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ABSTRACT   

Visualisation of the thermo dynamics of surgical coagulation devices like laser, diathermy and RFA devices in tissue are 
essential to get better understanding about the principles of operation of these devices. Thermo cameras have the ability 
to measure absolute temperatures. However, the visualization of temperature fields using thermal imaging has always 
been limited to the surface of a medium. We have developed a new strategy to look below the surface of biological tissue 
by viewing through a ZincSelenide window positioned alongside a block of tissue. When exposed from above with an 
energy source, the temperature distribution below the surface can be observed through the window. To obtain a close-up 
view, the thermo camera is enhanced with special macro optics. The thermo dynamics during tissue interaction of 
various electro surgery modes was studied in biological tissues to obtain a better understanding of the working 
mechanism. Simultaneously with thermal imaging, normal close-up video footage was obtained to support the 
interpretation of the thermal imaging. For comparison, temperature gradients were imaged inside a transparent tissue 
model using color Schlieren imaging. The new subsurface thermal imaging method gives a better understanding of 
interaction of thermal energy of surgical devices and contributes to the safety and the optimal settings for various 
medical applications. However, the technique has some limitations that have to be considered. The three imaging 
modalities showed to be both compatible and complementary showing the pro- and cons- of each modality.  
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1. INTRODUCTION  
Surgical coagulation devices like electro surgery are being used daily in most operating theatres to create haemostasis 
during incisions and resections of blood rich tissues using desiccation and coagulation. However, knowledge of the 
distribution of thermal energy and temperatures in surrounding tissues is limited. A histological analysis afterwards is 
possible, though this does not give real time information about the haemostatic process, coagulation and irreversible 
thermal damage. For a safe treatment and a good clinical outcome, the damage to the surrounding tissues should be 
controlled and therefore is necessary to understand the mechanism of the thermal processes occurring during the 
treatment. We have developed imaging methods to get insight in the real-time dynamic temperature distribution in 
phantom tissues and biological tissues. The challenge is to obtain quantitative data from qualitative imaging in in vitro 
(biological) tissue as close to the clinical situation as possible with high temporal and spatial resolution. Over the years, 
we have been using different approaches like thermocouple measurements, thermo camera imaging [1,2] temperature 
gradient imaging by color Schlieren Imaging and combination of these methods. Thermocouples are limited by 
measuring the temperature of one point position. The thermo camera can produce an image of the temperature 
distribution of a large area, however, limited to the surface [3]. During the last years, we have been using an optical 
technique to visualize in real time temperature gradients in a tissue phantom to image the thermo dynamics underneath 
the tissue surface. This technique has shown to be useful to obtain a better understanding of the thermal processes of 
various clinical procedures [4].  
However, this technique was limited to model tissue and comparing relative temperatures changes. In this paper, we like 
to introduce our new strategy of sub surface imaging in biological tissue and illustrate the technique applied in a study on 
the characteristics of an electrosurgery device. 
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2. MATERIALS / METHODS 
 
2.1 Sub Surface Thermal Imaging (SSTI) 

A new method has been developed to visualize the thermo dynamics inside biological tissue during exposure to thermal 
energy with different devices using a thermo camera. A slab of tissue is sandwiched between two windows (figure 1). 
One window is made of ZincSelenide (ZnSe) which has a high transmission for IR over a broad range of the spectrum 
(figure 2). In contrast, ‘normal’ glass windows do not transmit IR wavelengths and thermo cameras cannot see through 
it. Using this new approach, the thermo camera can image thermal events inside the tissue looking through the window 
from the side as depicted in figure 1. When the thermal energy is delivered to the tissue surface e.g. by irradiation of a 
laser beam from above, the dynamics of the temperature distribution underneath the surface can be imaged from the side.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Schematic close up setup SSTI (left) and ZnSe tissue holder (right) 

 
Various materials are available with transmission up to the far infrared spectrum. However, most of those materials are 
soluble in water. ZnSe is one of the few materials which is insoluble in water and has a relative high and flat 
transmission throughout the IR spectrum (figure 2). The ZnSe window is practical to use and can tolerate handling and 
cleaning during experiments without damage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Transmission profile of Zinc Selenide 
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2.2 Thermo camera setting  

Thermal imaging was performed using a FLIR P620 thermo camera. Although the camera has a high resolution of 
640x480 pixel and zoom capability, a IR macro lens was used to obtain a close-up view of the tissue (figure 1) down to 
several millimeters. To be able to obtain absolute temperature information of the exposed tissue, correction factors need 
to be implemented for the optics and windows used in the setup, e.g. the ZnSe window has a transmission of 70 percent 
(figure 2) which influences the temperature reading during measurements. Therefore, the emissivity setting of the thermo 
camera has to be altered to correct for this transmission loss. The emissivity of an object is not only dependent on its 
reflectance but also on factors like, its surface finish, angle of measurement of the object, tissue/material type [5]. These 
variables are different for every application and set-up. Since it is difficult to calculate this factor, it was decided to 
determine the emissivity empirically. Some experiments were performed with calibrated thermocouples to verify the 
temperature readout on the thermo camera. By adjusting the camera emissivity during these experiments, the system was 
corrected for the ZnSe window, the macro optics, the tissue type and its environmental conditions to obtain absolute 
temperatures. 
 
2.3 Temperature gradient imaging with Color Schlieren setup 

An alternative thermal imaging technique is based on optical method to visualize small changes in the refractive index in 
a transparent medium induced by temperature gradients. This method enables visualization of real time dynamic 
temperature changes in tissue with high temporal resolution (with frame rate from 25 up to 1000 frames per second in the 
milliseconds region). This technique has been described in detail in earlier publications [4,6]. 
In summary, a parallel beam of light rays passing through a transparent tissue phantom (gel) will be deflected when a 
thermal gradient is present (see figure 3). The non-deflected and deflected rays are focused onto a ‘rainbow’ filter by an 
imaging lens. This filter color-codes the degree of deflection of the rays which is related to the temperature gradient. In 
the CCD camera, a color image is formed showing the dynamics of the temperature gradients in the tissue phantom with 
‘rainbow’ colors divided by dark ‘isotherm’ lines as illustrated in figure 4. Using a high intensity light source, the frame 
rate can go up to 1000 frames per second using a high speed camera. This imaging technique is especially used for 
qualitative studies and relative comparison of e.g. energy setting. It is not possible to obtain quantitative data by relating 
the colours in the image to temperatures [7]. By positioning thermocouples in the gel, some quantitative data can be 
obtained. The phantom tissue is made of a transparent polyacrylamide gel which is commonly used in DNA research. It 
consists of 80-90 % water or saline and will vaporizes at 100 degree C. As to thermal and electrical properties it has a 
good resemblance to tissue. As to its mechanical properties, it is more fragile compared to biological tissue.  
.  
 

 

 

 

 

 

 

 

 

Figure 3. Schematic of Color Schlieren setup  Figure 4. Example of the temperature 
gradient along the side of a laser 
ablation crater in a tissue phantom 
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2.4 Study for comparison of energy modes of an electrosurgery device 

The imaging techniques were used to study three energy modes of an electrosurgery device (Force Triad, Valleylab, 
Boulder, Co, USA). At a setting of 30 W, which is common to be used during clinical procedures, the standard 
coagulation and cutting mode were compared with the ‘Valleylab’ mode which was recently introduced as a new energy 
mode with presumed characteristics between coagulation and cutting mode [8].  
A diathermy blade was positioned at an angle of 60º on the tissue surface and pushed 2 mm into the tissue using a 
micromanipulator to obtain controlled tissue contact (figure 5). During energy exposure, the tissue was moved at a 
constant speed of 2 mm/s underneath the pencil to simulate the situation during surgery using a linear actuator.  
The imaging techniques described before were used to visualize the thermal effects during exposure of phantom and 
biological tissue with the three energy modes of the electrosurgery device. Bovine steak was used as biological tissue. 
 

 
 
 
 
 
Figure 5. Setup of thermo camera and normal camera 
imaging, in close-up, the thermal effects during the 
exposure of bovine tissue with a diathermia blade. 
 
 
 
 
 
 

 

3. RESULTS 
3.1 Verification experiments 

To adjust the emissivity factor for the setup, verification experiments were performed. A thermocouple probe is inserted 
into the tissue from the side underneath the position where the tissue is exposed with a laser fiber (fig 6, right). In the 
thermal camera image, a region of interest (red circle fig 6. left) is defined at the location of the thermocouple. Figure 7 
show results of temperature readings of both thermocouple and thermo camera after correction of the emissivity. The 
measured thermocouple temperatures correspond to the temperatures measured by the thermo camera within 1 ºC. 
 

 

 

 

 

 

 

 

 

 

Figure 6. Temperature verification measurements in tissue. Left: thermal camera image with region of interest.  
Right: normal image of tissue with thermocouple 
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Figure 7. Temperature graphs of verification experiments after emissivity correction. Left: graph of thermo camera 
temperature in region of interest. Right: reading of thermocouple. X axis = time scale [sec], Y axis = temperature [°C] 
 
3.2 Sub Surface Thermal Imaging (SSTI) during electrosurgery 

In figure 8, still frames from SSTI video sequences are presented during tissue (steak) exposure with various electro 
surgery modes. To assist the interpretation of the thermal images, standard video images were recorded simultaneously 
and are superimposed on the thermal image shown at the upper right position. The still frames are comparable moments 
in time during tissue exposure. The dynamics of thermal effects can better be appreciated and interpreted in the actual 
video sequences. In this setting, the thermal effects induced underneath the surface are clearly visible as well as the 
heating of the blade itself. It is difficult to obtain a quantitative interpretation between the three different modes. The 
normal images are very helpful and show that the conditions around the blade are not similar between the different 
modes. E.g. for the images in figure 8: (left) Cut mode; there is still a thin layer of tissue between the blade and the 
window, (middle) Valleylab mode; the blade is at the window interface several millimeters in the tissue, (right) 
Coagulation mode; the blade is just touching the tissue surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. From left to right, still frames from SSTI video sequences of diathermia blade during tissue exposure using 
resp. Cut, Valleylab & Coagulation mode. The insets show the normal image of the tissue and position of the blade. 
 
3.3 Temperature gradient imaging of electrosurgery 

The temperature gradients are visualized in a homogeneous transparent tissue model. The high contrast colors in the 
images give a good representation of the temperature gradient and the dynamics during heating and cool down after the 
exposure has stopped. The temperature gradients of the three electrosurgery modes are shown in figure 9. The still 
frames of the video sequence represent, from left to right, Cut, Valleylab and Coagulation mode. There is a millimeter 
scale superposed in the right half of the image to estimate the thermal penetration depth. The conditions using the 
homogeneous phantom tissue allow a better comparison between the modes. The area of the thermal gradient seems to 
be the largest for the coagulation mode compared to Cut and Valleylab mode.  
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Figure 9: left to right Temperature gradient images of resp Cut, Valleylab & Coagulation mode. In the right half of the 
image, the lines represent a millimeter scale. 

4. DISCUSSION 
In this paper, we present a new method of imaging absolute temperatures underneath the surface of tissue. Although this 
method of visualization is obvious and has been done before for normal imaging, to our knowledge, it has not been 
presented with a thermal camera and an IR transparent window. 

4.1 Limitations of SSTI 

The sub surface thermal imaging (SSTI) is intended to simulate the conditions in vivo as good as possible compared to 
other thermal imaging technique. However, it has still limitations: 

1. There is no perfusion in the biological tissue during the simulation experiments. Assuming that the tissue coagulates in 
a short time during exposure with an energy source, this might still be a represent able simulation.   

2. In this simulation, one half of the tissue boundary is replaced with IR transparent window. The IR window is used as 
support for the tissue and to create a nice flat surface smoothing irregularities and minimizing reflections by index 
matching. For rigid tissues, it might be possible to image the tissue from the side without the window, so with an air 
boundary. How do these conditions influence the thermo dynamics during tissue exposure? In first instance, we did not 
expect a large influence from the window until we performed some experiments to test the effect. The left part of figure 
10 shows a schematic side view with an air gap between the window and the tissue. The tissue was imaged through the 
window with the air gap (figure 10, left) and with the window in contact with the tissue (figure 10, right). The difference 
proved to be large. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Left: schematic of SSTI tissue holder with air gap between window and tissue and thermal image with air 
gap.  Right: thermal image with tissue in contact with ZnSe window and schematic of SSTI tissue holder. 
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However, considering the thermal conductivity k  [ W/(m K) ], this effect could have been expected. The air boundary 
has a very low conductivity (0.024  W/(m K)) compared to tissue itself (0.5 W/(m K)) and acts as an insulator so the heat 
stays in the tissue slab. In contrast, ZnSe has a very high conductivity (18 W/(m K)) and acts as a heat sick cooling the 
tissue at a high rate. So both conditions are extremes compared to the condition within tissue. To improve our SSIT, the 
thickness of ZnSe window, which was 4 mm, could be decreased and so the cooling effect. In future experiments, an 
indication for the temperature differences compared to full tissue situation could be obtained using thermocouples.  

3. To obtain absolute temperatures, a ‘calibration’ of the setup is needed to correct for the emissivity and absorption in 
the setup for the IR window and extra IR lens. This can be done as described for the verification experiment (see figure 6 
and 7) 

4. The positioning of energy source, like a diathermia blade, in the tissue next to the IR window is critical and should be 
reproducible for comparison between experimental runs. The primary heat source should be at the same distance from 
the window or as close as possible to appreciate the full temperature distribution. This variation of blade position made it 
not possible to compare the images in figure 8 for the different electrosurgery modes. In addition, inhomogeneity in 
biological tissues will also introduce variations in the results. 

Despite the limitations mentioned, the SSTI method is useful to study thermal dynamic processes and to obtain more 
quantitative temperature information compared to other thermal imaging techniques 

4.2 SSTI versus Color Schlieren Imaging 

As shown in this study, the color Schlieren techniques is used to visualize temperature gradients in a transparent tissue 
model. The advantages and limitations have been discussed in depth in other publications [4,7]. In view of the limitation 
of SSTI as discussed above, the color Schlieren techniques is complementary to SSTI by using a homogeneous tissue 
which helps to obtain a higher reproducibility of the results when comparing various parameters. Although the images in 
figure 9 are qualitative, it is possible to compare the electrosurgery modes and see the difference in thermal gradients. It 
is even possible to measure the extent of the heated areas without knowing the absolute temperatures. More quantitative 
measurements have been obtained by putting thermocouples into the gel and associate the temperature readings to the 
Schlieren colors [4]. 

4.3 Interpretation of SSTI supported by normal imaging 

It is almost not possible to interpret the thermal images without the normal video images synchronized next to it. Since 
we are not used to see in the IR, we need a reference for the effects we see and order to explain what we see: e.g. the 
moment the blade is running through fatty tissue, the change in thermal effect can not be attributed to this without the 
normal image aside. The consequences of the position of the blade relative to the window can only be interpreted seeing 
the normal image.  

5. CONCLUSIONS 
The newly introduced subsurface thermal imaging is promising to study the thermo dynamics in biological tissues during 
heat exposure and to obtain absolute temperature distributions below a tissue surface. The technique has some limitations 
that have to be considered. Color Schlieren imaging and normal imaging are both compatible and complementary 
showing the pro- and cons- of each modality. The new subsurface thermal imaging method gives a better understanding 
of interaction of thermal energy of surgical devices and will contribute to the safety and the optimal settings for various 
medical applications. 
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