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Chapter III 

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 

-23-



Chapter III 

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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Chapter III 

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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