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Abstract

Objectives: This study used a dog model to evaluate two antimicrobial protocols with or without

guided bone regeneration (GBR) in the surgical reconstruction of peri-implantitis defects.

Material and methods: Eight beagle dogs subject to ligature-induced peri-implantitis were used.

The animals either received antimicrobial photodynamic therapy or topical tetracycline

hydrochloride combined with GBR or as stand-alone surgical interventions. Block biopsies of the

defect sites for histological analysis were obtained at euthanasia, 12 weeks postsurgery. The

primary outcome of the study was re-osseointegration; secondary outcomes included alveolar bone

gain and remaining defect characteristics. The effects of the implant site, early exposure, and type

of antimicrobial protocol on bone regeneration were also evaluated.

Results: No significant differences were observed between the two antimicrobial protocols, and

the adjunctive use of GBR failed to significantly improve re-osseointegration or bone gain using

either protocol. Buccal sites and implant early exposure negatively affected bone regeneration.

Conclusion: Both antimicrobial therapies stand-alone or combined with GBR allowed similar and

limited bone gain.

The dental implant-anchored prosthesis has

become a de facto alternative for the replace-

ment of missing or terminally failing teeth.

Whereas dental implant long-term survival

rates approach 95% (Moraschini et al. 2015),

biological and mechanical complications

account for a significant increase of failing

implants. Peri-implantitis, a biological com-

plication, is an inflammatory lesion caused

by oral bacteria leading to loss of bone at

osseointegrated dental implants (Lang & Ber-

glundh 2011). According to a recent meta-

analysis, the overall prevalence of peri-

implantitis approximates 22% (Derks &

Tomasi 2015), confirmed by the first popula-

tion-based epidemiologic study on peri-

implantitis (Derks et al. 2016; Tenenbaum

et al. 2016). Peri-implantitis and chronic peri-

odontitis share several biological and clinical

characteristics (Berglundh et al. 2011). How-

ever, human peri-implantitis lesions appear

larger, deeper, and present with higher counts

of neutrophilic granulocytes and osteoclasts

than human periodontitis lesions (Carcuac &

Berglundh 2014) also verified in animal mod-

els (Carcuac et al. 2013).

Thorough mechanical cleansing of the

exposed implant appears a prerequisite for

resolution of the peri-implant inflammatory

lesion, however, it is insufficient to promote

bone regeneration and re-osseointegration,

even with the aid of systemic antibiotics

(Persson et al. 2001). Several methods includ-

ing disinfectants, abrasive technologies, and

lasers have been proposed to cleanse the

exposed implant (Hanisch et al. 1997; Salvi

et al. 2007; Romanos et al. 2009; Park 2012;

de Waal et al. 2015). In clinical settings, how-

ever, access to effectively decontaminate the

implant appears seriously limited by the

implant macro- and microstructure and the

peri-implant bone configuration.

Based on a long tradition of use in peri-

odontics, the adjunct use of antimicrobials,

including tetracycline and chlorhexidine, has

been studied for the disinfection of the
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implant surface with mixed outcomes (Car-

cuac et al. 2015). Moreover, widespread use

of antibiotics has led to antimicrobial resis-

tance, which has become a global public

health problem (Levy & Marshall 2004). In

perspective, antimicrobial photodynamic

therapy (aPDT) has been introduced to poten-

tially overcome some of these limitations.

aPDT represents a technology in which the

bacterial intra- and extracellular structures

are targeted by a photosensitizer that absorbs

light energy, usually from a red laser source,

and produces singlet oxygen and protein

denaturation inside the bacteria leading to

bacterial cell death. Others suggest that

aPDT may improve healing through the mod-

ulation of cytokines and chemokines (Bra-

ham et al. 2009). Clinical studies have

shown promise following the use of aPDT in

periodontal defects (Lulic et al. 2009; Moreira

et al. 2015; Ramos et al. 2015). Moreover, red

laser has been shown to improve bone heal-

ing and osseointegration in animal models

(Blay et al. 2015; Mayer et al. 2015) without

development of bacterial resistance (Tavares

et al. 2010).

Guided bone regeneration (GBR) has been

used for dental implant site preparation over

more than 30 years (Nyman et al. 1990).

Recent clinical studies report the use of vari-

ous bone biomaterials as stand-alone treat-

ments or embedded in a GBR protocol in the

management of the peri-implantitis defects

(Roos-Jansaker et al. 2007; Schwarz et al.

2009; Roccuzzo et al. 2011). Bone biomateri-

als of human or animal origin have become

preferred options, a bovine bone mineral

(BBM) appearing the most widely studied bio-

material for GBR (Esposito et al. 2014). Nev-

ertheless, to date, no predictable regenerative

protocol has emerged in the clinical manage-

ment of peri-implantitis (Persson et al. 1999;

Renvert et al. 2009; Esposito et al. 2012).

Few studies have evaluated aPDT as an

adjunctive in the management of peri-implan-

titis (Dortbudak et al. 2001; Shibli et al. 2003,

2006). Little is known about its effect on

decontamination and effect on bone regenera-

tion after infection of the implant surface, in

particular bone–implant contact. The aim of

this study was to compare two antimicrobial

protocols stand-alone or combined with GBR

in the surgical reconstruction of peri-implanti-

tis defects using a dog model.

Material and methods

This study followed a protocol approved by

the Animal Experimental Ethics Committee,

University of S~ao Paulo, Ribeir~ao Preto, Bra-

zil (protocol number 06.1.458.53.5). Animal

welfare including transport, housing, han-

dling, enrichment, and veterinary care fol-

lowed the University of S~ao Paulo animal

care guidelines. This study, conducted

between July 2012 and July 2013, was divided

into two phases: (i) ligature-induced peri-

implantitis and (ii) surgical reconstruction of

induced peri-implantitis defects comparing

two antimicrobial protocols in the presence

or absence of GBR (Fig. 1). This report was

prepared in harmony with the ARRIVE guide-

lines for reporting animal research (Kilkenny

et al. 2010).

Animals

Eight male purpose-bred beagle dogs, 18–

24 months old, approximate weight 15 kg,

obtained from a licensed vendor (Instituto

Royal, S~ao Roque, S~ao Paulo, Brazil) were

used. The animals were individually housed

in 1.6 9 5 m runs and had ad libitum access

to water and standard laboratory dog-food-

diet (Royal Canin, Descalvado-SP, Brazil)

throughout the study.

Materials

Titanium dental implants (BoneLevel TML

SLA, ø3.3 9 10 mm, Straumann, Basel,

Switzerland) and healing abutments

(ø4.1 9 3.5 mm, Straumann, Basel, Switzer-

land) were used.

BBM (Bio-Oss, Geistlich Pharma, Wol-

husen, Switzerland) in combination with a

resorbable porcine collagen membrane (Bio-

Gide, Geistlich Pharma, Wolhusen, Switzer-

land) was used for GBR.

For the aPDT, a handheld, battery-operated,

diode laser (HELBO mini-laser 2075 F dent,

HELBO Photodynamic Systems, Gries-

kirchen, Austria) was used. The device was

set to a wavelength of 660 nm and fluency of

212 mW/cm2. The laser was irradiated

through an 8.5-cm-long flexible fiber optic tip

curved at a 60° angle with a ø0.06 cm spot

size. A 10 mg/mL of phenothiazine chloride

solution (HELBO Blue Photosensitizer,

HELBO Photodynamic Systems, Gries-

kirchen, Austria) was used as photosensi-

tizer.

Surgical procedures

Food was withheld the night preceding surg-

eries. For all surgical events, the animals

were pre-anesthetized using 10% zolazepam

(0.10 mL/kg IM) and acepromazine (0.2–

0.3 mg/kg IM). The animals were then main-

tained on gas anesthesia (isoflurane 1–2% to

effect). Depth of anesthesia was monitored

by lack of response to toe pinch, lack of cor-

neal reflex, and by monitoring depth of respi-

ration, respiratory rate, and heart rate; all

anesthesia and related procedures were per-

formed and monitored by veterinary staff.

Routine dental infiltration anesthesia (mepi-

vacaine 2% norepinephrine 1:100,000) was

used at the surgical sites. An opioid (tra-

madol chlorhydrate; 3 mg/kg BID for 3 days)

and a nonsteroidal anti-inflammatory agent

(ketoprofen; 1 mg/kg SID) were used for post-

surgery pain control.

Extractions and dental implant installation

Flapless bilateral surgical extractions of the

mandibular premolar and 1st molar teeth were

performed in preparation for dental implant

installation. Atraumatic extractions were car-

ried out bisectioning the teeth at the furcation

level using a high-speed hand piece and surgi-

cal burs, and individual roots were then

extracted using elevators and forceps. Inter-

rupted sutures (5.0 Vicryl Ethicon, Johnson &

Johnson, S~ao Jose dos Campos, Brazil) were

used to provide wound closure for primary

intention healing. Sutures were removed at

2 weeks, the extraction sites were allowed to

heal for an additional 6 weeks, dental prophy-

laxis carried out every 4 weeks.

Buccal and lingual mucoperiosteal flaps

were raised following a mid-crestal incision

to expose the edentulated alveolar ridge for

dental implant installation. Four dental

implants were placed in each mandibular jaw

Fig. 1. Study flowchart.
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quadrant following the manufacturer’s proto-

col. Flaps were then approximated and

sutured (5-0 Mononylon, Ethicon, S~ao Jose

dos Campos, Brazil) for transmucosal wound

healing (Fig. 2a). Sutures were removed at

2 weeks, the surgical sites were allowed to

heal for an additional 6 weeks, dental pro-

phylaxis carried out every 4 weeks. A broad-

spectrum systemic antibiotic (Pentabi�otico

Veterin�ario™, Fort Dodge Animal Health,

Campinas, S~ao Paulo, Brazil; 0.5 mg/kg SID

for 3 days) was used during the 8 weeks fol-

lowing dental implant installation.

Peri-implantitis induction

For peri-implantitis induction, silk ligatures

(3-0 Silk Ethicon, Johnson & Johnson, S~ao

Jose dos Campos, Brazil) were placed around

the healing abutments for 8 weeks. Liga-

tures were checked weekly, and missing

ligatures were immediately replaced. Liga-

tures were then removed, and peri-implant

lesions were allowed to progress undisturbed

for an additional 6 weeks (Fig. 2b, c). The

standard dog-food-diet was wetted to a slurry

during peri-implantitis induction to enhance

dental plaque formation. Peri-implantitis

progression was monitored using radio-

graphic recordings at 4-week intervals (RVG

Trophy, Carestream Dental, Atlanta, GA,

USA).

Peri-implantitis defect reconstruction

A mucoperiosteal flap was elevated without

releasing incisions for the surgical recon-

struction of the peri-implantitis defects. The

defects were debrided, and exposed dental

implants were instrumented using plastic

curettes (Implacare-IMPHDL6, Hu-Friedy,

Chicago, IL, USA). An experienced examiner

(UDR) assessed peri-implantitis defect dimen-

sions following defect debridement using a

manual periodontal probe (PCP15, Hu-Friedy,

Chicago, IL, USA; Fig. 2d, e):

• Defect depth: distance from the implant

platform to the base of the peri-implanti-

tis defect at four sites per implant.

• Crestal bone level: distance from the

implant platform to the level of the alveo-

lar crest at four sites per implant.

Treatment allocation was assigned using

computer-generated numbers (Microsoft

Excel�, Redmond, WA, USA); each animal

received all four treatments, and dental

implants were randomly allocated in pairs to

one of the following treatments (Fig. 2f, g):

• TTC: Exposed dental implants were condi-

tioned with tetracycline HCL for 3 min

using cotton pellets soaked in a 50 mg/mL

solution, and cotton pellets were exchanged

every 30 sec. The surgical sites were then

thoroughly rinsed with sterile saline.

• TTC/GBR: Exposed dental implant was

conditioned with tetracycline HCL as

described above. The peri-implant defects

were then filled to capacity with the par-

ticulate BBM, and a collagen membrane

was adapted over the BBM. Fixation pins

were not used.

• aPDT: Peri-implant defects were filled to

capacity with the photosensitizer, and the

solution was left in place for 5 min. The

surgical sites were then thoroughly rinsed

with sterile saline to remove the photosen-

sitizer solution to minimize optical shield-

ing. The exposed dental implants were

divided into six areas, and the laser was

applied for 30 sec over each area for a total

dose of 44 J/cm2.

• aPDT/GBR: aPDT and GBR were carried

out as described above.

The surgical sites were closed for primary

intention healing using interrupted sutures

(5-0 Mononylon Ethicon, S~ao Jose dos Cam-

pos, Brazil). Sutures were removed at 2 weeks

postsurgery. The animals were maintained

on the softened dog-food-diet for 2 weeks.

Daily topical application of a 0.12%

chlorhexidine gluconate solution (Periogard�

0.12%, Colgate Palmolive, S~ao Paulo, Brazil)

was used to support plaque control for

2 weeks. Systemic antibiotics were not

administered during this phase of study. The

animals were euthanized at 12 weeks follow-

ing reconstructive surgery using a sodium

thiopental and potassium chloride overdose

administered intravenously following induc-

tion of deep anesthesia. Block biopsies

including dental implants, alveolar bone, and

mucosa were then collected and immediately

transferred into a large volume 4% neutral

phosphate-buffered formalin.

Histological processing

Formalin-fixated specimens were dehydrated

using a standard ascending alcohol concen-

tration and then infiltrated with resin (LR

White, London Resin Company, Berkshire,

UK). Half of the specimens were sectioned

in a mesiodistal and the other half in a

buccolingual vertical plane using established

techniques (Donath & Breuner 1982). The

histological sections were prepared to a

final thickness of approximately 40 lm and

were stained using toluidine blue and ali-

zarin red.

Histological evaluation

Two experienced examiners (UW and UDR)

independently performed the histopathologic

evaluation using incandescent and polarized

(a) (b)

(c) (d) (e)

(f) (g)

Fig. 2. Dental implant installation (a); surgical placement of silk ligatures (b); tissue conditions at ligature removal

(c); defect height assessment (d); implant debridement (e); and placement of BBM level with the cover screw (f) and

the collagen membrane for GBR (g).
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light microscopy (BX 51, Olympus America,

Melville, NY, USA). Observations of peri-

implant bone formation and remodeling (for-

mation/resorption), woven and lamellar bone,

cortex formation, fibrovascular tissue and

marrow, inflammatory response, vascularity,

and residual biomaterials (BBM and collagen

membrane) were performed. When consensus

between the two examiners was not

achieved, an independent examiner (CS)

reviewed the histological findings to reach a

final decision, the examiners masked with

regard to the treatment rendered to the

extent possible as the presence of BBM is an

obvious finding.

Histometric analysis

A calibrated examiner (UDR) performed the

histometric analysis using incandescent and

polarized light microscopy (BX51, Olympus

America, Melville, NY, USA), a microscope

digital camera system (DP73, Olympus

America, Melville, NY, USA), and a PC-based

image analysis system (cellSens� Dimension

1.11 Digital Imaging Software, Olympus

America, Melville, NY, USA). The examiner

was masked with regard to the treatment

rendered to the extent possible as the pres-

ence of BBM is an obvious finding.

Intra-examiner reproducibility was evalu-

ated comparing histological measurements

made 4 weeks apart. The concordance corre-

lation coefficient according to Lin (2000) was

calculated. The concordance correlation coef-

ficients for the histometric assessments were

>0.95, indicating a high degree of agreement

and small measurement error. The following

histological measurements were collected

using central sections from each implant:

• Defect depth: distance from the implant

platform to the base of the peri-implanti-

tis defect pretreatment (verified by two

independent examiners).

• Residual defect: distance from the

implant platform to the most coronal

bone–implant contact along the implant.

• Crestal bone level: distance from the

implant platform to the alveolar crest.

• Total osseointegration: fraction bone–im-

plant contact (BIC) from base of the

defect to the implant shoulder.

• Osseointegration within newly formed

bone: fraction bone–implant contact (BIC)

from the base of the defect to the most

coronal bone–implant contact.

Sample size calculation

Based on estimates derived from a previous

study using a comparable study design and

implant surface (Shibli et al. 2006), a sample

size of eight animals would provide 90%

power to detect a mean difference of

20 � 15% in re-osseointegration between

treatments using a two-sided paired t-test

and significance level of 0.05.

Statistical analysis

The primary outcome of this study was re-

osseointegration; secondary outcomes

included alveolar bone gain and remaining

defect characteristics. Repeated-measures

ANOVA was used to compare treatment

groups with regard to defect characteristics

and treatment outcomes. Measurements

made at the implant level were aggregated at

the animal level that the animal was used as

the unit of analysis (n = 8). Generalized esti-

mating equations were used to model the

relationship between treatment outcomes

(residual defect depth, new bone gain, new

bone BIC) and explanatory variables (TTC/

aPDT, GBR, site, location, implant exposure).

Measurements at implant level were used,

and estimates were adjusted for the cluster-

ing of observations into animals (n = 8 ani-

mals and 55 implants). An exchangeable

correlation and robust variance estimator

were used. Wald tests were used for multiple

comparisons, and the level of significance

was set at 5%. Data distribution was evalu-

ated using distribution plots, and no major

departures from the normal distribution were

observed.

Results

Clinical findings

All animals completed the study. Fifty-five of

64 implants were available for the histologi-

cal analysis: three implants failed to osseoin-

tegrate, five implants were lost during peri-

implantitis induction, and one implant was

lost in histological processing. The treatment

distribution of the 55 implants evaluated his-

tologically was as follows: 28 implants were

sectioned using a buccolingual (TTC: 8;

TTC/GBR: 7; aPDT: 6; aPDT/GBR: 7) and 27

implants using a mesiodistal orientation

(TTC: 7; TTC/GBR: 6; aPDT: 8; aPDT/GBR:

6). Healing following defect reconstruction

was generally uneventful; however, suture-

line dehiscences were observed within

1 week in two animals. These sites were

wiped clean using sterile gauze and irrigated

with a chlorhexidine gluconate solution

(Periogard� 0.12%, Colgate Palmolive, S~ao

Paulo, Brazil).

No significant differences were observed

among experimental protocols with regard to

peri-implantitis defect characteristics

(Table 1). Mean clinical defect depth ranged

from 1.8 � 0.5 to 2.6 � 0.9 mm for the vari-

ous protocols; crestal bone levels ranged from

0.9 � 0.9 to 1.3 � 0.9 mm.

Histological analysis

Eleven of the 55 dental implants (20%),

equally distributed among experimental pro-

tocols aPDT (2), TTC (3), aPDT/GBR (4), and

TTC/GBR (2), were deemed exposed. A local-

ized inflammatory reaction was observed at

five implants (9%), representing three

implants receiving TTC and two implants

receiving aPDT/GBR. Twenty-one (75%) of

28 implants receiving GBR exhibited residual

BBM representing 13 implants receiving

aPDT/GBR and eight implants receiving

TTC/GBR. All sites showed BBM encapsu-

lated in mature dense connective tissue with-

out indications of associated bone formation

(Fig. 3). None of the sites showed evidence of

BBM resorption/biodegradation, that is, scal-

loped borders and/or the presence of osteo-

clast-like cells, or BBM erosion. Six sites

receiving aPDT/GBR and six sites receiving

TTC/GBR exhibited unique BBM particles

trapped within newly formed bone (Fig. 4),

again without overt signs of associated bone

metabolic activity. No BBM particles were

found in direct contact with implant sur-

faces.

Table 1. Pretreatment peri-implantitis defect characteristics, and following antimicrobial tetracy-
cline HCL (TTC) or photodynamic therapy (aPDT) with or without guided bone regeneration (GBR;
means � SD in mm, n = 8 animals)

TTC aPDT TTC/GBR aPDT/GBR P-value

Clinical defect characteristics
Defect depth 1.8 � 0.5 2.0 � 0.8 2.1 � 0.5 2.6 � 0.9 0.06
Crestal level 0.9 � 0.9 0.9 � 0.7 1.3 � 0.9 1.3 � 0.9 0.12

Histometric parameters
Pretreatment defect depth 2.3 � 0.9 2.3 � 0.8 2.5 � 0.5 3.0 � 1.2 0.13
Residual defect depth 1.3 � 1.4 1.3 � 1.0 1.4 � 1.0 1.8 � 1.5 0.85
Crestal bone level 0.8 � 12 0.5 � 0.8 0.8 � 1.3 0.8 � 1.6 0.41
Linear bone gain 1.0 � 0.5 1.0 � 0.6 1.1 � 0.5 1.2 � 0.6 0.56
Bone gain (%) 53.1 � 36.6 46.9 � 26.9 49.9 � 29.0 47.3 � 28.5 0.89
Total osseointegration (%) 36.2 � 21.9 35.5 � 17.2 36.3 � 21.3 27.6 � 15.3 0.56
Osseointegration within new bone (%) 61.9 � 21.5 61.0 � 22.4 68.5 � 22.2 59.2 � 11.8 0.74
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Histometric analysis

Mean pretreatment defect depth ranged from

2.3 � 0.8 to 3 � 1.2 mm (Table 1). No signif-

icant differences were observed following the

experimental protocols with regard to new

bone formation and BIC. Total bone gain ran-

ged from 1 � 0.5 to 1.2 � 0.6 mm equating

47% and 53% resolution of the peri-implanti-

tis defect, in turn demonstrating limited

effects of the antimicrobial protocols on bone

formation and no additive effect of the BBM/

collagen membrane GBR protocol. BIC

within the limited newly formed bone ranged

from 59.2 � 11.8% to 68.5 � 22.2%.

Predictors for residual defect depth, peri-

implant bone gain, and BIC within newly

formed bone are presented in Table 2. No sig-

nificant effects on treatment outcomes could

be observed for TTC or aPDT with or with-

out GBR after adjusting for the other cofac-

tors in the model. Proximal and lingual sites

yielded significantly smaller residual defect

depth and greater bone gain than buccal sites.

Significantly increased bone gain was also

observed at posteriorly over anteriorly located

implants. Implant exposure had a significant

detrimental effect on all parameters evalu-

ated.

Discussion

The aim of the present study was to compare

two antimicrobial protocols stand-alone or

combined with GBR in the surgical recon-

struction of peri-implantitis defects using a

dog model. Disinfection of the exposed dental

implant was achieved using topical applica-

tion of TTC or aPDT. GBR comprised appli-

cation of BBM in combination with a

collagen membrane. Resolution of the peri-

implantitis defects was incomplete without

significant differences among treatments.

Several protocols have been proposed to

disinfect the exposed dental implant in the

management of peri-implantitis; few studies

have assessed the effect of aPDT. Using a

peri-implantitis dog model, Shibli et al.

(2006) compared surgical debridement with

aPDT to resolve peri-implantitis defects at

four commercially available implant systems.

When combined with an expanded polyte-

trafluoroethylene (ePTFE) membrane for

GBR, implants receiving aPDT yielded

enhanced osseointegration compared with

those receiving surgical debridement alone.

Direct comparisons with the present study

should, however, be made with caution.

Whereas both studies used aPDT, they were

performed using different pre-irradiation

intervals, photosensitizer concentration, and

laser parameters, preventing meaningful com-

parisons (Shibli et al. 2003, 2006). In perspec-

tive, increasing sensitizer concentration and

total light dose/fluency increases the photo-

dynamic activity (Qin et al. 2008a). The pre-

sent study used a 5-min pre-irradiation

interval, which has been shown to optimally

target pathogenic bacteria (Qin et al. 2008a,

2008b). The use of multiple applications of

aPDT for periodontal treatment has been

shown to yield improved outcomes compared

with single applications (Lulic et al. 2009;

Moreira et al. 2015; Ramos et al. 2015). How-

ever, when combined with surgery as in the

present study, an extended irradiation inter-

val was used to compensate for the surgical

protocol that precluded repeated applications.

In the present study, no significant differ-

ences were observed with the use of TTC or

aPDT combined with GBR including BBM

and a collagen membrane compared with

TTC or aPDT stand-alone; linear bone fill

ranged from 1 to 1.2 mm, yielding approxi-

mately 50% defect closure. Schwarz et al.

(2011) also using the dog peri-implantitis

model evaluated GBR including a collagen

membrane, BBM, an equine bone block with

or without recombinant human bone

Fig. 3. Representative photomicrographs of mesial/distal sectioned peri-implantitis defects following application of

the a) aPDT+GBR; b) TTC+GBR; c) aPDT; d) TTC.
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morphogenetic protein-2 (rhBMP-2). They

concluded that (i) in all groups, the investi-

gations failed to predictably obtain complete

defect resolution, (ii) the surgical procedure

was associated with high exposure rates;

nevertheless, defect closure approximated

26% (rhBMP-2) and 13%, respectively, of the

approximately 5-mm peri-implantitis defects.

In other studies, Nociti et al. (2000) compared

GBR using a collagen membrane with or with-

out BBM to sham-surgery and BBM stand-

alone again using a dog peri-implantitis model

without observing significant differences

between protocols. In separate studies, the

investigators compared a nonresorbable ePTFE

membrane with the collagen membrane in the

presence or absence of BBM without observing

significant effects and differences between

protocols (Nociti et al. 2001). Collectively,

these studies firmly support the notion that

GBR with or without BBM may not provide

significant or meaningful outcomes in the

reconstruction of peri-implantitis defects as it

relates to bone formation. In comparison, sur-

gical application of rhBMP-2 in an absorbable

collagen sponge carrier (rhBMP-2/ACS) as a

stand-alone protocol has been shown to sup-

port robust clinically relevant bone formation

(2.6 mm; 75% defect closure) in a nonhuman

primate chronic peri-implantitis model

(Hanisch et al. 1997).

Re-osseointegration represents an essential

outcome of peri-implantitis reconstruction

and may represent an immediate effect of the

implant surface decontamination protocol. In

the present study, BIC ranged from 28% to

36% of the total defect. Considering regener-

ated bone only, BIC ranged from 59% to 69%

with no significant differences among experi-

mental protocols. Previous studies using

aPDT and GBR including an ePTFE mem-

brane produced BIC estimates ranging from

15% to 42% (Shibli et al. 2003, 2006). Disin-

fection of the peri-implantitis exposed sand-

blasted acid-etched implant surface using

chlorhexidine combined with systemic

metronidazole, and GBR including an ePTFE

membrane produced a BIC estimate of 20%

(Wetzel et al. 1999). Similar results have been

shown following the use of a collagen mem-

brane for GBR and implant disinfection using

chlorhexidine (Namgoong et al. 2015). In

other studies, GBR including a collagen

membrane and BBM produced BIC estimates

approximating 25% (Nociti et al. 2000, 2001).

In comparison, surgical application of

rhBMP-2/ACS stand-alone produced BIC esti-

mates averaging 40% within newly formed

bone, following implant cleansing using a

citric acid solution and an air abrasive in the

nonhuman primate peri-implantitis model

(Hanisch et al. 1997) underscoring the effi-

cacy of this candidate protocol.

The ligature-induced peri-implantitis dog

model is well established (Schwarz et al.

2007). Whereas it induces defects similar to

that observed in humans (Schwarz et al.

2007), a distribution of heterogeneous defects

within and between experimental groups

may occur and thus increase variability of

the model (Schwarz et al. 2011). The sample

size used in studies evaluating treatment for

peri-implantitis has ranged between five and

nine animals (Persson et al. 1996; Nociti

et al. 2001; Shibli et al. 2003, 2006; Schwarz

et al. 2011). Herein, a sample size of eight

animals was used to account for the expected

increased variability inherent to the model

reported by others. Eight of 64 implants

failed and were not available for histological

analysis underscoring the challenges of the

model. Whereas studies using mini-pig and

nonhuman primate peri-implantitis models

Fig. 4. Peri-implantitis site receiving aPDT/GBR or TTC/GBR. Note BBM particles without evidence of resorption,

erosion, or support of bone formation encapsulated in dense connective tissue. (green arrows) and some BBM parti-

cles in contact with bone (yellow arrows)

Table 2. Predictor variables for new bone formation and bone–implant contact (BIC) within new bone following antimicrobial tetracycline HCL (TTC)
or photodynamic therapy (aPDT) with or without guided bone regeneration (GBR) (n = 8 animals and 55 implants)

Residual defect depth (mm) Bone gain (mm) BIC (%)

Coef 95% CI P-value Coef 95% CI P-value Coef 95% CI P-value

TTC/aPDT
No Ref – – – Ref – – – Ref – – –
Yes 0.06 �0.39 0.50 0.79 0.06 �0.15 0.27 0.59 0.00 �0.06 0.07 0.89

GBR
No Ref – – – Ref – – – Ref – – –
Yes 0.36 �0.18 0.89 0.19 0.21 0.00 0.42 0.05 0.00 �0.12 0.12 0.98

Site
Buccal Ref – – – Ref – – – Ref – – –
Lingual �1.39 �2.10 �0.68 >0.001 0.38 0.15 0.61 0.001 0.04 �0.08 0.16 0.55
Mesial �0.91 �1.40 �0.42 >0.001 0.30 0.15 0.46 >0.001 �0.04 �0.23 0.15 0.68
Distal �0.91 �1.39 �0.43 >0.001 0.48 0.26 0.69 >0.001 �0.02 �0.16 0.12 0.76

Implant location
Anterior Ref – – – Ref – – – Ref – – –
Posterior �0.19 �0.46 0.09 0.18 0.24 0.08 0.41 0.004 0.01 �0.11 0.14 0.85

Implant exposure
No Ref – – – Ref – – – Ref – – –
Yes 1.67 1.12 2.22 >0.001 �0.59 �0.77 �0.42 >0.001 �0.28 �0.48 �0.08 0.006
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have been published (Hickey et al. 1991;

Singh et al. 1993; Hanisch et al. 1997; Becker

et al. 2011), the vast majority of studies thus

far have relied on the dog model.

The clinical relevance of our findings are

twofold: (i) Whereas direct comparison

between TTC and aPDT with other protocols

was not possible due to the study design, it

appears that all these methods provide

enough implant surface decontamination to

allow resolution of the peri-implantitis defect

as long as access to the full extent of the

defect is possible and (ii) the use of biomate-

rials does not seem to enhance bone forma-

tion and re-osseointegration, even though

from a clinical perspective, biomaterials

could serve as a defect fillers, which could

have an impact on clinical parameters.

Within the limitations of this study, it may

be concluded that both antimicrobial proto-

cols stand-alone or combined with GBR

using BBM and a collagen membrane allowed

similar and partial resolution of the peri-

implantitis defects without significant differ-

ences among protocols.
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