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Unit-1

Introduction to Lasers in Medicine

The enormous potential of lasers has not been overlooked in the fields of
science, industry, and research. Interest in medical applications of lasers is
constantly gathering momentum, as their versatility and efficacy are becoming
increasingly recognized. The use of lasers should be seen as a transformative
tool, a method which can be harnessed in various innovative ways that hold
incredible promise for the medical field. Firstly, the availability of an
instrument that produces an intense radiation of a specific wavelength opens
up a vast realm of possibilities for utilizing light or photochemistry in medical
diagnostics. Photoelectron spectroscopy, which is already utilized in
artificially controlled situations, is now finding its way into comprehensive
biological investigation. The remarkable value of the photoionization cross-
section is aggressively exploited, presenting a realm of opportunities for
precise diagnostic applications. Moreover, this remarkable advancement has
yielded novel methodologies for detecting and treating various diseases,
leading to improved patient outcomes and overall healthcare advancement.
Secondly, the laser's ability to focus an extremely high energy density on
biological tissue allows for remarkable achievements in coagulation and
cutting. The extraordinary degree of localization that can be attained through
laser technology is groundbreaking. Depending on the level of control over
the generated tissue temperature, one can selectively damage specified tissues
or even achieve the vaporization of targeted tissue. This level of precision in
surgical procedures has revolutionized the medical field, enabling healthcare
professionals to perform intricate operations with minimal invasiveness and
damage to surrounding healthy tissue. As a result, patient recovery times have
been significantly reduced, leading to shorter hospital stays and improved
overall patient care. The laser emerges as the pinnacle of artificial illumination
sources, boasting unmatched intensity and exceptional directional qualities
that are a testament to the incredible technological progress made in recent
years. Notably, the medical use of high-intensity laser sources has only
become viable in the past few years. As a result, lasers are now being
employed across a wide range of applications, revolutionizing the treatment
of numerous conditions. From eye diseases to various skin ailments, including
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the treatment of hemangiomas (birthmarks) and tumors, lasers are proving to
be a game-changing solution. Particularly in surgical procedures, especially
those involving the delicate eye, the ability to achieve an incredibly high
energy density makes the localistive high-density technique particularly
effective and flourishing. However, this incredible progress is merely the tip
of the iceberg, as doctors and medical professionals are increasingly interested
in gauging the analysis capacity of low-intensity laser sources. These sources
offer a whole new realm of possibilities in the realm of medical diagnostics,
opening up avenues for even more precise and non-invasive procedures. By
harnessing the power of low-intensity lasers, medical practitioners can explore
new frontiers in diagnosis and treatment, potentially revolutionizing the field
as we know it. The expansion of laser technology in both high-intensity and
low-intensity applications holds immense promise for future medical
advancements, paving the way for further breakthroughs in healthcare
delivery and patient outcomes. In conclusion, the potential of lasers in the
medical field is vast and ever-expanding. From their applications in
diagnostics to their ability to transform surgical procedures, lasers have truly
revolutionized medicine. With each passing year, new advancements and
breakthroughs are made, pushing the boundaries of what is possible. As we
continue to unlock the full potential of lasers, the future of medical
applications holds great promise, offering hope for improved outcomes,
enhanced patient care, and a better understanding of the human body.
Together, with the continued integration of laser technology in medical
practice and research, the medical community is poised to achieve remarkable
advancements that will undoubtedly shape the future of healthcare. (Ma & Fei,
2021) (Cornejo et al. 2022) (Dorfer et al. 2020) (Latz et al., 2021) (Li et al.
2022) (Johansson et al. 2021).
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Unit - 2

Fundamentals of Laser Technology

Lasers are coherent, monochromatic, and directional sources of light. They
emit light in a narrow, low-divergent beam and have a very specific color,
which arises from their discrete and narrowband frequency. This is reflected
in their spectral purity and is a measure of the efficiency of the lasing process.
Coherence is important in reducing the scatter of light, and for this reason,
laser systems can be focused to achieve very small spots and resolution. The
generation of laser light is a chain process known as amplification by
stimulated emission of radiation (A.S.E.). The emission occurs through
quantum mechanical transitions. In this process, the word "stimulated™ refers
to the presence of an incident photon with the same energy or frequency as the
transition, which triggers the emission. This type of light is referred to as
coherent because the emission between the atoms occurs with very little
difference in phase. A laser beam can be manipulated and shaped according
to its intended use and the optical elements involved. Laser beams possess
several useful properties, such as the ability to be reflected, absorbed,
transmitted, refracted, diffracted, and scattered. Additionally, lasers can be
focused, collimated, attenuated, expanded, shifted, or transformed into
different shapes. The light emitted by a laser can carry power over large
distances. This characteristic finds applications in communication as well as
power delivery. With regards to architecture, a laser system typically consists
of three main components: an interacting medium, which could be a gas, dye,
semiconductor crystal, liquid, or solid; an external energy source that
functions as a pump, exciting the electrons to a level that enables gain to occur
in the laser material; an optical cavity containing at least one mirror and an
output coupler; and a means for extracting the laser beam. Expanding on the
topic of lasers, it is important to highlight their highly focused nature, in
addition to being coherent and monochromatic sources of light. The narrow,
low-divergent beam emitted by lasers makes them exceptionally well-suited
for precise applications. Moreover, the unique property of lasers to possess a
specific color stems from their discrete and narrowband frequency. This
distinct characteristic not only contributes to the spectral purity of lasers but
also acts as an indication of the lasing process's efficiency. Coherence plays a
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crucial role in reducing the scatter of light and is a fundamental aspect of
lasers. By harnessing this property, laser systems can achieve remarkable
focusing capabilities, resulting in the formation of incredibly small spots and
providing high resolution in various applications. The phenomenon behind the
generation of laser light revolves around a captivating chain process known as
amplification by stimulated emission of radiation (A.S.E.). This intriguing
process relies on quantum mechanical transitions to facilitate the emission of
light. The term "stimulated" refers to the requirement of an incident photon
with the exact energy or frequency of the transition, triggering the emission
process. It is this synchronization that gives rise to the coherent nature of laser
light, with minimal phase differences occurring during emission between the
atoms. Expanding beyond their basic properties, laser beams possess
remarkable versatility in terms of manipulation and shaping, based on specific
requirements and the utilization of optical elements. Laser beams exhibit a
wide range of useful properties; they can be reflected, absorbed, transmitted,
refracted, diffracted, and scattered. Furthermore, lasers can undergo various
transformations such as focusing, collimation, attenuation, expansion,
shifting, and alteration into diverse shapes. In addition to their impressive
properties, lasers possess the extraordinary ability to carry power across
extensive distances. This aspect finds practical applications not only in
communication but also in the realm of power delivery. To fully appreciate
the architecture of a laser system, it is essential to consider its fundamental
components. These components include an interacting medium, which can
take the form of a gas, dye, semiconductor crystal, liquid, or solid.
Additionally, an external energy source, functioning as the pump, is
responsible for exciting the electrons to a level that enables gain within the
laser material. Furthermore, an optical cavity housing at least one mirror and
an output coupler plays a crucial role in facilitating the desired lasing action.
Finally, a robust means of extracting the laser beam ensures its successful
utilization in various applications. (Purohit, 2020) (Keiser, 2022) (Biswas
2023) (Kaya, 2024) (Rahman, 2022) (Alkhazragi et al., 2021) (Lu et al. 2024).
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Unit - 3

Types of Lasers Used in Medical Applications

Lasers can now be made almost any ‘colour’ - i.e., wavelength - to be visible
either to the naked eye or to readily available sensor systems. Many reviews
underline that over the years, many different lasers have been used for many
medical applications. Typically, lasers are recognized by the lasing medium
generating the photons. Solid-state lasers using one or many crystals, glasses
or crystallites doped with metal or metal-like elements have numerous
powerful, compact and efficient lasers. They exploit optical properties of
energy levels of valence electrons, either crystal field transitions or 4f shell
transitions, where electronic transitions are many, many times faster than
radiative transitions and stored energy is eventually released as photons. Such
lasers typically are very efficient for a low gain, and the fixed-wavelength
output of the vast majority of solid-state lasers with continuous-wave typically
covers the spectral spectrum of organic chromophores. In contrast, they are
very poor at readily making truly nanosecond pulses where for a very short
lasing pulse dust does not have time to be ablated, as its threshold can vary
significantly if the dust particle is no longer 'sucked towards' the focus by the
Marangoni flow mentioned above (which arises from local surface tension
gradient related to the temperature gradient). Gas lasers can be classified into
two distinct groups: DC-excited discharge lasers that have a continuous
discharge typically using Usual Range (UR) electrodes with an annular
cathode around a central anode or a copper tube placed at the laser cavity
centre, and RF-excited discharge lasers that are resonators using a radio
frequency (RF) line on either side of the discharge region typically generated
by electrode-less RF excitation (transverse radio frequency discharge).
Chemical oxygen-iodine lasers provide excellent power efficiencies, are
tunable for a limited range of wavelengths, showing much promise for surgical
applications. In theory, dye lasers operate over an ultra-wide range of
wavelengths, as a huge array of laser dyes exist as a large family of black-
powders with a double-daggers dramatic customizability of optical gain
curves through molecular engineering, to have a fixed laser wavelength and
pulse duration adjusted from 10ns to as short as 0.42 ps. If there are no
significant 'native' laser chromophores linear absorption coefficients at the dye
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laser wavelength, other chromophores, e.g., skin melanin in the uv, can be
used selectively to provide the confinement of deposition by absorption.
Nowadays, with advancements in technology and research, lasers have
become highly versatile and adaptable. They can now be produced in almost
any wavelength or ‘colour’, which allows them to be easily detectable by the
naked eye or various sensor systems. Medical applications have particularly
benefited from the diverse range of lasers available. When it comes to lasers,
they are categorized based on the lasing medium that generates the photons.
Solid-state lasers, for example, utilize crystals, glasses, or crystallites that are
doped with metal or metal-like elements. These lasers are known for their
compact size, high power output, and efficiency. They rely on the energy
levels of valence electrons and their transitions, such as crystal field transitions
or 4f shell transitions. In these transitions, the speed of electronic transitions
far exceeds that of radiative transitions, resulting in the eventual release of
photons. While solid-state lasers are efficient for low gain, their continuous-
wave output typically covers the spectral spectrum of organic chromophores.
However, they are less effective in producing nanosecond pulses, where there
is little time for dust particles to be ablated. The threshold for dust particle
ablation can vary significantly if the particle is not being pulled towards the
focal point by the Marangoni flow, which is caused by local surface tension
gradients due to temperature differences. Gas lasers can be divided into two
main groups: DC-excited discharge lasers and RF-excited discharge lasers.
DC-excited discharge lasers maintain a continuous discharge using UR
electrodes with an annular cathode surrounding a central anode or a copper
tube placed at the center of the laser cavity. On the other hand, RF-excited
discharge lasers utilize a radio frequency (RF) line on either side of the
discharge region, typically achieved through electrode-less RF excitation or
transverse radio frequency discharge. Chemical oxygen-iodine lasers are
known for their excellent power efficiencies and tunability within a limited
range of wavelengths, making them highly promising for surgical
applications. Dye lasers, in theory, can operate across an extensive range of
wavelengths. They rely on a wide array of laser dyes, which exist as black-
powders and offer great flexibility in customizing optical gain curves through
molecular engineering. This allows for precise control over the laser
wavelength and pulse duration, which can range from 10 nanoseconds to as
short as 0.42 picoseconds. If there are no significant absorption coefficients
for the desired dye laser wavelength, alternative chromophores, such as skin
melanin in the ultraviolet range, can be selectively used to enable precise
deposition through absorption confinement. With the advancements made in
technology and research, lasers have evolved into highly versatile and
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adaptable devices. They can now be generated in a wide range of wavelengths
or 'colours’, making them easily detectable by the human eye or various sensor
systems. The medical field, in particular, has greatly benefited from the
availability of diverse lasers for different applications. Laser devices are
classified based on the specific lasing medium that produces the photons.
Solid-state lasers, for instance, utilize crystals, glasses, or crystallites that are
doped with metal or metal-like elements. These lasers are renowned for their
compact size, high power output, and remarkable efficiency. They leverage
the optical properties of valence electrons' energy levels, including crystal
field or 4f shell transitions. In these transitions, the speed of electronic
movement exceeds that of radiative transitions, resulting in the release of
photons. While solid-state lasers offer great efficiency for low gain, their
continuous-wave output generally covers the spectral spectrum of organic
chromophores. However, these lasers are less effective in producing
nanosecond pulses, as there is insufficient time for dust particles to be ablated.
The threshold for dust particle ablation can vary significantly if the particle is
not being drawn toward the focal point by the Marangoni flow, which occurs
due to local surface tension gradients caused by temperature differences. Gas
lasers can be categorized into two main groups: DC-excited discharge lasers
and RF-excited discharge lasers. DC-excited discharge lasers maintain
continuous discharges using UR electrodes with an annular cathode
surrounding a central anode or a copper tube positioned at the center of the
laser cavity. On the other hand, RF-excited discharge lasers utilize radio
frequency (RF) lines on both sides of the discharge region, typically achieved
through electrode-less RF excitation or transverse radio frequency discharge.
Chemical oxygen-iodine lasers are highly efficient and tunable within a
limited range of wavelengths, making them extremely promising for surgical
applications. In theory, dye lasers can operate across an extensive range of
wavelengths. They rely on a vast collection of laser dyes, which exist in the
form of black-powders and offer exceptional flexibility in manipulating
optical gain curves through molecular engineering. This enables precise
control over the laser's wavelength and pulse duration, which can range from
10 nanoseconds to as short as 0.42 picoseconds. In cases where the desired
dye laser wavelength lacks significant absorption coefficients, alternative
chromophores, such as skin melanin in the ultraviolet range, can be selectively
utilized to achieve confinement of deposition through absorption. (Cios et al.
2021) (Harilal et al. 2022) (Geng et al., 2023) (Schiitt et al. 2020) (Corato-
Zanarella et al. 2023) (Mysliwiec et al., 2021) (Hummel et al. 2020) (Lachetta
et al. 2021) (Koulouklidis et al. 2020) (Liu et al., 2021).
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3.1 Solid-state Lasers

Properties and Mechanisms of Action Solid-state lasers have the gain
medium made of solid materials. In solid-state lasers, the active medium can
be a glass or crystal exhibiting properties of a laser medium, for example, a
ruby. Solid-state lasers can be pulsed or continuous, and most of the solid-
state lasers in the medical field are Q-switched, having the capability of
producing very high-power pulses in the range of gigawatts. The solid-state
lasers can be pumped by flashlamps such as those having xenon gas in them.
However, some other lasers require a diode for pumping. The Nd:YAG is the
most commonly used solid-state laser in medical applications. It operates with
a light wavelength of 1064 nm and has the capability of providing pulsed and
continuous modes. Applications in diagnostics, solid-state lasers can be used
in Raman spectroscopy, in which laser light is shone on the body of a patient
to detect the presence of disease by the pattern of reflection ascertained from
the samples collected in medical tests. Many therapeutic applications of solid-
state lasers are available. In most cases, the laser is used to coagulate blood or
to open blocked vessels. A few procedures include bullectomy,
cholecystolitholysis, Choledocholithotripsy, laryngeal disorders, and many
others. The use of solid-state lasers in surgical applications is less because
these lasers are not very accurate and not as effective as many other lasers that
are available. However, solid-state lasers are useful in removing mild skin
disorders, nevus, port wine stains, tattoos, keloids, and hypertrophic scars.
Furthermore, the solid-state lasers with Q-switching technology are safe and
pioneering to demonstrate the best ablation efficiency for bone and tooth and
can be used in otolaryngology, stapedotomy, tissue perforation, lens, and
cataract surgery. They are utilized for removing hyper polyp in the vagina,
stenosis of the uterine blood vessels, meatal stenosis, as well as various other
medical procedures and interventions. Solid-state lasers have revolutionized
the field of medicine, offering innovative solutions for diverse applications
and contributing to the advancement of medical technology. With their precise
capabilities, solid-state lasers continue to pave the way for new discoveries
and improvements in the medical industry, enhancing patient care and
treatment outcomes. Solid-state lasers possess several unique properties and
mechanisms of action that make them highly beneficial in various
applications. These lasers utilize a solid gain medium, typically consisting of
materials like glass or crystal, which exhibit the necessary properties to
function as a laser medium. For instance, a ruby can serve as an active medium
in solid-state lasers. One notable feature of solid-state lasers is their ability to
operate in both pulsed and continuous modes, offering versatility in different
medical scenarios. In the medical field, many solid-state lasers, particularly
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those employed in diagnostics, are designed to be Q-switched. This means
they can generate remarkably powerful pulses, often reaching the range of
gigawatts. Flashlamps are commonly utilized to pump solid-state lasers such
as those equipped with xenon gas. However, certain lasers necessitate the use
of a diode for their pumping process. Among the various types of solid-state
lasers, the Nd:YAG is the most widely used in medical applications. Operating
at a light wavelength of 1064 nm, it boasts the capacity to deliver both pulsed
and continuous modes, making it a valuable tool in medical procedures.
Regarding their applications, solid-state lasers find utility in numerous
diagnostic and therapeutic contexts. For instance, in diagnostics, solid-state
lasers have found application in Raman spectroscopy. This technique involves
directing laser light onto a patient's body, allowing healthcare professionals to
detect the presence of diseases through the patterns of reflection obtained from
collected medical samples. Turning to therapeutic applications, solid-state
lasers frequently serve the purpose of coagulating blood or opening blocked
vessels. Specific procedures in which these lasers are utilized include
bullectomy, cholecystolitholysis, Choledocholithotripsy, as well as treatments
for laryngeal disorders, and many others. It is important to note that solid-state
lasers are not extensively used in surgical applications due to their relative
lack of accuracy and effectiveness compared to other laser options available.
Nevertheless, these lasers offer valuable advantages when it comes to
removing mild skin disorders such as nevi, port wine stains, tattoos, keloids,
and hypertrophic scars. In particular, solid-state lasers equipped with Q-
switching technology demonstrate exceptional safety and pioneering
efficiency in ablating bone and tooth tissue, making them highly suitable for
applications in otolaryngology, stapedotomy, tissue perforation, lens surgery,
and cataract surgery. Furthermore, these lasers are employed in the removal
of hyper polyps in the vagina, treatment of stenosis in uterine blood vessels,
meatal stenosis, and various other medical procedures and interventions.
Overall, the advent of solid-state lasers has brought about a revolutionary
transformation in the field of medicine, presenting innovative solutions for a
wide range of applications and significantly contributing to the advancement
of medical technology. Thanks to their precise capabilities, solid-state lasers
continue to pave the way for new discoveries and improvements in the medical
industry, ultimately enhancing patient care and treatment outcomes. (Huber,
2020) (Shen et al. 2022) (Herasymov 2021) (Borkenstein & Borkenstein,
2024) (Brauch et al., 2022) (Yuan et al. 2022) (Liu et al. 2021) (Laky et al.
2021) (Tang et al., 2021) (Abdelhalim et al. 2023).
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3.2 Gas Lasers

Gas lasers, while less efficient than solid-state lasers, are still widely
utilized in various medical applications thanks to their unique properties and
capabilities. The operation principles provided here offer only a brief
overview of their functionality, so for more comprehensive information, it is
recommended that the reader refers to other in-depth reviews to gain detailed
insights. A gas laser that deserves special attention is the CO2 laser, which is
renowned for its infrared properties. When operating within a high-power
system, this laser generates an ample amount of heat capable of inducing
vaporization in tissues. As a result, it finds extensive application in
dermatologic surgery, providing effective solutions for a multitude of skin-
related conditions. Furthermore, both CW (continuous wave) and pulsed CO2
lasers have emerged as indispensable tools in the medical field, facilitating a
wide range of procedures. Some of these procedures include the treatment of
stenosed blood vessels (angioplasty), opening blocked passages within the
urinary, genitourinary, and biliary tracts, addressing esophageal strictures, as
well as removing foreign bodies in tracheal or laryngeal airways, among
others. Additionally, a CO laser operating in the mid-infrared region has
proven to be a highly valuable surgical instrument, particularly in the field of
neurosurgery. Its precise and localized laser-tissue interaction plays a crucial
role in preventing the spread of certain ailments. It's noteworthy that the term
‘excimer’ is derived from the words ‘excited dimer'. An average excimer laser
system consists of a chlorine (ClI) atom and a krypton (Kr) atom, operating
within the infrared region of the electromagnetic (EM) spectrum. Due to a
combination of these factors, excimer lasers have become one of the most
widely employed laser systems in various industries, including medicine. The
output wavelength of excimer lasers can be precisely tuned over a limited
range by utilizing a delicate grating system, which further expands their
versatility. One potential application of excimer lasers lies in the creation of
corneal curvature changes, which are commonly employed in refractive
surgery to correct myopia and astigmatism. Such procedures greatly improve
patients' visual acuity and overall quality of life. Moreover, excimer lasers
have shown promising results in the field of ophthalmology, enabling
surgeons to reshape the cornea with exceptional precision and reproducibility.
With ongoing advancements and discoveries, the utilization of gas lasers,
including CO2 lasers and excimer lasers, is expected to continue evolving and
expanding. This progress will undoubtedly usher in new horizons in the realm
of medical treatments and surgical interventions, bringing about further
improvements in patient care and well-being. The use of gas lasers also
extends to cosmetic dermatology, where they find application in the removal
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of tattoos, pigmented lesions, and other skin imperfections. In addition, gas
lasers are instrumental in various research fields, including spectroscopy, in
which they play a crucial role in analyzing and identifying molecular
structures. Their unique properties, including high power, coherent output, and
tunable wavelength, make them extremely valuable tools for studying the
fundamental properties of matter and probing the interactions between atoms
and molecules. Gas lasers have also contributed significantly to the
advancement of scientific knowledge in fields such as atomic physics,
quantum optics, and laser cooling and trapping. Furthermore, gas lasers have
found practical applications in industrial processes such as material
processing, manufacturing, and precision cutting. Their ability to deliver a
high-energy density beam allows for precise and controlled material removal,
making them indispensable in industries that require precise machining, such
as electronics, automotive, and aerospace. Gas lasers have also demonstrated
their effectiveness in marking and engraving processes, providing permanent
and high-quality markings on a wide range of materials, including metals,
plastics, glass, and ceramics. In conclusion, gas lasers, including CO2 lasers
and excimer lasers, have proven to be versatile and powerful tools in various
fields, particularly in medicine, research, and industrial applications. The
unique properties and capabilities of gas lasers enable them to perform a wide
range of tasks with precision and efficiency. As technology continues to
advance, we can expect further advancements and discoveries that will push
the boundaries of gas laser applications, leading to improved healthcare
outcomes, enhanced scientific understanding, and increased productivity in
manufacturing processes. (Umroh et al. 2020) (Dinara et al. 2021) (Mushtaq
etal., 2020) (Fu et al. 2022) (Fisher, 2020) (Webb & Jones, 2020) (Daggett et
al., 2020).

3.3 Dye Lasers

Dye lasers comprise several very popular laser systems generating broad
tunable wavelength ranges at the same time. They are pumped by either
intense (but expensive) gas discharge lamps, using organic dye, or diode laser
pump modules for dye. Depending on the application, they may exploit so-
called ultrafast Ti:Sapphire lasers. Therefore, dye lasers are used in
diagnostics in pulsed wave rate for hemochrome and tesular tracing, therapy
in tunable wave rate, for example in dentistry with plaque identification, or in
pulsed therapy in dermatology for treatment of hypersensitive plaques on the
skin. Another interesting dye laser is DYEPLUS. This powerful, tunable, and
easy-to-use dye laser integrates an all-solid-state Nd:YAG pump laser with a
dye module for a compact and robust benchtop turnkey system. It is tunable
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between 1.200 and 2.000 nm, with fundamental power up to 6 W, and the
fourth harmonics power up to 1 W. The DYEPLUS is designed for both
fundamental and fourth-harmonic radiation at 1.7 and 0.6 W; fully tested,
ready to use. Type: Tunable Dye laser; Central Wavelength: 1.200 - 2.000 nm;
peak Power: up to 30 MW, W: up to 6/ 1 (fourth harmony). If you flip through
the equipment manual for a modern confocal microscope, you will probably
find a dye laser mentioned in conjunction with the microscope system. Dye
lasers are used in many types of research settings where researchers need
flexible and highly tunable light sources. This is because the emission
wavelength in a dye laser can be adjusted to almost any visible wavelength
(and some infrared wavelengths) for any amount of time. The ability to tune a
laser across a range of wavelengths is used in medical diagnostic systems to
minimize exposure of the body to an external light source. Also, the high
power, pulsed capabilities of some dye lasers are useful in certain aesthetic
(non-medical, usually) procedures. Applications of dye lasers in medicine are
largely in diagnostics and therapy, but some dye laser systems can also be used
as a surgical tool. Dye lasers are known for their versatility and effectiveness
in various applications across different fields. Due to their unique
characteristics, such as the ability to generate broad tunable wavelength
ranges, they have become incredibly popular in the field of laser technology.
These lasers can be powered using intense (albeit expensive) gas discharge
lamps or diode laser pump modules specifically designed for dye lasers.
Additionally, ultrafast Ti:Sapphire lasers can also be utilized to enhance their
performance in certain applications. One noteworthy example of a dye laser is
the DYEPLUS. This particular laser stands out due to its exceptional power,
tunability, and user-friendly design. It combines an all-solid-state Nd:YAG
pump laser with a dye module, resulting in a compact and robust benchtop
turnkey system. The DYEPLUS offers tunability between 1.200 and 2.000
nm, with a fundamental power of up to 6 W and fourth harmonics power of
up to 1 W. It has been extensively tested and is ready for immediate use.
Classified as a tunable dye laser, the DYEPLUS operates within a central
wavelength range of 1.200 - 2.000 nm, with a peak power of up to 30 MW and
a W value of up to 6/1 (fourth harmony). If you explore the equipment manual
of a modern confocal microscope, it is highly likely that you will come across
a reference to a dye laser in conjunction with the microscope system. This is
because dye lasers find widespread use in various research settings where
researchers require flexible and highly tunable light sources. The ability of dye
lasers to adjust their emission wavelength to almost any visible wavelength
(and certain infrared wavelengths) for any duration of time makes them
invaluable in medical diagnostic systems, as they minimize the exposure of

Page | 12



the body to external light sources. Furthermore, the high power and pulsed
capabilities exhibited by select dye lasers make them particularly
advantageous in certain aesthetic procedures, primarily those that are non-
medical in nature. In the medical field, dye lasers primarily find applications
in diagnostics and therapy. However, it is worth noting that certain dye laser
systems can also serve as effective surgical tools. The adaptability and
effectiveness of dye lasers contribute to their prominence in numerous
applications, playing a vital role in advancing research and medical
procedures. Dye lasers have proven to be versatile tools in various fields,
offering a wide range of applications and benefits. Thanks to their ability to
generate broad tunable wavelength ranges, they have gained immense
popularity in the field of laser technology. These cutting-edge lasers can be
powered using either intense, but expensive, gas discharge lamps or
specialized diode laser pump modules specifically designed for dye lasers.
Moreover, ultrafast Ti:Sapphire lasers can be utilized to further enhance their
performance in specific applications. One remarkable example of a dye laser
is the highly acclaimed DYEPLUS. This extraordinary laser model stands out
due to its exceptional power, remarkable tunability, and user-friendly design.
By combining an all-solid-state Nd:YAG pump laser with a dye module, the
DYEPLUS achieves a compact and robust benchtop turnkey system. With its
remarkable tunability range spanning from 1.200 to 2.000 nm, this laser offers
a fundamental power of up to 6 W and a fourth harmonics power of up to 1
W. It has undergone extensive testing and is ready for immediate use. The
DYEPLUS is categorized as a tunable dye laser, operating within a central
wavelength range of 1.200 - 2.000 nm. It boasts a peak power of up to 30 MW
and a W value of up to 6/1 (fourth harmony). If you delve into the equipment
manual of a modern confocal microscope, it is highly likely that you will come
across references to dye lasers in conjunction with the microscope system.
This is primarily attributed to the widespread usage of dye lasers in various
research settings where researchers require flexible and highly tunable light
sources. Dye lasers offer an unparalleled advantage in that their emission
wavelength can be easily adjusted to nearly any visible wavelength, and even
certain infrared wavelengths, for any desired duration of time. This
remarkable capability is particularly valuable in medical diagnostic systems,
as it effectively minimizes the exposure of the human body to external light
sources. Moreover, the high power and pulsed capabilities exhibited by select
dye lasers render them highly beneficial in specific aesthetic procedures,
typically those of a non-medical nature. While dye lasers predominantly find
applications in diagnostics and therapy within the medical field, certain dye
laser systems have also proven to be efficient surgical tools. The adaptability
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and effectiveness of dye lasers have propelled them to the forefront of
numerous applications, playing a pivotal role in advancing research and
medical procedures. Their unparalleled versatility and exceptional capabilities
continue to revolutionize various fields, cementing their position as invaluable
assets in the realm of laser technology. (Khalkhal et al. 2020) (Brown, 2020)
(Dinara et al. 2021) (Omer, 2021) (Wang & Dong, 2020) (Pham et al. 2021)
(Cios et al. 2021) (Rey-Barroso et al. 2021) (Taylor & Lai, 2021) (Ilisanu et
al., 2023).
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Unit -4

Laser Safety in Medical Settings

Introduction

Laser safety is a major concern when it comes to employing lasers in the
medical field. Safety protocols in medical environments are different than
those of research labs, as the stakes are higher when dealing with patients'
well-being. The use of lasers also varies from one medical facility to another,
based on factors such as the type of laser being used and the specific
procedures being performed. Therefore, it is crucial to have a comprehensive
understanding of laser safety in medical settings, from the applicable
regulations to the necessary safety measures. Protective Measures: The
implementation of protective measures is paramount to ensuring the safety of
individuals in medical environments where lasers are utilized. The primary
objective of these measures is to safeguard anyone from potential injuries
caused by direct contact with the laser beam or scatter radiation. Furthermore,
these measures also aim to prevent accidental damage to nearby equipment,
which could compromise the efficiency and effectiveness of medical
procedures. When it comes to laser safety, it is important to note that while
safety goggles are commonly used, they can also cause eye strain. Therefore,
laser eyewear is carefully selected to mitigate this issue. Manufacturers ensure
that the optical density of the eyewear does not exceed 10% for the specific
wavelength being protected. By adhering to this criterion, healthcare
professionals can perform their duties with minimal discomfort and optimal
vision. To further enhance laser safety in medical settings, it is essential to
properly maintain and clean protective eyewear. Aspersions, such as grease or
other substances, should be promptly removed from the eyewear to maintain
its effectiveness. Regular inspections and cleaning procedures should be
implemented to ensure that the eyewear remains in excellent condition and
provides the necessary level of protection to medical personnel. Regulations
on Laser Handling: While there are no specific regulations pertaining solely
to lasers themselves, the risks associated with laser usage are governed by
other regulations. For instance, hospitals or clinics employing laser sources
must undergo inspections by the appropriate authorities. This is especially
important in cases where the facility utilizes high-powered laser equipment,
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as these devices fall under stringent laser regulations. In the United States,
lasers are categorized by esteemed organizations such as the Center for
Devices and Radiological Health (CDRH), the Food and Drug Administration
(FDA), the Occupational Safety and Health Administration (OSHA), and the
American National Standards Institute (ANSI). These organizations work
collectively to establish comprehensive guidelines and regulations that ensure
the safe handling and usage of lasers in medical settings. Furthermore, the
ANSI Z136.3 standard specifically focuses on enforcing and maintaining strict
control measures for lasers in the vicinity of medical procedures. By adhering
to this standard, healthcare facilities can effectively mitigate potential hazards
associated with laser usage and safeguard the well-being of both medical staff
and patients alike. In summary, laser safety is of utmost importance in medical
settings, and protective measures play a vital role in ensuring the well-being
of individuals and the efficiency of medical procedures. By adhering to
applicable regulations and standards, healthcare facilities can provide a safe
environment for laser usage and minimize potential risks. It is crucial for
medical professionals to stay informed and updated on laser safety protocols
to protect themselves and their patients. Laser safety should be a primary
concern in the medical field due to the potential risks associated with their use.
In medical environments, safety protocols differ from those used in research
labs because higher stakes are involved concerning patient well-being. The
use of lasers varies depending on the medical facility, including the type of
laser and the specific procedures undertaken. Therefore, it is essential to have
a comprehensive understanding of laser safety in medical settings,
encompassing applicable regulations and necessary safety measures.
Protective measures play a fundamental role in ensuring the safety of
individuals in medical environments where lasers are utilized. These measures
aim to prevent potential injuries resulting from direct contact with the laser
beam or scatter radiation. Additionally, they strive to avoid accidental damage
to nearby equipment that could compromise the efficiency and effectiveness
of medical procedures. While safety goggles are commonly used for laser
safety, they can cause eye strain. To mitigate this issue, laser eyewear is
meticulously chosen. Manufacturers ensure that the optical density of the
eyewear does not exceed 10% for the specific wavelength being protected. By
adhering to this criterion, healthcare professionals can carry out their duties
with minimal discomfort and optimal vision. To further enhance laser safety
in medical settings, proper maintenance and cleaning of protective eyewear
are crucial. Any aspersions like grease or other substances should be
immediately removed from the eyewear to ensure its effectiveness. Regular
inspections and cleaning procedures should be implemented to guarantee that
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the eyewear remains in excellent condition and provides the necessary level
of protection to medical personnel. While there are no specific regulations
solely for lasers, the risks associated with laser usage are governed by other
regulations. For example, hospitals or clinics employing laser sources must
undergo inspections by the appropriate authorities. This is particularly
important when high-powered laser equipment is utilized as these devices fall
under stringent laser regulations. In the United States, lasers are categorized
by esteemed organizations such as the Center for Devices and Radiological
Health (CDRH), the Food and Drug Administration (FDA), the Occupational
Safety and Health Administration (OSHA), and the American National
Standards Institute (ANSI). These organizations work together to establish
comprehensive guidelines and regulations that ensure the safe handling and
usage of lasers in medical settings. Moreover, the ANSI Z136.3 standard
focuses on enforcing and maintaining strict control measures for lasers in the
vicinity of medical procedures. Adhering to this standard enables healthcare
facilities to effectively mitigate potential hazards associated with laser usage
and safeguard the well-being of both medical staff and patients. In conclusion,
laser safety plays a vital role in medical settings, and the implementation of
protective measures is crucial for the well-being of individuals and the
efficiency of medical procedures. By adhering to relevant regulations and
standards, healthcare facilities can provide a safe environment for laser usage
and minimize potential risks. It is of utmost importance for medical
professionals to stay informed and updated on laser safety protocols to protect
themselves and their patients effectively. (Corrales et al. 2024) (Yang et al.
2020) (Huang et al. 2021) (Bensadoun et al. 2020) (Seago et al. 2020) (Wu et
al. 2021) (Souissi et al. 2021) (Ahmed et al., 2021) (Sahay et al. 2021)
(Ventimiglia et al. 2021).
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Unit-5

Laser Applications in Medical Diagnostics

Medical diagnostics represent another important field for the applications of
lasers. The motivations are a clear requirement for non-invasive techniques
(especially for in vivo investigations), the need for advanced signals for
analyzing complex structures, and the well-localized nature of lasers. The
properties of optical processes (absorption, scattering, and emission of light)
are responsible for certain diagnostic signals used for the type of structure
(mainly tissue) and/or the unhealthy state of the structure (like cancer), and
those signals could be used for therapy. One group of diagnostic techniques is
based on changes in light transmittance and reflectance of the optical signals.
The other one uses light scattering to extract information regarding the internal
structure or composition of the examined area. Several of these techniques
have already found practical applications. Optical coherence tomography
(OCT) is a high-resolution in vivo retinal imaging technique that permits the
visualization of microstructures in the human eye. The technique is based on
low-coherence interferometry, and clinical-experimental applications have
been successfully reported in ophthalmology. Laser-induced fluorescence
(LIF) is commonly used for tissue diagnostics, particularly for cancer
diagnostics. A short pulse with a duration in the nanosecond range ionizes the
sample, producing fluorescence. Thus, cells in which the radiation propagates
fluence emit fluorescence. The structure of the sample will deform the light
wave, and a fraction of the light travels back through the optical fiber and is
sampled, spectrally analyzed, and thus provides a diagnosis. This was applied
in a clinical setup for lung cancer staging. Furthermore, lasers have also been
utilized in the field of dermatology for diagnostic purposes. Laser dermatology
has paved the way for advancements in identifying various skin conditions
and abnormalities. By emitting laser light onto the skin, dermatologists can
analyze the scattered light and observe characteristic patterns that indicate
specific dermatological conditions. This non-invasive technique has proven to
be highly effective in accurately diagnosing diseases such as psoriasis,
eczema, and melanoma. Moreover, lasers have demonstrated great potential
in the early detection of skin cancers, enabling prompt treatment and improved
patient outcomes. In addition to dermatology, lasers have revolutionized the
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field of dentistry by providing valuable diagnostic capabilities. Through the
use of lasers, dentists can accurately identify dental caries, assess the health of
gums, and detect abnormalities in oral tissues. Laser-based techniques such as
laser fluorescence and optical coherence tomography have shown promising
results in detecting early-stage dental caries that may not be visible to the
naked eye. This early detection allows for timely intervention and preventive
measures, ultimately preserving the integrity of the teeth. Furthermore, lasers
have also found extensive use in cardiovascular diagnostics. In particular,
laser-based imaging techniques have significantly enhanced the visualization
and characterization of arterial plaques and atherosclerosis. By utilizing laser-
induced fluorescence and optical coherence tomography, cardiologists can
obtain detailed information about the composition and morphology of arterial
plaques, aiding in the assessment of their stability and the risk of rupture. This
invaluable information guides treatment strategies, such as the selection of
suitable stents and the implementation of preventive measures to reduce the
risk of cardiovascular events. Moreover, lasers have proven to be instrumental
in the field of oncology, specifically in the diagnosis of various types of
cancers. By leveraging the unique properties of laser light, oncologists can
analyze tissue samples and detect the presence of cancerous cells with high
precision. Laser-induced fluorescence spectroscopy, for instance, allows for
the identification of malignant tissues based on their distinct fluorescence
patterns. This non-invasive technique enables earlier and more accurate cancer
diagnosis, facilitating timely intervention and personalized treatment plans. In
summary, the applications of lasers in medical diagnostics are vast and
groundbreaking. Through their ability to provide non-invasive, high-
resolution, and precise diagnostic information, lasers have revolutionized
numerous fields within healthcare. Whether in ophthalmology, dermatology,
dentistry, cardiovascular diagnostics, or oncology, lasers continue to play a
pivotal role in enhancing our understanding of complex biological structures
and improving patient outcomes through early detection and targeted
therapies. Lasers are the future of medical diagnostics, and their potential is
boundless. (Khan et al. 2022) (Barik et al. 2022) (Amani et al., 2022)
(Pavithran et al. 2023) (Kaniyala et al. 2022) (Sperber et al. 2024) (Chen et
al., 2020).

5.1 Optical Coherence Tomography (OCT)

In the last twenty years, from the field of telecommunications, a
completely new diagnostic technique has been adopted in medical diagnostics,
which is optical coherence tomography (OCT) to investigate intrascopic
transitions of biological tissues. OCT is an extension of popular imaging
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technologies, which are non-contact and non-destructive. It can explore not
only the inner structure but also the multi-layered structure with a few
micrometer measurement resolution in human eyes, skin, and various other
human body parts. Currently, it represents one of the most widely studied and
important medical diagnostic techniques, providing important supplementary
information to commonly used classical imaging techniques. According to the
principles of OCT probing, the following principles of imaging can be
categorized: time domain OCT (TD-OCT), different wavelength or spectral
domain OCT (FD/S-OCT), Fourier domain OCT. Due to the ability to perform
extensive functional analysis of investigated microstructures, it is also
possible to distinguish functional OCT. Currently, OCT imaging is widely
used in ophthalmology to assess the retina, macula, and cornea. In addition to
the dominant application in visualization and diagnostics, OCT, of particular
relevance are applications in the area of the equipment for drug delivery (e.g.,
syringes and skin), based on the functional OCT. Based on the combination
with a mini needle system, we can operate in the compact form of needles and
visual control in the package of such a system, so it can find potential
applications in biopsy, dermatologic treatments, in-vitro fertilization (IVF)
procedures, and various other aspects of medical and biomedical fields. With
its non-invasive nature and precise measurement capabilities, OCT has been
proven to greatly contribute to the advancement of medical science, allowing
for accurate and efficient diagnosis and treatment planning. As technology
continues to improve, the potential for further expansion and utilization of
OCT in various medical disciplines becomes increasingly evident. Its ability
to provide detailed imaging and functional analysis opens up new possibilities
for research and clinical applications, paving the way for more effective
healthcare practices and improved patient outcomes. Optical coherence
tomography (OCT) is an extraordinary diagnostic technique that has
revolutionized medical diagnostics in the last two decades, emerging from the
field of telecommunications. It allows for in-depth investigation of intrascopic
transitions in biological tissues, making it highly valuable for a wide range of
applications in healthcare. Unlike traditional imaging technologies, OCT is
non-contact and non-destructive, making it safe and efficient. With its
remarkable capabilities, OCT can not only explore the inner structure of
tissues but also delve into the intricacies of their multi-layered composition. It
achieves this with an astounding few micrometer measurement resolution in
crucial areas such as the human eyes, skin, and various other parts of the body.
Considered as one of the most extensively studied and significant medical
diagnostic techniques, OCT provides vital supplementary information to
classical imaging methods. By utilizing different principles of imaging, OCT
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can be categorized into time domain OCT (TD-OCT), different wavelength or
spectral domain OCT (FD/S-OCT), and Fourier domain OCT. Additionally,
OCT can also be functional, allowing for extensive analysis of microstructures
under investigation. This advanced feature enables the distinction of
functional OCT, adding further versatility to its applications. Presently, OCT
imaging plays a pivotal role in ophthalmology, providing valuable
assessments of the retina, macula, and cornea. Moreover, its relevance extends
beyond visualization and diagnostics, making it invaluable in the field of drug
delivery equipment. By leveraging functional OCT, applications like syringes
and skin-based drug delivery systems can be developed. Paired with a mini
needle system, OCT facilitates precise and compact operations, enabling
visual control within the system's packaging. Consequently, the potential
applications of such a system span various medical fields, including biopsy,
dermatologic treatments, in-vitro fertilization (I\VF) procedures, and countless
other aspects of medical and biomedical research. The non-invasive nature of
OCT combined with its exceptional measurement capabilities has proven to
be a game-changer in medical science. By offering accurate and efficient
diagnosis and treatment planning, OCT significantly contributes to the
advancement of healthcare practices. As technology continues to evolve, the
utilization of OCT in diverse medical disciplines continues to expand. Its
unparalleled ability to provide detailed imaging and functional analysis opens
up boundless possibilities for research and clinical applications, ultimately
leading to more effective healthcare practices and improved patient outcomes.
With each new advancement, OCT cements its position as a transformative
tool in the medical field, empowering healthcare professionals to push
boundaries and deliver unparalleled care. (Everett et al. 2021)
(Mohammadzadeh et al. 2020) (Le & Patel, 2020) (Zeppieri et al. 2023)
(Kamalipour and Moghimi 2021) (Sampson et al. 2022) (Nanji et al. 2020).

5.2 Laser-Induced Fluorescence (LIF)

The Laser-Induced Fluorescence (LIF) technique makes use primarily of
pulsed lasers with the necessary energy to excite and promote the atoms or
molecules of the tissue to higher energy levels. Consequently, this technique
depends on the mechanism of spontaneous fluorescence, which is the emission
of light by a substance that has absorbed light or other electromagnetic
radiation. A considerable array of excimer lasers has been developed in the
ultraviolet wavelength band for tissue ablation and etchings, allowing for
precise and efficient procedures. However, the utilization of UV excimer light,
particularly below 400 nm, is significantly hindered by its strong absorption
by water and blood. As a result, it is entirely unavailable for conducting
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biological tissue diagnostics or employing a potential cancerous cell detection
method during the early stages of exposure. The LIF technique aims to
circumvent this limitation by utilizing lasers with wavelengths other than
ultraviolet, specifically those above 400 nm, and directing them directly onto
the tissue. However, the use of this technique in general in vivo applications
is still under scrutiny due to the potential cumulative effects that may arise
from inadequately selected laser parameters. Despite this, LIF boasts a
significant advantage in its high sensitivity, which may enable the
differentiation of cancerous tissue from normal tissue at an early stage of the
disease. In medical applications, LIF has been developed for a variety of
purposes, including tumor detection, dental caries diagnosis, pharmaceutical
or drug-related cancer differentiation, detection of bone ingrowths, and more.
Therefore, the intensity and polarization of the resulting fluorescence can be
reflected, without causing any perturbations to the cell, tissue, or organism, by
undertaking a careful analysis of the optical path for both the exciting and
fluorescence radiation. By studying these measurements, one can obtain
valuable information for tissue inspection purposes in a chronological manner,
facilitating in-vivo clinical diagnostics using a fluorescence microscope or in-
vitro histological examination. It is worth noting that the LIF technique is
highly suitable for probing the characteristics of various entities, ranging from
individual cells to molecules and even complex living organisms, all in a non-
destructive manner. By harnessing the power of laser-induced fluorescence,
researchers and clinicians continue to make significant strides in the field of
medical diagnostics, ultimately improving our ability to understand and
manage health-related conditions effectively. The LIF technique has shown
great potential in advancing our understanding and management of a wide
range of health-related conditions. Through the utilization of pulsed lasers, it
is able to excite and elevate the energy levels of atoms or molecules in tissues,
relying on the principle of spontaneous fluorescence. While UV excimer light
has traditionally been used for precise procedures, it is hindered by its high
absorption by water and blood, limiting its applicability in biological tissue
diagnostics and cancer detection. To overcome this hurdle, LIF employs lasers
with wavelengths above 400 nm, effectively bypassing the limitations
imposed by UV light. However, caution must be exercised in selecting laser
parameters to mitigate potential cumulative effects. Despite these
considerations, LIF offers a remarkable advantage in its high sensitivity,
enabling the early detection of cancerous tissue. Its applications in medicine
are vast, encompassing tumor detection, dental caries diagnosis,
distinguishing different types of cancer based on drug interactions, detection
of bone ingrowths, and more. By analyzing the resulting fluorescence's

Page | 22



intensity and polarization through careful examination of the optical path,
valuable insights can be gleaned without disturbing the cells, tissues, or
organisms under investigation. These measurements provide valuable
information for tissue inspection, allowing for in-vivo clinical diagnostics
using fluorescence microscopes, or histological examination in controlled
laboratory environments. Importantly, the non-destructive nature of the LIF
technique makes it highly suitable for probing various entities, including
individual cells, molecules, and complex organisms. By harnessing laser-
induced fluorescence, researchers and clinicians continue to make significant
advancements in medical diagnostics. These ongoing developments enhance
our capacity to comprehend and effectively manage a wide range of health-
related conditions, subsequently improving overall healthcare outcomes. The
widespread adoption of the LIF technique holds the promise of revolutionizing
healthcare practices, maximizing early detection rates, and improving
treatment outcomes for patients across the globe. (Fitzgerald et al., 2022)
(Crosby et al. 2022) (Kaur et al., 2022) (He et al. 2020) (Su & Lee, 2020)
(Hussain et al. 2022) (Galvao-Lima et al. 2021).
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Unit - 6

Laser Applications in Therapeutics

Laser applications in therapeutics rely on selective tissue absorption, high
spatial precision, and non-contact delivery mechanisms. Two main
approaches are used in the clinic in the therapeutic window of the
electromagnetic spectrum: (1) Photodynamic Therapy (PDT); and (2) Laser-
Based Tissue Welding. PDT uses a combination of a photoactive drug to
localize in target tissue and a non-toxic wavelength of light. The laser gets
absorbed by the tissue molecule, leading to activation of the drug and the
generation of toxic singlet oxygen (*02) and/or free radicals, which are lethal
to cells. There have been three photosensitizing drugs approved for PDT by
the US FDA: Photofrin, Hpd, and Visudyne. PDT is generally used to
selectively destroy malignant tumors and neovascularization in age-related
macular degeneration. Laser-based tissue welding uses laser energy to create
a sutureless wound with high tensile strength for soft tissues (such as skin,
cornea) with special proteins (e.g., collagen) as the primary light absorbers
that comprise the extracellular matrix. Optical Tissue Intervention (OTI) is a
generic term used to define therapeutics performed using light, especially with
lasers, and it includes PDT and Laser Tissue Welding as two of the main
applications. The principles and methodologies associated with the use of
lasers in therapeutics are essentially an extension of the associated basic
principles of laser-tissue interaction. Cancer therapeutics is the primary
clinical application of this diverse and growing field. The term "Photodynamic
Therapy" primarily refers to the use of light sources with wavelengths
sufficiently long (somewhere between 600 nm & 900 nm) for the emitted light
to pass through the skin and activate the photoactivated drug (called
Photosensitizing, Photoreactive agents) which has been either applied
topically or given intravenously. The drugs are selectively retained in the
cancerous or pathological areas thus the destroyed not necessary tissues
including skin around the area. Earlier it was a popular method of brain cancer
surgery, and now is used for superficially spreading cancers; skin, head and
neck, and mucosa malignancies; bladder cancer through intravesical
administration of drug; endometrial and cervical cancers by vaginally
administered photosensitizers. The laser produced in this manner of
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Photodynamic therapy is less thermal in nature that has the potential of
selective destruction of cancer cells when the exposed tissue to light comprises
the tumor tissues and not the surrounding normal ones. Consumer applications
for the removal of tattoos, treatment of viral warts, skin rejuvenation, and
whitening have been lesser but increasingly available. The limited tissue
penetration by derived light limits deeper uses as well as absorption of the
light by melanin may exert a pigmentary tumor-irritant effect. OTTIC stands
for Optical Tissue Intervention and Imaging Consortium in the UK and is a
Brookes University, IESG, and EPSRC sponsored body that brings a multi-
divergent gathering of unsurpassed professionals that seek to integrate
technology advances in these multilateral domains, to discuss and disseminate
advancements in their research activity. For a brief, non-exhaustive list of
potential applications of OT]I, read more. The advancement and utilization of
lasers in medical treatments for therapeutic purposes are highly dependent on
several factors, including but not limited to, selective tissue absorption,
incredible precision in spatial targeting, and the ability to deliver treatment
without any physical contact with the patient. In the clinical setting, two
primary approaches have proven to be highly effective in the electromagnetic
spectrum's therapeutic window. The first one is known as Photodynamic
Therapy (PDT), while the second approach is referred to as Laser-Based
Tissue Welding. PDT is a technique that essentially combines the power of a
photoactive drug with the localized targeting ability of a specific wavelength
of light. The goal is to ensure that the light is absorbed by the targeted tissue,
allowing the drug to become activated and generating toxic substances such
as singlet oxygen (*02) and free radicals. These toxic elements are incredibly
detrimental to cells and have proven to be successful in destroying cancerous
cells and other malignant tumors. The US FDA has approved three different
photosensitizing drugs for PDT: Photofrin, Hpd, and Visudyne. This
technique is most commonly employed in the selective destruction of
malignant tumors as well as the treatment of neovascularization in age-related
macular degeneration. Laser-based tissue welding, on the other hand, utilizes
the power of laser energy to create a wound that requires no sutures and
possesses outstanding tensile strength, particularly in soft tissues like the skin
and cornea. The primary light absorbers in this technique are special proteins,
such as collagen, which are essential components of the extracellular matrix.
By effectively utilizing these proteins, laser-based tissue welding has proved
to be highly effective in creating secure and strong closures for wounds.
Optical Tissue Intervention (OTI) serves as an umbrella term encompassing
various light-based therapeutic techniques, especially those involving lasers.
This includes PDT and Laser Tissue Welding, which are two of the most
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significant applications within this domain. Understanding the principles and
methodologies associated with laser use in therapeutics is crucial since they
are essentially an extension of the foundational principles that govern laser-
tissue interaction. It is worth noting that cancer therapeutics represent the
primary focus of this diverse and ever-evolving field. When we talk about
"Photodynamic Therapy,” we primarily refer to light sources with
wavelengths long enough (typically ranging between 600 nm and 900 nm) to
penetrate the skin and activate photoactivated drugs, also known as
Photosensitizing or Photoreactive agents. These drugs are either topically
applied or administered intravenously, ensuring their selective retention in
cancerous or pathological areas. This selective retention allows for the
destruction of abnormal tissues while sparing the surrounding healthy ones,
preventing unnecessary damage. While previously popular for brain cancer
surgery, PDT is now commonly employed for superficially spreading cancers
such as skin, head and neck, and mucosa malignancies. Other applications
include bladder cancer treatment through intravesical drug administration, and
endometrial and cervical cancer treatments involving vaginally administered
photosensitizers. It is essential to highlight that the laser generated during
Photodynamic Therapy exhibits less thermal energy, making it a potent tool
for selective cancer cell destruction. By carefully targeting the tumor tissues
while sparing the surrounding normal tissues, this method offers immense
potential in eradicating cancer cells while minimizing collateral damage.
Consumer applications have also emerged, although they remain less common
than clinical applications. These include tattoo removal, treatment of viral
warts, skin rejuvenation, and whitening procedures. However, it is crucial to
consider the limited tissue penetration capabilities of the derived light, which
restricts its use in deeper treatments. Additionally, the absorption of light by
melanin may result in a pigmentary tumor-irritant effect, necessitating caution
and close monitoring. OTTIC, or the Optical Tissue Intervention and Imaging
Consortium, represents a collaborative effort in the United Kingdom.
Sponsored by Brookes University, IESG (Intelligent Engineering Systems
Group), and EPSRC (Engineering and Physical Sciences Research Council),
this consortium brings together a diverse group of professionals from various
backgrounds. Their shared goal is to integrate advancements in technology
within the realm of optical tissue intervention and imaging. By facilitating
discussions and disseminating research advancements, OTTIC strives to drive
progress in these multidisciplinary domains. If you are interested in exploring
a brief yet non-exhaustive list of potential applications for OTI, we invite you
to read further. (Hamblin, 2020) (Allison et al. 2024) (Correia et al., 2021)
(Gunaydin et al., 2021) (Marifio-Ocampo et al. 2023) (Aebisher et al., 2024)
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(Ansyori, 2022) (Aebisher et al. 2024) (Escudero et al. 2021) (Pham et al.,
2021).

6.1 Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is often described as a three-component
system that employs light of a specific wavelength, an appropriate
photosensitizer (PS), and a sufficient amount of molecular oxygen. This
groundbreaking therapy has shown immense potential in the treatment of
various diseases and has been extensively studied and utilized in medical
practice. When the PS is selectively administered to the target area to avoid
healthy cells, the light shines upon the target, catalyzing the formation of
reactive oxygen species (single oxygen state) that ultimately eradicates the
unwanted tissue. This mechanism of action has proven to be highly effective
in the treatment of numerous conditions. The applications of photodynamic
therapy are vast and diverse. It has shown great efficacy in the ablation of solid
tumors, providing a non-invasive and targeted approach to cancer treatment.
Additionally, it has been used with remarkable success in age-related macular
degeneration, a common eye disorder that can lead to vision loss.
Photodynamic therapy has also been employed as an antimicrobial treatment,
effectively combating various infections and diseases caused by pathogenic
microorganisms. In the field of cardiovascular medicine, this therapy has
contributed to the induction of blood clotting, aiding in the prevention and
management of clot-related diseases. Furthermore, photodynamic therapy has
exhibited remarkable results in the treatment of non-cancerous diseases of the
subretinal neovascular, a condition characterized by the growth of abnormal
blood vessels in the back of the eye. It has also been employed in the
management of several cutaneous disorders, offering a targeted and efficient
treatment option. The versatility of photodynamic therapy is truly remarkable,
as it can be applied in various fields of medicine and has the potential to
revolutionize numerous treatment approaches. Moreover, research has shown
promising results in the utilization of photodynamic therapy for
photooxidative cancer chemotherapy. The intricate double radical inveterate
complexity observed in PDT has paved the way for further advancements in
this field. A comprehensive comparative study has demonstrated significant
progress in 5-aminolevulinic acid (5-ALA) mediated photodynamic therapy
(PDT) and its accessibility in the clinic for the healing of oncological
infirmities. This particular form of photodynamic therapy has proven to
effectively target tumors at the photography level, differentiating between
normal and cancer cells. It has successfully cured patients suffering from
complex oncological infirmities, including malignant gliomas, actinic
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keratosis, bladder cancer, cervical cancer, pancreatic cancer, lung cancer,
breast cancer, and skin cancer. The therapeutic actions exhibited by 5-ALA-
PDT stem from the photosensitized activity thereof, highlighting its efficacy
and potential in cancer treatment. Compared to traditional treatment
modalities such as radiation or chemotherapy, treatments with PDT have
shown significant effects. The use of photodynamic therapy has demonstrated
superior outcomes in various types of tumors, making it a promising and
versatile treatment option in the field of oncology and medical sciences. In
recent years, researchers have been diligently exploring novel approaches to
further enhance the efficacy of PDT. The combination of PDT with other
treatment modalities such as immunotherapy and targeted therapies has
yielded promising results, opening up new avenues for personalized cancer
treatment. These advancements hold great promise for the future of oncology,
offering hope to patients and medical professionals alike in the relentless fight
against cancer and other debilitating diseases. As research and technology
continue to advance, the potential of photodynamic therapy remains
boundless. It serves as a beacon of hope in the quest for more effective and
targeted treatments, offering patients improved outcomes and a better quality
of life. The continuous exploration and refinement of this therapy underscore
the dedication and commitment of the medical community in the battle against
cancer and other challenging illnesses. With each new discovery and
breakthrough, photodynamic therapy takes a step closer to becoming a
cornerstone of modern medicine, ushering in a new era of comprehensive and
personalized care. (Jiang et al., 2023) (Alsaab et al. 2020) (Li et al., 2020)
(Algorri et al. 2021) (Hu et al., 2020) (Lu et al., 2023) (Shen et al. 2021)
(Bhole et al. 2021) (Wan et al., 2021).

6.2 Laser Tissue Welding

The central idea of laser tissue welding is to utilize laser technology to
stimulate the closure of both external and internal wounds in the tissues to
which they are exposed. The purpose of coagulation during tissue welding is
primarily to halt or minimize the patient's blood loss. However, by leveraging
the diverse range of laser wavelengths currently available, surgeons can
potentially selectively photocoagulate significantly sized blood vessels prior
to conducting the actual tissue welding process. This innovative approach
allows for more targeted and efficient treatment, leading to improved patient
outcomes. Laser welding distinguishes itself from laser anastomosis by fusing
together the borders of adjacent tissues, as opposed to using sutures to
reconnect them. By using laser energy to create a molecular bond between the
tissues, there is a significant reduction in the risk of infection, decreased
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scarring, and enhanced healing. The degradative effects resulting from the
interaction between lasers and tissue during the welding process lead to the
formation of an ablation zone. This ablation zone typically extends a few
millimeters into and beyond the surgical site, as the laser energy causes the
tissue to melt. The melted tissue then undergoes a reorganization process
through grinding, cooling, and molecular interdigitation, ultimately resulting
in the formation of a thin layer of fused tissue. This thermally reorganized
tissue predominantly consists of collagen, which serves as the most widely
distributed protein in the connective tissues of humans and forms the structural
framework for organs like skin and fascia. Although the precise physical
mechanism by which collagen molecules bond together following melting
remains unknown, tissue fusion imparts immediate strength to the surgical
site. The boundaries of the coagulative zone gradually blend into the
surrounding normal tissue that has been thermally affected, without any sharp
demarcation. This seamless integration promotes a more natural healing
process and reduces the risk of complications. Moreover, during the tissue
welding process, minerals derived from bones and structures such as the
cornea may slightly readjust and resolidify from their original positions. This
readjustment ensures the stability and integrity of the surgical site, providing
long-term support for the repaired tissues. The contraction of the wound after
surgery causes a reduction in the overall dimensions of the surgical site, while
the strength gradually increases as both the soft and hard configurations
stabilize. This dynamic process allows for the adaptation of the repaired tissue
to the surrounding physiological conditions, promoting optimal healing and
functional restoration. The timeframe for achieving half-strength varies from
a matter of days to several weeks, depending on the specific type of tissue
damage and the location of the surgery. This variability reflects the intricate
nature of tissue healing and highlights the importance of individualized care
and follow-up. Numerous novel potential applications involving laser-induced
welding are currently being investigated within a wide range of surgical
disciplines, including ophthalmology, neurosurgery, and orthopedics. The
objective is to explore the capabilities of laser tissue welding in various
procedures, such as repairing retinal detachment, reconnecting nerves, and
promoting bone fusion. These groundbreaking applications hold great promise
for improving surgical outcomes, reducing complications, and enhancing
overall patient care. The ongoing research and technological advancements in
laser technology are paving the way for additional possibilities in precise and
efficient tissue welding techniques. Researchers are constantly exploring new
methods to enhance the efficacy and safety of laser tissue welding.
Developments in laser systems, imaging technology, and surgical
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instrumentation are contributing to improved accuracy, control, and
reproducibility. These advancements effectively revolutionize the field of
surgical medicine, empowering surgeons to provide the highest level of care
to their patients. In conclusion, laser tissue welding is an innovative approach
that harnesses the power of laser technology to promote effective wound
closure and tissue healing. Through precise coagulation and fusion of tissues,
laser tissue welding offers numerous advantages over traditional suturing
methods. With ongoing research and technological advancements, the
potential applications of laser tissue welding continue to expand, promising a
new era of surgical medicine that prioritizes patient outcomes and quality of
care. (Chen et al., 2024) (Birkelbach et al. 2020) (Gerasimenko et al. 2022)
(Huang et al. 2023) (Li et al. 2023) (Li et al., 2024) (Gowda & Kumar, 2020)
(Liu et al. 2022) (Ghosh et al. 2023).
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Unit -7

Laser Applications in Surgical Procedures

Over the years, various surgical retinal techniques have been developed as an
invariable consequence of modern-day technological toils and innovative
clinical ideas. An innovative way of reducing the extent of intraocular
manipulations is via laser applications in the sub-categories of tissue removal
and hemostasis. Currently, three sophisticated techniques are in popular use:
Laser Ablation: Principle - Laser beam acts on target tissue and invasive and
thermal procedures are set in motion. All the tissue elements are destroyed and
vaporized by ablation including choroid, RPE, neural retina, and tough colloid
drusen. However, perilesional sclerosis often does not occur. Laser
Coagulation: Principle - Self-sealing and coagulation of the retinal tissue are
made possible via this method. Photocoagulation diminishes post-treatment,
abrupt changes of relative tissue volume thereby ensuring perilesional
sclerosis while maintaining a safety-cut between denatured and non-denatured
neural tissue. Cf. previous slide: Surgical Coagulation Current rationale: "L 'art
de la fibrose" Lesions for sclerosis: Large @, high H, short T Lesions for
coagulation: Small @, low H, longer T. Laser Dissection (former
hyaloidotomy, laser kapsulotomy): principle - Holes and tears within the limits
of the application tissue because of tensile strength of an expanding gas bubble
after coop-laser-pulse or photodisruption. Unlike Nd:YAG laser applications:
wound healing by coagulation around trauma; due to impact wound bleeding
in the vitreous. On the other hand possible aspiration of haemorragic residues.
Furthermore: Nd:YAG laser systems need an additional hardware (special
optic path to surgical field, additional Q-switch components) The therapist-
o.m coupled laser will be largely used after about 6 to 10 years from now.
However, there are hyper-sophisticated frequency-doubled Nd:YAG solid-
state laser systems on the market with same applications. Variations
concerning application tissue and general principles of these techniques are
inter alia for example: phototoga-tomy: dissection of tessutum tecta (retina)
and CRVO-surgical CO2-laser-treatment of FCHs surgery of the cornea and
lens Busin anterior CRVO. In the future, with advancements in technology
and clinical insights, an even greater array of surgical retinal techniques will
likely emerge, building upon the foundation laid by the current methods.
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These innovative approaches will continue to reduce the need for extensive
intraocular manipulations by harnessing the power of laser applications in the
realms of tissue removal and hemostasis. Among the repertoire of techniques
available, laser ablation stands out as a principle-driven procedure, as the laser
beam precisely targets the tissue and sets in motion a series of invasive and
thermal procedures. Through the process of ablation, all the participating
tissue elements, including the choroid, RPE, neural retina, and even tough
colloid drusen, are effectively destroyed and vaporized. However, it is
important to note that perilesional sclerosis does not always occur as a result
of this technique. Another popular technique is laser coagulation, which
allows for self-sealing and coagulation of the retinal tissue. This method of
photocoagulation reduces the occurrence of post-treatment abrupt changes in
relative tissue volume, thereby ensuring perilesional sclerosis. By maintaining
a safety-cut between denatured and non-denatured neural tissue, laser
coagulation promotes effective healing while minimizing potential
complications. The previous slide, which focuses on surgical coagulation,
further highlights the current rationale behind this technique. Referred to as
"L'art de la fibrose," lesions for sclerosis are characterized by a large diameter
(@), high height (H), and short duration (T), while lesions for coagulation are
distinguished by a small diameter (@), low height (H), and longer duration (T).
A third technique known as laser dissection, previously referred to as
hyaloidotomy or laser kapsulotomy, is based on the principle of creating holes
and tears within the targeted tissue. This is accomplished through the tensile
strength of an expanding gas bubble, which is generated after a coop-laser-
pulse or photodisruption. Unlike Nd:YAG laser applications, this technique
does not rely on wound healing through coagulation around trauma. Instead,
it may lead to wound bleeding in the vitreous, which can be managed by
possible aspiration of hemorrhagic residues. It should be noted that Nd:YAG
laser systems require additional hardware, including a special optic path to the
surgical field and extra Q-switch components. However, it is anticipated that
the therapist-o.m coupled laser will become more widely used in the coming
years, approximately 6 to 10 years from now. Alternatively, there are already
highly advanced frequency-doubled Nd:YAG solid-state laser systems
available on the market that offer similar applications. Throughout the
evolution of these retinal techniques, variations have emerged concerning the
application tissue and general principles. For instance, phototoga-tomy
involves the dissection of tessutum tecta (retina), while CRVO-surgical CO2-
laser-treatment focuses on the treatment of FCHs (fibrovascular choroidal
hyperplasia) with surgery of the cornea and lens. Additionally, Busin anterior
CRVO (central retinal vein occlusion) presents unique considerations in terms
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of laser application. As technology continues to advance and new insights are
gained, further refinements and variations to these techniques are expected,
leading to enhanced outcomes and advancements in the field of surgical retinal
procedures. In conclusion, the future of surgical retinal techniques looks
promising with the ongoing development of advanced laser applications.
These techniques, including laser ablation, laser coagulation, and laser
dissection, offer precise and effective methods of tissue removal and
hemostasis. As new insights and technological advancements emerge, there is
the potential for even greater refinement and expansion of these techniques.
This will ultimately lead to improved outcomes and advancements in the field
of surgical retinal procedures, reducing the need for extensive intraocular
manipulations and enhancing patient care. (Palanker, 2021) (Luttrull, 2023)
(Luttrull & Kent, 2020) (Orsetti, 2023) (Tang et al., 2022) (Luttrull, 2023)
(Burri et al.2021) (Ma et al. 2024) (Zong et al., 2021) (Zong et al., 2022).

7.1 Laser Ablation

Laser ablation is a cutting-edge non-thermal surgical technique that
effectively and precisely vaporizes tissues, making it a highly innovative
approach in comparison to traditional methods. This transformative procedure
converts target tissues into a plasma plume, creating a unique environment for
surgical procedures. The plasma generated during laser ablation contains
electrons and positively charged ions, further enhancing its distinctive
properties. However, due to the transformation of tissues into a conducting
plasma, conventional methods, such as the widely used minivan tricorder, face
difficulties in accurately differentiating between changes in optical reflectance
caused by the tissues themselves and those caused by laser ablation.
Consequently, accurately assessing the efficacy of the procedure becomes a
challenge. Laser ablation has proven to be an incredibly promising tool for
tissue removal in various fields of surgery. Its versatility allows it to be utilized
in any surgical procedure where a portion of the body needs to be excised from
another part. The tissues susceptible to ablation range in their required level
of precision, typically measured in millimeters. Among the frequently treated
tissues, vaporization is particularly prevalent and commonly performed by
dentists. The extent of thermal damage caused during laser ablation is
dependent upon the type of laser used and the specific settings applied.
Compared to traditional mechanical removal, laser ablation offers enhanced
precision, resulting in less lateral damage, scatter, and penetration. This
increased precision establishes it as a preferred option for many surgeons.
Diode laser ablation has demonstrated remarkable results in the removal of
mucosa, adult adenoids, hyperplastic tissues, and the eradication of
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obstructive sleep apnea. It has also been successfully employed in the
treatment of intra-oral and head and neck tumors, as well as cervical pre-
cancer. Furthermore, it is a viable treatment option whenever reducing
thickness or removing tumors from muscle, fat tissue, fascia, or glandular
tissue — be it benign or malignant — is necessary. The efficacy of laser ablation
is widely recognized and has been validated in various surgical procedures. Its
successful application extends to the treatment of oral and gynecological
diseases, rhinology, ENT-otolaryngological conditions, ophthalmology,
urology, and brain, lung, liver, vasomotor, and skin tumor reduction.
Moreover, the treatment of hemorrhoids, a condition causing significant pain
and discomfort, frequently utilizes laser ablation. However, challenges arise
due to the spread and scope of ablation, requiring careful consideration.
Recent research has explored the utilization of laser treatments in the removal
of benign rectal and vaginal tumors, highlighting the potential of this advanced
technique in a wider range of applications. However, there is still ample room
for exploration, particularly in surface rectal treatments. Additionally, when it
comes to laser treatment, non-destructive measurement techniques, such as the
rendezvous technique, play a crucial role in assessing the impact on snoring
patients both before and after treatment. Although lens ablation is primarily
associated with cataract procedures, it can also be employed in non-cataract
surgeries. This showcases the versatility and potential of laser ablation in
diverse medical scenarios, expanding its reach beyond its initial application.
In conclusion, laser ablation has emerged as an innovative and highly effective
surgical technique for tissue removal. Its precision, coupled with its extensive
range of applications, has established it as a valuable tool in various fields of
surgery. As research continues to explore its potential and refine its use, laser
ablation is set to revolutionize the way we approach surgical procedures and
improve patient outcomes. (Beck et al. 2020) (Scribante et al. 2023) (Pyo et
al., 2021) (Condor et al. 2021) (Bhalla et al. 2022) (Liu et al. 2022) (Tenore
et al. 2023) (Tarasenko et al. 2021).

7.2 Laser Coagulation

Many surgical techniques heavily rely on the immediate cessation of
bleeding, making it absolutely essential to incorporate a coagulative effect.
Among the available hard lasers, the argon laser proves to be the most suitable
option for coagulation purposes. Specifically, a pore-size laser with power
levels appropriate for treating superficial or moderately deep-seated lesions,
without the risk of inducing thermal necrosis. The coagulation effect is
achieved by elevating the tissue temperature to a sufficient level, which then
leads to the denaturation of blood protein, coagulation of the surrounding
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tissue, and effective prevention of further bleeding. It is crucial to optimize
the vessel size, depth, and power output to minimize any potential undesired
deeper thermal effects. The argon laser, owing to its capacity to transmit
visible light, has found extensive applications in the coagulative treatment of
various retinal disorders, such as drusen displacement and diabetic
microaneurysms. Its versatility extends beyond retinal photocoagulation,
encompassing iridokeratocoagulation, endoscopic surgery, tumor therapy, and
other medical procedures. In addition, the neodymium YAG laser has also
proven valuable in retinal photocoagulation, yet it has gained significant
recognition in the field of endoscopic tumor therapy within gastroenterology.
Venturing further into the domain of urology, the application of a neodymium
Y AG laser holds promise, along with exploring the possibilities that arise from
combining lasers with other approaches. While discussing laser application, it
is imperative to acknowledge the noteworthy use of an excimer laser for photo
therapeutics. However, its scope is limited to what is feasible within the UV
range. Initially reported in 1983, the first clinical application of this laser
showcased its potential as a scalpel. However, unlike photorefractive
applications in ocular surgery, which primarily focus on refractive corrections,
the primary clinical hurdle for the initial pulsed excimer laser design lies in its
purely mechanical properties concerning turnover, angioplasty, particularly
within non-ocular surgical contexts. Despite these challenges, the continued
exploration of excimer lasers in non-ocular surgical contexts holds immense
potential for advancements in various fields of medicine and surgery. This
encompasses the development of improved techniques for tissue ablation,
precise incision, wound healing, and many other clinical applications.
Researchers and medical professionals are constantly striving to optimize the
use of excimer lasers and expand their applications to maximize their
therapeutic potential. With ongoing advancements in laser technology and
research, the future of surgical procedures holds promise for safer and more
efficient coagulation techniques, ultimately benefiting patients and healthcare
professionals alike. These innovative tools, in combination with scientific
advancements and interdisciplinary collaboration, allow us to push the
boundaries of medical capabilities and improve the quality of care provided to
patients worldwide. Through continued research and clinical validation, we
can pave the way for a new era in surgical interventions, revolutionizing
healthcare practices and enhancing patient outcomes. The possibilities are
endless, and the potential for further advancements is limitless, opening up a
vast array of possibilities for the future of surgical procedures and medical
advancements. The continuous pursuit of excellence in surgical techniques,
combined with the use of cutting-edge laser technology, is paving the way for
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a new era of healthcare innovation. As we continue to push the boundaries of
what is possible, we will undoubtedly witness incredible breakthroughs that
will reshape the field of medicine for years to come. (Adly et al. 2023)
(Stefanovic et al. 2023) (Shimizu et al. 2021) (Trapeznikova et al. 2020) (Abdi
et al., 2024) (Laser et al. 2022).
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Unit - 8

Emerging Technologies and Future Directions

Emerging technologies and their potential future prospects in the zone of laser
applications in medicine are explained extensively below, shedding light on
the remarkable advancements that lie ahead. In the coming decades, it is
expected that, in vivo super resolution imaging, single molecule imaging,
identification of NP based early-stage biomarkers, and molecular medicine
would be the primary focus of medical diagnostics, propelling the boundaries
of healthcare to new horizons. Laser imaging modalities such as Coherent
Anti-Stokes Raman Scattering (CARS), Spectral Amplitude Coding Optical
Coherence Tomography (Santa), and Stimulated Raman Scattering (SRS)
have already shown their unique capabilities and significance in various
applications. However, it is anticipated that in the near future, a single label-
free modality will be thoroughly explored, revolutionizing the field by
offering an all-in-one imaging technique that encompasses the description or
identification of cellular organelles, lipids, DNA, proteins, and other crucial
biomolecules. These groundbreaking improvements in laser imaging
techniques will undoubtedly revolutionize diagnostic methods in patient care,
paving the way for more accurate and efficient medical interventions.
Embedded within the future of medical science, a high-throughput diagnosis
and therapeutic process via either imaging or Near-Infrared (NIR) optical
pharmacotherapy is highly anticipated in the field of cancer research. With
exponential growth in the field of nanomaterials, an extraordinary platform for
opening new pathways in Nanomedicine is being created, enabling the design
of biocompatible multifunctional imaging nanomaterials that will play a
critical role in accurate disease diagnosis and treatment, particularly in the
case of cancer. The advent of these multifunctional nanomaterials will
enhance the precision and efficiency of medical interventions, leading to
improved patient outcomes. Moreover, the introduction of optically generated
high-intensity small femto-second lasers will emerge as a cutting-edge
technology for performing various medical procedures, including incisions,
wound healing, and skin rejuvenation techniques. These lasers possess unique
capabilities that trigger the response of cell-surface proteins and proteins on
the basement membrane, facilitating tissue repair and regeneration without the
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need for physical tissue cutting. This innovative approach will not only
enhance patient outcomes but also minimize scarring and improve overall
recovery time, marking a significant step forward in the field of medical
aesthetics. Recognizing the growing trends in the medical field, where disease
diagnostics and site-specific therapy are in high demand, we anticipate the
development of novel methodologies that can specifically target and eliminate
active regions of cells, such as junctional proteins and dehydration agents. By
doing so, the spread of diseases can be effectively discouraged or limited,
ultimately benefiting patients worldwide. However, to fully maximize and
utilize these advancements, there is a strong need for the acquisition of
comprehensive knowledge in disease detection, site-specific therapy, and
exploration of the photophysical and photochemical aspects of chromophores,
laser excitation mechanisms, and their diverse applications. In this regard,
ongoing research and development efforts should focus on unraveling the
intricate details and potential of these technologies, ensuring that their benefits
can be harnessed to their fullest extent. In conclusion, we firmly believe that
in the coming decades, this review and the applications of newer and potential
advancements in the related fields will bring decisive expertise to the
forefront, ushering in a beneficial and prosperous future for mankind. The
potential of laser applications in medicine is vast, and with continuous
research and development, we can unravel groundbreaking solutions for
various medical challenges, ultimately improving the quality of life for
individuals worldwide. As technology continues to evolve, the integration of
lasers in medical applications will grow even further, paving the way for more
precise diagnostics, efficient treatments, and advanced therapeutic
approaches. With each passing day, we inch closer to a world where lasers
play a pivotal role in enhancing healthcare outcomes and transforming the way
we approach medical interventions. Through collaborative efforts,
interdisciplinary research, and innovative thinking, we can unlock the full
potential of laser technology, revolutionizing the field of medicine and
bringing forth a new era of healthcare excellence. This will lead to significant
advancements in patient care and contribute to a brighter future for medical
science and humanity itself. Laser technology in medical applications holds
an immense promise that can reshape the way we diagnose and treat diseases.
By harnessing the power of lasers, we can embark on a transformative journey
towards more accurate and efficient medical interventions. The future of laser
applications in medicine is expansive and filled with potential. Emerging
technologies are paving the way for remarkable advancements,
revolutionizing the field and propelling healthcare to new horizons. In the
coming years, the focus of medical diagnostics will shift towards in vivo super
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resolution imaging, single molecule imaging, identification of NP based early-
stage biomarkers, and molecular medicine. These cutting-edge advancements
will push the boundaries of healthcare, enabling us to achieve new heights in
patient care. Laser imaging modalities such as Coherent Anti-Stokes Raman
Scattering (CARS), Spectral Amplitude Coding Optical Coherence
Tomography (Santa), and Stimulated Raman Scattering (SRS) have already
showcased their unique capabilities and significance in various applications.
However, the future holds even more exciting possibilities. It is anticipated
that a single label-free modality will emerge as a game-changer in the near
future, offering an all-inclusive imaging technique that can accurately describe
or identify cellular organelles, lipids, DNA, proteins, and other vital
biomolecules. This revolutionary advancement in laser imaging techniques
will pave the way for more precise and efficient diagnostic methods,
propelling medical interventions to new heights. As we delve into the future
of medical science, an eagerly anticipated high-throughput diagnosis and
therapeutic process through imaging or Near-Infrared (NIR) optical
pharmacotherapy holds immense promise in the field of cancer research.
Nanomaterials are experiencing exponential growth, creating an exceptional
platform for Nanomedicine. These nanomaterials, designed to be
biocompatible and multifunctional imaging agents, will play a critical role in
the accurate diagnosis and treatment of diseases, particularly cancer. The
introduction of these multifunctional nanomaterials will enhance the precision
and efficiency of medical interventions, leading to improved patient outcomes.
There is also significant progress in the development of optically generated
high-intensity small femto-second lasers, which are poised to revolutionize
medical procedures such as incisions, wound healing, and skin rejuvenation
techniques. These lasers possess unique capabilities that activate cell-surface
proteins and proteins on the basement membrane, facilitating tissue repair and
regeneration without the need for physical tissue cutting. This remarkable
innovation not only enhances patient outcomes but also minimizes scarring
and reduces overall recovery time, marking a significant advancement in
medical aesthetics. The medical field is witnessing a growing demand for
disease diagnostics and site-specific therapy. In response, it is anticipated that
novel methodologies will be developed to specifically target and eradicate
active regions of cells, such as junctional proteins and dehydration agents. By
doing so, the spread of diseases can be effectively deterred or restricted,
ultimately benefitting patients worldwide. However, to fully harness and
maximize these advancements, comprehensive knowledge in disease
detection, site-specific therapy, and the exploration of the photophysical and
photochemical aspects of chromophores, laser excitation mechanisms, and
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their diverse applications is crucial. Ongoing research and development efforts
should focus on unraveling the intricate details and potential of these
technologies, ensuring that their benefits can be fully realized. In conclusion,
we firmly believe that in the coming decades, this review and the applications
of newer and potential advancements in the related fields will contribute
significant expertise, ushering in a beneficial and prosperous future for
humanity. The potential of laser applications in medicine is vast, and through
continuous research and development, we can unlock groundbreaking
solutions for various medical challenges, ultimately improving the quality of
life for individuals worldwide. As technology continues to evolve, the
integration of lasers in medical applications will grow even further, paving the
way for more precise diagnostics, efficient treatments, and advanced
therapeutic approaches. With each passing day, we edge closer to a world
where lasers play a pivotal role in enhancing healthcare outcomes and
transforming the way we approach medical interventions. Through
collaborative efforts, interdisciplinary research, and innovative thinking, we
can unlock the full potential of laser technology, revolutionizing the field of
medicine and ushering in a new era of healthcare excellence. This will lead to
significant advancements in patient care and contribute to a brighter future for
medical science and humanity itself. The possibilities are endless, and as we
embrace the power of lasers, we set forth on an extraordinary journey towards
a future filled with remarkable medical advancements. (MacRitchie et al.
2020) (Jin et al. 2020) (Huang et al. 2020) (Chen et al., 2024) (Liao et al.
2023) (Salvador-Morales & Grodzinski, 2022) (Akkilic et al., 2020) (Andreou
et al., 2022) (Combes et al. 2021) (Villa et al. 2020).
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Unit-9

Challenges and Limitations in the Use of Lasers in Medicine

Lasers have found a wide variety of medical applications, revolutionizing the
field of surgery. Different types of lasers are now used in various kinds of
operations on practically every part of the body, making a dramatic impact.
For instance, in the removal of eye cataracts, lasers are utilized to ensure
precision and minimize damage to surrounding tissues. They are also
employed to destroy or excise tumors, performing minimally invasive
procedures that offer quicker recovery times and reduced scarring.
Additionally, lasers are instrumental in removing birthmarks and tattoos,
providing a safe and effective method for aesthetic purposes. They have also
become indispensable in many abdominal surgeries, where their precision and
accuracy are essential. Lasers are also playing a crucial role in photodynamic
therapy, where light-sensitive substances are activated by lasers to destroy
cancer cells selectively. Furthermore, they are effective in destroying stones
in various areas of the body, including the kidneys, ureter, urinary bladder,
liver, and gallbladder. This non-invasive technique eliminates the need for
traditional surgery, providing a safer and more efficient solution. In the field
of diagnosis, lasers have proven invaluable. They are used in fundus
fluorescein angiography and scanning laser ophthalmoscopy to capture
detailed images of the eye's blood vessels. These techniques are vital in
monitoring conditions such as diabetic retinopathy and macular degeneration.
Additionally, lasers are used to measure blood flow in retinal and choroidal
blood vessels, aiding in the diagnosis and monitoring of vascular diseases.
Laser-based devices are increasingly recommended for arterial occlusion
disuse and the treatment of varicose veins. The application of lasers in these
areas has resulted in less invasive procedures with reduced recovery times.
Soft lasers are also commonly used for various therapeutic purposes, including
pain management, tissue healing, and inflammation reduction, among others.
It is important to note that various modes of lasers are employed in these
medical applications. These modes may include pulsed lasers, continuous
wave (cw) lasers, g-switched lasers, with or without frequency doubling, and
with or without dyes. Each mode offers unique advantages depending on the
surgical procedure or therapy being performed. There is ongoing
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experimentation with lasers in other medical fields such as lasing the hole in
the gonator of newborn infants, skin resurfacing, dental surgery, plastic
surgery, and hair removal. While these applications are still being researched
and developed, they hold promising potential for future medical
advancements. Despite the immense possibilities offered by lasers in
medicine, there are challenges and limitations associated with their use.
Established medical imaging devices such as computed tomography (CT),
magnetic resonance imaging (MRI), ultrasound (US), angiographic and
nuclear medicine systems have a low patient risk profile. Consequently, the
use of these imaging techniques is based on weighing the low risk against the
necessity of obtaining crucial clinical information. However, the targeting of
imaging agents to the site of pathology can enhance the diagnostic capability
of these techniques while reducing patient dose. Although these features
remain exceptions within clinical practice, ongoing research worldwide aims
to make them standard components. While the incorporation of
superconducting magnets in medical treatments holds the potential for cost
benefits, improved patient comfort, and treatment efficacy, their clinical
demonstration is still required. Furthermore, it is important to address the
potential risk of toxic effects associated with some imaging agents, ensuring
patient safety throughout the process. Specific laser procedures, such as tattoo
removal and hair removal with pulse dye lasers, are currently under trial.
While these techniques show promising results, they require the usage of
larger thermal energy densities. This, in turn, can lead to incomplete hair
removal, delayed hair growth, folliculitis, and eventual skin fibrosis. Further
research and refinement are necessary to optimize these procedures and
minimize potential side effects. In the realm of radiation safety, the training of
radiation safety officers needs improvement to ensure the well-being of both
professionals and patients. Instances of radiation fatalities caused by
radionuclides in medicine have been reported, highlighting the need for
stringent safety protocols and continuous training. Biological and medical
research frequently introduces new potential exposures. For example,
genetically modified microorganisms can cause infections, and vaccines could
trigger immunological responses. The residues of these processes may contain
chemical or radionuclides in urine or stool. Therefore, appropriate safety
measures are essential to minimize risks associated with these research
studies. The rapid expansion of molecular imaging, particularly positron
emission tomography (PET) and single-photon emission computed
tomography (SPECT), in nuclear medicine has contributed to an increasing
number of professionals working with unsealed sources of radionuclides. It is
crucial for these experts to possess a fundamental understanding of atomic

Page | 42



structure, unstable atoms, and basic physical principles to ensure safe
practices. Additionally, the overuse of common imaging techniques such as
X-ray CT and procedures for radiation therapy increases the likelihood of
radiation exposure. Consequently, the development and implementation of
additional safety practices and advancements are crucial to protect both
patients and medical professionals. Given the transformative potential of
lasers in medicine, continuous exploration and enhancement of their
applications are essential. Ongoing research and advancements in laser
technology hold great promise for the future of medical treatments, offering
the potential to revolutionize healthcare and improve patient outcomes. By
fostering collaboration between scientific and medical communities
worldwide, we can unlock the full potential of lasers and shape a healthier
future for all. (Khalkhal et al. 2020) (Dinara et al. 2021) (Latz et al., 2021)
(Katayama, 2020) (Ahmed et al., 2021) (Kane & Gelman, 2020) (Malik, 2021)
(Shah et al. 2020) (Corrales et al. 2024) (Zuo & Lin, 2022).
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Unit - 10

Conclusion and Summary

Lasers are an invaluable tool in modern medicine! It combines several
disciplines of science and engineering and has led to overall improved
methods in diagnostics and medical treatment. X-rays, ultrasound imaging,
computer tomography, microsurgery, and today, "laser surgery" are just a few
examples that depend upon our understanding of laser technology. The term
"laser surgery" encompasses a broad range of applications involving the use
of laser energy (light) for a variety of medical procedures. Among other
things, uses include shrinking or destroying tumors, reducing pain and
inflammation, and even correcting vision.

The use of lasers in medical diagnostics, surgeries, and therapies is tested
and applied in many research institutions and hospitals all over the world.
Techniques and equipment are improved constantly in most fields of laser
applications. The use of lasers in three fields of medical care has been
reviewed above. The aim was obviously not to cover all specialized aspects of
these fields but to illustrate possible uses of lasers in providing a specific
approach to the diagnostic process. The analytical advantages are enormous,
and although applications are still rare, a great future for the technique can be
foreseen. In the therapeutic field, the effects of lasers are difficult to predict.
It is to be expected that new clinical applications will be discovered because
of the unique characteristics of lasers, such as coherence and strong local
effect. Studies are currently in progress in many laboratories. For now, careful
selection of the patient and, in particular, the safety of ordinary surgical
procedures must be kept in mind when a laser is used. It is to be expected that
in order to understand the full significance of a laser effect, basic research in
physics, biochemistry, and physiology will be necessary for years to come.

Page | 44



10.

11.

References

Ma, L. & Fei, B. (2021). Comprehensive review of surgical microscopes:
technology development and medical applications. Journal of biomedical
optics. spiedigitallibrary.org

Cornejo, J., Cornejo-Aguilar, J. A., Vargas, M., Helguero, C. G., Milanezi
de Andrade, R., Torres-Montoya, S. & Russomano, T. (2022).
Anatomical Engineering and 3D printing for surgery and medical devices:
International review and future exponential innovations. BioMed
research international, 2022(1), 6797745. wiley.com

Dorfer, C., Rydenhag, B., Baltuch, G., Buch, V., Blount, J., Bollo, R. &
Cukiert, A. (2020). How technology is driving the landscape of epilepsy
surgery. Epilepsia, 61(5), 841-855. wiley.com

Latz, C., Asshauer, T., Rathjen, C., & Mirshahi, A. (2021). Femtosecond-
laser assisted surgery of the eye: overview and impact of the low-energy
concept. Micromachines. mdpi.com

Li, J., Shang, C., Rong, Y., Sun, J., Cheng, Y., He, B. & Ji, X. (2022).
Review on laser technology in intravascular imaging and treatment.
Aging and disease, 13(1), 246. nih.gov

Johansson, B., Eriksson, E., Berglund, N., & Lindgren, I. (2021). Robotic
Surgery: Review on Minimally Invasive Techniques. Fusion of
Multidisciplinary Research, An International Journal, 2(2), 201-210.
fusionproceedings.com

Purohit, G. (2020). Overview of lasers. niscpr.res.in

Keiser, G. (2022). Fundamentals of light sources. Biophotonics: Concepts
to Applications.

Biswas, D. J. (2023). Different Types of Lasers. In A Beginner’s Guide
to Lasers and Their Applications, Part 1: Insights into Laser Science (pp.
217-260). Cham: Springer International Publishing.

Kaya, F. (2024). Lazerin Dogusu ve Uygulamalari. Takvim-i Vekayi.
dergipark.org.tr

Rahman, F. (2022). Diode laser-excited phosphor-converted light
sources: a review. Optical Engineering. spiedigitallibrary.org

Page | 45



12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Alkhazragi, O., Holguin Lerma, J. A., Ng, T. K., & Ooi, B. S. (2021).
Visible-light laser diodes and superluminescent diodes: characteristics
and applications. kaust.edu.sa

Lu, H., Alkhazragi, O., Wang, Y., Almaymoni, N., Yan, W., Gunawan,
W. H. & Ooi, B. S. (2024). Low-coherence semiconductor light sources:
devices and applications. npj Nanophotonics, 1(1), 9. nature.com

Cios, A., Ciepielak, M., Szymanski, L., Lewicka, A., Cierniak, S.,
Stankiewicz, W. & Lewicki, S. (2021). Effect of different wavelengths of
laser irradiation on the skin cells. International journal of molecular
sciences, 22(5), 2437. mdpi.com

Harilal, S. S., Phillips, M. C., Froula, D. H., Anoop, K. K., Issac, R. C.,
& Beg, F. N. (2022). Optical diagnostics of laser-produced plasmas.
Reviews of Modern Physics, 94(3), 035002. aps.org

Geng, J., Xu, L., Yan, W., Shi, L., & Qiu, M. (2023). High-speed laser
writing of structural colors for full-color inkless printing. Nature
Communications. nature.com

Schitt, F., Zapf, M., Signetti, S., Strobel, J., Kriiger, H., Réder, R. &
Adelung, R. (2020). Conversionless efficient and broadband laser light
diffusers for high brightness illumination applications. Nature
communications, 11(1), 1437. nature.com

Corato-Zanarella, M., Gil-Molina, A., Ji, X., Shin, M. C., Mohanty, A.,
& Lipson, M. (2023). Widely tunable and narrow-linewidth chip-scale
lasers from near-ultraviolet to near-infrared wavelengths. Nature
Photonics, 17(2), 157-164. nsf.gov

Mysliwiec, J., Szukalska, A., Szukalski, A., & Sznitko, L. (2021). Liquid
crystal lasers: the last decade and the future. Nanophotonics.
degruyter.com

Hummel, M., Schéler, C., Hausler, A., Gillner, A., & Poprawe, R. (2020).
New approaches on laser micro welding of copper by using a laser beam
source with a wavelength of 450 nm. Journal of Advanced Joining
Processes, 1, 100012. sciencedirect.com

Lachetta, M., Wiebusch, G., Hibner, W., Schulte am Esch, J., Huser, T,
& Miller, M. (2021). Dual color DMD-SIM by temperature-controlled
laser wavelength matching. Optics Express, 29(24), 39696-39708.
optica.org

Koulouklidis, A. D., Gollner, C., Shumakova, V., Fedorov, V. Y.,

Page | 46



23.

24.

25.

26.

217.

28.

29.

30.

31.

Pugzlys, A., Baltuska, A., & Tzortzakis, S. (2020). Observation of
extremely efficient terahertz generation from mid-infrared two-color laser
filaments. Nature communications, 11(1), 292. nature.com

Liu, H., Lin, W., & Hong, M. (2021). Hybrid laser precision engineering
of transparent hard materials: challenges, solutions and applications.
Light: Science & Applications. nature.com

Huber, G. (2020). Solid-state laser materials. Laser sources and
Applications.

Shen, Y., Fu, X., Yao, C., Li, W., Wang, Y., Zhao, X. & Ning, Y. (2022).
Optical crystals for 1.3 pum all-solid-state passively Q-switched laser.
Crystals, 12(8), 1060. mdpi.com

Herasymov, S. (2021, November). Modeling a Compact Diode-Pumped
Nd: YAG Solid State Laser. In 2021 IEEE International Conference on
Information and Telecommunication Technologies and Radio Electronics
(UkrMiCo) (pp. 320-323). IEEE.

Borkenstein, A. F. & Borkenstein, E. M. (2024). Neodymium-doped
yttrium aluminum garnet (Nd: YAG) laser treatment in ophthalmology: a
review of the most common procedures Capsulotomy and Iridotomy.
Lasers in Medical Science.

Brauch, U., Rocker, C., Graf, T., & Abdou Ahmed, M. (2022). High-
power, high-brightness solid-state laser architectures and their
characteristics. Applied Physics B. springer.com

Yuan, M., Cao, Y., Zhou, T., Shao, C., Zheng, X., Liu, M. & Chen, H.
(2022). Fabrication of heavily doped Nd: YAG transparent ceramics and
their thin disc solid state laser performance. Ceramics International,
48(19), 27799-27806. researchgate.net

Liu, Z., Toci, G, Pirri, A, PATRIZI, B., FENG, Y., CHEN, X. & LI, J.
(2021). Fabrication and optical property of Nd: Lu203 transparent
ceramics for solid-state laser applications. ¢ #l #f ¥ =2 3R, 36(2).
researching.cn

Laky, M., Miller, M., Laky, B., Arslan, M., Wehner, C., Husejnagic, S.,
& Rausch-Fan, X. (2021). Short-term results of the combined application
of neodymium-doped yttrium aluminum garnet (Nd: YAG) laser and
erbium-doped yttrium aluminum garnet (Er: YAG) laser in the treatment
of periodontal disease: a randomized controlled trial. Clinical oral
investigations, 25, 6119-6126. springer.com

Page | 47



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Tang, J., Bai, Z., Zhang, D., Qi, Y., Ding, J., Wang, Y., & Lu, Z. (2021).
Advances in all-solid-state passively Q-switched lasers based on Cr4+:
Y AG saturable absorber. Photonics. mdpi.com

Abdelhalim, 1., Hamdy, O., Khattab, M. A., Abdelkawi, S., Hassab
Elnaby, S., & Hassan, A. A. (2023). Evaluating the efficacy of Nd: YAG
fourth harmonic (266 nm) in comparison with ArF excimer (193 nm) in
laser corneal reshaping: ex vivo pilot study. International Ophthalmology,
43(9), 3087-3096. springer.com

Umroh, B., Ginting, A., & Rahman, M. N. A. (2020, December). CO2
laser machining on alumina ceramic: a review. In IOP Conference Series:
Materials Science and Engineering (Vol. 1003, No. 1, p. 012131). IOP
Publishing. iop.org

Dinara, T., Bayan, N., Samat, Z., Adil, M., & Asiya, I. (2021). Using the

Laser in Modern Medicine: World Trends. Journal of Complementary
Medicine Research, 11(4), 322-322. jocmr.com

Mushtag, R. T., Wang, Y., Rehman, M., Khan, A. M., & Mia, M. (2020).
State-Of-The-Art and Trends in CO2 Laser Cutting of Polymeric
Materials—A Review. Materials. mdpi.com

Fu, B., Zhang, C., Lyu, W., Sun, J., Shang, C., Cheng, Y., & Xu, L.
(2022). Recent progress on laser absorption spectroscopy for
determination of gaseous chemical species. Applied spectroscopy
reviews, 57(2), 112-152.

Fisher, J. C. (2020). Basic laser physics and interaction of laser light with
soft tissue. Endoscopic laser surgery handbook.

Webb, C. & Jones, J. D. C. (2020). Handbook of Laser Technology and
Applications: Volume 3: Applications.

Daggett, C., Daggett, A., McBurney, E., & Murina, A. (2020). Laser
safety: the need for protocols. Cutis. mdedge.com

Khalkhal, E., Razzaghi, M., Rostami-Nejad, M., Rezaei-Tavirani, M.,
Beigvand, H. H., & Tavirani, M. R. (2020). Evaluation of laser effects on
the human body after laser therapy. Journal of Lasers in Medical
Sciences, 11(1), 91. nih.gov

Brown, E. R. (2020). Fundamentals of Lasers and Light Devices in
Dermatology. Practical Introduction to Laser Dermatology.

Omer, H. (2021). Radiobiological effects and medical applications of
non-ionizing radiation. Saudi journal of biological sciences.
sciencedirect.com

Page | 48



44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

Wang, J. & Dong, J. (2020). Optical waveguides and integrated optical
devices for medical diagnosis, health monitoring and light therapies.
Sensors. mdpi.com

Pham, A. T. T., Wallace, A., Zhang, X., Tohl, D., Fu, H., Chuah, C. &
Tang, Y. (2021). Optical-based biosensors and their portable healthcare
devices for detecting and monitoring biomarkers in body fluids.
Diagnostics, 11(7), 1285. mdpi.com

Rey-Barroso, L., Pefia-Gutiérrez, S., Yéafiez, C., Burgos-Fernandez, F. J.,
Vilaseca, M., & Royo, S. (2021). Optical technologies for the
improvement of skin cancer diagnosis: a review. Sensors, 21(1), 252.
mdpi.com

Taylor, A. T. & Lai, E. P. C. (2021). Current state of laser-induced
fluorescence spectroscopy for designing biochemical sensors.
Chemosensors. mdpi.com

Ilisanu, M. A., Moldoveanu, F., & Moldoveanu, A. (2023). Multispectral
imaging for skin diseases assessment—state of the art and perspectives.
Sensors. mdpi.com

Corrales, M., Panthier, F., Solano, C., Candela, L., & Traxer, O. (2024).
Laser safety, warnings, and limits in retrograde intrarenal surgery. Actas
Uroldgicas Espafiolas (English Edition), 48(1), 19-24.

Yang, J., Mallory, M. J., Wu, Q., Bublitz, S. E., Do, A., Xiong, D. &
Bauer, B. A. (2020). The safety of laser acupuncture: a systematic review.
Medical Acupuncture, 32(4), 209-217. liebertpub.com

Huang, J., Wiacek, A., Kempski, K. M., Palmer, T., Izzi, J., Beck, S., &
Lediju Bell, M. A. (2021). Empirical assessment of laser safety for
photoacoustic-guided liver surgeries. Biomedical Optics Express, 12(3),
1205-1216. optica.org

Bensadoun, R. J., Epstein, J. B., Nair, R. G., Barasch, A., Raber-
Durlacher, J. E., Migliorati, C. & World Association for Laser Therapy
(WALT). (2020). Safety and efficacy of photobiomodulation therapy in
oncology: a systematic review. Cancer medicine, 9(22), 8279-8300.
wiley.com

Seago, M., Shumaker, P. R., Spring, L. K., Alam, M., Al-Niaimi, F., Rox
Anderson, R. & Waibel, J. (2020). Laser treatment of traumatic scars and
contractures: 2020 international consensus recommendations. Lasers in
surgery and medicine, 52(2), 96-116. drfirasalniaimi.co.uk

Page | 49



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wu, D. C., Goldman, M. P., Wat, H., & Chan, H. H. (2021). A systematic
review of picosecond laser in dermatology: evidence and
recommendations. Lasers in surgery and medicine, 53(1), 9-49.

Souissi, S., Le Mer, Y., Metge, F., Portmann, A., Baudouin, C., Labbg,
A., & Hamard, P. (2021). An update on continuous-wave
cyclophotocoagulation (CW-CPC) and micropulse transscleral laser
treatment (MP-TLT) for adult and paediatric refractory glaucoma. Acta
Ophthalmologica, 99(5), €621-e653. wiley.com

Ahmed, S. A., Mohsin, M., & Ali, S. M. Z. (2021). Survey and
technological analysis of laser and its defense applications. Defence
Technology. sciencedirect.com

Sahay, P., Bafna, R. K., Reddy, J. C., Vajpayee, R. B., & Sharma, N.
(2021). Complications of laser-assisted in situ keratomileusis. Indian
journal of ophthalmology, 69(7), 1658-1669. lww.com

Ventimiglia, E., Pauchard, F., Quadrini, F., Sindhubodee, S., Kamkoum,
H., Jiménez Godinez, A. & Traxer, O. (2021). High-and low-power laser
lithotripsy achieves similar results: a systematic review and meta-analysis
of available clinical series. Journal of endourology, 35(8), 1146-1152.
caunet.org

Khan, M. N., Wang, Q., Idrees, B. S., Xiangli, W., Teng, G., Cui, X. &
Abrar, M. (2022). A review on laser-induced breakdown spectroscopy in
different cancers diagnosis and classification. Frontiers in Physics, 10,
821057. frontiersin.org

Barik, A. K., Pavithran, S., Mithun, N., Pai, M. V., Upadhya, R., Lukose,
J. & Chidangil, S. (2022). Laser induced fluorescence of cervical tissues:
an in-vitro study for the diagnosis of cervical cancer from the cervicitis.
Journal of Optics, 24(5), 054002.

Amani, M., Bavali, A., & Parvin, P. (2022). Optical characterization of
the liver tissue affected by fibrolamellar hepatocellular carcinoma based
on internal filters of laser-induced fluorescence. Scientific Reports.
nature.com

Pavithran M, S., Lukose, J., Barik, B. K., Periasami, A., Kartha, V. B.,
Chawla, A., & Chidangil, S. (2023). Laser induced fluorescence
spectroscopy analysis of kidney tissues: A pilot study for the
identification of renal cell carcinoma. Journal of Biophotonics, 16(11),
€202300021. researchgate.net

Kaniyala Melanthota, S., Kistenev, Y. V., Borisova, E., Ivanov, D.,

Page | 50



64.

65.

66.

67.

68.

69.

70.

71.

72.

Zakharova, O., Boyko, A. & Mazumder, N. (2022). Types of
spectroscopy and microscopy techniques for cancer diagnosis: a review.
Lasers in Medical Science, 37(8), 3067-3084. springer.com

Sperber, J., Zachem, T. J., Prakash, R., Owolo, E., Yamamoto, K.,
Nguyen, A. D. & Goodwin, C. R. (2024). A blinded study using laser
induced endogenous fluorescence spectroscopy to differentiate ex vivo
spine tumor, healthy muscle, and healthy bone. Scientific Reports, 14(1),
1921. nature.com

Chen, Z. Y., Fu, S., Li, M., Zhang, W., & Ou, H. B. (2020). Exploring
artificial neural network combined with laser-induced auto-fluorescence
technology for noninvasive in vivo upper gastrointestinal tract cancer
early .... IJS Oncology. Iww.com

Everett, M., Magazzeni, S., Schmoll, T., & Kempe, M. (2021). Optical
coherence tomography: From technology to applications in
ophthalmology.  Translational Biophotonics, 3(1), €202000012.
wiley.com

Mohammadzadeh, V., Fatehi, N., Yarmohammadi, A., Lee, J. W.,
Sharifipour, F., Daneshvar, R. & Nouri-Mahdavi, K. (2020). Macular
imaging with optical coherence tomography in glaucoma. Survey of
ophthalmology, 65(6), 597-638. nih.gov

Le, P. H. & Patel, B. C. (2020). Optical coherence tomography
angiography. europepmec.org

Zeppieri, M., Marsili, S., Enaholo, E. S., Shuaibu, A. O., Uwagboe, N.,
Salati, C. & Musa, M. (2023). Optical coherence tomography (OCT): a
brief look at the uses and technological evolution of ophthalmology.
Medicina, 59(12), 2114. mdpi.com

Kamalipour, A., & Moghimi, S. (2021). Macular optical coherence
tomography imaging in glaucoma. Journal of Ophthalmic & Vision
Research, 16(3), 478. nih.gov

Sampson, D. M., Dubis, A. M., Chen, F. K., Zawadzki, R. J., & Sampson,
D. D. (2022). Towards standardizing retinal optical coherence
tomography angiography: a review. Light: science & applications, 11(1),
63. nature.com

Nanji, A., Redd, T., Chamberlain, W., Schallhorn, J. M., Chen, S., Ploner,
S. & Li, Y. (2020). Application of corneal optical coherence tomography

angiography for assessment of vessel depth in corneal neovascularization.
Cornea, 39(5), 598-604. nih.gov

Page | 51



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Fitzgerald, R. C., Antoniou, A. C., Fruk, L., & Rosenfeld, N. (2022). The
future of early cancer detection. Nature medicine.

Crosby, D., Bhatia, S., Brindle, K. M., Coussens, L. M., Dive, C.,
Emberton, M. & Balasubramanian, S. (2022). Early detection of cancer.
Science, 375(6586), eaay9040. ucl.ac.uk

Kaur, B., Kumar, S., & Kaushik, B. K. (2022). Recent advancements in
optical biosensors for cancer detection. Biosensors and Bioelectronics.

He, Z., Chen, Z., Tan, M., Elingarami, S., Liu, Y., Li, T. & Li, W. (2020).
A review on methods for diagnosis of breast cancer cells and tissues. Cell
proliferation, 53(7), €12822. wiley.com

Su, K. Y. & Lee, W. L. (2020). Fourier transform infrared spectroscopy
as a cancer screening and diagnostic tool: a review and prospects.
Cancers. mdpi.com

Hussain, S., Mubeen, I., Ullah, N., Shah, S. S. U. D., Khan, B. A., Zahoor,
M. & Sultan, M. A. (2022). Modern diagnostic imaging technique
applications and risk factors in the medical field: a review. BioMed
research international, 2022(1), 5164970. wiley.com

Galvdo-Lima, L. J., Morais, A. H., Valentim, R. A., & Barreto, E. J.
(2021). miRNAs as biomarkers for early cancer detection and their
application in the development of new diagnostic tools. Biomedical
engineering online, 20(1), 21. springer.com

Hamblin, M. R. (2020). Photodynamic therapy for cancer: what's past is
prologue. Photochemistry and photobiology. wiley.com

Allison, R. R., Huang, Z., & Moghissi, K. (2024). Tools of Clinical
Photodynamic Therapy (PDT): A Mini Compendium. Photodiagnosis
and Photodynamic Therapy, 104058. sciencedirect.com

Correia, J. H., Rodrigues, J. A., Pimenta, S., Dong, T., & Yang, Z. (2021).
Photodynamic therapy review: principles, photosensitizers, applications,
and future directions. Pharmaceutics. mdpi.com

Gunaydin, G., Gedik, M. E., & Ayan, S. (2021). Photodynamic Therapy
for the Treatment and Diagnosis of Cancer—A Review of the Current
Clinical Status. Frontiers in chemistry. frontiersin.org

Marifio-Ocampo, N., Dibona-Villanueva, L., Escobar-Alvarez, E.,
Guerra-Diaz, D., Zufiga-Nunez, D., Fuentealba, D., & Robinson-
Duggon, J. (2023). Recent Photosensitizer Developments, Delivery
Strategies and Combination-based Approaches for Photodynamic
Therapy. Photochemistry and Photobiology, 99(2), 469-497. wiley.com

Page | 52



85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

Aebisher, D., Czech, S., & Bartusik-Aebisher, D. (2024). Photodynamic
Therapy, Past, Current and Future. preprints.org

Ansyori, A. K. (2022). History and basic principles of photodynamic
therapy use in ophthalmology. Sriwijaya Journal of Ophthalmology.
sriwijayaopthalmology.com

Aebisher, D., Serafin, ., Batdg-Szczech, K., Dynarowicz, K., Chodurek,
E., Kawczyk-Krupka, A., & Bartusik-Aebisher, D. (2024). Photodynamic
Therapy in the Treatment of Cancer—The Selection of Synthetic
Photosensitizers. Pharmaceuticals, 17(7), 932. mdpi.com

Escudero, A., Carrillo-Carrién, C., Castillejos, M. C., Romero-Ben, E.,
Rosales-Barrios, C., & Khiar, N. (2021). Photodynamic therapy:
photosensitizers and nanostructures. Materials Chemistry Frontiers,
5(10), 3788-3812. rsc.org

Pham, T. C., Nguyen, V. N., Choi, Y., Lee, S., & Yoon, J. (2021). Recent
strategies to develop innovative photosensitizers for enhanced
photodynamic therapy. Chemical reviews.

Jiang, W., Liang, M., Lei, Q., Li, G., & Wu, S. (2023). The current status
of photodynamic therapy in cancer treatment. Cancers. mdpi.com

Alsaab, H. O., Alghamdi, M. S., Alotaibi, A. S., Alzhrani, R,
Alwuthaynani, F., Althobaiti, Y. S. & lyer, A. K. (2020). Progress in
clinical trials of photodynamic therapy for solid tumors and the role of
nanomedicine. Cancers, 12(10), 2793. mdpi.com

Li, X., Lovell, J. F., Yoon, J., & Chen, X. (2020). Clinical development
and potential of photothermal and photodynamic therapies for cancer.
Nature reviews Clinical oncology. buffalo.edu

Algorri, J. F., Ochoa, M., Roldan-Varona, P., Rodriguez-Cobo, L., &
Lopez-Higuera, J. M. (2021). Light technology for efficient and effective
photodynamic therapy: A critical review. Cancers, 13(14), 3484.
mdpi.com

Hu, J. J, Lei, Q., & Zhang, X. Z. (2020). Recent advances in
photonanomedicines for enhanced cancer photodynamic therapy.
Progress in Materials Science.

Lu, Y., Sun, W., Du, J, Fan, J., & Peng, X. (2023). Immuno-
photodynamic therapy (IPDT): organic photosensitizers and their
application in cancer ablation. Jacs Au. acs.org

Shen, Z., Ma, Q., Zhou, X., Zhang, G., Hao, G., Sun, Y., & Cao, J. (2021).

Page | 53



Strategies to improve photodynamic therapy efficacy by relieving the
tumor hypoxia environment. NPG Asia Materials, 13(1), 39. nature.com

97. Bhole, R., Bonde, C., Kadam, P., & Wavwale, R. (2021). A
comprehensive review on photodynamic therapy (PDT) and photothermal
therapy (PTT) for cancer treatment. Turkish Journal of Oncology, 36(1).
dergisi.org

98. Wan, Y., Fu, L. H,, Li, C,, Lin, J., & Huang, P. (2021). Conquering the
hypoxia limitation for photodynamic therapy. Advanced Materials.

99. Chen, Y., Wang, K., Huang, J., Li, X., & Rui, Y. (2024). An extensive
evaluation of laser tissue welding and soldering biotechnologies: Recent
advancements, progress, and applications. Current Research in
Biotechnology. sciencedirect.com

100.Birkelbach, M. A., Smeets, R., Fiedler, I., Kluwe, L., Wehner, M., Trebst,
T., & Hartjen, P. (2020). In vitro feasibility analysis of a new sutureless
wound-closure system based on a temperature-regulated laser and a
transparent collagen membrane for laser tissue soldering (LTS).
International journal of molecular sciences, 21(19), 7104. mdpi.com

101.Gerasimenko, A. Y., Morozova, E. A., Ryabkin, D. I., Fayzullin, A,
Tarasenko, S. V., Molodykh, V. V. & Telyshev, D. V. (2022).
Reconstruction of soft biological tissues using laser soldering technology
with  temperature  control and  biopolymer  nanocomposites.
Bioengineering, 9(6), 238. mdpi.com

102.Huang, J., Xia, S., Chen, Y., Li, X., Wang, K., & Rui, Y. (2023).

Experimental study of thermal damage to in vitro skin tissue welding by
femtosecond laser. Infrared Physics & Technology, 129, 104536.

103.Li, C., Huang, J., Zhang, M., Chen, Y., Liu, T., & Wang, K. (2023). Effect
of preloading force on capability of laser welding for skin tissue. Optics
and Lasers in Engineering, 165, 107538.

104.Li, C., Huang, J., Chen, Y., Liu, T., & Wang, K. (2024). Microstructure
evolution of laser skin tissue welding under the control of energy
regulation. Optics & Laser Technology.

105.Gowda, T. M. & Kumar, B. T. (2020). Laser tissue bonding—a new
venture into primary periodontal wound closure techniques. Lasers in
Dental Science.

106.Liu, Z., Liao, Z., Wang, D., Wang, C., Song, C., Li, H., & Liu, Y. (2022).
Recent advances in soft biological tissue manipulating technologies.
Chinese journal of mechanical engineering, 35(1), 89. springer.com

Page | 54



107.Ghosh, D., Salinas, C. M., Pallod, S., Roberts, J., Makin, I. R. S., Yaron,
J. R. & Rege, K. (2023). Temporal evaluation of efficacy and quality of
tissue repair upon laser-activated sealing. Bioengineering & Translational
Medicine, 8(2), e10412. wiley.com

108.Palanker, D. (2021). Ophthalmic Laser Therapy and Surgery. Handbook
of Laser Technology and Applications.

109.Luttrull, J. K. (2023). Modern Retinal Laser Therapy: Principles and
Application.

110.Luttrull, J. K. & Kent, D. (2020). Laser for prevention of choroidal
neovascularization. Choroidal Neovascularization. researchgate.net

111.Orsetti, R. (2023). MODEL-BASED PLANNING AND REAL-TIME
MONITORING FOR LASER THERMAL THERAPY IN
OPHTHALMOLOGY. polito.it

112.Tang, Z., Fan, X., Chen, Y., & Gu, P. (2022). Ocular nanomedicine.
Advanced Science. wiley.com

113.Luttrull, J. K. (2023). Lasers in Medicine: The Changing Role of
Therapeutic Laser-Induced Retinal Damage—From de rigeuer to
Nevermore. Photonics. mdpi.com

114.Burri, C., Hutfilz, A., Grimm, L., Salzmann, S., Arnold, P., Povazay, B.
& Brinkmann, R. (2021). Dynamic oct signal loss for determining RPE
radiant exposure damage thresholds in microsecond laser microsurgery.
Applied Sciences, 11(12), 5535. mdpi.com

115.Ma, Y., Zhang, Z., Yu, Y., Wang, X., Liu, S., Sun, B. & Zhao, J. (2024).
Nanomaterials in the diagnosis and treatment of ophthalmic diseases.
Nano Today, 54, 102117.

116.Zong, Y., Gao, Q. Y., & Hui, Y. N. (2021). Vitreous function and
intervention of it with vitrectomy and other modalities. International
Journal of Ophthalmology. nih.gov

117.Zong, Y., Gao, Q. Y., & Hui, Y. N. (2022). Vitreous function and
intervention of it with vitrectomy and other modalities. International
Journal of Ophthalmology. nih.gov

118.Beck, R. J., Bitharas, I., Hand, D. P., Maisey, T., Moore, A. J., Shires, M.
& Shephard, J. D. (2020). Dynamics of picosecond laser ablation for
surgical treatment of colorectal cancer. Scientific Reports, 10(1), 20261.
nature.com

Page | 55



119.Scribante, A., Pellegrini, M., Pulicari, F., De Martino, F., Li Vigni, G.,
Ghizzoni, M., & Spadari, F. (2023). Oral cavity mucocele and different
surgical treatment strategies: Is laser excision effective? A scoping
review. Applied Sciences, 13(22), 12327. mdpi.com

120.Pyo, H., Kim, H., & Kang, H. W. (2021). Evaluations on laser ablation of
ex Vvivo porcine stomach tissue for development of Ho: YAG-assisted
endoscopic submucosal dissection (ESD). Lasers in Medical Science.

121.Condor, D., Culcitchi, C., Blum, R., Baru, O., Buduru, S., Kui, A., & Tig,
I. (2021). A review of CO2 laser-mediated therapy for Oral mucosal
lesions. Applied Sciences, 11(16), 7744. mdpi.com

122.Bhalla, R., Bhalla, S., Kapadia, A., & Shah, P. (2022). Palliative
Management of Unresectable Oral Carcinoma by Laser Ablation and
Chemotherapy-Case Report. Journal of Cancer Science and Clinical
Therapeutics, 6(1), 32-38. fortuneonline.org

123.Liu, G, Jiang, D., Ren, M., Lu, X., Chang, Y., He, S. & He, D. (2022).
High-power 450 nm blue diode laser for endoscopic mucosal
resection/endoscopic submucosal dissection in the stomach: Preliminary
results on a porcine model with a modified flexible endoscope. Lasers in
Surgery and Medicine, 54(7), 1002-10009.

124.Tenore, G., Mohsen, A., Nuvoli, A., Palaia, G., Rocchetti, F., Di Gioia,
C. R. T. & Del Vecchio, A. (2023). The impact of laser thermal effect on
histological evaluation of oral soft tissue biopsy: systematic review.
Dentistry journal, 11(2), 28. mdpi.com

125.Tarasenko, S., Stepanov, M., Morozova, E., & Unkovskiy, A. (2021).
High-level laser therapy versus scalpel surgery in the treatment of oral
lichen planus: a randomized control trial. Clinical Oral Investigations, 1-
12. springer.com

126.Adly, A. S., Adly, M. S., Cuisinier, F., Egea, J. C., Panayotov, 1., Adly,
A. S., & Malthiery, E. (2023, August). Laser-Induced Blood Coagulation
for Surgical Application: A Scoping Review. In Seminars in Thrombosis
and Hemostasis. Thieme Medical Publishers, Inc.

127.Stefanovic, S., Suetterlin, M., Gaiser, T., Scharff, C., Neumann, M.,
Berger, L. & Berlit, S. (2023). Microscopic, macroscopic and thermal
impact of argon plasma, diode laser, and electrocoagulation on ovarian
tissue. in vivo, 37(2), 531-538. iiarjournals.org

128.Shimizu, T., Samarasena, J. B., Fortinsky, K. J., Hashimoto, R., Chehade,
N. E. H., Chin, M. A. & Chang, K. J. (2021). Benefit, tolerance, and safety

Page | 56



of hybrid argon plasma coagulation for treatment of Barrett's esophagus:
US pilot study. Endoscopy International Open, 9(12), E1870-E1876.
thieme-connect.com

129.Trapeznikova, T. V., Pisklakova, T. P., Khomchenko, V. V.
Kalashnikova, N. G., Lotti, T., & Jafferany, M. (2020). New technology
for coagulation of dilated vessels using the combined effects of several
modes of generation and wavelengths in one laser pulse for the treatment
of pediatric hemangiomas: open prospective study. Dermatologic
Therapy, 33(3), e13341. academia.edu

130.Abdi, P., Riazi, H., Ghochani, G., & Aminizade, M. (2024). Argon laser
photocoagulation for the treatment of challenging iris cysts: A case series.
jcmimagescasereports.org

131.Laser, A., Chemotherapeutics, A., Patency, F., Mucositis, T. P., &
Debridement, F. M. (2022). Laser-Assisted Nonsurgical Periodontal
Therapy. Principles and Practice of Laser Dentistry: Principles and
Practice of Laser Dentistry-E-Book, 39.

132.MacRitchie, N., Frleta-Gilchrist, M., Sugiyama, A., Lawton, T., Mclnnes,
I. B., & Maffia, P. (2020). Molecular imaging of inflammation-Current
and emerging technologies for diagnosis and treatment. Pharmacology &
Therapeutics, 211, 107550. sciencedirect.com

133.Jin, K. T., Yao, J. Y., Ying, X. J., Lin, Y., & Chen, Y. F. (2020).
Nanomedicine and early cancer diagnosis: molecular imaging using
fluorescence nanoparticles. Current Topics in Medicinal Chemistry,
20(30), 2737-2761.

134.Huang, Q., Li, N., Zhang, H., Che, C., Sun, F., Xiong, Y. & Cunningham,
B. T. (2020). Critical Review: digital resolution biomolecular sensing for
diagnostics and life science research. Lab on a Chip, 20(16), 2816-2840.
rsc.org

135.Chen, S., Zhuang, D., Jia, Q., Guo, B., & Hu, G. (2024). Advances in
Noninvasive Molecular Imaging Probes for Liver Fibrosis Diagnosis.
Biomaterials Research. science.org

136.Liao, S., Zhou, M., Wang, Y., Lu, C., Yin, B., Zhang, Y. & Song, G.
(2023). Emerging biomedical imaging-based companion diagnostics for
precision medicine. Iscience. cell.com

137.Salvador-Morales, C. & Grodzinski, P. (2022). Nanotechnology tools
enabling biological discovery. ACS nano.

Page | 57



138.AKkilic, N., Geschwindner, S., & Hook, F. (2020). Single-molecule
biosensors: Recent advances and applications. Biosensors and
Bioelectronics.

139.Andreou, C., Weissleder, R., & Kircher, M. F. (2022). Multiplexed
imaging in oncology. Nature Biomedical Engineering.

140.Combes, G. F., Vuckovié, A. M., Peri¢ Bakuli¢, M., Antoine, R.,
Bonaci¢-Koutecky, V., & Trajkovi¢, K. (2021). Nanotechnology in tumor
biomarker detection: The potential of liganded nanoclusters as nonlinear
optical contrast agents for molecular diagnostics of cancer. Cancers,
13(16), 4206. mdpi.com

141.Villa, C., Lavitrano, M., Salvatore, E., & Combi, R. (2020). Molecular
and imaging biomarkers in Alzheimer’s disease: a focus on recent
insights. Journal of Personalized Medicine, 10(3), 61. mdpi.com

142 . Katayama, S. (2020). Fundamentals and details of laser welding.

143.Kane, S. A. & Gelman, B. A. (2020). Introduction to physics in modern
medicine.

144 .Malik, H. K. (2021). Laser-matter interaction for radiation and energy.

145.Shah, S. K. H., Igbal, J., Ahmad, P., Khandaker, M. U., Hag, S., & Naeem,
M. (2020). Laser induced breakdown spectroscopy methods and
applications: A comprehensive review. Radiation physics and chemistry,
170, 108666.

146.Zuo, J. & Lin, X. (2022). High-power laser systems. Laser & Photonics
Reviews.

Page | 58



