofdendritic cells and macrophages in the skin. Nat Rev Immunol.2014;14(6):417-428.74. Kaufmann R, Halm JA, Eker HH, et al. Mesh versus suture repair ofumbilical hernia in adults: a randomised, double-blind, controlled,multicentre trial. Lancet. 2018;391(10123):860-869.75. Cheng AW, Abbas MA, Tejirian T. Outcome of abdominal wall herniarepair with biologic mesh: Permacol versus Strattice. The Americansurgeon. 2014;80(10):999-1002.76. Fet N, Alizai PH, Fragoulis A, et al. In vivo characterisation of theinflammatory reaction following mesh implantation in transgenic micemodels. Langenbeck's Arch Surg. 2014;399(5):579-588.77. Huerta S, Varshney A, Patel PM, Mayo HG, Livingston EH. BiologicalMesh Implants for Abdominal Hernia Repair: US Food and DrugAdministration Approval Process and Systematic Review of Its Efficacy.JAMA Surg. 2016;151(4):374-381.78. Cevasco M, Itani KM. Ventral hernia repair with synthetic, composite,and biologic mesh: characteristics, indications, and infection profile.Surg Infect (Larchmt). 2012;13(4):209-215.79. Badylak SF, Taylor D, Uygun K. Whole-organ tissue engineering:decellularization and recellularization of three-dimensional matrixscaffolds. Annu Rev Biomed Eng. 2011;13:27-53.



76

80. Sorushanova A, Delgado LM, Wu Z, et al. The Collagen Suprafamily:From Biosynthesis to Advanced Biomaterial Development. Adv Mater.2019;31(1):e1801651.81. Vedak P, St John J, Watson A, et al. Delayed type IV hypersensitivityreaction to porcine acellular dermal matrix masquerading as infectionresulting in multiple debridements. Hernia : the journal of hernias andabdominal wall surgery. 2017;21(3):489-492.82. Kockerling F, Alam NN, Antoniou SA, et al. What is the evidence for theuse of biologic or biosynthetic meshes in abdominal wall reconstruction?Hernia : the journal of hernias and abdominal wall surgery.2018;22(2):249-269.83. Boules M, Strong AT, Corcelles R, et al. Single-center ventral herniarepair with porcine dermis collagen implant. Surg Endosc.2018;32(4):1820-1827.84. Carver DA, Kirkpatrick AW, Eberle TL, Ball CG. Performance ofbiological mesh materials in abdominal wall reconstruction: studyprotocol for a randomised controlled trial. BMJ Open.2019;9(2):e024091.85. Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound Healing: ACellular Perspective. Physiol Rev. 2019;99(1):665-706.86. Darby IA, Hewitson TD. Fibroblast differentiation in wound healing andfibrosis. Int Rev Cytol. 2007;257:143-179.87. Stamenkovic I. Extracellular matrix remodelling: the role of matrixmetalloproteinases. J Pathol. 2003;200(4):448-464.88. Kruegel J, Miosge N. Basement membrane components are key playersin specialized extracellular matrices. Cell Mol Life Sci. 2010;67(17):2879-2895.89. Klicznik MM, Szenes-Nagy AB, Campbell DJ, Gratz IK. Taking the lead -how keratinocytes orchestrate skin T cell immunity. Immunol Lett.2018;200:43-51.90. Chen YE, Fischbach MA, Belkaid Y. Skin microbiota-host interactions.Nature. 2018;553(7689):427-436.91. Clark GL, Parker EA, Schaad JA, Warren WJ. New Measurements ofPreviously Unknown Large Interplanar Spacings in Natural Materials. JAm Chem Soc. 1935;57(8):1509.92. Wyckoff RWG, Corey RB, J. B. X-Ray Reflections of Long Spacings fromTendon. Science. 1935;82(2121):175-176.93. Kisling A, Lust RM, Katwa LC. What is the role of peptide fragments ofcollagen I and IV in health and disease? Life Sci. 2019;228:30-34.94. Ricard-Blum S. The Collagen Family. Cold Spring Harb Perspect Biol.2011;3(1).95. Sprangers S, Everts V. Molecular pathways of cell-mediated degradationof fibrillar collagen. Matrix Biol. 2019;75-76:190-200.96. Flynn LA, Blissett AR, Calomeni EP, Agarwal G. Inhibition of collagenfibrillogenesis by cells expressing soluble extracellular domains of DDR1and DDR2. J Mol Biol. 2010;395(3):533-543.97. Henriksen NA. Systemic and local collagen turnover in hernia patients:Dan Med J2016.



77

98. Henriksen NA, Mortensen JH, Lorentzen L, et al. Abdominal wallhernias-A local manifestation of systemically impaired quality of theextracellular matrix. Surgery. 2016;160(1):220-227.99. Lorentzen L, Henriksen NA, Juhl P, et al. Type V Collagen is PersistentlyAltered After Inguinal Hernia Repair. Scand J Surg. 2018;107(3):212-217.100. Lapiere CM, Nusgens B, Pierard GE. Interaction between collagen type Iand type III in conditioning bundles organization. Connect Tissue Res.1977;5(1):21-29.101. Kuivaniemi H, Tromp G. Type III collagen (COL3A1): Gene and proteinstructure, tissue distribution, and associated diseases. Gene.2019;707:151-171.102. Zhao F, Chen F, Yuan X, Liu Y, Chen J. Decreased collagen type IIIsynthesis in skin fibroblasts is associated with parastomal herniafollowing colostomy. Int J Mol Med. 2019;44(5):1609-1618.103. Wenstrup RJ, Florer JB, Brunskill EW, Bell SM, Chervoneva I, Birk DE.Type V collagen controls the initiation of collagen fibril assembly. J BiolChem. 2004;279(51):53331-53337.104. Veidal SS, Larsen DV, Chen X, et al. MMP mediated type V collagendegradation (C5M) is elevated in ankylosing spondylitis. Clin Biochem.2012;45(7-8):541-546.105. Ravanti L, Kahari VM. Matrix metalloproteinases in wound repair(review). Int J Mol Med. 2000;6(4):391-407.106. Rao VH, Rai V, Stoupa S, Subramanian S, Agrawal DK. Tumor necrosisfactor-alpha regulates triggering receptor expressed on myeloid cells-1-dependent matrix metalloproteinases in the carotid plaques ofsymptomatic patients with carotid stenosis. Atherosclerosis.2016;248:160-169.107. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors ofmetalloproteinases: structure, function, and biochemistry. Circ Res.2003;92(8):827-839.108. Danielsen PL, Holst AV, Maltesen HR, et al. Matrix metalloproteinase-8overexpression prevents proper tissue repair. Surgery. 2011;150(5):897-906.109. Ries C, Popp T, Egea V, Kehe K, Jochum M. Matrix metalloproteinase-9expression and release from skin fibroblasts interacting withkeratinocytes: Upregulation in response to sulphur mustard. Toxicology.2009;263(1):26-31.110. Huang H. Matrix Metalloproteinase-9 (MMP-9) as a Cancer Biomarkerand MMP-9 Biosensors: Recent Advances. Sensors (Basel). 2018;18(10).111. Mirastschijski U, Schwab I, Coger V, et al. Lung Surfactant AcceleratesSkin Wound Healing: A Translational Study with a Randomized ClinicalPhase I Study. Sci Rep. 2020;10(1):2581.112. Gaestel M, Kotlyarov A, Kracht M. Targeting innate immunity proteinkinase signalling in inflammation. Nat Rev Drug Discov. 2009;8(6):480-499.113. Brown S, Boules M, Hamza N, Wang X, Whalen M. Synthesis ofinterleukin 1 beta and interleukin 6 in human lymphocytes is stimulatedby tributyltin. Arch Toxicol. 2018;92(8):2573-2586.



78

114. Naik S, Larsen SB, Gomez NC, et al. Inflammatory memory sensitizesskin epithelial stem cells to tissue damage. Nature. 2017;550(7677):475-480.115. Baral P, Udit S, Chiu IM. Pain and immunity: implications for hostdefence. Nat Rev Immunol. 2019;19(7):433-447.116. Smith EM, Gregg M, Hashemi F, Schott L, Hughes TK. CorticotropinReleasing Factor (CRF) activation of NF-kappaB-directed transcriptionin leukocytes. Cell Mol Neurobiol. 2006;26(4-6):1021-1036.117. Strzepa A, Pritchard KA, Dittel BN. Myeloperoxidase: A new player inautoimmunity. Cell Immunol. 2017;317:1-8.118. Lenting PJ, Casari C, Christophe OD, Denis CV. von Willebrand factor:the old, the new and the unknown. J Thromb Haemost.2012;10(12):2428-2437.119. Leebeek FW, Eikenboom JC. Von Willebrand's Disease. N Engl J Med.2016;375(21):2067-2080.120. McElroy WD, Ballentine R. The mechanism of bioluminescence. ProcNatl Acad Sci USA. 1944;30(12):377-382.121. Sato A, Klaunberg B, Tolwani R. In vivo bioluminescence imaging. CompMed. 2004;54(6):631-634.122. Jenkins ED, Yom V, Melman L, et al. Prospective evaluation of adhesioncharacteristics to intraperitoneal mesh and adhesiolysis-relatedcomplications during laparoscopic re-exploration after prior ventralhernia repair. Surg Endosc. 2010;24(12):3002-3007.123. H-Y-antigen | Svensk MeSH. 2020;https://mesh.kib.ki.se/term/D006182/h-y-antigen. Accessed April 12.124. Carlsen H, Moskaug J, Fromm SH, Blomhoff R. In vivo imaging of NF-kappa B activity. J Immunol. 2002;168(3):1441-1446.125. Sweat F, Puchtler H, Rosenthal SI. Sirius red F3BA as a stain forconnective tissue. Arch Pathol. 1964;78:69-72.126. Junqueira LC, Bignolas G, Brentani RR. Picrosirius staining pluspolarization microscopy, a specific method for collagen detection intissue sections. Histochem J. 1979;11(4):447-455.127. Madsen LJ, Oma E, Jorgensen LN, Jensen KK. Mesh versus suture inelective repair of umbilical hernia: systematic review and meta-analysis.BJS Open. 2020.128. Aslani N, Brown CJ. Does mesh offer an advantage over tissue in the openrepair of umbilical hernias? A systematic review and meta-analysis.Hernia : the journal of hernias and abdominal wall surgery.2010;14(5):455-462.129. Aiolfi A, Cavalli M, Micheletto G, et al. Open mesh vs. suture umbilicalhernia repair: systematic review and updated trial sequential meta-analysis of randomized controlled trials. Hernia : the journal of herniasand abdominal wall surgery. 2020.130. Shrestha D, Shrestha A, Shrestha B. Open mesh versus suture repair ofumbilical hernia: Meta-analysis of randomized controlled trials. Int JSurg. 2019;62:62-66.131. Bisgaard T, Kaufmann R, Christoffersen MW, Strandfelt P, Gluud LL.Lower Risk of Recurrence After Mesh Repair Versus Non-Mesh SuturedRepair in Open Umbilical Hernia Repair: A Systematic Review and Meta-



79

Analysis of Randomized Controlled Trials. Scand J Surg.2019;108(3):187-193.132. Lal K, Laghari ZH, Laghari AA, Soomro E. A comparative study ofanatomical repair versus mesh repair in paraumbilical hernia. MedicalChannel. 2012(19):4.133. Sadiq F, Khurshid NA. Paraumbilical hernias: a comparison betweenmesh hernioplasty and simple suture repair at Arif Memorial TeachingHospital Lahore. Pak J Med Health Sci. 2013(7):3.134. Abdel-Baki NA, Bessa SS, Abdel-Razek AH. Comparison of prostheticmesh repair and tissue repair in the emergency management ofincarcerated para-umbilical hernia: a prospective randomized study.Hernia : the journal of hernias and abdominal wall surgery.2007;11(2):163-167.135. Tunio NA. Hernioplasty: Tension free mesh repair versus Mayos repairfor umbilical hernias. J Pak Med Assoc. 2017;67(1):24-26.136. Polat C, Dervisoglu A, Senyurek G, Bilgin M, Erzurumlu K, Ozkan K.Umbilical hernia repair with the prolene hernia system. Am J Surg.2005;190(1):61-64.137. Arroyo A, García P, Pérez F, Andreu J, Candela F, Calpena R.Randomized clinical trial comparing suture and mesh repair of umbilicalhernia in adults. Br J Surg. 2001;88(10):1321-1323.138. Henriksen NA, Sorensen LT, Bay-Nielsen M, Jorgensen LN. Direct andrecurrent inguinal hernias are associated with ventral hernia repair: adatabase study. World J Surg. 2013;37(2):306-311.139. Shankar DA, Itani KMF, O'Brien WJ, Sanchez VM. Factors AssociatedWith Long-term Outcomes of Umbilical Hernia Repair. JAMA Surg.2017;152(5):461-466.140. Berger RL, Li LT, Hicks SC, Liang MK. Suture versus preperitonealpolypropylene mesh for elective umbilical hernia repairs. J Surg Res.2014;192(2):426-431.141. Dalenbäck J, Andersson C, Ribokas D, Rimbäck G. Long-term follow-upafter elective adult umbilical hernia repair: low recurrence rates also afternon-mesh repairs. Hernia : the journal of hernias and abdominal wallsurgery. 2013;17(4):493-497.142. Venclauskas L, Jokubauskas M, Zilinskas J, Zviniene K, Kiudelis M.Long-term follow-up results of umbilical hernia repair. Wideochir InneTech Maloinwazyjne. 2017;12(4):350-356.143. Köhler G, Luketina RR, Emmanuel K. Sutured repair of primary smallumbilical and epigastric hernias: concomitant rectus diastasis is asignificant risk factor for recurrence. World J Surg. 2015;39(1):121-126.144. Helgstrand F, Rosenberg J, Kehlet H, Strandfelt P, Bisgaard T.Reoperation versus clinical recurrence rate after ventral hernia repair.Ann Surg. 2012;256(6):955-958.145. Yao JJ, Pham T, El Mokdad A, Huerta S. Predictors of recurrence ofumbilical hernias following primary tissue repair in obese veterans. AmJ Surg. 2016;211(1):18-23.146. Reinpold W, Schroder M, Berger C, Stoltenberg W, Kockerling F. MILOSand EMILOS repair of primary umbilical and epigastric hernias. Hernia



80

: the journal of hernias and abdominal wall surgery. 2019;23(5):935-944.147. Tubre DJ, Schroeder AD, Estes J, Eisenga J, Fitzgibbons RJ, Jr. Surgicalsite infection: the "Achilles Heel" of all types of abdominal wall herniareconstruction. Hernia : the journal of hernias and abdominal wallsurgery. 2018;22(6):1003-1013.148. Cooper N, Pinnola A, Borowicz M, Davis JM. Methicillin-ResistantStaphylococcus aureus Infection in an Umbilical Hernia Mesh ElevenYears after Implantation. Surg Infect Case Report. 2016.149. Guertin DA, Sabatini DM. Cell Size Control. eLS. 2006.150. Utah Uo. Cell Size and Scale. 2020;https://learn.genetics.utah.edu/content/cells/scale/. Accessed March19, 2020.151. Ainavarapu SR, Brujic J, Huang HH, et al. Contour length and refoldingrate of a small protein controlled by engineered disulfide bonds. BiophysJ. 2007;92(1):225-233.152. Cheng C, Sheng L, Li H, et al. Cell-Assisted Skin Grafting: ImprovingTexture and Elasticity of Skin Grafts through Autologous CellTransplantation. Plast Reconstr Surg. 2016;137(1):58e-66e.153. Lee MJ, Sayers AE, Drake TM, et al. National prospective cohort study ofthe burden of acute small bowel obstruction. BJS Open. 2019;3(3):354-366.154. Bianchi E, Boekelheide K, Sigman M, Lamb DJ, Hall SJ, Hwang K.Ghrelin Ameliorates Adhesions in a Post-surgical Mouse Model. J SurgRes. 2016;201(1):226-234.155. Tsai JM, Sinha R, Seita J, et al. Surgical adhesions in mice are derivedfrom mesothelial cells and can be targeted by antibodies againstmesothelial markers. Sci Transl Med. 2018;10(469).156. Weissleder R. A clearer vision for in vivo imaging. Nat Biotechnol.2001;19(4):316-317.157. Abdollahi A, Maddah GH, Mehrabi BM, Jangjoo A, Forghani MN,Sharbaf N. Prosthetic incisional hernioplasty: clinical experience with354 cases. Hernia : the journal of hernias and abdominal wall surgery.2010;14(6):569-573.158. Langbach O, Bukholm I, Benth J, Røkke O. Long-term quality of life andfunctionality after ventral hernia mesh repair. Surg Endosc.2016;30(11):5023-5033.159. Clarke SH. The formation of inclusion dermoid cysts following whole-thickness skin-graft repair of hernia. Br J Surg. 1952;39(156):346-349.160. Piccioli P, Rubartelli A. The secretion of IL-1β and options for release.Semin Immunol. 2013;25(6):425-429.161. Palomo J, Dietrich D, Martin P, Palmer G, Gabay C. The interleukin (IL)-1 cytokine family--Balance between agonists and antagonists ininflammatory diseases. Cytokine. 2015;76(1):25-37.162. Pulli B, Ali M, Forghani R, et al. Measuring myeloperoxidase activity inbiological samples. PLoS One. 2013;8(7):e67976.163. Peer LA. Fate of buried skin grafts in man. Archives of Surgery. 1939:131-144.



81

164. Zhang Q, Lenardo MJ, Baltimore D. 30 Years of NF-kappaB: ABlossoming of Relevance to Human Pathobiology. Cell. 2017;168(1-2):37-57.165. Medberry CJ, Tottey S, Jiang H, Johnson SA, Badylak SF. Resistance toinfection of five different materials in a rat body wall model. J Surg Res.2012;173(1):38-44.166. Reith HB, Dittrich H, Kozuschek W. [Morphology and biologicalintegration of autodermoplasties in large incisional hernias. Results of anexperimental study]. J Chir (Paris). 1995;132(5):229-236.167. Muhammad G, Xu J, Bulte JWM, Jablonska A, Walczak P, Janowski M.Transplanted adipose-derived stem cells can be short-lived yet acceleratehealing of acid-burn skin wounds: a multimodal imaging study. Sci Rep.2017;7(1):4644.168. Chodoff RJ. The Use of Full Thickness Skin Grafts in the Repair of LargeHerniae. Ann Surg. 1949;129(1):119-122.169. Topin-Ruiz S, Surinach C, Dalle S, Duru G, Balme B, Thomas L. SurgicalTreatment of Subungual Squamous Cell Carcinoma by Wide Excision ofthe Nail Unit and Skin Graft Reconstruction: An Evaluation of TreatmentEfficiency and Outcomes. JAMA Dermatol. 2017;153(5):442-448.170. Butcher EO. Hair growth and sebaceous glands in skin transplantedunder the skin and into the peritoneal cavity in the rat. Anat Rec.1946;96(2):101-109.171. Baker M. Reproducibility crisis: Blame it on the antibodies. Nature.2015;521(7552):274-276.172. Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-sourceplatform for biological-image analysis. Nat Methods. 2012;9(7):676-682.173. Falk P, Ruiz-Jasbon F, Strigard K, Gunnarsson U, Ivarsson ML. An exvivo model using human peritoneum to explore mesh-tissue integration.Biol Open. 2017;6(9):1391-1395.


