1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Lasers Surg Med. 2010 August ; 42(6): 450-466. doi:10.1002/Ism.20950.

Effect of Pulsing in Low-Level Light Therapy

Javad T. Hashmi, MD1, Ying-Ying Huang, MDL:2.3 sulbha K. Sharma, MScl, Divya
Balachandran Kurup, MDL, Luis De Taboada, MSEE#, James D. Carroll®, and Michael R.
Hamblin, PhD1:2,5.6,%

Iwellman Center for Photomedicine, Massachusetts General Hospital, Boston, Massachusetts

?Department of Dermatology, Harvard Medical School, Boston, Massachusetts
3Aesthetic and Plastic Center of Guangxi Medical University, Nanning, PR China
4PhotoThera, Inc., Carlshad, California

5THOR Photomedicine Ltd, 18A East Street, Chesham HP5 1HQ, UK

SHarvard-MIT Division of Health Sciences and Technology, Cambridge, Massachusetts

Abstract

Background and Objective—Low level light (or laser) therapy (LLLT) is a rapidly growing
modality used in physical therapy, chiropractic, sports medicine and increasingly in mainstream
medicine. LLLT is used to increase wound healing and tissue regeneration, to relieve pain and
inflammation, to prevent tissue death, to mitigate degeneration in many neurological indications.
While some agreement has emerged on the best wavelengths of light and a range of acceptable
dosages to be used (irradiance and fluence), there is no agreement on whether continuous wave or
pulsed light is best and on what factors govern the pulse parameters to be chosen.

Study Design/Materials and Methods—The published peer-reviewed literature was reviewed
between 1970 and 2010.

Results—The basic molecular and cellular mechanisms of LLLT are discussed. The type of pulsed
light sources available and the parameters that govern their pulse structure are outlined. Studies that
have compared continuous wave and pulsed light in both animals and patients are reviewed.
Frequencies used in other pulsed modalities used in physical therapy and biomedicine are compared
to those used in LLLT.

Conclusion—There is some evidence that pulsed light does have effects that are different from
those of continuous wave light. However further work is needed to define these effects for different
disease conditions and pulse structures.
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INTRODUCTION

Since the introduction of low-level laser (light) therapy in 1967, over two hundred randomized,
double-blinded, and placebo-controlled phase 11 clinical trials have been published from over
a dozen countries. Whereas there is some degree of consensus as to the best wavelengths of
light and acceptable dosages to be used, there is no agreement on whether continuous wave
(CW) or pulsed wave (PW) light is more suitable for the various applications of LLLT. This
review will raise (but not necessarily answer) several questions. How does pulsed light differ
from CW on the cellular and molecular level, and how is the outcome of LLLT affected? If
pulsing is more efficacious, then at what pulse parameters is the optimal outcome achieved?
In particular, what is the ideal pulse repetition rate or frequency to use?

PULSE PARAMETERS AND LIGHT SOURCES

There are five parameters that could be specified for pulsed light sources. The pulse width or
duration or ON time (PD) and the pulse Interval or OFF time (PI) are measured in seconds.
Pulse repetition rate or frequency (F) is measured in Hz. The duty cycle (DC) is a unitless
fractional number or %. The peak power and average power are measured in Watts.

Pulse duration, pulse repetition rate, and duty cycle are related by the simple equation:

DC=F x PD

Peak power is a measure of light intensity during the pulse duration, and related to the average
power (measured in Watts) by:

Average power=Peak power X F X PD

Alternatively,

Average power

Peak =
eak power D

In all cases, it is necessary to specify any two out of three of: PD, F, and DC, and either the
peak or average power for the pulse parameters to be fully defined.

Figure 1 graphically shows the relationship between peak power and pulse duration.

TYPES OF PULSED LIGHT SOURCES

Five major types of pulsed lasers (or other light sources) are commonly utilized: (1) Q-
switched, (2) Gain-switched, (3) Mode-locked, (4) Superpulsed, and (5) Chopped or gated.
Each utilizes a different mechanism to generate light in a pulsed as opposed to continuous
manner, and vary in terms of pulse repetition rates, energies, and durations. However the first
three classes of “truly” pulsed lasers mentioned above are in general not used for LLLT; instead
superpulsed or gated lasers are mainly used. The concept of super-pulsing was originally
developed for the carbon dioxide laser used in high power tissue ablative procedures. The idea
was that by generating relatively short pulses (psecond) the laser media could be excited to
higher levels than those normally allowed in CW mode where heat dissipation constraints limit
the maximum amounts of energy that can be used to excite the lasing media. With the original
carbon dioxide superpulsed lasers, the short pulses would confine the thermal energy in the
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tissue (by making the pulse duration less than the thermal diffusion time) reducing collateral
thermal damage to normal tissue.

Another type of laser that particularly benefited from super-pulsing is the gallium-arsenide
(GaAs) diode laser. This laser has a wavelength in the region of 904-nm and pulse duration
usually in the range of 100-200 nanoseconds. Another semiconductor laser amenable to
superpulsing is the indium-gallium-arsenide (In-Ga-As) diode laser. It emits light at a similar
wavelength (904-905-nm) as the GaAs diode laser, producing very brief pulses (200
nanoseconds) of high frequencies (in the range of kilohertz). These pulses are of very high
peak powers (1-50 W) and an average power of 60 mW. Theoretically, the super-pulsed GaAs
and In-Ga-As lasers allow for deep penetration without the unwelcome effects of CW (such
as thermal damage), as well as allowing for shorter treatment times.

The other major class of pulsed light sources used in LLLT are simply CW lasers (usually
diode lasers) that have a pulsed power supply generated by a laser driver containing a pulse
generator. This technology is described as “chopped” or “gated.” It is also equally feasible to
use pulse generator technology to pulse LEDs or LED arrays [1].

WHY COULD PULSING BE IMPORTANT IN LLLT?

Pulsed light offers numerous potential benefits. Because there are “quench periods” (pulse OFF
times) following the pulse ON times, pulsed lasers can generate less tissue heating. In instances
where it is desirable to deliver light to deeper tissues increased powers are needed to provide
adequate energy at the target tissue. This increased power can cause tissue heating at the surface
layers and in this instance pulsed light could be very useful. Whereas CW causes an increase
in temperature of the intervening and target tissues or organ, pulsed light has been shown to
cause no measurable change in the temperature of the irradiated area for the same delivered
energy density. Anders etal. administered pulsed light to pig craniums, and found no significant
change in temperature of the scalp or skull tissue (J.J. Anders, personal communication). Ilic
et al. [2] found that pulsed light (peak power densities of 750 m\W/cm?) administered for 120
seconds produced no neurological or tissue damage, whereas an equal power density delivered
by CW (for the same number of seconds) caused marked neurological deficits.

Aside from safety advantages, pulsed light might simply be more effective than CW. The
“quench period” (pulse OFF times) reduces tissue heating, thereby allowing the use of
potentially much higher peak power densities than those that could be safely used in CW. For
example, when CW power densities at the skin of >2 W/cm? are used, doubling the CW power
density would only marginally increase the treatment depth while potentially significantly
increasing the risk of thermal damage; in contrast, peak powers of >5 W/cm? pulsed using
appropriate ON and OFF times might produce little, or no tissue heating. The higher peak
powers that can be safely used by pulsing light can overcome tissue heating problems and
improve the ability of the laser to penetrate deep tissues achieving greater treatment depths.

There may be other biological reasons for the improved efficacy of pulsed light (PW) over
CW. The majority of the pulsed light sources used for LLLT have frequencies in the 2.5-10,000
Hz range and pulse durations are commonly in the range of a few millisecond. This observation
suggests that if there is a biological explanation of the improved effects of pulsed light it is
either due to some fundamental frequency that exists in biological systems in the range of tens
to hundreds of Hz, or alternatively due to some biological process that has a time scale of a
few milliseconds. Two possibilities for what these biological processes could actually be occur
to us. Firstly, it is known that mammalian brains have waves that have specific frequencies
[3]. Electroencephalography studies have identified four distinct classes of brain waves [4,5].
Alpha waves (813 Hz) occur in adults who have their eyes closed or who are relaxed [6]. Beta
waves (14-40 Hz) mainly occur in adults who are awake, alert or focused [7]. Delta waves (1-
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3'Hz) occur mainly in infants, adults in deep sleep, or adults with brain tumors [8]. Theta waves
(47 Hz) occur mainly in children ages 2-5 years old and in adults in the twilight state between
sleeping and waking or in meditation [9]. The possibility of resonance occurring between the
frequency of the light pulses and the frequency of the brain waves may explain some of the
results with transcranial LLLT using pulsed light.

Secondly, there are several lines of evidence that ion channels are involved in the subcellular
effects of LLLT. Some channels permit the passage of ions based solely on their charge of
positive (cationic) or negative (anionic) while others are selective for specific species of ion,
such as sodium or potassium. These ions move through the channel pore single file nearly as
quickly as the ions move through free fluid. In some ion channels, passage through the pore is
governed by a “gate,” which may be opened or closed by chemical or electrical signals,
temperature, or mechanical force, depending on the variety of channel. lon channels are
especially prominent components of the nervous system. Voltage-activated ion channels
underlie the nerve impulse and while transmitter-activated or ligand-gated channels mediate
conduction across the synapses.

There isalot of literature on the kinetics of various classes of ion channels but in broad summary
it can be claimed that the time scale or kinetics for opening and closing of ion channels is of
the order of a few milliseconds. For instance Gilboa et al. [10] used pulses having a width 10
milliseconds and a period of 40 milliseconds (25 Hz). Other reports on diverse types of ion
channels have given kinetics with timescales of 160 milliseconds [11], 3 milliseconds [12] and
one paper giving three values of 0.1, 4 and 100 milliseconds [13]. Potassium and calcium ion
channels in the mitochondria and the sarcolemma may be involved in the cellular response to
LLLT [14-16].

Thirdly there is the possibility that one mechanism of action of LLLT on a cellular level is the
photodissociation of nitric oxide from a protein binding site (heme or copper center) such as
those found in cyctochrome c oxidase [17]. If this process occurs it is likely that the NO would
rebind to the same site even in the presence of continuous light. Therefore if the light was
pulsed multiple photodissociation events could occur, while in CW mode the number of
dissociations may be much smaller.

PENETRATION DEPTH

The most important parameter that governs the depth of penetration of laser light into tissue is
wavelength. Both the absorption and scattering coefficients of living tissues are higher at lower
wavelength so near-infrared light penetrates more deeply that red and so on. It is often claimed
that pulsed lasers penetrate more deeply into tissue than CW lasers with the same average
power. Why exactly should this be so? Let us suppose that at a certain wavelength (for instance
810-nm) the depth of tissue at which the intensity of a laser is reduced to 10% of its value at
the surface of the skin is 1-cm. Therefore if we are using a laser with a power density
(irradiance) of 100 mW/cm? at the skin, the power density remaining at 1 cm below the skin
is 10 mW/cm? and at 2-cm deep is 1 mW/cmZ2. Now let us suppose that a certain threshold
power density (minimum number of photons per unit area per unit time) at the target tissue is
necessary to have a biological effect and that this value is 10 mW/cm?. The effective penetration
depth at CW may be said to be 1-cm. Now let us suppose that the laser is instead pulsed with
a 10-milliseconds pulse duration at a frequency of 1 Hz (DC = 1 Hzx0.010 seconds = 0.010)
and the same average power. The peak power and peak power densities are now 100 times
higher (peak power = average power/DC = average powerx100). With a peak power density
of 10 W/cm? at the skin, the tissue depth—at which this peak power density is attenuated to
the threshold level of 10 mW/cm?—is now 3-cm rather than 1-cm in CW mode. But what we
have to consider is that the laser is only on for 1% of the time so the total fluence delivered to
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the 3-cm depth in pulsed mode is 100 times less than that delivered to 1-cm depth in CW mode.
However it would be possible to increase the illumination time by a factor of 100 to reach the
supposed threshold of fluence as well as the threshold of power at the 3-cm depth. In reality
the increase in effective penetration depth obtained with pulsed lasers is more modest than
simple calculations might suggest. Many applications of LLLT do not require deep penetration
such as tendinopathies and joint pain.

Similarly, deep penetration is often not required to alleviate joint pain. The target tissue in such
cases is the synovia; with the exception of back, neck, and hip, most joints have readily
accessible synovia. Bjordal et al. [19] conducted a review of literature and concluded that
“superpulsed” lasers (904 nm) were not significantly more effective than CW lasers (810-830
nm); both types of laser achieved similar results, but half the energy was needed to be used for
superpulsed lasers. On the other hand, deeper penetrance is needed to reach back, neck, and
hip joints. If power densities greater than a few mW/cm? are to be safely delivered to target
tissues >5 cm below the skin, it appears likely that this can only be done by using pulsed lasers.
It is postulated that successful LLLT treatments in such joints bring benefit not by reaching
the deep target tissue but by inhibiting superficial nociceptors. In other words, they bring relief
primarily by attenuating pain perception, as opposed to decreasing inflammation. Does deeper
penetration via pulsed lasers offer any significant benefit over CW? It is quite possible that a
relatively higher fluence is necessary to attenuate pain, whereas a lower fluence decreases
inflammation. If this is indeed the case, for musculo-skeletal applications achieving higher
doses at the level of the target tissue may not be ideal. Further studies must be done to confirm
this hypothesis, as well as to determine if there is any real benefit to the deeper penetration
attained by pulsed lasers. Muscles such as the biceps and rectus femoris are not small organs,
and have quite deep target tissue. Yet, various studies have shown significant improvement
with CW lasers and CW LED. It remains to be seen whether or not pulsed lasers offer any
additional advantage. Similarly, depression [20] and stroke studies [21] using LLLT have
demonstrated that CW LED’s and CW lasers (respectively) produce a beneficial therapeutic
effect. There are reports from Anders’ laboratory that fluences as low as 0.1-0.2 J/cm? may
be optimal for cells in the brain [22]. However, further studies must be done to determine
whether pulsed light, with higher peak power densities deeper into the brain tissues, might
increase the effectiveness of these therapies.

STUDIES COMPARING CW AND PW

In this review thirty-three studies involving pulsed LLLT were examined. Of these studies,
nine of them directly compared continuous wave (CW) with pulsed wave (PW) light, as
recorded in Table 1. Six of these nine studies found PW to be more effective than CW. One
study comparing CW and PW found both modes of operation to be equally effective, with no
statistically significant difference between the two. Only two of the nine articles reported better
results with CW than PW, although in both of these studies PW treated subjects were found to
have better outcomes than placebo groups. One of the recurring limitations of the papers in
this review was that like for like irradiation parameters were not used. For instance, Gigo-
Benato et al. [23] found CW superior to PW in nerve regeneration, but is this because of the
mode of operation (CW or PW) or because the CW laser used 808 nm and the pulsed laser
used 905 nm?

Of the six studies that found PW to be more effective than CW, four of them involved the use
of LLLT to cure the following pathologies in vivo: wound healing, pain, and ischemic stroke.
The two remaining studies reported pulsing to be beneficial in vitro; in the first such study,
PW promoted bone stimulation more so than CW. The other in vitro study comparing CW and
PW found the latter mode of operation better able to penetrate through melanin filters,
indicating that pulsing may be beneficial in reaching deep target tissue in dark-skinned patients.
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In the wound healing study, Kymplova et al. [24] used a large sample size of women to study
the effects of phototherapy on wound repair following surgical episiotomies (one of the most
common surgical procedures in women). A pulsed laser emitted light (wavelength of 670 nm)
at various frequencies (10, 25, and 50 Hz). The pulsed laser promoted wound repair and healing
more so than the CW light source.

In the pain study, Sushko et al. [25] investigated the role of pulsed LLLT to attenuate pain in
white male mice. The same wavelength of light was used as in Kymplova et al.’s study (670
nm), with the frequencies of 10, 600, and 8,000 Hz. Both modes of delivery (CW and PW)
reduced the behavioral manifestations of somatic pain as compared to controls, but pulsed light
(10 and 8,000 Hz in particular) was more effective.

The two studies involving pulsed LLLT and stroke were both done by Lapchak et al. [26].
Ischemic strokes were induced in rabbits, and a pulsed laser with a wavelength of 808 nm was
used. In the first study, two frequencies of pulsed light were used (100 and 1,000 Hz), both of
which reduced neurological deficits more so than CW. Accordingly, pulsed LLLT may play a
major role in the management of stroke patients. Lapchak et al.’s second study attempted to
prove the hypothesis that LLLT’s neuroprotective effect following stroke was a result of
enhanced mitochondrial energy production (increased ATP synthesis) [27]. As with the
previous study, LLLT was administered following stroke induction. CW radiation raised
cortical ATP levels but was unable to bring them back to baseline. PW radiation, on the other
hand, not only mitigated the effects of stroke on cortical ATP levels, but was able to raise
cortical ATP levels to higher than those found in healthy rabbits (those in which stroke was
not induced). This study provides valuable insight into one of the potential cellular and
molecular mechanisms behind the enhanced neurogenesis (and improved clinical outcomes)
observed in subjects receiving transcranial LLLT following stroke.

One of the nine studies reviewed found CW and PW to be equally effective in the promotion
of wound healing. This study compared the effects of a CW laser (632.8 nm) and a PW laser
(904 nm) on the promotion of wound healing in rabbits. Both lasers improved tensile strength
during wound healing, but did not significantly improve wound-healing rates. A combined
laser (CW+PW) was also tested. All three of the laser regimens improved tensile strength to a
similar extent.

As mentioned earlier, there were nine studies that compared CW and PW, only two of which
found CW to be more effective. These two studies involved wound healing and nerve
regeneration respectively. Al-Watban and Zhang [28] study involved rats that were inflicted
with aseptic wounds. The rats were divided into three groups: a control group, those irradiated
with continuous wave light, and those irradiated with pulsed light at various repetition rates
(100, 200, 300, 400, and 500 Hz). Of the pulse repetition rates administered, 100 Hz was the
most efficacious and 500 Hz the least. Both CW and PW (635 nm) promoted wound healing,
but CW was more efficacious. These results conflict with earlier studies that found pulsed light
to be more beneficial in the promotion of wound healing. However, it should be noted that the
difference between CW and PW treated subjects was small (a relative wound healing rate of
4.81 as compared to 4.32).

The second study that found CW to be more effective than PW involved nerve regeneration.
There were three articles involving nerve regeneration, all of which found pulsed LLLT to be
ineffective, as discussed in the section below entitled “Studies Involving Nerve Conduction
and Regeneration.” Of these three, only Gigo-Benato et al. [23] compared CW (808 nm) and
PW (905 nm). This study involved rats in which the left median nerve was completely
transected and then repaired by end-to-end neurorrhaphy. The CW laser (808 nm) promoted
faster nerve and muscle recovery than the pulsed laser (905 nm). However, Gigo-Benato also
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tested a combination of the CW and pulsed lasers, finding this to be the most effective of all.
In other words, seven of the nine studies comparing CW and PW found pulsing to play a
beneficial role. Only one of the nine studies found no role of PW, and even in this study the
benefit of CW over PW was minimal.

STUDIES INVOLVING THE USE OF COMBINED LASERS (CW+PW)

We reviewed three studies, as recorded in Table 2, which investigated the role of a combined
laser (using both CW and PW). Of these, only Gigo-Benato’s study compared the combined
laser to stand alone CW or PW. This study has been discussed in the above section: the
combined laser was found to be effective in stimulating nerve regeneration, more so than CW
or PW alone.

The two other studies used a combined laser (CW and PW) to administer laser acupuncture,
along with Transcutaneous Electrical Nerve Stimulation (TENS), to patients with symptoms
of pain. Naeser et al. [29] administered this “triple therapy” to patients suffering from carpal
tunnel syndrome (CTS). Eleven patients with mild-to-moderate symptoms of CTS were
selected, all of who had failed to respond to standard medical or surgical treatment regimens.
Subjects were divided into two groups, one of which received sham irradiation and the other
that received a combined treatment of LLLT (CW and pulsed) and TENS. As compared to
controls, the treated group experienced statistically significant improvement and remained
stable for 1-3 years. The results of this study are promising, and indicate a possible role of
LLLT and TENS in the conservative management of CTS.

Ceccherelli et al. [30] administered laser acupuncture to patients suffering from myofascial
pain. In this double-blinded placebo controlled trial, patients received either the same “triple
therapy” as in the Naeser et al. study (CW, PW, and TENS) or sham irradiation, every other
day over the course of 24 days. Results were encouraging, with the treatment group
experiencing a significant improvement in symptoms, both immediately after the treatment
regimen and at a 3-month follow up visit.

In both preceding studies, the combined regimen of CW, PW, and TENS was compared to
untreated controls, and found to be effective. However, neither study compared CW and PW
or administered CW, PW, or TENS individually. As such, it is difficult to determine whether
standalone CW or PW would have produced similar results, or if the combined regimen (along
with TENS) was necessary.

STUDIES EVALUATING THE USE OF PULSED LASERS

Of the 33 studies reviewed, 21 of them compared PW treated subjects with untreated controls,
as reported in Table 3. Of these, fourteen studies found pulsed LLLT to be effective, whereas
seven of them found PW treated subjects to have no benefit over untreated controls. Only one
study found PW to have a worse outcome than controls. Of the fourteen studies that found
pulsed LLLT to be effective, seven involved the promotion of wound healing, four involved
the attenuation of pain, two involved the promation of bone and cartilage growth respectively,
and one involved the treatment of a very rare condition (hyperphagic syndrome caused by
traumatic brain injury). Of the seven studies that found no benefit to pulsed light, three involved
the promotion of nerve conduction, two involved the promotion of nerve regeneration, and the
remaining two involved the attenuation of pain.

Studies Comparing Various Pulse Repetition Rates

If pulsed LLLT is effective (or ineffective), then what pulse repetition rates are to be used (or
avoided)? Ten of the 33 articles reviewed tested and compared various repetition rates, as
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reported in Table 4. Four of these studies involved the use of pulsed LLLT to promote wound
healing. Longo et al. [31] used the pulse repetition rates of 1,500 and 3,000 Hz, and found only
the latter setting to promote wound healing. Korolev et al. [32] similarly used two pulse
repetition rates, 500 and 3,000 Hz. In this case, both were found to be effective but 500 Hz was
more so. Al-Watban and Zhang [28] compared five different pulse repetition rates (100, 200,
300, 400 and 500 Hz), finding 100 Hz to be the most effective and 500 Hz the least. el Sayed
and Dyson [33] compared four different pulse repetition rates (2.5, 20, 292, and 20,000 Hz),
and found only the two middle values (20 and 292 Hz) beneficial. The more effective pulse
repetition rates in these four studies were very disparate, including 20, 100, 292, 500, and 3,000
Hz (a range of 20-3,000 Hz).

Two studies compared the role of various pulse repetition rates in the attenuation of pain.
Ponnudurai et al. [34] used laser photobiostimulation to decrease pain levels in rats, and
investigated the effect of using various pulsing frequencies (4, 60, and 200 Hz). The rat tail-
flick test was utilized, and tail-flick latencies were measured at five intervals between 30
minutes and 7 days following irradiation. The pulsing frequency of 4 Hz increased pain
threshold rapidly but very transiently, whereas 60 Hz produced a delayed but longer lasting
effect. On the other hand, 200 Hz failed to produce any hypoalgesic effect whatsoever. Sushko
et al. [25] conducted a similar experiment, using mice instead of rats. The center of pain was
irradiated (610-910 nm) for 10 minutes with either CW or pulsed light (10, 600, and 8,000
Hz). Both modes of delivery (CW and pulsed) reduced the behavioral manifestations of somatic
pain as compared to controls, but pulsed light was more effective. In particular, 10 and 8,000
Hz produced the best effect. The more effective pulse repetition rates from these two studies
(involving pain attenuation) included 4, 10, 60, and 8,000 Hz (a range of 4-8,000 Hz), and the
less effective pulse repetition rates included 200 and 600 Hz.

Lapchak et al. [26] not only compared CW and PW, but also pulsed light at two different
repetition rates, P1 (1,000 Hz) and P2 (100 Hz). Ischemic strokes were induced in rabbits, and
the neuroprotective effects of LLLT were assessed via behavioral analysis 48 hours post-stroke.
Both P1 (1,000 Hz) and P2 (100 Hz) produced a similar effect (superior to CW).

Rezvani et al. [35] studied the use of low level light therapy to prevent X-ray induced late
dermal necrosis. An X-ray dose of 23.4 Gy is known to invariably cause dermal necrosis after
10-16 weeks. This dose was delivered to pigs, which were then treated with LLLT for several
weeks using various wavelengths (660, 820, 880, and 950 nm) pulsed at either 2.5 or 5,000
Hz. Light pulsed at 2.5 Hz did not reduce the incidence of dermal necrosis. On the other hand,
light pulsed at 5,000 Hz significantly reduced (P = 0.001) the incidence to 52% when given
6-16 weeks after irradiation.

Of the 10 articles reviewed that compared various pulse repetition rates, two of them involved
in vitro experiments. Brondon et al. [36] undertook a study to determine if pulsing light would
overcome the filtering effects of melanin. Melanin filters were placed in front of human HEP-2
cells, which were then irradiated for 72 hours (670 nm wavelength) with either CW or pulsed
light at various repetition rates (6, 18, 36, 100, and 600 Hz). Both cell proliferation and oxidative
burst activity, were increased in the group treated with pulsed light, indicating that pulsed light
is indeed better able to penetrate melanin rich skin. Specifically, cell proliferation was maximal
at 100 Hz at 48 and 72 hours (n = 4, P<0.05), and oxidative burst was maximal at 600 Hz (n
= 4, P<0.05).

Ueda and Shimizu [37] studied the effects of pulsed low-level light on bone formation in vitro.
Osteoblast-like cells were isolated from fetal rat calvariae; one group was not irradiated at all,
another was irradiated with continuous wave light, and the third group with pulsed light at three
repetition rates (1, 2, and 8 Hz). As compared to the control group, both CW and PW light
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resulted in increased cellular proliferation, bone nodule formation, alkaline phosphatase (ALP)
gene expression, and ALP activity. Pulsed light at 2 Hz stimulated these factors the most.

Out of all 10 articles that compared various pulse repetition rates, the following pulse repetition
rates were found to be beneficial: 2, 10, 20, 100, 292, 500, 600, 1,000, 3,000, 5,000, and 8,000
Hz. In this wide range of frequencies (28,000 Hz), no particular frequencies stood out as being
particularly more or less useful than others.

STUDIED INVOLVING WOUND HEALING

Ten studies out of the 33 involved LLLT’s role in the promotion of wound healing, as recorded
in Table 5. Only two of these studies compared CW and PW. Kymplova et al. [24] found pulsed
LLLT to promote wound healing over CW, whereas Al-Watban and Zhang [28] found CW to
be slightly more effective than PW. Both studies used light of a similar wavelength (670 vs.
635 nm), although the pulse repetition rates used by Kymplova et al. were lower (10-50 Hz
vs. 100-500 Hz in Al-Watban et al.’s study). The energy densities applied were also different
(2 Jlem?2 vs. 1 Jlcm?).

Every study reviewed found pulsed LLLT effective in promoting wound healing (as compared
to untreated controls), including the Al-Watban et al. study. Six of these studies used light in
the wavelength range of 820-956 nm, and four in the range of 632.8-670 nm. Once again, a
wide range of frequencies were used (2.5-20,000 Hz), most of which were found to promote
wound healing. (Tested frequencies included 2.5, 5, 8.58, 10, 15.6, 20, 25, 31.2, 50, 78, 80,
287, 292, 500, 700, 3,000, 4,672, 9,000, and 20,000 Hz). Most of these articles also reported
energy densities, usually in the range of 1-2 J/cmZ.

STUDIES INVOLVING NERVE CONDUCTION AND REGENERATION

We reviewed three articles evaluating the role of pulsed LLLT in the promotion of nerve
conduction, and another three involving nerve regeneration, as reported in Table 6. Unlike the
studies involving wound healing where positive outcomes were reported, all six of these studies
reported negative outcomes with pulsed light. Five of these studies found PW to have no
statistically significant effect on outcome, whereas one of them found PW to have a deleterious
effect. There was no study that directly compared CW and PW in regards to nerve conduction.
Walsh et al. [38] conducted a study with 32 human volunteers to determine if pulsed LLLT
would influence nerve conduction in the superficial radial nerve. Action potentials were
measured pre- and post-irradiation (at 5, 10, and 15 minutes). No significant difference was
appreciated between control and treatment groups, indicating that LLLT with those particular
pulsing parameters and dosimetry had no specific neurophysiologic effects on nerve
conduction. Bagis et al. [39] and Comelekoglu et al. [40] obtained similar negative results using
frog nerves. Walsh et al. used a wavelength of 820 nm, whereas Bagis et al. used a 904 nm
laser. All three studies tested pulse repetition rates within the range of 1-128 Hz.

Similarly, the nerve regeneration studies reviewed reported negative outcomes. Chen et al.
[41] found PW to have a counterproductive effect, reducing nerve regeneration as compared
to untreated controls. Only one study compared CW with PW, and found the former to be
superior to the latter. However, the combined laser (CW+PW) was superior to CW alone,
indicating that there might in fact be a role of pulsing in nerve regeneration.

STUDIES INVOLVING PAIN ATTENUATION

Nine of the thirty-three studies involved pulsed LLLT’s role in the attenuation of pain, as
reported in Table 7. Of these, only one of them directly compared CW and PW. This study was
conducted by Sushko et al. [25] and found that although both CW and PW decreased pain
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levels, PW was more effective. This study also determined that pulse repetition rates of 10 and
8,000 Hz were more effective than 600 Hz. Ponnudurai et al. [34] similarly compared various
pulse repetition rates (4, 60, and 200 Hz). A rapid but transient analgesic effect was exhibited
with 4 Hz, whereas a delayed but longer lasting effect was achieved with 60 Hz. On the other
hand, 200 Hz failed to produce any analgesic effect whatsoever.

Two of the studies used a combined laser (CW+PW) along with TENS; both found the
combined regimen to be effective. The five remaining studies compared pulsed LLLT with
untreated controls. Three of these studies found pulsed LLLT to be effective, whereas two did
not. Of the nine total studies on pain attenuation, seven found pulsed LLLT to be effective in
its role of attenuating pain. Only two studies found no statistically significant effect. However,
it should be noted that both of these involved pain of a different nature than commonly tested
in pulsed LLLT studies. The first of these was by Craig et al. [42] and involved the use of
pulsed LLLT to relieve the symptoms of delayed-onset muscle soreness (DOMS). DOMS
refers to the feeling of pain and muscle stiffness that can result 1-3 days after intense sporting
activity such as weightlifting. This pain is duller in quality than that tested in the other studies.
The second study that showed no benefit to pulsed LLLT, published by de Bie et al. [43],
involved the treatment of lateral ankle sprains.

STUDIES INVOLVING ISCHEMIC STROKE

Table 8 records the two studies that involved pulsed LLLT and stroke. In the first study, PW
but not CW decreased neurological deficits when delivered six hours post-stroke. Two pulse
repetition rates were tested (100 and 1,000 Hz) and found to be equally effective. On the other
hand, both CW and PW produced no benefit if delivered 12 hours post-stroke, indicating that
timely administration of LLLT is essential.

The second study investigated the possible mechanisms behind the neuroprotective effect of
LLLT. It was postulated that LLLT enhances mitochondrial energy production (and ATP
synthesis), which allows for enhanced neurogenesis. This hypothesis was tested using the rabbit
small clot embolic stroke model (RSCEM). Four groups of rabbits were used: (1) a naive
control group which was neither embolized or irradiated, (2) a placebo group which was
embolized and sham irradiated, (3) an embolized group which was irradiated with CW (808
nm), and (4) an embolized group which was irradiated with pulsed light (808 nm) at two
different frequencies. Forty-five percent less cortical ATP was measured in the second group
(placebo) as compared to the first (naive), confirming the hypothesis that ischemic strokes
decrease cortical mitochondrial energy. All laser irradiated groups were able to mitigate this
effect. CW radiation managed to raise the cortical ATP levels by 41%, whereas PW
administration raised these levels by over 150%. Surprisingly, this was even higher than the
cortical ATP content measured in naive rabbits that had never suffered stroke.

OTHER APPLICATIONS OF PULSED MODALITIES IN BIOMEDICINE

Many of the modalities of treatment employed in biomedicine and physical therapy are used
in pulsed format [44]. Electricity, electromagnetic fields and ultrasound are applied with
particular pulse structures. It may be possible to gain some insight into the effect of pulsing
structures in LLLT by a brief review of the other pulsed modalities. Transcutaneous electrical
neural stimulation (TENS) is the application of pulses of electric current to the skin [45]. This
application stimulates the brain and has been used for the treatment of various psychological
and neurological conditions, including Parkinson’s, epilepsy, chronic pain, depression, and
neuromuscular rehabilitation. Frequencies usually fall between 5 and 25 Hz, but may range
from 2 to 80 Hz [46]. Deep brain stimulation (DBS) is a surgical treatment involving the
implantation of a brain pacemaker, a medical device that sends electrical impulses to specific
parts of the brain. DBS has the potential to provide substantial benefit to patients suffering
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from a variety of neurological conditions, including epilepsy, Parkinson’s disease, dystonia,
Tourette’s syndrome, and depression [47]. The Food and Drug Administration (FDA) approved
DBS at 130 Hz as a treatment for essential tremor in 1997, for Parkinson’s disease in 2002,
and dystonia in 2003. Pulsed electromagnetic field (PEMF) therapy has been used for a wide
range of conditions, including bone healing and regeneration [48], osteoporosis [49], arthritis
[50] wound healing and pain [51], carpal tunnel syndrome [52], spinal cord injury [53], nerve
regeneration [54], soft tissue injuries [55], and cancer [56]. Frequencies used for these
conditions range from 1 Hz (“low”) to 200 Hz (“high”). Transcranial magnetic stimulation
(TMS) is a noninvasive method used to excite neurons in the brain. Weak electric currents are
induced by butterfly coils positioned above the head. TMS has been approved for the treatment
of resistant depression in several countries and is under investigation for migraine [57], aphasia
[58], and tinnitus [59]. Low-intensity pulsed ultrasound (LIPUS) utilizes a non-thermal
mechanism of action, which can be used to promote bone healing by inducing the expression
of growth factors and prostaglandins, which stimulate osteoblasts, chondrocytes and fibroblasts
[60].

CONCLUSION

There has been remarkably little information available in the peer-reviewed literature on the
rationale for using pulsed lasers or pulsed light in LLLT rather than CW. Moreover there is no
consensus on the effects of different frequencies and pulse parameters on the physiology and
therapeutic response of the various disease states that are often treated with laser therapy. This
has allowed manufacturers to claim advantages of pulsing without hard evidence to back up
their claims.

CW light is the gold standard and has been used for all LLLT applications. However, this
review of the literature indicates that overall pulsed light may be superior to CW light with
everything else being equal. This seemed to be particularly true for wound healing and post-
stroke management. On the other hand, PW as a solo treatment may be less beneficial than
CW in patients requiring nerve regeneration. This could possibly be explained by the
mechanism of action LLLT that can either cause cell stimulation or cell inhibition or both
stimulation and inhibition at the same time on different cell types. It is possible that stimulation
in neurons is desired to promote neurogenesis following stroke (increased mitochondrial
synthesis of ATP results in more energy for neurons to regenerate themselves), whereas
inhibition of inflammatory cells, inhibition of immune response or inhibition of the glial scar
may also occur at the same time. The logic in favor of PW is that cells may need periods of
rest, without which they can no longer be stimulated further.

Considering that the biology of LLLT is known to be complex, it is likely that there may several
optimal sets of pulse parameters and that these may relate to the specific wavelengths and
chromophores and may well also be affected by other optical properties of tissues.

It was impossible to draw any meaningful correlations between pulse frequency and
pathological condition, due to the wide-ranging and disparate data. As for other pulse
parameters, these were in general poorly and inconsistently reported. It is suggested that future
researchers consistently report the following parameters: wavelength, frequency, duty cycle,
peak power, average power, peak power density, average power density, and energy density.
Careful reporting of these values would make it easier for future reviewers to find useful
patterns. Furthermore, a concerted effort should be made to use like-for-like parameters when
comparing CW and pulsed lasers. This limitation notwithstanding, this review indicates that
pulsing will continue to play an important role in LLLT especially for applications where deep
tissue penetration is required. Nevertheless, much more research remains to be done at both
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basic science and clinical levels before the role of pulsing in LLLT becomes clear and
completely understood.
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Conceptual diagram comparing the structure of CW with pulsed light of various pulse
durations.
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