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Abstrac t t 

Inn peripheral nerve reconstruction, various procedures are used. One of the pro-

ceduress that received the most interest in the past decade is the tubulization tech-

niquee for small nerve gaps. A disadvantage in the use of non-biodegradable tubes is 

thatt the material often has to be removed owing to its mechanical properties. Some 

investigators,, in exploring the use of collagen tubes, being a natural biodegradable 

material,, found either allogenicity or xenogenicity and immune responses that 

mayy inhibit nerve regeneration. Processed porcine collagen (PPC) is a new inert 

andd biodegradable material that has a favorable effect on wound healing, as 

demonstratedd by experiments on other tissues. The aim of our study was to com-

paree the healing of nerve sutures with PPC tubes with conventional end-to-end 

sutures.. In our experiments, we reconstructed the saphenous nerves of 27 rabbits. 

Inn series 1 (11=12) and 2 (n=i2), PPC tubes were slid over an end-to-end nerve sutu-

ree without or with a 10 mm nerve gap, respectively. In series 3 (11=12), conven-

tionall  suturing was performed in the contralateral saphenous nerves of the animals 

off  series r. Epineurial suturing was performed. Three other non-operated saphenous 

nervess served as controls. The healing was studied after 3, 6 and 12 months in sec-

tionss stained by monoclonal antibodies and by conventional histologic staining. 

Morphometricc analysis of the regenerating axons was done by using confocal laser 

scanningg microscopy (CLSM). Data analysis was carried out using a software pro-

gramm especially developed for this purpose. All results were evaluated statistically. 

Ourr results showed that during the healing period in the distal nerve stump, the 

meann number of axons of the PPC procedure with a 10-mm gap was significantly 

higherr than that in the procedure without a gap. At 12 months, the mean number 

off  axons of all procedures was significantly lower than in the non-operated nerve, 

andd the mean axon diameter in all distal stumps did not differ significantly from 
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thatt of the non-operated nerve. In the distal nerve stump, the ratio of total axon 

areaa to total fascicle area in the PPC procedure with a gap was significantly higher 

thann that in the conventional suturing procedure. After 12 months, there was no 

significantt difference between the percentages of axon outgrowth of the PPC pro-

ceduree without a gap, the conventional suturing procedure, and the non-operated 

nervee (100%). The percentage of axon outgrowth in PPC with a gap was signifi-

cantlyy higher than in the other procedures. 

Microsurgeryy 21: 84-95 2oox 
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Introductio n n 

Inn clinical reconstructive nerve surgery, the results of nerve repair are sometimes 

unsatisfactory.1,22 The use of autologous nerve grafts remains the first choice for 

reconstructionn of a nerve gap. The disadvantages of this method are the necess-

ityy of a second operation to harvest the donor nerve and the risk of neuroma for-

mationn at the donor site. An optimal procedure for nerve reconstruction research 

inn animal models is still being sought.7,8 Tubulization, which means the implanta-

tionn of a tube around the nerve suture or nerve gap, was a good alternative in 

peripherall  nerve reconstruction. In this technique, the proximal and the distal 

nervee stumps are brought into the tube and fixed to each other without a gap 

(directt method),3,4,15 or with a gap (indirect method). 5 This procedure serves sev-

erall  functions: it allows regular factors and cells from the distal stump to remain in 

directt contact with the site of potential regeneration, provides direction for axons 

elongatingg across the gap, and isolates the wound space from exogenous cells and 

tissues.166 For more than a century, different biological fresh and prepared ma-

terialss have been used, such as fresh or formalin-preserved artery and vein. ' 

Satisfactoryy clinical results were reported in literature. ' In a previous study, we 

demonstratedd in an animal model by means of immunohistologic staining and 

analyzingg the amount of ingrowing axons the poor results of the autologous 

venouss tube procedure compared with conventional suturing in nerve reconstruc-

tion.211 However, recently better results were obtained by vein conduits filled with 

freshh skeletal muscle. The results are similar to those obtained with traditional 
OO T T T 3 

nervee grafts in cases with a substance loss of as much as 2 cm. ' ' Many other 

tubess made of non-neural material have been used in peripheral nerve reconstruc-

tionn such as tubes of bones 4 and muscle autografts. 

Becausee of the loss of donor tissue in autotransplants, the use of non-biological 
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materiall  became popular in the past decades.26 35 Campbell et al.36 and Bassett et 

al.. had favorable results with Millipor e tubes in nerve reconstruction. 

McQuillann described technical difficulties in using Millipor e tubes and preferred 

Silasticc tubes. Several investigators, with varying success, applied collagen as a 

nervee tube. ' Madorsky et al. found in their study that, in cases of end-to-end 

nervee repairs, sensory nerves reconstructed by collagen tubes regenerated com-

parablyy with those reconstructed with standard epineurial suture repairs (70% 

versuss 79%)- In animals with 10-mm gap repairs, they found 63% regeneration in 

sensoryy nerves. Kitahara et al. ' used a collagen tube as a nerve conduit in facial 

nervee regeneration studies in the cat. These authors concluded, based on his-

tologic,, electrophysiologic, and horseradish peroxidase labeling examinations, 

thatt the collagen tube was an efficient nerve conduit. 

Chamberlainn et al. investigated the effect of large-pore collagen tubes and silicone 

tubess filled with collagen-glycosaminoglycan (GAG) substrate on sciatic nerve re-

generationn in rats. They described an increased number of myelinated axons in 

nervess regenerated by tubulization from the time of surgery to 30 weeks post-

surgery,, and a plateau in the increase was reached at 30 weeks and an elongated 

increasee of the number of axons with a diameter larger than 6 urn at 60 weeks. 

Theyy suggested a continuing increase of axonal tissue area with decrease in total 

tissuee area beyond 60 weeks after injury. In another study, these authors evaluated 

thee regenerated axon structure at near-terminal locations in the peroneal and tibial 

branchess of the rat sciatic nerve after implantation of tubular devices. These devices 

weree collagen and silicone tubes implanted alone or filled with porous collagen-GAG-

matrix.. Their results showed optimal near-terminal regenerated axon structures.44 

Processedd porcine collagen (PPC) is a new, biocompatible and biodegradable ma-

teriall  that has been shown to be favorable to woundhealing from experiments con-

ductedd in other tissues. We investigated the effect of a PPC tube on peripheral 
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sensoryy nerve reconstruction compared with conventional suturing in a rabbit 

model.. The rate of axonal regeneration of the reconstructed nerves was related to 

numberr of axons per standard fascicle area, the mean axon diameter, and the per-

centagee of the total amount of outgrowing axon tissue versus the total amount of 

fasciclee tissue by comparing the proximal and distal part of the reconstructed sa-

phenouss nerves. 

Material ss  and method s 

Animal s s 

Al ll  animal experiments were carried out following the conditions of the Animal 

Experimentall  Law in the Netherlands. Twenty-seven adult female rabbits (New 

Zealand)) of 3.5 kg body weight were used as an experimental model. 

Surgica ll  Procedure s 

Anesthesiaa was initiated with xylazine and ketamine hydrochloride (Rompun and 

Ketalar,, 10 mg/kg and 50 mg/kg, respectively) administered intramuscularly and 

wass continued by nitrous oxide, oxygen and a fluothane mixture inhalation. 

Continuouss electrocardiographic registration was performed. Before operation, 

thee tubes of processed porcine collagen (PPC, Bioplex, Vaals. The Netherlands), 

madee of porcine veins, were rinsed in sterile saline and kept at room temperature 

inn the fluid until use. PPC is cleaned using a combination of chemical and mech-

anicall  treatments. The final product contains approximately 85% collagen (type I 

collagen)) and 15% elastic fibers and has a degree of nativity of more than 99%. The 

materiall  is pyrogen free and has a microporous and biodegradable structure. The 
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diameterr and elasticity of the material appeared to be sufficient to envelop the cut 

andd reconstructed saphenous nerve. All surgical procedures were carried out 

underr normal sterile conditions. Epineurial stitching was performed with n -i 

Ethilon.. After incision of the skin at the medial side of the proximal hind leg and 

cleavagee of the fascia lata over a length of 30 mm, the saphenous magna vein and 

thee saphenous nerve could be explored. The nerve was mobilized over 25 mm, and 

sectioned,, and reconstructed by microsurgical methods in the same session. 

Inn the first 12 rabbits in the right legs (series 1) a ro-mm PPC tube was slid over the 

proximall  nerve stump. Both nerve stumps were sutured by four epineurial stitches 

(directt method, Fig. 1), and the PPC tube was placed over the suture line. Epineurial 

vesselss always served as a guide for approximation of the nerve stumps. In the 

rightt legs of anotheri2 rabbits (series 2), a piece of ro mm in length was dissected 

fromm the saphenous nerve. A 20-mm PPC tube was slid over the proximal stump. It 

wass fixed by four epineurial stitches at 5 mm proximal to the proximal nerve 

stump.. Then the distal nerve stump was inserted into PPC tube and fixed at 5 mm 

distallyy to the distal nerve stump by four epineurial stitches (indirect method, Fig. 

2).. A nerve gap of 10 mm remained. In the left saphenous nerves in the first 12 ani-

mals,, the cut nerves were conventionally sutured by four epineurial stitches (series 

3)) (direct method). After nerve reconstruction the fascia and skin of the hind leg 

weree closed (6-0 Dexon). In three other animals, the non-operated saphenous nerves 

weree dissected and served as controls. 

Postoperatively,, the animals were placed in group quarters and carefully observed. 

Speciall  events were recorded. After 3, 6 and 12 months, four reconstructed nerves 

off  each series were harvested. The proximal part of the nerve specimen was mark-

edd by two stitches and the middle of the nerve suture was marked by one stitch in 

thee superficial neurolemma. The nerve specimens were fixed in Kryofix [50% 

ethanol,, 3% poly^ethylene-glycol (PEG 300)]. 
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Histolog y y 

Longitudinall  sections were stained by the von Gieson staining method for elastin 

andd by PAP-staining for marking cell structures. In addition, immunohistochemi-

call  staining of the longitudinal sections was performed by the a-smooth muscle 

actinn (DAKO, Stormarken, Denmark, Clone 1A4, Code No. M 0851) method for stai-

ningg of contractile structures in cells such as myofibroblasts and endothelial cells. 

Immunofluorescen tt  Histochemica l Procedur e 

Inn all procedures, the nerve was cut into three parts. In the case of the procedures 

withoutt a gap (series 1 and 3), a nerve part TO mm proximally and ro mm distally 

too the nerve suture and a remaining central part were dissected (Fig. 1). In the case 

off  the procedure with a 10-mm gap (series 2), a nerve part of 15 mm proximally 

andd 15 mm distally to the middle of the nerve gap and a central part were dissected 

(Fig.. 2). These parts were embedded separately in paraffin. With the microtome, 

thee central part was sectioned longitudinally (15-um sections), the proximal and 

distall  parts sliced into 6-|um thick transversal sections. The sections were stained 

immunohistochemically.. After a first incubation of the sections with monoclonal 

NF-900 antibody (Merck, Tissue Gnost, Darmstadt, Germany) a second, fluorescein 

isothiocyanatee (FITC)-labeled anti-NF-90 antibody allocates the green fluorescent 

labell  at the available neurofilaments. Sirius Red was used as a conventional coun-

terr stain rendering a red fluorescence to the nuclei when excited by the same wave-

lengthh used for FITC (494 nm). 

Immunohistomorphometr y y 

Thee immunofluorescently stained antigens in the sections were imaged with a 

confocall  laser scanning microscope [(CLSM), Bio-Rad MRC-600, (Hemel, 

Hempstead,, UK)].46 Excitation of FITC was done at 494 nm, and the emission was 
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detectedd at 520 nm (filter no. 522 DF 35). Images of the longitudinal (through the 

centrall  part of the nerve suture or gap) and of the transversal sections were auto-

maticallyy stored in the software of the CLSM. For quantification of the fascicles 

andd the axons, the transversal sections were analyzed using an image analysis soft-

waree program (Optimas 5.2). The gray scale threshold was set to 85 nm (from a 

maximumm of 255 nm) in all acquisitions. In our experience, this is the level at 

whichh most of the autofluorescent and other disturbing signals are excluded from 

thee pictures. 

Afterr scanning the sections, the records from the Optimas program were analyzed 

usingg the Microsoft Excel program. The total number of axons was registered 

andd the following data were calculated: the number of axons per 500-um fascicle 

areaa per nerve, the mean axon diameter per nerve, the ratio of axon area to fascicle 

areaa in each nerve stump, and the axon outgrowth, calculated as the ratio of axon 

areaa to fascicle area in the distal nerve stump expressed in that of the proximal 

nervee stump x roo%. 

Finally,, all the morphological data were statistically evaluated by the Mann-

Whitneyy test. The level of significance was predetermined at 0.05. 

Result s s 

Thee animals recovered without complications. There was a normal woundhealing. 

Macroscop y y 

Proceduress with PPC. The exploration of both PPC tube reconstructed nerves 

(seriess 1 and 2) showed a beautiful aspect of a reconstructed nerve without adhe-

sionss to the surrounding tissue (Fig. 3). 
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Proceduree with conventional suturing. The exploration of the conventional 

epineuriall  sutured series (series 3) showed no adhesions of the nerves to the sur-

roundingg tissue. 

Microscop y y 

Proceduress with PPC. Longitudinal sections showed clear three dimensional 

imagess as visualized by CLSM. Microscopically, no fibrotic reaction could be no-

ticedd in series 1 and 2 at 3, 6 or 12 months (Fig. 4, after 6 months). At 3 months, the 

outgrowingg axons were arranged in an orderly fashion, and there were very few 

fibroblastss and some blood vessels in the endo- and perineurium. Fibroblasts were 

growingg from the endoneurial space into the PPC material. The PPC could be clear-

lyy detected, and in the PPC-material, a thin layer of new collagen was formed, while 

thee old collagen (thick layers) of the material was disappearing and the elastin 

fiberss remained visible (Fig. 5). Microscopically, at 6 months, there were axons 

arrangedd in an orderly fashion and a slight neurolemma. Histiocytes, polynuclear 

giantt cells, and lymphocytes had removed the PPC material (Fig. 6). Elastin fibers 

weree indicating the initial position of the PPC. There were many bundles of thin 

axonss seen in particular at the site of the nerve suture or in the gap (Fig. 7). At 12 

months,, no PPC collagen (thick layers) could be noted. The new collagen was pre-

sentt at the outside of the nerve and had the normal aspect of epineurial layer and 

neurolemma.. There were axons of almost normal diameter arranged in an orderly 

manner. . 

Proceduree with conventional suturing. Under the light microscope, no adhe-

sionss were present in any specimen in series 3, and no fibrotic reaction was noticed 

afterr 3, 6 and 12 months. A slight amount of connective tissue had developed 
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aroundd the nerve suture, and in the neurolemma, a normal amount of collagen 

fiberss without elastin fibers was present at 3 months. At 6 months, just a normal 

thinn epineurial layer and neurolemma were noced. In the longitudinal sections 

withinn the nerve at 3 months, the outgrowing axons were rather orderly, and a few 

bloodd vessels were present with a normal aspect. 

Morphometr y y 

Meann number of axons per standard fascicle area (500 urn2). The mean num-

berr of axons per standard fascicle area (Tables 1 and 2; Fig. 8) showed proximally 

andd distally in all procedures an optimum at 6 months except for the PPC pro-

ceduree with 10-mm gap, where the values proximally at 3 and 6 months did not 

differr significantly (2.84 and 2.80, respectively). In the distal stumps between the 6 

andd 12 months, the decrease in the mean number of axons per standard fascicle 

areaa in the two PPC procedures differed significantly from the (slight) decrease in 

thee conventional sutured nerves. In the PPC procedure without a gap, the decrease 

wass from 3.96 to 1.23, in the PPC procedure with a 10-mm gap from 4.85 to 3.14, 

andd in the conventional suturing procedure from 1.91 to 1.84. At 12 months, the 

meann number of axons of the distal nerve stump in the PPC procedure without a 

gapp wass significantly smaller compared with the conventional suturing, which, in 

turn,, was significantly smaller than that in the PPC procedure with a ro-mm gap 

(1.23,, 1.84, and 3.14, respectively). The values obtained in all procedures were sig-

nificantlyy lower than those in the non-operated nerve at 12 months. The non-oper-

atedd nerves contained a mean number of axons per standard fascicle area of 4.22. 

Meann axon diameter per fascicle per nerve. The mean axon diameter per fas 

ciclee per nerve (Tables 3 and 4; Fig. 9) in the distal stumps in the PPC procedures 

withoutt and with a gap showed an increase up to 6 months (3.00 urn versus 3.28 um) 
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andd seems to have reached a plateau value. At 6 months, the value of the mean 

axonn diameter of the conventional suturing procedure turned out to have a slight 

downwardd bend proximally and distally (proximally, 3.13, 2.89, and 3.12 urn; dis-

tally,, 2.41, 2.45, and 3.06 urn). At 12 months, the PPC procedures without and with 

aa gap, as well as the conventional suturing procedure, did not differ significantly 

fromm the non-operated nerve for the distal values (2.89, 3.11, 3.06, and 3.00 urn, 

respectively). . 

Ratioo M (total axon area / total fascicle area). The ratio of total axon area / total 

fasciclee area (Tables 5 and 6; Fig. 10) in the distal nerve stumps of both PPC pro-

ceduress peaked at 6 months, contrary to the slight dip of the conventional sutured 

nerves.. The peak of the ratio M in the procedure with PPC with a gap was signifi-

cantlyy above the value of the non-operated nerve (0.1 and 0.07, respectively). 

Betweenn 6 and 12 months, the ratio in the proximal stumps decreased significant-

ly,, especially the PPC procedure with a gap (0.04 and 0.01, respectively). In the dis-

tall  stumps at 12 months, the ratio in the PPC procedure without a gap was 

significantlyy smaller than that of the PPC procedure with a gap and that of the con-

ventionall  sutured procedure (0.02, 0.04, and 0.03, respectively). The value in the PPC 

proceduree with a gap was significantly higher than that of the conventional su-

turingg procedure (0.04 and 0.03, respectively). At 12 months, the ratio M of all proce-

duress was significantly smaller than the ratio M of the non-operated nerve (0.07). 

Percentagee of outgrowing axons (ratio M distally expressed in ratio M 

proximally).. The percentage of outgrowing axons (Table 7; Fig. n) in both PPC 

proceduress had significantly higher values than that of the non-operated nerve at 

66 months (PPC without a gap 180, 246, and roo%, respectively). The value of the 

conventionallyy sutured nerve remained 37% smaller than all the values of the 
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otherr procedures at that time. At 12 months, the percentage of outgrowing axons 

inn the PPC procedure without a gap is approximately two thirds of that of the con-

ventionall  suturing procedure (67 and 99%, respectively). The percentage of out-

growingg axons of the PPC procedure with a gap increased continuously during the 

studiedd periods of 3, 6 and 12 months (105, 246, and 418%, respectively). 

Discussio n n 

Thiss study demonstrated that nerve regeneration using a PPC tube is faster and 

qualitativelyy better compared with conventional suturing. In addition, the PPC 

tubee enhances the regeneration across a 10-mm gap. No signs of chronic fibrotic 

reactionn were evident in the PPC application. The composition of PPC material 

wass redistributed in the studied periods, from a compact layer directly localized 

outsidee the nerve into loosely distributed layers not in close contact with the nerve 

surface.. In the PPC procedures with a 10-mm gap, there was a more intensive con-

tactt between the PPC and the nerve stumps in the first 6 months. The elastin net-

workk of the PPC material remained in the original position near the outer surface of 

thee nerve. New collagen had developed in this network. Thus, 6 months after the 

tubulization,, the normal aspect of the nerve was restored. The difference in pat-

ternn of nerve regeneration was obvious with regard to the parameters evaluated by 

morphometricall  analysis. The peak in the mean number of axons, the mean axon 

diameter,, and the ratio M at 6 months of both PPC procedures in the distal stumps 

couldd be owing to axon sprouting and was significantly higher than in the con-

ventionall  suturing procedure. This axon sprouting may be caused by the trophic 

characteristicss of the PPC, observed in applications in other collagen tube 
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Thee increase in the number of axons, mean axon diameter, and ratio of axon area 

too fascicle area in the PPC reconstructed nerves in a period as long as 6 months 

(approximatelyy 30 weeks) is in accord with the findings of Chamberlain et al.43 

Accordingg to other studies, a peak was reached at 6 weeks post-operatively.10 This 

discrepancyy was also noticed by Chamberlain et al. ' These authors in their 

studyy used a matrix-filled large-pore tube and a large-pore collagen tube.43,44 In our 

PPCC studies with a gap, the axon diameter is distally larger than in the PPC pro-

ceduree without a gap. The difference in the results between the PPC without and 

withh a gap could be caused by the gap, providing a more intense contact between 

thee outgrowing axons and the PPC material. This influence gradually is abolished 

whenn the PPC material disintegrates after 6 months. With regards to all our para-

meters,, there was a decrease in the values after 6 months. This is in contrast with 

thee findings of Chamberlain et al. who described a plateau in the values after 6 

monthss (approximately 30 weeks). This plateau is probably owing to the longer 

contactt with collagen in the matrix. However, in our studies, no additional matrix 

wass used and contact with the collagen tube material was possible for as long as 

approximatelyy 6 months. 

Att 12 months, the ratio of axon area to fascicle area in the distal nerve stumps in 

thee PPC procedure with a gap was significantly higher than that of the PPC pro-

ceduree without a gap and the conventional sutured nerve. The high number of 

axonss and the high ratio at 12 months are probably a result of a delayed positive 

neurotrophicc effect. The percentage of outgrowing axons, being the ratio of total 

axonn area to total fascicle area of the distal stump expressed in the proximal stump, 

continuedd to increase in the PPC procedure with a gap in the period studied (105, 

245,, 418%, respectively). In the PPC procedure without a gap, this percentage 

peakedd at 180% at 6 months. This value decreased below the level of the convention-

allyy sutured nerves at 12 months (67%). These findings are in contrast with the fin-
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dingss of Madorsky et al. at 156 days (approximately 5 months).40 These authors 

foundd 63% axon regeneration in case of a 10-mm gap and 70% in case of end-to-

endd suturing within a collagen tube. 

Inn conclusion, our results demonstrate that in rabbits the application of PPC tubes 

aroundd directly and indirectly sutured peripheral sensory nerves generates good 

woundhealingg and has a favorable effect on nerve regeneration, especially in case 

off  a 10-mm gap. Within 6 months, the PPC is reorganized into a new normal ex-

perimentall  collagen layer. Re-operation to remove tube material is not necessary. 
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Processedd porcine collagen tubulization versus conventional suturing in peripheral nerve reconstruction 

Tablee 1 Comparison of PPC without Cap, PPC with a 10-mm Cap, Conventional 

Suturing,Suturing, and Non-operated nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

PPCC with- 1.26+0.88 1.1 0 8 7 1 0 

outt a gap3 

(n=12) ) 

PPCC with 8 4 2.8+-1.01 1 1 6 

10-mmm gapa 

(n=12) ) 

Conventionall 6 1.59+0.69 7 1 9 8 

suturing3 3 

(n=12) ) 

Non-opera-- 5 

tedd nerve2 

(n=3) ) 

aaMeanMean  SD. 

MeanMean number of axons per standard fascicle area (500 ym2) 3, 6, and 12 months, 

1010 mm proximal and 10 mm distal to the end of the nerve stumps 

(see(see also Figs. 1 and 2). 
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Tabl ee 2 Comparison of PPC without Gap, PPC with a 10-mm Gap, Gonventional 

Suturing,Suturing, and Non-operated Nerve 
P-Value* * 

PP PPC without gap - P conv. sut. 
PP PPC without gap - D conv. sut. 
DD PPC without gap - P conv. sut. 
DD PPC without gap - D conv. sut. 

PP PPC gap 10 mm - P conv. sut. 
PP PPC gap 10 mm - D conv. sut. 
DD PPC gap 10 mm - P conv. sut. 
DD PPC gap 10 mm - D conv. sut. 

PP PPC without gap - P PPC gap 10 mm 
PP PPC without gap - D PPC gap 10 mm 
DD PPC without gap - P PPC gap 10 mm 
DD PPC without gap - D PPC gap 10 mm 

PP PPC without gap - non-oper. nerve 
DD PPC without gap - non-oper. nerve 

PP PPC gap 10 mm - non-oper. nerve 
DD PPC gap 10 mm - non-oper. nerve 

PP conv. sut. - non-oper. nerve 

DD conv. sut. - non-oper. nerve 

PP PPC without gap - D PPC without gap 
PP PPC gap 10 mm - D PPC gap 10 mm 
PP conv. sut. - D conv. sut. 

*P-values*P-values based on the Mann-Whitney test 

MeanMean number of axons per standard fascicle area after 3, 6, and 12 months 10 mm 

proximalproximal and 10 mm distal to the nerve stumps (see also Figs. 1 and 2). 

NumberNumber of axons per fascicle per 500 um2 (standard area). 
P,P, 10 mm proximal to the nerve stumps; D, 10 mm distal to the nerve stumps; conv. 

sut,sut, conventional suturing; non-oper. nerve, non-operated nerve; N. S., not significant. 

33 Months 

<0.05 5 

N.S. . 
<0.001 1 
<0.05 5 

N.S. . 
<0.05 5 
<0.05 5 

<0.01 1 

N.S. . 
<0.02 2 

<0.01 1 
<0.001 1 

<0.01 1 
<0.001 1 

<0.01 1 
<0.01 1 

<0.001 1 
<0.001 1 

N.S. . 

N.S. . 
<0.1 1 

66 Months 

<0.02 2 

<0.05 5 

<0.05 5 
<0.02 2 

<0.02 2 

<0.001 1 
<0.001 1 
<0.05 5 

<0.02 2 

<0.1 1 
<0.05 5 
<0.02 2 

<0.001 1 
<0.01 1 

<0.001 1 

<0.01 1 

<0.01 1 
<0.001 1 

<0.02 2 

<0.01 1 
<0.001 1 

122 Months 

N.S. . 
N.S. . 

<0.1 1 

<0.01 1 

<0.05 5 

<0.05 5 
<0.01 1 
<0.01 1 

<0.05 5 
<0.01 1 
<0.02 2 
<0.001 1 

<0.001 1 
<0.001 1 

<0.001 1 
<0.01 1 

<0.001 1 
<0.001 1 

<0.05 5 
<0.01 1 
N.S. . 

n 6 6 



Processedd porcine collagen tubulization versus conventional suturing in peripheral nerve reconstruction 

Tablee 3 Comparison of PPC without Cap, PPC with a 10-mm Cap, Conventional 

Suturing,Suturing, and Non-operated nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

PPCC with- 5 5 7 0 9 0 

outt a gapa 

(n=12) ) 

PPCC with 1 4 2 1 5 3.11 8 

10-mmm gap 

(n=12) ) 

Convention.. 2 0 2.45+0.16 3.12+0.60 5 

suturingsuturing3 3 

(n=12) ) 

Non-operatedd 3.0+0.24 

nervea a 

(n=3) ) 

aaMeanMean + SD. 

MeanMean axon diameter per fascicle per nerve after 3, 6 and 12 months, 10 mm proximal 

andand 10 mm distal to the nerve stumps (see also Figs. 1 and 2). 
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Tabl ee 4 Comparison of PPC without Gap, PPC w 

Suturing,Suturing, and Non-operated Nerve 

PP PPC without gap - P conv. sut. 

PP PPC without gap - D conv. sut. 
DD PPC without gap - P conv. sut. 
DD PPC without gap - D conv. sut. 

PP PPC gap 10 mm - P conv. sut. 

PP PPC gap 10 mm - D conv. sut. 
DD PPC gap 10 mm - P conv. sut. 
DD PPC gap 10 mm - D conv. sut. 

PP PPC without gap - P PPC gap 10 mm 
PP PPC without gap - D PPC gap 10 mm 
DD PPC without gap - P PPC gap 10 mm 
DD PPC without gap - D PPC gap 10 mm 

PP PPC without gap - non-oper. nerve 

DD PPC without gap - non-oper. nerve 

PP PPC gap 10 mm - non-oper. nerve 
DD PPC gap 10 mm - non-oper. nerve 

PP conv. sut. - non-oper. nerve 

DD conv. sut. - non-oper. nerve 

PP PPC without gap - D PPC without gap 
PP PPC gap 10 mm - D PPC gap 10 mm 
PP conv. sut. - D conv. sut. 

33 Montr 

<0.05 5 

N.S. . 
<0.01 1 

<0.1 1 

<0.05 5 
<0.05 5 
<0.02 2 
<0.1 1 

<0.1 1 
N.S. . 

<0.01 1 
<0.02 2 

<0.01 1 
<0.001 1 

<0.02 2 

<0.01 1 

N.S. . 
<0.01 1 

<0.1 1 

N.S. . 
<0.01 1 

*P-values*P-values based on the Mann-Whitney test. 

MeanMean axon diameter per fascicle per nerve after 3, 

proximalproximal and 10 mm distal to the end of the nerve 

P,P, 10 mm proximal to the nerve ends; D, 

conventionalconventional suturing; non-oper. nerve., 

n 8 8 

tha tha 

is s 

10-mm10-mm Gap, 

P-Value* * 

66 Months 

<0.01 1 
<0.1 1 

<0.1 1 
<0.001 1 

N.S. . 
<0.01 1 
<0.05 5 
<0.01 1 

N.S. . 
N.S. . 

N.S. . 
N.S. . 

<0.001 1 
<0.05 5 

N.S. . 
<0.05 5 

N.S. . 
<0.001 1 

<0.1 1 

<0.1 1 
<0.001 1 

Conventional Conventional 

6,6, and 12 months, 10 

stumpsstumps (see also 

1010 mm distal to the nerve 

non-operated non-operated 

Figs. Figs. 

ends; ends; 

122 Months 

N.S. . 

N.S. . 
N.S. . 
N.S. . 

<0.01 1 
<0.01 1 

N.S. . 
N.S. . 

<0.01 1 
N.S. . 

<0.01 1 
N.S. . 

N.S. . 
<0.1 1 

<0.001 1 
N.S. . 

N.S. . 
N.S. . 

N.S. . 
<0.05 5 
N.S.. . 

mm mm 

11 and 2). 

conv.conv. sut, 

nerve;nerve; N.S., not significant. 



Processedd porcine collagen tuutilization versus conventional suturing in peripheral nerve reconstruction 

Tabl ee 5 Comparison of PPC without Gap, PPC with a 10-mm Gap, Conventional 

Suturing,Suturing, and Non-operated nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

PPCC with- 0.01 1 0.01 1 2 3 1 1 

outt a gap3 

(n=12) ) 

PPCC with 1 1 2 0.1 1 0.01 1 3 
10-mmm gapa 

(n=12) ) 

Convention.. 2 1 0.05+0.02 0.02+0.01 0.03+0.02 1 
suturinga a 

(n=12) ) 

Non-operatedd 1 

nerve3 3 

(n=3) ) 

aaMeanMean  5D. 

RatioRatio l\A (total axon area / total fascicle area) after 3, 6, and 12 months, 10 mm proxi-

malmal and 10 mm distal to the nerve stumps (see also Figs. 1 and 2). 
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Tabl ee 6 Comparison of PPC without Gap, PPC with a 10-mm Cap, Conventional 

Suturing,Suturing, and Non-operated Nerve 
P-Value* * 

33 Months 6 Months 12 Months 

PP PPC without gap

PP PPC without gap
DD PPC without gap 
DD PPC without gap 

PP PPC gap 10 mm -

PP PPC gap 10 mm -
DD PPC gap 10 mm -
DD PPC gap 10 mm -

PP PPC without gap

PP PPC without gap -
DD PPC without gap 
DD PPC without gap 

PP PPC without gap -
DD PPC without gap 

PP PPC gap 10 mm -

DD PPC gap 10 mm -

PP conv. sut. - non-o 

 P conv. sut. 

 D conv. sut. 
-- P conv. sut. 

-- D conv. sut. 

PP conv. sut. 
DD conv. sut. 

PP conv. sut. 
DD conv. sut. 

 P PPC gap 10 mm 
 D PPC gap 10 mm 

-- P PPC gap 10 mm 
-- D PPC gap 10 mm 

-- non-oper. nerve 

-- non-oper. nerve 

non-oper.. nerve 
non-oper.. nerve 

Der.. nerve 

DD conv. sut. - non-oper. nerve 

PP PPC without gap

PP PPC gap 10 mm -

-- D PPC without gap 

DD PPC gap 10 mm 
PP conv. sut. - D conv. sut. 

<0F02 2 

N.S. . 
<0F001 1 

<0,1 1 

N.S. . 
<0,05 5 

N.S. . 

<0,01 1 

<0,02 2 

<0F001 1 
<0,01 1 

<0,001 1 

<0,001 1 

<0,001 1 

<0,001 1 
<0,001 1 

<0,01 1 
<0,001 1 

N.S. . 
N.S. . 

<0,02 2 

<0,01 1 
<0,02 2 

<0,1 1 

<0,01 1 

<0,05 5 

<0,001 1 
<0,001 1 

<0,05 5 

<0,02 2 

N.S. . 
<0,05 5 
<0,02 2 

<0,01 1 
<0,1 1 

<0,05 5 

<0,01 1 

<0,01 1 
<0,001 1 

<0F02 2 

<0F02 2 
<0,001 1 

N.S. . 
N.S. . 
<0,1 1 

<0,02 2 

<0F05 5 
<0F02 2 

<0F1 1 

N.S. . 

<0F05 5 
<0F05 5 

<0F05 5 
<0,01 1 

<0r001 1 
<0F001 1 

<0r001 1 

N.S. . 

<0,001 1 

<0F001 1 

<0F1 1 
<0F001 1 

N.S. . 

*P-values*P-values based on the Mann-Whitney test. 

RatioRatio A/I (total axon area I total fascicle area) after 3, 6, and 12 months, 10 mm 

proximalproximal and 10 mm distal to the nerve stumps (see also Figs. 1 and 2). P, 10 mm 

proximalproximal to the nerve ends; D, 10 mm distal to the nerve ends; conv. sut, conven-

tionaltional suturing; non-oper. nerve., non-operated nerve; N.S., not significant. 
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Processedd porcine collagen tubulization versus conventional suturing in peripheral nerve reconstruction 

Tablee 7 Percentages Outgrowing Axons (N) after 3, 6, and 12 Months 

%% at 3 months %at 6 months % at 12 months 

PPCwith-- 81.39 180.44 67.23 

outt a gap 

(n=12) ) 

PPCwithh 105.64 245.69 418.43 

10-mmm gap 

(n=12) ) 

Conv.. suturing 40.95 37.45 99.02 

(n=12) ) 

Non-operatedd 100.00 

nerve e 

(n=3) ) 

ComparedCompared are PPC without gap, PPC with a 10-mm gap, conventional suturing and 

non-operatednon-operated nerve. 
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longitudinall section 
(nerv ee suture ) 

Figur ee 1 Schemes showing the suturing procedures in the direct method and the 

methodmethod used for cutting the nerve into three parts, embedding separately in paraffin. 
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Processedd porcine collagen tubulization versus conventional suturing in peripheral nerve reconstruction 

longitudinall section 
(middl ee of the nerve suture) 

Figur ee 2 Schemes showing the suturing procedures in the indirect method and the 

methodmethod used for cutting the nerve into three parts, embedding separately in paraffin. 
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Figur ee 3 Exploration of the nerve lesion reconstructed with PPC at 6 months. 

TheThe remains of the collagen tube have almost disappeared (arrows). No adhesions 

betweenbetween the nerve (n) and the surrounding tissue are present. 
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Processedd porcine collagen tubulization versus conventional suturing in peripheral nerve reconstruction 

Figur ee 4 Nerve reconstructed with PPC after 6 months. No myofibroblasts are seen 

inin the epineurium (a-smooth muscle actin staining, x 600). 
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Figur ee 5 The epineurium of the nerve reconstructed with PPC at 3 months is shown. 

OrderlyOrderly axons (a) are present. The old thick collagen-layers of the tube are seen epi-

neuriallyneurially (c). In the inner layers of the PPC-tube elastin fibers (ef) are visible (see Fig. 

66 for details) and at the inside of the tube a thin collagen layer (tc) is formed, (von 

CiesonCieson staining, x 50). 

Figur ee 6 Detail of Fig. 5. The epineurium of a nerve reconstructed with PPC at 3 

monthsmonths post-operatively Histiocytes, polynuclear giant cells and lymfocytes have 

alreadyalready partially removed the old collagen of the PPC. The remains of the tube are 

seenseen in thick layers (c) (von Gieson staining, x 100). 
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Processedd porcine collagen tubulization versus conventional suturing in peripheral nerve reconstruction 

Figur ee 7 A longitudinal section of a nerve reconstructed with PPC at 6 months. 

AxonsAxons running between the fibroblasts and the Schwann-cells. Only the nuclei of 

bothboth cell types are stained. (NF 90 staining, FITC labeled, CLSM, x 400). 

127 7 



Chapterr 4 . 

proximal l distal l 
b b 

4.5 5 

4 4 

3.5 5 

3 3 

2.5 5 

2 2 

1,5 5 

1 1 

0,5 5 

0 0 

a a 
X X 

o o 

55 3 
tim e e 

X X 

D D 

O O 

66 9 
(months ) ) 

> > : : 
i i 

12 2 

0 0 

D D 

X X 

ppc c 
without t 
gap p 

ppcc gap 
100 mm 

conv. . 
suturing g 

- n o n --
operated d 
nerve e 

5 5 

4.5 5 

§§ 4 

££ 3.5 

ZZ 3 
a» » 

ff  2'5 

SS 1.5 
01 1 
EE 1 

0,5 5 

0 0 

00 3 6 9 12 
tim ee (months ) 

Figur ee 8 Mean number of axons per standard fascicle area (500 pm2) after 3, 6, 

andand 12 months, 10 mm proximal (left) and 10 mm distal (right) to the end of the 

nervenerve stump is shown. Procedures of PPC without gap, PPC with a 10-mm gap, 

conventionalconventional suturing, and non-operated nerve are compared. 
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Figur ee 9 Mean axon diameter (fjm) per fascicle per nerve after 3, 6 and 12 months, 

1010 mm proximal (left) and 10 mm distal (right) to the end of the nerve stumps (see 

alsoalso Figs.1 and 2). PPC without gap, PPC with a 10-mm gap, conventional suturing, 

andand non-operated nerve are compared. 
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Figur ee 10 Ratio M (total axon area / total fascicle area) after 3, 6, and 12 months 10 mm 

proximalproximal (left) and 10 mm distal (right) to the nerve stumps. PPC without gap, 

PPCPPC with a 10-mm gap, conventional suturing, and non-operated nerve are compared. 
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Figur ee 11 Percentage axon outgrowth N (ratio A/I distally/'ratio A/I proximally), 

xx 100%, after 3, 6, and 12 months, PPC without gap, PPC with a 10-mm gap, 

conventionalconventional suturing, and non-operated nerve. 
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