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Abstract :   

Purpose: 
This study aims at evaluating the non-invasive Magnetic Resonance Imaging (MRI) technic to visualize a synthetic 
composite hernia mesh using a rodent model and to document the integration of this device over 4 months.  
Methods: 
Uncoated polyethylene terephthalate mesh and synthetic composite mesh—faced on the visceral side with a 
chemically engineered layer of copolymer of glycolide, caprolactone, trimethylene carbonate, and lactide to 
minimize tissue attachment—were placed intraperitoneally in rats, facing the caecum previously scraped to 
promote petechial bleeding and subsequent adhesions. Meshes fate follow-up was performed 4, 10, and 16-weeks 
post-implantation using a rodent dedicated high field MRI. Magnetization transfer (MT) images were acquired, 
associated with pneumoperitonealMRI performed after intraperitoneal injection of 8 mL gas to induce mechanical 
stress on the abdominal wall. 
Results: 
Uncoated meshes were clearly visible using both T2-weighted and MT imaging during the whole study while 
composite meshes conspicuity was not so evident on T2-weighted MRI and could be improved using MT imaging. 
Adhesions and collagen infiltration were massive for the uncoated meshes as expected. On the contrary, composite 
meshes showed very limited adhesion, and, if any, occurring at the edge of the mesh, starting at the fixation points. 
Conclusions: 
Magnetization transfer imaging allows to detect mesh integration and, associated with pneumoperitoneum, was 

able to probe the effective minimizing effect of the synthetic polymeric barrier on visceral attachments. However, 

magnetization transfer imaging could not unambiguously allow the visualization of the mesh through the 

polymeric barrier. 
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Introduction 

Hernia textile-based meshes are intended for the 
reinforcement of abdominal wall soft tissue where 
weakness exists. Intra-abdominal meshes are  
frequently used for ventral hernia repair (VHR) and 
are associated with a low hernia recurrence rate 
when compared to simple surgical suturing of the 
abdominal wall hernia defects[1]. Intra-abdominal 
hernia mesh key characteristics include  excellent 
biocompatibility so it integrates well into the 
abdominal wall tissue, and low to lack of 

adhesiogenicity minimizes abdominal adhesion to 
the mesh [1]. One strategy to decrease the 
adhesiogenicity of textile-based intra-abdominal 
meshes is to coat one of the surfaces of the mesh 
with a minimizing tissue attachment barrier that 
decreases the risk of abdominal adhesion to form. 
This type of mesh is called composite mesh. Despite 
the usage of composite meshes with optimal 
characteristics post-operative complications may 
still occur due to both the direct contact between 
the mesh and the abdominal viscera and the 
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inflammatory reaction that occur as a consequence 
of the implantation of the mesh in living tissue and 
of the resulting wound healing process. One of the 
leading complications associated with the use of 
intra-abdominal meshes is the development of 
abdominal adhesions[2]. There is therefore a critical 
need for non-invasive medical imaging tools and 
techniques to assess and document post-
implantation mesh evolution and to better diagnose 
complications such as intra-abdominal adhesion. 
Computed tomography and ultrasonography are 
the commonly used non-invasive medical imaging 
technique used to clinically postoperatively monitor 
VHR patients [3]. These methods remain with 
limited performances when it comes to detect thin 
polymeric materials and abdominal visceral 
adhesions. Mesh visualization using Magnetic 
Resonance Imaging (MRI) technique has been 
achieved after contrast agent incorporation into 
meshes to make them MRI-visible[4–9]. A recent  
preclinical study showed that a collagen coated 
mesh can be imaged over time  using Amide Proton 
transfer MRI[10]. Regarding abdominal adhesions 
to the mesh, Cine-MRI in humans[11] and in 
experimental rodents using pneumoperitoneal-
MRI[12] was proven useful to document this side 
effect. Despite the large range of offered contrasts, 
the high spatial resolution and the absence of 
radiation exposure, MRI usually does not allow to 
easily image the meshes and remains an emerging 
technique for the exploration of VHR complications.  

The aim of this study was therefore to evaluate the 
integration and the minimization of visceral 
attachments of an intra-abdominal synthetic hernia 
mesh, using long-term non-invasive MRI 
longitudinal follow-up. The Behaviour of a 
macroporous polypropylene mesh, covered on one 
side with a barrier layer of copolymer of glycolide, 
caprolactone, trimethylene carbonate, and lactide, 
was explored in a rodent caecal abrasion model[12, 
13] and compared to the fate of a bare  
polyethylene terephthalate hernia mesh.  

Materials and methods: 
In vivo mesh implantation 

The study was performed following the regulations 
of the French Ministry of Agriculture and the 
protocol was approved by the Committee for the 
Ethics of Animal Experiments of the ‘Pays de la 
Loire’ (Permit no. APAFIS#1733-
2015083114252179) in accordance with the EU 
Directive 2010/63/EU. 

Two types of meshes were used in this study. Each 
type of mesh was implanted in Sprague-Dawley rats 
(240-320g, Angers University/Hospital animal 

Facility, Angers, France) (n=6 per type of mesh).  The 
first type of mesh was a synthetic composite mesh 
composed of a non-resorbable macroporous 
polypropylene textile coated on one side with an 
absorbable synthetic resorbable barrier (copolymer 
glycolic acid/lactic acid/trimethylene 
carbonate/caprolactone) for minimizing tissue 
attachment to the mesh [14].  The second type of 
mesh was a polyethylene terephthalate (PET) 
multifilament textile without barrier. The PET was 
used as a positive control for the development of  
soft tissue visceral attachment [12, 15] to the mesh. 
Tissue attachments was induced , using a caecal 
abrasion and a peritoneal defect model previously 
described [12, 13]. Briefly, fifteen minutes before 
the surgery, rats were injected intramuscularly with 
10µg/kg Buprenorphine (Vetergesic, Sogeval, 
France) for perioperative pain relief. Under 
isoflurane anaesthesia (Isoflurane Belamont, 
France, 5-2%, O2: 0.8L/min) a midline incision of the 
skin and abdominal wall, the caecum was 
externalized and abraded using gauzes and a 
scalpel. The caecum was then allowed to air dry and 
during this period, a surgical defect was created by 
removing the peritoneum and some muscle fibers 
of the abdominal wall facing the cecum. The tested 
meshes (25mm X 15mm) were sutured to the 
abdominal wall over the peritoneal defect with a 
non-absorbable 6/0 suture with one stitch at each 
corner of the article. The composite mesh was 
placed with the minimizing tissue attachment 
barrier facing the abraded cecum. The linea alba 
was sutured with a non-absorbable suture and the 
cutaneous layer was closed using a running stitch of 
an absorbable suture. A dressing was applied to the 
abdomen. The rats were allowed to recover in 
individual cages for 24h, before being housed in pair 
to respect their social behaviour.  
 
In vivo Magnetic Resonance Imaging. 

MRI examination of the abdominal cavity was 
performed with a 7T scanner (Biospec 70/20 Avance 
III, Bruker, Wissembourg, France) equipped with a 
BGA12S gradient system (675mT/m) and a 72-mm 
proton volume resonator for radiofrequency 
excitation and signal reception. All imaging 
acquisitions were performed using ParaVision ® 
6.0.1, under isoflurane anesthesia (5-2%, O2: 
0.8L/min). Animal body temperature was 
maintained throughout the experiment by hot 
water circulation in the animal bed. Respiration was 
monitored using a small animal monitoring and 
gating system, model 1025, SA instrument, NY, USA. 

MRI visualization of the mesh was performed at 4, 
10 and 16 weeks after implantation. The latest time 
point was chosen according to preliminary studies 
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that have shown that the polymeric synthetic 
barrier resorbs within 16 weeks post-
implantation[14]. The 10-week time point was 
supposed to offer an intermediate situation 
whereas at 4-weeks, the polymeric film should still 
be in place and the remodelling/inflammation 
associated the mesh integration should not 
jeopardize the image quality. For the follow-up, all 
animals were scanned at weeks 4 and 10. At week-
10, three animals of each group (composite mesh or 
PET implanted groups) were also scanned by 
pneumoperitoneal-MRI to visualize possible tissue 
adhesions before being euthanized for autopsy. The 
remaining 6 animals (composite mesh n=3 and PET 
n=3) were imaged 16 weeks after implantation to 
explore mesh visualization and possible visceral 
attachments before being euthanized for autopsy. 

Mesh visualization and pneumoperitoneal-MRI by 
T2 weighted (T2-W)  

After a set of scout images, respiration gated T2 
weighted fast spin-echo images (TE/TR = 23/920ms, 
echo train length= 8, slice thickness = 1 mm, field of 
view of 55mm, matrix 256², in plane-resolution = 
0.215 mm, 8 averages; with an active fat saturation 
using a frequency selective 90° pulse, Gaussian, 
2.61ms, BW 1050 Hz, applied to a frequency offset 
of 3.5ppm relative to water, with gradient spoiler to 
suppress transverse magnetization produced by the 
pulse) with up to 12 slices were acquired for mesh 
visualization in the axial plane. 

This same sequence was also used to visualize tissue 
adhesions by pneumoperitoneal-MRI. In this case, 
an abdominal wall displacement was induced 
before images acquisition. A 5-mm skin incision was 
performed, under isoflurane anaesthesia, on the 
right side of the rat abdomen. A 2-mm outer 
diameter trocar was used to pass through the 
muscular layer, allowing the introduction of a 1-mm 
diameter polypropylene catheter, which was then 
used for the injection of 8 mL of 0.22μm filtered air 
within the rat abdomen to induce abdominal 
distension[12].  

Mesh visualization by Magnetization Transfer 
(MT) MRI  

Magnetization transfer images were obtained with 
a gradient echo FLASH sequence (TE/TR = 2.4/33ms, 
flip angle 10°,  one slice of 1mm thickness, field of 
view of 55mm, matrix 139x172 reconstructed to 
256², in plane-resolution = 0.215 mm, 40 averages 
and fat saturation active) with or without 
saturation. The saturation was obtained using a 
Gaussian radiofrequency pulse of 20ms with a peak 
B1 amplitude of 25µT at an offset frequency of 
2000Hz.  Magnetization transfer ratio (MTR) was 

measured on MTR calculated images according to 
the following formula 100*(MToff-MTon)/MToff. 
MTR at the mesh level was measured from regions 
of interest drawn on the T2 anatomical images, 
pasted on the MTR images after thresholding. 
Thresholding was performed by eliminating the 
populations of low or high MTR pixels whose 
occurrence was less than 20% of the population of 
the most represented pixels. This thresholding 
allowed to remove obviously inaccurately 
calculated MTR leading to a reduction of the surface 
area of about 20%. 

 Histological analysis 

At 16-week time point, macroscopical observations 
of the meshes were performed before careful 
harvesting and fixation in formalin solution for 
further histological preparation and analysis. 

For slide preparation, the samples were dried, 
dehydrated, and embedded in paraffin. Transversal 
microtome cutting (4µm slide thickness), on the 
medial and distal areas of the samples was 
performed. For each slide, 2 samples were prepared 
and stained by Haematoxylin-Eosin (HE) and 
Masson Trichrome (TM). 

The slides were then scanned using an Aperio 
Scanscope CS2, Leica. Collagen content surrounding 
the meshes were evaluated using ImageJ. Cellular 
identification was performed according to cell 
morphology.  

Statistics 

This study is mainly descriptive. No statistics are 
carried out on the MTR data points as they are 
numerously too limited. The statistical power 
associated with the different tests is too low in this 
context to consider implementing them in a 
relevant and adequate way. 

Results: 
After 4 weeks, bare PET meshes were clearly visible 
during MRI examination on all rats, appearing as a 
heterogeneous line on T2 weighted images, up to 
1.5mm thick, (figures 1 a and 2 a). For all the 
animals, the mesh was located right over the 
cecum. The PET mesh contrast on the T2 weighted 
images stayed stable for the 16 weeks study period 
in all the animals (figure 2 a, e, i). PET meshes were 
clearly visible on MTR images throughout the entire 
experimental procedure (figure 2 b, f & j). The mean 

MTR for the PET mesh (n=6) is 757 at 4 weeks, 

754 at 10 weeks & 741 at 16 weeks (figure 3).    
The synthetic composite meshes detection was not 
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Figure 1 : Meshes implantation: meshes were fixated by 
four stitches to the abdominal wall (blue mark) facing the 
caecum (yellow mark). Axial T2-weighted images show 
the meshes localisation 4 weeks after implantation of PET 
(a) pointed by a red arrow and of composite mesh (b) by a 
green one.  

 evident on T2-weighted images. The meshes 
appeared as a thin line of up to 0.5mm of thickness 
(figures 1 b and 2 c). Ten and sixteen weeks after 
implantation, the visualization remained not 
obvious (figure 2 g, k).  

 

Figure 2: Representative axial magnetization transfer (b, d, f, h, j, 
l) and corresponding T2-weighted images (a, c, e, g, I, k) of PET 
(pointed by a red arrow) and composite mesh (pointed by a green 
arrow) meshes at 4 (a-d), 10 (e-h) and  16 (i-l) weeks after 
implantation. The caecum is pointed by the yellow mark.  

For better contrast, magnetization transfer images 
were acquired. Four weeks after implantation, the 
composite meshes appear as a thin line with an MTR 

ratio of 753 whereas the abdominal wall was 

characterized by an MTR ratio of 834 (figure 3).  

 

Figure 3: Evaluation of MTR evolution with mesh integration. Red 
circles ( ) correspond to MTR values measured for the bare 3D 
PET mesh and blue squares ( ) to values measured for the 
composite mesh. The dashed box corrresponds to the the normal 
values in abdominal wall. 

At later experimental points, the MTR ratio at the 
mesh level was equivalent to the MTR ratio within 
the abdominal wall (figure 3) suggesting an efficient 
integration of the mesh without massive 
remodeling (figure 2 h, l). This observation has to be 
considered in the light of the histological analysis 
showing the thin layer of collagen surrounding the 
composite meshes as opposed to the substantial 
collagen deposit onto the thicker PET mesh (figure 
4A). A detailed analysis of the histological slices 16 
weeks post-implantation reveals that in the 
composite mesh vicinity (figure 4B, collagen 
production is limited and represents, in surface, 25-
30% of the implant. Giant cells, illustrating the 
reaction to foreign body are numerously limited 
(figure 4D).  Regarding the bare PET mesh, the 
collagen deposit is more important as it represents 
40-50% of the implant surface. Giant cells are also 
limited in numbers (figure 4C).  

 

Figure 4 : Representative histological slice of bare 3D PET (frames 
A-C) and composite (frames B-D) meshes 16 weeks post 
implantation. Frames A & B are Masson trichrome staining and 
frames C & D are enlargement of H&E staining.  Yellow arrows 
point at giant cells and stars at yarns.  

Alongside with mesh detection, visceral 
attachments to the meshes at 10 weeks and 16 
weeks post-implantation, using pneumoperitoneal-
MRI before necropsy was assessed. This technique 
consists in the injection of gas within the abdomen 
of the rats in order to displace the abdominal wall 
at distance from the visceral tissue. As the meshes 
are attached to the abdominal wall when 
implanted, if subsequent adherences occur, any 
displacement of the wall will pull the visceral tissue 
and reveal the attachment. Ten weeks (figure 5a) or 
16 weeks after implantation (figure 5c), massive 
adhesions are observed between the bare PET 
meshes and the caecum, the latest remaining in 
contact with the mesh despite the gas injection. This 
close contact was confirmed at necropsy (figure 6), 
as expected for a positive control. On the contrary, 
none of rats implanted with the synthetic 
composite meshes presented massive caecal 
adhesion or visceral attachment, the injected air 
being freely distributed between the guts and the 
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mesh. Only focal adhesions at fixation point (suture) 
or to conjunctive tissue (figures 5b and 6b) were 
observed.  

 

Figure 5 : Representative pneumoperitoneal-MRI of PET (a, c), 
pointed by a red arrow, and composite mesh (b, d), pointed by a 
green arrow, acquired 10 (a-b) and 16 (c-d) weeks after 
implantation are presented. The caecum is pointed by the yellow 
mark and the injected air by the pink one.  

Discussion: 
MRI is not the common method in clinical practice 
to monitor mesh outcome even though this method 
is reported in some preclinical or clinical 
researches[10, 12, 16, 17]  and present the major 
advantage to provide the ability for long term follow 
up of the same individual in a non-invasive manner. 
The major limitation of MRI to image intra-
abdominal meshes is linked to the thinness of the 
polymeric mesh filaments and their short signal 
relaxation times T2 that make them appear usually 
as dark fine lines or spots on the T2-weighted MR 
images. This characteristic was even reinforced with 
the association of iron oxide nanoparticles within 
the filament [17–19].  However, this type of contrast 
enhancement can also be jeopardized by the 
normal post-surgical evolutions or complications 
such as seroma, local inflammation, or foreign body 
reaction[3]. Besides, the abdominal environment is 
complex, with peristaltic or respiratory 
displacement that can impair the image quality 
when long acquisition time is required, even though 
the latter can be easily compensated with a 
respiration-triggered acquisition. So, depending on 
the adjacent structures signal (moderate intensity 
for abdominal wall or fat, no signal in the caecum), 
the mesh can be difficult to distinguish from the 
background. 
The emergence of barrier coated meshes, covered 
on one face with biological material such as 
hyaluronic acid/carboxymethyl cellulose 
(Sepramesh TM) or collagen (Parietex TM) to minimize 
visceral attachments once implanted into the 
peritoneal cavity could also be of interest from an 
MRI detectability point of view. Indeed for collagen 

coated, the presence of amide function can be used 
to create a contrast using amide proton 
transfer[10]. Nowadays, attention is also given to 
fully synthetic meshes with chemically engineered 
coating to minimize attachment. In the present 
study, we are exploring the MRI ability to document 
the fate of a synthetic composite mesh after 
implantation in a Rodeheaver type hernia model 
[12, 13] as compared to a non-coated non-
resorbable polyethylene terephatlate (PET) mesh 
used as a positive control for tissue attachment[12]. 
The studied composite mesh composed was made 
of non-absorbable polypropylene monofilament 
knitted textile, to favor tissue integration, and faced 
on one side with the absorbable synthetic 
copolymer of glycolide, caprolactone, trimethylene 
carbonate and lactide to minimize tissue 
attachment was proposed. As the polymeric 
synthetic barrier is to be resorbed within 105 
days[14], the follow up was planned for 4 months.  
In all animals enrolled in the present study and at 
each time points, whatever the mesh type, the 
prostheses were localised using standard T2-
weighted MRI (figure 2). The wider appearance of 
the thicker PET mesh compared to the composite 
mesh was mainly due to a higher deposit of collagen 
(figure 4). As expected, PET meshes bearing rats’ 
present massive attachment of the caecum 
membrane in contact with the mesh, as suggested 
by the ‘wavy shape’ and confirm on pneumo-
peritoneum MRI (Figure5) or at necropsy (figure6). 
This phenomenon was observed in all six rats. It 
should be noted that the localisation by the massive 
rat caecum, appearing as a hyposignal, greatly 
facilitate the mesh delineation. On the contrary, for 
the composite mesh the depiction can only be 
gained due to the high image resolution that can be 
achieved with the dedicated rodents MRI (figure 2). 
Moreover, the presence of the adherence limiting 
coating led to minimal adhesions between the 
caecum and the mesh as seen on the pneumo-
peritoneum MRI (figure 5) and at necropsy (figure 
6), which does not allow to benefit from intrinsic 
contrast brought by the ceacum.  

 
Figure 6 : Representative necropsy of PET (a), pointed by a red 
arrow, and composite mesh (b) , pointed by a green arrow, 
meshes 16 weeks after implantation.  The caecum is pointed by 
the yellow mark and the abdominal wall by the blue one. 
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The originality of this work stands on the evaluation 
of magnetization transfer MRI (MT-MRI) to depict 
mesh through the adherence limiting polymeric 
face and characterize the integration and 
remodelling associated with the implantation. MT-
MRI is based on the magnetization exchange 
between two proton pools, the macromolecular 
bound water protons and the unbound water ones 
[20, 21]. We have hypothesized that the presence of 
the polymeric resorbable barrier should be 
hydrated and therefore could constitute the bound 
water protons pool and could therefore allow the 
visualization of this barrier, at least at the early time 
point. However, and as shown in figure 3 The MTR 
measured at the coated or uncoated mesh level 4 
and 10 weeks post-implantation are similar and 
reduced compared to normal muscle, suggesting 
that the contrast is more driven by the 
inflammation induced by the implantation rather 
than to the polymeric film. The persistence of the 
composite mesh contrast observed on the MT 
images at 16 weeks is not consistent with mesh 
lifespan as it has been established that the barrier is 
resorbed within 105 days[14] and the change may 
reflect the natural evolution from an inflammatory 
situation to an integrative situation with deposit of 
a thin layer of neo-collagen [22] as observed on the 
trichrome staining.  Consequently, depiction of the 
adhesion limiting polymeric mesh layer could not be 
achieved using MT imaging. Nevertheless, and 
according to the MTR evolution with time, MT 
imaging might be a useful tool to evaluate the 
integration of the mesh and collagen deposit 
associated with the implant. The normalization of 
the MTR at the composite mesh level reflecting the 
efficient integration whereas the remaining low 
MTR value at  the control bare-PET mesh reflecting 
the thick collagen deposit within the multifilament’s 
structure.  

CONCLUSION: 
A durable ventral hernia repair success is based on 
a good abdominal wall integration linked to fibrin 
deposition on mesh knitted pattern induced by a 
moderate inflammatory response and fibroblast 
influx. However, this inflammatory response has the 
potential to induce large abdominal adhesions and 
be source of pain. The barrier layer of the composite 
mesh is there to minimize the tissue attachment to 
the meshes.  Non-invasive follow up of meshes to 
document mesh tissue integration remains a 
challenge, especially for meshes without contrast 
agent incorporation.  Magnetization transfer 
magnetic resonance imaging, a technique based on 
the dynamic exchange of water molecules between 
hydrated macromolecules and the pool of 
unbounded water molecules appears as a promising 

technique as shown in the present pre-clinical study 
and, associated with pneumoperitoneal-MRI, 
allows the unambiguous evaluation of the barrier 
effect on tissue adhesion, allows the evaluation of 
the integration,  but does not unambiguously allow 
the depiction of the mesh through the thin synthetic 
layer.  
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