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Forord

Det er med glæde og ikke uden en betydelig stolthed at Tandlægebladets fagredaktion i dette nummer, som et supplementum,

publicerer Søren Schous doktordisputats.

Søren Schous arbejde med emnet periimplantitis har strakt sig over en tiårig periode. Grundlaget for disputatsen er ti inter-

nationalt publicerede artikler, som afrundes med nærværende arbejde. Disputatsen publiceres som følge heraf på engelsk.

Den handler om patogenese og diagnostik af periimplantitis samt om forskellige modaliteter til kirurgisk behandling af til-

standen.

Periimplantitis defineres i den orale implantologi som en plakinduceret inflammatorisk proces i det periimplantære væv

med samtidigt tab af marginal knogle. Et detaljeret kendskab til periimplantitis er afgørende for at undgå marginal knogle-

nedbrydning omkring implantater og dermed opnå varig behandlingssucces. Med den stigende anvendelse af implantater til

behandling af tandtab er profylaktiske foranstaltninger over for udvikling af periimplantitis, diagnostik af tilstanden samt

behandling af allerede opstået periimplantitis emner af den allerstørste betydning for klinisk praksis. 

Tandlægebladets fagredaktion

Preben Hørsted Bindslev Palle Holmstrup
Jens Kølsen Petersen Ib Sewerin
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1. Introduction

Treatment of tooth loss with osseointegrated oral implants

shows high success rates in totally and partially edentulous

patients (51,52,77,88,245). However, mechanical and biolog-

ical complications occasionally occur (30,77,149). The fol-

lowing definitions were approved at the 1st European Work-

shop on Periodontology in 1993 (9):

• Peri-implant disease: A collective term for inflammatory re-

actions in the tissue surrounding an implant.

• Peri-implant mucositis: A term for reversible inflammatory re-

actions in the soft tissue surrounding a functioning implant.

• Peri-implantitis: A term for inflammatory reactions with loss

of supporting bone in the tissue surrounding a functioning

implant.

It has been argued that the above definition of peri-implanti-

tis may be too generic (78). As further discussed below, it has

been shown that plaque accumulation may cause inflamma-

tory reactions of the peri-implant mucosa and progressive

loss of the occlusal part of the peri-implant bone. It has also

been demonstrated in monkeys that occlusal overload can

result in loss of osseointegration (120,121). Although clinical

studies have indicated that occlusal overload may induce

progressive loss of the occlusal portion of the peri-implant

bone, this has never been demonstrated clearly in an experi-

mental study (124). Therefore, peri-implantitis will be used

exclusively as a term for plaque-induced inflammatory re-

actions of the peri-implant tissue with a concomitant loss of

the occlusal portion of the peri-implant bone. 

The precise frequency of peri-implantitis is unknown and

may differ for the various implant systems. A frequency of 5-

10% has been estimated (187), although a lower frequency

has been claimed for the Brånemark system (77). Progressive

peri-implantitis may ultimately cause implant loss. Thus,

comprehensive knowledge about plaque-induced peri-im-

plant disease is essential to avoid implant loss.

2. Purpose of studies

The present thesis is based on two reviews and eight experi-

mental investigations performed in cynomolgus monkeys

(Macaca fascicularis). The aim of these studies were to evaluate:

• The usefulness of primates as a model to assess plaque-in-

duced inflammatory reactions around osseointegrated oral

implants and teeth (I).

• The risk for disease transmission to humans working with

primates as laboratory animals (II).

• Pathogenesis and clinical diagnosis of plaque-induced dis-

ease around osseointegrated oral implants (III-VI).

• Surgical treatments of peri-implantitis (VII-IX).

• Implant surface preparations used in the surgical treatment

of peri-implantitis (X).

In the present thesis, the above-mentioned investigations

will be discussed and their findings related to other studies.

Results from studies involving titanium-alloy implants and

implants with hydroxyapatite coatings will be included

when necessary for the understanding of plaque-induced in-

flammatory reactions around commercially pure titanium

implants.

3. Experimental model and methods 
of evaluation

3.1. Non-human primate model 

For obvious ethical reasons, several aspects of initiation,

progression, and treatment of plaque-induced peri-implant

disease cannot be studied in humans, and animal models are

needed. Phylogenetically lower-ranking animals in general

are to be preferred. Thus, mice, rats, and rabbits are widely

used due to known age, genetic background, and medical

history. Moreover, high resistance to diseases, low risk of dis-

ease transmission to humans, sufficient breeding capacity,

low price, ease of handling, and large amounts of data from

previous studies are important aspects. However, these spe-

cies may be inadequate for many studies due to significant

anatomical and biological dissimilarity to humans. In addi-

tion, many intraoral procedures, including implant placement

and manipulation of the peri-implant mucosa, are compro-

mised or even impossible due to the small size of these ani-

mals. Therefore, larger animal species are necessary for most

studies of the peri-implant tissue.

Primates and dogs have been used extensively as labora-

tory animals in studies of periodontal disease pathogenesis

and treatment (I,44,204,263). The feasibility of monkeys and

dogs has only been sparsely compared (86), but the close

phylogenetical, anatomical, and biological similarity to hu-

mans indicate that several primate species can be used for

studies of plaque-induced peri-implant disease (I,44,86,204,

263). The skeletal remodelling seems 33% more rapid in

dogs as compared with humans and primates (86). It is pres-

ently unknown whether the accelerated bone remodelling in

dogs may compromise them as models for studies on treat-
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ment modalities of peri-implantitis. Furthermore, experi-

mental peri-implantitis in dogs is characterised by recession

of the peri-implant mucosa (160). Therefore, dogs may not

be the most feasible animal model for studies of peri-im-

plantitis.

Primates captured in their natural habitat were previously

used as laboratory animals. These animals were of different

age, body weight, and oral status. In addition, the unknown

medical history might imply introduction of various diseases

not only to the staff working with the animals, but also to

established colonies of primates (I,II). The captive-born pri-

mates used today are more standardised animals with low

prevalence of diseases and a known medical history. How-

ever, monkeys still include a greater risk for zoonoses than

do other laboratory animals (I,II).

Although several viruses, including herpes B, Simian B,

and hepatitis B and C, may cause diseases in humans and

primates, special attention has been paid to Marburg and

Ebola viruses causing viral hemorrhagic fever (II). Until year

2000, a total of 23 Marburg and Ebola virus outbreaks have

been reported since the first outbreak occurred in Marburg,

Germany, in 1967 (II). Most of the 1.100 human cases with

nearly 800 deaths occurred in Africa mainly due to direct

contact with infected persons. Very few human cases have

been reported after contact with primates used for scientific

purposes, and most of the cases occurred before the patho-

genicity of these virus types was discovered. It was recently

concluded that there is only a minimal risk of infection by

filoviruses and other diseases for humans working with pri-

mates as laboratory animals, provided proper precautions

are taken (II). 

Studies of periodontal disease pathogenesis necessitate

examination of sites during active tissue destruction.

Placement of silk ligatures resulting in increased plaque

accumulation followed by gingival inflammation, probing

attachment loss, and bone loss has been used as an experi-

mental model to study this process (I). No attachment or

bone loss occur when ligature placement is combined with

systemic antibiotic therapy (104,215,273). Thus, the loss

appears to be due to the combined presence of the ligature

and plaque rather than mechanical trauma from the ligature

alone.

Cynomolgus monkeys have been used intensively to in-

vestigate periodontal disease pathogenesis (I). It has been

demonstrated that gingival inflammation increased 1-3

weeks after ligature placement, while active periodontitis oc-

curred 4-7 weeks after ligation (141). For unknown reasons,

the condition stabilised between 8-17 weeks with decreased

inflammation and no further bone loss. A similar experi-

mental model appears to be applicable for investigations of

plaque-induced inflammation around implants (III,IV). 

The above-mentioned time sequence of periodontitis de-

velopment may vary as previously discussed (I). Moreover,

periodontal breakdown may not occur in all monkeys after

ligature placement (63). An unchanged bone level was re-

vealed in the present series of studies around ligated control

teeth, while bone loss was seen around ligated osseointegrat-

ed implants and ankylosed teeth (III,IV). One explanation

for this observation is probably that an earlier stage of

plaque-induced inflammation than previously reported was

assessed in these studies, because oral hygiene procedures

were performed until four weeks before ligature placement

in order to maintain healthy peri-implant mucosa/gingiva

while osseointegration of implants and ankylosis of replant-

ed teeth were established (III,IV).

A disadvantage of using primates as laboratory animals is

that all manipulation, including oral hygiene procedures ne-

cessitates anaesthesia or sedation. The influence of anaes-

thesia or sedation three times weekly to enable oral hygiene

procedures during an extended period of time is unknown

(43). A combination of ketamine and xylazine was first used

routinely, apparently without negative long-term effect on

the animals (III-V). Although atropine was added, low blood

pressure and heart rate were observed, and three monkeys

were lost during this type of anaesthesia. 

Another disadvantage of ketamine and xylazine is that the

shortest period of anaesthesia is 30-45 minutes. A sedation

period of 10-15 minutes was possible with minimal influ-

ence on respiration, blood pressure, and heart rate by chang-

ing the anaesthesia protocol to a combination of tiletamine,

zolazepam, and atropine (158). In addition, the time necess-

ary for the animals to recover was less than 30 minutes as

compared with several hours after ketamine and xylazine.

Finally, anaesthesia can be maintained safely for hours by

isoflurane after orotracheal intubation provided monitoring

by electrocardiogram, blood pressure apparatus, and heart

rate monitor while the body temperature of the animal is

maintained with a heating apparatus (VI,VII,IX,X).

Assessment of treatment modalities of peri-implantitis ne-

cessitates an animal model that closely resembles the condi-

tions in humans. This may be accomplished by involving

peri-implantitis lesions developed over an extended period

of time. By combining silk ligatures and orthodontic elastics,

pronounced peri-implantitis lesions can be established in

cynomolgus monkeys over a reasonable period of time (VII-

X). The elastics were placed to maintain submucosal reten-

tion of microorganisms, and the ligatures were either pushed

into a more apical position or renewed once a month. It has
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been demonstrated that inoculation of Porphyromonas gingiva-
lis into the periodontal pocket of ligated teeth induces bone

loss in cynomolgus monkeys (111). Therefore, a well-de-

scribed monkey pathogenic P. gingivalis strain was inoculated

into the peri-implant pocket to facilitate development of

peri-implantitis (VII,IX,X). The effect of the inoculation pro-

cedure was not specifically evaluated, but the clinical and ra-

diographical examination showed increased tissue inflam-

mation and bone loss after inoculation. The susceptibility to

peri-implantitis varied among the animals. Therefore, contin-

ued evaluation of the tissue destruction was mandatory to

ensure comparable destruction around the implants. Individ-

ual ligation periods of 9-22 months were used to obtain a

bone loss of 4-6 mm around implants with a titanium plas-

ma-sprayed (TPS) surface (VII,IX,X).

Animals have been used to evaluate various aspects of sur-

gical treatment of peri-implantitis (VII-X,58,76,93,114,132,

170,198,199,209-212,242,269). An advantage of the present

series of studies is that the same experimental design was

applied enabling comparison of the treatment outcomes

(VII-X). Autogenous bone graft particles or anorganic porous

bovine-derived bone mineral (Bio-Oss, Geistlich Pharma,

Switzerland) with or without expanded polytetrafluoroethy-

lene (ePTFE) membrane (Gore-Tex Regenerative Material,

Gore and Associates, USA) were evaluated (VII-IX). Compari-

son of the treatment outcomes necessitated the inclusion of

treatments involving a membrane and a control procedure in

each study. Finally, autogenous bone graft particles covered

with an ePTFE membrane were included in the comparison

of various implant surface preparations used in the surgical

treatment of peri-implantitis (X). Therefore, the treatment

outcomes after using the same treatment procedure in differ-

ent studies could be assessed. Comparison of the response

variables including the total sectional area of bone (autog-

enous bone graft particles and regenerated bone) within

the former peri-implantitis defects showed comparable

mean value and data variation for each treatment type, thus

documenting that the reported results were reproducible

(Fig. 1). Moreover, the treatment outcome was in each study

assessed and confirmed by different evaluation methods, i.e.

clinical parameters, radiography including quantitative digi-

tal subtraction radiography, histology, and stereology (VII-

X). 

In conclusion, a disadvantage by using primates as lab-

Fig. 1. Total sectional area

(mm2) of bone (autogenous

bone graft particles and re-

generated bone) within the

former peri-implantitis de-

fect after surgical treatment

involving autogenous bone

graft particles and ePTFE

membrane, ePTFE mem-

brane, or a control pro-

cedure (conventional flap

procedure) in studies VIII-X.

The mean value and data

variation were comparable

for each treatment type

documenting that the re-

ported results were repro-

ducible (-: mean).
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oratory animals is that all manipulation, including oral hy-

giene procedures, necessitates anaesthesia or sedation. How-

ever, the cynomolgus monkey is a feasible animal model to

investigate plaque-induced disease around osseointegrated

oral implants. Also, this primate can be used with minimal

risk of zoonoses, provided proper precautions are taken. 

3.2. Quantitative digital subtraction radiography

Histological and stereological procedures were used for de-

tailed examination of the peri-implant tissue at the end of

the study, while clinical recordings and radiographs were

used for the longitudinal evaluation. It was possible to ob-

tain geometrically standardised radiographs throughout the

studies (III,VI,VII,IX,X). The apical third of the maxillary im-

plants and teeth was frequently not included on the radio-

graphs due to the flat palatal vault of cynomolgus monkeys.

However, the area of interest, i.e. the occlusal part of the im-

plants and teeth was never excluded. 

Quantitative digital subtraction radiography is used in-

creasingly to detect changes of the peri-implant/-dental bone

between two images (29,151,176,267). Surgical treatment mo-

dalities of peri-implantitis were evaluated with this method

(Fig. 2) (VII,IX,X). The alignment of the two radiographs to

be subtracted often involves manual superimposition or place-

ment of landmarks (reference points) for the superimposi-

tion (32,33,266). A Windows-based software package for

quantitative digital subtraction radiography (X-Poseit, Image

Interpreter Systems, Denmark) has recently been introduced

(133). The program is based on a previously reported

method (266). Approximately ten reference points are placed

for the superimposition on the two images to be subtracted

(Fig. 3) (1,266). Furthermore, the regions of interest can be

outlined with the computer mouse. 

The small scaling, translation, rotation, and perspective

misalignments between the two images can be reduced by

including a mathematical linear transformation based on the

reference points on the two images and the least squares

solution (133). Another advantage by placing reference

points for the superimposition is that the alignment of the

two radiographs to be subtracted is probably more precise

and less time-consuming than manual superimposition

(266). Development of automatic or semiautomatic methods

for superimposing and for outlining regions of interest will

facilitate the application of quantitative digital subtraction

radiography in the future.

Data variation due to differences in film, exposure, proces-

sing, digitalisation, and contrast correction must be con-

sidered when quantitative digital subtraction radiography is

applied (29,151,176,223,267). Different algorithms have been

used for contrast corrections (151), but the cumulative non-

parametric method appears most useful (83,225). It has been

stated that the region upon which the matching is based

must be identical within the images to be subtracted

(108,247). Moreover, the region should involve as much as

possible of the radiographs to obtain the maximum number

of pixels for the procedure. The contrast correction was there-

fore based on the entire image displayed in the two radio-

graphs to be subtracted, excluded regions with peri-implant

bone gain/loss, membrane nails, and embossed film dot or

text (Fig. 3) (VII,IX,X). Contrast correction based on a region

placed over the implant neck or tip was improper for several

reasons. These were superimposition of plaque-induced

swelling of the peri-implant tissue and bone graft particles

over the implant neck, frequent absence of the tip of maxil-

lary implants on the radiographs, and a mean grey level of

the region much higher than that of the regenerated bone. 

A grey level threshold should be determined for each set-

up to distinguish background noise from tissue changes. A

threshold of 20 grey levels was used in the present series of

studies (VII,IX,X). This value corresponded to twice the

average standard deviation (95% confidence interval) of the

grey level histograms of control regions not affected by the

Fig. 2. Subtraction images six

months after surgical treatment

of peri-implantitis. A: Defect

treated with autogenous bone

graft particles and ePTFE mem-

brane. B: Control defect treated

with a conventional flap pro-

cedure. White lines indicate the

former peri-implantitis defect

border.A B
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performed procedures (247). Previous studies have indicated

that a threshold of seven grey levels was useful when perform-

ing computer-assisted densitometric image analysis (CADIA)

(31,83). Moreover, a threshold of ten or thirteen grey levels

has been used arbitrarily to evaluate guided bone regen-

eration around implants (150,202). The higher threshold

used in the present investigations was due to a larger vari-

ation between the radiographs introduced during film proces-

sing as previously discussed (VII). Obviously, the back-

ground noise is reduced when the threshold is increased and

the response displayed on the radiographs is concomitantly

reduced. A threshold of 20 grey levels could be used due to

the considerable bone regeneration. 

The corrected mean grey level has been used as a parame-

ter for the density of the regenerated bone (32,33,49,50). This

parameter is estimated as the difference between the mean

grey level of pixels with a grey level above a certain thresh-

old value (representing bone gain) within the former defect

and the mean grey level of a control region not affected by

the performed procedure. Evaluation of control regions in

the present studies revealed a mean grey level of 128 ± 4 after

contrast correction. In addition, there was no systematic vari-

ation over time. Consequently, the use of this method would

only have added additional variation to the recordings.

In summary, the peri-implant bone can be evaluated lon-

gitudinally on geometrically standardised radiographs in

cynomolgus monkeys. Recent development has facilitated

the use of quantitative digital subtraction radiography, but

further development is desirable to increase the precision

and reduce the time used for registration.

3.3. Histology

Undecalcified sections were prepared by the cutting-grind-

ing technique ad modum Donath which is considered the

best documented method (59-61). However, modifications of

the technique were necessary to obtain sections with a

thickness of 30 µm and an adequate technical quality for the

histological and stereological evaluation. Pilot studies fo-

Fig. 3. Reference image at ligature removal, i.e. the time point with maximum tissue destruction. Ten reference points (1-10) were placed

for the superimposition. In addition, the following regions of interest were outlined: Defect region (#1 and #2) and contrast correc-

tion region (#3) excluded regions with peri-implant bone gain/loss, membrane nails, and embossed film dot or text (#4, #5, and #6). 
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cused mainly upon different time schedules for dehydration,

infiltration by a one-component light-curing methacrylate-

based resin (Technovit 7200 VLC, Kulzer, Germany), and po-

lymerisation. Optimal dehydration, resin infiltration, and

polymerisation of specimens containing one implant with

surrounding tissue could be obtained by following the pro-

cedure described in Table 1. Acetone and vacuum have not

previously been used in conjunction with Technovit 7200,

but the accomplished pilot studies showed that both steps

were essential for optimal resin infiltration. Moreover, no nega-

tive effects on the preservation of cell and tissue structures

were identified after including these additional procedures.

Evaluation of the peri-implant tissue necessitated division

of the implant and the surrounding tissue into 2-4 separate

specimens to obtain sections from different locations. The

precise cutting direction of the band saw (300 CP Band Saw

System, EXAKT Apparatebau, Germany) in relation to the

implant axis was identified by an x-ray-guided technique

(Fig. 4). The embedded tissue block was fixed with the band

saw clamp. A dental radiograph and a dental x-ray machine

were used to precisely demonstrate the band saw cutting di-

rection. By repeating the cutting procedure after turning the

specimen 90°, four separate specimens of each implant and

surrounding tissue were obtained. Thus, sections could be

prepared parallel with the implant axis mesially, distally,

buccally, and lingually. This x-ray-guided method solved

previously observed difficulties in obtaining sections parallel

with the implant axis (28,115,268). A switch attached to the

band saw ensured that x-ray exposure could only be per-

formed with the tubus in one position. The required lead

protection necessary for the installation of the dental x-ray

machine in the laboratory was thereby reduced. The de-

scribed method was also used for maximum reduction of the

size of each tissue specimen before dehydration and resin

infiltration without accidental removal of or damage to im-

portant tissue.

Numerous surface and block-staining techniques have

been described to evaluate the tissue around oral implants

(60,89,92,110,138,174,232,248). Further, methods have been

described to identify various enzymes and antigens

(109,127). Different staining procedures, including Toluidine

blue and Stevenel’s blue combined with alizarin red S, was

first evaluated, but the staining result was unsatisfactory for

the present applications. Toluidine blue previously recom-

mended for routine use was frequently pale with inadequate

differentiation between the various tissue components

(59,60). Moreover, excessive staining occurred when previ-

ous recommendations for staining with Stevenel’s blue com-

bined with alizarin red S were followed (45,174). In contrast,

staining with Stevenel’s blue for 15 minutes followed by

0.5% alizarin red S for five minutes was a useful method for

the evaluation of the peri-implant mucosa as well as bone re-

generation after surgical treatment of peri-implantitis (Figs.

5,6) (VI,VIII-X). Accordingly, re-osseointegration within the

Fig. 4. A: The embedded specimen was fixed with the band saw clamp (1). The dental x-ray tubus was placed in front of the spe-

cimen and a dental radiograph (2) behind the cutting band. B: Individual localisation and adjustment of the cutting direction was

possible. C: Each implant and surrounding tissue was divided into 2-4 separate specimens.

A B C

2

1
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former peri-implantitis defect could be assessed. The use of

35% hydrogen peroxide for 15 minutes before Toluidine blue

staining ensured a considerably improved staining result,

but epithelium, connective tissue, and bone were frequently

indistinctly separated (Fig. 7).

A disadvantage of the described histological method was

the frequently indistinct separation between regenerated

bone and native bone after surgical treatment of peri-im-

plantitis, irrespective of the staining method used (VIII-X).

The background of this observation was the extensive remod-

elling, normally with reformation of a normal trabecular

structure six months after treatment. Therefore, an addition-

al method was necessary to demarcate the former peri-im-

plantitis defect on the histological sections as discussed in

the following section on stereology. Moreover, the technique

is usually inadequate for studies at the cellular level due to a

section thickness of 30 µm (Figs. 5,6). A conventional histo-

logical technique, including demineralisation in EDTA, em-

bedding in paraffin after gentle removal of the implant, and

staining with hematoxylin-eosin, can be applied to study in-

flammatory reactions within the peri-implant mucosa, in-

cluding identification of lymphocytes, plasma cells, and neu-

trophils (Fig. 8) (IV).

Removal of the implant from the tissue specimen before

sectioning has been used to evaluate inflammatory reactions

of the peri-implant mucosa in dogs (4,24,73,74,160). The pre-

sent study included titanium-coated polycarbonate implants

(IV). Previous studies have confirmed that similar implants

osseointegrated in dogs and rabbits (159,166). It has been

mentioned that tooth brushing and chewing abraded the ti-

tanium coating (166), but the titanium coating below the

margin of the peri-implant mucosa was maintained when

plaque was gently removed (IV). It was originally intended

to prepare the sections without removing the implant from

the specimen, but implant removal was necessary to obtain

adequate technical quality of the sections for the histological

and stereological evaluation.

Precise identification of the various inflammatory cells

and mediators necessitates the use of antibodies, but anti-

bodies against various relevant monkey epitopes were com-

mercially unavailable. It was our hypothesis that antibodies

against different human inflammatory cells and mediators

would react with similar epitopes within the peri-implant

mucosa and gingiva of cynomolgus monkeys. Previous stud-

ies involving serum, peripheral lymphocytes, and gingival

crevicular fluid indicate that antibodies against various hu-

man lymphocyte subtypes, immunoglobulins, and inflam-

matory mediators reacted with similar epitopes in cynomol-

gus monkeys (62,64,65,194). Pilot studies were carried out to

identify various subtypes of inflammatory cells and cyto-

kines by antibodies and immuno-histochemistry, but the

staining of the peri-implant mucosa and gingiva with the se-

lected antibodies showed insufficient reproducibility or lack

of reaction.

Therefore, the cutting-grinding procedure ad modum Do-

nath can be utilised to assess the peri-implant tissue, pro-

vided the described modifications to improve the technical

quality of the sections are used. Staining with Stevenel’s blue

combined with alizarin red S separates the peri-implant

epithelium, connective tissue, and bone. Conventional histo-

logical technique can be applied to identify lymphocytes,

plasma cells, and neutrophils. Pilot studies showed that evalu-

ation of plaque-induced inflammatory reactions around os-

seointegrated oral implants in cynomolgus monkeys with

the selected antibodies demonstrated insufficient reproduci-

bility or lack of reaction. 

Fig. 5. Histological section of an implant surrounded by clini-

cally healthy tissue. Evaluation of the peri-implant mucosa

was possible, including easy differentiation between epitheli-

um and connective tissue. Detailed analysis at the cellular

level was difficult. Staining: Stevenel’s blue and alizarin red S.

500 µm
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3.4. Stereology

Stereological methods are precise tools for acquiring quan-

titative information about three-dimensional microscopic

structures, based mainly on observations made on sections

(99,100). These methods have never previously been used

to examine the tissue reactions around osseointegrated oral

implants. This section will therefore describe the stereolo-

gical methods used to obtain unbiased estimates of the

Fig. 6. A: Considerable bone regeneration after surgical treatment of peri-implantitis involving autogenous bone graft particles and

ePTFE membrane. B: Higher magnification. Re-osseointegration was demonstrated due to the distinct separation of bone and soft

tissue. C: Limited bone regeneration after treatment of peri-implantitis with a conventional flap procedure alone. Arrows indicate

the former peri-implantitis defect border. Staining: Stevenel’s blue and alizarin red S.

A B C

1 mm 500 µm 1 mm

Fig. 7. A: The adjacent histological

section of the section shown in Figs.

6A, 6B treated with hydrogen peroxide

before staining with Toluidine blue.

Extensive bone regeneration could be

demonstrated also with this staining

method. B: Higher magnification. Re-

osseointegration was frequently diffi-

cult to evaluate by this staining method

due to indistinct separation of connec-

tive tissue and bone. Arrows indicate

the former peri-implantitis defect bor-

der.

A

1 mm

B

500 µm
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number of various inflammatory cells within the peri-

implant mucosa, as well as the amount of bone regenera-

tion and re-osseointegration after surgical treatment of peri-

implantitis. 

Two »concepts« are important for the understanding of

stereology, i.e. »unbiased« and »precise«. Unbiased in this

content means without a systematic variation from the »true

value«, while precise means with a low variability (Fig. 9). In

other words, a biased estimate means that the estimate on

average is different from the »true value«. The »true value« is

normally not known, i.e. the observations in Fig. 9 are seen

without the shooting target. A biased method may have a

low or high degree of precision, but bias is irreversible and

cannot be detected or even estimated from the data. Thus,

Fig. 8. Detailed evaluation of the

peri-implant mucosa was possible

after staining with hematoxylin-

eosin. A: Section from an implant

surrounded by clinically healthy

tissue. B: Section from an implant

surrounded by clinically inflamed

tissue.

A B

100 µm 100 µm

Fig. 9. Illustration modified after

Gundersen (96) showing the dif-

ference between »unbiased« and

»biased« as well as »high preci-

sion« and »low precision«. Centre

of the shooting target is considered

the »true value«.

High precision Low precision

Unbiased

Biased
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biased methods may result in false conclusions and should

obviously not be used.

Unbiased, very precise, and truly three-dimensional esti-

mates, including total volume in e.g. mm3 and total number

of cells within an organ can be obtained by stereological

methods (99,100). However, these precise three-dimensional

quantitation procedures are not recommendable in all cases.

The requirement of precision is dependent on the actual dif-

ference between the groups to be compared and the vari-

ation within each group (Fig. 10). Statistical identification of a

small difference between two groups necessitates a precise,

unbiased stereological technique, while an unbiased stere-

ological method with a low degree of precision can be used

to statistically identify a large difference between two groups. 

The precision can, in contrast to bias, be evaluated from

the original estimates by calculating coefficient of variation

(CV) (SD/mean) and coefficient of error (CE) (SEM/mean)

(IV). In addition, CE based on the differences between a first

and second set of registrations can be estimated (IV,VIII-X).

The total observed variance of stereological estimates is a

combination of the real difference between the specimens

(i.e. »biological variation«) and the variance added by the

stereological estimation procedure (i.e. »methodological vari-

ation«). In the present series of studies the CVs were always

much larger than the corresponding CEs, so »biological vari-

ation« was the major source of the observed variation, and

not the stereological methods (IV,VIII-X). Plaque accumula-

tion on implants and teeth is associated with pronounced in-

filtration of inflammatory cells and an extensive inter-indi-

vidual variation of the response (IV). Therefore, estimation

Fig. 10. An unbiased and precise stereological method is

necessary to identify the small difference between group A

and group B. In contrast, a stereological technique with a

low degree of precision (but still unbiased) can be used to

identify the large difference between group C and group D.

Fig. 11. Different sampling designs. 

A: One arbitrary section. B: Consecu-

tive sections from a small part of the

specimen. C: Uniformly randomly

sampled sections. D: Systematic uni-

formly randomly sampled sections.

Unbiased estimates can be obtained by

sampling design C and D, but the most

efficient method is sampling design D.

One section Consecutive sections

Random sampling Systematic random sampling

A B

C D

A B C D
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of the number of various inflammatory cells by simple, fast,

and reliable two-dimensional quantitation is preferable, pro-

vided systematic uniform random sampling procedures are

included in all steps of the quantitation procedure and un-

biased counting rules are used (IV,97). 

Systematic uniform random sampling at all levels of the

stereological procedure is mandatory in order to efficiently

obtain unbiased estimates (97). Sampling at the section level

can outline the principle of systematic uniform random sam-

pling. One arbitrary section, consecutive sections from a small

part of the specimen, uniformly randomly sampled sections,

or systematic uniformly randomly sampled sections may be

used (Fig. 11). There may not necessarily be a direct relation

between the total number of cells within an entire organ or

tissue, and the number of cells observed in one arbitrary sec-

tion or consecutive sections from a small part of the speci-

men. Although unbiased estimates can be obtained from

uniformly randomly sampled sections, such a sampling de-

sign is inefficient since a considerable number of sections are

necessary to obtain an acceptable precision of the estimate. 

An efficient method includes sampling of sections by a sys-

tematic uniform random sampling procedure (Fig. 11D). Sys-

tematic means that the distance between the sampled sec-

tions is identical (equidistant sections), while uniform random

means that the position of the sections is random by sampling

the first section at a uniform random position within the dis-

tance between two consecutively sampled sections. This

sampling design was used to estimate the number of inflam-

matory cells within the peri-implant mucosa and gingiva (IV).

By using systematic uniform random sampling at all levels of

the quantitation procedure, a CE below 5-10% can be ob-

tained without known exceptions by counting less than 100-

200 points/cells per specimen (97). So, in general, stereolo-

gical methods are not exceptionally time-consuming.

Counting frames is an important tool to estimate the num-

ber of cells or profiles by dividing the region of interest into

several small rectangular test areas. Biased counting rules

have been used in all previous studies involving oral im-

plants, because cells intersecting the delineation of the test

area may cause the so-called edge-effect (94,95) (Fig. 12). To

obtain unbiased estimates, each cell should be counted once

only in a complete tessellation of the region of interest with

test frames. Therefore, the number of cells per test frame is

over-estimated if all »edging« cells are counted. Similarly, the

number is under-estimated if all »edging« cells are excluded.

A biased estimate is also obtained if the most frequently

used counting rule is used, i.e. the counting rule used to esti-

mate the number of erythrocytes in blood samples. How-

ever, an unbiased estimate is obtained by the unbiased two-

dimensional counting frame (94,95). All cells completely

within the frame are counted. In addition, all cells intersect-

ed only by the upper and right borders (inclusion-edges) are

Fig. 12. A: The number of cells

per test frame is over-estimated

if all »edging« cells are counted.

B: The number of cells is

under-estimated if all »edging«

cells are excluded. C: The num-

ber of cells is also over-esti-

mated if the most frequently

used counting rule is used, i.e.

the counting rule used to esti-

mate the number of erythro-

cytes in blood samples. D: Un-

biased estimates can be ob-

tained when all cells complete-

ly within the square and cells

intersected only by the upper

and right borders (inclusion-

edges) are counted, while all

cells intersected by the left and

lower borders (exclusion-edges)

or their extensions are excluded. 

Biased counting rule Biased counting rule

Biased counting rule Unbiased counting rule

Over-estimation Under-estimation

Over-estimation

A B

C D
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counted, while all those intersected by the left and lower

borders (exclusion-edges) or their extensions are excluded. 

The unbiased two-dimensional numerical density of the

various inflammatory cells was estimated by superimposing

the counting frame in meander-like systematic uniform

random sampling positions over the connective tissue

around implants and teeth (Fig. 13) (IV). The mucogingival

junction was used as a fixed anatomical structure to de-

marcate a reference sectional area which include all inflam-

matory cells. The number of cells observed on a section is a

function of the size of the cell and its numerical density

within the tissue or organ. Thus, large cells have a greater

chance for being observed on a section than small cells.

When two-dimensional quantitation procedures are used,

the influence of this factor can be reduced by replacing

counting of cells with counting of cell nuclei due to the

smaller variation in the size of the nuclei (IV). 

The number of inflammatory cells within the peri-implant

mucosa has been reported previously as numerical density.

Numerical density estimates may be useful to understand

many biological reactions, including plaque-induced inflam-

mation around implants. However, total cell number is prob-

ably a more relevant parameter, because the total number

of cells is unaffected by shrinkage or other deformations in-

troduced during the histological procedure. Whereas brain

tissue shrinks with great variation during fixation and histo-

logical preparation (56), the dimensional changes of the

alveolar bone are probably of minor significance. In contrast,

considerable changes of the peri-implant mucosa and gingi-

va may occur and there is no reason to assume identical

shrinkage of healthy and pathological tissue. Finally, in con-

trast to numerical density, total number is independent of

reference area changes due to enlargement of inflamed tissue

(IV). Therefore, total cell number is an unbiased parameter

for the evaluation of plaque-induced inflammatory reactions

around implants and teeth (IV).

Precise demarcation of the former peri-implantitis defect

border on the histological sections is mandatory to docu-

ment bone regeneration and re-osseointegration after treat-

ment. The border between the original and the regenerated

bone was often difficult or impossible to determine by con-

ventional staining methods six months after treatment (VIII-

X). Flourochromes have previously been used to demarcate

the apical defect border (210-212,242,269), but a new method

was introduced to demarcate the entire defect by involving

transfer of the defect border from the geometrically stan-

dardised radiographical images to the histological images

(Fig. 14) (VIII-X). 

Point counting is an efficient method to obtain unbiased

estimates of sectional areas (97,98,262). Total reference sec-

tional areas and total sectional areas of bone graft and re-

generated bone in the former peri-implantitis defects were

estimated using this method (Fig. 14C) (IV,VIII-X). Efficient

and unbiased estimates of surface areas can be acquired by

the vertical section technique and a systematic test system

of cycloids (15). The vertical section technique involves sec-

tioning of the specimen at a uniform random orientation

parallel to a vertical axis. This method was therefore im-

proper to evaluate re-osseointegration after surgical treat-

ment of peri-implantitis (VIII-X). The above-described

transfer of defect border from radiographical to histo-

logical images dictated that all implants were sectioned in

Fig. 13. The unbiased two-dimensional numerical density

and total number of the various inflammatory cells per sec-

tion were estimated by moving the unbiased counting frame

in meander-like systematic uniform random positions over

the connective tissue around implants and teeth. The mu-

cogingival junction was used as a fixed anatomical structure

to demarcate a reference sectional area which include all in-

flammatory cells.
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the same direction to obtain sections mesially, distally,

buccally, and lingually. A systematic set of straight parallel

lines placed perpendicularly to the implant axis was used

to estimate the two-dimensional proportion (%) of the im-

plant »surface« within the defect covered by regenerated

bone (Fig. 14).

In conclusion, the unbiased two-dimensional stereo-

logical procedures used are effective methods to evaluate

plaque-induced inflammatory reactions around osseointe-

grated oral implants and to assess the amount of bone re-

generation and re-osseointegration after surgical treatment

of peri-implantitis.

3.5. Conclusions

Although all manipulation of primates used as laboratory

animals necessitates anaesthesia or sedation, the cynomol-

gus monkey is a feasible laboratory animal to investigate

plaque-induced peri-implant disease. The risk for zoonoses

is minimal, provided proper precautions are taken. Longi-

tudinal evaluation of the peri-implant bone can be per-

formed on geometrically standardised radiographs by bone

level measurements and quantitative digital subtraction radiog-

raphy. The used histological and stereological methods

enable detailed examination and recordings of important

characteristics of the peri-implant tissue. Unbiased two-di-

mensional stereological methods are effective techniques to

estimate the total number of the various inflammatory cells

within the peri-implant mucosa, as well as the amount of re-

generated bone and re-osseointegration after surgical treat-

ment of peri-implantitis.

4. Plaque-induced peri-implant disease

Various pathological changes have been observed around

oral implants, including fistula formation and peri-implant

mucosal enlargement (6,70,125,128,208). It was early re-

ported that presence of plaque on the implant surface and

inflammatory reactions of the peri-implant mucosa did not

correlate (7). However, the significance of plaque accumula-

tion on the peri-implant tissue has been comprehensively elu-

cidated during the past decade.

4.1. Clinical and radiographical characteristics

The correlation between plaque accumulation and peri-im-

plant bone loss has been assessed in four long-term studies

of humans involving Brånemark implants with a machined

surface (Table 2) (161-163,246). Three of these studies in-

volved the same patient group (161-163). Significantly in-

creased peri-implant bone loss was revealed in patients with

poor oral hygiene as compared with patients with good oral

hygiene in three of these studies (161-163). In contrast, no

Fig. 14. A,B,C: The geometrically standardised radiographs taken before ligature placement (A) and at ligature removal (B) were

used to outline the former peri-implantitis defect border on the corresponding histological sections (C). C: A fixed, systematic

point set placed over the defect was applied to estimate the total sectional area of bone graft and regenerated bone within the de-

fect. D: The proportion (%) of the implant »surface« within the defect covered by regenerated bone was estimated by placing a

fixed, systematic set of straight parallel lines over the defect perpendicularly to the implant axis.

A B C D
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correlation was recently reported (246). Surprisingly, a de-

tailed statistical analysis based on ten-year data showed a

correlation between plaque accumulation and peri-implant

bone loss in smokers, while no difference in bone loss could

be demonstrated among non-smokers with good and poor

oral hygiene, respectively (163). 

Exclusively mandibular implants in edentulous individ-

uals were assessed in these investigations and the amount

of plaque accumulation was not reported (161-163,246). A

huge number of studies in humans and animals have dem-

onstrated that plaque accumulation is associated with

inflammatory changes of the peri-implant mucosa, bleed-

ing/suppuration on probing, increased probing depth, prob-

ing »attachment« loss, and loss of the occlusal portion of

the peri-implant bone (Fig. 15) (III,VI,VII,IX,X,4,24,35,53,

73,74,107,120,139,143,146,152,160,175,200,216,238,249,258,

274). However, long-term studies in humans investigating

the influence of pronounced plaque accumulation on the

peri-implant tissue are needed.

The influence of plaque accumulation on the peri-implant

tissue has been evaluated in experimental studies of humans

and animals (4,24,35,73,74,216,274). Cessation of oral hygiene

procedures caused inflammatory reactions of the peri-im-

plant mucosa. The peri-implant bone was not resorbed in

these studies, probably because the plaque accumulation

and/or the observation period were limited. Studies in ani-

mals have confirmed that pronounced plaque accumulation

due to ligature placement causes destruction of the peri-im-

plant tissue (III,53,84,107,120,139,146,160,175,177,200,238,258).

An experimental study in dogs involving histological evalu-

ation showed for unknown reasons continuous bone loss in

some cases, in spite of ligature removal (175). Further studies

are needed to evaluate the clinical significance of this find-

ing. Moreover, a recently published study indicated that the

presence of failing implants may influence the bone level of

the remaining implants, since implant failure was associated

with increased bone loss around the remaining implants as

compared with implants in patients without implant failures

(112). The etiological background of this observation is

unknown.

Ligature-enhanced plaque accumulation on implants and

teeth has been compared in monkeys and dogs (Table 3)

(III,139,146,160,200). The number of animals included in

each study varied between two and eight. These studies

showed that ligature-enhanced plaque accumulation causes

inflammatory reactions of the peri-implant mucosa/gingiva

and destruction of the supporting tissue. Comparable tissue

destruction was revealed around implants and teeth in two

of these studies (146,200), while more pronounced destruc-

tion was demonstrated around implants as compared with

Fig. 15. A: Peri-implant mucosi-

tis characterised by inflamma-

tory reactions of the peri-im-

plant mucosa, including bleed-

ing on probing. B,C: Peri-im-

plantitis characterised by in-

flammatory reactions of the

peri-implant mucosa, including

suppuration/bleeding on prob-

ing, probing »attachment« loss,

and loss of the occlusal portion

of the peri-implant bone. Peri-

implantitis defects normally

assume the shape of a saucer

around the entire implant.

A

CB
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teeth in two other investigations (III,160). However, the in-

itial phase of plaque-induced inflammation seems to be asso-

ciated with more pronounced tissue destruction around im-

plants as compared with teeth (III,160), while long-term

presence of inflammation appears to be characterised by

comparable tissue destruction (146). 

Ligature-enhanced plaque accumulation has been com-

pared around implants, ankylosed teeth, and control teeth

by focusing upon the initial breakdown phase of the sup-

porting tissue (III). Ankylosed teeth were included in the

study to evaluate the significance of the lacking periodontal

ligament of implants for the breakdown of the supporting

tissue. It was concluded that plaque accumulation seems, at

least in the initial phase, to have more serious implications

around implants and ankylosed teeth without a periodontal

ligament than around teeth with a periodontal ligament.

This observation can be related to several factors, including

anatomical differences between the peri-implant mucosa

and gingiva as discussed below.

The significance of other factors than plaque accumulation,

including keratinisation of the peri-implant mucosa, smok-

ing, implant surface characteristics, high susceptibility to peri-

odontitis, and genetic background on the maintenance of the

peri-implant tissue has only been sparsely evaluated.

The peri-implant mucosa may not always be keratinised.

Actually, the frequency of buccal and lingual implant sur-

faces surrounded by keratinised mucosa has been reported

to be between 30 and 100% (233). Implants are more fre-

quently surrounded by keratinised mucosa in partially eden-

tulous as compared with totally edentulous individuals (11).

Moreover, long-term edentulousness seems to be associated

with a decreased keratinised mucosa width (182). However,

lack of keratinisation seems not to jeopardise the mainten-

ance of healthy peri-implant tissue when plaque control is

adequate (6,7,12,143,152,218,264). A study in monkeys has

indicated that ligature-enhanced plaque accumulation may

cause extended tissue destruction around implants sur-

rounded by an unkeratinised mucosa as compared with im-

plants surrounded by a keratinised mucosa (258), but the

clinical relevance of this observation is presently unknown.

Smoking appears to be a considerable risk factor for peri-

implant bone loss around implants inserted in the mandible

(162,163). It has been reported that smoking seems to affect

the development of peri-implantitis around maxillary and

mandibular implants differently (101). Although no differ-

ences in plaque accumulation could be demonstrated be-

tween smokers and non-smokers, significantly higher gingival

score, probing depth, and bone loss were observed in

smokers as compared with non-smokers. However, these ob-

servations were for unknown reasons only characteristic for

maxillary implants. Therefore, further studies are needed to

elucidate the influence of smoking on the peri-implant tis-

sue.

During the past decade, various modifications of the im-

plant surface have been introduced to enhance the establish-

ment of osseointegration (39). In an extensive review it was

concluded that implants with a rough surface seem to have

an increased failure rate due to peri-implantitis as compared

with implants with a machined surface (77). However, differ-

ent patient populations and/or evaluation methods may

compromise the comparison of the different studies. Actual-

ly, clinical, radiographical, and histological evaluation of lig-

ature-enhanced plaque accumulation around TPS, hydroxy-

apatite-coated, and machined titanium-alloy implants in-

dicated that the evaluated implant types were equally

susceptible to peri-implantitis (252,253).

Failing implants seem to concentrate in patients with inad-

equate oral hygiene (243,244). Although no association

seems to exist between the amount of bone loss around im-

plants and teeth in partially edentulous patients (112,221), it

is presently unknown whether patients with high susceptibil-

ity to periodontitis also have high susceptibility to peri-im-

plantitis. It has been reported that periodontitis-susceptible

individuals can be treated successfully with implants, pro-

vided periodontal treatment is performed before implant

placement (Table 4) (37,68,69,72,79,103,140,155,173,180,181,

195,271,272). In addition, a clinical study of patients with

moderate to advanced periodontitis demonstrated stable

peri-implant tissue and gingiva during a period of three years

(230). Moreover, no significant correlation could be demon-

strated between the bone loss around implants and teeth in a

ten-year study involving patients with advanced periodonti-

tis (155). However, recently published studies have reported

slightly increased implant failure rates and peri-implant bone

loss in patients susceptible to periodontitis (26,103).

The above-mentioned studies appear mainly to include el-

derly patients and/or patients with slowly progressive peri-

odontitis. In addition, the implants were often followed for a

limited period of time. From a clinical point of view, it is es-

sential to obtain increased knowledge about the long-term

success rate of implants inserted in younger patients with

rapidly progressive periodontitis. 

Non-smokers with a specific genotype of the polymorphic

interleukin-1 (IL-1) gene cluster characterised by a high level

of IL-1 production were associated with more severe peri-

odontitis (142). In addition, individuals with this specific

genetical modification have almost a three-times increased

risk of tooth loss as compared with individuals without this
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genetical modification (178). There seems to be no relation

between the IL-1 positive genotype and implant failure (270).

However, in this study most of the failures occurred within

the first year of function. It is therefore unknown whether de-

velopment of peri-implantitis around implants in function for

a long period of time is related to the IL-1 positive genotype. 

In conclusion, plaque accumulation can cause inflamma-

tory reactions of the peri-implant mucosa and destruction of

the supporting tissue. A study in animals involving ligature-

enhanced plaque accumulation has shown that the initial

phase of plaque-induced inflammation is characterised by

more pronounced tissue destruction around implants and

ankylosed teeth without a periodontal ligament as com-

pared with teeth with a periodontal ligament. In contrast,

long-term ligature-enhanced plaque accumulation is character-

ised by almost identical tissue destruction around implants

and teeth. However, long-term studies in humans assessing

the influence of pronounced plaque accumulation on the

peri-implant tissue are needed. The influence of factors

other than plaque accumulation on the peri-implant tissue,

including smoking, implant surface characteristics, high

susceptibility to periodontitis, and genetical background has

only been sparsely investigated.

4.2. Histology

Clinically healthy peri-implant mucosa has been studied in a

huge number of investigations (Table 5) (IV,3-5,7,23-25,35,

36,41,42,46,53,74,75,91,106,135,144,152,153,156,157,166,171,

192,224,234,237,255-257,261,274,275). Although peri-implant

mucosa and gingiva have several features in common, con-

siderable differences have been shown, as previously review-

ed in detail (22,165,233,259). Mainly differences in the com-

position and structure of the connective tissue have been

demonstrated (Table 5).

Histological evaluation of biopsies from humans has re-

vealed that clinically inflamed peri-implant mucosa contains

an increased number of inflammatory cells (36,213,229,237,

274). An experimental study in dogs has demonstrated that

cessation of oral hygiene procedures is characterised initially

by nearly identical inflammatory reactions around implants

and teeth (24). In contrast, long-term plaque accumulation

seems to be associated with an increased apical extension of

the inflammatory infiltrate around implants as compared

with teeth (73). Plasma cells were the dominating inflamma-

tory cell type around both implants and teeth. Further, it has

been reported that the inflammatory reactions after an ex-

tended period of plaque accumulation are independent of

the implant system used (4).

The inflammatory reactions due to ligature-enhanced

plaque accumulation have been assessed around implants,

ankylosed teeth, and control teeth by histological and stere-

ological methods (Table 3) (IV). The junctional epithelium

was changed into a pocket epithelium with rete ridges (Fig.

8). Whereas this pocket epithelium was frequently ulcerated

around implants, scattered ulcerations were observed around

teeth. Unbiased stereological estimates showed that the

pronounced plaque accumulation was associated with signifi-

cantly increased total number of lymphocytes, plasma cells,

and neutrophils around implants and teeth. No significant

differences could be demonstrated in the total number of

plasma cells and neutrophils around implants and teeth. In

contrast, the total number of lymphocytes was significantly

higher around implants as compared with ankylosed teeth

and control teeth. Consequently, ligature-enhanced plaque

accumulation was characterised by more pronounced in-

flammatory reactions around implants as compared with

teeth. 

It has been shown in monkeys and dogs that placement of

peri-implant ligatures causes bone resorption and extensive

inflammatory reactions within the peri-implant mucosa

(53,116,121,260). Histological assessment of the peri-implant

mucosa and gingiva one month after ligature removal in

dogs revealed the presence of a larger inflammatory infiltrate

within the peri-implant mucosa as compared with gingiva

(160). However, the assessment was hampered by the fact

that the evaluation was performed one month after ligature

removal. It is interesting to note that the inflammatory infil-

trate within the peri-implant mucosa frequently reached the

bone crest and even extended into the bone marrow

(160,175). This observation has not been confirmed in other

animal models.

The previously referred radiographical observation of in-

creased tissue destruction around implants and ankylosed

teeth as compared with control teeth during the initial phase

of ligature-enhanced plaque accumulation was substantiated

by the histological evaluation, because osteoclasts were only

observed around implants and ankylosed teeth (IV). Im-

plants are lacking cervical cementum with inserting gingival

fibers as well as a periodontal ligament. The background of

the increased tissue destruction around implants could be

the lack of one or both of these tissue components. Cervical

cementum with inserting gingival fibers was absent on ap-

proximately half of the sections from ankylosed teeth. The

presence of osteoclasts was not related to the absence of cer-

vical cementum with inserting gingival fibers around anky-

losed teeth. Therefore, absence of cervical cementum with

inserting gingival fibers does not seem to be the background

of the increased tissue destruction around implants during
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the initial breakdown phase of ligature-enhanced plaque ac-

cumulation. In contrast, the histological evaluation support

that the increased tissue destruction seems for unknown rea-

sons to be related to the absence of a periodontal ligament.

The combined influence of plaque-induced inflammation

and occlusal overload on the peri-implant tissue has only

been briefly studied. An experimental study in monkeys in-

dicated that the combination of peri-implantitis and repeti-

tive mechanical implant loading did not resulted in in-

creased destruction of the peri-implant tissue as compared

with peri-implantitis without repetitive mechanical implant

loading (116). Also static loading seems not to jeopardise the

bone level around implants with established peri-implantitis

lesions (90). However, the relevance of the experimental

loading procedures used is unknown. Therefore, further

studies are needed to clarify the significance of simultaneous

plaque-induced inflammation and occlusal overload on the

peri-implant tissue. 

In summary, the histological and stereological evaluation

revealed that the initial phase of inflammation after ligature-

enhanced plaque accumulation is characterised by more

pronounced inflammatory reactions around implants than

around teeth. In addition, more severe tissue destruction oc-

curs around implants and ankylosed teeth without a peri-

odontal ligament as compared with teeth with a periodontal

ligament. The background of this observation seems for

unknown reasons to be the lacking periodontal ligament

and not the absence of cervical cementum with inserting

collagen fibers of implants. Histological examination of ac-

tive peri-implantitis has been limited to animal studies.

Therefore, the histopathological characteristics of active peri-

implantitis in humans remain to be described. Moreover,

simultaneous presence of plaque-induced inflammation and

occlusal overload should be further assessed.

4.3. Microbiology

Placement of peri-implant/-dental ligatures has enabled lon-

gitudinal studies of the microbiological changes associated

with initiation and progression of peri-implantitis and peri-

odontitis in cynomolgus monkeys (V,137,141). The evalua-

tion included phase-contrast microscopy and cultivation on

selective and non-selective media (V). DNA probes are

increasingly used to identify the different bacterial species in

plaque samples from humans, but this method has only

been validated for P. gingivalis in cynomolgus monkeys (191).

It is therefore presently unknown whether DNA probes for

human plaque samples can be used to identify other micro-

organisms than P. gingivalis in samples from monkeys with

comparable sensitivity and specificity as in humans.

The submucosal microbiota of implants surrounded by

healthy and inflamed tissue has been assessed in a large

number of cross-sectional studies (185,186,222,233). It has

been demonstrated that implants surrounded by clinically

healthy mucosa are associated with a scattered submucosal

flora dominated by facultative Gram-positive cocci and rods.

The submucosal/-gingival microflora was evaluated before

ligature placement around implants, ankylosed teeth, and

control teeth (V). The total number and distribution of the

evaluated microbial species and categories was almost ident-

ical around implants and teeth. Previous studies, including

comparison of the total number and distribution of the dif-

ferent microbial species and categories, have revealed signifi-

cant differences in the submucosal flora around implants

surrounded by clinically healthy tissue in partially edentu-

lous as compared with totally edentulous patients (185,186,

222,233). Most likely, this difference is accounted for by teeth

and their pockets acting as bacterial reservoirs for the colo-

nisation of the implants (189,207,217). In accordance with the

present observations (V), the total number and distribution

of the various microbial species and categories in the sub-

mucosal/-gingival microflora is comparable around implants

and teeth surrounded by healthy tissue in partially edentulous

patients and animals as previously discussed in detail

(185,186,222,233). Consequently, absence of a periodontal liga-

ment does not influence the composition of the microbiota

associated with clinically healthy or slightly inflamed tissue. 

Considerable changes occurred in the submucosal/-gingi-

val microflora after establishment of inflammation associated

with ligature-enhanced plaque accumulation (V). The total

number of cultivable bacteria and the proportion of motile

rods, anaerobic Gram-negative rods, black-pigmented rods,

P. gingivalis, and Prevotella intermedia increased significantly.

However, no significant differences were observed between

implants, ankylosed teeth, and control teeth. Studies in dogs

and pigs have shown an analogous shift in the microbiota

around implants after ligature placement (107,154,200). In

addition, studies in monkeys and dogs have confirmed an

almost identical microflora associated with inflammation

due to ligature-enhanced plaque accumulation around im-

plants and teeth (66,154,200). Therefore, the observed dif-

ference in the initial phase of plaque-induced inflammation

around implants and teeth seems to be related to factors

other than those evaluated in the present microbiological

study (V). Microbial species possessing the capacity of direct

and indirect tissue destruction have been identified around

implants with inflammatory reactions of the peri-implant

mucosa, pocket formation, and bone loss in cross-sectional

studies of humans (185,186,222,233). The list of peri-implan-
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titis-associated microorganisms seems to increase with rec-

ognition of new species and with reclassification of others.

It is presently unknown whether all changes in the submu-

cosal microflora are the cause of the disease process rather

than a consequence. Also, it is important to emphasise that

only a part of the microflora is cultivable. Microorganisms

other than those revealed may play a significant role in the

disease progression.

4.4. Conclusions

Plaque accumulation can induce inflammatory reactions and

destruction of the peri-implant tissue. Experimental studies

involving ligature-enhanced plaque accumulation have dem-

onstrated that the initial breakdown phase of plaque-in-

duced inflammation is characterised by more pronounced

inflammatory reactions around implants than around teeth.

In addition, more severe tissue destruction occurs around

implants and ankylosed teeth without a periodontal liga-

ment as compared with teeth with a periodontal ligament.

The background of this observation seems for unknown

reasons to be the lacking periodontal ligament, and not the

absence of cervical cementum with inserting collagen fibers

of implants. However, long-term ligature-enhanced plaque

accumulation is characterised by almost identical tissue de-

struction around implants and teeth. Plaque-induced inflam-

mation is associated with a comparable composition of the

microbiota around implants and teeth, i.e. a complex flora

with a dominance of Gram-negative anaerobic rods. The per-

formed microbiological evaluation could not explain the ob-

served difference in the initial phase of plaque-induced in-

flammation around implants and teeth. Long-term studies in

humans assessing the influence of pronounced plaque accu-

mulation on the peri-implant tissue are needed. Also, the

histopathological characteristics of active peri-implantitis in

humans remain to be described. Moreover, further studies

are needed to clarify the influence of factors other than

plaque accumulation on the peri-implant tissue, including

smoking, implant surface characteristics, high susceptibility

to periodontitis, genetical background, and the combined

influence of plaque-induced inflammation and occlusal

overload.

5. Diagnosis of plaque-induced peri-
implant disease

The applicability and significance of conventional periodon-

tal registration methods to evaluate the peri-implant tissue

have been unclear. Failed implants may be overlooked when

only a clinical evaluation of the peri-implant mucosa is per-

formed (77). Furthermore, clinical examination of the peri-

implant mucosa was previously considered of no or only

minor clinical relevance (7,12,47,54,152,218,220). However,

limited plaque accumulation and associated mild inflamma-

tory reactions were recorded in these studies. Moreover, the

patients were in general followed for only a limited period of

time. It has been confirmed that plaque accumulation may

be associated with inflammatory reactions of the peri-im-

plant mucosa, increased probing depth, probing »attach-

ment« loss, and loss of the occlusal portion of the peri-im-

plant bone as discussed above. Therefore, examination of the

peri-implant tissue normally involves both clinical and

radiographical methods, enabling diagnosis of not only im-

plant failure, but also plaque-induced peri-implant disease

(29,77,82,130,148,149,187,196,203,228,233).

5.1. Clinical methods

Clinical evaluation of implants may involve registration of

percussion sound, implant stability, keratinised mucosa

width, plaque accumulation, visual assessment of the peri-

implant mucosa, bleeding on probing, probing depth, and

probing »attachment« level. Furthermore, peri-implant crevic-

ular fluid analyses and various microbial tests may be used

to detect early stages of peri-implant disease.

Registration of percussion sound and implant stability is

usually incorporated in the clinical examination of implants.

A dull sound upon percussion and implant mobility are in-

dicative of total lack of osseointegration. Implants affected by

severe peri-implantitis are still characterised by a clear metal-

lic sound upon percussion and no mobility, if osseointegra-

tion of the apical part of the implant is maintained. There-

fore, these registrations cannot be used to evaluate the sever-

ity of plaque-induced disease. Only total lack of osseointe-

gration can be diagnosed by these methods. Also Periotest

recordings (Periotest, Siemens, Germany) seem so far too in-

sensitive to evaluate the severity of plaque-induced disease

(55,123).

The evaluation may also involve registration of the width

of keratinised mucosa. As earlier discussed, lack of keratin-

isation does not prevent the maintenance of healthy peri-im-

plant tissue, provided adequate oral hygiene is carried out.

Therefore, further studies are needed to clarify the relevance

of this recording.

As previously described, plaque is an important etiolog-

ical factor of peri-implant disease. Assessment of plaque ac-

cumulation is therefore mandatory. Different methods have

been used to evaluate plaque accumulation. Recording of

presence/absence of plaque as a dichotomous variable has
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been applied (233). Also the Plaque Index (239) has been

used (233). Finally, a modified index has been described spe-

cifically for implants (188). However, it is presently unknown

which method is preferable.

The Gingival Index (169) has been applied to evaluate in-

flammatory changes of the peri-implant mucosa (233), but

registration of texture and colour of the peri-implant mucosa

may be inappropriate parameters for the evaluation. The ti-

tanium surface and scar formation may change the colour of

the peri-implant mucosa jeopardising the applicability of the

index (12). Moreover, an unkeratinised peri-implant mucosa

may be reddish in spite of no inflammation. Therefore, the

index may be more useful when bleeding on probing to the

bottom of the peri-implant sulcus/pocket is used as the param-

eter of inflammation (III,VI,VII,IX,X). Accordingly, a mod-

ified Sulcus Bleeding Index has been suggested for the evalu-

ation of inflammatory reactions in the superficial part of the

peri-implant mucosa (188). It has been stated that bleeding

on probing is a questionable risk predictor of periodontitis

progression, while absence of bleeding is a reliable indicator

of periodontal health (13,145). Similar considerations appear

to be valid for implants (126,168). 

Increased probing depth and probing »attachment« loss

are pathognomonical for peri-implantitis. A light probing

force of 0.25 N (25 g) has been suggested for implants

(149,184,187). Concern has been expressed about probing

the peri-implant sulcus/pocket due to possible tissue dam-

age, inoculation of bacteria, and potential damage of the im-

plant surface by metallic probes. The epithelial damage after

mechanical separation of healthy gingiva from the tooth sur-

face is rapidly repaired (250). Although putative pathogeni-

cal bacteria can be transferred to healthy gingival sites by

contaminated probes after probing periodontitis lesions,

permanent colonisation does not appear to be a characteris-

tic consequence (16,48,206). There are no data available to

suggest that implants may differ from teeth in this regard.

Numerous studies have documented that probing measure-

ments around teeth often fail to identify the occlusal

connective tissue level/apical border of the junctional/

pocket epithelium (13,105,164). It has been demonstrated in

most studies that the probe position is influenced by the se-

verity of gingival inflammation, probing force, and probe

type/shape. The effect of inflammation and probing force on

probing measurements around implants has been document-

ed (VI,147,190). In a recently published series of experimen-

tal studies, various surgical treatment modalities of peri-im-

plantitis were assessed (VII-IX). Although limited bone re-

generation was found after treatment with a conventional

flap procedure alone, a considerable probing »attachment«

gain was observed. Consequently, probing »attachment«

gain after treatment of peri-implantitis may be related to the

elimination of the inflammatory reactions within the peri-

implant mucosa rather than to peri-implant bone gain.

The significance of probing measurements around im-

plants has been assessed in animals (VI,71,122,147). Especial-

ly the relation between the probe tip and the adjacent tissue

components around implants and teeth has been studied

(Table 6) (VI,71,147). Comparison of the relation between the

probe tip and the apical extension of the junctional epitheli-

um revealed advanced probe penetration around implants as

compared with teeth when healthy peri-implant mucosa/

gingiva was present (71). Actually, the probes penetrated

through the junctional epithelium around implants. In con-

trast to these results, the apical epithelial border was identi-

fied by probes around implants with healthy mucosa and

mucositis, while the probes penetrated up to 1.6 mm into the

connective tissue of implants with peri-implantitis in an-

other study (147). Since peri-implantitis is characterised by

extensive ulceration of the pocket epithelium (IV), it may be

irrelevant to assess the relation between the probe tip and

the epithelium in the presence of inflammation. 

Also the relation between the probe tip and the alveolar

bone has been evaluated in animals (Table 6) (VI,71,147). It

was concluded that even mild plaque-induced inflammation

was associated with deeper probe penetration around im-

Fig. 16. Different relation between probe tip and bone

around an implant with peri-implantitis (A) and a tooth 

with periodontitis (B). 

A B
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plants as compared with teeth in eight monkeys (VI). For im-

plants and teeth with healthy peri-implant mucosa/gingiva,

a comparable distance from the probe tip to the alveolar

bone of 0.5-1.5 mm was found. In contrast, the probe tip was

significantly closer to bone around implants than around

teeth in conditions of mild mucositis/gingivitis, severe mu-

cositis/gingivitis, and peri-implantitis/periodontitis. A dis-

tance of less than 0.5 mm was frequently found around im-

plants with severe mucositis and peri-implantitis, while

most distances ranged between 0.5 and 1.5 mm around teeth

with severe gingivitis and periodontitis. The different rela-

tion between probe tip and bone around an implant and

tooth with peri-implantitis/periodontitis is presented in Fig.

16. The background of this difference in probe penetration

around implants and teeth may be the different connective

tissue fibre configuration of the peri-implant mucosa and

gingiva (22,165,233,259). The absence of cervical cementum

with inserting connective tissue fibres may facilitate probe

penetration around implants surrounded with even mildly

inflamed tissue.

In accordance with the above-described observations in

monkeys (VI), a shorter distance was found between the

probe tip and the bone around implants with peri-implanti-

tis as compared with implants surrounded by healthy tissue

in a study involving five dogs (147). Systematic comparison

with teeth was not included in this study. In contrast to the

two studies mentioned above (VI,147), a closer relation be-

tween probe tip and bone has been demonstrated around

implants in comparison with teeth with healthy peri-implant

mucosa/gingiva (71). The background of this discrepancy is

probably variations in the inflammatory reactions of the

peri-implant mucosa/gingiva, or the applied technique in-

cluding differences in animal models, implants, probes, and

probing forces. It is interesting to note that studies in hu-

mans did not disclose an intimate relation between the

probe tip and bone around implants with healthy peri-im-

plant tissue (40,190,219). However, it is still unknown why

probing around implants seems more painful than around

teeth (126,218,219). 

Crevicular fluid around implants was demonstrated early

(11,144). Analyses of the peri-implant crevicular fluid may be

used as a non-invasive method to detect early stages of

plaque-induced peri-implant disease. A positive correlation

has been demonstrated between the peri-implant crevicular

fluid volume and most clinical parameters of inflammation

as well as bone loss (18,197). Also, analyses of the crevicular

fluid from implants with inflammatory changes of the peri-

implant mucosa and/or bone loss in most studies have

shown elevated levels of several mediators of inflammation

and tissue destruction, including interleukin-1β (IL-1β), pros-

taglandin E2 (PGE2), platelet-derived growth factor (PDGF),

acute-phase proteins, IgG against P. gingivalis, alkaline phos-

phatase, neutral proteolytic enzyme, dipeptidyl peptidase,

cathepsin B/L, aspartate aminotransferase, trypsin, matrix

metalloproteinase-8 (MMP-8), lactoferrin, and elastase (2,

8,67,81,113,126,134,205,214,227,251). However, analyses of

neutral proteolytic enzyme and aspartate aminotransferase

activity appear to be of limited value for the prediction of

peri-implantitis progression (126,226). Accordingly, it was re-

cently concluded that further longitudinal studies are needed

before peri-implant crevicular fluid analyses can be used

routinely to differentiate between destructive and non-de-

structive inflammatory reactions (77). The same conclusion

seems valid for various microbiological tests (77,184,185,187),

although a recent study has indicated that the combination

of microbiological and clinical parameters may offer an ad-

vantage in predicting peri-implant bone loss (168). 

In summary, probing measurements around implants and

teeth are different. Even mild plaque-induced inflammation

is associated with a deeper probe penetration around im-

plants as compared with teeth. It seems recommendable to

evaluate probing depth and probing »attachment« level around

osseointegrated oral implants, provided the described in-

fluence of inflammation on probe penetration is considered.

5.2. Radiographical methods

Preservation of the peri-implant bone is crucial for implant

maintenance, and an unchanged peri-implant bone level is

one of the main parameters of implant success (10). In the

absence of clinical signs of inflammation, it has been recom-

mended to take radiographs after one year of function and

thereafter not more than every second year (187). Geometri-

cally standardised intra-oral radiographs using the parallel-

ing technique have been advocated for the detection of mi-

nor changes in the peri-implant bone (29,82,149). Mainly the

peri-implant bone level and the interface between the im-

plant and the bone are evaluated. Further development is

necessary before quantitative digital subtraction radiography

can be used routinely in the clinical setting.

Usually, probing measurements are able to identify bone

loss due to periodontitis (13). As previously described,

studies of experimental peri-implantitis have demonstrated

that increased probing depth and probing »attachment« loss

were associated with peri-implant bone loss. A significant

positive correlation has likewise been documented between

probing »attachment« level and bone level in humans (219).

However, an experimental study involving implants with

bone loss due to plaque accumulation or occlusal overload
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has revealed that the bone level was more reliably detected

by radiographs as compared with probing measurements

(122). In addition, presence of implant shoulder, threads,

surface coating, and suprastructure may compromise or even

render probing impossible. Actually, many implant sites are

inaccessible to probing without suprastructure removal

(244). Finally, deep pockets do not always indicate bone loss,

but may be due to a thick peri-implant mucosa (6). There-

fore, probing measurements cannot substitute the radio-

graphical assessment of the peri-implant bone. 

5.3. Conclusions

Diagnosis of implant failure and plaque-induced peri-im-

plant disease necessitates both clinical and radiographical re-

cordings. Probing measurements around implants and teeth

are different. Although even mild plaque-induced inflamma-

tion results in a deeper probe penetration around implants

as compared with teeth, it seems recommendable to evaluate

probing depth and probing »attachment« level, provided the

described influence of inflammation on probe penetration is

considered. A risk of adverse effects by introducing peri-

odontal probes into the peri-implant sulcus/pocket has

never been demonstrated. Further development is needed

before quantitative digital subtraction radiography, peri-im-

plant crevicular fluid analyses, and various microbial tests

can be used routinely in the clinical setting for early diag-

nosis of destructive plaque-induced inflammatory reactions

of implants.

6. Treatment of peri-implantitis

Various treatment options of plaque-induced peri-implant

disease have previously been meticulously reviewed (14,17,

78,129,130,184,185,187). Mechanical debridement, antisep-

tics, antibiotics, surgical procedures, and explantation have

been recommended as a sequence of possible therapeutic

procedures, depending upon the clinical and radiographical

manifestations (129,130,149,184,185,187). The primary goal

of peri-implantitis treatment is cessation of the disease pro-

gression to maintain the implant in function with healthy

peri-implant tissue. Moreover, procedures resulting in re-

generation of the lost peri-implant tissue are desired. How-

ever, it was recently concluded that no treatment procedure

of peri-implantitis has so far been documented in a long-

term study (17,78,185). In fact, most recommendations are

lacking scientific documentation.

6.1. Surgical procedures

Surgical treatment procedures of peri-implantitis have been

assessed in humans (Table 7) (14,19,85,87,102,119,136,150,167,

172,179,193,254). Most of the defects occurred several years

after implant placement. Although three studies involving a

total of 59 patients have been published (19,102,136), most

reports involved only one patient. Predominantly, the use of

membranes and/or various bone substitutes has been evalu-

ated. Supportive systemic antibiotic therapy for 7-10 days

has been included in most studies, and the membranes were

used around submerged implants as well as around implants

penetrating the oral mucosa during the healing period. Peri-

implant health and bone regeneration have been document-

ed after treatment, but in most studies the observation

period was short. Detailed results three years after treatment

have been presented in only two studies (19,136). 

The assessment has also involved animals (Table 8) (VII-X,

58,76,93,114,132,170,198,199,209-212,242,269). Except for the

present series of studies in monkeys and a study involving

one pig (VII-X,242), the investigations have been carried out

in dogs. Several of the accomplished studies have unfor-

tunately included few animals, i.e. 1-4 animals (132,170,210-

Fig. 17. Clinical features during surgical treatment of peri-implantitis. A: After elevation of full mucoperiosteal flaps. B: After removal

of granulation tissue and multiple perforations of the bone surface. C: After membrane placement with or without a bone graft. 

A B C
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212,242). While both maxillary and mandibular implants

were included in the present series of studies (VII-X), the

treatment in the other studies has been assessed around

mandibular implants alone. As in the human studies, the

evaluation has predominantly involved the use of membranes

and/or various bone substitutes combined with systemic anti-

biotic therapy for 10-21 days. Although healthy peri-implant

tissue was obtained in most studies, the amount of bone re-

generation and re-osseointegration varied considerably. 

Surgical treatment of peri-implantitis with autogenous

bone graft particles and ePTFE membrane has been investi-

gated in one animal study involving implants with a TPS

surface (Fig. 17, Table 8) (VII,VIII). Healthy peri-implant tis-

sue was obtained irrespective of the surgical procedure ap-

plied. However, quantitative digital subtraction radiography

revealed a bone gain almost equivalent to the level before

the peri-implantitis defects were established after using

membrane-covered autogenous bone, while minimal bone

regeneration occurred in defects treated with autogenous

bone, membrane, or a conventional flap procedure alone

(control procedure) (Fig. 2). Moreover, unbiased stereological

estimates demonstrated significantly increased bone regener-

ation and re-osseointegration in defects treated with mem-

brane-covered autogenous bone as compared with the other

three treatment procedures (Fig. 6). A mean bone-to-implant

contact of 45% was recorded in the former peri-implantitis

defects when the treatment involved membrane-covered au-

togenous bone, while the corresponding values for the au-

togenous bone, membrane, and control groups were 22, 21,

and 14%, respectively.

Different results have been reported in humans after the

use of autogenous bone with or without membrane coverage

in the surgical treatment of peri-implantitis (Table 7) (19,102,

136,254). A block or particles of autogenous bone without

membrane coverage resulted in a mean bone gain of 4.2 mm

corresponding to total defect regeneration (19). In contrast, a

mean bone gain of 2 mm corresponding to 36% of the pre-

vious defect height was demonstrated after treatment with

membrane-covered autogenous bone graft particles (102).

Finally, it was recently described that additional application

of a membrane did not improve the treatment outcome as

compared with autogenous bone alone (136). However, the

treatment procedure was apparently not randomised. Com-

parison of the treatment outcome obtained within these

studies of humans and the present series of animal studies is

complicated by differences in the examined implants and

grafts (Tables 7,8). In addition, different implant surface prep-

arations were applied. 

In 1983 it was concluded that autogenous bone is the pre-

ferred bone grafting material (38). Although autogenous

bone is still preferred, bone substitutes are increasingly used

to simplify the surgical procedure by eliminating the need

for bone harvesting and the risk of donor site morbidity

(117,118). Particular attention has been paid to Bio-Oss, a pro-

tein-free porous bovine-derived bone mineral with practical

no risk for transmission of bovine spongiform encephalop-

athy (BSE) prions (20,265). 

Bio-Oss alone or combined with a membrane has only

been sparsely evaluated in the treatment of peri-implantitis

in dogs (Table 8) (170,198,199). No significant differences

could be demonstrated between the evaluated procedures,

but unfortunately only 4-5 implants were included in each

group. The present evaluation showed that the combined

use of Bio-Oss and ePTFE membrane should be preferred as

compared with treatments involving Bio-Oss, membrane, or

a conventional flap procedure alone (Table 8) (IX). However,

the amount of bone regeneration and re-osseointegration

was significantly higher in defects treated with membrane-

covered autogenous bone graft particles as compared with

membrane-covered Bio-Oss (Table 9). 

Membranes are applied to prevent growth of connective

tissue and epithelium into peri-implant bone defects at the

time of implant placement (117,118). Various grafting ma-

terials, including autogenous bone, are increasingly being

combined with membranes to maintain the created space

under the membrane and to serve as an osteoconductive

scaffold accelerating bone regeneration (117,118). The present

studies showed that combining graft material with membrane

is preferable in the surgical treatment of peri-implantitis 

(VII-IX). In accordance with previous studies of membranes

in the treatment of peri-implantitis, membrane exposure

occurred frequently. Actually, 13-38% of the membranes

were exposed (VII,IX,X). Usually, the dehiscences were small

and occurred shortly after membrane placement. 

Exposure of ePTFE membranes results in a maintenance

problem (118), because bacteria can penetrate such porous

membranes (201,240,241). Although topical application of

chlorhexidine seems to reduce plaque formation on the ex-

posed membrane, bacterial penetration cannot be prevented

(241). Satisfactory results may be obtained in spite of mem-

brane exposure, but the treatment outcome is usually jeop-

ardised (117,118). To minimise the risk of acute infection,

rinsing with chlorhexidine and careful debridement of the

exposed membrane have been recommended (131), and by

following these guidelines, exposed membranes may be left

in place for a period of time, provided no signs of acute

infection occur (131). 

Statistical analysis of the influence of membrane exposure
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on the bone regeneration was meaningless due to the lim-

ited number of exposed membranes in each study (VII-X).

Bone regeneration occurred in spite of membrane exposure,

which was probably due to the extensive plaque control reg-

ime, and exclusion of the defects with exposed membranes

had no impact on the conclusions. It has been recommend-

ed to remove exposed membranes immediately in order to

avoid impeding bone regeneration (102), but it is unknown

whether removal of the exposed membranes in the present

series of studies would have influenced the amount of bone

regeneration observed.

In conclusion, autogenous bone graft particles covered by

an ePTFE membrane is a useful surgical treatment modality

of experimental peri-implantitis around implants with a

TPS surface in monkeys. The bone gain is almost to the pre-

peri-implantitis level, and unbiased stereological estimates

demonstrated a mean bone-to-implant contact of 45%. The

treatment outcome after using membrane-covered Bio-Oss

seems less encouraging than after the use of membrane-

covered autogenous bone. Although evaluation was under-

taken in a primate model with many anatomical and biologi-

cal similarities to humans, further long-term human studies

are needed to draw firm conclusions about surgical treat-

ment of peri-implantitis. From a theoretical point of view,

treatment procedures ensuring pronounced bone regenera-

tion and re-osseointegration is preferable to treatments re-

sulting in limited or no bone regeneration and re-osseointe-

gration. This aspect has never been scientifically elucidated.

In this respect, it is important to underline that a statistically

significant difference in treatment outcome may be clini-

cally insignificant, although it is difficult to determine the

»border« between clinical significance and insignificance.

This general statement is also true for surgical treatment of

peri-implantitis. However, the present animal studies indi-

cate that future research of surgical treatment of peri-im-

plantitis in humans should focus on the use of membrane-

covered autogenous bone graft particles, and not on mem-

brane-covered Bio-Oss.

6.2. Implant surface preparations

It has been mentioned that creation of an implant surface

conducive to bone formation is mandatory for a successful

treatment outcome of peri-implantitis (235). Contaminants

such as bacteria, bacterial products, calculus, and soft tissue

cells should be removed without modifying the implant sur-

face or compromising the healing potential of the peri-im-

plant tissue. However, it is still unknown to what extent

these contaminants have to be removed for a successful

treatment outcome, as previously discussed (185).

Numerous implant surface preparation methods have been

used, either alone or in various combinations as part of the

surgical treatment of peri-implantitis in humans and animals

(Tables 7,8). It was recently concluded that no consensus has

been reached about the most adequate cleaning method (78).

In vitro studies focusing on various methods to clean the im-

plant surface have currently been reviewed and discussed in

detail (X). It was concluded that several methods are inap-

propriate for implant surface cleaning. Especially metal cu-

rettes for hand scaling, conventional sonic/ultrasonic scalers,

and some laser types may severely damage the implant sur-

face. Although implant surface damage can be almost pre-

vented by using ultrasonic scalers with a non-metallic tip or

resin curettes, the presence of implant threads and/or im-

plant surface roughness may compromise their effect.

A useful model to evaluate various implant surface prep-

aration methods in the surgical treatment of peri-implantitis is

treatment of established peri-implantitis defects in animals,

followed by histological evaluation of the treatment out-

come. Few studies have been carried out according to these

guidelines (X,58,210). No difference could be demonstrated

when cotton pellet soaked in saline or rotating brush with

pumice was combined with conventional flap surgery (210).

Finally, no difference could be revealed when decontamina-

tion by a carbon dioxide (CO2) laser and/or an air-powder

abrasive unit was combined with flap surgery, with or

without coverage of the defect by an ePTFE membrane (58). 

Four implant surface preparation methods have recently

been compared in monkeys: 1) air-powder abrasive unit fol-

lowed by citric acid application, 2) air-powder abrasive unit,

3) gauze soaked in saline followed by citric acid application,

and 4) gauze soaked alternately in chlorhexidine and saline

(X). The experimental peri-implantitis defects were surgical-

ly exposed, and each implant was prepared according to one

of the above-mentioned procedures. All defects were then

filled with autogenous bone graft particles and covered by

an ePTFE membrane. Clinical parameters, radiography, in-

cluding quantitative digital subtraction radiography, histolo-

gy, and stereology did not reveal significant differences be-

tween these methods. Almost total bone regeneration and

considerable re-osseointegration were obtained irrespective

of the method applied.

The influence of various air-powder abrasive systems on

the titanium surface has been evaluated in vitro as previously

discussed (X). Although increased implant surface rough-

ness and retained powder particles have been observed, no

or only minor surface changes were identified in most studies.

Air-powder abrasive units have been used in the surgical

treatment of peri-implantitis in several studies of humans
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and animals without adverse effects (Tables 7,8). Although

the mixture of water and abrasive powder is driven by com-

pressed air, usually with a higher pressure than needed for

other dental instruments, the number of emphysema and

pneumoparotitis cases induced by air-powder abrasive units

is very low (21,27,80). Only one case report on implants has

been presented including submucosal emphysema, acute in-

fection, and bone loss after removal of calculus in the main-

tenance care of titanium abutments (21). Consequently, there

appears to be minimal risk associated with the use of air-

powder abrasive units in the surgical treatment of peri-im-

plantitis. However, a simpler method, i.e. gauze soaked alter-

nately in chlorhexidine and saline, resulted in a comparable

treatment outcome around implants with a TPS surface

when membrane-covered autogenous bone graft particles

were used in cynomolgus monkeys (X).

It has been questioned in many of the above-mentioned

animal studies whether osseointegration can be established

on an implant surface previously exposed to plaque and the

oral environment. Osseointegration was early defined as a

direct structural and functional connection between ordered

living bone and the surface of a load-bearing implant (34). It

has been stated that a successful treatment outcome of peri-

implantitis depends on prevention of acute infection, mech-

anical wound stability with establishment and maintenance

of a blood clot-filled defect, prevention of connective tissue

in-growth, and creation of an implant surface conducive to

bone formation (235). However, re-osseointegration seems

dependent on implant surface characteristics. The amount of

re-osseointegration in former peri-implantitis defects was

higher on a rough implant surface (84%) than on a machined

surface (22%) after treatment with a conventional flap pro-

cedure in dogs (211). 

The mechanisms of bone healing after implant placement

have been discussed previously (57). Osseointegration can

be established by contact osteogenesis where new bone is

formed directly on the implant surface, or by distance osteo-

genesis where new bone is formed on the surrounding bone

surface, thereby creating contact with the implant (57). A

series of coordinated events, including protein adsorption,

cellular adhesion, cellular differentiation, cellular prolifer-

ation, and bone formation, occur at the interface between the

implant and the bone after implant placement (57,183,231,

236). In vitro studies have indicated that several of these events

are influenced by implant surface roughness (57,183,235,236).

Implants with a rough surface generally exhibit a higher bone-

to-implant contact as compared with implants with a ma-

chined surface, probably due to an increased osteoconduc-

tivity of the rough implant surface (39). The mechanisms of

bone healing after treatment of peri-implantitis have not been

described, but a difference in osteoconductivity may explain

the apparently more favourable treatment outcome of peri-im-

plantitis around implants with a rough surface.

6.3. Conclusions

Autogenous bone graft particles covered by an ePTFE mem-

brane is a useful surgical treatment procedure of experimen-

tal peri-implantitis around implants with a TPS surface in

cynomolgus monkeys. Healthy peri-implant tissue is ob-

tained and the bone gain is almost to the pre-peri-implanti-

tis level. Moreover, the mean bone-to-implant contact is

45% in the former peri-implantitis defects. The outcome

after treatment with membrane-covered Bio-Oss seems less

encouraging than after the use of membrane-covered autog-

enous bone. Therefore, surgical treatment of peri-implanti-

tis involving autogenous bone graft particles and an ePTFE

membrane should be evaluated in a long-term study in hu-

mans. Gauze soaked alternately in chlorhexidine and saline

seems to be the preferred implant surface preparation

method of implants with a TPS surface during surgical treat-

ment of peri-implantitis. It seems reasonable to assume that

the regenerated bone within the former peri-implantitis de-

fects is able to withstand functional loading and plaque

accumulation, as bone regenerated within defects adjacent

to a sterile implant surface present at the time of implant

placement. This aspect has neither been assessed in humans

nor in animals. The use of resorbable membranes and growth

factors, including bone morphogenetic proteins, should also

be investigated in the surgical treatment of peri-implantitis.

7.  Conclusions and suggestions for
further research

The accomplished reviews and experimental studies warrant

the following main conclusions and suggestions for future

research:

• Although all manipulation of primates used as laboratory

animals necessitates anaesthesia or sedation, the cynomol-

gus monkey is a feasible laboratory animal for studies of

plaque-induced disease around osseointegrated oral im-

plants. The risk of zoonoses is minimal, provided proper

precautions are taken. 

• The peri-implant bone can be assessed longitudinally on

geometrically standardised radiographs in cynomolgus

monkeys by bone level measurements and quantitative

digital subtraction radiography. Further development of
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quantitative digital subtraction radiography is desired to

increase the precision of the method and to reduce the

time used for registration.

• The cutting-grinding procedure ad modum Donath can be

used to study the peri-implant tissue, provided addition of

the described modifications to improve the technical qual-

ity of the sections. 

• Unbiased two-dimensional stereological methods are

effective tools to evaluate plaque-induced inflammatory

reactions around osseointegrated oral implants and to

assess the amount of bone regeneration and re-osseointe-

gration after treatment of peri-implantitis.

• The initial phase of ligature-enhanced plaque accumula-

tion is characterised by more pronounced inflammatory

reactions around implants than around teeth. In addition,

more pronounced tissue destruction occurs around im-

plants and ankylosed teeth without a periodontal ligament

than around teeth with a periodontal ligament. The

background of this observation seems for unknown

reasons to be the lacking periodontal ligament, and not the

absence of cervical cementum with inserting collagen

fibers of implants. 

• Plaque-induced inflammation is associated with a compar-

able shift in the submucosal/-gingival microbiota around

implants and teeth, i.e. from a scattered flora dominated by

facultative Gram-positive cocci and rods, to a more com-

plex flora where Gram-negative anaerobic rods constitute a

major proportion. 

• The histopathological characteristics of active peri-implan-

titis in humans remain to be described. Further studies are

also needed to clarify the significance of simultaneous

plaque-induced inflammation and occlusal overload on

the peri-implant tissue.

• Probing measurements around implants and teeth are dif-

ferent. Even mild plaque-induced inflammation results in

deeper probe penetration around implants as compared

with teeth. It seems recommendable to evaluate probing

depth and probing »attachment« level around osseointe-

grated oral implants, provided the influence of inflamma-

tion on probe penetration is considered.

• Autogenous bone graft particles covered by an ePTFE mem-

brane is a useful surgical treatment modality of experimental

peri-implantitis around implants with a TPS surface. The

bone gain is almost to the pre-peri-implantitis level. Un-

biased stereological estimates demonstrated considerable re-

osseointegration, i.e. a mean bone-to-implant contact of 45%. 

• Surgical treatment of peri-implantitis with Bio-Oss covered

by an ePTFE membrane seems less encouraging than after

the use of membrane-covered autogenous bone.

• Surgical treatment of peri-implantitis was evaluated in a

primate model with many anatomical and biological simi-

larities to humans, but long-term studies in humans are

needed to draw firm conclusions about surgical treatment

of peri-implantitis. The performed animal studies indicate

that future research in humans should focus on the use of

membrane-covered autogenous bone graft particles, and

not on membrane-covered Bio-Oss. 

• Gauze soaked alternately in chlorhexidine and saline

seems to be the preferred implant surface preparation

method of implants with a TPS surface during surgical

treatment of peri-implantitis.

• The mechanisms of bone healing after treatment of peri-

implantitis have not been described. Also the ability of the

regenerated bone to withstand functional loading and

plaque-induced inflammation has neither been assessed in

humans nor in animals. The use of resorbable membranes

and growth factors, including bone morphogenetic pro-

teins, should be investigated in the surgical treatment of

peri-implantitis.

8. Dansk resumé

Behandling af tandtab med osseointegrerede orale implanta-

ter resulterer normalt i langtidsholdbare resultater. Mekani-

ske og biologiske komplikationer forekommer imidlertid.

Plakinducerede komplikationer ses som periimplantær mu-

cositis og periimplantitis. Periimplantitis kan defineres som

en plakinduceret inflammatorisk proces i det periimplantære

væv med samtidigt tab af marginal knogle. Et detaljeret

kendskab til periimplantitis er afgørende for at undgå im-

plantattab. Formålet med nærværende oversigtsartikler og

eksperimentelle undersøgelser på Java-aber (Macaca fascicu-
laris) har på denne baggrund været at vurdere:

• Anvendeligheden af primater som forsøgsdyr til belysning

af plakinducerede inflammatoriske reaktioner omkring os-

seointegrerede orale implantater og tænder (I).

• Risikoen for overførsel af sygdomme til personer der ar-

bejder med primater som forsøgsdyr (II).

• Patogenese og klinisk diagnostik af plakinducerede patolo-

giske tilstande omkring osseointegrerede orale implantater

(III-VI).

• Kirurgisk behandling af periimplantitis (VII-IX).

• Konditionering af implantatoverfladen ved kirurgisk be-

handling af periimplantitis (X).

På baggrund af de udarbejdede oversigtsartikler og de gen-
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nemførte eksperimentelle undersøgelser kan følgende kon-

kluderes:

• Eksperimentelle procedurer på primater nødvendiggør an-

vendelse af sedering eller anæstesi. På trods heraf er Java-

aber brugbare forsøgsdyr til studiet af plakinducerede in-

flammatoriske reaktioner omkring osseointegrerede orale

implantater. Aber kan anvendes med minimal risiko for

overførsel af sygdomme til mennesker, såfremt der tages

visse forholdsregler.

• Evaluering af det periimplantære knoglevæv kan foretages

på geometrisk standardiserede intraorale røntgenoptagel-

ser på Java-aber. Bedømmelsen involverer måling af det

marginale knogleniveau og kvantitativ digital subtrakti-

onsradiografi.

• Den såkaldte »cutting-grinding-teknik ad modum Donath«

kan anvendes til undersøgelse af det periimplantære væv

efter visse modifikationer af teknikken, således at der op-

nås vævssnit af en tilfredsstillende teknisk kvalitet.

• Det er muligt ved hjælp af non-biased stereologiske todi-

mensionelle teknikker at vurdere plakinducerede inflam-

matoriske reaktioner omkring osseointegrerede orale im-

plantater samt mængden af nydannet knoglevæv og gen-

etableret osseointegration efter behandling af periimplanti-

tis.

• Den initiale fase af ligaturfremmet plakakkumulering er

karakteriseret ved kraftigere inflammation omkring im-

plantater end omkring tænder. Endvidere ses kraftigere

vævsdestruktion omkring implantater og ankyloserede

tænder uden et parodontalligament end omkring kontrol-

tænder med et parodontalligament. Baggrunden herfor sy-

nes af endnu ukendte årsager at være det manglende par-

odontalligament og ikke mangel på cervikal cement med

insererende dentogingivale fibre.

• Plakinduceret inflammation er karakteriseret ved en sam-

menlignelig ændring af den submukosale/-gingivale plak

omkring implantater og tænder, nemlig fra en sparsom flo-

ra bestående overvejende af fakultative grampositive kok-

ker og stave til en mere kompleks flora med dominans af

gramnegative anaerobe stave.

• Pochedybdemåling er forskellig omkring implantater og

tænder. Der ses selv ved let plakinduceret inflammation

dybere vævspenetration af pochedybdemåleren omkring

implantater end omkring tænder. Pochedybdemåling om-

kring implantater er relevant, såfremt der tages højde for

inflammationens påvirkning af pochedybdemålerens

vævspenetration.

• Kirurgisk behandling af periimplantitis med partikulært

autologt knogletransplantat og ePTFE-membran er en an-

vendelig behandling af periimplantitis omkring implanta-

ter med en titanplasmabelagt overflade. Det periimplan-

tære knoglevæv kan genopbygges næsten til samme ni-

veau som før udvikling af periimplantitis. Den stereologi-

ske evaluering viste at 45% af implantatoverfladen i de tid-

ligere periimplantitis-defekter i gennemsnit er dækket af

nydannet knoglevæv.

• Kirurgisk behandling af periimplantitis med Bio-Oss og

ePTFE-membran medfører et signifikant dårligere behand-

lingsresultat end med membrandækket autologt knogle-

transplantat. Fremtidige undersøgelser på mennesker bør

derfor fokusere på anvendelsen af membrandækket auto-

logt knogletransplantat og ikke membrandækket Bio-Oss

ved behandling af periimplantitis.

• Gaze vædet skiftevis med klorheksidin og saltvand bør fo-

retrækkes til konditionering af implantatoverfladen ved

kirurgisk behandling af periimplantitis.
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