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Abstract
Background  Proposed mechanisms that potentially contribute to polypropylene mesh degradation after in vivo exposure 
include oxidizing species and mechanical strains induced by normal healing, tissue integration, muscle contraction, and the 
immediate and chronic inflammatory responses.
Methods  This study explores these potential degradation mechanisms using 63 mesh implants retrieved from patients after a 
median implantation time of 24 months following hernia repair surgery (mesh explants) and analysis of multivariate associa-
tions between the material changes and clinical characteristics. Specifically, polypropylene mesh degradation was character-
ized in terms of material changes in surface oxidation, crystallinity and mechanical properties, and clinical characteristics 
included mesh placement location, medical history and mesh selection.
Results  Compared to pristine control samples, subsets of mesh explants had evidence of surface oxidation, altered crystallin-
ity, or changed mechanical properties. Using multivariate statistical approach to control for clinical characteristics, infection 
was a significant factor affecting changes in mesh stiffness and mesh class was a significant factor affecting polypropylene 
crystallinity changes.
Conclusions  Highly variable in vivo conditions expose mesh to mechanisms that alter clinical outcomes and potentially 
contribute to mesh degradation. These PP mesh explants after 0.5 to 13 years in vivo had measurable changes in surface 
chemistry, crystallinity and mechanical properties, with significant trends associated with factors of mesh placement, mesh 
class, and infection.
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Surgical guidelines recommend hernia mesh implants as the 
general standard for inguinal hernia repair [1]. In use since 
the 1950s, polypropylene (PP) biomaterials are common in 
commercially available hernia meshes due to their high ten-
sile strength, good flexibility, and chemical resistance [2]. 
Although in vivo biomechanical and biochemical mecha-
nisms have the potential to degrade biomaterials [3–8]; the 
extent of in vivo degradation of PP mesh implants is cur-
rently under debate [9–11]. Some studies of explanted PP 

mesh implants cite changes in chemical markers (e.g., sur-
face oxidation and crystallinity) and physical markers (e.g., 
surface cracking and reduced compliance) as evidence of 
in vivo degradation of the PP mesh [6, 12–15]. Other studies 
of explanted PP mesh implants cite an absence of changes in 
chemical markers, most notably in PP formulated with anti-
oxidant stabilizers, and attribute surface cracking to artifacts 
from formalin-fixed proteins adhered to the mesh surface [3, 
10, 16]. Ineffective cleaning of explanted PP mesh [10] and 
highly variable clinical conditions, such as the presence of 
acute infection or chronic inflammation, further complicate 
these seemingly contradictory results [16].

There are several mechanisms that potentially contribute 
to PP mesh in vivo degradation. One proposed mechanism 
involves reactive oxygen species (ROS) and myeloperoxi-
dase (MPO) that are present in cases of infection and chronic 
inflammation in peritoneal fluid [5, 17, 18]. These chemi-
cals are capable of oxidizing PP mesh and causing radical 
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scission, and possibly leading to changes in crystallinity [5, 
12, 15, 16, 19]. Another proposed mechanism involves sus-
tained and cyclic mechanical strains in the mesh that exist 
during the surgical procedure and healing process and with 
patient activities after implantation [20–22]. Such strains 
are capable of increasing localized stress, initiating struc-
tural cracks in individual fibers, and causing polymer chain 
scission, which may contribute to PP degradation such as 
surface cracking, changes in crystallinity, and even mesh 
failure [7, 12, 20, 21]. The degraded PP may increase the 
inflammatory response around the implanted mesh, poten-
tially increasing the concentrations of ROS and MPO and 
leading to further PP degradation [12].

Highly variable in vivo conditions expose a mesh to a 
mechanism that potentially contributes to PP mesh degra-
dation and complicates the analysis of explanted PP mesh. 
Surgical placement of the mesh within the peritoneal cav-
ity (intra-peritoneal location) results in mesh being in 
contact with peritoneal fluid. The peritoneal fluid actively 
exchanges leukocytes with blood [23] and contains increased 
ROS released from leukocytes or macrophages in cases of 
infection or chronic inflammation [17, 24], thus creating the 
chemical environment for PP degradation. Surgical injuries 
or infection are the triggers causing fibrosis or scar for-
mation of the peritoneum, applying increased mechanical 
strain on implanted mesh for PP degradation [23]. Medical 
comorbidities, such as obesity [25], diabetes [26–28] and 
tobacco use [26] can alter and delay wound healing. These 
medical comorbidities can lead to chronic inflammation and 
abnormal tension applied on mesh, creating the chemical 
and mechanical environment for PP degradation.

Mesh selection also potentially contributes to PP mesh 
degradation. Mesh with small pore sizes has a larger surface 
contact area with host tissues, inducing higher inflamma-
tory infiltrate to the mesh surface by attracting inflamma-
tory cells, such as macrophages [29–31]. These inflamma-
tory cells on the mesh surface release ROS, increasing the 
amounts of ROS around the mesh and creating the chemical 
environment for PP degradation. Mesh with small pore sizes 
also induces less tissue integration but higher fibrous encap-
sulation, leading to higher tissue contraction [22, 32–34]. 
This contraction applies mechanical strains on the mesh, 
creating a mechanical environment for PP degradation. Mesh 
with highly deformable pore shape can behave similarly to 
mesh with small pores under the biaxial tension caused by 
abdominal wall distension, healing process or tissue contrac-
tion [29, 35].

To date, few studies of explanted PP mesh have explored 
specific mechanisms that potentially contribute to PP mesh 
degradation. Evidence of degradation is confounded by 
contamination from chemical fixatives and adhered bio-
logical debris, highly variable in vivo conditions that are 
infrequently documented, and small sample sizes that are 

not suitable for meaningful statistical analysis. There is 
need for explant analysis of PP hernia mesh that centers on 
potential degradation mechanisms and investigates clinical 
characteristics that may trigger material changes consistent 
with PP degradation. The purposes of this study were: (1) to 
evaluate mesh surface oxidation, crystallinity, and mechani-
cal properties of fresh frozen explanted PP meshes; and (2) 
to investigate whether material changes consistent with PP 
degradation are related to infection, mesh placement loca-
tion, and mesh pore size. The initial hypothesis were: (1) 
meshes explanted from patients with infection have more PP 
material changes than meshes explanted from non-infected 
patients; (2) meshes implanted in an intra-peritoneal location 
have more PP material changes than meshes implanted in an 
extra-peritoneal location; and (3) meshes with small pore 
size have more PP material changes than meshes with large 
pore size. Based on detailed analysis, several sub-hypotheses 
also were considered.

Materials and methods

Materials

Hernia meshes were collected by the surgeon co-authors 
(BTH, VA) through an established registry of explanted 
meshes (MeshWatch) using a protocol approved by the 
Clemson University Institutional Review Board (IRB2014-
161). Meshes from consecutive patients undergoing revi-
sion hernia surgery were archived and stored fresh-frozen at 
−80 °C until analysis. To date, there are 164 explanted her-
nia meshes of various types in the registry along with docu-
mentation of basic patient demographics and clinical history 
abstracted from available records and details of mesh struc-
ture and type. The registry database was queried to identify 
all meshes meeting five inclusion criteria. (1) The meshes 
were explanted by the same surgical team at the same medi-
cal center. (2) The mesh material was PP. (3) The meshes 
were received before the start of this study (December 
2017). (4) The mesh structure was in the pictorial “Mesh-
Watch” atlas of known mesh types in the mesh registry [36]. 
(5) The mesh structure was warp knitted. Sixty-three meshes 
of 10 known mesh structures met those inclusion criteria 
(n = 63) and were selected for further analysis.

The included meshes (n = 63) were explanted from 62 
patients after a median implantation time of 24 (range: 5 to 
156) months. There were 32 female patients (average age at 
removal: 57 ± 12 years old) and 30 male patients (average 
age at removal: 61 ± 11 years old), including two meshes 
retrieved from one male patient (Table 1). Patient records 
included sex, age at removal, BMI, and mesh implantation 
time. The year of mesh implantation (range: 2002 to 2016) 
into a patient was estimated using the year of mesh removal 
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Table 1   Patient information

Mesh # Sex (F/M) Age (years) BMI In vivo 
time 
(mons)

Mesh location Infection (Y/N) Removal reason Smk/Dia/Pre hernia 
rep/Rec hernia 
(Y/N)

Class I
1 F 49 29.3 48 Onlay N Incarcerated hernia N/N/Y/Y
2 M 68 33.6 11 Onlay N Seroma N/N/Y/Y
3 M 60 45.3 132 Onlay Y Infection N/N/N/Y
4 F 68 28.6 9 Onlay N Incarcerated hernia N/N/Y/Y
5 F 37 37.6 53 Onlay N Incarcerated hernia N/Y/Y/Y
6 M 68 28.6 33 Onlay N Incarcerated hernia N/N/Y/Y
7 F 60 45.0 24 Inlay N Sus rec hernia N/Y/N/Y
8 F 58 30.9 7 Inlay N Sus rec hernia N/N/Y/Y
9 F 48 39.1 8 Underlay N Sus rec hernia Y/N/Y/Y
10 M 48 19.9 37 Underlay N Chronic pain Y/N/N/Y
11 M 58 28.0 16 Underlay N Incarcerated hernia N/N/N/Y
12 M 51 33.7 18 Underlay Y Infection N/N/N/Y
13 M 51 33.7 18 Underlay Y Infection N/N/N/Y
14 M 73 28.3 19 Sublay N Incarcerated hernia N/N/Y/Y
15 F 51 40.2 5 Intra Y Infection N/N/Y/Y
16 M 50 30.5 25 Intra N Sus rec hernia N/N/N/Y
17 F 32 34.0 54 Intra N Incarcerated hernia N/N/Y/Y
18 F 67 30.1 22 Intra N Incarcerated hernia N/N/Y/Y
19 F 78 40.7 96 Intra Y Infection N/N/Y/Y
20 M 57 29.9 9 Intra N Incarcerated hernia N/N/Y/Y
21 F 56 32.9 48 Intra N Incarcerated hernia N/N/N/Y
22 F 41 33.5 12 Intra N Sus rec hernia N/N/Y/Y
Class II
23 M 74 30.1 24 Onlay N Sus rec hernia N/Y/Y/Y
24 F 41 35.3 24 Inlay Y Incarcerated hernia N/N/Y/Y
25 M 63 44.3 8 Underlay N Incarcerated hernia N/Y/N/Y
26 M 54 26.9 36 Underlay N Incarcerated hernia N/N/Y/Y
27 M 70 29.2 12 Underlay N Incarcerated hernia N/N/Y/Y
28 M 54 33.1 15 Underlay N Incarcerated hernia N/N/Y/Y
29 F 34 38.1 30 Underlay N Incarcerated hernia N/N/N/Y
30 M 60 32.3 14 Underlay N Incarcerated hernia N/N/Y/Y
31 F 58 45.9 48 Underlay N Incarcerated hernia N/N/Y/Y
32 F 64 25.0 11 Underlay N Seroma N/N/N/Y
33 M 75 28.8 9 Sublay N Sus rec hernia N/N/Y/Y
34 M 75 28.8 18 Sublay N Incarcerated hernia N/N/N/N
35 M 71 47.3 48 Sublay N Incarcerated hernia N/Y/Y/Y
36 F 52 40.3 13 Sublay N Sus rec hernia N/Y/Y/NA
37 F 48 42.2 25 Intra N Sus rec hernia Y/Y/Y/Y
38 F 65 36.7 15 Intra N Sus rec hernia N/N/Y/Y
39 M 57 26.5 5 Intra N Sus rec hernia N/N/N/Y
40 F 75 30.8 31 Intra N Mesh attachment N/N/N/Y
41 F 65 26.7 50 Intra N Bowel obstruction N/N/N/N
42 M 71 28.7 13 Intra N Diastasis N/N/Y/Y
43 F 54 31.0 7 Intra N Fistula N/N/Y/Y
44 F 61 29.5 28 Intra Y Incarcerated hernia N/Y/Y/Y
45 M 50 28.7 NA NA NA NA Y/NA/NA/NA
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(range: 2013 to 2017) and the implantation time. Medical 
records included history of infection, diabetes, recurrent her-
nia, smoking and previous hernia repair. Surgical records 
included mesh placement and reasons for mesh removal. The 
reasons for mesh removal included infection (n = 8), incar-
cerated hernia (n = 29, two patients with both infection and 
incarcerated hernia), bowel obstruction (n = 2), suspected 
recurrent hernia (n = 15), chronic pain (n = 3), and other 
individual issues (n = 7). Some patients did not have full 
records: (1) Eight patients did not have records of recurrent 
hernia. (2) Four patients did not have records of implanta-
tion time. (3) Two patients did not have records of infection, 
including one patient who did not have a recorded history 
of mesh placement anatomic location, implantation time, 
diabetes, previous hernia repair, and reasons for removal.

Using the data of medical records, the included meshes 
were grouped into meshes from infected patients (n = 8) 
and meshes from non-infected patients (n = 53). Based on 
the comorbidities, the included meshes were grouped into 
meshes from patients with diabetes (n = 16) and without 
diabetes (n = 46), with previous hernia repair (n = 44) and 

without previous hernia repair (n = 18), with recurrent her-
nia (n = 52) and without recurrent hernia (n = 3), and with a 
history of smoking (n = 4) and without a history of smoking 
(n = 59).

According to surgical records, the included meshes 
were grouped into two anatomic locations based on mesh 
placement before retrieval: intra-peritoneal (Intra) location 
(n = 24) and extra-peritoneal (Extra) location (n = 38). The 
extra-peritoneal location included four anatomic locations: 
onlay (n = 11), inlay (n = 4), underlay (n = 15), and sublay 
(n = 8) [37].

According to mesh selection, the included meshes were 
classified into three groups based on modified Klinge’s clas-
sification: Class I (n = 22) were large pore meshes (textile 
porosity > 60%); Class II (n = 23) were small pore meshes 
(textile porosity < 60%); and Class III (n = 18) were meshes 
with special features, such as barrier layer or surface coating 
(Table 2) [38]. For the explanted meshes, the presence of an 
absorbable surface coating at the time of implantation could 
not be traced and therefore, only meshes with an e-PTFE 
layer were classified into Class III. All other meshes were 

Age age at removal
Sus rec hernia suspected recurrent hernia
Smk patients with smoking history
Dia patients with diabetes
Pre hernia rep previous hernia repair
Rec hernia recurrent hernia

Table 1   (continued)

Mesh # Sex (F/M) Age (years) BMI In vivo 
time 
(mons)

Mesh location Infection (Y/N) Removal reason Smk/Dia/Pre hernia 
rep/Rec hernia 
(Y/N)

Class III
46 F 58 35.5 29 Onlay N Incarcerated hernia N/Y/Y/Y
47 F 68 31.5 156 Onlay N Incarcerated hernia N/N/Y/Y
48 M 38 34.8 NA Onlay N Sus rec hernia N/N/Y/NA
49 M 75 28.3 15 Onlay Y Infection N/Y/N/NA
50 M 69 28.0 9 Inlay N Incarcerated hernia N/Y/Y/NA
51 M 44 34.4 13 Underlay N Chronic pain N/N/N/N
52 F 64 41.6 18 Underlay N Incarcerated hernia N/N/Y/NA
53 M 43 44.4 84 Sublay N Hard mesh N/Y/Y/Y
54 F 54 48.9 NA Sublay N Incarcerated hernia N/N/Y/Y
55 M 65 36.0 34 Sublay N Incarcerated hernia N/N/Y/Y
56 F 69 32.5 133 Intra N Sus rec hernia N/Y/Y/Y
57 F 68 32.8 NA Intra N Incarcerated hernia N/Y/Y/Y
58 M 55 29.0 120 Intra N Incarcerated hernia N/Y/Y/Y
59 M 64 28.5 28 Intra N Chronic pain N/N/N/NA
60 F 42 50.5 96 Intra N Bowel obstruction N/Y/Y/NA
61 F 65 34.3 41 Intra N Sus rec hernia N/N/Y/Y
62 M 65 27.7 132 Intra N Sus rec hernia N/N/Y/Y
63 F 58 29.5 84 Intra NA Adhesion N/N/Y/Y
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classified into Class I or Class II based on the porosity. Two 
Class III mesh microscope images were similar but their 
overall shapes were different. Overall, the mesh explants rep-
resented 10 mesh structures of nine different commercially 
available mesh types.

Methods

Explanted mesh handling

The explanted meshes were handled carefully. Selected 
explanted meshes were thawed to room temperature and 
carefully flattened. Two mesh samples with 2 cm × 2 cm 
region of interest were cut for chemical and mechanical 
characterization. Mesh samples were rinsed with 0.02 M 
phosphate buffer solution (PBS) to remove excessive blood.
Mesh sample cleaning

The adhered tissues on the mesh samples were carefully 
removed using a 10-step modified cleaning protocol to avoid 
interference with subsequent analysis methods (Table 3) 

[10]. Tissues were enzymatically removed by immersing in 
1.5% NSPO034 protease solution (Novozymes, Bagsværd, 
Denmark) and 1.5% Alcalase 2.5 L (Novozymes, Bagsværd, 
Denmark) in 0.02 M phosphate buffer (pH = 7) at 50 °C for 
24 h, followed by 0.5% detergent (Novozymes, Bagsværd, 
Denmark) bath at 80 °C for 30 min. The tissue residues on 
mesh samples were further removed using fresh enzymatic 
solution and then fresh detergent solution for 2 h, respec-
tively, at 50 °C in ultrasonic bath. The enzyme and detergent 
residues were rinsed off by Millipore water in ultrasonic bath 
at 50 °C for 2 h. Mesh samples were disinfected by soak-
ing in 70% ethanol for 1 min and rinsed in Millipore water 
and vacuum dried at ambient temperature for chemical and 
mechanical characterization. Commercially available unused 
pristine meshes were processed as cleaned controls.

Cleaning validation

Validation of cleaned mesh samples included visual 
assessment under a stereo optical microscope (SMZ-168, 
Motic, Richmond, Canada) and chemical assessment with 

Table 2   Mesh structures (scale bar: 1000 µm)

Table 3   Mesh sample cleaning protocol

Step 1 Step 2 Step 3 Step 4 Step 5

Remove blood using PBS 
buffer

Digest tissues using 
enzyme solution at 50 °C 
for 24 h

Verify removal of tissues 
from mesh,

Yes → step 4
No → step 2

Rinse and leave in 0.5% 
detergent at 80 °C for 
30 min

Sonicate using fresh 
enzyme solution at 
50 °C for 2 h

Step 6 Step 7 Step 8 Step 9 Step 10

Sonicate using fresh 
detergent solution 50 °C 
for 2 h

Rinse and sonicate in Mil-
lipore water 50 °C for 2 h

Disinfect in 70% ethanol 
for 1 min

Rinse using Millipore 
water

Vacuum dry before charac-
terization
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Fourier-transform infrared spectroscopy (FTIR) (IRSpirit 
FTIR Spectrometer, Shimadzu, Kyoto, Japan), similar 
to the validation method reported by Thames, et al. [10]. 
Mesh samples with remaining adhered tissues were not 
translucent and had 1600–1690  cm−1 spectral peaks in 
FTIR, whereas clean mesh samples were translucent and 
the 1600–1690 cm−1 spectral peaks were absent. Based on 
preliminary testing, mesh samples were cleaned using the 
cleaning protocol (Table 3) until little improvement was 
observed under the microscope and the peak represent-
ing proteins in the region of 1600–1690 cm−1 (Fig. 1a, red 
curve) was not observed under FTIR (Fig. 1a, blue curve). 
The peak in the region of 3300 cm−1 was not used as protein 
indicator because the range of 3100–3600 cm−1 also repre-
sented hydroxyl groups [10, 39].

Surface degradation characterization

Change in  surface chemistry  PP mesh surface degrada-
tion was characterized by detection of surface chemical 
changes on the cleaned mesh samples compared to pristine 
cleaned controls. Surface chemistry was measured using 
FTIR (IRSpirit FTIR Spectrometer, Shimadzu, Kyoto, 
Japan). The mesh surface was scanned in the range of 500 to 
4000 cm−1 with resolution of 4 cm−1. Compared to pristine 
PP mesh (Fig. 1b), the mesh samples without surface chemi-
cal changes (Fig. 1a, blue curve) had similar FTIR peaks, 
but mesh samples with surface chemical changes (Fig. 1a, 
green curve) had evidence of carbonyl groups (1740 cm−1) 
[12, 19] or hydroxyl groups (3100–3600 cm−1) [5, 19]. The 
observation of carbonyl groups confirmed the oxidation of 
the PP chain. The observation of hydroxyl groups confirmed 
the cross-linking of the hydrogen bonds to the PP chain [39].

Although some meshes had absorbable films before 
implantation, such as poliglecaprone (Fig. 1c), the peaks 
(580 cm−1, 725 cm−1 and 1081 cm−1) representing poligle-
caprone film was not observed in explanted mesh samples, 
confirmed by FTIR (Fig. 1d) [40]. Explanted mesh sample 
#2 (Fig. 1d, red curve) and #7 (Fig. 1d, blue curve) were the 
same type mesh with absorbable materials (Fig. 1c) before 
implantation. Both mesh samples (Fig. 1d) were notably dif-
ferent from the pristine mesh samples with the intact absorb-
able layer (Fig. 1c) with reduction of peaks of 580 cm−1, 
725 cm−1 and 1081 cm−1. Both mesh samples (Fig. 1d) had 
peaks similar as pristine PP mesh (Fig. 1b), confirming the 
observation of carbonyl groups (~ 1740 cm−1) consistent 
with oxidative change in the PP surface chemistry.

Bulk degradation characterization

Change in crystallinity characterization  PP mesh bulk deg-
radation was characterized as the percent change in crys-
tallinity for the cleaned explanted mesh samples compared 
to pristine cleaned controls. The degree of crystallinity was 
measured using differential scanning colorimetry (DSC) 
(Q1000 DSC Instrument, TA Instruments, New Castle, DE). 
The mesh samples were heated from 25 to 200 °C with heat 
rate of 20  °C/min. The degree of crystallinity (Xc) of the 
mesh samples was calculated from the tested heat of fusion 
(Hf) to the heat of fusion of 100% crystalline polypropylene 
(Hf,100), which equals 209 J/g [39].

The change in crystallinity (Xc,changed) was determined by 
comparing to pristine cleaned controls (Xc,pristine).

The percent change in crystallinity was normalized rela-
tive to the crystallinity of pristine cleaned controls.

Due to the limited dimension of one explanted mesh, 62 
explanted meshes was characterized and generated crystal-
linity measures.

Change in  stiffness characterization  Indirect characterization 
of PP mesh bulk degradation was evaluated as a change in 
stiffness for the explanted mesh samples compared to pristine 
cleaned controls. Mesh stiffness was calculated from mechani-
cal behavior measured using a biaxial tensile test (BioTester, 
CellScale, Ontario, Canada). The mesh samples were precon-
ditioned by soaking in 1 × PBS solution at 37 °C for 15 min. 
The hydrated mesh samples were clamped on the biaxial tester 
equipped with orthogonal 23 N load cells and a high-resolution 
CCD imaging system for image-based strain measurement, 
leaving a 2 cm × 2 cm region of interest. Each test sample was 
preconditioned by 10 cycles of cyclic stretching at a speed of 
0.2 mm/s with displacement of 5% tensile strain in both direc-
tions, followed by a stretching at the same speed to peak tension 
[35]. Due to the anisotropic behavior of some mesh samples, all 
tested samples were aligned according to the notable longitu-
dinal (y-direction) and transverse directions (x-direction) [35]. 
The mesh stiffness Sx (N/cm) and mesh stiffness Sy (N/cm) 
were calculated as the slope of the linear region of the tension-
strain curves. The percent change in stiffness (Schanged%) was 
normalized relative to the stiffness of pristine mesh.

(1)Xc = Hf∕Hf ,100 (= 209 J∕g) × 100%

(2)Xc,changed = Xc,explanted − Xc,pristine

(3)Xc,changed% = Xc,changed∕Xc,pristine × 100%

(4)Schanged% = (Sexplantedmesh sample − Spristinemesh sample)∕Spristinemesh sample × 100%
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Fig. 1   FTIR of pristine and 
cleaned mesh samples. a FTIR 
of #56 after 1 cycle of 10-step 
cleaning (red) and after 2 cycles 
of cleaning (blue), compared 
to cleaned #41 (green) b FTIR 
of pristine (black) and cleaned 
pristine PP mesh (grey). c 
FTIR of cleaned pristine mesh 
with absorbable layer (grey) d 
FTIR of cleaned mesh samples 
after absorbance of absorbable 
layer #7 (blue) and #2 (red) 
after implantation (Color figure 
online)
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Due to the limited dimensions of some explanted mesh 
samples, only 35 explanted meshes underwent mechanical 
testing and generated stiffness measures.

Statistical analysis [41]

The measured results were the dependent variables in the 
analyses, specifically the surface chemical changes (Csurface) 
(Y/N), the crystallinity changes (Xc,changed%) and the stiff-
ness changes (Schanged%). The patient demographics, medi-
cal conditions, surgical location, and mesh classification 
(Table 4) were independent variables in the analyses. To 
address hypothesis 1, the bivariate relationship between each 
dependent variable and variable infection (Y/N) was tested. 
To address hypothesis 2, the bivariate relationship between 
each dependent variable and the mesh location (intra/extra-
peritoneal) was tested. To address hypothesis 3, the bivariate 
relationship between each dependent variable and mesh class 
(Class I, Class II, Class III) was tested.

Additional independent variables from patient and medi-
cal records such as sex (M/F), diabetes (Y/N), BMI, pervi-
ous hernia repair (Y/N), recurrent hernia (Y/N), smoking 
status (Y/N), implantation time (months), estimated year of 
implantation, and age at removal (years) were also used to 
(1) explore additional bivariate relationships between the 
dependent variables and independent variables not specifi-
cally addressed in the hypotheses; and (2) further test the 
relationships for the three hypotheses using all the inde-
pendent variables and a multivariate generalized regression 
model.

Traditional statistical methods were used to test the bivar-
iate relationships with attention to the nature of the vari-
ables (categorical or continuous) and the actual distributions 
(binomial or multinomial for categorical, normal or non-
normal for continuous). The relationships between binomial 
dependent variables and binomial independent variables 
were analyzed with a Chi square test, or a Fisher’s exact 
test, depending on sample size. The relationships between 
binomial dependent variables and multinomial independent 
variables were analyzed with Cochran Armitage trend test. 
The relationships between continuous dependent variables 
and binomial independent variables were analyzed using 
the T test, or the Wilcoxon rank test, depending on normal 
vs non-normal distribution of the dependent variables. The 
relationships between continuous dependent variables and 
multinomial independent variables were analyzed using the 
one-way ANOVA test, or the Kruskal Wallis test, depending 
on normal vs non-normal distribution of the dependent vari-
ables. If the tests indicated significant differences among the 
dependent variable means, then Tukey’s post hoc test was 
used to look at specific differences in the pairs of means. 
The relationships between continuous dependent variables 
and continuous independent variables were analyzed using 
Pearson or Spearman correlation, depending normal vs non-
normal distribution of the variables.

Subsequently, the variables were combined into a mul-
tivariate model by developing a generalized linear model 
(including all the independent variables), and then using 
independent variable selection (Adaptive Lasso with AICc 
Validation and univariate p-value ≤ 0.20 for inclusion) to 

Table 4   Variables and 
traditional statistical analysis 
methods

Independent variables Dependent variables Statistical analysis

Patient variables Measured results
 Sex (M: n = 31/ F: n = 32)  Csurface (Y/N) Chi square or Fisher’s exact

 Xc,changed%
 Schanged%

T test or Wilcoxon rank

 Implantation time (months) (n = 59)
 Age at removal (years) (n = 63)
 BMI (n = 63)

 Csurface (Y/N) T test or Wilcoxon rank
 Xc,changed%
 Schanged%

Pearson or Spearman correlation

Medical variables Measured results
 Diabetes (Y: n = 16/ N: n = 46)
 Previous hernia repair (Y: n = 44/ N: n = 18)
 Recurrent hernia (Y: n = 52/ N: n = 3)
 Infection (Y: n = 8/ N: n = 53)
 Smoking (Y: n = 4/ N: n = 59)

 Csurface (Y/N) Chi square or Fisher’s exact
 Xc,changed%
 Schanged%

T test or Wilcoxon rank

Surgical variables Measured results
 Mesh location (intra: n = 24/extra: n = 38)  Csurface (Y/N) Chi square or Fisher’s exact

 Xc,changed%
 Schanged%

T test or Wilcoxon rank

Mesh variables Measured results
 Mesh class (Class I: n = 22, Class II: n = 23, 

Class III: n = 18)
 Csurface (Y/N) Cochran Armitage trend
 Xc,changed%
 Schanged%

One Way ANOVA or Kruskal Wallis
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determine a reasonable combination of the independent vari-
ables that was related to each dependent variable. Using this 
approach, residuals typically satisfy assumptions for para-
metric analysis.

All statistical computations were performed using JMP® 
Pro 14 (SAS Institute Inc, Cary, NC, USA) and α was set at 
0.05 for the hypothesis tests.

Results

Forty-six of the 63 FTIR tested mesh samples (73%) exhib-
ited evidence of surface chemical changes. Twenty-one of 
the 62 DSC tested mesh samples (34%) exhibited crystal-
linity above or below the pristine control range. Thirty-five 
of the 35 mechanically tested mesh samples (100%) exhib-
ited changed stiffness behavior compared to pristine control 
mesh.

Surface degradation characterization

Change in surface chemistry

Forty-six of the 63 tested mesh samples (73%) exhibited 
evidence of surface chemical changes, including 14 of 22 
Class I mesh samples (64%), 18 of 23 Class II mesh sam-
ples (78%) and 14 of 18 Class III samples (78%). PP mesh 
surface chemical changes were independent from mesh class 
(Cochran Armitage, p > 0.05) and not related with patient, 
surgical, and medical factors (Chi square or Fisher’s exact, 
Wilcoxon rank or T test, p > 0.05).

When sublay and intra-peritoneal locations were coded 
into same group as recoded mesh placement location, Csurface 

was dependent on recoded mesh placement location (univar-
iate, p = 0.03) (Fig. 2). Multivariate associations with Csurface 
were evaluated for recoded mesh placement location (uni-
variate, p = 0.03) and recurrent hernia (univariate, p = 0.20) 
based on the estimated model selection from all possible 
combined predictors. Recoded mesh placement location 
(multivariate, p = 0.08) or recurrent hernia (multivariate, 
p = 0.22) did not affect mesh surface degradation (Table 5).

Bulk degradation characterization

Change in crystallinity characterization

Twenty-one of the 62 DSC tested mesh samples (34%) 
exhibited crystallinity above or below the pristine control 
range (41.9% to 50.0%) (Fig. 3a). When normalized relative 
to the crystallinity of pristine mesh, eight of the 62 samples 
(13%) had Xc,changed% outside 10% range (Fig. 3b), with an 
average decrease of 2.5% (SD: 5.1%) (SD: standard devia-
tion) for Class I, increase of 4.1% (SD: 6.0%) for Class II, 
and increase of 1.8% (SD: 8.4%) for Class III mesh samples 
(Table 5). Mesh class was a factor affecting changed crys-
tallinity with significantly decreased crystallinity in Class I 
mesh samples compared to Class II mesh samples (One-way 
ANOVA with post hoc, p < 0.01). Changed crystallinity was 
also correlated with age at removal (Pearson, p = 0.03) but 
not correlated with other patient, surgical or medical factors 
(T test, Spearman or Pearson, p > 0.05).

Multivariate associations with Xc,changed% were evalu-
ated for mesh class (univariate, p = 0.004), BMI (univari-
ate, p = 0.15), and age at removal (univariate, p = 0.03) 
based on the estimated model selection from all pos-
sible combined predictors (Table 5). Mesh class was a 

Fig. 2   Csurface (Y/N) count 
distribution (n = 62) based on 
recoded mesh placement loca-
tion (sublay and intra-peritoneal 
vs other locations). Each mesh 
was labeled according to mesh 
class. Eight mesh samples from 
infected patients were labeled as 
bold black
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factor significantly affecting Xc,changed% (multivariate, 
p = 0.008) while controlling for effects of BMI (multivari-
ate, p = 0.24) and age at removal (multivariate, p = 0.17). 
The fit of the estimated model was at r2 of 0.23.

Change in stiffness

Thirty-five of the 35 mechanically tested mesh samples 
(100%) exhibited changed stiffness behavior compared to 
pristine control mesh. The measured stiffness of cleaned 

Table 5   Significant univariate and multivariate results from the generalized linear model

*p < 0.05

Outcome Univariate models Mean/Median p Value Multivariate models p Value

Csurface Recoded mesh placement Dependent 0.03* Recoded mesh placement
Recurrent hernia

0.08
Recurrent hernia Independent 0.20 0.22

Xc,changed% Mesh class Meanclass I = (− 2.5 ± 5.1) %
Meanclass II = (4.1 ± 6.0) %
Meanclass III = (1.8 ± 8.4) %

0.004* Mesh class 0.008*

BMI r = − 0.18 0.15 BMI 0.24
Age at removal r = 0.27 0.03* Age at removal 0.17

Sx,changed% Infection Meaninfected = (− 66.7 ± 13.4) %
Meanno = (− 36.6 ± 21.6) %

0.01*

Sy,changed% Infection Meaninfected = (− 64.9 ± 16.1) %
Meanno = (− 28.1 ± 25.0) %

0.01*

Fig. 3   Results of measured 
crystallinity (%) and calcu-
lated Xc,changed%. a Measured 
crystallinity of all explanted 
mesh samples (n = 62) grouped 
in mesh class, compared to 
pristine controls (shaded area). 
b Normalized percent change 
in crystallinity (Xc,changed%) 
grouped in mesh class, relative 
to pristine controls. 10% range: 
shaded area
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explanted mesh samples ranged from 16.3 to 145.0 N/cm 
in x direction and from 13.7 to 266.7 N/cm in y direction, 
compared to the range of pristine controls ranging from 80.7 
to 158.5 N/cm in x direction and 134.9 to 265.2 N/cm in y 
direction (Fig. 4a). When normalized relative to the stiffness 
of pristine control mesh, Schanged% ranged from decreased 
86.1% (− 86.1%) to decreased 5.5% (− 5.5%) in x direction 
and decreased 89.8% (− 89.8%) to increased 4.9% (+ 4.9%) 
in y-direction (Fig. 4b). PP mesh stiffness changes in x- and 
y-directions were significantly decreased compared to pris-
tine controls (One sample t test, p < 0.05).

Mesh samples from infected patients had average Sx,changed% 
and Sy,changed% of -66.7% (SD: 13.4%) and -64.9% (SD: 
16.1%), compared to mesh samples from patients without 
infection averaging Sx,changed% and Sy,changed% of -36.6% (SD: 
21.6%) and -28.1% (SD: 25.0%) (Fig. 5). Infection was a factor 
significantly affecting Schanged% in both x- and y-directions (T 
test, p = 0.01). Changed stiffness was not related with mesh, 
patient, surgical and other medical factors (One-way ANOVA, 
T test, Pearson or Spearman, p > 0.05). The estimated model 
of all possible combined predictors for both Sx,changed% and 
Sy,changed% only selected infection for multivariate associations.

Fig. 4   Results of stiffness (N/
cm) and calculated Schanged%. 
a Stiffness (Sx and Sy) of 
all explanted mesh samples 
(n = 35) grouped by mesh class, 
compared to pristine controls 
(shaded area). b Normalized 
percent change in stiffness 
(Schanged%) grouped by mesh 
class, relative to pristine 
controls
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Relation between surface and bulk degradation

Only 35 explanted mesh samples had data from all three 
characterization methods (surface chemical change, crystal-
linity and stiffness). Surface degradation was characterized 
by detection of surface chemical changes. Bulk degrada-
tion was characterized by changes in crystallinity and stiff-
ness. Mesh surface chemical change was not a factor affect-
ing changes of crystallinity or stiffness (T test, p > 0.05). 
Twenty-four of the 35 mesh samples (69%) with surface 
degradation had median Xc,changed% of + 4.6%, compared 
to + 3.1% of the 11 mesh samples without surface degra-
dation. Mesh samples with surface degradation had aver-
age Sx,changed% and Sy,changed% of − 43.2% (SD: 22.5%) and 
− 36.2% (SD: 24.6%), compared to − 35.3% (SD: 23.5%) 
and − 24.7% (SD: 29.6%) of mesh samples without surface 
degradation. The changed crystallinity was not correlated 
with the changed stiffness (Pearson, p > 0.05).

Discussion

This study explored mechanisms potentially contributing to 
PP mesh degradation using 63 explanted PP mesh samples 
with documentation of basic patient demographics, clinical 
history and details of mesh structures. The material changes 
were characterized using surface chemistry changes, crystal-
linity changes, and stiffness changes consistent with chemi-
cal and physical markers cited as evidence of in vivo PP deg-
radation in previous studies [6, 12–15]. Compared to pristine 
control samples, subsets of mesh explants had evidence of 
surface oxidation, altered crystallinity, or changed mechani-
cal properties. The findings in this study supported the pro-
posed hypotheses that: (1) infection was a factor affecting 
stiffness changes; (2) mesh with small pore size (mesh class) 
was a factor affecting crystallinity changes normalized to 

pristine controls. However, the study failed to support the 
hypotheses that: 1) infection was a factor affecting surface 
chemistry changes and crystallinity changes; (2) mesh class 
was a factor affecting surface chemistry changes and stiff-
ness changes; (3) mesh placement location was a factor 
affecting PP material changes.

Multivariable associations used an estimated model to 
evaluate the significant impact of certain independent pre-
dictors on PP mesh material changes when combining all 
possible predictors [41]. This study confirmed the significant 
impact of mesh class for changes in crystallinity (Xc,changed%) 
when combining all possible predictors (Table 5), consistent 
with other in vitro and in vivo studies [5, 42, 43]. Mesh class 
significantly affected Xc,changed% in both univariate (uni-
variate, p = 0.004) and multivariate analysis (multivariate, 
p = 0.008), indicating crystallinity stability was determined 
by mesh class even with consideration of all possible pre-
dictors. This study used Xc,changed% instead of Xc due to the 
different measured crystallinity of pristine meshes ranging 
from 41.9 to 50.0% (Fig. 3), determined by manufacturers 
[5, 42]. As to surface oxidation (Csurface), although there was 
a trend for PP mesh surface oxidation when mesh implanted 
in sublay and intra-peritoneal location (univariate, p = 0.03) 
(Fig. 2), Csurface was independent on mesh implantation loca-
tion in estimated model (multivariate, p = 0.08) (Table 5), 
indicating Csurface was not associated with any specific 
predictor when considering all possible predictors. As to 
changes in mesh stiffness (Schanged%), although infection was 
a significant factor for Sx,changed% and Sy,changed% (univariate, 
p = 0.01), it was unable to be analyzed in multivariate asso-
ciations (Table 5), possibly due to the small sample size of 
only four mesh samples from infected patients, compared to 
31 mesh samples from non-infected patients.

Evaluating explanted PP mesh material changes and their 
associations with clinical characteristics is important to pre-
dict the risk factors on PP mesh degradation. In this study, 

Fig. 5   Schanged% of mesh 
samples from infected patients 
(n = 4) compared to mesh sam-
ples from non-infected patients 
(n = 30) in both x and y direc-
tions. Infection was a factor 
significantly affecting Schanged% 
(univariate, p = 0.01)
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46 of 63 explanted mesh samples (73%) had evidence of PP 
mesh surface chemistry changes (Fig. 2), but only eight of 
62 explanted mesh samples (13%) had normalized crystal-
linity changes greater than 10% range, compared to pris-
tine controls (Fig. 3b). Regardless of the material changes 
noted, none of the explanted mesh had evidence of gross 
mesh rupture while in clinical use. Due to the small number 
of explanted mesh with evidence of material changes, it was 
not possible to discern whether the material changes had any 
impact on the clinical factors.

Evidence of polymer oxidation has occurred in other 
implanted polymeric biomaterials and is linked to expo-
sure to mechanical stress or an oxidizing environment [44]. 
In this study of explanted PP hernia mesh, there was evi-
dence of surface chemical changes consistent with oxidation 
(46 of 63, 73%) and altered crystallinity (21 of 62, 34%). 
These results are similar to the 49% incidence reported for 
explanted PP pelvic floor mesh [16]. Therefore, it is use-
ful to consider known mechanisms contributing to chemi-
cal changes in pelvic floor mesh explants while recogniz-
ing differences between the physiological environments in 
the abdominal wall and pelvic floor. Different from meshes 
implanted in the abdomen, pelvic floor surgical meshes are 
exposed to higher tension and have relatively greater risk 
of exposure to bacteria from the outside environment [21], 
resulting in higher mechanical strains and accumulation of 
ROS due to bacterial adherence. The estimated static loads 
on implanted pelvic mesh are 10.5–15.5 N/cm, compared 
to loads of 7.5 N/cm for implanted hernia mesh [21]. Pelvic 
surgical mesh degradation tends to occur due to the polymer 
chain scission induced by mechanical strains or the infusion 
of ROS, and further studies are needed to determine if simi-
lar mechanisms exist in hernia mesh [16, 21].

Rigorous attention to mesh cleaning is critical to avoid 
false observation of mesh surface oxidation associated with 
ineffective cleaning [10]. The current study used a 10-step 
modified cleaning protocol (Table 3) and repeated cleaning 
cycles to avoid interference with subsequent analysis meth-
ods. The use of enzymatic solutions instead of sodium chlo-
ride to remove tissues reduced the risk of oxidative residues 
due to sodium chloride exposure [5, 45]. The repeated use 
of enzymatic solutions assisted removing adhered proteins 
[10], caused by protein adsorption on the PP mesh surface 
after implantation [46]. The use of fresh frozen explanted 
PP mesh instead of formalin-fixed explanted PP mesh 
eliminated the formalin-fixed proteins strongly adhered 
to the mesh surface due to the chemical process of fixa-
tive crosslinking [3, 10, 16]. Formalin-fixed proteins can 
have a morphology similar to PP surface cracking, which 
is difficult to distinguish from PP degradation under scan-
ning electron microscopy (SEM) [10]. The current study 
used FTIR to precisely distinguish adhered proteins and PP 

surface oxidation (Fig. 1a), avoiding false observation of 
mesh surface cracking with SEM [9–11].

Several limitations are noted. (1) Due to the nature of 
implant retrieval analysis after revision surgery [45], patient 
selection to control the clinical and surgical factors was not 
possible and it was unknown if these findings can be gener-
alized to a broader population. (2) Due to the relative short 
implantation time (median 24 months), material changes 
expected for longer in vivo durations should not be extrapo-
lated from the reported data. (3) It was difficult to generalize 
the relationship between infection and material changes due 
to the small number of infection cases. (4) There was limited 
documentation of mesh selection at index surgery and it was 
unknown whether the PP mesh had absorbable components 
or fibers containing antioxidants. Antioxidants can alter the 
surface chemistry changes caused by infection or chemicals 
in peritoneal fluid, compared to PP monofilaments without 
antioxidants [3, 10]. In vivo resorption of absorbable com-
ponents in PP mesh can reduce mesh stiffness (Fig. 4) [47] 
compared to mesh without absorbable component [3, 5, 43], 
interfering with the observation of monofilament PP mesh 
stiffness changes in the current study. Such in vivo resorp-
tion also increased the difficulty of identifying mesh types 
due to the same mesh structure used for mesh with and with-
out absorbable component. For example, the absorbance of 
PDS/oxidized cellulose in Proceed® results in same mesh 
structure and same chemistry as Prolene® Soft.

There is a need for direct measurement of ROS in vivo 
to explore the proposed PP mesh degradation mechanism 
involving ROS accumulation, which are capable of PP 
radical scission [3, 5]. In cases of infection, the immune 
response triggers ROS release to attack bacteria by reacting 
with organic molecules [17, 48–50], but ROS also exist in 
the process of wound healing to induce vascular endothelial 
growth factor expression [51] and the formation of peri-
toneal tissue adhesion [52]. In the current study, 88% of 
mesh samples from infected cases and 70% of mesh sample 
from non-infected patients had surface oxidation (Fig. 2), 
which supports the presence of ROS in both patient subsets, 
according to the results from other in vitro studies [5, 19]. 
The direct measurement of ROS [17] would assist more pre-
cise categorization of the current in vivo dataset.

Similarly, there is a need for estimating in vivo mechani-
cal strains on mesh to explore the proposed PP mesh degra-
dation mechanism involving mechanical strains in the mesh, 
which are capable of increasing localized stress and causing 
polymer chain scission [7, 12, 20, 21]. Mechanical strains 
in mesh can be influenced by fibrous capsulation or scar 
formation [21], excess abdominal adipose tissues [53], and 
altered wound healing process due to diabetes or smoking 
[53]. Mechanical strains induced by the same applied tension 
magnitude can also vary due to mesh knitting structures [35], 
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as confirmed by the different stiffness ranges for pristine 
control mesh of different mesh classes (Fig. 4a). Although 
the current study analyzed the associations between meas-
ured material changes and comorbidities (Table 5), such as 
BMI, diabetes, smoking status, the findings could not reflect 
the impact of quantified mechanical strains on PP mesh deg-
radation. The direct measurement of mechanical strains [54] 
could assist statistical correlation of mesh degradation and 
material changes.

Conclusion

Highly variable in vivo conditions expose mesh to mecha-
nisms that alter clinical outcomes and potentially contrib-
ute to mesh degradation. These PP mesh explants after 
0.5 to 13 years in vivo had measurable changes in sur-
face chemistry, crystallinity and mechanical properties, 
with significant trends associated with factors of mesh 
placement, mesh class, and infection. Using multivariate 
statistical approach to control for clinical characteristics, 
infection was a significant factor affecting mesh stiffness 
changes and mesh class was a significant factor affect-
ing PP crystallinity changes. However, direct measures of 
ROS concentrations in the peritoneal fluid before retrieval 
surgery are needed to generate a direct relationship 
between ROS concentrations and mesh material changes. 
This relationship would provide an estimate of the severity 
of the inflammatory response and potential mesh mate-
rial changes during in vivo exposure in patients. Given 
that mesh structures and mesh materials are commonly 
modified by manufacturers or removed entirely from the 
market, it is recommended that material properties for 
pristine meshes implanted in patients should be regularly 
measured and reported using standard methods.
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