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I. 
Een secuur uitgevoerde reparatie van een zenuw met een CO2 milliwatt laser 

veroorzaakt geen blijvende schade (dit proefschrift). 

II. 
Reparatie van een perifere zenuw met de CO2 milliwatt laser geeft minder bin-

dweefselvorming dan reparatie met hechtingen (dit proefschrift). 

III. 
De uitspraak van IVAN TARLOV 'Het resultaat van het herstellen van zenuivbescha-
diging hangt niet zozeer af van de gevolgde herstelmethode als wel van het vak
manschap ivaarmee. deze ivordt toegepast' is ook nu, ruim 50 jaar later, nog van 

toepassing (dit proefschrift). 

IV. 
Het gebruik van het woord zenuwanastomose voor een chirurgisch geconstrueer

de verbinding tussen twee zenuwuiteinden is onjuist. MENOVSKY T, VAN 
OVERBEEKE JJ: J Neurosurg 87: 649-651, 1997. 

V. 
Lasercoagulatie van de proximale zenuwstomp lijkt een geschikte behandeling 

voor neuromen. MENOVSKY T: Rom J Reconstr Microsurg 1: 67, 1996. 

VI. 
Het verdient aanbeveling bij een wetenschappelijk gepubliceerd artikel het 

commentaar van de reviewers met naam en toenaam mee te publiceren. 

VII. 
Coördinatie tussen artsen is het zo nauw mogelijk langs elkaar heen werken. 

VIII. 
De wetenschap is nog steeds gebaseerd op 'Science is for the moment and truth 

is forever' van RAMON-SANTIAGO Y CAJAL. 

IX. 
SALVATOR DALI'S uitspraken 'Het enige onderscheid tussen een surrealist en mijzelf 
is dat. ik surrealist ben' en 'Op een dag zal men officieel moeten toegeven dal wat 
wij werkelijkheid genoemd hebben, een nog grotere illusie is dan de wereld van de 

droom,' suggereren het surrealistische beeld van een bescheiden DALI. 

X. 
EVA is niet mijn eerste vrouw. 
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Chapter I 

GENERAL INTRODUCTION 

T. Menovsky 

Surgical repair of injured peripheral nerves has considerably advanced 
during the last decades. The introduction of the operating microscope, micro-
sutures, and microsurgical instruments has helped to improve the functional 
regeneration of repaired nerves. Since the first repair of nerves in the I6th 
century, more than one hundred different repair techniques have been 
described in the literature. However, despite the progress made, results from 
surgical repair remain limited mainly by a sequence of events that occurs at 
the repair site. The presence of suture material at the repair site results in a 
foreign body reaction and connective tissue proliferation which is detrimen
tal to nerve regeneration. Currently, the results of peripheral nerve repair 
techniques seem to have reached a plateau where functional recovery is still 
unsatisfactory, but where the microsurgical suture techniques hardly can be 
further refined. 

Sutureless repair of peripheral nerves, e.g. by using lasers, has stimula
ted the interest of several researches for years (FISCHER, 1985; ALMQUIST, 
1988; HUANG, 1992; DORT, 1994; HAPPAK, 1998). Lasers are used widely in 
surgery and medicine for coagulation, incision, and vaporisation of various 
tissues. The ability of tissues to absorb laser light and to convert light ener
gy into heat is the basis of these laser-tissue interactions. By applying a low 
total light dose (low power and short exposure time) temperatures below 
100°C can be maintained in irradiated tissues. Under these conditions ther
mal fusion of tissues can been accomplished (SCHOBER, 1986), that, although 
generally weaker than suturing, have sufficient tensile strength to allow 
uncomplicated wound healing. This photothermal bonding of tissues, known 
as laser tissue welding, has opened the way to use lasers for reconstructive 
purposes. Due to the shallow tissue penetration at 10,600 nm, the CO2 mil
liwatt laser is one of the most frequently used lasers for laser-assisted nerve 
repair. During the past years, a number of experimental techniques have 
been investigated in an attempt to define the role of the CO2 and other lasers 
in nerve repair. These experiments have produced both promising and con
flicting results and were often performed on an empirical basis only. 

Purpose and outline of the study 

The purpose of the studies reported in this thesis is to develop, improve, and 
refine laser-assisted nerve repair (LANR) techniques and to finally compare 
the technique with the current repair methods. 

In the first part of the thesis (Chapters II and III), an overview is given of 
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Chapter I 

the literature on surgical nerve repair and laser tissue welding. Chapter II 
describes the normal anatomy and histology of peripheral nerves, the histo
logical sequence of nerve injury, and the surgical techniques employed to 
perform nerve repair. In chapter III, an introduction is given in basic laser 
surgery and a review is given of laser tissue welding with emphasis on 
LANR. 

In the second part of the thesis (Chapters IV to IX) several experimental 
studies are described designed to gain more insight into the value of the C02 
laser as an surgical tool for nerve repair. In chapter IV, optimal laser para
meters to obtain the strongest bond between the nerves are determined in an 
in vitro study using rabbit tibial nerves. Furthermore, several protein solders 
were examined for their ability to reinforce the repair site. The aim of chap
ter V is to elucidate the mechanism of CO2 laser tissue welding of dura 
mater and peripheral nerves, with emphasis on the alterations in tissue 
morphology and ultrastructure which occur during laser welding. Both tissu
es have been investigated using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). In chapter VI, the thermal damage 
of rat sciatic nerves irradiated by a CO2 milliwatt laser at different powers 
and exposure times is described. The results were evaluated up to 12 weeks 
after surgery using a toe-spreading test, light, and transmission electron 
microscopy. Chapter VII is designed to investigate early peripheral nerve 
regeneration after CO2 laser welding using three different suture materials 
(nylon, polyglycolic acid, and stainless steel) and a protein solder as an 
adjunct to the welding process. Evaluation was performed at one and six 
weeks after surgery and included light microscopy. In the final in vivo study, 
chapter VIII, compares LANR in rat sciatic nerves with two established 
techniques of nerve repair, i.e. suture and fibrin glue nerve repair (FGNR). 
Evaluation was performed 16 weeks after surgery and included toe-spreading 
test, light microscopy, and morphometric assessment. Because no data were 
available on the effect of CO2 laser irradiation on microsurgical suture mate
rial, chapter IX is designed to investigate the tensile strength of 10-0 nylon 
and 25 um stainless steel threads irradiated by a CO2 laser at different 
power densities and exposure times. Finally, chapter X provides the discus
sion and the conclusions of this thesis and describes future perspectives of 
LANR. 
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Chapter II 

NERVE INJURY, REGENERATION, AND SURGICAL REPAIR 

T. Menovsky 

The peripheral nervous system comprises all nervous tissue outside of the 
brain and spinal cord. Peripheral nerves consist of many hundreds of nerve 
fibres ensheathed by connective t issue. Each nerve fibre is composed of an 
axon and enclosed by a sheath of Schwann cells, which surrounds the axon 
almost from its beginning at the neuron to its peripheral termination in the 
end organ, such as muscle or skin (BABEL, 1970; GRAY, 1970; L-ANDON, 
1976). The larger peripheral axons are also enveloped in a myelin sheath 
(myelinated axons), within the sheath of Schwann. The myelin sheath is part 
of the Schwann cell and consists of concentrically wrapped layers (consisting 
of a few to 50 or more turns around the axon) of the plasma membrane of the 
Schwann cell (GRAY, 1970; BlSCHOFF, 1975). The smallest axons of the perip
heral nerves lack a myelin sheath (unmyelinated axons), but the axons occu
py recesses in the surface of the same Schwann cell. The presence or absen
ce of a myelin sheath exerts an important influence of the physiological 
properties of the neuron. The sheath of Schwann and the myelin sheath are 
interrupted at regular intervals by a node of Ranvier (RANVIER, 1871/1872), 
which is a point of discontinuity between successive Schwann cells along the 
length of the axon. Schwann cells are indispensable for the life, function, and 
regeneration of the axons of peripheral nerve fibres (SPENCER, 1981). 

The nerve fibres of peripheral nerves are grouped in fascicles and held 
together by connective tissue surrounded by blood vessels and lymphatics, 
forming a peripheral nerve. It has become customary to classify nerve fibres 
according to their diameter, varying between 1 and 20 jim, because the 
speed and ampli tude of action potential vary with the diameter of the fibre 
(HURSCH, 1939; LLOYD, 1943; BlSCHOFF, 1975; WHITWAM, 1976). Motor nerve 
fibres supplying skeletal muscles are thick and heavily myelinated, those of 
visceral smooth muscle are thin, lightly myelinated, or without myelin. 
Tactile fibres are medium-sized and moderately myelinated, pain and taste 
fibres are thinner, with less myelin or no myelin at all. 

The neurons of the axons have an unique system for intracellular trans
port, making an adequate supply of necessary substances to the distal axons 
parts possible. By this axonal transport, a wide variety of materials synthesi-
sed in the cell body, move along the axon at different flow rates (OCHS, 1969; 
GRAFSTEIN, 1980). Slow transport (1-6 mm/day) involves subunit proteins of 
the axon's cytoskeletal elements (microtubules, neurofilaments) and fast 
transport (400 mm/day) involves mainly plasma membrane constituents (gly
coproteins, l ipids, transmitter storage vesicles). 



Chapter II 

Fascicles 
The individual nerve fibres in the peripheral nerve form large or small bund
les, called fascicles. Each fascicle may contain motor, sensory, or symphate-
tic fibres in various numbers . The number and size of the fascicles may vary 
in any given nerve and even along the course of the nerve. Also, there is a 
cross migration of nerve fibres from one fascicle to another along the length 
of a nerve and fascicular plexi can form throughout the course of the nerve 
(SUNDERLAND, f 9 4 5 A ) . Each fascicle is surrounded by the perineurium. 

Endoneurium 
The endoneurium is the supporting connective tissue that fills the fascicle 
and provides the packing between individual nerve fibres (KEY, 1876; 
GAMBLE, 1 9 6 4 A & 1 9 6 4 B ; SUNDERLAND, 1965). The endoneurium has a spe

cial relationship to the nerve fibres in which the collagen fibrils are closely 
packed around each nerve fibre to form the supporting wall of what is con
veniently referred to as the endoneurial tube, which is occupied by a cylin
der of t issue comprising the axon, Schwann cell sheath, and the myelin. The 
main function of the endoneurium is to resists elongation under tension and 
protecting the nerve fibres. 

Perineurium 
Each fascicle is surrounded by the per ineur ium which is formed of several 
lamellae consisting of closely packed perineurial cells and collagen fibres 
(ROHLING, 1961 ; SUNDERLAND, 1965). The thickness of the perineurium ran
ges from 1.3 um to 100 urn, and there is a relationship between the diame
ter of the fascicle and the thickness of the perineurium. The perineurium has 
several functions. First, it serves to protect the nerve fibres within its boun
daries and to maintain an intrafascicular pressure , which is important in pro
moting the axonal transport from proximal to distal. Second, the perineurium 
serves to protect the fascicle from stretch injury, and the elastic properties 
and integrity of a nerve undergoing elongation are retained as long as the 
perineurium remains intact. Third, the perineurium acts as a diffusion bar
rier (similar to the blood-brain-barrier), which blocks the passage of a wide 
range of macromolecular substances and acts as a barrier to the spread of 
infections. 

Epineurium 
The external epineurium is the connective tissue that encircles the nerve and 
delineates it from surrounding tissue to which it is loosely at tached so that 
the nerve enjoys considerable mobility. The internal epineurium separates 
the fasciculi and also binds them loosely together. The connective tissue 
from the external epineurium is condensed at the surface of the nerve to form 
a definitive investing sheath. It consists of collagen tissue and the internal 
epineurium can account for 2 5 % to 7 5 % of the cross-sectional area of a 
given peripheral nerve (SUNDERLAND, 1949). The epineurium responds to 
damage and will react with collagen deposition during the healing process. 
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Moreover, the epineurium allows the nerve to be stretched without the fasci
culi being strained and protects the fasciculi from external mechanical for
ces by providing the packing around it. The thickness of the external epi
neurium varies between individual nerves and also within the same nerve 
(SUNDERLAND, 1965J. Figures 2.1 and 2.2 show the various parts of a per ip
heral nerve. 

Mesoneurium 
The mesoneurium, also called the paraneurium, is a fine sheet of undiffe
rentiated connective tissue that connects the epineurium to the neighbouring 
connective t issue, contains the feeding blood vessels, and permits gliding of 
the nerves during limb movements (MlLLESI, 1990). The mesoneurium is 
inserted on the nerve along a straight line and is merged into the epineuri-
um-connective t issue complex. The width of the mesoneurium varies, but it 
tends to be greater in the vicinity of the joints where the nerve is more mobi
le. 

Vascularization of peripheral nerves 
The peripheral nerve receives its blood supply at regular intervals through 
vessels or iginat ing from larger l imb ar ter ies and the i r col la tera ls 
(SUNDERLAND 1 9 4 5 B ; LUNDBORG, 1979 & 1988). The pattern of blood supply 
varies among individuals and also between the two extremities in the same 
individual. All blood vessels approach the nerve through the mesoneurium, 
which enable the nerve to move without impairing its blood supply. There 
exists a dual vascular system, an extrinsic (perifascicular) and an intrinsic 
(intrafascicular) one, which communicate with each other. In the extrinsic 
system, the arteries run longitudinally in the epineurium, accompanied by 
venules and a variable number of capillaries. The longitudinal vessels give 
off collaterals, which are distributed around the fascicles within the peri
neurium. The intrinsic system lies within the endoneurium throughout the 
length of the nerve and it consists of capillaries that ran mostly longitudin
ally. The venous system closely parallels the arterial system. 

Degeneration and regeneration of peripheral nerves 

When a nerve has been injured, a sequence of degenerative and subsequent 
regenerative processes occur in the nerve, both proximal and distal to the 
lesion. The lesion in the nerve can be caused by mechanical t rauma (trans
ection, crush, compression), physical t rauma (hyperthermia, coagulation, 
radiation), chemical t rauma (toxic substances) , and ischaemia. The light 
microscopic features of the degeneration of axons distal to the lesion were 
described by AUGUSTUS WALLER in 1850. His investigations proved to be 
important and since then degenerative changes occurring in the peripheral 
nerve have been called Wallerian degeneration. Subsequently, several stu
dies have described degenerative and regenerative aspects of peripheral ner
ves (CAJAL, 1928; OHMI , 1961 ; BARTON, 1962; DIXON, 1968). 
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Nerve 
fiber 

• Fasciculus 

doneurium 

rineurium 

Epineurium 

Fig. 2.1. Schematic view of a peripheral nerve (from SMITH, 1978, printed with 
permission). 
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Fig. 2.2. Cross-section of the rat sciatic nerve (toluidine blue, original magnification 

x 100). Note a cappilary filled with erytrocyles in the centre of the nerve. 
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Degeneration 
When a nerve is transected, trauma occurs at both cut edges. In the proximal 
segment, degeneration occurs only for short dis tances. In the distal nerve 
segment however, the axon, its terminal endings, and the myelin sheath com
pletely disintegrate and the Wallerian degeneration takes place throughout 
the whole length of the distal part of the nerve (WALLER, 1850; BARTON, 
1962). 

The initial changes in axonal structure consist of localised accumulat ions 
of mitochondria a few hours after injury (Figs. 2.3a and b). Within one day, 
neurofilaments and mitochondria of axons disintegrate. At about two days, 
the axonal cylinder starts to disintegrate. Concomitantly, myelin degenera
tion begins by breaking down into fatty droplets and concentric lamellar 
structure. Macrophages, derived from the endoneurial and Schwann cells, 
progressively remove the cell debris in the first weeks after injury. The 
Schwann cytoplasm remains relatively intact and, after axonal and myelin 
degeneration, forms a tube surrounded by the endoneurium and filled with 
fluid and scattered fragments. In the next weeks, the wall of the tube thic
kens and the tube shrinks to even less than half of its original diameter 
(SUNDERLAND, 1950). Ultimately, these changes produce a solid, nucleated 
band of Büngner (BüNGNER, 1891). Meanwhile, the Schwann cells prolifera
te (SPENCER, 1981 ; PELLEGRINO, 1985). As the myelin disappears , the endo
neurial content condenses into a dull grey, hardened, and rounded cord. The 
bands of Büngner may remain for many months, awaiting reinnervation. If 
regeneration does not occur, the bands gradually become reduced by prolif
erating connective t issue. 

Regeneration 
The localised degeneration of the proximal segment of a peripheral nerve is 
followed within one to two weeks by axonal regeneration, in the form of fine 
axonal sprouts (CAJAL, 1928; O H M I , 1 9 6 1 ; BARTON, 1962; DlXON, 1968). The 
regenerating axons in the proximal segment give rise to a great number of 
axonal sprouts which proceed distally (Figs. 2.3c and d). In order to reach 
the distal nerve segment, the axonal sprouts have to cross the critical area 
between the proximal and distal nerve segments. Like any surgical wound, 
the repair site is characterised by local wound healing processes, such as 
proliferation of endothelial cells, fibroblasts, and Schwann cells, and syn
thesis and deposition of collagen. The success of nerve regeneration depends 
to a large extent on what happens at this repair site (LUNDBORG, 1987). 

The anatonrical reunion of a transected nerve is the result of intense cel
lular activity at the cut surfaces of both nerves. The Schwann cells multiply 
vigorously in the distal nerve segment (SCHRÖDER, 1968; PELLEGRINO, 1985) 
and the fibroblasts of the endoneurium, perineurium, and epineurium are 
equally active. The Schwann cell proliferation in the distal segment is asso
ciated with production of some diffusable substances that attract axons and 
the regeneration process is therefore to a large extent regulated and modified 
by the distal nerve segment, in part icular by the Schwann cells (SPENCER, 
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Fig. 2.3. Schematic view of nerve degeneration (a and b) and regeneration (c to e) after 
transection of a myelinated nerve fibre (from MUMENTHALER, 1987, printed with permis
sion), (a) 1-4 days: Wallerian degeneration starts, (b) 10-21 days: Wallerian degeneration 
proceeding throughout the whole distal nerve and forming of bands of Biingner. 
Macrophages remove the myelin debris and axonal sprouting occurs from the proximal 
segment, (c) > 1 month: Regenerating sprouts proceeding distally. (d) Reinnervation of 
the end organ (muscle) and progressive remyelinalion of the axons, (e) If the axons do not 
reach the distal segment, such as due to connective tissue proliferation at the repair site, 
the axons form a neuroma together with proliferating Schwann cells and fibroblast. The 

distal nerve is degenerated and the muscle shows marked atrophy. 

1 Neuron, 2 Axon, 3 Schwann cell, 4 Basal membrane, 5 Mitosis of Schwann cell, 
6 Myelin sheath, 7 Myelin debris, 8 Macrophages, 9 Band of Biingner, 10 Muscle 
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1981 ; PKLLEGRINO, 1985; WONG, 1995). The perineurial cells, derived from 
the perineurium, are one of the first cells participating in the anatomical reu
nion of the nerve (SCHRÖDER, 1993). 

When the axonal sprouts arrive at the cut surfaces of a t ransected nerve 
they are free to wander anywhere (Fig. 2.4). If obstructed, some turn in their 
tracts and grow back into the proximal part of the nerve. Others turn lateral
ly away from the line of the nerve, escaping into the tissue surrounding it, 
forming a neuroma (Fig. 2.3e). This neuroma is characterised histologically 
by numerous minifascicles, growing in all directions, containing only few or 
a small group of collateral axonal sprouts encased by a multi layered peri
neural covering (BADALAMENTE, 1985). Axonal loss at the repair site may be 
considerable, but if the surgical repair has been well performed, a conside
rable number of the axons can proceed into the distal nerve segment. In the 
early stage of nerve regeneration, the formation of numerous miniature fasci
cles is often observed. This compartmentation expresses the need for resti
tution of the normal endoneurial environment around nerve fibres by resto
ring the perineurial barrier. The stimulus for the compartmentation results 
from damage of the perineurium exposing the nerve fibres to a foreign envi
ronment (MORRIS, 1972). As a consequence, this reaction is mostly expres
sed at the periphery of the nerve. 

The numerous axonal sprouts arising from the proximal nerve segment 
have an affinity for the surfaces of the Schwann cells and grow along the 
outer edge of a band of Büngner and on the inside of the basal lamina. 
Although the distal endoneurial tubes are packed with proliferating Schwann 
cells, the stream of axoplasm squeezes in between them and many axonal 
sprouts may be present in one tube (Hoi.MES, 1942). In the next stage, they 
become progressively enfolded by Schwann cells in a fashion similar to the 
multiple envelopment found in unmyelinated nerves. One axonal sprout may 
be centrally placed and rapidly develop a myelin sheath; others are per ip
heral but still surrounded by Schwann cell cytoplasm and several branches 
in one tube may become myelinated. At this stage, the distal nerve segment 
contains an overpopulation of axons, as groups of these sprouts are derived 
from single axons above the level of the lesion. These branches continue dis-
tally but the number of branches is smaller in the most distal part of the 
nerve than in the vicinity of the lesion. The growth rate of the sprouts is 
approximately three to four millimetres per day in mammals (DANIELSEN, 
1 9 8 6 A ) , after an initial delay of several days before the axons cross the repair 
site (DANIELSEN, 1 9 8 6 B ) . The further regeneration advances, the fewer the 
number of branches (MACKINNON, 1991). The reduction in the number of 
branches or sprouts occurs when some of them make peripheral connections 
and then subsequently mature at the expense of disappearing sprouts, which 
have not established peripheral contacts. 

Thereafter, a process of maturation takes place, including axonal enlar
gement and myelination (Fig. 2.5). Even with optimum axonal regeneration 
the endoneural tubes contract and re-expand to only 6 0 % - 8 0 % of their nor
mal cross-sectional area (SUNDERLAND, 1950). The smaller axons in the dis-

-9-



Chapter II 

proximal repair site distal 

Fig. 2.4. Schematic view of nerve regeneration after transection (from C UAL, 1928). The 
axonal sprouts proceed from proximal to distal. Some of the sprouts get lost by escaping 
from the repair site and either turning backwards or going laterally or distally outside the 
original nerve. Other sprouts can proceed distally, however, normal axonal architecture is 

not accomplished. 

Fig. 2.5. Transmission electron micrograph of peripheral nerve regeneration 16 weeks 
after transection and end-to-end FGNR (rat oculomotor nerve, original magnification 
x 4,800). Note axons and myelin sheaths of various diameter associated with Schwann 

cells. 
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tal segment probably explain the slower physiological conduction times 
observed. The functional recovery depends on reestablishment of appropria
te sensory and motor connections at the endorgans. The abundance of rege
nerative sprouts from the original neuron and the capacity of bands of 
Bilngner to accommodate hundreds of fibres favour successful reinnervation. 
In addition to the abundance of sprouts, peripheral deletion of maladaptive 
terminations and central remodelling of reflex arcs offer additional possibi
lities for functional recovery after the anatomical nerve regeneration has 
been completed (WALL, 1986; BACH, 1990). 

Injury to the peripheral nerve 
Although there are several causes of peripheral nerve injuries, only the 
mechanical (i.e. traumatic) injuries will be outlined. There are two classifi
cations of mechanical nerve injury, one described by SEDDON ( 1 9 4 2 A & 
1943) and one described by SUNDERLAND (1951). Seddon's classification is 
mostly used because it is simple and practical . The injury to the nerve is fol
lowed by various degrees of functional loss depending on the pathoanatomi-
cal basis of the lesion. 

Neuropraxy 
In this type of injury, the nerve is contused but the continuity of the nerve is 
not interrupted. This type of lesion is mostly caused by pressure or stretching 
of the nerve. Histologically, there is some local myelin damage, but the axon-
al continuity is preserved and only slight degeneration takes place. The 
lesion is mostly reversible within weeks or months and the return of function 
is in most of the cases complete. 

Axontmesis 
A more severe compression or stretching of the nerve may result in loss of 
axonal continuity at the level of the lesion, however, still with intact endo-
neurial tubes. In this type of lesion, the axon degenerates, but the prognosis 
is good because the preserved endoneurial tubes guarantee that axons rege
nerate in their original endoneurial tubes (HAFTEK, 1968). This type of lesion 
results in less successful recovery than axontmesis, but returned function 
can still be favourable. 

Neurotmesis 
Neurotmesis includes lost continuity of all the elements of the peripheral 
nerve. If untreated, the gap between both nerve segments becomes filled with 
connective tissue and neural elements . The resulting neuroma can cause 
unpleasant complaints at exposed sites which may arise spontaneously or 
after mechanical irritation (BURCHIEL, 1991). The mechanism of neurotmesis 
is usually a penetrating injury due to gunshot wound or knife. Surgical repair 
is required and the functional regeneration after surgery is not complete and 
sometimes even very unsatisfactory. 
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History of surgical nerve repair 

Interest in peripheral nerve repair dates to 1800 years ago. GALEN (200 AD) 
is believed to be the first physician who discussed the possibility of nerve 
regeneration. He prescribed local medications to promote 'agglutination' in 
nerve injuries. The first documented surgical repair is attributed to PAULUS 
OF AEGINATA around 600 AD (OCHS, 1980). He used sutures in nerve injuries 
in addition to agglutination and advised to apply the sutures deeply. ROGER 
OF PARMA (13th century) used egg albumin to repair nerves in a similar fas
hion. In the 14th century, GUY DE CHAULIAC observed excellent functional 
regeneration after suture repair in a young man (BRENNAN, 1923). Although 
AviCENNA (1564) tried to suture nerves in the 16th century, FERRARA (1596) 
was the first to give a precise description of suturing of the segments of a 
transected nerve using a special needle with an eye. FLOURENS (1828) per
formed the first end-to-end epineurial suture followed by NELATON in 1863 
(OCHS, 1980). After excision of a tumour of the median nerve, the defect of 3 
cm was treated by suturing the nerve segments using silver wire. 

WALLER'S work in 1850 led to rediscovery of the nature of peripheral 
nerve degeneration and subsequent regeneration after several hundred years 
of general belief that nerves did not regenerate. The greatest progress in the 
treatment of nerve injuries came during wars, when the large amount of nerve 
injuries gave the surgeons a t remendous experience. The American Civil War 
resulted in the work of MITCHELL (1964 & 1874). The First World War provi
ded material for the work of DEJERINE (1915), TlNEL (1917), and FOERSTER 
(1929). 

The Second World War brought the work of SEDDON (1942A, 1944 & 
1948), ZACHARV (1946), WOODHALL (1956), and SUNDERLAND (1968). A large 
clinical series of peripheral nerve injuries sutured by epineurial repair was 
reported by SEDDON (1944). Subsequently, SEDDON (1948) introduced the use 
of cable nerve grafts to overcome the poor results achieved when loss of 
nerve t issue required an end-to-end neurorrhaphy under considerable ten
sion. HlGHET (1942) was among the earliest to stress the importance of eli
minating tension in peripheral nerve repair, and this has been later confir
med by SAMU (1972) and MlLLESI ( 1 9 7 2 A ) . SUNDERLAND (1968) made several 
important contributions to the understanding of nerve physiology and repair. 
Peripheral nerve injuries during the Korean and Vietnamese Wars resulted 
in the work of OMER and SPINNER (1980). 

The introduction of magnification (operating microscope and loupes) in 
peripheral nerve surgery has led to improved results , reflected in the reports 
of numerous authors (SMITH, 1964; BRAUN, 1966; WrlSE, 1969). Delicate ins
truments originally manufactured for jewellers and diamond cutters have 
proven satisfactory in the beginning and were later replaced by specially 
designed microsurgical instruments (VlCKERS, 1978). Developments in fine 
suture materials and the use of bipolar coagulators were also of great impor
tance (MALIS, 1967). Subsequently, successful intraoperative electrophysio
logic methods for assessment of nerve function, especially when the nerve 
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was in continuity, have been developed (KLINE, 1969 & 1993). These intra
operative monitoring techniques have increased the incidence of surgical 
explorations and attempted repairs of lesions previously felt not to be repai
rable. 

Despite numerous attempts, the most efficacious method of nerve repair 
remains unidentified. Even in ideal cases , where a sharply cut peripheral 
nerve has been sutured under favourable circumstances, the results show 
that nerve suturing does not lead to full functional recovery (YOUNG, 1980; 
MACKINNON, 1988; KLINE, 1995; CHOI , 1997). When ZACHARY (1946) publ is
hed the results of the peripheral nerve sutures in the British Army during 
World War II, he concluded: "The number of poor recoveries after treatment 
under good conditions is large enough to be important. This should preclude 
an att i tude of complacency with the present methods of treatment of per ip
heral nerve injuries and stimulate a search for better ones, both operative 
and conservative." 

Factors influencing the outcome of nerve repair 

Many factors relate to the outcome of nerve repair (STEINBERG, 1991). In 
general, the more proximal the lesion the more rapid the initial rate of rege
neration, but the poorer the final result because of the longer dis tance of the 
axons to be travelled. The likelihood of distal tubal scarring and end organ 
degeneration is larger as it takes longer before the axons reach their desti
nation. Delay in surgical nerve repair beyond approximately one year will 
lead to significant atrophy and degeneration of the nerve and end organs 
(GUTMANN, 1944 & 1962). The more severe concomitant injury, the poorer 
the result. Associate severe local soft t issue injury results in excessive scar 
production in and around the nerve. Scar tissue within a nerve is a negative 
factor in influencing the direction of regenerating axon fibres into the distal 
tubules (BORA, 1967; SAMU, 1972; HUDSON, 1979). Scar tissue around the 
nerve can cause constriction and tethering of the nerve to surrounding struc
tures (HlJNTER, 1991). Pure sensory or pure motor nerves are likely to result 
in better functional recovery than mixed nerves where the possibility of 
fibres regenerating down inappropriate sheaths exists (STEINBERG, 1991). 

One of the most important factors influencing the functional nerve rege
neration after repair is the age of the patient. In the clinical series, the results 
in children are usually better than those at a more older age (TAJIMA, 1989; 
KLINE, 1995; KOLLER, 1998). However, there is no scientific evidence for 
increased quality or rate of regeneration of the younger, growing peripheral 
nervous system (LlN, 1994) and it is assumed that superior results in child
ren are due to the greater cerebral adaptation to the injury (LEONARD, 1973; 
STEINBERG, 1991). Another factor is the generally shorter distances axons 
have to grow in young individuals to reinnervate target organs. 

At last, peripheral reinnervation leads to a new pattern of impulses in 
afferent nerve fibres and to a new cortical projection of peripheral sensory 
and motor representation (WALL, 1986; BACH, 1990). Thus, although the 
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complexity of peripheral factors influencing axonal regeneration is striking, 
the central nervous component of the problem is important. Sensory reedu
cation, implying a detailed programme for cerebral adaptation to the new 
situation, represents an important component of rehabilitation following 
peripheral nerve injuries (DELLON, 1974; KLINE, 1995). 

Surgical technique 
Since the introduction of the surgical microscope, it is clear that microsco
pic repair leads to better functional results than a macroscopic repair (SMITH, 
1964; BRAUN, 1966; WISE, 1969). Nerve repair must be to a certain degree 
tension free as tension disturbs healing at the repair site and leads to a mar
ked proliferation of connect ive t issue (SAMU, 1972; MlLLESl, 1 9 7 2 A ; 
MIYAMOTO, 1979). In this way the repair zone becomes occupied by unfavou
rable scar tissue which both blocks and constricts regenerating axons. When 
a tension-free repair is not possible, nerve grafting should be performed 
(MiLLESi, 1 9 7 2 B ) . 

Exact apposition of the nerve ends is very important implying a satisfac
tory longitudinal orientation of the fasciculi and a high degree of contact 
between their ends . EDSHAGE (1964) have shown that a satisfactory macro
scopic look of a primary nerve suture does not guarantee an exact microsco
pic apposition of the cut surfaces. As a consequence, in a mixed nerve the 
misaligned fasciculi will cause ingrowth of sensory fibres into motor sheaths 
and vice versa. These fibres are functionally lost. The epineurial vessel pat
tern along the epineurium can be used for optimal realignment of the nerve 
ends . 

Although various nerve suture techniques have been advocated, all have 
the common aim of restoring the continuity of the transected nerve. For many 
years, the sutures were inserted into the periphery of the nerve (Fig. 2.6). 
This epineurial suture technique is relatively atraumatic and easy to perform 
and requires less manipulation of the internal neural structures (JABALEY, 
1984). However, it does not ensure correct matching of the fascicular intern
al structures of the nerve, which is specially important for multi lascicular 
nerves. To achieve an optimal fascicular alignment, a fascicular repair has 
been developed, also called perineurial repair (LANGLEY, 1917; SUNDERLAND, 
1968). With this technique, fascicular groups are dissected under magnifi
cation, the epineurial t issue is resected over a short distance, and the corre
sponding fascicular structures in both nerve ends are sutured individually 
through the perineurium (Fig. 2.7). The advantage of perineurial sutures is 
improved matching of the fascicles. The disadvantage is the considerable 
amount of surgical dissection of the nerve with risk of more trauma to the 
nerve tissue (KLINE, 1981). 

Attempts have been made to assess whether perineurial suture techni
ques have any advantages over epineurial techniques and vice versa. No con
sistent superiority of one technique over the other has been found in many 
studies (CABAUD, 1976; LEVINTHAL, 1977; TuPPER, 1988; MURRAY, 1 9 9 4 B ) . 
Therefore, there is a place for both techniques and each case of nerve sutu-
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Fig. 2.6. Epineurial repair (from SMITH, 1978, printed with permission). 

Fig. 2.7. Perineuria! repair (from SMITH, 1978, printed with permission). 
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re should be judged individually. In general, a clean-cut, fresh nerve injury 
is best treated by a simple epineurial suture, especially at levels where fas
cicles are closely packed with minimal interfascicular epineurial t issue 
(KLINE, 1995). If the transectional area of the nerve is dominated by epi
neurial t issue, the epineurial tissue should be resected and fascicles adap
ted by perineurial sutures. 

Suture material 
In the past, the selection of nerve suture material was based upon the surge
on own experience and reports publ ished on tissue reactions in experimen
tal animals after implantation of suture material (MUKHERJEE, 1951; NlGST, 
1963; EDSHAGE, 1964). Nowadays, it is apparent that the optimal material for 
suturing peripheral nerves is one that elicits the least foreign body reaction. 
Many surgeons consider fine monofilament nylon thread the suture material 
of choice as it is easy in use and elicits moderate amount of t issue reaction 
(KLINE, 1995). Opinions differ about the use of absorbable sutures. Although 
absorbable sutures made of polyglycolic acid (PGA) is considered safe for 
nerve repair, some authors claim that PGA sutures does not offer advantages 
in terms of better functional recovery when compared to nonabsorbable sutu
res such as nylon ( D E L E E , 1977; MURRAY, 1 9 9 4 A ) . In our experience, nerve 
repair performed with PGA sutures is histological slightly superior to nerve 
repair performed with nylon sutures (Chapter VII). No matter what type of 
suture material is used, sutures have still a negative effect on the regenera
tion of the axons. As the outgrowth of axons take place through the prolif
erating connective t issue, an abundant proliferative reaction resulting from 
sutures will give an increased fusiform spreading of the axons (neuromateous 
bulb) instead of the desired l inear outgrowth. Too many sutures placed in the 
nerve will result in an extensive cicatrisation, resulting in a scar encircling 
the nerve. If this scar shrinks, the intraneural space will be reduced and as 
the quality and quantity of the axons depends on this space, their growth will 
be retarded (WEISS , 1948). 

Sutureless nerve repair 

As regenerating axons advance by a push-pul l mechanism, it is obvious that 
productive and blocking changes in the tissue around and between the ends 
of nerve sutures cause impaired healing. Consequently, repeated attempts 
have been made to find a method which will allow the nerve ends to be joi
ned without using sutures. 

Glues 
Several biological and nonbiological glues have been investigated in many 
experimental and clinical studies. YOUNG (1940) and TARLOV ( 1 9 4 2 A ) intro
duced fibrin glue for repairing nerves in order "to reduce the difficulties of 
nerve suture and to minimise the disorganisation of the fibres which is apt to 
be produced by st i tches". The method consisted of nerve segments being 
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held together with concentrated coagulated blood plasma. Their opinion was 
that this method was superior to sutures with regard to fibre alignment and 
speed of nerve fibre growth across the repair site. SEDDON ( 1 9 4 2 B ) and 
TARLOV (1944) applied this method with success in human nerves. Also 
HOEN (1946) favoured plasma clot fixation of the fasciculi. FREEMAN (1965) 
advocated various adhesive tapes, such as micropore, teflon tapes, or polyu-
re thane but these t echn iques have not been t aken up by o thers . 
Nonbiological glues, like histoacryl, have been abandoned for nerve repair 
due to their neurotoxic effects (KLINE, 1963; FREEMAN, 1965). 

After this period, fine nylon sutures and the operating microscope were 
introduced in peripheral nerve surgery and gluing was abandoned. In 1972, 
the use of fibrin glue revived by MATRAS using a fibrinogen cryoprecipitate. 
The clinical use of fibrin glue followed soon (KliDERNA, 1975), showing that 
the fibrin clot method was equivalent to microsurgical techniques for per ip
heral nerve repair. A highly concentrated human fibrinogen solution with an 
enriched factor XIII content was introduced in the late 1970 's as a two com
ponent fibrin sealant (Tissucol, Immuno AG, Vienna, Austria). In spite of the 
theoretical advantage of the absence of foreign body in the form of sutures at 
the nerve repair site, the use of t issue adhesives such as fibrin glue has pro
duced some very controversial results (BECKER, 1985; SMAHEL, 1987; MOY, 
1988; H E R T E R , 1989). Nevertheless, fibrin glue is favoured by many 
European surgeons, like PALAZZI (1986), NARAKAS (1988), and SLOOFF 
(1992). 

Laser-assisted nerve repair 
Laser-assisted nerve repair, as another sutureless technique will be discus
sed in chapter III. 

Experimental methods of nerve repair 

Coincident with developments of optimal methods of joining nerves after 
injury has been investigations into agents that have the ability to enhance the 
regenerative capacity of nerve t issue. The mechanism of action of the sub
stances includes prevention of the reparative response of fibroblasts, facili
tation of the regenerative process of the injured nerve cell, and inhibition of 
protease activity (YlN, 1998). Some of the factors that have shown promise in 
nerve repair include triamcinolone, alpha-melanocyte stimulating hormone 
and its derivatives, leupeptin, alipoproteins, and nerve growth factor. 

The concept of providing a conduit through which nerve regeneration can 
be guided has attracted attention from numerous researchers , starting as 
early as the 1940 ' s . Introduced by WEISS (1941), tubulisation of the nerve 
ends is still an experimental methods of nerve repair (SMAHEL, 1993). 
Attempts made to prevent ingrowth of connective tissue by tubulisation of the 
nerve repair site did not gave the expected results , as there are fibroblasts 
and Schwann cells within the nerve responsible for intraneural scar t issue 
formation. Nevertheless, the silicone tube appears to have some potential for 
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clinical use, especially in bridging small nerve gaps (LUNDBORG, 1991 & 
1997). Moreover, biocompatible substances like polyglycolic acid tubes, col
lagen, Millipore, and autologous tissues such as vein and artery are still 
being experimentally and clinically evaluated as a nerve conduit material 
(LOLLEY, 1995). 

Conclusions 

With recent developments in microsurgery, there has been a significant 
improvement in suture repair. Many studies have been performed on several 
suture methods that incorporate epineurial and perineurial repair. Despite 
some suggestions to the contrary in the li terature, epineurial suture repair 
remains the accepted gold standard, and fine monofilament nylon probably 
is the suture of choice. However, even epineurial repair poses several disad
vantages such as inevitable foreign body reaction, scar and neuroma forma
tion, all of which have negative effects on the histological and functional out
come. Because the limitation of suture repair is the manual skill of the 
surgeon, the full potential of this technique is probably already reached. It is 
unlikely that improved clinical results will come from further refinements in 
microsurgical technique. Therefore, continued investigations to find a sutu
reless method for joining nerves are no doubt of value. 
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LASER TISSUE WELDING: A HISTORIC OVERVIEW* 

T. Menovsky, J.F. Beek, & S.L Thomsen 

"Honour those who go first, even if those who come later go further" 
Arabian proverb 

Laser tissue welding is the process of using laser energy to join t issue wit
hout sutures or with a reduced number of sutures. In general, the laser ener
gy results in alteration of the molecular structure of the t issues being joined. 
The altered tissue molecules can form bonds with their neighbours. It is 
generally accepted that laser welding is a photothermal process. While laser 
offers advantages such as precise spatial and temporal confinement of the 
applied energy, other sources of heat such as electrocautery can also be con
sidered to produce tissue welds (BASS, 1990; COOLEY, 1996). 

Laser t issue welding is a method that, under optimum circumstances , can 
be faster, less traumatic, and easier to apply than conventional tissue repair 
performed with sutures. Although suture repair of t issue can be performed in 
almost any tissue conditions, sutures create tissue injury during passage of 
the needle and tying the knot and result in a chronic foreign body reaction in 
the t issue. As shown in detail in this chapter, laser t issue welding methods 
can transcend some of the limitations of sutures. 

Principles of surgical lasers 

The principles of surgical lasers will be reviewed only briefly as there are 
outstanding references on this subject. Laser is an acronym for Light 
Amplification by Stimulated Emission Radiation. The theoretical backg
round was postulated by EINSTEIN in 1917 and the first laser was successful
ly constructed by MAIMAN in 1960. There are essential elements which dis
tinguish laser light from ordinary light. Laser light is monochromatic, 
coherent, and collimated. Monochromatic means the light consists of one 
single wavelength. Regular light has no coherence in contrast to the laser 
light. Collimated means that the laser beam diverges very little as it is t rans
mitted. The optical radiation emitted by a laser can be in the ultraviolet, the 
visible, or the infrared portion of the electromagnetic spectrum. Because of 
the quantum nature of the stimulated emission from the active state within 
the population inversion, only one or, in some cases, a few wavelengths of 
light are emitted. 

A variety of lasers has been used for t issue welding (BASS, 1995). 
However, the four most common lasers used for tissue welding are the car
bon dioxide (CO2), argon, neodymium doped yttrium-aluminium-garnet 
(Nd:YAG), and more recently diode lasers. These lasers each have characte-

*based on MENOVSKY, 1995C & 1997 \ 
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ristic optical properties and laser-tissue photothermal interactions that influ
ence their efficacy for welding (WELCH, 1984). 

CO2 laser 
The CO2 laser generates infrared radiation at a wavelength of 10,600 nm. 
Because the beam is invisible, most CO2 lasers include a co-aligned red 
hel ium neon laser aiming beam (À, = 632 .8 nm) to direct the laser irradiation. 
The absorption coefficient of CO2 laser light in water is high. Since biologi
cal t issue is composed primarily of water, CO2 laser energy is absorbed 
mainly at the tissue surface with negligible transmission and scatter. For 
short exposure times (<100 ms) the photothermal effect on tissue is limited 
to the point of impact. Because CO2 laser light cannot be easily transmitted 
by glass or quartz optical fibres, the laser irradiation is delivered with an arti
culated arm. For t issue welding purposes, the CO2 laser has the advantage 
of being controlled, focused, and directed by a micromanipulator attached to 
the surgical microscope. 

Argon laser 
This laser emits light at several wavelengths, particularly at 488 nm and 
514.5 nm. This is in the blue-green visible part of the electromagnetic spec
trum. The penetration of the argon laser light depends on the type of tissue. 
It is absorbed by many tissue chromophores but poorly by water, and is scat
tered by many other t issue consti tuents. As a rule of thumb, the argon light 
will have a penetration depth (defined at that t issue depth at which the inci
dent light intensity has decreased by a factor of 1/e, or to 3 6 . 8 % of the inci
dent light) of about 1 mm in t issues without blood or melanin. Due to its 
wavelengths its effect on tissue is determined primarily by the pigmentation 
of the t issue. 

Nd:YAG laser 
The Nd:YAG laser emits most of its energy in the near-infrared portion of the 
spectrum at 1,064 nm and a slightly lower output at 1,318 nm. Because it is 
not visible, a helium neon laser beam is used as a pilot beam. The Nd:YAG 
wavelength is poorly absorbed by water and absoiption in blood is moderate. 
However, unlike the argon wavelengths, there is virtually no enhanced 
absorption for any of the tissue chromophores. Thus , in most of the tissues 
the NdrYAG laser has a penetration depth of approximately 3-9 mm. 

Diode lasers 
Recently, diode lasers have been added to the list of fusion lasers (LEWIS, 
1993; REALI , 1993). The most important class of diode lasers are made of a 
Gallium arsenide crystal where a fraction of the gallium atoms is replaced by 
aluminium atoms. At 30 to 250 m W continuous output power at room tem
perature, a wavelength of 670-900 nm may be covered. Typically, for tissue 
welding diode lasers emitting at 800-810 nm are used, in combination with 
a protein solder containing the dye indocyanine green. Indocyanine green 
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has a maximum absorption coefficient at 8 0 5 nm and binds preferentially 
with proteins (SAUDA, 1986). The greatest advantage of the diode lasers is 
their compact size, easy use, and low costs. 

Laser-tissue interaction 

The ability of tissues and solder to absorb laser light and to convert light 
energy into heat is the basis of laser-tissue interactions such as in t issue wel
ding. This interaction includes absorption of light, conversion into heat, 
transfer of heat by conduction and convection, and subsequently a t issue 
response that depends on the temperature reached by a t issue volume as a 
function of time. The final result is determined by the laser parameters that 
are used (wavelength, i rradiance profile, and irradiation time). Also within 
the t issue, several zones of thermal damage can be observed, depending of 
the afore-mentioned factors (THOMSEN, 1991).At temperatures between 42 °C 
to 47 °C, the tissue damage is usually reversible. The damage is due to heat 
induced acceleration of the cell metabolism, inactivation of certain proteins, 
and sometimes even cellular membrane rupture. The acute tissue damage is 
not easily detected by routine histological techniques. However, using trans
mission electron microscopy swelling and disruption of the intracellular 
components can be detected. At temperatures above 47 °C, protein coagula
tion of all cells begins, causing damage to all t issues. Tissue coagulation is 
characterised by dilatation of capil laries, various nuclear and cytoplasmatic 
changes, and rupture of the cellular membranes . Usually, the cells shrink 
due to collapse of the cytoskeleton and contraction of collagen fibrils. This is 
also one of the reasons of the haemostatic effect of heat on vessels. Tissue 
coagulation by laser irradiation can be compared to the frying of egg white. 
The whitening of the egg white represents protein denaturation that is syno
nymous to coagulation. Temperatures of 60 °C to 90 °C cause thus an irre
versible tissue damage. 

Temperatures exceeding 100 °C result in vaporisation of water, giving rise 
to drying of the tissue and subsequent carbonisation and vaporisation. As 
biological tissues are composed of approximately 8 0 % of water, water plays 
an important role in laser-tissue interaction, especially for lasers with a high 
water absorption, such as the CO2 laser. Vaporisation of water out of the cells 
causes t issue desiccation and formation of water vapour vacuoles within and 
outside the cells, which can lead to mechanical damage when rapid expan
sion occurs. Furthermore, at higher temperatures , vaporisation is followed by 
carbonisation of t issue. This results in black, charred tissue with smoke for
mation. 

The healing response of t issue after laser irradiation proceeds similarly as 
after other causes of tissue damage. After reversible thermal damage, cellu
lar repair mechanisms are activated resulting in protein synthesis, new mem
brane formation, and autophagocytosis. After irreversible tissue injury, the 
noninjured surrounding tissue generates several responses, including reso
lution of oedema, phagocytosis of necrotic tissue, neovascularisation, and 
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finally regeneration of cells, sometimes with scar t issue formation, depending 
on the type of t issue. It has been shown that laser-induced damage heals with 
less inflammatory response and scar t issue formation than for example 
mechanical damage to the tissue (FlLMAR, 1 9 8 9 A & 1 9 8 9 B ; GREENE, 1994). 

Tissue welding 

The use of heat for tissue adherence goes back to late 1940's and 1950's . 
MEYER-SCHWICKERADT (1956) used focused sunlight to treat ablatio ret inae 
by positioning the patients on the roof of the hospital for a considerable time. 
Later, a more sophisticated technique has been developed using the argon 
laser which became an unsurpassed tool for this purpose. SlGEL (1965) has 
used electrodiathermy to close arteriotomies and venotomies. \AHR (1966) 
used the Nd:YAG laser light to harden a cyano-acrylate glue over an end-to-
side anastomosis of arteries. Direct laser t issue welding, by directing a low-
energy beam at the apposed edges of the t issue, was performed considerably 
later. KLINK (1978) was the first to use the C 0 2 laser for repair of tuba uteri
na in rabbits . In 1979, JAIN studied the use of Nd:YAG laser for microvascu
lar anastomosis in rat carotid and femoral arteries. This work was soon follo
wed by further experimental studies (JAIN, 1980) and a small series of 
patients treated with extra-intracranial anastomosis (JAIN, 1984). Since then, 
most of the knowledge and experience of laser t issue fusion is based on vas
cular t issue welding experiments (SERURE, 1983; PRIBIL, 1985; NEBLETT, 
1986; SAMONTE, 1991). Subsequently, other tubular and non-tubular structu
res have been successfully fused by various lasers systems (BASS, 1995). 

Vessel ivelding 
Most early laser welding experiments were employed on arteries with the 
C 0 2 laser due to its availability and familiarity for most surgeons. There have 
been extensive efforts to perform primary vascular anastomoses in small and 
medium sized vessels (NEBLETT, 1986; RUIZ, 1990). From numerous labora
tory studies, it has been shown that laser-assisted microvascular anastomo
sis (LAMA) offers moderately reduced operative time (SERURE, 1983; 
FRAZIER, 1985; NEBLETT, 1986; QUIGLEY, 1 9 8 6 A ; FLEMMING, 1988), faster 

healing (VALE, 1986), very mild inflammation (only around sutures), ability 
to grow (FRAZIER, 1985), and reduced intimai hyperplasia and increased ves
sel compliance (QUIGLEY, 1 9 8 6 A ) . The disadvantage has been the slight 
increased aneurysm formation (SERURE, 1983; QuiGLEY, 1986B; VALE, 1986; 
FLEMMING, 1988). The end-to-end LAMA relies on three stay sutures which 
are placed 120° apart from each other. These sutures are placed for correct 
apposition of the vessel walls, and to provide enough longitudinal tensile 
strength. Instead of stay sutures, intraluminal stents have also been used 
(NlIJIMA, 1987). Thereafter, the vessel edges are fused together by laser ener
gy. Shrinkage, whitening, or desiccation are used as the end point of at which 
the tissue welding process is assumed to be completed. 
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Welding of other tissues 
Many tissues have been welded by laser energy. Air leaks after lung biopsy 
or wedge resection can be sealed with laser energy or laser solder (Oz, 1992; 
Lo ClCERO, 1995). Advantages of skin closure by laser welding include 
improved cosmesis without the trauma induced by sutures or the need foi-
suture removal (DECOSTE, 1992). Faster healing and immediate watertight-
ness is also an advantage. Bile ducts and other gastrointestinal structures 
(oesophagus, intestine, and colorectal repair, and pancreaticojejunostomy) 
with the risk of leakage can be sealed to achieve a leak-free closure (BASS, 
1995; GLEICH, 1995). In gynaecology and urology, fallopian tube, vas defe
rens, urethra, ureter, and bladder welding resulted in a watertight closure of 
these structures with improved healing and patency rate (RoSEMBERG, 1 9 8 8 A 
& 1 9 8 8 B ; BASS, 1995; SEAMAN, 1997; WALLWIENER, 1997). Another field in 

which laser welding has been applied include ophthalmology for cataract 
incision closure (EATON, 1991), neurosurgery for dura mater closure 
(HADLEY, 1988; FYOT, 1996), and otolaryngology for tymphanic membrane , 
vocal cords, and mucosal flaps welding (WANG, 1995). 

Clinical applications 
The earliest clinical report of laser microvascular anastomosis was by JAIN 
(1984). He performed an extra-intracranial arterial bypass in five patients 
with occlusive cerebrovascular disease. An end-to-side anastomosis ol a 
branch of the superficial temporal artery to a cortical branch of the middle 
cerebral artery was performed using a Nd:YAG laser at 18 W with 0.1 s pulse 
duration. The site of the anastomosis was covered with a thin layer of blood, 
which was also exposed to the laser. The time for laser anastomoses was shor
ter than five minutes, compared to 15 minutes for the suture technique. All 
the five patients had an uneventful postoperative course with angiographic 
evidence at 6-9 months of patent anastomoses. Clinical improvement oi the 
neurologic status was observed in four of the five patients. KlYOSHlGE (1991) 
reported the use of the CO2 laser for anastomoses of 16 vessels in six 
patients. These anastomoses included posttraumatic revascularisation/reim
plantation involving digital arteries and veins. The laser repairs were char
acterised by greater speed and ease, equivalent patency rates, and less tis
sue inflammatory response compared to sutured anastomoses. OKADA (1987 
& 1989) reported the use of CO2 laser for end-to-end and end-to-side ana
stomoses of medium (2-10 mm) peripheral vessels in 112 patients. None of 
the patients suffered any complication from the use of laser. WHITE (1989) 
performed a clinical series of arteriovenous anastomoses using the argon 
laser. After 4 .5 years of follow up by physical examination and duplex scan
ning, seven of the ten patients continue to have functional shunts without evi
dence of haematomas, false aneurysms, or stenosis. Three patients required 
delayed shunt revisions, which was felt to be due to inadequate development 
of the shunt or proximal vein thrombosis not related to the laser welding pro
cess. 

LlBUTTl (1993) reinforced pancreaticojejunostomies with a diode laser 
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soldering technique in a series of 12 patients. No clinical sign of leaks occur
red. In urology, ROSEMBERC ( 1 9 8 8 A & 1 9 8 8 B ) performed vasovasostomy 
using a CO2 laser in a significant number of patients with improved results 
as compared to the sutures. Also urethroplasty and pyeloplasty has been 
recently employed in a small number of patients, with initial positive results 
(KIRSCH, 1997). 

ProLein use f or tissue welding 
Since the strength of a laser weld is proportional to the volume that holds the 
tissue together, a thermally activated binding compound such as a solder is 
a logical way to improve the tensile strength of a tissue weld. Laser soldering 
is a bonding technique in which a proteinaceous solder material is applied 
to the surface of the repair site followed by application of laser light to coagu
late the solder on and to the tissue surface. Early studies were carried out by 
KRUEGER (1985) who used the argon laser to coagulate blood to form an adhe
rent sleeve for the anastomosis of small arteries and veins in rats. POPPAS 
(1988) used egg albumin applied to the approximated t issue edges in urethr
al welding with the CO2 laser. The results improved significantly with a suc
cess rate of 9 0 % , compared to 5 8 % without the application of a solder. It was 
concluded that laser welding with the solder produces more reliable and 
stronger tissue welds. Later, several solders have been used with success in 
different fields of laser t issue welding (BASS, 1995; POPPAS, 1996). 

Laser-assisted nerve repair 

Laser-assisted nerve repair, sometimes incorrectly named laser-assisted 
nerve anastomosis (MENOVSKY, 1 9 9 7 D ) was first reported by ALMQUIST (1984) 
using successfully the argon laser in peripheral nerves in rats and monkeys. 
FISCHER (1985) publ ished similarly positive reports with the use of the CO2 
laser in rats. Since then, several experimental studies have investigated the 
feasibility of LANR (MENOVSKY, 1995c). Lasers have been used to perform 
photothermal welding with or without placing additional stay sutures in both 
end-to-end and graft repair. The stay sutures provide sufficient initial tensi
le strength to the repair and to allow manipulat ion of the nerve during wel
ding. Furthermore, fascia, peri /epineurial t issue, and/or blood have been 
used to strengthen and stabilise the repair site with variable degrees of suc
cess (ALMQUIST, 1984; KIM, 1990; KORFF, 1992). Figure 3.1 shows the various 
techniques used in LANR. 

Histology 
In general, the CO2 laser repaired nerves in rat appeared to heal with less 
cellular and fibroblastic response than sutured nerves (BAILES, 1989; KlM, 
1990; HUANC, 1992; AL-HUSSAINI , 1992). AL-HUSSAINI (1992) showed that in 
CO2 and KTP laser repaired nerves there was a normal appearance of fibro
blasts, Schwann cells, and myelin sheaths, whereas in sutured nerves the 
fibroblasts were altered and the myelin sheath was disorganised. 
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Epine uri um 
Carbon dioxide 
milliwatt laser 

Stay sutures 

Fascia or 
other materials 

Solder 

Fig. 3.1. Schematic drawing of' LANR. (a) The epineurium of the apposed nerve ends is 
fused with several laser pulses (one or more stay sutures may be placed to facilitate mani
pulation of the nerve during repair), (b) The nerve ends are approximated and fascia or 
other materials are welded to the nerve (c) Similarly, a layer of solder is applied to the 

repair site and then welded to the nerve. 
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In facial nerve grafting in rabbits, no neuromas, no connective tissue 
invasion, no axonal extension or proliferation outside the epineurium and 
less entrapment of axons at the repair side marked the laser group at three 
months postoperatively (EPPLEY, 1989). In cranial nerve repair in cat no dif
ference in morphological appearance between laser repaired and normal 
healthy nerves was observed (SEIFERT, 1989 & 1990). C 0 2 LANR in nerve 
grafting in primates did not show any significant differences between the 
laser and suture group concerning myelinated fibre diameter in the distal 
nerve ends (BAILES, 1989). However, the escape of axons outside the intraf-
ascicular space and neuroma formation was less in the laser group. In a rat 
sciatic nerve repair using the CO2 laser and a fibrin film, the repair site reve
aled a smooth continuity of the nerve fibres (OCHI, 1995). In most of the stu
dies, higher distal myelinated nerve fibre density was found in laser repaired 
nerves (BEGGS, 1986; BAILES, 1989; BENKE, 1989, OCHI, 1995), although in 
most studies without statistical difference. 

Nerve repair with the argon laser in rabbits resulted in less scar forma
tion, more complete sealing of the epineurium, less sprouting of the axons, 
and better alignment of nerve fibres six months postoperatively as compared 
to CMSR group (CAMPION, 1990) Excellent repair of the nerves with less 
scarring and smaller neuromas was achieved in rats and primates using the 
argon laser to create a cuff of coagulated blood to bond the nerves (ALMQUIST, 
1984). Distal axon density in laser repaired nerves was superior to the sutu
re group and there was minimal escape of the axons through the cuff. 

Functional recovery 
Functional evaluation of CO2 LANR in rat sciatic nerve shows that there is 
a slightly better regeneration after LANR than after CMSR. FISCHER (1985) 
recorded well-defined nerve action potentials (NAP's) in 8 5 % of the laser 
repaired nerves versus 7 8 % in the sutured group. Furthermore, laser repai
red nerves required a lower threshold to generate a response. BENKE (1986) 
found that basal thresholds to elicit NAP's were the same as for normal ner
ves, whereas for sutured nerves the thresholds were significantly higher. 
Laser repaired nerves and sutured nerves had both reduced nerve conduc
tion velocities (NCV's) in the region of the anastomosis site, but the sutured 
nerves failed to conduct twice as often as in laser repaired nerves. 

A faster return of function of laser repaired nerves compared to sutured 
nerves was found by KlM (1990). Although the NAP's and NCV's of C 0 2 

laser repaired nerves in rats were slightly higher than that of sutured nerves, 
no statistical differences could be noted in various studies (BAILES, 1986; 
KIM, 1990; KORFF, 1992; DUBUISSON, 1993; DORT, 1994; Ocm, 1995). Only 
MARAGH (1988) showed that sutured nerves had slightly faster NCV's than 
laser repaired nerves. Using a diode laser and protein strips for tibial nerves 
in the rat, LAUTO (1997) demonstrated no significant differences in NAP's 
and NCV's between sutured and laser repaired nerves. 

Slightly better functional recovery, as assessed by sciatic function index 
(SFI) was found for laser repaired nerves (BENKE, 1989; AL-HUSSAINI , 1992; 
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HUANG, 1992). In nerve grafting using the CO2 laser, no statistical differen
ces could been found in NAP's and NCV's of laser repaired and sutured ner
ves in rabbits as well as in primates (BAILES, 1989; EPPLEY, 1989). Well defi
ned NAP's could be recorded as early as four weeks after facial nerve repair 
in primates (LAL, 1993). Very encouraging results were achieved with the 
argon laser repair in rabbits (CAMPION, 1990). Laser repaired nerves had sig
nificantly better neuromuscular function six months postoperatively as com
pared to CMSR group. 

Tensile strength 
Few studies report on the acute tensile strength of CO2 laser repaired ner
ves. MARAGH (1988) reported that laser welded nerves had a tensile strength 
of 4 3 g at four days post-operatively, and a strength comparable to the epi-
neurial suture control group (167 g) at eight days post-operatively. The dehi
scence rate for the laser group was 1 2 % . Other studies reported only dehi
scence rates or tensile strengths expressed as a percentage of the strength of 
normal nerves. BAILES (1986) reported 2 5 % dehiscence rate in end-to-end 
repairs, and 1 8 % in grafts repair. In a subsequent study of nerve grafting in 
primates (BAILES, 1989), the dehiscence rate was 0%. In all other studies, 
one or more stay sutures were used in combination with laser welding resul
ting in dehiscence rates of 0 % to 4 1 % (FISCHER, 1985; BENKE, 1989; EPPLEY, 
1989; HUANG, 1992). KlM (1990) used perineurial and epineurial t issue to 
serve as a supplement for the CO2 laser welding procedure resulting in 0 % 
dehiscence rate at six and 12 weeks. KORFF (1992) used the CO2 laser in 
combination with subcutaneous tissue wrapped around the nerve without the 
use of any stay sutures. Although the acute tensile strength was relatively 
high (6.1 ± 5.0 g), two months post-operatively nine of 15 nerves had sepa
rated (60% dehiscence rate). In a study of secondary nerve repair without the 
use of any stay sutures, a dehiscence rate of 8 3 % has been found (DUBUISSON, 
1993). OCHI (1995) used a fibrin film to reinforce the repair site and achie
ved a tensile strength of 10.1 ± 1.3 g directly alter repair, increasing to 30 .1 
± 1.6 g after 24 hours. 

Few studies investigated the use of diode LANR (LAUTO, 1997). Using 
four rectangular protein strips consisting of bovine albumin and indocyanine 
green as a dye, an acute tensile strength of 21 ± 5 g was obtained versus 50 
± 10 g in the sutured rat tibial nerves. In a consecutive study (LAUTO, 
1 9 9 8 A ) , LANR performed with an albumin concentration of 6 8 % resulted in 
greater tensile strength than albumin concentration of 5 8 % (28 ± 3.5 g ver
sus 2 3 ± 5 g). In comparison to CMSR, diode soldering produced similar 
results in respect to nerve morphology, morphometry, and electrophysiology 
(LAUTO, 1 9 9 8 B & 1998c). The methods and results of LANR are summarised 
in table 3 .1 . 

Clinical experience 
Clinical LANR has been performed by STOLKE (1989) with the C 0 2 laser. A 
3.2 cm defect of the median nerve in the wrist of a man was bridged by sural 
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grafts consisting of five fascicles. Each fascicle was welded to the distal and 
proximal nerve segments without use of stay sutures. Clinical and electro
physiological examinations six months postoperatively revealed satisfactory 
nerve regeneration. According to the authors, the nerve had a faster regene
ration in comparison with similar operations performed previously in a con
ventional manner. POWERS (1994) used the argon laser to repair cranial ner
ves with pieces of gelfoam during intracranial procedures. 

Conclusions 

The experimental studies so far have shown that LANR has some theoretical 
as well as practical advantages over CMSR. These advantages include less 
neuroma- and scar formation and shorter repair time. The major disadvanta
ge of LANR is the initial low tensile strength. In the future, use of protein 
solders could improve the welding process by increasing the tensile strength. 
Research to obtain consensus about optimal laser parameters and different 
techniques could further improve the results of LANR. 
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OPTIMAL LASER PARAMETERS FOR LASER-ASSISTED NERVE 
REPAIR* 

T. Menovsky, J.F. Beek, & M J.C. van Gemert 

As outlined earlier, LANR has great potential by avoiding foreign body reac
tion, minimising scar t issue formation and less traumatic manipulation of the 
nerve. Nevertheless, the clinical application of LANR is limited by the high 
dehiscence rate which can be 1 2 % to 6 0 % for a C 0 2 laser (BAILES, 1986; 
RICHMOND, 1986; MARAGH, 1988; KORFF, 1992). To overcome this problem, 
one or more stay sutures for supporting the welds or nerve grafts to reduce 
die tension at the repair site are used (FISCHER, 1985; BAILES, 1989; BENKE, 
1989; EPPLEY, 1989). 

Many factors may influence the tensile strength of LANR, such the 
amount of t issue available for fusion, and the LANR technique that is used. 
Although many investigators have studied tissue welding by means of histo
logy and wound healing, no one has determined the laser settings and end 
points which produce the greatest tensile strength. Experimental studies on 
welding of other t issues have shown that for each t issue there is an optimal 
range of laser exposures that produces the strongest welds (NEBLETT, 1986; 
NllJlMA, 1987; POPPAS, 1992). For nerves, the optimum exposure must still be 
determined. 

To enhance the tensile strength of tissue welding by the C 0 2 laser, 
various solders have been used in vessel and urethra welding (ClKRIT, 1990; 
POPPAS, 1992). These solders, which provide extra protein for the fusion pro
cess, are coagulated on the outer surface of the repair site to obtain stronger 
welds and therefore lower dehiscence rates. 

This study was designed to investigate the in vitro tensile strength of ner
ves welded by a C 0 2 milliwatt laser at different radiant exposures and expos
ure times. The effect of different solders on the tensile strength was investi
gated and compared to conventional microsurgical suture repair (CMSR), 
LANR, and FGNR. As a solder, albumin solution, dried albumin solution, 
egg white, fibrinogen solution, fibrin glue, and red blood cells were used. 

Materials and methods 

The study was approved by the local Animal Welfare Committee. A total of 
333 tibial nerves of New Zealand White rabbits (weighing 1.9-2.5 kg) of both 
sexes were used for this study. All animals were used in other experiments 
and nerves were collected within ten minutes after the sacrifice of the ani
mals. The diameter of the nerves ranged between 1.2 ± 0.1 mm (mean ± SD), 

*based on MENOVSKY T, 1994. 
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and the length of each nerve ranged between 3.5 to 4 cm. Before repair, each 
nerve was transected with a scalpel in two sections of approximately the 
same length. 

In the first group, LANR was performed at 15 different laser settings 
(power outputs of 50, 100, and 150 mW; pulse duration of 0 . 1 , 0 .5, 1.0, 2.0, 
and 3.0 s). In this group, the opposite nerve ends were closely approximated, 
and the epineurium of one of the nerve sections was pulled over the nerve 
end of the other nerve section and welded around its circumference with 
repeated single spots of laser energy (Figs. 3.1a). Six repairs were performed 
for each of the 15 groups of laser settings, giving a total of 90 LANR proce
dures. 

In the second group of laser welding, a 2 0 % albumin solution that was left 
to dry up on a glass slide for 20 minutes , was used as a solder (LANR plus 
dried albumin solution). Twelve repairs were performed at 100 mW with pul
ses of 1.0 s. In this group, the opposite nerve ends were closely approxima
ted, the epineurium of one of the nerve section was pulled over the nerve sec
tion of the other nerve and welded around its circumference with three to five 
laser pulses . The slab of dried albumin was positioned on the repair site and 
welded with the same parameters to weld the slab of dried albumin solution 
and nerve together (Figs. 3.1b). 

In a third group of laser welding, a procedure identical to that in the 
second group was performed. Ten repairs were carried out. After the proce
dure , the nerves were positioned between cotton soaked in saline for 20 
minutes to investigate the influence of rehydration of the slab of albumin on 
the tensile strength (LANR plus dried albumin solution plus rehydration). 

In the fourth group of laser welding, egg white was used as a solder 
(LANR plus egg white). The same 15 laser settings were used as in the first 
group. In this group, the opposite nerve ends were closely approximated, the 
epineurium of one of the nerve section was pulled over the nerve section of 
the other nerve and welded around its circumference with three to five laser 
pulses . The egg white was applied using a small spatula. With the egg white 
covering the repair site, the area was welded again with the same parameters 
to coagulate the egg white on and to the nerve (Figs. 3.1c). Six repairs were 
performed for each group of laser settings, giving a total of ninety procedu
res. 

In the remaining groups, LANR in combination with different solders was 
used in a similar procedure as described for egg white (fourth group of laser 
welding). As solders, two different albumin solutions ( 5 % and 20%) , fibrin
ogen solution, autologous fibrin glue, red blood cells, and a commercial 
fibrin glue (Tissucol, Immuno AG, Vienna, Austria) were investigated in a 
varying numbers of repairs . Fibrinogen solution and autologous fibrin glue 
were prepared according to SlEDENTOP (1985). Although a double irradiated 
LANR group would be more accurate as a control group to the LANR plus 
solder groups (as the LANR group had one set of exposures and the LANR 
plus solder groups had two sets of exposures), singly irradiated LANR group 
had greater tensile strengths and would probable have less thermal damage 
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under in vivo settings. 
The end point of the welding procedure was defined as the visible fusion 

of the epineurium. In the LANR group, ten to 30 laser pulses were needed 
for each repair. In the LANR plus solder groups, 15 to 50 laser pulses were 
used for each repair. Laser repairs at low powers (50 mW) and short expos
ure times (0.1-1.0 s) needed more laser pulses (>25 laser pulses) than repairs 
at high powers and long exposure times (< 30 laser pulses). 

The three control groups consisted of: i) nerves (n=6) repaired by LANR 
(100 mW power, 1.0 s pulse duration; one epineurial 10-0 monofilament 
nylon suture (Dermalon, Davis-Geek, Hampshire , United Kingdom)), ii) ner
ves (n=9) repaired by FGNR alone and, iii) nerves (n=8) repaired by CMSR 
(four epineurial 10-0 nylon sutures). 

For all LANR procedures a CO2 laser (Cooper LS 8 6 0 , Cooper 
LaserSonics Inc., Santa Clara, California, U.S.A.) was used in conjunction 
with an operating microscope (OpMi-1, Zeiss GhmB, Jena, Germany) at 40 
fold magnification and a joystick micromanipulator. The laser was operated 
in a CW mode using an electrical shutter (T 132, Optilas, Alphen aan de 
Rijn, The Netherlands) with a foot-switch to control the pulse duration. A 
spot size of 320 urn was used. 

All other nerve repairs were performed using microsurgical instruments 
and the same operating microscope at 40 fold magnification. The mean time 
for performing LANR (without solder) was 4 + 1.5 min, for LANR with a sol
der 7 + 2 min, for FGNR 5 + 1 min, and for CMSR 17 ± 4 min. In the laser 
groups, each repair site was observed meticulously with a 40 fold magnifica
tion and the visible effects of laser radiation on the epineurium were scored 
quantitatively with values varying from 1 to 6, where 0 indicated no visible 
effect, 1 drying of the epineurium, 2 shrinkage, 3 whitening, 4 caramélisa
tion (slight browning), 5 carbonisation, and 6 perforation of the epineurium. 

The relative tensile strength of the nerves was measured directly after the 
repair using a gradual weighing system. The distal end of the nerve was fixed 
with a clamp, while the proximal end was at tached to a plastic container 
through a fixed pulley mechanism (Fig. 4.1). If the container was empty, the 
system was in equil ibrium. The container was filled with water until the 
weight caused dehiscence of the nerve ends. The rate of water flow into the 
container was constant for all experiments (16.4 ml/min) using a 2 5 gauge 
needle. The tensile strength was defined as the weight of water (in g) that 
caused dehiscence of the nerve ends. 

Dehiscence was defined as a total rupture of the nerves, which was the 
case for all laser and fibrin glue repaired nerves. For nerves which did gra
dually tear apart, which was the case for some sutured nerves, the dehiscen
ce was defined as a minimal distance of 0.5 cm between the nerve ends. The 
tensile strength was measured by measuring the weight of the container, par
tially filled with water, with a balance, and by subtracting the weight of the 
empty container. The data were statistically analysed using a non-parametric 
Mann-Whitney U test. 
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Results 

Figure 4.2 gives an overview of the tensile strength for eight different 
methods of nerve repair. For LANR, LANR plus albumin 2 0 % solution, and 
LANR plus egg white, tensile strengths are shown which were produced at 
the optimal laser parameters (at 50 mW with pulses of 3.0 s or at 100 mW 
with pulses of 1.0 s). A Mann-Whitney U test showed no significant diffe
rence between LANR and FGNR (p> 0.1). However, the tensile strength of 
the LANR plus albumin 2 0 % solution and LANR plus egg white was signi
ficantly greater than that of LANR and FGNR (p< 0.05). The tensile strength 
of LANR plus dried albumin solution was higher than those of any other 
sutureless technique used (p< 0.05). However, after rehydration the tensile 
strength decreased by 5 0 % . Finally, the tensile strength of CMSR was signi
ficantly higher than in any other technique of nerve repair (p< 0.05). 

The use of a lbumin 5 % solution, fibrinogen solution, autologous fibrin 
glue, red blood cells, and fibrin glue (Tissucol) as solders did not increase 
the tensile strength in comparison to LANR alone. Therefore, these results 
are not included in the figures and further analysis. Figure 4.3 shows the ten
sile strength as a function of pulse duration of LANR, LANR plus albumin 
2 0 % solution, and LANR plus egg white at 50 , 100, and 150 mW respect i
vely. Both for LANR and LANR plus solder some combinations of laser ener
gy and pulse duration resulted in repairs that could not resist gentle hand
ling. In these repairs no tensile strength could be measured and thus these 
repairs were considered as unsuccessful. In LANR, optimum bonding was 
achieved at 100 mW with pulses of 1.0 s (tensile strength 2.4 ± 0.9 g). The 
use of a lbumin 2 0 % solution and egg white as a solder, both at 50 mW with 
pulses of 3.0 s, resulted in a tensile strength of 5.7 ± 2.1 g and 7.7 ± 2.4 g 
respectively. The use of a dried albumin solution as a solder at 100 mW with 
pulses of 1.0 s increased the tensile strength nine fold as compared to LANR 
(tensile strength 21.0 ± 8.6 g). However, rehydration of the repairs resulted 
in a decrease of the tensile strength to 9.8 ± 4 .5 g. 

Observation of the tissue welding process showed gradual changes in 
appearance of the thermal laser-tissue interaction. Tissue changes for LANR 
and LANR with egg white as a solder are summarised in table 4 . 1 . Little dif
ference was found in the appearance of the thermal laser-tissue interaction 
between LANR and LANR with the use of a lbumin 2 0 % solution or egg 
white as a solder. Perforation of the epineurium did not occur if LANR with 
a solder was used, as the solder protected the epineurium. Figure 4.4 shows 
the average tensile strength (mean ± SD) as a function of the scored tissue 
changes for all LANR and LANR with the use of albumin 2 0 % solution and 
egg white as a solder. The area under the curves represents the results of the 
polynomial evaluation of the data. 

Figure 4.5 shows the macroscopic view of a nerve after LANR with the 
use of egg white at 100 mW with pulses of 1.0 s. 
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bonded 
nerve 

Fig. 4.1. Schematic view of the set up for measurement of the tensile strength. In each 
measurement, the container was filled with water until the weight caused dehiscence of 

the repair. 
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Fig. 4.2. Average tensile strength (± SD) of nerve repairs achieved by different methods. 
A = albumin (20%); F.W = egg white; drA = dried albumin; drA* = dried albumin after 
rehydration; S = one suture. The laser repairs were performed at optima] laser settings of 

100 mW with pulses of 1.0 s. 
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Fig. 4.3. Average tensile strength (± SD) as a function of pulse duration of LANR, LANR 
plus albumin 20%, and LANR plus egg white at 50 mW (upper). 100 mW {middle), and 
150 mW {lower). An asterix (*) signifies that no sufficient tensile strength was achieved. 

Two aslerices (**) signify thai no measurement of tensile strength was performed. 
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Discussion 

Because of the high dehiscence rate observed in experimental studies LANR 
has not widely been used in clinical practise. To make laser welding an alter
native to CMSR, the tensile strength has to be sufficient. This study investi
gated the acute in vitro tensile strength of C 0 2 LANR performed under dif
ferent laser settings and with application of various solders, and the acute in 
vitro tensile strength in relation to changes in t issue appearance . As this was 
an in vitro study, factors that can influence nerve regeneration were not taken 
into account, l ike effects of the laser and the solders on neural t issue and 
wound healing. 

Few studies report on the acute tensile strength of end-to-end C 0 2 laser 
welded nerves. MARAGH (1988) reported that LANR (90-95 mW, 200 um spot 
size diameter, 0.2 s exposure time) had a strength of 43 .1 g at day four post
operatively. At day eight, LANR had a strength comparable to the epineurial 
suture control group (166.7 g). The dehiscence rate was 12%. Other studies 
reported only dehiscence rates or strengths expressed as a percentage of the 
strength of normal nerves. SEIFERT (1989 & 1990) performed LANR (80-90 
mW, 150 um spot size, no exposure time reported) of the oculomotor nerve in 
cats with dehiscence rate of 0%. BAILES (1986) evaluated LANR (70-80 mW, 
no spot size diameter, and pulse duration reported) both in end-to-end 
repairs and interposition grafts. The dehiscence rate in laser end-to-end 
repairs was 2 5 % , in laser interposition grafts 1 8 % , and in CMSR 0%. In 
another study of nerve grafting, BAILES (1989) reported 1 0 0 % repair paten
cy. THUMFART (1990) studied the tensile strength of LANR (2 W or 5 W, no 
spot size diameter mentioned, 0.5 s pulse duration), LANR plus fibrin glue, 
and suture repairs in vitro. No bonding could be achieved in the LANR 
group, and LANR plus fibrin glue provided lower tensile strengths than 
FGNR alone. In all other s tudies, one or more stay sutures were used resul
ting in a dehiscence rate of 0%. Only FISCHER (1985) found in LANR a dehi
scence rate of 1 3 % , but in this study some of the stay suture were removed 
after the welding procedure. 

In this study, the tensile strength of LANR performed at optimal laser set
tings was significantly lower than in CMSR (2.4 ± 0.9 versus 29 .6 ± 10.4 g). 
Comparison between the FGNR (2.7 t 1.2 g) and LANR without solder 
showed no differences. For LANR using one 10-0 nylon stay suture, the ten
sile strength was about 2 0 % of that of the nerves sutured with four 10-0 
nylon stay sutures and was independent of the laser settings used (Fig. 4.3). 
The strength of the LANR was dependent on the number of stay sutured 
used. This is consistent with the report of BENKE (1986). Despite the low ten
sile strength of LANR, it is likely that the strength of the weld will increase 
in time in in vivo studies. The critical period for dehiscence is the first week 
postoperatively before the fibroblasts have formed a definite closure of the 
wound (ABRAMS, 1998). Although fibrin glue reaches its maximum strength 
one hour after the glue has been applied, experimental studies in end-to-end 
repairs showed a tensile strength of less than 1 g, and a dehiscence rate of 
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Fig. 4.4. Average tensile strength (± SD) for all LANR , LANR plus albumin (20%), and 
LANR plus egg white as a function of scored tissue changes. A polynomial fit (third order) 
is included. 0 no observable effect, 1 drying, 2 shrinkage, 3 whitening, 4 caramélisation 

(slightly browning), 5 carbonisation, 6 perforation of the epineurium 

I I I I I I I I I 
Fig. 4.5. The repair sile of a nerve after C0 2 laser welding (at 100 mff and a pulse dura

tion of 1.0 s) using egg white. The distance between two bais represents 1 mm. 
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Table 4.1. The effects of C 0 2 laser light doses on the epineurium during LANR wit
hout the use of a solder, and on the epineurium and solder during LANR with the use 
of egg white (appearance of effects was approximately the same in the two groups) 

Technique Power (mW) Pulse duration (s)  

0.1 0.5 1.0 2.0 3.0  

LANR 50 
100 
150 

LANR plus 50 
egg white 100 

150 

0 
1-2 
1-2 

1-2 
2-3 
3 

1-2 
3-4 
3-4 

2 
4 
6 

3 
4-5 
6 

0 
1-2 
1-2 

1 
2-3 
3 

2 
3-4 
4 

3 
4-5 
5 

3-4 
5 
5 

0 no observable effect, 1 drying, 2 shrinkage, 3 whitening, 4 caramélisation (slightly 
browning), 5 carbonisation, 6 perforation of the epineurium 

8 0 % (CRUZ, 1986; RICHMOND, 1986). These dehiscence rates are compara
ble to those of LANR and oui- results also confirm that LANR as well as 
FGNR have low tensile strengths. Therefore, these repairs may fail under in 
vivo conditions as tension on the repair site occurs by retraction of the nerve 
ends. 

Several technical points were essential for effective welding with the C 0 2 
laser. Most importantly, bonding occurred only when the t issues were direct
ly opposed with the epineurium overlying the repair site. Also, dry tissue sur
faces were essential to obtain adequate welds. The dryer the tissue surface 
(epineurium), the greater is the effect of the C 0 2 laser on the t issue. 

During welding, it is important to determine an end point at which bon
ding has been achieved. In experimental and clinical t issue welding, this end 
point is normally based on visual changes of tissue. Although there may be 
other, more sophisticated methods to determine the end point like tempera
ture measurements (SHENFELD, 1994; ClLESlZ, 1997; POHL, 1998) or meas
urements of changes in reflectance (WELCH, 1984), visual changes currently 
remain the only practical end point for most surgeons. Drying and shrinka
ge, blanching, tanning, and browning of the tissue were indicated in previous 
reports as the end points for proper welds (NEBLETT, 1986; ClKRlT, 1990; 
KRISCH, 1990; POPPAS, 1992). The results of this study show that the stron
gest welds were produced at powers and exposure times that gave whitening 
and a beginning of caramélisation of the epineurium (Fig. 4.4). Also, the whi
tening and caramélisation that occurred in the welded egg white suggest that 
these visual changes can be taken as the end points for welding. The white
ning is related to the denaturation of proteins. The use of higher powers and 
longer pulse durations gave rapid carbonisation with weaker bonds. When 
the epineurium was perforated, the exposed fascicles (ensheathed by peri
neurium) reacted differently to the laser radiation. Curling of the fascicles 
and creating small excavations without bonding of the tissue occurred. As a 
result, no welding of the per ineurium could be achieved. This is supported 
by the finding that the perineurium seems to react differently to thermal inju-
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ry (LELE, 1963). The difference in the reaction of epineurium and of peri
neurium to laser radiation can be explained by their difference in composi
tion. The epineurium is mainly composed of densely packed collagen bund
les, while the per ineurium is formed of several lamellae which consists of 
closely packed perineurial cells (ROHLING, 1961). Since collagen is believed 
to be the main chromophore in the fusion process, it is not surprising that the 
epineurial layer reacts differently to laser radiation and is more easily wel
ded than the perineurium. 

As proteins are believed to be the primary component of the welding pro
cess, topical applied proteins, used as solders, may provide the necessary 
amount of proteins for welding and result in a greater tensile strength 
(POPPAS, 1988 & 1992). Several authors have described the use of solder for 
tissue welding with encouraging results. In urethral t issue welding with the 
CO2 laser, the use of egg albumin as a solder resulted in a significant incre
ase of bursting pressure (POPPAS, 1992). In vessel welding, autologous fibrin 
glue (fibrinogen and thrombin) in combination with the CO2 laser decreased 
the disruption rate by 3 2 % (ClKRIT, 1990). There have been no reports, howe
ver, on the use of solders for CO2 laser nerve welding. In this study, a lbumin 
suspension, autologous fibrin glue, fibrinogen suspension, and red blood 
cells used as a solder did not increase the acute tensile strength, and albu
min 2 0 % solution, egg white and dried albumin 2 0 % solution gave signifi
cantly higher tensile strength than LANR. These solders were applied in a 
thin layer to the repair site and coagulated with a CO2 laser. The results indi
cate that there is a correlation between the amount and concentration of 
structural proteins and the tensile strength of the union. The decrease in ten
sile strength of LANR plus dried albumin solution as a solder after the albu
min has been rehydrated is explained by the fact that the slab of a lbumin that 
was not coagulated by the laser has been dissolved in the presence of water. 
Although we did not perform histological or electron microscopical studies of 
the welding process, our results support the theory that coagulation is pro
bably the responsible process for the tissue fusion. 

Although the tensile strength of LANR in combination with the use of 
albumin 2 0 % solution and egg white as a solder was lower than in CMSR, 
improvement over LANR alone was substantial and encourages further in 
vivo research on the use of solders. Besides the use of protein solders, extra 
tissue for improving the tensile strength have been used. KlM (1990) used 
perineurial and epineurial tissue to serve as a supplement for the welding 
procedure (80-85 mW, no pulse duration reported, 150 um spot size diame
ter), resulting in 1 0 0 % patency rate. KORFF (1992) used LANR in combina
tion with subcutaneous t issue wrapped around the nerve (1 W, exposure time 
0.05 s, 360 um spot diameter). Although the acute tensile strength was rela
tively high (6.1 ± 5.0 g), two months post-operatively nine of 15 nerves had 
separated (60% dehiscence rate). OCHI (1995) used a fibrin film to reinforce 
the repair site and achieved a tensile strength of 10.1 ± 1.3 g directly after 
repair, increasing to 30 .1 ± 1.6 g after 24 hours. 

Despite the optimal results achieved with egg white, we realise that the in 
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vivo use of egg white as a solder would probably initiate an immunological 
reaction of the host. Furthermore, as egg white is not sterile, the potential 
danger of viral or bacterial transmission is present. A possible solution to 
these problems is to analyse what constituents enhance the welding and to 
make such a solution with sterile components. The main constituents of egg 
white are 10 .2% albumin, 0 . 0 5 % fat, and 8 8 . 1 % water (LONG, 1961). The 
use of sterile a lbumin solution as a solder avoids such problems. Recently, 
POPPAS (1993 &1996) has significantly improved the preparation of the pro
tein solder, making it suitable for clinical use. Another source of complica
tions with the use of solders in general could be the persis tence of solder 
between the nerve ends . If this happens , the solder could block the sprouting 
axons and could induce scar t issue formation between the nerve ends . Also 
premature absorption and disintegration of the solder is possible, which may 
result in early dehiscence of the union. 

In conclusion, we have demonstrated that i) the operation time of LANR 
and LANR plus solder is short compared to CMSR, ii) the strongest welds 
are associated with specific changes in tissue appearance (whitening and 
beginning of caramélisation) which can be used to determine the end point 
of the welding, Hi) LANR in combination with albumin 2 0 % solution, dried 
albumin solution, and egg white as solders gives tensile strengths that may 
be sufficient for holding the nerve ends together under in vivo conditions, 
and iv) that the strongest welds in LANR and LANR plus solder were found 
at 100 mW with pulses of 1.0 s and at 50 m f with pulses of 3.0 s. 
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U L T R A S T R U C T U R A L S T U D Y O F T H E L A S E R W E L D I N G P R O C E S S * 

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

The choice of the laser system and laser settings used for t issue fusion is 
based on empirical data, as the mechanism of t issue welding is not yet fully 
understood. Several protein solders have been used to increase the tensile 
strength of the welded t issue, suggesting that the amount and availability of 
certain proteins play a role in the bonding mechanism (ClKRIT, 1990; POPPAS 
1992; see also Chapter IV). Understanding the mechanism responsible for 
the fusion could lead to an appropriate selection of laser wavelength, power 
density, pulse duration, spot size and type of solder for the part icular t issue 
to be welded. In this way, a combination of maximal tensile strength and 
minimal thermal damage can be achieved. 

The aim of this study was to elucidate the mechanism of CO2 laser t issue 
welding of dura mater and peripheral nerves, with emphasis on the ultra-
stuctural alterations in t issue morphology which occur during laser welding. 
Furthermore, the role of a protein solder in t issue welding was investigated. 
Welding of the tissues was performed both with and without the use of a pro
tein solder and the specimens were examined immediately after the experi
ments using scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). 

Materials and methods 

The study was approved by the local Animal Welfare Committee. Dura mater 
(n=10) and tibial nerves (n=10) of New Zealand white rabbits (weighing 1.9-
2.5 kg) of both sexes were used. All animals were used in other experiments 
and the tissue specimens were collected just before the animals were sacri
ficed. Each dura section and nerve was transected with a scalpel in two sec
tions of approximately the same size. 

The pieces of dura mater were welded together at 100 mW with five sing
le laser pulses of 1.0 s duration at the repair site, both with and without 
addition of a solder. In the solder group, the dura was first welded with one 
pulse of laser energy, which provided initial bonding, and then one drop of 
solder (egg white) was applied using a small spatula to the repair site. With 
the solder covering the repair site, the area was again irradiated with an addi
tional four pulses of laser energy to further bond the t issue. In the nerve wel
ding group, the opposite nerve ends were closely approximated, the epineur-
ium of one of the nerve sections was pulled over the other nerve section and 
welded to the underlying epineurium (Fig. 3.1a). In the solder group, the epi-

*based on MENOVSKI T, 1996A & 1997c. 
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neurium was welded as described in figures 3.1c. The laser settings used 
(100 mW, 1.0 s pulse duration) have previously been shown to produce the 
greatest tensile strength in vitro in LANR (Chapter IV). 

Several dura and nerve specimens were underexposed (0.5 s pulse dura
tion) and the same set of tissues were overexposed (2.0 s pulse duration) in 
order to compare these welds to the successful welds. The control group con
sisted of nonirradiated dura mater and nerves. The C 0 2 milliwatt laser used 
for the experiments is described in chapter IV. 

After the welding procedure, the specimens were fixed in Karnovsky's 
fixative. For the SEM study, the specimens were dehydrated in a graded ace
tone series, dried by the critical point drying process, mounted on alumini
um stubs with colloidal silver paint, and sputtered with gold-palladium. Both 
the surface of the tissues as well as cross sections through the welded site 
were examined using a scanning electron microscope (ISI-SS40, Japan). 

For the TEM study, the specimens were postfixed in osmium tetroxide, 
dehydrated in acidified 2,2-dimethoxypropane, and embedded in epoxy 
resin. Semi-thin sections were cut (1.5 um), and stained with toluidine blue 
for light microscopy. Areas of interest were selected, cut in thin sections (70 
nm), stained with tannic acid (DlNGEMANS, 1990), uranyl acetate, and lead 
citrate, and examined in a transmission electron microscope (Philips CM 10, 
Eindhoven, The Netherlands). Longitudinal as well as cross-sections through 
the welded site were studied. 

Results 

Adequate tissue bonding was observed only in the optimally irradiated spe
cimens (100 mW, 1.0 s pulse duration). Moreover, it was observed during tis
sue manipulation that the bonding of the tissues was much stronger in the 
solder group. In the underexposed and overexposed specimens, the tissues 
were inadequately bonded and some specimens did tear apart during prepa
ration for SEM and TEM. 

The appearance of the normal, nonirradiated dura mater and epineurium 
of the nerve is shown in figure 5.1 for SEM and in figure 5.5 for TEM. Both 
tissues appear as a fibrous mesh network consisting of mainly loose nono-
riented interweaving strands of collagen fibrils. The collagen fibrils are less 
than 70 um in diameter and are striated. Some elongated fibroblasts are also 
present. The epineurium is composed of connective tissue which is conden
sed at the surface of the nerve to form a definitive sheath. It consists of a 
loose meshwork of collagen fibrils and occasional elastic fibrils. Collagen 
fibrils predominate, are mainly longitudinally oriented, and are collected 
into bundles that interact in all directions to outline an irregular pattern. 
Like in the dura mater, some fibroblasts are present. 

Scanning electron microscopy 
LASER WELDING 

The dura mater and the epineurium of the nerve after welding had a specific 
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Fig. 5.1. Scanning electron micrograph of the normal epineurium (left) and dura mater 
(right) (original magnification x 2.800 and 4,700). 

Fig.5.2. Scanning electron micrograph of die welded dura mater at the repair site (original 
magnification x 1,160). Note the homogenised and hardly recognisable collagen fibrils 

fused together 
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appearance which was present in all specimens. From the outside, the repair 
site was easily identified as a slightly depression in the specimen caused by 
the impact of the laser beam. 

At the repair site, the fine loose structure of the collagen fibrils was lost. 
The individual fibrils were hardly recognisable and appeared to be homoge
neously blurred and swollen (Fig. 5.2). The cutting edges of the tissue appe
ared to be merged by adherence and fusion of the collagen fibrils. Towards 
the periphery of the repair site, the individual fibrils were tightly packed 
together (Fig. 5.3). The diameter of the fibrils was enlarged by an average 
factor of 6. The nonoriented strands of collagen fibrils were parallelly alig
ned after laser irradiation (Fig. 5.3). At the border of the lesion, the occur
rence of these changes decreased and there was a transient shift to normal 
tissue. In several specimens, some coagulated tissue debris with a homoge
nous appearance adhering to the collagen fibrils was observed, suggesting 
that this tissue debris acted as a microsolder. In general, there was no morp
hological difference between the welded dura mater and the epineurium. 

SOLDER-ASSISTED LASER WELDING 

The solder became a solid glue after laser irradiation, covering the repair 
site. Therefore, the surface of the dura mater and peripheral nerve at the 
repair site was not visible. The coagulated solder appeared as a dense homo
genous mass, elevated from the surface. At the direct repair site, the coagu
lated solder clanged to the tissue, forming an outer cuff (Fig. 5.4). On cross 
sections, the solder was intimately fused with the collagen fibrils, the contact 
between the solder and the tissue being very close. 

Along the longitudinal interface of the solder and tissue, the solder had 
penetrated into the tissue and was fused on and between the collagen fibrils. 
The collagen fibrils at the periphery of the repair site showed the same char
acteristic changes as in welding without the solder. In the cross sections, 
some small air bubbles could be observed within the coagulated mass of the 
solder. 

Transmission electron microscopy 
LASER WELDING 

In general, there was no morphological difference between the welded dura 
mater and welded epineurium, hence these results will be described 
together. At the repair site, the fine loose structure and periodicity of the col
lagen fibrils was lost. The individual fibrils were hardly recognisable and 
appeared to be homogeneously blurred and swollen (Fig. 5.6). The diameters 
of the fibrils were enlarged by an average factor of two. The cutting edges of 
the tissue appeared to be merged by adherence and fusion of the collagen 
fibrils. Immediately next to the repair site, the collagen and the elastic fibrils 
were tightly packed together. More towards the periphery of the laser irra
diation site, the occurrence of these changes decreased and there was a 
transient shift towards normal tissue. In several specimens, a small zone of a 
dense homogenous mass, probably representing coagulated tissue debris 

-46-



Ultrastructural Study of the Laser Welding Process 

Fig. 5.3. Welded dura mater at the periphery (original magnification x 870). Note the 
paked collagen fibrils, oriented mainly parallely. 

Fig.5.4. Longitudinal section through the welded peripheral nerve with the use of a (ori
ginal magnification x 410). Note the coagulated solder fused to the outer surface of the 

epineurium. 
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(lysed cells) was fused with collagen of the two adjacent cutting edges of tis
sue, again suggesting that this t issue debris acted as a microsolder. 

Areas with poor tissue-to-tissue apposition were inadequately and incom
pletely fused. In underexposed specimens, the changes described above 
were less prominent. In overexposed specimens, the tissue was disrupted and 
small air bubbles could be observed within the tissue. The repair site had a 
dense homogeneous appearance and the cellular structure was not recogni
sable anymore. 

SOLDER-ASSISTED LASER WELDING 

At the direct repair site, the coagulated solder was fused to the t issue, for
ming an outer cuff. On cross sections, the solder was intimately fused with 
the collagen fibrils, the contact between the solder and the tissue being very 
close. The collagen and elastin fibrils at the repair site showed the same 
characterist ic changes as in welding without the solder. However, the ther
mal damage to the tissue and especially at the periphery was much less. 

In underexposed specimens, the tissue and the solder were inadequately 
fused, and because the solder was not sufficiently coagulated, it was washed 
out during the preparation for TEM examination. In overexposed specimens, 
the observations were similar as in the laser welding group. Again, there 
were no morphological differences between the welded dura mater and epi-
neurium. The depth of thermal damage in t issue in optimal, under- and over
exposed welds is presented in table 5 .1 . 

Discussion 

In the past, the mechanism of tissue welding has been studied by light and 
electron microscopy (FLEMMING, 1988; KOPCHOK, 1988; POPPAS, 1988; 
W H I T E , 1988; TANG, 1 9 9 7 R & 1998) and by biochemical analysis (BASS, 
1991 ; TANG 1998). Especially TEM has enabled investigators to analyse the 
ultrastructural events associated with laser welding. However, few investiga
tors used SEM to investigate the three-dimensional changes of the tissue 
after C 0 2 laser welding. We have used dura mater and epineurium of the 
peripheral nerves as tissue model as these are mainly composed of collagen 
which is believed to play a vital role in laser t issue welding (NEBLETT, 1986). 
Moreover, both t issues have been successfully welded with the C 0 2 laser 
(FISCHER, 1985; HADLEY, 1988). Although we realise that uncut edges were 
apposed for welding instead of cut surfaces as described in other studies, we 
do not think that the mechanism of tissue welding essentially differ. During 
the procedure for TEM preparation, the tissues have been stained with tan
nic acid (DlNGEMANS, 1990) which greatly increases the electron density of 
collagen and elastin, and thus can be used for specific examination of these 
components . 

The mechanism of tissue welding is not yet fully understood as it is a pro
cess involving many variables. Furthermore, the alterations in tissue obser
ved after laser irradiation are not necessarily responsible for the fusion. 

-48-



Ultrastructural Study of the Laser Welding Process 

Fig. 5.5. Transmission electron micrograph of llie normal epineurium (left) and dura 
mater (right) (original magnifications x f2,400 and x 29,000 respectively). Both tissues 

consist of collagen fibrils with some elastin fibrils and some fibroblasts. 

Fig. 5.6. Transmission electron micrograph of welded epineurium of the nerve at the 
repair site (original magnification x 31,000). Note the homogenised collagen fibrils fused 

together. The arrows show the line of fusion between the two edges of tissue. 
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Although some authors have speculated that the mechanism may be in part 
wavelength dependent , it is considered to be primary a thermal rather than a 
photochemical effect. The temperatures at which welding occurs have been 
reported to range between 60 °C and 120 °C (EPSTEIN, 1986; KoPCHOK, 1988: 
VANCE, 1988; MARTINOT, 1994). These temperatures are all above the dena-
turation temperature of collagen (60 °C). Only KOPCHOK (1988) reported tem
peratures lower that 60 °C during argon laser welding, and thus suggested a 
possibly alternative mechanism (i.e. photochemical annealing of collagen 
fibrils). 

Some proposed mechanisms of laser t issue welding include denaturation 
of structural proteins (DEW, 1993; TANG, 1 9 9 7 B & 1998), dehydration of the 
proteins (FENNER, 1 9 9 2 A & 1 9 9 2 B ) , acceleration of natural fibrinogen poly
merisation (VALE, 1986), collagen-to-collagen fusion (GODLEWSKI, 1987; 
W H I T E , 1988), crosslinking of proteins ( W H I T E , 1988), formation of noncova-
lent bonds between collagen (BASS, 1992), and interdigitation of collagen 
fibres (SCHOBER, 1986). The results of this study show that in laser welds the 
collagen undergoes specific changes like swelling and reorganisation of the 
fibrils in one direction. This is in agreement with other studies using t rans
mission electron microscopy (SCHOBER, 1986; DECOSTE, 1992; POPPAS, 
1992). Although the fusion area of the t issues consisted of collagen-to-colla
gen bonds, the nature of these connections was neither elucidated in this 
study, nor were the changes of collagen as seen on the TEM and SEM the 
proof that these bonds form the welds. These connections may be just the 
effect of laser heating. We did not find any interdigitation of the collagen 
fibrils as an underlying mechanism of t issue welding as reported by SCHOBER 
(1986). Because the laser welding procedure was performed in a bloodless 
field, neither erythrocytes nor fibrin could attribute to the immediate bon
ding process, as proposed bv others (VALE, 1986; FLEMMING, 1988; VLASAK, 
1988; R E A U , 1993). 

There seems to be no doubt that a solder contributes to the tensile 
strength of the weld (ClKRlT, 1990; POPPAS, 1992; see also Chapter IV). In 
this study, egg white was used as a solder, as egg white has been shown to 
produce stronger welds in vitro than other solders, such as albumin suspen
sion, autologous fibrin glue, fibrinogen suspension, and red blood cells 
(Chapter IV). Egg white is composed mainly of water (88.1%), albumin 
(10.2%), and fat (0.05%) (LONG, 1961). It is most likely that proteins are the 
main components responsible for the welding process. In repair without sol
der the tensile strength seems to originate from the collagen-to-collagen con
nections and possibly from cellular debris acting as a microsolder. In the sol
dered specimens, the coagulated solder acts as a dense homogeneous cuff in 
which the collagen fibrils are embedded, acting both as an internal and an 
external glue. This explains the difference in the tensile strength of solder-
assisted repair and repair without a solder that was measured in chapter IV 

Despite the encouraging results achieved with solders, and with egg white 
in particular, there are some technical , practical, and theoretical problems. 
First, the thickness of the solder layer applied to the repair site determines 
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Table 5.1. Depth of thermal damage (in um) in tissue in optimal, under- and over-expo

sed welds 

Technique Exposure 

Underexposure Optimal Overexposure 

Laser welding < 50 um 100-125 um > 400# 
Laser welding plus solder* < 30 um 80-100 um > 400# 

*The depth of thermal damage in soldered specimens is measured excluding the layer 
of coagulated solder (measuring usually 10-20 um). 

#The thermal damage extends through the whole thickness of the dura mater. 

the outcome of the repair. A layer of solder which is too thick will result in 
superficial coagulation of the solder, without coagulation and adhesion to the 
underlying t issue, producing a weak bond. This is especially the case with 
the CO2 laser as the penetration depth of this laser light in tissue is small 
implying that the laser energy is absorbed mainly at the tissue surface. On 
the other hand, if the layer is too thin, the coagulated solder will not have the 
volume required to have any impact on the bonding process, resulting also in 
a relatively low tensile strength. Besides thickness as an important factor, the 
irradiance involved will have a substantial impact on the quality of the weld. 
High irradiances rates will ei ther vaporise the solder or, especially in com
bination with a thick solder layer, will create bubbles (vaporised water ins
ide the solder) which do not contribute to the strength of the weld and will 
weaken the repair site in the postoperative period. A low irradiance will not 
sufficiently coagulate the solder. Therefore, it is important to find an optimal 
irradiance for homogeneous coagulation of solder . In this view, lasers with a 
slightly larger light penetration depth than the CO2 laser might be better sui
ted for solder-assisted tissue welding. Preliminary experiments using the 
Ho:YAG milliwatt laser (k = 2 ,094 nm, penetration depth —335 um) 
showed a homogenous fusion between the solder and nerve (MENOVSKY, 
1 9 9 5 B ) . Another issue is the viscosity of the solder and the inherent penet
ration of the solder into the tissue. The more viscous the solder is, the less 
will be the penetration into the t issue, thus losing its role as an internal 
matrix upon coagulation. 

In chapter IV the practical and theoretical problems that may arise with 
the use of egg white in vivo are discussed such as the issue of sterility and 
scar tissue formation. 

In view of our results and review of the li terature, we hypothesise that col
lagen proteins undergo a thermal degradation and form new bondings upon 
cooling. These changes also occur in the cellular components of the t issue in 
which cell membranes are disrupted due to laser irradiation and the proteins 
of the cell are leaking, forming a microsolder of proteins which together with 
the denatured collagen results in t issue adhesion. It seems likely that the 
proteins undergo a thermal degradation of the bonds (disulfide and hydroxyl 
bonds) and form new molecular bonds upon cooling, in the same fashion as 
boiling of an egg, resulting in an adhesion of the proteins. It is logical that 
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these alterations in molecular configuration do not have the tensile strength 
of the original s tructure (GORISH, 1982). 

Depending on the precision of t issue apposition, several different welds 
can be dist inguished. In primary welds, there is an excellent t issue-to-tissue 
apposition resulting in close collagen-to-collagen bonds (FUJITANI, 1988; 
W H I T E , 1988; KUROYANAGI, 1991), allowing primary wound healing. In 
secondary welds, the tissue apposition is poor, resulting in a bond that is 
mainly formed by red blood cells , fibrin plug, and cell debris (FLEMMING, 
1988; ÜNNO, 1989; CHOW, 1990). It is this type of bonds that produce aneu
rysm formation in vessel welding. In both primary and secondary welds, 
there is thermal damage to the t issue. Tertiary welds are completed with the 
use of solders or other materials, in which the tissue is held together by a cuff 
of coagulated solder with minimal thermal damage. 

In conclusion, C 0 2 laser welds in dura mater and epineurial tissue con
sist of three different welds; i) welds in which collagen-to-collagen bonding 
is observed, ii) welds in which tissue debris forms a coagulated mass 
between the t issue interfaces, and Hi) welds in which coagulated solder is 
melted on and between the collagen fibrils which forms a solid mass and a 
matrix in which the tissue is embedded. Moreover, laser irradiation of the 
connective tissue of nerves and dura mater causes specific changes in the 
collagen structure. 
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EFFECTS OF C0 2 LASER IRRADIATION ON INTACT RAT 
SCIATIC NERVE* 

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

Since several years, the C 0 2 milliwatt laser has been experimentally and 
occasionally clinically used for repair of transected peripheral and cranial 
nerves (KRISHNAMURTHY, 1994; MENOVSKY, 1 9 9 5 C ) . Although very promising, 
LANR still needs be optimised to be effectively and safely used in the clini
cal pract ice. Many factors influence the results of LANR, one of the most 
important being the irradiance applied to the nerve. 

Little information could be gained from the literature on the exact action 
of lasers on peripheral nerve tissue under in vivo conditions. Unlike the 
brain, in which the action of laser irradiation has been studied extensively 
( W H A R E N , 1984; MARTINIUK, 1989; Roux, 1990; GAMACHE, 1993), there are 
only limited data on the extent of damage of peripheral nerves after laser 
irradiation. 

Another issue is the use of protein solders as an adjunct to the welding 
process. These solders, which provide extra protein for the fusion process, 
are melted on the outer surface of the repair site to hold the tissue together, 
resulting in stronger welds (POPPAS, 1988; see also Chapter IV) and theoreti
cally in less thermal damage to the tissue. However, to date there are no 
comprehensive data on the use of solders for in vivo LANR and how the 
nerve reacts to the solder. 

In a previous study, we have determined the C 0 2 laser settings which pro
duce the greatest tensile strength (Chapter IV). In the study descibed in this 
chapter the functional and thermal damage of rat sciatic nerves irradiated by 
a C 0 2 milliwatt laser (with and without solder) at different powers, exposure 
times was assessed during a 12 week follow up. In the study the nerves were 
not transected prior to laser irradiation. 

Materials and methods 

The study was approved by the local Animal Welfare Committee. A total of 
88 female rats of an inbred Wistar strain were used in the experiments. The 
rats (250-300 g) were housed maximal six in a cage and were kept under con
ventional laboratory conditions. Before surgery, general anaesthesia was 
accomplished by intraperitoneal injection of mixture of ketamine (90 mg/kg), 
xylazine (10 mg/kg), and atropine (0.05 mg/kg). 

In each rat, the right sciatic nerve was exposed by a modified dorsolater

al incision (MENOVSKY, 1 9 9 5 D ) and by stomp cleaving the overlying hara

s s e d on MENOVSKY T, 1996C. 
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string muscles . Under the operating microscope, the nerve was prepared free 
and isolated from the surrounding tissue by a plastic sheet. The diameter of 
the sciatic nerves ranged between 0.9 and 1.1 mm. 

Two experimental groups of laser irradiation were employed. In group I 
(dose-response study, n=40), circumferential irradiation of the nerve with the 
CC>2 laser was performed at different laser parameters as summarised in 
table 6 .1 , using a spot size of 3 2 0 um. For each laser parameter (n=4) the 
total number of pulses applied to each nerve was between eight to ten. These 
laser settings have been previously evaluated for their tensile strength in an 
in vitro study (Chapter IV). For 50 mW power, exposure times were limited 
to 2.0 s and 3.0 s as below these exposure times no bonding of the nerves 
could be achieved. The left untreated nerve was sham operated and served 
as a control. After the procedure, the fascia of the hamstring muscles was 
closed with 6-0 PGA sutures and the skin was closed with 4-0 PGA sutures. 
The rats from group I were killed 24 hours after surgery by an overdose feno-
barbital intraperitoneally and the nerves were carefully dissected. The ner
ves were fixed in Karnovsky's fixative, postfixed in osmium tetroxide 1%, 
stained with uranyl acetate, dehydrated in acidified 2,2-dimethoxypropane, 
and embedded in epoxy resin. After hardening, semi-thin (1.25 um) cross 
sections were cut and stained with toluidine blue and basic fuchsin. 

In group II (early and late effects study, n=48), circumferential irradiation 
of the nerve with the CO2 laser was performed at 100 mW with pulses of 1.0 
s and a spot size of 3 2 0 um. In half of the nerves (n=24) a protein solder con
sisting of bovine albumin powder dissolved in saline was applied to the nerve 
using a small spatula (soldered nerves). The solder covering the nerve was 
irradiated using the same laser parameters until the solder was adherent and 
coagulated on the nerve. The total number of pulses applied to each nerve 
was between eight to ten. Again, the left untreated nerve was sham operated 
and served as a control. After the procedure, the fascia of the hamstring mus
cles was closed with 6-0 PGA sutures and the skin was closed with 4-0 PGA 
sutures. The CO2 milliwatt laser used for the experiments is described in 
chapter IV. 

The rats from group II were killed 1 day, and 1, 2, 4 , 8, and 12 weeks after 
surgery (n=8 for each survival group) by an overdose fenobarbital intraperi-
toneally and the nerves were carefully dissected. The nerves were processed 
for light microscopy as described above. Transverse sections were obtained 
from the proximal and distal nerve segments as well as from the irradiation 
site. Selected areas were cut for transmission electron microscopy and pro
cessed as described in chapter V. In two rats (two weeks survival time) the 
vena cava inferior was cannulated and the vascular bed was flushed with 
saline and subsequently with barium. The nerves were dissected and the vas-
cularisation within the nerves was studied by X-rays photographs. 

The motor function of the nerves was examined in all rats 24 hours after 
surgery and thereafter every two days in the first two weeks and weekly in the 
rest of the survival period using a modified version of the toe-spreading test 
as originally descr ibed by D E MEDINACELU (1982) and modified by 
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WONDERGEM (1988). In short, the toe-spreading, defined as the dis tance from 
the first to the fifth digit, from both hind legs was measured from walking 
tracts. The relative toe-spreading of the right foot was calculated with the 
untreated left foot as a control. A 1 0 0 % motor function loss will result in a 
relative toe-spreading of 3 0 % , while no motor function loss will result in a 
relative toe-spreading of 100%. For each measurement , at least four foot 
steps were recorded. 

Results 

GROUP I 
Observation of the nerve during irradiation showed gradual changes in appe
arance of the t issue, which are summarised in table 6 .1 . 

Toe-spreading test 
The results of the toe-spreading test are presented in figure 6 .1 . Irradiations 
of 50 mW and 100 mff for up to 1.0 s exposure time per pulse resulted in 
negligible or no deficit in motor function of the nerves (motor function > 
90%) . Irradiations with 100 m W with prolonged exposure times (> 2.0 s 
pulse duration) and irradiations with 150 mW power resulted in significant 
decrease in motor function. 

Lightmicroscopic changes 
Several pathological reactions ranging from total destruction of a part of the 
nerve to minimal changes were observed, strongly related to the used level of 
power and exposure duration. The most severe reaction, occurring at 150 
mW for 2.0 and 3.0 s exposure time, consisted of. vaporisation and perfora
tion of the epi- and perineurium and carbonised and coagulated tissue in 
which the cells and the tissue structure was not recognisable. More towards 
the centre of the nerve, massive Wallerian degeneration with endoneurial 
oedema was observed. In this region, the blood vessels were thrombosed and 
the injured axons were retracted away from their myelin sheaths and 
Schwann cells. A few inflammatory cells were seen. Only in the central part 
of the nerve, a few normal axons and myelin sheaths were observed together 
with intact blood vessels. The extent of the thermal damage was approxima
tely 500 um, including the thickness of epi- and perineurium. 

At lower powers (50 mW for 3.0 s, and 150 and 100 m W for 0.5 and 1.0 
s), the thermal damage was much more confined to the subepineurial axons 
(Fig. 6.2). The pathological changes consisted of two relatively thin layers. In 
the outer zone (ca 75 um), located directly subperineurially, the nerve tissue 
was oedematous and the nerve fibres had darkly stained cytoplasm. The 
second zone (ca. 50 urn), located more towards the centre, was also oedema
tous but the myelin sheaths were thin and separate layers on myelin sheaths 
were intruding in the axoplasm. Also, enlarged and empty endoneurial tubu
les were seen. Both the inner and outer zone were undergoing Wallerian 
degeneration. Veiy few inflammatory changes were noted. The vessels in the 
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Table 6.1. Experimental protocol of laser parameters and summary of' the macroscopic 
observations 

Power ( m l ) Exposure time per pulse (s) 

50 
100 
150  

0 no observable effect, 1 drying, 2 shrinkage, 3 whitening, 4 caramélisation (slightly 
browning), 5 carbonisation, 6 vaporisation 
x = not performed 

epineurium and vessels located in the injured area were thrombosed and the 
perivascular space was enlarged. No haemorrhagic lesions could be obser
ved. The epineurium was oedematous and the fibroblasts showed dark p ic-
notic nuclei . The morphological integrity of the epi- and perineurium was not 
affected. The extent of the total thermal damage was approximately 125 urn. 
The central part of the nerve was undamaged although the distance between 
the axons was enlarged, indicating oedema. Around the patent blood vessels 
in the injured area, a few myelinated axons appeared to be intact. 

At 50 mW for 2.0 s and 100 mW for 0.5 s, the thermal damage was slight
ly less than in the 100 mW group for 0.5 and 1.0 s, despite the absence of 
macroscopical changes during the laser irradiation. The extent of the thermal 
damage was approximately 100 um. The pathological changes were the same 
as described at 50 mW for 3.0 s and 100 mW for 0.5 and 1.0 s, but less pro
nounced. 

In all groups, morphological changes proximal or distal from the irradia
ted area were not seen. Sham-operated nerves showed no pathological chan
ges and were identical to historical unoperated nerves. 

GROUP II 

Observation of the nerve during laser irradiation showed whitening and in 
some cases slight brown discoloration and some degree of shrinkage of the 
irradiated area. In the solder group, the solder showed drying, slight brown 
discoloration, and adherence to the nerve without excessive macroscopic 
changes of the nerve itself. 

All rats did well postoperatively and had no signs of infection or neurolo
gical complications except for variable dysfunction of the right sciatic nerve 
as described bellow. 

Toe-spreading test 
The results of the toe-spreading test up to 12 weeks after laser irradiation are 
presented in figure 6 .3 . Irradiation of 100 mW for 1.0 s exposure time per 
pulse resulted in negligible or no deficit motor function of the nerves. 
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Pulse duration f s) 

Fig. 6.1. Motor function based on the toe-spreading of the hind legs of rats alter irradi-
tion with the C0 2 laser at different laser settings. * not performed 

Fig. 6.2. Subepineurial thermal damage 24 hours after irradiation at 150 mW and expos
ure time of 1.0 s (toluidine blue, original magnification x 501). In the outer zone (above), 
there is swelling of affected fibres with darkly stained axoplasm. In the inner zone (below) 

some empty endoneurial tubules are seen together with disintegrating myelin sheaths. 
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Fig. 6.3. Motor function of the hind legs of rats after irradiation with the C0 2 laser wit
hout (upper) and with addition of a solder (lower) at different survival times. 
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Day one 
The microscopical changes in the non-soldered nerves are described above. 
In the soldered nerves, the solder was identified as a homogenous material 
surrounded and infiltrated by inflammatory cells with a large amount of poly
morphonuclear leukocytes (Fig. 6.4). The intraneural changes including the 
thermal damage were similar to the non-soldered nerves, although the extent 
of thermal damage was slightly less. 

Week one 
Some minor adhesions were found in the non-soldered nerves while modera
te adhesions of the nerve to the tissue were observed in the soldered nerves. 
Degeneration of axons and myelin sheaths (Wallerian degeneration), both at 
the site of irradiation and in the distal nerve segment was noted only in the 
subperineurial area with a depth of approximately 100 pm. Within this area, 
cellular reaction consisting of presence of macrophages, lymphocytes, and 
proliferating Schwann cells was noted. Remnants of myelin were found in 
Schwann cells and macrophages. The epineurium and perineurium was thic
kened (due to oedema and collagen production), and the epineurium was 
characterised by a generalised cell infiltrate and dilated vessels. However, 
the morphological integrity of the epi- and perineurium was not affected. The 
blood vessels within the nerve appeared normal. In the epineurium, an incre
ase in normal collagen with active young fibroblasts was noted, containing 
large amounts of granular endoplasmic reticulum. 

In the soldered group, the degenerative changes within the nerve were the 
same. A lot of inflammatory cells and macrophages could be seen within the 
epineurium surrounding small remnants of the solder. The extent of the ther
mal damage was comparable to non-soldered nerves. 

Week two 
Macroscopically, no adhesions were found in either group of nerves and the 
solder had macroscopically disappeared. Microscopically, Wallerian degene
ration of myelinated nerve fibres was more striking than at one week. Small 
fragments of lamellar material , possibly remnants of myelin, were enveloped 
by macrophages and Schwann cells. Clusters of axonal sprouts were seen, 
indicating regeneration from the proximal nerve segment (Fig. 6.5). A sharp 
demarcation between the injured and the normal noninjured area existed. 
The perineurium appeared to be intact and the epineurium contained a mar
kedly decreased number of infiltrating cells with some collagen rich granu
lation t issue. Clear neovascularization was observed. In the solder group, the 
degenerative changes were the same as in the non-solder group. The solder 
has been totally absorbed and a cell rich nonspecific granulation tissue with 
inflammatory cells, mainly lymphocytes, remained in the epineurium. 
Angiography revealed an increased vascular pattern at the site of irradiation. 

Week four 
In the subperineurial area, only a few remnants of the degenerated myelina-
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Fig. 6.4. Solder material (S) upon the epineurium (E) surrounded and infiltrated by inf
lammatory cells (toluidine blue, original magnification x 400). 

• • • ** **Ç> f%: : 

Fig. 6.5. Clusters of axonal sprouts were seen al the periphery, indicating regeneration 
coming from the proximal nerve segment (toluidine blue, original magnification x 400). 

The epineurium (E) and perineurium (P) is intact. 
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ted axons and myelin could be defined. Clusters of small regenerating axons, 
both myelinated and unmyelinated, were usually present at the Schwann cell 
surface. A basal lamina was identifiable enveloping the clusters of axons and 
the morphology of Schwann cells appeared to be normal. The cellular infilt
rate in the epineurium of both groups had disappeared and no inflammatory 
cells or macrophages within the epineurium could be observed. The peri
neurium had a normal aspect while the epineurium was slightly thickened 
with clear neovascularization as observed at two weeks. 

Week eight 
Clear clusters of regenerating axons located subperineurial ly were observed 
with both myelinated and unmyelinated nerve fibres. No differences existed 
between soldered and non-soldered nerves concerning axonal regeneration. 
At the point of laser irradiation the epineurium in both groups was slightly 
thicker and minimally disorganised. Nevertheless, no foreign body reaction 
or other cellular reaction was observed in both groups. Compared to normal 
nerves, the irradiated nerves had more epineurial blood vessels. 

Week twelve 
Macroscopically, no adhesions were found during dissection of the nerves. 
The nerves had a similar appearance as at eight weeks, except for the fact 
that the subperineurial regenerating axons were larger in size and reached a 
greater degree of myelination (thicker myelin sheath) (Fig. 6.6). Again, at the 
point of laser irradiation the epineurium was only slightly thicker and mini
mally disorganised compared to normal nerves (Fig. 6.7). Besides the sub
perineurial area, the fibres within the nerve appeared totally normal. 

Discussion 

In this study, two important issues relating to damage of the nerve following 
laser irradiation under in vivo conditions were addressed. First, the thermal 
damage and nerve function of peripheral nerves irradiated with a CO2 milli
watt at laser settings that were found to give the greatest tensile strength in 
vitro (Chapter IV) were investigated. A survival time of 24 hours was chosen 
because thermal damage to biological t issue is then assumed to be complete 
(THOMSEN, 1991). Second, the wound healing after laser irradiation was stu
died at different postoperative time intervals whereby in a subgroup of ner
ves a protein solder was applied to the irradiation site. 

As this study focused on thermal damage, the nerves were not transected 
prior to laser irradiation (transection normally would be performed prior to 
nerve repair). Reactions resulting from the traumatic division only would 
have hampered the assessment of the tissue reaction caused by laser irra
diation. No reaction resulting from only exploration and mobilisation was 
found on the sham-operated sides, as was expected (EDSHAGE, 1964). 

There are only two previous studies on the effects of C 0 2 laser irradiation 
on intact peripheral nerves. RICHMOND (1986) reports no histological, beha-
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Fig. 6.6. Transmission electron micrograph of the subepineurial area showing maturated 
myelinated and unmyelinated nerve fibres (original magnification x 11.600). 

~1 I* ' 

"It 

Fig. 6.7. Sciatic nerve 12 weeks after laser irradiation (toluidine blue, original magnifi
cation x 200). Note almost normal epineurium (E) and perineurium and normal intra

neural structures. 
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vioural, or neurologic deficits following C 0 2 laser irradiation of intact rat 
sciatic nerves at a power of 70-80 mW and pulse durations of several micro
seconds. MYERS (1985) did find thermal damage in rat sciatic nerve irradia
ted with a C 0 2 laser at relatively high power for t issue welding of 5 W during 
0.25 s and 0.5 s, using a relatively large spot size of 2 mm (energy densit ies 
of 0.4 J /mm 2 and 0.8 J /mm 2 at 0.25 and 0.5 s pulse duration respectively). 
Wallerian degeneration and perivascular and subperineurial oedema marked 
the nerve injury two days after irradiation. Using a diode laser, LAUTO (1997) 
claimed that no thermal damage occurred after laser welding using protein 
strips, although some damage to the axons could be observed on the figures 
provided (MENOVSKY, 1 9 9 8 B ) . 

In the dose-response study, the pathological changes of the nerve tissue 
consisted of specific alterations, dependent on the power delivered. At high 
powers, there was total destruction of the nerve with only a small centre in 
which healthy nerve fibres could be observed. At lower powers a small zone 
of subepineurial Wallerian degeneration with oedema, swelling of vascular 
structures, damaged endothelial cells and vascular occlusion were seen. The 
central part of the nerve was undamaged. Minimal damage was seen at a 
power of 100 mW and a pulse duration of 1.0 s (at a spot size of 320 pm 
resulting in a densitiy of 3.5 J /mm 2 per pulse). This result compares favou
rably to the results of MYERS (1985) who found extensive damage at lower 
energy densit ies. 

Several aspects oi the dose-response study are of importance. First, the 
absence of macroscopic changes during laser irradiation does not necessari
ly mean that the nerve is not injured. For example, at 50 mW power, where 
only slight macroscopic changes were observed, there is still an area of 
damaged nerve fibres notable on histological sections. However, significant 
visual changes during laser irradiation such as at 100 mW for 1.0 s (Table 
6.1) did neither result in extensive histological damage to the nerve nor in 
severe functional deficit. Second, at short exposure times (< 1.0 s) the rela
tive volume of nerve tissue injured is minimal and irradiation at all powers 
used does hardly lead to any neurological dysfunction. In other words, the 
subepineurial degeneration does not necessary lead to the development of 
severe nerve function loss. Finally, at 100 mW for 1.0 s (which is the laser 
setting which produces the greatest tensile strength in vitro (Chapter IV) only 
subperineurial damage is present with normal preservation of the nerve 
s t ructure , inc luding the vascular isa t ion in the cent re of the nerve . 
Consequently, this laser setting seems very suitable for future experiments on 
LANR and thus this setting was chosen for the second part of this study. 

A second important question is whether C 0 2 milliwatt laser irradiation 
has any negative effects with respect to axonal regeneration and scar t issue 
formation. As the C 0 2 laser has been used to transect peripheral nerves to 
prevent axonal flow and thus neuroma formation (FISCHER, 1983; HURST, 
1984), concern may arise whether the regenerative potential of peripheral 
nerve is not impaired after irradiation. In the second part of this study, we 
have shown that the C 0 2 laser irradiation in the milliwatt range did not affect 
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the regenerative potential of the nerves. Although some subperineurial 
damage to the axons was observed followed by classical Wallerian degenera
tion at the site of injury and distally, vigorous outgrow of both myelinated and 
unmyelinated axons across the irradiation site was observed with subsequent 
maturation of axons with time. The morphological integrity of the epi- and 
perineurium was not affected by the laser energy nor was regeneration of 
axons hindered, in great part because intraneural scar formation was absent. 
This is in agreement with the report of LELE (1963) showing that the peri-
neurim is relatively unaffected by heat- induced injuries to peripheral nerves. 

Conventional wound healing proceeds as a continuum, beginning with an 
initial injury and inflammatory phase , progressing through a granulation or 
proliferative phase , and is completed by a remodelling phase , possibly resul
ting in a scar (CLARK, 1985). In peripheral nerves however, extraneural scar 
formation is undesirable as scar can give adhesions to surrounding structu
res which can interfere with the physiological longitudinal sliding of the ner
ves during l imb movements. This restriction in nerve mobility can result in 
nerve injury (HUNTER, 1991), as tethering of the nerves can cause ischaemia 
and thus further damage. Moreover, painful dysesthesias can occur due to 
tethering of the nerves to the surrounding tissue. 

Almost no information could be found in the literature on the chronic 
effects of laser irradiation on peripheral nerves. Historically, SCHREIBER 
(1973) studied the effects of ruby laser on rabbit median nerves at different 
intervals and observed coagulation necrosis of the epineurium and reactive 
hyperaemia. In this study, minimal inflammatory reaction was seen around 
the lased area. New collagen was formed with inward growth from the mar
gins of the lesions. Thereafter, continued healing occurred which resulted in 
nearly complete repair of the epineurium. It has been shown that laser inju
ry to tissue results in less wound response than other kind of injury (FlLMAR, 
1 9 8 9 A & 1 9 8 9 B ; G R E E N E , 1994). MIHASHI (1976) noted that lymphatics and 
blood vessels were sealed in the coagulation zone. As a consequence, local 
oedema was minimised and haemostasis is achieved. Similar coagulative 
effects on nerves may account for the minimal pain reported by some patients 
following laser surgery (KAPLAN, 1973). In laser tissue welding, carbonisa
tion should be avoided as carbonised material causes a prolonged foreign 
body reaction (FISCHER, 1985) that in turns delays wound healing (FlLMAR, 
1 9 8 9 A & 1 9 8 9 B ) . We did not find any signs of a foreign body reaction, pro
bably because of the absence of carbonised tissue. One of the reasons that 
the wound healing progressed in a normal way is the relative preservation of 
extracellular matrix components and especially the perineurium which is 
important for the progression of wound healing. It is also speculated that 
laser injury induces milder and later inflammatory response and later fibro
blastic activity than mechanical damage produced by sutures (ClKRIT, 1990). 

Also in the solder group the wound healing proceeded favourably with no 
adverse effects on peripheral nerve regeneration or intra- or extraneural scar 
formation. Only small adhesions were found in the first two weeks after sur
gery, but these were resolved after four weeks. 
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In conclusion, C 0 2 milliwatt laser irradiation of in vivo rat sciatic nerves 
at 100 mW for pulses of 1.0 s and a spot size of 320 pm, i) does not interf
ere with axonal regeneration, and ii) does not lead to formation of intra- or 
extraneural scar. Also, Hi) the addition of a protein solder does not interfere 
with normal wound healing. Therefore, the C 0 2 milliwatt laser at these set
tings and a protein solder can be safely applied to peripheral nerves for the 
purpose of t issue welding. 
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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. 

-68-



Laser-assisted Nerve Repair: Effect of Solder and Sutures on Regeneration 

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 

-73-



Chapter VII 

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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LASER, FIBRIN GLUE, OR SUTURE REPAIR OF RAT SCIATIC 

NERVE: A COMPARATIVE FUNCTIONAL, HISTOLOGICAL, AND 

M O R P H O M E T R I C A L STUDY 

T. Menovsky, J.F. Beek, M. van den Bergh Weerman, 
MJ.C. van Gemert, & J.J. van Overbeeke 

Peripheral nerve repair with microsutures is currently the gold standard 
against which any alternative technique must be compared before being 
accepted as a worthwhile alternative. In the previous chapters we have opti
mised LANR technique by using a protein solder and absorbable sutures lea
ding to improved histological results at one and six weeks after surgery. Long 
term nerve regeneration or morphometrical analysis of the nerves was not 
addressed. 

As an alternative to LANR or CMSR, FGNR can be used to reconnect 
nerves, although the disadvantage is similar to LANR, i.e. low acute tensile 
strength. Fibrin glue has mainly been used in Europe, because it was only 
very recently that the Food and Drug Administration approved the use of this 
glue in the United States. Although there are numerous reports on the use of 
fibrin glue in peripheral nerve surgery, most of them controversial, a compa
rative study between LANR, FGNR, and CMSR has not been performed. 

Therefore, this study was designed to investigate peripheral nerve rege
neration after C 0 2 LANR in comparison with FGNR and CMSR. Evaluation 
of the results was performed at 16 weeks after surgery and included func
tional toe-spreading test, light microscopy, and morphometric analysis. 

Materials and methods 

The study was approved by the local Animal Welfare Committee. In total 24 
male rats of an inbred Wistar strain, weighing 270-350 g, were used in the 
experiments. The rats were housed maximal six in a cage and were kept 
under conventional laboratory conditions. Before surgery, general anaes the
sia and exposure of the right sciatic nerve was accomplished as described in 
chapter VI. 

In each rat, the right sciatic nerve was transected using microscissors and 
the nerve ends were trimmed using a razor blade and a wooden spatula as 
underground. In the LANR group (n=8), the nerves ends were approximated 
with two monofilament 10-0 PGA (Vicryl, Ethicon, Norderstedt, Germany) 
stay sutures placed epi/perineurially and the external epineurium was coated 
with small amount of protein solder (bovine albumin solved in saline) using 
a small spatula. Subsequently, the nerve was fused together with repeated 
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pulses of C 0 2 laser energy using the same laser parameters and laser system 
as described in chapter VII. Meticulous care was under taken not to irradia
te the suture thread (Chapter IX). After the repair, the wound bed was care
fully flushed with saline. In the FGNR group (n=8), the nerves were also 
approximated with two 10-0 PGA stay sutures placed epi/perineurially and 
the repair area was covered using a biological two component fibrin glue 
(Tissucol, Immuno AG, Vienna, Austria). This biological two-component 
glue consists of fibrinogen solution and thrombin. One ml of the fibrinogen 
solution contains 70-110 mg fibrinogen, 10-50 U factor XIII, 40-120 ug 
plasminogen, and 3000 kall idinogenase inactivator units . One ml of throm
bin solution contains 500 IU thrombin and 40 umol calcium chloride. These 
components come deep-frozen, in two preloaded syringes and after thawing 
are mixed during application. The glue is delivered to the repair site using a 
double lumen syringe. After mixing of the two components at the repair site 
the glue becomes a white elastic mass which mimics a natural blood cloth. 
In the CMSR group (n=8), the nerves were repaired with four to six epi/peri-
neurial 10-0 PGA sutures placed equidistantly around the nerve using stan
dard microsurgical technique. After repair, the fascia of the hamstring mus
cles was closed with two 6-0 PGA sutures and the skin was closed with 4-0 
PGA sutures. The rats were not immobilised and were permitted unlimited 
activity in their cages. 

The functional recovery of the rats was examined at eight and 16 weeks 
after surgery using a toe-spreading test as described in chapter VI. 

Sixteen weeks after surgery, the rats were sacrificed by an overdose feno-
barbital intraperitonally and the nerves were processed for light microscopy 
using toluidine blue stain (Chapters VI and VII). Transverse sections were 
obtained from the proximal and distal segments of the nerve while longitu
dinal sections were cut from the repair zones. The light microscopic sections 
were examined and semi-quantitatively scored as described in chapter VII. 

Morphometrical analysis of the nerves was performed using light micro
graphs at a 4 0 0 fold magnification. Nervous tissue area, axon count, myeli
nated nerve fibre diameter, and nerve fibre density were determined for the 
proximal and distal nerve segments. The results are presented as mean ± SD. 
The data were statistically analysed using the Mann-Whitney U test. 

Results 

There was no postoperative mortality and no clinical evidence of wound 
infections. Of the eight rats in the laser group, three rats had some heel ulce
rations of their right foot. This was statistically comparable to one rat and 
three rats from the FGNR and CMSR groups respectively. The ulcerated 
heels did not affect the measurements of the toe-spreading test. 

Toe-spreading test 
Recovery of motor function showed no significant differences between the 
three groups of repair. All nerves had significantly diminished motor func-
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tion directly postoperative with a subsequent progressive increase to 
approximately 6 0 % of the normal function (Fig. 8.1). 

Macroscopy 
On reexploration, dehiscence of the nerves was found in neither repair group. 
The gross appearance of the repaired nerves showed in general good coapta
tion and healing at the repair site. Slight adhesions were found in four rats of 
the LANR and FGNR groups, while moderate adhesions were found in six 
nerves of the CMSR group. Some thickening of the repair site was observed 
in three, three, and five rats from the LANR, FGNR, and CMSR groups 
respectively. The thickening of the repair site was more pronounced in the 
CMSR group. No suture material , carbonaceous deposits, fibrin glue, or sol
der material could be observed at the repair sites. 

Light microscopy 
All nerves demonstrated the anatomical continuity of the nerves and reve
aled various degrees of axonal regeneration across the repair site. The three 
repair techniques had a number of morphological features in common and 
the differences were mainly quantitative of origin. The intraneural organisa
tion was altered when compared to normal nerves. The epineurium was thic
kened and revealed various degrees of fasciculation and proliferation. A nor
mal epi- and perineurium was only present beyond the repair site. In all 
groups, both the epi- and perineurium contained regenerating axons. True 
neuroma formation was only present in one nerve of the LANR and one of the 
CMSR group. Intraneural scar t issue was present in all nerves, but this fibro
sis was more abundant in the sutured nerves. In the laser group, the solder 
was completely absorbed at the repair site without residual reaction. Again, 
no carbonised particles were seen. In the FGNR group, no signs of the fibrin 
glue could be found. 

Remnants of the sutures, which could be observed only in some nerves, 
were displaced more towards the centre of the nerve, and were usually loca
ted intraneurally covered by the epi- and perineurium. In these nerves, most 
of the suture material had been absorbed, and only some remaining cellular 
aggregate, consisting of concentrically arranged mononuclear and giant cells, 
was detected. Little fibrosis was observed around the remnants of the sutu
res. Adjacent to the sutures a disorganised pattern of nerve fibres was obser
ved. 

In the direct area of the repair site, a defined fascicular pattern was lost, 
and the axons formed numerous small fascicles, especially at the periphery 
of the nerve. In the longitudinal sections, many axons were cut transversely, 
suggesting some disorientation of the nerve fibres. Neural alignment was 
good to moderate in laser and fibrin glue repaired nerves, and good to poor 
in the sutured nerves (Table 8.1). 

More distally to the repair site, the neural architecture became more nor
mal. The proximal section of all repaired nerves had generally a normal 
appearance comparable to intact sciatic nerves from the contralateral side. 
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Time (weeks) 

Fig. 8.1. Toe-spreading test for the three different repair techniques. 
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Fig. 8.2. Nerve regeneration of LANR with soldering at sixteen weeks follow up (original 

magnification x 400). 
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The nerves had usually one large fascicle. In the distal nerve segment, two 
or three large fascicles were present with numerous myelinated nerve fibres 
(Fig. 8.2). No fibrosis was found in the distal nerve segments. Extraneural 
fibres, indicating escape of nerve fibres at the repair site, were present irre
spective of the repair technique. 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 where the perineurial layer 
was not that clearly defined. Few degenerating axons were occasionally 
noted in the distal nerve segment. 

Morphometry 
The proximal portions of the nerves showed a bimodal distribution of the 
axonal diameter and there was no significant difference in fibre counts or 
diameter between the groups (p>0.05). The regenerated nerve fibres in the 
distal nerve segment of the repair groups were significantly thinner 
(p<0.001) than in the proximal segments of all groups. The normal bimodal 
distribution of the myelinated nerve fibres was lost due to loss of larger nerve 
fibres and the total spectrum shifted to the left to smaller nerve fibres (Fig. 
8.3). The mean myelinated axonal diameter, axon count, and density was not 
significantly different between the three repair groups (p>0.05) although 
there was a trend to more and thicker nerve fibres in the LANR group. The 
total number of nerve fibres in the distal nerve segments was significantly 
increased compared to the proximal segments for all repair groups (p<0.001). 
Table 8.2 summarises the morphometrical data of all repair groups. 

Discussion 

A major focus of research on nerve repair has been the development of tech
niques that avoid or minimise the number of sutures and prevent fibrous ing
rowth at the repair site. Several sutureless techniques have been developed, 
although none of them has demonstrated to be consistently superior to 
CMSR. Repair of peripheral nerves with sutures, whether epineurial or peri
neurial , is the gold standard against which any alternative technique must be 
compared. The experimental repair techniques must demonstrate at least 
equal histological and functional results before being accepted as a worth
while alternative. 

In the beginning, 'sutureless ' techniques must fulfil several criteria to be 
of possible advantage compared to suture repair. First, the technique must 
result in an acute sufficient tensile strength. Second, it must not compress 
the nerve and not involve an increased severity 
of trauma as compared to sutures. Third, the early and late tissue reaction of 
the nerve must be kept to a minimum and axonal regeneration must not be 
impaired. 

Before performing a comparative study, we have refined the operative 
technique of LANR which is based on more than four hundred previous 
manipulations of peripheral nerves using the CO2 laser. By using a protein 
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Fig. 8.3. Distal nerve fibre diameter density for the LANR (upper), FGNR (middle), and 
CMSR (lower) groups. 
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Table 8,1. Summary of histological results for the different groups of repair* 

Histological features Type of re :pair 
LANR (n: =8) FGNR(n: =8) CMSR (n=8) 

Epi-perineurial fasciculation 
mild 
moderate 

5 
2 

4 
1 I 

severe 
Neuroma formation 

none/slight 
moderate 

1 

7 
1 

3 

8 

3 

7 
1 

severe 
Extraneural fibres at 

few 
several 

repair site 
3 
2 

3 
1 

1 
4 

numerous 
Intraneural scar 

mild 
moderate 

3 

8 

4 

6 
2 

3 

5 
3 

severe 
Axonal alignment 

good 
moderate 

4 
4 

1 
7 

3 
4 

poor 
Extraneural fibres in 
distal nerve segment 

none/few 
several 

the 

3 
1 

3 
1 

1 

2 
3 

numerous 4 4 3 

*entries are the number of nerves 

solder in combination with two absorbable sutures, the risk of mechanical 
damage and scar formation are reduced. In this study, an observation period 
of 16 weeks was chosen as nerve regeneration is then thought to be comple
ted. This is supported by the study of HUANG (1992) showing that at four 
months after LANR and CMSR of the rat sciatic nerve, no further improve
ment of motor function (assessed by the toe-spreading test) was observed. In 
our study, two sutures were placed at 0° and 180° in order to obtain adequate 
tensile strength and to facilitate manipulation of the nerve during LANR and 
FGN R. We feel that two sutures are essential because the nerve ends retract 
after transection and trimming and some acute force is needed to approxi
mate the nerve ends. Once covered by solder or glue, the sutures are not 
removed as it would cause damage to the repair site. 

Our results demonstrate that both LANR, FGNR, and CMSR result in 
good axonal regeneration although normal nerve architecture is not restored 
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Table 8.2. Number, density, and diameter of myelinated axons per nerve of the diffe-
rent repair groups*  

Parameter LANR FGNR CMSR  

proximal distal proximal distal proximal distal 

nervous tissue area 0.57±0.03 0.39±0.08 0.56+0.09 0.33±0.02 0.55±0.09 0.3 ±0.02 

(mm2) 
no. of myelinated 9,780±880 L0,880±l,680 7,520±620 9,17 ±1,450 7,850+1,490 8,090±1,920 
axons* 
myelinated axon 17,100±1,610 27.680±1.660 13,500±1,470 28,020±2,920 M,270±3,870 26.600± 
density (mm"2) 4.310 
diameter of 6.02 ±0.23 3.51 ±0.21 6.30 ±0.74 3.06 ±0.32 6.85 ±1.43 3.41 ± 0.39 
myelinated axons 
(f'm)  
*values are means ± SD 

even at 16 weeks postoperatively. C 0 2 LANR resulted in an improved histo
logical architecture at the repair site (less epi- and perineurial proliferation, 
less intraneural scar t issue, and better neural alignment) compared to CMSR, 
both for the early (Chapter VII) and late period of wound healing (this 
Chapter). These findings are related to each other and can be explained as 
follows. LANR using solder produces a more complete epineurial seal than 
is achieved with sutures, which prevents scar t issue ingrowth from outside 
the nerve. The epineurium heals more favourably (due to minimising the 
foreign body reaction) and thus the axons are less blocked or misdirected at 
the repair site. As a consequence, the neural alignment is improved. Better 
alignment may also be achieved as the compressive forces and trauma to the 
epineurium resulting from sutures are reduced by simply using less sutures. 
Intraneural scar, which is mainly caused due to collagen production by fibro
blasts and Schwann cells inside the nerve, is less likely prevented by LANR. 
Nevertheless, intraneural scar was mild in die LANR group, possibly due to 
minimal manipulation and less distortion of the nerve ends during repair. 
The epineurial seal is also postulated to provide a more favourable microen-
vironment for axonal growth by holding neurotrophic factors (PARKER, 1984), 
although this aspect was not investigated in this study. Our histological 
results of LANR compare favourably with the l i terature. AL-HUSSAINI (1992) 
showed that in C 0 2 and KTP laser repaired rat sciatic nerves, there was a 
normal appearance of fibroblasts, Schwann cells, and myelin sheaths, whe
reas in sutured nerves the fibroblasts w^ere altered and the myelin sheath was 
disorganised. In facial nerve grafting in rabbits , no neuromas, no connective 
tissue invasion, no axonal extension or proliferation outside the epineurium 
and less entrapment of axons at the repair side marked the C 0 2 laser group 
at three months postoperatively (EPPLEY, 1989). C 0 2 LANR in nerve grafting 
in primates showed less escape of axons outside the intrafascicular space 
and less neuroma formation than in a sutured group (BAILES, 1989). KlM 
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(1990) showed that CO2 laser repaired nerves with additional of epi/peri-
neurial t issue to the repair site had less proliferation of epineurial t issue. 

All three groups of nerve repair in our study had extraneural nerve fibres 
located in the distal nerve segment, indicating that some axons must have 
escaped at the repair site. This study show that the glue does not prevent the 
axons from escaping at the repair site. Based on our findings, one can con
clude that neither the solder nor fibrin glue provided a good seal at the repair 
site, which has been confirmed for fibrin glue by PALAZZI (1995). However, 
axons may escape the nerve between the fascicles and follow their course 
distally, still being located extraneurally. 

Despite the more favourable histological results for the laser group, there 
were no significant differences in functional or morphometric outcome of the 
three techniques. However, assuming that an increased number and diame
ter of axons in the distal nerve segments correlate with better regeneration 
(SUNDERLAND, 1968), then there is a trend to better results in the LANR 
group, followed by the CMSR and then the FGNR group. This trend has been 
obtained, albeit without statistical significance as well, by others in different 
animal models (FISCHER, 1985; BAILES, 1986; BENKE, 1986; KlM, 1990; A L -
HUSSAINI, 1992; HUANG, 1992; KORFF, 1992; DUBUISSON, 1993; DORT, 1994; 

OCHi, 1995). 

In conclusion, the functional result of LANR with soldering in rat sciatic 
nerve is at least equal to CMSR or FGNR. Therefore, based on this study, 
LANR with soldering is a worthwhile alternative and may be effectively used 
for clinical peripheral nerve repair. 
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EFFECT OF C0 2 MILLIWATT LASER ON TENSILE STRENGTH 
OF MICROSURGICAL SUTURES* 

T. Menovsky, J.F. Beek, & M.J.C, van Gemert 

As previously outlined in this thesis , microsurgical laser t issue fusion is cur
rently the subject of intensive investigations in various fields of surgery. 
Despite recent improvement, LANR still needs additional stay sutures to 
provide the acute tensile strength and to facilitate manipulation of the nerve 
ends . Most commonly, 10-0 monofilament nylon sutures are used for suppor
ting the laser welds in microsurgical laser repair of tissues (NEBLETT, 1986; 
ABRAMSON, 1991 ; ROSEMBERG, 1988A; POPPAS, 1992). 

Due to the shallow tissue penetration at 10,600 nm, the C 0 2 laser is cur
rently one of the most frequently lasers used for microsurgical tissue fusion. 
As the CO2 laser energy is mostly absorbed at the tissue surface, it also may 
affect the suture material with regard to its tensile strength when occasional
ly irradiated. Alternation of the tensile strength of the sutures could be dis
astrous for the dehiscenc rate of the welded t issues. 

Because no data are available on the effect of C 0 2 laser irradiation on 
microsurgical suture material, this study was designed to investigate the ten
sile strength of 10-0 nylon thread irradiated by a C 0 2 laser at different power 
densit ies and exposure t imes. As a possible alternative to nylon thread, we 
also investigated the tensile strength of 25 pm stainless steel thread, both 
laser irradiated and nonirradiated. 

Materials and methods 

Two different surgical suture materials were used in this study, i.e. 10-0 mon
ofilament nylon th read (Dermalon, Davis -Geek, H a m p s h i r e , Uni ted 
Kingdom), and 25-pm soft s ta in less s teel thread (Trakus GhmB, 
Bergneustadt, Germany). The suture material (± 5 cm each) was stretched 
on a piece of cork and single pulse laser irradiation of the thread was per
formed at 12 different laser settings (power densit ies of 62 , 124, and 186 
W/cm 2 ; pulse duration of 0.5 s, 1.0 s, 2.0 s, and 3.0 s). During irradiation, 
the thread was positioned in the centre of the laser beam. Six irradiations 
were performed for each group of laser settings. Normal nonirradiated thre
ad (n=6) served as a control. The C 0 2 milliwatt laser used for the experi
ments is described in chapter IV. Powers of 50, 100, and 150 mW were 
employed. 

The tensile strength of the threads was measured directly after the irra
diation using a tensometer (TM type W, manufactured by Monsanto, United 

*based on MENOVSKï T, 1997B. 
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Kingdom), coupled to a motor pulley and a x-y plotter. The threads were 
strained at a rate of 3.18 mm/min, until breakage occurred. The force (in 
Newton, N) to do so was recorded as the tensile strength. The data were sta
tistically analysed using a Student t-test. 

Results 

The tensile strength of the nonirradiated nylon group was 0.35 ± 0.02 N. 
Irradiation at power densities of 186 W/cm2 resulted in disruption of the 
nylon thread, regardless of the pulse duration. Thus no tensile strength could 
be recorded for these groups. Also, at power densit ies of 124 W/cm 2 , dis
ruption of the nylon thread occurred with pulse duration of 2.0 s and 3.0 s. 
Irradiation at 124 W/cm 2 for 0.5 s and 1.0 s resulted in a decrease of the ten
sile strength with a factor of 3 to 4 . At power densit ies of 62 W/cm 2 , the ten
sile strength of the nylon thread was not altered at 0.5 s and gradually decre
ased with irradiations at 1.0 s, 2.0 s, and 3.0 s pulse duration. These values 
were significantly lower than the control group (p<0.01). The relation of the 
relative strength loss at different power densit ies and pulse durations is 
shown in figure 9 .1 . Figure 9.2 shows the relative strength loss at identical 
total doses of energy at different pulse durations. 

The tensile strength of nonirradiated stainless steel thread was 0.55 ± 
0.03 N (mean ± SD), which was statistically different from the 10-0 nylon 
control group (p<0.01). Laser irradiation of the steel thread did not alter its 
tensile strength, not even at power densit ies of 186 W/cm 2 for 3.0 s pulse 
duration. Table 9.1 gives an overview of the tensile strength data for the 10-
0 nylon thread. 

Discussion 

When dealing with nerve repair, the nerve ends will, after transection, retract 
due to the elasticity of the nerve. Therefore, end-to-end nerve repair is 
always under some degree of tension, which will vary with the degree of elas
ticity of the nerve and with the position of the surrounding joints. In C 0 2 

LANR, one or two stay sutures are usually placed in the epineurium (for easy 
handling and approximation) and subsequent laser irradiation follows of the 
nerve (BEGGS, 1986; BENKE, 1989; HUANG, 1992). Still, the dehiscence rate 
varied from 4 0 % to 8 7 % (FISCHER, 1985; HUANG, 1992; KoRFF, 1992). 
However, in experiments performed in the same nerve model (rat sciatic 
nerve), nerve repair with one or two sutures without laser irradiation resulted 
in a dehiscence rate of 0 % (CRUZ, 1986; ARCHIBALD, 1987). 

In our pilot experiments, we have performed LANR of the rat sciatic 
nerve using 
the CW Ho:YAG laser (A, = 2 ,094 nm) (MENOVSKY, 1 9 9 5 A & 1 9 9 5 B ) . LANR 
was accomplished by placing two epineurial sutures and then welding the 
nerve around its circumference with repeated single spots (0.5 s) at 3 5 0 m W 
Irradiation of the sutures was inevitable, as we were using a 6 0 0 um fibre tip 
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124 
Power density (W/cm2) 

186 

Fig. 9.1. Relative loss of tensile strength of nylon suture thread as a function of power 
density at different pulse durations. An asterix (*) signifies that the thread disrupted 

during irradiation. 

93 124 186 248 
Total energy dose (J/cm.2) 

372 558 

Fig. 9.2. Relative loss of tensile strength of nylon suture thread at identical total energy 
doses at different pulse durations. An asterix (*) signifies that the thread disrupted during 

irradiation. 
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Table 9.1. The effect üf C 0 2 laser energy closes on the tensile strength in Newton 
(mean ± SD) of 10-0 nylon suture thread 

Power density (W/cm ) Pulse duration (s) 

0.5 1.0 2.0 3.0 
62 
124 
186 

0.34 ± 0.03 0.31 ± 0.05 0.24 ± 0.05 0.18 ± 0.12 
0.08 ± 0.05a 0.12 ± 0.02a b b 
1) 1) b b 

aone suture disrupted during laser irradiation 
all sutures disrupted during laser irradiation 

in a noncontact mode. Although all nerves seemed to be fused at the moment 
of initial surgery, ten of the 18 nerves (56%) were separated over an obser
vation period of up to three weeks. In the control group (two epineurial sutu
res alone), no dehiscence was found. This experimental finding and the data 
in the li terature led us to the hypothesis that either i) the tensile strength of 
the sutures was impaired by laser irradiation, or ii) the biomechanical pro
perties of laser irradiated tissue was altered, or Hi) a combination of these 
factors resulted in the high dehiscence rate. 

There are only two studies that report on the effect of laser irradiation on 
the tensile strength of sutures. In the first study a diode laser (k = 808 nm) 
was used in combination with the chromophore indocyanine green (ASHTON, 
1992). The size of the sutures investigated varied from 3-0 to 6-0 which is 
too large for microsurgical t issue welding. Logically, these sutures are of lit
tle use for microsurgical repair of t issues. In the second study, the laser uti
lised was a KTP laser (532 nm) and the sutures investigated were 4-0 PGA 
(POPPAS, 1993 & 1995). We have selected the C 0 2 laser and 10-0 nylon thre
ad (which has a diameter of 25 urn) for this study, as these are most com
monly used for microsurgical laser repair of arteries, veins, and nerves. The 
laser settings investigated (power densities of 62 , 124, and 186 W/cm% 
pulse duration of 0.5 s, 1.0 s, 2.0 s, and 3.0 s) represent the parameters gene
rally used for t issue welding. Moreover, the selected laser settings have been 
shown to produce strong welds in our previous study of nerve welding 
(Chapter IV). Irradiation with the C 0 2 laser at 186 W/cm 2 resulted in sutu
re disruption regardless of the pulse duration. Disruption of the sutures also 
occurred at 124 W/cm^ for 2.0 s and 3.0 s. At power densit ies of 124 W/cm^ 
for less than 2.0 s pulse duration and at 62 W / c n r for 1.0 s, 2.0 s, and 3.0 s 
pulse duration, the mean tensile strength was significantly less than that of 
the control group (p<0.01). 

Although it is obvious that disruption of the suture thread occurs at high 
CO2 laser powers, it is surprising that it also occurs at very low powers, as 
the effects on tissue by irradiation with low power C 0 2 laser are only micro
scopically visible. These results suggest that irradiation of the nylon sutures 
with a low power C 0 2 laser impairs the tensile strength of the repair, which 
may result in early wound dehiscence. It is likely that other surgical threads 
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9.3. Scanning electron micrograph of normal 10-0 monofilament nylon suture threat! 
(original magnification x 190). 

laser 
9.4. Scanning electron micrograph of 10-0 monofilament nylon thread following CO2 

radiation at 124 W/cm2 for 0.5 s (original magnification x 190). Note the narro
wing and nearly disruption o( the thread. 
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such as PGA or polypropylene also will be influenced by laser irradiation, as 
well as surgical threads larger than 10-0. 

The suture material used in this study was dry. During surgery, the thre
ad will become wet after contact with t issue, and it is likely that the damage 
threshold for laser irradiation will be altered. However, our pilot experiments 
showed that there was almost no difference in tensile strength of dry and wet 
nylon thread after laser irradiation. Moreover, tissue welding with the CO2 
laser is successful only when performed in a dry operative field. As the CO2 
laser is used clinically for welding of the vas deference (ROSEMBERG, 1 9 8 8 A 
& 1 9 8 8 B ) and vessels (OKADA, 1987 & 1989) and in general for many other 
surgical procedures, meticulous care should be taken to avoid irradiation of 
the surgical thread. The appearance of normal and irradiated 10-0 nylon 
thread (124 W/cm% 0.5 s) is shown in figures 9.3 and 9.4 respectively. 

As an alternative to nylon sutures, we have used 2 5 um soft stainless steel 
thread which has the same diameter as 10-0 nylon. The use of stainless steel 
as suture material is known since the begin of this century. However, the 
practical use of stainless steel wire is l imited to orthopaedic procedures for 
fixation of bones. The use of stainless steel thread for microsurgical repair of 
nerves or vessels has never gained favour because of the kinking of the wire, 
its difficult manipulation, and knotting (CRANBERRY, 1963; EDSHAGE, 1968). 
The mean tensile strength of the steel thread was 0.55 ± 0.03 N, which is 
statistically different from 10-0 nylon thread (p< 0.01). Irradiation of the 
steel thread with the CO2 laser did not affect the tensile strength, regardless 
of the power density or pulse duration that were used. This means that the 
steel thread, from the point of safety, can be used in combination with laser 
welding, without impairing the tensile strength of the repair site. 

In conclusion, this study showed that i) irradiation of 10-0 nylon thread 
with a low power CO2 laser results in disruption of the thread or reduction of 
the tensile strength, ii) stainless steel thread has a greater tensile strength 
than 10-0 nylon thread, and Hi) irradiation of stainless steel thread with a 
CO2 laser does not alter its tensile strength. In clinical laser procedures, 
meticulous care should be taken not to irradiate the nylon surgical thread. 
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GENERAL DISCUSSION, CONCLUSIONS, AND FUTURE 
PERSPECTIVES 

T. Menovsky 

Developments in peripheral nerve repair have significantly advanced during 
the two World Wars, mainly due to the high incidence of traumatic nerve 
lesions. Since then, unders tanding the biology of nerve healing and regene
ration, knowledge of anatomy, and the introduction of surgical microscope 
and microinstruments significantly improved the results of peripheral nerve 
repair. Nevertheless, research into new repair techniques continues as the 
results of current suture techniques are still far from satisfactory. 

To study the possible role of the C 0 2 milliwatt laser in peripheral nerve 
repair, a series of experiments were designed, first to optimise the various 
aspects of the technique which may influence the final results of LANR, and 
second, to compare LANR with current nerve repair techniques . The laser 
choice for nerve repair is usually determined by the available resources. Our 
choice of the C 0 2 laser has been based on literature data and the technical 
requirements for microsurgery of peripheral nerves. Due to the shallow tis
sue penetration at 10,600 nm (WELCH, 1984), the C 0 2 milliwatt laser was 
expected to fulfil the criteria for successful LANR, i.e. superficial coagula
tion of the epineurium without excessive damage to the underlying axons. An 
important technical point, the application of a precise amount of energy to 
the irradiated spot for a controlled period of t ime, was easily met by the use 
of a micromanipulator at tached to the surgical microscope and the use of an 
electrical time shutter. 

To obtain the best possible results of LANR, we have investigated chro
nologically several issues for optimisation of LANR. The first question was 
how to make LANR reliable and how to obtain an adequate acute tensile 
strength. In the l i terature, dehiscence rates of 1 2 % to 6 0 % of C 0 2 laser 
repaired nerves were reported. Several factors influence the acute tensile 
strength, such as the duration of laser exposure and the amount of t issue 
available for fusion. In practice, incorrect laser exposures can influence cli
nical results significantly. A good example is the formation of aneurysm in 
overexposed laser-assisted vessel anastomoses (QlJIGLEY, 1986B; TANG, 
1 9 9 7 A ) . Thus, it seemed logical to test different laser parameters (irradiance 
and exposure time) to optimise the tensile strength in vitro and to determine 
a visual end point at which bonding has been achieved. It became clear that 
the tensile strength of LANR performed at optimal laser settings (100 mW 
power, 1.0 s pulse duration, 320 um spot size) was low (2.4 g) but compara
ble to FGNR (2.7 g). Sutured nerves were significantly stronger (29.6 g). 
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When using additional sutures in LANR, the tensile strength increased and 
was depended on the number of sutures used. 

As denatured proteins are believed to be responsible for the acute tensi
le strength of the welds (POPPAS, 1988) application of exogenous proteins at 
the repair site provided an alternative to increase the tensile strength. The 
protein, acting as solder, is applied in a thin layer to the repair site and the 
laser light is painted over the solder until a solid bond has been created. We 
have tested several solder substances. Especially the use of egg white and 
albumin resulted in a substantial increase of the strength from 2.4 g to 21.0 
g. Moreover, the results indicated that there is a correlation between the 
amount and concentration of proteins and the tensile strength. Furthermore, 
it was observed that the strongest welds, regardless whether performed with 
or without a solder, were associated with a specific change in tissue appe
arance, namely whitening and very slight caramélisation. As a consequence, 
these tissue changes were used in our experimental studies and we suggest 
them as the end point for t issue welding in clinical practice. However, phy
sical end points, like measurement of temperature or reflectance, would pro
vide a more accurate and objective control (BARAK, 1997; CtLESlZ, 1997, 
POHL, 1998). Although we performed one pilot study to investigate such feed
back (MENOVSKY, 1 9 9 5 E ) , further investigations in this field were considered 
to be beyond the scope of this thesis. Several other technical points became 
apparent during the studies of this thesis which were essential for the relia
bility of CC>2 laser welding. Most importantly, bonding occurred only when 
the nerve ends were directly opposed and when the tissue surface was dry. 
This is logical, taking into account the physical properties of the CO2 laser 
such as high absorption by water. 

The next step was to gain insight into the tissue welding mechanisms and 
subsequent wound healing after laser irradiation. The exact mechanism of 
tissue welding is still not fully understood, in part because many alterations 
observed in tissue after laser welding are not necessary responsible for 
fusion. Some authors speculated that the mechanism may be in part wave
length dependent or photochemical of origin, but it is now clear that it is a 
thermal rather than a photochemical effect. Many mechanisms of laser t issue 
welding have been proposed such as denaturation of structural proteins 
(POPPAS, 1992; DEW, 1993; TANG, 1 9 9 7 B & 1998), dehydration of the proteins 
(FENNER, 1 9 9 2 A & 1 9 9 2 B ) , acceleration of natural fibrinogen polymerisation 
(VALE, 1986), collagen-to-collagen fusion (GODLEWSKI, 1987; W H I T E , 1988). 
crosslinking of proteins (WHITE, 1988), formation of noncovalent bonding 
between collagen (BASS, 1992), and interdigitation of collagen fibres 
(SCHOBER, 1986). Our results in epineurium and dura mater revealed that 
collagen undergoes specific changes like swelling and reorganisation of the 
fibrils in one direction. Although the fusion area of the tissue specimens con
sisted of collagen-to-collagen bonding, the nature of these connections was 
not elucidated. In the soldered specimens, the coagulated solder acted as a 
dense homogeneous cuff in which the collagen fibrils are embedded. In other 
words, the solder behaved both as an internal and external glue. 
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During the histological examinations of the t issue, three important tech
nical points became apparent . First, depending on the precision of tissue 
apposition, two different welds could be distinguished. When the tissue was 
very closely opposed, the welds consisted of collagen-to-collagen bonds. 
However, if the tissue apposition was poor, the welds were composed of 
coagulated red blood cells, fibrin plug, and cell debris . Second, in experi
ments investigating under- and overexposed specimens, significant differen
ces were noted in the structure of the coagulated solder, which depended on 
the irradiance applied and the thickness of the solder. High radiation ener
gies either vaporise the solder or, especially in combination with a thick layer 
of the solder, create air bubbles within the solder. Low radiation energies 
only coagulate the superficial solder layer, leaving deeper parts undisturbed. 
The thickness of the solder affects the quality of the coagulation process in 
the same way. Logically, such alterations do not contribute to optimal tensi
le strength and therefore optimal laser parameters must be used for a relati
vely homogeneous solder coagulation. The selected laser parameters of 100 
mW with pulses of 1.0 s were found to be suitable for this purpose. 

Concerning the mechanisms of laser t issue fusion, it seems likely that 
most of the observations reported in the li terature are an expression of the 
same phenomenon, namely that t issue structure after laser welding is dra
matically altered due to denaturation. Based on our observations and a 
review of the li terature, we postulated that t issue welds result from a thermal 
degradation of tissue proteins which form new bondings after denaturation, 
in the same fashion as boiling of an egg. Both extracellular proteins such as 
collagen and intracellular proteins are involved in the welding process. It is 
logical that the new molecular bonds do not have the tensile strength of the 
original structure (GORISH, 1982). 

In the wound healing investigations, several aspects of laser irradiation on 
intact peripheral nerves were addressed. An important question was whether 
milliwatt CO2 laser irradiation, eventually in combination with a solder, 
results in any unfavourable effects, particularly with respect to axonal rege
neration, scar tissue formation, and loss of function. Therefore, laser irradia
tion was performed on intact peripheral nerves as transection itself would 
result in pathological changes not discernible from the laser effects. Acute 
histopathological changes consisted of a small zone of subepineurial dama
ge to nerve fibres with oedema and vascular thrombosis. The acute altera
tions were followed by classical Wallerian degeneration in the same area of 
the nerve, while the central part of the nerve including the vascularisation 
was preserved. This degeneration had hardly any negative effect on the sen
sor and motor nerve function. In the extraneural parts of the nerve (epi- and 
perineurium), minimal inflammatory reaction was seen around the irradiated 
area which disappeared in several days. New collagen was formed and the
reafter continued healing occurred which resulted in nearly complete repair 
of the epineurium. No extraneural scar formation, or adhesions were noted. 
This finding is important because such pathological changes may interfere 
with the physiological longitudinal sliding of the nerves during limb move-
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merits (HUNTER, 1991). Carbonisation of the t issue as a result of excessive 
laser irradiation should be avoided. In several s tudies, carbon particles wit
hin the tissue have shown to cause a chronic foreign body reaction that com
plicates wound healing (FISCHER, 1985; FlLMAR, 1 9 8 9 A & 1 9 8 9 B ) . Using the 
laser parameters selected in our studies, no carbonisation was found. 

As the C 0 2 laser at higher powers has been experimentally used to t rans
ect peripheral nerves in order to prevent traumatic neuroma formation by 
sealing the nerve fibres (FISCHER, 1983; HURST, 1984), concern raised 
whether the regenerative potential of peripheral nerves was not impaired 
after laser irradiation. This was not the case, as many regenerating myelina
ted and unmyelinated axons were observed across the irradiation site with 
subsequent maturation of the axons in time. At twelve weeks, the nerve 
morphology had returned almost to normal. Also when using protein solder, 
the wound healing proceeded favourably with no adverse effects on per ip
heral nerve regeneration or intra- or extraneural scar formation. Although the 
solder provoked an acute inflammatory reaction and some minor adhesions 
in the first two weeks, absorption of the solder was completed within one 
week with no residual reaction. Several studies have stressed the importan
ce of morphological integrity of the perineurium in relation to uncomplicated 
nerve healing (SUNDERLAND, 1965; MORRIS, 1972). In our opinion, one of the 
key factors leading to undis turbed wound healing in laser irradiated nerves 
is the relative preservation of the extracellular matrix components and the 
perineurium. By preserving this important layer, inflammatory and fibro
blastic cell invasion into the intraneural parts , that can interfere with axonal 
growth, is prevented. The absence of clear macroscopic changes during laser 
irradiation does not mean that the nerve is not injured as some histological 
damage was found without macroscopic visual changes of the nerve. Vice 
versa, significant changes such as whitening of the nerve is not leading to 
extensive histological damage or severe functional deficit. 

The next step of the investigations was to define and refine optimal LANR 
technique which would result in most favourable healing after nerve t rans
ection. Regardless of any technique, the ideal surgical repair technique 
should be aimed to direct the nerve sprouts into their correct targets, there
by preserving the original microskeleton of the nerve as much as possible. 
Hereby, connective tissue proliferation at the repair site should be kept to a 
minimum by causing as little additional t rauma to the nerve as possible. It 
was felt that two sutures placed equidistantly were essential to facilitate the 
initial coaptation and subsequent handling of the nerve during LANR. It is 
important to use sutures which cause the least t issue reaction in combination 
with LANR and therefore both absorbable (PGA) and nonabsorbable sutures 
(nylon) were included. In C 0 2 laser irradiation of nylon sutures, significant 
decrease of the tensile strength was observed, even without distinct macro
scopic changes of the suture material. The consequences of this may be early 
dehiscence of the nerves in the postoperative period and thus meticulous 
care should be taken not to irradiate the surgical thread during laser welding. 
As an alternative to nylon, we have also investigated stainless steel thread in 
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laser repaired nerves (with a diameter of 25 um) for two reasons. First, stu
dies in the 1960's showed that stainless steel sutures resulted in least foreign 
body reaction and scarring compared with other suture materials when 
implanted in peripheral nerves (EDSHAGE, 1964). Second, the tensile 
strength of the steel thread was not diminished after irradiation, regardless 
of the power density or pulse duration used. Histological examination of the 
nerves at one and six weeks after repair revealed that the C02 laser repaired 
nerves were healed with less cellular response and less scar tissue at the 
repair site than conventionally sutured nerves. In the soldered nerves, an 
increased inflammatory reaction was seen around the solder at one week, but 
at six weeks a relatively well defined epi- and perineurium without excessi
ve fibrosis was present. The alignment of axons and intraneural scar was 
most favourable in the soldered nerves and regeneration at six weeks was 
also most advanced in the soldered nerves. Cellular and fibroblastic reaction 
was found around all sutures, surprisingly including the stainless steel sutu
res. However, at six weeks the absorbable sutures had begun to dissolve and 
the tissue reaction was less than that of other sutures. 

These data suggest that a combination of absorbable sutures and a solder 
may prove to be the most effective technique of LANR. Although some his
tological advantages were gained by using PGA sutures, it is still doubtful 
whether their use can be translated into better functional results. In addition, 
the results confirmed that the sutures must be placed with caution because 
they may shift towards the centre of the nerve during the healing process and 
that a considerable space is occupied by the fibroblastic reaction around the 
sutures. 

Finally, LANR using a solder and absorbable sutures was compared to 
CMSR, the current standard technique of nerve repair, in a long term in vivo 
study. A second control group consisting of FGNR was also included as this 
technique has gained popularity in the last years. Both LANR with soldering 
and FGNR use an exogenous substance to seal the nerves together, and in 
both techniques manipulation of the nerve ends can be kept to a minimum. 
However, in LANR with soldering, the epineurium is fused together which 
seems to be essential to prevent axonal escape out of the nerve and growth of 
fibrous tissue into the nerve. In fibrin glued nerves, the fibrin complex is not 
a barrier for growing axons or connective tissue (ZENG, 1995; PALAZZI, 1995). 
Whether fibrin glue results in fibrosis is still a subject of investigation 
(HERTER, 1989), although our study does not support this. 

LANR with soldering, FGNR, and CMSR resulted in good axonal regene
ration. Technically, FGNR was technically easiest and fastest to perform. No 
differences in surgical time between LANR with soldering and CMSR were 
noted. The extra time spend on placing two to four additional sutures in the 
CMSR group corresponded with the time spend for the preparation and 
application of the solder. The soldering application costs only several 
seconds of time. Laser soldered nerves had somewhat better histological 
architecture at the repair site in regard to epi-and perineurial proliferation, 
intraneural scar tissue, and neural alignment. In spite of the more favourable 
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histology at the repair site of the LANR with soldering and the acquired 
experience in LANR, there were no significant differences in functional or 
morphometrica] outcome of the three techniques . There was only a trend to 
more and thicker myelinated axons in the distal nerve segments of laser sol
dered nerves, followed by sutured and than by fibrin glued nerves. Each of 
three groups showed some degree of variation in histology, probably reflec
ting differences in the execution of the surgical method. Whether the lack of 
statistical significance can be attributed to the inherent superior nerve rege
neration potential of rats remains unproved. Therefore, similar experiments 
performed in higher mammals may provide additional data regarding this 
point. 

Future perspectives of LANR 

Despite studies by us and others and despite theoretical advantages, LANR 
has not convincingly shown to be significantly inferior or superior to CMSR 
in animal models. An important question remains whether the laser should 
be used for human nerve repair. Unfortunately, the histological advantages 
observed at the repair site in rat do not result in better functional regenera
tion of the nerves which would be the most important benefit for the patient. 

Availability and cost are the most important obstacles for the wide use of 
C 0 2 lasers in nerve surgery. Most of the C 0 2 lasers are not equipped with a 
stable milliwatt mode and/or a micromanipulator. Sutures on the other hand 
are cheap, reliable, and always readily available. From a technical point of 
view, elements of laser welding technique are unfamiliar to most surgeons 
involved in peripheral nerve repair. Therefore, acquisition of technical skil
ls and handling of the laser is essential in a laboratory set up before procee
ding to the clinic. For end-to-end repair of nerves in the extremities, place
ment of sutures seems to be mandatory to facilitate manipulation of the nerve 
during laser irradiation and to lower the risk of postoperative dehiscence of 
the nerves due to l imb movements. However, to use the laser only to avoid 
placement of extra sutures is to our opinion not justified. Moreover, we noted 
that multifascicular repair, where more than four individual fascicles are 
coapted one by one, seems to be much easier performed with sutures. The 
individual alignment and coaptation is more accurately accomplished using 
sutures than by LANR. In contrary, bi- and monofascicular nerves are more 
easily coapted by LANR with soldering where the epi- and perineurium can 
be more easily fused. 

Specific circumstances may justify using the laser for nerve repair. A non-
tactile repair in areas of limited surgical access where suturing cannot be 
easily performed is possible because the C 0 2 laser has the advantage of 
being controlled, focused, and activated with a micromanipulator at tached to 
the surgical microscope. Such situations arise during skull base surgery or 
during repair of spinal nerve roots. This was clearly demonstrated by SEIFERT 
(1989 &1990) who repaired the oculomotor nerve in cats and found that 
suture repair was not feasible because of the limited operating field. We con-
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firmed this observation in a pilot study on the oculomotor nerve in rats 
(unpublished results). Clinically, laser-assisted cranial nerve repair has been 
performed in few cases by POWERS (1994). An other advantage of using the 
C 0 2 laser in these situations is the fact that the intracranial and intraspinal 
nerves do not posses a firm epi- and perineurium making them very vulne
rable to damage induced by suture insertion (MENOVSKY, 1 9 9 6 B & 1 9 9 8 A ) . 
Also, the nerves are not subjected to such stretching forces like in the extre
mities and, therefore, stay sutures may be omitted without increasing the risk 
of dehiscence (unpublished observation). In such situations, both LANR and 
FGNR may be more suitable than suture repair. 

Can some significant improvements in laser welding be expected in the 
near future? The end point in tissue welding is at this moment based on visu
al changes of the tissue and the surgeon must 'see and feel' whether the wel
ding is completed. Several investigations are aimed at developing a tempe
rature feedback system to control the temperature at the repair site, which 
should result in a more reproducible and reliable tissue welding (MENOVSKY, 
1995E; BARAK, 1997; ClLESIZ, 1997, POHL, 1998). By monitoring the surface 
temperature during the laser procedure, the optimal temperature range for 
tissue welding can be determined. Once the optimal range is known, which 
is believed to be between 70 °C and 90 °C, a computer-assisted feedback 
system can be employed to maintain the surface temperature within this 
range by alterating the laser power output. Temperature measurements using 
infrared cameras , radiometers, and changes in reflectance have extensively 
been tested, but so far the limitation of these systems for nerve repair is the 
relatively large spatial resolution for a small spot size resulting in incorrect 
temperature measurements (TORRES, 1990; SHENFELD, 1994). In addition, the 
feed back system requires several technical adaptations to the laser set up 
which ultimately makes its use more cumbersome. 

We do not expect that further refinements in the solder material will 
results in significant improvements. Modifications in concentration and vis
cosity of the solder might improve factors such as the tensile strength, but 
significant improvement of histological or functional regeneration of the ner
ves cannot be expected ( (LAUTO, 1997, 1 9 9 8 A & 1 9 9 8 B ) . Eventually, nerve 
growth factors may be mixed with the solder providing an extra stimulus for 
nerve regeneration, as has been shown by VANDERTOP (1994) using fibrin 
glue. 

Probably, the best results of LANR are achieved when performed by 
someone with a longstanding experience with the laser system and the exe
cution of the technique. In other words, the statement of TARLOV ( 1 9 4 2 A ) on 
the different peripheral nerve repair techniques also holds true for LANR. 
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SUMMARY 

Since several years, there has been considerable interest in using lasers to 
repair peripheral nerves. Several studies attempted to define the role of the 
laser in nerve repair, producing both encouraging and conflicting results. 
The purpose of the studies reported in this thesis was to consequently deve
lop, improve, and refine the CO2 laser repair techniques in animals and to 
finally compare the technique with the established repair techniques. 

After general introduction and outline in chapter I, the biology of nerve 
regeneration and current techniques of microsurgical suture nerve repair are 
reviewed in chapter II. In order to understand the need for reduction of sutu
res, the disadvantages of nerve repair by sutures are outlined, which include 
a foreign body reaction and connective tissue proliferation which is detri
mental to nerve regeneration. 

Chapter III summarises the nature of lasers, the types of interactions they 
produce with tissue, and their application in nerve repair. Possible mecha
nisms of tissue welding are presented, together with the benefits, limitations, 
and future implications of several techniques used in laser nerve repair. The 
current consensus of the reviewed literature is that although nerve welding 
has some advantages over standard suture nerve repair, such as less neuro
ma- and scar formation and shorter repair time, numerous factors which may 
lead to further improvements in the laser technique still need to be explored. 
A beginning of this exploration 

In chapter IV, optimal laser parameters to obtain the strongest bond 
between nerves are determined in an in vitro study using rabbit tibial nerves. 
Furthermore, several protein solders are examined for their ability to rein
force the repair site. Fifteen different combinations of laser power (50, 100, 
and 150 mW) and pulse duration (0.1, 0.5, 1.0, 2.0, and to 3.0 s) are used to 
repair the nerves using a spot size of 320 urn. Bonding strength measure
ments of LANR are compared to suture and fibrin glue nerve repair. In the 
LANR groups, the strongest welds (associated with whitening of tissue) are 
produced at 100 mW with pulses of 1.0 s and at 50 mW with pulses of 3.0 s. 
The use of a dried albumin solution as a protein solder at 100 mW with pul
ses of 1.0 s increases the bonding strength nine fold as compared to laser 
welding alone (bonding strength 21.0 ± 8.6 g and 2.4 ± 0.9 g, respectively). 
The use of albumin 20% solution and egg white, both at 50 mW with pulses 
of 3 s, results in a bonding strength of respectively 5.7 ± 2.1 g and 7.7 ± 2.4 
g. Sutured nerves has the highest bonding strength. For consecutive studies, 
it is recommended to use laser parameters of 100 mW power with pulses of 
1.0 s together with concentrated albumin solder for the optimal bonding 
strength. 
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The aim of chapter V is to elucidate the mechanism of CO2 laser t issue 
welding in vitro of peripheral nerves, with emphasis on the alterations in tis
sue morphology and ultrastructure which occur during laser welding. Dura 
mater and the epineurium of tibial nerves of rabbits are welded with a CO2 
laser at 100 mW with pulses of 1.0 s, both with and without the additional 
use of a protein solder (egg white). Both t issues are investigated using scan
ning electron microscopy (SEM) and transmission electron microscopy 
(TEM). It appears that the t issues undergo specific alterations following laser 
welding. The collagen fibrils became swollen, densely packed, and fused 
together. When a protein solder is used, the coagulated solder forms a solid 
bridge between the tissue edges, which is melted on and between the colla
gen fibrils. In summary, three different types of welds can be distinguished: 
i) welds in which collagen-to-collagen bonding occurs, ii) welds in which tis
sue debris forms a coagulated mass between the tissue interfaces, and Hi) 
welds in which coagulated solder is melted on and between the collagen 
fibrils, forming a solid bridge between the t issue edges. These three different 
mechanisms have their own implications under in vivo conditions. 

In chapter VI, the effects of CO2 laser irradiation on intact rat sciatic ner
ves are investigated in vivo. In the first part of the study, 40 rat sciatic ner
ves are exposed to 12 different combinations of laser power (50, 100, and 
150 mW) and pulse duration (0.5, 1.0, 2 .0, and 3.0 s), normally used for C 0 2 

laser repair. The results are evaluated 24 h after surgery with functional toe-
spreading test and light microscopy. Irradiations of 50 mW and 100 mW for 
up to 1.0 s exposure time per pulse results in almost no deficit in motor func
tion, while 100 mW power with prolonged exposure times and 150 raW 
power results in significant decrease in motor function. Light microscopy 
shows significant focal injury to the epi- and perineurium and the subepi-
neurial nerve fibres, proportional to the laser energy applied to the nerve, 
consisting of Wallerian degeneration and thrombosis of blood vessels. In con
clusion, a power of 50-100 mW in combination with a pulse duration of 0 . 1 -
1.0 s produces no or minimal thermal damage with no or a negligible loss of 
motor function. Therefore, combinations of power and pulse duration above 
these thresholds are considered less suitable for CO2 laser nerve repair. In 
the second part of this study, 4 8 rat sciatic nerves are irradiated with 100 
mW for 1.0 s exposure time per pulse (both with and without a bovine albu
min solder) and the effects on motor function and nerve morphology are stu
died up to 12 weeks after irradiation using toe-spreading test and light and 
transmission electron microscopy. A subperineurial degeneration of myeli
nated and unmyelinated axons is observed in the first two weeks after laser 
irradiation, while the central part of the nerve remains undamaged. The 
degeneration is followed by axonal regeneration with subsequent maturation 
of nerve fibres in time. No excessive intraneural or extraneural scarring was 
seen. In the soldered nerves, the solder elicits a inflammatory reaction upon 
the epineurium in the first week after irradiation. By week one, the solder is 
completely absorbed. After two weeks, the inflammatory reaction ceases and 
by week four no residual reaction is seen. In conclusion, C 0 2 laser irradia-
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tion at 100 mff with pulses of 1.0 s has no long term negative effects on 
nerve function and morphology. 

Chapter VII is designed to investigate peripheral nerve regeneration of 
sharply transected nerves, repaired with C 0 2 laser welding in combination 
with three different suture materials and a bovine albumin protein solder as 
an adjunct to the welding process. Unilateral sciatic nerve repair was per
formed in 44 rats. In the laser group, the nerves are gently apposed and two 
stay sutures (10-0 nylon, 10-0 polyglycolic acid, or 25 um stainless steel) are 
placed epi/perineurially. Thereafter, the repair site was fused at 100 mW 
with pulses of 1.0 s. In a subgroup of laser repair, a lbumen was used as a sol
dering agent to further reinforce the repair site. The control group consisted 
of nerves repaired by conventional microsurgical suture repair (CMSR) using 
four to six 10-0 nylon sutures. Evaluation is performed at one and six weeks 
after surgery and included light and transmission electron microscopy. Laser 
repair performed with a protein solder results in a good early peripheral 
nerve regeneration with an optimal alignment of nerve fibres and minimal 
connective tissue proliferation at the repair site. All three suture materials 
produce a foreign body reaction, the least severe with polyglycolic acid sutu
res. CMSR results in more pronounced foreign body granulomas at the repair 
site with more connective tissue proliferation and axonal misalignment. 
Furthermore, axonal regeneration in the distal nerve segment is better in the 
laser groups. Based on these results, laser soldering technique in combina
tion of absorbable sutures has the potential of allowing healing to occur with 
the least foreign body reaction at the repair site. 

In chapter VIII, the experimental work is concluded with a study that 
compares CO2 laser assisted nerve repair with suture and fibrin glue repair. 
Unilateral sciatic nerve repair was performed in 24 rats. In the laser repair 
group, two 10-0 PGA absorbable sutures were used and welding was perfor
med at 100 mW with pulses of 1.0 s with addition of a bovine albumin pro
tein solder. The control groups consisted of fibrin glue nerve repair in com
bination with two 10-0 PGA sutures and conventional microsurgical suture 
repair using four to six peri /epineurial 10-0 PGA sutures. Evaluation was 
performed 16 weeks after surgery and included toe-spreading test, light 
microscopy, and morphometric assessment. The motor function of the nerves 
showed gradual improvement with time in all groups. At 16 weeks, the motor 
function was about 6 0 % of the normal function, while no significant diffe
rences existed between the groups. Histologically, all nerves reveal various 
degrees of axonal regeneration with myelinated nerve fibres in the distal 
nerve segments. Slight differences in favour of the laser group exist in terms 
of wound healing at the repair site. In all groups, the number of axons distal 
to the repair site is higher compared to proximal, but axon diameter was sig
nificantly less than that of control nerves (p<0.05). No significant differen
ces existed between the number, density, or diameter of the axons in the 
proximal or distal nerve segments of the three groups of nerve repair 
(p<0.05), although there was a trend to more and thicker myelinated axons 
in the distal segments of laser repaired nerves. It is concluded that C 0 2 laser 
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soldering technique for peripheral nerve repair is at least equal to fibrin glue 
and suture repair in a rodent model of sciatic nerve repair. 

Because no data were available on the effect of CO2 laser irradiation on 
microsurgical suture material , chapter IX is designed to investigate the ten
sile strength of different suture materials . This study is performed before the 
work presented in chapter VIII, and is focused on a comparison of a tensile 
strength of 10-0 nylon and 2 5 um stainless steel thread irradiated by a CO2 
laser. The suture threads are exposed to 12 combinations of power densit ies 
and pulse durations and tested on a tensometer for its tensile strength. At 
powers densit ies of 186 W/cm 2 , the 10-0 nylon thread disrupts during laser 
irradiation, regardless of the pulse duration. This was also the case at a 
power densit ies of 124 W/cm 2 for 2.0 and 3.0 s pulse durations. At 124 
W/cm 2 for 0.5 and 1.0 s, the tensile strength decreases with 7 0 % relative to 
the control. At 62 W/cm 2 , the tensile strength gradually decreased from 
1 0 0 % (0.5 s pulse duration) to 5 0 % (3.0 s pulse duration) relative to the con
trol. Stainless steel thread is resistant to all laser irradiation's. The 10-0 
nylon thread is significantly compromised by irradiation with the CO2 laser 
and therefore irradiation of the sutures should be avoided during laser t issue 
welding, as was done in all previous chapters . 

Discussion and conclusions of this thesis and future perspectives of 
LANR are provided in chapter X. Despite studies by us and others, laser 
repair has not convincingly shown to be significant inferior or superior to 
microsurgical suture repair. Laser repair seems a worthwhile alternative to 
sutures, but the histological advantages at the repair site do not result in bet
ter functional regeneration of the nerves which would be the most important 
clinical improvement the patient benefits from. The availability and financial 
cost are the strongest obstacles for the wide use of lasers in nerve surgery, 
while sutures on the contrary are cheap, reliable, and always readily availa
ble. In the future, use of the CO2 laser may be justified for human nerve 
repair during skull base surgery or during repair of spinal nerve roots, situ
ations in which limited surgical access makes suturing difficult. In these 
cases , the CO2 laser permits a non-tactile repair of the fragile and vulnera
ble nerves. 
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De afgelopen jaren heeft het repareren van perifere zenuwen met behulp van 
een laser zich in een ruime belangstelling mogen verheugen. Studies die als 
doel hadden de plaats te bepalen van zenuwlassen met behulp van een laser 
lieten zowel aanmoedigende als tegenstrijdige resultaten zien. Het doel van 
de onderzoeken beschreven in dit proefschrift is om zenuwlassen met behulp 
van een CO2 laser verder te ontwikkelen, te verbeteren en te verfijnen mid
dels dierexperimenteel onderzoek, waarbij de lasertechniek vergeleken 
wordt met gangbare methoden om perifere zenuwen te repareren. 

Na een algemene inleiding en een overzicht van het proefschrift in 
Hoofdstuk I worden biologische aspecten van zenuwregeneratie en verschil
lende technieken voor microchirurgische zenuwreconstructie beschreven in 
Hoofdstuk II. Ter illustratie van de mogelijkheden van zenuwreconstructie 
zonder hechtingen worden de nadelen van conventionele zenuwreconstructie 
met hechtingen besproken, zoals de door hechtingen geÖnduceerde vreemd
lichaam reactie en bindweefselproliferatie, die beide nadelig zijn voor de 
zenuwregeneratie. 

Hoofdstuk III beschrijft de grondbeginselen van lasers, laser-weefselin
teractie en weefsellassen met behulp van een laser, met nadruk op zenuw
lassen. Mogelijke werkingsmechanismen van weefsellassen worden bespro
ken, evenals de voor- en nadelen en implicaties voor de toekomst van 
verschillende technieken die gebruikt worden bij zenuwlassen. De algeme
ne opvatting is dat, hoewel het lassen van zenuwen enige voordelen biedt 
boven conventioneel hechten, zoals minder neuroom- en littekenvorming en 
een snellere heling, vele factoren die kunnen leiden tot verdere verbeterin
gen van zenuwlassen nog moeten worden onderzocht. In de volgende hoofd
stukken is een begin gemaakt met dit onderzoek waarbij gebruik is gemaakt 
van een milliwatt CO2 laser met een spotgrootte van 320 urn. 

In Hoofdstuk IV worden optimale laserinstellingen in vitro bepaald ter 
verkrijging van de grootste treksterkte van de naad van doorsneden nervi 
tibialis van het konijn. Tevens worden verscheidene soldeersels van eiwit 
onderzocht op hun vermogen de zenuwnaad te versterken. Vijftien verschil
lende combinaties van laservermogen (50, 100, en 150 mW) en pulsduur 
(0,1 tot 3,0 s) zijn gebruikt om de zenuwen te repareren. De zenuwen werden 
gelast door de zenuwnaad rondom met de laser te bestralen. De treksterkte 
van met de C 02 f laser gelaste zenuwen wordt vergeleken met zenuwen die 
gerepareerd zijn met conventioneel hechten of weefsellijm. De sterkste 
zenuwlassen (geassocieerd met het wit en lichtbruin worden van het weefsel) 
worden gemaakt bij 100 mW en een pulsduur van 1,0 s en bij 50 mW en een 
pulsduur van 3,0 s. Bij 100 mW en een pulsduur van 1,0 s in combinatie met 
een opgedroogde albumine oplossing als soldeersel nam de treksterkte met 
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een factor 9 toe in vergelijking met zenuwlassen zonder soldeersel (trek-
sterkte respectievelijk 21,0 ± 8,6 g en 2,4 ± 0,9 g). Het gebruik van een 20% 
albumine oplossing en kippeneiwit, beide bij 50 mW en een pulsduur van 
3,0 s, resulteerde in een treksterkte van respectievelijk 5,7 ± 2,1 g en 7,7 ± 
2,4 g. Conventioneel gehechte zenuwen bleken het sterkst te zijn. Ter ver
krijging van een grote treksterkte met de CO2 laser wordt voor verder onder
zoek aanbevolen om een vermogen van 100 mW te gebruiken met pulsen van 
1,0 s in combinatie met een geconcentreerd oplossing van albumine als sol
deersel. 

Het doel van Hoofdstuk V is om het werkingsmechanisme van het lassen 
van perifere zenuwen met behulp van een CO2 laser in vitro te onderzoeken, 
met nadruk op veranderingen in weefselmorfologie en ultrastructuur die 
optreden tijdens het lassen. Dura mater en het epineurium van de nervus 
tibialis van het konijn werden gelast met de CO2 laser met 100 mW en pul
sen van 1,0 s, zowel met als zonder kippeneiwit als soldeersel. Beide weef
sels werden onderzocht met scanning electronen microscopie (SEM) en 
transmissie electronen microscopy (TEM). Het blijkt dat beide weefsels een 
specifieke verandering ondergaan na het lassen. De collageenvezels zwellen 
op, komen dicht opeen te zitten en smelten samen. Wanneer kippeneiwit 
wordt gebruikt vormt het gecoaguleerde soldeersel een solide verbinding met 
het weefsel, waarbij het kippeneiwit is gedenatureerd op en tussen de colla
geenvezels. Samenvattend kunnen drie verschillende typen lassen onder
scheiden worden: i) lassen waarin collageenvezels versmolten zijn, ii) lassen 
waarin debris van weefsel een gecoaguleerde massa vormt tussen de snij
vlakken van het weefsel, en Ui) lassen waarin gecoaguleerd soldeersel is 
gedenatureerd op en tussen de collageenvezels. Deze drie mechanismen 
hebben hun eigen implicaties onder in vitro omstandigheden. 

In Hoofdstuk VI wordt in vivo het effect van CC^-laserbestraling op intac
te perifere zenuwen onderzocht. In het eerste deel van het onderzoek werden 
in totaal 40 nervi ischiadicus van de rat bestraald met 12 verschillende com
binaties van laservermogen (50, 100, en 150 mW) en pulsduur (0,5; 1,0; 2,0 
en 3,0 s). De resultaten zijn 24 uur na de bestraling gelvalueerd middels de 
functionele teenspreidingtest en lichtmicroscopie. Bestraling met 50 mW of 
100 mW en een pulsduur van 0,5 of 1,0 s geeft nagenoeg geen motorische 
uitval van de zenuwen terwijl bestraling met 100 mW en een pulsduur van 
2,0 of 3,0 s en bestraling met 150 mW tot aanzienlijk verlies van motorische 
functie leiden. Lichtmicroscopie toont aanzienlijke locale beschadiging van 
het epi- en perineurium en van subepineuriale zenuwvezels. Deze schade is 
evenredig met de laserenergie en bestaat uit Wallerse degeneratie en trom
bose van bloedvaten. Concluderend kan worden gesteld dat een vermogen 
van 50 tot 100 mW in combinatie met een pulsduur van 0,5 tot 1,0 s geen of 
minimale thermische schade teweeg brengt zonder of met verwaarloosbaar 
verlies van motorische functie. Daarom worden combinaties van laservermo
gen en pulsduur boven deze drempelwaarden minder geschikt bevonden voor 
het met een CO2 laser lassen van zenuwen. In het tweede deel van de studie 
worden in totaal 48 nervi ischiadicus van de rat bestraald met een laserver-

-108-



Samenvatting 

mogen van 100 mW en een pulsduur van 0,1 s, zowel met als zonder run-
deralbumine als soldeersel. De resultaten zijn tot 12 weken na bestraling 
gelvalueerd met een functionele teenspreidingtest en licht- en transmissie 
electronen microscopic Een subepineuriale degeneratie van gemyeliniseer-
de en ongemyeliniseerde axonen is waargenomen in de eerste twee weken na 
de bestraling, terwijl het centrale gedeelte van de zenuw onbeschadigd bleef. 
Na de degeneratie werd axonale regeneratie gezien waarbij de axonen in de 
loop van de tijd in dikte toenemen. Uitgebreide intraneurale of extraneurale 
verlittekening is niet gezien. In de eerste week na de bestraling wekt het sol
deersel een ontstekingsreactie op in het epineurium. Na een week is het sol
deersel geheel geresorbeerd. Na twee weken stopt de ontstekingsreactie en 
na vier weken wordt er geen reactie meer gezien. Concluderend kan worden 
gesteld dat bestraling met een CO2 laser met 100 mW en pulses van 1,0 s 
geen negatief effect heeft op de zenuwfunctie en morfologie. 

Hoofdstuk VII beschrijft het genezingsproces na lassen met de CO2 laser 
van scherp doorgesneden zenuwen, waarbij drie verschillende hechtmateria-
len en runderalbumine als soldeersel zijn gebruikt ter ondersteuning van het 
lassen. In 44 ratten is een unilaterale reconstructie van de nervus ischiadi-
cus uitgevoerd. In de lasergroep (n=32) zijn de zenuwen voorzichtig geap-
proximeerd waarbij twee steunhechtingen (10-0 nylon, 10-0 polyglycolide 
zuur, of 25 um dik roestvrij staal) geplaatst zijn in het epi/perineurium. 
Daarna is de zenuwnaad gelast bij 100 mW en pulsen van 1,0 s. In een sub
groep zenuwlassen werd albumine gebruikt als soldeersel om de zenuwnaad 
te versterken. In de controle groep zijn zenuwreconstructies uitgevoerd mid
dels conventioneel microchirurgisch hechten met 4 tot 6 10-0 nylon hech
tingen. Evaluatie met behulp van licht- en transmissie electronen microsco-
pie vond plaats een en zes weken na de chirurgie. Zenuwlassen met een 
eiwitsoldeersel resulteert in een vroege perifere zenuwregeneratie met een 
optimaal op lijn liggen van zenuwvezels met minimale bindweefsel prolif
eratie rond de zenuwnaad. Alle drie de hechtmaterialen induceren een 
vreemdlichaam reactie, waarbij de minst ernstig reactie gezien wordt bij de 
polyglicolide zuur hechting. Reconstructie met conventionele microchirurgi
sche hechtingen resulteert in een meer uitgesproken vreemdlichaam granu-
loom op de zenuwnaad met uitgebreidere bindweefel proliferatie en niet uit
gelijnd zijn van de axonen. Verder was de axonale regeneratie in de distale 
zenuwsegmenten beter in de lasergroep. Op basis van deze resultaten wordt 
geconcludeerd dat zenuwlassen in combinatie met soldeersel en absorbeer-
bare hechtingen de mogelijkheid biedt van genezing met de minste vreemd
lichaam reactie rond de zenuwnaad. 

In Hoofdstuk VIII wordt het dierexperimentele werk afgesloten met een 
histologische en morfometrische studie waarbij zenuwlassen met de CO2 
laser wordt vergeleken met zenuwreconstructie met hechtdraad of weefsel-
lijm. In 24 ratten is een unilaterale reconstructie van de nervus ischiadicus 
uitgevoerd. In de lasergroep werden twee absorbeerbare 10-0 polyglycolide 
zuur hechtingen gebruikt in combinatie met een las bij 100 mW en pulses 
van 1,0 s met runderalbumine als soldeersel. In de controle groepen werd 
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een reconstructie met weefsellijm in combinatie met twee 10-0 polyglicolide 
zuur hechtingen uitgevoerd Üf een reconstructie met tien 10-0 polyglicolide 
zuur hechtingen. Evaluatie van de zenuwregeneratie 8 en 16 weken na door
snijding en reconstructie bestond uit een teenspreidingtest, lichtmicroscopie 
en morfologisch onderzoek. De motorische functie verbeterde in de loop van 
de tijd in alle groepen. Na 16 weken bedroeg de motorische functie ongeveer 
60% van de normale functie, waarbij geen significante verschillen tussen de 
groepen gevonden werden. Histologisch onderzoek toonde verschillende sta
dia van regeneratie met gemyeliniseerde axonen in de distale zenuwuitein
den. De wondheling rond de zenuwnaad in de lasergroep was iets maar niet 
significant beter in vergelijking met de andere groepen. In alle groepen was 
het aantal axonen distaal van de zenuwnaad hoger in vergelijking met proxi-
maal, maar de axondoorsnede was kleiner dan in die van controle zenuwen 
(p<0.05). Alhoewel over het algemeen meer en dikkere gemyeliniseerde axo
nen in het distale segment van de gelaste zenuwen werden gezien, werden in 
alle drie behandelde groepen geen significante verschillen gevonden tussen 
het aantal, de dichtheid of de doorsnede van de axonen in de proximale en 
distale zenuwsegmenten. Concluderend wordt gesteld dat in de rat zenuw-
lassen van de nervus ischiadicus met de CO2 laser in combinatie met het 
gebruik van een soldeersel wat betreft functioneel herstel, histologie en mor
fologie tenminste gelijk is aan zenuwreparatie met weefsellijm of conventio
neel hechten. 

Hoofdstuk IX beschrijft het effect van CO2 op de treksterkte van micro-
chirurgisch hechtmateriaal. Dit onderzoek is uitgevoerd voor het werk 
beschreven in Hoofdstuk VIII, en richt zich op een vergelijking van trek
sterkte van 10-0 nylon hechtdraad en 25 pm draad van roestvrij staal voor en 
na bestraling met een CO2 laser. De hechtdraden werden bloot gesteld aan 
12 combinaties van vermogensclichtheden (62-186 W/cm2) en pulsduren 
(0,5-3,0 s) waarna de treksterkte bepaald werd met behulp van een tenso-
meter. Bij een vermogensdichtheid van 186 W/cm2, breekt de 10-0 nylon 
hechtdraad tijdens de laserbestraling, ongeacht de pulsduur. Dit is ook het 
geval bij bestraling met 124 W/cm2 gedurende 2,0 en 3,0 s. Bij bestraling 
met 124 W/cm2 gedurende 0,5 en 1,0 s neemt de treksterkte met 70% aften 
op ziehte van onbestraalde controle hechtdraden. Bij bestraling met 62 
W/cm2 gedurende 0,5 s is de treksterkte gelijk aan die van onbestraalde con
trole hechtdraden en bij langere pulsduur neemt de treksterkte gradueel af 
tot 50% bij een pulsduur van 3,0 s. Hechtdraad van roestvrij staal is bestand 
tegen gebruikte laserbestraling. De 10-0 nylon hechtdraad is significant ver
zwakt door de CC^-laserbestraling en daarom moet bestraling van hechtin
gen tijdens weefsellassen voorkomen worden. Hiervoor werd dan ook zorg 
gedragen in de eerder beschreven experimenten. 

De discussie en de conclusie van dit proefschrif samen met de verwach
tingen voor de toekomst van het lassen van zenuwen met de laser worden 
gegeven in Hoofdstuk X. Ondanks deze en andere onderzoekingen blijkt het 
lassen van zenuwen niet duidelijk slechter of beter dan conventioneel hech
ten van de zenuwnaad. Zenuwlassen lijkt een goed alternatief voor hechtin-
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gen, maar de histologische voordelen rond de zenuwnaad resulteren niet in 
een betere functionele regeneratie van de zenuwen, hetgeen de belangrijkste 
klinische verbetering voor de patilnt zou zijn. De beschikbaarheid en de kos
ten van de laser zijn de grootste obstakels voor een grootschalig gebruik van 
lasers in perifere zenuwchirurgie. Daarentegen zijn hechtingen goedkoop, 
betrouwbaar en altijd beschikbaar. In de toekomst kan de C 0 2 laser worden 
ingezet voor reconstructie van zenuwen tijdens schedelbasischirurgie en 
voor spinale zenuwen, beide moeilijk te hechten vanwege de beperkte chi
rurgische benaderbaarheid. In deze gevallen kan de C 0 2 laser worden inge
zet voor een niet-tactiele reparatie van de fragiele en kwetsbare zenuwen 
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