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Abstract
Aim: The primary objective of this study was to clinically and histologically eval-
uate periodontal wound healing/regeneration following surgical implantation of
recombinant human growth/differentiation factor-5 (rhGDF-5) adsorbed onto a
particulate b-tricalcium phosphate (b-TCP) carrier rhGDF-5/b-TCP into peri-
odontal defects in man.
Material & Methods: Twenty chronic periodontitis patients, each with at least
one tooth scheduled for extraction exhibiting a probing depth � 6 mm and an
associated intra-bony defect � 4 mm participated in the study upon written
informed consent. Subjects (one defect/patient) were randomized to receive open
flap debridement (OFD) + rhGDF-5/b-TCP (n = 10) or OFD alone (control;
n = 10). Block biopsies of the defect sites were collected at 6 months post-surgery
and prepared for the histological evaluation. Two masked examiners evaluated
the deepest aspect of each defect site relative to bone (height/area), periodontal
ligament (PDL) and cementum regeneration, and residual b-TCP.
Results: Sites receiving rhGDF-5/b-TCP showed numerically greater PD reduc-
tion (3.7 ± 1.2 versus 3.1 ± 1.8 mm; p = 0.26), less gingival recession (0.5 ± 0.8
versus 1.4 ± 1.0 mm; p < 0.05) and greater clinical attachment level (CAL) gain
(3.2 ± 1.7 versus 1.7 ± 2.2 mm; p = 0.14) at the deepest aspect of the defect com-
pared with OFD alone. One biopsy in the rhGDF-5/b-TCP and four biopsies in
the OFD group were deemed as not evaluable. Histologically, bone regeneration
height was almost threefold greater for the rhGDF-5/b-TCP treatment compared
with OFD alone (2.19 ± 1.59 versus 0.81 ± 1.02 mm; p = 0.08). Similarly an
almost twofold increase was observed for PDL (2.16 ± 1.43 versus
1.23 ± 1.07 mm; p = 0.26), cementum (2.16 ± 1.43 versus 1.23 ± 1.07 mm;
p = 0.26) and bone regeneration area (0.74 ± 0.69 versus 0.32 ± 0.47 mm2;
p = 0.14). Root resorption/ankylosis was not observed. Residual b-TCP occupied
8.4 ± 11.5% of the area of interest in biopsies of patients receiving rhGDF-5/
b-TCP. Five biopsies (one rhGDF-5/b-TCP, four OFD) were deemed unsuitable
to allow a meaningful histological or histometrical evaluation.
Conclusions: Descriptive statistics showed greater PD reduction and CAL gain,
and greater alveolar bone regeneration and periodontal regeneration at sites that
received rhGDF-5/b-TCP compared to control. However, these differences were
not statistically significant. Future studies with larger sample sizes will have to be
conducted to verify these findings.
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Conventional periodontal therapy
usually results in healthy periodontal
tissues, including reduced probing
depths and maintained attachment
levels for decades, provided adequate
oral hygiene standards are adopted
and maintained (Lindhe & Nyman
1984, Axelsson et al. 2004). However,
conventional periodontal therapy
rarely translates into periodontal
regeneration characterized by cemen-
tum formation, inserting functionally
oriented collagen fibres and alveolar
bone formation resulting in establish-
ment of a periodontal ligament
(PDL) of physiological width and
composition (Wikesjö & Selvig 1999).

A number of treatment concepts
have been introduced with the
hypothesis that they somehow
induce/support periodontal regenera-
tion. These comprise various surgical
approaches, including root surface
conditioning schemes and/or implan-
tation of a range of biomaterials,
barrier devices, and matrix, growth
and differentiation factors used as
stand-alone protocols or in combina-
tions (Bosshardt 2008, Trombelli &
Farina 2008, Stavropoulos & Wikesjö
2010). In perspective, advances in
cell and molecular biology have
unveiled a number of biological
mediators critical to development
that potentially also support wound
healing/regeneration and/or induce
de novo tissue formation in condu-
cive environments. Growth and dif-
ferentiation factors associated with
periodontal tissues and considered as
candidate agents in support of peri-
odontal wound healing/regeneration
include platelet-derived growth fac-
tor, insulin-like growth factors-I and
-II, acidic and basic fibroblast
growth factors, transforming growth
factor-b, and bone morphogenetic
proteins (BMPs) (Lee et al. 2010a,
Stavropoulos & Wikesjö 2010).

Recombinant human BMP-2
(rhBMP-2) and rhBMP-7 have been
evaluated extensively for periodontal
wound healing/regeneration in vari-
ous settings using a variety of candi-
date carriers (Stavropoulos &
Wikesjö 2010). Recent attention has
been drawn to growth/differentiation
factor-5 (GDF-5), another member
of the BMP family (Hötten et al.
1994). The GDF-5 has been recog-
nized as an important factor in limb
development (Hötten et al. 1996,
Buxton et al. 2001). The GDF-5 has
also been expressed in bovine and
rat tooth germs in cells associated
with PDL formation and cells
located along the alveolar bone and
cementum surfaces during the course
of root formation, suggesting that
GDF-5 may play regulatory roles in
the development of the periodontal
attachment (Morotome et al. 1998,
Sena et al. 2003). In vitro, GDF-5
enhances human PDL cell prolifera-
tion, affecting extracellular matrix
metabolism in a dose-dependent
order (Nakamura et al. 2003). In
vivo application of GDF-5 is shown
to induce and/or enhance tendon/lig-
ament, cartilage, and/or bone tissue
formation in rodent, porcine, canine
and human clinical studies (Moore
et al. 2010).

The rhGDF-5 adsorbed onto a
particulate porous b-tricalcium phos-
phate (b-TCP) biomaterial (Pöhling
et al. 2006), but also using other sub-
strates, has been evaluated in several
craniofacial settings using rodent
screening and discriminating large
animal models (Gruber et al. 2008,
2009, Schwarz et al. 2008, Kim et al.
2009, Weng et al. 2009, Kwon et al.
2010a,b,c, Lee et al. 2010b, Polimeni
et al. 2010, Min et al. 2011), and in
clinical trials (Koch et al. 2010, Stav-
ropoulos et al. 2011). Implantation of
rhGDF-5/b-TCP into intra-bony crit-
ical-size defects in dogs resulted in
significant periodontal regeneration
compared with b-TCP carrier con-
trols without root resorption/ankylo-
sis (Lee et al. 2010b). Collectively,
these pre-clinical observations may
indicate that rhGDF-5/b-TCP exhib-
its significant potential to support/
induce periodontal wound healing/
regeneration also in clinical settings.
Thus, the primary objective of this
study was to histologically evaluate
periodontal wound healing/regenera-
tion following surgical implantation

of rhGDF-5/b-TCP into deep intra-
bony periodontal defects in man.

Material and Methods

Patients

Twenty chronic periodontitis patients
(mean age 48.8 ± 10.6 years; 16
males; four females) presenting to
the Department of Periodontology,
Semmelweis University, Budapest,
Hungary, each exhibiting at least
one tooth scheduled for extraction
with a probing depth � 6 mm and
an associated intra-bony defect
� 4 mm following basic periodontal
therapy, volunteered to participate
in this phase IIa, stratified, random-
ized, open, controlled, parallel-group
clinical trial (first patient enrolled in
July 2007, last patient completed in
August 2008). All patients received
oral and written information about
the research protocol, including
treatment plan, clinical/surgical pro-
cedures and further treatment. The
patients signed an informed consent
form that provided the possibility of
withdrawing from the study at any
time and without any consequence
for their further treatment. The
study was planned and carried out
in compliance with the Declaration
of Helsinki and Good Clinical Prac-
tice, and was monitored by a Con-
tract Research Organization (FGK
Clinical Research GmbH, Münich,
Germany). The study protocol was
approved by the National Commit-
tee of Science and Research Ethics
Of Medical Research Council and
the Institutional Ethics Committee
of Semmelweis University.

Teeth included in the study (one
tooth/patient) exhibited an
advanced, primarily 1- or 2-wall
intra-bony periodontal defect (prob-
ing depth � 6 mm – radiographic
defect depth � 4 mm) and were
scheduled for extraction (i.e. deemed
irrational/hopeless to treat) or hemi-
section due to advanced periodontal
destruction and/or restorative con-
siderations. The decision for extrac-
tion or hemisection was part of a
treatment plan established by clini-
cians not involved in, or otherwise
related to the study. Additional
inclusion criteria were: (a) intra-bony
defects had to be associated with
maxillary/mandibular single-rooted
teeth (mandibular incisors excluded)
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or mandibular molars with a mesial
or distal defect adjacent to an eden-
tulous space; and (b) high oral
hygiene standards, that is, absence
of plaque at the defect site and full-
mouth plaque and bleeding on prob-
ing scores � 20%. Main exclusion
criteria were: (a) teeth with narrow
(<2 mm) inter-proximal spaces pre-
cluding surgical manipulations; (b)
teeth with root concavities/furrows
or furcation involvement degree II
or greater; (c) teeth with periodontal
abscess; d) teeth with endodontic
pathology; (e) women of child-bear-
ing potential, pregnant or lactating;
(f) smoking; (g) previous (within last
2 months before screening) or cur-
rent treatment with systemic corti-
costeroids of more than 5 mg/day
prednisone equivalent; (h) previous
or current therapy with drugs having
any influence on bone metabolism,
such as calcitonin, parathormone, bis-
phosphonates or fluoride within the
last 12 months before screening;
(i) common contra-indications for
periodontal surgery and (j) clinically
relevant cardiovascular, hepatic and
renal diseases.

rhGDF-5/b-TCP

The investigated product consisted
of two components: rhGDF-5 coated
onto b-TCP. The coating density for
the rhGDF-5/b-TCP construct was
500 lg rhGDF-5/g b-TCP (Pöhling
et al. 2006).

Surgical procedures

Basic periodontal therapy, including
oral hygiene instructions, scaling and
root planing was completed within
8 weeks before final screening for
inclusion in the study; if necessary,
splinting of mobile teeth was com-
pleted prior to periodontal surgery.
An experienced periodontal surgeon
(PW) performed all surgeries using
microsurgical instrumentation and
magnification. Intra-crevicular inci-
sions were made and the flaps were
horizontally extended without verti-
cal releasing incisions to accommo-
date the defect location and
configuration and to ensure tension-
free wound closure for primary
intention healing. The surgical pro-
tocol, open flap debridement (OFD),
was identical for all sites except for
implantation of rhGDF-5/b-TCP

into test sites (Fig. 1). The deepest
site (mesiobuccal, buccal, distobuc-
cal, mesiolingual, lingual or distolin-
gual) of the intra-bony defect was
determined using a periodontal
probe (PCP 15; Hu-Friedy, Chicago,
IL, USA) after debridement of the
granulation tissue and involved root
surfaces (Fig. 1). Thus determined
deepest site was chosen as the site
of analysis for all clinical and
histological evaluations. For reasons
of orientation/standardization during
the histological procedures and eval-
uation, a vertical notch indicating
the deepest site was prepared into
the crown of the tooth coronal to
the anticipated post-surgery position
of the gingival margin using a flame-
shaped diamond bur. A horizontal
notch outlining the most apical
extent of root planing (i.e. the base
of the defect) was made onto the root
surface using a Ø 1-mm diamond
bur. A randomization code was used
to assign defects to receive rhGDF-5/
b-TCP or OFD. The randomization
code was opened after defect prepa-
ration was completed to avoid clinical
bias. Randomization was stratified

according to the intra-bony depth of
the periodontal defect. One random
list was generated for intra-bony
defect depth 4–6 mm, the other for
intra-bony defect depth >6 mm.
Defects receiving rhGDF-5/b-TCP
were filled to the level of the alveolar
crest using minimal compression. The
mucoperiosteal flaps were positioned
and stabilized for primary intention
healing using monofilament sutures
(B. Braun Melsungen AG, Melsun-
gen, Germany), and the level of the
gingival margin at the deepest site
was recorded using the periodontal
probe. Please refer to supporting
information (Fig. S1) for additional
radiographic and clinical, including
surgical, images from representative
cases. Post-surgery care included pain
control (Nurofen, 200 mg, 3–4 times
per day; Reckitt Benckiser, Slough,
UK), systemic (Augmentin 625 mg,
TID/7 days; GlaxoSmithKline, Lon-
don, UK London, UK) and local
(twice daily 0.2% chlorhexidine
rinses, BID/4 weeks) antimicrobial
control, and a series of recall appoint-
ments (biweekly the first 6 weeks and
then monthly until the end of the

a

d e f g

b c

Fig. 1. (a) Intra-bony defect site (� 4 mm) implanted with recombinant human
growth/differentiation factor-5/b-tricalcium phosphate (rhGDF-5/b-TCP). (b) The
defect is implanted with loosely packed rhGDF-5/b-TCP to the level of the adjoining
alveolar bone. (c, d) A limited block biopsy including, the defect site and adjoining tis-
sues is removed following 6 months healing interval. (e–g) Upon completed demineral-
ization, the block biopsy is split into two along long axis of the tooth exactly at the
vertical notch, indicating the deepest aspect of the intra-bony component, providing
two specimen blocks.
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study) including, professional supra-
gingival plaque control. Sutures
were removed at day 14. Additional
appointments including professional
supragingival tooth cleaning were
scheduled.

Surgical biopsies

The investigator recording the clini-
cal parameters at baseline, re-
recorded the same parameters at
6 months post-surgery without hav-
ing access to patient journal material
except study tooth number; and then,
upon local anaesthesia, mucoperio-
steal flaps were raised and the experi-
mental roots/teeth and immediately
adjoining soft and hard tissues, that
is, the periodontal tissues including,
the margins of the original intra-
bony defect, were carefully removed
without damage to neighbouring
teeth and vital anatomical structures
(Fig. 1). Resulting defects were man-
aged to restore hard and soft tissue
contours and to install dental
implants as indicated to support
fixed prosthetic rehabilitation accord-
ing to individualized treatment plans.

Histotechnical procedures

The block biopsies were fixed in
10% buffered formalin, decalcified in
EDTA, dehydrated in graded etha-
nol series and embedded in paraffin.
Immediately prior to embedding, the
roots/teeth were split in half along
their long axis at the vertical notch
indicating the deepest aspect of the
intra-bony defect (Fig. 1). Thus, his-
tological sections representing the
deepest aspect of the defect were
obtained. Twenty sections from each
of the two specimen blocks were
obtained using a microtome set at
8 lm, the sections subsequently
stained using van Giesons’ picro
fuchsin or the oxone-aldehyde-fuch-
sin-Halmi stain (Fullmer et al. 1974).

Histological and histometrical analysis

Two experienced examiners
(A. Stavropoulos, U. Wikesjö),
masked in regard with biopsy/treat-
ment group relation, conducted the
histological and histometrical analy-
sis using a computer-assisted toolbox
(VIS; Visiopharm A/S, Hørsholm,
Denmark) while viewing the section
(s) with the highest technical quality

on an LCD flat screen with live
stream of images captured by a digi-
tal camera (Olympus DP 71; Olym-
pus Denmark AS, Ballerup,
Denmark) adapted to a light micro-
scope (Olympus DH 50; Olympus
Denmark AS). The following param-
eters were recorded:

• Epithelial attachment (mm): dis-
tance between the gingival mar-
gin and the apical extent of the
junctional epithelium.

• Cementum regeneration (mm):
distance between the apical
extension of root planing and
coronal extension of a continu-
ous layer of new cementum or
cementum-like deposit on the
planed root.

• Periodontal ligament regenera-
tion (mm): distance between the
apical extension of root planing
and coronal extension of a func-
tionally oriented PDL on the
planed root.

• Bone regeneration height (mm):
distance between the apical
extension of root planing and
coronal extension of regenerated
alveolar bone along the planed
root.

• Bone regeneration area (mm2):
area represented by new alveolar
bone (including marrow spaces)
along the planed root within a
standardized area of interest
(AoI). The AoI was defined as an
open rectangle (2.5 9 1 mm,
height 9 width) juxtaposed to
the root with its base located
immediately coronally to the api-
cal extension of the root planing
and its side paralleling the root
surface.

• Bone regeneration density (%):
fraction mineralized bone within
AoI.

• Residual b-TCP density (%): frac-
tion residual biomaterial within
bone or AoI.

• Root resorption (mm): sum of
linear distances of distinct resorp-
tion lacunae on the planed root.

• Ankylosis (mm): sum of linear
distances of ankylotic union
between the regenerated alveolar
bone and the planed root.

In addition, the maturity of the
regenerated bone was estimated
using a six-point scale: 0 = no bone;
1 = few woven bone trabeculae with

minimal contact to b-TCP;
2 = woven bone trabeculae with os-
teoblasts and broad osteoid, b-TCP
present; 3 = lamellar bone trabecu-
lae, narrow osteoid, b-TCP present;
4 = areas of Haversian bone, b-TCP
grossly degraded and 5 = bone com-
pletely remodelled, b-TCP not pres-
ent. Evidence of inflammation,
foreign body reaction associated
with the b-TCP particles or multinu-
clear osteoclast-like cells within the
regenerated bone were estimated
using a six-point scale: 0 = not pres-
ent; 1 = minimal; 2 = slight;
3 = moderate; 4 = marked and
5 = severe.

Statistical analysis

The data were analysed using
descriptive methods. Comparisons
between treatments were conducted
using parametric (two-sided t-test) or
non-parametric (two-sided Wilcoxon
test) statistics for the clinical and his-
tometrical data, respectively. The
95% confidence intervals were calcu-
lated as well. For all tests, a signifi-
cance level of 5% was applied. Due
to the explorative character of the
study, no adjustment of type I error
was performed. Safety parameters
were analysed descriptively. SAS
Version 9.1.3© 2002–2003 (SAS
Institute Inc., Cary, NC, USA) was
used for the statistical analysis.

Results

Baseline and post-surgery clinical
recordings are shown in Table 1.
There were no relevant clinical dif-
ferences between the treatment
groups at baseline. Full-mouth
plaque scores averaged 7.3 ± 6.7%
for the rhGDF-5/b-TCP and
8.9 ± 4.8% for the OFD control.
Full-mouth bleeding scores averaged
11.2 ± 4.1% and 12.7 ± 5.4% for the
rhGDF-5/b-TCP and the OFD con-
trol, respectively. In each group, five
patients presented with an intra-osse-
ous component of 4–6 mm and five
patients with an intra-osseous com-
ponent >6 mm.

Healing progressed without com-
plications, including suture-line or
flap dehiscences. Minor adverse
events, such as mild post-surgery
swelling and pain – apparently unre-
lated to the rhGDF-5/b-TCP – were
observed. Both rhGDF-5/b-TCP and
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OFD protocols resulted in statisti-
cally significant clinical improvements
reflected by PD reduction (p < 0.001)
and CAL gain (p < 0.001 and
p = 0.03). Sites receiving rhGDF-5/
b-TCP showed numerically greater
PD reduction (3.7 ± 1.2 versus 3.1 ±
1.8 mm; p = 0.26), less gingival reces-
sion (0.5 ± 0.8 versus 1.4 ± 1.0 mm;
p < 0.05) and greater CAL gain
(3.2 ± 1.7 versus 1.7 ± 2.2 mm;
p = 0.14) at the deepest aspect of the
defect compared with OFD alone.

Five biopsies (one rhGDF-5/b-
TCP, four OFD) were deemed
unsuitable for histological or histo-
metrical evaluation; either the tissues
approximating the site of interest
were missing, or the apical extent of
the defect was missing, or the apical
extent of root instrumentation could
not with certainty be determined.
The results of the histometrical eval-
uation of 15 samples (nine rhGDF-
5/b-TCP, six OFD) – average values
and for each individual site – are
shown in Table 1. Representative
photomicrographs from sites receiv-
ing rhGDF-5/b-TCP or OFD alone
are shown in Figs 2–5.

Table 2 shows the results of the
histopathological evaluation of the
biopsies regarding the maturity of
newly formed bone and presence of
any inflammatory reactions, foreign
body reactions associated with the
b-TCP implant, or multinuclear
osteoclast-like cells. No apparent
qualitative differences between the
treatments were detected – except
the presence of residual b-TCP parti-
cles in some specimens receiving
rhGDF-5/b-TCP. In most cases,
there were no or only minor remark-
able observations.

New cellular cementum with
inserting functionally oriented colla-
gen fibres and various amounts of
new bone were observed coronally
to the apical extent of root instru-
mentation in all but one site receiv-
ing rhGDF-5/b-TCP. With the one
exception exhibiting a non-specific
connective tissue attachment, an epi-
thelial attachment immediately
adjoined the coronal extension of
the new cementum; new cementum/
PDL formation averaging 2.2 ±
1.4 mm. Regenerated bone was
observed in eight of nine evaluable
biopsies from defect sites receiving
rhGDF-5/b-TCP, new bone forma-
tion height averaging 2.2 ± 1.6 mm.T
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The newly formed alveolar bone
appeared rather dense including tra-
becular woven bone with few areas
of lamellar bone and few osteoclast-
like cells. Root resorption/ankylosis
was not observed. Residual b-TCP
was limited (8.4 ± 11.5%), in many
cases, completely embedded within
the newly formed alveolar bone
(Fig. 4) and apparently, did not
compromise periodontal or bone
regeneration. Nevertheless, b-TCP
particles surrounded by non-specific
connective tissue with apparently
limited relation to new bone forma-
tion were occasionally observed
(Fig. 4). Residual b-TCP was not
associated with signs of inflamma-
tion or foreign body reactions.
Cementum regeneration averaged
1.2 ± 1.1 mm in sites receiving OFD
alone. Regenerated bone was seen in
three of six evaluable specimens,
mean bone regeneration height aver-
aging 0.8 ± 1.0 mm. The new alveo-
lar bone appeared rather dense and
consisted mostly of woven bone with
a few areas of lamellar bone (Fig. 5).

Root resorption/ankylosis was not
observed. Only minimal evidence of
inflammation was observed. The
analysis did not reveal any statisti-
cally significant differences between
the two groups regarding any histo-
metrical parameter.

Discussion

The results from this study suggest
that surgical implantation of
rhGDF-5/b-TCP into intra-bony
periodontal defects might support/
enhance periodontal wound healing/
regeneration. Mean cementum and
bone regeneration was approxi-
mately twofold and threefold greater
for the sites receiving rhGDF-5/b-
TCP compared with OFD alone.
With one exception, periodontal
regeneration was observed in all
evaluable specimens from sites
implanted with rhGDF-5/b-TCP,
whereas only half of the evaluable
sites receiving OFD showed some
amounts of regeneration. The lack
of statistically significant differences

between the groups may likely reflect
the reduced number of patients/
evaluable biopsies. Furthermore,
considering that only severely com-
promised teeth slated for extraction
in the overall treatment plan were
included in the study and that such
teeth might be expected to have a
compromised regenerative potential,
the results are encouraging.

The assumption that rhGDF-5/b-
TCP supports/enhances periodontal
regeneration corroborates pre-clini-
cal studies using discriminating large
animal models (Kwon et al. 2010b,c,
Lee et al. 2010b). The rhGDF-5/b-
TCP was evaluated using a critical-
size, intra-bony periodontal defect
model in dogs. Histometrical evalua-
tion following an 8-week healing
interval showed that sites receiving
rhGDF-5/b-TCP exhibited statisti-
cally significantly enhanced bone
and cementum regeneration com-
pared with b-TCP and sham-surgery
controls (Lee et al. 2010b). In a sec-
ond study employing the same
model, rhGDF-5/b-TCP and a clini-
cal benchmark recombinant, human
platelet-derived growth factor in a
b-TCP carrier (rhPDGF/b-TCP;
GEM21S, Osteohealth®, Shirley, NY,
USA) were compared (Kwon et al.
2010c). Sites receiving rhGDF-5/b-
TCP exhibited statistically signifi-
cantly enhanced bone and cementum
regeneration compared with sites
receiving the rhPDGF/b-TCP bench-
mark. Individually and collectively,
these pre-clinical studies and the
present first clinical/histological study
in man, point to the potential of
rhGDF-5/b-TCP to support/enhance
periodontal regeneration.

In the present study, conventional
periodontal flap surgery (OFD) was
chosen as the control. Previous
reports from human histological
studies (Listgarten & Rosenberg
1979, Bowers et al. 1989a,b) suggest
that wound healing following OFD
is characterized by the formation of
an epithelial attachment over the
periodontally involved portion of the
tooth, while some new bone forma-
tion may occur. However, recently
accumulated observations from a
series of experimental studies indi-
cate that periodontal wound healing,
provided: wound stability allowing
uneventful adsorption/adhesion and
unimpeded maturation of a fibrin
clot onto the instrumented root sur-

a

c

b

Fig. 2. Photomicrograph of defect site receiving recombinant human growth/differenti-
ation factor-5/b-tricalcium phosphate (rhGDF-5/b-TCP) [overview (a) and 909 magni-
fications of the apical (b) and coronal (c) aspects of the defect site] showing new
cellular cementum (NC) gradually thinning in a coronal direction. New bone (B) for-
mation reaches a somewhat higher than visible cementum formation. Residual b-TCP
particles cannot be observed. The green line indicates the apical termination of root
instrumentation; arrowheads indicate the coronal extension of new cementum (green)
and bone (blue) formation. The white asterisk (*) indicates the root; the red asterisk
(*) indicates an artefactual split between the new cementum and the root (van Gie-
sons’ pichro fuchsin).
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face; unobstructed space provision
allowing formation and maturation
of a periodontal regenerate; and

measures favoring primary intention
healing, that is, prohibiting infection
of the periodontal regenerate, may

well support periodontal regenera-
tion including, an intrinsic/mixed
fibre cementum, a functionally ori-
ented PDL and alveolar bone (Poli-
meni et al. 2006, 2009). Indeed, three
of six evaluable biopsies in the pres-
ent study showed some amounts of
periodontal regeneration, supporting
the notion that careful wound
manipulation and post-surgery fol-
low-up thus appear to be sufficient
to support periodontal regeneration
also following OFD. In perspective,
it has been shown that using a mini-
mally invasive surgical technique,
for example, M-MIST (Cortellini &
Tonetti 2011), that addresses the
above biological directives, substan-
tial clinical and radiographic resolu-
tion of deep intra-bony periodontal
defects can be achieved. In this study,
the addition of an enamel matrix
derivative or the enamel matrix deriv-
ative in combination with a bovine
bone biomaterial did not further
enhance treatment outcomes (Cortel-
lini & Tonetti 2011).

Lack of a b-TCP control might
be considered a weak point in the
present study, however, a b-TCP
control was not deemed necessary
due to the pilot nature of this
human clinical/histological study. As
discussed earlier, the results from
pre-clinical studies using a critical-
size, intra-bony periodontal defect
model (Kim et al. 2004) evaluating
rhGDF-5/b-TCP versus b-TCP and
sham-surgery (Lee et al. 2010b),
and rhGDF-5/b-TCP versus the
rhPDGF/b-TCP benchmark (Kwon
et al. 2010c) clearly demonstrate
that rhGDF-5/b-TCP significantly
enhances periodontal regeneration,
whereas b-TCP limitedly contributes
to periodontal wound healing/regen-
eration (Lee et al. 2010a). Human
histological case reports have shown
no or only limited periodontal regen-
eration following implantation of b-
TCP into intra-bony defects (Stahl &
Froum 1986, Froum & Stahl 1987,
Stavropoulos et al. 2010)) In a five-
case report, only limited new cellular
cementum with inserting collagen
fibres and bone formation was
observed, while the majority of b-
TCP particles remained embedded in
connective tissue (Stavropoulos et al.
2010). Collectively these observations
point to the limited regenerative
potential of b-TCP in periodontal
settings. Nevertheless, a b-TCP con-

a

c

b

Fig. 3. Photomicrograph of defect site receiving recombinant human growth/differenti-
ation factor-5/b-tricalcium phosphate (rhGDF-5/b-TCP) [overview (a) and 909 magni-
fications of the apical (b) and coronal (c) aspects of the defect site] showing a thin new
cellular cementum (NC) throughout the biopsy and b-TCP particles (P) without appar-
ent association with bone formation. The red line indicates the apical termination of
root instrumentation; arrowheads indicate the coronal extension of new cementum
(red) and bone (blue) formation. The white asterisk (*) indicates the root; the red
asterisk (*) indicates an artefactual split between the new cementum and the root; RB
indicates resident bone (Halmi).

a

c

b

Fig. 4. Photomicrograph of defect site receiving recombinant human growth/differenti-
ation factor-5/b-tricalcium phosphate (rhGDF-5/b-TCP) [overview (a) and 909 magni-
fications of apical (b) and central (c) aspects of the defect site], showing a new cellular
cementum (NC) throughout the biopsy and bone formation (B) approaching the level
of the newly formed cementum. A few b-TCP particles (P) completely embedded in
new bone are shown while in the more lateral aspects of the defect, b-TCP without
apparent association with bone formation are shown. The red line indicates the apical
termination of root instrumentation; arrowheads indicate the coronal extension of new
cementum (red) and bone (blue) formation. The white asterisk (*) indicates the root;
RB indicates resident bone (Halmi).
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trol would appear desirable, if not
required, when evaluating rhGDF-5/
b-TCP in clinical pivotal studies.

The significance of the carrier
material for the outcomes of peri-
odontal wound healing/regeneration
or bone formation per se has been
demonstrated in studies evaluating
rhBMP-2 (Sigurdsson et al. 1996,
Sorensen et al. 2004). The composi-
tion (ceramic or polymer), structural
integrity, bioresorption/biodegrada-
tion, and release kinetics, all represent
factors that significantly may influ-
ence new tissue formation. Whereas
ceramic non-resorbable bone deriva-
tives or synthetic ceramics may
displace and/or obstruct bone forma-
tion, polymeric biomaterials belong-
ing to the poly(a-hydroxy ester)
grouping may accumulate inflamma-
tory reactions resorbing newly
formed and resident bone (Polimeni
et al. 2008). The irregular micro/mac-
roporous b-TCP granules in the
present study apparently releases
rhGDF-5 to support bone formation
and maturation within a relatively
short interval without remarkably
interfering with periodontal regenera-

tion or supporting adverse events
including, root resorption/ankylosis
or significant foreign body inflamma-
tory reactions. The amount of resid-
ual b-TCP carrier juxtaposed the root
surface in the present group of biop-
sies was generally small (mean 8.4%),
suggesting that this carrier would
completely degrade and/or resorb
within a relatively short interval
(LeGeros 1993).

The rhGDF-5 dosing was not
addressed in the present study. Dos-
ing of any biological relates to prop-
erties of the agent, properties of the
carrier (buffer/matrix) including
release kinetics, and related biore-
sorption/biodegradation, as well as
unique characteristics of the recipient
site, that is, periodontal, alveolar/
peri-implant, sinus, etc. Dosing also
implies temporal considerations,
what is the most advantageous time
for release of the biological agent
relative to the target tissues – bone
and periodontal ligament – following
wounding. A dose range study evalu-
ating rhGDF-5 in an absorbable col-
lagen sponge (ACS) carrier using the
periodontal intra-bony defect model

herein, did not reveal significant dif-
ferences over a large rhGDF-5 dose
range (including the dose used
herein), however, all effective com-
pared with control (Kim et al. 2009).
The coating density of rhGDF-5/b-
TCP in the present study was 500 lg
rhGDF-5/g b-TCP. When rhGDF-5/
b-TCP has been used at this concen-
tration for sinus augmentation
(Koch et al. 2010, Stavropoulos
et al. 2011) similar amounts of bone
formation were produced as those
following an autogenous bone/b-
TCP composite. Notably, no differ-
ences in bone formation following
sinus augmentation with rhGDF-5/
b-TCP at 400 or 800 lg/g b-TCP
were observed using a mini-pig
model, a species with a bone meta-
bolic rate similar to humans (Gruber
et al. 2009). Although no claims can
be made regarding optimal dosing of
rhGFD-5 for periodontal indications
on the basis of the present or previ-
ous studies, they all with no excep-
tion point to an undisputable
potential of rhGDF-5 to enhance/
accelerate wound healing/regenera-
tion in craniofacial settings and else-
where in the appendicular and axial
skeleton (Moore et al. 2010).

Consistent with preceding pre-
clinical evaluations (Kwon et al.
2010b,c, Lee et al. 2010b), no signifi-
cant adverse events were observed
following application of rhGDF-5/b-
TCP. This is of particular impor-
tance for the continued clinical eval-
uation, acceptance and use of
rhGDF-5/b-TCP for periodontal
indications. In perspective, root
resorption/ankylosis appears a com-
mon observation evaluating other
BMP technologies, which in turn
suggest a limitation for their poten-
tial use for periodontal indications
(Stavropoulos & Wikesjö 2010). In
contrast to the preceding pre-clinical
studies (Kwon et al. 2010b,c, Lee
et al. 2010b) and the present study
evaluating rhGDF-5/b-TCP, a PDL
did not develop following applica-
tion of rhBMP-2 in various carriers.
Rather, new tissue formation
included a cellular, cementum-like
tissue, alveolar bone and interposing
loose fibrovascular tissue/marrow
with little, if any, evidence of func-
tionally oriented collagen fibres, and
limited root resorption/ankylosis
eventually morphing into bone, fatty
marrow and associated advancing

a

c

b

Fig. 5. Photomicrograph of defect site receiving open flap debridement [overview (a)
and 909 magnifications of the apical (b) and coronal (c) aspects of the defect site],
showing new cellular cementum (NC) reaching a significantly higher level than the
adjoining regenerated alveolar bone (B). The green line indicates the apical termina-
tion of root instrumentation; arrowheads indicate the coronal extension of new cemen-
tum (green) and bone (blue) formation. The white asterisk (*) indicates the root; the
red asterisk (*) indicates an artefactual split between the new cementum and the root;
RB indicates resident bone (van Giesons’ pichro fuchsin).

© 2011 John Wiley & Sons A/S

rhGDF-5/b-TCP supports periodontal regeneration 1051



root resorption/ankylosis replacing
the tooth structures (Wikesjö et al.
2003). One could speculate that a
similar situation might apply to
rhGDF-5/b-TCP. This seems, how-
ever, unlikely as in contrast to the
above-mentioned studies, the newly
formed tissues in the present set of
biopsies – similar to that observed in
the pre-clinical evaluations –
included a PDL exhibiting obliquely
or perpendicularly oriented collage-
nous fibres inserting into a newly
formed cellular cementum and alveo-
lar bone, that is, exhibited features
of a native PDL.

When evaluating the outcome of
regenerative procedures using human
biopsies, one has to bear in mind that
the clinical and laboratory handling
of the samples, including the biopsy
harvesting procedure, may play
important roles for the unbiased eval-
uation. First, defect sites at near ter-
minal teeth vary considerably in

extent, configuration, and soft tissue
coverage in itself contributing a sig-
nificant variability to any histometri-
cal evaluation. Then, depending on
defect dimensions, presence/absence
of neighbouring teeth, as well as
tooth localization within the mouth
(anterior versus posterior), the ability
to place an adequate root notch –
indicating the apical extent of the
defect – to be used for the histometri-
cal evaluation is also variable. Next,
in addition to the dexterity/profi-
ciency of the surgeon, anatomical
(presence of neighbouring teeth and
narrow versus wide inter-proximal
space), aesthetic (anterior versus pos-
terior) and prosthetic concerns (need
versus no need to preserve portion of
the tooth) dictate the “topographical”
region (i.e. the biopsy represents all
or part of the original intra-bony
defect) and the extent of tissues avail-
able for evaluation. In the present
study, the surgeon had extensive

experience with human periodontal
biopsy procedures and the various
steps during clinical/histological han-
dling were arranged that the obtained
sections represented the deepest
aspect of the defect prior to treat-
ment. In this context, one may argue
that histometrical measurements per-
formed on one section chosen out of
twenty 8-lm sections obtained from
each of the two specimen blocks,
introduced some bias in the present
evaluation. However, section selec-
tion was based solely on the technical
quality of the section (limited or no
artifacts) and not on preferential
selection of the section with the best/
greatest histological outcome. In
addition, rather limited variation in
the regenerative response should be
expected within this narrow (320-lm)
fraction of the defect space represent-
ing its deepest aspect. Finally, teeth
included in human biopsy studies are
usually deemed irrational to treat –
among other reasons – due to
advanced periodontal disease; thus,
as already mentioned, the regenera-
tive potential at such sites might be
limited and may not at all represent
the target population considered for
the candidate technology under eval-
uation. The teeth included in the pres-
ent study despite advanced disease,
were all deemed as having reasonable
potential for regeneration due to the
deep intra-bony component and the
1-/2-wall configuration. Indeed, vari-
able amounts of cementum and peri-
odontal ligament regeneration were
observed in five of six control biop-
sies, indicating the significant innate
potential of the periodontium for
regeneration.

In conclusion, descriptive statis-
tics showed greater CAL gain and
PD reduction, and greater alveolar
bone regeneration and periodontal
regeneration at sites that received
rhGDF-5/b-TCP compared to con-
trol. However, these differences were
not statistically significant. Future
studies with larger sample sizes will
have to be conducted to verify these
findings.
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Table 2. Histopathological assessment by treatment, rhGDF-5/b-TCP versus OFD

rhGDF-5/b-TCP OFD

Evaluable biopsies 9/10 6/10
Maturity of newly formed bone
0 = no new bone formation 1 3
1 = few woven bone trabeculae with minimal
contact to residual b-TCP

0 0

2 = woven bone trabeculae with active osteoblasts
and broad osteoid, residual b-TCP present

1 1

3 = lamellar bone trabeculae, narrow osteoid,
residual b-TCP present

3 0

4 = few areas of Haversian bone, residual b-TCP
grossly degraded

3 1

5 = completely remodelled, no residual b-TCP present 1 1
Histological signs of inflammation
0 = not present 0 0
1 = minimal 6 5
2 = slight 1 0
3 = moderate 1 0
4 = marked 1 1
5 = severe 0 0
Foreign body reaction around b-TCP particles
0 = not present 8 6
1 = minimal 1 0
2 = slight 0 0
3 = moderate 0 0
4 = marked 0 0
5 = severe 0 0
Multinuclear osteoclastic cells in the regenerated bone
0 = not present 9 6
1 = minimal 0 0
2 = slight 0 0
3 = moderate 0 0
4 = marked 0 0
5 = severe 0 0

OFD, open flap debridement; rhGDF-5/b-TCP, recombinant human growth/differentiation
factor-5/b-tricalcium phosphate.
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(2010) Growth/differentiation factor-5 (GDF-5):
a candidate therapeutic agent for periodontal
regeneration? Review of preclinical data. Journal
of Clinical Periodontology 37, 288–298.

Morotome, Y., Goseki-Sone, M., Ishikawa, I. &
Oida, S. (1998) Gene expression of growth and

differentiation factors-5, -6, and -7 in develop-
ing bovine tooth at the root forming stage.
Biochemical and Biophysical Research Commu-
nications 244, 85–90.

Nakamura, T., Yamamoto, M., Tamura, M. &
Izumi, Y. (2003) Effects of growth/differentia-
tion factor-5 on human periodontal ligament
cells. Journal of Periodontal Research 38, 597–
605.
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Wikesjö, U. M. E., Lim, W. H., Thomson, R. C.,
Cook, A. D., Wozney, J. M. & Hardwick, W.
R. (2003) Periodontal repair in dogs: evalua-
tion of a bioabsorbable space-providing macro-
porous membrane with recombinant human
bone morphogenetic protein-2. Journal of Peri-
odontology 74, 635–647.
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Clinical Relevance

Scientific rationale for the study:
Compelling pre-clinical evidence
indicates that recombinant human
growth/differentiation factor 5
(rhGDF-5) supports periodontal
wound healing/regeneration. The
objective of this pilot study was
to provide a histological, histo-
metrical and clinical record of
periodontal wound healing/regen-
eration in man following surgical
implantation of rhGDF-5
adsorbed onto a particulate b-tri-
calcium phosphate (b-TCP) car-

rier into intra-bony periodontal
defects compared with that fol-
lowing open flap debridement
alone (OFD; control) using a 6-
month healing interval.
Principal findings: An almost two-
fold greater CAL gain was
observed at sites receiving
rhGDF-5/b-TCP compared with
OFD (3.2 versus 1.7 mm). Alveo-
lar bone regeneration was almost
threefold greater (2.2 versus
0.8 mm) and periodontal regener-
ation, almost twofold greater (2.2
versus 1.2 mm) at sites receiving

rhGDF-5/b-TCP compared with
OFD. Root resorption/ankylosis
was not observed. Limited resid-
ual b-TCP was observed at
6 months post-surgery.
Practical implications: The
rhGDF-5/b-TCP appears a prom-
ising candidate technology in sup-
port of periodontal wound
healing/regeneration. The clinical
relevance of this treatment should
be evaluated in larger clinical
studies.
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