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Introduction: Research indicates that prophylactic mesh may help prevent incisional hernia

after laparotomy, but best practice patterns in these situations are still evolving. Here, we

compare the failure loads (FLs) and biomechanical stiffness (BMS) of 35 porcine abdominal

wall laparotomy incisions reinforced with meshes of various widths and fixation distances

using biomechanical testing.

Methods: In each specimen, a 10-cm incision was made and closed using continuous 1-

0 Maxon suture. Specimens were randomized to mesh width (none, 2.5 cm, 3 cm, 4 cm,

6 cm, 8 cm) and tack separation (1.5 cm, 2 cm apart) and the meshes secured in an onlay

fashion. Cyclic loads oscillating from 15 N to 140 N were applied to simulate abdominal

wall stress, and the specimens subsequently loaded to failure. FLs (N) and BMS (N/mm)

were comparatively analyzed.

Results: All specimens failed via suture pull-through. FLs and BMS were lowest in speci-

mens with suture-only (421.43 N; 11.69 N/mm). FLs and BMS were significantly higher in 4-

cm mesh specimens (567.51 N) than those with suture, 2.5-cm, and 3.0-cm mesh (all

P < 0.05). FLs in specimens with a greater number of tacks were consistently higher in

meshes of similar sizes, although these did not reach significance.

Conclusions: A 4-cm mesh reenforcement was superior to suture-only and smaller meshes

at preserving strength in laparotomy closure in a porcine model but larger meshes (6 cm,

8 cm) did not provide an additional benefit. Meshes with more fixation points may be

advantageous, but additional data are needed to make definitive conclusions.

ª 2022 Elsevier Inc. All rights reserved.
Introduction that prophylacticmesh placement (PMP) for high-risk patients
The use of mesh in incisional hernia (IH) repair has been

shown to reduce hernia recurrence by providing laminar

reinforcement of the musculo-fascial envelope, and miti-

gating tension across fascial closure, particularly in the early

stages of healing.1-4 Recent literature has therefore supported
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during an index abdominal procedure may significantly

reduce the development of postoperative IH by shielding the

fascia from excessive tension and helping to prevent fascial

separation.5,6 Postoperative patient activity for any midline

laparotomy incision has been found to generate on average

50 N of force across a repair, exceeding the biomechanical
ery, University of Pennsylvania Health System, Penn Presbyterian
a, PA 19104. Tel.: þ1 215 662 7300.
er).
.

f Health and Social Security de ClinicalKey.es por Elsevier en octubre 19, 
rización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.

mailto:john.fischer2@pennmedicine.upenn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jss.2022.04.058&domain=pdf
www.sciencedirect.com/science/journal/00224804
http://www.JournalofSurgicalResearch.com
https://doi.org/10.1016/j.jss.2022.04.058
https://doi.org/10.1016/j.jss.2022.04.058
https://doi.org/10.1016/j.jss.2022.04.058
https://doi.org/10.1016/j.jss.2022.04.058


c h r i s t o p h e r e t a l � b i om e c h an i c a l t e s t i n g p o r c i n e l a p a r o t om i e s 197
properties of traditional suture closure.7 PMP of the initial

suture closure reinforces the anterior fascia and has been

found to increase biomechanical strength from 44 N to 57 N.8

With this knowledge, there has been a recent emphasis on

clinically investigating the impact of prophylactically rein-

forcing laparotomy incisions with mesh, particularly in high

risk patients. In patients presenting for emergency midline

laparotomies,9,10 elective or emergent colorectal procedures,11

open bariatric surgery in the setting of morbid obesity,12 and

abdominal aortic aneurysm (AAA) repair,13 PMP has resulted

in lower rates of IH than patients repaired with suture-only,

with similar complications rates. Results of the PRImary

Mesh Closure of Abdominal Midline Wound trial, a multi-

center double-blind randomized control trial, found that after

randomizing 480 high-risk (bodymass index>27 or openAAA)

patients to primary suture repair, onlay, or retrorectus mesh

placement, rates of IH at 2 y were 30% if repaired with suture

alone, 18% if repaired with retrorectus mesh (P ¼ 0.05), and

13% if repaired with onlay mesh (P ¼ 0.0016).14 However, PMP

adds time and technical considerations to surgical proced-

ures, which has limited its wide-spread adoption.6,15

The Paradigm Surgical team is currently developing a

prophylactic mesh implantation device, the SafeClose Roller

System, which automatically fixates mesh onto the anterior

abdominal fascia to re-enforce closure.16 Early results with

this device have corroborated that mesh reinforcement

significantly impacts the biomechanical strength of closure

and have further suggested that using a mesh-application

system can improve efficiency and consistency of applica-

tion.16 In designing this device, however, it became evident to

the authors that little data exist in the current literature that

detail the appropriate mesh size, overlap, and fixation pat-

terns to use in these scenarios.

In this study, we aimed to compare the failure loads (FLs)

and biomechanical stiffness (BMS) of laparotomy incisions

reinforced with suture and/or onlaymeshes of various widths

and fixation distances. To accomplish this, we biomechani-

cally tested 35 porcine abdominal walls withmidline incisions

using a ball-burst apparatus, the Instron electromechanical

testing machine. The ball-burst method has been previously

used to evaluate mesh characteristics and to test the strength

of laparotomy closure by simulating the cyclic and multiaxial

forces experienced by the abdominal wall in the immediate

postoperative period.17 We sought to determine how altering

these factors during stress testing may subsequently affect

the FLs and stiffness of a laparotomy incision. Characterizing

the effects of varyingmeshwidth and fixation patterns will be

essential in advancing our understanding of the ideal rela-

tionship between overlap and fascial closure in PMP and in

developing optimal mesh-application systems.
Material and Methods

Objectives and porcine tissue preparation

Our primary objectives were to analyze the FL (N) of each

specimen (the amount of force it takes for a closure to fail) and

the BMS (N/mm) (a measure of how much load a tissue can

take before it deforms) and comparatively analyze these
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among specimens with varying mesh widths and fixation

distances. FL was defined as the peak of the load versus

extension curve of each specimen during FL testing, and BMS

was defined as the slope of the linear portion of these curves.

Previous literature has demonstrated that cadaveric

porcine tissue has similar biologic and mechanical charac-

teristics to human tissue18 and therefore porcine abdominal

wall specimenswere obtained fromAnimal Biotech Industries

(Doylestown, Pennsylvania, https://www.animalbiotech.com/

, Order number: 21,912) for use in this study. The specimens

were thawed on the morning of testing, and dissected to

remove skin and excess adipose tissue, leaving only the rectus

muscle, anterior rectus sheath, and posterior rectus sheath.

Thirty five specimens were cut to an equal size

(22 cm � 18 cm); 10 cm incisions were made using a scalpel in

the center of each specimen. Subsequently, one individual

(A.N.C.) sutured the incisions closed in a standard fashion

using a continuous running 1-0 Maxon suture. Sutures were

placed at approximately 1 cm intervals with 1 cm bites of

fascia on either side of the midline (Fig. 1). Strips of Bard

Phasixmeshwere carefully cut to size (Widths: 2.5 cm, 3.0 cm,

4.0 cm, 6.0 cm, and 8.0 cm), with the lengths remaining con-

stant at 12.5 cm. A Phasix mesh was used due to the senior

surgeon’s practice patterns, which are supported by existing

literature that the biosynthetic properties of Phasix are

particularly suited for onlay and complex hernia repair.19,20

To account for the natural variation in the porcine speci-

mens and the possibility of slight variations in closure tech-

niques, the Google play random number generator was used

to assign numbers to each specimen, which dictated tacker

distance and mesh size. In addition, the remaining suture

length after closure and porcine abdominal wall thickness

were comparatively analyzed to assess the degree of variation

among closures and specimens. Following randomization, the

Bard OptiFix tacker was used to fixate the meshes onto the

individual specimens in an onlay fashion using resorbable

tacks. The meshes were first tacked in all four corners and

then along the long, lateral edge of the mesh strip on either

side. Mesh was placed taut, without wrinkling or bunching.

Half of the meshes were fixated using a mesh tacked at a

distance of 2 cm (seven tacks per side) and the other half were

fixated using a mesh tacked at a distance of 1.5 cm (nine tacks

per side) (Fig. 2). Two specimenswere used for baseline testing

(no mesh), three specimens acted as our control specimens

(no mesh), and the remaining 30 specimens had mesh placed

(Fig. 3).

Ball-burst testing

Biomechanical strength testing was conducted at the Penn

Center for Musculoskeletal Disorders’ biomechanics core

laboratory using a ball-burst testing apparatus fitted onto the

Instron ElectroPuls E3000. Traditionally, a spherical head is

attached to the piston. However, as the curvature of the

abdominal wall is thought to be about 200 mm,21,22 our group

designed and 3-D printed a rectangular, rounded plunger that

mimicked this curvature and a tissue clamping fixture to

accommodate the specimen and plunger. Custom parts were

designed on PTC Creo Parametric Computer Aided Design

software and manufactured at Protolabs. Four heavy-duty C-
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Fig. 2 e Specimen following mesh fixation with the Bard

OptiFix tacker.

Fig. 1 e Specimen following closure with running 1-

0 Maxon suture.
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clamps purchased from McMaster Carr were used to secure

the tissue specimens (Fig. 4).

Baseline testing
Two specimens without mesh were placed in the apparatus

and statically loaded until they reached failure. Failure was

defined as suture pull-through, where a suture completely

separates from the tissue, consistent with previous litera-

ture.17 The baseline FL of these two specimens were averaged

(Fig. 5).

Cyclic load testing
The cyclic load testing protocol was adapted from a study by

Sahoo et al. that tested mesh properties23 and has subse-

quently been used in studies evaluating the strength of lapa-

rotomy incisions.17 The purpose of cyclic loading was to

represent everyday postoperative stress to the abdominal

wall. Using 35% of the baseline average FL calculated in Step 1,

we established the maximum cyclic load. The oscillating

forces in the cyclic load testing ranged from 15 N to the

maximum cyclic load; 15 N was used instead of 0 N to more

realistically represent the human intraabdominal pressures,

which are never 0 N. The oscillating load was applied for 500

cycles at a rate of 1 Hz.

Failure load testing
Following cyclic loading, the mesh and tacks were removed

from each specimen and the specimenswere statically loaded

to failure. Mesh removal before FL testing was done for two

reasons. First, it facilitated our ability to visually analyze for

any microfailures at the incision, such as gapping or suture
Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Libr
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ing effect that the mesh had during the fatiguing phase rather

than testing the fixation strength of the mesh itself. In a real-

world mesh application, mesh ingrowth occurs over several

months. However, since this is not replicable in the short

term, removing the mesh before failure loading is a more ac-

curate way to assess how well the presence of mesh has

protected the tissue during the fatiguing phase rather than

testing its fixation strength.
Statistical analysis

Descriptive statistics were used to describe report means and

standard deviations of suture length and porcine tissue size

and to calculate average FLs and BMS. A linear regression of

the load versus extension graph was used to calculate the

stiffness (slope) of each specimen. Comparative data of FL and

stiffness by mesh width and tack distance were tested for

normal distribution using Box and Whisker plots, QQ Plots,

and by calculating skewness. These tests indicated that the

data were not sampled from a normally distributed popula-

tion; this is likely due to small sample sizes. To accurately

evaluate statistical significance of the data and calculate the P

values, the nonparametric ManneWhitney U-test was used.
Results

Controlling for study variation

Of the 35 sutures used in this study, the mean and standard

deviation of the remaining suture after each closure was

24.94 cm � 4.1 cm. In addition, the thickness of each porcine

abdominal wall specimen was measured using dial calipers

and the measurements were taken at the center of the spec-

imen. The average thickness of each specimen was

1.36 cm � 0.36 cm.
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Fig. 3 e Schematic breakdown of randomization of specimens to suture only, mesh width, and tacker distance.
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Failure load analysis

Load testing revealed that in all cases, failure occurred at the

suture-line via suture pull-through. The maximum FLs

recorded from the peak of each specimen’s Load versus

Extension graph are found in Figures 6-8. Of all the specimens,

the average FL was lowest in specimens with no mesh rein-

forcement (421.43 N). In both seven-tack and nine-tack fixated

mesh groups, the FL was highest for specimens reinforced

with a 4 cm wide mesh (557.03 N and 577.98, respectively).

When analyzed independently based on tack fixation,
Fig. 4 e Representation of a specimen loaded and secured

into the Instron prior to testing.
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comparison of FLs only reached significance in the nine-tack

fixated groups when comparing 4-cm mesh with no mesh

(P ¼ 0.025) and 2-cm mesh (P ¼ 0.042) (Fig. 7). Furthermore,

when sample size was increased and all mesh specimens

regardless of a number of fixation points were analyzed

together, the average FL of specimens re-enforced with 4 cm

mesh was significantly higher than no mesh, 2.5 cm mesh,

and 3.0 cm mesh groups (P ¼ 0.035, P ¼ 0.034, and P ¼ 0.039,

respectively) (Fig. 8). While the failure loads for 4 cm mesh

were higher than both 6 cm and 8 cm mesh specimens, the

differences did not reach statistical significance. A compara-

tive analysis of the average FLs by mesh width and fixation

distance revealed that in all cases the average load was not

significantly affected by tack distance; however, the speci-

mens reinforced with mesh that had nine tacks per side

(524.10 N) were higher than those specimens with only seven

tacks per side (480.72 N). The percent improvement in failure

loading ranged from 3.76% to 15.3% when comparing the
Fig. 5 e Failure load of a baseline specimen, determined by

peak of the extension versus load graph.
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Fig. 6 e Average failure loads in specimens secured with seven tacks per side.
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seven-tack and nine-tack mesh, with an average improve-

ment of 9.15%.
Biomechanical stiffness analysis

When analyzed regardless of tack distance, BMS in the entire

cohort was highest in specimens re-enforced with 4 cm

meshes (21.85 N/mm) and significantly higher than specimens

with no mesh (P ¼ 0.010), 2.5 cm mesh (P ¼ 0.014), and 3.0 cm

mesh (P ¼ 0.027). While the stiffness was higher in 4 cm

meshes than in 6 cm or 8 cm meshes, these did not reach

statistical significance (P > 0.05) (Fig. 9). Results from the

seven-tack groupwere similar to those from the entire cohort,

with 4 cm mesh displaying significantly a higher stiffness

than both no mesh (P ¼ 0.025) and 2.5 cm (P ¼ 0.025) groups
Fig. 7 e Average failure loads in specime
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(Fig. 10). However, when the nine-tack group was indepen-

dently analyzed, stiffnesswas linear, with nomesh having the

lowest (11.69 N/mm) and 8 cm mesh having the highest

(22.05 N/mm) values (Fig. 11). Similar to the FL analysis, the

average stiffness in specimens reinforced with nine tacks

(19.49 N/mm) was higher than those reinforced with just

seven tacks (19.02 N/mm), with an average percent increase of

3.71%.
Discussion

IH continues to affect as many as one in five patients after

midline laparotomy.24-26 In this study, we used biomechanical

testing to apply cyclic forces of varying intensity to suture and
ns secured with nine tacks per side.
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Fig. 8 e Average failure loads in all specimens.
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mesh reinforced porcine abdominal wall incisions to simulate

the immediate postoperative period. The results illustrated

here suggest that prophylactic onlay mesh reinforcement

improves the strength/BMS of a closure when compared to

suture repair alone and that a 4-cm mesh (2 cm overlap) may

provide immediate benefits when compared to smaller and

larger mesh sizes and help prevent IH. In an era of preventa-

tive and cost-effective medicine, this study has important

implications in advancing our understanding of best practice

patterns for PMP and the design of future mesh-application

devices.

In this porcine study, we simulate the placement of a

biosynthetic mesh in the onlay plane. While systematic re-

views of the PMP literature support that mesh in both the
Fig. 9 e Average biomechanical
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onlay and retrorectus planes improve IH rates when

compared to suture repair alone,5,27 the previouslymentioned

results of the PRImary Mesh Closure of Abdominal Midline

Wound trial demonstrated that mesh placed in the onlay

plane was most preventative of IH development.14 Specif-

ically, rates of recurrence for onlay mesh reinforcement and

retrorectus mesh reinforcement were 13% and 18%, respec-

tively.14 In some instances, like emergency abdominal sur-

gery, the use of retrorectus repair techniques has actually

been associated with an increased risk of postoperative

complications, and the onlay plane is recommended in these

scenarios.28 In addition, it is technically easier to develop the

onlay plane and fixate a mesh to the anterior abdominal wall

than it is to dissect the retrorectus plane. This leads to less
stiffness in all specimens.
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Fig. 10 e Average biomechanical stiffness in specimens secured with seven tacks per side.
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surgical time and operating room expense and makes adop-

tion of PMP by both plastic and general surgeons more

feasible. While the onlay plane has been critiqued for higher

incidences of postoperative wound events due to a more

extensive soft tissue dissection,14,29,30 incidences may be

reduced with smaller mesh sizes in PMP patients which

permit less undermining. In terms of mesh choice, a cost

utility analysis has shown that PMP is more cost-effective

than suture repair alone when mesh costs up to $3700.31

While synthetic mesh is relatively inexpensive, concerns

regarding chronic pain, foreign body sensation, and long-term

mesh complications make surgeons less inclined to prophy-

lactically place a permanent material. On the other hand,

biologic products are significantly more expensive at $4000-
Fig. 11 e Average biomechanical stiffness in sp
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$6000 per sheet, making them less cost-effective for PMP.31

Biosynthetic products, which are slowly resorbable and

minimize the prosthetic footprint, yet are less costly than bi-

ologics, may therefore be ideal for these scenarios.

While the current literature surrounding PMP has been

promising, data regarding important technical considerations

like appropriate mesh overlap or fixation mechanisms in

these unique situations are scant. In a study comparing 200

hernia repairs, the recurrence rate decreased from 9% to 4%

when mesh overlap was increased from 3 cm to 5 cm.32

Similarly, in a systematic review and meta-analysis of recur-

rence rates in patients undergoing hernia repair, hernia

recurrence droppedwith an increase inmesh overlap from<3

cm to >5 cm in defects of all sizes when repaired
ecimens secured with nine tacks per side.
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laparoscopically; however, altering mesh size in open repairs

did not appear to affect recurrence rates.33 In patients with

existing abdominal wall defects, a larger mesh with this de-

gree of overlap may better displace the forces applied to a

closure that is under a greater amount of tension. In PMP

patients, however, the same principles may not apply, and

using data from hernia repair patients to guide mesh size for

PMP may result in the unnecessary utilization of larger

meshes without an increased benefit. When we consider that

larger meshes are more expensive and would require greater

undermining of skin flaps in the onlay position, we under-

stand why evaluating PMP separately from hernia patients is

important to mitigate patient risk and hospital cost. In this

study, the 4-cmmesh (2-cm overlap) width group consistently

performed better than the other mesh widths, with higher

maximum FLs and BMS. Wider meshes have more room to

stretch which means they take a long time to reach their

maximum load capacity. As the load increases, the mesh is

increasingly stretched and therefore the incision is subjected

to a portion of that load for a longer period of time. On the

contrary, a mesh that is very narrow has very little room to

stretch, meaning the maximum load is reached quickly,

which in turn increases the load on the incision, thereby

stressing and fatiguing it over time. A mesh 4 cm in width

seems to represent the “sweet spot,” balancing the relative

drawbacks of an excessively wide or narrow mesh.

In addition to proper overlap, adequatemesh fixation plays

an important role in the success of mesh placement. Mesh

fixation ensures that themesh is placed under enough tension

to avoid ripples or folding. A flat mesh lays in better contact

with the tissue underneath, thereby facilitating integration of

the mesh over time.34 In addition, a well fixated mesh distrib-

utes the tensile forces across the mesh itself, offloading the

tension from the fascial closure and leading to more favorable

biodynamics in theearlystagesofhealing.35While in this study

we did not see a significant difference in those specimens

fixatedwith seven tacks per side versus nine tacks per side, we

did observe that the meshes with more fixation points had

higher FLs and BMS than those with just seven tacks. Studies

with larger sample sizes and more substantial differences in

tack distances are necessary to determine how significantly

varying fixation patterns would impact clinical practice. It

should also be noted that recent literature has postulated that

chemical fixation, like the use of fibrin glue, may decrease

operative time, technical difficulty, postoperative pain, and

length of stay when compared to suture or tack fixation tech-

niques.36-39Therefore,despite theaddedcostof thesechemical

sealants, there may be decreased overall hospital utilization

when compared to repairs using suture or tacks,making these

products more cost-effective.37 Nevertheless, a robust

comparative analysis of fixation techniques in the openhernia

surgery literature is limited. The authors recommend that

regardless of fixation technique, surgeons should take care to

meticulously and systematically secure the mesh to the

abdominal wall so it lays flat and taut without wrinkling,

folding, or bunching.

A major limitation to this work is that immediate mesh

fixation followed by load testing using cadaveric porcine

specimens does not represent the real-world practice of mesh

placement in humans. In patients, the success of mesh to
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augment a laparotomy incision is not attributed to size or

fixation alone but is multifactorial and dependent on incor-

poration and neovascularization at the mesh/tissue interface,

degree of mesh shrinkage and migration, and many patient-

level risk factors. Using porcine specimens prevents us from

examining all of these contributing factors. Next, to examine

the closure for failure and test the ability of the mesh to pre-

serve tissue strength after loading, the mesh was removed

during FL testing. Again, this is not a true depiction of testing a

real-world repair, in whichmesh ingrowth occurs over several

months. However, to isolate the protective effect of the mesh

itself during cyclic loading, rather than fixation strength,

removal was necessary. In addition, knowing that most of the

tension in amidline closure is due to lateral distracting forces,

mesh overlap was only varied in the horizontal and not the

vertical direction. Certainly though, vertical overlap should be

a consideration in mesh failure, and not testing for this vari-

ation is a limitation of this work. Finally, depending on the

mesh product used, inflammatory reactions cause various

degrees of mesh shrinkage over time, ranging anywhere from

5% to 50%.40,41 Certainly, the degree of mesh shrinkage may

play a role in dictating an ideal overlap and surgeons should

be aware of these mesh specific properties.

In conclusion, prophylactic onlay biosynthetic mesh repair

over suture closure alone helped preserve strength in the

fascial closure of porcine abdominal wall specimens and may

help prevent the development of fascial dehiscence and her-

niation after abdominal surgery. Mesh with 2 cm of overlap

may be sufficient to adequately distribute force over these

closures, while remaining cost-effective and minimizing the

amount of foreign material placed for prophylactic purposes.

Future studies that examine the clinical effects of using

smaller prophylactic meshes in patients after abdominal

surgery to prevent IH are needed to confirm these findings.
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