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Chapter VII 

LASER-ASSISTED NERVE REPAIR: EFFECT OF SOLDER AND 
SUTURES ON REGENERATION IN RAT SCIATIC NERVE 

T. Menovsky, M. van den Bergh Weerman, & J.F. Beek 

The early healing phase plays an important role on the final outcome of nerve 
repair. The gap between the nerve s tumps, even if correctly adapted and 
fixed, becomes invaded by cicatricial t issue of a variable structural organi
sation which has a considerable influence on the subsequent outgrowth of the 
axons. The greater the connective tissue invasion at the repair site, the les
ser the available space for the regenerating axons. In that respect , LANR 
seems to offer several advantages over conventional suturing methods, such 
as less trauma to the t issue, less inflammatory and almost no foreign body 
reaction. Nevertheless, the clinical application of LANR is limited because 
of the high dehiscence rate and the inability of achieving consistently suc
cessful laser welds. 

Another issue is the choice of suture material which is used in combina
tion with laser welding. As at least one or two stay sutures are necessary to 
prevent dehiscence, it is important to use sutures which cause the least tis
sue reaction. Stainless steel sutures appeared to be most favourable giving 
less foreign body reaction and scarring than other suture materials (EDSHAGE, 
1964). However, the use of stainless steel sutures for repair of nerves has 
never gained favour because of the kinking of the wire and difficult knotting 
(EDSHAGE, 1968). Nevertheless, in the context of LANR, stainless steel sutu
res may have some advantages over synthetic materials. Stainless steel sutu
res are resistant to the heat resulting from laser irradiation, this in contrary 
to nylon sutures, which tensile is diminished even after 50 mW of laser 
exposure (Chapter IX). 

This study was designed to investigate early peripheral nerve regenera
tion after CO2 laser welding using three different suture materials (nonab-
sorbale nylon, absorbable polyglycolic acid (PGA), and stainless steel) and a 
protein solder as an adjunct to the welding process. Evaluation was perfor
med at one and six weeks after surgery and included light microscopy. 

Materials and methods 

The study was approved by the local Animal Welfare Committee. In total 46 
male rats, weighing 270-350 g, were housed maximal six in a cage and were 
kept under conventional laboratory conditions. Before surgery, general ana
esthesia and exposure of the right sciatic nerve was accomplished as descri
bed in chapter V 
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The nerve was then divided by microscissors and the nerve ends were 
trimmed using a razor blade and a wooden spatula as underground. In the 
LANR group (n=32), the nerves ends were approximated with two stay sutu
res, including 10-0 nylon (n=8), 10-0 PGA (n=8), and 25 urn thick stainless 
steel (n=8). Thereafter, circumferential irradiation of the nerve with a C 0 2 

milliwatt laser was performed at 100 mW with pulses of 1.0 s and a spot size 
of 320 urn. In the fourth subgroup of LANR, the nerves (n=8) were approxi
mated with two 10-0 nylon stay sutures and a protein solder consisting of 
bovine albumin powder dissolved in saline was applied to the repair site 
using a small spatula. Subsequently, the solder covering the nerve was irra
diated using the same laser parameters until the solder was adherent and 
coagulated onto the nerve. During laser irradiation, the solder turned into a 
solid substance bonding the nerve together. The laser settings used have 
been previously evaluated for their tensile strength in an in vitro study 
(Chapter IV) and early and late thermal damage (Chapter VI). Meticulous 
care was undertaken not to irradiate the suture thread (see Chapter IX). After 
the repair, the wound bed was carefully flushed with saline. In the control 
group (n=8), the nerves were repaired with four to six epi/perineurial 10-0 
nylon sutures using microsurgical techniques. In four rats, the nerves were 
repaired only with two 10-0 nylon sutures to serve as a direct control group 
for the laser repaired nerves. All sutures used were attached to a 75 um BV-
4 needle. The stainless steel sutures were handmade using steel thread with 
a diameter of 25 um attached by a soldering technique to a 75 um BV-4 
needle. 

After the nerve repair, the fascia of the hamstring muscles was closed with 
one to two 6-0 silk sutures and the skin was closed with absorbable 4-0 PGA 
sutures. The rats were not immobilised and were permitted unlimited activi
ty in their cage. The C 0 2 milliwatt laser used for the experiments is descri
bed in chapter IV. 

At one and six weeks after surgery, the rats were sacrificed by an overdo
se fenobarbital and the nerves were inspected and removed en bloc for neu-
ropathological examination. The specimens were fixed in Karnofsky's fixati
ve. Half of the nerves were embedded in paraffin, sectioned (4 urn) and 
stained with hematoxylin and eosin, Masson, and Bodian stain. The other 
half of the nerves were processed for toluidine blue and basic fuchsin stain 
as described in chapter VI. Longitudinal and transversal sections through 
the repair site were cut consecutively each 20 urn while cross-sections were 
performed through the proximal and distal nerve segments. 

The light microscopic sections were examined and semi-quantitatively 
scored for 1) cellular reaction at the repair site, 2) cellular and fibroblastic 
reaction around sutures, 3) epi/perineurial proliferation at the repair site, 4) 
intraneural scar, 5) neuroma formation, 6) axonal alignment, 7) regeneration 
in the distal nerve segment, and 8) extraneural fibre presence in the distal 
nerve segment. 
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Results 

There was no postoperative mortality. A sensomotor deficit of the right leg 
occurred in all rats corresponding to the sciatic nerve transection. Moreover, 
some rats had trophic ulcerations and oedema of the right foot, irrespective 
of the type of repair. 

At sacrifice, no dehiscence was observed and all nerves were in contin
uity. No neuromas or other localised changes in nerve calibre were observed. 
Signs of significant inflammation were not observed. Adhesions of the scia
tic nerve to surrounding tissues was moderate after one week survival while 
it was mild at six weeks survival. At one week, the adhesions were most seve
re in the soldered group. Thereafter, no significant differences in adhesions 
existed between the groups. After six weeks, the nylon and stainless steel 
sutures were visibly detectable, the PGA sutures were not. The epineurial 
vascularisation was only moderately increased in all nerves but especially in 
the soldered nerves. 

Week one 
All nerves had a comparable stage of wound healing except for some quanti
tative differences. At the repair site some oedema was noted, especially of 
the proximal nerve segment. Wallerian degeneration of the axons and myelin 
sheaths was confined proximally to a small area while distally the degenera
tion proceeded throughout the whole nerve. The epineurium covering the 
nerve ends was thickened and numerous proliferating fibroblasts, leukocy
tes, and macrophages were present in the epineurium and extended between 
the nerve ends and covered the cut edges of the nerve. Numerous newly for
med capillaries were present in the epineurium. Connective t issue was 
beginning to bridge the proximal and distal nerve segments (Fig. 7.1). In the 
laser groups no carbonised particles were seen in the t issue. In the soldered 
nerves, the protein solder was still present upon the epineurium and was 
identified as a homogenous material infiltrated and surrounded by a large 
amount of inflammatory cells. Such a severe inflammatory reaction was not 
seen in the non-soldered nerves. 

In the CMSR group with two sutures only, the gap between the nerve ends 
was filled with excessive granulation tissue and both nerve ends were dislo
cated so that the cut surfaces of the nerves were out of alignment. In the other 
groups, various degrees of axonal alignment were observed (Table 7.1). 

Acute cellular reaction was observed around all sutures and consisted of 
infiltration of lymphoid cells, macrophages, sporadically a giant cell and 
some formation of collagen around the sutures. The acute inflammatory reac
tion was slightly increased around the PGA sutures, the least reaction was 
observed around the stainless steel sutures. The quantitative analysis of 
nerve morphology at one week is summarised in table 7 .1 . 

Week six 
Axonal bridging across the repair site was evident in all nerves. Beneath the 
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Fig. 7.1. Longitudinal section trhough the repair site (P proximal, D distal) one week after 
CMSR (original magnilication x 100). Note ingrowing connective tissue (CT) into the 

nerve and inflammatory cells at the repair site. 

Fig. 7.2. Classical nylon suture granuloma six weeks after repair (original magnification 
x 400). 
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Talile 7.1. Histological results for the different groups of repair at one week after sur-

Histological Type of repair 

features LANR- LANR- LANR- LANR- CMSR CMSR-
nvlon PGA steel solder (n= =4) 1 suture 
(n=4) (n= ,4) (n: ,4) (n=4) (n=2) 

Cellular reaction 
at repair site 

mild - 2 2 - 1 -
moderate 3 2 2 1 1 1 
severe - - - 3# 1 1 

Cellular reaction 
around sutures§ 

mild - 1 - 1 - -
moderate 2 2 2 2 2 -
severe - - - - 1 -

Epi-perineurial 
proliferation 

mild 1 2 1 2 1 -
moderate 2 2 3 2 2 1 
severe - - - - - 1 

Axonal alignment 
good 1 3 1 3 - -
moderate 1 1 3 1 1 1 
poor 1 - - - 2 1 

Unable to evaluate 1 - - - 1 -

*entries are the number of nerves 
inflammatory reaction exclusively around solder 
§in several specimens no sutures could be found in the histological sections 

connective t issue of the nerve, numerous thin myelinated axons were pre
sent. In the direct vicinity of the repair site, a defined fascicular pattern was 
lost, and the axons formed numerous small fascicles towards the periphery. 
The fascicles were surrounded by cluster of perineuria] cells (compartmen-
tation). This phenomenon was most pronounced in the suture group, while 
least pronounced in the solder group (Table 7.2). In the longitudinal sections, 
many axons were cut transversal, suggesting some disorientation of the nerve 
fibres although marked neuroma formation was not found. More distally to 
the repair site, the multifascicular pattern of the nerve became normal and 
the axons followed a much straighter course. Among the numerous regenera
tive axons, some degenerating swollen axons were occasionally noted, both 
at the repair site and in the distal nerve segment. 

The epineurium was thickened and the repair site was devoid of a well 
defined perineurium. Especially in the CMSR group, both the epi- and peri-
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nerium contained small regenerating axons. A normal perineurium was only 
present beyond the repair site. Throughout the whole nerve at the repair site, 
collagen fibres with at random orientation were present, forming intraneural 
scar tissue. The inflammatory infiltrate observed in the soldered group at one 
week had disappeared and instead a well defined epineurium with numerous 
blood vessels was formed (Fig. 7.3). The solder was completely absorbed at 
the repair site and no chronic reaction was found. Again, no carbonised par
ticles were seen in the tissue in the laser groups. 

In all nerves, the axonal alignment at six weeks was better than that at one 
week and in general the laser groups exhibited better alignment than sutu
red nerves (Table 7.2). 

The sutures were displaced more towards the centre, and were usually 
located intraneurally and were covered by the epi- and perineurium. All 
types of suture material showed a foreign body reaction (suture granulomas) 
consisting of fibrous tissue arranged concentrically around the suture mate
rial with a collection of mononuclear and giant cells (Fig. 7.2). Tissue reac
tion at six weeks was less compared to one week. Nylon and stainless steel 
sutures could be easily seen, while only some remnants of the PGA sutures 
were seen. The nylon and stainless steel sutures were giving rise to the for
mation of a more pronounced number of giant cells and collagenous tissue 
(Table 7.2). In comparison, a mild tissue reaction was present around the 
PGA sutures with a few giant cells. Adjacent to the sutures a disorganised 
pattern of adjacent nerve fibres was observed. 

Proximal to the repair site, all the nerves exhibited normal morphology 
comparable to intact unoperated nerves. The nerves had usually one large 
fascicle. In the distal nerve segment, two or three large fascicles were pre
sent with numerous small regenerating nerve fibres in various stages of matu
ration (Fig. 7.4). The myelinalion and number of axons was judged to be gre
ater in the laser repaired nerves, especially in the soldered nerves (Table 
7.2). Extraneural fibres, indicating escape of nerve fibres at the repair site, 
was mainly present in the sutured nerves. The location and site of these 
extraneural fibres corresponded well with the location at the repair site 
where the nerve fibres were intermingled within the epineurium and the peri-
neurial layer was not that clear defined. The quantitative analysis of nerve 
morphology at six weeks is summarised in table 7.2. 

Discussion 

Adequate nerve regeneration after nerve transection and repair depends to a 
large extent on an appropriate technique for the surgical apposition and sta
bilisation of the injured nerve ends. At the repair site, two wound healing 
processes occur simultaneously, i.e. tissue repair to restore the continuity of 
the nerve and axonal repair to restore the nerve connections with the origin
al target. Tissue repair proceeds through conventional wound healing pro
cesses beginning with inflammatory phase, progressing through a granulation 
phase, and completed by a remodelling phase and scar formation (CLARK, 
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Table 7.2. Histological results for the different groups of repair at six weeks after sur

gery 
Histological Type of repair 

features LANR- LANR- LANR- LANR- CMSR CMSR-

nylon PGA steel solder (n= 4) 1 suture 

(n=4) (n=4) (n= :4) (n=4) (n=2) 

Cellular reaction 
at repair site 

mild 4 4 3 4 2 -
moderate - - 1 - 2 2 

severe - - - - - -
Cellular reaction 
around sutures§ 

mild - 3 - - - -
moderate 3 - 1 2 3 -

severe - - - - - -
Epi-perineurial 
proliferation 

mild 3 3 2 3 2 -
moderate 1 1 2 1 1 1 

severe - - - - 1 1 
Intraneural scar 

mild 4 4 4 3 2 -

moderate - - - - 1 2 

severe - - - - 1 -
Axonal alignment 

good 4 2 2 3 - -
moderate - 1 1 - 3 1 

poor - - - - 1 1 
Neuroma 

none/slight 4 4 3 4 3 1 
moderate - - - - 1 1 

severe - - - - - -
Myelinated nerve fibres 

none/few - - - - 1 -
several - 1 1 - 1 -
numerous 4 3 2 3 1 1 

Extraneural fibres 
in the distal nerve s segment 

none/few 3 2 3 3 1 -

several - 2 - - - -
numerous 1 - - - 2 1 

Unable to evaluate 1 1 1 1 1 1 

*entries are the number of nerves 
§in several specimens no sutures could be found in the histological sections 
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1985). Axonal repair begins, after initial degeneration of a short segment in 
the proximal nerve, with sprouting of the axons which transverse the repair 
site, ingrowth in the distal endoneurial tubules , and ends finally with matu
ration of the nerve fibre with subsequent myelination. 

The space between the nerve ends becomes invaded by granulation tissue 
which has a considerable influence on the future outgrowth of the axons. 
Also, the collagen fibrils (i.e. scar tissue) which are produced by the fibro
blasts to bridge the tissue defect in the initial period of wound healing interf
ere with the advance and orientation of the regenerating axons. Therefore, it 
is logical that the original morphology and axonal alignment is never accom
plished after nerve transection and repair. In this context, BORA (1967) noted 
that there is a negative correlation between the degree of functional return 
and the amount of fibrous tissue at the repair site. Thus, the ideal surgical 
repair technique should accomplish an undisturbed wound healing with 
minimal scar tissue and direct the nerve sprouts into their correct targets, 
thereby preserving the original microskeleton as much as possible. 

Several factors lead to complicated wound healing at the repair site. First, 
tension at the repair site disturbs wound healing and leads to a marked pro
liferation of connective t issue at the repair site, compromising outgrowing 
axons (SAMII, 1972; MlLLESl, 1 9 7 2 A ; MIYAMOTO, 1979). Consequently, tension 
should be avoided either by (extensive) mobilisation of the nerve ends, 
flexion or extension of the neighbouring joints, or by the use of nerve grafts. 
Second, the use of sutures to repair nerves results in acute and chronic 
damage to the nerve. Both the passage of the needle and the suture thread 
induce mechanical trauma, squeezing of some neural elements, and nonuni
form stress upon the nerve. In addition, EDSHAGE (1964) has shown that 
insertion of the needle and thread in the epineurium brings some epineurial 
collagen into the nerve, leading in formation of small neuromas and prolaps 
of axons in the subsequent healing period. In the subsequent periods of 
healing, the sutures induce a foreign body reaction. In the first weeks such a 
reaction is mostly of cellular origin, while later it turns into a fibroblastic 
reaction (MUKHERJEE, 1951 ; GRANBERRY, 1963). This fibroblastic reaction 
reaches its maximum during the late stages of wound healing and depends 
on the particular material used (EDSHAGE, 1964). Because of the considera
ble space occupied by the fibroblastic reaction and giant cells, sutures must 
be placed with caution. Moreover, any stitches placed in the epi- or peri
neurium may shift towards the centre of the nerve (VUURSTEEN, 1983). 

To minimise such reactions, the ideal suture material for nerve repair 
should be inert in t issue (or induce no foreign body reaction), have a fine 
calibre and a smooth surface, and minimal trauma should result from its 
insertion. Also, it must possess certain handling qualities to be effectively 
used. Although many materials have been investigated for their role in neur
al repair, each suture material causes and induces some damage within the 
nerve. 

In the early forties, fifties, and sixties, the tissue reaction resulting from 
silk, human hair, stainless steel, catgut, and nylon suture thread were exten-
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Fig. 7.3 Longitudinal section through the repair site (RS) six weeks after LANR with sol
der (original magnification x 100). Note optimal alignment of the intraneural structures 

and minimal epi/perineurial disorganisation (P proximal, D distal). 

Fig. 7.4. Transversal section through the distal nerve segment six weeks after LANR with 
solder (original magnification x 200). Note clusters of small, regenerating axons.some 

empty endoneurial tubules are seen together with disintegrating myelin sheaths. 
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sively studied (EDSHAGE, 1964). EDSHAGE (1964) found that stainless steel 
suture was "the least unfavourable for nerve suture". During the last deca
des, less reactive materials have been used such as monofilament nylon and 
polypropylene, because they induce relatively the least tissue reaction and 
are flexible in use (DELEE, 1977). Also, absorbable material such as PGA 
(Vicryl) sutures have received attention in nerve repair and have been shown 
to give similar results compared to nonabsorbable monofilament suture mate
rial such as nylon (HUDSON, 1975 & 1976, KLINE, 1981; CHAM, 1984). 
Although some histological advantages can be gained by using PGA sutures 
such as diminished fibroblastic reaction, it is the question whether this can 
be translated into better functional results after nerve repair. One of the reas
ons for this may be that most of the nerve fibres have passed the repair site 
long before any differences in the cellular reaction around the sutures are 
defined. In other words, by the time a difference is significant (i.e. absorp
tion of PGA), the regenerating nerve fibres have already invaded the distal 
stump. This was clearly demonstrated by C.HAM (1984) showing no significant 
clinical, electrodiagnostic, or histologic difference between rat sciatic nerves 
sutured either with nylon or PGA. After resorption, the absorbable sutures 
were free of chronic inflammation, whereas the nylon sutures persisted in 
small local granulomas. 

In our study, we have tried to find an optimal LANR technique which 
would result in most favourable nerve healing, this by choosing several sutu
re materials and by adding a solder to the repair site. The rationale behind 
using the steel sutures was that previous studies have shown their inertness 
in tissue (EDSHAGE, 1964), and that the tensile strength of steel sutures is not 
affected by the heat produced by the laser, this in contrary to nylon suture 
material (Chapter IX). 

Technically, both the nylon and PGA sutures showed no major differen
ces, except that the PGA suture is violet and the contrast with the tissue is 
less than that of the black nylon. The steel sutures were a little bit more rigid 
in handling, although the small diameter permitted undisturbed passage 
through the tissue. All sutures had some drag as the suture was passed 
through the epi- and perineurium and overall the sutures were judged to be 
equal in strength and knot tying. Histologically, cellular and fibroblastic 
reaction was found around all sutures. However, at six weeks the absorbable 
sutures had begun to dissolve and the reaction was less than that of other 
sutures. This corresponds well with the studies of CHAM (1984). Surprisingly, 
the stainless steel sutures evoked reactions comparable to nylon sutures in 
our experiments. 

In general, the CO2 laser repaired nerves appeared to heal with less cel
lular response and less scar tissue than sutured nerves. Also, the prolifera
tion of the epi- and perineurium was significantly less than that of the CMSR 
nerves. The alignment of axons and intraneural scar was most favourable in 
the soldered nerves. The severe inflammatory reaction around the solder 
observed in the first week was absent and instead a well defined epi- and 
perineurium was present. Consequently, the regeneration in the distal nerve 
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segment was most advanced in the soldered nerves. In this segment were also 
less extraneural fibres compared to other groups of repair. These positive his
tological results compare well with the li terature, although most of the stu
dies have addressed only long term nerve regeneration (BAILES, 1989; 
EPPLEY, 1989; AL-HUSSAINI , 1992). The addition of a solder seems to result 
in even better histological results than the CO2 laser alone. In a rat sciatic 
nerve repair using the CO2 laser and a fibrin film, the repair site revealed a 
smooth continuity of the nerve fibres at eight weeks (OCHI, 1995). KlM (1990) 
showed that CO2 laser repaired nerves with additional of epi/perineurial tis
sue to the repair site had less proliferation of epineurial tissue at seven and 
16 weeks after repair. 

There are several hypotheses to explain the improved results obtained 
with the laser. First, the irradiation of peripheral nerves with the CO2 laser 
does not result in severe inflammatory changes nor seems the nerve regene
ration capacity limited by laser effects (Chapter VI). The injury of the laser 
to the tissue heals very favourably without excessive scar t issue or structur
al morphological alterations. Second, because of less instrumental manipu
lation of the nerve segments and avoidance of excessive number of sutures, 
better axonal alignment of the nerve ends is achieved and the cellular and 
fibroblastic reaction can be restricted to a minimum. Third, because of a 
'sealed' epineurium, the tendency of the regenerating proximal axons to 
sprout outside the nerve is suppressed which leads to minimal neuroma for
mation and less scar t issue than formed in suture control groups. Also, ing
rowth of fibrous scar t issue from outside the nerve is avoided. 

In conclusion, LANR with addition of a protein solder leads to optimal 
early histological results. Concerning the choice of suture material, PGA 
sutures can be used for LANR and have the potential of allowing healing to 
occur with the least foreign body reaction at the repair site. In further expe
riments, the combination of PGA sutures and LANR using a solder may furt
her improve the histological results. 
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