The importance of coherence in phototherapy
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ABSTRACT

The importance of coherence in phototherapy has been questioned over the last two decades, with the arguments largely
being based on; 1) Lasers are just convenient machines that produce radiation, 2) It is the radiation that produces the
photobiological and/or photophysical effects and therapeutic gains, not the machines, and 3) Radiation must be absorbed
to produce a chemical or physical change, which results in a biological response.
Whilst these conclusions are, in essence, true, they neglect to account for the effects of laser speckle in vivo. In a
proportion of individual laser speckles the intensity is higher than the surrounding environment, and the light is partially
linearly polarized. This is important because the probability for a photon absorption event to occur largely depends on
intensity and the photon absorption cross section of the molecule (which in turn is influenced by polarization and several
other factors).
In superficial tissue, where the photon flux is high (less absorption has taken place), it is easy to reach necessary power
density thresholds without the benefits of laser speckle. However, in deep tissue where the photon flux is extremely low,
the increased probability of photon absorption from individual laser speckles increases the probability of reaching the
necessary power density thresholds. Because of the non-coherent nature of radiation from light/IR emitting diodes
speckle does not occur in the tissue with LED therapy, which may explain why head-to-head comparisons between lasers
and LEDs in deep tissue seem to be in favor of lasers, and super-pulsed lasers in particular.
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INTRODUCTION
It has become commonplace for manufacturers of non-laser light therapy devices to paraphrase as “light is light” the
conclusions drawn in articles by Smith [1, 2], commented by Hode [3], and Enwemeka [4, 5]. The basic premise of the
arguments was that the principal mechanism of phototherapy is photon absorption, and that it makes no difference [in the
fundamental photochemical process] whether the light is coherent or not [6].
These arguments have been supported by in vitro studies [7, 8] as well as in vivo studies on wound healing [9] and other
superficial indications [10] that seemingly indicate that LED phototherapy is as effective as laser phototherapy. On the
other hand, several comparative studies have shown that laser phototherapy appears to be more effective than LED
phototherapy in the treatment of deeper indications [11, 12], as well as in in vitro [13] and wound healing studies [14].
The question that needs to be answered in this context is how coherence could influence the photobiological response,
since it is the degree of coherence that is the main difference between narrow-band LED’s and lasers. Coherence means
“order”, or synchronicity, and may be defined as a property of a wavelike state that enables it to exhibit interference. In
the context of light, the interference causes laser speckles to form. This speckle field contains areas/volumes of higher
and lower intensity (Fig. 1).

Figure 1. A b/w photograph of a speckle intensity pattern. Note that the areas of higher intensity represent constructive interference,
and dark areas represent destructive interference. The average speckle size is in the order of a few micrometers. Photo by L. Hode.

The intensity differences that occur in a speckle field are important. Several studies indicate that the effects of phototherapy depend not only on energy density [15, 16 and references therein], exposure time [17], and wavelength [15], but
also on intensity [15, 18, 19].
The intensity thresholds have been shown to be in the order of 5-15 mW/cm2 for monochromatic light sources, and the
biological responses either below or above these intensities appear to be limited. The exact reason as to why such
intensity thresholds exist in phototherapy is not well investigated, and is outside the scope of this paper.
The thresholds can be viewed as the minimum rate (flux) at which photons need to be absorbed [by the target molecules]
to reach a certain photo biological effect. The photon absorption rate depends on photon density (intensity) and
absorption cross section of the target molecule. The photon absorption cross section, in turn, mainly depends on the
wavelength, redox state, polarization, and to some extent the temperature of the chromophore.
In this study we discuss how coherence may play an important role in reaching the given intensity thresholds in deep
tissue, and we propose an explanation as to why non-coherent light appears to be comparably effective to laser
phototherapy in vitro and in superficial tissue, but not in deep tissue. Along similar lines we also show why super-pulsed
lasers are likely to be the most efficient type of laser for direct phototherapeutic effects in deep tissue.

MATERIALS AND METHODS
The speckle simulations were based on the following:
The first order statistics of a fully developed speckle pattern are characterized by the exponential probability distribution
function,
(1)
where µ is the mean intensity. This is the case for either objective or subjective speckle in the case of polarized
illumination. A synthetic speckle pattern [20] displaying these statistics is shown in Fig. 2a. For such a speckle pattern
the contrast is

(2)
One might inquire as to the probability that the intensity at some point within the speckle field exceeds a particular value.
The formula above provides an easy means of exploring this issue. Specifically, the probability that the intensity exceeds
some number, it is simply

(3)
Figure 2b shows the regions of the synthetic speckle field meeting this criterion for it =µ. For this case, approximately
0.37 of the field exceeds the mean intensity. Similarly, Figs 2c and 2d show the results for it =2µ (0.14 fraction) and it
=5µ (0.007 fraction).
Now in the general case of partially polarized illumination, it’s straightforward to show that the corresponding
probability density is [21]

(4)
where again µ is the mean intensity and D is the global degree of polarization defined as

(5)
and µx and µy are respectively the mean intensities in the x- and y-directions. Here, the intensity contrast is

(6)
and the probability of exceeding a particular threshold is

(7)
As an example, for completely unpolarized illumination, D = 0 and one can show that

(8)
So for completely unpolarized illumination we have

(9)
Thus the probability of exceeding a given threshold is generally less than for polarized illumination.
Now consider the case in which the surface of a scattering medium (viz. skin) is illuminated with a polarized quasimonochromatic source. The superficial layers can be assumed to experience polarized illumination. But as the light
propagates deeper into the skin the light becomes depolarized. This effect is observed for example in OCT B-scans. As
one moves from the top to the bottom of the B-scan, the speckle contrast evolves from unity (corresponding to polarized
illumination near the surface) to
as the illumination becomes completely unpolarized at the deeper layers.
The next factor to consider, aside from the intensity distribution, is the local degree of polarization. As an example,
consider the addition of two statistically independent, equal intensity speckle patterns. Although the global degree of
polarization is zero, the local degree of polarization can depart substantially from this value. This is illustrated by the
pattern shown in Fig. 3a. This is a display of the local degree of polarization for the superposition of two statistically
independent speckle patterns. For this particular example, the global polarization was D = 0.057 because the mean
intensities differed slightly.
It can be shown that the probability distribution for the local degree of polarization for this case is given by

(10)
Figure 3b shows the local distribution for degree of polarization for this particular example. Note that although the global
degree of polarization is small, the local degree of polarization spans the entire range.

RESULTS
The results of the simulations of speckle intensity and degree of polarization are presented in Figures 2 and 3 below.

Figure 2. Simulation of intensity distribution of a speckle field in a highly scattering media (such as tissue). a) Polarized speckle
pattern (see also fig. 2 below) with exponential intensity statistics. b) Regions with intensity greater than mean. c) Regions with
intensity greater than 2 x mean. d) Regions with intensity greater than 5 x mean.

Figure 3. Simulation of degree of polarization in a speckle field. a) Complex spatial distribution of the degree of polarization
somewhat similar to a speckle pattern. b) Distribution of the theoretical vs. actual degree of polarization.

DISCUSSION
Is coherence lost in tissue?
Before any speckle-effects in tissue can be discussed it is important to clarify that coherence is not lost in a scattering
media (such as tissue), only reduced. The fact that coherence is not lost upon the light entering the tissue can be
demonstrated by a simple experiment [16], first demonstrated by L. Hode at The Ninth Congress of the International
Society for Laser Surgery and Medicine in Los Angeles in 1991 in response to claims that coherence is entirely lost upon
being diffusely spread in tissue [22, 23, 24].
Anyone owning a red laser (for example a HeNe laser) can observe that coherence is not lost by conducting this simple
experiment:
1) Press newly-minced fresh beef, e.g. raw hamburger meat, between two glass plates so that a 5 - 10 mm thick slab of
minced beef is formed.
2) Aim the light from a 5 - 10 mW red laser at the glass plates with the minced beef slab as shown in Fig. 4. A red spot on
the back of the minced beef will appear where the light has penetrated.
3) Place a small flashlight beside the laser so that the front end is pressed against the surface of the glass. The flashlight
emits normal white light. This light also penetrates the minced beef and forms a light spot beside the one caused by the
laser. The spot from the flashlight will also be red (red light is less absorbed than the other visible wavelengths).
4) Study both the red light-spots on the back of the slab from a distance of a few meters. The laser light-spot shows clear
laser speckles, whereas the spot from the flashlight has no laser speckles. It is thus evident that coherence is not lost as the
laser light penetrates the meat.

Figure 4. Light spots on the back side of a slab of mince meat through which the light from a HeNe laser and a flashlight has
penetrated. The upper left spot originates from the HeNe laser, and the lower right spot originates from the flashlight. Both spots are
red after their passage through the meat, which shows that red light has the best penetration of the visible light wavelengths. Infrared
radiation penetrates even better. The figure shows that coherence of the laser light is not lost as the light penetrates the meat. The laser
speckles can be clearly seen, and it is obvious that there is a difference between laser light and the light from a flashlight.

Figure 5. Illustration of the difference in effective penetration between coherent and non-coherent light-sources. For any given power
density threshold (for example 5 mW/cm2) there will be a depth at which the average intensity will be lower than the required power
density for phototherapeutic effects to take place. However, in the case of coherent light (where a speckle field is present), there will
be individual speckles with intensities of up to 5× the average intensity, which means that tissue situated deeper than the average
power density threshold cut-off will be exposed to power densities above the phototherapeutic threshold. In other words, the effective
penetration depth of coherent light-sources (i.e. lasers) is greater than for non-coherent light-sources (e.g. LED’s).

Intensity distribution in tissue
The modeling of the speckle intensity distribution (Fig. 2) shows that intensities of up to five times the mean intensity
will randomly occur in the speckle field. As demonstrated above, the coherence is not lost when tissue is illuminated with
a laser, which means that a 3-dimensional speckle pattern (with intensity distributions as shown in Figure 2) will appear
in the tissue during laser phototherapy, but not when non-coherent light sources are used.
Because of these intensity distributions, the speckle pattern has a significant impact on the effective penetration depth of
in vivo laser phototherapy (Fig. 5) since it becomes easier to reach the required intensity thresholds (see below).
Polarization effects in a speckle field
However, it is not only the intensity that differs between coherent and non coherent light penetrating into tissue. The
laser speckles so formed also differ from non coherent light of the same intensity – it is locally polarized, or, at least,
partially polarized. Speckles are a result of interference and interference only occurs if the interfering light is copolarized and has some degree of coherence. If the E-fields contributing to the intensity at a single point are not aligned,
there will be no constructive or destructive interference, i.e., no speckle. The laser speckles are formed also if the
penetrating light from the illuminating laser is not polarized.
The simulation presented in Figure 3 explores the statistics of the superposition of two orthogonally polarized
statistically independent speckle patterns, specifically with regard to the degree of polarization. The simulation shows
that the degree of polarization has a complex spatial distribution that looks somewhat like a speckle pattern, and the first
order statistics are uniform. The results of the simulations suggest that even though an incident polarized beam becomes
depolarized by the time it reaches a few transport mean-free paths as it penetrates the tissue, there still remains a
complex spatial distribution of polarized light deep within the tissue (Fig. 3).

The importance of the polarization effects in tissue is two-fold. Horvath and Donko [25] measured the intensity
differences in a speckle field, and concluded that although the actual temperature differences are low (in the order of
micro-degrees), the thermal microgradients are very steep, which has the effect of increasing the rate of diffusion in
accordance with Fick’s equations. More relevant for the present study, however, is the polarization dependence for
chromophore photon absorption cross section. Tolkachev [26] compared chromophore excitation in non-polarized vs.
polarized light, and concluded that the maximum excitation occurs when the polarization vector is parallel to the
direction of the dipole moment of the chromophore (or close to it). Tolkachev [26] concluded that on an orientationally
stable, fixed individual chromophore the excitation effect is two times larger than the effect of non-polarized light. In
other words, the probability for photon absorption (cross section) is polarization-dependent and up to two times as high if
the direction of the polarized light is aligned with the dipole moment of the molecule.
Combining the effects of the intensity distribution and polarization patterns in tissue, it can be concluded that the rate of
photon absorption may increase with up to an order of magnitude compared to non-coherent light sources. In tissue,
where the light absorption is high, these effects have a significant impact on the effective penetration depth. If a loss of
average intensity of (for example) 90% per cm is assumed (this number is only used as an example since the penetration
will vary significantly depending on wavelength and tissue type), an increased rate of photon absorption of up to an order
of magnitude will increase the depth at which direct phototherapeutic thresholds are reached by up to a centimeter. In a
clinical setting, this increased effective depth of penetration can make the difference between having to rely on systemic
effects vs. getting direct effects in the target tissue.
Superpulsing
Another factor that is typical for lasers, rather than LEDs and other non-coherent sources, is the ability to produce pulses
with very high peak power. By so-called super-pulsing it is possible to simultaneously have high momentary photon
density and low average power, thus giving low thermal influence. A continuous source for the same photon density
would create a high temperature. A typical super-pulsed laser is the GaAs type laser (904 nm) with pulse lengths around
100-200 ns and peak powers up to 25-100 watts (Fig. 6). As a consequence of the high peak powers, the intensity in the
tissue increases with an additional 1-2 orders of magnitude.

Figure 6. Diagram of a super-pulsed GaAs laser pulse profile. Typical pulse widths range between 100-200 ns, with peak powers of
up to 100 W. The average output power is significantly lower and generally range between 5 and 100 mW.

Biostimulating effects have also been noticed from skin treatment by means of IPL instruments. IPL instruments are
wide band flash light devices, usually used for hair removal. The pulses from said devices are usually of rather high
power (pulse energies of sometimes up to 100 joules over a surface of typically 3 cm2 i.e. an energy density of >30
J/cm2) and with typical pulse lengths of 3-5 ms. In the case of broad band light sources higher power densities (150-300
mW/cm2) and energy densities (20-30 J/cm2) are required [18], possibly because the relative intensity of the portion of
the spectrum that is absorbed by the target molecules needs to be high enough to reach the 5-15 mW/cm2 threshold.

CONCLUSION
Our simulations suggest that intensities of up to five times the mean intensity occur in a speckle field. Together with the
fact that polarization patterns occur in speckle fields (independent of whether the light was originally polarized), and that
the photon absorption cross section is polarization dependent and up to two times more effective if the polarization
vector is aligned with the dipole moment of the target photoreceptor molecule, the rate of photon absorption can locally
be up to an order of magnitude higher if a coherent light-source is used instead of a non-coherent light-source. Also, if a
super-pulsed laser is used (e.g. GaAs laser, with peak powers between 5 and 100 W), intensities of additional 1-2 orders
of magnitude will occur in the tissue. These observations are important for the clinical application of phototherapy. In
deep tissue the intensity is lost to such an extent (as the light passes the tissue above) that it becomes hard to reach the
necessary intensity thresholds of 5-15 mW/cm2 [15, 18, 19]. With coherent light sources, and super-pulsed lasers in
particular, the photon absorption rate is increased by up to 2-3 orders of magnitude, which translated into a clinical
setting means an increased effective penetration depth of an additional 2-3 cm compared to non-coherent light sources.
These observations could also explain why LED phototherapy in many cases appears to be comparable to laser
phototherapy for superficial indications such as wound healing [9], but not as effective as laser phototherapy in cases of
deeper-seated indications [11, 12]. In LED phototherapy of superficial tissue (e.g. wounds, in vitro, etc) the intensity-loss
is not so much of a factor, and as a consequence it becomes easier to reach the required intensity thresholds than it is to
reach the given thresholds in deep tissue.
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