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Chapterr  6 

Generall  discussio n 

Optimall  regeneration after nerve injury of the peripheral nervous system is of 

greatt interest because nerve injury results in significant patient morbidity with 

losss of sensory and motor function -with handicaps- and frequently intractable 

pain.1,22 Satisfactory repair of a reconstructed nerve depends mainly on optimal 

preoperativee and postoperative clinical assessment, the microsurgical technique 

duringg operation including magnification, microsurgical instruments and sutures. 

Thee objective of nerve suturing is to align, as accurately as possible, the correspond-

ingg fascicular components of the proximal and distal nerve segments. However, 

evenn perfect alignment of nerve sheaths does not ensure a correct intrinsic coapta-

tionn of fascicular structures. The quality of suture materials is another important 

topic,, the material should, among other criteria, not induce any irritation. Fibrin 

gluee has been suggested to minimize tissue injury. '̂  Laser nerve welding has been 

usedd as another alternative.6 A negative effect results from tension at the suture 

line.. ' In critical situations, Lundborg advised to use a nerve graft instead of a 

nervee suture under unphysiological tension. Microsurgical, atraumatic surgical 

techniquess optimize fascicular alignment in nerve reconstructions. According to 

Lundborg,, nerve repair is not primarily a mechanical problem and microsurgery 

iss not the only key to success. Still no clinical, randomized study showed a coapta-

tionn technique to be superior for general recommendation. Coaptation of nerve 

stumpss may be sufficient, but fascicular or group fascicular microsurgical coapta-
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tionn has been advised if a specific topographic arrangement of sensory and motor 

fascicless can be identified.14 If possible an interposition or interfascicular nerve 

graftt should be used. Postural positioning of the extremity to facilitate end-to-end 

reconstructionn has been discouraged. * Nerve repair and nerve grafting should be 

carriedd out with the extremity in a neutral position exerting no tension at the site of 

repair.. Postoperative training of motor and sensory functions potentially enhances 

thee surgical result.16 Experience in nerve reconstruction has mainly been obtain-

edd during wars, where urgent surgical treatment of traumatized extremities was 

neccessary.. Apart from these extreme situations, surgical experience is only limit-

edd in general hospitals. 6 Peripheral nerve lesions with a gap are a clinical problem 

becausee they require a more extensive reconstruction procedure, than a nerve 

lesionn that can be reconstructed by direct suturing. If direct suturing of the nerve 

stumpss is not possible, a conduit has to be introduced to bridge the defect and 

connectt the proximal and distal nerve segments. Autologous nerve grafting is 

thethe method in the reconstruction of small nerve gaps. Because of the disap-

pointingg results of autologous nerve grafting, represented by loss of function and 

formationn of neuroma at the donor site, investigators developed tubulization pro 

ceduress for bridging nerve gaps. In tubulization procedures both nerve stumps of 

thee nerve lesion are placed into each end of a tube. Many investigations have been 

conductedd to develop tubes of biological and nonbiological origin, pretreated or 

nontreatedd with neurotrophic factors or nonneuronal cells. Several investigators 

foundd that the tubulization procedure prevents growth of connective tissue 

penetratingg into the regenerating nerve and the formation of a neuroma in the 

!!  19-24 

lesion. . 

Siliconee rubber has found many applications in surgery thanks to its inert and 

elasticc properties. In clinical practice, silicone tubes have been used primarily to 

bridgee very short gaps as an alternative to primary suturing in cases in which 
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directt suture of the nerve ends was impossible due to tension at the nerve stumps. 

Inn these situations, the short defects did not exceed 5 mm.13 Merle et al.24 showed 

thatt two years after nerve reconstruction patients complained of irritation at the 

implantationn site and loss of nerve function caused by compression of the regener-

atedd nerve, toxicity, or chronic foreign body reaction. According to Lundborg 

variouss tubes could be used clinically for two purposes: (1) as an alternative to 

nervee suturing when primary repair is possible (a short gap is intentionally left 

betweenn the nerve stumps) or (2) as an alternative when a short gap has to be 

bridged. . 

Thee use of biodegradable tubes in experimental nerve reconstruction has gained 

moree interest. ' 5 Fields et al. and Chamberlain et al. stated that nerve guides 

thatt are resorbed by the body after an appropriate interval seem to offer the grea-

testt promise as the ideal tubulization material. Pseudosynovial sheath, autogenous 

omentumm and collagen, all have been applied. However, severe rejection 

responsee to foreign materials caused destruction of the ultrastructural units re-

quiredd for the regeneration of axons. 5' Sparmann, 5 in contrast to Mackinnon 6 and 

Lundborg,, was very pessimistic about the results of many studies with various 

kindss of tubes conducted in animal experiments. According to his opinion, the 

neww biodegradable tubes still cannot be applied in clinical practice to bridge short 

orr long gaps. The autor prefers autologous nerve grafting. However, as bioengin-

eeringg is still considered to be the laboratory-based alternative of human auto-

graftss and allografts, we tested in the rabbit saphenous nerve model a 

newly-processedd type of collagen, that had been used in experiments dealing with 

protectionn of colonic anastomoses and reconstruction of tendon sheath.48 This 

collagenn is of porcine origin and is more suitable for use in tissues of delicate struc-

turee than the collagen of sheep origin, developed by Van Gulik in 1981, which in 

previouss experiments was successfully tested as a vascular prosthesis,50 joint liga 
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ment55 '̂  and as an enforcement device of the abdominal and thoracic wall.5 

Wee developed a special method for morphometric analysis (Chapter 2) in our 

experimentall  nerve reconstruction studies. The following parameters for nerve 

regenerationn were assumed: the number of axons per 500 urn2 fascicle area per 

nervee (K), the mean axon diameter per nerve in urn (L), the ratio axon area / fascicle 

areaa (M) in each nerve stump and the axon outgrowth (N): calculated as (M) in the 

distall  nerve stump / (M) in the proximal stump (x 100%). For non-parametric, sta-

tisticall  evaluation the Mann-Whitney test was used. The advantage of this morp-

hometricc analysis is the rapid production and evaluation of the harvested 

informationn out of 95% of the transected nerves. The mean advantage of this 

methodd is the actual counting of nerve fibers itself, by means of measuring the 

areaa of the immunohistochemically stained transverse sections of the nerve. In a 

numberr of studies '5 5 morphometric analysis has been performed in sections 

stainedd by osmium tetroxide. These methods stain myelin, so morphometric ana-

lysiss is performed on calculations based on axon area and nerve fiber area. The dis-

advantagee of our method is that no comparison can be made with literature data 

concerningg the myelinization of nerve fibers. However, with the described 

method,, information was readily obtained when comparing the data of the proxi 

mall  and distal nerve stump in nerve reconstruction experiments. 

Inn an earlier study, we compared the results of experiments with venous nerve 

guidess and of conventional suturing (Chapter 3). The use of an autologous venous 

tubuluss gave rise to formation of obstructive connective tissue and to a decrease of 

axonn regeneration, independent of using either the direct or the indirect suturing 

technique.. The outgrowing axons were arranged in a more orderly fashion in 

directlyy sutured nerve lesions than in indirectly sutured nerves. This finding could 

bee due to the small amount of traction present between the directly sutured nerve 

endings,, caused by the normal retraction in the nerve endings after being cut. ' 
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Thiss finding was not described by other investigators. 

Thee advantages of the tubulus method in peripheral nerve reconstruction are 
700 97 9£ SS 60 

knownn by many investigators. ' ' ' " The results of our study demonstrate that 

inn rabbits the use of autologous venous material as a tubulus around directly or 

indirectlyy sutured peripheral nerves restricts outgrowth of axons and therefore is a 

lesss suitable method of peripheral nerve reconstruction. 

Thee application of processed porcine collagen (PPC) tube (Chapter 4) being a bio-

degradablee material with favorable wound healing properties as known from 

otherr investigations, " gave optimal results in our study in comparison to appli-

cationn of silicone rubber tubes and venous tubes. In case of indirect suturing with 

PPCC tubulization, the mean number of axons, the distal ratio total axon area / total 

fasciclee area and the final percentage of outgrowing axons at 12 months p.o. show 

remarkablyy better results than indirect suturing with silicone rubber tubes (Tables 

1-4;; Figs. 1-4). However, our experiments showed that conventional suturing in 

nervee reconstruction without a gap gives better results than direct suturing with 

thee application of a PPC tube (Table 4, and Fig. 4). In PPC tube application, the 

meann number of axons in the proximal nerve stump is lower than in the conven-

tionall  suturing method (Fig. 1, left). Both values never reach the value of the non-

operatedd nerve. In both procedures, the peak is at 6 months. At 12 months, both 

valuess have decreased. So in both procedures axon sprouting initially increases up 

too 6 months and decreases to a lower value at 12 months. 

Inn the distal nerve stump the mean number of axons in the PPC procedure, increas-

ess in 6 months to a higher level than this value in the conventional suturing pro-

ceduree (Table 1, and Fig. 1, right). At 12 months, however, the values found in the 

PPCC procedures are lower than in the conventional suturing procedure. These find-

ings,, combined with the calculations for mean axon diameter (Table 2, and Fig. 2), 

ratioo M (Table 3, and Fig. 3) and percentage outgrowing axons (Table 4, and Fig. 4) 
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ledd to the conclusion that in nerve reconstruction without gap, PPC application 

hass no benefit in comparison to conventional suturing. The results of PPC tube 

withoutt gap are comparable to the results of application of silicone rubber in nerve 

reconstructionss without gap (Tables 1-4, and Figs. 1-4). 

Inn nerve reconstructions with a 10-mm gap, PPC application enhances nerve re-

generationn (Table 4, and Fig. 4). In nerve reconstructions with a gap and application 

off  PPC tubes, the results show that the mean number of axons in the proximal and 

distall  nerve stump, never reaches the value of the non-operated nerve (Table I, and 

Fig.. 1). An exception is the mean number of axons in the distal nerve stump at 6 

monthss after operation. This phenomenon is possibly the result of axon sprouting. 

Afterr 12 months this sprouting has decreased (Fig. 1, right), suggesting that axon 

sproutingg is initially enhanced by the PPC tube, but later on the axon sprouts degen-

eratee during the process of reaching the target organ. This phenomenon is also 

seenn in the application of silicone rubber tubes in nerve reconstructions with a 10-

mmm gap, but the values of mean number of axons at 12 months are distally lower 

inn comparison to PPC tubes (Table 1, Fig. 1). Proximal axon sprouting in silicone 

rubberr tube application is higher at 6 months in comparison to PPC tube applica-

tion.. It seems that the ability to induce axon sprouting initially is better in silicone 

rubberr tube application than in PPC tube application in the proximal stump, but 

thatt in silicone rubber tube application many axon sprouts do not reach the distal 
27 7 

stump.. This finding is in agreement with the results of Mackinnon et al. in ex-

perimentss with silicone rubber application in nerve reconstruction. The basis for 

thiss phenomenon is probably found in the appearance of myofibroblasts in nerve 

reconstruction.433 However, in our experiments myofibroblasts were never found 

inn PPC tube application, suggesting that the degeneration of axon sprouts during 

thee healing process must have an other origin. 

Accordingg to some investigators the application of silicone rubber tube, being a 
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non-degradable,, clinically-used material, gives good results for bridging gaps in 

comparisonn with a non-reconstructed nerve lesion which cannot be approximated 

withoutt traction (Chapter 5). This was shown by Merle et al. who reported nerve 

regenerationn after nerve reconstruction using silicone rubber tubes.24 According 

too these authors functional recovery was apparent in all patients. However, after 

twoo years following nerve reconstruction, the patients complained of irritation at 

thee implantation site and loss of nerve function, caused by compression of the 

regeneratedd nerve. In all cases, a second operation to remove the tube was necess-

aryy to prevent further damage to the nerve. If we compare our results of the experi-

mentss of nerve reconstruction without a gap, we conclude that conventional 

suturingg gives better results than direct suturing combined with silicone rubber 

tubulizationn (Tables 1-4, and Figs. 1-4). The silicone rubber tubulization in combi-

nationn with conventional suturing initially stimulated the outgrowth of axons in 

thee period of 6 months after operation (Table 4, and Fig. 4). However, at 12 months 

inn conventional suturing the percentage outgrowing axons reached the level of 

thee non-operated nerve. The percentage of outgrowing axons in the direct suturing 

experimentss with silicone rubber tubulization was lower than the percentage in 

thee experiments with conventional suturing. The other data (Tables 1-3, and Figs. 

1-3)) support this view. Chamberlain reported in his experimental studies using 

siliconee rubber tubes in nerve reconstruction, that the contractile action of myofi-

broblastss resulted in tissue contraction, causing decrease of outgrowing axons. 

Ourr results of experiments with silicone rubber tubes in nerve reconstruction sup-

portt this finding. In our experiments the poor regenerative capacity of axons in 

relationn with silicone tubes was established. Problems in the use of silicone as a 

biomateriall  have prompted the continued investigation of several types of tissue 

andd synthetic degradable materials for use as tubes in nerve reconstruction.13,38'61 
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Conclusion:: tubulization with non-biodegradable material such as Millipore, sili-

conee rubber or with biodegradable material such as tissue from veins, peritoneum, 

arteries,, poly (lactic acid-e-caprolactone) and collagen give better results in experi-

mentall  nerve regeneration than nerve allografts and autologous muscle grafts. 

Althoughh muscle tissue contains laminin, which is known to have neurotrophic 

properties,, the outgrowing axons from the proximal nerve stump into the muscle 

graftt have the tendency to grow outside the graft, thus forming a neuroma. This 

disadvantagee makes muscle autografts unsuitable for nerve reconstruction. 

Autologouss vein grafts give rise to formation of obstructive connective tissue and 

decreasee of axon regeneration, probably initiated by contact between endothelial 

cellss of the transplanted venous segment and the nervous tissue, and results into 

developmentt of connective tissue and external constriction of the nerve, before 

axonss can regenerate. Non-biodegradable tubes like silicone rubber are only 

recommendedd when there is a gap to bridge and no other tube material is avail-

able.. Silicone tubes around directly or indirectly sutured peripheral sensory nerves 

initiatee restriction in the outgrowth of axons and scar tissue. For these reasons the 

tubess have to be removed in a second operation on the long term. 

Inn contrast to the findings with silicone rubber tubulization, almost any inflam-

matoryy reaction and no fibrotic reaction were found in the center of the suture 

whenn tubulized with PPC. It is suggested that PPC has neurotrophic properties to 

accountt for the latter findings. It can be stated that tubing is always a better alter-

nativee than reconstruction of the severed nerve with too high a tension. Processed 

porcinee collagen is a new biodegradable material, with very low inflammatory 

reaction,, has favorable effects on axon outgrowth and does not hamper nerve re-

generation. . 
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Futur ee Direction s In Periphera l Nerve Surger y 

Importantt advances in the field of nerve surgery have provided the surgeon with 

technicall  skills required to deal with nerve injuries.15'62 According to Mackinnon 

andd Dellon and Lundborg it is unlikely that improved clinical results wil l come 

fromm further refinements in microsurgical techniques. Important developments 

aree and probably wil l be the application of tissue engineering and neurotrophic 

factors.. The combination of bioengineered tubes and these neurotrophic factors 

wil ll  reduce death of nerve cells and promote the outgrowth of axons after nerve 

injury.. Moreover, progress in the field of nerve surgery is limited by our present 

knowledgee and understanding of details of neurobiology and neurochemistry of 

nervee regeneration, expanding the need for animal models and experiments in 

nervee reconstruction. The results of these experiments wil l provide the neurosur-

geonn with new tools for clinical nerve reconstruction. Experimental and clinical 

experiencee has demonstrated that nerve repair without tension and with proper 

fascicularr alignment is responsible for minimizing scar formation at the repair site 

andd maximize the appropriate directions of axons. In addition, extension of our 

knowledgee of the concept of neurotrop(h)ism and contact guidance in determining re-

generationn over a nerve gap wil l be of particular importance for the nerve surgeon.63 

Ourr experiments with PPC tubes in experimental nerve reconstruction have pro-

videdd some promising results with this material. However, these experiments were 

performedd on sensory nerves in a "lower mammal" (rabbit).45 The material must be 

testedd in higher mammals and also in motoric or mixed nerves.45 Other promising 

tubee materials are synthetic biodegradable tubes13 but, as Sparmann45 stated in his 

paper,, these materials also must be tested in "higher mammals". 

Ourr PPC material is a suitable material for further studies in the bridging of nerve 

gapss in nerve reconstruction. Coupling of neurotrophic factors13 to the material 

and/orr application of cultured Schwann cells63 in combination with the material 

cann be a part of the new investigations. 
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Chapterr 6 

Tabl ee I Comparison of PPC without Gap, PPC with 10-mm Gap, Silicone Rubber 

withoutwithout Gap, Silicone Rubber with 10-mm Gap, Conventional Suturing, and Non-

operatedoperated Nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

PPCC without 8 5 1.93+0.88 7 1 0 

aa gap3 

(n=12) ) 

PPCC with 2.84+1.28 3.43+0.94 1 1 1.41 1 6 

10-mmm gapa 

(n=12) ) 

Siliconee 1 5 3 1 1.64+0.67 1.09+0.36 

without t 

agapa(n=12) ) 

Siliconee with 7 8 8 8 2 2 

10-mmm gapa 

(n=12) ) 

Conventionall 6 9 7 1 9 8 

suturing33 (n=12) 

Non-operatedd 4.22+0.65 

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. 

180 0 



__ General discussion 

Tabl ee 2 Comparison of PPC without Cap, PPC with 10-mm Cap, Silicone Rubber 

withoutwithout Cap, Silicone Rubber with 10-mm Cap, Conventional Suturing, and Non-

operatedoperated Nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

PPCC without 5 5 2.83+0.27 0 9 0 

agapa (n=12) ) 

PPCC with 2.74+0.21 4 2 1 5 3.11+0.78 

10-mmm gap 

Silicone33 7 0 3.38+0.23 2 7 2 

(n=12) ) 

withoutt a gap 

Siliconee with 4 7 2 0 0 2.68+0.37 

10-mmm gap3 

(n=12) ) 

Convention.. 8 2 0 2.45+0.16 0 5 

suturing3 3 

(n=12) ) 

Non-- 4 

operated d 

nerve33 (n=3) 

aaMeanMean  SD 

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

1010 mm proximal and 10 mm distal to the nerve stumps. 
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Tabl ee 3 Comparison of PPC without Gap, PPC with 10-mm Gap, Silicone Rubber 

withoutwithout Gap, Silicone Rubber with 10-mm Gapp, Conventional Suturing, and Non-

operatedoperated Nerve 

33 Months 6 Months 12 Months 

Proximall Distal Proximal Distal Proximal Distal 

PPCC without 0.01 1 0.01 1 2 0.06+0.03 1 1 

agap a (n=12) ) 

PPCC with 1 1 0.04+0.02 0.1 1 0.01 1 3 

10-mmm gapa 

(n=12) ) 

Siliconee 0.02+0.01 0.01 1 3 2 0.02+0.09 0.01 9 

withoutt a 

gapa(n=12) ) 

Siliconee with 1 0.01+0.07 2 1 4 0.01+0.01 

10-mmm gapa 

(n=12) ) 

Convention.. 2 0.02+0.01 2 1 2 1 

suturinga a 

(n=12) ) 

Non-operatedd 1 

nerveaa (n=3) 

aaAAeanAAean  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. 

182 2 



Generall discussion 

Tabl ee 4 Percentages of Outhgrowing Axons (N) after 3, 6, and 12 Months 

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

PPCC without a gap 81 

(n=12) ) 

PPCC with 106 

10-mmm gap (n=12) 

Siliconee without 79 

aa gap (n=12) 

Siliconee with 35 

10-mmm gap (n=12) 

Conventionall 41 

suturingg (n=12) 

Non-operatedd 100 

nervee (n=3) 

180 0 

246 6 

87 7 

115 5 

37 7 

67 7 

418 8 

57 7 

48 8 

99 9 

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

siliconesilicone rubber with 10-mm gap, conventional suturing, and non-operated nerve. 

183 3 



Chapterr 6 

proximal l distal l 

4,5 5 
ffl ffl 
5.. 4 

oo  re 3,5 
££ a 3 
OO -a 
SS S 2,5 

££ ü 2 

i ""  1,5 
c c 
o,, 1 
bb 05 

S S 
X X 

o o 
0 0 

A A 
X X 

D D 

O O 

o o 

A A 

O O 

X X 

É É !! x 

silicone e 
withoutt gap 

siliconee gap 
100 mm 

ppcc without 
gap p 
ppcc gap 10 
mm m 

conv.. suturing 

non-operated d 
nerve e 

OO silicone 
withoutt gap 

AA silicone gap 
100 mm 

OO ppc without 
gap p 

DD ppc gap 10 
mm m 

XX conv. 
suturing g 

00 3 6 9 12 

tim ee (months ) 

00 3 6 9 12 

tim ee (months ) 

-non--
operated d 
nerve e 

Figur ee 1 Mean number of axons per standard fascicle area (500 pm2) 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 PPC without gap, PPC with a 10-mm gap, silicone 

rubberrubber without a gap, silicone rubber with a 10-mm gap, conventional suturing, and 

non-operatednon-operated nerve are compared. 
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Figur ee 2 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. 

PPCPPC without gap, PPC with a 10-mm gap, silicone rubber without gap, silicone rubber 

withwith a 10-mm gap, conventional suturing, and non-operated nerve are compared 
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Figur ee 3 Ratio M (total axon area I total fascicle area)after 3, 6, and 12 months, 10 mm 

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

withwith a 10-mm gap, silicone rubber without gap,silicone rubber with a 10-mm gap, 

conventionalconventional suturing, and non-operated nerve are compared. 
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Figur ee 4 Percentage axon outgrowth N (ratio A/1 distally/ratio A/I proximally), x 100%, 

afterafter 3, 6, 12 months. PPC without gap, PPC with a 10-mm gap, silicone rubber with-

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

nervenerve are compared. 
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