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ABSTRACT 
In this study, the efficacy and optimal settings of the CO2, Diode and cw Thulium laser systems were compared for 
various clinical applications in ENT, Lung and Neurosurgery. The experiments were performed using a specially 
developed setup, based on color Schlieren techniques, which enable real-time imaging of dynamic temperature 
gradients complimented with thermocouple measurements in a transparent tissue model in air and water. 
The CO2 and cw Thulium laser are both efficient in superficial tissue ablation with minimal coagulation depth. The cw 
Thulium laser, however, is fiber delivered and can also be used in a water. The Diode laser has a relatively deep 
coagulation effect. The ablation efficacy was enhanced by coating the fiber tip with carbon particles. Our thermal 
imaging technique was useful to develop new strategies making use of the advantages and overcoming the drawbacks of 
laser systems. The CO2, Diode and cw Thulium laser can be applied for similar clinical procedures using the optimal 
strategy and settings for each laser type. The cw 2 µm Thulium laser shows to be a versatile laser system for a broad 
range of applications both in air and water. 
 
Keywords: CO2 laser, Diode laser, Thulium laser, 2 µm cw laser, 2 micron cw laser, laser-tissue interaction, thermal 

imaging, temperature measurements 

1. INTRODUCTION 
For many year, laser surgery was typically performed using either continuous wave CO2 lasers or Nd:YAG lasers. More 
recently, new medical laser systems have been introduced as an alternative, replacement or enhancement. E.g. Diode 
lasers are efficient, and compact systems which can replace the Nd:YAG laser having similar tissue effects or better 
selectivity in a range of wavelengths in the red and near-infrared. The newer generation CO2 lasers have high peak 
powers and very short pulses down to the microsecond region for precise and efficient tissue ablation and cutting. 
Various lasers have become available for similar surgical applications. The preference for a particular laser system 
depends on the experience of the surgeon, the availability of laser systems in his hospital and, in our situation, the 
combination of clinical experience and new insights from experience in laboratory settings. 
Besides the laser systems, strategies for the method of laser surgery and the adaptation of delivery systems also 
contributed to the advances in laser surgery. Besides the original bare or ‘naked’ fiber, nowadays, a broad range of 
fibers delivery systems is available e.g. tapered fiber, ball shaped fiber, side-firing fibers etc. 
Over the years, our group has been investigating new lasers systems and fiber delivery systems for various medical 
application using unique imaging techniques studying/comparing e.g.: power, energy, pulse time, delivery systems, 
fibers, contact tips, focusing optics on articulated arms, relation to environment (air, water, blood, tissue) and tissue 
effect (coagulation, vaporization, cutting) 1,2,3,4 . 
Recently, a new continuous wave (cw) 2 µm laser based on Thulium technology was introduced by LISA laser 
products, Germany. It is being used for various treatments in ENT, Urology, Lung and Neurosurgery as a potential 
replacement or as addition to the CO2 and the Diode laser. The 2 µm wavelength is expected to provide a superficial 
tissue ablation due its strong absorption in water.  
The aim of this study was the simulation of various clinical applications in a thermal imaging model combined with 
absolute temperature measurements to find safe and optimal settings and acquiring footage for education for clinical 
applications with the Diode laser, CO2 laser and cw Thulium laser 
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2. LASER SYSTEMS 

Following the characteristics of the laser systems used for this study are described. 

2.1 CO2 laser with articulated arm 
This laser system at 10.6 µm from Coherent Medical (nowadays Lumenis, Santa Clara, Ca, USA) has a cw mode up to 
80 W and ultrapulsed mode with pulses of 5 – 500 mJ, pulse length 10 – 1000 µs, pulse rate 1  – 1000 Hz (figure below 
left side). The system is very versatile especially with the accessories like focusing hand pieces, micromanipulators for 
microscopes, waveguides and scanners. The laser is being used in a broad range of applications mostly in ENT, 
Dermatology and Aesthetic / Plastic surgery.  

2.2 Diode laser with fiber tips 
Diode lasers are compact laser systems based on solid state technologies (figure above, right side). They are available in 
a range of wavelengths in the red and near infra red. In this study, an 810 nm, 60 W continuous wave laser was used 
from Diomed, Cambridge, UK. The power can be exposed in a chopped mode down to 0.1 s with intervals down to 0.1 
s. The system is being used for various applications in Dermatology, ENT, Urology and Neurosurgery in combination 
with various fiber tips and hand pieces. In this study one particular fiber tip was investigated that has been developed by 
our group ‘the black fiber tip’. 
 
 
The ‘black fiber tip’ 
The black tip consist of a ball shaped fiber of near 1 mm 
diameter melted on top of a 400 µm fiber (picture on right, 
left panel) with a carbon coating which effectively absorbs 
over 90 % of the laser energy (picture on right, right panel). 
Consequently, the carbon layer heats up instantly to 
temperature of several hundreds of degrees with only a few 
Watt of power input. In contact with tissue, ablations 
temperatures are reach within 0.5 seconds. This fiber tip 
was specially developed for a neurosurgical procedure 
described further down 5. 
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2.3 The continuous wave 2 µm Thulium laser 
The 2.0 µm wavelength in continuous mode is only 
recently available for medical applications. The tissue 
effect is essentially different compared to the pulsed 2.1 
µm Holmium laser which is being used for many years 
and appreciated for its explosive vapor bubbles.  
The cw 2.0 µm laser, Revolix Junior, is a compact 
system produced by LISA laser products, Katlenburg in 
Germany based on Thulium technology. It has an output 
of 1-15 W in cw or chopped mode. A bigger system is 
available going up to 70 W. The systems are used for 
various applications in mostly in ENT, Urology and 
Neurosurgery. 
A broad selection of fibers with diameters from 200-
1000 µm, shaped fiber tips and hand pieces are 
available.  
 
 

3. METHODS 

The interaction of the various laser systems with tissue simulating particular clinical applications was studied using 
special imaging techniques which have been developed by our group and applied for many studies) 1,2,3,4. The setup 
enables the visualization of temperature gradients in a transparent tissue model using color Schlieren Techniques 6,7 
and/or mechanical effects using high speed video imaging. An overview paper with a detailed description of the setup 
and its applications will be published this year 8. The figure below shows a scheme of the setup.  
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The experiments were performed in a transparent tissue model made of polyacrylamide gel with laser specific absorbers 
to mimic the characteristics of biological tissue. The laser energy is delivered through fibers in air and water or the laser 
beam is focused on surface in an air environment.  
 

 
 
The following images illustrate the unique contrast enhancement that can be achieved using the color Schlieren 
technique. The left image below shows an ablation crater during exposure of the gel with a focused CO2 beam. The 
Schlieren filtering technique produces the right image in real-time, showing the temperature gradient alongside the 
walls of the ablation crater in a rainbow color scheme.  
 

 
 
Recently, the imaging technique has been enhanced 
by introducing simultaneous temperature 
measurements using an array of up to 6 miniature 
thermocouples with a diameter of 200 µm. An 
example of the resulting real-time image is shown 
on the right. The black shadow lines are the 
thermocouples embedded in the gel. The positions of 
the thermocouples in the image are marked by 
numbered color dots. The related temperatures 
readings are shown in real-time at the bottom of the 
image. The frames of a video sequence are labeled 
with a time code in the upper right corner and the 
dimensions are depicted by a ruler on the left side. 
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4. RESULTS 

4.1 ENT : Zenker’s diverticulum in the esophagus 
A weak spot in the wall of the esophagus can result in a 
pouch were food remains stay behind. This defect is 
called Zenker’s diverticulum. By making a deep cut 
through the rim of the pouch, the cavity is opened 
towards the normal channel of the esophagus. The cutting 
is performed using a CO2 laser to have a controlled 
cutting effect with a coagulation zone to prevent bleeding 
as show in the picture to the left. If the cut goes too deep, 
the wall of the esophagus is perforated creating nasty 
infections in the thorax which is a major complication. 
The optimal settings for efficient cutting and coagulation 
were studied comparing the CO2 and the cw Thulium 
laser.  
 
 
CO2 laser 
The image on the left shows the distributions of the  
temperature gradient along the crater wall in the tissue 
model during intermittent exposures of 10 W, 5 s, cw CO2 
beam focused with a 1.5 mm spot on the surface. The 
‘black shadows lines’ of the thermocouples can be 
appreciated tagged by numbers. The related temperature 
readings are displayed at the bottom.  
The temperature graph below shows the temperature 
history during the whole procedure. Thermocouple 4 at 
the surface is directly exposed to the laser beam and 
instantly heated to hundreds of degrees, which is an 
artifact. Depending on the distance to the crater wall the 
tissue is heated tens of degrees giving a good indication 
for the extent of the coagulation zone that can be expected 
in biological tissue. The time code in the image matches 
with the time axis in the graph at 28 seconds. 
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cw Thulium laser 
The image on the left shows the distributions of the 
temperature gradient along the crater wall in the tissue 
model during continuous exposure of 10 W, with the cw 2 
µm laser. The beam is coming from a 400 µm fiber  
several millimeters above the surface resulting in a 1.0 
mm spot. The ‘black shadows lines’ of the thermocouples 
are nicely positioned in line along the crater channel and 
are tagged by numbers. The corresponding temperature 
readings are displayed at the bottom. The thermal field 
displayed is created within 5 seconds of exposure 
showing a steep gradient along the crater wall. 
 
 
 
 
 

 
The temperature graph below shows the temperature history during the whole procedure. The ‘noise’ on the readings is 
an interference artifact during the experiment. The symmetrical temperature increase can be appreciated due to 
alignment of the thermocouples. It is a good illustration how the colors in the image could be related to absolute 
temperatures. The thermal zone seems smaller compared to the CO2 laser. However, keep in mind that the conditions 
are slightly different as to spot size and interval settings. The time code in the image coincides with the time axis in the 
graph at 13 seconds.  
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4.2 Lung surgery: trachea desobstruction 
Due to growth of tissue from the wall, the trachea can get 
obstructed creating a life threatening situation. The 
obstruction can be a blood rich tumor or fibrous scar tissue 
due to an injury or the presence of a foreign body like a stent 
(the picture on the left shows ablation of tissue inside a stent). 
Typically, high power Nd:YAG lasers have been used to 
ablate the obstructing tissue and create sufficient hemostasis. 
A major bleeding could be a vital complication during 
surgery. In our center, we built up experience using relatively 
low powers (max 15 W) with contact fibers to desobstruct the 
trachea. Either a bare fiber tip is used which becomes ‘dirty’ 
during tissue contact due to burned and carbonized tissue or 
the ‘black tip’ is used as described before. Recently, the lung 
surgeon started using the new cw 2 µm laser for these 
procedures with good results. The optimal settings for the 
Thulium laser were studied in comparison with the diode 
laser in combination with contact fiber tips. 
 
Diode laser with contact tip 
The image on the left shows the temperature gradient created 
after 5 seconds during the second exposure of a ‘black tip’ by 
5 W from the diode laser. The fiber tip has penetrated a tissue 
lump sticking out from the left half of the image to the right. 
The thermocouples are positioned at increasing distances 
from the heat source.  
The temperature history displayed in the temperature graph 
below showing how the heat is conducted to the environment 
after the first exposure of 8 s. The temperature at larger 
distances still increases while the laser exposure was 
interrupted. During the second exposure, an additional 
thermal wave reaches the outer thermocouples. Since the 
temperature gradient is very shallow at a distance, there is 
hardly any color change visible near the positions 1 and 5. 
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cw Thulium laser 
The ‘thermal’ image on the left shows the temperature 
gradient after 5 seconds of exposure along the wall of the 
ablation channel which was efficiently created in a tissue 
lump sticking out from the left half of the image to the 
right. Compared to the diode laser simulation, the 
gradient is steeper and the tissue ablation more effective. 
 
The temperature history displayed in the temperature 
graph below, shows how the ablation front approaches 
thermocouple 4 (TC4). When the tissue around the 
thermocouple is ablated, the temperature instantly rises to 
hundreds of degree due to the direct heating of the TC 
which is considered an artifact. It takes several seconds 
before TC2 and TC5 at 2 mm distance detect the 
conduction heat passing by.  
 

 

4.3 Neuro surgery: 3rd ventriculostomy 
When the natural fluid balance in the brain is disturbed, it can result in an 
accumulation of liquid in the ventricles (see image on left). This is called 
hydrocephalus also known as ‘water head’ in case of babies with 
enlarged skulls. Due to an increased pressure, this situation can become 
life threatening within days. As an emergency solution, temporarily, a 
small tube is positioned through a small hole in the skull for drainage. For 
the long term, this solution is not always ideal since the tube can easily 
become infected of obstructed. An alternative drainage can be created by 
making an opening in the floor of the third ventricle which is a risky 
procedure. Our group developed a safe method to make this opening 
using the ‘black tip’ with the diode laser. The left image below, shows 
the ball tip in front of the membrane. The right image shows the resulting 
hole in the membrane. We have performed over 300 procedures with 
>99% technical success rate and minimal complications 9. After 
feasibility studies in the laboratory as illustrated below, we recently 
switched from the ‘black tip’ diode laser method to the Thulium laser.  
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For simulation of the technique in the color Schlieren setup, a slab of 1 mm gel was position in water. The fiber tip was 
position in contact with the tissue and laser was activated with 1 sec pulses at 3 to 5 Watt. The left image below shows 
the temperature gradient in the thin tissue slab around the ‘black tip’. Some tissue is vaporized and the membrane is 
heated resulting in coagulation and hemostasis of small veins present in the membrane (see red lines in right picture 
above). The right image below shows the effect of the cw Thulium laser. Instantly, a small channel is vaporized through 
the membrane with a small thermal zone around. Although, the perforation of the membrane is more efficient than the 
‘black tip’, it might be that the thermal zone is less effective for coagulation of small vessels. Further experiments have 
shown that when necessary, coagulation alone can be achieved by keeping the tip just 0.5 to 1 mm above tissue surface 
and exposing it cw for several seconds. 
Due to the small dimensions of the tissue model involved, it was not practical to insert thermocouples in the tissue 
membrane thus no temperature measurements were obtained.  
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5. DISCUSSION 

5.1 Dynamic thermal imaging 
The color Schlieren imaging technique has shown to be a powerful tool for research and education. Although it has its 
limitations, as to the need for a transparent tissue model which only partly simulates real tissue and the visualization of 
temperature gradients instead of absolute temperatures. The biggest advantage of the technique is the visualization of 
the dynamics of thermal fields in real time which is easy to comprehend for both laymen and specialists in the medical 
laser field. During presentations at conferences or educational courses, the information in the video clips are well 
received. However, it is a challenge to extract this information and put it into a ‘static‘ paper. 
 

5.2 Combining imaging with temperature measurements 
The limitations mentioned can be partly overcome by including temperature measurements in the images. The 
implementation of thermocouples in the field of view has shown to be an appreciated and major improvement of our 
research technique. The presence of the temperature readings in the image provide an indication of the temperatures 
represented by the colors in the image and furthermore compensate for the pitfall that the color grades represent 
temperature gradients. The position of the thermocouples (TC) in the tissue model is an additional critical factor. In the 
image, the shadow of the TC might appear to be within the temperature field. When positioned incorrectly, the TC 
might be in the line of view, however, in front or behind the temperature field. 
The registration of the temperature history provides a compensation for the inability to show dynamic images in this 
paper. The temperature graphs in combination with the ‘thermal image’ give an impression of the development of 
temperatures at the position of the thermocouples in the image over time. 
 

5.3 Comparison of various laser systems for particular clinical applications  
For most clinical applications the balance between tissue ablation/vaporization and depth of coagulation is critical. To 
overcome the drawbacks and use the advantages of the different laser types, new strategies were developed and tested 
using our thermal imaging technique. 
The results show that the CO2 laser is efficient in tissue ablation in air with relative small coagulation depth, especially 
when the beam is in focus and the energy delivered in high intense pulses. Too deep cutting may result in unwanted 
bleedings like during the cutting of the wall of the esophagus. The balance between vaporization and coagulation can be 
regulated with the exposure time and diameter of the beam/spot. 
The cw Thulium laser shows to have comparable tissue effects as CO2 laser. However, it is fiber delivered so can also 
be used in a water environment. During an endoscopic procedure, a membrane in the brain is efficiently perforated, 
however, if a bleeding occurs, it might be difficult to manage due to the superficial coagulation effect. The laser settings 
and the way to approach the target can be adapted to promote coagulation in the depth to stop bleedings. 
In contrast, an 810 nm diode laser has a relatively deep coagulation effect but is less effective in ablation/vaporization. 
The vaporization efficiency of the diode laser was enhanced by coating the fiber tip with carbon particles as described 
above with the ‘black tip’. 
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5.4 Summary findings 
In the following table a summary is presented on the characteristic of the lasers discussed in this paper with regard to 
tissue interaction and clinical application based on our experiments and clinical experience. 
 

 cw Thulium CO2 Diode Diode 
black tip 

water compatible + -- + + 

effective cutting ++ ++ -- + 

effective coagulation  ~/+ ~/+ ++ + 

speed of procedure + + + ~ 

general purpose ++ ~/+ + ~ 
 

6. CONCLUSIONS 

CO2, Diode and cw Thulium laser systems can be applied for similar clinical procedures using the optimal strategy and 
settings for each laser type. There will be a preference for a particular laser type when it is available and the CO2 laser is 
less useful in a liquid environment.. 
The cw Thulium laser shows to be a versatile laser. For specific clinical applications, it can be a substitute for either the 
CO2 or Diode laser. It enables controlled superficial tissue ablation both in air and water. However, deeper coagulation 
in a water environment is not easy and needs a different approach. 
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