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Abstract
Objectives: To evaluate radiological bone level (RBL) (i.e. cone-beam computed
tomography) and histological bone levels (HBL) as well as re-osseointegration
[bone-to-implant contact (BIC)] after surgical resective (i.e. implantoplasty) and/or
regenerative therapy of advanced ligature-induced peri-implantitis in dogs.

Material and methods: At all defect sites (n 5 6 dogs, n 5 48 implants), the
intrabony component was filled with a particulate bovine-derived natural bone mineral
(NBM). The supracrestal component was treated by either the application of an equine
bone block (EB) or implantoplasty.

In a split-mouth design, NBM and EB were soak-loaded with recombinant human
bone morphogenetic protein (rhBMP)-2 or sterile saline. All sites were covered by a
native collagen membrane and left to heal in a submerged position for 12 weeks.

Results: A premature wound exposure was observed at nine defect sites. Mean RBL
and HBL values were lowest in the P1rhBMP-2 group, reaching statistical
significance when compared with the EB group. Mean BIC values were comparable in
all groups. Within-group comparisons commonly revealed a close correlation between
RBL and HBL values.

Conclusions: It was concluded that (i) in all groups the investigations failed to
predictably obtain complete defect resolution, (ii) the surgical procedure was
associated with high exposure rates, and (iii) RBL was closely correlated with HBL.
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In recent years, the treatment of infec-
tious diseases affecting osseointegrated
implants in function has become a
demanding issue in implant dentistry.
Peri-implant mucositis describes an
inflammatory lesion that resides in the
mucosa, while peri-implantitis also
affects the supporting bone (Heitz-May-
field 2008). It has been reported that
peri-implantitis lesions in both dogs and
humans most commonly featured a
combined (79%) defect configuration

including a supracrestal as well as an
intrabony aspect (Schwarz et al. 2007).
When clinical signs suggest the pre-
sence of peri-implantitis, it is recom-
mended to take a radiograph of the site
to confirm the diagnosis (Lindhe &
Meyle 2008). Even though intra-oral
radiography (IR) and panoramic radio-
graphy are the most commonly used
techniques, their diagnostic accuracy is
limited to two planes, thus preventing
the evaluation of crestal bone-level
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changes at vestibular and oral aspects.
In contrast, computed tomography (CT)
and cone-beam computed tomography
(CBCT) allow the evaluation of the
implant supporting alveolar bone in
several orthogonal planes. However,
due to the higher radiation exposure of
CT scans and the better imaging quality
of CBCT scans around dental implants
(Mengel et al. 2006), the use of the latter
seems to be advantageous for the diag-
nosis of peri-implantitis defects. While
IR has also been routinely used to
evaluate bone-level changes after surgi-
cal therapy of peri-implantitis (Schwarz
et al. 2006), CBCT has not been vali-
dated for this indication.

Some evidence suggests that mucosi-
tis lesions are reversible (Lang & Ber-
glundh 2011, Salvi et al. 2011);
however, non-surgical therapy of peri-
implantitis was not found to be effective
(Lindhe & Meyle 2008). In contrast,
access flap surgery (AFS) was asso-
ciated with a resolution of the inflam-
matory cell infiltrate, and in case of a
submerged healing procedure, promo-
tion of new bone fill and a certain re-
establishment of new bone-to-implant
contact (BIC). Basically, surgical ther-
apy of peri-implantitis may be accom-
plished by using resective and/or
regenerative approaches (Claffey et al.
2008, Schwarz et al. 2011). Several
experimental and clinical studies
assessed the effects of regenerative
treatment procedures at intrabony defect
components (Claffey et al. 2008,
Renvert et al. 2009); however, a promis-
ing long-term stability (i.e. 4 years) has,
so far, only been documented for a
natural bone mineral (NBM) in combi-
nation with the principle of guided bone
regeneration (Schwarz et al. 2009b). In
contrast, there are only very few data
available aimed at investigating poten-
tial treatment approaches for the supra-
crestal component of peri-implantitis
lesions. The treatment of these vertical
bone defects with resective surgery
and implantoplasty was evaluated in
two publications (Romeo et al. 2005,
2007), indicating that this treatment
approach led to clinical and radiological
improvements over a period of 3 years.
Up to now, there is only one experi-
mental study available reporting on
vertical bone regeneration in peri-
implantitis defects after the implantation
of recombinant human (rh) bone mor-
phogenetic protein (BMP)-2 soaked on
an absorbable collagen sponge in mon-
keys (Hanisch et al. 1997). It was

observed that rhBMP-2 promoted bone
formation and re-osseointegration in com-
parison with the uncoated vehicle carrier
(Hanisch et al. 1997). Recently, an equine-
derived collagen containing cancelleous
bone block (EB) was introduced in order
to provide an improved scaffold to support
bone regeneration at advanced ridge
defects (Fontana et al. 2008, Simion et
al. 2009, Schwarz et al. 2010). A precursor
of EB was characterized by less osteocon-
ductive properties, but was proven to act
as an alternative scaffold for the delivery
of rhBMP-2 in various types of defect
models (Jung et al. 2003, Schwarz et al.
2008). On the basis of these findings, the
application of a soak-loaded EB might be
a valuable alternative to an implantoplasty
for the surgical regenerative therapy of
advanced peri-implantitis defects. This
issue, however, has not been addressed
in previous studies.

Therefore, the aim of the present
experimental study was to evaluate the
impact of rhBMP-2 on the radiological
(i.e. CBCT) and histological outcome of a
combined surgical approach using NBM
(i.e. intrabony component) either with EB
or implantoplasty (i.e. supracrestal com-
ponent) for the treatment of ligature-
induced peri-implantitis lesions in dogs.

Materials and Methods

Animals

A total of six beagle dogs, aged 14–16
months (mean weight 31.6 � 2.9 kg),
were included in the study. All animals
exhibited a fully erupted permanent den-
tition. During the experiment, the dogs
were fed once per day with soft-food diet
and water ad libitum. Animal selection,
management, and surgery protocol were
approved by the Animal Care and Use
Committee of the Heinrich Heine Uni-
versity and the local government. The
experimental segment of the study started
after an adaptation period of 4 weeks.

Study design

The study was performed in four phases.
In the first phase, the mandibular and

maxillary 1st, 2nd, 3rd, 4th premolar as
well as 1st and 2nd molar (P1–M2) were
extracted. After a healing period of 10
weeks, titanium implants were bilater-
ally placed in the lower jaws (n 5 8 per
animal) and left to heal in a non-sub-
merged position for 6 weeks. Subse-
quently, advanced peri-implantitis
lesions were induced by ligature place-

ment in the lower jaws. All defects were
treated with AFS, including granulation
tissue removal and surface debridement/
decontamination using plastic curets1
cotton pellets soaked in sterile saline.
After a meticulous assessment of the
intrabony (i) and supracrestal (s) defect
components (Schwarz et al. 2007), the
experimental sites were randomly and
equally allocated in a split-mouth design
to account for the influence of rhBMP-2
in the following groups: (1) particulate
bovine-derived NBM (i)/EB (s), or (2)
particulated NBM (i)/implantoplasty (s).
Following grafting, a native collagen
membrane (CM) was trimmed and
adapted over each defect site. Accord-
ingly, the following groups were tested
on two implants of each animal (n 5 6):

� NBM (i)/EB (s)1CM (two defects)
(referred to as EB)

� NBM (i)/implantoplasty (s)1CM
(two defects) (referred to as P)

� NBM1rhBMP-2 (i)/EB1rhBMP-2
(s)1CM (two defects) (referred to
as EB1rhBMP-2)

� NBM1rhBMP-2 (i)/implantoplasty
(s)1CM (two defects) (referred to
as P1rhBMP-2)

The animals were euthanized after 12
weeks of submerged healing.

Configuration assessment of peri-implant
bone defects

During AFS, the supraalveolar and in-
trabony components of the defects
(Schwarz et al. 2007) were measured
by one blinded and previously calibrated
investigator (I. M.) using a periodontal
probe (PCP 12, Hu-Friedy, Tutlingen,
Germany) at four aspects (mesial, distal,
vestibular, oral) (Fig. 1):

1. supracrestal component (referred to as
Class II) – of the defect, measured as
maximum linear distance from the bor-
derline between the implant shoulder
(IS) and the alveolar bone crest, and

2. intrabony component of the defect
(referred to as Class I), measured as
the linear distance from the alveolar
bone crest to the bottom of the defect.

Intra-operative assessment of the
defect configuration revealed the fol-
lowing classes:

Class Ib (i.e. buccal dehiscence1
semicircular bone resorption to the
middle of the implant body)
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Class Ic (i.e. buccal dehiscence1
circular bone resorption under main-
tenance of the lingual compacta), and
Class Ie (i.e. circular bone resorption
under maintenance of the buccal and
oral compacta).

The baseline defect characteristics
in different groups are presented in
Table 1.

Surgical procedure

Before each surgical intervention, intra-
muscular sedation was accomplished with
0.17 mg/kg acepromazine (Vetranquil 1%,
Ceva Tiergesundheit, Düsseldorf, Ger-
many). Subsequently, anaesthesia was
initiated using 21.5 mg/kg thiopental–
sodium (Trapanal 2.5%, Altana GmbH,
Konstanz, Germany). During all surgical
procedures, inhalation anaesthesia was
performed using oxygen, nitrous oxide,
and isoflurane. To maintain hydration,
all animals received a constant rate
infusion of lactated Ringer’s solution
while anaesthetized. Intra-operative
analgesia was performed by intra-
venous injection of 0.4 mg/kg piritramid
(Dipidolors, Janssen-Cilag GmbH,
Neuss, Germany) and 4.5 mg/kg carpro-
fene (Rimadyls, Pfitzer Pharma GmbH,
Karlsruhe, Germany). For post-opera-

tive treatment, piritramid and carprofene
were applied subcutaneously for 3 days
in the same dose as described before.

Phase 1: tooth extraction

In the first surgery, P1–M2 were care-
fully removed bilaterally in the upper
and lower jaws after reflection of muco-
periosteal flaps and tooth separation.
After wound closure by means of mat-
tress sutures, the sites were allowed to
heal for 10 weeks. Prophylactic admin-
istration of clindamycine (11.0 mg/kg
body weight, Cleorobes, Pharmacia
Tiergesundheit, Erlangen, Germany)
was performed intra-operatively and
post-operatively for 10 days.

Phase 2: implant placement

In the second surgery, midcrestal inci-
sions were made and mucoperiosteal
flaps were reflected to expose the
respective sites for implant insertion in
the lower jaw. Surgical implant sites
were prepared bilaterally, at a distance
of 10 mm apart, using a low-trauma
surgical technique under copious irriga-
tion with sterile 0.9% physiological
saline (Becker et al. 2007). Particular
care was taken to preserve a residual

thickness of the alveolar bone crest
of at least 2 mm at both buccal and
lingual aspects of each implant site.
All implants (+ 3.8 mm, length:
11 mm, Camlogs Screw-Line Implant,
Promotes plus, Camlog Biotechnolo-
gies AG, Basel, Switzerland) were
inserted with good primary stability
(i.e. lack of clinical mobility) in a way
so that IS exceeded the buccal aspect of
the alveolar crest for 0.4 mm (ID), as
suggested in the surgical protocol of the
manufacturer. Matching wide-body
healing abutments (+ 3.8 mm, height:
4.0 mm, Camlog) were connected (tor-
que: 15 Ncm) immediately after im-
plant placement in both groups. Follow-
ing irrigation, mucoperiosteal flaps
were repositioned with mattress sutures
(Resorbas, Nürnberg, Germany), and
implants were left to heal in a non-
submerged position. In order to prevent
a trauma to the peri-implant mucosa,
oral hygiene procedures were omitted
during the initial healing period of 7
days. Thereafter, a plaque control pro-
gramme including tooth and implant
cleaning by the use of a toothbrush
was initiated and performed twice per
week without anaesthesia.

Phase 3: experimental peri-implantitis

After 6 weeks of healing, cotton liga-
tures (4–0) were placed in a submarginal
position around each implant accord-
ing to a method described previously
(Lindhe et al. 1992) and the plaque
control regimen was terminated. In
brief, ligatures were forced into a posi-
tion directly apical of the mucosal mar-
gin. Subsequently, a ‘‘pocket’’ was
created, which enabled the establish-
ment of a submucosal microflora. The
ligatures were exchanged once every 4
weeks and removed when approxi-
mately 60% of the initial bone support
was lost on the basis of the evaluation of
standardized radiographs (Schwarz et al.
2006). This active break down period
of 4 months was followed by a progres-
sion period of 4 weeks and supported
by a renewal of the plaque control regi-
men (i.e. teeth and abutments were
cleaned with a toothbrush and denti-
frice) (Lindhe et al. 1992).

Soak-loading of the vehicle carriers

The lyophilized differentiation factor
rhBMP-2 (InductOss, Wyeth Pharma
GmbH, Muenster, Germany) was dis-
solved in sterile water for injection

Fig. 1. Intra-operative assessment of the defect components. Class I: Intrabony component.
Class Ib (i.e. buccal dehiscence1semicircular bone resorption to the middle of the implant
body). Class Ic (i.e. buccal dehiscence1circular bone resorption under maintenance of the
lingual compacta). Class Ie (i.e. circular bone resorption under maintenance of the buccal and
oral compacta). Intrabony component (i) 5 blue circles; Circumferential (i.e. width) compo-
nents (c) 5 arrows; m 5 mesial aspect; d 5 distal aspect; v 5 vestibular aspect; and o 5 oral
aspect; Class II: Supracrestal component (s) 5 arrow. The red rectangle indicates the surface
areas undergoing an implantoplasty.

Table 1. Distribution and baseline defect characteristics in mm (mean � SD)

Group Class Ib Class Ic Class Ie s(a) (mm)n s(c) (mm)n i (mm)n

EB 1 4 4 4.4 � 1.1 1.3 � 0.7 1.8 � 1.2
P 3 3 5 3.6 � 1.2 0.8 � 0.8 1.2 � 1.0
EB1rhBMP-2 2 3 4 3.5 � 1.4 1.4 � 0.9 2.1 � 1.6
P1rhBMP-2 3 3 4 3.4 � 1.5 1.4 � 0.9 1.9 � 1.4

nComparisons between groups (unpaired t-test): NS.

s(a), supraalveolar component; s(c), circumferential component (i.e. width); i, intrabony component;

EB, equine bone block; P, implantoplasty; rhBMP-2, recombinant human bone morphogenetic protein.
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according to the instructions given by
the manufacturer. For soak-loading of
the particulated graft, 0.5 g NBM was
moistened with 0.67 ml of a 0.77 mg/ml
rhBMP-2 solution, while the control
samples were moistened with 0.67 ml
of sterile saline alone. Similarly, EB was
soak-loaded with 2.3 ml of a 0.77 mg/ml
rhBMP-2 solution (1.77 mg rhBMP-2
per block), while the control samples
were moistened with 2.3 ml of sterile
saline alone (Schwarz et al. 2008,
2009a). Soak-loaded and control NBM/
EB were implanted after a rehydration
time of 15 min, respectively.

Phase 4: treatment of peri-implantitis

defects

Mucoperiosteal flaps were raised buc-
cally and orally by means of intra-
crevicular incisions under general
anaesthesia. Subsequently, carbon cur-
ets (Institut Straumann AG, Basel, Swit-
zerland) were used to completely
remove all granulation tissue from the
defect area as well as for a thorough
debridement of the titanium implant
surfaces. Afterwards, soaked cotton pel-
lets were homogeneously adapted to all
exposed implant surface areas and used
under moderate pressure to remove all
remaining non-mineralized deposits,
which was followed by a thorough irri-
gation with sterile saline.

In respective groups, an implanto-
plasty was performed at supracrestally
(i.e. Class II) exposed implant surfaces
in a way as to completely planish the
threatened areas and smoothen the struc-
tured implant surface using diamant
burrs (ZR Diamonds, Gebr. Brasseler
GmbH & Co. KG, Lemgo, Germany)
and arkansas stones under copious irri-
gation with sterile saline. Particular care
was taken to completely remove any
metal deposits from the surrounding
tissues. In all groups, NBM (BioOsss

spongiosa granules, particle size 0.25–
1 mm, Geistlich Biomaterials, Wolhu-
sen, Switzerland) was applied in a way
as to homogeneously fill the intrabony
defect component. Each EB block
(Geistlich prototype block, width:
10 mm, thickness: 5 mm, height:
10 mm, Geistlich Biomaterials) was
size adapted to the respective sites. In
particular, its height was adapted to the
supraalveolar component, its width to
the circumferential component of the
defect, and its depth to the bucco-lingual
extension of the alveolar ridge. A cen-
tral core (+ 3.8 mm) was prepared

using the respective conventional rotat-
ing pilot and twist drills in ascending
order and securely supported a rotational
stability after EB block application at
each specific site (Fig. 2a–f). Following
grafting, a bioresorbable type I/III CM of
porcine origin (BioGides, Geistlich Bio-
materials) was trimmed and adapted over
each defect site so as to cover 2–3 mm of
the surrounding alveolar bone and to
ensure stability of the graft material.
Neither sutures nor pins were used for
membrane fixation or stabilization (Fig.
2g). Finally, the mucoperiosteal flaps were
repositioned coronally and fixed with ver-
tical or horizontal mattress sutures in a
way to ensure a submerged healing pro-
cedure (Fig. 2h). All treatments were per-
formed by the same experienced surgeon
(F. S.). Prophylactic administration of
clindamycine (11.0 mg/kg body weight,
Cleorobes, Pharmacia Tiergesundheit)
was performed intra-operatively and
post-operatively for 10 days.

Retrieval of specimens

The animals were killed (overdose of
3% sodium pentobarbital) after a heal-
ing period of 12 weeks, and the oral
tissues were fixed by perfusion with
10% buffered formalin administered
through the carotid arteries. The jaws
were dissected and blocks containing
the experimental specimens were
obtained. All specimens were fixed in
10% neutral-buffered formalin solution
for 4–7 days.

CBCT

For radiological analysis, CBCT (Pax-
Duo 3D, Orangedental, Biberach,
Germany) was used. For radiological
assessment, the jaws were positioned
with the help of a plastic container in
order to provide a platform for a repro-
ducible positioning. The laser orienta-
tion beam was used to align the jaws
accurately in a reproducible position.
The exposure settings selected for
CBCT were 90 kV, 3.1 mA with a voxel
size of 0.2 � 0.2 mm, an acquisition
time of 15 s, and a field of view of
12 cm � 8.5 cm. The three-dimensional
reconstructions as well as the original
two-dimensional projections were saved
in a proprietary data format file on the
Intel Xeon 2.4 GHz PC system (Intel,
Santa Clara, CA, USA) with 3.23 GB
RAM. The measurements were per-
formed using the Ez3D2009 imaging

software version 1.2.1.0 (Vatech Co.
Ltd., Seoul, Korea).

For each experimental site, one sagit-
tal image was assessed by selecting the
most central aspect of each implant on
the axial view under standardized con-
ditions. These conditions included com-
puter hardware, which was technically
approved for radiological observations,
and working in a room equipped with
window shades and dimmable light
allowing a standardized low-light ambi-
ence illumination. The computer was a
2.4 GHz Intel Xenon PC system (Intel,
Santa Clara, CA, USA) with 3.23GB
RAM. The data were presented on a
monitor of 1900 in diagonal and having a
resolution of 1280 � 1024 pixels (HP
Compaq LA 1951g, Hewlett-Packard,
Böblingen, Germany).

The following landmarks were iden-
tified in the sagittal images of each site:
IS, and the most coronal level of radi-
ological bone in contact with the
implant [i.e. radiological bone level
(RBL)]. Linear measurements were
made by drawing a vertical line, follow-
ing the long axis of the implant, from IS
to RBL at two aspects (i.e. vestibular,
oral).

Histological preparation

The specimens were dehydrated using
ascending grades of alcohol and xylene,
infiltrated, and embedded in methyl-
methacrylate (Technovit 9100 NEU,
Heraeus Kulzer, Wehrheim, Germany)
for non-decalcified sectioning. During
this procedure, any negative influence
of polymerization heat was avoided due
to a controlled polymerization in a cold
atmosphere (� 41C). After 20 h, the spe-
cimens were completely polymerized.
Each implant site was cut in the vesti-
bulo-oral direction along with the long
axis of the implant using a diamond
band saw (Exakts, Apparatebau, Nor-
derstedt, Germany). Serial sections were
prepared from the central defect area,
resulting in two to four sections of
approximately 300mm in thickness
each (Donath 1985). Only implant sec-
tions showing an inner thread were
chosen for the histological evaluation.
Subsequently, all specimens were glued
with acrylic cement (Technovit 7210
VLC, Heraeus Kulzer, Wehrheim, Ger-
many) to silanized glass slides (Super
Frost, Menzel GmbH, Braunschweig,
Germany) and ground to a final thick-
ness of approximately 40 mm. All sec-
tions were stained with toluidine blue to
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evaluate new bone formation. With this
technique, old bone stains light blue,
whereas newly formed bone stains
dark blue because of its higher protein
content (Schenk et al. 1984).

Histomorphometrical analysis

For image acquisition, a colour CCD
camera (Color View III, Olympus,
Hamburg, Germany) was mounted
on a binocular light microscope (Olym-
pus BX50, Olympus). Digital images
(original magnification � 200) were
evaluated using a software program
(Cell Ds, Soft Imaging System, Mün-
ster, Germany).

The following landmarks were iden-
tified in the stained sections at both
vestibular and oral aspects: the IS, the
bottom of the bone defect (BD), and the
most coronal level of bone in contact
with the implant surface [i.e. histologi-
cal bone level (HBL)]. Linear measure-
ments were made by drawing a vertical
line, following the long axis of the
implant, from IS to BD [i.e. defect
length (DL)] and IS to HBL at two
aspects (i.e. vestibular, oral). Percentage
linear histological defect fill (PLHF)
was calculated as HBL/DL � 100. The
amount of new BIC (i.e. the length
proportion of the implant surface that
was in direct contact with mineralized

tissue) was measured as a percentage of
the distance from BD to IS, serving as
100% (Figs 4–5).

Intra-examiner reproducibility

Radiological and histological measure-
ments were performed by one experi-
enced investigator masked to the
specific experimental conditions (N.
S.). Before the start of the analyses, a
calibration procedure was initiated for
the investigator and revealed that
repeated measurements of n 5 12 differ-
ent CBCT images and histological sec-
tions were similar at 495% level,
respectively.

Fig. 2. Combination therapy at Class I and Class II defect components. (a) In all groups, granulation tissue removal and surface debridement
were accomplished using carbon curets. For surface decontamination, CPS was homogeneously adapted to all exposed implant surface areas
and used under moderate pressure to remove all remaining non-mineralized deposits, which was followed by a thorough irrigation with sterile
saline. (b) Class Ie1II defect configuration. (c) Class Ic1II defect configuration. (d) NBM was applied in a way as to homogeneously fill the
intrabony defect component. Implantoplasty was performed at supracrestally exposed implant surfaces in both P and P1rhBMP-2 groups.
(e) EB was size-adapted and prepared by a central core (+ 3.8 mm) using conventional rotating pilot and twist drills in ascending order
consistent with the implant diameter. (f) EB was adapted with a rotational stability to the supraalveolar component in both EB and
EB1rhBMP-2 groups. (g) CM was applied at each defect site as to cover 2–3 mm of the adjacent alveolar bone. (h) Experimental sites were
left to heal in a submerged position for 12 weeks.
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Statistical analysis

The statistical analysis was performed
using a commercially available software
program (PASW Statistics 19.0, SPSS
Inc., Chicago, IL, USA). Mean values
and standard deviations among animals
were calculated for each variable and
group. The data rows were examined
with the Kolmogorow–Smirnow test for
normal distribution. For the compari-
sons between groups at 12 weeks, the
unpaired t-test was used. The a-error
was set at 0.05. The paired t-test was
used for comparisons within groups (i.e.
radiological versus histological data).
The a-error was set at 0.05.

Results
Clinical healing

No complications such as allergic reac-
tions, swellings, abscesses, or infections
were observed throughout the whole
study period. A premature exposure of
the wound area was observed in three
dogs, exhibiting a total of n 5 9 experi-
mental sites [EB: three sites; P: one site;
EB1rhBMP-2: three sites; P1rhBMP-
2: two sites (Fig. 3a)]. The radiological
and histological analysis of these sites
revealed a pronounced peri-implant
bone resorption, extending to the apical
region of respective implants (Fig. 3b).

Semi-quantitative CBCT and histological

analysis

Histological observation of all groups
investigated revealed different patterns
of a bony filling of the secluded wound
area confined by CM. While these
changes were mainly related to the
intrabony aspect at P and P1rhBMP-2-
treated sites, both EB and EB1rhBMP-

2 groups also exhibited varying amounts
of bone formation at the supracrestal
defect component. The maturity of the
woven bone was identifiable by the
development of primary osteons and
appeared to be comparable in both aug-
mented and pristine areas. Basically, all
CBCT images were characterized by
minor beam-hardening artefacts, result-
ing in an imprecise depiction of either
the bone implant interface or the border-
line between intrabony and supracrestal
defect components in the EB and
EB1rhBMP-2 groups. However, the
image quality of the crestal bone level
was generally considered as good in the
sagittal images of each site. Double
contours were generally not observed
(Figs 4 and 5).

In particular, EB and EB1rhBMP-2
groups were commonly characterized by
a pronounced degradation of EB speci-
mens, which revealed an interconnec-
tive, lacuna-like macroporous trabecular
structure. In the EB group, residues
of the scaffold were predominantly
invaded by a vascularized fibrous con-
nective tissue and frequently separated
from the adjacent alveolar bone (Fig.
4a). A deposition of parallel-fibered
woven bone in close contact to EB
and subsequently the adjacent titanium
implant surfaces were only observed
occasionally and appeared to be limited
to the basal compartment of the supra-
crestal defect component (Fig. 4a and c).
At both intrabony and supracrestal
defect components, bone formation and
graft integration (i.e. EB and NBM)
mainly originated from open marrow
spaces of the adjacent alveolar bone
(Fig. 4d).

The amount and extent of bone in-
growth and BIC consistently appeared
to be higher in all EB1rhBMP-2 speci-

mens. However, only one out of the
evaluated specimens revealed an almost
complete osseous organization of the
former defect area (Fig. 4e and f).

At P and P1rhBMP-2-treated sites, a
dispersion of NBM particles was a fre-
quent finding in most of the specimens
evaluated (Fig. 5a). However, in con-
trast to the P group, a dispersion of
NBM particles was occasionally asso-
ciated with a vertical bone formation at
P1rhBMP-2-treated sites (Fig. 5c and
d). In both groups, the intrabony defect
component was characterized by vary-
ing amounts of bone deposition in close
contact to residual NBM particles and
subsequently the adjacent titanium
implant surfaces (Fig. 5a–d).

Implantoplasty was commonly asso-
ciated with a slight to moderate deposi-
tion of titanium particles in the adjacent
subepithelial connective tissue. These
areas were demarcated by a localized
mixed chronic inflammatory cell infil-
trate mainly containing lymphocytes
and plasma cells. In general, the inflam-
matory cell infiltrate seemed to be
encapsulated by deposition of irregular
bundles of fibrous connective tissue
showing increased proliferation of vas-
cular structures (Fig. 5e and f). In the
entire FOV, CBCT analysis failed to
reveal any identifiable dispersion of
titanium particles derived from either
P or P1rhBMP-2 groups.

Quantitative CBCT and histological

analysis

The mean values of DL, RBL, HBL,
PLHF, and BIC in different groups are
presented in Table 2. After 12 weeks of
healing, all groups revealed comparable
mean DL values. Even though these
values tended to be highest in the
EB, and lowest in the P groups, these
differences did not reach statistical
significance (p40.05; unpaired t-test,
respectively).

Lowest RBL and HBL values were
observed in the P1rhBMP-2 group.
This was followed by both EB1
rhBMP-2 and P groups, showing com-
parable but lower RBL and HBL values
when compared with EB-treated sites.
Statistical analysis revealed a significant
difference in mean HBL values between
EB and P1rhBMP-2 groups (po0.05;
unpaired t-test) (Table 2). Both P1
rhBMP-2 and EB1rhBMP-2-treated
sites tended to reveal higher mean
PLHF and BIC values when compared
with EB and P groups. However, a

Fig. 3. Wound healing at 12 weeks. (a) A premature wound exposure was observed in three
dogs, exhibiting a total of n 5 9 experimental sites (for details, please refer to Table 3). (b)
Histological analysis of exposed implant sites revealed a pronounced inflammatory cell
infiltrate, which was associated with bone resorption extending to the apical region
(P1rhBMP-2, corresponds to defect shown in Fig. 2b, original magnification � 25).

944 Schwarz et al.

r 2011 John Wiley & Sons A/S



statistically significant difference was
only observed in mean PLHF values
between EB and P1rhBMP-2 groups
(po0.05; unpaired t-test) (Table 2).
The mean values of DL, RBL, HBL,

PLHF, and BIC at either exposed or
non-exposed sites in different groups
are presented in Tables 3 and 4. In
particular, at exposed sites, mean RBL
values ranged from 7.0 � 1.5 mm in the

P1rhBMP-2 group to 8.7 � 2.5 mm in
the EB1rhBMP-2 group, corresponding
to mean HBL values of 6.6 � 1.0 mm
and 8.1 � 1.6 mm, respectively (Table
3). At non-exposed sites, mean RBL
values ranged from 1.5 � 1.0 mm in the
EB1rhBMP-2 group to 3.1 � 0.8 mm in
the EB group, corresponding to mean
HBL values of 2.9 � 0.8 mm and
4.0 � 1.0 mm, respectively (Table 4).

Correlation between CBCT and

histological analysis

Within-group correlations between RBL
and HBL values at either vestibular sites
or oral sites are presented in Table 5.
Basically, CBCT analysis most fre-
quently resulted in an overestimation of
HBL at the vestibular aspects, while an
underestimation was commonly observed
at the corresponding oral aspects.

A close correlation between RBL and
HBL values was commonly observed in
EB, P, and P1rhBMP-2 groups at both
vestibular and oral aspects (p40.05;
paired t-test, respectively). In contrast,
EB1rhBMP-2 (vestibular aspect)-trea-
ted sites were associated with a signifi-
cant difference between RBL and HBL
values (po0.05; paired t-test) (Figs 4a
and b, 5a and b, Table 5).

Discussion

The present experimental study was
designed to evaluate the impact of
rhBMP-2 on the radiological and his-
tological outcome of a surgical regen-
erative/resective approach combining
particulated NBM either with EB or
implantoplasty for the treatment of
both intrabony and supracrestal compo-
nents of ligatur-induced peri-implantitis
defects in dogs.

Basically, quantitative analysis at 12
weeks has indicated that EB1rhBMP-2
and P1rhBMP-2 groups tended to be
associated with higher PLHF and BIC
values when compared with the EB and
P groups. Even though between-group
comparisons merely revealed a signifi-
cant difference in mean HBL and PLHF
values between EB and P1rhBMP-2
groups, the influence of rhBMP-2 on
bone regeneration was distinctively
observed in all specimens evaluated.
The biological activity of rhBMP-2
soak-loaded NBM (1 mg rhBMP-2/g)
has been proven in vitro as well as in
experimental animal studies (Schwarz
et al. 2008, 2009a). In contrast,

Fig. 4. CBCT digital images and histological views (vestibular aspects: right/oral aspects:
left) of EB and EB1rhBMP-2 groups at 12 weeks. (a) EB blocks commonly revealed a
pronounced degradation, and were also associated with a vertical bone formation (EB,
corresponds to defect shown in Fig. 2c, original magnification � 25). (b) Corresponding
CBCT scan indicating an overestimation of RBL (red lines) in relation to HBL at both
vestibular (right) and oral (left) aspects. Beam-hardening artefacts were minimal. (c) Bone
formation at both suprabony and intrabony aspects originated from the adjacent alveolar
bone. The perforation of the supporting mucosa was caused during histological processing
(EB, original magnification � 25). (d) Higher magnification view of the yellow box area
shown in (c) indicating the establishment of new BIC (EB, original magnification � 100). (e)
Bone formation and BIC commonly appeared to be higher in the EB1rhBMP-2 group. An
almost complete osseous organization of the former wound area was only observed in this
specimen (EB1rhBMP-2, original magnification � 25). (f) Higher magnification view of the
yellow box area shown in (e) pointing to a deposition of new bone to residues of EB
(EB1rhBMP-2, original magnification � 400). Red line: histological (HBL)/radiological
(RBL) bone level. Yellow line: borderline between intrabony and supracrestal defect
components. IS, implant shoulder; BD, bottom of the defect; EB, equine-derived bone block.
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soak-loading of EB was performed
according to a procedure recently estab-
lished for a precusor NBM block
(Schwarz et al. 2008). However, both
types of xenogenic blocks basically

reveal potential differences in their phy-
sicochemical properties, which in turn
might also have an influence on the
release kinetics of rhBMP-2. Even
though the biologic activity of the

rhBMP-2 soak-loaded NBM block has
also been proven in one experimental
animal study, it is impossible to estimate
to what extent these data can be trans-
ferred to EB (Schwarz et al. 2008,
2009a). Basically, when interpreting
the present results, one must realize
that these are the first experimental
data reporting on CBCT and histological
analysis of surgical regenerative and/or
resective therapy of ligature-induced
peri-implantitis defects. In this context,
it must be emphasized that a close
correlation between RBL and HBL
values was commonly observed in EB,
P, and P1rhBMP-2 groups. In contrast,
EB1rhBMP-2 groups were associated
with a significant underestimation of
RBL in relation to HBL, which
appeared to be more pronounced at the
vestibular aspects. The differences
noted between these groups may pri-
marily be related to the radiopaque
properties of EB. In addition, the inho-
mogeneous osseous organization as well
as pronounced degradation noted for EB
on the histological level may also have
contributed to the imprecise correlation
between RBL and HBL values in the
EB1rhBMP-2 group. Basically, the
results of a previous study performed
on native pig mandibles confirmed that
CBCT scans displayed only a slight
deviation in the extent of standardized
peri-implant defects (i.e. mean deviation
of 0.17 � 0.11 mm) in comparison with
direct measurements (Mengel et al.
2006). However, the occurrence of scat-
tered radiation and beam-hardening arte-
facts has been reported to be a main
limitation of CBCT, thus precluding an
assessment of BIC unless there is an
obvious peri-implant bone loss (Farman
& Scarfe 2008). Basically, these findings
were not supported by the radiological
data noted at least in the EB, P, and
P1rhBMP-2 groups, as minor beam-hard-
ening artefacts as well as the presence of
dispersed radiopaque NBM particles at
the bone crest were still associated with
a high precision of CBCT scans. In this
context, it must also be noted that the
resolution associated with the current
voxel size of 0.2 mm may be appropriate
for an accurate assessment of a cortical
bone thickness between 0.3 and 3.7 mm
(Razavi et al. 2010).

The results of a previous experimental
animal study also provide some evidence
that the adjunctive use of NBM1CM may
result in varying amounts of bone fill and
re-osseointegration at ligature-induced
peri-implantitis defects (Nociti et al.

Fig. 5. CBCT digital images and histological views (vestibular aspects: right/oral aspects:
left) of P and P1rhBMP-2 groups at 12 weeks. (a) A dispersion of NBM particles was a
common finding in both groups (P, original magnification � 25). (b) Corresponding CBCT
scan indicating a correlation between RBL (red lines) and HBL (a) at both vestibular (right)
and oral (left) aspects. (c) A vertical bone formation was also observed at P-rhBMP-2-treated
sites (original magnification � 25). (d) Higher magnification view of the yellow box area
shown in (c) indicating osseous integration of dispersed NBM within the supracrestal defect
component (P1rhBMP-2, original magnification � 100). (e) The apical extension of the
implantoplasty coincided with the crestal bone level. New bone formation and BIC were
limited to the intrabony defect component (P1rhBMP-2, original magnification � 40). (f)
Higher magnification view of the yellow box area shown in Fig. 5e, pointing to a moderate
deposition of titanium particles (arrowheads) in the subepithelial connective tissue. These
areas were highly vascularized and demarcated by a mixed chronic inflammatory cell
infiltrate (P1rhBMP-2, original magnification � 400). Red line: histological (HBL)/
radiological (RBL) bone level. Yellow line: borderline between intrabony and supracrestal
defect components. IS, implant shoulder; BD, bottom of the defect; EB, equine-derived bone
block.
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2000). In particular, an air powder flow
was used for the decontamination of acid-
etched titanium implants, which were
subsequent to the application of
NBM1CM, left to heal in a submerged
position for 5 months. The histomorpho-
metric evaluation revealed no significant
differences with respect to bone formation
and BIC at sites receiving either surface

debridement alone (49.5%/26.8%), CM
alone (51%/26.6%), NBM alone (55.7%/
28%), or a combination of NBM1CM
(48%/25.6%) (Nociti et al. 2000). A radio-
graphic evaluation of these findings was
only performed in one publication (Schou
et al. 2003). In particular, Schou et al.
(2003) used standardized IR for quantita-
tive digital subtraction radiography at 6

months after NBM application (surface
decontamination: gauze soaked alter-
nately in 0.1% aqueous chlorhexidine
and saline) with or without an expanded
polytetrafluorethylene (ePTFE) mem-
brane in cynomolgus monkeys. The
mean radiographic bone level gain at
both mesial and distal aspects in the
NBM group with and without ePTFE
membrane varied between 5.0 and
4.6 mm, respectively (initial bone loss of
4.5–5 mm). This was associated with BIC
values ranging from 36% (with ePTFE) to
14% (without ePTFE; value was esti-
mated from data provided in the publica-
tion). Histologically, NBM particles were
in general highly integrated within the
regenerated bone, but the particles in the
occlusal part of the defects were entirely
surrounded by connective tissue irrespec-
tive of membrane coverage (Schou et al.
2003). Basically, mean BIC values as
reported by Nociti et al. (2000) and Schou
et al. (2003) appeared to be higher than
the values noted in the present study. In
this context, it must be emphasized that
both publications did not report on the
baseline defect characteristics. However,
the intra-operative views provided in one
original paper (Schou et al. 2003) seem to
indicate that at least NBM1ePTFE was
used for an augmentation of both intrab-
ony and supracrestal defect components.
The latter was intentionally approached
by an implantoplasty in both P and
P1rhBMP-2 groups of the present study,
thus resulting in a decreased implant sur-
face area where a new BIC may be
accomplished (Albouy et al. 2011). In
this context, it is also important to empha-
size that histological analysis commonly
revealed a slight to moderate deposition of
titanium particles in the adjacent tissue to
defects treated with P and P1rhBMP-2,
which was associated with a localized
chronic inflammatory cell infiltrate. How-
ever, previous clinical studies have shown
that these depositions may not be asso-
ciated with any adverse events (Romeo et
al. 2007, Schwarz et al. 2011), indicating
the safety and efficacy of an implanto-
plasty to serve as an alternative approach
for the treatment of supracrestal defect
components.

The observation that rhBMP-2 has
the potential to promote bone formation
and re-osseointegration in advanced
peri-implantitis defects is also in agree-
ment with the results of a previous
experimental study performed in mon-
keys (Hanisch et al. 1997). At 4 months
of submerged healing, rhBMP-2 soak-
loaded on an absorbable sponge carrier

Table 3. Radiological and histomorphometrical parameters (mean � SD) in different groups at
12 weeks: exposed sites (n 5 9)

Group DL (mm) RBL (mm) HBL (mm) PLHF (%) BIC (%)

EB (n 5 3) 7.2 � 0.7 7.9 � 0.9 7.2 � 0.7 0 0
P (n 5 1) 6.3 7.1 6.3 0 0
EB1rhBMP-2 (n 5 3) 8.1 � 1.6 8.7 � 2.5 8.1 � 1.6 0 0
P1rhBMP-2 (n 5 2) 6.6 � 1.0 7.0 � 1.5 6.6 � 1.0 0 0

DL, defect length; RBL, radiological bone level; HBL, histological bone level; PLHF, percentage

linear histologic defect fill; BIC, bone-to-implant contact; EB, equine bone block; rhBMP-2,

recombinant human bone morphogenetic protein.

Table 4. Radiological and histomorphometrical parameters (mean � SD) in different groups at
12 weeks: non-exposed Sites (n 5 39)

Group DL (mm) RBL (mm) HBL (mm) PLHF (%) BIC (%)

EB (n 5 9) 5.1 � 1.4 3.1 � 0.8 4.0 � 1.0 20.1 � 8.4 19.7 � 9.4
P (n 5 11) 4.5 � 1.4 3.1 � 1.4 3.7 � 1.6 19.0 � 15.5 15.0 � 11.0
EB1rhBMP-2 (n 5 9) 4.6 � 1.1 1.5 � 1.0 2.9 � 0.8 34.4 � 16.7 28.1 � 18.1
P1rhBMP-2 (n 5 10) 4.2 � 1.8 2.1 � 2.9 2.5 � 1.8 38.1 � 26.3 32.1 � 27.8

DL, defect length; RBL, radiological bone level; HBL, histological bone level; PLHF, percentage

linear histological defect fill; BIC, bone-to-implant contact; EB, equine bone block; rhBMP-2,

recombinant human bone morphogenetic protein.

Table 2. Radiological and histomorphometrical parameters (mean � SD) in different groups at
12 weeks: exposed and non-exposed sites (n 5 6 animals)

Group DL (mm) RBL (mm) HBL (mm) PLHF (%) BIC (%)

EB 5.8 � 1.6 4.7 � 2.5 5.1 � 1.8n 13.4 � 11.9n 13.1 � 12.3
P 4.6 � 1.4 3.4 � 1.8 3.9 � 1.7 17.4 � 15.8 13.7 � 11.4
EB1rhBMP-2 5.5 � 1.9 3.3 � 3.5 4.2 � 2.5 25.8 � 21.2 21.1 � 20.0
P1rhBMP-2 4.6 � 1.9 2.9 � 3.2 3.2 � 2.3 31.8 � 28.1 26.8 � 28.1

nComparisons between groups (unpaired t-test): EB versus P1rhBMP-2 (po0.05).

DL, defect length; RBL, radiological bone level; HBL, histological bone level; PLHF, percentage

linear histologic defect fill; BIC, bone-to-implant contact; EB, equine bone block; rhBMP-2,

recombinant human bone morphogenetic protein.

Table 5. Within group correlations between radiological and histological bone levels
(mean � SD in mm) at 12 weeks: exposed and non-exposed sites (n 5 6 animals)

Group RBL-v HBL-v D RBL-o HBL-o D

EB 5.4 � 1.9 5.2 � 1.6 0.2 � 0.8 4.7 � 2.5 4.9 � 2.0 � 0.2 � 0.7
P 4.4 � 1.4 4.0 � 1.7 0.4 � 1.0 3.4 � 1.8 3.7 � 1.8 � 0.3 � 0.6
EB1rhBMP-2 3.7 � 3.1 4.6 � 2.1 � 0.8 � 1.2n 3.3 � 3.5 3.8 � 2.9 � 0.5 � 0.9
P1rhBMP-2 3.8 � 2.9 3.4 � 2.1 0.3 � 1.4 2.9 � 3.2 2.9 � 2.8 � 0.1 � 1.0

nComparisons between groups (paired t-test): po0.05.

D: RBL – HBL (positive/negative values represent an overestimation/underestimation of RBL in

relation to HBL, respectively).

DL, defect length; RBL, radiological bone level; HBL, histological bone level; v, vestibular aspect;

o, oral aspect; EB, equine bone block; rhBMP-2, recombinant human bone morphogenetic protein.
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(1.5 mg/ml; 0.1 mg/defect) resulted in a
significantly higher vertical bone gain
(2.6 � 1.2 versus 0.8 � 0.8 mm) and re-
osseointegration (40.0 � 11.0% versus
8.9 � 7.8%) than the application of the
carrier alone (Hanisch et al. 1997). Even
though the fast resorbability of a col-
lagen sponge may be advantageous to
support bone formation in conjunction
with rhBMP-2, its poor mechanical
properties can compromise the outcome
of healing at the supracrestal defect
component. However, the present data
have also pointed to a pronounced
degradation of EB, which is in agree-
ment with histological findings follow-
ing lateral ridge augmentation in dogs.
In particular, it was reported that EB
specimens were characterized by a sig-
nificantly increased cell- (i.e. osteoclasts
and multinucleated giant cells) mediated
degradation of the graft material at 12
weeks (Schwarz et al. 2010). Taking
into account the residual defect areas
and high exposure rates as noted in all
groups investigated, one must consider
that rough implant surfaces (i.e. EB and
EB1rhBMP-2 groups) may be more
susceptible to disease progression than
smoothened surfaces (i.e. P and P1
rhBMP-2). Accordingly, from a clinical
point of view, P and P1rhBMP-2 may
offer a better ratio of defect resolution to
potential susceptibility towards re-infec-
tion of exposed surface areas than EB
or EB1rhBMP-2. Even though P has
recently been shown to be associated
with clinical and radiological improve-
ments at advanced peri-implantitis
defects over a period of 6 months, the
long-term stability of this approach still
needs to be addressed (Schwarz et al.
2011).

Within the limitations of the present
study, it was concluded that (i) in all
groups investigations failed to predicta-
bly obtain complete defect resolution,
(ii) the surgical procedure was asso-
ciated with high exposure rates, and
(iii) that RBL was closely correlated
with HBL.

References

Albouy, J. P., Abrahamsson, I., Persson, L. G. &

Berglundh, T. (2011) Implant surface characteris-

tics influence the outcome of treatment of peri-

implantitis: an experimental study in dogs. Journal

of Clinical Periodontology 38, 58–64.

Becker, J., Ferrari, D., Herten, M., Kirsch, A., Schaer,

A. & Schwarz, F. (2007) Influence of platform

switching on crestal bone changes at non-sub-

merged titanium implants: a histomorphometrical

study in dogs. Journal of Clinical Periodontology

34, 1089–1096.

Claffey, N., Clarke, E., Polyzois, I. & Renvert, S.

(2008) Surgical treatment of peri-implantitis. Jour-

nal of Clinical Periodontology 35, 316–332.

Donath, K. (1985) The diagnostic value of the new

method for the study of undecalcified bones and

teeth with attached soft tissue (Säge-Schliff (sawing
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Clinical Relevance

Scientific rationale for the study: The
impact of rhBMP-2 on the RBL and
HBL after a combined surgical
regenerative and resective therapy
(i.e. particulate bovine-derived
NBM at the intrabony component
combined either with an equine
bone block (EB) or implantoplasty
(P) at the supracrestal component) of
advanced ligature-induced peri-
implantitis is unknown.

Principal findings: At 12 weeks after
therapy, CBCT and histological ana-
lysis closely revealed that all groups
investigated had a limited effect on
mean RBL and HBL values and re-
osseointegration. Statistically signifi-
cant higher HBL reductions were
noted in the P1rhBMP-2 group
when compared with EB-treated
sites. The surgical procedure was
associated with high exposure rates,
as observed at nine defect sites.

Practical implications: P and
P1rhBMP-2 may offer a better ratio
of defect resolution to potential sus-
ceptibility towards re-infection of
exposed surface areas than EB or
EB1rhBMP-2. CBCT may represent
an accurate diagnostic tool for the
radiological assessment of HBL in
peri-implantitis defects.
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