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The medical laser has been in use for only 57 years. In that comparatively 
short period of time, the field has expanded dramatically to embrace 
almost every medical speciality, harvesting the unique power of laser 
energy to achieve significant clinical effects through the science of laser-
tissue interactions. The vast range of reactions includes incision, 
excision, vaporization, and coagulation of tissue in the surgical field, 
which are all governed by the photobiological basics for laser-tissue 
interactions. On the other hand, in the late 1970s, initially defocused 
surgical lasers and then dedicated low output lasers were used in ‘laser 
biostimulation’ to control pain and heal ulcers and other wounds in what 
became known as ‘low level laser therapy’ (LLLT). The advent of the 
NASA light-emitting diode (LED) in the late 1990s gave researchers and 
clinicians a new non-laser phototherapeutic light source that has led to 
‘low level laser therapy’ to be renamed ‘low level LIGHT therapy’, even 
though the acronym, LLLT, remains the same. Another non-laser device, 
the intense pulsed light (IPL) system, was added to the armamentarium 
of light-based medicine in the late 1990s, delivering a millisecond-
domain pulse of high-powered polychromatic light spanning from the 
near infrared region to the shorter visible wavelengths. IPL systems are 
equipped with cut-off filters to permit semiselectivity in pigmented 
targets, allowing the treatment of vascular lesions, pigmented lesions, 
and hair removal. Although they are all different technologies, lasers, 
LEDs, and IPL systems all contain the magic letter ‘L’– light. They are all 
governed by the laws that govern light and are dependent on the same 
photobiological basics. This article explores these basics, and reports 
that although systems have developed in sophistication and scope, the 
basic understanding of light-tissue interactions is still the greatest tool 
the practitioner in light-based medicine and surgery can possess.
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THE HISTORY

Almost every article, book and presentation on laser 
seems to start off by telling us all something we already 
know, namely that “LASER is the acronym for Light Am-
plification by Stimulated Emission of Radiation”, closely 
followed by the already exhaustively reported successful 
oscillation of a laser by Theodore Maiman in April of 1960 
based on a ruby crystal pumped by a flashlamp.1 In fact, 
the background steps which led to this 1960 event began 
60 years earlier.

Max Plank in 1990 held that photons had a duality of 
both particle and waveform, and light was thus part of the 
electromagnetic spectrum. This led to the theory from 
Albert Einstein in 1916 that an excited atom could return 
spontaneously to its ground state of energy thereby emit-
ting a photon at a particular wavelength, and then in 1917 
he argued that it should be possible to stimulate photon 
emission from already excited electrons in a medium by 
collision with these spontaneously-emitted photons,2 al-
though he never discussed the potential for amplification. 
Stimulated emission was not practically demonstrated 
until 1928 by Landenberg, and the state of population 
inversion, by which a greater number of excited atoms 
could exist in a medium than unexcited ones, was sug-
gested by Fabrikant in 1940 which pointed towards the 
concept of amplification.3 Charles H Townes first showed 
amplification of microwave radiation by stimulated emis-

sion, the MASER, in 1951, and produced a preliminary lab 
notebook sketch of an “optical MASER” in 1957. The first 
recorded written definition of a LASER derived from ‘light 
amplification by stimulated emission’ by Gordon Gould 
followed in the same year, 3 years before the operation 
of such a laser was successfully demonstrated.4 In 1958, 
Townes together with Arthur Schawlow published the 
first detailed paper describing the components of the ‘op-
tical MASER’:5 the race was then on in earnest across the 
scientific world to develop the first practical laser system 
and as we all know, the race was won by Maiman. 

The steps towards the successful demonstration of 
laser energy may have taken over 60 years, but once it 
was shown to be practical, a very large number of lasers 
based on different media very quickly followed. In the first 
few years after Maiman’s pulsed 694.3 nm ruby laser, 
many hundreds of substances were found to be capable 
of delivering laser energy but of them all a very few lasers 
first used in surgery and medicine emerged and stood the 
test of time, as listed in Table 1.6

By 1970, the laser had gone from the realms of the 
laboratory, and the more esoteric and Sci-Fi military po-
tential applications, into medical indications with the first 
recorded use of the medical laser being by dermatologist, 
researcher and laser pioneer, Professor Leon Goldman 
(1906-1997), in the early 1960s with the establishment 
of his laser laboratory in the University of Cincinnati. 
Goldman saw the potential for the selective uptake of 

Table 1. Timeline for medical laser development, and non-laser sources

Year Medium Medium type Wavelength (s) (main line [s]) Beam mode

1960 Ruby (Ru) Solid state crystal 694.3 nm Pulsed
Helium/neon (HeNe, type 1) Gas 14000 nm (1.4 µm) CW

1961 Neodymium-doped yttrium aluminium garnet (Nd:YAG) 
Er:YAG, Ho:YAG 

Solid state crystal 1064 nm (Er:YAG, 2940 nm; 
Ho:YAG, 2010 nm)

Pulsed

1962 Gallium arsenide (GaAs) Solid state laser semiconductor (diode) 670 nm, 709 nm, 904 nm Pulsed
HeNe (type 2) Gas 632.8 nm CW

1964 Carbon dioxide (CO2) Gas 10600 (1.06 µm)
 CW Nd:YAG Solid state crystal 1064 nm, 1320 nm Quasi-CW
Argon ion (Ar) Gas 488 nm, 514.5 nm CW

1965 Frequency-doubled Nd:YAG Solid State Crystal 532 nm Quasi-CW
1966 Metal vapour (Cu, Au, etc.) Vaporized metal Cu: 510.6, 578.2

Au: 627.8
Quasi-CW

Rhodamine Liquid dye Tunable (560-635 nm) Pulsed
1970 Xenon dimer (Xe2) ‘Excimer laser’ Gas 172 nm Pulsed

Gallium aluminium arsenide (GaAlAs) Solid state laser diode 810 nm, 830 nm CW
Main non-laser sources
1961 Near infrared light-emitting diode (LED) Solid state diode ≈ 790 nm CW
1962 Visible LED Solid state diode ≈ 670 nm CW
1991 Intense pulsed light (IPL) Polychromatic flashlamp ≈ 400 nm-1400 nm Pulsed

Pulsed, pulse width ≤1.0 ms; Quasi-CW, pulse train with frequencies ≥kHz domain.
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blue-green continuous wave argon laser energy in both 
vascular and melanogenic pigmented lesions,6 whereas 
the carbon dioxide (CO2) laser was seized upon for surgi-
cal indications owing to its ability to be used as a ‘laser 
scalpel’, offering a dry field through its hemostatic attri-
butes and mostly pioneered by Professor Isaac Kaplan in 
Israel (1919-2012).7 The ruby and argon lasers also found 
early indications in the mid 1960s in ophthalmological 
applications with pioneers such as Professor Francis A 
L’Esperance, Jr (1931~) in transcorneal retinal surgery to 
weld detached retinas and coagulate proliferating blood 
vessels to prevent vison loss in patients with diabetic reti-
nopathy.8 The CO2 laser, interestingly, found an applica-
tion in ophthalmology as the first system used in 1968 for 
refractive radial keratotomy, reshaping the cornea with a 
series of radial mini-incisions in the cornea to correct vi-
sion, but it was superseded in 1973 by the excimer laser. 
L’Esperance perfected the excimer technique and in ad-
dition to being the first ophthalmologist to use the argon 
laser in a human eye, he was the first to develop the more 
effective refractive keratoplasty technique, literally sculpt-
ing the cornea with an excimer laser, and the predeces-
sor of the Lasik procedure.

However in the first decade or so of the laser’s incursion 
into the medical field, the majority of both manufactur-
ers and clinicians looked on the laser more as a solution 
in search of a problem, rather than considering what it 
could be really used for based on photobiological science 
and use of parameters. Indeed many of the ‘expert’ clini-
cians who adopted the laser simply ‘because it was there’ 
condemned the laser as being ‘unsafe’ due to the some-
times disastrous results they obtained. Why then were 
the real pioneers so successful compared to the majority 
who were not? Simply because the pioneers empirically 
understood and applied the pure science of light-tissue 
interaction whereby different beam modes, pulsed or 

CW, and different wavelengths could do different things. 
To put this simply, their successful indication of the laser 
in their various fields was based on their knowledge and 
understanding of the photobiological basics which govern 
both photosurgery and phototherapy, and these comprise 
the next section.

PHOTOBIOLOGY OF LIGHT-TISSUE INTERACTION

Properties of light
A beam of light is made up of countless trillions of 

photons, and each photon is a weightless packet of pure 
energy. Light can be reflected off tissue, particularly the 
stratum corneum, transmitted into tissue to reach targets 
in various layers, scattered forwards, laterally and back-
wards by the many optically different components which 
make up skin, and ultimately absorbed in the target tis-
sue. All of these occur together to some degree when a 
beam of light energy strikes skin, but the most important 
is absorption because the first law of photobiology is very 
clear: if light is not absorbed in a target, then there will be 
no reaction. Absorption comprises an energy exchange 
from the photon to the absorbing element or target, often 
referred to as the chromophore.

Photothermal reactions in tissue
The rate of the energy exchange depends on the in-

cident power of the beam: the higher the power, the 
greater will the energy exchange be, resulting eventually 
in the production of a light-heat energy transfer: the pho-
tothermal effect. Lasers have an intrinsically high photon 
intensity compared with light-emitting diodes (LEDs), for 
example, so laser energy became a natural photosurgical 
resource. Fig. 1 illustrates schematically what happens 
when a beam of laser energy with high incident power 
strikes tissue and is absorbed. 

HLLT

Carbonization (> 200 C)

Vaporization (100 C)

Protein coagulation (> 58 C)

Protein degradation (48-58 C)

Protein denaturation (> 40-48 C)

Photoactivation (< 40 C)

Irreversible damage
(photothermal)

Reversible changes
(photothermal)

Cellular activation
(athermal, atraumatic)

LLLT

Target
tissue

Fig. 1. Schematic showing simul-
taneous range of photothermal reac-
tions and tissue temperature ranges 
associated with a carbon dioxide 
(CO2) laser imact, from photodest-
ruc tive to photobio activative.
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A range of photothermally-mediated reactions occurs 
depending on the temperature created in the target, from 
ablation/vaporization and carbonization, through co-
agulation to protein denaturation, Because not all of the 
incident photon energy is taken up with the ablation pro-
cess, especially with the longer pulse widths, gradually 
decreasing photon intensities penetrating into the tissue 
result in lower temperatures and the zones of different 
photoeffects. However, at the periphery of the photo-
destructive effects there is a very interesting zone of little 
or no temperature rise at all, associated with an athermal 
effect and without any damage. It is a scientific rule that 
the energy from the photons must go somewhere, and it 
goes directly into the energy pool of the target cells there-
by raising their energy levels athermally and atraumati-
cally thus resulting in photobiomodulation of the cells’ 
activities.9,10 This potentially therapeutic reaction occurs 
simultaneously with the photodestruction occurring at 
higher temperatures. The early adopters of the surgical 
CO2 all reported lower postoperative pain and inflamma-
tion with CO2 procedures than the same procedure car-
ried out with the conventional scalpel, and this simultane-
ous phototherapy was why this phenomenon occurred.11

The importance of wavelength
It can be argued that the most important parameter for 

any light-based medical system is not the power of the 
beam, but its wavelength, which is a direct component of 
the particle/waveform duality of photons, Wavelength de-
termines above anything else what the target of the treat-
ment beam is, the chromophore, and also controls the 
intrinsic absorption of the beam into living tissue, more so 
than does the beam power.12 Fig. 2 illustrates the absorp-
tion spectra from the visible waveband at 400 nm to 700 
nm, to mid-infrared (IR) out to 11.2 μm for the biologic 

chromophores of melanin, hemoglobin, and tissue water 
with a selection of laser wavelengths, with a photospec-
trogram of the penetration of ‘white light’ (equalized over 
400 nm-1,100 nm) through the author’s hand. Each of 
these components of the figure helps to explain the other. 
Shorter wavelengths of visible light are heavily absorbed 
in melanin in the epidermis and blood in the dermis, 
hence the high optical density (OD) value of around 8 on 
the photospectrogram for blue light to yellow/orange, 
and poor penetration. Red light at 633 nm, only 43 nm 
longer than 590 nm yellow, is less absorbed in melanin 
and considerably less absorbed in oxyhemoglobin, so 
penetration is several order of magnitude higher than the 
590 nm yellow wavelength illustrated in the photospec-
trogram, bearing in mind that OD units have a logarithmic 
value. 830 nm is at the bottom of the water absorption 
curve, and is less absorbed in both blood and melanin so 
shows the optimum penetration. After 1,000 nm, absorp-
tion in tissue water starts to play an important component 
in determining decreasing penetration, and becomes 
a major chromophore around the 2,000 nm mark. Very 
high absorption in tissue water is seen at the CO2 laser 
wavelength of 10,600 nm, and is one order of magnitude 
higher at 2,940 nm, the wavelength of the Er:YAG laser. 
This predetermined the role of these lasers in ablative 
laser resurfacing, either full face or fractional. The lower 
absorption by tissue water of the CO2 wavelength allowed 
this laser to become the ‘light scalpel” with secondary co-
agulation of tissues and small blood vessels giving good 
hemostasis, compared with the Er:YAG which gives much 
more controlled ablation, but with much less coagulation 
and hence less hemostasis. Wavelength is therefore a 
very powerful determinant of the absorption component 
of the basic light/tissue reaction of light-based medical 
systems,13 determining not only the target chromophore 
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for any laser system but also how deep that laser can in-
trinsically penetrate into tissue.

TREATMENT PARAMETERS: FIXED AND 
ADJUSTABLE

The wavelength of a light-based source is usually fixed, 
so it is an inherent parameter: however, a very few sys-
tems offer selectable wavelengths from the one medium, 
such as 1,064 nm for the Q-switched Nd:YAG with 532 nm 
from frequency-doubling the beam plus a visible yellow 
and red wavelength with the addition of dye handpieces 
pumped by the 532 nm beam. However, these are the ex-
ceptions. The beam mode is also usually fixed as pulsed 
or continuous wave (CW). The parameters that are nearly 
always adjustable include the output power incident at 
the tissue measured in W, the spot size of the beam at the 
tissue or the treated area measured in centimeters (cm), 
and the pulse width or exposure time measured in sec-
onds (s). Table 2 lists the major units and prefixes seen in 
the laser and light-based literature. The pulse width of a 
light-based device should strictly speaking only apply to 
true pulsed lasers, i.e., where the width of the pulse is 1 
ms or less and is often a fixed parameter, although some 
nanosecond/picosecond lasers offer selectable pulse 
widths. It is also important when thinking about light-
tissue interaction to consider longer ‘pulses’ of light as 
delivered from switched or gated CW systems and from 
the newer long-pulsed dye lasers, and long-pulsed ruby, 
Nd:YAG and alexandrite systems. 

Power, power density (irradiance) and energy 
density (fluence)
Two of the three main adjustable parameters of any 

light based system are the output power and the spot 
size. From these can be derived the power density (PD) or 
irradiance. When considering any laser or non-laser sys-
tem, the PD is the most important parameter of all, apart 
perhaps from wavelength as discussed above.12

Power density: the medicine: The PD of a laser is cal-
culated by dividing the output power at the tissue in W by 
the irradiated area in cm2 (square centimeters). The ir-
radiated area is derived by multiplying 2 contiguous sides 
of a rectangular beam expressed in cm, or by using the 
formula π•r2 in a circular spot size where π is the con-
stant pi, 3.142, and r is the radius (not the diameter) of the 
spot expressed in cm. The PD is given in watts per square 
centimeter (W/cm2) with the appropriate prefix where re-
quired (see Table 2). By altering only the spot size of a la-
ser through moving its beam into and out of focus, a huge 
range of PDs can be achieved which are orders of mag-
nitude different, If a laser has a range of output power of 
from 1 W to 10 W, that only allows one order of magnitude 
between the minimum and maximum power. However 
if that same laser at 2 W is focused to a spot size 100 μm 
in diameter, the power density is actually 25,000 W/cm2. 
That is enough to incise or excise tissue. The handpiece is 
moved away from the tissue to give a 200 μm spot, but the 
power density drops to 6,250 W/cm2, not one-half, but one 
quarter, and the beam can now be used for gentle abla-
tion of tissue. If the spot size is further increased to 1.00 
mm, ten times the original, the PD drops dramatically to 
250 W/cm2, one-hundredth the original and a range of 2 
orders of magnitude at which tissue can be coagulated. 
When defocused by a factor of 100 to 1.0 cm, the PD is 2.5 
W/cm2 at which tissue will not be heated up very much, 
if at all … in other words an athermal and atraumatic re-
action associated with therapeutic rather than surgical 
effects. These data are illustrated in Fig. 3, and suggest 
that with the same 2 W beam, given that the wavelength is 
appropriate for the correct laser/tissue reaction (such as 
at 10,600 nm with the CO2 laser), it is possible to excise or 
incise tissue, then to draw back the handpiece to vapor-
ize or debulk the target. If a small blood vessel starts to 
bleed, drawing back the handpiece further allows hemo-
stasis through coagulation, and finally the wound healing 
of the target area can be accelerated with athermal low 
level laser therapy (LLLT). This is why the PD is a critical 

Table 2. Common units used to describe laser parameters

Power in watts (W) Size in centimeters (cm) Pulse/exposure in seconds

Terawatt TW 1012 Centimeter  cm 10–1 Second s
Gigawatt  GW 109 Millimeter  mm 10–3 Millisecond ms 10–3

Megawatt  M W 106 Micrometer  µm 10–6 Microsecond µs 10–6

Kilowatt  KW 103 Nanometer  nm 10–9 Nanosecond ns 10–9

Watt W Picosecond ps 10–12

Milliwatt mW 10–3 Femtosecond fs 10–15

Microwatt  µW 10–6
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element when deciding the laser-tissue interaction. 
Energy density: the dose: Adding the irradiation time or 

exposure time to the PD will allow the energy density (ED) 
of the beam to be calculated, also known as the fluence 
or the dose, expressed in joules per square centimeter 
(J/cm2). This gives us the energy delivered to the tissue 
quantified by the unit area irradiated. The ED is not to be 
confused with the energy alone in J, however, which is 
simply power over time and not really a useful treatment 
parameter. Having selected the power density to give the 
surgical effect desired, by then adding the irradiation time 
the clinician can control the degree or volume of that ef-
fect, to achieve a greater or a smaller reaction. However, 
the energy density is not the determinant of the basic sur-
gical or therapeutic response: that is the role of the PD. 
This is illustrated in Table 3 where the same dose of 25 J/
cm2 is associated with a variety of bioeffects from photo-
destruction to photobiomodulation. If the ED is the dose, 
then the PD can be likened to the medicine. As any clini-

cian or pharmacist knows, if the medicine is incorrect, 
playing around with the dose will not achieve the desired 
result.

Use the parameters to make science work for you
An understanding of the photobiological relationship 

between the parameters and laser-tissue interaction is 
essential, and will make a good laser clinician into an 
excellent one. The CO2 laser is recognized as a surgical 
laser, and often classed as a ‘high power’ laser. A 50 W 
CO2 laser defocused to a 10 cm spot size, the area of a 
large crural ulcer, for example, gives a power density of 
just over 630 mW/cm2. That is a phototherapeutic power 
density from a photosurgical laser, with no heating and no 
damage, and will help to heal the ulcer. The Er:YAG laser 
is associated with excellent but shallow ablation, very little 
secondary coagulation (residual thermal damage) of a 
few micrometers in depth, and poor hemostasis: this is 
why the CO2 laser is preferred for both full-face and frac-

Beam power = 2 W

= 100 m
PD = 25,000 W/cm
Incision, excision

�
2

= 200 m
PD = 6,500 W/cm

Vaporization

2
�

= 1.0 mm
PD = 250 W/cm

Coagulation,
haemostasis

2
= 1.0 cm

PD = 2.5 W/cm
Photobiomodulation

2

LASER
HANDPIECE

Fig. 3. The importance and versatility of power density (or irradiance) demonstrated for a 2 W CW laser: Simply moving into or out of the focal 
point enables an entire range of photoreactions.

Table 3. This illustrates a variety of bioeffects (∆α) achieved with the same approximate energy density, or dose, of 25 J/cm2

P S Ø [a] (cm2) PD (W/cm2) t e ED (J/cm2) ∆α

100 W 10.0 cm 78.6 1.3 20 sec 2,000 J 25 –
50 W   3.5 mm 0.1 500 100 msec         5 J 25 +
10 W   1.0 mm 0.0008 1,250 20 msec      0.2 J 25 ++
1 W 200 μm 0.0003 3,180 8 msec            8 mJ 25 +++

75 mW   3.0 mm 0.07 1.1 23 sec   1.725 J 25 –

As can be seen from the table, the power density (PD) is the most important determinant of the bioeffect from frank surgery to 
photobiomodulation, and the energy density alone is therefore not a real determinant of the ultimate surgical or therapeutic effect. Note also the 
uselessness of the energy in J in predicting the bioeffect: 8 mJ of energy at 1 W could create strong photosurgical damage, but 2,000 J at 100 W 
would not raise the target temperature at all, depending always on the PD.
Key to table: P: Incident power (units as shown). SØ: spot size diameter (units as shown). [a]: irradiated area (in cm2). PD: power density in W/
cm2. t: exposure time (units as shown). E: energy (units as shown). ED: energy density in J/cm2. ∆α: graded bioeffects (+++, severe 
photodestruction; ++, medium photodestruction; +, mild and/or reversible photodestruction; –, photobiomodulation (LLLT).
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tional ablative laser resurfacing. However, if a single pass 
is made with the ablative mode of the Er:YAG, the epider-
mis will be cleanly ablated off the dermis, with very minor 
pinpoint bleeding as a good indicator that the dermis has 
been reached. The parameters are then altered to give 
a subablative effect with a larger spot size and a lower 
pulse energy, and several passes with overlapping are 
made through the epidermal window onto the exposed 
dermis: a coagulative effect will be achieved, similar to the 
CO2. Thus the benefit of the Er:YAG is maximized (clean 
ablation of the epidermis) with the benefit of the residual 
thermal damage left after CO2 laser resurfacing managed 
by knowing and using parameter-mediated photobiology.

Beam pulsewidth: from CW to picosecond domain
Fig. 4 illustrates the waveform of different pulsewidths, 

although strictly speaking gating or chopping a CW beam 
does not produce true pulses. In a CW system (Fig. 4A), 
when the footswitch is depressed, the laser is fired and 

remains firing at the set output power until the footswitch 
is released. CW systems can be set to produce a chopped 
beam with exposure intervals separated by interexposure 
intervals where the laser beam is off. CW emission is 
measured in seconds, with the shortest exposure limited 
to around 100 ms, or one-tenth of a second, with maxi-
mum power usually in tens of W.

The original ruby laser produced a true pulse of 1 ms or 
less, but it was a ragged-looking pulse owing to impuri-
ties in the ruby crystal with its peak power at the begin-
ning of the pulse, decaying with time (Fig. 4B). However, 
this peak power was much higher than in the case of the 
CW systems, measured in MW. 

A way was found to ‘tidy up’ the quality of the cavity (de-
noted by Q) through a method called Q-switching, where-
by the optical quality of the cavity is rapidly turned off by 
denying access of the energy in the cavity to one of the 
mirrors (which are essential for amplification by stimulat-
ed emission), and then restored.14 While the quality of the 
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cavity is spoiled the pumping energy continues to build up 
the spontaneous emission within in the cavity, but it has 
nowhere to go as lasing cannot occur so the build-up of 
power in the cavity is immense. When the optical quality 
is suddenly restored to the cavity, the built-up power is 
released in a single spike of very high peak power, with 
the pulse width in the nanosecond domain (Fig. 4C). The 
original Q-switching was achieved mechanically with a 
rotating prism which alternately removed and restored 
the quality of the cavity, switching it on and off and hence 
called Q-switching. Modern Q-switching is achieved with-
out any mechanical means giving shorter pulses in the 
single unit nanosecond domain. Not only did Q-switching 
tidy up the pulse characteristics, it also allowed signifi-
cantly higher peak powers per pulse in the GW range. As 
a subset of the Q-switched laser, by creating a train of Q-
switched pulses at an extremely high frequency separat-
ed by an interpulse interval orders of magnitude greater 
than the pulse width, each individual pulse is shorter than 
the thermal relaxation time of the target tissue, so in-
stead of ‘seeing’ the train of Q-switched peaks, the tissue 
‘sees’ the average power of the beam so the end result 
is delivery of power seen by the tissue in a range of watts 
similar to a CW output (Fig. 4D). This is termed quasi-CW, 
and was used to provide the superpulsed and ultrapulsed 
beams for CO2 lasers with extremely precise ablation and 
minimal charring. The next step was to design the cavity 
to deliver ultrashort pulses in the picosecond domain, and 
the picosecond laser (ps-laser) became commercially 
available. The effect of shortening the pulse width to the 
ps-domain allows the delivery of peak powers in the ter-
awatt (TW) range (Fig. 4E). Table 4 shows the dramatic 
effect on the peak power of shortening the pulse width 
in a beam with the same energy density of 1 J/cm2 com-
pared for exposures in the CW range all the way to the ps-
domain. The benefits of the ultrashort high peak power 
beam are better target selectivity with less dependence 
on pigment selectivity, better target destruction with ab-
solutely minimal damage to surrounding normal tissue.

Selective photothermolysis vs super-selective 
mechanolysis
The early days of laser photocoagulation depended on 

the creation of heat in the target tissue via absorption 
of the energy in the target chromophore. In the case of 
the visible light lasers, the target was blood, melanin, or 
some other abnormal pigment in the skin. In the case of 
the CO2 laser, it was tissue water. With the comparatively 
long exposure times available with the CW lasers (usually 
the minimum was 100 ms, 0.1 s, per shot), as the target 
slowly heated up it lost heat to the surrounding normal 
tissue thus creating a wave of secondary conducted heat. 
In the case of the visible light lasers, the effect was at 
least semi-selective with destruction of the target chro-
mophore but secondary coagulative damage to the sur-
rounding normal tissue. In the case of the CO2 laser, all of 
the target tissue was affected because tissue water was 
the chromophore.

In 1983, Anderson and Parrish published the theory of 
selective photothermolysis,15 whereby using a laser with a 
wavelength matched to a pigmented target’s action spec-
trum, and at a pulsewidth shorter than the thermal relax-
ation time (TRT) of the target, such as the pulse widths in 
the ns domain, gave an almost non-linear photothermal 
reaction with some photomechanical component which 
was confined to the target itself without spreading to the 
surrounding normal tissue. The target is destroyed, shat-
tered into smaller fragments, while the surrounding nor-
mal tissue is left unharmed. Another possible descriptive 
term for this is thermal lock-in.

The delivery of ultrashort pulses in the ps domain cre-
ates a different reaction which is based on the stress re-
laxation time of the target, and the shortening of the pulse 
width removes to some extent the pigment selectivity 
which was the hallmark of the selective photothermolysis 
approach.16 The energy absorbed by the target stresses 
the target in a more nonlinear fashion than the ns-domain 
laser so that the buildup of energy locked within the tar-
get in the ultrashort ns pulse disintegrates the target into 
finer particles than the ns-domain laser, with no damage 
to surrounding normal tissue. The other possible name 

Table 4. Demonstration of the dramatic influence on power density compared by pulse width and the same energy density

Exposure time (units as shown) Energy density (J/cm2) Peak power density (units as shown) Terminology

1.0 s 1.0 J/cm2 1 W/cm2 watt – W
1.0 ms 1.0 J/cm2 1,000 W/cm2 kilowatt – kw
1.0 µs 1.0 J/cm2 1,000,000 W/cm2 megawatt – MW
1.0 ns 1.0 J/cm2 1,000,000,000 W/cm2 gigawatt – GW
1.0 ps 1.0 J/cm2 1,000,000,000,000 W/cm2 terawatt – TW
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for this approach is the stress lock-in reaction.
At present systems are commercially available de-

livering 450 ps or 350 ps. However, these are not what I 
would call ‘true’ ps-lasers, because compared to a 5 ns 
Q-switched laser, the current ps-lasers are delivering 
0.45 or 0.35 ns. It is correct to say that the majority of the 
reaction locked within the target is photomechanical but 
there is still a photothermal element, and at the current 
ps pulsewidths ‘color-blindness’ has not yet been com-
pletely achieved. Multiple wavelengths are still therefore 
required when treating multicolor tattoos. However, once 
systems are available with pulsewidths in the tens of ps 
or even in single unit ps, then the picosecond laser will 
become much more like the magic wand which at pres-
ent they are not. The ps laser is definitely still a work of art 
in progress.

NON-LASER SYSTEMS

So far I have talked mostly about lasers, but some at-
tention has to be paid to the non-laser light-based sourc-
es, namely intense pulse light systems, and low level light 
therapy with light-emitting diode (LED)-based systems.

Intense pulsed light
Intense pulsed light (IPL) systems are based around a 

gas-filled flashlamp mounted in the system handpiece, 
usually xenon gas, pumped with a charge of high voltage 
electrical energy stored in a capacitor.17 Fig. 5 illustrates 
the basic components of any IPL system. IPLs deliver a 
powerful pulse of polychromatic light, extending from the 
near-IR to the shorter blue visible wavelengths, as shown 
in Fig. 6. Any ultraviolet light is filtered out before the light 
energy is delivered to the target tissue. IPL systems are 
often confused with lasers, but they deliver noncoherent 

light. Some degree of target selectivity is obtained by us-
ing precise filters to ‘cut off’ the unwanted visible wave-
lengths. Typical filters might be as follows: blue at 420 nm 
(acne); green at 510 nm (pigmented dyschromia, vascular 
work); yellow at 590 nm (pigmented dyschromia, vascular 
lesions in darker skin types); red at 620 nm (fine vessels, 
hair removal in lighter skin); deep red at 670 nm (hair 
removal in darker skin types and skin rejuvenation); and 
near IR at 710 nm (skin rejuvenation). 

What has to be remembered is that these are simply 
cut-off filters, and do not deliver monochromatic light: 
the 420 nm filter will cut off any wavelengths shorter than 
that, but the light energy still spans from the near-IR all 
the way to the 420 nm cut-off point, and every wavelength 
in between (Fig. 7). At the other IR end of the spectrum, 
most unfiltered IPL lamps produce some high peaks in 
the near-IR from the 1,400 nm point. These longer com-
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Fig. 5. The anatomy of a typical intense pulsed light (IPL) system.
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Fig. 7. Typical final polychromatic but semiselective beam from an 
IPL with a cut-off filter at 510 nm and a cut-on filter at 950 nm. This 
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Fig. 6. Full spectrum of an IPL flashlamp discharge, from near-
infrared to ultraviolet.
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ponents of the near-IR waveband do nothing in tissue 
other than produce heat, so many systems incorporate a 
cut-on filter to limit the near-IR from 950 nm or so, where 
there is still some pigment selectivity with minimal heat-
ing.

IPL systems were originally very basic, but have ben-
efitted from technological advances which have improved 
the characteristics of the beam produced. The features of 
the total discharge type of flashlamp, whereby all of the 
electrical energy stored in the device capacitor is released 
at once, impose a wavelength shift on the spectral output 
of the light produced by the lamp which moves over the 
period of the pulse from IR to blue and back to IR, known 
as spectral jitter. When a single pulse of light is actually 
composed of a train of from 2 to 5 pulses separated by 
an interpulse interval, this problem becomes worse. This 
is not the optimum distribution of energy delivered to 
the skin and can lead to unexpected results owing to the 
change in the spectral pattern of the light reaching the 
skin. Other systems use a different technology whereby 
the flashlamp is continuously kept in a simmer mode. 
When the electrical charge is generated by the system to 
fire the flashlamp it produces time resolved spectral dis-
tribution over the duration of the pulse which eliminates 
the problem caused by spectral jitter.18 Older systems, 
and some newer ones with older technology, produce 
a more Gaussian-looking beam with hotspots. This will 
obviously create an uneven tissue response with the de-
velopment of possible hotspots and tissue damage. This 
problem is reolved with square bean technology which 
delivers the light energy homogeneously over the treated 
area under the light guide.19 Most commercially available 
IPL systems benefit from one or the other of thse tech-
nologies, but only a very few offer both.

IPL systems in the hands of trained experts can pro-
duce excellent and safe results, and because of the wide 
range of indications, IPL systems are favoured by smaller 
clinics who perhaps do not have the budget to buy a num-
ber of laser systems with appropriate wavelengths. On 
the other hand, IPL systems are often found in the beauty 
salon market, being operated by therapists with insuf-
ficient training and therefore pose a potentially serious 
safety problem.

Light-emitting diode-low level light therapy 
Referring back to Fig. 1, the outermost zone in that 

figure depicts an area of athermal and atraumatic light-
tissue reactions which occur simultaneously with the 
photosurgical damage zones, and which serve to photo-
activate the cells in that tissue to help with wound healing 

and repair. When it was discovered that it was the ‘L’ (light) 
of laser energy that was allowing early adopters of the 
CO2 surgical laser to experience less inflammation and 
oedema compared with the same procedure performed 
by the conventional scalpel, clinicians’ and researchers’ 
thoughts turned towards developing systems which could 
achieve only that photobiomodulatory activity without any 
heat or damage. Reports appeared as early as the late 
1960s and early 1070s about the successful treatment 
of nonhealing crural ulcers with a very low output 10 
mW HeNe laser from the late Professor Endré Mester 
working in Semmelweis University, Budapest.20,21 Mester 
called this effect ‘laser biostimulation’, and it heralded 
the beginning of dedicated laser systems being used for 
wound healing and pain attenuation throughout the 1970s 
into the 1980s. However, the science behind the practice 
was lacking so credibility was very low.

The HeNe lasers were very low-powered, so that treat-
ment times to deliver useful doses were very long. To ob-
tain more efficient treatment with higher power densities, 
defocused surgical lasers were often used for laser ther-
apy. A 3 W CW Nd:YAG at 1,064 nm proved very effective in 
pain attenuation used with spot sizes of 2 cm in diameter 
or larger. At 2 cm in diameter, the power density of the 
laser enters the mW/cm2 level (955 mW/cm2). The litera-
ture suggests that PDs can go as high as around 5 W/cm2 
without inducing any temperature rise over a prolonged 
period of exposure.22 PDs over that level over longer ex-
posures will induce some form of photothermal reaction, 
which does not fulfill the criteria of laser therapy as an 
athermal and atraumatic reaction. PDs of under 5 W/cm2 
can therefore be regarded as purely phototherapeutic.

Low level laser therapy: Eventually in the late 1970s 
and early 1980s, diode laser-based systems were also 
used, with 830 nm becoming a popular wavelength, and 
supplanting the stalwart 632.8 nm of the HeNe laser.23 
Finally in 1988 the term ‘low level laser therapy’ (LLLT) 
appeared in the literature, coined by myself.24 LLLT is 
defined as a direct energy exchange between photons ab-
sorbed by the target cell which boost the cell energy pool, 
photoactivating the cell.

The basic process of photoactivation as defined by the 
eminent photobiologist Tiina Karu of the Moscow Acad-
emy of Sciences involves absorption of photon energy by 
a cell followed by signal transduction and amplification 
within the cell, resulting in the photoresponse.14 Visible 
light elicits a photochemical response through activation 
of the mitochondria within the cell, specifically though cy-
tochrome c oxidase (CcO) at the end of the mitochondrial 
respiratory chain. This induces production of adenosine 
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triphosphate (ATP), fuel for the cell and for the organism. 
Near-IR light on the other hand induces a photophysical 
response in the cell membrane, finally resulting in ATP 
production from the mitochondria. The end result of both 
visible and near-IR light is therefore the same: a photoac-
tivated cell.25 These concepts are illustrated in Fig. 8. If the 
photoactivated cell is damaged or compromised, it will be 
repaired. If it has a job to do, it will do it better, and if there 
are not enough of a particular cell type, others will be re-
cruited in or proliferation will occur, One, two or all three 
things can happen in an LLLT-treated area.

Enter the light-emitting diode: Diode laser LLLT was 
extremely popular in the 1990s and proved effective par-
ticularly for wound healing and pain attenuation, particu-
larly in Russia, Japan and Korea, and to a lesser extent 
in Australia and the UK, however application was almost 
always manually with a hand-held probe of some kind, 
point by point, and could be very clinician-intensive. Light-
emitting diodes (LEDs) were suggested as possibly being 
able to be mounted in probes or arrays, but LEDs at that 
time were certainly cheap and cheerful but had low and 
unstable output powers, were highly divergent and had a 
wide waveband often spanning tens of nm. It was easy to 
find a red LED, but almost impossible to source a narrow-
band 633 nm LED. This changed in 1998, with the devel-
opment in the US NASA Space Medicine Laboratory of a 
new generation of LEDs, nicknamed the ‘NASA LED’.25 

These had output powers 5 orders of magnitude better 
than existing LEDs, had a stable output, were much less 
divergent and, although not monochromatic like lasers, 
had good quasimonochromaticity enabling laser-like tar-
get selectivity (Fig. 9). A new and viable source had joined 
the phototherapy armamentarium.26

The new generation LEDs have strong inherent advan-
tages over other light sources: 
•	They	are	very	efficient,	requiring	a	small	DC	input	to	
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generate a lot of light and therefore with low running 
costs.

•	They	can	be	mounted	in	large	planar	arrays,	enabling	
irradiation of large areas of the body, like the face, in 
one session and in a hands-free manner. This makes 
them very therapist nonintensive.

•	Because	they	are	solid-state	diodes	they	have	no	fila-
ments nor need flashlamps. They therefore generate 
very little heat as a source of energy loss.

•	They	have	powerful	and	stable	output	powers,	capa-
ble of delivering strong photon intensity to the target 
tissue.

•	They	are	quasimonochromatic,	and	although	they	are	
noncoherent, over 98% of the delivered photons are 
at the rated wavelength giving excellent and laser-like 
target selectivity.

•	LED-LLLT	is	safe,	effective	easy	to	apply,	pain-	and	
side-effect free and is well tolerated by patients of all 
ages, from infants to centenarians.

In the past 15 years, more and more articles are ap-
pearing in the literature on the efficacy of LED-LLLT. If a 
PubMed search is run using LLLT as the keyword, over 
4,000 hits will appear and a growing percentage of these 
are for LED-LLLT. Now the acronym is still LLLT, but it 
stands for ‘low level LIGHT therapy’, because LEDs have 
made such an impact in many medical specialities.27

One of the most popular indications has proved to be 
wound healing of all types of wounds, acute or chronic, 
ulcers, burns and surgical wounds.28 Both soft and hard 
tissues respond well with acceleration of the wound heal-
ing time. Inflammation is resolved quickly, and infection, 
both bacterial and viral, is controlled.29 Pain attenuation 
is a powerful indication with success reported in acute 
and chronic pain, arthroses, neuralgias, and herpes zos-
ter.30 Photorejuvenation with LED-LLLT is proving very 
popular.31,32 Sports medicine is another fast-growing 
field, and one study reported that return to play was 
halved in injured athletes treated with 830 nm LED-LLLT 
compared with best standard care.33 The most popular 
wavelength for all indications appears to be 830 nm be-
cause of its deep penetration as seen in Fig. 2 above, and 
also because of the different cell types in the wound heal-
ing cycle which respond best to 830 nm compared with 
other wavelengths.34 Although very powerful on its own, 
LED-LLLT becomes even more interesting when it is 
used in combination with any other aesthetic or cosmetic 
approach. The synergy between the treatments ensures 
a better result faster, with satisfied patients. LED-LLLT is 
here to stay, and is constantly growing in indications to-
gether with a solid body of good scientific evidence.

CONCLUSIONS

Photosurgery and photomedicine have dramatically 
expanded in a pan-speciality way in the almost 6 decades 
since the first laser was successfully oscillated in 1960, 
and can be delivered with laser and non-laser devices. 
Medical lasers emit coherent, monochromatic light, and 
can precisely incise, excise, vaporize and coagulate tissue: 
however, they are also capable of producing therapeutic 
levels of incident light with correct parameters, i.e. ather-
mal and atraumatic LLLT, the original low level laser 
therapy. Depending on a short or ultrashort pulse width 
and appropriate parameters they can satisfy the criteria 
of selective photothermolysis, or selective mechanoly-
sis, and selectively remove pigmented targets. Intense 
pulsed light systems emit polychromatic and noncoher-
ent light, which can be modulated with cut-off filters to 
give semiselectivity, and therefore do not totally fulfil the 
criteria of selective photothermolysis, but can be used 
for a range of indications including photorejuvenation, 
removal of dyschromia and small vascular lesions, and 
hair removal. LEDs emit quasimonochromatic but nonco-
herent light at very low incident power densities, and are 
therefore only capable of being used for LLLT, low level 
light therapy, for a vast range of wound healing and pain 
attenuation applications, as well as photorejuvenation. It 
is important to realize that all of these systems depend on 
the properties of light, and therefore in order to use them 
appropriately with safety and efficacy, the clinician must 
fully understand the complex photobiological principles 
governing light-tissue interaction. Based on this under-
standing, the expert clinician will be able to use these sys-
tems in a synergistic combination, because combination, 
together with the photobiological understanding, is the 
key to maximizing the enormous potential of photosur-
gery and photomedicine as a work of art, ars medicinae, 
still in progress.
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