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A B S T R A C T

Background: The study aimed to evaluate the effect of antimicrobial photodynamic therapy (aPDT) as adjunctive
therapy to scaling and root planing in experimental periodontitis in rats, with or without systemic involvement,
by means of histometric analysis of the furcation region.
Methods: Systematic search was done using PubMed/MEDLINE, SCOPUS, EMBASE and ProQuest databases.
Quantitative analysis of alveolar bone loss, with subcategories for the experimental periods studied, was per-
formed. The analysis was performed through the mean difference (MD), with 95% confidence intervals (CIs) and
according to SYRCLE guidelines.
Results: Nine studies were considered eligible. A statistically favorable difference was observed for the use of
aPDT in all periods studied in systemically healthy animals at 7 (P <0.00001; MD: −0.71; 95% CI: [−0.85,
−0.58]; I2: 90%), 15 (P < 0.00001; MD: −0.49; 95% CI: [−0.62, −0.37]; I2: 88%), and 30 (P < 0.00001;
MD: −0.53; 95% CI: [−0.65, −0.41]; I2: 80%) days postoperatively. The difference was also observed for
modified animals at 7 (P < 0.00001; MD: −1.03; 95% CI: [−1.43, −0.62]; I2: 97%), 15 (P < 0.00001; MD:
−1.04; 95% CI: [−1.62, −0.46]; I2: 99%), and 30 (P < 0.00001; MD: −0.88; 95% CI: [−1.37, −0.39]; I2:
97%) days postoperatively.
Conclusion: The adjunctive use of aPDT favored the reduction of alveolar bone loss in experimental periodontitis
in rats, and this result was more evident in systemically compromised rats.

1. Introduction

Periodontal disease is the most prevalent disease associated with
bone loss in adults [1]. The treatment of periodontal disease involves
mechanical removal of the buccal biofilm or maintenance of ther-
apeutic concentrations of antimicrobials in the buccal cavity; however,
both procedures present limitations [2,3] and require adjuvant methods
to complement the mechanical treatment of scaling and root planing
(SRP) [4,5]. Systemic administration of antibiotics has often been used
and appears to promote clinical benefits [6–8]. Nevertheless,

microorganisms can rapidly develop resistance against a variety of
microbial agents [9], and an effective alternative antimicrobial therapy
against Gram-negative bacterial, mycobacterial, fungal, viral, and
protozoal pathogens [9] such as antimicrobial photodynamic therapy
(aPDT) is required [10,11].

aPDT may be advantageous as an adjunctive therapy to the con-
ventional treatment of periodontitis [4,8,12–19], because of its micro-
bial selectivity, preventing damage to the host tissue around the in-
fected area [10]. In addition to the antimicrobial effects, the use of low-
powered lasers seems to have a positive influence on the response of

https://doi.org/10.1016/j.pdpdt.2019.01.020
Received 13 August 2018; Received in revised form 8 January 2019; Accepted 14 January 2019

⁎ Corresponding author at: Department of Surgery and Integrated Clinic, São Paulo State University (UNESP), José Bonifácio Street, 1193, Zip Code 16015-050,
Araçatuba, São Paulo, Brazil.

E-mail addresses: marta.nuernberg@hotmail.com (M.A. Alberton Nuernberg), danijanjacomo@hotmail.com (D.M. Janjacomo Miessi),
camilaivanaga@gmail.com (C.A. Ivanaga), marianebocalon.56@hotmail.com (M. Bocalon Olivo), e.ervolino@unesp.br (E. Ervolino),
vg.garcia@uol.com.br (V. Gouveia Garcia), mark_wainwright@hotmail.com (M. Wainwright), leticia.theodoro@unesp.br (L.H. Theodoro).

Photodiagnosis and Photodynamic Therapy 25 (2019) 354–363

Available online 15 January 2019
1572-1000/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15721000
https://www.elsevier.com/locate/pdpdt
https://doi.org/10.1016/j.pdpdt.2019.01.020
https://doi.org/10.1016/j.pdpdt.2019.01.020
mailto:marta.nuernberg@hotmail.com
mailto:danijanjacomo@hotmail.com
mailto:camilaivanaga@gmail.com
mailto:marianebocalon.56@hotmail.com
mailto:e.ervolino@unesp.br
mailto:vg.garcia@uol.com.br
mailto:mark_wainwright@hotmail.com
mailto:leticia.theodoro@unesp.br
https://doi.org/10.1016/j.pdpdt.2019.01.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pdpdt.2019.01.020&domain=pdf


periodontal tissue [10,11]. The basic principle of aPDT involves the
combination of visible or near infrared light, oxygen, and a photo-
sensitizer that is able to absorb and transfer energy or electrons after
light absorption to molecular oxygen to generate reactive oxygen spe-
cies [9].

aPDT has been widely studied as an adjunctive therapy to conven-
tional periodontal treatment [4,8,12–24]. in vitro studies initially de-
monstrated benefits (eg, reducing some periodontopathogens) [25–28].
Furthermore, some in vivo studies have assessed the effect of aPDT on
alveolar bone loss reduction and clastogenic activity, as well as re-
duction of inflammation in animals [20,24,29–36]. However, clinical
studies in humans have demonstrated variable results [37–41]. Such
controversies may be related to the irradiation parameters of the light
source, pre-irradiation time, type, and concentration, frequency, and
mode of application of the photosensitizer.

Some meta-analyses and systematic reviews have evaluated the
adjuvant use of aPDT in the periodontal treatment of patients with
chronic periodontitis [37,38,41], and aggressive periodontitis [39], as
well as patients with systemic impairment (diabetes) and in the treat-
ment of residual pockets [40]. However, it has not been evaluated the
effect of aPDT on the bone tissue of areas with periodontitis in sys-
tematic reviews/meta-analysis or clinical studies. Furthermore, the re-
sults of experimental animal studies have not been evaluated and dis-
cussed in order to compare the parameters of aPDT regarding its real
effectiveness in the control of alveolar bone loss. Therefore, the purpose
of the present study was to assess the effects of aPDT as an adjunctive
therapy to SRP (compared to SRP alone) on alveolar bone loss in ex-
perimental periodontitis in rats through a systematic review and meta-
analysis.

2. Material and methods

The review methodology was specified in advance and documented
according to the SYRCLE systematic review protocol for animal inter-
vention studies [42].

2.1. Eligibility criteria

The studies selected for this analysis followed the criteria estab-
lished by the PICO strategy. The PICO question elaborated was “What
are the effects of aPDT as an adjunctive therapy to SRP compared to
SRP alone on alveolar bone loss in experimental periodontitis in rats?”
Criteria considered were (1) population (a model of experimental per-
iodontitis in rats); (2) intervention (rats treated with aPDT as an adjunct
to SRP); (3) comparison (rats that received SRP alone followed by ir-
rigation with saline solution); and (4) outcomes (alveolar bone loss in
furcation region).

The following eligibility criteria were used: (1) animal studies; (2)
studies with a model of experimental periodontitis in Wistar rats in-
duced by a cotton ligature placed in a submarginal position for 7 days;
(3) studies that compared conservative SRP to the use of aPDT as an
adjunctive therapy to SRP in experimental periodontitis in rats; (4) the
presence of a control group (rats receiving SRP without adjunctive
aPDT); and (5) studies that assessed the alveolar bone loss in the fur-
cation region by histometric analyses. Exclusion criteria adopted were
review papers, clinical trials, case reports, letters to the editor, com-
mentaries, interviews, updates, in vitro studies, and studies that as-
sessed the use of aPDT as monotherapy.

2.2. Search and information sources

PubMed/MEDLINE, SCOPUS, and EMBASE databases were searched
by two authors (M.A.A.N. and D.M.J.M.) independently, according to
the inclusion criteria and without any language or publication status
restriction. Dissertations and theses were searched using the ProQuest
Dissertations and Theses database. A manual complementary search

was also conducted in the following journals: Journal of Periodontology,
Journal of Clinical Periodontology, Lasers in Medical Science, Lasers in
Surgery and Medicine, and Journal of Photochemistry and Photobiology B:
Biology. The search strategies developed for each database are pre-
sented in a supplementary file (Supplementary File 1). The search was
performed from November 2017 to May 2018. All searches were up-
dated on October 9, 2018.

Screening was performed in two phases. The articles were initially
prescreened based on title, followed by analysis of the abstract. Articles
considered eligible were subsequently analyzed within inclusion and
exclusion criteria through full-text screening. Two blind reviewers
(M.A.A.N. and D.M.J.M) independently assessed each article, and dis-
crepancies were resolved by a third reviewer (L.H.T). Search results
from each database were combined and duplicates removed.

2.3. Study characteristics and data extraction

The full-text review and data collection were independently per-
formed by two reviewers. After reading the articles, data were collected
by one author (M.A.A.N.), and a second author (M.B.O) was responsible
for checking all tabulated data. Any discrepancies were solved by mu-
tual discussion, and if unsolved, a third reviewer (L.H.T) was consulted.
The information from the accepted studies was tabulated according to
the animal species, gender, quantity, and age of animals, as well as by
weight, systemic condition, experimental periodontitis, control groups,
type of laser used for aPDT, photosensitizer and pre-irradiation time,
laser parameters, irradiation method, experimental periods (time
points), processing for microscopic analyses, mean of bone loss in
millimeters squared, and standard deviation.

2.4. Data items and risk of bias

Risk of bias in the included studies was assessed using SYRCLE’s risk
of bias tool for animal studies [43]. The assessment of risk of bias was
conducted independently by two reviewers (M.A.A.N and D.M.J.M),
and in cases of doubt a third reviewer (L.H.T) participated in order to
solve discrepancies.

2.5. Collection of outcome data and data synthesis

Details of the experiment (animal species, gender, number of ani-
mals and age, weight, systemic condition, experimental periodontitis
induction, experimental groups analyzed, and experimental periods) as
well as descriptive parameters used in aPDT therapy (laser types, wa-
velengths, spot size, power, energy density, total energy, type and
concentration of photosensitizer, pre-irradiation time, irradiation time,
and laser irradiation method) were extracted for descriptive analysis by
two reviewers (M.A.A.N and E.E.). The outcome data of alveolar bone
loss was extracted from tables and the corresponding authors were
contacted for missing data in the paper. All the included studies as-
sessed alveolar bone loss in the furcation region of molars by histo-
metric analysis. The data were presented by mean bone loss in milli-
meters squared and standard deviation.

2.6. Meta-analysis

In order to estimate the effect of the treatment with aPDT as an
adjunctive therapy to SRP, a quantitative analysis was performed from
histometric data of mean and standard deviation of alveolar bone loss
in millimeters squared in the furcation region of molars. Effect esti-
mates are reported as mean difference (MD) with the corresponding
95% confidence intervals (CIs). Due to the presence of studies with
experimental groups with systemically modified animals, the analyses
were conducted separately in two groups: (1) systemically healthy an-
imals and (2) systemically modified animals. Within each of these
groups, subgroups were created to analyze the effects of aPDT in each
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experimental period (7, 15, and 30 days postoperative). Studies that
presented more than 1 experimental group of aPDT, with variations in
the concentration of the photosensitizer or time and number of laser
applications, had more than 1 analysis per article.

Heterogeneity between the studies was evaluated with an I2 test and
data were considered heterogeneous for an I2 value higher than 40%.
The random-effects model was chosen. The analysis was performed
using Review Manager (version 5.3.; The Cochrane Collaboration,
2014, Oxford, UK).

3. Results

3.1. Study selection and characteristics

A flow chart of the study selection is represented in Fig. 1. The
electronic search strategy retrieved a total of 778 records, of which 170
were excluded as duplicate records and 608 were excluded after a de-
tailed screening of titles and abstracts. Nineteen full-text studies were
assessed for eligibility. Of these 19 remaining articles, 10 papers were
excluded because they met one or more exclusion criterion (Supple-
mental File 2) and 9 were included in this systematic review and meta-
analysis. The meta-analysis was conducted independently among stu-
dies with rats that were systemically healthy [20,21,29–33,36] and rats
that were systemically modified [29–33,35,36].

The overview of characteristics processed and groups included in
each article are presented in Table 1. All studies used adult Wistar rats,
with a male gender predilection and weight range of 200 g–300 g. Only
three studies [32,33,36] were conducted in female adult rats.

Two studies [20,21] had no groups of systemically modified ani-
mals. Considering the methods to induce systemic conditions, studies
administered intravenous injection of alloxan (42mg/kg body weight
concentration) for inducing diabetes [29], subcutaneous injection of
dexamethasone (2mg/kg) for immunosuppression induction [30],
subcutaneous injection of nicotine hemisulphate preparation (3mg/kg)
[31], surgical procedure for ovariectomy [32], subcutaneous insertion
of osmotic minipumps containing nicotine [33], intraperitoneal injec-
tions of 5-fluorouracil (50mg/mL) [35] and surgical procedure for
ovariectomy followed by the subcutaneous insertion of osmotic mini-
pumps containing nicotine [36].

All experimental treatments were performed with a wavelength of
660 nm from two types of low-powered lasers (GaAlAs and InGaAlP).
The photosensitizer toluidine blue O (TBO) at a concentration of
100 μg/mL was the most used, and all the studies employed a pre-ir-
radiation time of 60 s. The other characteristics regarding the para-
meters of the lasers used and the protocols for aPDT are described in
Table 2.

3.2. Analysis of bias

Figs. 2 and 3 present the classification of bias of the studies included
in this systematic review. Information about caregivers and/or in-
vestigators blinded from the knowledge of which intervention each
animal received during the experiments was unclear in all studies. Two
studies did not describe a random component in the sequence genera-
tion process [29,33] and one study did not describe the allocation
method to the different treatments groups adequately [29].

Fig. 1. Flow diagram of the search strategy.
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3.3. Systemically healthy animals

Statistically favorable differences were found in the use of aPDT in
association with SRP for alveolar bone loss reduction for all experi-
mental periods assessed; that is, at 7 (P < 0.00001; MD: −0.71; 95%
CI: [−0.85, −0.58]; I2: 90%; Fig. 4a), at 15 (P < 0.00001; MD:
−0.49; 95% CI: [−0.62, −0.37]; I2: 88%; Fig. 4b), and at 30 (P <
0.00001; MD: −0.53; 95% CI: [−0.65, −0.41]; I2: 80%; Fig. 4c) days
postoperatively.

3.4. Systemically modified animals

The evaluation of the effect of aPDT as an adjunctive therapy in the
treatment of experimental periodontitis in systemically modified rats
showed statistically favorable differences in the use of aPDT to reduce
alveolar bone loss in all experimental periods assessed; that is, at 7
(P < 0.00001; MD: −1.03; 95% CI: [−1.43, −0.62]; I2: 97%;
Fig. 5a), at 15 (P<0.00001; MD: −1.04; 95% CI: [−1.62, −0.46; I2:
99%; Fig. 5b), and at 30 (P < 0.00001; MD: −0.88; 95% CI: [−1.37,
−0.39]; I2: 97%; Fig. 5c) days postoperatively.

4. Discussion

This systematic review and meta-analysis selected studies that as-
sessed the effects of aPDT as an adjunctive therapy to SRP compared to
SRP alone on alveolar bone loss in experimental periodontitis in rats.
The results of the meta-analysis showed that the application of aPDT in
association with SRP treatment was favorable to reducing alveolar bone
loss in the furcation region in all postoperative periods evaluated for
systemically healthy animals [20,21,29–33,36] and systemically mod-
ified animals [29–33,35,36].

Conventional periodontal treatment results in the repair of inflamed
periodontal tissue and the control of alveolar bone loss; however, due to
anatomical and instrumentational physical limitations, SRP treatment
can fail to remove all subgingival plaque and calculus [44]. Histometric
analysis in animal models may contribute to more detailed measure-
ment of the effect of adjunctive periodontal treatments to SRP on bone
loss, especially in the furcation region, because minor differences are
not clinically detected by depth probing parameters in clinical studies
[37].

Different animal models are appropriate for examining the compo-
nents involved in the interactions between host bacteria and period-
ontal diseases [45]. Alveolar bone loss in the ligature model is, like
human periodontitis, dependent on bacteria [46]. Ligand-induced ex-
perimental periodontitis is associated with a host response that involves
the accumulation of an inflammatory infiltrate in the gingiva prior to
bone resorption [47], and that is sensitive to systemic effects [48,49].
However, besides the similarities between humans and animals in the
formation of periodontal pockets, it is assumed that preclinical models
cannot completely reproduce human periodontal pockets/intrabony
defects and the extrapolation of the results to humans should be limited
[50].

Overall, the aPDT protocols used in the studies demonstrated effi-
cacy in reducing alveolar bone loss in the furcation region
[20,21,29–33,35,36]. The studies included in this review used the
phenothiazine photosensitizers methylene blue (MB) and TBO at con-
centrations of 100 μg/mL and 10mg/mL. Furthermore, one of the

Fig. 2. Risk of bias in included studies by SYRCLE’s risk of bias tool for animal studies.

Fig. 3. Summary of the risk of bias assessment according to the SYRCLE’s risk of
bias tool for animal studies.
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studies evaluated the effect of the concentrations of photosensitizers on
bone loss [21]. The results demonstrated that a concentration of
100 μg/mL of MB or TBO is the most beneficial in controlling bone loss.
The higher reduction of bone loss at smaller concentrations of the
photosensitizers can be explained by the aggregational behavior of
photosensitizers. Aggregation is a common phenomenon associated

with planar molecules, which usually increase with concentration.
Molecules within the body of the aggregate are consequently not
reached by incident light and photosensitization is only possible at the
surface [51].

The pre-irradiation time of 60 s was a consensus among the studies.
However, no agreement was observed in the literature regarding the

Fig. 4. Forest plot comparison between aPDT as an adjunctive therapy to SRP and SRP alone on alveolar bone loss in experimental periodontitis in rats systemically
healthy at 7 (a), 15 (b) and 30 (c) days.
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time required for an adequate biodistribution in periodontal pockets.
The pre-irradiation time used in clinical studies ranges from 5 to 300 s
[8,12,13,15–17,19,41,52,53]. A short incubation period of the photo-
sensitizer prior to illumination favors its binding with microorganism
and minimizes penetration into the host tissue, which is observed only
after several hours. This provides a distinct and selective therapeutic
advantage for photoantimicrobials compared to conventional medica-
ments due to the rapid uptake of the photosensitizer by target cells
relative to the host, combined with physically directed illumination
[54].

Additionally, effective photoantimicrobial action is achieved with
an efficient light source that has the correct wavelength range and
sufficient power output [51]. On a molecular level, photoantimicrobial
action involves the absorption of light of a specific wavelength by a
photosensitizer to enable the promotion of a paired ground state elec-
tron to the singlet excited state [51,55]. Thus, the wavelength of the
light that will be used should be similar to the absorption spectrum of
the photosensitizer. MB (max 660 nm in aqueous solution) and TBO
(625 nm) exhibit intense light absorption in the red region of the
spectrum [56]. All studies included in this review used low-powered
lasers with a wavelength of 660 nm.

In addition to the criteria mentioned above, the energy density may
range according to the laser emitter used, the output power, irradiation
time, and the output diameter of the beam [57]. The analyzed studies
showed little variation of these parameters. The laser-emitting sources
used were GaAlAs (power of 0.03W) and InGaAlP (a power of
0.035W), with a spot size of 0.07 cm² and 0.0283 cm², respectively.
The transgingival irradiation method did not differ among studies ei-
ther. All aPDT treatments were performed with the laser positioned
perpendicular to the long axis of the tooth and in contact with the
gingiva. The application points varied from 3 to 1 points in each buccal
and lingual aspect, with the application time ranging from 133 s/point
to 12 s/point. These differences in irradiation time were related to the
variation of power between lasers and the spot size.

Although no significant differences were found in the treatment
protocols among papers, studies conducted on female rats obtained the
smallest differences between treatments in most subgroup analyses
[32,33,36]. Such differences in response to the treatments between
male and female rats suggest that the gender of the animal should be
considered during the design of experimental studies in animals.

The meta-analysis of systemically modified rats showed a greater
mean difference in the reduction of bone loss compared to that

Fig. 5. Forest plot comparison between aPDT as an adjunctive therapy to SRP and SRP alone on alveolar bone loss in experimental periodontitis in rats systemically
modified at 7 (a), 15 (b) and 30 (c) days.
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observed in systemically healthy rats in all postoperative periods. This
can be explained by the compensatory action of aPDT as an adjunctive
therapy against intrinsic alterations related to the process of period-
ontal repair after induced diseases, such as delay in the healing process
[58], imbalance in the remodeling sequence of periodontal tissues
[59,60] and damage to the structural integrity of the junctional and
sulcular epithelium [61].

The effects of aPDT over the control of alveolar bone loss might be
consequence of its bactericidal activity against periodontopathogens,
which was previously demonstrated both by in vitro and in vivo studies
[62]. It is also suggested that aPDT modulates inflammatory response
through reduction of expression of pro-inflammatory cytokines [63],
consequently affecting RANKL/OPG system, that leads to reduction of
bone loss [21,33]. Hence, combined with its antimicrobial effects, aPDT
can also act over bone repair by accelerating the healing process though
low-intensity laser photobiomodulation [29,31].

Despite the positive results in the use of aPDT as an adjunctive
therapy to nonsurgical periodontal treatment on the reduction of al-
veolar bone loss, the present review and meta-analysis have some
limitations and the interpretation of results must be carried out care-
fully. The inclusion and exclusion criteria adopted to guarantee a
careful analysis of the primary outcome of bone loss unfortunately re-
stricted the analysis to studies from the same research group. Although
the selected studies for the present meta-analysis used very similar
treatment protocols and identical experimental times, a high hetero-
geneity in the results was observed. It is believed that this heterogeneity
may be explained by the variation of animal weight and gender. Meta-
analyses of animal studies usually show greater heterogeneity due to
the exploratory nature of animal studies compared to clinical research
and an unavoidable heterogeneity between animal studies [64].
Nevertheless, the high heterogeneity in the analysis of the subgroups of
systemically modified animals can be explained by the variety of dis-
orders studied, which results in immune-inflammatory responses with
different proportions.

5. Conclusion

The adjunctive use of aPDT, independent of phenothiazinium pho-
tosensitizer and protocols of low-power laser used, favored the reduc-
tion of alveolar bone loss in experimental periodontitis in rats, and this
result was more evident in systemically compromised rats.
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