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Abstract 

Peri-implantitis is a plaque-associated pathological condition occurring in tissues 
around dental implants. It is characterized by inflammation in the peri-implant mu-
cosa and progressive loss of supporting bone. The aims of the present series of 
studies were to (a) analyze the effect of plaque-formation on implant abutments 
with an antibacterial coating, (b) evaluate the effect of surgical treatment of exper-
imental peri-implantitis using different decontamination methods, (c) evaluate the 
effect of the use of bone substitute materials on soft and hard tissue healing follow-
ing reconstructive surgical therapy and (d) evaluate the accuracy of bone level as-
sessments using either cone beam computed tomography, intra-oral periapical 
radiographs or histology. 
 
In Study I, plaque formed on implant abutments with an antimicrobial coating for 6 
months. Data from radiological, microbiological and histological examinations 
were analyzed. In Study II, III and IV, different surgical treatment protocols of 
experimental peri-implantitis were applied to implants with different surface char-
acteristics. Radiographs were obtained to longitudinally evaluate disease progres-
sion and treatment outcome and block biopsies were obtained and prepared for 
histological analysis. In Study IV, cone beam computed tomography was obtained 
following reconstructive treatment of experimental peri-implantitis.  
 
Implant abutments with an antibacterial coating failed to prevent biofilm formation 
and did not influence the inflammatory response in the adjacent peri-implant muco-
sa (Study I). Disease resolution of experimental peri-implantitis occurred after sur-
gical therapy using different methods for implant surface decontamination (Study II 
and III). Healing following surgical treatment of experimental peri-implantitis was 
superior around implants with a smooth surface than at implants with rougher sur-
faces (Study II and III). Defect fill and re-osseointegration following reconstructive 
peri-implantitis surgery occurred at 23 out of 24 implants with a smooth surface 
and at 13 out of 24 implants with a moderately rough surface. The additional effect 
of using bone substitute materials during surgery was small (Study III). Significant 
correlations were observed between assessments of marginal bone levels using 
cone beam computed tomography, periapical radiographs or histology. Measure-
ments in periapical radiographs consistently resulted in an overestimation of the 
bone level of about 0.3 mm (Study IV). 
 
Keywords: Antibacterial, bone substitute material, CBCT, histology, implant surface, mar-
ginal bone level, peri-implantitis, radiograph, surface decontamination 
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Sammanfattning på svenska 

Peri-implantit är bakterieorsakad sjukdomsprocess i vävnader runt tandimplantat. 
Tillståndet kännetecknas av inflammation i den peri-implantära slemhinnan och 
förlust av stödjevävnad. Syftet med denna serie av studier var att utvärdera (a) ef-
fekten av en antibakteriell ytbehandling på tandimplantat på bildandet av bakterie-
beläggningar, (b) läkningsresultatet efter kirurgisk behandling av experimentellt 
inducerad peri-implantit med olika rengöringsmetoder, (c) tilläggseffekten av be-
nersättningsmaterial i samband med rekonstruktiv kirurgisk behandling av experi-
mentell peri-implantit och (d) precisionen vid  bennivåbestämningar runt 
tandimplantat genom mätningar i intraorala röntgenbilder, datortomografi, eller 
histologiska preparat. 

I studie I ansamlades bakterier under 6 månader på implantatdistanser med en anti-
bakteriell ytbehandling och resultat från röntgenologiska-, mikrobiologiska- och 
histologiska undersökningar analyserades. I studierna II, III och IV användes olika 
protokoll vid kirurgisk behandling av experimentell peri-implantit vid implantat 
med olika ytstrukturer. Röntgenundersökningar genomfördes under försöket för att 
utvärdera effekten av sjukdomsutveckling och efterföljande behandling. Blockbi-
opsier uthämtades för histologisk preparation och analys. I studie IV komplettera-
des undersökningen vid försökets slut med datortomografi. 

Implantatdistanser med en antibakteriell ytbehandling förhindrade inte uppbyggna-
den av bakteriebeläggningar och påverkade därmed inte det inflammatoriska svaret 
i den peri-implantära slemhinnan (studie I). Olika rengöringsmetoder av implantat i 
samband med kirurgisk behandling av experimentell peri-implantit resulterade i 
utläkning av sjukdom (studie II och III). Läkningsresultatet efter behandling var 
bättre vid implantat med slät yta jämfört med implantat med en rå yta (studie II och 
III). Läkning av bendefekter med återskapande av benkontakt mot implantat efter 
rekonstruktiv kirurgisk behandling inträffade vid 23 av 24 implantat med slät yta 
och vid 13 av 24 implantat med rå yta. Tilläggseffekten av användandet av bener-
sättningsmaterial vid rekonstruktiv kirurgisk behandling var liten (studie III). Signi-
fikant korrelation noterades mellan bennivåbestämningar som utförts genom 
mätningar i intraorala röntgenbilder, datortomografi, eller histologiska preparat. 
Mätningar i intraorala röntgenbilder resulterade i en överskattning av bennivån på 
cirka 0,3 mm (studie IV). 
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Abbreviations 

aBiofilm  Apical termination of the biofilm 
A/F   Abutment/fixture 
aJE   Apical termination of the barrier/junctional epithelium 
ANOVA  Analysis of variance 
B    Most coronal position of bone to implant contact 
BC   Most coronal position of the bone crest 
BD   Bottom of the defect 
BIC   Bone to implant contact  
CBCT  Cone beam computed tomography 
e-PTFE  Expanded polytetrafluoroethylene 
EDTA  Ethylene-diamine-tetra-acetic acid 
Er:YAG  Erbium doped yttrium-aluminum-garnet 
FDDB   Freeze-dried demineralized bone 
GBR     Guided bone regeneration 
ICT   Infiltrated connective tissue 
MBL   Marginal bone level 
mg/L   Milligram per Liter 
MPO   Myeloperoxidase 
N2O:O2  Nitrous oxide: Oxygen 
PA    Periapical 
PM   Peri-implant mucosa 
PVD   Physical Vapor Deposition 
r    Pearson correlation coefficients 
SD    Standard deviation 
SLA   Sandblasted, large grit, acid-etched  
Ti-Bi-Ga  Titanium-Bismuth-Gallium 
TPS   Titanium plasma sprayed  
TTC        Tetracycline Hydrochloric acid  
TVC   Total viable count 
VLC   Visible light cure 
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Introduction 

Peri-implant diseases  

Peri-implant diseases is a collective term for the two entities peri-implant mu-
cositis or peri-implantitis (Berglundh, Armitage, Araújo, Avila-Ortiz, Blanco, 
Camargo, Chen, Cochran, Derks, Figuero, Hämmerle, Heitz-Mayfield, Huynh-
Ba, Iacono, Koo, Lambert, McCauley, Quirynen, Renvert, Salvi, Schwarz, Tar-
now, Tomasi, Wang, & Zitzmann, 2018a). Peri-implant mucositis is a plaque-
associated pathological condition in the peri-implant mucosa in the absence of 
peri-implant bone loss (Heitz-Mayfield & Salvi, 2018), while peri-implantitis in 
addition to inflammation in the peri-implant mucosa is characterized by loss of 
supporting bone (Berglundh et al., 2018a; Schwarz, Derks, Monje, & Wang, 
2018). Peri-implant mucositis is a reversible condition if adequately treated 
(Meyer et al., 2017; Roos-Jansåker, Renvert, & Egelberg , 2003; Salvi et al., 
2012). In the absence of treatment, however, it may progress into peri-
implantitis.  

Peri-implantitis is a common condition among patients treated with dental im-
plants (Derks & Tomasi, 2015). In a large randomly selected sample from the 
Swedish population, peri-implantitis was detected in 45% of patients 9 years 
after dental implant therapy (Derks et al., 2016). The focus on prevention and 
treatment of peri-implant diseases is therefore justified. In order to maintain peri-
implant health, the consensus report from XI European Workshop on Periodon-
tology emphasized that preventive measures according to individual needs 
should be performed on a regular basis (S. Jepsen et al., 2015; Salvi & Zitzmann, 
2014). 

Prevention of peri-implant diseases 

Adequate self-performed infection control in combination with professional sup-
portive therapy following dental therapy is a successful method to prevent peri-
implant diseases (Heitz-Mayfield & Salvi, 2018; Salvi & Zitzmann, 2014). Nev-
ertheless, the prevalence of peri-implantitis still remains high (Derks et al., 
2016). Therefore, an implant device that can provide antimicrobial properties 
preventing biofilm formation might reduce the occurrence of peri-implant dis-
eases. The concept of using implant devices with antimicrobial properties was 
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investigated in both in-vitro and in-vivo preclinical studies (Carinci et al., 2019; 
Cochis et al., 2015; 2016; Ghensi et al., 2019; Sobolev et al., 2019; Xing et al., 
2015). It was reported from several in-vitro experiments that certain implant 
coatings may prevent bacterial colonization (Cochis et al., 2015; 2016; Nagay et 
al., 2019). Nagay et al. (2019) in an in-vitro experiment reported on antimicrobi-
al activity on titanium discs co-doped with nitrogen and bismuth. Moreover, 
Cochis et al. (2015) performed in-vitro and in-vivo experiments on the antibacte-
rial effect of silver and gallium ion-treated titanium discs. The discs were 
mounted on dental acrylic splints that were placed in seven volunteers. After 24 
hours of plaque accumulation, silver and gallium-treated discs showed to be ef-
fective in reducing the number of bacterial colonies. Information on antibacterial 
properties of different materials, however, seems to be restricted to short-term 
evaluations in clinical settings. Experimental models that mimic clinical settings 
are therefore needed for long-term evaluations of potential antibacterial effects 
of materials. 

Experimental peri-implantitis 
Pre-clinical in-vivo models have been widely used in studies on dental implants 
(Grunder, Hürzeler, Schupbach, & Strub, 1993; Lindhe, Berglundh, Ericsson, 
Liljenberg, & Marinello, 1992; Marinello et al., 1995; Persson, Ericsson, Ber-
glundh, & Lindhe, 1996; Tillmanns, Hermann, Cagna, Burgess, & Meffert, 
1997). The ligature-induced experimental peri-implantitis is such a model, which 
has been used to evaluate the progression and the treatment of peri-implantitis 
(Carcuac et al., 2013; Carcuac, Abrahamsson, Charalampakis, & Berglundh, 
2015; Hürzeler, Quiñones, Morrison, & Caffesse, 1995; Persson et al., 1996; 
Zitzmann, Berglundh, Ericsson, & Lindhe, 2004). Throughout the years, the 
method for inducing experimental peri-implantitis has been developed and dif-
ferent ligature techniques, materials and time of exposure have been used (Car-
cuac, Abrahamsson, Derks, Petzold, & Berglundh, 2020; Lindhe et al., 1992; 
Schüpbach, Hürzeler, & Grunder, 1994). The idea of using ligatures is to disrupt 
the mucosal seal and allow biofilm to accumulate sub-marginally (Lindhe et al., 
1992). Moreover, the number and frequency of ligature replacements have var-
ied between studies (Table 1).  Lindhe et al. (1992) in an experimental study in 
dogs, placed cotton ligatures in a sub-marginal position around implants in order 
to induce experimental peri-implantitis. During a period of plaque formation, the 
ligatures were replaced after 3 weeks and removed after additional 3 weeks. It 
was reported that peri-implantitis became established with a disease process that 
surrounded the implants. Schüpbach et al. (1994) used ligatures together with 
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plaque formation over 5 months to induce peri-implantitis. The ligatures were 
replaced every month during the experiment. Marinello et al. (1995) used liga-
tures for 4-6 weeks but with no replacement. They reported that about 25% of 
original bone height was lost during the experimental period. Recently, Carcuac 
et al. 2020 introduced a new model with a single and short-term (one month) use 
of ligatures to induce experimental peri-implantitis. Following ligature removal, 
plaque formation was allowed to continue accumulation for 6 months as sponta-
neous progression of experimental peri-implantitis. It was demonstrated that the 
short-term use of ligatures disrupted the soft tissue barrier and together with 
plaque formation initiated the disease process. Carcuac et al. (2020) observed a 
small amount of bone loss after the short period of ligatures. Therefore, such a 
model can be used to investigate the potential antibacterial effect of implant ma-
terials on the prevention of experimental peri-implantitis.   
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Table 1. Examples of pre-clinical studies using different protocols of ligature induced peri-implantitis. 

 

Author (Year) Total 
ligature 
period 

Number of  
replacement 

 Ligature 
material 

     
 
Lindhe et al. (1992) 

 
6 weeks 

 
1 

 
Biopsy after one month  

 
Cotton 

     
Grunder et al. (1993) 5 months 5 Treatment after ligature removal Cotton 
     
Marinello et al. (1995) 4-6 

weeks 
0 Biopsy after 1 and 3 months Cotton 

     
Persson et al. (1996) 6 weeks 0 Treatment after one month of ligature re-

moval 
Cotton 

     
Tillmanns et al. (1997) 3 and 6 

months 
If needed Biopsy after 3 and 6 months Cotton 

     
Persson et al. (1999) 3 months 2 Treatment after one month of ligature re-

moval 
Cotton 

     
Wetzel et al. (1999) 4 months 3 Treatment after one month of ligature re-

moval 
Silk 

     
Machado et al. (1999) 1 month 0 Treatment after one month of ligature re-

moval 
Cotton 

     
Nociti et al. (2001) 4 weeks 0 Treatment after two weeks of ligature re-

moval 
Cotton 

     
Deppe et al. (2001) 3 months 0 Treatment after two weeks of ligature re-

moval 
Cotton 

     
Shibli et al. (2003) 2 months 2 No spontaneous progression period Cotton 
     
Zitzmann et al. (2004) 2 months 3 Spontaneous progression for 12 months Cotton 
     
Hayek et al. (2005) 120 days 0 Spontaneous progression for 120 days Unspecified 
     
Schwarz et al. (2006) 3 months 3 Treatment after one month of ligature re-

moval 
Cotton 

     
Berglundh et al. (2007) 4 months 7 Spontaneous progression for 5 months Cotton 
     
Albouy et al. (2008) 12 weeks 3 Spontaneous progression for 24 weeks Cotton 
     
Madi et al (2013) 4 months 4 Spontaneous progression for 5 months Silk 
     
Carcuac et al. (2013) 10 weeks 2 Spontaneous progression for 26 weeks Cotton 
     
Fickl et al. (2015) 10 weeks 4 Treatment after one month of ligature re-

moval 
Silk 

     
Viganò et al. (2019) 3 months 1 Treatment after one month of ligature re-

moval 
Unspecified 

     
Carcuac et al. (2020) 1 month 0 Spontaneous progression for 6 months Cotton 
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Treatment of experimental peri-implantitis 
The experimental peri-implantitis model has been used to evaluate the efficacy 
of different systemic and local antimicrobial procedures (Carcuac et al., 2015; 
Ericsson, Persson, Berglundh, Edlund, & Lindhe, 1996; Persson, Araújo, Ber-
glundh, Gröndahl, & Lindhe, 1999; Shibli et al., 2006) (Table 2). Ericsson et al. 
(1996) studied the effect of different antimicrobial therapies on experimental 
peri-implantitis lesions. Prior to and during the surgical treatment of peri-
implantitis, a combination of systemic antibiotics was administered. In one side 
of the mandible, surgical removal of the granulation tissues around the implants 
in conjunction with sterilization of the dental abutments was performed, while 
the implants in the other side were left without any further treatment. It was re-
ported that the plaque associated infiltrate in the untreated group remained. It 
was concluded that systemic antibiotic therapy alone was not sufficient to 
achieve disease resolution, while in the surgically treated group, disease resolu-
tion occurred. In another in-vivo study on treatment of experimental peri-
implantitis, Persson et al. (1999) reported on the outcome of two different meth-
ods for decontamination (cotton pellets soaked in sterile saline or abrasive pum-
ice with a rotating brush) of machined implant surfaces. It was reported that the 
inflammatory lesions were resolved and that small amounts of newly formed 
bone had formed in the original defects. No significant difference was observed 
between the treatment groups. Shibli et al. (2006) reported on the outcome of 
different local decontamination procedures during surgical treatment of peri-
implantitis around implants with different types of surfaces. The local therapy 
was carried out using plastic curettes alone or in combination with bactericidal 
photosensitization. No differences between the treatment protocols or between 
different types of implants were observed. Carcuac et al. (2015) evaluated the 
effect of anti-infective procedures including gauze soaked in either saline or 
chlorhexidine during surgical treatment of experimental peri-implantitis at im-
plants with four different surfaces. It was concluded that the additional local 
treatment with chlorhexidine had limited effect on the outcomes and that the 
results were mainly influenced by implant surface characteristics. 

Implant surface characteristics 
Implant surfaces have been categorized based on surface roughness into smooth, 
minimally rough, moderately rough and rough (Albrektsson & Wennerberg, 
2004). Moderately rough surfaces were claimed to have clinical advantages 
compared to other types of surfaces (Albrektsson & Wennerberg, 2004). Some 
clinical data, however, indicated a higher prevalence of peri-implantitis at im-
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plants with a modified surface compared to implants with non-modified surface 
(Mir-Mari, Mir-Orfila, Figueiredo, Valmaseda-Castellón, & Gay-Escoda, 2012). 

While the majority of studies on surgical treatment of experimental peri-
implantitis focused on local or systemic antimicrobial treatment, few investigat-
ed the influence of different surface characteristics on the outcome of surgical 
treatment of peri-implantitis (Albouy et al., 2011; Carcuac et al., 2015; Wetzel, 
Vlassis, Caffesse, Hämmerle, & Lang, 1999). The outcome of experimental peri-
implantitis treatment was superior around implants with a non-modified surface 
compared to implant with a modified surface irrespective of type of treatment 
(Albouy et al., 2011; Carcuac et al., 2015).  A similar influence of implant sur-
face characteristics was also reported in clinical studies (Berglundh, Wennström, 
& Lindhe, 2018b; Carcuac et al., 2016). Research aiming at improving dental 
implants should therefore focus on implant surfaces presenting with optimal 
healing capacities and a low propensity to onset and progression of peri-implant 
diseases. 

Radiological assessment of surgical therapy 
In day-to-day clinical practice and in reporting on results from clinical studies on 
surgical treatment of peri-implantitis, clinical data are combined with radiologi-
cal observations (Carcuac et al., 2016; K. Jepsen et al., 2016; Renvert, Roos-
Jansåker, & Persson, 2018; Wohlfahrt et al., 2012). Thus, the radiological as-
sessment is a key tool in monitoring and evaluating peri-implant hard tissues. 
Moreover, in trials reporting on treatment of peri-implantitis using reconstructive 
techniques, results from radiological assessments were frequently the main re-
ported outcome (K. Jepsen et al., 2016; Renvert et al., 2018; Wohlfahrt et al., 
2012). Moreover, while conventional (two-dimensional) radiographs cannot 
show the peri-implant bone level in the buccal and lingual aspects, cone beam 
computed tomography (CBCT) may provide a circumferential image of the peri-
implant tissues. Nevertheless, the influence of using augmentation materials on 
the accuracy of radiological assessment of treatment of peri-implantitis is un-
known. Thus, the necessity of evaluating the accuracy of radiological assessment 
following reconstructive surgical treatment of peri-implantitis is required. 
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Research questions and aims 

The following research questions and aims were addressed in the 
present series of pre-clinical studies. 

Questions 
 

1. Can an implant surface with antimicrobial properties prevent or 
reduce peri-implant mucositis and peri-implantitis? 
 

2. Do implant surface characteristics influence healing following 
treatment of peri-implantitis using different decontamination 
and reconstructive procedures? 

 
 

3. Do different augmentation protocols influence healing following 
treatment of peri-implantitis using reconstructive procedures? 
 

4. How do radiographic outcomes compare to results from histo-
logical assessments? 
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Aims 
• to analyze the long-term effect of plaque/biofilm formation on 

implant abutments with an antibacterial coating and the ensu-

ing host response in peri-implant tissues (Study I).  

• to evaluate the effect of surgical treatment of experimental pe-

ri-implantitis using mechanical and chemical decontamination 

methods (Study II). 

• to evaluate the effect of the use of bone substitute materials on 

soft and hard tissue healing following reconstructive surgical 

therapy of experimentally induced peri-implantitis (Study III).  

• to evaluate the effect of different surgical treatment protocols 

of experimental peri-implantitis at implants with different sur-

face characteristics (Study II & III). 

• to evaluate the accuracy of bone level assessments using ei-

ther cone beam computed tomography, intra-oral periapical 

radiographs or histology following reconstructive treatment of 

experimental peri-implantitis (Study IV). 
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Material and Methods 

The four papers included in this thesis are based on three animal experiments 
(Fig. 1). For each experiment six, about one year old, Labrador dogs were used. 
The study protocols were approved by the regional Ethics Committee for Animal 
Research, Göteborg, Sweden (Dnr 106–2015), (Dnr 122-2017) and (Dnr 5-
2014). All experiments utilized both sides of the dog mandible. 

 

Figure 1. Outline of the experiments. 
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Study I was comprised of a preparatory period followed by an active breakdown 
period (using cotton ligatures) in one side of the mandible for one month, while 
a spontaneous progression of experimental peri-implantitis was allowed to the 
other side in the mandible. The spontaneous phase continued for 6 months. Ra-
diological and microbiological examinations were made during the study and 
histological sections were prepared at the end of the study (Fig. 2).	

 

Figure 2. Experiment I (Study I) outline. 
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In Study II, III and IV, a preparatory phase was followed by an active break-
down period (using cotton ligatures) for 3 months. The ligatures were exchanged 
every 3rd week. When about 40-50% of bone loss was assessed, different treat-
ments of experimental peri-implantitis were performed. Radiographs were ob-
tained at different timepoints to evaluate disease progression and treatment 
outcome. Histological sections for analysis were produced at the end of the ex-
periments (Fig. 3). 

Figure 3. Experiment II (Study II) and III (Study III and IV) outline.  
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The preparatory phase 
Prior to all surgical procedures, general anaesthesia was induced with intrave-
nously injected Propofol (10 mg/ml, 0.6 ml/kg) and sustained with N2O:O2 
(1:1.5-2) and Isoflurane employing endotracheal intubation. Analgetics were 
provided during 3 days following all surgical procedures. All surgical procedures 
were performed by specialists in periodontology. All mandibular premolars and 
the 1st, 2nd and 3rd maxillary premolars were extracted. Three months later, mu-
coperiosteal flaps were elevated, 4 osteotomy preparations were made and im-
plants were installed in each mandibular premolar region. 

Dental implant units 
In Study I, one implant type (3.6 x 11mm Astra Tech Implant EV System; 
Dentsply Implants IH AB) and two different abutment types, test and control, 
were used. The test abutment was an experimental c.p. titanium Uni abutment 
(Astra Tech Implant System™, Dentsply Implants IH AB) with a Titanium-
Bismuth-Gallium (Ti-Bi-Ga) coating while the control abutment was an uncoat-
ed c.p. titanium Uni abutment. In Study II,III and IV, 4 implants, 3.6 x 11mm, 
with 2 different surface characteristics (A and B) were installed in each mandib-
ular premolar region. Implant A had a TiO-blasted and etched surface (moder-
ately rough), while implant B had a turned surface modified by a dual acid-
etching (smooth). Healing abutments were Uni abutment and Zebra abutments in 
Study II and III, respectively. 

Experimental peri-implant diseases  
Oral hygiene procedures were abandoned and experimental peri-implant disease 
was initiated three months after implant installation in all studies (I - IV). In 
Study I, cotton ligatures were placed in a sub-marginal position for one month in 
one side of the mandible and plaque formation was allowed until the end of the 
experiment. In Study II, III and IV, however, cotton ligatures were placed in a 
sub-marginal position around the neck portion of the implants and replaced eve-
ry 3rd week until the final removal at 12 weeks. Oral hygiene procedures were re-
instituted immediately after ligature removal. 
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Intra-oral photographs (Study III) 
At the time of surgery, intra-oral photographs were taken from each healing 
abutment using a digital camera (NIKON D5300, Nikon Corporation). A soft-
ware program (ImageJ64, National Institutes of Health) was used for the analysis 
of the photographs. Using the known distance between the lines on each healing 
abutment (Zebra abutment), a calibration of the measurements was made (Fig. 
4). The distance between the most coronal line on the healing abutment to the 
mid-buccal mucosal margin level was measured at each implant. Subsequent 
intra-oral photographs were taken every 2nd month following surgery until the 
final examination. 

	

Figure 4. Photograph representing the mid-facial mucosal margin level. The known distance (1 
mm) between marked lines on each healing abutment was used for the calibration of the coro-
nal-apical measurements.  
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Radiographic examination 
Intra-oral periapical radiographs 

Intra-oral periapical radiographs were obtained using a long-cone paralleling 
technique and sensors for digital radiography from all implants at different time 
points during the experiments. Customized sensor holders were made using bite 
blocks and a silicon impression material, as previously described (Albouy et al., 
2008; Persson et al., 1999).  

In Study I, the first set of intra-oral periapical radiographs was taken at abutment 
connection. The radiographic examination was then repeated 2 (baseline), 3, 6 
and 8 months after abutment connection. In Study II, III and IV, the first intra-
oral periapical radiographs were taken three months after implant installation 
(ligature placement). During the phase of disease induction (three months), the 
radiographic examination was repeated every 3rd week (Fig. 5). An additional 
set of radiographs was obtained 2 weeks after surgical treatment of experimental 
peri-implantitis. In Study III, intra-oral periapical radiographs were also obtained 
at every 2nd month until the final examination. 

 

Figure 5. Series of radiographs representing bone level changes around an implant during 
active (ligature-induced) experimental peri-implantitis at baseline (ligature placement) (a), 1.5 
months (b) and at ligature removal (3months).   
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The intra-oral periapical radiographs were analyzed using a software (ImageJ64; 
National Institutes of Health, Bethesda, MD, USA). The known diameter and the 
inter-thread distance were used for the coronal-apical measurements (Fig. 6). In 
the radiographs, the abutment/fixture (A/F) shoulder and the most coronal posi-
tion of bone to implant contact (B) were identified on mesial and distal sides of 
each implant. The marginal bone level (MBL), distance between A/F and B, at 
the mesial and distal aspect of each implant was measured on a high-definition 
monitor (10x magn.). 

 

Figure 6. A radiograph (a) showing marginal bone level (MBL) from abutment/fixture junction 
(A/F) to the most coronal bone to implant contact (B). A magnified radiographic section (b) 
showing the known inter-thread distance. 
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Cone beam computed tomography (CBCT) (Study IV) 

At the end of experiment III (Study IV), the mandibles were retrieved and tissue 
blocks containing one implant and the surrounding soft and hard tissues were 
prepared. The tissue blocks were then placed in a plexiglass bowl, embedded in a 
soft tissue equivalent material, and thereafter placed on a stand in the radio-
graphic equipment. The radiographic examination was performed using Accui-
tomo 170 (J. Morita Mfg. Corp, Kyoto, Japan) utilizing an image volume of 
40mm x 40mm, exposure parameters 80kV, 5mA and a 360-degree rotation. The 
voxelsize was set to 0.08mm. Image data, comprising axial slices with slice 
thickness and interval of 0.08mm, were exported using DICOM-format (Digital 
Imaging and Communications in Medicine).  Thereafter the image data were 
imported into Osirix MD (Pixmeo SARL, 266 Rue de Bernex, CH-1233 Bernex, 
Switzerland) for image processing. In the CBCT images, MBL was defined as 
the distance between A/F and B. The MBL was assessed at four positions on 
each aspect around each implant (in all 16 positions / implant). Two central 
measurements and two other measurements were made 1 mm lateral to the cen-
tral measurements (Fig. 7). 

 
Figure 7. CBCT section (a) illustrating the orientation of CBCT cuts that correspond to histological sec-
tions (white line) and other cuts (dotted lines). Mesio-distal CBCT images (b). A magnified mesio-distal 
demonstrating marginal bone level (MBL) (c).  
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Microbiological sampling and analysis (Study I) 
Two months after the abutment connection procedure, sub-mucosal microbiolog-
ical samples were collected from all experimental sites using paper-points (Fig. 
8). The samples were placed in sterile Eppendorf tubes containing 300 micro-
liters of TE buffer. Part of the sample solution was immediately analyzed for the 
total viable counts using a culture technique, while the remaining sample solu-
tion was analyzed using the checkerboard DNA-DNA hybridization technique. 
The microbiological sampling was repeated at 6 and 7.5 months after abutment 
connection. 

 
Figure 8. Photo showing paper-points collecting sub-mucosal microbiological samples. 

Culturing technique 

The samples were diluted and then spread over the surface of a Brucella agar 
plate (Acumedia, Neogen Corporation, Lansing, Michigan, USA) enriched with 
5% defibrinated horse blood, 0.5% hemolysed horse blood and 5 mg/L of mena-
dione. The plates were anaerobically incubated for 7 days in jars at 37 °C with 
an atmosphere of 10% H2, 10% CO2 and 80 % N2. The total viable count (TVC) 
was determined as the total number of colony-forming units obtained on the 
Brucella agar plates.  
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Checkerboard DNA-DNA hybridization technique 

The checkerboard panel included 17 bacterial strains; 5 Porphyromonas species 
(Porphyromonas gulae, Porphyromonas canoris, Porphyromonas crevoricanis, 
Porphyromonas cangingivalis and a non-specified Porphyromonas species), 11 
additional strains (Tannerella forsythia, Fusobacterium canilifelium, Fusobacte-
rium russi, Filifactor alocis, Filifactor villosus, Bacteroides tectus, Bacteriodes 
sp, Campylobacter oricanis, Pasturella stomatis, Campylobacter sp, and Pepto-
streptococcus canis) and one human strain (Treponema denticola). 

 

All samples from all three occasions and each dog were analyzed on one and the 
same checkerboard membrane. Evaluation of the signal was performed at a Lu-
miImagerTM workstation (Boehringer-Mannheim) by comparing the obtained 
signals with those of pooled standard samples containing 106 (high-standard) or 
105 (low standard) of each of the 17 bacterial species of the panel. The obtained 
chemiluminiscent signals were transformed into a scale of scores from 0 to 5 
(Socransky et al., 1994). In brief, score 0 represents no signals; score 1, a signal 
density weaker than the one of the low standard (i.e. < 105 bacteria); score 2, a 
signal density equal to the one of the low standard (=105 bacteria); score 3, a 
signal density higher than the one of the low standard but lower than that of high 
standard ( >105 but < 106 bacteria); score 4,  a signal density equal to the one of 
the high standard (=106 bacteria) and score 5, a signal density higher than the 
one of the high standard (>106 bacteria). The score 1 cut-off was selected to con-
trast colonized vs. non-colonized sites and the score 3 cut-off was used to con-
trast heavily colonized (score 3 or more) vs. non-colonized and less heavily 
colonized sites.  
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Surgical treatment of experimental peri-implantitis 
(Study II, III and IV) 
Four weeks after ligature removal, peri-implantitis surgery was performed in 
Study II, III and IV. Following elevation of full-thickness flaps and removal of 
inflamed connective tissue all implant sites were subjected to mechanical clean-
ing with curettes and cotton pellets soaked in saline. After that, four different 
treatment protocols were applied for each pair of implants (A and B) in each 
animal.  

In Study II, additional local decontamination procedures were applied as fol-
lows: T1 (Test 1) received a chemical disinfection using deposition of citric acid 
gel on the exposed implant surface for 30 seconds followed by irrigation with 
saline, T2 (Test 2) received mechanical cleaning using a rotating titanium brush, 
T3 (Test 3) received a combination of mechanical and chemical treatment using 
the rotating titanium brush and deposition of citric acid gel on the exposed im-
plant surface for 30 seconds followed by irrigation with saline and C (control) 
received no additional treatment (Fig. 9).   

 

 
Figure 9. Photographs representing citric acid gel application (a) during surgical treatment and rotating 
titanium brush (b). 
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In Study III and IV, the peri-implantitis surgery was supplemented with different 
augmentation procedures as; T1 (Test 1); the bone defect was filled with depro-
teinized bovine bone mineral granules, T2 (Test 2); the bone defect was filled 
with a biphasic bone graft material, T3 (Test 3); the bone defect was filled with 
deproteinized bovine bone mineral granules and covered with a bio-resorbable 
type I/III collagen membrane and C (control); no augmentation material was 
added (Fig. 10). The mucoperiosteal flaps were repositioned and sutured around 
the healing abutments of all implants to allow a non-submerged healing. Two 
weeks later the sutures were removed and mechanical supra-mucosal infection 
control was reinstituted. Furthermore, in Study III and IV, a fluorochrome (oxy-
tetracycline, 25 mg/kg body weight, Engemycin Vet, Merck & Co., Inc.) was 
injected intravenously. 

 
Figure 10. Photographs representing T1 (Test 1); bone defect filled with a deproteinized bovine bone min-
eral, T2 (Test 2); bone defect filled with a biphasic bone graft material, T3 (Test 3); bone defect filled with 
deproteinized bovine bone mineral granules and covered with a bio-resorbable type I/III collagen mem-
brane and C (control); no augmentation. 
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Histological preparation and analysis 

At the end of all experiments, the dogs were euthanized with a lethal dose of 
Sodium-Pentothal® (Hospira Enterprises B.V., Hoofddorp, Netherlands) and 
perfused through the carotid arteries with a fixative (4% formaldehyde). The 
mandibles were retrieved and 4 tissue blocks from each hemi-mandible contain-
ing the implant and the surrounding tissues were dissected using a diamond saw 
(Exakt®, Kulzer, Norderstedt, Germany) and stored in the fixative. 

In Study I, two tissue blocks (one test and one control) from each side of the 
mandible were randomly selected to be processed for decalcified paraffin-
embedded sections. The blocks were placed in ethylene-diamine-tetra-acetic acid 
(EDTA) and further processed using the fracture technique (Berglundh, Lindhe, 
Jonsson, & Ericsson, 1994). Following initial decalcification, incisions parallel 
with the long axis of the implant were made through the peri-implant tissues. 
Four segments, mesio-buccal, disto-buccal, mesio-lingual and disto-lingual were 
produced and then detached from the implant. Decalcification was continued 
using EDTA and the specimens were embedded in paraffin. Sections were pro-
duced with the microtome set at 5 µm. The sections were de-waxed and incubat-
ed in an antigen pre-treatment solution (Diva Decloaker, Biocare medical, 
Concord, CA, USA) at 60°C over night. Immunohistochemical preparation was 
made using antibodies for CD20, CD68, Myeloperoxidase (MPO) and CD3 us-
ing the DAKO EnVision + System-HRP (Agilent, Santa Clara, CA, USA). 
MPO-positive cells with a polymorphonuclear appearance indicated neutrophils, 
while markers for CD3, CD20 and CD68 indicated T cells, B cells and macro-
phages, respectively. The histological evaluation of cell markers was performed 
using a microscope equipped with an image system (Leitz DMRBE Q-500 MC® 
image system; Leica). Digital images were obtained using a PC-based image 
analysis system (Image-Pro Premier 9.3; Media Cybernetics Inc.). The ICT in 
each image was outlined using a mouse cursor. Cells with positive cell markers 
within the ICT were defined and identified using “smart segmentation” by a pix-
el classification algorithm. The area occupied by each positive cell category was 
measured, and the percentage of the entire ICT area was calculated. 

The other tissue blocks from all experiments were prepared for ground section-
ing. The blocks were dissected using a diamond saw (Exakt®, Kulzer, Germa-
ny). The ground sectioning was performed according to methods described by 
Donath and Breuner (1982). Tissue samples were dehydrated in ascending 
grades of ethanol and embedded in Technovit 7200 VLC-resin (Kulzer) and pre-
pared as previously described (Albouy, Abrahamsson, & Berglundh, 2012) . 
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From each block four sections were produced. Two parallel sections were ob-
tained in a mesio-distal and in a bucco-lingual plane. The sections were then 
reduced in thickness by microgrinding (Exakt, Apparatebau) to approximately 
30 µm and stained in toluidine blue and fibrin stain of Ladewig (Donath & 
Breuner, 1982). 

Histological analyses of ground sections were performed using a Leica DM-RBE 
microscope (Leica, Heidelberg, Germany) and a PC-based image analysis sys-
tem (Image-Pro Premier, Media Cybernetics Inc.). The following landmarks 
were identified and used for the measurements: the marginal border of the peri-
implant mucosa (PM), the apical termination of the barrier/junctional epithelium 
(aJE), the most coronal bone-to-implant contact (B), the most coronal position of 
the bone crest (BC), the abutment/fixture (implant) border (A/F). The landmarks 
were used to assess the linear distances PM-aJE, aJE-B and A/F-B (Fig. 11). 

 

 
Figure 11. Photo of a buccal-lingual ground section indicating histological landmarks; A/F: the abutment/ 
fixture junction, PM: the margin of the peri-implant mucosa, aJE: the apical termination of the barrier 
epithelium, BC: bone crest and B: the marginal level of bone to implant contact,. Fibrin stain of Ladewig. 
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In Study II and III, persisting inflammation was assessed using ICT scores ac-
cording to Carcuac et al. (2015). Thus, Score 0 indicated no or only scattered 
inflammatory cells identified in an area <1 mm2, while Score 1 indicated scat-
tered inflammatory cells located in an area <2 mm2. Sites with Score 2 had clus-
ters of inflammatory cells in infiltrates of a total area <3 mm2, while Score 3 was 
used in specimens with abundance of inflammatory cells in a total ICT area >3 
mm2. 

In Study III, the fluorochrome indicated the bottom (BD) and the lateral wall of 
the original bone defect (Fig. 12). Areas of the newly formed bone (B-BD-BC) 
and, when indicated, the residual intra-bony defect (defined by the bone wall 
between B and BC). Re-osseointegration was defined as newly formed bone in 
contact with the implant between BD and B. Further, the degree of bone-to-
implant contact (BIC percentage) was assessed in the zone between B and BD 
and around the remaining portion of the implant apical of BD. 

 

 
Figure 12. Micrographs including a fluorochrome marker and corresponding ground section indicating the 
bottom (BD) and the lateral wall of the original bone defect, the marginal level of bone to implant contact 
(B), and the abutment/ fixture junction (AF).
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Data analysis 
Analyses of continuous variables were reported as mean values ± standard devia-
tion (SD). Bivariate analyses were performed using ANOVA and Student’s t test 
for paired samples. Regression analysis was used to identify parameters affecting 
the dependent variables: radiographic bone level, mucosal margin alterations 
following surgical therapy of peri-implantitis and histological dimensions.  

The following independent variables were evaluated: implant (A-B), treatment 
modality (T1, T2, T3 and C). The distribution of outcome variables was ex-
plored, and models were constructed considering the dog and the implant as po-
tential levels. In Study II, ordered probit regression model was used to explore 
the differences in ICT scores between different treatment modality (T1, T2, T3 
and C) and implant (A-B). The animal was used as the statistical unit (n=6). 

In Study IV, bivariate correlation analyses were made between MBL data ob-
tained from (a) histological sections and corresponding CBCT images, (b) 
CBCT images and corresponding PA radiographs and (c) PA radiographs and 
corresponding histological sections (Fig. 13). Correlations were tested and 
Bland-Altman plots were applied to evaluate the agreement between MBL as-
sessments obtained from (a) histological sections and CBCT images, (b) CBCT 
images and PA radiographs, (c) PA radiographs and histological sections. The 
SPSS 24.0 software package (SPSS Inc., Chicago, Illinois, USA), Stata (Statisti-
cal Software: Release 16; StataCorp LLC) and GraphPad Prism version 8.3.1 
(GraphPad Software, San Diego, California USA) were used. 

 
Figure 13. Implant site documented by a CBCT image (a), PA radiograph (b) and histological section (c). 
A/F: abutment /fixture (implant) border, B: the most coronal bone-to-implant contact.  
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Results 

In all experiments, healing after implant placement was uneventful except for 
two implants in one animal of experiment I (one test and one control implant, 
both in the non-ligature group) demonstrating post-operative infection and early 
bone loss. Those implants were excluded from the analysis.  After the biofilm 
formation period in experiment I, all implant sites showed clinical signs of in-
flammation in the peri-implant mucosa. In experiments II and III, however, the 
peri-implant mucosae demonstrated absence or only minor clinical signs of in-
flammation following surgical treatment of the experimental peri-implantitis 
until the end of the experiments.  
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Study I: Biofilm formation on implant abutments 
with an antibacterial coating 
Radiological bone level alteration 

During the biofilm formation period (from 2 months to 8 months, Fig. 14), bone 
loss occurred around the majority of implants. The amount of bone loss that oc-
curred during the plaque accumulation period was significantly larger in the liga-
ture group than in the non-ligature group -1.09 ± 1.06 and 0.13 ± 0.48 mm, 
respectively. The amount of bone loss (mean ± SD) during the same period 
around test and control abutment sites in the ligature group were -1.21 ± 1.19 
and -0.97 ± 0.95 mm, respectively. The amount of bone level alteration (mean ± 
SD) around test and control abutment sites in the non-ligature group was smaller 
and amounted to 0.21 ± 0.41 and -0.04 ± 0.65 mm, respectively. The differences 
regarding bone loss between test and control abutment sites within the ligature 
and the non-ligature groups were not statistically significant. 

	
Figure 14. Radiographic bone level alterations (mm) during disease progression period. 

*Indicates p < 0.05 between ligature and non-ligature groups at 8 months.  
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Microbiological findings 

Culturing technique 

The results from the microbiological evaluation using the culturing technique are 
presented in Fig. 15. Significantly larger bacterial growth around implants in the 
ligature group than in the non-ligature group at 6 and 7.5 months were detected. 
The differences between samples from test and control abutment sites were not 
statistically significant.  

	

	
Figure 15. Microbiological results from the evaluations made on samples using culturing technique at 2 
months after abutment connection (baseline), 6 months and 7.5 months for both type of abutments (T and C) 
of the non-ligature and ligature groups. 

*Indicates p < 0.05 between ligature and non-ligature groups at 6 and 7.5 months 
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Checkerboard technique 

The results from the microbiological analysis using the DNA–DNA hybridiza-
tion checkerboard technique is presented in Figs. 16 - 18. Campylobacter species 
and Treponema denticola were not detected at any time point while the remain-
ing 15 species were detected during the course of the experiment around the im-
plants. From baseline to the last microbiological evaluation, the number of 
implants that were positive to DNA probes increased with time. This increase 
was higher at implants in the ligature group than in the non-ligature group. There 
were no statistically significant differences between the ligature and the non-
ligature implant groups or between test and control abutment sites at any time 
point during the course of the experiment. 

 

Figure 16. Microbiological findings from the samples at baseline processed with DNA probes of Porphro-
monas species (a) and other different types of bacteria (b) obtained from both types of abutments (T and C). 
Score 0 = no reaction (white), 1 < 105 (green), 2 = 105 (yellow), 3 > 105 (red), 4 = 106 (brown) and 5 > 106 
(black).	
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Figure 17. Microbiological findings from the samples at 6 months processed with DNA probes of Porphy-
romonas species (a and c) and other different types of bacteria (b and d) obtained from both types of abut-
ments (T and C). Score 0 = no reaction (white), 1 < 105 (green), 2 = 105 (yellow), 3 > 105 (red), 4 = 106 
(brown) and 5 > 106 (black).	
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Figure 18. Microbiological findings from the samples at 7.5 months processed with DNA probes of Por-
phyromonas species (a and c) and other different types of bacteria (b and d) obtained from both types of 
abutments (T and C). Score 0 = no reaction (white), 1 < 105 (green), 2 = 105 (yellow), 3 > 105 (red), 4 = 
106 (brown) and 5 > 106 (black). 
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Histological findings 

The results from the histometric measurements made in the ground sections are 
reported in Table 2 of Paper I. The size of the infiltrated connective tissue area 
around implants of the ligature and the non-ligature groups was 0.69 ± 0.63 and 
0.25 ± 0.31 mm2, respectively. Differences in vertical distances (PM-aJE, aJE-B, 
A/F-B and PM-aBiofilm) between test and control sites in the ligature and non-
ligature groups were small and not statistically significant. 

The histological findings from the immunohistochemical analyses of the paraf-
fin-embedded sections using different markers from the non-ligature group are 
presented in Table 3 of Paper 1. The size of the ICT at control and test abutments 
was 0.56 ± 0.51 and 0.21 ± 0.12 mm2, respectively. The difference between con-
trol and test abutments did not reach a significant level. CD3 and MPO-positive 
cells in the ICT occupied an area corresponding to 4.73 ± 1.12 and 2.93 ± 2.46 
% of the ICTs, respectively. At the control sites CD3 and MPO-positive cells 
occupied 5.65 ± 1.59 and 4.67 ± 3.31 %, respectively. The difference in the CD3 
and MPO-positive cells between control and test abutments did not reach a sig-
nificant level. 

 

Study II: Treatment using different mechanical and 
chemical procedures 
Radiological bone level alteration 

The mean radiological bone level alterations following surgical treatment at im-
plants A and B were 0.63 ± 0.92 and 0.65 ± 0.67 mm, respectively. No signifi-
cant differences in bone level alterations between implant types or treatment 
groups were found.  
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Histological findings 

The results from ICT score assessments are presented in Figure 19. Within the 
same implant type, no test treatment showed significantly better outcome com-
pared to the control treatment. Score 0 was found in 21 % and 58 % of A and B 
implant sites, respectively. Score 1 was found in 50 % and in 29 % of A and B 
implant sites, respectively. Score 2 was found in 29 % and in 13 % of A and B 
implant sites, respectively. No implant had Score 3. 

Ordered probit regression analysis showed that the difference in ICT scores be-
tween both types of implants was statically significant (p < 0.05). The ICT 
scores were significantly higher in T1 (Citric acid) compared to C (Control) 
group (p < 0.05) (Figure 19). 

	
Figure 19. ICT scores for different treatment categories at implant types A and B; T1 ( Citric acid), T2 
(Titanium brush), T3 (Citric acid+ Titanium brush), and C (control). Score 0: no or only scattered inflam-
matory cells identified in an area <1 mm2, Score 1: scattered inflammatory cells located in an area <2 
mm2, Score 2: clusters of inflammatory cells in infiltrates of a total area <3 mm2 
*p < 0.05 between ICT score of T1 and C independent of implant type  
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Results from the histometric measurements representing T1, T2, T3 and C pro-
cedures for implant type A and B are presented in Paper II (Table 2). Within the 
same implant type, no statistically significant differences were found between 
treatment groups. A regression model, however, revealed that the PM-aJE dis-
tance was significantly longer at A implants compared to B implants irrespective 
of treatment group (p < 0.05). The mean AF-B distance at implants A and B 
were 4.56 ± 1.75 and 4.28 ± 1.23 mm, respectively. No statistically significant 
differences were found between treatment groups or implant types. 

Study III: Treatment with different reconstructive 
procedures 
Radiological bone level alterations 

The results from the radiological measurements are presented in Fig. 20. The 
amount of bone loss that occurred during the period of ligature-induced break-
down at A and B implants were 4.66 ± 0.62 and 4.64 ± 0.76 mm, respectively. 
The amount of bone gain following surgical therapy around implants A and B 
were 0.27 ± 1.76 and 1.32 ± 0.69 mm, respectively. The regression analysis re-
vealed that bone level gain was significantly larger at B than A implants. The 
amount of bone gain around implant A following T1 (Bio-Oss), T2 (Symbios), 
T3 (Bio-Oss + BioGide), and C (control) treatment was 0.04 ± 1.74, 0.13 ± 2.44, 
0.12 ± 1.81 and 0.79 ± 1.18 mm, respectively. The corresponding amount of 
bone gain around implant B following treatment T1, T2, T3, and C was 1.60 ± 
0.39, 1.80 ± 0.58, 0.89 ± 0.66 and 1.00 ± 0.45 mm, respectively. No statistically 
significant differences in bone level changes were found between treatment 
groups among type A and type B implants. 
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Figure 20. Bone level changes in radiographs (mm) following surgical treatment for implants A (red) and B 
(green) (a) and different treatment groups among implant A and B sites (b and c). T1 ( Bio-Oss), T2 (Sym-
bios), T3 (Bio-Oss + BioGide), and C (control). 
*indicates p < 0.05 implant A versus B  
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Mucosal margin alterations 

Data on alterations of the mucosal margin that occurred following reconstructive 
surgical treatment are presented in Fig. 21. The mean mid-facial mucosal margin 
alterations for implants A and B were -0.49 ± 1.19 and 0.46 ± 0.82 mm, respec-
tively. These findings indicated on average a recession of the mucosal margin for 
A implants and a coronal migration after surgical therapy for B implants. The 
difference between A and B implants was statistically significant. Regarding 
different treatments, no statistically significant differences were found between 
treatment groups among A implants. For B implants, linear regression analysis 
revealed that the treatment group T2 showed significant coronal migration of the 
mucosal margin than the C group (p < 0.05). 

 

 
Figure 21. Mucosal margin level changes (mm) following reconstructive surgical treatment for implants A 
(red) and B (green) (a) and different treatment groups among implant A and B sites (b and c). T1 ( Bio-
Oss), T2 (Symbios), T3 (Bio-Oss + BioGide), and C (control). 
* indicates p < 0.05 between T2 and C  
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Histological findings 

The results from the ICT scores assessments  are presented in Fig. 22. Scores 0 
and 1 were found more frequent on B implant sites than A implant sites. This 
difference in score distribution between A and B implants was statistically sig-
nificant. No significant differences were found between treatment groups.  

 

Figure 22. ICT scores for different treatment categories at implant types A and B; T1 ( Bio-Oss), T2 (Sym-
bios), T3 (Bio-Oss + BioGide), and C (control). Score 0: no or only scattered inflammatory cells identified 
in an area <1 mm2, Score 1: scattered inflammatory cells located in an area <2 mm2, Score 2: clusters of 
inflammatory cells in infiltrates of a total area <3 mm2, Score 3: abundance of inflammatory cells in a total 
ICT area >3 mm2   
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Micrographs of ground sections representing implants at control and test treat-
ment sites are presented in Fig. 23. The results from the assessments of defect 
fill and re-osseointegration are presented in Paper III (Table 1). About 54% of A 
implants showed newly formed bone and defect fill following the treatment. The 
corresponding percentage on B implants was 96%. Binary logistic regression 
analysis showed an odds ratio of 25.5 for B as opposed to A implants to exhibit 
bone fill. The amount of defect fill, when occurring, was about 3.0 mm2 for both 
A and B implants.  

   

 
Figure 23. Micrographs of ground sections representing the different treatment categories; T1 (Bio-Oss), 
T2 (Symbios), T3 (Bio-Oss + BioGide) and C (control). 
 

The results from the measurements of soft tissue dimensions are reported in Pa-
per III (Table 3). The PM-aJE distance was 3.17 ± 1.53 mm at A implants and 
1.84 ± 0.47 mm at B implants. The aJE-B distance was 1.56 ± 0.49 and 2.73 ± 
0.64 mm at A and B implants, respectively. The differences in soft tissue dimen-
sions between A and B implants were statistically significant. 
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Study IV: Comparison between peri-implant bone 
level assessments using different methods 

	

Cone beam computed tomography vs. histology 

Correlations between MBL-data obtained from measurements on histological 
sections and corresponding CBCT images are illustrated in Figure 24. Pearson 
correlation coefficients (r) was 0.93. This correlation was statistically significant 
(p < 0.05).  

 

 
Figure 24. Plots illustrating correlations between MBL-data obtained from histological sections (X axis) 
and corresponding CBCT images (Y axis). 
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Plot diagram illustrating differences in data between histological sections and 
corresponding CBCT images is presented in Figure 25. The mean differences in 
MBL data between histological sections and corresponding CBCT images at 
mesial, distal, buccal and lingual aspects was -0.12 ± 0.56. A simple linear re-
gression analysis did not reveal any significant trend for differences of MBL 
assessments over different bone levels (Figure 25). 

 
Figure 25. Bland-Altman plots representing the average of MBL data (X axis) and the difference in data (Y 
axis) between histological sections and corresponding CBCT images at (a) mesial, (b) distal, (c) buccal and 
(d) lingual aspects. Mean (black line), standard deviation (dotted lines) and simple linear regression (red 
line) of differences. 

 
The mean differences between histological data and corresponding CBCT data 
for treatment categories C, T1, T2 and T3 were -0.31 ± 0.56, -0.13 ± 0.74, -0.06 
± 0.48 and 0.02 ± 0.35 mm, respectively. No statistically significant differences 
were detected between the two methods. 

The mean MBL discrepancy between interproximal and bucco-lingual sites as-
sessed on CBCT images was 0.12 ± 0.26 mm. The corresponding discrepancy 
assessed on histological sections was 0.01 ± 0.01 mm. 
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Cone beam computed tomography vs. periapical radiographs 

Correlation between MBL assessments on PA radiographs and maximum MBL 
in corresponding CBCT images is illustrated in Figure 26a. Pearson correlation 
coefficients (r) was 0.93. This correlation was a statistically significant (p < 
0.05). The mean differences between MBL in PA radiographs and maximum 
MBL in corresponding CBCT images at mesial and distal aspects was 0.42 ± 
0.53. A simple linear regression analysis did not reveal a significant trend for 
differences of MBL assessments over different bone levels (Figure 26b). 

Figure 26a: Plots illustrating correlations between maximum MBL from CBCT images (X axis) and MBL-
data obtained from PA radiographs (Y axis). Figure 26b: Bland-Altman plots representing the average of 
MBL data (X axis) and the difference in data (Y axis) between PA radiographs and maximum MBL in 
CBCT images. Mean (black line), standard deviation (dotted lines) and simple linear regression (red line) 
of differences. 

 

Periapical radiographs vs. histology 

The mean differences in the marginal bone level data between histological sec-
tions and corresponding PA radiographs at mesial and distal aspects were -0.13 ± 
0.58 and -0.28 ± 0.56 mm, respectively. A simple linear regression analysis did 
not reveal any significant trend for differences of MBL assessments over differ-
ent bone levels. Pearson correlation coefficients (r) between histological sections 
and corresponding PA radiographs were 0.92. This correlation was a statistically 
significant (p < 0.05).  
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Main Findings 

• Plaque formation combined with a short-term use of ligatures 
resulted in more peri-implant disease progression than plaque 
formation without ligatures (Study I). 
 

• Dental abutments coated with Ga-Bi-Ti failed to prevent biofilm 
formation and did not influence the inflammatory process in the 
adjacent peri-implant mucosa. (Study I) 
 

• Disease resolution of experimental peri-implantitis can be 
achieved after surgical therapy using gauze soaked in saline as an 
implant-surface decontamination method. Other local decontami-
nation procedures did not show any superior results in term of dis-
ease resolution. (Study II and III) 
 

• Healing following surgical treatment of experimental peri-
implantitis was superior around implants with a smooth surface 
than at implants with rougher surfaces. (Study II and III) 
 

• Re-osseointegration following surgical treatment of experimental 
peri-implantitis can be achieved with or without reconstructive pro-
cedures including bone substitute materials. (Study III) 
 

• The additional effect on re-osseointegration and bone fill of using 
bone substitute biomaterials during surgical treatment of experi-
mental peri-implantitis was small. (Study III) 
 

• Significant correlations were observed between assessments of 
marginal bone levels using either on cone beam computed tomog-
raphy, intra-oral periapical radiographs or histology. Measure-
ments in periapical radiographs consistently resulted in an 
overestimation of the bone level of about 0.3 - 0.4 mm. (Study IV) 

 
• The discrepancy of bone levels around dental implants between 

interproximal and bucco-lingual sites following reconstructive 
treatment of peri-implantitis was small. (Study IV)  
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Concluding remarks 

Experimental peri-implantitis models 
The ligature-induced experimental peri-implant disease model was inherited 
from a previous model to induce periodontitis around teeth (Lindhe & Ericsson, 
1978). The concept with the use of ligatures is to open the mucosal seal, allow-
ing plaque accumulation in the peri-implant sulcus and thus, to initiate an in-
flammatory reaction in the peri-implant tissue. The effect of plaque 
accumulation after ligature placement was first evaluated in a rat model (Rovin, 
Costich, & Gordon, 1966). Ligatures were placed in the gingival margin of first 
molars in conventional and germfree rats. Two to ten folds higher inflammatory 
infiltration was demonstrated in the periodontal area of conventional than of 
germfree rats. Thus, the same concept was further developed in the dog model 
around teeth and dental implants (Lindhe et al., 1992). The technique in the dog 
model is to gently introduce the ligature in a sub-marginal position of the muco-
sal pocket (Lindhe et al., 1992). At the same time, plaque control measures are 
abandoned. Historically, different types of ligatures have been used in the model 
(Lindhe et al., 1992; Wetzel et al., 1999). The effect of different types of liga-
tures, however, has not been compared within the same experimental peri-
implantitis model. 

The disease progression in the experimental peri-implantitis model is controlled 
and monitored by clinical and radiographical examinations (Albouy et al., 2011; 
Carcuac et al., 2015). Thus, according to the goal of the experiment and aiming 
at keeping the mucosal seal open, the ligatures in Study II and III of the present 
series were replaced every 3rd week during the (active) disease induction period. 
At every ligature replacement, the ligatures were placed in a more apical position 
compared to the previous ligature position. When the desired amount of peri-
implant destruction (about 40-50% of bone loss) was detected, the ligatures were 
removed. 

The main goal of Study II and III was to evaluate different protocols for treat-
ment of experimental peri-implantitis and, hence, the ligature induced peri-
implantitis model was used. In previous publications, the number of ligature 
replacements varied between experiments depending on whether the aim was to 
evaluate disease progression or to perform surgical therapy (Table 1). Recently, 
Carcuac et al. (2020) introduced a modified short term (one month) use of liga-
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ture without replacement to evaluate the progression of peri-implant disease 
around implants with different surface characteristics placed in augmented and 
pristine sites. It was demonstrated that following the short-term disruption of the 
soft tissue barrier (one month), spontaneous progression and bone loss occurred 
after the removal of ligatures. The design of the study by Carcuac et al. (2020) 
did not include sites where no ligatures were used. Hence, by the design of the 
1st experiment of this thesis (Study I) the aim was to evaluate the validity of the 
model with short-term use of ligature-induced experimental peri-implantitis. 
Thus, in Study I, the model with short-term disruption of the barrier tissue 
around the implants in one side of the mandible, was used. The other side of the 
mandible served as control during the plaque formation period. After six months 
of plaque formation, more bone loss and a larger inflammatory response was 
detected in the peri-implant tissues of the ligature group than the non-ligature 
group. This finding validates that the single use of ligatures for a short period 
may initiate a spontaneously progressing peri-implantitis lesion. 

 

 

Prevention of peri-implant diseases 

Peri-implant diseases include peri-implant mucositis and peri-implantitis. Peri-
implant mucositis is an inflammatory lesion in the soft tissues surrounding a 
dental implant without loss of supporting bone, while peri-implantitis is a more 
advanced condition that is characterized by inflammation in the peri-implant 
mucosa and in addition subsequent progressive loss of peri-implant bone ( Ber-
glundh et al., 2018a; Heitz-Mayfield & Salvi, 2018; Schwarz et al., 2018). Clini-
cal data have shown that patients with peri-implant mucositis may develop peri-
implantitis, especially in the absence of maintenance care (Costa et al., 2012). 
Thus, providing maintenance care may prevent the occurrence and progression 
of peri-implantitis. In addition, mechanical self-performed plaque control would 
promote maintenance of healthy peri-implant tissues (Costa et al., 2012; Heitz-
Mayfield et al., 2018; Salvi & Ramseier, 2015; Salvi & Zitzmann, 2014). 

As previously discussed, peri-implant diseases are initiated by an accumulation 
of biofilm around the dental implant. Thus, producing dental implant units that 
contain anti-bacterial properties might be beneficial in peri-implant disease pre-
vention. The concept of producing implant units that carry anti-bacterial proper-
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ties has previously been investigated (Cochis et al., 2015; 2016; Lin et al., 2013; 
Zeller et al., 2020). The idea started by using either physical or chemical coat-
ings with materials that have anti-bacterial effects. Physical coatings can be 
achieved by using the Physical Vapor Deposition (PVD) technique. By vaporiz-
ing inorganic materials in a high-vacuum chamber dental implants can be pro-
vided with coatings intended to prevent bacterial adhesion and colonization 
(Brohede et al., 2009). 

Provided that bacterial accumulation around dental implant units can be prevent-
ed or delayed, biological complications might subsequently be prevented. The 
concept of a dental implant material with antibacterial properties was first evalu-
ated in in-vitro (Cochis et al., 2015; Nagay et al., 2019; Zeller et al., 2020). Zell-
ler et al. (2020) studied plaque formation on discs of metal alloys (gold or 
silver), zirconia (Zr) and polyetherketoneketone (PEKK). The discs were mount-
ed in customized appliances that were worn intra-orally by volunteers for 24 
hours.  Less plaque formation on discs made of either gold- or silver-based al-
loys than discs produced from Zr, PEKK or titanium–zirconium alloy was re-
ported (Zeller et al., 2020). Moreover, antibacterial effects of silver were 
evaluated in different experimental settings. Silver-containing alloys and coat-
ings consisting of titanium together with either gallium or bismuth showed anti-
bacterial effects (Cochis et al., 2015; 2016; Lin et al., 2013; Nagay et al., 2019). 
Cochis et al. (2015) investigated the anti-bacterial properties of c.p. titanium 
discs coated with gallium. Using a dental splint, the discs were kept in the mouth 
for 24 hours. The discs were then incubated for 72 hours. A reduction of the bac-
terial viability was detected when compared to uncoated c.p. titanium discs. 

The possibility of producing dental implant materials that to some extent might 
prevent bacterial growth seems to be valid (Cochis et al., 2016; Lin et al., 2013; 
Nagay et al., 2019). In the aforementioned investigations, however, the antibac-
terial effect was evaluated in models that did not mimic the challenging condi-
tions that dental implants are exposed to in clinical use. Although the model 
showed a short-term antibacterial effect, the relatively long-term effect was not 
investigated (Zeller et al., 2020). Moreover, the dynamic condition of the bacte-
rial challenges in the oral environment was not investigated. Thus, the animal 
model can be used to evaluate effects over a relatively longer time. In this con-
text, several in-vivo investigations have evaluated the antibacterial effect of den-
tal implant materials (Godoy-Gallardo et al., 2016; López-Píriz et al., 2015; 
Martinez et al., 2014).  Martinez et al. (2014) evaluated the influence of implant 
abutments coated with soda-lime glass containing silver nanoparticles in a dog 
model with ligature-induced experimental peri-implantitis. From the histological 
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evaluation, the authors reported less bone loss around implants with the antibac-
terial coating than control implants. In a similar model, López-Píriz et al. (2015) 
used zirconia implant abutments with three different antibacterial glassy coatings 
and one uncoated zirconia abutment as control. Based on radiological evaluation, 
bone level changes indicated that implants with coated abutments showed less 
bone loss than uncoated (control) abutments. Moreover, the evaluation of bone 
level changes at the different abutment types was limited to active disease induc-
tion periods i.e. no spontaneous progression period was allowed. Godoy-
Gallardo et al. (2016) also used a similar ligature-induced experimental peri-
implantitis model, but with two additional months of spontaneous progression. 
Radiological analysis demonstrated that the majority of bone loss occurred dur-
ing the “active” period of ligature induced peri-implantitis. The antibacterial 
effect of implant abutments, however, was not evaluated without the use of liga-
tures. In Study I of this thesis, the design of the model comprised one group of 
implants with a short-term ligature induced peri-implantitis period followed by a 
spontaneous progression period and one implant group without ligatures but with 
plaque formation. The radiological bone level assessments in Study I revealed a 
significant difference between the ligature and non-ligature groups, while no 
such difference was detected between test and control abutments. 

In Study I, qualitative and quantitative microbiological evaluations were report-
ed from test and control abutment sites at baseline (abutment connection), 6 
months and 7.5 months. The longitudinal assessments of the microbiological 
samples did not reveal any significant differences between test and control sites 
at any time point. The coated abutments failed to demonstrate any antimicrobial 
effect on bacterial growth during the course of the experiment. This finding is in 
contrast with aforementioned reports from in-vitro studies. The relatively long 
follow up time in Study I may be the main difference to explain why no sus-
tained antimicrobial effect was demonstrated. The antimicrobial effect of the 
coated abutment might have faded-away with time, or the biofilm accumulation 
may by time have covered the abutment surface and blocked the antimicrobial 
effect. 

Up to present, however, we know that the prevention of peri-implant diseases 
can be achieved by providing self-performed oral hygiene measures around den-
tal implants with a personalized professional supportive therapy (Costa et al., 
2012; Heitz-Mayfield et al., 2018; Salvi & Ramseier, 2015; Salvi & Zitzmann, 
2014). Nevertheless, implant units exhibiting antimicrobial effects may be con-
sidered if their an antimicrobial properties stays over time and prevents the oc-
currence of peri-implant diseases.  
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Implant surface decontamination 

In the literature, different decontamination procedures have been evaluated for 
treatment of experimental peri-implantitis in different in-vivo settings (Table 2.). 
No single surface decontamination procedure has shown superior outcomes in 
terms of disease resolution compared to control treatments (gauze soaked in sa-
line). Thus, it was suggested that the simplest treatment (control) should be ap-
plied (Carcuac et al., 2015; Htet et al., 2016; Persson et al., 1999; Schou, 
Holmstrup, Jørgensen, Skovgaard, Stoltze, Hjørting-Hansen, & Wenzel, 2003b). 
Carcuac et al. (2015) evaluated surgical treatment of experimental peri-
implantitis using different anti-infective procedures (chlorhexidine vs. saline). It 
was found that chlorhexidine provided a limited additional effect compared to 
saline as a local decontamination agent. On the other hand, Htet et al. (2016) in a 
pre-clinical study used four local decontamination procedures. Erbium 
doped:yttrium, aluminum (Er:YAG) laser, gallium aluminum arsenide diode 
laser, titanium brush alone or titanium brush in combination with citric acid so-
lution soaked in a cotton pellet were used for local decontamination. Based on 
bone histometric findings it was concluded that the combination of local decon-
tamination using titanium brush with citric acid solution was the most effective 
treatment procedure. Htet et al. (2016), however, did not include any control 
treatment as a reference. The data from Study II and III in the present series re-
vealed that disease resolution and re-osseointegration can be achieved following 
surgical treatment using only gauze soaked in saline for surface decontamina-
tion. Moreover, different mechanical, chemical or combination procedures did 
not demonstrate better results regarding resolution of peri-implantitis lesions 
compared to the control (saline) group. 

 

 

Impact of implant surface on healing following 
treatment of peri-implantitis 

Healing following surgical treatment of experimental peri-implantitis around 
implants with different surface characteristics was investigated in several exper-
iments (Albouy et al., 2011; Carcuac et al., 2015; Persson, Berglundh, Lindhe, & 
Sennerby, 2001a; Wetzel et al., 1999). The earlier studies focused mainly on 
bone healing and re-osseointegration (Wetzel et al., 1999; Persson et al., 2001). 
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It was demonstrated that the re-osseointegration following surgical therapy was 
possible. Studies by Wetzel et al. (1999) and Persson et al. (2001) did not report 
on disease resolution following surgical treatment. Albouy et al. (2011), howev-
er, assessed disease resolution following surgical treatment of experimental peri-
implantitis at implants with different surface characteristics. The data by Albouy 
et al. (2011) revealed that the size of a remaining ICT differed between implants 
with different surface characteristics, favoring implants with smooth surfaces. In 
the same context, Carcuac et al. (2015) investigated healing around implants 
with different surface characteristics. It was again concluded that resolution of 
inflammation was influenced by implant surface characteristics (Carcuac et al., 
2015). 

In Study II and III, healing and re-osseointegration was investigated following 
surgical treatment of experimental peri-implantitis around implants with differ-
ent surface characteristics. While re-osseointegration was found to be more fre-
quent around implants with a smooth surface than at implants with a modified 
surface, the amount of newly formed bone, when occurring, was not significant-
ly different between implant types. The healing was, however, significantly su-
perior around smooth surface implants than moderately rough surface implants. 
This finding confirmed the previous observations by Albouy et al. (2011) and 
Carcuac et al. (2015). In a randomized, controlled clinical study by Carcuac et al. 
(2016) aiming at treatment of severe peri-implantitis, the proportion of success-
ful treatment outcome after one year was higher at implants with a turned surface 
compared to implants with a modified surface. The inferior outcomes in terms of 
disease resolution (health) around modified surfaces following surgical treatment 
of peri-implantitis was also reported in a long-term follow-up study by Ber-
glundh et al. (2018b). In addition, Carcuac et al. (2020) when reporting on 5-year 
data following surgical therapy of peri-implantitis, concluded that implants with 
modified surfaces have a higher risk for disease recurrence/progression. The 
reason why implants with a modified surface consistently are showing inferior 
outcomes following treatment of peri-implantitis is not fully investigated. The 
surface topography may inhibit access for decontamination and/or facilitate new 
biofilm formation following treatment of peri-implantitis. 
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Reconstructive treatment protocols 

The reconstructive approach using different augmentation materials in conjunc-
tion with surgical therapy of peri-implantitis has been investigated in pre-clinical 
and clinical settings (K. Jepsen et al., 2016; Persson et al., 1996; Ramos et al., 
2017; Renvert et al., 2018; Schou, Holmstrup, Jørgensen, Skovgaard, Stoltze, 
Hjørting-Hansen, & Wenzel, 2003a; Schou, Holmstrup, Jørgensen, Stoltze, et 
al., 2003c; Wohlfahrt et al., 2012). The aim of such protocols was to restore 
missing hard tissues and to increase the amount of re-osseointegration that sub-
sequently may provide increased support to the implant and the peri-implant soft 
tissue. While re-osseointegration following reconstructive surgical therapy on a 
previously exposed implant surface was demonstrated in the experiments by 
Persson et al. (1996) and  Wetzel et al. (1999), such a benefit of using bone fill-
ing biomaterials, however, was not confirmed by results from another experi-
mental study (Ramos et al., 2017). On clinical trials, significant superior 
outcomes of radiological defect fill was demonstrated following surgical treat-
ment of peri-implantitis with bone augmentation compared to control (K. Jepsen 
et al., 2016; Renvert et al., 2018; Wohlfahrt et al., 2012). Such improvement in 
the augmented sites, however, was not seen on clinical measures (probing pocket 
depth and soft tissue level).  

In Study III, soft tissue level alterations, histological and radiological findings 
following reconstructive treatment of experimental peri-implantitis were report-
ed. Although re-osseointegration was demonstrated with and without the use of 
augmentation biomaterials, the amount of newly formed bone was not superior 
using any of the different approaches.  
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Accuracy of radiological assessments 

Intra-oral periapical radiographs are essential clinical tools for evaluation of pe-
ri-implant bone levels, presence of peri-implant disease and disease progression  
(Berglundh et al., 2018a; Berglundh, Jepsen, Stadlinger, & Terheyden, 2019; 
Derks & Tomasi, 2015). Specifically, intraoral radiography is an important tool 
for follow-up and evaluation of healing after peri-implantitis treatment 
(Berglundh et al., 2018b; Carcuac et al., 2017; Renvert et al., 2018). In the con-
text of implant dentistry, intra-oral periapical radiographs give information about 
the marginal bone level (Sicilia et al., 2020), mainly at mesial and distal aspects 
of the dental implant (Corpas et al., 2011; Ritter et al., 2014). However, the buc-
co-lingual aspects of the marginal bone level around dental implants cannot be 
assessed using intra-oral radiography. In contrast, cone beam computed tomog-
raphy (CBCT) can provide circumferential images of all aspects around dental 
implants (Corpas et al., 2011; Raes, Renckens, Aps, Cosyn, & De Bruyn, 2013; 
Ritter et al., 2014; Veltri, Ekestubbe, Abrahamsson, & Wennström, 2016). The 
use of CBCT, however, results in exposure with higher radiation levels to the 
patient than that of intra-oral periapical radiographs (Kadesjö, Lynds, Nilsson, & 
Shi, 2018). 

Thus, the remaining question is if the additional information from CBCT may 
justify the increased radiological biohazard. In this context, in an in-vivo study, 
Corpas et al. (2011) compared bone level assessment around implants using per-
iapical radiographs, CBCT images and histological sections. It was concluded 
that the bone level was overestimated on both types of radiological assessments 
compared to the corresponding measurements on histology (Corpas et al., 2011). 
Similarly, Stokholm et al. (2016) in a study in monkeys found an overestimation 
when bone levels were assessed on radiographs compared to corresponding as-
sessments on histological sections. Such findings were in agreement with the 
results from Study IV. It is, however, important to realize that the design of 
Study IV targeted bone level assessments following reconstructive surgical ther-
apy of experimental peri-implantitis. Thus, the interpretation of the findings 
should be made with care. Another critical point that should be pointed out is the 
novel design of Study IV, i.e. that the comparison between CBCT and histology 
was limited to matched and corresponding sections that were identified by a 
small mesio-distal cut made at the top of each implant abutment prior to the 
CBCT examination (Fig. 7). This cut was used to identify the position of the 
intended histological sections and the CBCT images.  
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In Study IV, the level of correlation and agreement of bone level assessment 
between radiological and histological evaluations were higher compared to the 
results by Corpas et al. (2011) and Stokholm et al. (2016). In contrast to our 
finding in Study IV, Raes et al. (2013) evaluated bone level measurements as-
sessed on PA radiographs and CBCT images in a clinical methodological study 
and reported that the bone levels were overestimated on CBCT images as op-
posed to those on PA radiographs. Here, the resolution of the CBCT scanner is 
another point that should be considered during the interpretation of bone level 
assessment on CBCT images. CBCT scanners with a small voxel size provide 
images with a higher resolution than scanners with a higher voxel size (Razavi, 
Palmer, Davies, Wilson, & Palmer, 2010). In Study IV, the voxel size was 0.08 
mm, whereas in the study by Raes et al. (2013) the voxel size was 0.2 mm. The 
bone level overestimation in Study IV, however, was about 0.3 - 0.4 mm. 

In addition, in Study IV the difference in MBL assessments made on CBCT be-
tween interproximal and bucco-lingual sites were not statistically significant. 
Thus, the bone level assessments made on PA radiographs, which are limited to 
interproximal sites may, therefore, be considered to provide a sufficient estima-
tion of the entire circumferential bone level around the dental implant. There-
fore, bone level assessments obtained from PA radiographs can be considered a 
reliable technique for peri-implant bone level evaluations following reconstruc-
tive surgical therapy of experimental peri-implantitis.  
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