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Abstract
Objectives: Design criteria for guided tissue regeneration (GTR) devices include
biocompatibility, cell occlusion, space-provision, tissue integration, and ease of use.
The objective of this study was to evaluate the effect of cell occlusion and space-
provision on alveolar bone regeneration in conjunction with GTR.

Methods: Routine, critical-size, 6mm, supra-alveolar, periodontal defects were
created in 6 young adult Beagle dogs. Space-providing ePTFE devices, with or
without 300-mm laser-drilled pores were implanted to provide for GTR. Treatments
were alternated between left and right jaw quadrants in subsequent animals. The
gingival flaps were advanced for primary intention healing. The animals were
euthanized at week 8 post surgery. The histometric analysis assessed regeneration of
alveolar bone relative to space-provision by the ePTFE device.

Results: A significant relationship was observed between bone regeneration and
space-provision for defect sites receiving the occlusive (b5 0.194; po0.02) and
porous (b5 0.229; po0.0004) GTR devices irrespective of treatment (p5 0.14). The
bivariate analysis showed that both space-provision and device occlusivity
significantly enhanced bone regeneration. Hence, sites receiving the occlusive GTR
device and sites with enhanced space-provision showed significantly greater bone
regeneration compared to sites receiving the porous GTR device (p5 0.03) or more
limited space-provision (p5 0.0002).

Conclusions: Cell occlusion and space-provision may significantly influence the
magnitude of alveolar bone regeneration in conjunction with guided tissue
regeneration.

Key words: alveolar bone; dogs; ePTFE
devices; guided tissue regeneration; tissue
engineering

Accepted for publication 30 October 2003

Scantlebury (1993) presented design
criteria for guided tissue regeneration
(GTR) devices including biocompatibil-
ity, cell occlusion, space-provision,
tissue integration, and ease of use.
Several studies have investigated the
effect of space-provision on periodontal
regeneration in conjunction with GTR
(Haney et al. 1993, Sigurdsson et al.

1994, 1995, Trombelli et al. 1999,
Polimeni et al. 2002, 2003a, b). These
studies show that space-provision is a
critical factor for periodontal regenera-
tion including alveolar bone, cementum,
and a functionally oriented periodontal
attachment. On the other hand, absence
of space-provision such as following
gingival flap surgery alone when the

gingival flaps collapse onto the root
surface (Haney et al. 1993, Sigurdsson
et al. 1994), or following GTR when the
GTR device has collapsed or been
compressed onto the root surface (Ha-
ney et al. 1993, Sigurdsson et al. 1994),
or when non- or slowly resorbing
biomaterials have been used in conjunc-
tion with GTR (Trombelli et al. 1999),
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1Laboratory for Applied Periodontal and

Craniofacial Regeneration, Department of

Periodontology, Temple University School of

Dentistry, Philadelphia, PA, USA;
2Department of Periodontology, Temple

University School of Dentistry, Philadelphia,

PA, USA

J Clin Periodontol 2004; 31: 730–735 doi: 10.1111/j.1600-051X.2004.00543.x Copyright r Blackwell Munksgaard 2004
Printed in Denmark. All rights reserved



apparently compromises periodontal re-
generation.

Although the concept of space-provi-
sion and cell occlusivity has been
mentioned in several studies and reviews
as a critical determinant for the selective
re-population of the site by differen-
tiated/undifferentiated cells from the
periodontal ligament, existing evidence
may not completely support this as-
sumption. Karaki et al. (1984) evaluated
the influence of space-provision for
alveolar regeneration in a periodontal
defect model in dogs. They used a
tissue-expanding open gold mesh ap-
plied onto one defect site while the
contralateral site served as a sham-
surgery control. Bone formation was
enhanced in defects treated with the
open gold mesh compared to that in the
surgical control. Zellin & Linde (1996),
using a rat calvaria model comparing
space-providing devices with different
porosity (8, 20–25 and 100 mm diameter
pore size), showed that sites receiving
devices with large diameter pores ex-
hibited increased new bone formation
compared to sites receiving devices
with smaller pore size. More recently,
Wikesjö et al. (2003a), using occlusive
and porous GTR devices in the supra-
alveolar periodontal defect model,
showed that periodontal regeneration
including alveolar bone, cementum,
and a functionally oriented periodontal
attachment indeed may occur in the
presence of space-provision without
provisions for cell occlusion. However,
the importance of cell occlusion for
optimal regeneration was not deter-
mined. From the above, it appears that
space-provision plays a determinant role
for periodontal regeneration, however,
the critical importance of cell occlusion
remains unclear. The objective of this
study was to evaluate the effect of cell
occlusion and space-provision on alveo-
lar bone regeneration in conjunction
with GTR.

Material and Methods

Animals

The surgical and animal technical pro-
tocol has been elaborated in a previous
report of this study (Wikesjö et al.
2003a). In brief, 6 young adult male
Beagle dogs obtained from a USDA-
approved dealer were used. Animal
selection, management, and experimen-
tal protocol were approved by the
Animal Care and Use Committee

(W.L. Gore & Associates, Inc., Flagstaff,
AZ, USA). The animals had access to
standard laboratory diet and water until
the beginning of the study. Oral pro-
phylaxis was performed within 2 weeks
prior to the experimental surgeries.

GTR devices

Space-providing ePTFE devices (Rein-
forced GORE-TEXs ePTFE, W.L. Gore
& Associates Inc., Flagstaff, AZ, USA)
were used. The occlusive devices had a
15–25mm nominal pore size and were
reinforced with a laminated polypropy-
lene mesh. The porous devices exhib-
ited the same characteristics except for
laser-etched 300-mM pores at 0.8mm
(center to center) intervals allowing for
penetration of the gingival connective
tissue.

Surgical procedures

Food was withheld the night before
surgery. The animals were pre-medi-
cated with atropine (0.02mg/kg i.m.),
buprenorphine (0.04mg/kg i.m.), and
flunixin meglumine (0.1mg/kg IV). A
prophylactic antibiotic (cefazolin;
22mg/kg i.v.) was administered. Gen-
eral anesthesia was induced with diaze-
pam (0.2mg/kg i.v.) and ketamine
(6mg/kg i.v.). An endotracheal tube
was placed and the animals were
maintained on isoflurane gas (1–2%) in
100% oxygen using positive pressure
ventilation. An i.v. line was placed and
the animals received a slow constant
rate infusion of lactated Ringer’s solu-
tion (10–20ml/kg/h) to maintain hydra-
tion while anesthetized. Routine dental
infiltration anesthesia with epinephrine
was used at the surgical sites.

Critical-size, 6mm, supraalveolar,
periodontal defects were created around
the third and fourth mandibular premo-
lar teeth in right and left jaw quadrants
in each animal (Wikesjö et al. 1994).
The crowns of the teeth were reduced to
approximately 2mm coronal to the
cemento–enamel junction and the ex-
posed pulpal tissues were sealed
(Cavits, ESPE, Seefeld/Oberbayern,
Germany). Occlusive and porous ePTFE
devices were then implanted into left
and right jaw quadrants in a split-mouth
design. To ensure an adequate blood
clot underneath the ePTFE device,
autologous blood was drawn using an
i.v.-catheter and aspirated blood was
expelled underneath the device. The
ePTFE device was fixed to the reduced

alveolar bone with medical grade stain-
less steel tacks (FRIOSs Augmentation
System, Friadent, Mannheim, Ger-
many). The periostea were then fene-
strated at the base of the gingival flaps
to allow tension-free flap apposition.
The flaps were advanced, and the flap
margins were adapted 3–4mm coronal
to the ePTFE device and sutured
(GORE-TEXt Suture CV5).

The maxillary first, second and third
premolar teeth were surgically extracted,
and the maxillary fourth premolars were
reduced in height and exposed pulpal
tissues sealed (Cavits) to prevent po-
tential trauma from the maxillary teeth
to the mandibular experimental sites.

Post-surgery protocol

The animals were fed a soft dog food
diet. Buprenorphine (0.04mg/kg i.v., i.m.,
or s.q. every 5h) was used for analgesia
the first few days. A broad-spectrum
antibiotic (enrofloxacin; 2.5mg/kg, i.m.,
bid) was used for infection control for
14 days. Plaque control was maintained
by twice daily topical application of
chlorhexidine (chlorhexidine gluconate
20%, Xttrium Laboratories, Inc., Chica-
go, IL, USA; 40ml of a 2% solution)
until gingival suture removal and there-
after once daily until the completion of
study. Gingival sutures were removed
under sedation at approximately 10
days. The animals were anesthetized
and euthanized at 8 weeks when the
experimental teeth including surround-
ing soft and hard tissues were removed
en bloc. ePTFE devices were not
removed during the healing interval.

Histological processing and evaluation

The tissue blocks were fixed in 10%
buffered formalin for 3–5 days, decalci-
fied in 5% formic acid for 8–10 weeks,
trimmed, dehydrated, and embedded in
paraffin. Serial sections (7 mm) were
produced in a buccal-lingual plane
throughout the mesial–distal extension
of the teeth. Every 14th section was
stained with hematoxylin for observa-
tions at 100mm intervals.

The most central stained section of
each root of the third and fourth
premolar teeth was identified by the
size of the root canal. This section was
subjected to histometric analysis. Ana-
lysis was performed using incandescent
and polarized light microscopy (BX 60,
Olympus America, Inc. Melville, NY,
USA), a microscope digital camera
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system (DP10, Olympus America, Inc.
Melville, NY, USA), and a PC-based
image analysis system (Image-Pro
Plust, Media Cybernetic, Silver Springs,
MD, USA) by one calibrated investi-
gator (G.P.; intraclass correlation co-
efficient5 0.984). The following mea-
surements were recorded for the buccal
and the lingual tooth surfaces for each
section:

� Bone regeneration (height): distance
between the apical extension of the
root planing and the coronal exten-
sion of alveolar bone regeneration
along the planed root.

� Wound area: area circumscribed by
the planed root surface, the ePTFE
device, and the base of the defect at
the level of the apical extension of
the root planning.

� Bone width: the width of the resident
bone at the apical extension of root
planning.

Data analysis

The data were analyzed using univari-
ate, bivariate, and multivariate analyses.
The univariate analysis assessed the
effects of treatments and wound area,
separately, on bone regeneration (height).
The bivariate analysis assessed the
effect of treatment methods on bone
regeneration (height) within various
thresholds of wound area. The multi-
variate analysis used the Mixed Models
analysis of variance (Proc Mixed in
SAS V8.1, SAS Institute Inc., Cary, NC,
USA), which is designed for the analy-
sis of correlated data and modeling of
random effects. The analysis assessed
the relationship of alveolar bone regen-
eration and space-provision for defect
sites receiving the occlusive or porous
membranes. The correlation between
the width of the alveolar bone at the
base of the defect and the wound area
was assessed using the Pearson correla-
tion analysis.

Results

The univariate analysis showed that
bone regeneration in animals receiving
occlusive devices was significantly greater
than that in animals receiving porous
devices (p5 0.007; Table 1). Grouping
the defects by wound area dimensions
o3, 3–7, and 47mm2, showed that
sites with larger wound areas exhibited
significantly enhanced bone regenera-

tion compared to sites providing smaller
wound areas (po0.0001; Table 2).

There were significant correlation co-
efficients (r5 0.696, p5 0.0002; r5
0.742, po0.001) and significant linear
relationships (po0.0004, po0.0001,
Fig. 1) between bone width and wound
area for defect sites treated with the
occlusive and porous devices, respect-
ively. The relationship of bone width
and wound area was not statistically
different between the treatments. The
analysis also showed statistically sig-
nificant linear relationships between
wound area and bone regeneration for
the treatments (po0.02, po0.0004, Fig.
2), and no significant difference bet-
ween the slopes (p50.14) (Figs 3 and 4).

The analysis showed that both wound
area and device occlusivity exhibited
statistically significant effects on bone
regeneration. Sites receiving the occlu-
sive device and sites with a larger
wound area exhibited significantly in-
creased bone regeneration compared to
sites implanted with the porous device

(p5 0.03) or providing smaller wound
areas (p5 0.0002; Table 3). Compar-
isons of bone regeneration between the
treatments were performed within dif-
ferent thresholds of wound area and
showed that in sites with a wound area
ranging from 3 to 7mm2, defects
receiving the occlusive device exhibited
significantly greater bone regeneration
than sites receiving the porous device
(p5 0.03, Table 4). However, in wound
areas o3 or 47mm2, although also
showing greater bone regeneration in
sites receiving the occlusive device
rather than the porous device, the
differences were not statistically signif-
icant. This may partly be due to the few
sites having the upper and lower wound
area thresholds.

Discussion

The objective of this study was to
evaluate the effect of cell occlusion
and space-provision on alveolar bone
regeneration in conjunction with GTR.
Critical-size, 6mm, supra-alveolar, perio-
dontal defects were created in six young
adult Beagle dogs and were implanted
with space-providing occlusive and
porous ePTFE devices. The animals
were euthanized following an 8-week
healing interval for histometric analysis
of the experimental sites. A significant
relationship between bone regeneration
and space-provision was observed for
sites receiving the occlusive and porous
GTR device without significant differ-
ence between treatments. Space-provi-
sion and device occlusivity both
exhibited significant effects on bone
regeneration. Sites receiving the occlu-
sive GTR device and sites with
enhanced space-provision showed sig-
nificantly greater bone regeneration

Table 1. Mean bone regeneration (height) for
animals receiving occlusive and porous
ePTFE devices

Treatment Mean (mM) SE p

occlusive 2.82 0.31
0.007porous 1.85 0.32

Table 2. Mean bone regeneration (height)
grouped by wound area

Wound area
(mm2) Mean (mm) SE p

o3 1.13 0.42
3–7 2.31 0.32 0.006
47 3.28 0.37 0.0001
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Fig. 1. Relationship between wound area and bone width in animals receiving porous and
occlusive ePTFE devices. The slopes are not significantly different (p5 0.5).
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compared to sites receiving the porous
GTR device or more limited space-
provision. Thus it can be concluded that
cell occlusion and space-provision may
significantly influence the magnitude of

alveolar bone regeneration in conjunc-
tion with GTR.

The experimental model used in this
study was the critical-size, supra-alveo-
lar periodontal defect model (Wikesjö et

al. 1994). This model has been shown to
be highly discriminating in the evalua-
tion of regenerative potential of alveolar
bone, cementum, and periodontal
attachment for various candidate proto-
cols (Wikesjö & Selvig 1999). It has
been shown that the defect morphology
allows for an unbiased and highly
reproducible strategy of analysis (Koo
et al. 2003a, b). Alveolar bone and
cementum regeneration has been shown
not to exceed 15% of the defect height
in sham-surgery controls over a 4- or 8-
week healing interval, thus surgical
controls were not deemed necessary in
this study.

A significant correlation between
bone width and wound area was found
for both porous and occlusive GTR
devices. The width of the resident bone
at the base of the defect seems to
efficaciously support the space provided
by the regenerative device. It was
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Fig. 2. Relationship between wound area and bone regeneration (height) in animals
receiving porous and occlusive ePTFE devices. The slopes are not significantly different
(p5 0.14).

Fig. 3. Representative photomicrographs of supra-alveolar periodontal defects with space-providing occlusive ePTFE devices. The effect of
space-provision can be observed in three different sites. Sites providing a small wound area resulted in limited bone formation (left and
center). Sites providing a larger wound area resulted in enhanced bone formation (right).

Fig. 4. Representative photomicrographs of supra-alveolar periodontal defects with space-providing porous ePTFE devices. The effect of
space-provision can be observed in three different sites. Sites providing a small wound area resulted in limited bone formation (left and
center). Sites providing a larger wound area resulted in enhanced bone formation (right).
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observed that a wide alveolar crest
effectively supports the device resulting
in a large wound area, while a narrow
alveolar crest did not appear to have a
similar potential resulting in a smaller
wound area in spite of the space-
providing polypropylene reinforcement
built into the GTR device. It was also
shown that this correlation was not
significantly different between the pro-
tocols. Although histological observations
pointed to a passage of fibrovascular
tissue through the pores, a contraction
of the space provided by the porous
device was not observed. Previous
studies have observed that the presence
of pores may allow a passage of cells/
molecules/vascularity from the inner
side of the device to the overlying flap
(Wikesjö et al. 2003a–c). Apparently,
bridging of newly formed tissue through
the pores does not significantly com-
promise the spatial integrity of the
porous GTR device. Moreover, tissue
interactions over the porous surface may
reduce the risk for wound failure and
exposure/infection of the GTR device.

The observations herein suggest that
space-provision is a critical factor for
bone regeneration in periodontal sites.
Different magnitudes of wound area
resulted in different degrees of bone
regeneration for all sites. In other words,
a small wound area resulted in limited
bone regeneration, while a larger wound
area resulted in enhanced bone regen-

eration. These findings corroborate data
from parallel studies using similar
methodology investigating the effect of
space-provision on bone regeneration in
periodontal and peri-implant defects
(Polimeni et al. 2002, 2003a, b).

It was also observed in this study that
the relationship between space-provi-
sion and bone regeneration was signifi-
cant for both the porous and the
occlusive GTR devices. Alveolar bone
regeneration followed similar patterns
in both groups. It may be speculated that
the healing process supported by these
two different devices may be similar or
at least be similarly influenced by
space-provision.

The magnitude of newly formed bone
was significantly increased for sites
receiving occlusive GTR devices com-
pared to sites receiving the porous
devices when adjusted for the effect of
wound area. Thus, even if space-
provision appeared to be a critical factor
for alveolar bone regeneration, device
occlusivity appeared to provide adjunc-
tive effects. In perspective, it may not
appear legitimate to consider cell occlu-
sion an absolute prerequisite for guided
tissue regeneration. However, the
observations from this study may sug-
gest that cell occlusion under optimal
circumstances for healing has the
potential to maximize the magnitude
of bone regeneration.

Conclusion

It can be concluded that cell occlusion
and space-provision represent funda-
mental factors for guided tissue regen-
eration. Consequently, manipulation of
these two parameters may enhance the
outcomes and predictability of perio-
dontal regenerative procedures.
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Wikesjö, U. M. E. (2003a) Histometric

analysis of healing in supraalveolar perio-

dontal defects. Journal of Dental Research

82, IADR-Abstract 613.

Koo, K-T., Polimeni, G., Albandar, J. M. &
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