From: Holste, Dr. Joerg [MEDDE] <DHOLSTE®its.jnj.com>
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Meek, Jonathan [ETHUS] <JMeek1@its.jnj.com>; Meier, Peter [MEDDE]
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Subject:  AW: Question on Monocryl absorption

To:

CC:

Importance: High

Jonathan,

the border for scar plate formation in small pore standard weight meshes was set around 1000 um (microns)

So the pore size of ULTRAPRO/PROLIFT+M is far beyond that level, even before MONOCRYL is absorbed
at 84days after implantation.

Furthermore MONOCRYL has a positive influence on tissue reaction, minimizing the inflammation and the
final fibrosis/scar formation.

See literature attached: please find additional information in the ww marketing e-room in the ULTRAPRO LW
folder.

Jorg

Joerg L. Holste, DVM, PhD

Senior Research Fellow

Preclinical Research Europe

Johnson&Johnson Medical GmbH R&D EUROPE

Phone: +49-40-5297-5248

Mobile: +49-(0)172-4525754

Fax: +49-40-5297-5761
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privileged information. If you are not the intended recipient, any disclosure, copying, use, or distribution of the
information included in this message and any attachments is prohibited. If you have received this
communication in error, please notify me by reply e-mail and immediately and permanently delete this message
and any attachments. Thank you.“
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An: Holste, Dr. Joerg [MEDDE]; Meier, Peter [MEDDE]
Cc: Hall, Lynn [ETHUS]
Betreff: Question on Monocryl absorption

Joerg and Peter,
Would you mind guiding me on the answer to a question from a US KOL that I want to get back to with the

correct answer.

Q: If the Monocryl in GYNEMESH M takes 84 days to absorb, doesn't that mean that the FBR will be complete
before the pore size can be maximized i.e the effect on scar bridging will be the same as any other 2.5mm graft

Please can you craft a response that I can send on to her.

Many thanks

Jonathan Meek

Worldwide Marketing Director

ETHICON Women's Health & Urology

P.0. Box 151, Route 22 West. Somerville, NI. USA 08876-0151

(+1) Office: 908 541-3863 | Mobile: 908 938 7590 | jmeek1@its.jnj.com Note: new email address as of August
2008
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The Argument for Lightweight Polypropylene

Mesh in Hernia Repair

William S. Cobb, MD, Kent W. Kercher, MD, and B. Todd Heniford, MD

The development of polypropylene prosthetics revolutionized
surgery for the repalr of abdominal wall hemias. A tenslon-
free mesh technique has drastically reduced recurrence rates
for all hemlas compared to tissue repairs and has made It pos-
shble to reconstruct large ventral defects that were previously
irreparable. The repair of abdominal wall defects is one of the
most commonly performed general surgical procedures, with
over 1 million polypropylene implants Inserted each year.
Surprisingly, Iitle research has been performed to Investigate
the Interaction of abdominal wall forces on a ventral hemia re-
pair or the required amount or strength of the foreign-body
material necessary for an adequate hemla repalr. The long-
term consequences of implantable polypropylene prosthetics
are not without concern. The body generates an intense In-
flammatory response to the prosthetic that results In scar plate
formation, Increased stiffness of the abdominal wall, and
shrinkage of the blomaterial. Reducing the density of pol-
ypropylene and creating a "lght welght™ mesh theoretically in-
duces lesa forelgn-body response, results in improved ab-
dominal wall compllance, causes less contraction or shrink-
age of the mesh, and allows for better tissue Incorporation, A
review of the laboratory data and short-term clinical follow-up
is reviewed to provide a strong basis or argument for the use
of "light welght" prosthetics in hernia surgery.

A surgeon can do more for the community by operat-

ing on hernia cases and seeing that his rectrrence rate

is low than he can by operating on cases of malignant
disease.

—Sir Cecil Wakely, 1548

President

Royal College of Surgeons

he search for an effective repair of ventral her-
nia has long occupied the general surgeon.
Historically, tissue repairs of abdominal wall defects
were met with rates of recurrence of up to 50%.1-3
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The work of Dr. Francis Usher with polypropylene
(Marlex) in the late 1950s revolutionized the ap-
proach to abdominal wall defects and drastically
lowered the recurrence rates.*® His experience with
polyethylene provided significant advantages over
the metallic meshes used at the time. Polyethylene
resisted corrosion and migration inherent to tanta-
lum and stainless steel meshes.

In 1962, the weave of the standard polypropy-
lene mesh was changed from woven to a knitted
construct, This alteration was made to prevent the
ends of the mesh from unraveling when cut.” The
polypropylene mesh that is used today has re-
mained largely unchanged over the past 45 years.
Polypropylene is the most commonly used pros-
thetic worldwide for the repair of ventral and groin
hernias.

The surgical literature is replete with articles
describing different mesh repair techniques for ven-
tral and inguinal hernias and their associated rates
of recurrence. Despite hernia operations being the
most commonly performed procedures by general
surgeons over the last 50 years, little data exist con-
cerning the intraabdominal forces generated during
normal or strenuous activity and the necessary
strength of a prosthetic for repair. The standard
polypropylene mesh may in fact be over-engineered
of too strong. In addition, the body’s reaction to
these dense or “heavyweight” meshes results in in-
tense inflammation, mesh shrinkage, and loss of ab-
dominal wall compliance.

By reducing the amount of foreign body mate-
rial, lighter-weight meshes may provide ample
strength for hernia repair with less associated side
effects. Second- and third-generation prosthetic
biomaterials have been developed that are inten-
tionally less dense, with less tensile strength
(N/cm) than standard, nonabsorbable mesh.
These bioprosthetics allow more freedom of ab-
dominal wall motion, are more resistant to con-
traction because of reduced inflammation, and
maintain or improve good tissue ingrowth. A
strong argument for these “lightweight” meshes
can be made from data concerning maximum
burst strength, abdominal wall compliance, degree
of foreign body response, amount of shrinkage,
and advantages of larger pore sizes in the mesh.
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Concept of Lightweight Mesh

Although the reduction in hernia recurrence rates
is undeniable when a tension-free mesh repair is
performed, the long-term complications of implan-
tation of polypropylene mesh have been well docu-
mented.® The properties that serve polypropylene
well for incorporation after hernia repair can also
be detrimental. Polypropylene creates an intense in-
flammatory response that results in rapid and dense
incorporation into the surrounding tissue, This ex-
cessive inflammatory reaction to heavyweight
polypropylene tends to form a scar-plate around the
prosthetic that results in a firm and contracted
mesh. Reducing the amount of foreign body mater-
ial in these meshes may reduce the inflammatory
response and decrease the degree of unorganized
or reactive scar formation,

Marlex (C.R. Bard, Inc, Murray Hill, NJ) is a
standard monofilament heavyweight polypropylene
mesh that is commonly used for hernia repair. It
contains 95 g/m? of polypropylene, is porous but
has very small interstices, and is extremely strong.
Several comparable formulations of heavyweight
polypropylene are available with a similar
polypropylene content as Marlex, including Prolene
(Ethicon, Inc, Somerville, NJ), Surgipro (US
Surgical, Norwalk, CT), and Prolite (Atrium
Medical, Hudson, NH) (Table 1).

Companies have decreased the foreign body
material in their mesh by reducing the density of
polypropylene filaments that compose the mesh.
These bioprosthetics now fall into 3 main cate-
gories—heavyweight, middleweight, and light-
weight—according to their polypropylene content.
Prolene Soft Mesh (Ethicon, Inc) contains less than
half the polypropylene (45 g/m?), has larger pores,
and is more compliant than heavyweight meshes.
Lightweight meshes tend to have 35 g/m? of
polypropylene or less. They alse have very large
pores, in the range of 3 to 4 mm. This reduction in
prosthetic makes the mesh much softer and more
flexible compared with standard meshes. An exam-
ple of the available polypropylene hernia prosthet-
ics and their densities is listed in Table 1.

As mentioned, the reduced-mass meshes are
very compliant or soft. Although this increase in
compliance or decrease in stiffness is an advantage
to patients, the dramatic increase in flexibility of the
mesh could make it difficult for surgeons to handle
or manipulate it in the operating rocm. A certain
stiffniess, or ability of the mesh to hold its shape,
eases placement of the prosthetic inside or outside
the abdomen.

In an effort to improve handling characteristics
of these lightweight meshes, manufacturers incor-
porated absorbable filaments into the weave of the
mesh. These absorbable components add stiffness
during implantation but then readily absorb. Vypro
(Johnson & Johnson) was the first lightweight par-
tially absorbable mesh. It contains lightweight
polypropylene interwoven with multifilamented
polyglactin 910 (Vicryl, Ethicon, Inc). The Vicryl
component begins to dissolve immediately and is
microscopically absent in 60 to 90 days.

Because the multifilamented nature of the
Vicryl in Vypro may contribute to increased surface
area and potentially a higher infection risk, the next
generation product included a partially absorbable
monofilament woven within polypropylene.
Ultrapro (Ethicon, Inc) is a recently introduced
mesh that is composed of a weave of lightweight
polypropylene and poliglecaprone, the same mate-
rial that is in Monocryl (Johnson & Johnson) suture
(Figure 1). The poliglecaprone, which is a mono-fil-
ament, gives the mesh added stiffness for handling
and dissolves in approximately 90 days.

Burst Strength

Caleulations of intraabdominal pressure and com-
pliance of the abdominal wall have called into ques-
tion the need for heavyweight polypropylene.
Schumpelick and colleagues® have attempted to
study the elasticity and tensile strength of the ab-
dominal wall. Calculations based on Pascal's princi-
ple of hydrostatics have predicted the maximum

Table 1. Polypropylene meshes of differing densities.

Surgipro* 110 g/m?
Prolene® 105 g/m?
Marlex< 95 g/m?
Prolite? 90 g/m?
Prolene Soft Mesh® 45 g/m?
Vypro IIP 35 g/m?
Ultrapro® 28 g/m?

aUnited States Surgical, Norwalk, CT
bEthicon, Inc, Somerville, NJ

¢CR Bard, Inc, Cranston, RI

dAtrium Medical Co, Hudson, NH
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The Argument for Lightweight Polypropylene Mesh in Hernia Repair T3

tensile strength of the abdominal wall to be 16
N/cm.'? Standard heavyweight polypropylene mesh
has been shown to have a bursting strength that is 6
to 10 times this calculated force. From their mathe-
matic models and stereotaxy of the human ab-
domen, it can be hypothesized that the currently
available prosthetics are, in fact, too strong, more
dense, and less compliant than needed for an opti-
mal hernia repair.'® However, the abdominal wall
pressures in their models are calculated and not a
direct measure.

The initial fixation strength of the various sur-
gical techniques and the tissue overlap of the pros-
thetic are the principal factors in the early success of
a mesh hernia repair, Suture or merallic artachment
devices must resist maximum intraabdominal pres-
sures, forces of wound contraction, and potential
mesh migration.

The long-term success of the repair ultimately
depends on the fibrocollagenous ingrowth of the tis-
sue into the mesh. How strong a biomaterial needs
to be and the required amount of incorporation of
the mesh into the patient’s tissues have yet to be de-
termined. In fact, the normal intraabdominal forces
prosthetic biomaterials encounter in vivo had not
been truly and accurately measured in a quantita-

Figure 1. Electron micrograph at x60 magnification
demonstrating the weave of Ultrapro partially absorbable
mesh. The poliglecaprone (Monocryl) appears white and
is interwoven with two strands of lightweight polyp-
ropylene.

tive manner. Previous cadaveric models have pre-
dicted that the maximum, instantaneous force gen-
erated in the abdomen to be about 150 mm Hg!';
however, the forces acting on the abdomen during
everyday activities were relatively unknown.

To answer this question, we measured the
ranges of maximum intraabdominal pressures (IAP)
via bladder catheters in young adults during rou-
tine activities.'? The maximum intraabdominal pres-
sures generated by healthy, non-obese individuals
in our study occurred during coughing and jump-
ing. While coughing, the maximum intraabdominal
pressures were 127 mm Hg while sitting and 141
mm Hg standing. A pressure as high as 252 mm Hg
was obtained while a test subject jumped in place.
For Valsalva in this healthy adult population, the
maximum pressures were 64 mm Hg while sitting
and 116 mm Hg standing.

Considering the abdominal cavity as a cylinder
and using Pascal’s principle of hydrostatics, the
maximum tensile strengths would range from 11
N/cm to 27 N/em for these exercises. Biomaterials
and their fixation should tolerate these pressures to
minimize the risk of hernia recurrence. Klinge et
al'13 demonstrated that the heavyweight poly-
propylene currently in use tolerates rupture forces
of up to 100 N/cm.

We used a porcine model to evaluate the bio-
mechanical properties of heavyweight (Marlex),
middleweight (Prolene Soft Mesh), and lightweight
(Ultrapro) polypropylene mesh after 5 months of
implantation.!* The burst strengths for all meshes
in this study were highly supraphysiologic. The
burst load for the native abdominal wall fascia av-
eraged 232 N. The mean burst loads for the light-
weight (576 N) and middleweight (590 N) meshes
were more than twice this. The heavyweight mesh
demonstrated excessive burst loads of greater than
1200 N. These burst strengths far exceed the nor-
mal forces acting on the abdominal wall fascia both
before implantation and after 5 months within the
abdomen.

Recurrences of abdominal wall hernia repairs
are rarely due to failure of the mesh itself. Indeed,
there is only a single report!s of central mesh failure
with a heavyweight polypropylene mesh. Rather
than surmising that the mesh was too weak, the au-
thors postulated that the increased stiffness of the
heavyweight mesh at its interface with the compli-
ant abdominal wall resulted in damage to the mesh
or a fracture that caused its failure over years.!s
Failure of hernia repairs neatly always occurs later-
ally at the mesh-tissue interface because of a fail-
ure of fixation, incorporation, or lack of overlap.

ETH.MESH.02148435
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Abdominal Wall Compliance

There are consequences to the long-term implanta-
tion of polypropylene. As previously mentioned,
heavyweight meshes elicit an intense inflammatory
response that produces a scar plate or thick capsule
around the mesh (Figure 2) and results in reduced
compliance of the abdominal wall.'¢ This was well
demonstrated by ultrasound examination and 3D
stereography in patients having undergone ventral
hernia repair with both heavyweight and lightweight
meshes.?? All meshes showed an increased stiffness
of the abdominal wall with reduced height and di-
minished curvature at maximum abdominal disten-
tion. The extent of stiffness significantly increased
in direct proportion to mesh weight and was in-
versely related to pore size, that is, a larger pore gize
yielded a more compliant or softer mesh in situ.

The curvature of the abdominal wall increased
over time with the lightweight mesh, which was not
seen with any of the heavyweight meshes.'” When
heavyweight polypropylene meshes were removed
from human subjects during reoperations, Klinge
and colleagues microscopically confirmed what had
been seen in animal experiments: the inflammatory
process at the mesh-tissue interface demonstrated
pronounced perifilamentous fibrosis and deposition
of unorganized collagen fibers. The entire
polypropylene mesh was encapsulated by connec-
tive tissue that formed a rigid scar plate.'8 This phe-
nomenon is believed to contribute to increased stiff-
ness of the mesh and abdominal wall.

In our in vivo study mentioned previously, the
medium- and lightweight meshes demonstrated sig-
nificant reduction in stiffness as the absorbable
component dissolved compared with the heavy-
weight mesh. Following explantation, the light-
weight mesh was significantly more compliant or
least stiff. However, before implantation, the ab-
sorbable Monocryl (poliglecaprone) component
makes the lightweight mesh the stiffest of all the
meshes (68.6 N/cm).

As previously stated, the purpose of the poligle-
caprone interwoven with the thin polypropylene is
to increase stiffness to improve handling during im-
plantation. However, the improvement in compli-
ance demonstrated after degradation of the poligle-
caprone much more closely approximates the phys-
iology of the abdominal wall. We are currently
prospectively following patients after the implanta-
tion of lightweight mesh for large ventral hernia de-
fects. The endpoints of this study will include pa-
tient comfort, abdominal wall compliance, compli-
cations, and recurrence,

Foreign Body Response

The most important factor influencing the biocom-
patibility or tolerance of a subject to a foreign body
is the intensity and extent of inflammation and the
wound healing associated with the material. The
degree of inflammatory reaction to a biomaterial af-
fects its incorporation into the implant site. The for-
mation of connective tissue correlates well with the
degree of inflammation. Moreover, the extent of the
foreign body reaction to mesh prosthetics depends
on the amount of the incorporated material.»?

The increased ingrowth of connective tissue
when associated with inflammatory or giant cells
does not necessarily translate into strength and
durability after hernia repair. Lightweight mesh
with reduced polypropylene density and larger pore
sizes between filaments has shown a pronounced
reduction in inflammation and improved integra-
tion into surrounding tissue in humans.!®

Histologically, in a long-term study in a pig
model, we observed more scar plate or capsule for-
mation with heavyweight mesh compared with
lightweight mesh (Figure 2).2° The number of in-
flammatory cells was statistically less in the light-
weight mesh (Figure 3). As a result, the degree of
overall tissue incorporation was substantially better
with lightweight mesh compared with its heavy-
weight counterpart.

In a rat model of ventral hernia repair, Klinge
et al2! demonstrated that biomaterials with a larg-
er pore size and decreased polypropylene content
exhibited a reduction in inflammation and fibro-
sis with microscopic attributes of normal healing
tissue compared with more dense polypropylene-
containing materials. At the cellular level, mea-
surements of apoptosis and proliferation were ele-
vated in the heavyweight mesh groups, implying
an increased amount of cellular turnover. The
lightweight mesh appears to demonstrate more
physiologic levels of turnover.

The foreign-body reaction to nonabsorbable
meshes was studied by histologically examining ex-
planted mesh specimens removed during revision
operations.’® The investigators found that perma-
nent heavyweight meshes cause a persistent in-
flammatory reaction at the mesh-tissue interface for
months to years after implantation. The host adapts
to the “inert” foreign body to a degree, and then en-
cases the mesh in a surrounding collagen capsule
to protect the host tissues.'® The persistence of this
foreign-body reaction is important, especially in
young patients in whom the mesh will remain for
several decades.

ETH.MESH.02148436
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The Argument for Lightweight Polypropylene Mesh in Hernia Repair TS

Clinically, the reduction in foreign-body reac-
tion translates into theoretically fewer complaints
of paraesthesias and functional complaints. Welty
et al'?”demonstrated the superiority of lightweight
polypropylene mesh biomaterials for incisional her-
nia repairs.’” More complaints were seen in patients
younger than SO years of age. In the heavyweight
Marlex group, 58% had complaints of paresthesia
compared with only 4% in the lightweight Vypro
group.'”

B
Figure 2. (A) Heavy weight mesh x40, Trichrome
stain) induces a thick scar around the mesh with
bridging fibrosis or unorganized collagen between the
filaments. (B) Lightweight mesh (x40, Trichrome stain)
demonstrates better tissue incorporation with less scar
plate formation.

Degree of Shrinkage

One concern with the long-term implantation of
mesh is the amount of shrinkage or passive com-
pression the material undergoes. All available
meshes, regardless of their composition, experience
a 20% to 50% reduction in their initial size. Factors
of the mesh itself and the surrounding tissue in-
flammatory response contribute to this phenome-
non. The reality of mesh contraction, whatever the
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Figure 3. (A) Tissue response 5 months after heavy
weight mesh implantation (X400, Trichrome stain)
demonstrates abundant inflammatory, giant cells. (B)
The lightweight mesh (X400, Trichrome stain) produces
much less inflammation, with more stromal cells and
fibroblasts.
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reason, strongly supports the concept of wide tissue
overlap, which has been long advocated by propo-
nents of the retro-rectus repair and, more recently,
the laparoscopic repair.??

In a dog model, the shrinkage of heavyweight
polypropylene mesh and a lightweight polypropy-
lene mesh with absorbable polyglactin 910 were
compared. It demonstrated that all polypropylene
meshes shrink 30% to 50% of their original size
within 2 to 6 months after implantation. The light-
weight mesh showed less inflammatory response
and reduced shrinkage (34% vs 46%).2

Initially, macrophages are an important cell
population associated with the inflammatory reac-
tion to biomaterials. The absorbable fraction of
lightweight polypropylene mesh may be responsi-
ble for high macrophage counts at day 7 and a pro-
nounced reduction of the macrophage index after
90 days.’® The presence of the absorbable poligle-
caprone in Ultrapro mesh may initially create an in-
flammatory reaction that resolves as this portion of
the prosthetic absorbs. Over a longer period of time,
this effect may diminish and result in less passive
compression of the lightweight mesh.

Increased Pore Size

The pore size of prosthetic mesh has an important
effect on the biocompatibility of the foreign body
after implantation. An in vivo study after implanta-
tion of heavyweight mesh and an experimental
lightweight polypropylene mesh demonstrated a
significant increase of total and mature type I colla-
gen deposition with the lightweight mesh contain-
ing larger pores. The tensile strength of the large-
pore mesh increased after 30-day implantation in
the dog, whereas it remained the same for the
smaller-pore heavyweight mesh.24

A similar study evaluated heavyweight, small-
pore Marlex mesh and lightweight, large-pore
Vypro mesh with an absorbable component. The
large-pore mesh was integrated in a loose network
of perifilamentous fibrosis with fat tissue present in
between. In contrast, the small-pore mesh was in-
corporated entirely in perifilamentary granulomas
and scar tissue, which bridged the whole pore di-
ameter of less than 1 mm.?' It appears that the
greater distance between pores resists the ability of
“bridging fibrosis” (Figure 4), contributing to im-

Heavyweight

] 0.8 tnm Pore Size

Lightweight

Granuloma

Granuloma

000000

] 4.0 mm Fore Size

Figiirte 4. Small pores of heavyweight polypropylene allow for intense peri-filamentous fibrosis with bridging to
adjacent filaments. Macroporous meshes that have less polypropylene incite less of a foreign body reaction with

less bridging fibrosis.
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proved compliance and theoretically less passive
compression of the biomaterial.

Conclusion

The use of a polyethylene polymer in a mesh con-
figuration has changed the face of hernia surgery
over the past 50 years, The techniques describing
the precise method of placement of this mesh are
exhausting, and recurrence rates have reached a
nadir with the currently available mesh. The con-
tinued search for the ideal hernia repair with re-
duced long-term morbidity will shift away from dis-
cussing the type of repair and turn to an evaluation
of the type of mesh used in the repair,

The implantation of a macroporous, lightweight
polypropylene mesh results in less restriction of ab-
dominal wall compliance while providing more
than adequate strength for the repair of ventral her-
nias. These new class of meshes for abdominal wall
hernia repair are lightweight, or more correctly
termed, physiologic-weight materials. Continued,
prospective evaluations of various polypropylene
mesh formulations in the clinical setting are re-
quired for a more thorough assessment of the role
of these promising bioprosthetics in the repair of
ventral hernias, and, as well, will determine “how
low we can go” with the amount of foreign body
material.
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Abstract Backyeonml: Supplementary polyelecaprone
23 [Monoen e manofilsmesits were added e g lighe-
weight piare monchilianenl polypropylene predy (1492
mesii o amprove raaperatane Sandling (PP M
mesil, This sty wus dosigned 1o 2visleuns the indu-
ence ol thiz whinionul sapplementation en ihe Do-
conmpslibility in a rodent @nimal nrodel. Methods: Twe
st mlerials, oocaposie maesh (P =5\ ued e
pure pulyprogslene vasinm (PP weee comparsd alter
subcuteots  nupiamauon it o stdardized  or
waxtel. Thstolngival analysis ol the inflimmstors -
sponse was performed aler 28, 56 and B4 days of
implanzanon. Material absospion, inBanmaiony Cissue
reaction,  fbrosis  and  granuloma loneation  were
imvestignted, #y well sy the pereentage of proulifersting
and apoptone cedils wl the interlace. Resulis: Botls mesh
materiils  showed @ slipht furdien body  redction
invelvizg mainge nuwrophuges amd lereiga beady giant
vells. Totil ahsorption of e Momery | lilaments of
the PP o M oaeesh vecurred beiween 36 ol K& Jdays of
mplintaiion. Both the milsomearors aed the Sbroiic

In. I RO Rosele 1 Kreme
i oV Sehumpelics
Lyapartmet o Suigesy. Teoliies Frosersias of Ajchan,
IHHEY oW STUT At Genn

Feerintics Rarsbor gisges postorstitaiazben Je

PO 5 | [BINTH

TR U ) B L

L. Khoge B, Klorierhafon
" Favellenee e Baaneal ad npkay

b fope - R Raviuch
Caeminzw, fLenire s

JiLent
B Lyner * B Rlosterkalfon
Lagssiy e Aschen.
ORI Aschen, Ui

IZRF BIONE AT
Papaglear:
R Menene
Stesheal €
2o elss

L Technical Urmveraey o’ Audhen.
wORZOTY Aweaen Liermamy

I Koaterl e

lanmiute of Parliiagy, Jecnmect | nive:
stz e ST Anchen. Gy

st el Al

Lo

CONFIDENTIAL

LUNFIVEN I IAL

SUBJECT TO STIPULATION AND ORDER OF CONFIDENTIALITY

Veeeptad | Newemizn Mot @ablished onlive: 110 Fasigny 2ot

resctien were decrensed ) o e PP O mesh
group campared 1o the pury PEomesii, Wherena th
perezntape of prishiferaiing cells showed ne signiicans
diffzrence. the rme ol apnplotie cells waz sigathicnntiv
deergissl in the PT M omest group over the whoe
ieplantaton penod Concluson: Compased 1o the puoe
pulypropelene wesle our data conlirm ihat the ose
af a pebrpronyivne mesh supplemenigd with aba
able  Morooryl giuments s feasible without  addi-
tional slimzaczm mesherelatei complications in the
experimeninl  moded  or negetive  side elisels on
hoconparibilivy

Reynwords Mesh » Palyglecsprone
23 ¢ PalvpropyleueBivevmpaibiline

introduction
Mesk matenials for abdoning? waldl herast repar o

prasoubly the maost coanmon biomaternials aplanted in
surgical medicine. Daspite preven advanlages remirding
FECUCTCNTE FILLES COMPatel W pramary usste repair there
are potential complizations relited to their implintation.
Nest b eareme aencand treign becty fecling, mleetinm
is the most cormen conmplivtien, oreucrng in up Lo
PN 1] o 0l cees The deselopment ol reduced nesh
mpieis v are adapled e the physislogical yequere.
menl: of e anterior akdominal wall s oaproved
Fieeompanbility: as well a5 potenly’ comimt (20 3
Compired W conventional heis yweight mesk materiasls,
these sn-enllad lighta tsles were frand o lowoer
wevels af nraloumad pa W osensory loa 4 Fediowing
whtenssein [wrninplasiv. Past e ol repurted that the
use ol Tighiv el sieyh wos associated with signiftecanils
wss i on exereise altes sixoontis, In sdezbicn, user
natenis repocted dee Fegling of a foreen body afler zee
pate wih flighnweizht mesh §17.2 sersus 43.58% with
geazrentional sy J8). These jigloweight me<ht niter s
s are ennstructed o8 cortposite. with o nvaabsorlalble

ETH.MESH.02148440

PX97.10



nulypropy lene yart Towe o Sang-fasting angimentalion o
1he unterior aidoinal wi IH. i an shsorbable muhif
lameat polygletn 210 part thal aids surgicsl handling
during aperdiion. The absoarbabic pelyeliciin 918 part
diyspnears comnleiely three mocetihs aftes ) npleatatinng,
iaving  shightly waned  puelypiopsdens iaments |64
tHoweser. despile linica) advamiages, there is sUll van.
arn shout e wse ol muldGiouentss sl regand e
possible infection through ihe mterspees ol the Praice
srraviare. Klinee e al, slowed that the iccreased surlioe
arco of s ol mesh praomaoies the persistence of
bavreria in the jeplant Do (7| This mighs @xplizn the
develnpnient ol nusl.»n-l.tb.d ielections afiee o delay ol
RN mivaths of en years, Tovouring e nse of
numhilimant cuterials,

Sincz mvire than one mitlion miesh implans ane pee
tarmed per vaar worldwide, and heciuse o the surgisal
challeupe of mfection trestment, Fusilar improvermes) of
mesh manteridis seems beneficinl. Therelore, o new Fig 1A-B Mesh strweture o 1Ay the pure polepropylere (17
misndisenl lighlweighl compegite nesh wis von- mssh ound B (ke PPomel suppicaienizd with OSE e
structed Trony uomaisarhzble polypropyiene monofila-  Peleztamore 75 tMenceeth frssd 173 My O eark ol
menis utd suppleneniad with alsorbable monsiinmeni stk | o
pualyglecaprone 23 i Monocrylieads, The sum ol the
present siosdy wns poounadeae the mihnenes of polvgle-
o S supalemmentation na che iocompazitality
SIVe I s eegent sanimal inedel.

sty

Materials and methods
Mesh mittersals

Twe dilferen) mesh modificatioes were investigaed, The
hiiaic [mhlhulic materiid esed for the consiroeiion of ull
meso samples was palypropyleny (Ethiven, Norderstedr,
Gerruny ), The pare polvpropyicoe mcsh was wani-
factired a5 8 Jarge-pored warpkmticd mesh construchion
with 3 hersveamb straciire donsisting of polyprapylens
monolilamernes PP Fix 1AL The composile mesh was
coustructed using ihe pure PP omesh. which was sup-
plementad with motsatiiiment HSE G-l polvelecaprone
235 (Monceryle thresds PR M, Chralro, Hie 25
Compared 1o he puee PP omesh (258 goon 1 the totad
Aottt s malerizl o7 The PP - M osesh was therefore
mereastal o 90 g

Anmnal silies

M e LE Spra--u\ -Daw ey s 138 333 ¢y wene noused
sumditions of venstuns kel und fempsrinuse, g
d o camplete dees of s o and water ad libidus
throughoul the entire stdy, whick verlurd
-‘IIJ\'-‘.’\|'.!I'__’ I e cudes ol e " Daewsvise Tiersebittzie-
wle arad iveoriing e \'I H aesidelines 1 jhwe nise of
Abnritony ainals, The uniimuis were "'“"“'[-‘]-V dividded Fig. 241 Cieoawionns o matis avcamd the mesis Elamesz (18 )
D T praens (8 L3 eachh eorrespanding Lo the 188 g, neeniti f nrier impheanicon al (A 1P

20 BT or P1 - M omiesic as implant. el () PP 5 AL spesh
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Suwrgica] procednre
Caboratary riny were anaesthetzed 18 g, 1100 g Keta-
min. 0.& myg 100 ¢ Nvlazin. and the back skin wars recd
ar anir m the shotdicr reglon using a shearing machiog.
e itz wers browght iuto the prone position and Had at
weir linhs an anble, The shorm surgics) vegien was de-
giaased asing TR 1PN and dlsinf-n led using Kodun
-pr.l\- The za1s prapaved in this way seee then subianiied
1t the ceperasme surgeen on the vperating Gible. The ran
v coveresd with gslerile coversing-cloth witlin wihicl: o
sevail winddass in the nupkieztien area was cul away.
After own tranaverse s of =25 pen o leeyh
=0 Nzt e subectis wis tmnellerd unsder hetween
the two im:i«'in:'.:.. Fie sterile mesh smplane of 2533 un
size wits fixed in the subeutiz Botween the tw transverse
incizinng using singly sttvies ol Prolene LSP 2 0 Fol-
foaing fisation e skin wis closed using Vickel cJamps.
) hess ware renvvird afier the skin wouzd hac healed wp.

Obsery alion peviads

Puing posteperative hasbuedry the aminttls and par-
ticttlars s the wounds wens inspecied onow dily Iw.lx
Tlere, paoheehir attention was pad o weund sweeliing
drd Nusd accmmuabion (seroma farmationd in Lllc sith.
valis, und the clinical iuspochons were recorded.

Sectivnimg

Five arzmals from gach gromg were sueviloed 28, 26 and
84 daws after implanition, ol the mpinnzalion sunm
was remeved sler skin resection, The preparation was
moamted Using s oR W cierier Belore it woes tixed i
foemazlin During szaiwuing. the presence ol o hienso-
pantit. serotra Tormaticn dnd the residanl mash aree were
svaluated snd mecordsd in the sectionmig proweyl,

Heszalogical wialysis

Fisvue gpesimens were fixed i 0% Fernaklehyde and
ceabedelad i paraiin, Histolopieal invest:gaiom wis
performal sg 3w sectons arter gaematonhin and
conin stening tH&EY Al sections were procesied at e
sam e moredice mternal s:xining virnations, Lo
smount of ikonmaiory and verneelive tissae Gommi-
don was nslvsed semigaantinively by mesuricy the
sieeters ul the fimer vl of ahe granulomn, which
represents the inflamimiaatory infiftrg ke, wned 1he o SWCE fiAg
o the graauhema as a compenent of 1he Ahrolie Lissue

renetton. Ales ceptunng Sve gronslomss oer saedle
weih o digitg casena G024 Ohmpis C-30300 Tlam-

bure. Cienizanyy seperaie ICISUREIER IS ol Tour quad-
e o the e and owcer risgs o (e arantlonits
wore performad with cne Swelp o diginnd image soelysis
saltware timeec Pro Plus, Medn Cyberetics, Silver
Sering. MY US.

The serifilamentny percenisges of prolifertg and
apoptone evfly were inestigated Tullowimg imomunohiss
tehemicil stainmg a8 well uy TUNED hislechemistes sy
Jeseribed previvusihy 8] The pereentage of macrophicges
was uealvsed immimmhistochemically as an wcklivional
marser for the inflimmasery prosess. [he ansdbuodies
usest e Lhis study included moonoclone]l mouse snd-rat
Kin? (ABS Tor ¢oll profilerawon mwe i3 Dako,
Cilesstrup, Deneyirky as well s menodosul moase snsi-
rit BT tor e selective steining of macrophages

125, DPC Bicymann, Bud  Nauheim, Germany)

TUNEL histucheiuistry tor u]vpmm imd DNA strand
breuks was pearformed using an o sitn gpoptosis detee-
tion ke (ApopTag Perodidise Rit S7160. Tricroen,
Ostord, UKL ATter capluring 23 perifilamenta ey regiens
0 10N e diveetly o die inserlace o the mesh
with the hos: ussus tor cach implantazion period and
mesh modilicazion, pureerapes 1) ul'.nwpmm- O ||
as proffenizing celis and sucrophages from omd eell
mimbers were smessneed wich e h'.IP of i digitl hmage
amalysis soltware (Jmigee-ro Plus), 1o ferther anslyse
the guahly of the intiammatony proess. the follewing
izomunohistechamicn! shinmgs v pcu‘mc.n i Teells
1123 monoclonal mouse aon-eat 120, DPC Bies-
wans o mranmoeyias (CD-15 monoclons! mowse ani-
ras. BH, DPC Bienourm, und macnshages (CD-0Y,
monockensl peouse ant=ean, 258 1P Riermanre g

Statisties

Stacistival analysis was carried oul vanyg Statistics
Packize for Sociul Scicnees s8SPSS) software. Data was
organised decording o mesh materia) asd dusidion of
waplanicien, Results lor diamete weasaremeina s well
s perccutapes ol prolileratimg and speptolic cells were
tested loc signilicans difercaves usmg an nikependen -
st 2 valses = 063 were consdered 0 he sjigaslicanu
AU doess are prosented 48 menns ¢ standard deviating.

Results
Macroscopic vhservations

Ovendl, macrosenpic <linica? abservation alwr waplan-
reean o ap ju 84 days Sas uneventig. Noointecrinns
wore found; o animal died afier the istervention 1§
davs afler implantition, thzer anunals of he PP owmesh
'rv:n‘ shovwed o small hagisatoma at 1he impi:am aljen

e il oue aamad of tae PP - M omenh group stiowasl
'!'.e appareuce ol o seroma formuation,

Strinhage

M. b und R dass aller wonlantoon. the PP mash re-
vedred residesl arens of $6.4=0.1% 910 2 6.0% uned
0005 0 S respeclively, The PP OYM mesz did v
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show any redmctian in arca 0%, residuad orei 28 dians
aficr iaplanvalion. while afwr 36 and 84 sioys the wed
was reduced o WDz S e amd S8 2L respee-
svalv, Overadl. no signiGicant influence of Moroeryl
supplementation (PP : M meshy was detected comaazed
1 the pure PIY mesh.

Hislelngica, snalvsic

Bt miesiy modificatices stowasd o shght imlamoidery
Ussie raichion imiled o the perillanmentioy negine,
svalving eminly macraphuges and foreien bekly 2lonl
cells 1Figs 2 Nosdepeneratne wioiteaions were fourt
Just ame lacalived bugieria] micrsabseess wus Tovmd in
the PP mesh proup afier 4 diys
degrndatien ol e Moneeryl lilments were Tousud
Shcluys sl Buphitsien, Jodding W sensples
ahsorprion ai ahe ek ol The observislion pesiad, To
evishune the extent of Sollkunmaiion and libveosis, she
drmaters of the enmelomas ar the perisilimaonry
imerliice were measuted, The diamctens of the noer
granulomu vings. reprasanting the infiominslary inkil-
W, dJecreased ever igad 1Fig 2 Withew being «ig-
silicii. the B2 = M mesh showed lowered values ot the
miamigioery infilirale al cach ievestigating  perzind
vampired o the pure BB mesh The Siamcters of the
arer ings oF geomlomay wers mvestigaizd as o indi-
cialoe of dhoosis, Bestescuted by s overaldl ddereiaag in

dea A

> i
BP? -1}

[
5

=5 ez az

(1)

Fig, 34 Dronieter ol 1he tanes geintbme = ip ypern) enly
At HEITH LT S EEHTO S PR PP S [
anttion e the PRawd 10 N sl
N s lsae lors
Mathss = SO 3sigpithann i uiences are w

N TR
INROLTH

asndidaiing

Lhe DNiest siges ol

L

the drumeters, miliad loose aecimutation of fibrenkics
matured acd condensed w o nearby acellwdise collage-
aous Iriemework, The connective tssue farmed a small
s wt serrounding the filkements of the nyesh saples,
Wi pares maaly lilled weth physiolegical 1 tissee.
Camparing both mesh modilications. supplementation
of Munoceyl tilisments PP - M mesh) was nat fuist 1o
insloee sigzsiticansly sifleresn levely of conneclive iy
formaner, Cell prolitesien mees, us assessal by
imminohisiochemicnl stainiag e Kit? posilivay, re-
vestled neacly constam values over lame. with shehaiv
highay prolierntion pades Koz the PP M mesh qTip 3
The percentage of spopretic cells assessed by TUHNEL
ataintug (F, 31 shenvedd i consmant decreisse avar time 1o
hostlr pronps. Inteeesiimgly, an conliagr o the lugher
wnmbers of pralilerating cells iz the PI - M onesin wroup,
stgniticiontly ineve apopraric cells were fonml in 1l poey
P anesl grewup, The agnilivant dilerence slecrensed bun
canld still be rated 3 davs afier imphanlaiion.

Dlssussion

Palyglactin YD1 ic w SEig covpolyarer of ghealide and
aende Monslikonents from thess pelvioers sre rela-
crvely sl sned sherelore braided amolritibsment theeids
are aisly wsed tosepplement nonabsorbatle lght.
waipht e snaserids fie i aepan. Maneer:d
ipeivelecaprone 251 s o monafitament derived ram

e A
nee

- mE AL

8 (] =t

- ar®
.'.Ji' . '.l

Fip. A B Puercenc
calls a2 sl 2 z
srernoe o U0 i wiil e kost stasae 1 aene i ping 1.
g e msans - S0 dsigneikant ditterencss ore mashad, ¢
s gk
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Fig. 84 B bumusodistocheercal siining wl gpoplotic cells doe
rmdl wround i mceh Biumears STUNEL. migenticason di2
R4 gy i lier maplacazon of 1A% the 8] mesh and (8 the PP~ M
[RENE

septenisd copoiviier ol s-caproliklone and glyeelide
[9). This complex polymene sestem conting solr seg-
ments ol i radom copalymer oF -eaprolictons il
glyculide, whica provides goud lundiing characterisas,
wnd hard sepments o polvgiseaide. which arovide high
strength, Both Burd and soft segments e combined in
tiwe sae poiymerse chain, Upon evaluating the texieiey
polentiad o the Monociy | situzes. no peaoloxic. evto-
WAl Teraieenic, sitaning ur dlergic eifecic were foumnd
). Smee ovvg muroduced as sulure material in 1943 |v)
il gy showed many sadvianlageous gealities, inciuding a

sigeilicanty lowered tisane reaction e the cady phases
ol woung bealing companx! e polyghcan YH [, 1L

\lltmu"h it has Reen used inosuiegry for mans vears
New hetuee (his 0 iy pever Teen osed for the enne-
steus o of surgival meshes. We tharefivee tosted a mesh
railizicalinm constructod Trom pelypropy lene mosdil-
WIS supriemenied  with abserlable monviikigern
plvglecaprone 23 (Monoeryh thrcads (P10 M nesh)
s investigasest s histulogical characleristios compared
i pire polvprapyicee meah without any supplcmen-
ton (PP omesty) in o stuedaslized rel moded

Crerali. both mesh imaierials showed as wneven!ful
macrascapic postoperative course. Shrinkage of wsh
tplants due w wound contriactan was Fnnd o o
within the rueges observed in other studies (14, 5]
Mistolegcal crammnadon revealed the imduction of 2
slight grunctomatons cheonic foreign bl reisction
imnl.mg al st inerophiges anil Foreigy body giant
culls T shsorbable pulyglecaprone 25 (Moguoeryh fil-
ATICNLE Were u‘&,nliesll)- dearadded 54 daws alter implan-
tation, 1 his s i agrecmcnt with the ﬁnding-. \\: Bezwadis
¢l al,, whoe found @ complete absorpuon of “C-labslled
Aonocry) sunzes 14 weeks slier subeininsous implan-
won Y] Ineerestmgly, in contrast o polyglaetin 93,
the supplemestation of Munocryl filiments did eor e
she ididinl anneant oF indhemaory and eonfney-
Ve Lissue reaction. as seen lor other compusite mush
muaseriuds [U0] Furthermere, compared 1o ihe pure PR

¢rease

mush. the PP - M omesh deotp stiowed lowered levels nff

the anflammatory as well 52 connecieve lissue gurl of the
chrente doreign body reactivn und a significaatly re-
duced percenzipge of apoptotic cells at the end of ibe
irgplantition perivd. Only the prolifezation rale. as
investnmited by Ki6? posiivity, was Jound e e some-
aliat increased compured e the pure PP megh.

Semmurizing. oue dals confirm thar 1he use of «
polypropylene mesh  supiplemented with ahsarlabie
AMernocey) ilaments is fesstble. with na additional short-
wrm anesh relued complications mo the caperimental
model amd no negave side vifeels on biocompatibilicy .
{he resuls Irom the presant investigntion shiowed that
this new  ligmweight mesh  imodification could e
advuntageons lor optimiszd herndg cepair using mono-
filnoentous mawevinls, However, animal experiments.
parhcularly rexient animal wodels. have their natuead
limarations. and resulis cannot be estrapolited diccetly
o the sigalien v Bunens, Purthermore. beneticial ¢f-
feers of rthis monulilament composine mesh viegunt
unmp.-.rcli I canventonal mesh nuuuiuh I regiard s
the iBfactiom role should be clisifed in ferther pro
speative tanckemised tnials in hamans.
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Review

The lightweight and large porous
mesh concept for hernia repair

Bernd Klosterhalfen', Karsten Junge and Uwe Klinge

In modern hernia surgery, there are two competing mesh concepts which often lead to
controversial discussions, on the one hand the heavyweight small porous model and on
the other, the lightweight large porous hypothesis. The present review illustrates the
rationale of both mesh concepts and compares experimental data with the first clinical
data available. In summary, the lightweight and large porous mesh philosophy takes
into consideration all of the recent data regarding physiology and mechanics of the
abdominal wall and inguinal region. Furthermore, the new mesh concept reveals an
optimized foreign body reaction based on reduced amounts of mesh material and, in
particular, a significantly decreased surface area in contact with the recipient host
tissues by the large porous model. Finally, recent data demonstrate that alterations in
the extracellular matrix of hernia patients play a crucial role in the development of
hernia recurrence. In particular, long-term recurrences months or years after surgery
and implantation of mesh can be explained by the extracellular matrix hypothesis,
However, if the altered extracellular matrix proves to be the weak area, the decisive
question is whether the amount of material as well as mechanical and tensile strength
of the surgical mesh are really of significant importance for the development of
recurrent hernia, All experimental evidence and first clinical data indicate the
superiority of the lightweight and large porous mesh concept with regard to a reduced
number of long-term complications and particularly, increased comlort and quality of

life after hernia repair.

FExpert Rev. Med. Devices 2(1), xxx-xxx (2005)

Surgical meshes today represent a group of
implants used mainly for hernla repair. Mod-
ern hernia surgery is no longer imaginable
without the application of these special bioma-
terials, leading to about 1 millien implanta-
tions each year, worldwide. The net-llke allo-
plastic mesh is used to close the hernial gap
and, with extended overlap, to reinforce the
abdominal wall.

Since the Intraduction of surgical meshes for
hernia repair in 1959 by Usher |1-3], the main
interest of hernia surgeons in the past decades
was focused on surgical techniques (o optimize
hemia repair and the application of the mesh
14-8). The surgical mesh Iiself, however, seemed
10 have little impact on the clinical outcome
after hernia repair. The meshes themselves

The trend changed In the early and mid
1990s in parallel with increasing numbers of
case reports reporting mesh-related complica-
tions after heavy mesh-based hemia repair
t-12|. Today, minor local complaints such as
seromas, discomfort and decreased abdominal
wall mobility are accepted to be frequent and
can be observed in about half of the patients.
Serious complications such as recurrence,
chronic and persisting pain as well as infection,
including fistula formation are rare, but sone-
times force a surgeon to remove Lhe surgical
mesh. Nevertheless, these complications have
been the rationale to examine the role of the
mesh in hernia repair in detall and o begin to
investigate the bincompatibility of different
mesh madifications and to challenge old mesh

were regarded as biologlically inert. concepts. As a consequence. knowledge
10.1586/17434440.2. | xxx © 2005 Futuse Drugs Ltd. ISSN 1743-4440 1
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regarding the biocompatibility of different surgical mesh mod!-
fications has dramatlcally increased in the last 10 years since
1995, based on numerous experimental studies and clinical
observations. Two basic problems had to be solved; first, to
learn more about the physiology and the mechanics of the
abdominal wall to be able to define basic elements of the textile
structure and, second, to understand the significance of the
mesh construction itself for the integration of the mesh into the
reciplent tissues after implantation.

As a consequence, today two major mesh concepts are distin-
guished, the classical concept including so-called heavyweight
meshes with small pores and the new concept including light-
weight meshes with large pores. Typically, the new mesh gener-
ation is characterized by a reduced welght (depending on the
specific weight of the basic polymer), a pore size of mare than
1 mm, an elasticity of 20-35% (at 16 N/em) and a physiologic
tensile strength of 16 N/em at minimum.

Textile & mechanical features of heavy- & lightweight meshes
Small and large porous heavy- and lightweight mesh modifica-
tions both represent a totally different pathophysiologic view
and concept of hernia repair (FIGURE I, TABLE I). Heavyweight
meshes have been designed to guarantee a maximum mechani-
cal stabllity, based on the idea of closing the hernial gap with a
stiff, nonflexible device inducing maximum scar tissue |13,14). In
this concept the mesh itself and intense scar tissue formation
ensure a durable and resistant repair of the hernia. Accordingly,
meshes in the heavyweight group are designed with thick poly-
mer fibers, small pores (<] mm), a high tensile strength and a
large surface area (FIGURE 14).

In contrast, lightweight meshes are designed to mimic the phys-
iology of the abdominal wall and the inguinal region [15.16].
Meshes in this group are produced with small polymer fibers, large
pores (>1 mm) and a high flexibility (FIGURE 1B). The tensile
strength is adapted to that of local tissues and the surface area in

contact with the host tissues is low. A wel-
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Figure 1. Typical textile structure of the heavywelght small porous mesh Marlex® (A) and the
lightweight large porous mesh Vypro® (B) in scanning electron microscopy (127x). (C) Pore size analysis
of Vypro, Vyproll* and Marlex; Vypro exnibits pore sizes between 3 and 5 mm {before absorpuon of the
Vicry!® part), Vyproll between 1 and 2.5 mm (again before absorption of the Vicryl part) and Marlex

come and major slde effect of the sensitive
mechanical adoption of these meshes to the
abdominal wall is a significant reduction of
scar tissue formation resulting in a long-term
flexible repair [16-18/.

Heavyweight meshes with small pores
versus lightweight meshes with large pores
The question of what is the ideal mesh for
hemnia repair, at the very beginning of the
development of the lightweight meshes,
led to the following specification: the ideal
mesh should: restore the abdominal func-
tion, be integrated physiologically into the
abdominal wall based on a maximum of
biocompatibility, be without serlous long-
term complications such as recurrence,
infection or chroni¢ pain and finally, have
optimal handling characteristics for an
easy, comfortable and safe hernia repair.

:z:';:g y The restoration of abdominal wall function
aMariex The abdominal wall and the Inguinal

region, both main areas for hernia devel-
opment, are complex systems of fasclas
and muscles. The whole system reveals
certain rates of flexibility in different ana-
tomic directions, which could be meas-
ured from autopsy specimens (FIGURE 24).
In order to define the physiologic
requirements regarding elasticlty, it could
be shown that the mean distension at a
physiologic strain of 16 N. ranges
between 11 and 32% 119.20]. Textile analy-
sis of heavyweight meshes revealed an
elasticity of only 4-16% at 16 N
{FIGURE 3, TABLE 2). Therefore, a restriction

Expert Rev. Med. Devices 2(1). (2005)
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Figure 2. Assembling mechanical data of the abdominal wall. (A) Experimental design to measure the flexibility of the abdominal wall at autopsy specimens
{left) and results of the experiment comparing the elasticity of the abdominal wall in both sexes with the elasticity of the heavyweight mesh Atrium® and the
lightweight rmesh Yypro® (right). (B) Calcutation of the maxmum tensile force of the abdominal wall on the basis of the law of Laplace.

of the abdominal wall is one consequence of the implantation
of heavywelght meshes with low elasticity rates |16]. Flexible
lightweight mesh constructions with similar elasticity to the
abdominal wall demonstrate thelr superiority with respect to
a physiologic abdominal wall repair |21).

After the introduction of the first lightweight mesh (Vypro®)
to the German market, one main argument against the mesh
appeared to be the significantly lower tensile strength compared
with common heavyweight meshes. However, based on the law
of Laplace. the tensile strength of surgical meshes for abdomi-
nal wall replacement in large hernias (where the mesh has to
replace all structures of the abdaminal wall and the fascia can-
not be clased) is theoretically 32 N/cm at maximum (FIGURE 2B).
In abdominal wall augmentation in small hernias (where the
fascia can be clased), the tensile strength of the mesh can be
reduced to 16 N/cm (19.22.23). Tensile strengths of more than
100 N/em of conventional heavyweight meshes are therefore
disproportional and not required for an effective [ascia closure
or augmentation and lead to Jow flexlbility with a subsequent

restriction of the abdominal wall and discomfort of the patient
(TABLE 2, FIGURE 3) [24,25). Furthermore, the stiffness of heavy-
weight and small porous meshes may result in central mesh
ruptures [26].

Integration Into the abdominal wall: blocompatibility
Modern biomaterlals including polymers are physically and
chemically inert and stable, nonimmunogenic and nontoxic.
However, not all these materials are biologically inert. In contra-
diction to their physical and chemical stability, the blomaterials
trigger a wide varlety of adverse responses /r vive including
inflammation, fibrosis. calcification, thrombosis or infection.
The quality of the inflammatory reaction to forelgn bodies of a
different nature is surprisingly constant, characterized by a rapid
accumulation of huge numbers of phagocytic cells, in particular,
blood monocytes and tissue-derived macrophages 127.28|.

Today, it is not fully clear why inert and nonimmunogenic
materials induce this type of inflammation known as a foreign
body reaction (FBR). However, the protein absorption theary is
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Table 1. A small selection of currently available heavyweight small porous, and lightweight large porous meshes.

Mesh Producer Polymer Fiber
Heavyweight/small pores

Marlex” Bard, Inc, USA PP Mono
Prolene” Ethicon, Inc., USA PP Mono
Atrium” Atrium Med. Corp. USA PP Mono
Lightweight/Large Pores

Vypro® Ethicon GmbH, Germany PP/PGI10 Multi
UntraPro® Ethicon GmbH, Germany PP/Monocryl Mono
TiMesh” GFE, Germany PP/TH Mono
Others

DualMesh” Gare, USA ePTHE Fail
Mersilene” Ethicon, Inc., USA PET Muiti

Mano: Monofitament, Multi: Multifilament; PLT Polyethylene-terephthalate; PP: Polypropylene

widely accepled in biomaterial research and illustrates an under-
lying pathophysiologic process responsible for this Lypical type of
chronic inflammation. The alm of this process is to isolate the
foreign body or biomaterial from the hosi tissues by forming an
artificial outside world at Lhe site of implantation. The same
mechanism is true in tuberculosis for example, here again the
host is not able to remove the inflammatory agent namely Myco-
bacterium tubercudosis. The reaction is typical as well as relatively
uniform with the Jormation of granuloma, which is generally
found at the interface of implanted blomaterials as well. Charac-
teristic of these granuloma are multinucleated giant cells that
originate from fused macrophages and monocytes seeding on the
forelgn bady-recipient host tissues interface |29].

Implant materials very quickly absorb a layer of host pro-
teins after implantation — in a pracess lasting a few seconds,
which occurs well before an initial cellular response to the
biomaterlal can be abserved. It is generally belleved that

phagocytes interact with these sponlaneocusly absorbed pro-
teins rather than with the material itself. Immunologic activity
from degraded proteins, secondary to their absorption of the
biomaterial surface, triggers the activation ol the attached
phagocytes (27). Depending on the physicochemical properties
of the surface area ol the implant and the type of absorbed
proteins, the rate of protein degradation should be variable
and, therefore generates a Lypical FBR for each type of
implant. In particular, fibrinogen and fibrinogen-derived
products beside albumin should play a major pathophysiologic
role in the occurrence of FBR |28).

Finally, phagocytes may recognize the degradated proteins of
the medical implants and respond by releasing a serfes of Inflam-
matory and wound-healing responses commonly initiated by
fibrin clot formation. The initial inflammatary burst caused by
the release of a huge cocktail of potent inflammatory mediators
attract other cell types including T-cells, polymorphonuclear and

UltraPro®) meshes.

(Table 2. Textile and mechanical data of selected heavyweight (Prolene®) and lightweight (Vypro®, Vyproll® and

Mesh Structure Polymer Welght

Suture pull out force

Stamp pressure test

{g/m?) Longitudinal (N) Vertical(N)  Burst pressure % Stretching at 16 N/em

P max (mmHg) tension (%)

Prolene® Mono + SP PP B0-85 116 145 1630 6
Vypro® Multi + LP PPS 25 30 24 360 31
VyprolI®  Multi+ LP PP 30° 10 31 430 28
UltraPro®  Mono + LP PPS 28" 42 42 650 25

Multifilament, PP: Potypropylene, SP: Small poses.

Note the significantly reduced stretching rate of Prolene® at 16 N/cm and the significantly ncreased burst pressure of the heavyweight mesh compared with all the
lightweight meshes included. (Data provided by Ethicon GmbH. Norderstedt. Germany)."Remaning nonabsorbabie part of PP, [P: Large pores; Mono: Monofitament; Mult

Expet Rev. Med. Deviees 2(1). (2005)
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In fact, all experimental and clinical stud-
ies indicate a typical FBR at the interface
32 of all mesh modifications on the market
today 132).

The main polymers for the production of
surgical meshes are polypropylene (PP),
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polyester (polyethylene-terephthalat [PET])

and expanded poly-tetra-fluoroethylene

(ePTFE): all of which are nonabsorbable.
Mesh modifications made of PP are fre-
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quently used, the majority with small pores.
Generally, PP is stable, nondegradable and
with an acceptable biocompatibility result-
ing in a moderate chronic Inflammation of
the foreign body type with an intense fibro-
sis. PET histologically reveals an excellent
biocompatibility with a decreased FBR com-
pared with PP, however, the long-term stabil-

6 -

54

Curvature
F-9
ok

ity PET is rather low due to hydrolytically
splitting of the polymer. The rate of degra-
dation of PET mesh modifications and its
influence on the outcome of hernla repair
remains unclear. In contrast to PP and PET,
ePTFE again histologically indicatss a good
biocompatibility. Tissue integration of these
patches depends on the microporous modi-
fication of one patch surface. Rarely, small
particles of ePTFE are detached from the
surface (in particular in mesh infection 33)),

B 6 weeks
1 year

Control
curvature

Marelx Atrium

wall remains flexibie after Vypro™ implantation.

Vypro

Figure 3. Textile elasticity of various mesh modifications (A) and abdominal wall restriction after ePTFE,
mesh implantation (B). The abdominal wall indicates a reduced curvature during pressing after incisional - modifications are composed of PP. Special
hernia repair with both heavyweight small porous meshes Marlex” and Atrium”, whereas the abdominal

) which may then be found phagocytized in
macrophages colonizing the interface.

Due to the disadvantages of PET and

today, most of the new mesh

mesh modifications are hybrid meshes
with an absorbable and nonabsorbable

eosinophilic granulocytes, plasma cells and f{ibrocytes [30].
Within a few days this cell cocktail forms the early granuloma
with a characteristic stratification of cell layers which can also
be identified during maturation recognlzed by the very typical
forelgn body gfant cells and an outer layer of fibrosis (last stage
of Inflammation). Mareover, late granuloma is not a static type
of chronic inflaimmation, but represents a chronic wound with
an increased cell turnover even years after implantation |3132),
Monacytes and tissue-derived macrophages at the interface and
in contact with the polymer, undergo apoptotic cell death and
are replaced by cells at the periphery.

Before the introduction of the lightwelght large pore meshes.
biocompatibility of meshes has generally been regarded as excel-
lent. The fact that meshes induce a tissue response unfavorable for
the outcome of the hernia repair has not been under discussion.
Surgical mesh has been regarded as inert and biocompatible.

However, if the foregoing chapters on FBR are correct. surgi-
cal meshes should also show the typical inllammatory reactlon.

part made of Vicryl® (polyglactine 910) or
Monocryl® (polyglecaprone 25). An upcoming new polymer
PVDF (polyvinylidenflourld) demonstrates promising results
in experimental animal studies |34-38.

However, the FBR depends not only on the polymer, but
also the surface area in contact with the host tissues. The
surface area again strongly depends on textile properties
such as the pore size or the diameter and number of fibers
used. The lightweight and large pore size meshes have less
surface area than the heavywelght mesh group, conse-
quently, the FBR in the lightweight mesh group is signifi-
cantly reduced [39]. In addition to this significantly decreased
typical chronic inflammatory reaction, the [ibrotic reaction
around the mesh In total as well as around each single mesh
fiber is greatly reduced (FIGURE4), The fibrotic reaction as a
result of the inflaimmatory response. however, considerably
infuences the long-term quality of the hernia repair. Today
the tissue response to the mesh is understood as a chronic
wound persisting over many years at the Interface of the

www.future-drugs.com
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Figure 4. Macroscopical aspect after long-term implantation of a lightweight polypropylene mesh with large pores (A) and a heavyweight mesh with small
pores (B): note the thin fibrous layer around the lightweight mesh (A) all structures of the mesh are still visible. In some cases lightweight meshes with large
pores are hardly 1o identify during relaparatomy, an observation leading to the idiom invisible mesh. In parallel, a specimen of a heavyweight mesh with small
pores after long-term implantation (B) representing a fibrous mass composed of mesh and recipient trssue due to the increased fibrotic reaction. Typical
histological response on ightweight (C) and heavyweight (D) Polypropylene meshes; note the significantly improved biologic response on the lightweight PP
mesh with a significantly decreased chronic inllammation and fibrosis around the polyrmer fibers {both hematoxylin and eosin, 200»), Comparison of the Nbrotic
reaction after implantation of mesh modifications with small (E) and targe pores (F); note that the pores in (E) are filled with fibrous tissue skipping from one
PP ftber to the next, a phenomenon called bridging; in (F) without bridging the mesh pores are filled with fat {both hematoxylin and eosin, 40x).
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able 3. Results of the postretrieval study including 347 explanted mesh specimens (23); the total number of each mesh was
set at 100%; percentage of major complications of each mesh modification leading to explantation of the mesh.

Mesh Polymer Features Fibers No. Months Recurrence (%) Chronic pain (%) Infection (%) Fistula (%)
Mersilene” PE[ LW/SP Multi A 28 65 13 26 4
Marlex” PP HW/SP Mono 90 26 57 34 22 8
Prolene” PP HW/SP Mono 90 2 57 40 22 6
Atrium” PP HW/SP Mano 64 20 67 33 17 9
Surgipra® PP HWISP  Muti 17 24 70 35 17 9
Vypm' PPIPG Lwae Multi 34 15 82 6 12 0
GoreTex”  ePTFE HW/SP 21 33 57 19 24 0
Total 347 24 63 30 21 7

terephthalate; PG. Polyglactne; PP Polypropylene; SP- Small pores

ePTFL Expanded poly-tetra- fluoroethyiene, HW. Heavyweight, LP Large pores; LW Lightweight, Mono: Moniofilament, Mutt: Multifitament, PET- Polyethyiene-

mesh and recipient tissues. In western countries there is
increasing acceptance that the activity of this chronic wound
should be diminished (o the minimum where possible.

Long-term biocompatibility of surgical mesh: complications
Our knowledge concerning the long-term biocompatibility and
tissue response of mesh in humans is still poor. although a few
reports exist (FICURE 5, TABLES 3 & 4). Nearly all of the data regard-
ing the biologic behavior of these implants are obtained from
animal experiments.

Postretrieval studies of implants allow the possibility to gain
a deeper insight into the local tissue reaction after longer
implantation intervals and to get an idea of the main compli-
cations of each implant type. Serlous complications such as
recurrence, chronic and persisting pain as well as infection
(including fistula formation), are rare, but saometimes force the
surgeon to remove a surgical mesh.

Since 1995 the authors have collected explanted meshes,
which failed in hernla repair. Meanwhile, the authors’ center
has more than 700 explants of different meshes on record and

has already analyzed more than 300. The results of the study
are quite similar to data published in 2000 as a preliminary
report with 121 specimens 132).

Briefly. the data demonstrate that heavywelight small porous
meshes have to be explanted due to chronic pain more fre-
quently than lightweight large porous meshes (e.g.. 40% Pro-
lene® vs. 6% Vypro). Fistula formation is only observed In the
heavywelght mesh group. Recurrences can be observed in all
mesh modification independently from the mesh construc-
tion. After a mean implantation interval of more than
26 months, 99% of all recurrences occurred at the edges and
free margins of the mesh. Over 70% of all specimens
explanted alter recurrence revealed an altered ratio of collagen
Types I and HI (23], an observation which supports the hypoth-
esis of ECM alterations as a major pathophysiologic reason of
hernia recurrence. Furthermore, the data pool of the retrieval
study demonstrates that the reaction of different hosts is
highly different and individual. These data reflect that the
individual reaction of the patient onto an implanted mesh
depends on the genetic background of each host 40).

€

able 4. Results of the postretrieval study including 347 explanted mesh specimens [23); the total number of each mesh
was set at 100%; biocompatibility assessment of each mesh modification after long-term implantation.

Mesh Polymer Features  Fibers No. Months IF(PV %) CT(PV%) Ki67 (%) Tunel (%)
Marlex® PP HW/SP Mono 90 26 36 1 22 9
Protene® PP HW/SP Mono 90 26 30 31 19 7
Atrium® PP HW/SP Mono 64 20 26 21 13 7
Surgipro® PP HW/SP Multi 17 24 4 39 25 9
Vypro® PP/PG IWIP Multi 34 15 16 21 7 3
Total - - - 295 22 30 32 17 7
C1: Conrective tssue formation: ePTFE: Expanded poly-tetra-fuoroethylene; HW. Heavyweight; IF: Inflammatory infiltcate, Ki67: Ki67 positive. proliferating cells m the

interface meshireciprent tissues, LP Large pores, LW. Lightweight; Moo Monofilament; Multi. Multifilament; PET: Polyetlylene-terephthalate, PG Polyglactine,
PP. Polypropyiene, SP Small pores; Tunel: Tunel-positive, apoptotic cells i the interface mesh/recipient Ussues.
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Figure 5. (A) Example of mesh shrinkage after long-term impiantation. The mesh surface area was reduced from 20 x 30 cm to 10 « 20 cm after an
implantation period of approximately B years; (15 not the mesh itself undergoing the process of shrinkage, the phenomenon is a result of contracting scar
tissues around the mesh. (B) Chronic pain in the majority of cases is the result of nerve impairment during implantation, in particular, by clips during fixation or
by the mesh itsell: in the authors’ posurelrieval stdy the involvement of nerve fibers was found in more than 60% of all mesh specimens removed due (o chronic
pain; in the given example, the mesh traumatically disturbed the nerve, finally forming a post-traumatic neuroma {arrow; S100, 40x). {C) Scanning electron
micrograph (4020} indicarting a major reason for late mesh infection: persisung bacteria of the staphylococcus family; in the actual example, the mesh was
removed 6 years after implantauon due to recurrence without signs of infection. (D) A frequent observation after long-term implantation in the authors'
postretrieval study ate calcifications, especially in GoreTex® and heavyweight polypropylene meshes with small pores. (E) Long-term stability of polyethylene-
terephthalate is still under discussion in hemia surgery, whereas degradation of polyethylene-terephthalate in vascular prosthesis is a well known phenomenan;
in the given example the polyethylene-terephthalate mesh Mersiiene® has been implanted for approximately 6 years; alter explantation the authors only found
polyethylene-terephthalate (ragments phagocytized by macrophages (hematoxylin and eosin, 400«). (F) Expanded poly-tetra-fluoroethylene histologically elicits
an excellent Lssue response with a minor chronic inflammatory and fibratc response on the potymer; microporous ePTFE mesh of the newer generation with an
improved tissue in-growth after 3 years of implantation and small detached polymer particles phagocytized by macrophages {hematoxylin and eosin, 400>},
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Shrinkage

At the beginning, the concept of shrinkage of the mesh was
enthusiastically debated. However, there is now a broad accept-
ance that shrinkage is a common phenomenon after mesh
implantation 141-43]. It is not the mesh that shrinks, but the sur-
face reduction Is due to a simple retraction of the fibrotic scar
tissues around the mesh. Retraction of the scar is a physiologic
reaction of maturing scar started by a constant water loss and a
subsequent surface-area decrease to an average 60% of the
former wound region. It has been assumed that lightweight
meshes with a natably decreased fibrotic tissue reaction demon-
strate a lesser degree of shrinkage, a hypothesis that still has to
be confirmed. Nevertheless, shrinkage is highly important for
the repair technique. Sufficient long-term hernia repairs can
only be performed with large meshes overlapping the hernia
gap by a minimum of 5 em each side (FIGURE 54) |44-48].

Fibrotic bridging

Fibrotic bridging is a phenomenon which is, in the authors
opinion, closely assoclated with the occurrence of shrinkage.
Moreover. the incidence of bridging is unrelated to the textile
structure of the mesh. Bridging occurs in all mesh modificatlons
with a granuloma size around each mesh fiber exceeding more
than half of the pore size of the mesh (47]. Usually, the phensme-
non of bridging is observed in all mesh modifications with pore
sizes of Jess than 1 mm. In all of these cases a granuloma of one
fiber starts Lo become confluent with granuloma formations of
the adjacent fibers and thus eventually the whole mesh is incor-
porated into a larger area of granuloma side by side. Granulomas
side by side, however, elicit a common outer fibrotic capsule
Joining each mesh fiber and forming a scar plate covering the
whole mesh (FIGURE 4E & 4F). The scar plate again results in the
mesh becoming stiff and nonflexible. Conversely, stiff and non-
flexible mesh repairs appreciably manipulate the abdominal wall
function and quality of life.

Fibrotic bridging is mostly found in heavyweight small
pore size meshes. Due to the parallel orientation of the scar
formatlon to the mesh axis, theoretically, shrinkage in meshes
with bridging should be more intense — a theory to be proved
in the future.

In contrast, lightweight meshes with large pores are con-
structed in such a way that the granuloma is always notably
smaller than half of the pore size. In some of these meshes, the
pore size was increased more than six-times compared with the
conventional heavyweight meshes, such that bridging iIs not
possible. Lightwelght large pore size mesh modifications are
characterized by a localized fibrotic reaction around the mesh
fibers, with small granulomas allowing the mesh to stay flexible
and smooth after Implantation.

Recumence

In approximately 60% of all retrieved surgical meshes. recur-
rence is the reason why meshes are explanted |32. Today, clinical
studies indicate that recurrence rates of hernia repair based on
the use of surgical meshes are significantly decreased compared

The lightweight mesh concept

with suture repair. However, the same clinical studies reveal
increasing recurrence rates over time for all types of hernia
repair. Essentially, these findings may be interpreted to suggest
that today. none of the procedures currently used protects the
patients completely from recurrence but the use of surgical mesh
decreases their incldence [4.48).

In the postretrieval study the effectiveness of common mesh
modifications on the market is comparable concerning recur-
rence and infection rate. Here, only the rate of recurrences in
the Vypro mesh group seems to be higher, as this mesh is
mainly used in incisional hemia and, in particular, this light-
weight mesh indicates significantly decreased rates of chronic
pain (TABLES3 & 4).

Recurrence following mesh Implantation appears after
26 months (mean value, range 3-180 months). The recurrent
hernia develops in 99% of all cases at the [ree edges of the
mesh, emphasizing again the importance of a sufficient overlap
of mesh and hernia gap. Hernias in the area of the mesh seem
to be rare exceptions.

The main reasons for the recurrences are technical faults dur-
ing the operation (e.g.. inadequate fixation in the first 2 weeks
after implantation and Insufficlent overlap), the shrinkage of
the mesh after implantation and, finally, alterations of the
ECM that are atill under investigation in hemia patients. All
data from ECM research in these patients indicate an altered
collagen metabolism (decreased ratio collagen I/III) in the
majority of patients with recurrent hernia [49-53).

The ratio and extent of intermolecular cross-linkage between
collagen Type | and 111 influences the tensile strength and mechan-
ical stability of connective and scar tissues |56.57). Hernias are there-
fore more common in patients with collagen disorders such as
Marfans and Ehlers-Danlos syndrome, cutis laxa, osteogenesis
imperfecta and hip dislocation in childhood (58.591. Other factors
suggested to influence the collagen 1/11I ratio and the recurrence
rate of hernias are age, sex, smoking and genetic factors 23],

Chronic pain

Chronlc paln is an upcoming Issue in the field of hernia repair
and will probably become the most important topic to be dis-
cussed and addressed by the responsible surgeons |11.60-63].
Clinical trials report high percentages of patients with chronic
pain after hernia repair, including mesh repair. In contrast to
neuropathy-related complaints after intraoperative damage of
nerve fibers with pain immediately after surgery, the onset of
chronic pain as a consequence of the FBR is typically more
than 1 year after hernfa repair.

In the postretrleval study, most explants from all the
patlents with chronic pain in their medical history. indicate
nerve fibers and fascicles in the interface of the mesh [23).
Today, immunohistochemical stains allow the detection of
even the smallest nerve structures that are mainly found in or
around the foreign body granuloma. Due to the nature of the
granuloma as a chronic inflammation, it may be speculated
that these nerve structures are irritated by the inflammation
and cause the sensation of pain. In some cases real traumatic
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neuroma can be found at the interface of the mesh-recipient
tissues, an indicator of the mechanical destruction of the
nerve by the mesh (FIGURE 58).

In total, all mesh modifications with small pores reveal unac-
ceptably high rates of chronic pain in the retrieval study, in par-
ticular, all heavyweight PP meshes (TABLES 3 & 4). Vypro, a light-
weight large pore-constructed mesh, demonstrates a
dramatically reduced surface area compared with all common
mesh modlfications on the market. In combination with a favo-
rable foreign body reaction, the small surface area leads to a
minimum of nerve irritation and destruction.

Infection

Infection Is the third major complication after mesh implanta-
tion 112). Due to the results of the retrieval study, all mesh modifi-
cations seent to have similar infection rates. Multifilament mesh
constructions as well as microporous ePTFE patches reveal no
higher rates of infection as the reason for explantation. Further-
more, scanning electron microscopy studies indicate that colo-
nies of bacterla ineluding biofilm-forming colonies of Staphyloco-
ccus epfdermidis from skin, persisting at the surface of the
polymer fibers may be responsible for late infection months or, in
rare instances, years after the initial operation (FIGURE 5C).

Fistula & adhesion formation

Fistula and adhesion formation belong to the most serious com-
plications after mesh repair 164.65). In particular, after intraperito-
neal mesh application. adhesions and fistulas are mainly observed
in the heavyweight small pore PP mesh group, however, they
have also been abserved following extraperitoneal mesh implan-
tation |66]. ePTFE appears to have favorable biologic behavior;
therefore, GoreTex® mesh modifications have currently been the
first chaoice in all intraperitoneal techniques (IPOM) for Inci-
sional hemnia repair. However, in the last few years a number of
special mesh madifications have been introduced to the market
for intraperitoneal hernia repair which seem ta have some con-
siderable advantages compared with ePTFE patches. These new
mesh modifications malnly work due to different types of fllms
and surface modifications to prevent adhesion of the intestines
(e.g., Proceed® or Parietene Composite®) or at least with new
antladhesive polymers like PYDF [DynaMesh® Ipom). Beside
enhanced anti-adhesive properties, the generation of new IPOM
meshes fulflls all the criteria of modern lightweight meshes with
large pores. In particular. the flexibility of the IPOM mesh is of
importance in consideration of large defect areas in incisional
hernia repair.

Calcification & degradation

Degradation of surgical meshes is rare |23]. Mostly, calcifica-
tions are observed after long-term implantation, especially
in heavyweight small pore PP meshes as well as in micropo-
rous ePTFE (FICURE 5D). Calcifications are probably due to
small porous or even microporous mesh modilications
because until now, calcifying depositions have not been
observed in large parous constructions. It may be speculated

that particularly the small pores disturb local metabolism
and substrate exchange leading to a bradytrophic area with
increased tendency to calcificate.

Real degradation of the mesh fibers is mainly observed in
PET meshes after long-term implantation (FIGURE 5E). Incorpo-
rated PET can be degraded hydrolytically, finally resulting in an
increased brittleness of the polymer with a loss of the mechani-
cal features. Even ePTFE reveals an increased fragility after
long-term implantation. In some explants, small fragments
phagocytized by local macrophages were observed (FIGURE 5F).

Handiing characteristics

Handling characteristics of lightweight meshes have been
Improved over the last few years. In particular, the flrst light-
weight large porous mesh, Vypro. seemed to most surgeons to be
too soft and smooth for a safe, comfortable and quick hernia
repair. Lightweight meshes of the second generation present
more stable textile structures or are combined with nonabsorba-
ble polymers to adopt mesh features exactly to the requirements
in hernia surgery.

The new generation: lightweight & large porous meshes

Vypro® & Vypro il

The coneept of Hghtweight large porous meshes for hernia
repair was first realized in 1998 with the introduction of Vypro
and later Vypro I1® by Ethicon, Germany. These meshes repre-
sent the first attempt to create a mesh to meet the physiological
demands. The amount of remaining material was reduced to
approximately 30% of common heavyweight meshes (Vypro
25 g/cm2 vs. Prolene® 80-85 g/cmz. TABLE 2) and the pore size
was Increased by up to 500-600% (Vypro 3-5 mm vs. Pro-
lene® <1 mim, TABLE 2). The nonabsorbable part is composed of
multifilament PP combined with an absorbable part made of
Vicryl® (PG 910). which is nearly doubled in Vypro I1. (Vypro:
PP 27g/m2 and PG 910 27g/m?; Vypro II: PP 35g/m? and PG
910 45g/m?). The Vicryl‘D part will be absorbed within the first
6 weeks after implantation and has been added to the nonab-
sorbable PP to ensure appropriate handling characteristics for
the surgeon.

Generally, the construction of Vypro is caleulated to augment
the abdominal wall and is not designed for complete abdominal
wall replacement in large inguinal or incisional hernias. In
larger hernias without the possibility to close the fascia Vypro 11
or another lightweight mesh with a tensile strength of more
than 32 N/cm should be used.

First clinical trials confirm the expected superiority of the
lightweight large porous mesh concept concerning quality of
life after hernia repair 125].

Polypropylene

Most manufactures have added to their range of PP heavy-
weight small porous mesh modifications, a lightweight large
porous adaptation. There are also, numerous monafilament PP
meshes on the market, which fullill all of the criteria for a flexi-
ble lightweight mesh with reduced material. An older member
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of this group is the Parietenem mesh, a brand new member is
the Dynamesh®. In particular, the Dynamesh is matched to the
physiologic values with reference Lo pulling forces and flexibil-
ity of the abdominal wall. The textile structure of the warp-
knitted mesh generates excellent handling characteristics. All
meshes in this group are produced of fibers reduced in diameter
and pores of more than 2 mm compared with the heavyweight
PP group.

Biocompatibllity of the new generation of lightweight PP
meshes in experimental studies is acceptable with a signifi-
cantly decreased FBR and only a minor fibrotic reaction
around the PP mesh fibers after long-term implantation in rats
(FIGURE 64). However, clinical trials have yet to confirm the
promising preclinical results [43].

TiMesh® light & extra light

TiMesh® light (35 g/m?) and TiMesh® extra-light (16 g/m?)
represent newer members in the lightweight large porous
mesh family. The special feature of these meshes is a surface
modification with titanium, which is bound to the PP sur-
face. The basic mesh is a monofilament PP mesh with an
average diameter of 67 pm of each single PP fiber and pores of
more than 1 mm.

Both mesh modifications were announced as a revalution
on the mesh market and have the best biocompatibility possi-
ble. Indeed, the titanium-modified meshes exhibit a signifi-
cantly increased biocompatlbility compared with conven-
tional heavyweight small porous meshes |43]. however, if the
blocompatibility of both titanium meshes is compared with
simple lightweight large porous PP meshes without surface
modification, the biocompatibility is equal. Baslically, tita-
nium maodification of the PP surface has no significant effect
on FBR in solt tissue contact. This phenamenon has inde-
pendently been described by the authors’ group (Hernia, in
press; IGUREEB) and by Lehle and colleagues in 2004 (67).
Another important disadvantage of the TiMesh extra-light is a
tensile strength of 12 N/cm, a value significantly lower than
the calculated minimum of 16 N/cm.

UttraPro®

UltraPro® represents the newest member in the lightweight
large porous mesh group. The mesh s constructed of a mono-
filament lightwelght large porous PP mesh with pores of more
than 3 mm. An absorbable Monocryl® (polyglecaprone 25)
component is added to improve handling characteristics and to
optimize implantation and increased tensile strength in the
first weeks of the repair,

Monacryl (polyglecaprone 25) Is a monofilament derived
from a segmented copolymer of £-caprolactene and glycolide.
This complex polymeric system contains soft segments of a
random copolymer of g-caprolactone and glycolide, which
provide good handling characteristics and hard segments of
polyglycolide that provide high strength. Both hard and soft
segmernits are combined in the same polymeric chain. Evaluat-
ing the toxicity potential of Monacryl sutures, no genotoxic,

The lightweight mesh concept

cytotoxic, teratogenic, irritating or allergic effects were
found. As suture material it was introduced in 1995 and
since then it demonstrated many preferable qualities includ-
ing a significantly lowered tissue reaction in the early phases
of wound healing compared with polyglactine 910 (Vicryl).
Monocryl is essentially absorbed without increased cellular-
ity. inflammatory and fibrotic reaction within 84-140 days
(FIGURE 6C-F). Interestingly, the supplement of PP with
Monoery! leads to significantly decreased FBR compared
with simple lightweight large porous PP meshes with identi-
cal textile structure; an effect still under Investigation. Over-
all, the Monocryl-PP-compasite UltraPro is currently the
member of the lightweight large porous mesh family with the
lowest FBR and optimized handling. The first clinical studies
produced encouraging results to move forward with this
mesh concept |68].

Expert opinion
The lightweight large porous mesh concept is one of the most
important developments in hernia surgery of the last decade.
Mesh modifications of this group represent Implants for hernia
repair with an optimum of biocompatibllity. The new light-
weight large porous mesh generation should reveal significant
advanitages In the field of patient eomforl and chironie pain.
More important new data Indicate hernlas (in general and
recurrent hernias in particular) to be a disease of the connective
tissues and the ECM. These findings explain why meshes can-
not protect the patients completely from recurrence and tell us
that we have to learn more about basic pathophysiologic proc-
esses of hernia formation. These data will be essential for future
mesh modifications and to define populations at risk.

Five-year view

The next 5-year interval in hernia research will give further insight
into the advantages or disadvantages of both mesh concepts.
Important ongoing elinical studies including multicenter trails will
be finished and provide corresponding data.

Furthermore, other nonflat mesh modifications such as plugs
or whole systems for hemia repair will be rebuilt with large
porous textile structures.

The next generation in hernia meshes will be a bioactive
implant. These meshes of the third generation (behind the
heavyweight meshes of the first and the lightweight meshes of
the second generation) will probably consist of an optimized
lightweight large porous mesh construction with chemical
and biologic surface and polymer modifications which
directly influence hernla development or recurrence. The next
5 years will finish the lightweight mesh period and will intro-
duce a new epoch in hernla and mesh research with the for-
mation of Interdisciplinary research groups including basic
scientists in biology, polymer chemistry and tissue engineer-
ing. as well as pathologists and surgeons. Only these groups
will be able to illuminate the complex pathophysiology of
hernias and use newest technologies to create the bioactive
mesh of tomorrow.
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Figure 6. Members of the lightweight and large porous mesh family. (A) Lightweight and large porous PP mesh without surface mod fication 182 days
post implantation in Whiter rats with a mirior FBR and fibrotic tissue reaction around the mesh fibers (hematoxylin and eosin, 200x). (B) TiMesh” light 182
days after implantation in the same experimental setting; note the still persisting foreign body reaction which is at least equal 10 that of unmodified
polypropylene (hematoxylin and eosin; 100x). (C) UitraPro” after 42 days; note the polypropylene and Monocryl” composite (hematoxylin and eosin, 200+).
{D) Macrophage response on the interface of UltraPro 42 days after implantation with a reduced macrophage response to the Monocryi part (CD6E8, 100=).
(€) UttraPro 84 days after implantation; the Monocry! part is absorbed by macrophages, but without increased inflammatory reaction and fibrosis {CDG8,
100x). {F) UitraPro 182 days after implantation; remaining PP fibers with a remaining granuloma thickness of few pm (hematoxylin and eosin, 100x).
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d Key issues

3

and first climical studies.

Lightweight large poroLis meshes indicate newer mesh modifications with main features stich as optimized biocompatibility and
adoption of the textile structure to physiologic values of the abdominal wall. In particular, mechanical characteristlcs stich as tensile
strength and flexibility of mesh and abdominal wall have been the focus of interest during the development of these meshes.

The textlle structure in general is large porous. The large porous construction reveals a significantly improved Integration of the mesh
into recipient tissues. In lightweight and large porous meshes a significantly decreased foreign body reaction can be observed. The
reduced forelgn body reaction correlates with decreased rates of connective tissue formation, shrinkage and bridging.

= A postretrieval study of explanted meshes that failed after hernia repair demonstrate that mesh-related complications are rare.
However, mesh-related complications might be serious and severe such as fistulas, adhesions, infection and, in particular, chronic
pain. Overall, lightweight meshes with large pores seem to have less serious complications, confirmed by the postretrieval study

Recurrence is the most frequently observed complication in hernia surgery. Beside technical faults during operation, alterations of
the extracellular matrix play a decisive role in the formation of long term recurrences. The type of mesh used for the hernia repair
plays no or only a minor role in cases of blologic recurrence,

Future strategics to decrease the rate of blologic recurrences will be the introduction of bloactive meshes.
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