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Abstract

Objective To systematically review the available histologic evidence on periodontal regeneration in class II and III furcations in
animals and humans.

Materials and methods A protocol including all aspects of a systematic review methodology was developed including definition
of the focused question, defined search strategy, study inclusion criteria, determination of outcome measures, screening methods,
data extraction and analysis, and data synthesis. The focused question was defined as follows: “What is the regenerative effect
obtained by using or not several biomaterials as adjuncts to open flap surgery in the treatment of periodontal furcation defects as
evaluated in animal and human histological studies?”

Search strategy Using the MEDLINE database, the literature was searched for articles published up to and including September
2018: combinations of several search terms were applied to identify appropriate studies. Reference lists of review articles and of
the included articles in the present review were screened. A hand search of the most important dental journals was also performed.
Criteria for study selection and inclusion Only articles published in English describing animal and human histological studies
evaluating the effect of surgical treatment, with or without the adjunctive use of potentially regenerative materials (i.e., barrier
membranes, grafting materials, growth factors/proteins, and combinations thereof) for the treatment of periodontal furcation
defects were considered. Only studies reporting a minimum of 8 weeks healing following reconstructive surgery were included.
The primary outcome variable was formation of periodontal supporting tissues [e.g., periodontal ligament, root cementum, and
alveolar bone, given as linear measurements (in mm) or as a percentage of the instrumented root length (%)] following surgical
treatment with or without regenerative materials, as determined histologically/histomorphometrically. Healing type and defect
resolution (i.e., complete regeneration, long junctional epithelium, connective tissue attachment, connective tissue adhesion, or
osseous repair) were also recorded.

Results In animals, periodontal regeneration was reported in class II and III defects with open flap debridement alone or
combined with various types of bone grafts/bone substitues, biological factors, guided tissue regeneration, and different combi-
nations thereof. The use of biological factors and combination approaches provided the best outcomes for class II defects whereas
in class III defects, the combination approaches seem to offer the highest regenerative outcomes. In human class II furcations, the
best outcomes were obtained with DFDBA combined with hPDGF-BB and with GTR. In class III furcations, evidence from two
case reports indicated very limited to no periodontal regeneration.
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Conclusions Within their limits, the present results suggest that (a) in animals, complete periodontal regeneration has been
demonstrated in class II and class III furcation defects, and (b) in humans, the evidence for substantial periodontal regeneration

is limited to class II furcations.

Clinical relevance At present, regenerative periodontal surgery represents a valuable treatment option only for human class II

furcation defects but not for class III furcations.

Keywords Periodontal regeneration - Furcation defects - Histology - Animal studies - Human studies

Introduction

Furcation involvement is characterized by loss of attachment
and bone in the interradicular area of multi-rooted teeth and
represents one of the major complications of periodontal dis-
ease; left untreated, long-term tooth prognosis may signifi-
cantly deteriorate leading ultimately to tooth loss.
Substantial evidence indicates that unrelated to age, both peri-
odontal disease severity and tooth mortality are more pro-
nounced at molars [1-6].

Periodontal therapy at molars with furcation involvement
results in less favorable outcomes compared to that at single-
rooted teeth or molars without furcation involvement [7-9].
On one hand, this might be related to difficulties in self-
performing adequate oral hygiene [3, 10, 11], on the other
hand, to suboptimal furcation debridement due to limited ac-
cessibility and the complex tooth anatomy [12—14].

Long-term prognosis of molars with class I furcation in-
volvement was shown to be comparable to that of molars
without furcation involvement [15, 16]. Class I furcation de-
fects can be successfully managed by non-surgical mechanical
therapy [8, 9], representing no or a minor risk factor for tooth
loss. However, molars with class II or III furcation involve-
ments show a higher rate of further periodontal breakdown
and tooth loss after treatment as compared to molars without
furcation defects [15, 17, 18]. Over a 10-year period, molars
with class III furcation involvement have been associated with
a 40% mortality, despite regular supportive periodontal thera-
py, while the corresponding number for class II furcation de-
fects was 25% [15].

Over the last decades, various treatment approaches includ-
ing non-surgical periodontal therapy, resective or reconstruc-
tive periodontal surgery, even extraction followed by implant
placement have been used to treat furcation involved teeth.
Interestingly, a recent study has evaluated the cost-
effectiveness of retaining furcation involved molars using var-
ious periodontal treatments (e.g., scaling and root planing,
resective and reconstructive surgery) versus replacing them
with implant supported crowns [19]. The study has shown that
natural teeth were retained for longer periods compared to
implant supported crowns irrespective of the furcation in-
volvement, age, or smoking status. These findings are in line
with those from Fardal et al. [20] who have demonstrated that
in periodontitis patients, the cost of maintaining implants was
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much higher than the cost of maintaining teeth. Taken togeth-
er, the evidence from the literature supports the rationale to
treat and maintain furcation involved molars.

The ultimate goal of furcation defects therapy is furcation
closure via periodontal regeneration [i.e., formation of root
cementum, periodontal ligament (PDL), and alveolar bone
encompasing the entire furcation area]. Evidence from clinical
studies indicates that reconstructive periodontal surgery in-
cluding various types of bone grafts/bone substitutes, biologic
factors, guided tissue regeneration (GTR), or various combi-
nations thereof may indeed improve the outcomes in class 11
furcations [21-25]. Despite the fact that complete furcation
closure was rather rare, the evidence indicates that reconstruc-
tive periodontal surgery may convert class II furcation defects
to class I, thus improving long-term tooth prognosis [26, 27].
Since in clinical settings the efficacy of various regenerative
materials can only be evaluated clinically or radiographically,
it is still unclear which of the regenerative materials may pro-
mote periodontal regeneration in furcation type defects as
demonstrated histologically. A plethora of regenerative mate-
rials have been tested on animal models and then applied
clinically in patients, leaving following questions open:

1. What is the evidence for periodontal regeneration in class
IT and III furcation defects as evaluated histologically in
animals?

2. What is the evidence for periodontal regeneration in class
I and III furcation defects as evaluated histologically in
humans?

Therefore, the aim of this paper was to systematically re-
view the available histological evidence of reconstructive
periodontal surgery in terms of periodontal wound healing/
regeneration in animal and human furcation defects.

Materials and methods
Development of a protocol
A protocol including all aspects of a systematic review meth-
odology was developed prior to commencing the review. This

included definition of the focused question; a defined search
strategy; study inclusion criteria; determination of outcome
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measures; screening methods, data extraction, and analysis;
and data synthesis.

Defining the focused question

We defined the focused question as follows: “What is the
regenerative effect (regenerated periodontal tissues) and its
magnitude (amount of regenerated tissues- linear, areal, volu-
metric) obtained by using or not several biomaterials as ad-
juncts to open flap surgery in the treatment of periodontal
furcation defects as evaluated in animal and human histolog-
ical studies?”

Search strategy

Using the MEDLINE database, the literature was searched for
articles published up to and including September 2018: com-
binations of several search terms were applied to identify ap-
propriate studies (Table 1). Reference lists of review articles
and of the included articles in the present review were
screened. Finally, a hand search of the major dental journals
was performed.

Table 1 Search terms used to identify the relevant studies

Search terms

(“periodontal furcation defect” OR “periodontal furcation lesion” OR
“furcation osseous defect” OR “furcation lesion” OR “furcation
defect” OR “furcation involvement” OR “furcation problem” OR
“furcation invasion” OR “furcation”)

AND

(“guided tissue regeneration” OR “GTR” OR “membrane” OR “barrier”
OR “periodontal regeneration” OR “bone graft” OR “bone
replacement graft” OR “bone substitute” OR “osseous graft” OR
“bone transplantation” OR “bone regeneration” OR “bone matrix” OR
“autograft” OR “autogenous bone graft” OR “allogenic bone graft”
OR “allograft” OR “freeze dried bone allograft” OR “demineralized
freeze-dried bone allograft” OR “decalcified freeze-dried bone
allograft” OR “bovine bone” OR “xenograft” OR “xenogenic graft”
OR “synthetic graft” OR “alloplastic graft” OR “alloplastic material”
OR “polymer” OR “ceramic graft” OR “bioactive ceramic graft” OR
“bioglass” OR “biomaterial” OR “bioceramic” OR “‘hydroxyapatite”
OR “calcium phosphate” OR “tricalcium phosphate” OR
“beta-tricalcium phosphate” OR “tricalcium phosphate” OR “ceramic”
OR “calcium carbonate” OR “calcium sulfate” OR “Plaster of Paris”
OR “Emdogain” OR “EMD” OR “enamel matrix derivative” OR
“biomimetic substances” OR “growth factors” OR “graft” OR
“grafting” OR “regenerative material™)

AND

(“human study”” OR “clinical study” OR “patient” OR “human” OR
“case” OR “report” OR “preclinical study” OR “animal” OR
“monkey” OR “dog” OR “pig”)

AND

(“histological study” OR “histology” OR *“histomorphometrical study”
OR “histomorphometry” OR “electron microscopy study” OR
“biopsy” OR “block section” OR “histological evaluation” OR
“histomorphometrical evaluation”)

Criteria for study selection and inclusion

Study selection considered only articles published in English,
describing animal and human histological studies evaluating
the effect of surgical treatment, with or without the adjunctive
use of potentially regenerative materials (i.e., barrier mem-
branes, grafting materials, growth factors/proteins, and com-
binations thereof) for the treatment of periodontal furcation
defects. Only studies with minimum 8 weeks of healing fol-
lowing reconstructive surgery were included in the analysis.

Outcome measure determination

The primary outcome variable was the formation of periodontal
tissues following surgical treatment with or without regenerative
materials as determined histologically/histomorphometrically.
Formation of PDL, cementum, and alveolar bone given as linear
measurements (in mm) or as a percentage of the instrumented
root length (%) were extracted. Postsurgical periodontal defect
size alterations, evidenced by histomorphometric measure-
ments, were also extracted. Healing type and defect resolution
were also recorded (i.e., complete regeneration, long junctional
epithelium, connective tissue attachment, connective tissue ad-
hesion, or osseous repair).

Screening method

Titles and abstracts of the selected studies were independently
screened by three reviewers (O.L., R.C., and G.N.). The
screening was based on the following question: “Was the
study conducted in animals or humans, and did it report his-
tological outcomes after a healing period of at least eight
weeks in periodontal furcation defects treated by means of
reconstructive periodontal surgery with or without
biomaterials?” Full-text articles were obtained if the response
to the screening question was “yes” or “uncertain.” The level
of agreement between reviewers was determined by kappa
scores. Disagreement regarding inclusion was resolved by
discussion between the authors. If deemed necessary, for miss-
ing data, the authors of the respective studies were also
contacted.

Data extraction and analysis

Following data were extracted: general characteristics (au-
thors, year of publication); study characteristics (number of
subjects and defects, defect characteristics, intervention strat-
egies, evaluation period, outcome measures); methodological
characteristics (study design, methodological quality); and
conclusions. Because of the heterogeneity of the included
studies (study design, animal type, defect type, materials used,
evaluation methods, outcome measures, observation periods),
no weighted mean differences could be calculated, and
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consequently no quantitative data synthesis and meta-analysis
could be performed. Therefore, data regarding mean and stan-
dard deviation, 95% confidence intervals, and statistical sig-
nificances were extracted from the reviewed articles and sum-
marized in separate tables based upon the various types of
biomaterials/interventions employed. Results reporting per-
centages of regeneration with different interventions/
biomaterials were combined from different studies and pre-
sented graphically.

Results
Data extraction after literature searching

The MEDLINE literature search resulted in 319 potentially
relevant articles (Fig. 1). Based upon title and abstract
screening of the identified studies, 98 articles were selected
for further analysis (inter-reader agreement k= 0.98). After
further hand search, four articles were added, resulting in a
total of 102 selected studies. After full-text screening, 39
articles were excluded (exclusion reasons are presented in
Table 2). Finally, a total of 63 publications, completely
fulfilling the inclusion criteria, were included in this re-
view (inter-reader agreement k=0.97). Selected articles
are presented in Table 3 and grouped according to the per-
formed treatments.

Data analysis of the regenerative effect of each
intervention in animals

Five biomaterial/intervention types (i.e., open flap debride-
ment (OFD), bone grafts, barriers, growth factors, or other
biological factors and combinations thereof) were reported
for the treatment of class II furcation defects, while four
biomaterial/intervention types (i.e., OFD, barriers, growth fac-
tors, or other biological factors and combinations thereof)
were analyzed for class III furcation involvements.

Healing type was defined as follows: long junctional epi-
thelium (epithelial downgrowth covering the treated tooth sur-
face); connective tissue attachment (new cementum with
inserting collagen fibers on the treated tooth surface but not
connected to new bone); connective tissue adhesion (connec-
tive tissue contact to the root without apparent cementum for-
mation); complete periodontal regeneration (new cementum
with inserting fibers functionally oriented and new bone); os-
seous repair (bone formation opposite the tooth surface, lead-
ing to defect filling but without cementum and/or PDL
formation).

For each of the selected studies, the following items were
reported in tables: author name, publication date, number of
animals, number of defects, defect characteristics, healing pe-
riod, biomaterial type, healing type, and histological results
(Tables 4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
and 20). Furthermore, histomorphometric data reporting on
the amount of new cementum, bone formation, collagen

Flow chart of the screened relevant publications

Potentially relevant publications identified
from electronic (n=319) searching

Publications excluded on basis of
abstract evaluation (n=221) inter-

Relevant publications identified from
electronic search (n=98) and potential
relevevant publications added from hand
search (n=4).

Potentially relevant publications retrieved
for further evaluation (n=102)

reader agreement k=0.98

Publications excluded on basis of full
text evaluation (n=39) inter-reader

N

Publications included in the present
systematic review (n=63)

|
|
|
|

Fig. 1 Flow chart of the screened relevant publications
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Table2  Excluded studies
No. Study excluded Reason for exlusion
1 Wikesjo et al. [28] No furcation defects (supraalveolar, critical size defects were investigated).
2 Christgau et al. [29] No histologic data available.
3 Da Silva et al. [30] Orthodonic movement followed regenerative therapy.
4 Da Silva et al. [31] Orthodontic intrusion followed regenerative therapy.
5 Dean et al. [32] No furcation defects (regeneration in root perforations).
6 Klinge et al. [33] No regenerative therapy, only OFD + (citric acid decontamination)
at teeth with periodic displacement and some with splinting.
7 Koo et al. [34] Healing period too short (4 weeks).
8 Lundgren et al. [35] No furcation defects (recession type defects were investigated).
Machtei et al. [36] No histologic data on regeneration available,
Healing period too short (4—6 weeks for histological evaluation of the membrane).
10 Morris et al. [37] No regenerative therapy, only non-surgical treatment and simvastatin
injection in the defect area (no GTR).
11 Sigurdsson et al. [38] No furcation defects, (large supraalveolar defects were included)
No clear localization of the measured areas.
12 Herr et al. [39] Healing period too short (1, 2, 3, 4 weeks).
13 Yaegashi et al. [40] Article not in English (Japanese).
14 Mukainakano et al. [41] Article not in English (Japanese)
15 Sculean et al. [42] No furcation defects.
16 Crigger et al. [43] Healing period too short (6 weeks).
17 Verino et al. [44] Healing period too short (6 weeks).
18 Vergara et al. [45] Healing period too short (up to 49 days).
19 Klinge et al. [46] Healing period too short: 6 weeks.
20 Chu et al. [47] Atticle not in English (Chinese).
21 Dogan et al. [48] No baseline data (defect size)
Healing period too short (7, 21, 42 days).
22 Gottlow et al. [49] No histomorphometric analysis
No furcation defects (supraalveolar defects).
23 Kim et al. [50] No furcation defects (critical size supraalveolar periodontal defects).
24 Stoller et al. [51] No numerical data, only descriptive.
25 Nevins et al. [52] No numerical data, only descriptive.
26 Caffesse et al. [53] No baseline data (defect size).
27 Caffesse et al. [54] No baseline data (defect size).
28 Lekovic et al. [55] No baseline data (defect size).
29 Macedo et al. [56] No baseline data (defect size).
30 Novaes et al. [57] No baseline data (defect size).
31 Mohammed et al. [58] Healing period too short (2—6 weeks).
32 Tan et al. [59] Healing period too short (6 weeks).
33 Dogan et al. [60] Healing period too short (43 days).
34 Murakami et al. [61] Healing period too short (6 weeks).
35 Kosen et al. [62] Healing period too short (2—4 weeks).
36 ‘Wohlfahrt et al. [63] Healing period too short (6 weeks).
37 Rajnay et al. [64] Same study as Butler et al. 1998.
38 Gkranias et al. [65] Same study as Donos et al. 2003.
39 Baharuddin et al. [66] Healing period too short (6 weeks).

OFD, open flap debridement

fibers, and junctional epithelium on the tooth surface were 16, 17, 18, 19, 20, and 21) as linear (in mm) or surface mea-
reported in tables (Tables 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, surements (in mmz) or percentages (in %).
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Table 3 Included studies
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No. Study included Type of study, defect localization, defect type, therapy
1 Gottlow et al. [67] Human, separate analysis

2 Melloning et al. [68] Human, separate analysis

3 Bogle et al. [69] Animal, mandible, Class II, GTR & OFD

4 Caffesse et al. [70] Animal, mandible, Class II, GTR

5 Cirelli et al. [71] Animal, mandible, Class II, GTR & OFD

6 Suaid et al. [72] Animal, mandible, maxilla, Class I GTR & Combi

7 Ripamonti et al. [73] Animal, mandible, Class II, Factors

8 Regazzini et al. [74] Animal, mandible, Class II, Combi & Factors

9 Deliberador et al. [39] Animal, mandible, Class II, Combi & Bone & OFD
10 Keles et al. [75] Animal, mandible, Class II, Combi & Factors & OFD
11 Simsek et al. [76] Animal, mandible, Class II, Combi & Bone & Factors & OFD
12 Teare et al. [77] Animal, mandible, Class II, Combi & Factors

13 Takayama et al. [78] Animal, mandible, maxilla, Class II, Factors & OFD
14 Teare et al. [79] Animal, mandible, maxilla, Class II, Combi

15 Crespi et al. [80] Animal, mandible, Class III, GTR & OFD

16 Donos et al. [81] Animal, mandible, Class III, GTR & Factors & Combi & OFD
17 Jiang et al. [82] Animal, mandible, Class III, GTR & Combi

18 Lindhe et al. [83] Animal, mandible, Class III, GTR & OFD

19 Park et al. [84] Animal, mandible, Class III, GTR & Combi

20 Suaid et al. [85] Animal, mandible, Class III, GTR & Combi & OFD
21 Araujo et al. [86] Animal, mandible, Class III, GTR & Combi

22 Giannobile et al. [87] Animal, mandible, Class III, Factors & OFD

23 Murano et al. [88] Animal, mandible, Class III, Factors & OFD

24 De Andreade et al. [89] Animal, mandible, Class II, GTR

25 Araujo et al. [90] Animal, mandible, Class III, GTR

26 Araujo et al. [91] Animal, mandible, Class III, GTR

27 Araujo et al. [92] Animal, mandible, Class III, GTR

28 Mardas et al. [93] Animal, mandible, Class III, Combi & OFD

29 Saito et al. [94] Animal, mandible, Class III, Factors & Combi & OFD
30 Nagahara et al. [95] Animal, mandible, Class III, Factors & Combi

31 Palioto et al. [96] Animal, mandible, Class III, Factors & Combi

32 Suaid et al. [97] Animal, mandible, Class II, Combi

33 Chen F. et al. [98] Animal, mandible, maxilla, Class III, Factors & OFD
34 Jimbo et al. [99] Animal, mandible, maxilla, Class II, Factors & OFD
35 Yu et al. [100] Animal, mandible, Class III, Factors

36 Chantarawaratit et al. [101] Animal, mandible, Class II, Factors & OFD

37 Reis et al. [102] Animal, mandible, maxilla, class II, GTR & OPD

38 Chen et al. [103] Animal, mandible, maxilla, Class III, Combi

39 Goncalves et al. [104] Animal, mandible, Class III, GTR

40 Klinge et al. [105] Animal, mandible, Class III, Factors

41 Matsuura et al. [106] Animal, mandible, Class III, GTR

42 Pontoriero et al. [107] Animal, mandible, Class III, GTR & OFD

43 Ripamonti et al. [108] Animal, mandible, Class III, Combi

44 Sculean et al. [109] Animal, mandible, Class III, GTR & Factors & Combi & OFD
45 Wikesjo et al. [110] Animal, mandible, Class III, Factors

46 Kuboki et al. [111] Animal, mandible, Class III, GTR & Combi

47 Reis et al. [112] Animal, mandible, Class II, GTR & OFD

48 Harris et al. [113] Human, separate analyses

49 Stoller et al. [51] Human, separate analyses
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Table 3 (continued)

Type of study, defect localization, defect type, therapy

No. Study included

50 Nevins et al. [52]

51 Camelo et al. [24]

52 Caffesse et al. [53]

53 Caffesse et al. [54]

54 Lekovic et al. [55]

55 Macedo et al. [56]

56 Novaes et al. [57]

57 Buttler et al. [114]

58 Plotzke et al. [115]
59 Fernandes et al. [116]
60 Ripamonti et al. [117]
61 Murakami et al. [118]
62 Souza et al. [119]

63 Jimbo et al. 2018 [120]

Human, separate analyses

Human, separate analyses

Animal, mandible, Class II, GTR & OFD
Animal, mandible, Class II, GTR & Combi
Animal, mandible, Class II, GTR & OFD
Animal, mandible, Class II, GTR

Animal, mandible, Class II, GTR & OFD
Animal, andible, Class II, GTR & OFD
Animal, maxillary, Class II, bone & OFD
Animal, mandible, Class III, Combi

Animal, mandibular, Class II, Bone & Factors
Animal, mandible, Class II, Factors & OFD
Animal, mandible, Class II, GTR

Animal, maxilla & mandible, Class II Factors & OFD

GTR, guided tissue regeneration; OFD, open flap debridement; Combi, combined regenerative therapy; Factors,

growth factors
Animal class Il furcation defects treated with OFD

Seventeen studies providing data on the effect of OFD in
animal class II furcation defects were identified (Table 4)
[39, 53, 55, 57, 69, 71, 75, 76, 78, 99, 101, 102, 112, 114,
115, 118, 120]. The majority of the studies (i.e., 11 out 16)
showed long junctional epithelium, whereas new cementum,
PDL and/or new alveolar bone were observed only in a few
cases at the apical limit of the defect [28-34, 36, 38, 39, 43].
Only two studies reported periodontal regeneration [75, 76]
while another three studies reported partial regeneration in
combination with epithelium downgrowth [99, 101, 120]. In
the study of Caffesse and coworkers [53], dentin resorption
and ankylosis were often found, whereas in the studies of
Delibrador et al. [39] and Cirelli et al. [71], repaired resorption
lacunae were present.

Fifteen out of the 16 to 17 studies provided histomor-
phometrical data (Table 5). One hundred forty-nine defects
in 87 animals (dogs or monkeys) were evaluated. The defect
depth ranged from 1.5 to 5 mm. The new cementum averaged
0.2 mm as linear measurements and ranged from 0.2 to
14 mm? as surface measurements or ranged from 3 to 59%
as percentage. Bone formation ranged from 0.1 to 2.8 mm as
linear measurements, from 0.4 to 5.1 mm? as surface measure-
ments, and from 5 to 71% as percentage.

Animal class Il furcation defects treated with OFD
and bone grafts

Four studies providing data on the effect of the use of bone
grafts in animal class II furcation defects were identified
(Table 6) [34, 39, 42, 45]. Two studies used autogenous bone
grafts and reported periodontal regeneration [39, 42]. One

study used HTR (i.e., hard tissue replacement graft, a non-
resorbable, calcium-layered polymer of
polymethylmethacrylate and hydroxyethyl-methacrylate) and
showed long junctional epithelium with the graft particles en-
capsulated in connective tissue [115]. Another study applied
bovine collagenous matrix and obtained long junctional epi-
thelium with signs of limited regeneration [117]. Neither in-
flammation nor root resorption or ankylosis was reported.

All four studies provided histomorphometrical data
(Table 7). Thirty-four defects in 16 animals (dogs or monkeys)
were evaluated. The reported defect depth averaged 5 mm.
The new cementum averaged 2.7 mm as linear measurements,
0.1 mm? as surface measurements and ranged from 59 to 94%.
Bone formation averaged 1.7 mm? as surface measurements
and from 65 to 85% as percentage of the root surface.

Animal class Il furcation defects treated with OFD
and GTR

Fourteen studies providing data on the effect of the use of
GTR in animal class II furcation defects were identified
(Table 8). Six studies used resobable membranes [69, 71, 72,
89, 102, 112], five studies used non-resorbable membranes
[53, 54, 56, 57, 119], and three studies combined resorbable
and non-resorbable membranes [55, 70, 114].

Ten studies reported periodontal regeneration describing
new cementum with inserting collagen fibers observed on
previously denuded surfaces [53-56, 69-71, 89, 102, 119].
Furthermore, three studies observed additional long junctional
epithelium combined with periodontal regeneration [57, 72,
114] while one study referred to partial regeneration [112]. In
two studies [53, 72], tooth ankylosis was present, whereas one
study [55] reported that polycarbonate filter and
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g = :? polycaprolactone membranes led to chronic inflammatory
é éﬁ % lymphocyte response and p‘lasma <.:e11 infiltrates. .
EREERS 5 Thirteen studies provided histomorphometrical data
,;: g E & 5 (Table 9). Two hundred sixty-six defects in 90 animals (dogs
B E“ S .E E or monkeys) were evaluated. The defect depth ranged from 2
—é §”§ 3 % § to 8 mm. The new cementum ranged from 1.4 to 10.9 mm as
NS é e § LT g linear measurements and from 10 to 92% as percentage. New
é SE|l < 2 ¢ 3 bone formation ranged from 0 to 4.6 mm as linear measure-
zZ| . —i ments, from 0.9 to 9.6 mm? as surface measurements, and
5 é g from 7 to 83% as percentage.
= 25 N
gl e 3
AEHE 5 Animal class Il furcation defects treated with OFD
o | * = — S)
é g é % NE EE‘; and biological factors
3] & ©v S
ggj) Lg‘% ; cf —; Twelve studies providing data on the effect of the use of bio-
‘:% éﬁ é g . % . % logical factors (i.e., OP1, BMP2, EMD, platelet concentrates,
pI|SE| <242 |3 PRP, FGF, BDNF, TGF-B, acemannan, HA, brain-derived
5 5 neutrophic factor-BDNF, high molecular weiht hyaluronic ac-
«% S § 8 id—HMW-HA) in animal furcation defects class II were iden-
:‘; 8 E RS = o _ié tified (Tabl§ 10) [73-79, 99, 101, 117, 1.18, 120]. .
8 ”g ElHQ EHRT|E All studies reported remarkable penodontal.regeneranon
"§ Bl & é 3 Slé with the presence of new cementum along with PDL and
2 E E = gn H g = § coronal growth of alveolar bone. In nine studies, no signs of
é % g E 22 SR % epithelial downgrowth were reported. Two studies, however,
= ) reported for EDTA [74] and for the gelatinous carrier [78]
% N PN E formation of long junctional epithelium. One study [99]
Tés . = Z . § outlined partial or no regeneration of cementum and PDL
g = = | % 2 E 73 but full bone regeneration when BDNF was used in lower
k) § 5| & § q ° concentrations (50 pug/mL) or in combination with NaCl. No
S g § g E j % study evidenced the presence of inflammation nor resorption
; 2 g g '&%D § 5 é or ankylosis. A further study reported regeneration of PDL
s = fibers inserting into new cementum and new bone to a varying
s : S extent [120].
_g = o All above mentioned studies provided histomorphometrical
? §° -q’é data (Table 11). Two hundred sixty-four defects in more than
Ng g g 42 animals (dogs or monkeys) were evaluated. The defect
g E’ - w95 g depth ranged from 4 to 9 mm. The new cementum was report-
g el ed to range from 2.6 to 6.7 mm as linear measurements or from
gl 2 § 0 to 94% as percentage. New bone formation ranged from 2.6
§ % f to 6.8 mm as linear measurements and from 15 to 94% as
%D E 8 percentage.
2| 3
= 2 Se = £ Animal class Il furcation defects treated with OFD
g - — ’g and combined techniques
2 a2 _E 5
;g) g E g ; § Nine studies showed histological results in relation to using
é‘ 5 g ;«: :d:;) g combined technic%;es for the ;rfa;r;er; (:‘fgc?;s ;Zglg]na}l{ hfur-
= £ o o © g cation defects (Table 12) [39, 41, 42,47, 48,52, . Three
'é:’ 'g‘ % é _:g g % g studies used a combination of GTR and growth factor [74, 75,
~ «n Q@A A~ S % 79], two studies used GTR plus bone graft [39, 48], one study
2 | used bone graft and growth factors [76], one study applied
eS| 2 — & < iZ') g [54] GTR plus PDL cells [72], one study used a combined
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Junctional epithelium
mm/mm?*/% area or height

Collagen fibers on tooth surface

mm/mm?*/% area or height

NC mm/mm*/%
area or height

NB mm/mm?/%
area or height

Defect height mm

No. of furcations

Table 9 (continued)
Study

No.

@ Springer

buccal: 2.60+0.39 mm

B:

Lingual: 0.54 +0.03 mm
mid: 0.3 +0.04 mm

buccal: 1.06 =0.2 mm

Area:

Area:

Area:

Area:

nr.

A: 15

Buttler et al.
[114]

12

A:39+22.56%

A:40.89+30.48%
B: 47.13+26.33%

A:10.48+9.49%
B:9.26 £5.56%
n.r.

n.r.

A:9.63+£8.7%
B: 7.41£6.63

60 d:

14

B:36.21+26.43%

nr.

10:

Reis et al. [112]

13

1: 0.027 £0.02 mm
2:0.13+£0.09 mm

120 d:

5(60 d)
5(120d)

1: 0.08 £0.07 mm
2:0.16+0.06 mm

nr.

nr.

nr.

nr.

20

Souza et al.

[119]

14

NC, new cementum; NB, new bone; d, days; n.7:, not reported; no., number

approach of GTR, bone graft, and growth factor [97], and one
applied two different growth factors [77].

All studies described regeneration [39, 41, 42, 47, 48, 52,
54-56]. In one study [54], signs of ankylosis were observed
and in another one repaired root resorption lacunae and epi-
thelial migration in the coronal part of the defects [39].

All mentioned studies provided histomorphometrical data
(Table 13). Two hundred 16 defects in 44 animals (dogs or
monkeys) were evaluated. The defect depth ranged from 5 to
13 mm. The new cementum ranged from 0.9 to 9.2 mm as
linear measurements or from 62 to 82% as percentage. New
bone formation ranged from 1.1 to 7.3 mm as linear measure-
ments, from 7.6 to 10.3 mm? as surface measurements, and
from 28 to 80% as percentage.

Animal class Ill furcation defects treated with OFD

Twelve studies providing data on the effect of the use of OFD
in class III furcation animal defects were identified (Table 14)
[80, 81, 83, 87, 88,93, 94, 97, 98, 107, 109, 121].

Ten out of the 12 studies showed long junctional epitheli-
um, whereas new cementum, alveolar bone, and PDL were
observed only in a few cases at the apical limit of the defect
[80, 81, 83, 85, 87, 88, 94, 98, 107, 109] (Fig. 2). One study
reported periodontal regeneration in two out of eight defects,
whereas the rest defects showed partial regeneration in com-
bination with epithelium downgrowth or root resorption and
ankylosis [93]. Another study showed in one out of three
defects limited signs of regeneration in the apical part of the
defect [121].

All studies provided histomorphometrical data (Table 15).
One hundred sixty-one defects in 101 animals (dogs or mon-
keys) were evaluated. The defect depth ranged from 3 to
14 mm. The new cementum was reported in a range from
0.2 to 4.8 mm as linear measurements and from 22 to 62%
as percentage. Bone formation ranged from 0.2 to 12.2 mm as
linear measurements, from 1.9 to 6.9 mm? as surface measure-
ments, and from 21 to 64% as percentage.

Animal class Il furcation defects treated with OFD
and GTR

Fourteen studies providing data on the effect of the use of
GTR (both resobable or non-resobable membranes) in animal
class III furcation defects were identified (Table 16), [80-86,
90-92, 104, 107, 109, 111].

Half of the studies (seven out of 14) reported regeneration
and described presence of new cementum with inserting col-
lagen fibers on the previously denuded root surfaces [83, 86,
90, 91, 104, 107, 109]. Five studies observed limited regener-
ation limited to the apical part of the defect [80—82, 84, 85].
One study found long junctional epithelium [111] while one
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Eﬂ study reported only data on bone formation [92]. No signs of
g ;‘:5 ankylosis or resorption were reported in any of the studies.
2 8 Thirteen of 14 studies provided histomorphometrical data
%g (Table 17). Two hundred thirty-six defects in 113 animals
Té“e\a (dogs or monkeys) were evaluated. The defect depth ranged
b5 g from 2 to — 11 mm. The new cementum ranged from 0.2 to
R = = 6.2 mm as linear measurements and from 3 to 89% as percent-
3 age. Bone formation ranged from 0.7 to 3.1 mm as linear
§ measurements, from 2.4 to 3.9 mm? as surface measurements,
E %_D ﬁ 2 § and from 15 to 91% as percentage.
i 5359
5 2 338 i i i
o 5 SBER Animal class Il furcation defects treated with OFD
£ Se¥s and biological factors
N S SRR
3 3E3Es S .
%‘ E . g2 g' e c.\L Twelve studies providing data on the effect of the use of bio-
O E = MmASVIS logical factors (i.e., OP1, EMD, FGF, TGF-f3, PDL cells, citric
2 2 acid, fibronectin, IGF, MSC cells, GMS cells) in animal class
2 ﬁ 8 ﬁ III furcation defects were identified (Table 18) [81, 87, 88,
ﬁ S :: 8 94-96, 98, 100, 105, 109, 110, 121].
X = E g £ g N ‘g 5 ‘g Most studies (nine out of twelve) reported periodontal re-
é lwwe wo é é LER T generation with the presence of new cementum along with
gl &8 B2 FogEg
E 5SS S< =S _ S Bm S 8 = PDL and coronal growth of alveolar bone [81, 87, 88, 94,
% 8138 5 8L é"’) b .‘53 & ,g S535 95, 98, 100, 109, 121]. Two studies observed long junctional
A IR TEosASue epithelium with limited signs of regeneration apically [96,
8.3 110]. One study reported mainly osseous repair [105]. Both
N ® PR % S studies using citric acid described root resorption or ankylosis
2 X TRTR
9 - = TS S [105, 110].
& g H g H SIS . . . .
e E EX BB X .E9 .8 Ten of twelve studies provided histomorphometrical data
g &b £ o0 & ) é é ST e . . .
5 =8 8bd 5 SxTgEQ (Table 19). Two hundred ninety-four defects in 101 animals
E § i E 5 E E %T;," G = S E ':,3 ,o\l § [o\l (dogs or monkeys) were evaluated. The defect depth ranged
el giodsGolsagdosEsaga from 3 to 15 mm. The new cementum ranged from 1.1 to
6.9 mm as linear measurements, from 3.1 to 5.4 mm? as sur-
face measurements, or from 24 to 100% as percentage. Bone
g E £ £ é formation amounted from 1.4 to 4.9 mm as linear measure-
= z E E z 5 ments, from 2.5 to 3.7 mm? as surface measurements, and
2 SE 28 g from 10 to 92% as percentage.
3 HH o H A 2
o) L5 .. 83 _ :
[a) SoU = v g . . .
B G Animal class Ill furcation defects treated with OFD
8 5 and combined techniques
g )
Z‘z é Fourteen studies showed histological results following the use
S © oo 5 of combined techniques for the treatment of class III animal
“ ” T ) furcation defects (Table 20) [81, 82, 84-86, 93-95, 98, 106,
E 108, 109, 111, 116].
g ] Five studies used a combination of membrane and biologic
5 g factor [81, 84, 86, 109, 111], two studies used membrane,
'q'g S g growth factor and specified cells [82, 108], two studies used
g = Tj ‘g membrane, bone graft and growth factor [103, 116], three
Sl = o § % studies applied bone graft and growth factor [93-95], one
= | & 8 £ z study used a combination approach of membrane and speci-
2 S fied cells [85], and one study used root conditioning and non-
gl 2z = = = resorbable membrane [106].
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Eo In the majority of the studies (12 out of 14), periodontal
g %6) regeneration was found to occur at a varying extent [81, 82,
_T:) 5 84-86, 94, 95, 103, 106, 108, 109, 111].
:jg § One study using EMD plus bioactive glass (BG) [116] and
E oE another study applying EMD and calcium phosphate (CaP)
% g [93] reported that the healing occurred mainly through a long
5 g o i Jjunctional epithelium with limited periodontal regeneration to
the apical part of the defects.
- § é Ankylosis or root resorption was reported in four studies
2 g - [85, 95, 106, 111].
g8 g E Twelve of 14 studies provided histomorphometrical data
z g % (Table 21). Two hundred two defects in 78 animals (dogs or
= g é ;.' 0 monkeys) were evaluated. The defect depth ranged from 1 to
gﬂ e | s £ g 13 mm. The new cementum was reported as a range from 0.9
3 ‘E: 2l = g g . e B = to 8.6 mm as linear measurements or from 13 to 93% as
CrsEmT e 5o g percentage. Bone formation ranged from 1.1 to 4.3 mm as
g =% g linear measurements, from 1.4 to 6.2 mm? as surface measure-
E é % é" ments, and from 1 to 96% as percentage.
o= R B
NS _é’ E 2 é Data synthesis
& %0 .% < -‘Fg E :3
g g g i g : § g é The histological outcomes of studies employing the same
o ; i ‘:‘% g E ‘; g s 'qi methods of evaluation and similar outcome measures were
Z 8 A —~B A s 3 5 summarized. Due to the fact that the results were heterogenic
5: and mixed, and various measuring methodologies were used,
g = data synthesis of animal studies was not possible. Based on
= % the available data, the percentage of studies demonstrating
. 3 § %‘J complete or partial regeneration in treated defects was estimat-
& = T £ ed and the results illustrated in Fig. 2. Expressed in percent-
g éﬂ £ & é ages, periodontal regeneration ranged from 8 to 100%.
E 5 & :EO T‘E 2 N é Among all regenerative approaches, growth factors showed
% g L%‘ f g L%‘ 5 5 % § remarkable results even in class III furcation defects.
E = Data analysis of the regenerative effect of each
= g intervention in humans for class Il and IlI furcation
E é § type defects
En é E Regarding human histological data, six studies were identified
fo a Qg’ (Tables 22 and 23) [24, 51, 52, 67, 68, 113]. Four studies
% H - E % investigated class II furcation defects [24, 51, 52, 113], one
A g g = g study class I1I [68] while one presented mixed data from class
g g IT and III furcation defects [67].
§ E Once again, the nature of healing in the treated defects
f " : g following regenerative therapy was defined as follows: long
Z "é < —E junctional epithelium (epithelial downgrowth covering the
Z &3 o = (5 treated tooth surface); connective tissue attachment (new ce-
_ 5 — °25 mentum with inserting collagen fibers on the treated tooth
'§ = = g surface but not connected to new bone); connective tissue
g Tl’ = ‘qa:j adhesion (connective tissue contact to the root without appar-
8 o5 g ent cementum formation); regeneration (new cementum with
[ —%‘ % _—:: % inserting fibers functionally oriented and new bone); and os-
2| @ A S seous repair (bone formation opposite the tooth surface, lead-
£l = DA = ing to defect filling but without apparent PDL formation).
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Eﬂ Histological data were included in one table reporting for
£ f; each selected study the following items: author name, publi-
?53 g cation date, number of patients, number of defects, defect
E; g e TEgx characteristics, healing period, biomaterial type, healing type,
%‘E 2 ©aos 4 and histological results (Table 22). Additionally,
bt g O o histomorphometric data were analyzed (Table 23) by
SE|dEZcgd 2 & £ 2 reporting the amount of new cementum and bone formation,
o and also collagen fibers and junctional epithelium on the tooth
c,:% surface, as linear measurements (in mm) or surface measure-
2 £ ments (in mm?) or percentage of them (in %).
3 Regarding class II defects, all five studies reported regen-
g § eration of the periodontal tissues but not in the entire defect
2 g [24, 51, 52, 67, 113]. Two studies used DFDBA combined
= § g with thPDGF-BB following root conditioning and reported
gﬂ g y s % formation of bone, cementum, and PDL coronally to the
g E E ; ~ 5oos notch, however, without reporting any histomorphometric
measurements [24, 52]. Two other studies used GTR and re-
S ported formation of cementum, PDL, and bone, again without
S “ providing histomorphometric data [S1, 67]. Another study
NE ED i E i S [113] thgt applied a co.mblr.led technique (DFDBA + P.HA +
E % § € o g2 tetracycline + polylactic acid membrane) reported partial de-
S 5 5 jj . fect closure with new bone, cementum, and connective tissue
% g9 RSP <9 2 attachment coronal or limited to the notch area with scattered
graft particles throughout the defects. Epithelial proliferation
© (i.e., long junctional epithelium) and signs of ankylosis were
8 . S also visible. No histomorphometrical data were reported.
Ng %o < E § i §: The two studies evaluating class III defects reported only
E g & 5 20 © i partial regeneration [67, 68]. The first study .[67.] usiqg GTR
as | & 5 H AH8 < has demonstrated 2.8 mm new cementum with inserting col-
Z s | o <Is <T & lagen fibers in a 7-mm furcation defect. The second study [68]
used a combined technique (thPDGF + 3-TCP + collagen
membrane) and described partial closure in three out of the
four defects. The fourth defect presented an impaired healing
’g 2o 5 probably caused by membrane exposure. The
z %"gn g § histomorphometric data revealed new cementum ranging
® TE7 S from 0.0 to 5.5 mm, while the length of new bone and new
e =37 . s collagen fibers ranged from 0.0 to 2.0 mm.
4 @ l-rHu S E = g
[a) < AR VAL S g
el
2 £ Discussion
£ 5
E g The findings of the present systematic review revealed that in
QS. ; animals, periodontal regeneration can be accomplished in
z v o o en o0 g class I and class III furcations to a varying extent by means
3 of OFD in conjunction with different biomaterial materials
T g é including various types of bone grafts/bone substitutes, bio-
_ 9 g % E 025 logical factors, GTR, and various combinations thereof.
'§ ; = S = g In animals, the use of biological factors alone and different
g ‘a“o> 5 £ £ g combinations involving biologics and bone grafts with or
8 g‘ El 'g é‘) % g without GTR yielded the best outcomes in class II and even
<Nz < = z = B in class IIT defects.
= . = In human class II furcations, the complete regeneration was
£l 2 = =z = = obtained following combination of bone grafts (i.e., DFDBA)
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Fig. 2 Percentage of studies
reported moderate to remarkable
periodontal regeneration (%)

Percentage of studies reported moderate to remarkable periodontal regeneration
(%) among the different interventions in class Il and Il animal furcation defects

among the different interventions

in class II and III animal furcati
in class II and III animal furcation 100 -

defects
90 -

80 -

70 -

60 -

50 A

40 A

H Class I

30 A

m Class 111

20 A

10

and a biologic agent (i.e., thPDGF-BB) and with GTR. In
contrast, in human class III furcations, the histologic evidence
is very limited (i.e., two case reports) and indicates minimal
(i.e., limited to the apical part of the defects) or no periodontal
regeneration.

An interesting aspect that needs to be considered when
interpreting the results is related to the fact that for many of
the used biomaterials in furcation reconstructive/regenerative
surgery, only histologic evidence from animal models is avail-
able while human histologic evidence is limited to case reports
involving only very few biomaterials. While in animals, peri-
odontal regeneration has been demonstrated in both class 11
and III furcations, in humans, the histologic evidence for com-
plete periodontal regeneration is limited to class II furcations.
There are several explanations for the discrepancies observed
in the healing outcomes between animals and humans. First of
all, in most studies, the defects in animals were surgically
created and either immediately treated (i.e., without a plaque
accumulation phase intended to mimic a chronic inflammato-
ry process) or plaque infected by placement of foreign mate-
rials or ligatures. Secondly, inherent differences are present
between the used animals models and human defects regard-
ing anatomy and innate healing capacity thus making the ex-
trapolation of the findings from animal “experiments” to the
human situation difficult. Furthermore, anatomic factors, such
as location of the defects (i.e., buccal or lingual) and of the
furcation entrance (apical or coronally to the mesial and distal
bone level), root trunk length, and local developmental abnor-
malities such as enamel pearls and root concavities, presence
or absence of attached gingiva and of gingival recessions may

substantially affect the wound healing and subsequently, the
histological and clinical outcomes [21, 123].

An excellent example illustrating the enormous differences
between animal models and the clinical situation encountered
in humans are the outcomes reported in class Il animal and
human furcation defects. While a substantial number of stud-
ies have provided evidence for regeneration in animal class 111
furcations following treatment with OFD and different bioma-
terials or combinations thereof [8§1-88, 90, 91, 94, 95, 98, 100,
103, 104, 107-109, 111], the findings from the very limited
number of human studies (i.e., two studies) have failed to
demonstrate periodontal regeneration [67, 68]. The observa-
tion that in one animal study [93] periodontal regeneration of
class III furcations was also observed following treatment
with OFD alone provides additional support for the impres-
sive innate healing potential in animals. Therefore, caution
should be taken when extrapolating the results obtained in
animal class I and class III furcations into the real clinical
scenario in humans. Conversely, the question may be asked
whether the results obtained in animal models utilizing class I1
furcation defects can be extrapolated to humans.

The present analysis has also clearly pointed to the paucity
of human histologic evidence in furcations. There may be
several aspects related to the limited number of human histo-
logical studies performed in humans. First of all, teeth that
show complete defect fill as detected clinically and radio-
graphically cannot be removed for obvious ethical reasons.
It should thus be kept in mind that the inconsistent findings
of periodontal regeneration may be due to the histological
evaluation of teeth presenting very advanced destruction of
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Table 23  Histomorphometrical results (height in mm, area in mm 2, volume, or area in %) of treated human degree 1I and 1II furcations

Junctional

Collagen fibers on

NB NC

Defect height mm

No. of defects

Degree 111

Study

No.

epithelium mm

tooth surface mm

nr.

Inr L nr

nr.
II: n.r.; nr.

n.r.

3 teeth

Gottlow et al. [67]

1: 7,7

Pati
Pat

II: n.r; nr.

IIL:-

II: 2.8 mm; n.r.
DM, MD:

II: 2.8 mm; n.r.

ent I: 1 tooth, class 11
ient II: 2 teeth, class IIT

I mandible
I mandible
I mandible

DM, MD:

DM, MD:

DM, MD:

nr.

n.r.

1.19 mm; 1.57 mm

DM: 0.50 mm
DM, MD:

0.00 mm; 0.97 mm
DM: 2.04 mm

DM, MD:

2.14 mm; 2.45 mm

DM: 5.49 mm
DM, MD:

0.00 mm; 0.97 mm
DM: 2.04 mm

DM, MD:

nr.

I=R==N=

11
11
11

Mellonig et al. [68]

3.47 mm; 2.35 mm

DM, MD:

0.00 mm; 0.00 mm

DM, MD:

0.56; 0.00 mm

DM, MD:

0.00 mm; 0.00 mm

DM, MD:

0.83 mm; 0.4 mm

nr.

0.00 mm; 1.35 mm

nr.

1.01 mm; 1.87 mm

nr.

0.00 mm; 1.35 mm

nr.

nr.

Harris et al. [113]

n.r.

n.r. n.r. n.r.

3 mm

Stoller et al. [51]

I

nr.

nr. nr.

nr.

Nevins et al. [122]

I

nr.

nr. n.r. n.r.

5.75 mm

Camelo et al. [24]

NC, new cementum; NB, new bone; MD, mesial surface of distal root; DM, distal surface of mesial root; n.r., not reported; no., number

periodontal supporting apparatus which in turn may have lim-
ited their regenerative potential [124]. Secondly, despite the
fact that human histological evidence of periodontal regener-
ation provides strong proof of principle even if inconsistency
is observed in the outcome in cases involving molars, the
removal of a block biopsy is extremely challenging due to
obvious anatomical considerations (i.e., multi-rooted teeth)
and may lead to extensive hard and soft tissue defects.

Conclusions
Within their limits, the present data suggest that:

(a) While human histologic evidence has demonstrated
peridontal regeneration in class II furcations, the evi-
dence in class III furcations is extremely weak to non-
existent.

(b) Caution should be taken when extrapolating histologic
outcomes derived from class II furcation defects in ani-
mals to the clinical situation in humans.
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