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Abstrac t t 

Siliconee rubber (polydimethyl siloxane) tubes are used clinically in peripheral 

nervee reconstruction. A disadvantage of this procedure is that the material often 

hass to be removed owing to its mechanical properties. The aim of our study was to 

investigatee the healing of reconstructed sensory nerves tubulized by silicone rub-

berr in an animal model. In our experiments, we reconstructed the saphenous nerves 

inn 27 rabbits. In series r (n=i2) silicone rubber tubes were slid over a nerve suture 

withoutt a gap. In series 2 (11=12) silicone rubber tubes were slid over a 10-mm 

nervee gap. In series 3 (n=i2) conventional suturing was performed in the contra-

laterall  saphenous nerves of the animals of series 1. Epineurial suturing was per-

formed.. Three other non-operated saphenous nerves served as controls. The 

healingg was studied after 3, 6, and 12 months. Morphometric analysis of the re-

generatingg axons was performed by using our new method for quantification of 

nervee fibers in cross sections stained by immunohistochemistry and using con-

focall  laser scanning microscopy. Data analysis was carried out using a software 

programm especially developed for this purpose. Our results showed in the silicone 

proceduress that at 12 months, a significant smaller number of axons per fascicle 

areaa were present compared with conventional suturing. However, the mean axon 

diameterr in the distal nerve stump of the silicone procedures did not differ signifi-

cantlyy compared with the conventional suturing procedure. The ratio of total axon 

areaa to total fascicle area in the distal nerve stumps in the silicone procedure with-

outt gap was significantly smaller compared with the conventional sutured nerve. 

Thee percentage of outgrowing axons from the proximal nerve stump into the dis-

tall  one in the silicone rubber procedure without gap was 57%. This was signifi-

cantlyy higher than in the silicone rubber procedure with a 10-mm gap (48%). 

However,, in conventional suturing the percentage of outgrowing axons (99%) was 
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significantlyy higher than in both tubulization procedures. It appeared that tubuli-

zationn by silicone rubber of sutured nerves without gap did not enhance axon rege-

neration.. Conventional suturing gave significantly better results. If a gap was 

present,, the use of a silicone rubber tube was preferable to non^suturing. 

Microsurgeryy 22: 00-00 2002 (accepted) 
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Introductio n n 

Inn clinical reconstructive nerve surgery, the gold standard remains the autologous 

nervee graft, which requires that a healthy nerve be sacrificed and harvested. " 

Inn bridging gaps in nerve, continuity tubes were introduced to study nerve regener-

ationn in an experimental animal model. Venous autologous grafts were described 

too be successful. " However, in a previous study we demonstrated by means of 

immunohistochemicall  staining and morphometric analysis of the number of out-

growingg axons, the poor results of the autologous venous tubulus procedure in 

comparisonn to conventional suturing in sensory nerve reconstruction in rabbits, i o 

Becausee of the donor-site morbidity of autotransplants, the use of non-biological 

materiall  became popular in the past decade. ' ' Campbell et al. and Bassett et 

al.144 had favorable results with Millipor e tubes in nerve reconstruction. McQuillan 

describedd technical difficulties in the use of Millipor e tubes and he preferred sili-

conee rubber tubes. Although Coleman's findings support the hypothesis that 

thee use of silicone implant capsules represents complications like a three-dimen-
177 1R 

sionall  wound around the implants. Lundborg et al., and Schroder et al., found 

positivee effects with silicone rubber tubes. Meyer et al. also reported the results of 

nervee reconstruction with tubulization using silicone rubber. These authors 

statedd that, by testing muscle recovery within a period of 8 weeks, the results of scia-

ticc nerve reconstruction in rats, using silicone tubes, were better than using only 

epineuriall  suturing. However, at 16 and 32 weeks after surgery no difference was 

foundd between the two techniques. Clinically used silicone tubes cause problems 

duringg long-term recovery. ' ' The tubes become encapsulated by fibrous tissues. 

Thiss produces compression of the nerve and another surgical procedure is neces-

saryy to remove the tube.17,21,22 Chamberlain et al.2 compared silicone tubular pros-

thesess with a fully degradable prosthesis in a rat sciatic nerve model. These authors 
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concludedd from their experiments that collagen tubes were comparable with sili-

conee rubber tubes as nerve guides, but did not evoke adverse reactions. In contrast 

too the application of silicone tubes, the resorbable collagen tubes did not induce 

myofibroblasts,, which resulted in a contractile capsule around the tubes. This is 

accordingg to the results of our study using processed porcine collagen (PPC) tubes 

inn saphenous nerve reconstruction in the rabbit.23 Literature data concerning 

reconstructionn of sensory nerves are only scarcely available. ' In our previous 

studiess we used our rabbit saphenous nerve model to evaluate the regeneration 

capacityy of venous and processed porcine collagen tubes in sensory nerve recon-

struction.. ' The purpose of the present study is to evaluate the use of silicone 

rubberr tubes in sensory nerve reconstruction in rabbits, monitored over a period of 

122 months. Morphometric analysis of axon regeneration was performed by using 

ourr morphometric method, based on immunohistochemical techniques and im-

agedd by confocal laser scanning microscopy.25 

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. 
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Continuouss electrocardiografic registration was performed. Before operation, the 

siliconee rubber tubes were rinsed in sterile saline and kept at room temperature in 

thee fluid until use. Diameter and elasticity of the material was sufficient to en-

velopp the cut and reconstructed saphenous nerve. All surgical procedures were car-

riedd out under normal sterile conditions. Epineurial stitching was performed with 

ii  I - I Ethilon. After incision of the skin at the medial side of the proximal hind leg 

andd cleavage of the fascia lata over a length of 30 mm, the saphenous magna vein 

andd the saphenous nerve could be explored. The nerve was mobilized over 25 mm, 

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

Inn the first twelve rabbits in the right legs (series 1), a 10-mm silicone rubber tube 

(RAUMEDIC,, REHAU, AG&Co, Germany) was slid over the proximal nerve stump. 

Itt was elevated and both nerve stumps were sutured by four epineurial stitches 

(directt method, Fig. 1). The silicone rubber tube was placed over the suture line 

andd fixed by two epineurial stitches at each tube ending. Epineurial vessels always 

servedd as a guide for approximation of the nerve stumps. In the right legs of an 

otherr 12 rabbits (series 2), a piece of 10 mm in length was dissected from the saphe-

nouss nerve. A 20-mm silicone rubber tube was slid over the proximal nerve stump. 

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

stump.. Then the distal nerve stump was inserted into the silicone tube and fixed at 

55 mm distally 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 

thee first 12 animals, the cut nerves were conventionally sutured by four epineurial 

stitchess (series 3) (direct method). After nerve reconstruction the fascia and skin of 

thee hind leg were closed (6-0 Dexon). In three other animals, the non-operated sa-

phenouss nerves were dissected and served as controls. 

Postoperatively,, the animals were housed in group quarters and carefully ob-

served.. Special events were recorded. After 3, 6 and 12 months, four reconstructed 
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nervess of each series were harvested. The proximal part of the nerve specimen was 

markedd by two stitches and the middle of the nerve suture was marked by one 

stitchh in the superficial neurolemma. The nerve specimens were fixed in Kryofix 

[50%% ethanol, poly-ethylene-glycol (PEG 300)]. 

Histolog y y 

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

andd PAP-staining for marking cell structures. Moreover, immunohistochemical 

stainingg of the longitudinal sections was performed by the a-smooth muscle actin 

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

off  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 case of the procedures with-

outt a gap (series 1 and 3), a nerve part 10 mm proximally and 10 mm distally to the 

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

proceduree with a 10-mm gap (series 2), a nerve part 15 mm proximally and 15 mm 

distallyy to the middle of the nerve gap and a central part were dissected (Fig. 2). 

Thesee parts were embedded separately in paraffin. With the microtome, the cen-

trall  part was sectioned longitudinally (15-um sections), the proximal and distal parts 

slicedd into 6-um thick transversal sections. The sections were stained immunohis-

tochemically.. After a first incubation of the sections with monoclonal NF-90 anti-

bodyy (Merck, Tissue Gnost, Darmstadt, Germany) a second, fluorescein isothio-

cyanatee (FITC)- labeled anti-NF-90 antibody allocates the green fluorescent label at 

thee available neurofilaments. Sirius Red was used as a conventional counterstain, 

renderingg a red fluorescence to the nuclei when excited by the same wavelength 

usedd for FITC (494 nm). 
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Immunohistomorphometr y y 

Thee immunofluorescently stained antigens in the sections were imaged with a 

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

Hempstead,, UK)].25 Excitation of FITC was done at 494 nm, and the emission was 

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 of an image analysis 

softwaree 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.25 The total number of axons was registered 

andd the following data were calculated: the ratio of the number of axons per 500 

urn22 fascicle area per nerve, the mean axon diameter per nerve, the ratio of axon 

areaa to fascicle area in each nerve stump, and the axon outgrowth, calculated as 

thee ratio of axon area to fascicle area in the distal nerve stump expressed in that of 

thee proximal nerve stump x roo%. 

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

Whitneyy test.26 The level of significance was predetermined at 0.05. 
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Result s s 

Thee animals recovered without complications. There was a normal wound healing. 

Macroscop y y 

Proceduress with silicone rubber. The exploration of all tube-reconstructed 

nervess showed a local fibrotic reaction around the tube with adhesions to the 

nervee and the surrounding tissue at 3, 6 and 12 months (Fig. 3). 

Proceduree with conventional suturing. The exploration of the sutured control 

seriess (series 3) showed the nerves lying totally free between the surrounding tis-

suess (Fig. 4). 

Microscop y y 

Proceduress with silicone rubber. After 6 months, in both silicone procedures a 

chronicc fibrotic reaction with horizontally arranged myofibroblasts was noticed 

inn the epineurial layer at the site of contact to the silicone tube (Fig. 5). This re-

actionn gradually increased in the period between 6 and 12 months. Next to this 

chronicc fibrotic reaction in the silicone reconstructed nerves, scar tissue developed 

att the same site. At 12 months, adhesions of the nerve to the surrounding tissue 

weree consistent, as well as excessive fibrotic reaction at the site of contact with the 

siliconee tubes in both silicone series, and scar tissue was present. In both tubuli-

zationn procedures at 6 months, many tiny axon sprouts were seen (Fig. 6). In the 

periodd between 6 months and 12 months, longitudinal sections showed disorderly 

arrangedd axons. Many tortuous blood vessels had developed along the axons and 

manyy fat cells were present in the suture. Neither myofibroblasts nor scar tissue 

wass seen in the gap or in the center of the nerve suture. 
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Proceduree with conventional suturing. Under the light microscope no adhe-

sionss were seen in any specimens. No fibrotic reaction could be noticed in a period 

ass longg as 12 months. At 3 months, a slight amount of connective tissue had devel-

opedd around the nerve suture and a normal amount of collagen fibers without 

elastinn fibers was present in the neurolemma. At 6 months, a normal thin epineu-

riall  layer and neurolemma was noticed. At 3 months, longitudinal sections through 

thee center of the nerve showed outgrowing axons were orderly and a few blood 

vesselss with normal aspect were present. 

Morphometr y y 

Meann number of axons per standard fascicle area (500 um2). The mean num-

berr of axons per standard fascicle area (Tables 1 and 2; Fig. 7) showed proximally 

andd distally in all procedures a peak at 6 months. Between 6 and 12 months after 

surgery,, in the distal stumps the decrease in the mean number of axons per stan-

dardd fascicle area of the two silicone procedures differed significantly from the 

decreasee in the conventional sutured nerves (in the silicone procedure without 

gapp from 3.74 to 1.09, in the silicone procedure with a 10-mm gap from 3.60 to 1.12 

andd in the conventional suturing procedure from r.c)r to 1.84). 

Att 12 months, the mean number of axons per standard fascicle area in the distal 

nervee stump did not differ significantly compared with the silicone procedure with-

outt a gap and the silicone procedure with 10-mm gap (1.09 and 1.12, respectively). 

However,, the values in both silicone procedures remained significantly lower in 

comparisonn to this value in the conventional sutured nerves (1.84). The distal values 

att 12 months obtained in the silicone procedure without a gap, in the silicone 

proceduree with 10-mm gap, and in the conventional suturing procedure were 

significantlyy lower than the values in the non-operated nerves (1.09,1.12,1.84, and 

4.22,, respectively). 
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Meann axon diameter per fascicle per nerve. The mean axon diameter per fas 

ciclee per nerve in the tube procedure without gap (Tables 3 and 4; Fig. 8) showed a 

peakk proximally (3.38 um) and distally (3.19 jam) at 6 months. The value proxi-

mallyy was even significantly higher than in the non-operated nerves (3.00 um). At 

66 months, the mean axon diameter in the distal nerve stump of both tubulization 

proceduress did not differ significantly from the non-operated nerves (3.19,3.05, 

andd 3.00 um, respectively). In the tube procedures the mean axon diameter in-

creasedd proximally and distally from 3 to 12 months. At 12 months, the distal values 

off  both tube procedures (silicone procedure without a gap: 2.76 urn, silicone pro-

ceduree with 10-mm gap: 2.68 m) were significantly lower in comparison to the 

conventionall  sutured nerves (3.06 um) and to the non-operated nerves (3.00 um). 

Thee value of the conventional suturing procedure did not differ significantly from 

thee non-operated nerve (3.06, and 3.00 urn, respectively). 

Ratioo M (total axon area / total fascicle area). The ratio M (Table 5 and 6; Fig. 9) 

showedd in the distal nerve stumps a peak at 6 months in both tubulization proce-

duress (silicone procedure without a gap: 0.06, and silicone procedure with 10-mm 

gap:: 0.05). These values were decreased at 12 months (silicone procedure without 

aa gap: 0.01 and silicone procedure with 10-mm gap: 0.01). This was in contrast with 

thee conventional sutured nerves with a dip at 6 months and an increase at 12 

monthss (0.02, and 0.03, respectively). At 12 months, the distal values of the silico-

nee procedures without a gap and with 10-mm gap and of the conventional sutured 

nervess differed significantly (0.01, 0.01, and 0.03, respectively). However, the ratio 

MM of all procedures was significantly lower than the ratio M of the non-operated 

nervess (0.01, 0.01, 0.03, and 0.07, respectively). 
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Percentagee of outgrowing axons (ratio M distally expressed in ratio M 

proximally).. The percentage of outgrowing axons (Table 7; Fig. 10) of the tubuli-

zationn procedures without gap and those with a 10-mm gap had a peak at 6 months. 

Thesee percentages were in that period significantly higher than the percentage in 

thee conventional sutured nerves (87,115, and 37%, respectively). The percentage 

off  outgrowing axons of the conventional sutured nerves showed a slight dip at 6 

monthss (41,37, and 99%, respectively). At 12 months, this percentage of outgrowing 

axonss did not differ significantly from 100%, the value of the non-operated nerves. 

Thee percentages of outgrowing axons of both procedures with silicone rubber 

remainedd significantly lower than the percentage of the conventional sutured ner-

vess (57, 48, and 99%, respectively). 

Discussio n n 

Thiss study has shown that silicone rubber tubes do not enhance nerve regener-

ationn in nerve reconstruction without a gap. It also has shown, that silicone rubber 

tubess are successful in bridging a 10-mm gap in the saphenous nerve continuity. 

Lundborgg et al.17 described that silicone rubber tubes cannot be used as an alterna-

tivee to nerve grafts over extended lengths, because of their impermeability. In this 

study,, both tubulization procedures did not differ significantly concerning the 

meann number of axons and the mean axon diameter in the distal nerve stumps at 

122 months. At 12 months, the ratio M in the distal nerve stumps of both tubuliza-

tionn procedures did not differ significantly. The ratio M of the two tube procedures 

wass significantly smaller than the ratio of the conventional sutured nerves at 12 

months.. The axon growth in the silicone tube procedures showed after a period of 

fastt increase a bend at the first 6 months and thereafter a steady decrease in the fol-
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lowingg 6 months. The increase in the first 6 months could be due to axon sprout-

ingg in the silicone tubes, which might be detected as a positive effect of tubuliza-

tionn in the first 6 months. The decrease in the following period can be caused by 

thee distinct chronic fibrotic reaction in both silicone procedures. This reaction was 

localizedd in the epineurial layer at the site of contact with the silicone tube. This 

reaction,, developed in the first month and following months after operation, result-

edd in an increasing pressure on the outgrowing axons. The chaotic cell situation 

withinn the nerve, outgrowing axons and the abundant tortuous blood vessels 

alongg the axons was already present at 3 months and increased til l 6 months after 

operation.. The scar tissue, that already was present at 6 months, would also ham-

perr the outgrowing axons constantly and resulted in a decrease of axons in the 

nervee part distally to the nerve suture after 6 months. Many investigators support 

thee advantages of the tubulus method in peripheral nerve reconstruction.17"20 

However,, in our experiments the silicone tube procedures showed chronic fibrotic 

reactionn with the disadvantages described. These results are in agreement with the 

findingss of Rudolph et al.27 and Chamberlain et al.20 Rudolph et al.27 already in 

1987,, described myofibroblasts around silicone breast implants. Chamberlain et al.20 

reportedd for the first time contractile capsules around the silicone tubes. This fibro-

ticc reaction in the silicone procedures was not found in our experiments in con-

ventionall  sutured nerves; in these experiments only a slight amount of connective 

tissuee was found around the nerve suture at 3 months and it had disappeared at 6 

months.. The development of this connective tissue around the nerve suture 

duringg this period in conventional suturing could have attributed to the slight 

decreasee in the outgrowing axons in the same period. However, the percentage of 

outgrowingg axons increased after the 6 months to 12 months from 37% to 99%. 

Inn conclusion, our results demonstrated that in rabbits the use of silicone tubes 

aroundd directly or indirectly sutured peripheral sensory nerves initiated restric-
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tionn in the outgrowth of axons. The nerve reconstruction with silicone tubes gave 

risee to scar tissue around and inside the nerve during the first year of recovery. 

However,, if in direct suturing silicone tubes were used there was an axon out-

growthh of 57% and in case of bridging a io-mm gap, the axon outgrowth was still 

48%.. Silicone rubber tubes filled with various types of factors, materials or cells 

aree often used to improve regeneration. If silicone rubber tubes have become 

encapsulatedd with fibrous tissues and this caused constriction of the nerve another 
177 71 77 

surgicall  procedure is necessary to remove the tube. ' ' Interesting biological 

materialss for bridging gaps in nerve reconstruction are collagen-based nerve gui-

des.. We had good results with bridging the defect in the nerve continuity in the 

saphenouss nerve in the rabbit with processed porcine collagen. In our opinion, 

collagen-basedd nerve guides are interesting alternatives of silicone rubber tubes in 

bridgingg gaps in sensory reconstruction. 
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Siliconee rubber tubulization in peripheral sensory nerve reconstruction 

Tabl ee 1 Comparison of Silicone Rubber without Cap, Silicone Rubber with a 10-mm 

Cap,Cap, Conventional Suturing, and Non-operated Nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

Siliconee 1 5 3 0 1.64+0.67 6 

withoutt a 

gapa(n=12) ) 

Siliconee with 7 8 8 8 2 2 

10-mm m 

gapa(n=12) ) 

Conventionall 6 9 7 1.91 1 9 8 

suturing3 3 

(n=12) ) 

Non-operatedd 5 

nerveaa (n=3) 

aaMeanMean  SD. 

MeanMean number of axons per standard fascicle area (500 pm2) after 3, 6 and 12 months, 

1010 mm proximal and 10 mm distal to the end of the nerve stumps (see also Figs. 1 and 

2). 2). 
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Tabl ee 2 Comparison of Silicone Rubber without Gap, Silicone Rubber with 

Gap,Gap, Conventional Suturing, and Non-operatea 

3 3 

PP silicone without gap - P conv. sut. 

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

PP silicone gap 10 mm - P conv. sut. 
PP silicone gap 10 mm - D conv. sut. 

DD silicone gap 10 mm - P conv. sut. 
DD silicone gap 10 mm - D conv. sut. 

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

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

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

PP conv. sut. - non-oper. nerve 

DD conv. sut. - non-oper. nerve 

PP silicone without gap - D silicone without gap 
PP silicone gap 10 mm - D silicone gap 10 mm 

PP conv. sut. - D conv. sut. 

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

11 Nerve 

Months s 

<0.05 5 
N.S. . 

<0.02 2 

<0.1 1 

<0.02 2 

<0.001 1 
<0.05 5 

<0.05 5 

<0.02 2 

N.S. . 
<0.001 1 
N.S. . 

<0.01 1 
<0.001 1 

<0.001 1 
<0.001 1 

<0.001 1 
<0.001 1 

<0.05 5 
<0.001 1 
<0.1 1 

P-Value* * 

aa 10-mm 

66 Months 12 Months 

N.S. . 

<0.001 1 
<0.1 1 
<0.01 1 

N.S. . 
N.S. . 

<0.001 1 

<0.001 1 

N.S. . 

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

<0.05 5 

<0.05 5 

<0.1 1 
<0.05 5 

<0.01 1 
<0.001 1 

N.S. . 
N.S. . 

<0.001 1 

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

<0.01 1 
N.S. . 

<0.02 2 

<0.01 1 

<0.1 1 

N.S. . 
<0.01 1 
<0.01 1 

N.S. . 
<0.1 1 
<0.01 1 
N.S. . 

<0.001 1 
<0.001 1 

<0.001 1 
<0.001 1 

<0.001 1 
<0.001 1 

<0.05 5 

<0.05 5 
N.S. . 

1010 mm 

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

NumberNumber of axons per fascicle per 500 ym2 (standard area). P, 10 mm proximal 

nervenerve stumps; D, 10 mm distal to the nerve stumps; conv. sut 

non-oper.non-oper. nerve, non-operated nerve; N.S., not 
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Siliconee rubber tubulization in peripheral sensory nerve reconstruction 

Tablee 3 Comparison of Silicone Rubber without Cap, Silicone Rubber with 10-mm 

Cap,Cap, Conventional Suturing and Non-operated Nerve 

33 months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

Siliconee 2.60+0.27 2.44+0.30 3.38+0.23 3.19+0.22 3.05+0.27 2 

withoutt a 

gapa(n=12) ) 

Siliconee with 4 2.46+0.37 2 3.05+0.10 2.98+0.60 7 

10-mmm gap3 

(n=12) ) 

Convention.. 3.13+0.48 2.41+0.42 0 6 0 5 

suturinga a 

(n=12) ) 

Non-operatedd 3.00+0.24 

nerveaa (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 Silicone Rubber without Cap, Silicone Rubber 

withwith a 10-mm Cap, Conventional Suturing, and Non-operated Nerve 

P-Value* * 

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

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

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

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

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

PP conv. sut. - non-oper. nerve 
DD conv. sut. - non-oper. nerve 

PP silicone without gap - D silicone without gap N.S 

PP silicone gap 10 mm - D silicone gap 10 mm 

PP conv. sut. - D conv. sut. 

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

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

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

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 

<0.1 1 

N.S. . 
<0.02 2 
N.S. . 

<0.05 5 
N.S. . 

<0.02 2 

N.S. . 

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

<0.05 5 
<0.001 1 

<0.001 1 
<0.001 1 

N.S. . 
<0.01 1 

)) N.S. 
N.S. . 

<0.01 1 

66 Months 

<0.02 2 

<0.001 1 
N.S. . 

<0.01 1 

N.S. . 
<0.01 1 
N.S. . 

<0.001 1 

<0.02 2 

N.S. . 
<0.02 2 

N.S. . 

N.S. . 
N.S. . 

<0.01 1 
N.S. . 

N.S. . 
<0.001 1 

N.S. . 
<0.001 1 

<0.001 1 

122 Months 

N.S. . 

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

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

N.S. . 

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

N.S. . 

N.S. . 
<0.05 5 

N.S. . 
<0.05 5 

N.S. . 

N.S. . 

<0.05 5 
<0.05 5 

N.S. . 
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Siliconee rubber tubulization in peripheral sensory nerve reconstruction 

Tabl ee 5 Comparison of Silicone Rubber without Cap, Silicone Rubber with a 10-mm 

Cap,Cap, Conventional Suturing, and Non-operated Nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

Siliconee 1 0.01 1 3 2 0.02+0.09 0.01 9 

withoutt a gapa 

(n=12) ) 

Siliconee with 1 0.01 7 2 1 4 0.01 1 

10-mmm gapa 

(n=12) ) 

Conventionall 2 1 0.05+0.02 1 2 1 

suturing3 3 

(n=12) ) 

Non-operatedd 1 

nerveaa (n=3) 

aaMeanMean  SD. 

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

proximalproximal and 10 mm distal to the nerve stumps (see Figs. 1 and 2). 
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Tabl ee 6 Comparison of Silicone Rubbber without Gap, Silicone Rubber with a 10-mm 

Gap,Gap, Conventional Suturing, and Non-operated Nerve 

P-Value* * 

33 Months 6 Months 12 Months 

PP silicone without gap - P conv. sut. <0.001 <0.02 <0.05 
PP silicone without gap - D conv. sut. N.S. <0.001 N.S. 

DD silicone without gap - P conv. sut. <0.01 <0.1 N.S. 
DD silicone without gap - D conv. sut. <0.05 <0.001 <0.001 

PP silicone gap 10 mm - P conv. sut. N.S. N.S. <0.05 
PP silicone gap 10 mm - D conv. sut. <0.05 <0.001 N.S. 

DD silicone gap 10 mm - P conv. sut. <0.01 N.S. N.S. 
DD silicone gap 10 mm - D conv. sut. <0.05 <0.001 <0.001 

PP silicone without gap - P silicone gap 10 mm <0.05 <0.02 N.S. 
PP silicone without gap - D silicone gap 10 mm N.S. <0.1 <0.05 

DD silicone without gap - P silicone gap 10 mm <0.001 N.S. <0.001 
DD silicone without gap - D silicone gap 10 mm N.S. <0.02 N.S. 

PP silicone without gap - non-oper. nerve <0.001 N.S. <0.001 

DD silicone without gap - non-oper. nerve <0.001 N.S. <0.001 

PP silicone gap 10 mm - non-oper. nerve <0.001 <0.001 <0.001 
DD silicone gap 10 mm - non-oper. nerve <0.001 <0.01 <0.001 

PP conv. sut. - non-oper. nerve <0.01 <0.01 <0.001 
DD conv. sut. - non-oper. nerve <0.001 <0.001 <0.001 

PP silicone without gap - D silicone without gap N.S. N.S. <0.05 
PP silicone gap 10 mm - D silicone gap 10 mm <0.001 N.S.. <0.05 

PP conv. sut. - D conv. sut. <0.02 <0.001 N.S. 

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

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

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

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. 
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Siliconee rubber tubulization in peripheral sensory nerve reconstruction 

Tabl ee 7 Percentage of Outgrowing Axons (N) after 3, 6, and 12 Months 

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

Siliconee without 78.65 86.93 57.21 

aa gap (n=12) 

Siliconee with 35.05 114.68 48.06 

10-mmm gap (n=12) 

Conv.. suturing 40.95 37.45 99.02 

suturingg (n=12) 

Non-operatedd nerve 100.00 100.00 100.00 

nervee (n=3) 

ComparedCompared are silicone rubber without gap, silicone rubber with 10-mm gap, 

conventionalconventional suturing, and non-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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Siliconee rubber tubulization in peripheral sensory 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 A silicone rubber tube in situ, at 6 months. A local fibrotic reaction around 

thethe tube with adhesions to the nerve and the surrounding tissue is present. 

158 8 



Siliconee rubber tubulization in peripheral sensory nerve reconstruction 

Figur ee 4 A nerve reconstructed by conventional suturing procedure in situ, at 6 

months.months. There are no adhesions present between the nerve and the surrounding tissues. 
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Figur ee 5 A nerve reconstructed with the silicone rubber procedure at 6 months. 

ThereThere is a chronic fibrotic reaction with horizontally arranged myofibroblasts (arrows) 

inin the epineurial layer at the site of contact to the silicone rubber tube (a-smooth 

musclemuscle actin staining, x 600). 
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Siliconee rubber tubulization in peripheral sensory nerve reconstruction 

Figur ee 6 A nerve reconstructed with the silicone rubber procedure at 6 months. 

ManyMany tiny axon sprouts are seen. Longitudinal section (NF 90-staining, label FITC, 

CL5M,CL5M, x 700). 
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Figur ee 7 Mean number of axons per standard fascicle area (500 pm ) after 3, 6, and 

1212 months, 10 mm proximal (left) and 10 mm distal (right) to the end of the nerve 

stumpstump is shown. Procedures of silicone rubber without gap, silicone rubber with a 

10-mm10-mm gap, conventional suturing, and non-operated nerve are compared. 
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Figur ee 8 Mean axon diameter 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). Silicone rubber without gap, silicone rubber with a 10-mm gap, 

conventionalconventional suturing, non-operated nerve are compared. 
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Figur ee 9 Ratio A/I (total axon area / total fascicle area) after 3, 6, and 12 months, 

1010 mm proximal (left) and 10 mm distal (right) tot the nerve stumps. Silicone rubber 

withoutwithout gap, silicone rubber with a 10-mm gap, conventional suturing, and non-

operatedoperated nerve are compared. 
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Figur ee 10 Percentage axon outgrowth N (ratio A/I  A/I proximally), 

xx 100%, after 3, 6, and 12 months. Silicone rubber without gap, silicone rubber with 

aa 10-mm gap, conventional suturing, and non-operated nerve. 
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