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Abstract

Laser welding of biological tissues require temperature control over the entire process, because the allowed
temperature margin is 2 °C around the tissue-specific coagulation temperature. The paper presents the results of the
research concerning laser tissue welding, using continuous wave laser diode. The infrared radiation associated with laser
welding process was detected by two thermal imaging cameras. First one, operating in SWIR range, measured the
scattered radiation of a laser diode. The second camera, operating in MWIR spectral band was used to measure the
temperature of a tissue. The rates of tissue temperature changes, surface and in-depth temperature distributions were
measured for different kinds of tissues and power outputs 20-75W of applied semiconductor laser.

1. Introduction

Laser welding of tissues [1,2,3] is one of the surgical applications of laser devices. The aim of this process is to
obtain firm bonding, which is achieved by heating the tissue to the temperature slightly above coagulation threshold for
the time needed to create irreversible changes of the treated structure. The required temperature level is said to be within
2 °C margins above the tissue coagulation temperature which in case of human tissues may vary from 65°C to 95°C,
depending on the kind of the tissue. The main problem is then to keep the temperature of the tissue area exposed to laser
radiation within acceptable margin to avoid destructive effects like vaporization, which makes the healing impossible. The
main problem is then to keep the temperature of the tissue area exposed to laser radiation within acceptable margin to
avoid destructive effects like vaporization, which makes the healing impossible. To achieve this, constant monitoring of
the laser interaction with a tissue is required and the trouble is that each kind of a tissue has different properties, which
are not usually determined [4, 5]. As a result it is not possible to subjectively assess the actual condition of the treated
tissue. Thus, a real time control and measurement procedures required monitoring the actual status of the treated tissue
and then to regulate the laser parameters in a feedback loop during the whole tissue welding process.

The required feedback signal can be obtained using basically two methods. First method relies on spatial
analysis of laser radiation scattered from the surface of a welded tissue [6, 7]. The source of laser radiation is usually
auxiliary He-Ne laser [14]. The diagnostic signal (scattered radiation) has in this case low power and additionally its spatial
distribution has to be determined. As a result the measurement setup is complicated and the synchronous detection is
required, which makes this method applicable to the laboratory measurements only. The second method is based on
analyzing the tissue heating by means of thermal cameras [8,9,10]. It requires much simpler measurement setup and due
to lowered costs of thermal cameras it is not as expensive as before. The measurement setup for the monitoring of laser
welding of a tissue is presented in Fig. 1 [4].
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Fig 1: Measurement stand for the measurement of tissue temperature by means of a thermal camera [4].

Usually the coagulation is obtained by illuminating the tissue with pulsed Nd:YAG laser. The auxiliary He-Ne
laser is used to point out the spot in which the invisible beam of a main laser (supplied by an optical fiber probe) hits the
tissue. The welding procedure can be divided into three stages [5]. In the first stage a single probing pulse is generated.ith
parameters (duration, power) matched to the properties of the illuminated tissue. After the pulse the thermal camera
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records the resulting temperature changes and the data are sent to the computer for analysis. In the next stage, after the
analysis, the parameters of a tissue coagulation are determined (maximal temperature, minimal temperature and time
span between consecutive pulses). In the final stage the computer programs the pulse sequence for the Nd:YAG laser. In
this sequence the duration of the first pulse is adjusted to achieve maximal coagulation temperature. The duration of each
next pulse is adjusted to keep the tissue temperature in the desired range where the coagulation occurs.

The tissue welding method described above has several disadvantages. First, three parameters of laser
illumination have to be determined: pulse duration, repetition rate and pulse power. Furthermore, the selection of beam
energy on the basis of surface temperature after the pilot pulse is inaccurate, and the internal tissue temperature is
usually higher [11, 12, 13] because the measurement does not take into account volumetric absorption properties of
a tissue. Because of all those disadvantages the laser diode operating in CW regime was used in the next experiments.

2. Tissue welding process

Thermal damage may occur in a laser welding when the tissue is heated by a laser beam above the coagulation
threshold. In the early stage of welding process the coagulated areas are glued together, but the mechanical strength of
such bonding is low. The main condition that should be met to obtain proper welding is to create narrow, homogenous
temperature distribution around the welding spot. In practice this condition is rarely fulfilled, because due to absorption
much less laser energy penetrates the deeper layers of a tissue and consequently those internal areas are less heated.
Furthermore, about 15% of energy is absorbed outside the geometrical boundaries of a laser beam due to scattering and
large portion of energy could also be reflected.

By analyzing the methods used to assess the tissue condition during laser welding it was attempted to correlate
the results given by optical and thermal imaging methods. There are two reasons to consider the thermal imaging method
— the thermal cameras are becoming more affordable and offer increased functionality. The temperature distributions were
measured for a chosen tissue at different power settings of a working laser. During the experiments the semiconductor
laser was used with a power output up to 90W, operating at a wavelength L = 980 nm. The laser was coupled with an
optic fiber which resulted in beam configuration similar to probes used for medical procedures. The laser diode (LD) was
composed of an array of emitters and as a result a uniform power density distribution was obtained in transversal plane in
spite of an overall low beam quality (M2 quality factor was around 100). The tissue area exposed to laser radiation was
inspected using thermal cameras.

3. Stand for tissue welding process

The block diagram of a laboratory measurement stand is shown in Fig. 2a. Semiconductor laser is coupled with
an optic fiber, whose other end is fixed by a grip. The grip can be precisely regulated to assure the proper positioning of
an optic fiber with respect to the lens. The laser beam is focused by the lens on the tissue sample, which is placed on a
XYZ table for a fine positioning in space.
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Fig 2: Laboratory stand for laser tissue welding: a) block diagram b) photo of an exposed tissue sample

The sample area illuminated by a laser beam was viewed by two IR cameras. First camera is a measurement-
class mid wave infrared (MWIR) camera, operating in a spectral range from 3 um to 5 ym. It has cooled InSb focal plane
array with a resolution of 640x512 pixels. This camera is totally insensitive to the used laser wavelength but due to its
working range and chemical composition of tissue sample (30-90% of water) it can measure the surface temperature
distribution. Second camera is a short wave infrared (SWIR) observation device, covering the spectral range from 0.7 pm
to 2.5 ym. It has an array MCT detector, 320x256 pixel resolutions, cooled by thermoelectric cooler. The SWIR camera
was used because it is sensitive to the wavelength of the applied laser, thus it should be possible to visualize the laser
radiation scattered from the tissue. High power output of the applied laser provided detectable and sometimes even too
big signal. Contrary to the detection of scattered radiation of He-Ne laser, in this case some no special measurement
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procedures are required [6, 10]. Furthermore the radiation in SWIR range is less attenuated then MWIR, so it might be
possible to record the signal from deeper tissue layers. The integration time and f-number of camera lens was adjusted to
detect just that signal. It turned out that the power of scattered laser radiation was too big and local detector saturation
was observed. To prevent this cut-off filter was applied with 1.1 pm limit. Another reason to use SWIR camera was many
of different types of array detectors working in this particular spectral range (like InGaAs) which translates into possible
optimization of final device and increase in measurement accuracy.

The test stand was also equipped with a microscope coupled with a CCD camera and digital still camera for the
visual imagery of treated tissue samples. Sample photo taken during measurement session is shown in Fig. 2b. The
scattered laser radiation was recorded even though the wavelength of the applied laser is beyond visible range.

Two series of measurements were conduced in order to determine the relation between exposure time and
resulting thermal effects inside the tissue volume, temperature distributions and magnitude of scattered radiation. In the
first series of measurements the focal point of a laser beam was located just beneath the surface of a tissue sample. It
was measured (by slicing the sample after the measurements) that the actual depth was: L = 0.5mm (+0.3mm). These
measurements were conducted to determine how deep the laser beam penetrated the tissue and also to determine the
surface temperature distribution and spatial distribution of scattered laser light. Both thermal cameras were used during
this measurement session. During the second measurement session the beam was focused deeper inside the tissue
sample and in this case the temperature distribution was less affected by additional factors like local thermal bridges,
which are likely to appear in thin layers. The laser operated in CW regime during both measurement sessions, thus the
synchronization between laser and cameras was not required. The CW working regime will also be applied in a planned
laser-based tissue welding device, resulting in simpler design and operation. The only user-selectable parameters will be
output power and relative location of welded area, which are intuitive and easy to comprehend for an operator. The tissue
was illuminated as long as tissue damage occurred (explosion in first series and carbonization in a second one).

Even though MWIR camera is insensitive to laser radiation, yet its image was disturbed by secondary heat
sources - elements of measurement stand heated up by laser radiation. Such thermal effects are usually slow, but it was
noticeable due to high output power of a laser, up to 90W. Because of that the frame rate was increased to 200 Hz and
windowed mode (320x256 pixels) was used. Reduced camera resolution has no negative impact on spatial resolution of
the recorded images, because even that smaller field of view was large enough to cover the entire sample area.

4. Investigation of the interactions of laser beam with bological tisues

During the first series of measurements the temperature rise rate was determined and the laser beam-tissue
interaction area was measured, including the size of damaged tissue as a function of power output of a laser. The
temperature rise curves for selected spots on a muscular tissue are shown in Fig. 3. Different initial temperatures resulted
from the process of sample preparation. It can be observed on the temperature plots shown in Fig. 3a.
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Fig 3: Temperature changes: a) rise versus time for different output power, b) rise rate as a function of output
power
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It can be also seen that the final temperature is more or less identical for all samples T = 53.0°C+1.0°C,
regardless of initial sample temperature and laser power. This temperature results from boundary conditions for the heat
transfer to the surface of a sample.

Another important parameter is the temperature rise rate as a function of laser output power. The converted
data, in which the initial temperatures were taken into account, are shown in Fig. 3b. The relevant numerical data for
parallel and transversal orientation of muscle fibers in tested sample with respect to the laser beam are given in Table 1.
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Table 1 Temperature rise rate as a function of laser output power

LD power [W] | Fibers perpendicular dT/dt [Ks™] Fibers parallel dT/dt [Ks™]
20 14,47 36,89
30 47,00 80,04
48 76,08 99,43
58 115,30 108,52
66 198,74 101,86
75 207,26 112,23

For both orientations of fibers in the tested sample the temperature rise rate is proportional to the output power,
up to the power setting of 70W. The linear approximation of the measured relation up to this power value is shown in Fig
3b. for higher power settings the relation becomes strongly non-linear, with saturation area. In other words the usable
range of available output power is up to 70W. After the illumination the size of coagulation area was determined. The
photo of a test sample is shown in Fig. 4a whereas the Fig.4.b presents the measured diameters of thermally altered area
and linear approximation of results.
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Fig 4: Coagulation diameter as a function of laser power, a) photo of the tissue sample, b) measurements and

approximation line

An inversely-proportional relation between the laser output power and the size of thermally altered area can be
observed. It is advantageous because the necrosis area is then smaller for larger power settings, but in such situation
other illumination parameters become critical, especially exposure time. The results of an experiment which ended with a
carbonization of surface layer are shown in Fig.5.

140 -

120 - A
100

|
o

= |
S 80 f
3 / [
3 60 “k
£ ; b

F a0
20 ; ; ‘ : : ‘
0 10 20 30 40 50 60

Time [s]

Fig 5: Temperature changes in overheated sample

The temperature has raised exponentially up to the temperatures around 85°C. After that the temperature rose
abruptly because the volumetric heating changes into surface heating. Both absorption and heat transfer conditions
changed due to carbonization of the surface layer, which is reflected in a curve slope change. At the temperature of about
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95°C the rapid water vaporization took place and the slope of the curve changes again. Above 100°C the tissue was
shattered by an explosion of boiling tissue fluids. This time instant is shown on a picture above the temperature plot
(Fig.5). Fast, explosive tissue damage was observed for the laser power above 60W. For such powers the image
acquisition rate was hen increased to 200 Hz.

Thermal effects observed in tissues strongly depend on the kind of a tissue itself. For many tissue types the optic
and thermal properties are anisotropic. It is a reason why the temperature distribution for muscular tissues were recorded
taking into account the propagation of an incident laser beam with respect to the direction of muscle fibers. For
comparison a quasi-isotropic tissue was tested, represented by a liver fragment. Two parameters were analyzed during
the processing of thermal image data [15] — the size of thermally altered area as a function of illumination time and the
temperature changes at the selected measurement points. The area size was calculated as a number of pixels with
temperatures above certain threshold. The size of thermally altered area for the muscle tissue with fibers parallel and
perpendicular to the laser beam are presented in Fig. 6.
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Fig 6: Number of pixels with the temperatures above given level in a muscle sample (X cross-section) for fibers a)
perpendicular and b) parallel to the laser beam

In case of perpendicular fibers (Fig 6a) the affected area is smaller than those observed for parallel fibers.
However, the hottest area size (pixel count) is quite comparable, because the laser-tissue interaction area is similar in
both cases. The penetration depth of laser beam is significantly different, though.

Similar measurements were performed for a liver sample. In this case there are no anisotropic properties so the
mutual orientation of a laser beam and a sample in not important. The size of heated areas in X cross section is shown in
Fig. 7.
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Fig 7: Number of pixels with the temperatures above given level in a liver sample (X cross-section

For a liver sample almost proportional relation between the size of the affected area and delivered laser energy.
Due to isotropic properties of the liver tissue, the additional measurement of scattered laser radiation (wavelength
A=970nm) was performed by a SWIR camera. The data recorded by both cameras for a chosen measurement point are
depicted in Fig. 8.
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Fig 8: IR signals measured in two spectral ranges in a chosen point

The data recorded by both cameras are in different formats. MWIR camera gives temperature measurements (in
degrees Celsius) whereas for SWIR camera the digital values at the output of A/D converter are recorded. In order to
compare those output data, both were normalized. The Y axis was limited to the range 0.2-1.0, which, in case of SWIR
camera narrows the plot only to the case when the scattered laser radiation is observed. Vertical lines in time instants of
2.0 and 15.8 seconds indicate moments of laser switching on and off, respectively. Both curves are similar up to the time
instant of 8.5 second, when the level of scattered laser radiation rises considerably. This may be caused by a coagulation-
related change of scattering coefficient. The same effect was demonstrated for a He-Ne laser, which was described in [6].
The exact nature of the aforementioned effect, however, is yet to be confirmed.

5. Conclusions

The presented results of research on the heating of biological tissues by means of a semiconductor laser
(wavelength 980 nm, power output 20-75W) lead to the conclusion that such source of laser radiation can be applied for
several medical procedures, like cutting of tissues (in a form of laser lancet) or coagulation of a tissues exposed to a laser
beam. The correlation between the measurements results of coagulated area obtained by thermal imagery in different
spectral bands was demonstrated. Rapid increase of the scattered laser radiation, recorded in a certain moment during
coagulation by SWIR camera (not reported in previous experiments) may be exploited in medical equipment. This effect,
shown in Fig.8 occurred when the tissue reached the coagulation temperature. This correlation, described in the paper,
between the magnitude of scattered radiation, surface temperature and the status of treated tissue allows for the
simplified design of a laser apparatus for tissue welding.
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