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Chapter 1 

Surgical techniques are evolving towards minimally invasive surgery.1-3 This evolution, 
highly dependent on technological innovations, also touches cardiac surgery and vascular 
surgery. The gold-standard technique for vascular anastomosis of suturing two vessels with 
a-traumatic needles and permanent polypropylene sutures, is hard to apply in minimally 
invasive surgery.1-3 Mechanical closures (i.e., staples, clips, and rings) and non-mechanical 
closures (i.e., surgical adhesives and laser-assisted vascular anastomosis) are alternative 
anastomostic techniques established to fit minimal invasive approach.1-3 

Staples, clips and rings, enable strong and durable anastomoses. However, the 
considerable amount of force inflicted by these techniques may result in substantial 
vessel wall trauma. Similar to suture anastomoses, the mechanical trauma and the 
presence of foreign body material are associated with inflammatory reactions.3-14 foreign 
body reactions1,3,7,9-11,15,16 and higher risk of thrombosis.9,11,17-20 Clips and rings come in 
predetermined sizes and do not adapt to the actual vessel diameters.2,3 Furthermore, 
leakage between the staples or clips causes blood loss. Non-mechanical repairs by means 
of the use of biological and non-biological glues are hampered by problems such as toxicity, 
infection, inflammatory reaction, and inadequate strength.2,3,21,22 

 Laser-assisted vascular anastomosis (LAVA) is still an experimental technique that is 
being investigated to circumvent the drawbacks of mechanical closures. The advantages 
of LAVA are the elimination of mechanical trauma and suture materials, the reduction 
of foreign body reaction, immediate liquid-tight sealant, lower thrombosis rate, and the 
possibility of a faster and easier procedure for minimally invasive laparoscopic anastomotic 
techniques.1,2,4-7,12,13,23-27 Despite these advantages, clinical application of LAVA has been 
hampered by inadequate welding strength, thermal damage resulting in aneurysm 

formation, poor reproducibility, and ambiguous end-points.1,9,20,27-32 These disadvantages 
were particularly prominent in experiments with small- and medium-sized vessel 
anastomoses. 

LAVA is based on the photothermal reaction between light and biological tissues 
(Fig. 1A). This reaction involves the projection of light from a laser source, absorption of 
light energy in water or pigments with subsequent conversion to heat. The heat-induced 
collagen cross-linking also named coagulation is used to weld opposing vessel ends. This 
protein coagulation process starts at approximately 60°C and becomes irreversible at the 
temperature of 64°C. Anastomotic strength depends on the extent of protein coagulation.33 
However, it is a disadvantage of LAVA that the denaturation of proteins and collagens does 
not only lead to coagulation of the tissue but also to necrosis of the cells.34  

Evidently, the main goals of LAVA are (1) to obtain sufficient protein cross-linking to 
support anastomotic strength and (2) to minimize thermal damage to allow normal healing 
processes. The LAVA welds have to be able to resist normal and elevated blood pressures 
and thermal damage has to be limited to enable normal tissue healing.1-3 It is established 
that partial thermal damage, i.e., from adventitia to the upper medial layer, does not affect 
normal healing and does not show any complications such as thrombosis or late aneurysm 
formation.6,11,23,29,35-37 Full thickness thermal damage has a more profound influence on 
healing. While some studies report complete and normal reendotheliazation several other 
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studies report increased risks of intimal hyperplasia and aneurysm formation.7,9,20,28-32,38-42 
Furthermore, severe thermal damage causes shrinking of the vessels leading to stenosis.43,44

Technical improvements to enhance the strength of the weld and to minimize 
thermal damage consist of (a) the variation of laser wavelength to adjust heat deposition 
in the vessel wall,2,10,11,15,17,19,23,24,29,35-37,44-55 (b) the addition of an exogenous protein solder 
to increase the bonding area (Fig. 1B),56-69 (c) the application of exogenous chromophore 
to enhance energy absorption,63,67,69-72 and (d) the employment of a polymeric scaffold to 
fortify the coagulated solder (Fig. 1C).62,73-79 These technical improvements were applied in 
a variety of in vitro techniques such as vascular anastomoses and in laser-assisted vascular 
repair (LAVR) for closure of longitudinal incisions in the arterial wall or for welding of aortic 
strips.  

Heat deposition governs the extent of collagen coagulation and is attributed to 
laser wavelength and water content of the tissue. Typically, the optical penetration depth 
(OPD) of a laser decreases with increasing wavelength. Thus, the near infrared CO2 laser 
(λ=10,600nm) has superficial OPD and is best suited for microvessels welding.6,17,25,38,80-83 
The shorter wavelength Neodymium:yttrium-aluminum-garnet lasers (λ=1,064-1,340nm) 
yield good result on both micro and small-sized vessels welding (Ø=0.6-1.2mm).11,15,27,37,51,84 
Furthermore, Argon (λ=488-514nm) or diode (λ=670-900nm) lasers, with deeper OPD, 
are suitable for welding larger vessels.10,12,13,19,29,54,85 Next to heat deposition, the intensity 
of heat generation within the vessel wall is determined by laser’s operation mode (i.e., 
continuous, pulse, or Q-switch mode), power density (W/cm2), and fluency rate (J/
cm2).8,19,29,86,87 

Despite the good patency reported by altering laser parameters, LAVA still requires 
stay sutures to support anastomotic strength.1,4-8,12,13,23-26,29,35,40,52,54,65,88 Furthermore, the 
difficulty in laser dosing often results in extensive thermal damage and leads to complications 
such as aneurysm formation, thrombosis, and intimal hyperplasia.  

The addition of protein solder –in liquid or solid state– over the coapted vascular 
segment prior to laser irradiation in solder-mediated laser-assisted vascular anastomosis/
repair (sLAVA/R, Fig. 1B) resulted in improved welding strength limited thermal damage, 
and the elimination of stay sutures.62,64,65,67,69 Solder can be photocoagulated by a water-
targeting laser (i.e., CO2 laser) or with a visible light laser in a combination with solder-
contained chromophore. The chromophore is a wavelength specific dye that enhances 
the absorption of radiant energy and converts it to heat. The heat is then disseminated 
throughout the solder and upper portion of vascular tissue, inflicting thermal protein 
denaturation of the solder and the outer surface of the vascular wall. Thermal denaturation 
is accompanied by the cross-linking of unfolded proteins upon cooling, creating an effect 
similar to gluing. The extent to which these interprotein bonds are formed, dictates the 
strength of the weld. Both the presence of the solder as a heat sink and the addition of 
chromophore to reduce laser energy requirement, decrease the extent of thermal damage 
in deeper vascular layers. The physical presence of the solder, particularly in solid state, is 
advantageous to enhance approximation of the opposing vessel wall sections. The addition 
of a protein solder and chromophore increases welding strength by at least 25%.1,65,89 
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Figure 1. Schematic drawing of (A) laser-assisted vascular anastomosis/repair (LAVA/R), (B) 

solder-enhanced LAVA/R (sLAVA/R), and (C) scaffold- and solder-enhanced LAVA/R (ssLAVA/R). 

Although a promising concept, laser soldering was mainly used for closing 
arteriotomies and only three studies reported its application to sutureless end-to-end 
anastomoses.69,90,91 Technical problems regarding leakage of liquid solder, high solubility 
in physiologic condition, and inhomogenous heat distribution, reduced the strength of the 
anastomosis. The use of solid solder film may tackle the leaking problem and allows more 
homogenous heat distribution within the solder layer. However, the film is considered too 
rigid and too brittle for vascular applications.62,78,91 

sLAVA/R was further improved by the addition of a biodegradable polymer scaffold 
to fortify the coagulated solder. In scaffold-enhanced sLAVA/R (ssLAVA/R, Fig. 1C) a semi-
porous scaffold composed of biocompatible polymeric material is soaked in liquid solder 
that contains chromophore.62,73-79 The soaked scaffold is placed on the outside of the weld 
and is irradiated. The fiber network of the scaffold solidifies the thermally coagulated 
solder, increasing soldering strength approximately 2-fold. These scaffolds are more flexible 
than solid solder films, thus more appropriate for vascular applications. Today ssLAVA/R 
is primarily performed as in vitro ssLAVR of the aorta. Moreover, the optimum scaffold, 
solder, and lasing parameters for ssLAVA have not been established yet. 

In summary, the preliminary results of ssLAVR are encouraging but challenges remain. 
This thesis explores the feasibility of using the ssLAVR modality to establish sutureless 
anastomosis in medium-sized vessels (Ø=3-6mm). This set of in vitro study describes 
how to produce sufficiently strong and durable sutureless anastomoses of medium-sized 
vessels by means of ssLAVA Parameters relevant for immediate water-tight sealant and 
mechanical strength of the anastomoses/repairs, namely breaking strength, leaking point 
pressures, and bursting pressures, will be used to determine welding strength. However, 
these parameters are nor relevant to describe the strength of suture anastomosis. Therefore 
the use of suture control is not rational and deliberately ignored in this study.

The thesis presents chapter by chapter critical steps to improve ssLAVA/R. Chapter 
2 presents the result of feasibility study of ssLAVR to seal longitudinal incision on carotid 
artery and explores parameters that influence welding strength. Chapter 3 describes the 
relation between vessel diameter and welding strength, investigates the extent of thermal 
damage, and determines the weakest interprotein bonding in ssLAVR (i.e., whether it is the 
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cross-linking of the albumin molecules or the crosslinking between albumin and collagens). 
In chapter 4 we investigated technical advances to further optimize the composition 
of the solder and the lasing parameters. Chapter 5 deals with the exploration of the 
most suitable scaffold, the addition of a protein cross-linking agent to the solder and the 
reduction of thermal damage. Using the optimum parameters Chapter 6 examines the 
feasibility of sutureless end-to-end ssLAVA of medium-sized vessels in an ex vivo model. 
Finally, chapter 7 summarizes all the technical advances in ssLAVA/R and discusses the 
potentially optimum parameters for future in vivo and clinical application of ssLAVA/R in 
cardio-thoracic and vascular surgery.
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