LB P2HHIBIBIX] Vol 21, No. 1, 1996

Effects of low reactive level laser irradiation (LLLI)
on the wound infected with Staphylococcus aureus
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I. Introduction

LASER is an acronym stands for Light
Amplication by the Stimulated Emission of
Radiation. Einstein provided the basic theory
of the laser in 1917. Maiman, who was a
physicist at Hughes Research Laboratories,
produced a ruby-laser which became the first
true laser.” Laser light is transmitted through
tissue, reflected from it, scattered within or
absorbed by tissue. When a high power laser
beam strikes target tissue, it is absorbed and
causes a sharp rise in temperature of the
irradiated tissue. The tissue structure is either
destroyed or permanently altered.

On the other hand,scattered or transmitted
beam of low power laser is ultimately abs-

orbed in the cellular level and produce non
thermal effects; no alteration in tissue struc-
ture and reaction below the destructive thre-
shold. This reaction can be referred to as Low
reactive-level laser irradiation(LLLI). LLLI is
a new, internationally accepted name for bio-
stimulation by low energy lasers in order to
achieve therapeutic desired effects and a rev-
ersible form of laser therapy without tissue
destruction. A popular benchmark for defining
a LLLI system is an output power of less than
100 mW. LLLI is commonly regarded as safe
for the irradiation of skin.”

Various studies on low reactive level laser
(LLL) have been performed to investigate the
therapeutic benefits of laser irradiation on
wounds or lesions. Mester et al.”’ reported that
the healing of total skin defects that artificially
created on the back of white mice was signifi-
cantly accelerated by the irradiation of ruby
laser. Mester hypothesized that the beneiicial
interference of laser energy is related to an
activation of the enzymes that was essential in
the healing process. This was based on his
observation of the beneficial effect of laser
irradiation on the various stages of healing in
32 patients suffering from a variety of skin
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lesions. Palmieri” reported that an increased
activity of myofibroblasts might also be
responsible for a quicker closure of the wound.

Chavrier et al® also stated that the infra-
red GaAs laser has biostimulation effect. They
proposed that the LLL irradiation may stimu-
late the protein and DNA synthesis to acce-
lerate the proliferation of gingival fibroblast.
The interest for laser therapy applied in hea-
ling of post-traumatic lesions and myopathies
has recently increased for the investigation of
the molecular basis for explaining therapeutic
effects of LLL5®

The treatment of different pathological con-
ditions with LLL irradiation has also been
interested, LLLI has shown positive therapeu-
tic effects on recurrent aphthous stomatitis
acute herpetic stomatitis, exudative erythema
multiforme and gingivitis.'”

In 1987, Lee and Kim' reported that LLLI
was effective in reducing gingival inflamma-
tion. They compared the irradiated and non-
irradiated gingiva microscopically and micro-
biologically and concluded that the irradiated
gingiva and the ratio of motile rods and
spirochetes in the gingival sulcus were signi-
ficantly decreased. They also suggested that
LLLI have biostimulation effects on the gro-
wth of bacterial cells as well as tissue cells.

Kim et al. confirmed that LLLI also have the
biostimulation effect on the growth of Strep-
tococcus mutans,”” Candida albicans', in the
specific irradiation dose and time. The authors,
therefore, concluded that LLLI has the biosti-
rmulation effects on the microorganisms as well
as the tissue cells.

Lee et al'? reported an animal study in
which LLLI is applied in an infected wound. It
was suggested that the acceleration healing of
infected wound following LLLI indicates that
the cellular activity due to the biostimulation
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effect of LLLI in the surrounding normal tissue
predominates over the tissue irritation due to
the bacterial growth in the infected wound.
The purpose of this study was to compare the
effect of central and peripheral irradiation for
the wound infected with S. qureus. It was hyp-
othesized that the promotion of healing in the
infected wound following LLLI is due to an
increase in the cellular activity via the biostim-
ulation of LLLI in the surrounding normal tissue
as well as the tissue irritation via an increase
in the bacterial growth in the infected wound.

II. Materials and Methods
Materials

Laser Apparatus

The laser used in this work was the
BIOLASER(Dong Yang Medical, Seoul, Korea)
using GaAs semiconductor as a diode. It is a
pulsed infrared laser apparatus with a wav-
elength of 904nm and peak output power is 27
W. Pulsed lasers used in this study were pulse
7 (500 Hz, 1 mW of average output power),
pulse 9 (1500 Hz, 3 mW of average output
power) pulse 11 (P11, 3000Hz, 6mW average
output power), pulse 13 (P13, 6000Hz, 14mW
average output power) and pulse 15 (10000 Hz,
27 mW of average output power).

Microorganism

Staphylococcus aureus used in this study
were obtained from Department of Clinical
Pathology, Shoonchunhyang Cheon-An Hos-
pital, Choongnam Korea. The cells were acti-
vated two times before this experiment was
done.

Culture medium
Culture medium (BHI) was prepared with



calf brains infusion from 200g, beef heart
infusion from 250g, proteose peptone 10g,
bacto dextrose 2g, sodium chloride 5g, dis-
odium phosphate 2.5g in 1000ml of distilled
water (pH 7.0). A single colony of S. aureus
developed on the plate of the stock culture
medium was transferred to 20 ml of the seed
culture medium and incubated in a rotary
shaking incubator at 25. The seed culture was
inoculated into 100 ml of the medium. Tem-
perature was controlled to 25 and culture pH
was maintained to 7.0.

Animal

Healthy Sprague-Dawley female rats at ap-
proximately the same stage of oestrus weigh-
ing 250 to 300g were used.

Culture flask

Special flasks were made to allow repeated
consistent measurement of the optical den-
sities(OD). A pyrex tube (20ml) was attached
to the neck of a standard Erlenmeyer flask
(300ml) at an angle of about 25 as show in
schematically in Figure 1.

Spectrophotometer

To evaluate the growth of S. qureus, spectr-
ophotometer (Spectronic 20, Bausch and Lomb,
Rochester, NY) was used to measure the optical
density of cell culture broth. The spectrophoto-
meter was set at 600nm. Reference liquid was
identical brain heart broth media without ceils.

Measuring Apparatus for wound contrac-

tion size

Reflector projector(Reflecta Reflecta GmbH
Co., Germany) was used to trace the wound
size and Planimeter(Keuffel & Esser Co. Ger-
many) was used to measure the wound area
traced in the tracing paper.

Laser
Probe

13 cm

300m flask

Figure 1: Schematic illustration of the relation-
ship between the laser probe and the
cell culture flask.

Methods

A variety of studies were performed to inv-
estigate the most proliferative pulse for S.
aureus and to compare the effects of central
and peripheral irradiation for the infected
wound healing. These studies were categori-
zed into two parts; Part I on the proliferation
of S. aureus and Part II on the healing of
infected wound.

Part |: Effect of LLL irraidation on the
proliferation of S. aureus.

1. Experiment for the proliferation of S.
aureus according to the pulse types
Twelve S. aureus cultures were used in this
experiment. The cultures were randomly divid—
ed into 6 groups and coded according to the
pulsing frequency: P7 (500Hz), P9 (1.5kHz), P11
(3kHz), P13 (6kHz), P15 (10kHz), and shame
~irradiated control (Co) groups. The probe was
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fixed vertically on a stand about 13 cm distant
from the middle position of the base of the flask
(Figure 1). After the inoculation of the seed
culture, samples were irradiated for 1 minute at
the beginning of experiment and then every 4
hours for 48 hours of cell growth and the optical
density was measured using the spectrophoto-
meter at the same time interval. All samples
were cultivated in a shaking incubator (100
rpm) at 30 in the dark.

Energy densities of all experimental groups
for each irradiation, P7, P9, P11, P13, and P15
were 1.06, 3.17, 6.35, 1481 and 2856 m]/cm2,
respectively.

2. Experiment for the proliferation of S. au-
reus according to the interval of irradi-
ation

This experiment was performed to investi-

gate the effect of LLLI according to the inter-
val using the most proliferative pulse (P13)
proved in the 1st experiment. Twelve samples
were used in this experiment. The samples
were randomly divided into 6 groups and
coded according to the irradiation interval and
the irradiation time: Hr2-1m (2 hour interval
and 1 minute irradiation), Hr4d-2m (4 hour
interval and 2 minute irradiation), Hr6- 3m (6
hour interval and 3 minute irradiation), Hr8-
4m (8 hour interval and 4 minute irradiation),
Hr12-6m (12 hour interval and 6 minute
irradiation), and Co {control) groups. After the
inoculation of the seed culture, samples were
irradiated from the beginning of experiment for
48 hours of cell growth according to the irradi-
ation interval and time. OD was measured
using the spectrophotometer every 4 hours.
Energy densities of samples for each irradia-
tion, Hr2-1m, Hr4- 2m, Hr6-3m, Hr8-4m, and
Hr12-6m, were 14.81, 29.62, 44.43, 59.24, and
83.86 mJ/cm” respectively, but total energies of
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groups for 48 hours of the experiment were
same, 35544 m]/cm’.

3. Experiment for the proliferation of S
aureus according to the irradiation times
This experiment was performed to investi-
gate the effect of LLLI according to irradiation
time on the proliferation of S. aureus. The pulse
and the interval used in this experiment was
P13 (6000Hz, 14mW average output power) and
4 hours proved as the most proliferative pulse
and the most effective interval for S. aureus in
the previous experiment.

The samples were randomly divided into 5
groups and coded according to the irradiation
time: Hr4-1m (4 hour interval and 1 minute
irradiation), Hr4-2m (2 minute irradiatin), Hr4
-3m (3 minute irradiation), Hr4-4m (4 minute
irradiation), and Co (control) groups. After the
inoculation of the seed culture, samples were
irradiated from the beginning of experiment for
48 hours of cell growth according to the irradi-
ation time. OD was measured every 4 hours.
Energy densities of samples for each irradi-
ation, Hr4-1m, Hr4-2m, Hr4-3m, and Hr4-4m,
were 14.81, 29.62, 4443, and 59.24 m]/cm?2
respectively.

Part |I: Effect of central and peripheral
irradiation of LLL for the wound
infected with S. aureus

1. Experiment on the healing effect of peri-
pheral LLLI for the infected wound
The animals were intramuscularly anesth-
etized with 1 mg/100 g of Ketalar (Ketamin
HCI, 10 mg/ml, Parke-Davis & Co, U.S.A.) and
0.3 mg/100 g of Rompun (Xylazine, 20 mg/ml,
Bayer, Korea). Following anesthesia, both left
and right gluteal regions of all rats were
shaved and cleaned with 75% alcohol and then



operation was performed aseptically .

The round, full-thickness skin defects me-
asuring about 6 mm of diameter were pro-
duced on the gluteus superficialis of both hind
limb in each rat. Staphylococcus aureus were
cultured at 25°C for 48 hours on BHI slant and
suspended with 1ml of BHI broth, and then 5
ml of bacterial suspension was inoculated on
the wounds. All wounds were left open with-
out medication. The animals were kept in
special wire mesh cages without bedding, so
that the wounds remained, though not strictly
sterile, in very clean conditions.

The laser irradiation and photograpy were
also performed under anesthesia with Keta-
min HCI and Xylazine. The probe of laser was
placed vertically about 5 mm apart from the
margin of the wound, and then laser was
irradiated to the adjacent normal tissue aro-
und the wound, not to the wound, for 1 minute.
Total area irradiated was about 3.3 cm. Energy
density of experimental group was approxi-
mately 262.5 m]/cm2. (Figure 2).

Laser Probe

|¥ 1 19 6 mm
wound area

G}

= 5 mm
irradiated area
(#3.3cm?) Smm apart
| B
@ 26 mm

Figure 2: An iliustration showing the peripheral
application of the laser probe

Experimental wounds were irradiated on the
1st, 3rd, and 5th day, the first exposure being
performed immediately after the operation and
bacterial inoculation. Another wound was tre-
ated similary to experimental wound without
LLL irradiation: they served as contralateral
controls. The wounds were examined every
other day and the clinical observations were
recorded in a protocol. The wounds areas were
determined by photographing them from a
constant distance (via a constant objective
focus) on the Ist, 3rd, 5th, and 7th posto-
perative days. The slides were projected thr-
ough a reflector projector and the wound areas
were traced, and then measured by planimeter.
In each wound, the wound areas on consecu-
tive days were expressed as a percentage of
their initial area (on the first day). Twelve
animals were used in this study but 4 were
died during the experiment with unknown
reason.

2. Experiment on the healing effect of central
and peripheral LLL irradiation for the
infected wound

The operation for the wound formation and
the inoculation of S. aureus were performed
identically with the lst experiment. All wo-
unds were left open without medication. The
animals were kept in special wire mesh cages
without bedding, so that the wounds rem-
ained, though not strictly sterile, in very clean
conditions.

The laser irradiation and photograpy were
also performed under anesthesia with Ketamin
HCI and Xylazine. For one of both wounds, the
probe of laser was placed vertically about 5
mm apart from the margin of the wound, and
then laser was irradiated to the adjacent nor-
mal tissue around the wound, not to the
wound, for 1 minute (Figure 2). For the other
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Laser Probe

=]

%] 6 mm
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Figure 3: An illustration showing the contral ap-
plication of the laser probe

wound of contralateral side, the probe was
placed vertically about 1 mm above the wound
and LLL was irradiated directly to the wound
for 1 minute (Figure 3). Total areas irradiated
centrally and peripherally were about 0.28cm*
and 3.3cm® and energy densities of centrally
and peripherally groups were approximately
3000 mJ/em’ and 2625 m]/cm® respectively.
(Figure 2).

LLL were irradiated on the 1st, 3rd, and 5th
day; the first exposure being performed imme-
diately after the operation and bacterial inocu-
lation. The wound contraction size was also
measured identically with the 1st experiment.
Twenty subjects were used in this study.

3. Experiment on the healing effect of central
LLL irraidation using the most prolife-
rative pulse and peripheral LLL irradiation
using the least proliferative pulse

The operation for the wound formation and

the inoculation of S. aureus were performed
identically with the 1st experiment. All wou-
nds were left open without medication. The
ammals were kept in special wire mesh cages
without bedding, so that the wounds remai-
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ned, though not strictly sterile, in very clean
conditions.

The laser irradiation and photograpy were
also performed under anesthesia with Keta-
min HCl and Xylazine. The probe was placed
vertically about 1 mm above the wound and P7
was irradiated directly to the one and P13 to
the other of both wounds for 1 minute (Figure
3). Energy densities of P7 and P13 group were
approximately 214.29 and 3,000.0 mJ/cm’.

LLLI were irradiated on the 1st, 3rd, and 5th
day, the first exposure being performed im-
mediately after the operation and bacterial
inoculation. The wound contraction size was
also measured identically with the lst exp-
eriment. Twelve subjects were used in this
study but one was died during the experiment
with unknown reason

Statistical Analysis

All measurements in each group were ave-
raged. Statistical comparisons were then made
to determine the significance of the differences
among the groups. Repeated measures ANO-
VA and Fisher's Protected Least Significant
Difference (PLSD) were used.

M. Results

Part |: Effect of LLL irraidation on the
proliferation of S. aureus.

The means of all groups classified accor-
ding to the pulse type and elapsed time are
given in Table 1, and the changes of OD in all
groups are shown in Figure 4. The results
were then statistically tested whether the pat-
tern of change over time is the same for the
different pulse types by using repeated mea-
sures ANOVA. From the ANOVA test in
Table 2, it is seen that pulse type exerted a



Table 1: Optical densities measured by the pulse type and the elapsed time during the incubation period

of S. aureus. (n=2 per group)
e B PI5 P13 P11 P9 p7
incubation time
Hr0 01200 01%.00 01%£.00 01£.00 01%.00 0100
Hr4 02£.00 02£.00 02£.00 01£.00 02+.00 01£.00
Hr8 04%.00 04100 05,00 03x.00 03+.00 01£.00
Hrl2 09%.00 08%.00 J1£.00 051 .00 06£.00 03,00
Hr16 12+ 01 J10x.01 200 07£.00 09%.00 B0l
Hr20 17201 15+ .01 351,00 J10£.00 J12£.00 07+.01
Hr24 34101 30+.01 58+.00 20%.00 20%.01 12+01
Hr28 551,00 48%.02 72200 32+.01 34101 19%.00
Hr32 £5+.00 61+.01 85%.00 51%.01 551,01 A40%.00
Hr36 79400 76%.01 92%.01 6201 68% .00 5300
Hr40 88E.01 85+.00 1.00£.00 7501 78+.01 69101
Hr44 98%.00 95+.00 1.10£.00 90x .00 2001 80%.00
Hr48 1.10%.00 1.00£.00 1.20%.00 1.00£.00 1.10£+.00 85x.00

(Co, control ; P7500Hz, 1mW ; P9, 1.5kHz, 3mW ; P11, 3kHz, 6mW ; 13, 6kHz, 14mW ; P15, 10kHz, 27mW)
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Figure 4: Linear graph showing the changes in the growth of S. aureus after LLLI (as measured spec-
trophotometrically by the optical density of the medium) as a factor of each pulse type and
post-irradiation period, compared with the control medium.

Table 2: Results of ANOVA test for all optical densities measured according to the pulse type and time

DF Sun of Square Mean Square F-Value  P-Value
Pulse 5 1.02 0.20 586.0 <.0001
Subject(Group) 6 2.096E-3 3494E-4
Category for time 12 20.39 17 16201.42 <,0001
Category for time+pulse 60 052 8.70E-3 82.88 <,0001
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highly significant influence on the cell growth
(p<.0001). The interaction of pulse type and
time also appears to have a highly significant
influence (p<.0001). Table 3 shows the results
of the multiple comparison test(Fisher's PLSD

Table 3: Results of multiple comparison test
(Fisher's PLSD) for all groups acc-
ording to the pulse type.

Mean Diff.  Crit. Diff P-value
Co,P15 031 0.013 0.001
CoP13 -0.105 0.013 <0.001
Co P11 0.091 0.013 <0.001
Co,P9 0.075 0.013 <0.001
Co,P7 0.153 0.013 <0.001
P15,P13 -0.137 0.013 <0.001
P15P11 0.06 0.013 <0.001
P15,P9 0.043 0.013 <0.001
P15,P7 0.122 0.013 <0.001
P13,P11 0.196 0.013 <0.001
P13,P9 0.18 0.013 <0.001
P13 P7 0.258 0.013 <0.001
P11,P9 -0.016 0.013 <0.001
P11,P7 0.062 0.013 <0.001
P9,P7 0.078 0.013 <0.001

) for all of the groups and post-irradiation
times. Highly significant differences between
any groups paired were also noted from this
test (p<.0001). P13 caused the most biosti-
mulative effect on the proliferation of S. aureus
as indicated in Figure 4, however, P7 decre-
ased the growth of S. aureus more than any
other pulses.

Optical densities of all groups classified acc-
ording to the irradiation interval at different
incubation period of S. aureus were summari-
zed in Table 4. The resuits of repeated mea-
sures ANOVA test according to the irradiation
interval and the elapsed time are shown in
Table 5. From the ANOVA test in Table 5, it
can be seen that irradiation interval of LLL
has a highly significant influence on the cell
growth of S. aureus (p<.0001). The irradiation
interval and time also were interacted signifi-
cantly. Table 6 shows the results of the mul-
tiple comparison test (Fisher’'s PLSD) for all of
the groups and post-irradiation times. Highly
significant differences among all groups were

Table 4: Optical densities measured after LLLI with P13 according to the irradiation interval and the

elapsed time during the incubation period of S. aureus.

{n=2 per group)

e B Hr2-lmin | Hr4-2min | Hr6-3min | Hr8-4min | Hrl2-6min

incubation timé
Hr0 01£.00 01E.00 0100 0100 01%.00 01£.00
Hrd 02+.00 02,00 03+.00 02+ .00 02+.00 0200
Hr8 04,00 0500 0701 03+.00 04,00 04+.00
Hr12 08+.00 10+.00 1400 06+.00 07+ .00 07+.00
Hr16 15401 2001 28+ .00 12+ 01 13£.0] 1601
Hr20 25+ 01 32+ .00 B4+ .00 20+.00 20,01 20+ 01
Hr4 3BE00 40+ .00 67+.01 30£.01 29%01 30+.01
Hr28 4400 53+.00 75+.00 4000 37+01 4200
Hr32 59+ .01 62+.00 83+.00 5501 50+.01 50+.00
Hr36 T2+ 03 75%.00 965+ .01 8801 6100 6300
Hr40 85+.01 85+.00 1.00.00 79+ .01 70+.01 71£01
Hrd4 B+.00 98+ .01 110%.00 9201 80£.01 89+ .00
Hrd8 1.00+.00 1,00+.00 120400 | 1.00+.00 85+.00 9400

(Co, control ; Hr2-1min, 2 hour interval, lmin irradiation ; Hr4-2min, 4 hour interval, 2min irradiation ; Hr6-3min, 6 hour
interval, 3min irradiation ; Hr8-4min, 8 hour interval, 4min irradiation ; Hr12~6min, 12 hour interval, 6min irradiation)
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Table 5: Results of ANOVA test for all optical densities measured after LLLI with P13 according to the

irradiation interval and the elapsed time.

DF Sun of Square Mean Square F-Value P-Value
Group 5 093 0.18 3600. <,0001
Category for time 12 1865 155 29935 <0001
Group+Category for time 60 043 7.217E-3 1389 <.0001
Residual 78 4.050-3 5.192E-5

Table 6: Results of multiple comparison test (
Fisher's PLSD) for all the measure-
ments of groups according to the
irradiation interval.

Mean Diff. Crit. Diff P-value

Co,Hr2-1min -0025 3979E-3  0.001
Co,Hr4-2min -0.161  3979E-3 <0.001
Co,Hr6-3min 0035 3979E-3 <0.001
Co,Hr8-4min 0075 3979E-3 <0.001
Co,Hr12-6min 0052 3979E-3 <0.001

3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001
3979E-3 <0.001

Hr2-1min,Hr4-2min ~-0.137
Hr2-1min,Hr6-3min 0.06

Hr2~1min,Hr&-4min 0.099
Hr2-1min,Hr12~6min 0.076
Hr4-2min,Hr6-3min 0.197
Hr4-2min,Hr8-4min 0.236
Hr4~2min,Hrl12-6min 0.213
Hr6-3min,Hr&8-4min 0.039
Hr6-3min,Hr12-6min 0.016
Hr8~4min,Hr12-6min  -0.023

also noted from this test (p<.0001). As illust-
rated in Figure 5, the proliferation rate of
Hr4~2min group was significantly higher than
those of any other groups. This means that,
under the identical condition of 29.62 m]J/ cmz,
4 hour interval irradiation with P13 is the most
effective in promoting the growth of S. aureus.

The means of optical densities measured
after LLLI with P13 by the irradiation time and
the elapsed time during the incubation period
of S. aureus are given in Table 7. Table 8 is
the results of repeated measures ANOVA test
according to the irradiation time and the elap-
sed time. From the ANOVA test in Table &, it
is appearent that irradiation time has a highly
significant influence on the cell growth of S.
aureus (p<.0001). Table 9 shows the results of
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Figure 5: Linear graph showing the changes in the growth of S. aureus (as measured spectrophotome-
trically by the optical density of the medium) as a factor of each irradiation interval and

post-irradiation period.
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Table 7: Optical densities measured after LLLI with P13 according to the irradiation time and the elapsed

time during the cell cycle of S. aureus.

(n=2 per group)

, — oW Co Hrd-1min Hr4-2min Hrd-3min Hrd-4min

incubation time
Hr0 01£.00 01E.00 01200 012,00 0L £.00
Hr4 02 00 02 00 03%.00 02+.00 02 £.00
Hr8 05+ .00 06 .00 08+.00 07+ .00 065 +.00
Hr12 10+ .00 12400 20% 00 15% .00 10 +.00
Hrl6 15+ .01 18101 35+ .00 19% 00 19 +.00
Hr20 30+ 01 30+ 01 48+ 00 36+ 00 32 +.00
Hr24 40 01 41% 01 59+ 00 A8+.00 4 +01
Hro8 54+ 00 52+.02 0% .00 55+ 01 50 +.01
Hr32 6600 60+ .01 BA£.00 65+ 01 60 .01
Hr36 5% 00 72+ 01 %5+.01 75+ .01 70 +.00
Hr40 88+ 01 83+.00 1.00%.00 85+ .01 810%.01
Hrdd 9B+ .00 98+ 00 1.10%.00 96%.00 90 .01
Hr48 1.00% .00 110+.00 120+ .00 1.00% .00 98 + .00

(Co, control ; Hr4-1min, 4 hour interval, Imin irradiation ; Hr4-2min, 4 hour interval, 2min irradiation
; Hr4-3min, 4 hour interval, 3min irradiation ; Hr4~4min, 4 hour interval, 4min irradiation)

Table 8: Resuits of ANOVA test for all optical densities measured after LLLI with P13 according to the

irradiation time and the elapsed time.

DF Sun of Square Mean Square F-Value  P-Value
Puls 4 0.36 0.09 2296.1 <0001
Subject(Group) 5 196E-4 392E-5
Category for time 12 16.79 1.39 79666.5 <0001
Category for time+pulse 48 148 3.08E-3 1757 <0001
Category for time+Subject 60 1.06E-3 1.76E-4

Table 9: Results of multiple comparison test
(Fisher's PLSD) for all groups.

Mean Diff. Crit. Diff P-value

Co,Hr4~1min -6.923E-3 4.466E-3 0.0105
Co,Hr4-2min -1.31  4466E-3 <.0001
Co,Hr4-3min -0016  4.466E-3 0.0002
Co,Hr4-4min 0015  4466E-3 0.0003
Hr4-1min Hr4-2min =~ -0.124 4466E-3 <.0001
Hr4-1minHr4-3min -9.231E-3 4466E-3 0.0032
Hr4-1min,Hr4-4min 0022  4466E-3 <.0001
Hr4-2min,Hr4-3min 0115  4466E-3 <.0001
Hr4-2min,Hr4-4min 0146  4466E-3 <.0001
Hr4-3min,Hr4-4min 0031  4466E-3 <.0001
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the multiple comparison test for all of the
groups and post irradiation times. Statistically
significant differences were indicated among
the groups (p<.05). In the interaction line plot
shown in Figure 6 it can be seen that the 2
min irradiation group is higher than other
groups. This confirms that the irradiation time
has a significant effect.

Effect of LLLI for the wound
infected with S. aureus

Part |l:

The means of wound contraction rates mea-
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Figure 6: Linear graph showing the changes in the growth of S. aureus after LLL! with P13 (as measured
spectrophotometrically by the optical density of the medium) as a factor of each irradiation

interval and post-irradiation period.

sured in two groups, control group and peri-
pheral irradiation group using P13 for 1 minute
(1481 mJ/cm®), at the 1st, 3rd, 5th, and 7th day
are given in Table 10. The results of repeated
measures ANOVA test according to the gro-
ups and the elapsed time are given in Table 11

Table 10: The wound contraction rates(%) me-
asured after LLLI (P13, 1min) accor-
ding to the groups and the elapsed
time. (n=8)

Time(day) of measurement
Lst 3rd 5th Tth
Co 1000%0 425%192 267+141 184%74
Pl 100030 258+ 69 158% 63 102%41
(Co, control group ; Pl, peripheral irradiation group)

group

and Figure 7. The between-group effect for
peripheral irradiation is significant. This means
that there is a significant difference in the
effectiveness of the peripheral irradiation as
measured by the wound contraction rate. From
Figure 7, it is seen that the peripheral irradia-
tion-by-time interaction arose from the fact
that the peripheral irradiation group decreased
significantly more at day 3 and 7.

The means of wound contraction rates mea-
sured according to the irradiation method,
central and peripheral irradiation using the
most proliferative pulse (P13), and the elapsed
time are given in Table 12 and Figure 8. The
results of repeated measures ANOVA test
according to the groups and the elapsed time
are given Table 13. The between-group main

Table 11: Results of ANOVA test for all rates of wound contraction measured after LLLI (P13, 1min) in
control and peripheral irradiation groups with time.

DF Sun of Square Mean Square F-Value  P-Value
Type 1 12887 12887 5.89 0.029
Subject(Group) 14 3063.37 218381
Category for time 3 73986,74 24662.2 5189 <.0001
Category for time+Type 3 577.08 192.36 404 0012
Category for time+Subject 42 199591 4152
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Figure 7: Linear graph showing the changes in the wound contraction rate as a factor of peripheral
irradiation group (P, P13, 1min) and post-irradiation period.

Table 12: The wound contraction rates (%) me-

asured after central and peripheral
irradiation of LLL (P13, 1min) acc-
ording to the groups and the elapsed

time. {n=20)
Time(day) of measurement
group
Ist 3rd 5th 7th
Co 10000 596*133 409*119 285%95
Pl 10000 629+121 427+ 88 308%98

(Co, control group ; Pl, peripheral irradiation group)

effect for irradiation method is not siginifi-
cant. This means that there was no difference
in the effectiveness of the two irradiations as
measured by the wound contraction rates.
The means of wound contraction rates me-
asured according to the pulse type, the most
proliferative pulse (P13, 14.81 mJ/cm®) and the
least proliferative pulse (P7, 1.06 mJ/cm?), and
the elapsed time using the central irradiation

501

40+ —o—p|
301
20+ p=.4825
101
0 + —+ {
day 1 day 3 day 5 dav 7

Figure 8: Linear graph showing the changes in the rate of wound contraction size, comparing central
irradiation group (Cl) with the peripheral irradiation group (Pl).
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Table 13: Resuits of ANOVA test for all rates of wound contraction measured after LLLI (P13, 1min)
according to the irradiation type and the elapsed time.

DF Sun of Square Mean Square F-Value  P-Value
Irradiation Type 1 126.12 126.12 061 0.437
Subject(Group) 36 735272 204.24 67;1 7
Category for time 3 1079189 359729 03'3 <.0001
Category for time+Irradiation 3 5347 1782 ’ 0.800
Category for time+Subject 108 5751.72 53.31

Table 14: The wound contraction rates (%) me-
asured after central irradiations acc-
ording to the pulse type and the
elapsed time. (n=11)

Time(day) of measurement
st 3rd 5th 7th

group

Co 10000 426+108 282+ 152 638%151.7
Pl 1000%0 469+195 66.1+131.5 551+ 87

(Co, control group ; Pl, peripheral irradiation group)

are given in Table 14. The results of repeated
measures ANOVA test according to the
groups and the elapsed time are given Table
15 and The change of two groups over time
can be seen in Figure 9. The between-group
main effect for pulse type is not significant.
‘This means that there was no difference in the
effectiveness of the two pulses with central
irradiation as measured by the wound contr-
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T P13

oday 1 da'y 3

day § day 7

Figure 9: Linear graph showing the changes in the wound contraction rate of P7 and P13 groups,

irradiated centrally.

Table 15: Resuits of ANOVA test for all rates of wound contraction measured after cental irradiation
according to the pulse type (P7 and P13) and the elapsed time.

DF Sun of Square Mean Square F-Value  P-Value
Pulse 1 1544.18 1544.18 0.19 0.664
Subject{Group) 20 159759.44 7987.97
Category for time 3 43263.73 14421.24 2.60 0.059
Category for time+Puise 3 6923.74 230791 041 0.741
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action rates.

Consequently it can be concluded that alth-
ough S. aureus was also stimulated by LLLI
the healing of wound infected with S. aureus
was accelerated by LLLI regardless of direct
or indirect irradiation, therefore, LLLI exerts a
significant biostimulative effect on the healing
of infected wound.

IV. Discussion

Kim et al'? suggested that Streptococcus
mutans could be stimulated by LLLI(GaAs) in
vivo, and similar modulation could potentially
occur in other bacteria exposed to LLLI. The
results indicated that LLLI increased the
growth of S. mutans significantly. It was,
therefore, postulated that low level laser rad-
iation had same effects for all kinds of cells."?
Staphylococcus aureus is the common cause of
skin infections. For this reason, Staphyloc-
occus aureus was used to infect the wounds in
this studym.

Biostimulative effect of LLLI on S. mutans
was the most effective when the energy
density was at 337.0 mJ/cm®'® The number of
Candida albicans was markedly increased with
LLLI in groups using 2.12 and 6.37 mJ/cm® of
energy densities.” Energy densities tested in
this study varied from 1.06 mJ/cm® to 8886
m]J/cm’ and the results indicated that the most
proliferative energy density was 29.62 mJ/cmz.
In previous studies the most effective irradia-
tion interval was not studied, It was, therefore,
not possible to compare the energies used in
their studies.

Mester et al® reported a clinical study
which indicated an accelerating effect of the
low output laser on the healing of wound and
skin ulcers that were slow in healing. Mashiko
et al.'™® also reported the wound- healing effect
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of the laser in an incised lesion on the back of
rats. A series of experiments has been arr-
anged to examine the influence of laser irradi-
ation on the wound healing process J16°19)

There were many studies reported that eff-
ects of LLL irradiation under normal condition,
however, few study was undertaken by patho-
logic condition. It was suggested that the
effect of LLL irradiation under pathologic con-
dition is still unknown. Lee et al. reported that
the closure rate of infected wound was signi-
ficantly increased and the incidence of swell-
ing, indicating the spread of inflammation was
significantly decreased in LLL irradiation
group.m In their study the frequency of used
pulse was 1000 Hz with 2mW of average
output power and the energy density was
approximately 76.4 mJ/cm®. The effect of LLLI
on the proliferation of S. aureus was not in-
cluded. Therefore, the experiments for S. qur-
eus were performed prior to those for the
wound healing effect of LLLI to determine the
most or the least proliferative pulse, the effec-
tive energy density of LLLI and irradiation
interval in the present study.

In the experiment for the irradiation time of
this study, the proliferation of S. aureus was
increased the most under 29.62 mJ/cm® (2 min)
of energy density (p<.0001) than 14.81 (1 min)
and 44.43 m}/cm® (3 min) of energy densities
(p=.0105, .002) and rahter decreased under 59.24
m]J/cm® (5 min) of energy densities( p=.0003),
as compared with control group. In the experi-
ment for the irradiation interval, to irradiate
29.62 m]/cm’ of energy density every 4 hours
was more effective to stimulate the bacterial
growth than to irradiate higher energy densities
with longer interval, although total energies of
groups in that experiment were same respecti-
vely. These results support a possible mecha-
nism of LLL-living cell interaction as sugge-



sted by Lubart et a®

Singlet oxygen (‘O2) at '(Dg) is a highly
reactive intermediate. It has a sufficiently long
half-life in the biological environment (of the
order of 1 ms) to react chemically. Singlet
oxygen at large amounts rapidly oxidizes a
large variety of biological molecules,w dam-
ages DNA and is responsible for cell destruc-
tion. At low concentration, on the other hand,
singlet oxygen can modulate biochemical pro-
cesses taking place in the cell and can trigger
immune regulation.ZZ) Kanofsky et al. suggest
that singlet oxygen is a significant bioche-
mical intermediate which may have an impor-
tant role in biostimulation®® 1t is believed
that by irradiating damaged tissues with LLL,
small amounts of singlet oxygen are produced
and are responsible for tissue regeneration.zo}

Lubart et al® reported that LLLI is depen-
dent on wavelength and is limited to a specific
energy density. There is a minimum threshold
of energy flux below which there is no effect,
and a maximum threshold beyond which the
effect is reversed. Karu™ also reported that
irradiation of cells with visible light of one and
the same wavelength but with different energy
doses has a positive effect; acceleration of cell
division at low doses, and a negative effect;
death of cells at high doses. The explanations
of the results are; At low doses of laser irradi-
ation, small amounts of 'O; are produced
which have a positive effect on the cells and at
high doses of energy, large amounts of 'O, are
produced and causes a photodynamic damage.
2627

It is clear that, in order to interact with
tissue, light has to be absorbed by chromo-
phores in the cell. Lubart et al® found that
singlet oxygen is generated in the cells during
HeNe (630 nm) irradiation. Porphyrins have an
intense absorption band in the 360 nm region,

and four additional bands with decreasing in-
tensity at 502 nm, 540 nm, 560 nm and 630 nm.
Porphyrins are known to be excellent photo-
sensitizers through generation of the lowest
excited singlet state of the oxygen. Since
singlet oxygen is endowed with a very high
reactivity, it usually exerts a damaging action
in biological systems. This, of course, explains
the cellular destruction after certain doses of
laser irradiation.

In this study, however, GaAs semiconductor
laser, of which wavelength is 904 nm, was
used instead of HeNe laser(630nm). As ment-
ioned above, porphyrins do not have absorption
bands in the 904 nm region. Nontheless, GaAs
laser irradiation increased the growth of S.
aureus in a specific range of energy density
significantly. Therefore, Singlet oxygen gener-
ation theory failed to explain this result, aith-
ough it can be partially acceptable in the
region of visible light, and a different mecha-
nism should be considered.

To explain the biostimulation effect of low
level irradiation at 633 nm, Karu® proposed a
chain of molecular events starting with the
absorption of light by a photoreceptor, which
leads to signal transduction and amplification,
and finally results in the photoresponse. This
model also suggests an explanation for why
radiation at 904 nm can produce biological
effects similar to those produced by radiation
at 633 nm. In this model, radiation at 633 nm
triggers, probably by photoactivating enzymes
in the mitochondria, a cascade of molecular
events leading to the photoresponse. Smith®
suggested that radiation at 904 nm produces
the same final response, but initiates the res-
ponse at the membrane level (probably thr-
ough photophysical effects on Ca++ channels)
at about halfway through the total cascade of
molecular events that leads to biostimulation.
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It can be summarized that if the biological
effect of low level visible light therapy is
through photochemistry (probably the photo-
activation of enzymes), the biological effect of
infrared radiation is through molecular rota-
tions and vibrations. Abergel et al ®% reported
that the irradiation of fibroblasts in culture
either at 633 nm or at 904 nm increased the
synthesis of collagen. Kim et g 121330 reported
that GaAs laser (904 nm) enhanced the protein
and DNA synthesis and accelerated the proli-
feration of the gingival fibroblast. The growth
of S. mutans and C. albicans coincide with the
suggestion that Smith has proposed. During
the animal experiment, general anesthesia was
required for rats to be irradiated with LLL
every session. Thus, the authors used 2-day
interval, instead of 4-hour interval because
frequent general anesthesia for rats were able
to increase the mortality rate during the
experiment.

Kim et al'® and Lee et al'® also suggested
a hypothesis on the acceleration of healing in
the infected lesion following GaAs LLLI. They
postulated that the biostimulation of LLLI in
the surrounding normal tissue predominated
over the destructive irritation due to the bac-
terial growth in the infected lesion. In this
study the most and least proliferative pulses
were investigated to confirm that hypothesis.
The most proliferative pulse was P13 (14.81
mJ/cm®) and the least proliferative pulse was
P7 (1.06 mJ/cm®) among the pulses used in
this study. The results from animal study,
however, showed that the healing of wounds
infected with S. aureus was accelerated by
LLL irradiation regardless of the pulse type
and the irradiation type.

The experiment for the growth of tissue cell
of rats was not performed to investigate the
effective pulse to stimulate the cell growth
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after LLLI. Therefore, it can not be told that
pulses and energy densities used in this study
on the proliferation of S. aureus would have a
positive or negative effect on the tissue level
as well as the cell level. The results obtained
from this study, however, showed that both
pulse types of LLLI stimulated the healing of
infected wound. It is believed that the reason
both pulses were effective was that the media
confined in the petridish had some limitations
in the proliferation of S. aureus in vitro, but
the cells of vital tissues were stimulated
unlimitedly by LLLI in vivo. It is most likely,
therefore, that some inhibitory doses of LLLI
in the cell culture level might be a stimulatory
doses in the tissue or organ level.

On the basis of the results in this study, the
healing of infected wound was stimulated in
the case of direct irradiation on both the
wound and S. aureus at a time as well as in
the case of indirect irradiation around the
infected wound. This means that the biosti-
mulation of LLLI in the surrounding normal
tissue predominates over the destructive ir-
ritation via an increased bacterial growth on
the infected lesion. GaAs laser light has dee-
per peneration depth than that of HeNe laser
light and it is also believed that GaAs laser is
more beneficial in stimulating the sound tis-
sue below the wound.

The first-discovered and most widely used
mitogen is PHA (phytohematogglutinin), a spe-
cific mitogen for T-lymphocytes (70-80% of
all population).®*® Characteristics of bioche-
mical and morphological reactions in lym-
phocytes under the action of PHA are fully
investigated. In the long-term response to
LLLI of lymphocyte, Karu® reported that
irradiation with He-Ne laser induced some
early changes in lymphocytes similar to those
caused by PHA (activation of transcription;



Ca*+ influx). At the same time, the irradiation
itself did not cause the proliferation of lym-
phocytes, but elevated the proliferation level
induced by PHA.

As a rule, the irradiation increased the effect
as compared with the action of PHA alone.
Maximal effect of irradiation was found for
PHA concentrations 1.0 and 2.0 mg/ml At
very low (0.5 mg/ml) as well as at higher (4.0
mg/ ml) PHA concentrations the effect of
irradiation was less pronounced. The irradia-
tion increased the DNA synthesis as compared
with the action of PHA alone. The mechanism
of this boosting effect of irradiation is unclear,
although Karu explained this with part of
metabolic processes under the action of light
and ATP extrasynthesis of laser radiation. If
the boosting effect of LLLI were proved in the
future, it would be very interesting for the
investigating of the materials which cause the
boosting effect in the healing of infected
wound.

Theoretically, the potential for rotation and
vibration by the action of infrared radiation on
the membrane molecules that make up the
calcium channels could alter the functionality
of these channels. This potential, thereby, pro-
vide a mechanism for the therapeutic effect of
low level infrared radiation. An important re-
quirement for any theory is that it be testable.
The techniques of molecular biology lend
themselves very nicely to the testing of this
theory in the future.

V. Conclusions

LLLI increased the growth of S aureus
under specific condition. This condition is P13
(6,000 Hz, 14 mW average output power, 4
hour interval, 2 min irradiation: 1680 m]).
Nontheless, when LLLI(P13) was irradiated on

the wound infected with S. aureus, the healing
was significantly accelerated.

Comparing the healing effects of central and
peripheral irradiations, there were no signifi-
cant differences between the effects of two
irradiations. It can be, therefore, concluded that
GaAs LLLI facilitates the healing in the
infected wound via an cellular activity. The
biostimulation effect of LLLI in the surroun-
ding normal tissue predominates over the des-
tructive irritation due to the bacterial growth
in the infected lesion.
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