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ABSTRACT

Aim: To histologically evaluate the healing of intrabony periodontal defects treated with guided tissue regeneration (GTR), if it
is combined with orthodontic tooth movement (OTM) or used as a sole treatment.

Materials and Methods: Twenty subjects requiring regenerative periodontal therapy and OTM were treated with the use of
extended, coronally advanced flaps according to the GTR techniques with the utilization of deproteinized bovine bone mineral
(DBBM) particles. Patients either received early initiation of OTM (test) or had their teeth splinted (control) after the surgical
intervention. Re-entry procedures were scheduled 9 months postoperatively to obtain a biopsy from the previous defect sites. The
primary outcome variable comprised histological and histomorphometric analysis.

Results: Control group cases (n=9) revealed nice embedding of graft particles into newly formed bone, which were predominantly
present in the central and apical third of the biopsy samples. The coronally located DBBM was more often encapsulated in the con-
nective tissue. Test samples (n=10), both at the tension and pressure sites, demonstrated incorporation of a reduced graft ratio into
newly formed bone. Ongoing bone formation and the presumably orthodontic-induced remodeling also interfered with the bone
substitute material. Histomorphometry showed a distribution of 17.4% versus 33.9% new bone (p=0.011), 33.2% versus 16.3% graft
ratio (p=0.001) and 49.4% versus 49.7% soft tissue components (p =0.74) in the control versus test groups, respectively.
Conclusions: Early initiation of tooth movement does not appear to adversely affect periodontal bone healing. A pronounced
graft reduction and new bone formation in test patients, compared to those in controls, occurred presumably due to the effects of
orthodontic-induced bone remodeling.

1 | Introduction migration (PTM). There is sufficient evidence that proper peri-

odontal care can be safely and successfully supplemented by or-
Interdisciplinary approaches are widely used to treat teeth thodontic treatment (Maeda et al. 2005; Cardaropoli et al. 2006;
with attachment loss due to periodontitis and pathologic tooth Ghezzi et al. 2008; Reichert et al. 2009; Reichert et al. 2010;
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Ogihara and Wang 2010; Attia et al. 2012; Antoun et al. 2017;
Roccuzzo et al. 2018). These favorable results are manifested as
an improvement in periodontal clinical parameters.

Deproteinized bovine bone mineral (DBBM) shows enhanced out-
comes (pocket probing depth reduction and clinical attachment
gain) in clinical studies (Needleman et al. 2005; Stavropoulos
and Karring 2010); the true healing pattern remains unknown.
Histological studies have indicated that a large number of parti-
cles, located at the coronal aspect of the former defect, are seques-
tered in the connective tissue (CT) without major evidence of bone
formation (Sculean et al. 2004; Nagy et al. 2019). According to the
authors, the presence of vital bone surrounding biomaterial par-
ticles, especially in the proximity of the original bony wall, is an
indication of biocompatibility rather than a measure of osteocon-
ductivity. These grafts are unlikely to enhance the host's innate
regenerative capacity, and there may be a negative correlation
between residual particles and tissue regeneration, acting as an
“osteo-obstructive” phenomenon (Wikesjo et al. 1992; Trombelli
et al. 1999). However, the use of graft materials cannot be ne-
glected in non-containing ID treatment in combination with other
regenerative materials, according to evidence-based guidelines
(Cortellini 2012; Hégi et al. 2014). DBBM is considered a non- or
slowly resorbable material; its defect-obstructive property strongly
contributes to the apparent pocket reduction. We lack data on the
stability of these sites over a 5-10-year follow-up, where the coro-
nally located particles undergo CT encapsulation.

Animal studies demonstrated that tooth movement after con-
servative periodontal therapy into surgically created defects can
reduce their size via tensile-site bone apposition, but there are
no changes in the connective tissue attachment level with simul-
taneous apical migration of the epithelium (Polson et al. 1984;
Cirelli et al. 2003). It is necessary to regenerate periodontal
tissues before initiating tooth movement into a bony defect.
Preclinical data suggest that tooth movement into regenerated
areas can be performed without jeopardizing the formation and
the level of the new periodontal attachment apparatus (Reichert
et al. 2009; Nemcovsky et al. 2007; Diedrich et al. 2003).

There are no human histological data available on the healing of
an ID that contains the entire attachment apparatus following a
regenerative intervention with orthodontic forces applied to it.
Only one human case series assessed the microarchitecture of
healed bony tissue and the behavior of the DBBM graft mate-
rial using the previously mentioned multidisciplinary approach
(Nagy et al. 2019). The same research group in this study exam-
ined the effects of different tooth movement modalities on the
healing of periodontal IDs, in which a DBBM agent promoted
blood clot stability and space maintenance. We aimed to per-
form histological and histomorphometric evaluations using a
larger sample size.

2 | Materials and Methods
2.1 | Study Sample
A total of 36 patients were selected from among those seek-

ing periodontal care at the Department of Periodontology,
Semmelweis University, and were included in a randomized

clinical trial (RCT). Histological analysis was predefined in
the study protocol and limited to the first 20 consecutively en-
rolled patients due to logistical, ethical and financial consid-
erations (study design is included in Part II). Every candidate
met the following criteria:

2.1.1 | Inclusion Criteria

(a) Age: 18-65; (b) display periodontal IDs with the following
morphology: intrabony depth >4mm, wide (radiological angu-
lation >25°) and non-containing ones (1 or maximum 2 bony
walls); (c) examined teeth must have suffered a PTM serving
as an indication for OTM; (d) full mouth plaque and bleeding
scores of <20% (O'Leary et al. 1972); (e) ability to comply with
the study related procedures. Only one defect with the deepest
intrabony component (IC) was included per patient.

2.1.2 | Exclusion Criteria

(a) Furcation class III lesions (Hamp et al. 1975), (b) smoking
(>5 cigarettes/day), (c) pregnancy, (d) uncontrolled diabetes
mellitus, (e) diseases or medications affecting bone metabolism,
(f) chemotherapy or radiotherapy of the head within 1year and
(g) any systemic diseases with surgical contraindications.

2.2 | Study Implementation
2.2.1 | Interventions

Candidates received oral hygiene instructions and cause-
related periodontal therapy. Eight weeks after the last debride-
ment session, the patients were recalled for a screening visit
to check their eligibility for inclusion. A stent was fabricated
on the occlusal or incisal surface of the study tooth using a
composite material. This was responsible for standardizing
the correct position for the subsequent biopsy and intraoper-
ative measurements (see below). Periodontal clinical and ra-
diographic records, together with a flowchart of the study, are
presented in Part IT article.

Surgeries were performed under local/mandibular block
anaesthesia by the same certified periodontist. The coro-
nally advanced flap design adapted to periodontal bony de-
fects (Zucchelli and De Sanctis 2008) is a favorable choice
for the treatment of non-contained or even multiple-type ID
where a guided tissue regeneration (GTR) setting is intended
for use (Nagy et al. 2019); hence, it was utilized in the pres-
ent RCT. The defects were consecutively filled with lightly
packed DBBM (Geistlich Bio-Oss, Wolhusen, Switzerland)
and covered with a trimmed resorbable bilayer native colla-
gen membrane (Geistlich Bio-Gide, Wolhusen, Switzerland).
During surgery, the prefabricated stent was snapped onto the
tooth, and a trephine was attached to it with flow composite.
This instrument pointed toward the bottom of the defect to
clearly determine its position in relation to the tooth position
(Figure 1A). Each patient's stent was stored until the re-entry
visit. After tension-free multi-layer flap closure, patients were
instructed on a postsurgical oral hygiene regimen. Antibiotic
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(amoxicillin/clavulanic acid) therapy (625 mg thrice a day) was
prescribed for 7days, supplemented with non-steroidal pain-
killers. Sutures were removed 14 days postoperatively, and
supportive periodontal care was provided monthly until the
endpoint visit.

2.2.2 | Randomization and Allocation

Randomization was performed exclusively after surgery by
opening the prefabricated, sealed and labeled envelopes.
The surgeon generated the random allocation sequence and
assigned participants to the following interventions: If the
patient is allocated to the test group (T), early (7 days postop-
eratively) OTM is performed at least on the study tooth by a
certified orthodontist. Continuous, low levels of orthodontic
forces were mandatory and were initiated with 0.014 round
NiTi wires. Stainless steel overlay wires, transpalatal arches,
temporary anchorage devices and splints were used for an-
chorage. After 1 month, the archwires were changed, and the
sequences were adapted for each case. Subjects in the test
group were divided into two subgroups based on the direction
of OTM relative to the defect location. The tooth movement

was directed either away from the previous defect (T1) or to-
ward it (T2), exerting tensile or pressure forces, respectively.
The subjects allocated to the control group (C) did not receive
orthodontic appliances; the composite splints remained in
place during the healing period (9 months).

2.2.3 | Biopsy and Histological Processing

The re-entry procedure was scheduled at the 9-month endpoint
visit when a minimally invasive full-thickness flap was elevated
only at the interdental site of the former defect (Figure 1B). Re-
entry primarily served to harvest a piece of bone from the site of
the original defect, where the previously mentioned stents helped
determine the correct position of the biopsy. This must be as close
to the root surface as possible while avoiding damage to the po-
tentially newly formed periodontal attachment (Figure 1C). The
bony samples were harvested with a trephine (internal diameter:
2.0mm) (Meisinger, Neuss, Germany) under copious irrigation
(Figure 1D). To prevent the sample from containing bone from the
originally intact apical periodontal structures, the depth of drilling
determining the length of the core was specified after calculating
the bony fill of the defect (baseline—endpoint IC).

FIGURE1 | (A)During GTR surgery, the position of the later biopsy is standardized by attaching the trephine to the prefabricated stent. (B) The
healed defect during the re-entry surgery with a seemingly acceptable nivellation of the bone. (C) The orientation of the trephine is adjusted with the

help of the stent before harvesting the bone core. (D) The sample within the trephine. (E) The place of the biopsy, where the core is relatively close

but still not in contact with the root surface.
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Histological processing and histomorphometric analysis are
described in the Appendix. The histologist was blinded to both
study protocol and group allocation.

2.3 | Data Collection and Analysis

The primary outcome of the RCT comprised histological and
histomorphometric analyses of bone (part I), while clinical and
radiological parameters (see part II) served as secondary out-
comes. Given the consecutive inclusion of patients and absence
of protocol modifications during recruitment, the risk of tem-
poral or performance bias was considered minimal. Descriptive
histological bone quality examinations were performed.
Histomorphometric data were expressed as means +standard
deviation (SD). Due to the small sample sizes and to avoid nor-
mality assumptions, non-parametric tests were employed. The
primary comparison between the control and the overall test
groups was performed using the Exact Mann-Whitney U test.
For subgroup analyses (control vs. T1 and T2), the Kruskal-
Wallis H test with Dunn-Bonferroni post hoc correction was
applied. Statistical significance was set at p <0.05; given the ex-
ploratory nature and limited sample size, p-values were inter-
preted cautiously.

3 | Results

The first 20 patients enrolled in this RCT provided biopsy samples
for histological evaluation. The randomization process allocated
9 individuals to the C group and 11 to the T group. All the latter
candidates received orthodontic appliances; among them, six and
five belonged to the T1 and T2 subgroups, respectively. Four pa-
tients (three control and one T2 subgroup) displayed gingival de-
hiscence interdentally at the defect site during the early healing
phase (Table S1), where the papilla preservation incision was uti-
lized. These complications healed along with secondary wound
healing in the fourth week. No adverse events were observed
during the later healing period or in any correlation with ortho-
dontic treatment.

In the control group, most samples exhibited the osteoconduc-
tive properties of DBBM. The particles served as scaffolds for
new bone (NB) formation, which was observed in the apical
and middle thirds of the previous defect (Figure 2A,B). In the
coronal third of the samples, the bone substitutes were mainly
embedded in CT (Figure 3A,B). Higher magnification of the
middle-apical part of the core revealed favourable framing
and interlinking of the xenograft particles by NB (Figure 3C).
Ongoing bone formation was observed, which was characterized
by osteoblast cell activity, osteoid production and development
into a newly formed woven-type bone. This formation evolved
into a trabecular structure by bridging the space between the
two cross-sections of the NB (Figure 3D,E). Histomorphometry
showed the presence of 33.2% + 3.7% graft particles with a com-
bination of 17.4% + 9.2% NB formation, while the remaining part
was filled with connective tissue components and bone marrow
(49.4% +11.4%). The previous percentage ratios of the different
tissue elements represent data regarding the entire entity or
length of the sample. Although the distribution of DBBM par-
ticles among the cores was consistently proportional, soft tissue

elements tended to be more frequent in the coronal thirds. In
three cases, the bone-substitute material displayed CT encap-
sulation in almost all apico-coronal dimensions of the cores
(Figure S1A).

The histomorphometry of the test group revealed 33.9% +13.0%
NB, 16.3% +9.2% graft material and 49.7% + 13.0% soft tissue el-
ements distribution. This group was further described by OTM
type, in relation to the defect location (T1 and T2).

One of the six samples belonging to the T1 subgroup was damaged
during biopsy; its histologic results were excluded. The remain-
ing five cores showed similarities in the incorporation of grafted
areas into the NB (Figure 4A,B). Intimate contact of the NB with
the graft particles was observed at higher magnification. The en-
larged images showed ongoing bone formation with osteoblasts,
osteoid secretion and maturing woven bone. The bone marrow
spaces were enriched with cross-sections of blood vessels, whereas
NB bridged the space between the graft particles (Figure 4C). A
few images in one patient demonstrated the presence of so-called
cutting cones (osteoclastic cell function creates resorption lacunae
inside the graft material). Within these “corncob” like configura-
tions, the ongoing anabolic cellular activity of osteoblasts with left
behind remineralization zones was evident (Figure 5A-C). Two
samples showed local bone in the apical half of the section, with
no detectable graft particles (Figure 4B).

New and ongoing bone formation of osteoids secreted by osteo-
blasts was observed in the T2 subgroup (Figure 6A,B). In an in-
dividual in whom the previous periodontal defect was markedly
narrowed due to OTM, the graft material almost completely
disappeared. Ongoing bone formation was still present at this
9-month biopsy (Figure 6C). Cutting cone formation within the
bone substitute was demonstrated. Additionally, we observed
a multinucleated giant cell at higher magnification, which in-
terfered with the DBBM particle and confirmed its surface deg-
radation (Figure 6D). Image amplification also revealed bone
ingrowth into the graft surface, which was influenced by prior
remodeling (Figure 6E). A few samples from the T2 group con-
tained local bone. CT encapsulation of the DBBM was observed
in one biopsy (Figure S1B).

The histomorphometric dispersions of NB, graft particles and con-
nective tissue were 37.1% +17.1%, 19.7% + 3.5%, 43.2% + 16.6% and
31.4%+10.0%, 13.7% +11.8%, 55.0% £ 7.3% in the T1 and T2 sub-
groups, respectively (Table 1). Statistically significant differences
were found between the control and the overall test groups with
respect to the percentages of graft and newly formed bone, and
between control and T2 subgroup regarding only graft proportion.

4 | Discussion

The biological and cellular responses to early orthodontic tooth
movement (OTM) were investigated in relation to hard-tissue
healing of periodontal IDs, in which the xenogeneic graft mate-
rial served as a scaffold.

The present investigation was a rough combination of two
relevant preclinical studies. Diedrich et al. surgically created
IDs that were colonized by periodontopathogens, then treated
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FIGURE2 | (A and B) Biopsy cores from two control patients (30x magnification). The coronal and middle-apical regions exhibit different distri-
butions of graft particles relative to connective tissue (CT) and newly formed bone (NB).

with amelogenins and resorbable membranes. Extensive peri-
odontal regeneration was observed both at the intruded root
segments and on the tension sides after OTM. The pressure
side yielded a marked reduction in bone regeneration, but new
cementum formation with a corresponding new connective
attachment was comparable with that of the previous sides
(Diedrich et al. 2003).

Aratjo et al. moved animal teeth into healed extraction sites
augmented with DBBM. The pressure side revealed partially

degraded particles close to the periodontal ligament (PDL)
zone. No graft remnants were in contact with root surfaces.
Histomorphometry results showed that grafted sites, either
in the proximity of the root (affected by OTM) or harvested
from intact (not affected by OTM) areas, expressed almost
the same amount of mineralized bone as control, non-grafted
sites. The only difference between the test and control groups
(grafted vs. non-grafted) was the percentage of bone marrow
and presence of the graft, regardless of the biopsy site (affected
by OTM or not). According to the authors' opinion, DBBM
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FIGURE3 | (A and B)Two different magnifications from the coronal thirds of the control samples reveal the reparative tendency of the defect. (A)

DBBM s are rather embedded in the CT (150X magnification). (B) Further magnified picture showing the intimate contact of the particles on the right
side, either with NB or on the left side with lining fibroblasts (300x magnification). (C) A preferable integration of the graft particles into new bone is
visible from a middle-apical portion of the core. The cross-section of the blood vessels refers to a viable bone (150x magnification). (D) Ongoing bone
formation and maturation are present 9months post-surgery, forming the trabecular structure (750x magnification). (E) The stratification of the
different levels of new bone development is demonstrated from left to right as follows: new bone of lamellar type, woven type of bone encapsulating
the osteocytes and osteoid produced by osteoblasts (1500x magnification).

occupies space at the expense of the bone marrow and not of
the mineralized bone (Araujo et al. 2001).

First, we allocated periodontal defects as in Diedrich's study.
Second, the scaffold was xenogeneic, similar to Araujo’s study.
In contrast, we performed a human histological evaluation.
Owing to ethical considerations, we did not sacrifice the tooth
with the surrounding attaching apparatus blockwise. Only bony
cores with the smallest possible diameters under clinical cir-
cumstances were harvested, which prevented a full periodontal
evaluation.

4.1 | Control Group Histology

In cases of uneventful wound healing, the general finding is
that the more apical the location of the graft particles, the better
the encapsulation into the N'B, yet coronally located graft pieces
might be embedded into the CT. This agrees with other human
histological findings using DBBM for defect filling (Sculean
et al. 2004; Camelo et al. 1998; Susin and Wikesjo 2013). The au-
thors lack data on the long-term behavior and stability of these
healed sites, but based on empirical observation, it was assumed

that poorly integrated non-resorbable particles were more likely
to be exposed to subsequent periodontal breakdown in the case
of oral hygiene deterioration.

The average histomorphometric results showed similarities to
Camelo's tissue distribution in regenerated human IDs using
the same material (approximately 25% NB, 34% DBBM and 41%
CT) (Camelo et al. 1998). Ongoing bone formation proves the
fact that the maturation of the tissues is still ongoing 9 months
post-surgery. This increases the trabecular count and plays an
important role in the development of lamellar bone.

The exception in the control group comprised three samples rep-
resenting entire CT down growth into the former defect, which
surrounded the graft particles together with the inhibition of NB
formation. Positive correlations were observed between early
wound complications and unsatisfactory histological results.
Once membrane exposure occurs, clinicians must wait for sec-
ondary wound healing. Wound failure can be described as a
local factor that increases the reparative and pro-scar-forming
domain of a wound, which is correlated with a long junctional
epithelium on the root surface and soft tissue formation at the
site of the bony defect (Dickinson et al. 2013).
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FIGURE4 | (A and B) Two whole cores from the T1 subgroup (30x magnification). (A) The section shows newly formed bone (NB), residual graft
particles, connective tissue and bone marrow spaces. Fewer graft particles are visible in the coronal region compared with the middle-apical portion.
(B) Pre-existing native bone is present in the apical region of the core, while graft particles in the coronal region are surrounded by newly formed
bone. (C) Higher magnification (150x magnification) showing newly formed trabeculae between graft particle cross-sections and the presence of
cutting cones.

#

FIGURES5 | (A)Image amplification represents an osteoblast activity with left behind remineralization zones inside the resorbed area of the graft
particle (750x magnification). (B) Cutting cones within a graft particle containing newly formed bone with embedded osteocytes (750X magnifica-
tion). (C) A cross-section through a repairing part of a remodeled cone is also visible (1500x magnification).

4.2 | T1 Subgroup Histology bone formation indicates the vitality and maturation capacity
of the regenerated area. This proves that the forces originating
OTM-related tensile forces favoured graft incorporation into NB. from mastication or orthodontic appliances have a remodelling

The presence of blood vessels in the bone marrow and ongoing  effect on the surrounding newly formed bone. The observed
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FIGUREG6 | (A-C)Biopsy cores from T2 patients. (A) Apparent decreased amount of graft ratio and new bone formation around the graft material
(30x magnification). (B) There are hardly visible graft remnants on a pressure site's image after tooth movement toward the defect (30x magnifi-
cation). (C) High-magnification image (1000x) showing anabolic cellular activity between newly formed bone trabeculae 9 months postoperatively.
(D) High magnification illustrates the simultaneous direct contact between xenograft and new bone and the presence of a multinucleated giant cell
(300x magnification). (E) Bone ingrowth is visible into the surface of the biomaterial, which might have been previously in contact with the osteo-
clast (750x magnification).

TABLE1 | The overall histomorphometry results of the different groups.

Test (mean +SD) n=10

Group tissue Control n=9 (mean + SD) T1 (tension side) n=5 T2 (pressure side) n=5
New bone (%) 17.4+£9.2 33.9+13.0(p=0.011)

37.1+17.1 (p=0.107) 31.4+10.0 (p=0.126)
Graft (%) 33.2+3.7 16.3+9.2 (p=0.001)

19.7 3.5 (p=0.096) 13.7+11.8 (p=0.007)
Soft tissue (%) 49.4+11.4 49.7+13.0 (p=0.74)

43.2+16.6 (p=1.000) 55.0+7.3 (p=0.941)

Note: Statistically significant differences are highlighted with red between the control and the test groups (overall and subgroups).
Abbreviation: SD, standard deviation.

cutting cones might indicate that OTM-induced remodelling of neighbouring osteoclastic cells (Reitan 1967). Our findings
also interferes with the DBBM particles. This phenomenon agree with Aragjo's that there are many common features be-
might be part of the hyalinization process and increased activity =~ tween OTM-induced bone remodelling and DBBM degradation.
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The detailed mechanism underlying particle remodelling and
elimination remains unclear.

Some samples in the apical region revealed local bone pieces,
and there was a tendency to observe fewer graft remnants in
the coronal portion of the T1 biopsies. Both observations can be
explained by the type of OTM. Most teeth in this group under-
went an upright movement because they were previously tilted
toward the periodontal defect. Uprighting is a complex displace-
ment that combines distalization and extrusion from the defect
point of view. The greatest tensile strength is located at the cor-
onal aspect of the defect, which can result in a lower graft ratio.
Additionally, it can explain the local bone at the apical portion
because the extrusion component can displace the original tis-
sues more coronally. These observations require investigation,
but this tendency could be beneficial because a former defect
healed with a larger amount of newly formed bone, and a less
coronally located graft potentially incorporated in CT might be
more stable and resistant to subsequent periodontal breakdown.

There were statistically significant differences in the number of
graft particles and NB between the overall test group and the
control group. The amount of newly formed bone in the T1 sub-
group was comparable to the ratio of graft particles found in the
control group, whereas the distribution of DBBM is similar to
that in the control's percentage of NB. The significant quanti-
tative differences in the overall group and the trend observed
in the T1 subgroup may confirm the previously described effect
of orthodontic-induced tension on bone remodelling and apposi-
tion (Vardimon et al. 2001).

4.3 | T2 Subgroup Histology

The core samples, despite the low sample size, demonstrated
a significant decrease in the graft ratio compared to control
samples, while NB formation was comparable to that of T1 sub-
jects (Table 1). While these sites were under pressure from or-
thodontic forces, the possible exfoliation of the DMMB and the
osteoclast-induced resorption affecting particles might explain
their decreased amount in the biopsy. Ongoing remodeling of
the graft material was presumed by the presence of cutting cones
and the development of giant cells in close contact with the bone
substitutes. The replacing bone ingrowth into the DBBM sur-
face could prove the remodeling of the originally non-resorbable
graft material.

The increased connective tissue may have resulted from har-
vesting bony samples in some cases during an active phase of
the OTM. It can be assumed that after removal of the appliance,
bone formation and trabecularization would continue, poten-
tially increasing the percentage of NB (Ramaglia et al. 2018).
Biopsies from three patients revealed some amount of local bone
in the apical region of the core. Tooth movement occurred in the
direction of the defects in these cases. Owing to the standard-
ized trephine orientation, the biopsy site was slightly transposed
in accordance with the tooth. The calculated harvest depth in-
cluded apical native bone, which was excluded from quantitative
analyses due to different staining from NB. One core disclosed
the embedding of DBBM into the CT, which can be explained by
the wound failure described with the control biopsies.

Experimental data indicate that PDL-derived cells contribute
to both periodontal hard and soft tissue healing (Nemcovsky
et al. 2004), and orthodontic-induced bone remodeling is
closely linked to PDL-mediated biological processes (Reichert
et al. 2009). These findings suggest that early initiated OTM
may not interfere with bone-healing dynamics within grafted
defects. According to human histological findings on peri-
odontal regeneration, bone formation around DBBM particles
is linked to preferable new cementum and PDL formation
(Sculean et al. 2003). Furthermore, if new periodontal attach-
ment cannot be verified, NB development around the DBBM
is not reported. This is consistent with our histological results
in subjects with early wound failure. Block biopsy to assess
full periodontal regeneration was not ethically feasible in
this study. Consequently, while the observed bone regener-
ation patterns are biologically compatible with regenerative
healing, as previously mentioned, any inference regarding si-
multaneous new attachment formation remains indirect and
should be interpreted with caution. Limitations include the
short follow-up period and the fact that histological evalua-
tion alone does not allow conclusions regarding the complete
long-term resorption dynamics of DBBM.

5 | Conclusion

Histological analyses confirmed the osteoconductive property
of the graft material and also the limited extent of periodontal
regeneration in humans of unfavorable intrabony defects. The
novelty of this study lies in the human histological observations
suggesting alterations in DBBM particle distribution and in
newly formed bone at sites subjected to OTM, compared with
control samples, potentially associated with orthodontically in-
duced bone remodeling. Further controlled studies with stan-
dardized orthodontic protocols and long-term follow-up are
required to clarify the biological and clinical implications of
these observations.
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