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Abstract
Background/Aim: The aim of this study was to investigate healing responses to
demineralized freeze-dried bone powder allografts in standardized periodontal
fenestration defects, compared with subcutaneous wounds in a dog model.

Methods: Circular periodontal fenestration defects were created buccally at all four
canines in 14 mongrel dogs. Each site received one of the following underneath a
barrier membrane: (a) ethylene oxide (EO)-sterilized demineralized freeze-dried bone
allografts (DFDBA), (b) heat-treated DFDBA, (c) non-sterilized DFDBA and (d)
ungrafted control. Twelve of the 14 dogs had three subcutaneous chest wall pouches
created and one of the three DFDBA materials placed in each. The animals were
necropsied at 4 weeks. Histologic sections were prepared through the center of the
fenestration sites in an apico-coronal direction. Quantitative analysis using computer-
assisted imaging technique was performed. Subcutaneous implants were evaluated
histologically and quantified for associated inflammatory cell infiltrate.

Results: Fenestration defects healed by partial osseous fill and cementum
regeneration with formation of a periodontal ligament. The graft particles generally
appeared isolated from the site of osteogenesis and covered by cementum-like
substance. Graft particles incorporated into newly formed bone at a distance from the
root surface was the exception. No statistically significant differences in new bone
formation were observed between treatment groups within animals, but significant
inter-animal variation was found (po0.01). Quantities of retained graft particles were
limited, and without cellular resorption. A bone augmentation effect was associated
with the barrier in the majority of sites. No bone formation was evident at the
subcutaneous sites where graft particles displayed distinctly modified surface zones
and multinucleated giant cell resorption. Significantly more inflammatory infiltrate
was associated with EO-sterilized grafts compared with heat-treated grafts (p5 0.05).

Conclusion: Implantation of DFDBA neither enhanced osseous healing in
periodontal fenestration defects, nor resulted in ectopic bone induction. DFDBA
particles implanted in either periodontal fenestration or subcutaneous wounds evoked
distinctly different healing responses.
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Following the introduction of the bone
induction principle (Urist 1965), with
bone morphogenetic protein (BMP) as

the identified inductive factor in bone
matrix (Urist 1994), demineralized
freeze-dried bone allografts (DFDBA)

have been utilized and tested exten-
sively for periodontal regeneration
(Mellonig 1996). Histological evidence

Morten Klepp1, James E. Hinrichs2,
Ted Eastlund3 and Erwin M. Schaffer2

1Private practice, Sola, Norway; 2Department

of Preventive Sciences, University of

Minnesota School of Dentistry, Minneapolis,

MN, USA; 3Department of Lab Medicine and

Pathology, University of Minnesota Medical

School, Minneapolis, MN, USA

J Clin Periodontol 2004; 31: 534–544 doi: 10.1111/j.1600-051X.2004.00520.x Copyright r Blackwell Munksgaard 2004
Printed in Denmark. All rights reserved



of enhanced formation of bone, cemen-
tum and connective tissue attachment
has been demonstrated in human perio-
dontal defects (Bowers et al. 1989).
However, other investigators have not
been able to verify the effect of DFDBA
on bone regeneration (Becker et al.
1994, Piattelli et al. 1996). Commer-
cially available bone has been shown to
induce variable amounts of ectopic bone
in athymic mice (Becker et al. 1995) and
in the rat bioassay (Schwartz et al. 1996).

To study experimentally the healing
of periodontal structures, a model sys-
tem has been advocated that predictably
displays substantial regeneration to
allow evaluation of tissue reaction and
biologic potential (Wikesjö et al. 1994).
The periodontal fenestration defect pro-
vides such a model, which offers the
opportunity to study regeneration of
alveolar bone, root cementum and
connective tissue ligament in a standar-
dized, well-defined wound unrelated to
periodontal disease. The fenestration
defect has been used to investigate the
healing dynamics of the periodontium
and the potential of bone derivatives
and engineered materials to stimulate
periodontal healing.

Barrier membranes have been uti-
lized to protect and guide the healing of
fenestration defects (Nalbandian &
Helldén 1982, Nyman et al. 1982,
Pettersson & Aukhil 1986, Caton et al.
1987). A standardized fenestration de-
fect can be evaluated within the config-
uration of the cut surfaces of bone,
periodontal ligament and root surface
while covered by a barrier membrane.
Caplanis et al. (1998a, b) found no
histological effects following 4 weeks
healing of DFDBA on bone activation
in fenestration defects in maxillary
canine teeth in beagle dogs, neither
without or with a membrane covering
the grafts. Nor did they find inflamma-
tory cells associated with graft particles
or evidence of resorption of the grafts.

Urist et al. (1967) demonstrated that
heat treatment of the bone allograft
material promoted bone induction in a
large series of extraskeletal grafts. The
highest incidence of bone formation
after heating was noted with specimens
heated to 40–601C. The potential of heat
to promote bone formation has later
been repeated in an ectopic rat model
(Morris 1978).

Studies examining the effect of
ethylene oxide (EO) sterilization of
DFDBA are inconclusive. Aspenberg
and Lindqvist (1998) and Tshamala et

al. (1999) found a decreased effect on
bone induction following EO steriliza-
tion. However, effective osteoinduction
has been demonstrated in rats following
grafting with EO-sterilized DFDBA
(Zhang et al. 1997), while similar
healing was noted with EO-sterilized
DFDBA as compared with autografts in
the dog (Prolo et al. 1982). Conse-
quently, sterilization processing or pas-
teurizing of the DFDBA material may
influence the effectiveness of the graft
to exert any biological activity. This has
not been investigated in experimental,
standardized periodontal defects.

The primary objectives of this in-
vestigation were to histologically exam-
ine the healing responses of periodontal
fenestration defects grafted with EO-
sterilized, heat-treated or non-sterilized
DFDBA beneath barrier membranes as
compared with ungrafted control sites
beneath barriers. A secondary objective
was to compare the healing character-
istics of DFDBA embedded in ectopic
sites in the animals and to contrast the
response with those observed in the
fenestration defects.

Materials and Methods

Fifteen adult mongrel dogs, 12 males
and three females weighing 24–30 kg,
were selected for this investigation. All
animals initially had intact dentition
with gingival status ranging from clini-
cally healthy to moderately inflamed.
No clinical evidence of periodontitis
was detectable. All animal experimenta-
tion was conducted in accordance with
the institutional Animal Care and Use
Committee of the University of Minne-
sota. One dog was used in a pilot study.

Each animal was fasted the day prior
to administration of anesthesia. A 5%
dextrose solution with 30mg/kg of
sodium pentobarbital (60mg/ml) was
infused intravenously to induce anesthe-
sia. Approximately 1.8–2.7ml (36–54mg)
of Lidocaine 2% with 1/100,000 (0.018–
0.027mg) epinephrine was infiltrated
locally.

Demineralized bone allografts and barrier
material

Bone allograft material was obtained
from American Red Cross Transplanta-
tion Services (St Paul, MN, USA).
Donor cortical bone was procured from
mongrel dogs. Processing procedures
were in accordance with the American

Association of Tissue Bank standards,
including requirements for residuals of
EO gas, percent residual moisture for
freeze-dried bone powder and percent
calcium for demineralized bone.

The powder allograft was divided
into three groups. The first portion of
the powder was placed in a dehydrater
(Harvest Maid, Alternative Pioneering
System Inc., Chaska, MN, USA) for
10 h at 601C prior to being bottled and
placed into the freeze drier (Virtis
Consol 24, Virtis Co., Gardiner, NY,
USA) and labeled heat-treated DFDBA
bone (heat). The second portion was
bottled and placed into the freeze drier
and subsequently gas sterilized with
EO. EO residues were removed accord-
ing to the current standards. The third
portion of bone powder, not secondarily
sterilized (Non), was bottled in sterile
bottles, and placed in the freeze drier.

An expanded polytetrafluoroethylene
(ePTFE) membrane barrier (Gore-Tex
Augmentation Material GTAM-4, W.L.
Gore & Associates Inc., Flagstaff, AZ,
USA) was used to cover all periodontal
osseous defects including controls.

Surgical protocols

Periodontal fenestration lesions

The periodontal probing depth and
width of attached gingiva over the facial
aspect of all four canines in each animal
were measured and compared. All
visible plaque and calculus were re-
moved with curettes. Following an
initial horizontal incision within the
attached gingiva a single releasing
incision was made. A full-thickness flap
was elevated over the canine root at
approximately the junction of the cor-
onal third and middle third of the root.

A trephine burr with an outer dia-
meter of 8mm was used to cut a
standardized defect through the buccal
facial bone. The exposed root surface
was thoroughly planed to obtain a
smooth surface. The trephine was used
to secure a continuous notch around the
circumference of the wounded root
surface. The center of the circular
exposed root surface was identified
and notched with a #4 round burr, to a
depth of approximately 1mm (Fig. 1).

According to a pre-established proto-
col, each grafted defect was filled to
exactly the level of the surrounding
bone (Fig. 2). An ePTFE barrier mem-
brane was trimmed to cover a minimum
of 3mm of bone adjacent to the defect
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in all directions and immobilized in
position with two interrupted sutures to
the attached gingiva (Fig. 3), prior to
careful flap repositioning and wound
closure by suturing (Gore-Tex 5-0 CV5,
W.L. Gore & Associates Inc.). Control
sites were prepared and covered identi-

cally to the experimental sites, but
without graft material.

The four periodontal fenestration
sites in each animal received underneath
the barrier either EO-sterilized DFDBA
(EO), heat-treated DFDBA (Heat), non-
sterilized DFDBA (Non) or no graft
(Control). Distribution of the four treat-
ments was rotated among animals.

Subcutaneous lesions

The right lateral chest wall of 12
animals was shaved and skin dis-
infected. Three vertical incisions sepa-
rated by 6 cm were made in the skin of
each animal. Lateral to each vertical
incision a pouch was created into the
loose subcutaneous tissue. A standar-
dized quantity of 0.1 cm3 of each of the
DFDBA materials was delivered into
one prepared site in each animal.
Incisions were closed with sutures.

Post-operative care and healing phase

All animals were given an intramuscu-
lar injection of 300 000U penicillin V.
K. immediately after surgery and an
equivalent daily dose for the subsequent
4 days.

Four weeks after the original surgery,
the animals were anesthesized as pre-
viously described. Healing of the intra-
oral sites and skin incisions was eval-
uated clinically for sign of infection and
closure of wound (Fig. 4). Any lack of
flap closure or exposure, displacement
or loss of membrane was recorded. The
subcutaneous graft sites were identified
by the healing incisions and by palpa-
tion of a firm mass beneath the skin.

Histologic procedures

Following euthanasia, block specimens
including tooth, bone, membrane and
overlying soft tissues were obtained.
The fenestration block specimens were
subjected to complete demineralization
and subsequently sectioned in a plane
perpendicular to the buccal root surface
and parallel to the long axis of the root.
The rounded central notch that had been
placed during surgery was used as an
orientation landmark. The tissue blocks
were embedded in paraffin, sectioned at
4mm and stained with hematoxylin and
eosin (H&E). The soft tissue blocks
were embedded in paraffin, sectioned at
4mm and stained with H&E. All histo-
logical slides were coded and examined
by two calibrated investigators who
were blinded with respect to treatment
groups and clinical findings.

One section per tooth, oriented
through the central notch was selected
for computer-assisted image analysis.
The sections were quantitatively ana-
lyzed for: (1) total defect area (mea-
sured within the borders defined by the
cut surfaces of existing coronal and
apical alveolar bone, root surface in-
cluding three notches, and inner aspect
of covering membrane), (2) graft parti-
cle area within the defect and (3) new
bone area within the defect. Multiple
images were created for each histologic
section. Area measurements were cre-
ated as graphic overlay images traced
by hand using a trackball controlled
cursor on the monitor. All measure-
ments were made once by the same
calibrated investigator. Intra-examiner
errors of identification and measure-
ments were calculated by repeating the
measurements on a randomly selected
10% sample of all sections, approxi-
mately 1 week after the initial measure-
ments were taken. Intra-examiner
reproducibility was � 0.47% area new
bone formation, and � 0.03% area
retained graft particles.

The subcutaneous implant specimens
were examined for the presence, char-
acteristics and distribution of graft
particles in subcutaneous tissues. The
inflammatory response associated with
DFDBA particles was quantified using a
scoring system from 0 to 3, indicating
absence, mild, moderate and severe
inflammatory infiltrate, respectively. In
the case of conflicting scoring results
between the two examiners, the mean
value was calculated and employed for
statistical analysis.

Fig. 1. Circular fenestration defect with
peripheral and central notch.

Fig. 2. Fenestration defect filled with demi-
neralized freeze-dried bone allografts graft
material.

Fig. 3. Barrier membrane covering fenestra-
tion defect and adjacent bone, secured
coronally with sutures.

Fig. 4. Mandibular site following 4 weeks
healing period.
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Statistical analysis

The statistical analysis was performed
using a software program (SPSS/PC,
SPSS Inc., Chicago, IL, USA). Image
analysis of the areas of new bone and
retained graft particles was expressed as
a percentage of the total defect area.
Square root transformation of the data
was used for all statistical analysis. New
bone formation and retained graft par-
ticles were compared within animals
using paired t-tests and by analysis of
variance (ANOVA). Differences between
animals and treatment groups were
tested by ANOVA. Non-parametric tests
were performed because the assumption
of normality can be questioned and the
sample size was small for the central
limit theorem to be invoked. The results
were in accordance with the results of
the parametric tests. Inflammatory in-
filtrate scores were compared between
treatment groups within animals by
Wilcoxon’s signed-rank test.

Results

Clinical healing responses

The fenestration wounds displayed a
range of clinical healing responses.
Canine tooth graft sites with displace-
ment or loss of membrane were re-
corded as failures. Graft sites with the
membrane in place, but marginally
exposed, apical to intact marginal perio-
dontal tissues were recorded as expo-
sures. The distribution of failures,
exposures and completely healed sites,
among treatment groups, is shown in

Table 1. Clinical healing of subcuta-
neous wounds was uneventful.

Histologic observations

Fenestration defects

Epithelial proliferation along the inner
aspect of membrane or flap was ob-
served in seven cases recorded as
clinically healed. An inflammatory in-
filtrate was present in three of these
cases. Six of 10 cases with clinically
exposed membranes exhibited an ex-
tensive inflammatory infiltrate within
the defect. However, for all cases in
which a barrier was in place, these
findings were evenly distributed be-
tween the four treatment groups.

The histological appearance in gen-
eral was characterized by a well-inte-
grated membrane, lack of inflammatory
infiltrate, the presence of a small
number of graft particles in the grafted
defects, and the formation of woven
bone extending from the osseous wound
margins at varying distances. The

histological characteristics of newly
formed trabeculae associated with
active bone formation and remodelling
were identical in grafted (Fig. 5) and
control specimens (Fig. 6), although
bone fill displayed great variation.
New bone trabeculae and graft particles
were consistently separated from the
root surface by a periodontal ligament
space of normal width (Fig. 7). New
cementum had in every case formed in
one or both of the peripheral notches
and frequently extended over the planed
root surface, but the distance and
thickness of cementum varied. A homo-
geneous layer of new cementum was
most often seen extending from the
wound periphery, following the apical/
coronal notch outlines (Figs 5 and 8).

Graft particles were identified as
rounded shapes of dense lamellar bone
with empty lacunae. An abundance of
graft particles was not characteristically
present in the grafted defects. Foreign
body cell reaction was not observed on
or near graft particles, nor was osteo-
clastic resorption observed within the
defects as defined by the membrane. In
most cases, particles appeared isolated
or in clusters within a connective tissue
stroma, with a thin homogeneous sur-
face layer of structure and staining
characteristics similar to new cementum
observed on the cut root surfaces. The
homogenous surface layer was sepa-
rated from the graft particle by a dark
demarcation line (Fig. 9), and in some
sections it was associated with scattered
fibroblast-like cells while in other sec-
tions it was not associated with cells. In
some specimens this homogenous layer
bridged several particles together in a
graft particle conglomerate (Figs 8 and
9). A union between particles and the root
surface was seen in two specimens with
continuity of the cementum-like layer of
the particles and new root cementum.
Polarized light microscopy displayed
fiber orientation and structure of the
surface layer distinctively different from
the encapsulated graft particles (Fig. 10).

A well-defined cementum band with-
in the central root notch was not ob-
served at any site, but instead a char-
acteristic ‘‘tufting’’, or coalescence of
collagen fiber bundles perpendicular to
the dentin surface was observed (Fig. 11).

Graft particles in several specimens
were observed coronal to the defect,
identified as separate particles and graft
particle conglomerates (Fig. 8). In a few
instances, a particle was identified
buccal to the barrier (Fig. 12). These

Fig. 5. Fenestration defect implanted with ethylene oxide-sterilized demineralized freeze-
dried bone allografts (DFDBA) graft. Note 3 root notches. Barrier membrane (BM) is
separating the osseous defect from the covering connective tissue. Note bordering apical
alveolar (AB) and coronal alveolar bone (CB). A distinct band of new cementum (c) is
identified in the coronal root notch, not in the apical notch. Graft particles (g) are present in
the coronal aspect of the defect. New bone (b) trabeculae have formed extending from apical
and coronal borders, and are seen extending towards the center, not closely associated with
retained DFDBA particles (H&E stain, original magnification � 3.3).

Table 1. Distribution of clinical failures, ex-
posures and healed sites between canine
treatment groups

Treatment
group

Failures Exposures Complete
healing

Control 3 3 8
EO 3 2 9
Non 3 2 9
Heat 5 3 6

Control, no graft; EO, EO-sterilized DFDBA;

Non, non-sterilized DFDBA; Heat, heat-treated

DFDBA; DFDBA, demineralized freeze-dried

bone allografts; EO, ethylene oxide.
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particles failed in every case to display
cementum-like layer on surface and was
identified with multinucleated giant
cells in resorption lacunae (Fig. 13).

Exceptions to these predominant
healing characteristics were observed
in three defects in one of three animals,
grafted with heat-, EO- and non-ster-

ilized DFDBA, respectively. Bone for-
mation in these sections was identified
in direct contact with some of the graft
particles at a distance from the root
surface toward the membrane, while
other particles appeared isolated. Com-
plete encapsulation of graft particles
was observed, resulting in amalgama-
tion of particles and repair bone. In
three additional specimens this amalga-
mation was observed coronal to the
experimental defect (Figs 12 and 14).

Formation of bone within the defect
occurred in most specimens buccally to
the width of remaining intact bone
beyond the edge of the fenestration, and
was limited by the membrane (Fig. 12).
Further, the membrane frequently dis-
played a buccal bulging over the central
portion of the defect (Fig. 6). Osteo-
blastic activity and trabeculation was
observed on the buccal aspect of intact
adjacent alveolar bone where periosteum
had been surgically elevated and the
denuded bone covered by membrane.
This buccal bone augmentation was
histologically associated with the degree
of membrane overlap and the space
provided by it. A frequency distribution
of buccal augmentation among treatment
groups is shown in Table 2.

Subcutaneous lesions

Histologic sections were obtained from
34 of a total of 36 grafted lesions. The
graft particles were retained in close
proximity most often surrounded by a
collagenous capsule, isolated from loose
connective tissue, glandular structures
and covering epithelium. Micro-
abscesses were infrequent and were
apparently not associated with the im-
plant material. In close proximity with
the clustered graft particles were in-
flammatory cell infiltrates of varying
intensity between specimens. Cells were

Fig. 6. Control defect. New bone formation (b) is extending towards center of defect from
apical (AB) and coronal alveolar bone. Note barrier membrane (BM) in a convex shape over
the osseous defect (H&E stain, original magnification � 3.3).

Fig. 7. Defect implanted witn non-sterilized graft. Particle (g) is separated from newly
formed woven bone trabeculae by loose connective tissue. Note periodontal ligament space
(pdl) separating actively forming bone, and dentin (d) covered by a thin layer of new
cementum (c) (H&E stain, original magnification � 13.2).

Fig. 8. Coronal border of defect implanted with ethylene oxide-sterilized graft. Coronal root
notch is partially filled with new cementum (c). Note conglomerates of graft particles (co)
embedded in cementum-like substance (H&E stain, original magnification � 10).

Table 2. Osseous augmentation associated
with barrier membrane. Frequency distribu-
tion

Treatment
group

Buccal osseous
augmentation/total
number of sites

Control 5/11
Heat 8/9
EO 9/11
Non 9/11

Control, no graft; EO, EO-sterilized DFDBA;

Non, non-sterilized DFDBA; Heat, heat-treated

DFDBA; DFDBA, demineralized freeze-dried

bone allografts; EO, ethylene oxide.
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predominantly mononuclear monocytes/
macrophages, and multinucleated giant
cells were common. Lymphocytes and
plasma cells were less abundant. Multi-
nucleated giant cells were contiguous to
graft particles in all specimens (Figs
15–18).

On the surface of graft particles in all
treatment groups, a narrow zone of
relatively constant width, taking a light-
er stain, was observed (Figs 15–17). A
dark line resembling a resting line
demarcated this peripheral zone of the
particle core. Flattened cells were scat-
tered on the surface of occasional graft
particles, and osteocyte lacunae were
empty in all specimens. On graft
particles with well-defined osteons, the
lamellae could be followed through the
particle surface zone, to the periphery of
the particle when using polarized light
filters and Nomarski optics (Figs 17 and
18). Fiber bundles oriented indepen-
dently could not be detected in the
surface zones. One additional specimen
containing DFDBA graft implanted 2 h
prior to euthanasia failed to display
lighter surface zones.

Histometric analysis

Fenestration lesions

Prior to statistical analysis a total of 14
sites were removed because of loss or
displacement of barrier membrane, dis-
rupting the balanced distribution of
treatment groups. The number of ex-
posed cases was too small for statistical
testing to be performed. Since the
results were not consistently influenced
in any direction, and because excluding
exposed sites resulted in a sample size
too small to make statistical inferences,
data from all image-analyzed sections
were included in the statistical tests.
While the use of two-way ANOVA is not
completely justified, the ANOVA results
are presented as a practical overview of
the results. Additional analysis using
paired t-tests and non-parametric tests
confirmed the ANOVA results.

No significant differences in bone
formation between treatment groups
occurred (Table 3), but statistically
significant inter-animal variation in
osseous regeneration was demonstrated
(po0.01). The percentage retained graft
particles was dependent upon treatment,
when comparing grafted sites and con-
trol sites (po0.05) with no significant
inter-animal variation (Table 4). No
statistically significant correlation ex-

Fig. 9. Detail from Fig. 8, graft particle conglomerate. Note cellular cementum-like
substance (cl) embedding graft particles (g) with empty lacunae (H&E stain, original
magnification � 40).

Fig. 10. Graft particle conglomerate in Fig. 9, photographed using Nomarski filters. Note
fiber directions in cementum-like substance differing from lamellae pattern in graft particles
(H&E stain, original magnification � 40).

Fig. 11. Coalesence of collagen fiber bundles, ‘‘tufting’’ (t), perpendicular to the dentin (d)
surface within the central notch. Artifactual tissue separation (A) (H&E stain, original
magnification � 80).
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isted between amounts of new bone
formation and retained graft particles.

Subcutaneous lesions

Sites grafted with EO-sterilized DFDBA
demonstrated the largest variation in
inflammatory infiltrate score, ranging
from absence to severe inflammatory
infiltrate. There was significantly less
inflammatory infiltrate associated with
heat-treated grafts when compared with
EO-sterilized grafts (p5 0.05) (Table 5).

Discussion

Several investigators have studied
periodontal regeneration using rectan-
gular-shaped fenestrations of a defined
size (Caton et al. 1987, Choi et al. 1993,
Caplanis et al. 1998a, b). The use of
critical sized, surgically created bony
defects have been advocated (Schmitz
& Hollinger 1986) to study bone
regeneration. In the present study, the
defect shape and size was selected
based on canine root morphology and
data on healing of mongrel dog jaw
defects. Mandibular 5mm trephine de-
fects through the buccal cortical plate in
mongrel dogs have previously shown
complete osseous regeneration, whereas
8mm defects showed healing by fibrous
tissue and partial osseous fill after 16
weeks (Hj�rting-Hansen & Andreasen
1971). Complete healing of trephine
fenestrations in the presence of barrier
depends more upon post-operative heal-
ing time than defect size according to
the results of osseous regeneration
obtained in monkeys (Dahlin et al.
1990) and in dogs (Caplanis et al.
1998b) using the principle of guided
tissue regeneration. Results from our
pilot study supported the choice of an
8mm defect in conjunction with the
placement of membrane and an evalua-
tion after a 4-week healing period.

Bone exhibits the most complex
spectrum of growth factor activities of
any tissue (Hauschka et al. 1988, Mohan
& Baylink 1991), and surgical trauma to
bone releases circulating factors (Ein-
horn et al. 1990) able to interact with
the surrounding determined osteogenic
precursor cells and the inducible pre-
cursor cells found in ectopic sites
(Friedenstein 1973). It has been sug-
gested (Schenk 1994) that the term bone
induction be replaced by bone activa-
tion in the healing of bony lesions.

The present study demonstrates bone
activation, evident as osseous healing

Fig. 12. Coronal aspect of defect implanted with ethylene oxide-sterilized graft. Note graft
particle (g1) displaced buccally to barrier, and graft particle (g2) embedded within
augmented bone. Coronal extension of buccal bone augmentation is associated with barrier
membrane overlap (H&E stain, original magnification � 10).

Fig. 13. Detail of ethylene oxide-sterilized particle (g1) in Fig. 12. The particle is identified
buccally to barrier membrane, embedded in collagen fiber bundles (FB). Multinucleated
giant cells are present within resorption lacunae. Note absence of cellular inflammatory
infiltrate associated with particle, and proximity to early bone formation (b) on inner aspect
of barrier membrane (H&E stain, original magnification � 50).

Fig. 14. Detail of ethylene oxide-sterilized particle (g2) in Fig. 12. Particle is clearly
identified by empty osteocyte lacunae and cortical lamellar pattern. It is embedded in newly
formed bone without intermediate soft tissue, with no cementum-like substance on particle
(H&E stain, original magnification � 50).
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extending from the osseous wound
margins to a varying extent in all
treatment groups. This has previously
been demonstrated by others in fenes-
tration defects both with (Scopp et al.
1966, Choi et al. 1993, Caplanis et al.
1998a), and without (Caton et al. 1987)
bone graft placement.

No differences in osseous healing
were found between controls and
grafted sites, but a significant variation
in osseous fill existed between animals,
demonstrating that the individual dog
was the critical factor rather than
treatment with bone grafting. Variable
release of and response to osteogenic
factors may have contributed to this
animal-dependent new bone formation,
and lack of differences between treat-
ments. Any bone activation effect from
implanted DFDBA material may have
been insignificant compared with im-
pact from autogenous factors. Studies
have shown wide variation in the ability
of commercial bone bank DFDBA to
induce bone formation (Schwartz et al.
1996, 1998a) due to differences in BMP
content from individual donors.
Although the DFDBA material in this
study was prepared using pooled bones
from several donor dogs, the level of
osteogenic factors in grafts delivered to
the surgical sites was not controlled.

The frequent observation of enhanced
bone apposition on the outer aspect of
existing alveolar bone with grafting
indicates that placement of a filler graft
acts to provide and maintain a space for
the healing process. However, few
particles were retained within the de-
fects at 4 weeks. Despite implantation
of the well-adapted barrier membrane
between the graft and overlying flap, it
appears likely that a substantial number
of particles have leaked from the
created fenestration. This is indicated
by the occasional finding of graft
particles buccal to barrier membrane
and buccal to coronal alveolar bone.
The wide and shallow configuration of
the defects would possibly lend them-
selves to greater chances of implant
particle loss, despite the use of a barrier,
than would deeper and narrower de-
fects. Correlation testing failed to show
statistically significant correlation be-
tween new bone and retained graft
particles. This is in concordance with
the majority of retained DFDBA parti-
cles appearing isolated from active
osteogenesis in the present study, but
is contrasted to the findings in human
intra-bony defects where defects harbor-

Fig. 15. Subcutaneous implantation site. Ethylene oxide-sterilized graft particles are
associated with severe inflammatory infiltrate. Note the well-demarcated surface zone (z)
on larger particle. Graft particles are undergoing resorption by multinucleated giant cells (m)
(H&E stain, original magnification � 50).

Fig. 16. Subcutaneous implantation site. Heat-treated graft particles are associated with mild
inflammatory infiltrate. Note multinucleated giant cells within resorption lacunae (r) and a
lighter, narrow surface zone (z) on several particles (H&E stain, original magnification
� 25).

Fig. 17. Higher magnification of particles in Fig. 16. Note empty lacunae, surface zones (z)
and multinucleated giant cells (m) associated with the surface zone on a particle (H&E stain,
original magnification � 66).
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ing residual graft particles exhibited
significantly greater amounts of new
bone and cementum formation, com-
pared with defects without evident
grafts after 6 months of healing (Rey-
nolds and Bowers 1996).

The DFDBA particles grafted in
fenestration defects evoked different

healing responses. The appearance of
particles generally separated by a zone
of less organized connective tissue is in
agreement with the findings in grafted
human extraction sockets (Becker et al.
1994), while sections from six fenestra-
tion sites representing all three grafting
modalities displayed amalgamation or
embedding of particles. Similar embed-
ding patterns have been reported with
DFDBA in rat mandibular defects
(Glowacki et al. 1981) and in human
intra-bony defects (Reynolds and
Bowers 1996), and were further
reported with viable and non-viable
intra-oral autogenous bone in furcations
(Ellegaard et al. 1975) as well as with
defatted, chemically sterilized and lyo-
philized bovine bone in fenestration
defects (Scopp et al. 1966) in monkeys.

In the present study, a distinct band
of cementum-like substance on particle
surfaces was the dominant finding. This

characteristic has been described by
several investigators and has been
demonstrated on intra-oral autografts
(Ellegaard et al. 1975), and bovine
xenografts (Nielsen et al. 1980) in
monkeys. The presence of bands of
newly formed matrix has previously
been termed new bone formation with
osteoblasts on autogenous dentin and
cementum implants in dog and monkey
(Schaffer 1957) and on DFDBA in
humans (Bowers et al. 1985, 1989).

The width of the cementum-like layer
on graft particles observed in the present
investigation was consistent and compar-
able with new cementum formed on the
root surfaces. The cementum-like layer
was in proximity of cells that were
morphologically similar to cementoblasts
and exhibited staining characteristics
consistent with cementoblasts associated
with newly formed cementum. Polarized
light microscopy strongly suggests the
layer was formed de novo on implanted
particles. The matrix appeared without
active formation at 4 weeks post-
implantation, in contrast to the surround-
ing actively forming bone trabeculae.
The differences in matrix quantity and
quality as well as cellular differences
between particle surface zones and bone
trabeculae preclude identifying the parti-
cle matrix as osseous regeneration.

If a specific cell population was
responsible for cementum regeneration
(Melcher 1976), the particles at some
distance away from intact periodontal
ligament space would not be expected
to display this surface zone. However,
the presence of cementum-like material
on graft particles was not dependent
upon their proximity with the perio-
dontal ligament space (Fig. 8), suggest-
ing that cells both from periodontal
ligament and bone, dividing and migrat-
ing into the wound at equal pace (Iglhaut
et al. 1988), are responsible for the
cementum-like substance. In vitro stu-
dies showing synthesis of cementum-
like tissue by cells cultured from bone
(Melcher et al. 1986) add support to the
involvement of osseous tissue in this
repair process. In every case where bone
graft particles were observed ectopically
on the buccal aspects of the barrier, the
particles failed to display any cemen-
tum-like modification on the surface.
This observation supports the theory that
this matrix is derived from cells of bone
or periodontal ligament compartments.

DFDBA particles implanted in sub-
cutaneous sites evoked distinctively dif-
ferent responses compared with the

Fig. 18. Graft particles in Fig. 17, photographed using Nomarski filters. Lamellar patterns
and fiber bundle directions can be followed through the surface zones (H&E stain, original
magnification � 66).

Table 3. New bone formation by treatments and dogs, excluding failures

Source of
variation

Sum of
squares

Degrees of
freedom

Mean
square

p

treatment 0.14 3 0.05 40.1
dog identity 65.86 13 5.07 0.003
residual 35.47 25 1.42

ANOVA, analysis of variance. Square root transformed scale.

Table 4. Retained graft particles by treatments and dogs, excluding failures

Source of variation Sum of squares Degrees of freedom Mean square p

treatment modality 5.41 3 1.81 0.04
dog identity 5.49 13 0.42 40.1
residual 13.73 25 0.55

ANOVA, analysis of variance. Square root transformed scale.

Table 5. Comparisons of inflammatory infil-
trate scores between pairs of treatment groups
within animals

X Y N XXY p

Treatments
EO Heat 11 10 0.05
EO Non 11 7 40.1
Non Heat 10 8 o0.1

Wilcoxon’s matched pairs signed-rank test. EO,

EO-sterilized DFDBA; Non, non-sterilized

DFDBA; Heat, heat-treated DFDBA; DFDBA,

demineralized freeze-dried bone allografts; EO,

ethylene oxide.
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fenestration defects. The inert appear-
ances at periodontal sites were contrasted
by the presence of active multinuclear-
giant cell resorption and varying degrees
of inflammatory cellular infiltrate, with-
out ectopic bone formation.

Both EO sterilized, heat-treated and
non-sterilized DFDBA typically dis-
played demarcated and modified surface
zones, although this was not present on
every particle in the sections. An
eosinophilic zone with decreased den-
sity and distinguishable fiber pattern
was noted on the periphery of the graft
particles, suggesting a portion of the
demineralized matrix had been removed
during early healing. The multi-
nucleated giant cells were most fre-
quently present in distinct resorption
lacunae without an intermediate eosino-
philic surface zone, indicating that
surface layer modification and multi-
nucleated giant cell resorption may be
separate processes. The eosinophilic
surface zones were not present on
particles in a 2-h specimen, suggesting
the distinct zones represent a surface
modification of the particles following
subcutaneous implantation.

While DFDBA particles appeared
inert in the barrier-protected periodontal
osseous sites, being encapsulated at 4
weeks in matrix produced by deter-
mined osteogenic precursor cells, the
subcutaneously placed particles were
subjected to cellular resorption and
inflammatory responses, apparently un-
able to activate inducible precursor cells
to form bone. The degree of particle
demineralization during DFDBA pro-
cessing has been shown to be of
importance for osteoclastic resorption
in vitro (Herold et al. 2002), which is
suggested to be of importance to further
unmask the bone morphogenetic frac-
tion and induce bone formation. This is
not substantiated by the present results
as no bone induction was observed.
Other investigations strongly indicate
that bioactive substances of known
activity must be added to DFDBA to
achieve osteoinductivity (Bowers et al.
1991, Schwartz et al. 1998b).

A striking finding in our study is the
differences in healing responses, to
the EO-sterilized DFDBA particles in
particular. The statistically significant
difference in inflammatory infiltrate
associated with extraskeletally im-
planted DFDBA, between EO-sterilized
and heat-treated grafts, suggests a
relationship to EO residues in the
allograft. However, EO-sterilized parti-

cles in the fenestration defects evoked
identical responses compared with heat-
treated and non-sterilized grafts, with-
out inflammatory infiltrate. Previous
studies have shown the toxic effect that
residual EO gas has in vitro for gingival
fibroblasts (Kudryk et al. 1992); EO-
sterilized bone–patellar tendon–bone
allografts have (Jackson et al. 1990,
Roberts et al. 1991) and have not
(Noyes et al. 1990) been associated
with a higher inflammatory cell infil-
trate in humans. In our study, the
inflammatory score varied from absence
to severe for the EO-sterilized ectopic
grafts. Whereas the differences between
the studied tissue compartments, cellu-
lar populations and surgical wounds are
obvious, no further explanation is sug-
gested why the animals appeared to
accept the implant in one part of the
body and not in another, and why this
appeared most pronounced for EO-
sterilized DFDBA.
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