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Abstract Because a single exposure to light-emitting diode
(LED) irradiation at 660 nm only demonstrated a 3-day
biostimulatory effect in recovering periodontal bone level
(PBL), this study sought to evaluate whether the periodontal
effect could be extended through the use of multiple LED
irradiations. Experimental periodontitis was developed unilat-
erally in 48 Sprague–Dawley rats after the placement of a silk
ligature plus Porphyromonas gingivalis lipopolysaccharide
injections. The animals were divided into four groups (no
irradiation, a single irradiation, or two or three irradiations
per week) and exposed to LED light irradiation at a wave-
length of 660±25 nm and energy density of 10 J/cm2 after
debridement and detoxification. The animals were euthanized
after 7 or 14 days, and the effect of irradiation was evaluated
using micro-computed tomography and histology. By day 7,
PBL was significantly reduced (p<0.05), with significantly
reduced inflammation (p<0.05) and gingival hyperplasia
(p<0.001), in the animals receiving three irradiations per
week. At day 14, the reduction in gingival hyperplasia was
still significant (p<0.05), and collagen matrix deposition and
realignment appeared to be accelerated in the animals receiv-
ing three irradiations per week, despite a lack of significant
difference in PBL. The treatment regimen receiving three
LED light irradiations per week apparently extended the ef-
fects in reducing PBL and inflammation to 7 days. The inclu-
sion of additional inflammation control measures or the

addition of bioactive signals to mediate the repairing process
is necessary to maintain long-term periodontal stability.
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Introduction

A recent nationwide survey found that periodontitis affects
more than 50 % of Americans above the age of 30 years [1]
and contributes to tooth loss in adulthood [2]. Periodontitis is
the consequence of local bacterial-induced inflammation and
is characterized by the destruction of tooth-supporting struc-
tures, including the alveolar bone, periodontal ligament, and
cementum. The mechanical elimination of bacteria has been
considered the gold standard for eliminating inflammation in
the periodontium. However, 2 to 4 weeks are usually required
to initiate tissue repair [3]. Thus, accelerating the healing
process through the use of noninvasive devices appears to be
a promising approach to reduce the risk of infection and
postoperative symptoms (e.g., pain and sensitivity).

Low-level laser treatment (LLLT) was firstly introduced as
an innovative treatment modality in 1968 [4]. With an energy
density of 0–100 J/cm2, temperature change can be neglected
so that the tissue damage can be minimized [5]. Studies have
demonstrated that wavelengths of 635–670 or 800–850 nm
were able to stimulate mitochondrial activity to reduce inflam-
mation, facilitate tissue repair, and promote periodontal at-
tachment [6–10]. However, the beneficial effects appeared to
be inconsistent, particularly at long-term clinical follow-up
studies [11–14], implying that the LLLT protocol was still
not ideal. Recent researches have indicated that light-emitting
diode (LED), operating in several wavelengths, has beneficial
effects and similar mechanisms as the laser's application [15].
Our group utilized 660 nm LEDs to perform a one-time irradi-
ation of rat gingival tissue, demonstrating only a temporary

P.<C. Chang (*)
Graduate Institute of Clinical Dentistry, School of Dentistry, National
Taiwan University, 1 Chang-Te St, Taipei 100, Taiwan
e-mail: changpc@ntu.edu.tw

P.<C. Chang :C.<Y. Wang
Department of Dentistry, National Taiwan University Hospital,
Taipei, Taiwan

P.<C. Chang : L. Y. Chong
Faculty of Dentistry, National University of Singapore, Singapore,
Singapore

Lasers Med Sci
DOI 10.1007/s10103-013-1416-0



resolution of periodontal breakdown in a previous study [16].
Whether the treatment efficacy could be improved or extended
by increasing the irradiation frequency has not yet been
confirmed.

The aim of this study was to compare the effects of a single
LED irradiation with the effects of multiple LED irradiations
on the periodontium. Micro-computed tomography (micro-
CT) and descriptive histology were used to evaluate the effects
of the different treatment regimens on periodontal bone level
(PBL).

Materials and methods

Animal model and study design

All of the animal procedures followed the guidelines and
approved protocol 032/10 from the Institutional Animal Care
and Use Committee (IACUC) of the National University of
Singapore. Forty-eight male Sprague–Dawley rats were
housed in pairs with food and distilled water ad libitum. To
induce experimental periodontitis, a 4–0 silk ligature was
inserted into the gingival sulcus of the maxillary second molar
(M2) of one randomly selected side of each rat for 2 weeks,
with additional 10 μl (1.0 mg/ml) interpapillary injection of
Porphyromonas gingivalis lipopolysaccharide (Pg-LPS; from
InvivoGen Inc., San Diego, CA, USA) three times per week
(periodontitis-induced side). No treatment was delivered to
M2 on the other side of the mouth (periodontitis-free side).
The ligature was removed after 2 weeks, and manual debride-
ment was immediately performed using a dental explorer.
Care was taken to avoid damaging the root surface, and
0.12 % chlorhexidine was topically applied. Supragingival
plaque was removed by meticulously applying cotton rolls
on the tooth surface twice per week until sacrifice.

Light-emitting diode (LED) irradiation was initiated 1 day
after debridement and detoxification, and the animals were
divided into four groups: (1) no LED irradiation (non-irradi-
ated control), (2) a single exposure to LED irradiation, (3)
LED irradiation twice per week until the sacrifice of animals,
and (4) LED irradiation three times per week until the sacrifice
of animals. The animals were euthanized 7 or 14 days after
LED treatment (n=6/group/time point).

LED device

LED irradiation was delivered using a customized LED de-
vice as previously described [16]. Four diodes (2×1 mm2)
were arranged (2×2) on a plate at 1 mm intervals
mesiodistally and 5 mm intervals buccolingually. The device
was placed over the palate of the rats and settled on the occlusal
surface of the maxillary molars, leaving 0.5 mm clearance
between the diodes and the palatal aspect of the maxillary

molars. Each diode consistently emitted 660±25 nm and
3.5 mW/cm2 visible red lights directly on the gingival tissue.
Based on the dosimetric calculation from the output of 4 diodes
(equaling to 14 mW/cm2), the irradiation procedure lasted
12 min and achieved an energy density of 10 J/cm2 within
the tested region.

Micro-computed tomography and histologic assessments

The harvested maxillae were examined using a Shimadzu
SMX-100CT X-ray CT scanner (Shimadzu Corp., Tokyo,
Japan) with a final effective pixel size of 19.54 μm. The image
was then reoriented based on the following criteria: (1) in the
transverse plane, the crowns of the first molar (M1) to the third
molar (M3) were centrally and vertically positioned; (2) in the
sagittal plane, the occlusal surfaces of M2 and M3 were
aligned horizontally; and (3) in the frontal plane, the occlusal
surface of M2 was aligned horizontally.

PBL was defined as the distance from the cementoenamel
junction (CEJ) to the alveolar bone crest (ABC) at the palatal
aspect of M2. This measurement was obtained slice-by-slice
from the distal mid-root margin of M1 to the mesial mid-root
margin ofM3 by using a customizedMATLAB (MathWorks®,
Natick, MA, USA) algorithm as previously described [17].

The specimens were decalcified with 12.5 % ethylene
diaminetetraacetic acid and embedded in paraffin, after which
two cross-sectional planes (one plane from the mid-
mesiopalatal root region and one plane from the mid-
distopalatal root region) of M2 were selected for observation.
The sections were stained with hematoxylin and eosin, and
images were acquired with a digital image acquisition system
(Leica Microsystems GmbH, Wetzlar, Germany).

Inflammatory cells was quantified in five randomly
selected areas within palatal gingival connective tissue
in each slide under the magnification of ×400, and the
result was presented as the fraction of inflammatory
cells within the total cell count. The palatal gingival
epithelium was divided into ten equivalent intervals under
the magnification of ×100, and thickness was measured at
the middle of each interval and defined as the distance from
the inner surface of stratum basale to the outer surface of
stratum corneum.

Statistical analysis

One-way ANOVA followed by Tukey's post hoc test was used
to compare the differences between the LED-irradiated groups
and non-irradiated controls or the periodontitis-free side of the
specimens without LED irradiation. The data are presented as
the mean ± standard deviation (SD) of the measurements, and
p value less than 0.05 was considered statistically significant.
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Results

General condition and gross observations

All of the animals recovered well from the anesthesia and
interventions. In the periodontitis-induced side, gingival red-
ness and swelling, as well as the hypermobility of the tooth,
were noted at all of the ligature-placed sites by 3 days, and
spontaneous gingival bleeding could be observed at most sites
in the first 3–7 days but subsided at 10 days. The gingival
redness and swelling gradually subsided after ligature remov-
al, whereas tooth hypermobility was still present until the date
of sacrifice. There was no detectable difference with regard to
the gross gingival patterns between the non-irradiated control
and LED-irradiated specimens in any of the observation time
point.

Reductions in periodontal bone level

PBL was defined as the CEJ–ABC distance as previously
described [16]. The average PBL at M2 of the periodontitis-
free side without LED irradiation was 346.10±67.41 μm at
day 7 and 382.69±55.23 μm at day 14 (Fig. 1). There was no
significant difference between the non-LED and LED-
irradiated specimens in the periodontitis-free side (data not
shown).

In the periodontitis-induced side, PBL was significantly
higher than the periodontitis-free side at both time points in
the specimens without LED irradiation (p<0.001, Fig. 1).
PBL appeared to decrease with LED irradiation at day 7,
and the group receiving irradiation three times per week
exhibited a significant reduction in PBL when compared to
the non-irradiated controls (p<0.05). PBL in the non-
irradiated control group was not obviously changed at day
14, whereas PBL tended to increase in all of the LED-
irradiated groups. There was no significant difference between
any of the LED-irradiated groups and the non-irradiated con-
trol at day 14.

Descriptive histology

In the periodontitis-induced side, at day 7, gingival epithelium
was apparently hyperplastic with prominent rete pegs in the
non-irradiated controls, with mild to moderate inflammatory
cell infiltration in the basal layer and the underlying connec-
tive tissue adjacent to the junctional epithelium. Loose and
immature collagen matrix was distributed within the lamina
propria, and neogenic bone matrix was deposited on the
bundle bone crest with a clear reversal line (Fig. 2a). The
histologic results were similar in the animals receiving single
LED irradiation, while the enlargement of the junctional epi-
thelium and inflammatory cell infiltration in this group
appeared to be less prominent than the same measures in the
non-irradiated controls (Fig. 2b). The gingival hyperplasia in
the animals receiving two or three LED irradiations per week
was less substantial with less prominent rete pegs. However,
the gingival connective tissue was still mostly occupied with
loose and immature collagen fiber matrix (Fig. 2c).

At day 14, gingival hyperplasia appeared to be reduced,
and the area occupied by immature collagen matrix was
clearly decreased. Vessel formation could be observed at all
of the periodontitis-induced sites, regardless of LED irradia-
tions or not (Fig. 2d–f). Therefore, the animals receiving three
LED irradiations per week exhibited a relatively thin gingival
epithelium, with the collagen matrix appearing relatively well
organized and densely arranged within the lamina propria
compared to the other groups (Fig. 2f). On the other hand,
one or two of the animals in every group still exhibited an
enlargement of the junctional epithelium with mild to moder-
ate inflammatory cell infiltration.

Quantitative histologic measurements

In the non-irradiated specimens, inflammatory cells were sig-
nificantly increased in the periodontitis-induced side com-
pared to periodontitis-free side at day 7 (p<0.01) and 14
(p<0.05) (Fig. 3a). In the periodontitis-induced side, inflam-
mation appeared to reduced all LED-irradiated specimens, and
significant difference to non-irradiated control was noted in
the specimens receiving three LED irradiations per week at
day 7 (p<0.05). However, at day 14, only specimens receiving
three LED irradiations per week demonstrated slightly but
insignificant reduced inflammation to the non-irradiated
controls.

The thickness of gingival epithelium was significantly
increased with the induction of periodontitis in the specimens
without LED irradiation at days 7 and 14 (p<0.001), and the
decrease of epithelial thickness at day 14 was noted in the
periodontitis-induced side (Fig. 3b). Specimens receiving two
and three LED irradiations per week demonstrated significant-
ly reduced epithelial thickness to non-irradiated controls at
day 7 (p<0.001), and only the ones receiving three LED

Fig. 1 PBL at days 7 and 14 after LED irradiations. PBL was defined as
the distance from the cementoenamel junction (CEJ) to the alveolar bone
crest (ABC) at the palatal aspect of M2. (Compared to the periodontitis-
free side of the non-irradiated control: ##p<0.01, ###p<0.001; compared
to the periodontitis-induced side of non-irradiated control: *p<0.05)
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irradiations demonstrated consistently reduced epithelial
thickness to non-irradiated controls at day 14 (p<0.05).

Discussion

LLLT, within a wavelength of 635–670 or 800–850 nm and an
energy density of 0–100 J/cm2, has been recognized as a
potential mean for managing periodontal diseases because this
treatment promotes the viability of periodontal cells [5] and
reduces the viability of periodontopathogens and related in-
flammatory signals [9, 18]. Clinically, LLLT had been shown
to reduce dental plaque accumulation and gingival inflamma-
tion and temporarily accelerate the reduction of periodontal
pocket depth and PBL after nonsurgical debridement [6, 7, 19,
20]. Compared to the laser device, LED irradiation can be
safely applied to body surfaces without heat or tissue damage

in a reduced cost [21, 22]. Another advantage of LED appli-
cation is probably the reduction of the exposure time of the
irradiation comparing to the laser operating in the same dos-
age [23]. Because we have already confirmed that a single
exposure to 660 nm LED light with an energy density of 10 J/
cm2 facilitated periodontal healing and temporarily reduced
the PBL for 3 days [16], in the present study, we subjected
gingival tissue to repeated LED irradiation, demonstrating that
three LED irradiations per week significantly reduced PBL
and extended the duration of gingival hyperplasia resolution
to 7 days. However, the irradiated and non-irradiated groups
did not exhibit obvious differences in inflammation reduction,
and this finding might be due to the reduction in inflammation
achieved by debridement and detoxification. Although the
biostimulatory action of LLLT is linked to the activation of
the mitochondrial photo-acceptor molecule cytochrome c ox-
idase [24], LLLT may also upregulate the inflammatory

Fig. 2 Descriptive histology at
days 7 and 14 (the periodontitis-
induced side). a A nonLED-
irradiated site at day 7. b A LED-
irradiated site (single treatment) at
day 7. c A LED-irradiated site
(three times per week) at day 7. d
A nonLED-irradiated site at day
14. e A LED-irradiated site
(single treatment) at day 14. f A
LED-irradiated site (three times
per week) at day 14. The red
arrows indicate the thickness of
gingival inflammation, and
yellow arrows refer to the
inflammatory cells infiltration
adjacent to the junctional
epithelium

Fig. 3 Quantitative histologic assessments at days 7 and 14 after
LED irradiations. a The fraction of inflammatory cells with the
total cell count. b The thickness of gingival epithelium. (The

periodontitis-free side of the non-irradiated control: #p<0.05,
##p<0.01, ###p<0.001 compared to the periodontitis-induced side
of non-irradiated control: *p<0.05, ***p<0.001)
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signaling of leukocytes and other immune cells [25]; there-
fore, the removal of etiological factors to prevent unwanted
inflammatory responses should be considered a prerequisite of
the LED light-stimulated periodontal repair process.

The lamina propria of the LED-irradiated animals, espe-
cially those animals receiving three irradiations per week, was
more mature and better organized than the lamina propria of
the non-irradiated controls (Fig. 2d–f). Considering the fact
that the early maturation of periodontal wounds was achieved
in 1–2 weeks [26], our results indicate that repeated LED
irradiation treatments accelerate the maturation of gingival
connective tissue. However, the reduction in PBL did not
persist at day 14 in the groups receiving LED irradiations
(Fig. 1), presumably due to the uncoupling of collagen matrix
deposition within the connective tissue and osteogenesis at the
alveolar bone crest. LED light irradiation activates cellular
functions to facilitate the repairing process by accelerating
collagen matrix deposition and realignment [16]. Therefore,
osteogenesis requires not only the recruitment of cells but also
bioactive signals such as bone morphogenetic proteins
(BMPs) to initiate osteogenic differentiation [9]. Although
studies indicated that BMPs were upregulated by LLLT
in vitro [27, 28], the upregulation of BMPs in vivo was only
evident in the later recovery stage [29]. While osteogenesis
was accelerated as rapid as matrix deposition in the gingival
connective tissue, the reduction of PBL was not prominent at
day 14 in the current experimental set-up. On the other hand,
due to the periodontitis induced in our study exhibiting sig-
nificant early inflammation [16] and the difficulty to control
oral plaque accumulation of the rats, extended inflammation
could still destroy the stromal tissue as well as impede tissue
recovery and osteogenesis. Studies have also demonstrated
that the cytokines and elevated oxidative stress levels that
result from inflammation could retard the differentiation and
viability of mesenchymal stem cells [24–26]. In this sense, the
strict control of inflammation and exogenous supplementation
of bioactive signals may be needed to ensure the long-term
maintenance of PBL.

As an effective alternative to the lasers, LED light therapy
has been reported as nonsignificant risk by FDA and approved
for the use in humans [30, 31]. Nowadays, LED device has
been developed to treat skin lesion and reduce pain and
erythema after skin treatment [32, 33]. However, to our
knowledge, only a few reports demonstrated the use of LED
devices in the field of clinical dentistry. By using an extraoral
LED device (OsseoPulse®, Biolux Research Ltd., Canada),
the stability of dental implants was increased compared to
nonLED-irradiated sites [31], and osteogenesis was accelerat-
ed with faster resorption of hydroxyapatite grafts in the post-
extraction tooth socket [34]. On the other hand, LED has also
been suggested as an adjunct to reduce pain and accelerate
tooth movement in orthodontics according to a randomized
clinical trial of LLLT [35], and a subsequent preclinical study

demonstrated that LED light irradiation was able to reduce
root resorption during orthodontic tooth movement [36]. Due
to the limited clinical evidence of LED-mediated biomodulation
available at this time, further investigations to prove the clinical
efficiency of LED are warranted.

This study has limitations. The observation window was
2 weeks, and only a single wavelength and energy density was
evaluated. Therefore, this experimental model of periodonti-
tis, as well as the healing capability of the animals, might not
be relevant to adult periodontitis. For instance, experimental
periodontitis was induced in just 2 weeks, whereas periodon-
titis is considered a slowly progressive disease in humans.
Despite the limitations of the study, we concluded that the
treatment with three LED irradiations per week at a wave-
length of 660 nm and energy density of 10 J/cm2 apparently
extended the effects of LED irradiation in reducing PBL and
inflammation to 7 days. However, LED irradiations did not
appear to maintain PBL in the long-term, and the additional
control of inflammation as well as exogenous supplementa-
tion of bioactive signals should be still considered.

Acknowledgments The authors would like to acknowledge JETTS
Technology Co., Ltd. (New Taipei, Taiwan) for fabricating the LED
device and Man-Jung Kao at the National University of Singapore
(NUS) for the assistance in animal care and micro-CT processing. The
study was supported by research grants R-221-000-034-133 from NUS
and 101R7465 from National Taiwan University.

Conflict of interest The authors declare no financial conflicts of
interest.

References

1. Eke PI, Dye BA, Wei L, Thornton-Evans GO, Genco RJ, Cdc
Periodontal Disease Surveillance workgroup: James Beck GDRP
(2012) Prevalence of periodontitis in adults in the United States:
2009 and 2010. J Dent Res 91:914–920

2. Albandar JM, Brunelle JA, Kingman A (1999) Destructive periodon-
tal disease in adults 30 years of age and older in the United States,
1988–1994. J Periodontol 70:13–29

3. Newman MG, Takei HH, Klokkevold PR, Carranza FA (2011)
Carranza's clinical periodontology, 11th ed. Elsevier, Philadelphia

4. Houreld NN, Abrahamse H (2008) Laser light influences cellular
viability and proliferation in diabetic-wounded fibroblast cells in a
dose- and wavelength-dependent manner. Lasers Med Sci 23:11–18

5. Conlan MJ, Rapley JW, Cobb CM (1996) Biostimulation of wound
healing by low-energy laser irradiation. A review. J Clin Periodontol
23:492–496

6. Aykol G, Baser U, Maden I, Kazak Z, Onan U, Tanrikulu-Kucuk S,
Ademoglu E, Issever H, Yalcin F (2011) The effect of low-level laser
therapy as an adjunct to non-surgical periodontal treatment. J
Periodontol 82:481–488

7. Makhlouf M, Dahaba MM, Tuner J, Eissa SA, Harhash TA (2012)
Effect of adjunctive low level laser therapy (LLLT) on nonsurgical
treatment of chronic periodontitis. Photomed Laser Surg 30:160–166

8. Obradovic R, Kesic L, Mihailovic D, Antic S, Jovanovic G, Petrovic
A, Pesevska S (2013) A histological evaluation of a low-level laser

Lasers Med Sci



therapy as an adjunct to periodontal therapy in patients with diabetes
mellitus. Lasers Med Sci 28:9–24

9. Ripamonti U, Reddi AH (1992) Growth and morphogenetic factors
in bone induction: role of osteogenin and related bonemorphogenetic
proteins in craniofacial and periodontal bone repair. Crit Rev Oral
Biol Med 3:1–14

10. Choi H, LimW, Kim I, Kim J, Ko Y, Kwon H, Kim S, Kabir KM, Li
X, Kim O, Lee Y (2011) Inflammatory cytokines are suppressed by
light-emitting diode irradiation of P. gingivalis LPS-treated human
gingival fibroblasts: inflammatory cytokine changes by LED irradi-
ation. Lasers Med Sci 27(2):459–467

11. Lopes BM, Theodoro LH, Melo RF, Thompson GM, Marcantonio
RA (2010) Clinical and microbiologic follow-up evaluations after
non-surgical periodontal treatment with erbium:YAG laser and scal-
ing and root planing. J Periodontol 81:682–691

12. Persson GR, Roos-Jansaker AM, Lindahl C, Renvert S (2011) Mi-
crobiologic results after non-surgical erbium-doped:yttrium, alumi-
num, and garnet laser or air-abrasive treatment of peri-implantitis: a
randomized clinical trial. J Periodontol 82:1267–1278

13. Lai SM, Zee KY, LaiMK, Corbet EF (2009) Clinical and radiograph-
ic investigation of the adjunctive effects of a low-power He-Ne laser
in the treatment of moderate to advanced periodontal disease: a pilot
study. Photomed Laser Surg 27:287–293

14. Ribeiro IW, Sbrana MC, Esper LA, Almeida AL (2008) Evaluation
of the effect of the GaAlAs laser on subgingival scaling and root
planing. Photomed Laser Surg 26:387–391

15. Paschalis EP, Mendelsohn R, Boskey AL (2011) Infrared assessment
of bone quality: a review. Clin Orthop Relat R 469:2170–2178

16. Chang PC, Chien LY, Ye Y, Kao MJ (2013) Irradiation by light-
emitting diode light as an adjunct to facilitate healing of experimental
periodontitis in vivo. J Periodontal Res 48:135–143

17. Chang PC, Chien LY, Yeo JF, Wang YP, ChungMC, Chong LY, Kuo
MY, Chen CH, Chiang HC, Ng BN, Lee QQ, Phay YK, Ng JR, Erk
KY (2013) Progression of periodontal destruction and the roles of
advanced glycation end products in experimental diabetes. J
Periodontol 84:379–388

18. Igic M, Kesic L, Lekovic V, Apostolovic M, Mihailovic D,
Kostadinovic L, Milasin J (2012) Chronic gingivitis: the prevalence
of periodontopathogens and therapy efficiency. Eur J Clin Microbiol
Infect Dis. doi:10.1007/s10096-011-1520-7

19. Pejcic A, Kojovic D, Kesic L, Obradovic R (2010) The effects of low
level laser irradiation on gingival inflammation. Photomed Laser
Surg 28:69–74

20. Kreisler M, Al Haj H, d'Hoedt B (2005) Clinical efficacy of semi-
conductor laser application as an adjunct to conventional scaling and
root planing. Lasers Surg Med 37:350–355

21. Uysal T, Ekizer A, Akcay H, Etoz O, Guray E (2012) Resonance
frequency analysis of orthodontic miniscrews subjected to light-
emitting diode photobiomodulation therapy. Euro JOrthodont 34:44–51

22. Smith KC (2005) Laser (and LED) therapy is phototherapy.
Photomed Laser Surg 23:78–80

23. Rosa CB, Habib FA, de Araujo TM, Aragao JS, Gomes RS, Barbosa
AF, Silveira L Jr, Pinheiro AL (2013) Effect of the laser and light-

emitting diode (LED) phototherapy on midpalatal suture bone for-
mation after rapid maxilla expansion: a Raman spectroscopy analy-
sis. Lasers Med Sci. doi:10.1007/s10103-013-1284-7

24. Bryan N, Ahswin H, Smart N, Bayon Y, Wohlert S, Hunt JA (2012)
Reactive oxygen species (ROS)—a family of fate decidingmolecules
pivotal in constructive inflammation and wound healing. Euro Cells
Mater 24:249–265

25. Vanella L, Sanford C Jr, Kim DH, Abraham NG, Ebraheim N (2012)
Oxidative stress and heme oxygenase-1 regulated human mesenchy-
mal stem cells differentiation. Int J Hypertens 2012:890671

26. Zhao L, Huang J, Zhang H, Wang Y, Matesic LE, Takahata M, Awad
H, Chen D, Xing L (2011) Tumor necrosis factor inhibits mesenchy-
mal stem cell differentiation into osteoblasts via the ubiquitin E3
ligase Wwp1. Stem Cells 29:1601–1610

27. Pyo SJ, Song WW, Kim IR, Park BS, Kim CH, Shin SH, Chung IK,
Kim YD (2013) Low-level laser therapy induces the expressions of
BMP-2, osteocalcin, and TGF-beta1 in hypoxic-cultured human
osteoblasts. Lasers Med Sci 28:543–550

28. Fujimoto K, Kiyosaki T, Mitsui N, Mayahara K, Omasa S, Suzuki N,
Shimizu N (2010) Low-intensity laser irradiation stimulates mineral-
ization via increased BMPs in MC3T3-E1 cells. Lasers Surg Med
42:519–526

29. Favaro-Pipi E, Ribeiro DA, Ribeiro JU, Bossini P, Oliveira P,
Parizotto NA, Tim C, de Araujo HS, Renno AC (2011) Low-level
laser therapy induces differential expression of osteogenic genes
during bone repair in rats. Photomed Laser Surg 29:311–317

30. Desmet KD, Paz DA, Corry JJ, Eells JT, Wong-Riley MT, Henry
MM, Buchmann EV, Connelly MP, Dovi JV, Liang HL, Henshel DS,
Yeager RL, Millsap DS, Lim J, Gould LJ, Das R, Jett M, Hodgson
BD, Margolis D, Whelan HT (2006) Clinical and experimental
applications of NIR-LED photobiomodulation. Photomed Laser Surg
24:121–128

31. Brawn P, Kwong-Hing A, Boeriu S, Clokie CM (2008) Acceler-
ated implant stability after LED photobiomodulation. J Dent Res
87:2021

32. Park KY, Han TY, Kim IS, Yeo IK, Kim BJ, Kim MN (2013) The
Effects of 830 nm light-emitting diode therapy on acute herpes zoster
ophthalmicus: a pilot study. Ann Dermatol 25:163–167

33. Oh IY, KimBJ, KimMN, KimCW, Kim SE (2013) Efficacy of light-
emitting diode photomodulation in reducing erythema after fractional
carbon dioxide laser resurfacing: a pilot study. Dermatol Surg
39(8):1171–1176

34. Brawn PR, Kwong-Hing A (2007) Histologic comparison of light
emitting diode phototherapy-treated hydroxyapatite-grafted extrac-
tion sockets: a same-mouth case study. Implant Dent 16:204–211

35. Tortamano A, Lenzi DC, Haddad AC, Bottino MC, Dominguez GC,
Vigorito JW (2009) Low-level laser therapy for pain caused by
placement of the first orthodontic archwire: a randomized clinical
trial. Am J Orthod Dentofac Orthop 136:662–667

36. Fonseca PD, de Lima FM, Higashi DT, Koyama DF, Toginho Filho
Dde O, Dias IF, Ramos Sde P (2013) Effects of light emitting diode
(LED) therapy at 940 nm on inflammatory root resorption in rats.
Lasers Med Sci 28:49–55

Lasers Med Sci

http://dx.doi.org/10.1007/s10096-011-1520-7
http://dx.doi.org/10.1007/s10103-013-1284-7

	Controlling periodontal bone levels with multiple LED irradiations
	Abstract
	Introduction
	Materials and methods
	Animal model and study design
	LED device
	Micro-computed tomography and histologic assessments
	Statistical analysis

	Results
	General condition and gross observations
	Reductions in periodontal bone level
	Descriptive histology
	Quantitative histologic measurements

	Discussion
	References


