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Evaluation of light-emitting diode photobiomodulation on bone healing of rat calvarial defects
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One of the major problems in modern dentistry is the recovery of bone defects. The aim of this prospective experimental
study was to evaluate the effect of light-emitting diode (LED) photobiomodulation therapy on bone healing of rat calvarial
defects. Twenty-eight male Sprague Dawley rats were used for the study. Critical size defects with 5 mm diameter were
made with a trephine bur used in a low-speed handpiece under continuous sterile saline irrigation on each side of the
sagittal suture. All critical size defects on the right side were filled with corticocancellous bone graft material and all the
defects on the left side were left empty. The animals were randomly divided into two groups of 14 rats each. Group I
received LED therapy and Group II did not receive any therapy. OsseoPulse� LED device (Biolux Research Ltd.) 618 nm
wavelength and 20 mW/cm2 output power irradiation was started immediately after the surgery and was applied for 20
minutes at 24-h intervals for 7 and 14 days. In each group, seven rats were sacrificed on the 8th day and the remaining rats
were sacrificed on the 15th day. Bone healing of the non-grafted side was statistically significant in Group I on both 8th
day and 15th day; on the other hand, in the grafted side, enhanced bone healing was dominantly observed on the 15th day
in Group I, compared to Group II, although the difference was not significant. Within the limits of this study, the findings
suggested that LED therapy might have a favourable effect in the early phase of bone healing.
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Introduction

Low-intensity light therapy, generally referred to as

‘photobiomodulation’ by light in the far-red to the near-

infrared region of the spectrum (630�100 nm), modulates

numerous cellular functions. Low level lasers (LLLs) and

light-emitting diodes (LEDs) are well-accepted therapeu-

tic tools in the treatment of infected, ischemic and hyp-

oxic wounds, along with other soft tissue injuries.[1�5]

Photobiomodulation therapy has been shown to stimulate

cell proliferation, including that of fibroblasts, to help for

the attachment and synthesis of collagen and procollagen,

to promote angiogenesis and to stimulate macrophages

and lymphocytes, and in this way to accelerate the bone

repair process.[6�8]

LEDs differ from LLLs and have been found to be

more beneficial in several aspects. LLL is a laser with the

characteristics of coherency, whereas the LED light is not

coherent and therefore is expected to result in fewer side

effects. Unlike lasers, there is virtually no heat generated

by the LED array and, therefore, no potential thermal

injury is expected. Furthermore, LED radiation can also

be produced at a lower cost, compared to the LLL and it

can safely be applied to a larger area of the body surface.

[9�11]

Modern dentistry is challenged daily by the need to

recover bone loss due to several etiological factors, such

as trauma, pathological conditions or as a consequence of

surgical procedures. This aspect has led to extensive stud-

ies on the process of bone repair. Several techniques for

the correction of bone defects have been studied, includ-

ing grafts and photobioengineering.[6,7,12�16] Laser

light has been used for improving bone repair in several

conditions, such as dental implants,[17] orthodontic min-

iscrews,[18] autologous bone grafts [8,19] and several

types of bone defects.[20�23]

Despite the growing number of successful applications

of LED-phototherapy (LPT) in many fields, there are few

reports concerning their effect on bone repair.[24] Several

studies have suggested that the use of LPT is mostly suit-

able for improving bone repair due to its penetration depth

in the bone tissue, when compared to the visible light.[13]

Although several studies have demonstrated positive

results in the healing of bone tissue with the use of LPT,

there have been few reports on the use of LPT and
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biomaterial combinations.[6,7,13�16] The effects of

LPT, associated with graft biomaterials in bone repair,

need further studies, as each material may cause different

responses. As light has been proven to speed up bone

repair, it would be desirable to develop a technique that

may enhance and shorten the time of bone repair in cases

of biomaterials usage.[6]

Autogenous bone grafts are the materials of choice

and are regarded as the ‘gold standard’ in the treatment of

bone defects. They are a source of osteogenic cells and

osteoinductive substances without immunogenic proper-

ties.[25�27] Considerable interest has been risen for the

usage of bone graft substitutes to fill critical bone defects,

because of the significant limitations in terms of donor

sites that the autogenous bone grafts have.[27�29] Freeze

dried bone allografts (FDBA) have been widely used in

the field of implantology and periodontology for the treat-

ment of bone defects with predictable outcomes.[30,31]

They are providing osteoconductive scaffold and volume

enhancement, as well as an effective site development.

On the other hand, LPT may offer advantages as an

attractive treatment option for previously grafted bone defect

sites, allowing a successful implant placement and osseointe-

gration. Accordingly, the aim of the present study was to

evaluate the effect of LPT on the early phase of healing of

surgically created calvarial defects with or without FDBA.

Materials and methods

Animal care

The protocol for the study was approved by the Institu-

tional Review Board of Laboratory Animals Ethical Com-

mittee (No:257a). Twenty eight 13 weeks old Sprague

Dawley male rats (mean weight 280 g) were kept under

natural conditions of light and temperature. The animals

were fed with standard laboratory diet and had water ad

libitum. Controlled day/night light cycle and temperature

were performed during the experimental period. The ani-

mals were randomly divided into two groups (Group I:

Rats receiving LED and Group II: Rats not receiving

LED) and then subdivided into two subgroups, according

to the sacrification days (Table 1).

Study protocol

All procedures were performed under sterile conditions in

a surgical operating room. All Sprague Dawley rats were

sedated with an intramuscular injection of ketamine

(Ketalar�, Pfizer, Turkey, 50 mg/mL) and 2% xylazine

(Rompun�, Bayer, Canada, 20 mg/mL, 2 mL/kg). A semi-

lunar incision was made at the scalp in the anterior region

of the calvarium allowing the reflection of a full-thickness

flap towards the posterior region of the skull. Critical size

defects with 5 mm diameter were made with a trephine (3i

Implant Innovations Inc., FL, USA) used in a low-speed

handpiece under continuous sterile saline irrigation at pari-

etal bones by the reference of bregma point and sagittal

suture. The defect located on the right side was filled with

FDBA (MinerOss�, Biohorizons/Osteotech, Inc, Eaton-

town, NJ) material and the defects on the left side were left

empty. Group I received LPT and Group II did not receive

any therapy. For the ongoing daily LPT sessions, the ani-

mals were sedated only with Rompun� 10 mg/mL in order

to provide their stability and their survival.

LPT protocol

LPT was carried out using a LED device with 618 nm

wavelength and with 20 mW output power (OsseoPulse�

AR 300; Biolux, Vancouver, Canada). LPT was started

for Group I immediately after the surgery and transcutane-

ously applied for 20 minutes at 24-h intervals for 7 d and

14 d. The animals were sacrificed on the 8th and 15th

days. Sacrifications were made 24-h after the final irradia-

tion days (7th and 14th days) to observe the effect of the

last day irradiations. Surgical defects with the surrounding

tissues nearby were removed in block. A silk suture was

fixed through a hole made by a bur at the neighbourhood

of the empty defect in order to differentiate the defects

during the histopathological examination.

Histopathological and histomorphometrical analysis

The parietal bones were dissected and were fixed in 10%

neutral formalin solution and sent for histological and his-

tomorphometrical analysis. After fixation of the blocks,

all materials were decalcified in the solution prepared

with 0.5% formic acid (v/v) and 0.2% sodium citrate

(w/v). Bone samples were embedded in suitable contain-

ers with melted paraffin wax and stored at ¡4 �C. Paraffin
blocks were sectioned at 5�7 mm thickness and stained

with hematoxylin eosin. Bone healing scores were

adopted according to the Allen’s grading system (Table 2).

Table 1. Distribution of the rats in the study.

Groups Sacrification (days) Light Biomaterial n

8 LED MinerOss� 7

Group I 8 LED � 7

15 LED MinerOss� 7

15 LED � 7

8 � MinerOss� 7

Group II 8 � � 7

15 � MinerOss� 7

15 � � 7

Note: Number of the rats (n).
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[32] According to Allen’s scoring system, score 0 shows

non-union, whereas the score 6 shows complete bony

union. These bone healing scores were used in Table 3

and Table 4. Histomorphometrical analysis was per-

formed by two pathologists (blinded to the LPT group)

under a light microscope (Olympus BX51, Optical Co.

Ltd, Tokyo, Japan). Digital images with 400£ magnifica-

tion were examined. The scores for necrosis, inflammation

and fibrosis were determined by counting the associated

cells and their ratio to the total cell count. Regarding to

the staining percentage, which they comprise in the digital

image, these findings were scored as�(0%), 1 (C)

(5%�30%), 2 (CC) (30%�60%) or 3 (CCC) (> 60%)

by analySIS FIVE image analysis software. (Olympus,

Tokyo, Japan). Three different parts of one and the same

block section (0.14 mm2 at 400£ magnification) were

determined. The most central stained section that repre-

sented the maximum diameter of the defect was selected

in each block. It was not possible to capture the entire

defect in one image at the level of magnification that was

used, therefore it was obtained from three different parts

of the block.[33]

Statistical analysis

The statistical analysis was carried out using the Statisti-

cal Package for Social Sciences (SPSS, version 17.0).

Study and control groups were compared statistically with

Mann�Whitney U test, and mean differences in each

group were analysed by Wilcoxon signed-rank test with a

confidence interval of 95 % (P < 0.05).

Results and discussion

Many therapeutic approaches are being studied to pro-

mote cell biostimulation and to improve the regenerative

capacity of bone and soft tissues.[34�37] Thus, photobio-

modulation therapy, applied by LLL or LED, is consid-

ered as a way to accelerate and improve bone tissue

regeneration in the treatment of clinical conditions that

require tissue regeneration.[18] The present study was

conducted to observe the influence of LPT on bone heal-

ing in the surgically created rat calvarial defects filled

with FDBA or without FDBA. To our knowledge, this is

the first histological report on the use of the association of

LED light and FDBA.

In the present study 28 rats were used. No postopera-

tive complications were observed, yielding a total of 56

bone defects for final analysis. Calvarial soft tissue heal-

ing progressed without any sign of infection. No weight

loss and no side effects, such as behavioural changes, or

features of pain, were observed.

Figures 1�4 show the characteristic histological sec-

tions for all of the groups at the end of the first week.

Bone healing of the non-grafted site in Group I was signif-

icantly higher than the non-grafted site in Group II (P <

0.05). The inflammation of the non-grafted site in Group I

Table 2. Allen’s fracture of healing scoring system.

Healing staging Score

Non-union 0

Incomplete cartilage union 1

Complete cartilage union 2

Incomplete bony union with phase of
ossification

3

Incomplete bony union with intermediate
phase of ossification

4

Incomplete bony union with late phase
of ossification

5

Complete bony union 6

Table 4. Comparison of bone healing, inflammation, necrosis
and fibrosis values of 15th day sacrification groups.

Group I Group II

Mean § SD Mean § SD P

Bone healing 2.43 § 0.53 1.75 § 0.70 0.065

Grafted
side n: 7

Inflammation 1.57 § 0.53 0.63 § 0.74 0.023�

Necrosis 0.29 § 0.49 0 § 0 0.117

Fibrosis 1.86 § 0.37 1.50 § 0.53 0.157

Bone healing 2.28 § 0.49 1.25 § 0.46 0.004�

Non-grafted
side n: 7

Inflammation 0.43 § 0.53 0.50 § 0.53 0.789

Necrosis 0.14 § 0.37 0 § 0 0.285

Fibrosis 1.29 § 0.49 1.50 § 0.53 0.414

Note: Number of the rats (n). In the grafted side, there was a significant
difference between the 2 groups in terms of inflammation with Group 2
exhibiting lower inflammation values.
In the non-grafted side, there was a significant difference between the 2
groups in terms of bone healing with Group 1 exhibiting better bone healing.
�P < 0.05.

Table 3. Comparison of bone healing, inflammation, necrosis
and fibrosis values of 8th day sacrification groups.

Group I Group II

Mean § SD Mean § SD P

Bone healing 0 § 0 0 § 0 1

Grafted
side n: 7

Inflammation 2 § 0.82 2 § 1.15 0.84

Necrosis 0.43 § 0.53 0.29 § 0.49 0.591

Fibrosis 0.86 § 0.38 1.57 § 0.79 0.035�

Bone healing 1.85 § 0.69 0 § 0 0.001�

Non-grafted
side n: 7

Inflammation 0.57 § 0.79 1.86 § 0.89 0.020�

Necrosis 0 § 0 0.29 § 0.48 0.141

Fibrosis 1.57 § 0.53 1.71 § 076 0.775

Note: Number of the rats (n). In the grafted side, there was a significant
difference between the 2 groups in terms of fibrosis in favor of Group 1.
In the non-grafted side, there was a significant difference between the 2
groups in terms of bone healing and inflammation with Group 1 exhibit-
ing better bone healing and statistically lower inflammation values.
�P < 0.05.
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was significantly lower than the inflammation of the non-

grafted site in Group II (P < 0.05). We did not observe

the same significance, concerning the inflammation rate in

the grafted side of Group I compared to grafted side of

Group II. We supposed that graft itself increased the

inflammation rate. Fibrosis in the grafted site in Group I

was significantly lower than the grafted site in Group II

(P < 0.05) (Table 3). We supposed that the presence of

bone grafts prevented fibrosis in the early stage and LED

did not have any effect on it, because the non-grafted side

of Group I and II showed no differences on fibrosis.

Necrosis was present on the 8th day in both groups�
grafted or non-grafted, but it was not notable.

Figures 5�8 show the characteristic histological sec-

tions for all of the groups at the end of the second week.

Bone healing on the non-grafted site in Group I was

significantly higher than the non-grafted site in Group II

(P < 0.05). Bone healing of the grafted side in Group I

was higher than that in Group II, although the difference

was not significant. The inflammation of the grafted side

in Group I was significantly higher than that in the grafted

side in Group II (P < 0.05), suggesting that the inflamma-

tion is still proceeding. Fibrosis in the grafted side of

Group I was higher when compared with the grafted side

of Group II, but no significant differences were detected.

There were not significant differences regarding necrosis

(Table 4). Undistinguishable rates of necrosis provided a

healthy healing period in both groups.

If we compare the 8th day and the 15th day sacrifica-

tion periods, in Group I, the grafted site revealed a signifi-

cant bone formation from the 8th day to the 15th day (P <

0.05). The bone healing in non-grafted site in Group I was

higher on the 15th day compared to the 8th day (Table 3),

Figure 1. Seventh day grafted defect with LPT in Group I.
Note: Newly formed bone tissue comprising thin trabecular
structure in connective tissue with rich neovascularization
around graft material (H&E £ 200)

Figure 4. Seventh day empty defect in Group II.
Note: New bone formation from defect border through fibrous
tissue (H&E £ 200)

Figure 2. Seventh day empty defect with LPT in Group I.
Note: New bone trabecules in active connective tissue, which
consist of young mesenchymal stem cells (H&E £ 200)

Figure 3. Seventh day grafted defect in Group II.
Note: Ice band like reticular bone formation around graft mate-
rial (H&E £ 200)
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but the difference was not statistically significant. In

Group II, bone healing in both grafted and non-grafted

sites was significantly increased from the 8th day until the

15th day (P < 0.05). In Group II, inflammation in both

grafted and non-grafted sites significantly decreased from

the 8th day until the 15th day (P < 0.05). In the present

study, fibrosis was significantly increased from 8th day to

15th day in the grafted LPT group. Furthermore, it was

determined that the bone healing was also significantly

increased in the same period and in the same group. This

immature bone shows low levels of formation of bone

matrix, which incorporates with FDBA, characterizing

bone maturation.

These findings suggest that the rate of bone regenera-

tion was significantly higher in the non-grafted-LPT group

(Group I) than in non-grafted and not received LPT group

(Group II). Furthermore, enhanced bone healing was

observed in the grafted-LPT group when compared with

grafted-non-irradiated group, but no significant differen-

ces were detected. These findings may indicate an

increased activity of irradiated osteoblasts in bone tissue.

This is because in the early stages of bone repair, the cel-

lular component (fibroblasts and osteoblasts) is more

prominent and more prone to be affected by the light.

[16,38,39] The deposition of bone matrix starts later and

becomes the main component of the repairing tissue.[7]

Studies on the effects of laser light on bone regenera-

tion have indicated that its effect on bone healing depends

not only on the total dose of irradiation, but also on the

irradiation time and the irradiation mode.[7,14,17,19�23,

40�46] In the literature, there are different LPT protocols

concerning time intervals and durations. Soares et al.,[6]

Pinheiro et al. [24] and Aciole et al. [47] reported that

they applied LPT at 48-h intervals for two weeks. On the

Figure 8. Fourteenth day empty defect in Group II.
Note: New bone trabeculae developing from border through the
centre of the defect (H&E £ 100)

Figure 5. Fourteenth day grafted defect with LPT in Group I.
Note: Bridge-like new bone formation covering the defect (H&E
£ 200)

Figure 7. Fourteenth day grafted defect in Group II.
Note: New bone trabeculae around graft material (H&E £ 200)

Figure 6. Fourteenth day empty defect with LPT in Group I.
Note: New bone trabeculae filling half of the defect in the fibrous
tissue (H&E £ 200)
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other hand, Uysal et al. [18] applied LPT at 24-h intervals

for 10 consecutive days and Casalechi et al. [48] preferred

to apply LPT every 24-h for 7, 14 and 21 days periods,

according to their study groups. All of these referred

authors suggested that LPT significantly increased bone

regeneration. In the present study LPT was applied at 24-

h intervals for 20 minutes per session for 7 and 14 conse-

cutive days. Consistent with the previous studies, high

bone regeneration values were obtained in the present

study.

The wavelength delivered by the OsseoPulse� LED

device in the present study was 618 nm with 20 mW out-

put power, which was close to that used in LLL

(600�1000 nm) with similar energy. It has been shown

that both LED and LLL radiations result in photobiomo-

dulation effects.[9,49] The energy density used in this

study was 5 J/cm2, which is aligned with several previous

reports, suggesting that 1�5 J/cm2 is effective to induce

positive effects on both bone and soft tissues.[6,20] Our

results showed an increase in the formation of bone matrix

stimulated by LPT.

The mechanism by which LPT produces its biological

effects remains to be elucidated. Several in vitro and

in vivo studies have demonstrated that light stimulates the

cytochrome C oxidase, a major photo acceptor molecule,

causing increased energy metabolism and production and

stimulation of mitochondrial oxidative metabolism. Better

cell function especially in cells with a suboptimal meta-

bolic condition which produces ATP is provided by cyto-

chrome C oxidase. Acceleration of mitoses, improvement

of tissue repair, stimulation of bone repair, balancing of

the production of fibroblasts with normalization of colla-

gen and elastic fibres deposited in the repairing tissue and

increment of the peripheral blood circulation, improving

anti-inflammatory action and tissue healing are all sup-

plied by ATP.[18,37]

FDBA has been used extensively in oral surgery.

[50�52] This material is composed of crushed cortical

and cancellous bone. Its ‘dual’ nature seems to contribute

to the attainment of an excellent biological response after

grafting. The mineralized cancellous particles may pro-

vide a rapidly resorbable, osteoconductive scaffold for the

ingrowth of bone cells and angiogenesis, leading to opti-

mal bone remodelling. On the other hand, mineralized

cortical chips may offer an adequate structure to maintain

the space due to its size and slower resorption rate.[51]

In the present study, histological analyses revealed that

allograft residual particles were integrated into the tissue

of the host with no signs of inflammation or foreign body

reaction. Most allograft particles were in direct contact

with well-organized lamellar bone, which is an evidence

of the biocompatibility and osteoconductivity of this

material. Furthermore, the rate of bone regeneration in the

grafted-Group I was higher than the grafted-Group II, but

the difference was not statistically significant.

In the present study, the authors questioned the effect

of LPT on bone regeneration rate during the early stages

of healing. Based on histological observations, fracture

healing (secondary healing) in human occurs in four over-

lapping phases, including the hematoma formation phase,

early inflammatory phase (2�4 weeks), repair phase

(proliferation and differentiation, which is within 1�2

months) and a late remodelling phase, which lasts for

months or years.[53,54] In the present study, we evaluated

the effect of LPT on the early inflammatory phase, in

which the osteoblastic activity had just started with the

formation of bone matrix. These osteoblasts were less in

number and meaningless to be counted. Therefore a

seven-point scoring (modified Allen’s scoring) system

was used to assess bone healing. Furthermore, the authors

propose additional latent period of time to get more pre-

dictable results.

The interpretation of differences between reported

studies for LED arrays may be related to the difference in

parameters, graft types and animal models used, creating

difficulties in hindering the comparison of treatment

outcomes and extrapolation to the clinical practice in

humans.[35] The question here shall be identifying the

optimal light and experimental parameters to obtain the

optimal biological outcomes.

As a major limitation of this study, additional data from

in vivo human trials are required to validate this assump-

tion. Additionally, long term viability and mechanical

properties of the LPT treated and FDBA grafted bone

defect sites should be further evaluated to contribute to a

better understanding of the long-term clinical performance

of this treatment modality.

Conclusions

As a conclusion, the present preliminary data suggested

that LPT with a wavelength of 618 nm might have a posi-

tive effect on the early phase of wound healing of bone

defects with or without the use of FDBA. The use of pho-

tobiomodulation therapy, applied by LED, was suggested

as a way of accelerating and improving the bone tissue

healing process in order to reduce the healing time.
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