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Abstract Meta-analysis of treatment effects of antimicrobial
photodynamic therapy (aPDT) adjunct to non-surgical scaling
and root planing (SRP) in comparison to SRP alone on pa-
tients with chronic periodontitis. The meta-analysis was per-
formed according to PRISMA statement and Cochrane
Collaboration guidelines. Electronic search complemented
by hand search assured a high yield of randomized controlled
trials (RCTs) of aPDT as adjunct modality to SRP. Differences
in probing depth (PD) and clinical attachment level (CAL)
were calculated with 95% confidence intervals and pooled in
a random effects model. Analysis for intra- and inter-study
heterogeneity was provided by x* and * tests, and publication
bias was checked by funnel plots. Pooled overall effects of 26
RCTs attested significant benefits of aPDT adjunct to SRP
with respect to PD reduction (MD 0.37; 95% CI 0.12-0.53;
P <0.0001) and CAL gain (MD 0.33; 95% CI 0.19-0.48;
P <0.00001) after 3 and 6 months. Sensitivity analysis mini-
mized heterogeneity of PD reduction (MD 0.21; 95% CI
0.13-0.30; P<0.00001) and CAL gain (MD 0.36; 95% CI
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0.27-0.46). aPDT adjunct to SRP provides significant PD
reduction and CAL gain in treatment of chronic periodontitis.
This moderate effect was found after 3 and 6 months which is
short from a clinical perspective.
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Introduction

The oral cavity harbors over 700 bacterial species, organized
in a complex polymicrobial biofilm that plays a major role in
the etiology of periodontitis, periimplantitis, and caries [1, 2].
A “microbial shift” in the biofilm can cause disturbed hemo-
stasis and destructive immunological host responses [3, 4].
This dysbiosis may cause periodontitis, which is characterized
by gingival inflammation associated with bleeding, formation
of periodontal pockets, periodontal ligament destruction, and
tooth loss [1, 4, 5]. Standard therapy is non-surgical removal
of the biofilm by SRP [6]. SRP usually leads to clinical im-
provement and a healthy microbiota [7, 8], but its effective-
ness can be compromised by deep pockets, complex root anat-
omy [6], or bacterial invasion of hard and soft tissues [9].
Treatment can be further compromised by modified adhesion
of the polymicrobial biofilm to the root surface and increased
resistance against antimicrobial agents [3]. Antibiotic-resistant
strains make the adjunct use of antibiotics controversial and
should be saved for cases of severe periodontitis [8, 10, 11],
and therefore, alternative treatment modalities are needed such
as aPDT.

The effects of aPDT are based on three components: light, a
photoactive agent (photosensitizer), and the presence of oxy-
gen [12]. Photosensitizers can selectively be incorporated by
bacteria, viruses, and/or fungi, whereas host cells remain
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unaffected. Photosensitizer activation by light of a specific
wavelength in the presence of oxygen can produce reactive
oxygen species (ROS), such as singlet oxygen, which are
cytotoxic to microorganisms [13, 14] in an unspecific manner,
as ROS attack various functional systems and pathways, and
thus, development of resistance or compromising side effects
are unlikely [13, 14]. To evaluate the effectiveness of aPDT as
adjunct therapy in chronic periodontitis in an evidence-based
manner, four systematic reviews including meta-analysis have
already been published in the period of 2009-2013 [15-18].
The major issue of these reviews was the limited number of
studies that were available and methodological bias. After
their publication, a number of new studies have been pub-
lished. The impact of the increased number of clinical studies
on the efficiency of aPDT as adjunct therapy of chronic peri-
odontitis is subject of the present systematic review and meta-
analysis.

Materials and methods
Inclusion criteria

This systematic review and meta-analysis follows the guide-
lines of the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-analysis) Statement [19] and
the Cochrane Collaboration (Cochrane Handbook for
Systematic Reviews of Interventions 5.1.0., http://www.
cochrane-handbook.org). To address the a priori PICO
(Participant, Intervention, Comparison, Outcome) question
[20], “Does aPDT adjunct to non-surgical SRP lead to im-
provements in terms of PD and CAL in patients with chronic
periodontitis compared to SRP alone?”, the following inclu-
sion criteria were formulated:

—  Types of studies:

Randomized-controlled clinical trials with > 3-month

follow-up in split-mouth or parallel-group design.
—  Types of participants:

Adults over 18 years with chronic periodontitis as de-
fined the “International Workshop for a Classification of
Periodontal Diseases and Conditions” [21]. Smokers
were included and patients with aggressive periodontitis,
systematic diseases, patients taking systemically antibi-
otics, or other medications that potentially affect peri-
odontal treatment were excluded. Treatments additional
to SRP and aPDT, e.g., laser debridement, surgical peri-
odontal therapy, or local antibiotics, entailed exclusion as
well.

—  Types of intervention:

aPDT as adjunct treatment to SRP versus SRP alone or
SRP in combination with placebo. Single or multiple ap-
plication of aPDT, irrespective of specific parameters,
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e.g., concentration or type of photosensitizer, irradiation
time, or light source settings.
—  Types of outcome measures:
Primary outcomes: alterations in PD and CAL from
baseline measurement to the end of follow-up.

Search methods for the identification of studies

The objective of the search was to identify all relevant clinical
trials; thus, restrictions with respect to language or publication
date were not applied. High sensitivity of the electronic search
was achieved by logical connection (Boolean operators) of
relevant free-text keywords with database-specific Mesh
terms. The individual search algorithms, developed for
MEDLINE, EMBASE, Web of Science, LILACS, the
Cochrane Oral Health Group Trials Register, and Cochrane
Central Register of Controlled Trials (CENTRAL) are sum-
marized in Appendix 1. The electronic search was conducted
from 1 January 2000 to 21 September 2016. Additionally, a
hand search of major periodontal and laser journals was
undertaken. Related review articles and reference lists of all
identified articles were searched for further studies. Abstracts
of the International Association for Dental Research (IADR),
American Academy of Periodontology (AAP), and European
Federation of Periodontology (EFP) were screened for unpub-
lished material, and contacts with authors provided informa-
tion on studies in press or missing data of studies included
(Appendix 2).

Data collection and analysis
Study selection and data extraction

Study selection, validation of eligibility, and quality assess-
ment were performed by two blinded, independent reviewers
(A.A. and S.D.) to reduce potential reviewer bias. Agreement
between the authors was calculated by Kappa statistics [22].
Disagreement was solved on the basis of discussion. Titles
and abstracts were screened independently. After examining
all identified records for eligibility and removing duplicates, a
form was used to extract relevant data from selected full-text
publications and their quality was assessed in duplicate by
both reviewers (Appendix 3). The following data were re-
trieved from the publications: author and year of publication,
population, gender, age, smokers/non-smokers, follow-up,
initial severity of periodontal disease, specific laser parame-
ters, type of photosensitizer, and changes in PD and CAL from
baseline to the end of the follow-up period after treatment in
test and control groups. Quality assessment was based on
modified criteria derived from the Cochrane Collaboration’s
tool for assessing risk of bias and the CONSORT Statement
[23, 24]. Criteria included masking of randomization,
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intervention and outcome assessment, completeness of
follow-up outcome, comparable test and control groups at
baseline of the trial, non-selective reporting, inclusion/
exclusion criteria, sample size calculation, and other sources
of bias. Each of the potential risks of bias were rated with
“met”, “not-met” or ‘“unclear” and were summarized as three
final risk classifications with corresponding k-scores: low
risk, when all criteria were met; moderate risk, when one or
more criteria were unclear; high risk, when one or more
criteria were not met (Appendix 3).

Data analysis

Data of interest for the meta-analysis were continuous mean
differences (MDs) and standard deviations (SDs) for PD and
CAL (confidence interval (CI) of 95%). When the information
was presented in median and interquartile ranges, the means
and SDs were estimated [25]. Statistical analysis was per-
formed with RevMan Version 5.1. (Cochrane Collaboration,
Copenhagen, Denmark). MDs, Cls, and SEs of studies with
split-mouth and parallel-group design were combined in sub-
groups in the meta-analysis [18, 26]. The pooled overall effect
was considered significant when P < 0.05. Individual study
weight on patient basis was calculated with generic inverse
variance for continuous data. Random-effects model and Z-
statistics were selected for analysis because of the possible
strong heterogeneity. Variance imputation methods were ap-
plied to calculate missing standard deviations of MD in split-
mouth studies which did not provide this information [27].
The following formula was the basis of the calculation of the
intra-patient correlation coefficient R from studies with com-
plete data [27]:

SDpjr = \/ SD(A)* + SD(B)*~(2xRxSD(A)xSD(B))

Heterogeneity was assessed by visual inspection of the for-
est plots in combination with the x*-based Q statistic method
to determine intra-study heterogeneity [28] and Higgins I to
determine inter-study heterogeneity [29]. Because of the mod-
erate insensitivity of Q statistics, P <0.1 was considered to
indicate significant heterogeneity [28]. I statistics were
expressed in a range of 0—100%, with 0% indicating no evi-
dence for heterogeneity and >75% indicating high level of
heterogeneity [30]. A sensitivity analysis was conducted to
identify outlier studies which were responsible for heteroge-
neity. Publication bias was determined by visual analysis of
the funnel plots for PD and CAL [31]. Besides the pooled
effects at the last follow-up check, subgroups for 3 and
6 months and for activation of the photosensitizer were
formed. Subgroups of low- and high-risk studies were

analyzed to investigate the influence of study quality on the
effect size.

Results
Characteristics of included studies

The search strategy yielded 362 references after duplicates
were removed. The hand search did not identify further stud-
ies. Of'the 362 references, 179 met the inclusion criteria on the
basis of title screening (k = 0.72). On the basis of abstracts, 65
references remained eligible for full-text examination (k =
0.92), which lead to exclusion of 36 studies (k =0.90).
Frequently occurring reasons for exclusion were study design,
systematic diseases, or aggressive periodontitis and treatment
modalities. The rejected studies and the reasons for rejection
are summarized in Appendix 4. Finally, 29 studies were in-
cluded for a qualitative systematic review [29, 3247, 50-61].
A summary of their characteristics is shown in Table 1, and
PRISMA flow diagram for the study selection process is
shown in Appendix 2. Ultimately, three trials had to be ex-
cluded from the quantitative meta-analysis because of ambi-
guities in provided data [47, 59] and heterogeneity in the treat-
ment protocol [52]. Therefore, 26 studies were investigated in
the quantitative meta-analysis. All studies included were
RCTs published between 2007 and 2016. Twenty of the 26
studies were published after 2012 indicating increasing inter-
est in aPDT for treatment of chronic periodontitis. Twenty
studies had a split-mouth design, 11 had two treatment arms,
and 2 had four arms (Table 1). Nine studies had a parallel-
group design with seven studies with two treatment arms and
two with three arms. The 26 included studies comprised 755
patients. Thirteen studies reported a follow-up of 3 months
and ten of 6 months whereas three studies evaluated the clin-
ical parameters after 1 year (Table 1).

The most frequently occurring treatment modality was a
single session of aPDT adjunctive to SRP, whereas only two
studies applied aPDT twice in a separate treatment arm in
comparison to single treatment. Three studies applied three
aPDT cycles, two studies 4 cycles, and one study performed
5 cycles (Table 1). Apart from three studies using toluidine
blue O as photosensitizer, three used indocyanine green and
one study curcumin, whereas all other studies applied methy-
lene blue/phenothiazine chloride (Table 1). Standard light
sources were diode lasers with wavelengths in the range of
650810 nm and irradiation periods of 20—180 s. Three stud-
ies used LED lamps for activation [36, 55, 58].

None of the studies reported adverse effects or discomfort
during the application of aPDT. Inclusion criteria for chronic
periodontitis varied with PD >3 mm in 2 studies, >4 mm in 7
studies, > 5 mm in 14 studies, > 6 mm in 1 study, 4-6 mm in 2
studies, 4—7 mm in 1 study, and 6-9 mm in 2 studies (Table 1).
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Mean age

Table 1 (continued)

Author/year
Study type

@ Springer

- Power density
- Energy density

- Application time

Male/female

- Amount of aPDT sessions

Smokers/non-

- Max. power output
- Irradiation time/site

smokers
Inclusion criteria

- Chronic

periodontitis

PD>3.5 mm

-33 pe;tients

None of the clinical parameters showed significant

- Diode-Laser (BioWave,

- 100 pg/ml Tolouidine blue O

- Test 1: SRP +PS (33)

low

Theodoro et al.

differences among treatment groups (P> 0.05). At

Kondortech Equipment,

(Sigma Chemical Co., St

Louis)
-1 min

- Test 2: SRP +aPDT (33)
- Control: SRP (33)

- 4312 +£8.2
- 12721

2012 [29]
Split-mouth

180 days, PDT treatment showed significant reduction
in the percentage of sites positive for all bacteria

compared to SRP alone (P < 0.05).

Sdo Carlos, SP, Brazil)

- 660 nm

- Follow-up: 2, 3, 6 months

- No smokers
- Chronic

- 40 mW/cm?

- 64.28 J/em?

-1 aPDT session

periodontitis

-451]
-150s

PD>5-9 mm

PD pocket depth, CAL clinical attachment level, BOP bleeding on probing, FMBS full mouth bleeding score, SRP scaling root planing, aPDT antimicrobial photodynamic therapy, PS photosensitizer

Fifteen studies excluded smokers, 8 studies included smokers,
2 studies included exclusively smokers, and 4 studies did not
provide any information about on smoking or not (Table 1).

Risk of bias in included studies

Quality assessment of the included studies was performed
independently by two blinded clinicians (A.A. and S.D.).
Fourteen RCTs were rated to have a high risk for bias, five
had a moderate risk for bias, and ten had a low risk for bias
(k=1; Table 1). All 29 RCTs were free from selective
reporting and had precise inclusion/exclusion criteria.
Randomization and allocation concealment were not given
in one study and was unclear in three studies. Blinding of
patient and personnel was not adequate in four studies and
unclear in two studies. Completeness of follow-up or reasons
for dropout were not described in four studies and unclear in
three studies. Four studies had an insufficient description of
the sample size calculation, and in nine studies, a calculation
was not mentioned at all. Therefore, missing sample size cal-
culation was the dominant methodological flaw. A summary
of the quality assessment of the 29 studies included is present-
ed in Appendix 3.

Effects of intervention
Interpolation of missing data

For some split-mouth studies, standard deviations and stan-
dard errors were interpolated [27]. Reasonable intra-patient
correlation coefficients R for PD were calculated on the basis
of data from Dilsiz et al. [46], Berakdar et al. [37], and
Queiroz et al. [56]. Only Dilsiz et al. [46] provided the
necessary information from the raw data to obtain an R
value for CAL. Imputations with an averaged R value of 0.5
for PD and 0.43 for CAL were finally applied in order to pool
the primary outcomes. These values are in accordance with
Follmann et al. [27], who calculated that 0.5 is a proper
assumption for imputation. Additionally, a sensitivity
analysis with a conservative R of 0 was conducted and
showed nearly the same effect size. A meta-analysis on sec-
ondary outcomes was not possible, due to variation in scoring
methodology or incomplete data.

Overall treatment effects

Primary outcomes of 26 studies were pooled for a follow-up
of 3 or 6 months, respectively. Adjunct aPDT resulted in a
significant PD reduction (MD 0.37; 95% CI 0.20-0.53;
P <0.0001) and CAL gain (MD 0.33; 95% CI 0.19-0.48;
P <0.00001) in comparison to SRP alone. y*-based Q statis-
tics and /* test revealed a significant high grade of heteroge-
neity in PD reduction (y*>=203.11; P<0.00001; P =86%)
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and CAL gain (y* = 73.81; P < 0.00001; /* = 65%). Mean dif-
ference of PD reduction was significant in the subgroup anal-
ysis of parallel studies (MD 0.53; 95% CI 0.10-0.96; P=
0.01) with significant heterogeneity (x?=63.38;
P<0.00001; P = 87%) and in split-mouth studies (MD 0.29;
95% CI 0.12-0.45; P =0.0007) with significant heterogeneity
(x> =112.35; P<0.00001; /* = 83%). CAL gain was in both
subgroups significantly higher after adjunct aPDT (MD
0.33 mm; 95% CI1 0.16-0.51; P=0.0002) for parallel studies
and MD of 0.33 mm (95% CI 0.13-0.54; P=0.001) for split-
mouth studies. Heterogeneity was not significant in parallel
studies (x*=11.37; P=0.18; I*=30%), but significant in
split-mouth studies (X2 =62.44; P<0.00001; P=73 %)
(Fig. 1).

Subgroups
Treatment effects at 3-, 6-, and 12-month follow-up

To investigate the effects of adjunct aPDT treatment, sub-
groups for a follow-up period of 3, 6, and 12 months were
analyzed. Significant PD reduction (MD 0.40; 95% CI 0.23—
0.58; P<0.00001) and strong evidence for heterogeneity
(x* = 197.69; P <0.00001; > = 88%) was obtained by adjunct
aPDT treatment after 3 months. After 6 months, PD reduction
was significant for adjunct aPDT with a MD of 0.29 mm (95%
C10.06-0.52; P=0.01) and strong evidence for heterogeneity
(x*=52.28; P<0.00001; I*=77%). CAL gain in adjunct
aPDT group was 0.32 mm (95% CI 0.20-0.45; P <0.00001)
after 3 months and 0.39 mm (95% CI 0.07-0.71; P=0.02)
after 6 months.

Subgroup analysis of parallel studies showed a higher PD
reduction of 0.46 mm (95% CI 0.07-0.85; P=0.02) than in
split-mouth studies (MD 0.36; 95% CI1 0.17-0.56; P =0.0003)
after 3 months. After 6 months, PD reduction was significant
for parallel studies (MD 0.40; 95% CI 0.02-0.78; P =0.04),
whereas the MD in split-mouth studies was not significant
(MD 0.24; 95% CI —0.04-0.52; P=0.1).

The MD of CAL gain was lower in parallel studies (MD
0.25; 95% CI1 0.09-0.4; P=0.002) than in split-mouth studies
(MD 0.39; 95% CI 0.2-0.58; P <0.0001) after 3 months, but
increased after 6 months (MD 0.39; 95% CI 0.12-0.67; P=
0.005) whereas the MD of CAL gain in split-mouth studies
decreased very little but was not significant anymore (MD
0.37;95% C1 —0.15-0.9; P=0.16).

The pooled effects after 12 months were based on only two
studies [33, 52]. PD reduction (MD 0.52; 95% CI —0.17—
1.21; P=0.14) and CAL gain (MD 0.68; 95% CI 0.53—-1.89;
P =0.27) were both not significant (Appendix Figs. 1, 2, and
3).

Period of incubation and activation time of the photosensitizer

Subgroups on the basis of period of incubation and activation
time of the photosensitizer were formed to investigate effects
of aPDT-specific parameters on clinical outcomes.

Pooled studies with an incubation time of 30 s showed a
significant PD reduction after adjunct aPDT treatment (MD
0.28;95% C10.01-0.55; P=0.05) and non-significant hetero-
geneity, whereas an incubation time of 60 s gave a similar PD
reduction that was not significant (MD 0.28; 95% CI —0.01—
0.57; P=0.06) with strong heterogeneity (y*=51.22;
P <0.00001, *=84%). PD reduction in subgroups with an
incubation period of 90 s or more were both significant
(MDg 0.91; 95% CI 0.13-1.69; P=0.02, and MD. 0.14;
95% CI —0.03-0.31; P=0.0008). CAL gain was significant
after 30-s incubation (MD 0.39; 95% CI 0.15-0.62; P=
0.001) with no heterogeneity, whereas 60-s incubation and
over 90-s incubation did not result in significant CAL gain
(MDgq 0.38; 95% CI1—0.02-0.77; P=0.06, and MD.9y 0.17;
95% CI —0.01-0.36; P=0.07). MD after 90 s was significant
(MD 0.96; 95% CI 0.2-1.72; P=0.01) on the basis of one
study (Appendix Fig. 4).

With respect to activation time, 60 s induced a significant
reduction of PD (MD 0.36; 95% CI 0.18-0.54; P=0.0001)
and CAL gain (MD 0.31; 95% C1 0.16-0.47; P < 0.0001), but
with strong heterogeneity. An activation time under 60 s or
over 90 s did not result in significant PD reduction (MD_g0s
0.13;95% CI - 0.2-0.38; P=0.3, and MD..gps — 013; 95% CI
—0.56-0.31; P=0.57) or CAL gain (MD_¢ps 0.21; 95% CI —
0.35-0.78; P=0.46, and MD.g¢s — 015; 95%CI — 0.68-0.38;
P =0.58) and was associated with strong heterogeneity
(Appendix Fig. 5).

Low and high bias studies

Aspects of quality assessment on treatment outcomes were
taken into account by analyzing subgroups of low bias and
high bias studies. When comparing low bias and high bias
studies, both groups showed a significant PD reduction and
CAL gain by aPDT adjunct therapy. However, low bias stud-
ies showed a PD reduction of 0.31 mm (MD 0.31; 95% CI
0.05-0.57; P=0.02) and a CAL gain of 0.28 mm (MD 0.28;
95% CI 0.07-0.48; P=0.007) which is a lower effect size
than high bias studies had with a PD reduction of 0.38 mm
(MD 0.38; 95% CI 0.21-0.55; P<0.0001) and CAL gain of
0.33 mm (MD 0.33; 95% CI 0.15-0.51; P=0.0003;
Appendix Figs. 6 and 7).

Sensitivity analysis
The occurrence of significant heterogeneity was the reason to

conduct a sensitivity analysis by identifying outlier studies.
After visual inspection of the Forest plots and exclusion of
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Study or Subgroup Mean Difference

Mean Difference

SE Weight 1V, Random, 95% CI

Mean Difference

IV, Random, 95% CI

1.1.1 Parallel studies

Anderson 2007 0.37 0.1824 3.7% 0.37[0.01, 0.73]

Betsy 2014 0.8 0.2241 3.4% 0.80 [0.36, 1.24]

Chondros 2009 -0.1 0.2723 3.0% -0.10[-0.63, 0.43] —

Christodoulides 2008 0.2 0.2198 3.4%  0.20[-0.23, 0.63] —

Ge 2013 I. 0.44 0.26 3.1%  0.44[-0.07, 0.95] B

Ge 2013 1L 0.18 0.29 2.9%  0.18[-0.39, 0.75] —

Lulic 2009 0.63 0.2119 3.5% 0.63 [0.21, 1.05]

Monzavi 2016 1.91 0.191 3.6% 1.91[1.54, 2.28] —_—

Polansky 2009 0.21 0.3041 2.8% 0.21[-0.39, 0.81] e

Subtotal (95% CI) 29.4% 0.53 [0.10, 0.96] —el

Heterogeneity: Tau? = 0.37; Chi? = 63.38, df = 8 (P < 0.00001); I> = 87%

Test for overall effect: Z = 2.43 (P = 0.01)

1.1.2 Split mouth studies

Al-Zahrani 2011 0.31 0.17 3.8% 0.31[-0.02, 0.64]

Alwaeli 2013 1.23  0.359 2.5% 1.23[0.53, 1.93]

Balata 2013 -0.04 0.103 4.1% -0.04 [-0.24, 0.16] I

Bassir 2013 -0.08 0.06 4.3% -0.08[-0.20, 0.04] T

Berakdar 2012 0.5 0.167 3.8% 0.50[0.17, 0.83]

Birang 2015 -0.03 0.289 2.9% -0.03[-0.60, 0.54]

Braun 2008 0.17 0.174 3.7% 0.17 [-0.17, 0.51] ]

Campos 2013 1.03 0.369 2.4% 1.03 [0.31, 1.75]

Cappuyns 2012 -0.1 0.314 2.7% -0.10[-0.72, 0.52]

Correa 2015 1.3 0.206 3.5% 1.30[0.90, 1.70]

Dilsiz 2013 0.12 0.165 3.8% 0.12 [-0.20, 0.44] b

Miiller-Campanile 2013 I. -0.1 0.253 3.2% -0.10[-0.60, 0.40] —

Miiller-Campanile 2013 II. 0.5 0.299 2.8%  0.50[-0.09, 1.09] 7

Pourabbas 2014 0.07 0.121 4.1%  0.07[-0.17,0.31] —_— T

Pulikkotil 2016 0.08 0.189 3.6%  0.08[-0.29, 0.45] ]

Queiroz 2013 0.23 0.197 3.6% 0.23 [-0.16, 0.62] ]

Sreedhar 2015 I. 0.32 0.102 4.2% 0.32[0.12, 0.52] e —

Sreedhar 2015 Il 0.52 0.091 4.2% 0.52 [0.34, 0.70] I

Srikanth 2015 0.68 0.138 4.0% 0.68 [0.41, 0.95]

Theodoro 2012 -0.38 0.204 3.5% -0.38[-0.78,0.02] i

Subtotal (95% CI) 70.6% 0.29 [0.12, 0.45] -

Heterogeneity: Tau? = 0.10; Chi? = 112.35, df = 19 (P < 0.00001); 1> = 83%

Test for overall effect: Z = 3.38 (P = 0.0007)

Total (95% Cl) 100.0%  0.37 [0.20, 0.53] -

Heterogeneity: Tau? = 0.16; Chi? = 203.11, df = 28 (P < 0.00001); I* = 86% k + + !

Test for overall effect: Z = 4.33 (P < 0.0001) -2 -1 0 1 2

Test for subgroup differences: Chi? = 1.09, df = 1 (P = 0.30), I = 8.2% Favours SRP Favours SRP+aPDT
Mean Difference Mean Difference

Study or Subgroup Mean Difference SE Weight 1V, Random, 95% CI IV, Random, 95% ClI

2.1.1 Parallel studies

Anderson 2007 0.5 0.188 4.7%  0.50[0.13, 0.87]

Betsy 2014 0.55 0.2607 3.6% 0.55 [0.04, 1.06]

Chondros 2009 0.2 0.2661 3.6%  0.20[-0.32,0.72] I—

Christodoulides 2008 0.2 0.1683 5.0%  0.20[-0.13, 0.53] —

Ge 2013 I. 0.43 0.17 4.9% 0.43[0.10, 0.76]

Ge 2013 1L 0.4 0.2 4.5% 0.40 [0.01, 0.79]

Lulic 2009 0.79 0.2707 3.5% 0.79 [0.26, 1.32]

Monzavi 2016 -0.19 0.2367 4.0% -0.19 [-0.65, 0.27] —

Polansky 2009 0 0.3624 2.6% 0.00[-0.71,0.71]

Subtotal (95% CI) 36.3% 0.33 [0.16, 0.51] S

Heterogeneity: Tau? = 0.02; Chi® = 11.37, df = 8 (P = 0.18); I> = 30%

Test for overall effect: Z = 3.79 (P = 0.0002)

2.1.2 Split mouth studies

Al-Zahrani 2011 0.22  0.355 2.6% 0.22[-0.48,0.92]

Alwaeli 2013 1.47 0.413 2.2% 1.47 [0.66, 2.28] —_—

Balata 2013 -0.06 0.17 4.9% -0.06 [-0.39, 0.27] . E—

Bassir 2013 -0.01 0.12 5.7% -0.01[-0.25, 0.23] o —

Birang 2015 0.09 0.336 2.8% 0.09[-0.57,0.75]

Braun 2008 0.44 0.097 6.0% 0.44 [0.25, 0.63] I —

Campos 2013 0.92 0.403 2.2% 0.92[0.13, 1.71]

Correa 2015 1 0.359 2.6% 1.00 [0.30, 1.70]

Dilsiz 2013 0.04 0.219 4.2%  0.04 [-0.39, 0.47] —

Miiller-Campanile 2013 I. -0.1 0.416 2.1% -0.10[-0.92, 0.72]

Miiller-Campanile 2013 1. 0.7 0.516 1.6%  0.70[-0.31, 1.71]

Pourabbas 2014 0.12 0.371 2.5% 0.12[-0.61, 0.85]

Pulikkotil 2016 -0.15 0.299 3.2% -0.15[-0.74, 0.44] —

Queiroz 2013 0.19 0.323 2.9%  0.19[-0.44, 0.82]

Sreedhar 2015 1. 0.36 0.161 5.1% 0.36 [0.04, 0.68]

Sreedhar 2015 II. 0.47 0.142 5.4% 0.47[0.19, 0.75]

Srikanth 2015 1.07 0.156 5.2% 1.07 [0.76, 1.38]

Theodoro 2012 -0.42 0.369 2.5% -0.42[-1.14, 0.30] —

Subtotal (95% CI) 63.7% 0.33 [0.13, 0.54] -

Heterogeneity: Tau? = 0.12; Chi? = 62.44, df = 17 (P < 0.00001); I = 73%

Test for overall effect: Z = 3.21 (P = 0.001)

Total (95% CI) 100.0% 0.33 [0.19, 0.48] o

Heterogeneity: Tau? = 0.08; Chi? = 73.81, df = 26 (P < 0.00001); I> = 65% k > 51 p 51 2’

Test for overall effect: Z = 4.50 (P < 0.00001)

Test for subgroup differences: Chi? = 0.00, df = 1 (P = 1.00), I> = 0%

Fig. 1 Forest plot of overall PD reduction and overall CAL gain
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two parallel studies [38, 50] and eight split-mouth studies
[35-37, 41, 45, 57, 58, 60], the overall PD reduction dimin-
ished from 0.37 mm to a significant overall effect of 0.21 mm
(MD 0.21; 95% C10.13-0.30; P < 0.00001) after aPDT treat-
ment without signs of heterogeneity (x> =14.57; P=0.63;
PP =0%). Conversely, CAL gain increased from 0.33 mm to
a significant 0.36 mm (95% CI 0.27-0.46; P < 0.00001) after
adjusting, with no evidence for heterogeneity (x> =17.47;
P=0.56; > =0%). For CAL gain, one parallel group study
[50] and six split-mouth studies were excluded [33-36, 45,
57, 60] (Fig. 2).

Publication bias

The funnel plots for overall PD reduction and CAL gain
showed only slight asymmetries. Therefore, the risk of publi-
cation bias was estimated to be low (Appendix Fig. 8).

Discussion

Our systematic review and meta-analysis was aimed at the
quantitative analysis of effectiveness of aPDT adjunct to
SRP in the treatment of chronic periodontitis. For that pur-
pose, an extended search strategy without language restriction
with rigorous exclusion and inclusion criteria and quality as-
sessment was performed. The primary outcomes calculated on
the basis of 26 RCTs were pooled in a meta-analysis that
showed significant PD reduction and CAL gain after SRP
and adjunct aPDT. These findings showed significant hetero-
geneity, possibly due to heterogeneous demographic factors,
such as severity of chronic periodontitis, as the initial PD
varied widely, sample size, inclusion of smokers or not, and
different follow-up procedures. Differences in aPDT proto-
cols, such as number of cycles of aPDT, laser settings, and
the photosensitizer applied (type, concentration, incubation
time) may contribute to heterogeneity.

A confounder was the use of indocyanine as photosensitiz-
er, because its antimicrobial effects are based on photothermal
destruction of bacterial membranes rather than ROS induction
[61]. Another confounder was the number of a PDT cycles,
which was only considered in two studies with more than one
treatment arms, both showed that repeated aPDT applications
did not result in further clinical improvement [48, 51]. A
carry-across effect by leakage of photosensitizer in split-
mouth studies was considered by comparing split-mouth and
parallel-group design in individual subgroups [26]. Some dif-
ferences in effect size and heterogeneity between studies were
found but these differences disappeared after removing out-
liers. Therefore, a carry-across effect seems unlikely.

The strong heterogeneity in subgroups urged the identifi-
cation of outlier studies by visual inspection of Forest plots.
After removing outlier studies, two parallel group studies [38,

50] and eight split-mouth studies [35-37, 41, 45, 57, 58, 60],
heterogeneity was eliminated completely. After adjustment,
PD reduction was 0.21 mm (originally 0.37 mm) and CAL
0.36 mm (originally 0.33 mm). Heterogeneity was for both
outcomes not significant (P =0%).

Comparison of low bias and high bias studies showed
quantitative differences in PD reduction and CAL gain. Both
subgroups showed significant PD reduction and CAL gain,
with a moderate difference of 0.07 mm for PD reduction and
0.05 mm for CAL gain in favor of high bias studies. After
exclusion of outlier studies, the treatment effect on PD reduc-
tion had disappeared in low bias studies, whereas CAL gain
was 0.07 mm higher than in high bias studies. Apparently,
effects of study quality on PD reduction and CAL gain values
cannot be ruled out when comparing effects of the 3- and 6-
month studies.

Most studies reported a short follow-up period of 3 months,
whereas ten studies had a follow-up of 6 months and only two
studies had a follow-up period of 12 months. Therefore, sub-
group analysis should be interpreted with caution, but PD
reduction was stronger at 3-month follow-up than at 6-
month follow-up. Particularly, the subgroup of split-mouth
studies showed no significant difference after 6-month fol-
low-up. In contrast, CAL gain increased between 3- and 6-
month follow-up from 0.32 to 0.39 mm, whereas the subgroup
of split-mouth studies again did not show differences. The two
studies with 12-month follow-up showed contrary results [33,
52]. While Alwaeli et al. [33] found a significant PD reduction
0f 0.91 mm and CAL gain of 1.35 mm, PD and CAL did not
change in the study of Lulic et al. [49]. These data suggest that
long-term effectiveness of aPDT adjunct therapy to SRP is
doubtful.

Subgroups on the basis of variations in effects of irradiation
time and incubation time were also heterogeneous. Two stud-
ies reported photosensitizer activation during < 60 s and two
studies during > 90 s. Both subgroups showed no significant
PD reduction or CAL gain. All other studies used an irradia-
tion time of 60 s with significant PD reduction and CAL gain.

The subgroup of studies with incubation time > 90 s also
showed no PD reduction and CAL gain. Therefore, we con-
clude that irradiation time and incubation time of the photo-
sensitizer of 60 s induce optimal effects on clinical parameters.
Due to incomplete and unclear information on concentrations
of photosensitizer, any further analysis was not possible.

In agreement with previous systematic reviews [15-18],
none of the included studies reported side effects or discom-
fort for the patients. Therefore, application of aPDT adjunct to
SRP of chronic periodontitis can be considered as save. A
meta-analysis on secondary outcomes, €.g., gingiva recession,
bleeding, and plaque indices, was not possible because of
incomplete data or incomparable indices.

Four meta-analyses on the effects of aPDT adjunct to SRP
of chronic periodontitis were identified [15—18]. Two of these
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Study or Subgroup

Mean Difference

Mean Difference
SE Weight IV, Random, 95% CI

Mean Difference
1V, Random, 95% CI

1.1.1 Parallel studies

Anderson 2007 0.37 0.1824 6.1% 0.37[0.01, 0.73]
Chondros 2009 -0.1 0.2723 2.7% -0.10[-0.63, 0.43]
Christodoulides 2008 0.2 0.2198 4.2%  0.20[-0.23, 0.63]
Ge 2013 1. 0.44 0.26 3.0%  0.44[-0.07, 0.95]
Ge 2013 Il 0.18 0.29 2.4%  0.18[-0.39, 0.75]
Lulic 2009 0.63 0.2119 4.5% 0.63 [0.21, 1.05]
Polansky 2009 0.21 0.3041 2.2%  0.21[-0.39, 0.81]
Subtotal (95% CI) 25.0% 0.31 [0.14, 0.49]

Heterogeneity: Tau? = 0.00; Chi? = 5.46, df = 6 (P = 0.49); I> = 0%
Test for overall effect: Z = 3.49 (P = 0.0005)

1.1.2 Split mouth studies

Al-Zahrani 2011 0.31 0.17 7.0%  0.31[-0.02, 0.64]
Birang 2015 -0.03 0.289 2.4% -0.03[-0.60, 0.54]
Braun 2008 0.17 0.174 6.7% 0.17 [-0.17, 0.51]
Cappuyns 2012 -0.1 0.314 2.0% -0.10[-0.72, 0.52]
Dilsiz 2013 0.12 0.165 7.4%  0.12 [-0.20, 0.44]
Miiller-Campanile 2013 I. -0.1 0.253 3.2% -0.10 [-0.60, 0.40]
Miiller-Campanile 2013 II. 0.5 0.299 2.3%  0.50[-0.09, 1.09]
Pourabbas 2014 0.07 0.121 13.8% 0.07 [-0.17, 0.31]
Pulikkotil 2016 0.08 0.189 5.7%  0.08[-0.29, 0.45]
Queiroz 2013 0.23 0.197 5.2%  0.23[-0.16, 0.62]
Sreedhar 2015 I. 0.32 0.102 19.4% 0.32[0.12, 0.52]
Subtotal (95% CI) 75.0% 0.18 [0.08, 0.28]

Heterogeneity: Tau? = 0.00; Chi? = 7.47, df = 10 (P = 0.68); I = 0%
Test for overall effect: Z = 3.48 (P = 0.0005)

Total (95% Cl)

100.0% 0.21 [0.13, 0.30]

Heterogeneity: Tau? = 0.00; Chi? = 14.57, df = 17 (P = 0.63); I = 0%
Test for overall effect: Z = 4.76 (P < 0.00001)
Test for subgroup differences: Chi? = 1.64, df = 1 (P = 0.20), I*> = 38.9%

Study or Subgroup Mean Difference

Mean Difference

SE Weight 1V, Random, 95% CI

; ‘M“! »H I

Favours SRP Favours SRP+aPDT

Mean Difference
IV, Random, 95% CI

1

2.1.1 Parallel studies

Anderson 2007 0.5 0.188 6.3% 0.50[0.13, 0.87]
Betsy 2014 0.55 0.2607 3.3% 0.55 [0.04, 1.06]
Chondros 2009 0.2 0.2661 3.1%  0.20[-0.32,0.72]
Christodoulides 2008 0.2 0.1683 7.9%  0.20[-0.13, 0.53]
Ge 2013 I. 0.43 0.17 7.7% 0.43[0.10, 0.76]
Ge 2013 Il 0.4 0.2 5.6% 0.40 [0.01, 0.79]
Lulic 2009 0.79 0.2707 3.0% 0.79[0.26, 1.32]
Polansky 2009 0 0.3624 1.7%  0.00[-0.71, 0.71]
Subtotal (95% CI) 38.6% 0.39 [0.24, 0.54]

Heterogeneity: Tau? = 0.00; Chi? = 5.90, df = 7 (P = 0.55); I = 0%

Test for overall effect: Z = 5.15 (P < 0.00001)

2.1.2 Split mouth studies

Al-Zahrani 2011 0.22  0.355 1.8% 0.22 [-0.48, 0.92]
Birang 2015 0.09 0.336 2.0% 0.09 [-0.57, 0.75]
Braun 2008 0.44 0.097 23.7% 0.44 [0.25, 0.63]
Campos 2013 0.92 0.403 1.4% 0.92[0.13, 1.71]
Dilsiz 2013 0.04 0.219 4.6% 0.04 [-0.39, 0.47]
Miiller-Campanile 2013 I. -0.1 0.416 1.3% -0.10[-0.92, 0.72]
Miller-Campanile 2013 I1. 0.7 0.516 0.8% 0.70[-0.31, 1.71]
Pourabbas 2014 0.12 0.371 1.6% 0.12 [-0.61, 0.85]
Pulikkotil 2016 -0.15 0.299  2.5% -0.15[-0.74, 0.44]
Queiroz 2013 0.19 0.323 2.1% 0.19 [-0.44, 0.82]
Sreedhar 2015 I. 0.36 0.161 8.6% 0.36 [0.04, 0.68]
Sreedhar 2015 II. 0.47 0.142 11.0% 0.47[0.19, 0.75]
Subtotal (95% CI) 61.4% 0.34 [0.22, 0.47]

Heterogeneity: Tau? = 0.00; Chi? = 11.37, df = 11 (P = 0.41); I> = 3%

Test for overall effect: Z = 5.42 (P < 0.00001)

Total (95% CI)

Heterogeneity: Tau? = 0.00; Chi2 = 17.47, df = 19 (P = 0.56); I* = 0% '

Test for overall effect: Z = 7.73 (P < 0.00001)

100.0% 0.36 [0.27, 0.46]

Test for subgroup differences: Chi? = 0.25, df = 1 (P = 0.62), I> = 0%

0
Favours SRP Favours SRP+aPDT

Fig. 2 Forest plot of overall PD reduction and overall CAL gain without outlier studies

included reviews [15, 16] were based on a low number of
studies that were partially of low quality. These reviews
showed strong heterogeneity and dealt with different types
of periodontitis which lead to inconsistent estimates of treat-
ment effects. Sgolastra et al. [17] included exclusively studies
with parallel-group design to reduce heterogeneity. The
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positive effect of aPDT adjunct to SRP over a time span of
3—6 months correlated rather well with the findings of the
present meta-analysis. The only difference was a non-
significant PD reduction after 6 months, which was significant
in the present analysis. The latest meta-analysis on this topic
[18] was the first meta-analysis that combined split-mouth and
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parallel group studies of 360 patients. The findings of our
meta-analysis are completely in agreement with the outcome
of that meta-analysis [18], despite the fact that 12 additional
RCTs were included and comprised over 700 patients. These
findings show that adjunct aPDT has short-term effects only. It
has to be investigated whether aPDT treatment repeats after,
for example, 6 and 12 months the initial treatment can provide
additional long-term benefits for the patients.

Conclusion

On the basis of our meta-analysis and that of Sgolastra et al.
[18], it can be concluded that aPDT as adjunct treatment to
SRP of chronic periodontitis has a modest but significant ef-
fect of 0.21 mm PD reduction and 0.36 mm CAL gain at 3-
month follow-up than at 6-month follow-up. These data sug-
gest that long-term effectiveness of aPDT adjunct therapy to
SRP is doubtful and further investigations regarding laser set-
tings, type of photosensitizer, number of applications, and
various other aspects are necessary.
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