LASER BRAIN SURGERY WITH NEAR INFRARED LASERS:
INVESTIGATION OF THE OPTIMAL PARAMETERS BY
REAL-TIME TEMPERATURE MONITORING

Burcu Tun¢ Camhibel

B.S, in Physics, Bogazici University, 2006
M.S, in Biomedical Engineering, Bogazi¢i University, 2009

Submitted to the Institute of Biomedical Engineering
in partial fulfillment of the requirements
for the degree of
Doctor
of
Philosophy

Bogazigi University

2016



To my beloved ones; my little brother, my grandmother and my mother-in-law. I am sure

that they would have been very happy to see my graduation. They will be missed forever.



v

ACKNOWLEDGMENTS

I would like to offer my sincerest gratitude to my thesis advisor, Prof. Dr. Murat
Giilsoy for his continuous support and guidance. It was great to work with you, you
always inspired me in every aspect of my life. I am grateful to Prof. Dr. Ata Akin for his
valuable insights, contributions and suggestions as a member of my thesis committee. I
would like to thank Assoc. Prof. Dr. Burak Giiglii as well as his encouragement and his
existence in my thesis committee. I would like to thank Prof. Dr. Inci Cilesiz, I feel very
lucky to meet such a woman in academy, who will inspire me in my whole academic life.
And finally Assoc. Prof. Dr. Mehmet Burcin Unlii, your encouragement since we met,
never ended, never fall away, thank you. I would also like to thank Assist. Prof. Dr. Esin

Oztiirk Isik for her valuable comments.

I need to open another parenthesis for my friends, but first I have to start with my
university. I am very proud of being a part of such a great institution. This university
gave me the chance to meet lots of inspiring people and to work with very enthusiastic
team. I would like to thank my friends, without them this overwhelming PhD period
cannot be such a joyful experience. We had great times, I am sure that I am going to
miss those years. I want to start with my friends from Medical Lasers Laboratory; Ercan,
Hakan, Heba, Melike, Meral, Mustafa Kemal and Ozgiir, thank you for being part of this
period, your friendship and partnership was very valuable for me. I was really lucky that
I had a chance to work such an amazing group. And my dear friends from Biomedical
Engineering Institute; Ahu, Engin, Esin, Fatma, Murat and Neslihan, I am very thankful
to every single one of you. And Finally Bora, Cemile, Didar, Gamze and Nermin; your

friendship is priceless, you were always with me in every struggle of my life.

Ayfer, Ugur, and Onur, my lovely family. I cannot imagine a life without your
support. And finally my love, my family, Kazim, thank you for your endless support, and

love.



ACADEMIC ETHICS AND INTEGRITY STATEMENT

[, Burcu Tung Camlibel, hereby certify that I am aware of the Academic Ethics and
Integrity Policy issued by the Council of Higher Education (YOK) and I fully acknowledge

all the consequences due to its violation by plagiarism or any other way.

Name : Signature:

Date:




vi

ABSTRACT

LASER BRAIN SURGERY WITH NEAR INFRARED LASERS:
INVESTIGATION OF THE OPTIMAL PARAMETERS BY
REAL-TIME TEMPERATURE MONITORING

The thermal damage of the surrounding tissue can be an unwanted result of
continuous-wave laser irradiation. In order to propose an effective way alternative to
conventional surgical techniques, photothermal damage must be taken under control by
a detailed dose study. Real-time temperature monitoring can be also an effective way to
get rid of these side effects. The aim of this study was to overcome the side effects of
photothermal interactions with a better establishment of experiments for investigating the
photothermal effects of lasers and to specify optimal laser parameters in order to propose
lasers in clinical use. In the present study, ablation/vaporization capability of three
different infrared lasers operating at 980-nm, 1070-nm and 1940-nm were investigated
through comparative experiments. All studies were performed ez vivo followed by in vivo
with real-time temperature monitoring and male Wistar rats were used as an animal
model. Animals were sacrificed immediately after the stereotaxic surgery for histological
examinations. Sections were stained with Cresyl Fast Violet in order to measure the

thermally altered areas.

The relation between laser parameters, temperature changes and ablation efficiency
were determined. The correlations between rate of temperature change and ablation
efficiency were calculated. In conclusion, this comparative study showed that the change
in temperature in the tissue during laser irradiation, even though the laser source is
different in terms of wavelength, can be a good indicator for the characteristics of lesion

created by the laser.

Keywords: Laser, Brain Surgery, Temperature Monitoring, Thermal Effects, Ablation,

Coagulation, Ablation Efficiency, Reversible and Irreversible Damage.
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OZET

YAKIN KIZILALTI LASERLERLE BEYIN CERRAHISI:
GERCEK ZAMANLI SICAKLIK MONITORIZASYONU ILE
OPTIMAL PARAMETRELERIN BELIRLENMESI

Strekli-dalga laser uygulamalari ¢cevre dokularda istenmeyen 1s1l hasara neden ola-
bilmektedir. Laser uygulamalarinin konvansiyonel cerrahi tekniklere alternatif olabilmesi
i¢in bu 1s1l hasarlarin detayli bir doz ¢aligmasi ile kontrol altina alinabilmesi gerekir. Isil
hasarlar1 diigiik bir seviyeye indirgemede gergek zamanl sicaklik monitorizasyonu da etkin
bir yol olabilir. Bu ¢aligmanin amaci, fototermal etkilesimin istenmeyen etkilerinin daha
iyi bir deney diizenegiyle iistesinden gelmek ve laserlerin klinik uygulamlarda kullanila-
bilmesi i¢in optimal laser parametrelerini belirlemektir. Caligsmada, 980-nm, 1070-nm ve
1940-nm olmak fizere, ii¢ farkl kizilalt1 laser kargilagtirmali deneylerle incelenmistir. ez
vivo ¢aligmalarin ardindan in vivo ¢aligmalar yapilmigtir. Biitiin deneylerde dokudaki
sicakligin gergek zamanl olarak Ol¢limii yapilmigtir. Deneylerde hayvan modeli olarak
erkek Wistar sicanlar1 kullanilmigtir. Stereotaktik cerrahileri takiben hayvanlar sakrifiye
edilmis ve histolojik incelemeler i¢in hazirlanmigtir. Hayvanlardan alinan dokular Cresyl

Fast Violet ile boyanarak 1s1] degisim gosteren bolgeler dlgiilmiigtiir.

Uygulanan laser parametreleri ile ablasyon verimlilikleri ve sicaklik degisimleri
arasindaki iligki incelenmigtir. Sicaklik degigim hizi ile ablasyon verimlilikleri arasindaki
korelasyonlar hesaplanmigtir. Sonug olarak bu c¢aligma sicaklik monitorizasyonunun dal-
gaboyundan bagimsiz olarak olusan lezyonlarin ozellikleri yoniinden énemli bir gosterge

oldugunu ortaya koymustur.

Anahtar Sozciikler: Laser, Beyin Cerrahisi, Sicaklik Monitorizasyonu, Isil Etkiler,

Ablasyon, Koagiilasyon, Ablasyon Verimliligi, Tersinebilir ve Tersinemez Hasarlar.
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100X magnifications. Ablated (AA), coagulated (CA) and edema-
tous (EA) areas were separated by dashed lines.
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The carbonization onset time, when 980-nm diode laser was applied
to cortical and subcortical tissue. The instances at which carboniza-
tion was observed, occurred earlier with increasing power. Even
though there is not a statistically significant difference between the
carbonization onset times for cortical and subcortical tissues, there
is a trend of latency for the subcortical tissues.

The thermal effects of 980-nm diode laser on cortical tissue at 3
Joules energy level (CD: Coagulation diameter, AD: Ablation di-
ameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph
indicate the ablation efficiency values with respect to stated laser
power. Ablation diameters and ablation efficiencies increased with
increasing power up to 2 W and then reached a plateau (p<0.001
and p<0.001). On the other hand, coagulation diameters continued
to increase with increasing power (p<0.001).

The thermal effects of 980-nm diode laser on cortical tissue at 4
Joules energy level (CD: Coagulation diameter, AD: Ablation di-
ameter, AE: Ablation efficiency). Y1 axis and columns indicate the
ablation and coagulation diameters, Y2 axis and line graph indicate
the ablation efficiency values with respect to stated laser power. Ab-
lation diameters increased with increasing power (p<<0.001). There
is an increasing trend in coagulation diameters (p=0.067). Ablation
efficiencies also increased with increasing power (p<0.001).

The thermal effects of 980-nm diode laser on subcortical tissue
at 3 Joules energy level (CD: Coagulation diameter, AD: Abla-
tion diameter, AE: Ablation efficiency). Y1 axis and columns in-
dicate the ablation and coagulation diameters, Y2 axis and line
graph indicate the ablation efficiency values with respect to stated
laser power. Ablation and coagulation diameters increased with in-
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4 Joules energy level (CD: Coagulation diameter, AD: Ablation di-
ameter, AE: Ablation efficiency). Y1 axis and columns indicate the
ablation and coagulation diameters, Y2 axis and line graph indicate
the ablation efficiency values with respect to stated laser power. Ab-
lation diameters increased with increasing power (p<<0.001) whereas
coagulation diameters did not change (p=0.809). Ablation efficien-
cies also increased with increasing power (p<0.001).

Temperature change for 3 J, 980-nm diode laser ez vivo study groups
for cortical tissues. Even though there is a increasing trend in tem-
perature change up to 2 W application, there are no statistically
significant differences (p=0.136).

Temperature change for 4 J, 980-nm diode laser ex vivo study groups
for cortical tissues. There is no significant difference in changes of
temperature (p=0.560).

Temperature change for 3 J, 980-nm diode laser ez vivo study groups
for subcortical tissues. There is an irregular but significant de-
crease in temperature change (p<<0.001) with increasing power. The
biggest temperature change was observed at 2 W-1.5 s application.
Temperature change for 4 J, 980-nm diode laser ex vivo study groups
for subcortical tissues. There is no significant difference in changes
of temperature (p=0.188).

Rate of temperature change for 3 J, 980-nm diode laser ex wvivo
study groups for cortical tissues. Rates increased up to 2 W and
then reached a plateau (p<0.001).

Rate of temperature change for 4 J, 980-nm diode laser ex wvivo
study groups for cortical tissues. Rates increased with increasing
power (p<<0.001), where the maximum rate of temperature change

was observed at 2 W-2 s.

xii

36

37

37

38

38

39

39



Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Rate of temperature change for 3 J, 980-nm diode laser ex wvivo
study groups for subcortical tissues. Rates first increased and then
decreased with increasing power, peaking at 2 W-1.5 s application
(p<0.001).

Rate of temperature change for 4 J, 980-nm diode laser ex wvivo
study groups for subcortical tissues. Rates increased with increasing
power (p<<0.001), where the maximum rate of temperature change
was observed at 2 W-2 s.

The ablation efficiencies as a function of rates of temperature change
of the samples of cortical (left) and subcortical tissue (right). The
right hand side of the vertical lines indicates the samples with car-
bonization, and the upper region of the horizontal lines indicates
the samples, in which higher ablation efficiencies were succeeded
The coagulation onset time, when 1070-nm fiber laser was applied to
cortical and subcortical tissue. The instances at which coagulation
was observed, occurred earlier with increasing power. In subcortical
tissues, coagulation was observed earlier up to 4 W levels (p<0.05).
After that value the behaviour of the tissues were observed to be
same.

The carbonization onset time, when 1070-nm fiber laser was applied
to cortical and subcortical tissue. The instances at which carboniza-
tion was observed, occurred earlier with increasing power. There is
a statistically significant latency for the subcortical tissues.

The coagulation diameters of cortical and subcortical tissue with
respect to power 1070-nm fiber laser. The coagulation diameters
increased with increasing power, where diameters in cortical tissues
were bigger than the ones in subcortical tissues (p<0.05).

The coagulation onset time, when 1940-nm Tm:fiber laser was ap-
plied to cortical and subcortical tissue. The instances at which
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regardless of tissue type.
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Figure 4.21

Figure 4.22

The carbonization onset time, when 1940-nm Tm:fiber laser was
applied to cortical and subcortical tissue. The instances at which
carbonization was observed, occurred earlier with increasing power.
High power applications resulted in similar carbonization instances
for both tissue types, but earlier instances were observed for sub-
cortical tissues at lower powers (p<0.001).

The thermal effects of 1940-nm Tm:fiber laser on cortical tissue
at 2 joules energy level (CD: Coagulation diameter, AD: Ablation
diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph
indicate the ablation efficiency values with respect to stated laser
power and mode. To switch the mode of operation from continuous
to pulsed-modulated-mode decreased the ablation diameters and
ablation efficiencies (p<<0.001). Ablation diameters increased with
increasing powers (p<<0.001). The highest ablation efficiencies were
achieved for 600 mW and 800 mW, but at 800 mW applications,
carbonization was observed around the ablated area.

The thermal effects of 1940-nm Tm:fiber laser on cortical tissue
at 4 joules energy level (CD: Coagulation diameter, AD: Ablation
diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph
indicate the ablation efficiency values with respect to stated laser
power and mode. To switch the mode of operation from continuous
to pulsed-modulated-mode decreased the ablation diameters and
ablation efficiencies (p<0.001). Ablation diameters increased with
increasing powers (p<0.001). The highest ablation efficiencies were
achieved for 600 mW and 800 mW, but at 800 mW applications,

carbonization was observed around the ablated area.
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Figure 4.24

Figure 4.25

The thermal effects of 1940-nm Tm:fiber laser on subcortical tissue
at 2 joules energy level (CD: Coagulation diameter, AD: Ablation
diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph
indicate the ablation efficiency values with respect to stated laser
power and mode. To switch the mode of operation from continuous
to pulsed-modulated-mode decreased the ablation diameters and
ablation efficiencies (p<0.001). Ablation diameters increased with
increasing powers (p<0.001). The highest ablation efficiencies were
achieved for 600 mW and 800 mW, but at 800 mW applications,
carbonization was observed around the ablated area.

The thermal effects of 1940-nm Tm:fiber laser on subcortical tissue
at 4 joules energy level (CD: Coagulation diameter, AD: Ablation
diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph
indicate the ablation efficiency values with respect to stated laser
power and mode. To switch the mode of operation from continuous
to pulsed-modulated-mode decreased the ablation diameters and
ablation efficiencies (p<<0.001). Ablation diameters increased with
increasing powers (p<<0.001). The highest ablation efficiencies were
achieved for 600 mW and 800 mW, but at 800 mW applications,
carbonization was observed around the ablated area.

Temperature change for 2 J, 1940-nm diode laser ez wvivo study
groups for cortical tissues. Switching from continuous to pulsed-
modulated-mode resulted in a higher temperature increase except
for the 200 mW (p<0.05). Higher temperature increases were ob-
served with increasing power, except for the change from 200 mW
to 400 mW in continuous mode (p<0.05). Highest temperatures

were observed at 800 mW applications.
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Figure 4.29

Figure 4.30

Temperature change for 4 J, 1940-nm diode laser ez wvivo study
groups for cortical tissues. Switching from continuous to pulsed-
modulated-mode resulted in a higher temperature increase except
for the 200 mW (p<0.001). Higher temperature increases were ob-
served with increasing power, except for the change from 200 mW
to 400 mW in continuous mode (p<0.001). Highest temperatures
were observed at 800 mW applications.

Temperature change for 2 J, 1940-nm diode laser ez wvivo study
groups for subcortical tissues. Switching from continuous to pulsed-
modulated-mode resulted in a higher temperature increase except
for the 200 mW (p<0.05). Higher temperature increases were ob-
served with increasing power, except for the change from 200 mW
to 400 mW in continuous mode (p<0.05). Highest temperatures
were observed at 800 mW applications.

Temperature change for 4 J, 1940-nm diode laser ez wvivo study
groups for subcortical tissues. Switching from continuous to pulsed-
modulated-mode resulted in a higher temperature increase except
for the 200 mW (p<<0.001). Higher temperature increases were ob-
served with increasing power, except for the change from 200 mW
to 400 mW in continuous mode (p<0.001). Highest temperatures
were observed at 800 mW applications.

Rate of temperature change for 2 J, 1940-nm diode laser ex wvivo

study groups for cortical tissues. Switching from continuous to
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Rate of temperature change increased with increasing power (p<<0.001).

Highest rates were observed at 800 mW applications.
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Figure 4.32

Figure 4.33

Figure 4.34

Rate of temperature change for 2 J, 1940-nm diode laser ex wvivo
study groups for subcortical tissues. Switching from continuous
to pulsed-modulated-mode resulted in a higher temperature rate
(p<0.001). Rate of temperature change increased with increasing
power (p<<0.001). Highest rates were observed at 800 mW applica-
tions.

Rate of temperature change for 4 J, 1940-nm diode laser ex wvivo
study groups for subcortical tissues. Switching from continuous
to pulsed-modulated-mode resulted in a higher temperature rate
(p<0.001). Rate of temperature change increased with increasing
power (p<<0.001). Highest rates were observed at 800 mW applica-
tions.

The ablation efficiencies as a function of rates of temperature change
of the samples of cortical (a and b) and subcortical tissue (c and d).
The mode of laser delivery was continuous (c-m) for (a) and (c) and
pulsed-modulated (p-m-m) for (b) and (d). The right hand side of
the vertical lines indicates the samples with carbonization, and the
upper region of the horizontal lines indicates the samples, in which
higher ablation efficiencies were succeeded.

Light micrographs of CFV stained 50 pm sections of subcortical
tissues induced by 2 W, 980-nm diode laser with exposure times of

a) 1.5 s b) 2 s (Magnification=40X).
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Figure 4.35

Figure 4.36

Figure 4.37

Figure 4.38

Figure 4.39

The thermal effects of 2 W, 980-nm diode laser applied on cortical
and subcortical tissues for 1.5 s and 2 s (AA: Ablated area, CA: Co-
agulated area, EA: Edematous, AE: Ablation efficiency). Y1 axis
and columns indicate the ablated, coagulated and edematous areas,
Y2 axis and line graph indicate the ablation efficiency values with
respect to stated laser power. For the cortical tissues, higher ab-
lated areas, lower coagulated areas and higher ablation efficiencies
were observed, compared to subcortical tissues (p<0.001, p<0.00.1
and p<0.05, respectively), whereas similar edematous areas around
the coagulated zone were observed. Increasing laser exposure times
increased ablated and coagulated areas, whereas the ablation effi-
ciencies were found to be similar.

Ablated area versus coagulated area for 980-nm diode laser applied
on cortical tissue. Red and blue dots represent 1.5 s and 2 s applica-
tions respectively. Ablation efficiencies are given as dashed straight
lines.

Ablated area versus coagulated area for 980-nm diode laser applied
on subcortical tissue. Red and blue dots represent 1.5 s and 2 s
applications respectively. Ablation efficiencies are given as dashed
straight lines.

Temperature change for the 2 W, 980-nm diode laser study groups
for cortical and subcortical tissues. Temperature increases in the
cortical tissues were observed to be higher than the ones in subcor-
tical tissues (p<0.05). Increasing exposure times resulted in higher
temperature increase (p<<0.001).

Rate of temperature change for the 2 W, 980-nm diode laser study
groups for cortical and subcortical tissues. Rates of temperature
change in the cortical tissues were observed to be higher than the
ones in subcortical tissues (p<<0.05). Increasing exposure times re-

sulted in lower rates (p<0.05).
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Figure 4.40

Figure 4.41

Figure 4.42

Figure 4.43

Figure 4.44

Figure 4.45

Ablation efficiency, total damage and edematous area versus rate of
temperature change (from left to right) in 2 W 980-nm diode laser
application for cortical (upper plots) and subcortical (lower plots)
tissues. Red and blue dots represent 1.5 s and 2 s exposure times,
respectively.

The ablation efficiency and the edematous area with varying rate of
temperature change for 2 W 980-nm diode laser applied on cortical
tissue. Color coding is proportional to the height of the bars.

The ablation efficiency and the edematous area with varying rate
of temperature change for 2 W 980-nm diode laser applied on sub-
cortical tissue. Color coding is proportional to the height of the
bars.

The ablation efficiency and the normalized edematous area with
varying rate of temperature change for 2 W 980-nm diode laser
applied on cortical tissue. Color coding is proportional to the height
of the bars.

The ablation efficiency and the normalized edematous area with
varying rate of temperature change for 2 W 980-nm diode laser
applied on cortical tissue. Color coding is proportional to the height
of the bars.

Light micrographs of CFV stained 50 pum sections of subcortical
tissues induced by 1940-nm Tm:fiber laser in continuous mode with
laser parameter combinations of a) 400 mW, 2.5 s b) 400 mW, 5 s
¢) 600 mW, 3.3 s (Magnification=40X).
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Figure 4.46

Figure 4.47

Figure 4.48

Figure 4.49

The thermal effects of 1940-nm Tm:fiber laser applied on cortical
and subcortical tissues for different laser parameters at 4 joules en-
ergy level (AA: Ablated Area, CA: Coagulated Area EA: Edematous
Area, AE: Ablation Efficiency). Y1 axis and columns indicate the
ablated, coagulated and edematous areas, Y2 axis and line graph
indicate the ablation efficiency values with respect to stated laser
power. More ablation was observed for the subcortical tissues over-
all (p<<0.001). Ablation efficiencies in subcortical tissues were higher
with respect to cortical tissues (p<0.001). Even though, the high-
est coagulation and the edema were observed for subcortical tissues
at 400 mW-5 s application, coagulated and edematous areas were
similar for other groups.

Ablated area versus coagulated area for 1940-nm Tm:fiber laser on
continuous mode applied on cortical tissue. Red, blue and orange
dots represent 400 mW-2.5 s, 400 mW-5 s and 600 mW-3.3 s applica-
tions respectively. Ablation efficiencies are given as dashed straight
lines.

Ablated area versus coagulated area for 1940-nm Tm:fiber laser
on continuous mode applied on subcortical tissue. Red, blue and
orange dots represent 400 mW-2.5 s, 400 mW-5 s and 600 mW-3.3 s
applications respectively. Ablation efficiencies are given as dashed
straight lines.

Temperature change for the 1940-nm Tm:fiber laser in continuous
mode study groups for cortical and subcortical tissues. Temperature
increase in cortical tissues observed to be higher with respect to
subcortical tissues (p<0.05). Increasing exposure time resulted in
a higher temperature increase (p<<0.001), whereas increasing power

did not affect the temperature increase in the tissue (p=0.060).
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Figure 4.50

Figure 4.51

Figure 4.52

Figure 4.53

Figure 4.54

Figure 4.55

Figure 4.56

Rate of temperature change for the 1940-nm Tm:fiber laser in con-
tinuous mode study groups for cortical and subcortical tissues. Rate
of temperature change in cortical tissues observed to be higher with
respect to subcortical tissues (p<<0.05). Increasing exposure time
resulted in lower rates(p<0.001), whereas increasing power resulted
in higher rates (p<0.001).

Ablation efficiency, total damage and edematous area versus rate of
temperature change (from left to right) in 1940-nm Tm:fiber laser
in continuous mode application for cortical (upper plots) and sub-
cortical (lower plots) tissues. Red, blue and green dots represent
400 mW-2.5 s, 400 mW-5 s and 600 mW-3.3 s, respectively.

The ablation efficiency and the edematous area with varying rate of
temperature change for 1940-nm Tm:fiber laser in continuous mode
applied on cortical tissue. Color coding is proportional to the height
of the bars.

The ablation efficiency and the edematous area with varying rate of
temperature change for 1940-nm Tm:fiber laser in continuous mode
applied on subcortical tissue. Color coding is proportional to the
height of the bars.

The ablation efficiency and the normalized edematous area with
varying rate of temperature change for 1940-nm Tm:fiber laser in
continuous mode applied on cortical tissue. Color coding is propor-
tional to the height of the bars.

The ablation efficiency and the normalized edematous area with
varying rate of temperature change for 1940-nm Tm:fiber laser in
continuous mode applied on subcortical tissue. Color coding is pro-
portional to the height of the bars.

Light micrographs of CFV stained 50 pum sections of subcortical tis-
sues induced by 1940-nm Tm:fiber laser in pulsed-modulated mode
with laser parameter combinations of a) 400 mW, 5 s b) 600 mW,
3.3 s (Magnification=40X).
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Figure 4.57

Figure 4.58

Figure 4.59

Figure 4.60

Figure 4.61
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The thermal effects of 1940-nm Tm:fiber laser on cortical and sub-
cortical tissues at 4 joules energy level (CD: Coagulation diame-
ter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and
columns indicate the ablated, coagulated and edematous areas, Y2
axis and line graph indicate the ablation efficiency values with re-
spect to stated laser power. Ablated and coagulated areas in cor-
tical tissues were observed to be smaller compared to subcortical
tissues (p<<0.05 and p<0.001, respectively), whereas edematous ar-
eas and ablation efficiencies were observed to be bigger (p<0.05 for
both). Increasing power resulted in an in increase in ablated areas
(p<0.05), a decrease in coagulated and edematous areas (p<0.001
and p<0.05, respectively) and an increase in ablation efficiencies
(p<0.001). 82
Ablated area versus coagulated area for 1940-nm Tm:fiber laser on
pulsed-modulated-mode applied on cortical tissue. Red and blue
dots represent 400 mW-5 s and 600 mW-3.3 s applications respec-
tively. Ablation efficiencies are given as dashed straight lines. 84
Ablated area versus coagulated area for 1940-nm Tm:fiber laser
on pulsed-modulated-mode applied on subcortical tissue. Red and
blue dots represent 400 mW-5 s and 600 mW-3.3 s applications
respectively. Ablation efficiencies are given as dashed straight lines. 84
Temperature change for the 1940-nm Tm:fiber laser in pulsed-modulated-
mode study groups for cortical and subcortical tissues. Tempera-
ture increase in cortical tissues observed to be higher with respect to
subcortical tissues (p<<0.05). Increasing power resulted in a higher
temperature increase (p=0.054). 85
Rate of temperature change for the 1940-nm Tm:fiber laser in pulsed-
modulated-mode study groups for cortical and subcortical tissues.
Rate of temperature change in cortical tissues observed to be higher
with respect to subcortical tissues (p<0.05). Increasing power re-

sulted in a higher rate (p<0.001). 86



Figure 4.62

Figure 4.63

Figure 4.64

Figure 4.65

Figure 4.66

Ablation efficiency, total damage and edematous area versus rate of
temperature change (from left to right) in 1940-nm Tm:fiber laser in
pulsed-modulated-mode application for cortical (upper plots) and
subcortical (lower plots) tissues. Red and blue dots represent 400
mW-5 s and 600 mW-3.3 s, respectively.

The ablation efficiency and the edematous area with varying rate of
temperature change for 1940-nm Tm:fiber laser in pulsed-modulated-
mode applied on cortical tissue. Color coding is proportional to the
height of the bars.

The ablation efficiency and the edematous area with varying rate of
temperature change for 1940-nm Tm:fiber laser in pulsed-modulated-
mode applied on subcortical tissue. Color coding is proportional to
the height of the bars.

The ablation efficiency and the normalized edematous area with
varying rate of temperature change for 1940-nm Tm:fiber laser in
pulsed-modulated-mode applied on cortical tissue. Color coding is
proportional to the height of the bars.

The ablation efficiency and the normalized edematous area with
varying rate of temperature change for 1940-nm Tm:fiber laser in
pulsed-modulated-mode applied on subcortical tissue. Color coding

is proportional to the height of the bars.
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1. INTRODUCTION

1.1 Motivation

The motivation for the work that is described in this dissertation originated from
the lecture “Laser-tissue interactions", in which we discussed the mechanisms behind these
interactions in detail. Direct electric current and radiofrequency energies have been used
for neurosurgery as ablators and coagulators for decades [1-3]. Besides those conventional
techniques, different types of lasers, which are high intensity light sources and capable of
penetrating tissue have been under investigation since the first lasers became available.
The promise of coagulation (irreversible thermal damage), and ablation (thermally re-
moved tissue) with or without mechanical contact still attracts researchers and clinicians
for laser studies [4]. Optical transmission of energy with fibers allows minimally invasive
surgery for the near infrared wavelengths and this advantage is the main motivation of
laser studies. In neurosurgery, laser ablation can be used for removing tumors or certain
parts of the brain tissue for the treatment of epilepsy or Parkinson’s disease [5]|. However,
the probable photothermal damage given to surrounding healthy tissue is the bottleneck
of surgical lasers. Thermal damage is unavoidable but can be minimized by selecting the
right laser wavelength and by estimating the safe dose parameters [4|. Resulting damage
may be sensitive to laser dose and estimating the proper laser parameters is crucial before

taking the system to the clinic.

In order to propose an effective alternative to conventional surgical techniques, pho-
tothermal damage must be taken under control by a detailed dose study. Laser power,
energy delivered to target tissue, spot size, power density, exposure time, mode of opera-
tion can be tested and resulting effect can be defined in terms of the amount of ablation,
coagulation, and carbonization. Real-time temperature measurements can also be very
helpful for describing the photothermal effect and also for controlling the laser parameters.
In the present study a laser-thermoprobe was designed in order to measure the near-by

temperature during laser application.



The underlying motivation for the research described in the subsequent chapters is
that with a comprehensive comparison of ablation capabilities of infrared lasers operating
with different wavelengths and temperature monitoring of the tissue during lasing, it may

be possible to specify optimal laser parameters for laser brain surgery.

1.2 Objectives

The main goal of the present study is to investigate the potential of a new laser-
thermoprobe, which consists of a laser and a real-time thermocouple measurement system
for brain surgery. Specifically, different parameters (laser power, energy density, exposure
time, continuous-mode or pulsed-modulated-mode) were tested and the ablation efficiency
(the amount of removed tissue with respect to the total photothermal damage) was in-
vestigated with reference to the real-time temperature measurements of nearby tissue in
an ex vivo and in vivo study. Relationship between rate of temperature change over time

and the thermal effects of the laser application was investigated.

Other than that; the research comprises the following specific aims:

e to investigate the thermal effects of laser brain ablation of infrared 980-nm, 1070-nm

and 1940-nm lasers on viability of different sections of brain in vivo.

e to find out optimum parameters of laser brain ablation for least thermal damage to
the surrounding healthy tissue for lasers operating at 1940-nm, 980-nm and 1070-

nim.

e to compare the thermal effects of 1940-nm Tm:fiber, 980-nm diode lasers and 1070-

nm fiber laser on the brain tissue.

e to analyze laser irradiated tissue thermographically and histologically to correlate

thermal events and tissue damage to laser irradiation parameters.



1.3 Overview

Following this introduction, this manuscript includes five chapters.

In Chapter 2, a detailed historic background of use of lasers in medicine with
literature review of laser brain ablation with different laser types is given. The laser

mechanism and the characteristics of lasers, which were used in this study, are explained.

In Chapter 3; Materials and Methods; ez vivo and in vivo experiments are described
in detail. Preparation of brain samples and animals, laser delivery, temperature measure-
ment, histology (Cresyl Fast Violet (CFV), Hematoxylin and Eosin (H&E) staining, tissue

sectioning) and the way data are quantified and analyzed are explained.

In Chapter 4, results for ex vivo and in vivo studies are represented. Ablation effi-
ciencies and rate of temperature increased of three different lasers are compared. Results

are discussed in macroscopic and microscopic scales accordingly.

In Chapter 5, overall study is evaluated. The summary of the study is given

comprehensively.



2. BACKGROUND

Over 40 years, lasers have been widely studied and are being used in local hospitals
and specialized clinical centers for many surgical applications. Laser is an acronym of
Light Amplification by Stimulated Emission of Radiation. Laser light is produced by
stimulated emission and optical feedback mechanisms. It consists of a laser medium,
excitation source for pumping energy and mirrors as a resonator. The laser medium
can be solid, liquid or gas. The excitation source can be electrical discharge, a flash
lamp or another laser. The pumping energy injects light into the laser medium, where the
electrons of outermost layers of the atoms excite. Some of the excited electrons will return
to lower energy level with photon emissions. These emitted photons will be reflected in the
resonator in order to increase population of stimulated electrons to undergo stimulated
emission. Electrons surrounding an atom or a molecule even though they are found at
their lowest energy level (resting state), can exist at more than one energy level. When an
electron absorbs a photon, it rises to higher energy level, which is called excited state. This
excited electron will emit a photon identical to the photon that was initially absorbed.
This phenomena is called spontaneous emission. On the other hand, if another photon
of appropriate energy collides with this excited electron, the electron will return to its
resting state by emitting two photons which are synchronized in space and time called
stimulated emission. But a population inversion which is a state in which the number
of excited electrons are higher than the number of electrons in lower states is required
for laser operation. As it is stated population inversion is necessary for laser operation,
when population inversion is achieved the photons have a higher probability of colliding
excited electrons and stimulating further emission of photons with the same energy and
wavelength. An electrical, chemical or light energy as an external source is required to

provide excitation process which is called pumping [6-8|.

Lasers can be classified as three main categories in its time domain: (1) continuous
wave (CW), (2) quasi-continuous (modulated) wave, and (3) pulsed wave. Continuous

wave lasers produce continuous output beam at constant power. Quasi-continuous lasers



emit pulses of light on the order of microseconds to milliseconds width at a constant
power. Pulsed lasers emit light in the form of optical pulses on the order of nanoseconds
to femtoseconds rather than continuous mode. Pulsed lasers achieve extremely short

emissions of high power peak with a sudden population inversion in the lasing medium.

Stimulation emission was first theorized by Einstein in 1917, but it took almost
10 years to find experimentally and took over 30 years just predict the possibility of
laser. Then in 1960 a simple form of laser was developed. Thereafter, with large numbers
of modifications and developments, today various lasers with different wavelength are
available for medical applications [9-13]. The main differences of laser light from visible

light can be listed as below:

1. It is monochromatic, that is only a single wavelength of light is produced. All light

waves are of the same wavelength.

2. It is coherent, that is, all photons are in the same phase and have the same polar-

ization.

3. It is collimated, that is the coherent waves are in parallel. Laser light goes through

in one direction with infinitesimal divergence.

These properties listed above, make the lasers useful in medical applications [14,15].
To find appropriate laser for medical and surgical applications, the laser-tissue interactions

should be understood comprehensively.

2.1 Laser-Tissue Interactions

The physical events that can occur when light interacts with tissue were described

in this section.

Tissue is treated as scattering and absorbing medium where reflection and trans-

mission also take place when interacts with light. When light interacts with the tissue



either absorption will takes place or it may be scattered according to the probability func-
tion expressed as anisotropy factor. In Figure 2.1 the behavior of light when interacts

with tissue is represented schematically [16].
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Figure 2.1 Optical behaviour of a tissue layer during irradiation with laser light [16].

Scattering, which determines the volumetric distribution of light in the tissue is the
primary step for light-tissue interaction, which is followed by absorption, heat generation
and heat conduction. Scattering structure of the tissue can be macroscopic, microscopic

and submicroscopic structures [16].

Tissue components that absorb light are called chromophores. Chromophores;
absorbing molecular components of the tissue can be listed as; porphyrin, haemoglobin,
melanin, flavin, retinol, nuclear acids, deoxyribonucleic acid (DNA) /ribonucleic acid (RNA)
and water. The absorption of light by any chromophore in the tissue is highly dependent
on the wavelength of the light. For example for UV wavelengths amino acids are the main
absorber while water is the main absorber for IR wavelengths [6]. Figure 2.2 represents

the absorption spectra of different chromophores of biological tissue and water.

The optical and thermal responses of the tissue to laser irradiation are highly
dependent on the wavelength of the laser source [6,14,16]. Heat is generated when a

collimated or diffused light interacts with the tissue, but for low irradiance that do not
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Figure 2.2 Absorption spectra of chromophores in biological soft tissue [16].

increase the temperature of the tissue significantly diagnostic, photochemical or biostim-
ulative applications are general applications, whereas high irradiance that increase tissue

temperature to high levels can ablate tissue or create mechanical and thermal damage [16].

2.1.1 Laser-tissue Interaction Mechanisms

Above, the behavior of laser light in the tissue is described and important phenom-
ena are listed. In this section, the laser-tissue interaction mechanisms will be described.
The first systematic description of the laser-tissue reaction mechanisms were presented

by Boulnois in 1986 [16,17] (Figure 2.3).

We can divide laser-tissue interaction mechanisms into two categories as non-
thermal and thermal reactions. Non-thermal reactions occur at low-dose irradiation of

the living tissues. Low-dose irradiation may result with proliferation of cells. Those
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Figure 2.3 Plot of laser-tissue interaction mechanisms over time of interaction. Modified by [16]
from [17].

non-thermal reactions can be listed as biostimulation and photodynamic therapy (PDT),
which are out of scope of this thesis [16]. In this thesis we are going to focus on thermal

reactions that is thermal effects of laser irradiation on biological tissues.

2.1.1.1 Photothermal reactions. Photothermal reactions occur when the tissue is

heated due to the absorption of the photons by tissue components, DNA, RNA, chro-
mophores, water, protein or enzymes [6]. The photothermal effects due to change in the

temperature of the tissue are summarized in Table 2.1.

Usually, several thermal effects take place simultaneously in the tissue, depending
on the temperature gradient. Figure 2.4 schematically represents several thermal effects
on laser irradiated biological tissue [14]. The aim in medical procedures is to have one
of those thermal effects, avoiding others, therefore laser parameters must be chosen very
carefully. Another important aim is to give minimum thermal damage to the surrounding

tissues.



Table 2.1
Photothermal effects due to the temperature of the tissue [14]

Temperature Molecular and tissue reactions
42-45°C Hyperthermia leading to protein structural changes
45-50°C Drastic conformational changes, enzyme inactivation, edema
50-60°C Coagulation, protein denaturation
80°C Collagen denaturation, permeabilization of membranes

80-100°C Dehydration, formation of extracellular vacuoles, vaporization

>100°C Boiling, streaming, breaking of the vacuoles
100-300°C Vaporaziation, tissue ablation
>300°C Carbonization
Laser beam l
Vaporization Coagulation

Carbonization Hyperthermia

2/
s

Figure 2.4 Location of Thermal Effects Inside Biological Tissue [14].

Tissue

Temperature is the most important parameter in photothermal interactions. The
maximum temperature reached within the tissue and its spatial distribution basically
define the thermal effects in the tissue and the thermal damage nearby. So, monitoring
temperature as a function of time during laser application gives very useful information
on laser settings increasing the effectiveness of the procedure and helping to avoid possible

unwanted damages.
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The photothermal interaction is the conversion of laser energy to heat within the
tissue. Absorption and scattering of photons by the macromolecules determine the in-
teraction process. The absorption and scattering behavior of biological tissue are very
important phenomena, because they play an important role on the response of biological
tissue to the laser irradiation. Absorption behavior of the tissue gives a clue on the abla-
tive effect of the responsive laser light, whereas scattering behavior of the tissue defines

volumetric distribution of laser light in the tissue [6, 16].

In biological tissues water, hemoglobin, lipids, and other proteins are the main
macromolecules (water is the most crucial one, e.g. 72% and 82% of subcortical and
cortical tissues consists of water respectively [18]) [6,14,19,20]. Heat deposition in tis-
sue causes temperature increase and depending on the temperature gradient occurred
vaporization could be succeeded, whereas heat loss occurs immediately by conduction to
all adjacent tissues. Heat transfer depends on the following properties; geometry of the
organism, heat capacity of the organism, thermophysical and physiological properties of
organs and tissues (thermal conductivity, specific heat, density, blood perfusion rate and
their spatial and thermal dependencies, heat production via radiative absorption, conduc-
tion of heat, heat transfer due to blood flow, heat exchange with the environment and

heat production due to metabolic processes).

The relation between the thermal diffusion and the extent of the tissue necrosis can
be summarized as follows: Thermal necrosis increases with increasing irradiation time for
low laser power. Time for thermal diffusion reduces with reduced laser application time,
resulting in smaller necrosis zone. If the irradiation time is equal to thermal diffusion
or relaxation time, thermal necrosis is minimized. This minimum value cannot be less
than the penetration depth of the laser light. Figure 2.5 shows the threshold for tissue
damage depending on the laser power and the exposure time described by Arrhenius rate
equation. There is a degeneracy between the exposure time and the laser power, in terms

of reaching this threshold.

The degree of thermal damage does not only depend on the maximum temperature

reached within the target tissue but also on the time interval during which the tissue was
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Figure 2.5 Time-temperature characteristic of tissue damage. The threshold for tissue damage at
different temperatures depends on laser power and application time. A 1-s pulse reaches the thresh- old
at 65°C, whereas a 10-s pulse reaches the threshold at 57°C [16].

exposed and on the heat conductivity of the tissue itself. If the temperature of the tissue
is increased for 10°C in minutes, cell damage or death without structural alterations will
be observed. For an increase of 20-30°C in shorter time intervals around 1 s, thermal
coagulation of the tissue with cellular death and irreversible damage to the tissue due
to the denaturation of proteins will be observed. If the tissue is heated above its boiling

point a thermally-mediated tissue removal by explosive vaporization will be observed [21].

It is fair to assume that tissues are homogeneous and isotropic optical media and
the light propagation in them is governed by the standard phenomena like reflection,
absorption, transmission and diffusion [22]. Right dose for the target tissue in laser ap-
plications can be selected via predosimetry studies through which the parameters like
wavelength, pulse width and shape, beam profile and power density can be determined.
Important laser parameters like wavelength, power, mode (continuous/pulsed), pulse du-
ration and frequency and exposure time usually depend on each other and therefore the

adjustment of a single parameter can change the others [23].

Penetration depth depends directly on the applied wavelength. In order to have an
even heating within the tissue, the applied wavelength should be well-adjusted, match-
ing the tissue characteristics like degree of pigmentation, water content, tissue depth
and thickness. For example, if the penetration depth is much smaller than the tissue

thickness, most of the energy will be dissipated at the surface of the tissue, and if the
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penetration depth is greater than the thickness, most of the energy may be transmitted

to the underlying structures, causing unwanted damage [24].

Even for the wavelengths carefully chosen there will be differences in the absorp-
tions at different depths. The preferred spot sizes and power densities, on the other hand,
depend mostly on the relevant clinical application. For example, the use of a larger spot
diameter can reduce the attenuation of the laser beam by the deeper layers of the tissue,

which results in a uniform and deeper heating [24].

There are three parameters that describe the optical properties of the tissue: 1)
The scattering coefficient, p 2) the absorption coefficient, i, and 3) anisotropy factor, g.
These parameters are determined by the tissue structure, geometry and cromophores, and
together they affect the optical parameters (reflectance, transmittance, scattering, etc.)
that describe the whole light propagation in the tissue [22,23,25-27|. It is remarkable
that absorption coefficient, u, is more important than the scattering coefficient, us at

high frequencies, regarding the tissue damage [6,28,29|.

Laser light is absorbed mainly by the water molecules, pigments, proteins and
other macromolecules in the tissue and the absorption coefficient is a function of incident
wavelength. Energy of the absorbed radiation is turned into heat and translational and
vibrational kinetic energies in the tissue. Electronic and nuclear properties of the atom
and molecules inside the medium are also important factors in absorption. For example,
in a medium with discrete electric charges oscillations at the frequencies of the incident
electric field occur. The natural frequencies at which atoms and molecules vibrate are at
the infrared region, so if frequency of the incident electromagnetic field is comparable to
those, resonances may occur, increasing the amplitude of vibrations. This will result in
a higher number of collisions between atoms or molecules and more dissipation incident

energy in terms of heat [30].
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2.2 Soft tissue laser applications of photothermal interactions

Biological effects and therapeutic applications of lasers were first investigated in
opthalmology and dermatology. In 1961, only one year after the introduction of Ruby
lasers, Leon Goldman, the father of laser medicine, showed that they could be used to
remove the wine stains and melanomas from skin [31-33|. Later that year, Campbell and
Koester applied Ruby laser on a patient to destroy a retinal tumor via coagulation for
the first time [34-37|. After that, research on photothermal applications of lasers had a
rapid growth and many medical laser systems were developed. Today laser applications
are performed in medical fields such as ophthalmology, dermatology, dentistry, oncology,

and surgery.

The most widely used laser in soft tissue surgeries has been 980-nm diode laser due
its good absorption for haemoglobin which provides good homeostasis [38-42|. 980-nm
diode laser was investigated in oral surgeries and found to provide a good coagulation
without pain, discomfort, infection or scarring [43,44|, however healing is delayed at the

initial stage [45,46].

Beer et al. reported the reduction of collateral thermal damage of 980-nm diode
laser on liver tissue by setting the laser parameters in accordance with the absorption
characteristics of the tissue, while maintaining an acceptable cutting ability. A smaller

zone of carbonization and necrosis were found in micropulsed mode applications [47].

In another in vitro study, high-powered 940-nm diode laser was investigated for
ablation of fatty tissue in non-contact mode. Irradiance from 250 to 400 W /cm? revealed

both increased ablation capacities and the decreased collateral damages [48].

Nd:YAG lasers have also many applications in medical fields. Being a solid state
laser, it emits light at a typical wavelength of 1064-nm in the near infrared region and
operates both in continuous and pulsed modes. Nd:YAG laser can penetrate deep in the
tissue due to its low absorption by tissue chromophores. On the other hand, due to its

high absorption by oxyhemoglobin [49], it can be used in selective photothermolysis, a
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targeted therapy in which the radiation is absorbed by a target area only, using a specific
wavelength [50-53]. Therefore Nd:YAG lasers are being used in many dermatological
applications like treatment of vascular and pigmented lesions [54—60|, hair-removal, long-

term hair reduction [61-64], dark tattoo removal [51,65,66] and wrinkle removal [67-69].

Outside dermatology, Nd:YAG lasers are being used successfully in intraoral surg-
eries [70-72| and when coupled to fiber optics they can also be used in laser induced
interstitial thermotherapy (LITT). There are promising results reported, about the ap-
plication of Nd:YAG lasers on prostate to treat benign prostatic hypertrophy [73,74].

Several in vitro soft tissue applications of Tm:fiber laser have been studied. Fried et
al. investigated the ablative effect of the continuous 1940-nm Tm:fiber laser in non-contact
mode with a power of 40 W on canine prostate. Histological examinations showed a thin
layer of carbonization followed by a vacuolized layer, which indicates a mechanical effect
of an incomplete ablation of tissue and thermally coagulated layer ranging from 500 pm
to 2000 pm. The results were compared with that of CO5 and obtained coagulated layers
were found to be larger than that of CO, laser, which indicates the 1940-nm Tm:fiber

laser as a promising tool for its good homeostasis even for highly vascularized tissues [75].

Another in vitro study was carried out by Keller et al. on chicken breast, porcine
skin and bovine liver, in which continuous wave 1940-nm Tm:fiber laser was used at
power ranging from 11 W to 20 W in non-contact mode. The zone of thermal damage
was measured to be ranging from 600 pym to 1 mm with thin carbonization layer and

vacuolization around the thermal damage |76].

Sroka et al. also studied the clinical feasibility of Tm:fiber laser in a prospective
study on eleven patients. It is achieved to reduce of hyper plastic inferior nasal turbinates
significantly by coagulating the tissues in non-contact mode at 5 W, without bleeding and

complications. A very good and fast superficial coagulation was observed [77].

Kang et al. investigated and compared the ablative effects of 532-nm and 2.01-ym

laser on porcine kidney tissue in vitro and reported the former one as more efficient in
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tissue ablation with a smaller coagulated zone [78|.

In orthopedic surgeries, 2.1-um Holmium laser was used as an orthroscopic surgical
tool [79]. It was able to cut and ablate tissues easily with a minimum thermal necrosis [80]
and provides an effective destruction of human adipose tissue [81]. The use of Thulium
laser in prostate and superficial tumors in the lower and upper urinary tracts gave effective
results. Better visualization of ablation and absence of collateral damage in the nearby

tissue were the advantages of this method [82].

When comparing CO5 diode and Thulium lasers, which are both efficient in super-
ficial tumor ablation, Thulium laser applications resulted in a significantly lower threshold
of ablation and less residual thermal energy [83|. It is shown that Thulium laser, which

operates at 2.0-um can be delivered through a silica fiber, unlike 10.6-um CO, laser [84].

Its ability to operate near 1940-nm (water absorption peak) turns out to be an
advantage in tissue cutting when compared to Holmium and KTP lasers [85]. In another
study, the effects of 2.12-um Holmium-YAG laser on rabbit skin regarding the damage

and recovery were examined by measurement of the lesions and histology [86].

2.2.1 Temperature measurements and monitoring techniques during pho-

tothermal interactions

In order to propose an effective alternative to conventional surgical techniques, pho-
tothermal damage must be taken under control by a detailed dose study. Laser power,
energy delivered to target tissue, spot size, power density, exposure time, mode of opera-
tion can be tested and resulting effect can be defined in terms of the amount of ablation,
coagulation, and carbonization. Real-time temperature measurements can also be very

helpful for describing the photothermal effect and also for controlling the laser parameters.

There are different temperature measurement and monitoring techniques that exist,

which can be summarized as point thermometry, surface thermometry and volumetric
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thermometry [21].

Point thermometry utilizes thermocouples and fiber optic sensors. Advantages of
point thermometry are the simplicity and low-cost of its components, wide range tem-
perature measurement it provides and its rapid response and accuracy. Main drawback
of the method is that it is invasive. Additionally, metallic constitution of the equipment
may result in absorption of laser radiation, hence an overestimation of the measured tissue
temperature [87-89|. Measurements of the rates of temperature change using thermocou-
ple in the following studies provided an indicator for the thermal damage induced in the

tissue [90,91].

Monitoring the surface temperature with thermal sensor (e.g. infrared cameras), is
called surface monitoring [92,93]. Non-invasiveness and large area measurements are the
main advantages of this method. However, surface-only measurement and low accuracy
are the drawbacks, in addition to the high prices of the equipment. In tissue welding,
because the region of interest for temperature monitoring is the skin surface, non-invasive
techniques can be advantageous. On the other hand, for the inner organs laser surgery,
temperature measurement with non-invasive thermal sensors is not applicable. It is also
shown that surface temperature can be also measured radiometically to give user an insight
about the tissue status during laser irradiation. Silverhalide fiber optically focused onto
a photonic thermal detector was developed for surface temperature measurement [94-96|.
Photothermal interaction is a very fast and very localized process; thermal response of the
tissue to the laser irradiation is on nanosecond levels [97]. Time response of the equipment
is not that critical for the relatively slow heating processes like welding, however, for the
processes that involve ablation/vaporization, equipment with a higher time response is

needed for accuracy.

Volumetric thermometry, on the other hand, involves monitoring of multiple points
in a large volume via, for example, MRI thermometry or ultrasound thermometry. MRI
thermometry, being the most popular imaging method, allows high contrast and spatial
resolution imaging. It is non-invasive, therefore can be used in monitoring the temperature

of targeted locations and tissues nearby [98,99]. Despite being a precise method, it is more
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expensive and complex than the point thermometry.

There are studies that reported real-time temperature measurement by magnetic
resonance imaging systems or thermal cameras [38,100-105]. But those techniques have
their own limitations; they are not easy to implement or not practical for clinical usage.
Moreover, there has been made modifications to facilitate the use of laser in neurosurgery,
such as laser systems merged with imaging systems in order to target the region to be

treated and achieve precise ablation [106,107].

2.2.2 Lasers in neurosurgery

Lasers are an important developmental milestone in neurosurgery. A considerable
number of continuous wave (cw) lasers with several wavelengths are used in medical
applications to cut, shape, and remove soft tissue of the body. It has been also reported
in several studies that the lasers at the wavelength with higher absorption by water that
constitutes the main element of biological tissues are used in tissue ablation. In this part

of the thesis these studies will be discussed.

The introduction of lasers into neurosurgery began with the use of focused and
unfocused ruby laser beam to the cranium of mice, which results in immediate death in
1965 [108,109]. In late 1965 Fox et al. repeated these experiments on guinea pigs, and
found that the immediate death was due to apnea [110]. The effects of ruby laser was
continued to be investigated with the direct application of laser beam to the cortex of
cats, and histological effects of lasers were reported in detail. It is also reported that
focused laser light caused greater damage to the brain tissue than defocused light, and
radiation of cortex with intact dura result with smaller damage to the brain. Another
important outcome of these studies was that the laser created a wedge-shaped lesion when
applied directly to the cortical tissue [111-114]. In 1965 Rosomoff and Carroll reported
two human cases of the application of ruby lasers but the prolongation of survival was
not documented [115]. In late 1966, Brown et al. reported that neurons are highly

sensitive to the deconstructive effect of laser light and thus grey matter is more susceptible
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than white matter to the effects of laser light [116,117]. By the way, CO,y laser was
invented by Patel in 1965 [118]. The introduction of continuous wave lasers and improved
delivery systems made lasers more applicable to neurosurgery. Much of the initial work
of investigating the neurosurgical effects of CO, laser were reported by Stellar et al.
[119-121]. They reported that precise and more controllable hemostatic incisions could
be made in cat brain and spinal cord. They also demonstrated the coagulative effect of
defocused CO; laser. In 1965 they used CO, laser to totally vaporize a recurrent glioma
to the patients with inoperable glioblastomas. After a few publications and failures,
Stellar personally advised not to use lasers in neurosurgery. The most technical difficulty
of the CO, laser that the neurosurgeons encounter during surgery, was invisibility of
the laser light to human eye and it was treated as invisible knife. However, laser as a
noncontact and minimally traumatic cutting tool, convinced some surgeons to pursue
its use in neurosurgery. Heppner [122,123], Ascher [124,125|, Takizawa et al. [126] and
Ascher and Cerullo [127] reported large series of neurosurgical applications with CO,
laser. From 1976 to 1979 Ascher Ascher [124,125] and Heppner [122,123] performed >250
laser operations on the central nervous system. Many of these procedures were performed
without the aid of microscope [128-131]. Ascher and Heppner modified the carbondioxide
laser in two ways in 1976. The first modification was the addition of helium laser as
a pilot beam for invisible COs laser light [122]. The second modification was coupling
the laser to the operating microscope. But one of the handicaps of the CO, laser was
that it cannot reach the deeper sites of tissues, therefore results in limited applications.
Second handicap of this laser was it cannot be guided through optical fibers and requires

articulated arms.

Infrared (IR) lasers ranging from 800-nm up to 10600-nm have been widely studied
for decades. In the near-IR part of the spectrum (i.e. 800-1200-nm) photons are poorly
absorbed by water compared to the greater wavelengths in IR [132]. 980-nm must be
noted as an exception with a local peak in the absorption coefficient of water and suc-
cessful surgical applications with this wavelength was reported [41,42]. Despite the poor
absorption by water, hemoglobine absorption can have a considerable contribution for

this region and those lasers have the advantage of coagulating blood vessels [41,42,133].
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For higher wavelengths water absorption becomes more dominant and scattering
loses its effect [6,14]. Water absorption curve makes a maximum at 3-pum wavelength and
it continues to be high during the mid-IR part of the spectrum [83,134]. The ablative
effects of Er:YAG (2.94-pm) and COq (10.6-um) lasers have been reported in literature
accordingly [135-137]. However, those of the lasers cannot be transmitted via silica optical
fibers and this limits the applicability of those wavelengths for minimal invasive surgery

[83].

Cw high power Tm:fiber lasers emitting radiation around 2-pm have great potential
for neurosurgery by overlapping of this wavelength to one of the absorption peak of the
water [138]. The absorption coefficient of water for a specific wavelength is a crucial
parameter, causes different wavelengths to penetrate different distances into the tissues;
that is the success of lasers of different wavelengths in tissue removal are different. More
clearly, higher absorption coefficient of water means less penetration depth and results
with less collateral tissue damage and precise tissue removal. Moreover Tm:fiber laser
can be coupled into silica fibers effectively. Silica fibers are cheap and easy to use but
they cannot carry laser energies of wavelengths greater than 2-um [83]; therefore Tm:fiber

laser becomes a very attractive choice in neurosurgical applications.
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3. MATERIALS AND METHODS

3.1 Laser systems

3.1.1 980-nm Diode Laser System

980-nm diode Laser (opto power corporation model no: OPC-D010-980-FCPS,
Opto Power, Tuscon, AZ, USA) was used in this study. Controller instrument is used
to control the laser by computer. Maximum current for 980-nm diode laser is 35 A and
maximum output for this laser is 14 W. The system provides output through a 1 meter
fiber-optic cable. The laser light was transferred to 385-micron laser fiber via coupler
tool. LabView software interface (V 6.1) was used to control the laser parameters (power,

exposure time, number of cycles, and on-off duration pulses).

Laser power was checked with an optical powermeter (Newport 1918-C, CA, USA)

before and after each application.

3.1.2 1070-nm YLF Fiber Laser System

1070-nm YLF fiber laser (IPG Laser GMBH, Model: Laser Driver) was also used in
this study as a different laser source. Maximum output power for this laser is 20 W. It is
possible to use this laser in both continuous and pulsed-modulated-modes. The irradiation
is selected via power or current by the control section by manually for continuous mode
applications. For pulsed-modulated-mode emission a controller unit and an interface is

necessary to choose laser parameters.

Laser light was coupled to 400 pm fiber (0.39 NA) via focusing lenses, and xyz
alignment apparatus. Laser power was checked with an optical powermeter (Newport

1918-C, CA, USA) before and after each application.
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3.1.3 1940-nm Tm:Fiber Laser System

Tm:fiber laser (IPG Photonics TLR-5-1940) emits at 1940-nm. Maximum output
power of the laser is 5 W. Laser output power, exposure time, mode of laser delivery
(pulsed modulated or cw), number of cycles and on-off duration of pulses are controlled
by the custom-built controller unit (Teknofil Inc. Istanbul, Turkey). User can easily
set those parameters via LabView interface of the controller unit. The system provides

output laser through a 1-meter fiber-optic cable.

Laser light was coupled to 400 pm fiber (0.39 NA) via focusing lenses, and xyz
alignment apparatus. Laser power was checked with an optical powermeter (Newport

1918-C, CA, USA) before and after each application.

It is a persisting incongruity in literature to use pulsed mode to chopped laser light.

Thus we prefer to use pulsed-modulated-mode to prevent misunderstanding.

3.2 Preparation of brain samples for ez vivo studies

A total of 100 fresh lamb brains weighing 60-70 grams were used for the experi-
ments. The lambs were 6-8 months. The brains were cooled to 4°C immediately after
the animal was slaughtered and experiments were performed within 24 hours. Before the
experiments temperature of the samples was increased to the room temperature (22°C).
The temperature was checked with the thermoprobe. Laser applications were done on
each 4-5 mm thick coronal section taken from brain samples closed to the midline. The
other two dimensions of the samples were 3.5+ 0.2 x 6.00 & 0.4 cm. The laser dependent
lesions were rather small with respect to dimensions of the samples in order to avoid
boundary effects. Brain samples were covered with saline in order to prevent the tissue
to dehydrate. Laser shots were performed and data were collected with respect to the
brain structures (i.e. cortical and subcortical). Different laser power and exposure time

combination had been studied and each laser dose had been performed 10 times.



22

3.3 Preparation of animals for n vivo studies

The experiments were conducted under a protocol approved by the Institutional
Animal Research and Care Ethic Committee at Bogazigi University (BUHADYEK).
Healthy Male Wistar rats, randomly selected, 3-4 months old, weighing 150-250 gr were
supplied from Bogazigi University Life Sciences and Technologies Research Center; Vivar-
ium. Rats were housed in plastic cages and maintained on a 12-h-light /12-h-dark cycle in

a temperature-controlled vivarium (22+2°C). Food and water were available ad libitum.

3.4 Methods for ex vivo studies

3.4.1 Laser Application Procedure

Laser was applied to the cortical and subcortical tissue vertically a few mm above
(0.0-0.2 mm). Before each application, fiber tip was checked for irregularities and cleaved
if it was needed. Firstly, a predosimetry study was done in order to determine the pa-
rameters for continuous and pulse-modulated-mode: coagulation and carbonization onset
times were recorded by increasing power. If the laser applications result in carbonizations
consistently; power was not continued to increase. As a result a safe ablation/coagulation
region of continuous (c-m) and pulse-modulated-modes (p-m-m) was set for various power-

laser durations and laser sources (Tables 3.1 and 3.2).
In continuous-mode and pulsed-modulated-mode, laser power and pulse widths

were chosen in order to deliver the same amount of energy to the tissue. All laser appli-

cations were performed via thermoprobe designed by our group.

3.4.2 Thermoprobe

A 1.3-mm needle was mounted in a hand piece with 1.5-cm in diameter. 400-pum

optical fiber and 20-pm K-type thermocouple were inserted and fixed via that needle
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Dosimetry levels applied to brain tissue for ablation efficiency and temperature rates analysis for ex vivo
studies with 980-nm diode laser.

Zone Laser mode | Laser Average light | Duration (s) | Laser energy
power (W) | intensity delivered (J)
(W/em?)
Cortical/Subcortical c-m 1 796 3 3
Cortical/Subcortical c-m 1.5 1194 2 3
Cortical/Subcortical c-m 2 1592 1.5 3
Cortical/Subcortical c-m 2.5 1990 1.2 3
Cortical/Subcortical c-m 3 2387 1 3
Cortical/Subcortical c-m 1 796 4 4
Cortical /Subcortical c-m 1.5 1194 2.6 4
Cortical/Subcortical c-m 2 1592 2 4
Table 3.2

Dosimetry levels applied to brain tissue for ablation efficiency and temperature rates analysis for ex vivo
studies with 1940-nm Tm:fiber laser.

Zone Laser mode | Laser Average light Duration (s) Laser energy
power intensity delivered (J)
(mW) (W /cm?)
Cortical /Subcortical c-m 200 159 10 2
Cortical/Subcortical p-In-m 200 159 20 (100 ms on 100 ms off) |2
Cortical /Subcortical c-m 400 318 5 2
Cortical /Subcortical p-m-m 400 318 10 (100 ms on 100 ms off) |2
Cortical /Subcortical c-m 600 478 3.33 2
Cortical /Subcortical p-m-m 600 478 6.67 (100 ms on 100 ms off) | 2
Cortical/Subcortical c-m 800 636 2.5 2
Cortical /Subcortical p-In-m 800 636 5 (100 ms on 100 ms off) 2
Cortical /Subcortical c-m 200 159 20 4
Cortical/Subcortical p-In-m 200 159 40 (100 ms on 100 ms off) |4
Cortical /Subcortical c-m 400 318 10 4
Cortical /Subcortical p-m-m 400 318 20 (100 ms on 100 ms off) | 4
Cortical /Subcortical c-m 600 478 6.67 4
Cortical /Subcortical p-In-m 600 478 13.34 (100 ms on 100 ms off) | 4
Cortical /Subcortical c-m 800 636 5 4
Cortical/Subcortical p-m-m 800 636 10 (100 ms on 100 ms off) | 4
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(Figure 3.1). The distance between optical fiber and thermocouple tip is 0.5 mm. The
tip of the thermocouple is always inserted into the tissue by 0.3 mm. The response
time of the thermoprobe is 0.1 second and it can detect 0.1°C changes. Temperature
changes were observed real-time and a LabView program was utilized for data acquisition.
Before each application, thermoprobe was calibrated to different reference temperatures
(room temperature, 0°C cold water and 100°C hot water measured by a conventional
Hg-thermometer). In order to be sure that thermocouple is not directly irradiated by the
laser light, the experiments were performed without sample at the beginning of the each
application, the temperature were recorded and it is observed that temperature did not
change. The experiments were also performed on water, but the changes in temperature

were not significantly different because heat convection is dominant for liquids.

|
=3 Thermocouple

1.31 mm

Thermocouple

Optic fiber

Optic fiber

Tissue sample la 5 mm‘
.

Figure 3.1 Schematic presentation of laser-thermoprobe system to measure the temperature of the
nearby tissue during laser irradiation

3.4.3 Quantifying the Thermal Damage

Thermal effects of the laser were quantified in terms of ablation (thermally removed
tissue) and coagulation (irreversible thermal damage) areas. The ablation and coagulation

diameters were measured under light microscope (Eclipse 80i, Nikon Co., Tokyo, Japan)
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(Figure 2). Measurements were performed using Imaging Software (NIS Elements-D,
Nikon Co, Tokyo, Japan). It is aimed to find the appropriate laser parameters in order to
perform highest ablation efficiency (AE) (Equation 3.1) with minimum collateral damage,
which is calculated as the ratio of ablation zone diameter (AD) to the total thermally

altered zone diameter (AD+CD).

AD

During laser application, temperature rise in the tissue was observed with thermo-
probe as described in detail in previous section. The relationships between laser param-
eters (power, exposure time), temperature changes and ablation efficiencies were deter-
mined. Correlations between rates of temperature change over time (Equation 3.2) and

ablation efficiencies were calculated.

AT
rate of temperature change = - (3.2)

3.4.4 Data Analysis

Analysis of variance (ANOVA) was performed to reveal the effects of parameters
on the ablation and coagulation diameters. In order to determine statistical differences
between the ablation and coagulation diameters, Tukey test was used as a post hoc test
after ANOVA test and p < 0.05 was used as significance level. Ablation efficiencies
and rates of temperature change were calculated. Ablation efficiencies above 50% were
specified as successful laser ablation. The relationship between ablation efficiencies and
rate of temperature change were revealed with Spearman’s rank correlation coefficient

calculations, if applicable.
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Figure 3.2 A brain tissue sample which exposed to 1940-nm Tm:fiber laser. CD indicates the diameter
of the coagulated zone, AD indicates the diameter of the ablated zone.

3.5 Stereotaxic Laser Surgery Experiments in vivo

3.5.1 Stereotaxic Surgery

Rats were anesthetized with ketamine (10% ketamidor, RichterPharma, AG, Wels,
Austria) by intraperitoneal injection (1.65 ml/kg). Hairs at the site of application of each
subject were shaved and if needed, epilation cream were applied to remove remaining
hair. Rats were placed in the stereotaxic instrument. Body temperature of the rats
during the surgery was regulated using animal temperature controller (ATC1000, World
Precision Instruments, FL, USA). The skin was retracted and holes were drilled in the
skull. Dura was removed. Bilateral lesions were created at the following coordinates:
+3.73 mm from bregma, +3.0 mm lateral to midline, and -1.1 mm below the dura for
primary motor cortex (cortical tissue), 0 mm from bregma, +3.0 mm lateral to midline,
and -6.0 mm below the dura for Caudate putamen (subcortical tissue) [139]. After lesions
were created, fiber was waited for 2 minutes at the lesion area. The tip of the fiber was
cut with a tungsten carbide knife whenever a defect is observed. After surgery, animals

were sacrificed immediately by a retractor.



27

3.5.2 Laser Application Procedure

Laser was applied to the cortical and subcortical tissue vertically. Before each
application, fiber tip was checked for irregularities and cleaved if it was needed. The
parameters, which were studied, were determined from ez vivo studies (Table 3.3). All

laser applications were performed via thermoprobe designed by our group.

Table 3.3
Dosimetry levels applied to brain tissue for ablation efficiency and temperature rates analysis for in vivo
studies with 980-nm diode and 1940-nm Tm:fiber lasers.

Zone Laser source Laser mode | Laser Average light | Duration (s) | Laser energy
power (W) | intensity delivered (J)
(W /cm?)

Cortical /Subcortical 980-nm diode c-m 2 1592 1.5 3
Cortical /Subcortical 980-nm diode c-m 2 1592 2 4
Cortical/Subcortical | 1940-nm Tm:fiber c-m 0.4 318 2.5 1
Cortical/Subcortical | 1940-nm Tm:fiber c-m 0.4 318 5 2
Cortical /Subcortical | 1940-nm Tm:fiber c-m 0.6 478 3.3 2
Cortical /Subcortical | 1940-nm Tm:fiber p-m-m 0.4 318 5 2
Cortical /Subcortical | 1940-nm Tm:fiber p-m-m 0.6 478 3.3 2

3.5.3 Temperature Measurements
During laser surgery the temperature increase in the tissue was observed with a
t-type thermocouple. Thermocouple measured the temperature increase at a location 0.5

mm away from the laser irradiation site.

In surgical applications, thermocouple with a higher measurement rate was used

instead of a thermoprobe.

3.5.4 Histological Procedures

After the sacrification of the animal, brain of the animal were extracted. Then the

brain samples were fixed in 10% formalin solution (4 liters of phosphate buffered saline
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(PBS) with 400 ml formaldehyde (37%-40%). Phosphate buffered saline solution was
prepared by dissolving tablets of PBS in distilled water. Each tablet was dissolved in 100
ml of distilled water.) at least for 4 days (generally 7 days).

When the brains were fixed, 50 pm coronal sections were taken from rat brains
with vibrotom (Leica VT1000 S Germany). Slices were waited in 0.1 molar phosphate
buffer (PB) until CFV staining. Brain slices, which were taken from leisoned part of the
brain, were moved to chrome-gelatinized slides. After this step, CFV staining procedure

was applied. This procedure consists of the following steps:

1. 1 gram of CFV stain was dissolved in 100 ml of distilled water, then 0.25 ml Acetic
Acid was added to this solution.

2. Slides were passed alcohol gradient given below

(1) 95% alcohol (15 minutes)
(ii) 70% alcohol (1 minutes)

(iii) 50% alcohol (1 minutes)
3. Slides were embedded in distilled water twice, two minutes each
4. Slides were embedded in CFV stain for 7 minutes
5. Slides were embedded in distilled water for one minute
6. Slides were passed alcohol gradient given below

(i) 50% alcohol (2 minutes)

(i) 70% alcohol + 1% Glacial Acetic Acid (2 minutes)
(iii) 95% alcohol (2 minutes)
(iv) 95% alcohol (1 minutes)

(v) 100% alcohol (1 minutes)

7. Slides were dipped in Xylene twice, five minutes each
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8. Slides were dried 24 hours

9. Slides were closed with cover slip. Entellan was used to stick.

3.5.5 Quantifying Thermal Damage

Thermal effects of the laser were quantified in terms of ablation (thermally removed
tissue), severe and mild coagulation (irreversible thermal damage) and reversible (edema)
thermal damage areas. The ablation and coagulation areas were measured under light
microscope (Eclipse 80i, Nikon Co., Tokyo, Japan) and images were captured with two

magnifications, 40X and 100X (Figures 3.3 and 3.4).

Figure 3.3 Laser induced micrographs of cortical tissue with a) 40X and b) 100X magnifications.
Ablated (AA), coagulated (CA) and edematous (EA) areas were separated by dashed lines.

Measurements were performed using ImageJ Software (National Institute of Health,
USA). It is aimed to find the appropriate laser parameters in order to get highest ablation
efficiency with minimum collateral damage, which is calculated as the ratio of ablated area
to the total thermally altered area. In this context, the ablated area (AA), the coagulated

area (CA) and the edematous area (EA) generated through laser exposure were measured
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Figure 3.4 Laser induced micrographs of subcortical tissue with a) 40X and b) 100X magnifications.
Ablated (AA), coagulated (CA) and edematous (EA) areas were separated by dashed lines.

and the percentage ablation efficiency (%AE) was calculated according to Equation 3.3.

AA

The temperature of the nearby tissue was observed during each laser surgery. For
each observation, the maximum temperature rise with respect to the pre-laser tempera-

ture (AT), the time to reach that maximum, and the rate of temperature change were

calculated.

Additionally edematous area was normalized (NEA) for each surgery (Equation
3.4) in order to have a reasonable comparison between the cases. That is, we aim to

make a fair comparison for lesions having similar edematous but different ablated and

coagulated areas.

B EA
~ AA+CA+EA

NEA
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3.5.6 Data Analysis

Analysis of variance was performed to reveal the effects of parameters on the abla-
tion and coagulation diameters. In order to determine statistical differences between the
ablated, coagulated and edematous areas, Tukey test was used as a post hoc test after
ANOVA test and p < 0.05 was used as significance level. Ablation efficiencies and rates
of temperature change were calculated. Ablation efficiencies above 50% were specified as
successful laser ablation. The relationship between ablation efficiencies and rate of tem-
perature change were revealed with Spearman’s rank and Pearson’s correlation coefficient

calculations, if applicable.
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4. RESULTS and DISCUSSION

4.1 Laser Brain ablation with 980-nm Diode Laser; ex vivo exper-

iments

The 980-nm diode laser which is preferred in many medical applications due to
good absorption by haemoglobin providing good homeostasis during surgery was investi-
gated by our laboratory for brain and intraoral surgery. A study of dose determination
was performed to find the optimal parameters that provide less thermal damage to the

surrounding healthy tissue.

The maximum output power of this laser is 14 W as mentioned before. In order
to find which parameters are more suitable for brain ablation, first a predosimetric study
was performed. In this predosimetric study, the laser was applied directly on the cor-
tical and subcortical tissues, which were embedded into saline and the coagulation and

carbonization onset times were recorded.

The results of predosimetric study performed by 980-nm diode laser had been
shown in Figures 4.1 and 4.2. Figures 4.1 and 4.2 show the coagulation and carbonization
onset time respectively, when 980-nm diode laser was applied to cortical and subcortical
tissues. According to these results it is obvious that carbonization occurs immediately,
when the power of the laser light is greater than 5 W. But this predosimetric study was
an observation by naked eye. That is, the clock had been stopped when the coagulation
or ablation was visible to human eye. That’s why it has been decided not to apply light
power greater than 3 W.

Studied groups with this laser source were given in Table 3.1. Applications of 3 J
and 4 J of energy were performed via varying energy delivery in terms of output power and
exposure time in order to determine the most appropriate laser doses for in wvivo study.

The thermal effects of this laser source on cortical and subcortical tissues were examined
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Figure 4.1 The coagulation onset time, when 980-nm diode laser was applied to cortical and subcortical
tissue. The instances at which coagulation was observed, occurred earlier with increasing power. In
cortical tissues, coagulation was observed earlier up to 5 W levels (p<0.05). After that value the behaviour
of the tissues were observed to be same.
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Figure 4.2 The carbonization onset time, when 980-nm diode laser was applied to cortical and subcor-
tical tissue. The instances at which carbonization was observed, occurred earlier with increasing power.
Even though there is not a statistically significant difference between the carbonization onset times for
cortical and subcortical tissues, there is a trend of latency for the subcortical tissues.

microscopically. The ablation and coagulation diameters were measured and ablation
efficiencies were calculated. Carbonization, which is an unwanted effect of photothermal
laser application was not observed in any sample. Three-way ANOVA revealed that

tissue type had affected ablation (p<0.001), coagulation (p<0.001) diameters and ablation
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efficiencies (p<0.001), whereas varying energy delivery and the energy delivered to the
tissue had effects on ablation diameters (p<<0.001 and p<0.001) and ablation efficiencies
(p<0.001 and p<0.001) but no effects on coagulation diameters (p=0.600 and p=0.589).
Response of the cortical and subcortical tissues to the 980-nm diode laser, is discussed

below in this perspective.

The thermal effects and ablation efficiencies of 980-nm diode laser with 3 J and 4

J energies on cortical and subcortical tissues were shown in Figures 4.3-4.6.
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Figure 4.3 The thermal effects of 980-nm diode laser on cortical tissue at 3 Joules energy level (CD:
Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency values
with respect to stated laser power. Ablation diameters and ablation efficiencies increased with increasing
power up to 2 W and then reached a plateau (p<0.001 and p<0.001). On the other hand, coagulation
diameters continued to increase with increasing power (p<0.001).

When 3 J of energy was applied on cortical tissues, ablated areas were increased
with increasing power up to 2 W, but the coagulated areas remained almost same in that
interval, which leads to an increase in ablation efficiencies up to that power. Beyond that
point, histological analysis revealed no significant differences in terms of ablated areas. On
the other hand with increasing power coagulated areas started to increase, which results in
a slight decrease in efficiencies. When 4 J of energy was applied on cortical tissues, ablated
areas increased with increasing power and coagulated areas remained almost same leading

to an increase in efficiency. We observed a similar trend for subcortical tissues: ablated
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Figure 4.4 The thermal effects of 980-nm diode laser on cortical tissue at 4 Joules energy level (CD:
Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency values with
respect to stated laser power. Ablation diameters increased with increasing power (p<0.001). There is an
increasing trend in coagulation diameters (p=0.067). Ablation efficiencies also increased with increasing
power (p<<0.001).

4 100
" 90

3.5
T - 80

3
r 70

[
n

Coagulation

' 50 % s pplation
T - 40 e AE%
15

VL/ - 30
1 ]
- 20
05 +—
- N
o -

-0
1Watt-3 s 1.5Watt-2s  2Watt-1.5s 2.5 Watt-1.2s 3 Watt-15s

Diameter (mm)
(8]

Figure 4.5 The thermal effects of 980-nm diode laser on subcortical tissue at 3 Joules energy level (CD:
Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency values
with respect to stated laser power. Ablation and coagulation diameters increased with increasing power
(p<0.001 and p<0.001) but the ablation efficiencies reached a plateau at 2 W (p<0.001).

areas were increased with increasing power up to 2.5 W this time and the coagulated areas
remained almost same in that interval, which leads to an increase in ablation efficiencies

up to that power. Beyond that point, ablated areas revealed no significant differences, but
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Figure 4.6 The thermal effects of 980-nm diode laser on subcortical tissue at 4 Joules energy level (CD:
Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns indicate
the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency values with
respect to stated laser power. Ablation diameters increased with increasing power (p<<0.001) whereas
coagulation diameters did not change (p=0.809). Ablation efficiencies also increased with increasing
power (p<0.001).

the coagulated areas started to increase, which results in a slight decrease in efficiencies.
When 4 J of energy was applied on subcortical tissues, ablated areas increased with
increasing power and coagulated areas remained same leading to an increase in efficiency.
It was also observed that lesions created in cortical tissues were bigger than the lesion

created in subcortical tissues in general.

In summary, according to histological examinations the highest ablation efficiencies
were obtained for 2 W-1.5 s and 2 s applications regardless of the tissue type. Secondly,
subcortical and cortical tissue responses to the 980-nm diode laser were found to be similar

in trend but statistically different from each other.

During laser applications temperature of the nearby tissue was measured with the
thermoprobe. Results were given in Figures 4.7-4.10 and rate of temperature changes

were calculated and plotted in Figures 4.11-4.14.

The thermoprobe recorded the temperature values 0.5-mm away from the laser

fiber tip. The time response of the thermocouple used in the present study was 0.1 s.
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Figure 4.7 Temperature change for 3 J, 980-nm diode laser ez vivo study groups for cortical tissues.
Even though there is a increasing trend in temperature change up to 2 W application, there are no
statistically significant differences (p=0.136).
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Figure 4.8 Temperature change for 4 J, 980-nm diode laser ez vivo study groups for cortical tissues.
There is no significant difference in changes of temperature (p=0.560).

Fortunately, the nearby temperature measurement of the thermoprobe served as a good

indicator of the photothermal effect; a strong correlation between the rate of temperature

change and ablation efficiencies were found.
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Figure 4.9 Temperature change for 3 J, 980-nm diode laser ex vivo study groups for subcortical tissues.
There is an irregular but significant decrease in temperature change (p<0.001) with increasing power.
The biggest temperature change was observed at 2 W-1.5 s application.
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Figure 4.10 Temperature change for 4 J, 980-nm diode laser ex vivo study groups for subcortical tissues.
There is no significant difference in changes of temperature (p=0.188).

The relationship between the ablation efficiencies and rate of temperature change
with respect to varying energy delivery for cortical and subcortical tissues was shown
in Figure 4.15. Data were presented as the change in ablation efficiency versus rate of

temperature change over time. It was found that higher the rate of temperature change
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Figure 4.11 Rate of temperature change for 3 J, 980-nm diode laser ex vivo study groups for cortical
tissues. Rates increased up to 2 W and then reached a plateau (p<0.001).
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Figure 4.12 Rate of temperature change for 4 J, 980-nm diode laser ex wivo study groups for cortical
tissues. Rates increased with increasing power (p<0.001), where the maximum rate of temperature change
was observed at 2 W-2 s.

over time yielded higher ablation efficiency. 50% ablation efficiency was depicted with
a horizontal line, above that level was defined as a success for ablation. By analyzing
those graphs it can be obviously seen that the number of samples with higher ablation

efficiencies for cortical tissue is much more than subcortical tissue. This analysis can help

us to estimate the ablation efficiency of the applied laser procedure with respect to the
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Figure 4.13 Rate of temperature change for 3 J, 980-nm diode laser ex vivo study groups for subcortical
tissues. Rates first increased and then decreased with increasing power, peaking at 2 W-1.5 s application
(p<0.001).
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Figure 4.14 Rate of temperature change for 4 J, 980-nm diode laser ex vivo study groups for subcortical
tissues. Rates increased with increasing power (p<0.001), where the maximum rate of temperature change
was observed at 2 W-2 s.

tissue type. Spearman’s rank correlation coefficients revealed a strong correlation between

ablation efficiencies and rate of temperature change over time with p=0.81 and 0.84 for

cortical and subcortical tissues respectively.
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Figure 4.15 The ablation efficiencies as a function of rates of temperature change of the samples of
cortical (left) and subcortical tissue (right). The right hand side of the vertical lines indicates the samples
with carbonization, and the upper region of the horizontal lines indicates the samples, in which higher
ablation efficiencies were succeeded

4.2 Laser Brain ablation with 1070-nm fiber laser; ex vivo exper-

iments

Objective of this study was to examine the ablation capability of 1070-nm Ytter-
bium Fiber Laser (YLF) ex vivo and the determine the most proper laser dose in order
to ablate cortical and subcortical tissue. A predosimetric study was performed before the
ex vivo dosimetry study. The same methodology was followed as in 980-nm diode laser.
The results of the predosimetric study performed by 1070-nm fiber laser had been shown
in Figures 4.16 and 4.17. Figures 4.16 and 4.17 show the coagulation and carbonization
onset time respectively, when 1070-nm fiber laser was applied to cortical and subcortical
tissue. When we perform ez vivo study with 1070-nm fiber laser according to the result
of the predosimetric studies, it was seen that this laser is not capable to vaporize the
tissue. Hence, it is decided not to continue to investigate the effects of this laser on in
vivo studies. The coagulation capabilities of 1070-nm fiber laser were shown in Figure

4.18.
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Figure 4.16 The coagulation onset time, when 1070-nm fiber laser was applied to cortical and subcortical
tissue. The instances at which coagulation was observed, occurred earlier with increasing power. In
subcortical tissues, coagulation was observed earlier up to 4 W levels (p<0.05). After that value the
behaviour of the tissues were observed to be same.
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Figure 4.17 The carbonization onset time, when 1070-nm fiber laser was applied to cortical and
subcortical tissue. The instances at which carbonization was observed, occurred earlier with increasing
power. There is a statistically significant latency for the subcortical tissues.

4.3 Laser Brain ablation with 1940-nm Tm:Fiber laser; ezx vivo

experiments

Thulium doped around 2 pum wavelength lasers with silica based fiber have an
important role in various minimally invasive surgeries. 1940-nm Tm:fiber lasers have

great advantage in treating soft-tissues due to the high absorption coefficient of water
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Figure 4.18 The coagulation diameters of cortical and subcortical tissue with respect to power 1070-
nm fiber laser. The coagulation diameters increased with increasing power, where diameters in cortical
tissues were bigger than the ones in subcortical tissues (p<0.05).

at that wavelength [140]. A study of dose determination was performed to find the
optimal parameters that provide less thermal damage to the surrounding healthy tissue.
The maximum output of this laser is 5 W as mentioned before. In order to find which
parameters are more suitable for brain ablation, a predosimetric study was performed

with same method as in 980-nm diode laser.

The predosimetric study performed by 1940-nm Tm:Fiber laser had been shown in
Figures 4.19 and 4.20. Figures 4.19 and 4.20 show the coagulation and carbonization onset
time respectively, when 1940-nm Tm:Fiber laser was applied to cortical and subcortical
tissue. According to these results it is obvious that carbonization occurs immediately,

when the power of the laser light is greater than the 800 milliwatts.

Dose determination study was performed, after the predosimetric study. Histolog-
ical examinations were performed. The same methodology was used as in 980-nm diode
laser experiments. The ablation and coagulation diameters were measured under light
microscope and the ablation efficiencies were calculated. Four-way analysis of variance
revealed that ablation and coagulation diameters were differentiated with all four param-
eters: laser power (p<0.001), tissue type (p<0.001), laser mode (p<0.001) and energy
density (p<0.001). Changing the laser power, energy density, tissue type, and mode of
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laser delivery can lead to dramatical changes within the ablation and coagulation diame-

ters. The response of the cortical and subcortical tissue to the Tm:fiber laser is discussed

below in this perspective.
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Figure 4.19 The coagulation onset time, when 1940-nm Tm:fiber laser was applied to cortical and

subcortical tissue. The instances at which coagulation was observed, occurred earlier with increasing
power, regardless of tissue type.
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Figure 4.20 The carbonization onset time, when 1940-nm Tm:fiber laser was applied to cortical and
subcortical tissue. The instances at which carbonization was observed, occurred earlier with increasing
power. High power applications resulted in similar carbonization instances for both tissue types, but
earlier instances were observed for subcortical tissues at lower powers (p<<0.001).

Mean ablation and coagulation diameters for cortical tissues with 2 J and 4 J energy

delivered were shown in Figure 4.21 and Figure 4.22, respectively. Ablation efficiencies
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were also shown within the same figure. Diameters of total thermal damage and ablations
were increased with increasing power for all types of applications except lower doses (200
and 400-mW) of p-m-m. Significant differences were also found with respect to the mode
(c-m or p-m-m) for the same power and energy applied: c-m applications yielded more
photothermal effect and more ablation (except lower doses). Then the ablation efficiencies
were calculated in order to develop a better description for the laser application. It was
defined as the ratio of ablation to the total thermal damage. It was found that ablation

efficiencies were also significantly higher for the c-m laser applications.
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Figure 4.21 The thermal effects of 1940-nm Tm:fiber laser on cortical tissue at 2 joules energy level
(CD: Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns
indicate the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency
values with respect to stated laser power and mode. To switch the mode of operation from continuous to
pulsed-modulated-mode decreased the ablation diameters and ablation efficiencies (p<0.001). Ablation
diameters increased with increasing powers (p<<0.001). The highest ablation efficiencies were achieved for
600 mW and 800 mW, but at 800 mW applications, carbonization was observed around the ablated area.

The thermal response of the subcortical tissue to the Tm:fiber laser was found
similar to the cortical tissue (Figure 4.23 and Figure 4.24). However all the diameter
values of subcortical tissue were significantly less then the corresponding ones of the
cortical tissue (p<0.001). The result of the changing the mode of laser delivery from
continuous to pulsed-modulated-mode was also similar for subcortical tissue experiments
at both 2 and 4 joules experiments. Ablation and coagulation diameters were increased
as the power levels increased. The most dramatic increase in ablation diameters were
observed at 600 mW laser experiments (p<0.001 when compared to both 200 mW and

400 mW experiments) regardless of laser delivery mode.
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Figure 4.22 The thermal effects of 1940-nm Tm:fiber laser on cortical tissue at 4 joules energy level
(CD: Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns
indicate the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency
values with respect to stated laser power and mode. To switch the mode of operation from continuous to
pulsed-modulated-mode decreased the ablation diameters and ablation efficiencies (p<0.001). Ablation
diameters increased with increasing powers (p<<0.001). The highest ablation efficiencies were achieved for
600 mW and 800 mW, but at 800 mW applications, carbonization was observed around the ablated area.
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Figure 4.23 The thermal effects of 1940-nm Tm:fiber laser on subcortical tissue at 2 joules energy
level (CD: Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns
indicate the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency
values with respect to stated laser power and mode. To switch the mode of operation from continuous to
pulsed-modulated-mode decreased the ablation diameters and ablation efficiencies (p<0.001). Ablation
diameters increased with increasing powers (p<<0.001). The highest ablation efficiencies were achieved for
600 mW and 800 mW, but at 800 mW applications, carbonization was observed around the ablated area.

In summary regardless of the tissue type, for lower laser power (200 and 400 mW)
applications changing the laser delivery mode did not result significant differences in total
thermal damage but resulted differences in terms of ablation with greater efficiency for

the c-m. Secondly, subcortical and cortical tissue responses to the Tm:fiber laser found
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Figure 4.24 The thermal effects of 1940-nm Tm:fiber laser on subcortical tissue at 4 joules energy
level (CD: Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis and columns
indicate the ablation and coagulation diameters, Y2 axis and line graph indicate the ablation efficiency
values with respect to stated laser power and mode. To switch the mode of operation from continuous to
pulsed-modulated-mode decreased the ablation diameters and ablation efficiencies (p<0.001). Ablation
diameters increased with increasing powers (p<<0.001). The highest ablation efficiencies were achieved for
600 mW and 800 mW, but at 800 mW applications, carbonization was observed around the ablated area.

to be statistically different for all experiments (p<0.001). Increasing power values of
the Tm:fiber laser resulted with higher ablation and coagulation diameters regardless
of delivery mode. It is observed that ablation efficiencies were higher for higher power
levels. Even though the transferred total energy was doubled the thermally altered zones
did not doubled, a slight increase in the thermally altered area was seen. Besides a

threshold for the laser power (800 mW) was found; laser power greater than 800 mW lead

to carbonization in all experiments performed for both tissue types.

During laser applications, temperature of the near-by tissue was measured with the
thermoprobe. Results were given in Figures 4.25-4.28 and rate of temperature changes

were calculated and plotted in Figures 4.29-4.32.

The thermoprobe recorded the temperature values 0.5-mm away from the laser
fiber tip. The observed temperature values were small compared to the theoretical values.
In order to observe tissue vaporization or ablation with continuous wave laser, tissue tem-
perature must be increased by 100°C and over [19,141-143]. But photothermal interaction
is a very fast (thermal response of the tissue to the laser irradiation on the nanosecond

levels [97]) and very localized process; thus, it is almost impossible to measure the exact
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Figure 4.25 Temperature change for 2 J, 1940-nm diode laser ex vivo study groups for cortical tissues.
Switching from continuous to pulsed-modulated-mode resulted in a higher temperature increase except
for the 200 mW (p<0.05). Higher temperature increases were observed with increasing power, except for
the change from 200 mW to 400 mW in continuous mode (p<<0.05). Highest temperatures were observed
at 800 mW applications.
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Figure 4.26 Temperature change for 4 J, 1940-nm diode laser ex vivo study groups for cortical tissues.
Switching from continuous to pulsed-modulated-mode resulted in a higher temperature increase except
for the 200 mW (p<0.001). Higher temperature increases were observed with increasing power, except for
the change from 200 mW to 400 mW in continuous mode (p<0.001). Highest temperatures were observed
at 800 mW applications.

temperature rise in real-time with thermocouples because of the high thermal conductiv-

ity of the tissue. The time response of the thermocouple used in the present study was 0.1
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Figure 4.27 Temperature change for 2 J, 1940-nm diode laser ex vivo study groups for subcortical
tissues. Switching from continuous to pulsed-modulated-mode resulted in a higher temperature increase
except for the 200 mW (p<0.05). Higher temperature increases were observed with increasing power,
except for the change from 200 mW to 400 mW in continuous mode (p<0.05). Highest temperatures were
observed at 800 mW applications.
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Figure 4.28 Temperature change for 4 J, 1940-nm diode laser ex vivo study groups for subcortical
tissues. Switching from continuous to pulsed-modulated-mode resulted in a higher temperature increase
except for the 200 mW (p<0.001). Higher temperature increases were observed with increasing power,
except for the change from 200 mW to 400 mW in continuous mode (p<0.001). Highest temperatures
were observed at 800 mW applications.

seconds. Fortunately, the near-by temperature measurement of the thermoprobe served

as a good indicator of the photothermal effect; a strong correlation between the rate of
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Figure 4.29 Rate of temperature change for 2 J, 1940-nm diode laser ex vivo study groups for cortical
tissues. Switching from continuous to pulsed-modulated-mode resulted in a higher temperature rate
(p<0.001). Rate of temperature change increased with increasing power (p<0.001). Highest rates were
observed at 800 mW applications.
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Figure 4.30 Rate of temperature change for 4 J, 1940-nm diode laser ex vivo study groups for cortical
tissues. Switching from continuous to pulsed-modulated-mode resulted in a higher temperature rate
(p<0.001). Rate of temperature change increased with increasing power (p<0.001). Highest rates were
observed at 800 mW applications.

the temperature change and ablation efficiencies were found.
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Figure 4.31 Rate of temperature change for 2 J, 1940-nm diode laser ez vivo study groups for subcortical
tissues. Switching from continuous to pulsed-modulated-mode resulted in a higher temperature rate
(p<0.001). Rate of temperature change increased with increasing power (p<0.001). Highest rates were
observed at 800 mW applications.
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Figure 4.32 Rate of temperature change for 4 J, 1940-nm diode laser ez vivo study groups for subcortical
tissues. Switching from continuous to pulsed-modulated-mode resulted in a higher temperature rate
(p<0.001). Rate of temperature change increased with increasing power (p<0.001). Highest rates were
observed at 800 mW applications.

The relationship between the ablation efficiencies and rate of temperature change

with respect to the mode of laser delivery for cortical and subcortical tissues was shown
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in the Figure 4.33. Data were presented as the change in ablation efficiency versus rate of
temperature change over time. It was found that higher the rate of temperature change
over time yielded higher ablation efficiency up to a certain threshold value. That thresh-
old was shown with a vertical line on the graph and it represents the carbonization onset.
50% ablation efficiency was also depicted with a horizontal line, above that level was
defined as a success for ablation. By analyzing those graphs, it can be obviously seen
that the number of samples with higher ablation efficiencies for cortical tissue is much
more than subcortical tissue and changing the laser delivery mode from c-m to p-m-
m decreases the number of samples with higher ablation efficiencies. This analysis can
help us to estimate the ablation efficiency of the applied laser procedure with respect to
the tissue type and mode of laser delivery. The tissue differences can easily be tracked
from the graphs given. For cortical tissue 50% (or greater) ablation efficiencies were
achieved when the rate of temperature changes over time was between 1.2 and 2.8; but
that region was found to be higher for the subcortical tissue, even though the calculated
ablation efficiencies were low. The rate of temperature changes over time for p-m-m ap-
plications were found smaller, which resulted with lower ablation efficiencies. Spearman’s
rank correlation coefficient p revealed a strong correlation between ablation efficiencies
and rate of temperature change over time, p=0.903, p=0.940, p= 0.944, p= 0.973 for
cortical continuous-mode, pulsed-modulated-mode and subcortical continuous-mode and
pulsed-modulated-mode applications respectively. If the data of the samples in which
carbonization was observed are excluded from the analysis, which is more convenient to
do so, the values of p’s are increasing as expected (p=0.986, p=0.960, p=0.954, p=0.974
for cortical continuous-mode, pulsed-modulated-mode and subcortical continuous-mode

and pulsed-modulated-mode applications respectively).

4.3.1 Discussion

Continuous wave laser irradiation -in addition to tissue heating and thermal injury-
can lead to removal of tissue by vaporizing or ejection of the tissue which is called ablation
process. In order to achieve more precise tissue removal and less thermal injury to sur-

rounding tissue the temperature of the tissue must be monitored during laser irradiation.
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Figure 4.33 The ablation efficiencies as a function of rates of temperature change of the samples of
cortical (a and b) and subcortical tissue (¢ and d). The mode of laser delivery was continuous (¢c-m) for (a)
and (c¢) and pulsed-modulated (p-m-m) for (b) and (d). The right hand side of the vertical lines indicates
the samples with carbonization, and the upper region of the horizontal lines indicates the samples, in
which higher ablation efficiencies were succeeded.

Temperature changes in the tissue during laser irradiation can be a good indicator to un-
derstand and predict the tissue response to the laser irradiation. If the tissue is exposed
to laser light for a long time that is heating times of the tissue is prolonged; cellular and
tissue structural proteins will undergo structural changes and protein denaturation will
occur which is called thermal coagulation. However, ablation process is dominated when

the sudden increase in tissue temperature is achieved [6,19].

In this study we investigated the ablative effects of three different infrared lasers
and applicability of new designed thermoprobe which measures temperature of the nearby
tissue during laser irradiation into laser dosimetry studies. 1070-nm ND:YLF laser was
not able to ablate either cortical or subcortical tissue, which is correlated with literature
[144-146]. 980-nm diode and 1940-nm Tm:fiber lasers were found to be successful for

laser brain surgeries.

Although the subcortical and cortical tissues are brain samples, their optical prop-
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erties are different [18,147,148|. During laser irradiation, this difference must be taken
into account, because this dissimilarity affects the response of the tissue to laser irradi-
ation. It has been shown that the response of the cortical and the subcortical tissue to
both 980-nm diode and 1940-nm Tm: fiber lasers were different; the resultant ablation
and coagulation diameters are greater for cortical tissue for all parameters (p<0.001).
This reveals that the main absorber of the laser light in the tissue is water. The water
contents and lipid contents are different for these two different tissue types. Because the
myelin sheaths that are composed of lipids are higher in subcortical tissue, water absorp-
tion of this tissue is lower, which results in smaller coagulation and ablation diameters

even though the observed temperature increase was higher.

It was observed that lesions created by 980-nm diode laser were bigger than those
created by 1940-nm Tm:fiber laser, when the thermal effects of two lasers were compared.
Additionally, increase in tissue temperature was greater for 1940-nm. This can be ex-
plained as follows: in 1940-nm applications, lower doses were applied for a longer time
in comparison with 980-nm. Output power was on the order of mW'’s for 1940-nm appli-
cations, whereas it was on the order of Watts for 980-nm. This dosimetry strategy was
necessary, since for 1940-nm, higher doses resulted in carbonization and for 980-nm, lower
doses could not cause ablation. Greater increases in tissue temperature in 1940-nm appli-
cations may be due to longer exposure times in comparison with 980-nm applications and
smaller lesions created may be explained by lower applied powers. As a result, optimum
doses for in vivo studies were found to be 2 W for 980-nm diode laser and 400 mW and
600 mW for 1940-nm Tm:fiber laser, for which the ablation efficiencies were observed to

be the highest.

In modulated-mode laser irradiations although the same energy was delivered to the
tissue the resultant ablation efficiencies are found to be lower compared to continuous-
mode laser irradiations. Because in modulated-mode applications tissue has a time to
cool itself down, and conducts the heat to nearby tissue, thus heating of the tissue was
dominated in these applications. So the resultant rate of temperature increase in the tissue
was lower, which results in greater coagulation diameters and smaller ablation diameters,

hence lower ablation efficiencies.
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Results showed that relatively low power laser energy was efficient for ablating
brain tissue in Tm:fiber laser applications. 200-800-mW of laser energy can be described
as low power compared to the other IR lasers showed in literature (at least Watts of
laser power was used.) [5]. 50% ablation efficiency values were reached by just applying
hundreds miliwatts of laser energy. We used a Tm:fiber laser with 5 W of maximum output
power but a smaller laser system can be implemented with this wavelength. Smaller size

requires less space in the surgery room and also reduces the overall costs.

In all experiments sudden decrease in the tissue temperature by 0.5-1°C was ob-
served, which indicates the beginning of the ablation process. We believed that this sudden
decrease is most probably because of the water vapor of the removed tissue. Additionally,
this indicates that when the tissue is irradiated by the laser, the superficial tissue layer is
thermally coagulated immediately, temperature increase continues until the vaporization
temperature is reached. Then the temperature of the tissue decreases immediately due to
vaporization of the tissue. When this tissue layer is completely dehydrated and vaporized,
the temperature begins to rise again. During these processes, heat will be transferred to
the surrounding tissue layers by heat conduction that results in coagulation. In these lay-
ers of the tissue, coagulation will dominate because the ablation threshold temperature
is not reached. If the irradiation continues enough to reach to carbonization tempera-
ture, this dried tissue will carbonized with color changing from white to black, which is
observed in our studies when irradiating the tissue with 800 mW power output of the

Tm:fiber laser.

In this study, it is aimed to investigate the thermal effects of the 980-nm diode and
1940-nm Tm:fiber lasers on the cortical and subcortical tissues in an ex vivo study with
a new design laser-thermoprobe. This study can contribute to understand laser-tissue
interaction mechanism and it also shows that rate of temperature change analysis could
be a very useful and efficient method to understand and predict the tissue response to the
investigated laser. It was also shown that the ablation and coagulation diameters could
be controlled and predicted and carbonization can be avoided by temperature monitoring
which will be a very useful method for scientists. It has been proven that the tissue tem-

perature alone is not a sufficient variable for a comprehensive understanding of irradiated
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tissue. Blood circulation would have a potential as a coolant under in wvivo conditions.
However the proposed laser-thermoprobe system measures the nearby tissue temperature
and operator can use this information as a reference to estimate the probable thermal
hazard corollary with the individual changes due to perfusion or any morphological inho-
mogeneity. These findings are particularly important for clinical use of the laser because
higher ablation efficiencies directly related to the minimal thermal damage to surrounding

healthy tissue.

4.4 Stereotaxic surgery with 980-nm diode and 1940-nm Tm:fiber

laser

In the light of ex vivo studies the successful parameters for 980-nm diode and

1940-nm Tm:fiber lasers were studied in further in vivo experiments.
This study mainly focused on investigating the thermal effects of different laser

sources with different power and mode settings on cortical and subcortical tissue and the

relation between the thermal effects and the temperature change in the tissue.

4.4.1 980-nm diode laser

4.4.1.1 Thermal effects. With the help of the ex vivo studies, two different laser
parameters were determined to be investigated throughout the in vivo studies for this
laser source: 2 W-1.5 s and 2 W-2 s. Examples of CFV stained subcortical tissue samples

can be seen in Figure 4.34.

With two-way ANOVA, it is investigated if the tissue type and exposure time affect
the measured parameters listed above. The results revealed that the tissue type and the
laser exposure time had a significant effect on ablated and coagulated areas (p<0.001
for both). Ablation efficiency was affected by the tissue type while the effects of laser
exposure time were insignificant (p=0.035, p=0.603 respectively). On the other hand
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Figure 4.34 Light micrographs of CFV stained 50 pm sections of subcortical tissues induced by 2 W,
980-nm diode laser with exposure times of a) 1.5 s b) 2 s (Magnification=40X).

edamatous areas were found to be the same for each study group (p=0.427, p=0.251).
The mean values and standard deviations of ablated area, coagulated area and edamatous

area and ablation efficiencies were listed in Table 4.1 and plotted in Figure 4.35.

Table 4.1
Mean ablated areas (AA), coagulated areas (CA), edamatous areas (EA) and ablation efficiencies for the
980-nm diode laser applications with two different laser parameters in cortical and subcortical tissues.

Tissue | Exposure | Energy De- | AA (m?) | CA (m?) | EA (m?) | Normalized| AE (%)
Time (s) livered (j) Edema
c . 1.5 3 0.43+0.14 | 0.70£0.15 | 1.03£0.45 | 0.46 £0.17 | 37.41 £4.91
ortica.
2 4 0.63 £0.17 | 1.01 £0.11 | 1.10 £ 0.39 | 0.40 £ 0.11 | 37.71 £ 5.31
1.5 3 0.28+0.11 | 0.56+£0.2 | 0.84£0.28 | 0.49£0.5 | 32.83£5.58
Subcortical
4 0.39£0.11 | 0.73£0.13 | 1.08 £0.37 | 0.48 £0.13 | 34.40 £4.15

The biggest ablated and total affected areas were achieved at 2 s applications

for both tissue types and the ablation efficiencies turned out to be higher for cortical
tissues irrespective of the exposure times. For both types of tissue, even though the mean
ablated area, coagulated area and edematous area for the 2 s applications were found

bigger than the 1.5 s applications, the resultant ablation efficiencies are similar. The
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Figure 4.35 The thermal effects of 2 W, 980-nm diode laser applied on cortical and subcortical tissues for
1.5 sand 2 s (AA: Ablated area, CA: Coagulated area, EA: Edematous, AE: Ablation efficiency). Y1 axis
and columns indicate the ablated, coagulated and edematous areas, Y2 axis and line graph indicate the
ablation efficiency values with respect to stated laser power. For the cortical tissues, higher ablated areas,
lower coagulated areas and higher ablation efliciencies were observed, compared to subcortical tissues
(p<0.001, p<0.00.1 and p<0.05, respectively), whereas similar edematous areas around the coagulated
zone were observed. Increasing laser exposure times increased ablated and coagulated areas, whereas the
ablation efficiencies were found to be similar.

significance levels obtained via Tukey test, of ablated area, coagulated area, edematous
area, normalized edematous area and ablation efficiency with varying exposure times were

given in Table 4.2.

Table 4.2
The significance levels of ablated area, coagulated area, edematous area, normalized edematous area
and ablation efficiency with varying exposure times for 980-nm diode laser applied on cortical and
subcortical tissues.

Dependent Variable p-values
Statistical Analysis AA CA EA | NEA | AE
ANOVA <0.001 | <0.001 | 0.500 | 0.536 | 0.174
Cortical 2 W-1.5 s - Cortical 2 W-2 s 0.031 | <0.001

Cortical 2 W-1.5 s - Subcortical 2 W-1.5 s 0.159 0.126

Cortical 2 W-1.5 s - Subcortical 2 W-2 s 0.925 0.977

Cortical 2 W-2 s - Subcortical 2 W-1.5 s <0.001 | <0.001

post-hoc tests

Cortical 2 W-2 s - Subcortical 2 W-2 s 0.007 | <0.001

Subcortical 2 W-1.5 s - Subcortical 2 W-2 s | 0.426 0.054
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While we see no difference in ablation efficiency and normalized edema for 1.5
s and 2 s applications on subcortical tissue, when we consider cortical applications, 2
s application offer a good preference due to less formation of normalized edema. This
conclusion is due to graphical representation (Figure 4.35) of the data, but we should
mention that those quantities are not significantly different from each other statistically

according to ANOVA (Table 4.2).

As stated above, for both tissue types the change in the exposure times did not
alter the ablation efficiencies nor the edematous area, yet the decisions on which dose is
going to be applied can be made according to the desired size of the lesions. It is possible
to illustrate ablated and coagulated areas, exposure times and ablation efficiencies in a
single plot. To do that, we plot ablated area against the coagulated area, mark exposure
times with a color code and the ablation efficiencies manifest themselves as straight lines
with varying slopes on that plot. As seen in Figures 4.36 and 4.37, even though ablation
efficiencies remain in certain intervals, the size of the lesions increases with increased
exposure time. Even though the majority of the results for both tissues remain in the
30-40% interval It is remarkable that some results have efficiencies above 40% for the

cortical applications whereas we see some below 30% results for subcortical applications.

4.4.1.2 Temperature measurements. Temperature of the nearby tissue during

lasing was measured at a distance of 1 mm above and 1 mm away from the fiber tip. For
each application temperature of the tissue and the time to reach maximum temperature
were measured. The changes in the temperature and the rates of the temperature change
were calculated. Table 4.3 shows mean values and standard deviations of these variables

for 980-nm diode laser study groups.

Changes in the temperature during lasing and the rates of the temperature change

for both cortical and subcortical tissues were plotted in Figures 4.38 and 4.39 respectively.

Figure 4.38 shows that the maximum change in temperature was achieved when

the laser was applied for 2 s, as expected. On the other hand, highest rate of temperature
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Figure 4.36 Ablated area versus coagulated area for 980-nm diode laser applied on cortical tissue. Red
and blue dots represent 1.5 s and 2 s applications respectively. Ablation efficiencies are given as dashed

straight lines.

Table 4.3
Mean values and standard deviations of the temperature change, the time to reach maximum
temperature and the rate of temperature change for 980-nm diode laser study groups.

Tissue Exposure Time (s) | Energy Delivered (J) | AT (°C) Time (s) | AT/t (°C/s)
1.5 3 37.81 +3.80 | 1.56 +0.05 | 24.30 £2.78
Cortical
2 4 45.12+3.67 | 2.07+£0.05 | 21.84 £1.88
1.5 3 34.65 +3.08 | 1.57+£0.04 | 22.13 £2.40
Subcortical
2 4 42.62+4.21 | 2.08 £0.06 | 20.49 £ 2.20

change was achieved at 2 W-1.5 s applications (Figure 4.39). When the same amount of
energy was delivered to the both types of tissue, the change in the temperature and the

rate of temperature change observed to be higher for the cortical tissues.

Two-way ANOVA revealed that the changes in temperature and the rates of tem-
perature change were differentiated by two parameters; tissue type (p=0.040 and p=0.043,
respectively)and exposure time (p<<0.001 and p=0.019, respectively). Table 4.4 shows the
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Figure 4.37 Ablated area versus coagulated area for 980-nm diode laser applied on subcortical tissue.
Red and blue dots represent 1.5 s and 2 s applications respectively. Ablation efficiencies are given as
dashed straight lines.
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Figure 4.38 Temperature change for the 2 W, 980-nm diode laser study groups for cortical and subcor-
tical tissues. Temperature increases in the cortical tissues were observed to be higher than the ones in
subcortical tissues (p<<0.05). Increasing exposure times resulted in higher temperature increase (p<0.001).
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Figure 4.39 Rate of temperature change for the 2 W, 980-nm diode laser study groups for cortical and
subcortical tissues. Rates of temperature change in the cortical tissues were observed to be higher than
the ones in subcortical tissues (p<<0.05). Increasing exposure times resulted in lower rates (p<0.05).

significance levels for the change in temperature and the rate of temperature change for

both cortical and subcortical tissue when irradiated by 980-nm diode laser.

Table 4.4
The significance levels for the change in temperature and the rate of temperature change for both
cortical and subcortical tissue when irradiated by 980-nm diode laser.

Dependent Variable p-values
Statistical Analysis AT | AT/t
ANOVA <0.001 | 0.025
Cortical 2 W-1.5 s - Cortical 2 W-2 s 0.003 | 0.176

Cortical 2 W-1.5 s - Subcortical 2 W-1.5s | 0.341 | 0.271
Cortical 2 W-1.5 s - Subcortical 2 W-2 s 0.067 | 0.015
Cortical 2 W-2 s - Subcortical 2 W-1.5's | <0.001 | 0.994

Cortical 2 W-2 s - Subcortical 2 W-2 s 0.544 | 0.661

Subcortical 2 W-1.5 s - Subcortical 2 W-2s | 0.001 | 0.507

post-hoc tests

Spearman’s rank correlation coefficient revealed a strong correlation between the

rate of temperature change and ablation efficiencies in ex wvivo studies. For the results
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of in vivo experiments it was also calculated to see if there is a similar correlation and
additionally a correlation between rates of temperature change and total damage and
edematous area. In addition to Spearman’s rank correlation coefficients, Pearson’s cor-
relation coefficients were also calculated. Calculated Pearson’s correlation coefficient, r
and Spearman’s rank correlation coefficient, p are given in Table 4.5. In Figure 4.40 those

relations were presented.

Table 4.5
Pearson’s correlation (r) and Spearman’s rank correlation (p) coefficients for 980-nm diode laser.

AE Total Damage Edema
Tissue Type | Exposure Time (s)
T p T p r p
1.5 0.823 | 0.786 | -0.715 | -0.735 | -0.768 | -0.857
Cortical

2 0.779 | 0.833 | -0.744 | -0.690 | -0.966 | -0.952

1.5 0.895 | 0.905 | -0.854 | -0.833 | -0.862 | -0.857
Subcortical

2 0.714 | 0.833 | -0.894 | -0.976 | -0.964 | -0.976
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Irrespective of the tissue type, ablation efficiencies increased with increasing rate
of temperature change, as it did for the ex vivo studies. We could also observe the edema
for in vivo studies, which was not examined in ex vivo. A negative correlation between
edemous tissue and rate of temperature change was also observed. A similar correlation

exists between total damage and rate of temperature change.

In order to make a comprehensive analysis and to decide which parameter is more
applicable compared to other one, edematous area around the lesion should be taken into
account. The behaviours of the ablation efficiency and the edematous area with varying
rate of temperature change were combined in a single three-dimensional plot for 2 W
980-nm diode laser. It is worth mentioning that these plots contain both exposure time
data. In Figures 4.41 and 4.42, it is obvious that the ablation efficiency increases with the
increasing rate of temperature change, where the edematous area decreases, for cortical
and subcortical tissues, respectively. To make a reliable comparison, we calculated the
normalized values for edema and presented them in Figures 4.43 and 4.44 for cortical
and subcortical tissues, respectively. Normalization of edematous area did not change the

behaviours explained above.

10 .
Edematous area (mm-)

22

40
Rate (“C/fs)

[
i

Ablation efficiency (%)

Figure 4.41 The ablation efficiency and the edematous area with varying rate of temperature change
for 2 W 980-nm diode laser applied on cortical tissue. Color coding is proportional to the height of the
bars.
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Edematous area (mm?)

Rate ("C/s)
Ablation efficiency (%)

Figure 4.42 The ablation efficiency and the edematous area with varying rate of temperature change
for 2 W 980-nm diode laser applied on subcortical tissue. Color coding is proportional to the height of
the bars.

0.6

0.4 Normalized Edematous area (mm®)

0.2

Rate ("C/s
("C/s) 24 Ablation efficiency (%)

Figure 4.43 The ablation efficiency and the normalized edematous area with varying rate of temperature
change for 2 W 980-nm diode laser applied on cortical tissue. Color coding is proportional to the height
of the bars.
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Ablation efficiency (%)

Figure 4.44 The ablation efficiency and the normalized edematous area with varying rate of temperature
change for 2 W 980-nm diode laser applied on cortical tissue. Color coding is proportional to the height
of the bars.
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4.4.2 1940-nm Tm:fiber laser continuous mode

4.4.2.1 Thermal effects. With the help of the ex vivo studies, three different laser

parameters were determined to be investigated throughout the in vivo studies for this
laser source in continuos mode: 400 mW-2.5 s, 400 mW-5s and 600 mW-3.3s. Examples

of CFV stained subcortical tissue samples can be seen in Figure 4.45.

Figure 4.45 Light micrographs of CFV stained 50 pm sections of subcortical tissues induced by 1940-nm
Tm:fiber laser in continuous mode with laser parameter combinations of a) 400 mW, 2.5 s b) 400 mW, 5
s ¢) 600 mW, 3.3 s (Magnification=40X).

Two different two-way ANOVA were performed. With the first one, it is investi-
gated if the tissue type and exposure time affect the measured parameters studied with
the 980-nm diode laser. The results revealed that the tissue type and the laser exposure
time had a significant effect on ablated (p<0.001 for both) and coagulated areas (p=0.002
and p<0.001, respectively). Ablation efficiency was affected by the tissue type while the
effects of laser exposure time were insignificant (p<0.001 and p=0.161 respectively). On
the other hand edamatous areas were found to be the same for each study group (p=0.063
and p=0.475, respectively). But, when we normalize the edematous area, even though
tissue type did not have a significant effect (p=0.457) the exposure time showed a statis-
tically significant difference (p=0.019). Second two-way ANOVA was performed in order
to find if the tissue type and the change in energy delivery via power and exposure time,
affect the measurements. With the change “in energy delivery via power and exposure
time", we mean that the same amount of energy is delivered to the tissue (2 J) with a
lower power but in longer time or with a higher power but in shorter time. The results
revealed that the tissue type had a significant effect on ablated (p<0.001) and coagulated
(p=0.031) areas whereas change in energy delivery had not (p=0.267 and 0.108, respec-
tively). Ablation efficiency was affected by both (p=0.040 and p=0.011, respectively).
Edamatous areas were found to be the same for each study group (p=0.060 and p=0.277,
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respectively). Normalizing the edematous area did not change the case (p=0.574 and

p=0.523, respectively).

The mean values and standard deviations of ablated area, coagulated area, edam-
atous area, normalized edematous area and ablation efficiencies were listed in Table 4.6

and plotted in 4.46.

Table 4.6
Mean ablated areas (AA), coagulated areas (CA), edamatous areas (EA), normailzed edematous areas
(NEA) and ablation efficiencies (AE) for the 1940-nm Tm:fiber laser in continuous mode applications
with three different laser parameters in cortical and subcortical tissues.

Tissue | Laser Exposure AA (m?) | CA (m? | EA (m?) |Normalized| AE (%)
Power Time (s) Edema
(W)
400 2.5 0.25+0.08 | 0.81 £0.13 | 0.82£0.27 | 0.43 £0.11 | 23.35 £ 4.13
Cortical 400 5 0.68+£0.12 | 1.124+0.23 | 0.64 £0.37 | 0.25 £0.11 | 38.16 = 6.62

600 3.3 0.93£0.17 | 1.26 £ 0.34 | 0.69 £0.26 | 0.24 £0.05 | 42.97 +4.84
400 2.5 0.85£0.20 | 0.834+0.14 | 0.84 £0.29 | 0.30 £ 0.10 50.21£77

Subcortical | 400 5 1.20£0.26 | 1.68+0.36 | 1.24 £0.72 | 0.29 4+ 0.15 | 41.76 = 6.36
600 3.3 1.124+0.26 | 1.18 £0.24 | 0.79£0.54 | 0.25 +0.16 | 48.44 £ 5.93

Sizes of the thermally altered areas in cortical tissues were found to be smaller
compared to the areas in subcortical tissues. Ablation efficiencies were found to be lower
in cortical tissues with respect to the subcortical tissues. Lowest ablation values were
obtained for 400 mW-2.5 s for both tissues. The thermally altered area in the 400 mW-5
s application on subcortical tissue was observed to be significantly larger than the other
applications. For the 400 mW-2.5 s application on cortical tissue, even though the energy
delivered to the tissue was lowest, edematous area around the laser lesion was larger
than the other groups. The significance levels obtained via Tukey test, of ablated area,
coagulated area, edematous area, normalized edematous area and ablation efficiency with

varying exposure times and energy delivery were given in Tables 4.7 and 4.8.

In Figure 4.47, it is more obvious that the ablated and coagulated areas created
in 400 mW-2.5 s applications are smaller and efficiencies obtained in these applications
is systematically lower. Ablation efficiencies for 400 mW-5 s are concentrated mostly in

30-40% intervals whereas efficiencies for 600 mW-3.3 s are in 40-50% intervals.
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Figure 4.46 The thermal effects of 1940-nm Tm:fiber laser applied on cortical and subcortical tissues
for different laser parameters at 4 joules energy level (AA: Ablated Area, CA: Coagulated Area EA:
Edematous Area, AE: Ablation Efficiency). Y1 axis and columns indicate the ablated, coagulated and
edematous areas, Y2 axis and line graph indicate the ablation efficiency values with respect to stated laser
power. More ablation was observed for the subcortical tissues overall (p<0.001). Ablation efficiencies
in subcortical tissues were higher with respect to cortical tissues (p<0.001). Even though, the highest
coagulation and the edema were observed for subcortical tissues at 400 mW-5 s application, coagulated
and edematous areas were similar for other groups.

Table 4.7

The significance levels of ablated area, coagulated area, edematous area, normalized edematous area
and ablation efficiency with varying exposure times for 1940-nm Tm:fiber laser in continuous mode
applied on cortical and subcortical tissues for.

Dependent Variable p-values

Statistical Analysis AA CA EA | NEA AE
ANOVA <0.001 | <0.001 | 0.078 | 0.041 | <0.001
Cortical 400 mW-2.5 s - Cortical 400 mW-5 s <0.001 | 0.061 0.034 | <0.001
£ | Cortical 400 mW-2.5 s - Subcortical 400 mW-2.5s | <0.001 | 0.999 0.356 | <0.001
§ Cortical 400 mW-2.5 s - Subcortical 400 mW-5s | <0.001 | <0.001 0.123 | <0.001
2 Cortical 400 mW-5 s - Subcortical 400 mW-2.5 s 0.270 | 0.082 0.614 | 0.003
2 Cortical 400 mW-5 s - Subcortical 400 mW-5 s <0.001 | <0.001 0.929 | 0.660
Subcortical 400 mW-2.5 s - Subcortical 400 mW-5s | 0.002 | <0.001 0.924 | 0.053

In Figure 4.48, we see that 400 mW-2.5 s and 600 mW-3.3 s applications result in

similar ablation efficiencies concentrated in 30-50% interval. Efficiencies for 400 mW-5 s

are lower than those, concentrated in 20-40% interval. It is again obvious that ablated

and coagulated areas in 400 mW-2.5 s applications are significantly lower than the other
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Table 4.8
The significance levels of ablated area, coagulated area, edematous area, normalized edematous area
and ablation efficiency with varying energy delivery for 1940-nm Tm:fiber laser in continuous mode
applied on cortical and subcortical tissues for.

Dependent Variable p-values
Statistical Analysis AA CA EA | NEA | AE
ANOVA <0.001 | 0.004 | 0.096 | 0.844 | 0.016
Cortical 400 mW-5 s - Cortical 600 mW-3.3 s 0.113 | 0.770 0.390
£ Cortical 400 mW-5 s - Subcortical 400 mW-5 s <0.001 | 0.004 0.628
[}
g Cortical 400 mW-5 s - Subcortical 600 mW-3.3 s 0.002 | 0.973 0.009
=
+ Cortical 600 mW-3.3 s - Subcortical 400 mW-5 s 0.083 | 0.045 0.978
o)
2| Cortical 600 mW-3.3 s - Subcortical 600 mW-3.3 s 0.318 | 0.949 0.280
Subcortical 400 mW-5 s - Subcortical 600 mW-3.3 s | 0.880 | 0.013 0.139
20F
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Figure 4.47 Ablated area versus coagulated area for 1940-nm Tm:fiber laser on continuous mode applied
on cortical tissue. Red, blue and orange dots represent 400 mW-2.5 s, 400 mW-5 s and 600 mW-3.3 s
applications respectively. Ablation efficiencies are given as dashed straight lines.

groups.
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Figure 4.48 Ablated area versus coagulated area for 1940-nm Tm:fiber laser on continuous mode applied
on subcortical tissue. Red, blue and orange dots represent 400 mW-2.5 s, 400 mW-5 s and 600 mW-3.3 s
applications respectively. Ablation efficiencies are given as dashed straight lines.
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4.4.2.2 Temperature measurements. Temperature of the nearby tissue during

lasing was measured at a distance of 1 mm above and 1 mm away from the fiber tip. For
each application temperature of the tissue and the time to reach maximum temperature
were measured. The changes in the temperature and the rates of the temperature change
were calculated. Table 4.9 shows mean values and standard deviations of these variables

for 1940-nm Tm:fiber laser in continuous mode study groups.

Table 4.9
Mean values and standard deviations of the temperature change, the time to reach maximum
temperature and the rate of temperature change for 1940-nm Tm:fiber laser in continuous mode study

groups.
Tissue Exposure Time (s) | Energy Delivered (J) AT (C) Time (s) | AT/t (C/s)
2.5 1 38.47+£4.92 | 2.56 £0.03 | 15.00 £ 1.83
Cortical 5 2 54.85+5.16 | 5.08 £0.07 | 10.81 £ 1.10
3.3 2 57.18 £4.75 | 3.36 £0.05 | 17.00 £ 1.45
2.5 1 34.03 £4.79 | 2.54 £0.03 | 13.40 £ 1.89
Subcortical 5 2 47.12£540 | 5.06 £0.05 | 9.32+£1.13
3.3 2 51.77+£4.85 | 3.36 £0.04 | 15.41 +1.50

Change in temperature during lasing and rates of the temperature change for both

cortical and subcortical tissues were plotted in Figures 4.49 and 4.50, respectively.

70

I

|
] HAT(°C)
20
10
0 1

cortical subcortical cortical subcortical cortical | subcortical

400 MW-2.5 5 400 MW-2.5'5 400 MW-5 400 MW-5 s 600 MW-3.3 s 600 MW-33 s
(c-m) (em) (c-m) (c-m) (c-m) (c-m)

Figure 4.49 Temperature change for the 1940-nm Tm:fiber laser in continuous mode study groups
for cortical and subcortical tissues. Temperature increase in cortical tissues observed to be higher with
respect to subcortical tissues (p<0.05). Increasing exposure time resulted in a higher temperature increase
(p<0.001), whereas increasing power did not affect the temperature increase in the tissue (p=0.060).

Figure 4.49 shows that the least change in temperature was achieved when the laser

was applied for 2.5 s in 400 mW, as expected. The temperature changes during lasing,
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Figure 4.50 Rate of temperature change for the 1940-nm Tm:fiber laser in continuous mode study groups
for cortical and subcortical tissues. Rate of temperature change in cortical tissues observed to be higher
with respect to subcortical tissues (p<0.05). Increasing exposure time resulted in lower rates(p<0.001),
whereas increasing power resulted in higher rates (p<0.001).

when the amount of energy delivered to the tissue is same (400 mW-5 s and 600 mW-3.3s
applications), were found to be similar. On the other hand, highest rate of temperature
change was achieved at 600 mW-3.3 s and lowest was achieved at 400 mW-5 s (Figure
4.50). Both change in temperature and the rate of temperature change was observed to

be higher at cortical tissues.

Two different two-way ANOVA were performed. With the first one, it is investi-
gated if the tissue type and exposure time affect the change in temperature and the rate
of temperature change. The results revealed that the tissue type and the laser exposure
time had a significant effect on temperature change (p=0.002 and p<0.001, respectively)
and the rate of change (p=0.008 and p<0.001, respectively). Second two-way ANOVA
was performed in order to find if the tissue type and the change in energy delivery via
power and exposure time, affect the measurements. The results revealed that the tissue
type had a significant effect on temperature change (p<0.001) and rate (p=0.002) whereas
change in energy delivery did not affect the temperature change (p=0.060) but the rate
(p<<0.001). Tables 4.10 and 4.11 show the significance levels of the change in tempera-
ture and the rate of temperature change for both cortical and subcortical tissues when
irradiated by 1940-nm Tm:fiber laser with varying exposure times and energy delivery

respectively.
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Table 4.10
The significance levels of the change in temperature and the rate of temperature change with varying
exposure times for 1940-nm Tm:fiber laser in continuous mode applied on cortical and subcortical tissue

for 400 mW.
Dependent Variable p-values
Statistical Analysis AT AT/t
ANOVA <0.001 | <0.001

Cortical 400 mW-2.5 s - Cortical 400 mW-5 s <0.001 | <0.001

Cortical 400 mW-2.5 s - Subcortical 400 mW-2.5 s 0.317 0.181

Cortical 400 mW-2.5 s - Subcortical 400 mW-5 s 0.010 | <0.001

Cortical 400 mW-5 s - Subcortical 400 mW-2.5 s <0.001 | 0.011

post-hoc tests

Cortical 400 mW-5 s - Subcortical 400 mW-5 s 0.024 0.231

Subcortical 400 mW-2.5 s - Subcortical 400 mW-5 s | <0.001 | <0.001

Table 4.11
The significance levels of the change in temperature and the rate of temperature change with varying
exposure times for 1940-nm Tm:fiber laser in continuous mode applied on cortical and subcortical tissue

for 2 J.
Dependent Variable p-values
Statistical Analysis AT AT/t
ANOVA <0.001 | 0.003
Cortical 400 mW-5 s - Cortical 600 mW-3.3 s 0.792 | <0.001

Cortical 400 mW-5 s - Subcortical 400 mW-5 s 0.023 0.126

Cortical 400 mW-5 s - Subcortical 600 mW-3.3 s 0.619 | <0.001

Cortical 600 mW-3.3 s - Subcortical 400 mW-5 s 0.002 | <0.001

post-hoc tests

Cortical 600 mW-3.3 s - Subcortical 600 mW-3.3 s 0.164 0.094

Subcortical 400 mW-5 s - Subcortical 600 mW-3.3s | 0.275 | <0.001

For the results of in vivo experiments with 1940-nm Tm:fiber laser in continuous
mode, the Spearman’s rank correlation coefficients and Pearson’s correlation coefficients
were calculated to see if there is a correlation between rates of temperature change and
ablation efficiencies and total damage and edematous area. Calculated Pearson’s correla-

tion coefficients, r and Spearman’s rank correlation coefficient, p are given in Table 4.12.



In Figure 4.51 those relations were presented.

Table 4.12
Pearson’s correlation (r) and Spearman’s rank correlation (p) coefficients for 1940-nm Tm:fiber laser in
continuous mode.

Tissue Type | Exposure Time (s) | Power (mW) AP Total Damage Bdema
T p r p r p

2.5 400 0.724 | 0.476 | -0.872 | -0.881 | -0.738 | -0.667
Cortical 5 400 0.908 | 0.928 | -0.753 | -0.810 | -0.706 | -0.690
3.3 600 0.950 | 0.976 | -0.807 | -0.738 | -0.884 | -0.976
2.5 400 0.823 | 0.857 | -0.584 | -0.571 | -0.675 | -0.786
Subcortical 5 400 0.890 | 0.905 | -0.861 | -0.881 | -0.616 | -0.690
3.3 600 0.830 | 0.905 | -0.802 | -0.857 | -0.662 | -0.690

76
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Irrespective of the tissue type, ablation efficiencies increased with increasing rate
of temperature change, as it did for the ex vivo and 980-nm diode laser in vivo studies.
A negative correlation between edemous tissue and rate of temperature change was also
observed. A similar correlation exists between total damage and rate of temperature

change.

In order to make a comprehensive analysis and to decide which parameter is more
applicable compared to other one, edematous area around the lesion should be taken into
account. The behaviours of the ablation efficiency and the edematous area with varying
rate of temperature change were combined in a single three-dimensional plot for 1940-nm
Tm:fiber laser. In Figures 4.52 and 4.53, it is obvious that the ablation efficiency increases
with the increasing rate of temperature change, where the edematous area decreases, for
cortical and subcortical tissues, respectively. To make a reliable comparison, we calculated
the normalized values for edema and presented them in Figures 4.54 and 4.55 for cortical
and subcortical tissues, respectively. Normalization of edematous area did not change the
behaviours explained above for cortical tissue. For subcortical tissue, even though there

is a similar trend, it is not that strong.
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Ablation efficiency (%)

Figure 4.52 The ablation efficiency and the edematous area with varying rate of temperature change
for 1940-nm Tm:fiber laser in continuous mode applied on cortical tissue. Color coding is proportional
to the height of the bars.
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Figure 4.53 The ablation efficiency and the edematous area with varying rate of temperature change for
1940-nm Tm:fiber laser in continuous mode applied on subcortical tissue. Color coding is proportional
to the height of the bars.



80

0.6

0.4
Normalized Edematous area (mm?®)

0.2

Rate (“C/s) 15 . .
30 Ablation efficiency (%)

Figure 4.54 The ablation efficiency and the normalized edematous area with varying rate of temper-
ature change for 1940-nm Tm:fiber laser in continuous mode applied on cortical tissue. Color coding is
proportional to the height of the bars.
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Figure 4.55 The ablation efficiency and the normalized edematous area with varying rate of temperature
change for 1940-nm Tm:fiber laser in continuous mode applied on subcortical tissue. Color coding is
proportional to the height of the bars.
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4.4.3 1940-nm Tm:fiber laser pulsed-modulated-mode

4.4.3.1 Thermal effects. With the help of the ex vivo studies, two different laser

parameters were determined to be investigated throughout the in vivo studies for 1940-nm
Tm:fiber laser in pulsed-modulated-mode: 400 mW-5 s and 600 mW-3.3 s. Examples of

CFV stained subcortical tissue samples can be seen in Figure 4.56.

Figure 4.56 Light micrographs of CFV stained 50 pm sections of subcortical tissues induced by 1940-nm
Tm:fiber laser in pulsed-modulated mode with laser parameter combinations of a) 400 mW, 5 s b) 600
mW, 3.3 s (Magnification=40X).

With two-way ANOVA, it is investigated if the tissue type and the change in energy
delivery via power and exposure time affect the measured parameters. The results revealed
that the tissue type and change in energy delivery had a significant effect on ablated
(p=0.004 and p=0.021, respectively), coagulated (p<0.001 for both), edematous (p=0.007
and p=0.002, respectively), normalized edematous (p<0.001 and p=0.013, respectively)
areas and ablation efficiency (p=0.009 and p<<0.001, respectively). The mean values and
standard deviations of ablated area, coagulated area and edamatous area and ablation

efficiencies were listed in Table 4.13 and plotted in Figure 4.57.

Applications on cortical tissues resulted in smaller thermally altered areas with
respect to subcortical tissues. But ablation efficiencies observed to be higher for cortical
tissues, where the highest efficiency was obtained for 600 mW-3.3 s application on cortical
tissue. We see a large edema for 400 mW-5 s on cortical tissue. Ablation areas in
subcortical tissues are slightly higher than those in cortical tissues but the coagulated

areas are almost doubled when the laser was applied on subcortical tissues, which explains
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Table 4.13
Mean ablated areas (AA), coagulated areas (CA), edamatous areas (EA), normailzed edematous areas
(NEA) and ablation efficiencies (AE) for the 1940-nm Tm:fiber laser in pulsed-modulated-mode
applications with two different laser parameters in cortical and subcortical tissues.

Tissue | Power Exposure AA (m?) | CA (m?) | EA (m?) | Normalized| AE (%)
(mW) Time (s) Edema

c . 400 5 0.51£0.16 | 0.87£0.17 | 1.394+0.49 | 0.49£0.13 | 36.58 £ 8.53

ortica
600 3.3 0.71£0.24 | 0.71£0.19 | 0.84+0.42 | 0.36 £0.15 | 49.22 £ 10.75
400 5 0.76 £0.18 | 1.75£0.17 | 0.93£0.36 | 0.27£0.09 | 30.01 +5.64
Subcortical

600 3.3 0.90+0.21]133+£0.15|1.46+£0.36 | 0.17£0.11 | 40.13+5.59
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Figure 4.57 The thermal effects of 1940-nm Tm:fiber laser on cortical and subcortical tissues at 4
joules energy level (CD: Coagulation diameter, AD: Ablation diameter, AE: Ablation efficiency). Y1 axis
and columns indicate the ablated, coagulated and edematous areas, Y2 axis and line graph indicate the
ablation efficiency values with respect to stated laser power. Ablated and coagulated areas in cortical
tissues were observed to be smaller compared to subcortical tissues (p<<0.05 and p<0.001, respectively),
whereas edematous areas and ablation efficiencies were observed to be bigger (p<<0.05 for both). Increasing
power resulted in an in increase in ablated areas (p<0.05), a decrease in coagulated and edematous areas
(p<0.001 and p<0.05, respectively) and an increase in ablation efficiencies (p<0.001).

lower ablation efficiencies. The significance levels obtained via Tukey test, of ablated area,
coagulated area, edematous area, normalized edematous area and ablation efficiency with

varying exposure times were given in Table 4.14.

To illustrate ablated and coagulated areas, energy delivery method and ablation
efficiencies in a single figure, we plot ablated area against the coagulated area, mark dif-

ferent energy deliveries with a color code and the ablation efficiencies manifest themselves
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The significance levels of ablated area, coagulated area, edematous area, normalized edematous area
and ablation efficiency with varying energy delivery for 1940-nm Tm:fiber laser in
pulsed-modulated-mode applied on cortical and subcortical tissues.

Dependent Variable p-values

Statistical Analysis AA CA EA NEA AE
ANOVA 0.005 | <0.001 | 0.001 | <0.001 | <0.001

Cortical 400 mW-5 s - Cortical 600 mW-3.3 s 0.225 | 0.253 | 0.058 | 0.181 | 0.017

é Cortical 400 mW-5 s - Subcortical 400 mW-5 s 0.093 | <0.001 | 0.131 | 0.005 | 0.364
é Cortical 400 mW-5 s - Subcortical 600 mW-3.3 s | 0.003 | <0.001 | 0.001 | <0.001 | 0.807
2 Cortical 600 mW-3.3 s - Subcortical 400 mW-5s | 0.965 | <0.001 | 0.978 | 0.411 | <0.001
2 Cortical 600 mW-3.3 s - Subcortical 600 mW-3.3 s | 0.229 | <0.001 | 0.258 | 0.016 | 0.124
Subcortical 400 mW-5 s - Subcortical 600 mW-3.3 s | 0.461 | <0.001 | 0.127 | 0.371 | 0.073

as straight lines with varying slopes on that plot. In Figure 4.58, it can be seen that

600 mW applications result in higher ablated and lower coagulated areas compared to

400 mW applications, as stated before. As a consequence ablation efficiencies obtained

in 600 mW applications (30-60%) are significantly higher than those obtained in 400 mW

applications (20-50%). We also observed that in pulsed-modulated-mode applications on

cortical tissues, results are more scattered compared to continuous mode applications.

In Figure 4.59, the differences in ablated and coagulated areas and therefore ab-

lation efficiencies for varying power output are more apparent.

Again we see higher

efficiencies for fast delivery (600 mW-3.3 s) which lie between the interval of 30-50%. The

efficiencies in slow delivery (400 mW-5 s) are about 20-40%.
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Figure 4.58 Ablated area versus coagulated area for 1940-nm Tm:fiber laser on pulsed-modulated-
mode applied on cortical tissue. Red and blue dots represent 400 mW-5 s and 600 mW-3.3 s applications
respectively. Ablation efficiencies are given as dashed straight lines.
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Figure 4.59 Ablated area versus coagulated area for 1940-nm Tm:fiber laser on pulsed-modulated-mode
applied on subcortical tissue. Red and blue dots represent 400 mW-5 s and 600 mW-3.3 s applications
respectively. Ablation efficiencies are given as dashed straight lines.
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4.4.3.2 Temperature measurements. Temperature of the nearby tissue during

lasing was measured at a distance of 1 mm above and 1 mm away from the fiber tip. Again,
for each application temperature of the tissue and the time to reach maximum temperature
were measured. The changes in the temperature and the rates of the temperature change
were calculated. Table 4.15 shows mean values and standard deviations of these variables

for 1940-nm Tm:fiber laser in pulsed-modulated-mode study groups.

Table 4.15
Mean values and standard deviations of the temperature change, the time to reach maximum
temperature and the rate of temperature change for 1940-nm Tm:fiber laser in pulsed-modulated-mode
study groups.

Tissue Power (mW) | Exposure Time (s) AT (C) Time (s) | AT/t (C/s)
400 ) 2449 £3.11 | 10.09£0.13 | 2.424+0.28
Cortical
600 3.3 27.37+£5.06 | 6.64+0.07 | 4.12+£0.75
400 ) 21.46 +3.03 | 10.09 £ 0.05 | 2.13 +0.30
Subcortical
600 3.3 23.69+£2.73 | 6.66£0.06 | 3.56 +0.41

Change in temperature during lasing and rates of the temperature change for the
pulsed-modulated-mode applied on cortical and subcortical tissues were plotted in Figures

4.60 and 4.61, respectively.

35
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25 I J I
S 15

10 HAT(°C)
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0
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400 mW-5s | 400 mW-5s 600 mW-3.3s(600 mW-3.3 s
(p-m) (p-m) (p-m) (p-m)

Figure 4.60 Temperature change for the 1940-nm Tm:fiber laser in pulsed-modulated-mode study
groups for cortical and subcortical tissues. Temperature increase in cortical tissues observed to be higher

with respect to subcortical tissues (p<0.05). Increasing power resulted in a higher temperature increase
(p=0.054).
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Figure 4.61 Rate of temperature change for the 1940-nm Tm:fiber laser in pulsed-modulated-mode
study groups for cortical and subcortical tissues. Rate of temperature change in cortical tissues observed
to be higher with respect to subcortical tissues (p<0.05). Increasing power resulted in a higher rate
(p<0.001).

Figure 4.60 shows that the least change in temperature was achieved when the laser
was applied for 5 s in 400 mW. Even though the amount of energy delivered to the tissue
is same for both power outputs, we see that the temperature change is slightly higher for
600 mW applications. From Figure 4.61, we see that rates of temeperature change are
remarkably higher for 600 mW applications. Both changes in temperature and the rates

of temperature change was observed to be higher at cortical tissues.

Two-way ANOVA was performed, in order to investigate if the tissue type and the
change in energy delivery via power and exposure time affect the change in temperature
and the rate of temperature change. The results revealed that the tissue type and the
change in energy delivery had a significant effect on temperature change (p=0.014 and
p=0.054, respectively) and rate (p=0.016 and p<0.001, respectively). Table 4.16 shows
the significance levels of the change in temperature and the rate of temperature change
for both cortical and subcortical tissues when irradiated by 1940-nm Tm:fiber laser in

pulsed-modulated-mode with varying energy delivery.

For the results of in wvivo experiments with 1940-nm Tm:fiber laser in pulsed-

modulated-mode, the Spearman’s rank correlation coefficients and Pearson’s correlation
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Table 4.16
The significance levels of the change in temperature and the rate of temperature change with changing
energy delivery for 1940-nm Tm:fiber laser in pulsed-modulated-mode applied on cortical and
subcortical tissues.

Dependent Variable p-values
Statistical Analysis AT | AT/t
ANOVA 0.024 | <0.001

Cortical 400 mW-5 s - Cortical 600 mW-3.3 s 0.394 | <0.001
Cortical 400 mW-5 s - Subcortical 400 mW-5 s 0.351 | 0.599
Cortical 400 mW-5 s - Subcortical 600 mW-3.3 s | 0.970 | <0.001
Cortical 600 mW-3.3 s - Subcortical 400 mW-5s | 0.014 | <0.001
Cortical 600 mW-3.3 s - Subcortical 600 mW-3.3's | 0.196 | 0.110
Subcortical 400 mW-5 s - Subcortical 600 mW-3.3 s | 0.608 | <0.001

post-hoc tests

coeflicients were calculated to see if there is a correlation between rates of temperature
change and ablation efficiencies and total damage and edematous area. Calculated Pear-
son’s correlation coefficients, r and Spearman’s rank correlation coefficient, p are given in

Table 4.17. In Figure 4.62 those relations were presented.

Table 4.17
Pearson’s correlation (r) and Spearman’s rank correlation (p) coefficients for 1940-nm Tm:fiber laser in
pulsed-modulated-mode.

AE Total Damage Edema
Tissue Type | Exposure Time (s) | Power (mW)
r P r P r p
5 400 0.873 | 0.857 | -0.779 | -0.762 | -0.812 | -0.857
Cortical

3.3 600 0.906 | 0.881 | -0.742 | -0.738 | -0.604 | -0.595

5 400 838 | 0.762 | -0.570 | -0.714 | -0.803 | -0.619
Subcortical

3.3 600 0.863 | 0.881 | -0.879 | -0.905 | -0.880 | -0.857
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Irrespective of the tissue type, ablation efficiencies increased with increasing rate
of temperature change, as it did for the ex vivo and previous in vivo studies. A negative
correlation between edemous tissue and rate of temperature change was also observed. A

similar correlation exists between total damage and rate of temperature change.

The behaviours of the ablation efficiency and the edematous area with varying
rate of temperature change were combined in a single three-dimensional plot for 1940-nm
Tm:fiber laser in pulsed-modulated-mode. In Figures 4.63 and 4.64, it is obvious that the
ablation efficiency increases with the increasing rate of temperature change, where the
edematous area decreases, for cortical and subcortical tissues, respectively. To make a
reliable comparison, we calculated the normalized values for edema and presented them
in Figures 4.65 and 4.66 for cortical and subcortical tissues, respectively. Normalization
of edematous area did not change the behaviours explained above for cortical tissue. For

subcortical tissue, even though there is a similar trend, it is not that strong.

LO Edematous area (mmlj
0.5

2

00

S0
Rate (“C/s)

W Ablation efficiency (%)

Figure 4.63 The ablation efficiency and the edematous area with varying rate of temperature change for
1940-nm Tm:fiber laser in pulsed-modulated-mode applied on cortical tissue. Color coding is proportional
to the height of the bars.
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Figure 4.64 The ablation efficiency and the edematous area with varying rate of temperature change
for 1940-nm Tm:fiber laser in pulsed-modulated-mode applied on subcortical tissue. Color coding is
proportional to the height of the bars.

0.6

0.4 Normalized Edematous area (mmz]

Rate (“C/s)
f 40 Ablation efficiency (%)

Figure 4.65 The ablation efficiency and the normalized edematous area with varying rate of temperature
change for 1940-nm Tm:fiber laser in pulsed-modulated-mode applied on cortical tissue. Color coding is
proportional to the height of the bars.
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Figure 4.66 The ablation efficiency and the normalized edematous area with varying rate of temperature
change for 1940-nm Tm:fiber laser in pulsed-modulated-mode applied on subcortical tissue. Color coding
is proportional to the height of the bars.

4.5 Discussion

The 2-pm lasers have been proposed as potential ablators for soft tissues that are
rich in water content and Tm:YAP laser emitting 1980-nm laser energy was presented as
a new surgical tool for brain tissues previously by our group [149]. In the present study
a new 1940-nm Tm:fiber laser was introduced for brain surgery, in addition to 980-nm
diode laser. Ablation and coagulation were the expected photothermal effects but melting
and carbonization could occur if the dose was not set properly. One way of proposing
the laser as a convenient surgical tool is to carry out a well-defined dosimetry study and
find a safe operating region. Ablation efficiency was a meaningful concept we defined
previously [90,149] and gave us an idea about the dose in terms of ablated tissue with
respect to the thermal damage given. However dynamic changes with respect to the
inhomogeneities can be crucial and can lead to a catastrophic carbonization and melting

phase.

Tissue ablation and coagulation by laser irradiation is a complicated process, in-
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volving many optical and thermodynamic processes. As laser light interacts with the tissue
surface the photons energy is transformed into heat. Subsequent temperature increase in
the tissue results in protein denaturation, coagulation, dehydration, carbonization and
finally tissue ablation [6]. The conduction of this heat is directly related to laser pa-
rameters (such as laser type, wavelength, power, exposure time, pulse duration and pulse
repetition), tissue parameters (such as tissue density, thermal conductivity and absorptiv-
ity) and environmental parameters [such as environmental medium (air, water), medium
temperature| [19]. The dynamic variation of the optical properties with temperature al-
ters the response of the tissue to the laser irradiation [150,151]. In continuous wave laser
irradiations, tissue is exposed to laser light for seconds, and the temperature of the tissue
is continuously increasing, which causes a change in absorption coefficient. As the tissue
is exposed to laser light, the temperature of the tissue increases and causes the tissue to
dehydrate that is water content is changing dynamically [152,153|. Individual differences
as well as local inhomogeneities can undermine even the best dose estimation. real-time
temperature monitoring can be an effective way to get rid of negative effects of the tempo-
ral and spatial irregularities. Therefore the laser-thermoprobe was designed for using the
near-by tissue temperature as a real-time reference for the applicator. Laser-thermoprobe
designed by our group lead us to understand and investigate basic laser-tissue interaction
mechanism in a very cheap and easy way, without making a change in the experimental

design.

In addition to investigating the ablative effects of three different laser sources and
specifying the optimal parameters, another aim of the present study was to investigate
the potential of a new laser thermoprobe, which consists of a laser and real-time ther-
mocouple measurement system for brain surgery. Specifically, different parameters (laser
power, energy density, exposure time, continuous-mode or pulsed-modulated-mode) were
tested and the ablation efficiency (the amount of removed tissue with respect to the to-
tal photothermal damage) was investigated with reference to the real-time temperature
measurements of nearby tissue in an ex vivo and in vivo study. Relationship between
rate of temperature change over time and the thermal effects of the laser application was
investigated. Although the primary emphasis in the study was on the relation between

the rate of the temperature change and ablation efficiencies, some comparisons were also
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made with 980-nm diode and 1940-nm Tm:fiber laser.

Three different laser sources with different application modes, powers and exposure
times were investigated in this ex vivo and in vivo studies. For each parameter the ablated
and coagulated areas were measured under light microscope, then the ablation efficiencies
-to give us an insight about how much of the tissue was ablated with respect to the
damage to the surroundings- and rates of temperature change were calculated. Laser
light was transferred through an optical fiber. Both in ez vivo and in vivo studies lasers

were applied in contact mode to reduce the amount of reflected laser light from tissue.

4.5.1 Laser Power

Ablated and coagulated areas increased with increasing power consistent with lit-
erature for both tissue types, laser types and modes of operation (¢c-m, p-m-m) and both
ex vivo and in vivo studies [90, 154-156]. Ablation efficiencies, on the other hand, in-
creased with increasing power up to 2 W for 980-nm ez vivo study and then reached a
plateau. Beyond that threshold, there is a trend of decreasing in efficiencies due to the
increase in coagulated areas at a higher rate than the ablated areas. For 1940-nm ez vivo
studies, efficiencies increased with increasing power regardless of the mode of operation.
But with the higher power applications, carbonization was also observed in addition to
ablation and coagulation. Relatively higher ablation efficiencies were observed in studies

with 1940-nm Tm:fiber laser compared to that of the 980-nm diode laser.

For the in vivo applications, there is an increasing trend in ablation efficiencies
with increasing power for both modes of operation and tissue types. Efficiencies in in vivo
applications ranged between 20% and 60% whereas efficiencies in ex vivo applications
were observed to be higher. The main reason for this difference is that the measurements
for ex vivo applications were done in terms of length but the measurements for in vivo
studies were done in terms of area. The difference in application also may have caused
this difference in efficiencies. In ex vivo studies laser was applied perpendicular to coronal

sections whereas in in vivo studies it was applied coronally. Thus, we can not account for
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the effects of the blood flow.

In addition to ablated and coagulated areas, edema was also observed in in vivo ap-
plications. It is observed that edematous areas showed a trend of decrease with increasing

power.

In some experiments, even though the total energy delivered to the tissue was same,
it was observed that ablation efficiencies varied with varying power outputs. This shows

the importance of monitoring the increase in tissue temperature during laser irradiation.

4.5.2 Laser Wavelength

Absorbents in the tissue can be listed as water, porephyrine, haemoglobin, melanin,
flavin, retinol and nucleic acids. Since biological tissues are made of 60-80% water, ab-
sorption in the infrared and near-infrared regions are made generally by water molecules.
When the electromagnetic waves interact with the tissue, its energy is converted to heat.
Absorption coefficient, p,, characterizes the absorption [6]. Right after penetration, light
propagates in the tissue with its energy decreasing due to absorption and scattering,

obeying the Beer’s law,
(1) = Tpe™ 7Nl = [gee! (4.1)

where [ is the intensity of the light as a function of distance, [, I is the initial intensity,

0, is the interaction cross section and N, is the concentration of the absorbent molecule.

Scattering characteristics of the tissue is important regarding the distribution of
photons inside the tissue. Scattering becomes dominant in the tissue in visible and near-
infrared region (400-1200 nm) [157]. Laser-tissue interaction begins with scattering fol-

lowed by absorption and generation of heat.

Three different lasers were investigated in this study; 980-nm, 1070-nm and 1940-

nm. 1070-nm laser did not have the ablation capability due to scattering domination
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around that wavelength as explained above, therefore it was used for coagulation in ex
viwo studies only. Even though the 980-nm is also in that scattering dominated range,
its absorption by haemoglobin makes the applications of this wavelength interesting for

medical use. Therefore, we compare 980-nm and 1940-nm lasers in this section.

When ez vivo studies are examined, it was observed that 1940-nm laser was more
successful in terms of ablation efficiencies with respect to 980-nm laser for both tissue
types. Similar lesions were obtained when the delivered energy has the same amount for
both wavelengths, but vaporized tissue was bigger in 1940-nm laser. This can be explained
by the absorption peak of water at 1940-nm which is higher than at 980-nm. Additionally,
penetration depth for 1940-nm is lower than the one for 980-nm. The preference to use
980-nm lasers in medical surgeries is due to its high absorbance by haemoglobin, which
is helpful to prevent bleeding. But in ex vivo studies, the structure of haemoglobin is
degenerated due to protein denaturation and therefore its optical properties will change.
So, the process is dominated by the water absorbance, which leads to a more efficient
application of 1940-nm laser. Domination by water absorbance could be better understood
when subcortical tissue applications were examined. In subcortical tissues both laser wave
lengths created smaller lesion in comparison to cortical applications, because subcortical

tissues are poorer in water content.

For in vivo studies, things are more complicated due to the presence of haemoglobin
and blood flow. Existence of haemoglobin increases the absorption of 980-nm laser light,
whereas blood flow in the tissue causes convection that may reduce ablation and increase
coagulation. Blood flow rate is lower in the subcortical tissues, which means less ab-
sorption by haemoglobin. That can explain smaller subcortical lesions obtained with
the 980-nm laser applications. On the other hand, on cortical tissues 1940-nm laser is
more successful like it was in ex vivo studies. Although haemoglobin absorption increases
the thermal effects of 980-nm laser, high blood flow rate in the cortical tissue may have
contributed to coagulation through the dissipation of heat via convection. Additionally,
lesions created by 1940-nm laser were bigger in subcortical tissues than the ones in cortical
tissues and ablation efficiencies obtained were higher for subcortical tissues. This is in

contradiction with the ez vivo results. The subcortical zones created in the in vivo studies
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were deeper in the tissue, whereas zones in ez vivo studies were created on the surface of
the cut sample. Therefore heat created in the in vivo studies was trapped in the tissue and
this may be the reason for bigger lesions created in subcortical tissues. Another reason
may be the difference in the blood flow rates between the cortical and subcortical tissues
in in vivo studies. Higher blood flow rate in the cortical tissues may contributed more
to coagulation rather than ablation, as it did for 980-nm laser via convection, which may

explain the lower efficiencies for cortical tissues when 1940-nm laser was applied.

4.5.3 Mode of Operation

The effect of mode of operation was studied for Tm:fiber laser only. Regardless of
the tissue type, a decrease was observed in ablated areas when switched mode of operation
from c-m to p-m-m, in ez vivo studies (p<0.001). In addition to this, an increase in the
coagulated areas was observed. This results in a dramatic decrease in ablation efficiencies

(p<0.001).

For in vivo studies, a three-way ANOVA was performed to reveal if the tissue type,
mode of operation and change in energy delivery via power and exposure time affect the
measured quantities. The results revealed that the tissue type, mode of operation and
change in energy delivery via power and exposure time affected ablated area (p<0.001,
p<0.001 and p=0.016, respectively) and coagulated area (p<0.001, p=0.019 and p<0.001,
respectively). On the other hand, edematous area was affected only by the change in
energy delivery (p=0.003), whereas when the edematous area was normalized, values are
affected by all three parameters (p=0.004, p=0.025 and p=0.040). Additionally, ablation
efficiency was affected by the change in energy delivery and mode of operation (p<0.001
and p=0.030, respectively). The significance levels for the effects of mode of operation

are given in Table 4.18.

Ablated areas were bigger for c-m applications in both types of tissues, whereas
coagulated areas were bigger only in cortical tissues but were similar in subcortical tissues.

Edematous areas turned out to be bigger for p-m-m applications in both types of tissues.
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This can be explained by the reasoning that the low rate of energy delivery causes much
more thermal damage to the surroundings instead of vaporizing the target. Ablation
efficiencies were higher for c-m applications considering the subcortical tissues but they
were in a similar range in cortical tissues for both modes of operation. However, the
standard deviations for ablation efficiencies for p-m-m applications turned out to be bigger

than for c-m applications.

Table 4.18
The significance levels of ablated area, coagulated area, edematous area, normalized edematous area
and ablation efficiency with varying energy delivery for 1940-nm Tm:fiber laser (c-m vs. p-m-m) applied
on cortical and subcortical tissues.

Dependent Variable p-values
Statistical Analysis AA CA EA NEA AE
ANOVA <0.001 | <0.001 | 0.003 | <0.001 | <0.001
Cortical 400 mW-5 s (c-m) - Cortical 400 mW-5 s (p-m-m) 0.035 | 0.028 | 0.004 | 0.001 | 0.685

Cortical 600 mW-3.3 s (¢ Cortical 600 mW-3.3 s (p-m-m) 0.048 | 0.001 | 0.398 | 0.041 | 0.156

-1

post-hoc tests

) -
Subcortical 400 mW-5 s (c-m) - Subcortical 400 mW-5 s (p-m-m) 0.001 | 0.617 | 0.288 | 0.702 | 0.002
(c-m) -

Subcortical 600 mW-3.3 s (c-m) - Subcortical 600 mW-3.3 s (p-m-m) | 0.091 | 0.171 | 0.166 | 0.245 | 0.012

4.5.4 Temperature increase

Our results revealed that irrespective of the tissue type, mode of operation, laser
wavelength and laser power, there is a strong correlation between the rate of temperature
change and ablation efficiency for both ex vivo and in vivo studies. A similar correlation
between rate of temperature change and total damage and a negative correlation between
the rate of temperature change and edematous area were found. The temperature increase
itself does not give us an insight about the characteristics of laser-lesion. However, a fast
and sudden increase in the temperature in the tissue results in less thermal damage to
the surroundings, in terms of coagulation and edema, more vaporized tissue, whereas slow
increase in the temperature results in more thermal damage to the surroundings and less

vaporized tissue.

Strong correlations observed in the analysis tells us that temperature monitoring
is crucial in laser surgery, in order to reduce the irreversible thermal damage and edema

and avoid carbonization, which is a great medical concern. Therefore, we declare the rate
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of temperature change as a key indicator for scientists and surgeons to understand what

proportion of the tissue is vaporized and how efficient the operations were carried out.
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5. CONCLUSION

The goal of this study was to investigate the ablative effect of three different laser
sources and to propose a new thermoprobe in dose determination studies in order to
estimate the ablation quality of laser doses. The motivation for this study was that with
a better establishment of experiments for investigating photothermal effects of lasers, it
may be possible to overcome the side effects of photothermal interactions and to specify
optimal laser parameters in order to propose lasers in clinical use for laser-assisted medical

surgeries.

Continuous wave laser irradiation of biological tissue is a highly dynamic process;
when laser light interacts with the tissue, the light is distributed due to the optical param-
eters of the irradiated tissue. In order to achieve photothermal interaction, wavelength
with high absorption coefficients are preferred. The effect of scattering of light is generally
not concern due to this high absorption coefficient. The absorbed laser light is the source
of energy to decompose the tissue. Generally, in laser studies absorption coefficient is
assumed to be constant, however, Jansen et al. [150] showed that the absorption coeffi-
cient is changing with temperature. This dynamic property of the absorption coefficient
is changing the laser-mediated lesions, that is, for same laser doses the thermal damage
may be different. That’s why it is extremely important to find the optimal laser param-
eters for photothermal interactions. The handicap of the photothermal interactions with
continuous wave laser is that the heat diffusion takes place during laser irradiation, which
will cause a thermal damage to the surrounding healthy tissue depending on the efficiency
of the process. Some of the energy will be used for vaporization of the tissue and the re-
maining energy will diffuse to the cooler regions of the tissue and cells will be damaged
reversibly or irreversibly depending on the energy deposited in the tissue. Therefore real-
time temperature monitoring can be an effective way to get rid of these negative effects
of the temporal and spatial irregularities. But in this study we showed that rather than
the temperature increase, the rate of temperature change is more important. We found

that if the temperature is changing in a short time interval, the extent of thermal damage
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can be minimized. In this study, we focused on brain tissue only, but we strongly believe
that the outcomes of this study will give an insight to other photothermal laser ablation
studies of soft tissues. We can conclude that when the same amount of energy is delivered
to the tissue, the most important issue is that to give this amount of energy in a shorter
time of interval regardless of mode of delivery (continuous or pulsed-modulated mode) to

achieve more efficient ablations with less edema around the lesion.

This study is a comprehensive comparative research which has accomplished the
following tasks: 1)The proposal of new thermoprobe for real-time temperature monitoring
in dose determination studies. 2)Comparison of the ablative effects of infrared lasers on
brain tissue in ez vivo studies. 3)Investigation of the use of infrared lasers in brain surgery.
4)Comparison of the thermal effects of different modes of operation (c-m and p-m-m) with

Tm:fiber laser on cortical and subcortical tissue.

In conclusion, the result of this comparative study supported the hypothesis that
the change in temperature in the tissue during laser irradiation even though the laser
source is different in terms of wavelength, can be a good indicator for the characteristics

of lesion created by the laser.
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