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Biological tissue interaction with lasers

• Before going into details one can state that 
the radiation – biological tissue interaction is 
determined mainly by the laser irradiance 
[W/cm2] that depends on the pulse energy, 
pulse duration, and the spectral range of the 
laser light. The interaction depends also on 
thermal properties of tissue – such as heat 
conduction, heat capacity and the coefficients 
of reflection, scattering and absorption



The main components of the biological tissue that give contribution to 
the absorption are: melanin, hemoglobin, water and proteins

Fig. presents the absorption spectra of main

absorbers in biological tissue. One can see

that absorption in the IR region (2000-10000 nm)

originates from water, which is the main constituent

of most tissues. Proteins absorb in the UV region

(mainly 200-300 nm). Pigments such as hemoglobin in

blood and melanin, the basic chromophore of skin,

absorb in the visible range.



The absorption properties of the main biological absorbers decide about the 
depth of penetration for the laser beam. The penetration depth in biological 

tissue for typical lasers is shown in table. One can see that the CO2 laser (10.6 
mm) does not penetrate deeply because of water absorption in this region in 

contrast to Nd:YAG laser (1064 nm) for which absorption of  water, pigments and 
proteins absorption is low. This property decides about medical applications. For 
example, Nd:YAG laser can penetrate deeper and cut made with the Nd:YAG laser 

will not bleed due to tissue coagulation, in contrast to the CO2 laser which is a 
better “scalpel” for precise thermal cutting of tissue due to vaporization by 

focusing on the tissue along short optical path.

Laser type Wavelength [mm] Penetration depth [mm]

CO2 10.60 0.10

Nd:YAG 1.064 6.00

Ar+
0.4880,

0.5145
2.00

Excimer 0.193 – 0.351 0.01

Comparison of penetration depth in biological tissue for different types of lasers.



Interaction mechanisms between the 
laser radiation and biological tissue

• photochemical interactions,

• thermal interactions,

• photoablation,

• plasma-induced ablation,

• photodisruption



types of interaction with biological 
tissue

Double logarithmic plot of the power density as a function of exposure time. The circles show 
the laser parameters required from a given type of interaction with biological tissue



Fig. illustrates the main laser – tissue interactions. One can see that all types 
of interactions can be placed between two diagonals illustrating energy 
fluence of 1 J/cm2 and 1000 J/cm2. This indicates that lasers used for medical 
applications must have fluences ranging from 1 J/cm2 to 1000 J/cm2. The 
fluences are controlled both by the energy (controlled by exposure time) and 
degree of focusing the laser beam on the tissue.



Photochemical interaction
With cw lasers or exposure time >1 s only photochemical interaction can be induced. 

Powers of only a few mW can be used for these purposes



Thermal interactions
For thermal interactions shorter exposure times (1 min–1 ms) and higher 

energies must be used. Thermal effects can be induced both by cw or 
pulsed lasers of 15 – 25 W power.



Thermal Interaction

• Thermal interactions are induced in a tissue by the increase in local temperature caused by a laser beam. 
In contrast to photochemical interactions, thermal interaction may occur without only specific reaction 
path and is highly non-selective and non-specific.  Depending on the temperature achieved the thermal 
effect on the tissue can be classified as:

• reversible hyperthermia (T>31ºC) – some functions of the tissue can be perturbed but the 
effect is reversible,

• irreversible hyperthermia (T>42ºC) – some fundamental functions of the tissue can be 
destroyed irreversibly,

• coagulation (T>60ºC) – the tissue becomes necrotic,

• vaporization (T≥100ºC),

• carbonization (T>150ºC),

• pyrolysis (T>300ºC).

• In some cases all of these thermal effects can be observed as a result of interaction

with the laser (fig. 10.6). In most applications one effect usually dominates depending

on the goal of a surgery. For example, Nd:YAG laser beam traveling long path in the

tissue (see table 10.1) is used for coagulation, CO2 lasers are more suitable for vaporization.



Photoablation
Photoablation occurs at exposure time between 1 ms and 1 ns. In practice, 

nanosecond pulses of 106 – 109 W/cm2 irradiance should be employed.

The mechanism of photoablation is illustrated in fig. 10.7. A molecule is promoted to the repulsive excited state

(or to the Franck-Condon vibrationally hot state) followed by dissociation (b). The chemical bond is broken leading

to destroying biological tissue. As electronic transitions occur usually in UV the photoablation process is usually limited to

UV lasers. Therefore, excimer lasers (ArF, KrF, XeCl, XeF) are mainly employed but higher harmonics of other lasers can

also be applied.



Plasma-induced ablation and photodisruption
Plasma-induced ablation and photodisruption occur for pulses shorter than nanoseconds. In 

practice, pico- and femtosecond lasers with irradiance of 1012 W/cm2 should be used. Notice that 
although both phenomena occur at the similar time exposure and irradiance, they differ by the 

energy densities that are significantly lower for the plasma-induced ablation. The plasma-induced 
ablation is solely based on tissue ionization whereas photodisruption is primarily mechanical 

disruption.



Plasma-induced ablation and 
photodisruption

• Typical lasers used for plasma induced ablation are Nd:YAG, Nd:YLF, Ti:sapphire with pico- or 
femtosecond pulses generating irradiance in the range of 1012 W/cm2. Such a high power density 
leads to fields of 107 V/cm comparable with the energies of electrons revolving in atoms. Therefore, 
the Q-switched or modelocked lasers can ionize molecules in the biological tissue. The mechanism 
of plasma-induced ablation is illustrated in fig. 10.8.

Fig. 10.8. Illustration of plasma induced ablation

An ultrashort pulse from a Q-switched or modelocked laser 
ionizes biological tissue and generates a very large density of free 
electrons in a very short period of time with typical values of 
1018/cm3 due to avalanche effect. Free electrons from ionization 
accelerated to high energies collide with another molecules 
leading to further ionization. Light electrons and heavy ions move 
with different velocities leading to the effect similar to that in the 
acoustic wave with the areas of compression and dilation. The 
detailed mechanism of disruption for plasma-induced ablation 
based on fundamental relations of classical electrodynamics and 
plasma physics can be read in many textbooks.



Application of Lasers in Medicine

Lasers have many various applications in 
• dentistry, 
• cardiovascular applications, 
• dermatology, 
• gastroenterology, 
• gynecology, 
• neurosurgery, 
• ophthalmology 
• otolaryngology 



In laser applications in medicine it is necessary to evaluate advantages and disadvantages, their 
costs and benefits. 
First, one needs to ask whether the laser technology can do more than conventional approaches 
or whether they can do it cheaper. 
Second, the application must be based on understanding the effects of various parameters on 
laser/tissue interactions.
In recent years laser-based applications increased and became more attractive with 
development of fiberoptics to the biological tissue (fig. 10.9). In the past the laser applications 
were limited to the surface of the skin.

Fig. 10.9 Experimental setup for laser-induced photodynamic thermotherapy. The fiber is placed in the tissue with

a transparent catheter



Laser in cardiovascular diseases 
Laser in cardiovascular diseases are mainly used for laser angioplasty, laser thrombolysis, photochemotherapy, 
laser treatment of arrhythmias and transmyocardial revascularization. The thermal interaction, photoablation
and photochemical interactions are used in these treatments. For example, laser angioplasty uses thermal 
effects to vaporize the plaque material in contrast to balloon angioplasty where the plaque material is 
fractured, compressed or displaced. With the development of flexible catheters (fig. 10.10) the level of 
complications due to perforation or occlusion has been reduced. Argon, Nd:NAG, CO2 lasers were used in 
thermal angioplasty. Artheriosclerotic lesions were also treated by photoablation with minimal thermal 
damage that can be achieved using a variety of pulsed lasers at UV, VIS and IR wavelengths 

Fig. 10.10 Experimental setup for laser-induced interstitial thermotherapy. The fiber is placed in the tissue with

a transparent catheter



Lasers in dentistry

• If lasers can cut metals and other hard objects, why not use them to 
drill teeth. Therefore, one of the most obvious applications of lasers 
is removal of dental enamel, dentin, bone or cementum, instead of 
an uncomfortable drill. The major problem with hard tissue in 
dental laser applications with Er:YAG (l=2.94 mm), Er:YSGG (l=2.79 
mm), holmium laser, CO2 and excimer lasers is the temperature rise 
that causes damage to the pulp of the teeth. The best results 
appear to be obtained when the tissue is simultaneously cooled 
with a water spray. The hard tissue procedures have not been 
cleared yet by FDA (Food and Drug Administration) in contrast to 
laser soft tissue dental applications with the CO2, Nd:YAG, Ho:YAG
and argon lasers. Another accepted procedure includes the use of 
lasers for the polymerization of light-activated restorative materials. 
There are numerous other potential applications including selective 
removal of malignant tissue with the aid of porphyrin compounds 
and laser welding of dental bridges.



Lasers in dermatology

• Lasers have become an essential tool in clinical dermatology practice because of numerous benefits they can 
provide. Carbon dioxide laser (CO2) is commonly used to ablate or vaporize superficially thin layers of soft tissue or 
to perform excisional surgery. In the ablation regime a small, focused beam of 0.1-0.2 mm in diameter and high 
power of 15-25 W are used to produce an irradiance of 50.000-100.000 W/cm2. These conditions permit to 
perform bloodless incision in most soft tissue. For example, blood vessels up to 0.5 mm in diameter are 
immediately sealed by the laser 10.22.

• CO2 lasers working in its excisional mode (ablation) are used to remove vascular tumors, nail surgery, stromal-
independent tumors such as melanoma or squamous cell carcinoma as well as in cosmetic surgery to treat keloids, 
rhinophyma, blepharoplasty. CO2 lasers working in its vaporization mode (200-600 W/cm2, 1-4 W, 1-3 mm 
diameter) 10.22, 10.23 are employed to treat benign tumors, cosmetic conditions (tattoo, acne scars, rhinophyna, 
epidermal nevus), cysts, vascular lesions, infectious lesions.

• Nd:YAG, has also been commonly used by dermatologists. Originally, this laser was primarily used to 
photocoagulate large diameter blood vessels 10.24 commonly found in hemagniomas and nodular port wine stains. 
However, deep penetration and poor absorption in this spectral region (1064 nm) lead to a wide zone of thermal 
destruction which limits using Nd:YAG in treating many dermatologic disorders 10.22.

• The most common imperfections of the skin such as pigmented lesions (portwine stains, hemangiomas, lentigines) 
and tattoos are usually treated with visible lasers including dye, argon, diode and ruby lasers.

• 10.22 Laser Surgery and Medicine. Principles and Practice, Carmen A. Puliafito ed., Wiley-Liss (1996) p.61 
• 10.23 J.L. Ratz, P.L. Bailin, The case for use the carbon dioxide laser in the treatment of port-wine stains, Arch. 

Dermatol. 123 (1987) 74-75 
• 10.24 M. Landthaler, D. Haina, R. Brunner, W. Waidelich, O. Braun-Falco, Neodymium-YAG laser therapy for vascular 

lesions, J. Am. Acad. Dermatol. 14 1(986) 107-17 



Lasers in gastoenterology

• Laser are applied in gastoenterology to treat gastrointestinal hemorrhage from 
peptic ulcers (Nd:YAG) 10.25, 10.26, lithotripsy to fragment common duct stones in 
humans (tunable dye, Q-switched Nd:NAG, pulsed Nd:YAG) 10.27, 10.28 and many 
other applications 10.29.

• 10.25 C.P. Swain, S.G. Bown, D.W. Storey, J.S. Kirkham, T.C. Northfield, P.R. Salmon, 
Controlled trial of argon laser photocoagulation in bleeding peptic ulcers, Lancet 2 
(1981) 1313-1316

• 10.26 C.P. Swain, J.S. Kirkham, P.R. Salmon, S.G. Bown, T.C. Northfield, Controlled trial 
of Nd-YAG laser photocoagulation in bleeding peptic ulcers, Lancet 1 (1986) 1113-
1117

• 10.27 N.S. Nishioka, P.C. Levins, S.C. Murray, J.A. Parrish, R.R. Anderson, 
Fragmentation of biliary calculi with tunable dye lasers, Gastroenterology 93 
(1987) 250-255

• 10.28 C. Ell, G. Lux, J. Hochberger, D. Muller, L. Demling, Laser-lithotripsy of common 
bile duct stones, Gut 29 (1988) 746-751

• 10.29 N.S. Nishioka, Laser Surgery and Medicine. Principles and Practice, Carmen A. 
Puliafito ed., Wiley-Liss (1996) chapter 4, p. 83



Lasers in ophthalmology

• Ophthalmologists have been at the forefront of developing medical uses for new laser technology since the 
discovery of the first laser 10.30.

• Photocoagulation was the earliest therapeutic laser procedure. This thermal effect is used for photocoagulation of 
the macula and peripheral retina, with argon, diode, Nd:YAG, krypton, dye lasers. The other laser procedure is 
iridectomy and thermal 10.31 or ablative methods with pulsed Nd:YAG 10.32. Recently, the most common use of 
lasers in ophthalmology is laser modification of corneal curvature. Excimer lasers has received FDA approval to 
correct myopia or hyperopia. These corrections can be done in the LASIK surgery (laser-assisted-in situ-
keratomileusis). In LASIK surgery a suction ring holds the eye steady while the platform for the microkeratome, a 
cutting instruments, is put in place. The microkeratome glides across the surface of the cornea, cutting through 
the outer layers. The instrument leaves an uncut part of the outer layer of the cornea to act as a hinge. The 
microkeratome is removed, the attached corneal flap is lifted out of the way, exposing the underlying layers of 
cornea to the laser beam that corrects the curvature of the surface by ablation 10.33.

•

•

• 10.30 J.M. Krauss, C.A. Puliafito, Laser Surgery and Medicine. Principles and Practice, Carmen A. Puliafito ed., Wiley-
Liss (1996) chapter 8, p. 249

• 10.31 M.M. Rodrigues, B. Streeten, G.L. Spaeth, L.W. Schwartz, Argon laser iridotomy on primary angle closure or 
pupillary block glaucoma, Arch Ophthalmol. 96 (1978) 2222-2230

• 10.32 L. Schwartz, Laser iridectomy, in Laser therapy of the anterior segment: A practical approach, L. Schwartz, G. 
Spaeth, G. Brown, eds., N.J. Thorofare, Charles B. Slack (1984) pp 29-58

• 10.33 I.G. Pallkaris, M.E. Papatzanaki, E.Z. Stathi, O. Frenschock, A. Georgiadis, Laser in situ keratomileusis, Lasers 
Surg. Med. 10 (1990) 463-468



Photodynamic Therapy
Photodynamic therapy utilizes laser light effect on some chemical substances (e.g. some porphyrins) in oxygen rich environment. 
Light induces a sequence of reactions that produce toxic substances such as singlet oxygen or free radicals. These substances are 

very reactive and can damage proteins, lipids, nucleic acids as well as another cell components. In contrast to chlorophyll in 
plants, which is a metal complex of porphyrin ring with Mg+2 in the center, that uses light in photosynthesis for sugar production, 

another porphyrins use light for producing toxic components. First attempts of using light in medical therapy started at the 
beginning of XX century when Tappeiner and Jesionek in Germany proposed employing light to induce reactions in some dyes. In 
1942 Auler and Bauer found that some porphyrins are accumulated at much larger concentrations and for much longer time in 

cancer cells than in healthy cells. It was suggested that this effect can be used for killing cancer cells. If porphyrins are transferred 
to toxic states in any way, e.g. by light, cancer cells would be damaged first of all. The method is very selective because does not 
destroy healthy cells. The synthesis of porphyrine derivative (HPD) and finding their preferential accumulation in cancer cells by 

Schwartz in 1950 can be recognized as a beginning of modern photodynamic therapy (PDT).

Fig. 10.3. Porphine structure



• Porphyrins consist of four aromatic pyrrole rings bonded by methene bridges =C― like porphine, but 
hydrogen is replaced by:

• - A acetic acid (-CH2COOH)

• - P propionic acid (-CH2CH2COOH)

• - M methyl group (-CH3)

• - V vinyl group (-CH=CH2)

• Porphyrins are divided onto:

• - uroporphyrins (they contain only A and P)

• - coproporphyrins (they contain only M and P)

• - protoporphyrins (they contain M, P and V)

• The names of porphyrins contain also a number, e.g. uroporphyrin I. The number I defines a regular 
substituent repetition, e.g. AP AP AP AP, beginning with the pyrrole ring I. For porphyrins numbered with 
III order in the ring IV is reversed: AP AP AP PA 



Some porphyrins such as dihematoporphyrin (fig. 10.4) have already found application in photodynamic therapy or they have 
reached the III phase of clinical tests. HPD and DHE belong to the first generation sensitizers. Their main side effect is skin 

photosensitivity. To reduce the side effects and increase effectiveness, investigations have been developing to synthesize the 
second and third generation sensitizers, which absorb for longer wavelengths (>650 nm). This group consists of porphyrin, 

purpurin, benzoporphyrin, phthalocyanine, and naphthalocyanine derivatives. For phthalocyanine or naphthalocyanine, which 
absorb at 670 nm and 770 nm, the photosensitivity side effect disappears. The second and third generation sensitizers are in the

relatively early stage of clinical tests in treatments of primary skin cancer, skin tumor metastases and chronic stable skin psoriasis.

Fig. 10.4. Chemical structure of dihematoporphyrin which consists of two porphyrin rings.



There are two main mechanisms of photochemical reactions in sensitizers – I and II type photooxidation. In the type I 
photooxidation the sensitizer reacts directly with another chemical entity, by hydrogen or electron transfer, to yield transient 

radicals, which react further with oxygen. In the type II photooxidation the sensitizer triplet interacts with oxygen, most 
commonly by energy transfer, to produce an electronically excited singlet state of oxygen which can react further with a chemical 

entity susceptible to oxidation.

The sensitizer in a singlet state 1S absorbs a photon of energy h and is promoted to the singlet excited state 1S*. The excited 
singlet state 1S* emits the energy as a fluorescence or in a radiationless way returning to the 1S state or crossing to the excited 

triplet state 3S* as a result of intersystem crossing (ISC) with breaking the selection rule (spin change). The return from the triplet 
state to the ground singlet state 1S may occur via emission of phosphorescence (fig. 10.5).

Fig. 10.5. Jablonski’s diagram for a sensitizer S



Type I photooxidation reaction

• The triplet state 3S* can also vanish as a result of proton transfer or 
electron transfer between the sensitizer and another chemical 
entity (RH) (for example substances that are the components of a 
human cell)

• 3S* + RH  SH + R (10.1)
• 3S* + RH  S– + RH+ (10.2)
• This is the type I photooxidation reaction. The reactions (10.1) or 

(10.2) induce further reactions with the oxygen triplet state 3O2
contained in a cell environment

• SH + 3O2 
1S + HO2

 (10.3)
• S– + 3O2 

1S + O2




Type II  photooxidation reaction

• The other type of energy dissipation from the triplet 
state 3S* of the sensitizer is the type II photooxidation. 
In the type II photooxidation the triplet state of a 
sensitizer 3S* interacts directly with the oxygen triplet 
state 3O2 leading to generation of the singlet excited 
oxygen state 1O2

*

• 3S* + 3O2 
1S + 1O2

* (10.5)

• Oxygen in the singlet excited state is very reactive. This 
leads to oxidation of cell components such as proteins, 
lipids, nucleic acids and eventually to the cell necrosis.



Photochmical mechanisms in 
photodynamic therapy



Femtosecond lasers in medicine

• The development and commercialization of femtosecond lasers has 
opened up new applications in biomedicine. Particularly in surgery, 
femtosecond pulses allow for much more precise cutting than did 
nanosecond lasers. Ultrashort lasers have also opened exciting 
areas of optical tomography. The development of a reliable optical 
biopsy has been an elusive goal for some years. Researchers are 
developing a technique in which two-dimensional images of 
biological tissues can be recorded using an ultrafast electronic-
gated imaging camera system. This imaging typically uses 120 fs
pulses at a 1 kHz repetition rate from the ultrafast laser amplifiers. 
The biggest advantage of ultrafast lasers in surgical applications is 
reducing biological tissue damage. The pulse interacts with the 
tissue faster than thermal energy can diffuse to surrounding tissues. 
It simply means less if any burning and destroying to neighboring 
tissue. In addition, cuts on the dimensions of microns may results in 
new applications to repair nerve damage.


