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Histologic evidence of new cemen-
tum, periodontal ligament (PDL), and
alveolar bone adjacent to a previ-
ously diseased root surface notched
at the apical extent of calculus is the
only current methodology available
to demonstrate periodontal regen-
eration.1,2 Biomaterials proposed for
use as periodontal regenerative
materials must demonstrate clear his-
tologic evidence of regeneration to
satisfy this definition. Obtaining spec-
imens for human histologic studies is
difficult, however, and has led to lim-
ited information, obtained primarily
from two randomized controlled tri-
als and multiple case studies.3–8

Surrogate measures of periodontal
regeneration have included re-entry
surgery, bone sounding, radio-
graphic evaluation, and clinical
attachment and probing depth mea-
surements. Unfortunately, none of
these alternatives can differentiate
between repair and regeneration of
the periodontal structures.9,10

In the future it would be benefi-
cial to have a method to provide
three-dimensional analysis of peri-
odontal regeneration as an alterna-
tive to histologic evaluation with
biopsy specimens. Current histo-
logic techniques utilize hard tissue
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histologic methodology to prevent
artifacts that distort the integrity of
the tissues but limit the number of
sections available (2 to 3 sections
per specimen). Demineralized tissue
preparation, on the other hand, pro-
vides stepped serial sections but fre-
quently results in damage to the
specimen, which challenges histo-
logic interpretation. 

In 1989, Feldkamp et al intro-
duced a micro-computed tomo-
graphic (micro-CT) system that could
create three-dimensional (3D)
images with a resolution of 50 µm.11

More recent developments provide
higher-resolution 3D images and
quantitative measurements of the
trabecular bone structure.12,13 These
recent technical advances provide
the opportunity to study bone biop-
sies with 3D micro-CT. Three-dimen-
sional micro-CT scanning proce-
dures have been proposed as an
alternative approach to evaluate and
quantify bone in three dimensions
and have been validated as a
method to provide 3D analysis of
cancellous bone.9,14,15 Micro-CT
analysis explores not only the quan-
tity of bone present but can demon-
strate the orientation of individual
bone trabeculae in three dimen-
sions. 

The aim of the present pilot
study was to use micro-CT to analyze
the 3D morphology of bone and the
dimensions of the PDL to determine
the ability of a mineralized collagen
bone substitute (Bio-Oss Collagen,
Osteohealth) to achieve regenera-
tion in human intrabony periodontal
defects. 

Methods and materials 

Four single-rooted teeth with
advanced periodontal disease and
judged to have a hopeless progno-
sis were selected for the study.
Appropriate radiographs, probing
depths, and attachment levels were
obtained prior to surgery. Informed
consent was received from all four
patients.

The surgical procedures for the
present study have been previously
reported and will be summarized
here.16 Reversed-bevel incision, full-
thickness flaps were reflected to pro-
vide access to degranulate the bony
defects. The root surfaces were
notched with a half-round bur at the
apical extent of the calculus. The
root surfaces were then aggressively
scaled, root planed, and treated with
topical application of tetracycline
paste for 4 minutes to achieve de-
mineralization and decontamination.
After the root surfaces were thor-
oughly rinsed, osseous walls of the
defects that appeared sclerotic were
perforated with a small round bur or
hand instruments to encourage
bleeding. The defects were then
filled with mineral collagen bone
substitute to the level of the osseous
crest. Two of the four defects were
then covered with a bilayer collagen
membrane Bio-Gide‚ (Osteohealth)
that had been trimmed and adapted
to cover the filled defect. The
remaining two defects had an addi-
tional layer of the mineral collagen
bone substitute placed in similar
fashion to a barrier membrane. The
soft tissue flaps were then sutured
with Gore-Tex (W.L. Gore) or

polypropylene sutures to achieve
primary closure. A periodontal dress-
ing (CoePak, GC America Inc) was
placed and then replaced after 7
days. Sutures were removed after 14
days. Patients received penicillin VK
(1 g/d for 7 days) and were instructed
to rinse with chlorhexidine diglu-
conate twice daily for 8 weeks.
Postsurgical examination and
supragingival cleansing of the surgi-
cal site occurred at 7, 14, and 21
days. Oral hygiene assessments and
supragingival scaling were per-
formed after 4, 6, and 8 weeks and
monthly thereafter until the time of
biopsy, at 9 months.

Clinical probing depth and
attachment level measurements
were obtained prior to treatment and
9 months postsurgically prior to en
bloc harvesting of the teeth and a
measured amount of surrounding
periodontium.16 The sites were
reconstructed with autogenous bone
grafts, and eventually endosseous
implants were placed and restored
with functional prostheses.

Micro-CT analysis

The specimens were scanned using
a high-resolution micro-CT system
(µCT 20, Scanco Medical) in multi-
slice mode. Each 3D image data set
consisted of approximately 400
micro-CT slice images (1,024 �

1,024 pixels with 16-bit grey levels). 
After measurements and recon-

struction, a constrained 3D gaussian
filter was used to partly suppress the
noise in the stack of CT slices, ie,
the discrete convolution of the
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gaussian filter and the image data
were computed only for limited finite
filter supports. The specimen was
scanned in high-resolution mode
with an x-, y-, z- resolution around 20
µm. The voxel size was 15�15�15
µm3. Scanning time for the speci-
men was approximately 20 hours.
Use of micro-CT provides an oppor-
tunity to quantify bone at this reso-
lution with a geometric error around
0.3% (defined margin in the manu-
facturing process). 

The following micro-CT para-
meters were evaluated in this study:
(1) 2D and 3D structure of pre-exist-
ing bone and of newly regenerated
bone in the vicinity of the root; (2)
thickness and 3D shape of the peri-
odontal space; (3) integration of new
host bone with the particles of min-
eral collagen bone substitute; and (4)
micro-CT suggestion of regenera-
tion defined as adjacent new bone
connected by a PDL space in relation
to the notch on the root. These
regions were qualitatively compared
to the histologic samples. 

Results

Clinical and histologic findings

Clinical evaluation at 9 months
revealed a mean reduction in prob-
ing depth of 5.75 mm and a mean
gain in attachment level of 5.25
mm.16 Histologic evaluation showed
periodontal regeneration, with new
cementum connected to new bone
by a PDL at and coronal to the level
of the calculus notch.16

mal width of the periodontal space
was observed, but a reduction in
width was seen for localized areas of
the periodontal space in the vicinity
of the notch. There were no signs of
root resorption or ankylosis, and
graft particles were not in direct con-
tact with the root surface. 

A continuous shell of alveolar
bundle bone (lamina dura) between
0.5 and 1 mm surrounded the root
below the level of the calculus notch
in all treated sites. An alveolus of
identical dimension of newly formed
bone surrounded the root in the
treated area, restoring the anatomy
of periodontal supporting bone. The
newly formed bone was connected
by bony trabeculae to the surround-
ing native bone. 

Quantitative analysis. The per-
centage of anorganic bovine bone
particles and the percentage of new
bone were calculated within the
treated defect site utilizing the
micro-CT images with computer-
assisted image analysis. The data
are presented in Table 1. 

Micro-CT findings

Qualitative analysis. The 3D recon-
struction of the sequence of images
from the micro-CT allowed analysis
of the morphology of the entire
specimen. The micro-CT examina-
tion was performed along three dif-
ferent planes: horizontal, vertical,
and oblique.

Two different bone densities
were observed, which were consis-
tent with cortical bone and the tra-
beculae of cancellous bone. The par-
ticles of the mineral collagen bone
substitute were visible and easily dis-
tinguished from host bone trabecu-
lae, since the radiographic attenua-
tion of grafted particles was
different, but it was not possible to
distinguish between the dentin and
the cementum of the root. The struc-
ture of the endodontic canals and
the dimensions and contour of the
PDL space were evaluated. 

In the area where the histologic
analysis demonstrated a complete
new attachment apparatus, a nor-
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Table 1 Percentage of Bio-Oss and new bone

Case New bone + Bio-Oss New bone
Bio-Oss (bone + graft) only only

1 71.03 21.17 49.86
2 33.03 8.38 24.65
3 58.45 14.07 44.38
4 35.93 7.52 28.41



Case examples

Case 1. Case 1 addressed the prox-
imal intrabony defects on a
mandibular first premolar (Fig 1a).
The defects were each treated with
mineral collagen bone substitute
alone. Postoperatively, the tissues

appeared clinically healthy.
Radiographically, the area of the
original defect exhibited increased
radiopacity with no clear delineation
between the grafted area and the
native bone.16 Histologic evaluation
provided evidence of periodontal
regeneration with new cementum,

PDL, and alveolar bone coronal to
the calculus notch (Figs 1b and 1c).16

Micro-CT evaluation of sections
made at the level of the notch
demonstrated restoration of the
periodontium, with new bone pres-
ent at the mesial and distal aspects
of the treated tooth and no evidence
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Fig 1a Intrabony defects on the distal
and mesial surfaces of the mandibular
right first premolar. Note that the distal
defect is a two/three-wall defect and the
mesial defect is a one/two-wall defect.

Fig 1b Histologic evaluation demon-
strates a complete new attachment appara-
tus, with new cementum (NC), periodontal
ligament (PDL), and alveolar bone (NB)
adjacent to the root surface and coronal to
the calculus notch (CN). The distal surface
is on the left side with a more robust regen-
erative response than the mesial surface. 

Fig 1c Higher-power view of the more
coronal aspect of the distal defect shows
regeneration with a vascular PDL connect-
ing new alveolar bone to new cementum
(NC). The anorganic bovine bone particles
are surrounded by new bone (NB) and
connected by bone trabeculae. 
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of ankylosis (Fig 1d). The regenera-
tive response at the coronal extent of
the defect varied in a manner that
was consistent with the number of
bony walls present. The distal defect
with three bony walls showed new
supporting alveolar bone and a PDL
of normal width, even in the

tissue attachment (Figs 1e to 1g).
The distal sections showed new
bone formation around many parti-
cles of anorganic bovine bone,
demonstrating the osteoconductive
properties of the material. New bone
formation was measured to be 3.1
mm in this section. 

supracrestal location (Fig 1e). For
the mesial aspect, however, the api-
cal portion of the defect showed
new bone formation and a normal
PDL width consistent with regener-
ation, but the less-contained coronal
region of the defect had less new
bone formation with a connective
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Fig 1d (right) Micro-CT transverse sections through central portion of defect (distal left
and mesial right). The micro-CT image parallels the histologic views seen in Figs 1b and 1c.
The mesial aspect is suggestive of new bone adjacent to the calculus notch with a PDL
space of normal width. At the more coronal level, the PDL space widens and the graft mate-
rial is less consolidated. The distal aspect is suggestive of regeneration, with the alveolar
bone regenerated at the coronal aspect of the defect and a PDL space of normal width sim-
ilar to the histologic view.

Fig 1e Micro-CT cross sections from the
coronal portion of the defect. The distal
(D) aspect demonstrates bone fill with a
PDL space of normal width. The mesial (M)
aspect has a widened PDL space and less
opacity surrounding graft particles, sug-
gestive of less regeneration in this region
of the defect.

Fig 1f Micro-CT cross sections from the
apical portion of the defect (D = distal; M
= mesial). There is apparent bone fill for
both the mesial and distal defects.

Fig 1g Micro-CT reformatted 3D image
of distal aspect of mandibular first premo-
lar, suggestive of bone fill of the defect in
a supracrestal location.
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Case 2. The second case treated
exhibited a 7-mm one/two/three-wall
intrabony defect on the mesial
aspect of a maxillary left canine (Fig
2a). This site, treated with mineral
collagen bone substitute and pro-
tected by a Bio-Gide membrane, had
an initial probing depth of 10 mm
and a 9-month postoperative prob-
ing depth of 4 mm, for a reduction of
6 mm. Postsurgically, the tissues were
clinically healthy, with a gain in attach-
ment of 6 mm and no recession.
Radiographically, the area of the orig-
inal defect exhibited bone fill with

increased radiopacity and no clear
delineation between the grafted area
and the surrounding native bone.16

Histologic evaluation demonstrated
periodontal regeneration coronal to
the calculus notch, with new cemen-
tum, PDL, and alveolar bone (Fig 2b).

Micro-CT evaluation revealed 3
to 4 mm of new bone formed coro-
nal to the calculus reference notch
and a net reduction of the original
defect. The width of the periodontal
space was normal throughout the
regenerated area, with no evidence
of ankylosis. A coronal increase in

width of the periodontal space began
about 0.5 to 1 mm apical to the loca-
tion where histologic examination
previously demonstrated the apical
end of the junctional epithelium (Figs
2b and 2c).13

The microscopic anatomy of the
newly formed alveolar process
restored the anatomy of the lamina
dura. Numerous trabeculae of new
bone surrounded and connected the
granules of anorganic bovine bone,
demonstrating its osteoconductive
properties. 
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Fig 2a (top left) A 7-mm one/two/three-
wall intrabony defect located at the mesial
aspect of the maxillary left canine. This
defect was treated with Bio-Oss Collagen
and a Bio-Gide membrane.

Fig 2b (bottom left) Histologic results
show periodontal regeneration with new
bone (NB), PDL (*), and new cementum
(NC) adjacent to and coronal to the calcu-
lus notch (CN). 

Fig 2c (top right) Transverse micro-CT
sections, suggestive of periodontal regen-
eration. The micro-CT image corresponds
closely with the section shown in Fig 2b.

Fig 2d (bottom right) Micro-CT 3D
image of maxillary canine.
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Discussion

Micro-CT provides an opportunity
for the very precise evaluation of
hard tissues at various locations
throughout a treated site. This non-
destructive technique allows for
detailed 2D and 3D analyses of hard
tissues within the healing periodon-
tium and preserves specimens for
subsequent conventional histologic
analysis. Results of the histologic
observations for the cases used in
this study have been published16

and are referenced as a control to
compare the micro-CT observations.
The micro-CT data demonstrated
reconstruction of the periodontium
adjacent to the calculus notch and
coronal to it, with a normal PDL
space in the regenerated area
extending to a location that
appeared to be consistent with pre-
viously demonstrated histologic evi-
dence of the level of the junctional
epithelium. In the region where
regeneration was observed histo-
logically, micro-CT demonstrated
that newly formed bone filled the
defect, allowing reconstruction of a
significant dimension of new peri-
odontal alveolar bone with a PDL
space of normal dimensions. 

The structure of the regenerated
tissues was indistinguishable from
the surrounding bone in the api-
cal/notch area of the defect.
Organized bone trabeculae sur-
rounded particles of graft. Coronal
to the region of the notch, graft par-
ticles were interspersed into a net-
work of bone trabeculae. In more
coronal micro-CT sections, coincid-
ing with the widest portion of the
defect containing fewer bony walls,
graft particles were surrounded by
connective tissue and connected by
less organized trabeculae. 
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The micro-CT analysis allowed
for 3D evaluation of the periodontal
wound healing in relation to the
number of osseous walls present for
the defect. The bone shell was com-
pletely rebuilt, and the granules of
biomaterial were connected into
well-organized newly formed bony
trabeculae in the three-wall portion
of the defect. The width of the peri-
odontal space between the root and
alveolar bone appeared similar to
that seen in healthy specimens. In
the area where two bony walls were
present, the bone shell was not
restored completely, and granules
of anorganic bovine bone were sur-
rounded by new bone connected
by less mature trabeculae. Where
alveolar bone was restored, the PDL
space appeared normal in width. In
the area where only one bony wall
was present, some of the particulate
bone was surrounded by connective
tissue, and only a few bridges of
newly formed bone were present
between grafted particles. As was
observed histologically, micro-CT
revealed new bone formation to be
more extensive closest to the bony
wall, while at the coronal periphery
of the treated defect and closest to
the tooth root, new bone formation

was not as robust. In these areas,
the PDL space was wider. 

For the two cases in which Bio-
Oss Collagen was used as a barrier
membrane to cover the “grafted”
defect, micro-CT evaluation was
consistent with histologic results,
which demonstrated that supracre-
stal graft particles were embedded
in dense connective tissue coronal to
the level of the junctional epithe-
lium.

Micro-CT analysis allows quali-
tative and quantitative 3D evalua-
tion. This is a useful adjunct to cur-
rent histologic techniques, as the
data are collected prior to sectioning
the specimen, when damage may
occur or artifacts may be introduced.
Micro-CT can be used indepen-
dently to evaluate periodontal spec-
imens or in combination with histo-
logic evaluation. 
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