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Abstract
Objective (1) To assess long-term outcomes 4 years following guided tissue regeneration (GTR) of intrabony defects in patients
diagnosed with aggressive periodontitis (AgP) and (2) to identify predictors of clinical attachment level (CAL) gain and bone/
graft density gain.
Materials and methods In 15 patients, two deep intrabony defects were randomly treated with xenogenic graft plus modified
perforated membranes (MPM, tests) or xenogenic graft plus standard collagen membranes (CM, controls). After 4 years, clinical
and radiographic outcomes were evaluated and compared with outcomes at baseline and after 1 year.
Results After 4 years, 14 test sites and 13 control sites were available for analysis. One tooth was lost as a result of root fracture.
There were significant improvements in all evaluated parameters after 1 and 4 years in relation to baseline, but no differences
were observed between tests and controls. However, some non-significant changes were found between 1 and 4 years.
Regression analyses showed that recurrence of periodontitis was a significant predictor for CAL gain (p = 0.001) and bone/
graft density gain (p = 0.024) from 1 to 4 years.
Conclusions GTR of intrabony defects in AgPwith either standard ormodified CM yielded similarly successful andmaintainable
clinical benefits for compromised teeth 4 years following the surgery. The use of MPM showed no additional benefit.
Clinical relevance This study demonstrates that most of the positive outcomes of GTR in AgP may be preserved over 4 years.
Periodontitis recurrence might influence long-term outcomes.
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Introduction

The factors impinging on regeneration of periodontal defects
are rather intricate, and the appropriate type and an adequate
number of cells, suitable scaffolding materials, and a benefi-
cial microenvironment with signaling molecules are of utmost
importance. Mesenchymal stem/progenitor cells (MSCs) are
of special interest in periodontal wound healing since they are
most likely the parental cells of synthetic cells including

osteoblasts, cementoblasts, and fibroblasts, accounting for the
restoration of lost periodontal tissues. Undifferentiated MSCs
reside in the periosteum, endosteum, marrow spaces, periodon-
tal ligament, and tooth-surrounding soft tissues. The value of
periosteum and gingiva, as a prominent source of MSCs,
which may potentially enhance regeneration of intrabony de-
fects, has lately been emphasized. Periosteum-derived stem/
progenitor cells (PDPCs) and gingival mesenchymal stem/
progenitor cells (GMSCs) promoted angiogenesis and showed
unique anti-inflammatory and immunomodulatory functions,
as well as osteogenic potential [1–4]. It is worth to note that
GMSCs were isolated from healthy and periodontally diseased
tissues and exhibited high mineralization, as well as strong
expression of alkaline phosphatase in 3D culture on
polycaprolactone (PCL) scaffolds [1]. Moreover, under subop-
timal proliferation conditions (incubation with TNF-α and Il-
1β), GMSCs displayed a higher proliferation potential than
periodontal ligament-derived MSCs [3]. All of the
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abovementioned suggest that these cells may be involved in
homeostasis and regeneration of the periodontium.

A great variety of techniques and biomaterials have been
introduced to restore the unique architecture and function of
damaged periodontal tissues, but periodontal regeneration has
not been fully accomplished with recognized therapeutic strat-
egies [5]. Guided tissue regeneration (GTR) may promote the
formation of new cementum, alveolar bone, and functionally
oriented periodontal ligament, thus effectively reducing
periodontitis-caused tooth loss [6]. In this technique, a bio-
compatible barrier membrane is placed between a surgical flap
and root surface in order to guide cell recruitment in a selec-
tive manner. The use of occlusive membrane prevents epithe-
lial downgrowth and fibroblast transgrowth into the wound
space, as well as allows participation of MSCs deriving from
marrow spaces, endosteum, periodontal ligament, and
perivascular tissues in the regenerative processes. On the other
hand, barrier placement excludes any contribution of PDPCs
and GMSCs to healing processes taking place in intrabony
defects. Moreover, the occlusive membrane may hinder the
penetration of growth-regulatory factors into the barrier-
protected area [7]. Generally speaking, barrier membranes de-
nude the wound site from the regenerative potential of the
periosteum [8]. With that knowledge in mind, some scientists
endeavored to evaluate the effects of membrane perforations
on clinical outcomes of GTR, as it was also reported that
complete tissue occlusion was not a critical determinant for
bone regeneration [9–11]. The rationale behind this idea was
that pores in the membrane would permit undifferentiated
MSCs residing in the periosteum and gingival connective tis-
sue, as well as growth factors to migrate into intrabony defect
and contribute to regenerative processes. It was later found
that macro-membrane perforations of 0.2, 0.4, and 0.7 mm
allowed for cellular migration and preserved membrane stiff-
ness [12]. Furthermore, analysis of the gingival crevicular
fluid in sites treated with perforated collagen membranes
displayed elevated concentration of bone morphogenetic
protein-2 (BMP-2), platelet-derived growth factor-BB
(PDGF-BB), and vascular endothelial growth factor
(VEGF), which improved the clinical results of periodon-
tal regeneration [13, 14]. It has also been implied that
owing to mechanical interlocking of fibrin strands with
the pores, the formed fibrin clot might be better stabilized.
According to everything mentioned above, cell-permeable
membranes, which allowed more physiologic interplays
between different elements of periodontium, have
emerged as a novel therapeutic approach. Recent clinical
investigations demonstrated significant new bone forma-
tion and increased bone density in intrabony defects treat-
ed with perforated collagen membranes up to 12 months
postoperatively, in comparison with standard collagen
membranes, but the long-term outcomes have not been
reported [9, 15, 16].

A large number of well-designed randomized, controlled
trials (RCTs) have highlighted promising results of GTR in
patients diagnosed with chronic periodontitis (ChP), but only
a few prospective studies evaluated aggressive periodontitis
(AgP) patients [17]. As a matter of fact, Corbella et al. [18]
recently conducted a systematic review on periodontal regen-
eration procedures in individuals affected by AgP and con-
cluded that periodontal regenerative surgerymight be success-
fully carried out in those individuals. However, the level of
evidence of the papers included in this review was considered
low, as data have mostly been drawn from uncontrolled stud-
ies and short follow-ups, and only three papers reported on
two RCT, which limited the possibility of performing meta-
analysis [19, 21, 29]. The other important facet related to the
included studies was a strong heterogeneity observed among
them. The follow-up period of these RCTs varied from 6 to
12 months. What is more, no RCT described a sample-size
calculation procedure before enrollment, hereby restricting the
possibility to assess statistical power of the outcomes (type II
error). Consequently, there is no consensus regarding long-
time efficacy of regenerative procedures in AgP patients.
Accordingly, there is still a pressing need for more high-
quality data to evaluate whether and how long the treatment
benefits of GTR can be maintained [22].

To the best of our knowledge, no RCTexists with respect to
long-term outcomes of regenerative periodontal therapy in
patients with AgP. Thus, the main objective of this study
was to assess 4-year results of GTR of deep intrabony defects
with modified perforated collagen membranes (MPM) in AgP
patients. Additionally, the secondary objective was to detect
predictors for clinical attachment level (CAL) gain and bone/
graft density gain in digital subtraction radiography (DSR) in
the long term.

Materials and methods

Study design

This 4-year follow-up of a double-blinded, split-mouth, RCT
compares two regenerative treatment modalities of intrabony
defects in AgP patients. The test group was treated with
deproteinized bovine bone mineral (DBBM) plus modified
perforated membranes (MPM), and the control group was
treated with DBBM plus standard collagen membranes
(CM). The design of the trial has been thoroughly described
along with the 1-year results [15, 16]. Participants of the orig-
inal study were longitudinally followed for 4 years (Fig. 1).
The study was carried out in accordance with the Helsinki
Declaration of 1975, as revised in Tokyo in 2004 after approv-
al of the study design by the Bioethics Committee (KB/135/
2014). Patients were informed of the nature, potential risks,
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and benefits of their participation in the study. All participants
signed consent forms.

Subject population and sample size calculation

Following fulfillment of non-surgical periodontal treatment
consisting of scaling and root debridement with additional
antibiotic therapy (amoxicillin 500 mg + metronidazole
250 mg three times daily for 1 week), 15 patients (10 women
and 5 men) aged 22–49 years (mean age 37.9 ± 7.95) in good
general health were signed up for this RCT. The patients were
reevaluated at 6 weeks. Two comparative intrabony defects
from each subject were selected. Baseline intra-oral radio-
graphs were taken 1 day before the surgery, while clinical
measurements were made on the day of the surgery.

According to a study byGamal and Iacono [9], usingMPM
in GTR of intrabony defects may lead to additional CAL gain
of approximately 1.2 mm. Therefore, the sample size calcula-
tion determined that 8 subjects per treatment group would

provide 80% power to disclose a true difference of 1.2 mm
between test and control, assuming 0.05 as the level of signif-
icance and 1.0 mm as the common standard deviation (SD).
Having in mind that some patients might be lost during fol-
low-up, 15 subjects were enrolled.

Inclusion and exclusion criteria

Inclusion criteria were as follows: (1) diagnosis of AgP ac-
cording to definitions of AAP of 1999 [23]; (2) no systemic
diseases; (3) no use of medications affecting periodontal sta-
tus; (4) non-smokers; (5) no pregnant or lactating; (6) history
of periodontitis in parents or siblings; (7) presence of at least
two teeth with PPD ≥ 6 mm, CAL ≥ 5 mm, and defect depth
(DD) ≥ 3 mm as detected in periapical radiographs; (8) full-
mouth plaque score (FMPS) ≤ 20%; (9) full-mouth bleeding
score (FMBS) ≤ 20%; (10) tooth had to be vital or properly
treated; (11) no furcation involvement; (12) the width of
keratinized tissue on the vestibular site of the tooth ≥ 2 mm.

Fig. 1 Consort diagram showing
the study outline
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Clinical measurements

Clinical measurements were taken by the same experienced
and calibrated examiner (MZ), who was masked with respect
to treatment. FMPS was calculated as the percentage of tooth
surfaces that exhibited plaque [24] and FMBS as the percent-
age of periodontal pockets that bled from the bottom 15 s after
careful probing [25]. Clinical parameters were registered at six
points of each tooth (i.e., distobuccal, buccal, mesiobuccal,
distolingual, lingual, mesiolingual) with a graded periodontal
probe (UNC probe 15 mm, Hu-Friedy, Chicago, IL, USA),
and rounded off to the nearest millimeter: (1) PPD as the
distance from the gingival margin to the base of periodontal
pocket; (2) CAL as the distance from the cemento-enamel
junction (CEJ) to the base of periodontal pocket; (3) gingival
recession (GR) as the distance from CEJ to the gingival mar-
gin. Clinical measurements were made immediately before as
well as 1 and 4 years after periodontal surgery.

Intrasurgery measurements were recorded upon comple-
tion of intrasurgical debridement: (1) defect depth as the dis-
tance between bottom of the defect and the most coronal point
of the bony walls surrounding the defect; (2) defect width as
the distance from the most coronal point of the bony walls
surrounding the defect to the root surface; (3) the number of
remaining walls of the defect (defects were classified as one-
wall, two-wall, and three-wall defects).

Radiographic measurements

Radiographic examination of digital intra-oral radiographs
taken before surgery, after 1 year, and after 4 years using the
paralleling technique was carried out by an experienced and
calibrated clinician (SJ) who was masked with respect to the
surgical intervention. Standardized reproducible periapical ra-
diographs were collected from each site with phosphor plates
(KaVo Scan eXam, KaVo, Biberach, Germany) with modi-
fied, individual film holders and paralleling technique using
an x-ray unit operating at 70 kV, 4 mA, and 0.1-s exposure
time, prior to surgery and at 12 and 48months postoperatively.
DD was calculated as the distance between the bottom of the
defect (BD) and the alveolar crest. Defect angle was measured
between the intersection of CEJ-BD line and the delimitation
of the wall of the defect [26]. Linear defect fill (LDF) was
calculated by subtracting CEJ-BD distance at the end of
4 years from CEJ-BD at either baseline or at 1 year postoper-
atively, while percentage defect fill (%DF) by dividing LDF
by DD at evaluated time [27]. Designated software was used
for linear measurements (Planmeca Romexis Viewer soft-
ware, Planmeca, Helsinki, Finland). Radiographs obtained at
1 year and 4 years were subtracted from the radiographs taken
at baseline, and radiographs taken at 4 years were subtracted
from the radiographs taken at 1 year with ImageJ® software
(Research Services Branch, NIH, Bethesda, MD, USA), as

previously described in details [16]. The areas that showed
gain in radiographic density (lightened areas) were measured
in percentages.

Randomization and surgical procedures

Allocation of treatment sites was carried out using a comput-
erized random number generator by a person not involved in
the study (SJ) before surgery and concealed in sealed and
opaque envelopes. All defects were treated by one surgeon
(BG) with the modified papilla preservation technique
(MPPT) in large interdental spaces (the width of interdental
space > 2 mm) or with the simplified papilla preservation flap
(SPPF) in narrow interdental spaces (the width of interdental
space 2 mm or less) [28, 29]. DBBM (Bio-Oss®, Geistlich
Biomaterials, Princeton, NJ, USA) were placed to fill the
intrabony defects. It was only at this stage that a sealed enve-
lope was opened, and treatment allocation was revealed to the
surgeon. Patients were not informed about treatment alloca-
tion. In the test group, defects were covered with modified
perforated porcine collagen membrane (MPM/test, Bio-
Gide®, Geistlich Biomaterials), whereas in the control group
with standard collagen membrane (CM/control, Bio-Gide®).
Membrane perforations were made by using a custom-made
acrylic template and a hand-spreader number 40 (Poldent,
Warsaw, Poland) at a distance of 2 mm throughout the length
of the membrane, leaving a coronal occlusive rim of ~ 2–
3 mm [9]. Perforation diameters varied approximately from
about 0.46 to 0.72 mm. Subsequently, membranes were
trimmed to cover the defect and 2–3 mm of remaining bone
and adapted in line with the protocol of the manufacturer
without suturing. Primary soft tissue closure was achieved
with sutures.

Post-surgical period and long-term supportive
periodontal care

Patients were requested to rinse with 0.2% chlorhexidine
digluconate mouth rinse three times per day for 3 weeks.
Healing was uneventful in all subjects. At week 2, sutures
were removed and patients resumed careful brushing with a
soft toothbrush. In five patients (3MPM sites and 2 CM sites),
membrane exposure was observed at 2 to 3 weeks after sur-
gery. Exposed areas were irrigated with 0.2% chlorhexidine
solution at the follow-up appointments and with daily appli-
cation of 1% chlorhexidine gel by patients up to the time of
complete re-epithelialization. All patients were placed on a 2-
week recall system for 3 months, and every 3 months for
1 year. Each session consisted of reinforcement of oral hy-
giene instructions and supragingival plaque removal. After
1-year follow-up, patients were scheduled for supportive peri-
odontal therapy (SPT) with recall intervals varied between 3
and 6 months. The participation of patients in SPT was
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recorded. The recurrence of periodontitis was considered if >
30% of patient’s teeth needed to be re-instrumented
subgingivally (PPD ≥ 5 mm) [30]. These sites were treated
with non-surgical root debridement.

Data analysis

Statistical analysis was carried out using Statistica 13 (Dell
Inc. (2016); Dell Statistica (data analysis software system),
version 13; software.dell.com). Normality of distribution
was assessed using Shapiro-Wilk test and by visual inspection
of histograms. For quantitative variables with normal distribu-
tion, mean ± SD (95% confidence interval) were given. The
primary outcome variable was CAL gain at 4 years, and the
secondary variables were changes in bone density, PPD reduc-
tion, and %DF at 4 years. For statistical analysis, the measure-
ments at the site with the greatest presurgical CAL value were
used. By deducting the 4-year values from either the baseline
values or 1-year values, the 4-year changes in clinical and
radiographic outcomes were calculated. Consequently, a pos-
itive change implied a reduction in PPD, a gain in CAL, a
decrease in GR, and a reduction in DD. Comparisons between
MPM-treated and CM-treated sites at the same time points
were performed using t test for independent variables, while
comparisons of changes in time within the same group were
evaluated by t test for paired data. Multiple linear regression
was used to evaluate the relationship of age, sex, tooth type,
surgical procedure, endodontic status, FMPS, FMBS, PPD,
CAL, DD, RVG angle at 1 year, patients’ compliance, and
periodontitis recurrence with CAL gain and bone/graft density
gain from 1 year to 4 years postoperatively (dependent vari-
ables). The model quality was assessed by means of residual
analysis on linearity and homoscedasticity. Any p values of
less than 0.05 (p < 0.05) were considered statistically
significant.

Results

The baseline description of defects showed no statistically
significant differences between tests and controls (Table 1).
All 15 recruited patients who received the intended treatment
complied up to 1 year. Between 1 and 4 years, there was 1
drop-out (patient could not be traced anymore). The remaining
14 patients were 10 women and 4 men, among whom 9 (64%)
participated regularly in professional SPT, and 5 (36%) re-
ceived no SPT. One patient had one tooth extracted due to
root fracture (CM-treated site). Consequently, 14 teeth in test
sites and 13 teeth in control sites were suitable for analysis
after 4 years (Fig. 1). Four (28%) patients showed periodon-
titis recurrence, among whom 2 (22%) participated regularly
in SPT program, whereas the other 2 (40%) did not.

The mean FMPS increased from 8% at baseline to 19%
after 1 year and 26% after 4 years, while the mean FMBS
raised from 12% at baseline to 19% after 1 year and 27% after
4 years. The mean PPD at baseline was found to be 7.4 mm in
test sites and 7.2 mm in control sites and declined to 3.4 mm
and 3.7 mm after 1 year, respectively. After 4 years, the mean
PPD increased again by 0.2 mm in both groups. The mean
CAL started at baseline at 8.7 mm (MPM-treated sites) or
8.5 mm (CM-treated sites) and decreased to 4.0 mm and
4.2 mm after 1 year, respectively. Twenty-eight percent of test
sites (4 defects) demonstrated CAL loss from 1 to 4 years,
43% (6 defects) showed CAL gain, and in 28% (4 sites)
CAL did not change; the respective values for control sites
were: 31% (4), 31% (4), and 38% (5). A mean baseline DD in
MPM-treated sites was 5.9 mm and in CM-treated sites
5.3 mm. After 1 year, mean DD decreased by 5.2 mm in
MPM-treated sites, and by 4.4 mm in CM-treated sites.
After 4 years, the measured mean DD reached 0.5 mm in test
sites and 0.7 mm in control sites (Figs. 2 and 3). The mean
%DF after 1 year was found to be 80% in the test and 81.7% in
the control group and increased to 87% in the test and to
84.1% in the control group after 4 years. Constant increase
in bone/graft density was observed in MPM-treated sites that
reached 88% after 1 year and increased by mean 0.5% after
4 years. In CM-treated sites, mean bone/graft density in-
creased by 82% after 1 year and declined by 0.01% after
4 years. No significant differences were observed between test
and control sites. The thorough results of clinical and radio-
graphic outcomes are presented in Tables 2 and 3. Table 4
depicts the frequency distribution of sites with different PPD
for tests and controls at baseline, as well as after 1 and 4 years.

Table 5 depicts the results of regression analysis with CAL
gain from 1 to 4 years postoperatively, as the dependent var-
iable. The data show no multicollinearity. Periodontitis recur-
rence was the only significant predictor for CAL gain (p =
0.003), and the recurrence of periodontitis resulted in 2.9 mm
CAL loss. Almost 80% of the variability could be explained
by the regression model (R2 = 0.799). An analogous analysis
was carried out with bone/graft density gain (Table 6). The
data show no multicollinearity. Quite similarly, periodontitis
recurrence was the only significant predictor for bone density
gain (p = 0.024). The recurrence of periodontitis decreased
bone/graft density gain by 9.7%. Sixty-five percent of the
variability could be explained by the regression model (R2 =
0.653). Both model qualities were satisfying given the linear
relationship and homoscedasticity of the residuals (Fig. 4).

Discussion

Definitions and classifications of periodontal diseases have
been subject to substantial discussion for many decades. The
1999 International Workshop on Classification of Periodontal
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Table 1 Baseline clinical
characteristics: tooth type, tooth
position, radiographic angle
(RVG angle), intrasurgical
measurements, and defect
morphology (mean with 95%
confidence interval and standard
deviation)

Variables Test sites (n = 15) Control sites (n = 15) p value

Tooth type (n)

Molars 7 7

Premolars 4 3

Upper incisors, canines 4 5

Tooth position (n)

Maxillary teeth 5 7

Mandibular teeth 10 8

Radiographic angle (degrees) 23.24 [21.4–25.5] ± 3.8 26.0 [22.2–29.9] ± 7.0 0.303

Intrasurgical measurements (mm)

Defect depth 5.5 [4.7–6.4] ± 1.6 5.3 [4.1–6.6] ± 2.3 0.725

Defect width 3.5 [2.6–4.4] ± 1.6 2.9 [2.5–3.3] ± 0.7 0.725

Defect morphology (n)

One-wall 2 3

Two-wall 4 4

Three-wall 9 8

n number of split-mouth defects

Fig. 2 Treatment of intrabony
defect on distal surface of tooth 34
utilizing modified perforated
membrane (test site). a Pre-
operative 7-mm probing pocket
depth (PPD). b Intrabony defect
after completion of intrasurgical
debridement. c Trimmed and per-
forated collagen membrane. d
Membrane positioned over
intrabony defect filled with
xenogenic graft. eWound closure
sutures. f Clinical photo, 2 weeks
post-surgery. g Clinical photo,
1 year post-surgery showing PPD
of 4 mm. hClinical photo, 4 years
post-surgery showing PPD of
4 mm. i Baseline radiograph
demonstrates intrabony defect. j
Radiograph at 1 year post-surgery
shows bone filling. k Radiograph
at 4 years post-surgery shows
stable outcome
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Diseases distinguished between AgP and ChP [31].
Accordingly, AgP was defined as a rare inflammatory condi-
tion characterized by rapid and severe destruction of attach-
ment and bone with minimal presence of microbial deposits
that affected younger individuals with familial aggregation.
The prevalence of AgP was estimated to vary from 0.1 to 1%
in European Caucasians [32, 33]. This system has been in use
for the last 19 years. However, the 2017 World Workshop on
Classification of Periodontal and Peri-Implant Diseases
grouped AgP and ChP under a single category, periodontitis,
since no solid evidence was found to consider AgP as
pathophysiologically distinct disease [34, 35]. As a result, a
new classification framework for periodontitis has been up-
dated to stages (I–IV) and grades (A–C). Staging is based on
the severity and the extent of disease, as well as on manage-
ment complexity, while grading depends on a history-based
analysis of the rate of progression, which is linked with risk
factors. As this study started in 2014, a diagnosis of AgP was
set as the main inclusion criterion (the new classification was
not yet in force). Be that as it may, the stages and grades could
have been retrospectively determined using data from patients’

medical histories (clinical and radiographic examinations).
Consequently, all cases included in this study would be classi-
fied as periodontitis stage III (severe periodontitis with poten-
tial for additional tooth loss) grade C (rapid rate of progres-
sion), based on the new classification scheme for periodontal
diseases. Nonetheless, in this article, the previously accepted
definition of AgP was used for comprehensive reasons [31].

Data on long-term results of GTR in aggressive periodon-
titis patients are scarce; thus, this study prospectively evaluat-
ed and compared two regenerative procedures of intrabony
defects in AgP. The reported results showed that the regener-
ative treatment of intrabony defects in AgP might lead to
positive clinical and radiographic outcomes 4 years after sur-
gery. To the best of our knowledge, this RCT has the longest
follow-up available in the literature. Even though high com-
plexity of outcome measures was expressed, tooth loss was a
true clinical endpoint. Consequently, one tooth in the control
group was lost during the study period due to other than peri-
odontal reasons (root fracture). In general, we observed im-
provements in the evaluated clinical (PPD reduction, CAL
gain) and radiographic (DD reduction, defect fill, bone/graft

Fig. 3 Treatment of intrabony
defect on distal surface of tooth 44
utilizing standard collagen
membrane (control site). a Pre-
operative 7-mm probing pocket
depth (PPD). b Intrabony defect
after completion of intrasurgical
debridement. c Trimmed collagen
membrane. d Membrane posi-
tioned over intrabony defect filled
with xenogenic graft. e Wound
closure sutures. f Clinical photo,
2 weeks post-surgery. g Clinical
photo, 1 year post-surgery show-
ing PPD of 4 mm. h Clinical
photo, 4 years post-surgery
showing PPD of 4 mm. i Baseline
radiograph demonstrates
intrabony defect. j Radiograph at
1 year post-surgery shows bone
filling. k Radiograph at 4 years
post-surgery shows stable
outcome
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density gain) parameters 1 and 4 years after surgery, which
were significant in comparison with baseline conditions.
However, no significant differences between the groups were
found. These results seemed to be stable, since no significant
changes were observed from 1 to 4 years postoperatively. In
MPM-treated sites, mean CAL gain was found to be 4.8 mm
and mean bone/graft density gain was 90%, as compared with
4.0 mm and 82% in CM-treated sites, respectively. Within the
limits of the present study, these data suggest that regenerative
therapy is a predictable technique that allowed patients diag-
nosed with AgP to maintain compromised teeth. However, the
reported outcomes did not support a considerable advantage
of MPM over CM 4 years following the surgery, although
some initial improvements in radiographic outcomes were re-
ported [15, 16].

Quite recently Artzi et al. [36] retrospectively evaluated
and compared two regenerativemodalities of periodontal ther-
apy in individuals with AgP. In that study, GTR-treated sites
showed PPD reduction and CAL gain similar to those changes
observed in sites treated with the application of enamel matrix
derivatives combined with DBBM 1–10-year follow-up. That
being said, randomized trials on long-term outcomes of GTR
in AgP are lacking. Thus far, only three RCTs have been
published with the follow-up period to 12 months, and there-
fore, the long-term efficacy of those regenerative therapies
remains uncertain. In Rakmanee et al.’s [20, 21] study, SPPF
plus CM was compared with SPPF alone. The authors found
CAL gain of 1.6 mm, PPD reduction of 2.4 mm, and DD

reduction of 2.4 mm at the GTR sites and CAL gain of
2.1 mm, PPD reduction of 2.5 mm, and DD reduction of
2.2 mm at the access flap sites 12 months following surgery.
Both clinical and radiographic results showed substantial
comparability between the two groups. On the other hand, in
Queiroz et al.’s [19] research, the use of bone substitute mixed
with P-15 without any barrier resulted in a CAL gain and PPD
reduction that were comparable to those achieved in the group
in which a non-resorbable membrane was placed over
intrabony defect. However, the radiographic outcomes were
significantly better in the ABM/P-15 group. At the GTR sites,
authors reported CAL gain of 2.0 mm, PPD reduction of
2.5 mm, bone fill of 0.7 mm, and bone density gain of 62%,
as compared with CAL gain of 1.8, PPD reduction of 2.2 mm,
bone fill of 2.4 mm, and bone density gain of 93% in the
ABM/P-15 group. However, the actual success cannot merely
be assessed at 6 or 12 months following regenerative treat-
ment, but also has to be evaluated years later. In that regard,
the 4-year results of our study compare well with the afore-
mentioned RCTs. Unfortunately, it is not possible to contrast
the reported outcomes with others since no other RCT had a
follow-up period longer than 12 months.

Even following successful treatment, patients with diag-
nosed periodontitis require life-long supportive care in order
to avoid recurrence of disease [37]. Generally speaking, pa-
tients with AgP have significantly better compliance in respect
to ChP patients (57% vs. 30%) [38]. In the present study, all
patients were involved in a strict SPT during the first year.
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Table 2 Clinical and radiographic parameters: probing pocket depth (PPD), clinical attachment level (CAL), gingival recession (GR), and radiographic
defect depth (DD) at the surgical sites at baseline and after 1 and 4 years (mean, 95% confidence interval (CI), standard deviation (SD))

Test sites (n = 15) Control sites (n = 15)

PPD (mm) CAL (mm) GR (mm) DD (mm) PPD (mm) CAL (mm) GR (mm) DD (mm)

Baseline

Mean 7.4a,b 8.7a,b 1.3b 5.9a,b 7.2a,b 8.5a,b 1.5b 5.3a,b

95% CI 6.5–8.3 7.8–9.6 0.9–1.7 5.2–6.6 6.5–7.9 7.5–9.5 0.8–2.1 4.3–6.3

SD 1.5 1.6 0.7 1.2 1.3 1.8 1.1 1.8

1 year

Mean 3.4a 4.0a 0.9 0.7a 3.7a 4.2a 1.5 0.9a

95% CI 2.7–4.0 3.0–4.9 0.3–1.5 0.4–1.0 3.1–4.2 3.5–4.9 0.3–2.8 0.5–1.2

SD 1.1 1.6 1.1 0.9 0.9 1.2 2.2 0.6

4 years

Mean 3.6b 4.0b 0.6b 0.6b 3.8b 4.6b 0.9b 0.7b

95% CI 2.8–4.4 3.0–5.0 0.1–1.1 0.3–1.0 3.2–4.4 3.9–5.2 0.2–1.6 0.5–0.9

SD 1.3 1.7 0.8 0.5 1.0 1.1 1.1 0.4

n number of split-mouth defects
a Statistically significant difference between baseline and 1 year (p ≤ 0.05)
b Statistically significant difference between baseline and 4 years (p ≤ 0.05)
No statistically significant differences were observed between 1 year and 4 years within groups (p ≤ 0.05)
No statistically significant differences were observed between test and control (p ≤ 0.05)
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After that period, further compliance was greatly recommend-
ed and 9 patients participated in individually tailored SPT
program at the university, but 5 patients returned to referring
dentists. FMPS showed only a slightly increasing tendency
but remained relatively low throughout the 4-year follow-up
(8% at baseline, 19% after 1 year, and 26% after 4 years).
Regular participation in SPT and good plaque control have a
pivotal impact on long-term success of GTR, as more new
attachment loss and tooth loss were found in patients who
did not comply with a periodontal maintenance program
[39]. In our study, periodontitis recurrence was observed in
22% of subjects who participated in SPT, and in 40% who
returned to referring dentists. This aspect is of paramount im-
portance, since it seems that regular specialist-based SPT in
AgP patients might act as a protective factor. Multiple linear
regression analyses showed that patients who showed disease
recurrence exhibited lower CAL gain and bone density gain in
the long term. Likewise, the lack of recurrence resulted in
2.94 mm CAL gain and in almost 10% bone density gain

4 years following GTR. In consideration of the foregoing,
the thorough surgical treatment mode followed by strict sup-
portive periodontal maintenance might be prerequisites for
long-time successful results. Due to AgP being a multifacto-
rial and complex disease, the prediction of its progression and
response to treatment may differ staggeringly within the same
individual and within individuals. By the same token, little is
known about the factors that may be used as predictors of
therapeutic response to GTR in patients diagnosed with AgP.
As a matter of fact, only two long-term interventional studies
have assessed prognostic variables among subjects with AgP
who had received active periodontal therapy (APT). One
study involving 174 AgP patients demonstrated that smoking
and gingival bleeding were associated with an increased risk
for periodontitis recurrence 10.5 years following APT [35].
The other found that smoking, stress, and counts of
Porphyromonas gingivalis and Treponema denticola were
significantly associated with the progressive tissue lost 5 years
after initial treatment [40].

Table 5 Regression analysis with
clinical attachment level (CAL)
gain (mm) from 1 to 4 years as
dependent variable. R2 = 0.799

Parameter Regression
coefficient

Standard Error Confidence interval p value

Lower Upper

Intercept − 0.78 1.95 − 4.95 3.39 0.69

Gender − 1.74 1.24 − 4.39 0.90 0.18

Age − 0.02 0.02 − 0.07 0.02 0.25

Surgical procedure (MPM vs. CM) − 0.12 0.37 − 0.91 0.66 0.74

Tooth type (incisors, canines,
premolars vs. molars)

0.20 0.66 − 1.20 1.61 0.76

Tooth position (upper vs. lower) 0.76 0.50 − 0.30 1.84 0.14

Pulp status (vital vs.
endodontically treated)

− 0.03 0.55 − 1.22 1.15 0.95

FMPS 0.0 0.02 − 0.04 0.05 0.83

FMBS − 0.03 0.03 − 0.10 0.02 0.25

PPD 0.07 0.24 − 0.45 0.59 0.77

CAL 0.20 0.20 − 0.22 0.64 0.32

DD − 0.46 0.57 − 1.69 0.76 0.43

RVG angle 0.01 0.01 − 0.01 0.05 0.32

Patients’ compliance (1 vs. 0) 1.34 0.79 − 0.33 3.02 0.10

Periodontitis recurrence (1 vs. 0) − 2.94 0.69 − 4.43 − 1.45 0.00

MPMmodified perforated membrane,CM collagen membrane, FMPS full-mouth plaque score, FMBS full-mouth
bleeding score, PPD probing pocket depth, DD radiographic defect depth

Table 4 Frequency distribution
of probing pocket depth (PPD) ≤
3 mm, 4–5 mm and ≥ 6 mm at the
surgical sites at baseline and after
1 and 4 years

Test sites (n = 15) Control sites (n = 15)

≤ 3 mm 4–5 mm ≥ 6 mm ≤ 3 mm 4–5 mm ≥ 6 mm

Baseline – 2 13 – 1 14

1 year 8 7 – 7 7 1

4 years 8 4 2 5 7 1

n number of split-mouth defects
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Since the introduction of GTR for the treatment of
periodontal defects, continuous improvements have been
made in many technical details, as well as in handling of
numerous materials [41–43]. The idea behind cell-
permeable barrier was for membrane perforations to allow
undifferentiated MSCs and growth factors from the sur-
rounding soft tissues to take part in supracrestal regener-
ation of intrabony defects; thus, molecular migration
through the pores might compensate the limited cellularity
of the periodontium [9, 11]. Mardas et al. [11] evaluated
GTR with demineralized bone matrix and perforated
Teflon barriers in rats. Perforations were made utilizing
a needle with a diameter of 0.3 mm. After 4 months, the
new bone occupied 50.5% of the cross-sectional area in
the test sites and 45.0% in the sites treated with cell-
occlusive barrier, but the difference was not statistically
significant. On the other hand, Gamal and Iacono [9] sug-
gested modification of collagen membranes. By the same
token, MPM had a dense collar that might inhibit epithe-
lial downgrowth on the outer surface and perforated body
that may enable PDPCs and GMSCs to migrate into the
barrier-protected area and to enhance regenerative pro-
cesses. As a matter of fact, the superior clinical perfor-
mance of that device in GTR of intrabony defects in ChP
has been confirmed. The postoperative differences be-
tween groups were 3.3 mm and 2.1 mm for CAL gain,
3.9 mm and 3.0 mm for PPD reduction, and − 3 mm and
− 3.1 mm for DD reduction at 6 months, in favor of the

MPM-treated sites [9]. Moreover, MPM led to enhanced
periodontal regeneration in dehiscence defects in dogs
with more rapid bone maturation [44]. The impact of
MPM on regenerative treatment in AgP has been reported
in the 1-year follow-up of our study [20, 21]. However,
with the exception of initially improved LDF (additional
0.4 mm, p = 0.01), %DF (additional 7.6%, p = 0.025), and
accelerated bone/graft density (additional 4.9%, p = 0.011)
from 6 to 12 months postoperatively, no significant effects
of MPM on the early clinical outcomes were found after
12 months. Similarly, 4 years after surgery, the use of
perforated membranes showed no additional benefits yet
significant improvements in all evaluated parameters in
relation to baseline were observed. Notwithstanding, it
has been demonstrated quite recently that MPM may act
as non-viral gene delivery devices for bone regeneration
protocols [45]. MPM were bioactivated by incorporating
plasmid DNA (pDNA) or chemically modified RNA
(cmRNA) encoding bone morphogenetic protein-9
(BMP-9), and their bone regenerating potential was eval-
uated. Bioactive MPM demonstrated enhanced osteogenic
differentiation compared with controls in vitro (higher al-
kaline phosphatase activity and calcium mineralization)
and in vivo using the calvarial defect model in rats (higher
distribution of bone volume fraction). This concept has
not been tested in intrabony defects in human yet.

The present study is not exempt from limitations.
Without doubt, the main disadvantage of this study is that

Table 6 Regression analysis with
gain in bone density in
subtraction analysis (%) from 1 to
4 years as dependent variable.
R2 = 0.653

Parameter Regression
coefficient

Standard Error Confidence interval p value

Lower Upper

Intercept 1.61 10.77 − 21.34 24.56 0.883

Gender − 8.71 6.83 − 23.27 5.84 0.221

Age − 0.01 0.13 − 0.28 0.26 0.940

Surgical procedure (MPM vs. CM) 0.43 2.03 − 3.91 4.76 0.837

Tooth type (incisors, canines,
premolars vs. molars)

4.11 3.63 − 3.63 11.86 0.275

Tooth position (upper vs. lower) − 3.10 2.77 − 9.00 2.80 0.280

Pulp status (vital vs. endodontically
treated)

− 1.84 3.08 − 8.39 4.72 0.559

FMPS 0.05 0.14 − 0.24 0.34 0.708

FMBS − 0.22 0.17 − 0.58 0.14 0.213

PPD − 0.05 1.34 − 2.91 2.82 0.973

CAL 0.63 1.12 − 1.76 3.02 0.583

DD − 2.45 3.17 − 9.21 4.32 0.453

RVG angle 0.04 0.09 − 0.14 0.23 0.623

Patients’ compliance (1 vs. 0) 9.17 4.35 − 0.09 18.43 0.052

Periodontitis recurrence (1 vs. 0) − 9.66 3.85 − 17.85 − 1.46 0.024

MPMmodified perforated membrane,CM collagen membrane, FMPS full-mouth plaque score, FMBS full-mouth
bleeding score, PPD probing pocket depth, CAL clinical attachment level, DD radiographic defect depth
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the results obtained are related to a diagnosis of AgP;
meanwhile, the current definition of a periodontitis is
based on a multi-dimensional staging and grading system.
Nevertheless, this research was planned and carried out
long before the new classification. Having said that, all
patients involved in this study would be classified as peri-
odontitis stage III grade C. Secondly, owing to the relative-
ly small number of subjects, some variables and predictors
might not have shown signi f icant associa t ions .
Additionally, potential risk of bias due to some drop-outs
remained, since one patient did not complete the study, and
in another subject, one tooth has been extracted (thus 1
MPM-treated site and 2 CM-treated sites were lost to anal-
ysis). However, as a consequence of low AgP prevalence
in population, other studies have used sample size similar
to this of the reported RCT. Moreover, sample size calcu-
lation had been carried out before the commencement of
this study. Third, we did not perform histological evalua-
tion; hence, the true nature of healing could not be evalu-
ated. DBBM with slow resorption rate was used to fill
intrabony defects. Consequently, the observed radiograph-
ic fill will consist of a composition of both radiopaque
xenogenic graft particles and regenerating vital human

bone; thus, DSR may not represent a true bone formation
and maturation. Therefore, the histological proof of evi-
dence for true regeneration achieved with MPM should
be demonstrated in animal models, as current ethical codes
thwart a precise determination of clinical and radiographic
improvements in humans. Fourth, albeit from each patient,
two, as similar as possible, intrabony defects were selected;
there were relatively more maxillary defects in the control
group. By any means, the baseline characteristics of de-
fects were controlled to remove the further potential bias
caused by the unbalanced baseline values and protection
from selection bias was maintained due to randomization
and allocation concealment.

All things considered, more research needs to be carried
out on the use of MPM in AgP, and the evaluation of long-
term stability of achieved clinical and radiographic outcomes
is one aspect that requires further investigation. Furthermore,
the future design of state-of-the-art biomaterials that will ro-
bustly collaborate with self-healing capacity of periodontal
defects and enhance specific gingival stem cell regenerative
potential requires much more comprehensive insights in the
processes underlying biological principles of the cell-based
regeneration mechanisms.

Fig. 4 Scatter diagrams showing the model quality in reference to linearity and homoscedasticity (upper and lower left sides). Scatter diagrams showing
the prediction of CAL gain (upper right side) and bone/graft density gain (lower right side) by the regression models
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Conclusions

Within the limitations of this 4-year study, the present findings
may imply that:

– GTR of intrabony defects in AgP with either standard or
modified CM yielded similarly successful clinical and
radiographic benefits for compromised teeth 4 years fol-
lowing the surgery;

– Significant CAL and bone/graft density gains remained
stable 4 years after surgery, with minimal changes from 1
to 4 years;

– The use of MPM showed no additional advantage in the
long term;

– Periodontitis recurrence was a significant predictor of the
clinical response to GTR.
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