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Abstract

Background The relationship between the anatomy of the interradicular space and success in regenerative therapy of furcation
defects is discussed in this paper. The goal of this retrospective, multicenter clinical study is to clinically evaluate the relation-
ship between the interradicular conformation and regenerative therapy success with the use of a novel measurement method.
Methods One hundred thirty-eight radiographs of mandibular molars with furcation defects that had been treated with
regenerative therapy were collected from six clinical centers. Data on the type of therapy and clinical parameters before and
after treatment (follow-up of at least 12 months) were collected. The radiographs (before surgery and at least 12 months
postoperatively) were measured with a visual evaluation method by a blind operator using graphics software.

Results Success, defined as a reduction in horizontal and vertical furcation involvement, decrease in probing depths, and
increase in clinical attachment level, was statistically assessed on 138 regenerated molars sites and were related to clinical
variables such as age, sex, center, and treatment. No correlation was found between success in regenerative therapy and the
conformation of the interradicular space, measured with a visual ratio method and a standard linear measurement.

At the univariate analysis, the parameters that had a correlation with success were center, extent of furcation involvement,
treatment, and sex. The use of enamel matrix derivative (EMD) seemed to be the most favorable therapy, with increase in
CAL gain and reduction of vertical or horizontal furcation involvement.

Conclusions The regenerative outcome was not significantly influenced by the anatomy of furcation. The center, the degree
of furcation involvement, sex, and treatment (EMD) were significantly associated with higher success of periodontal
regeneration.

Keywords Furcation defect furcation treatment - Root divergence - Furcation anatomy - Regenerative therapy - Furcation
regeneration

Key findings Furcation regeneration is not influenced by root
divergence and anatomy.
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Introduction

Regenerative therapy of furcation defects is one of the
biggest challenges of periodontal surgery. Different
regenerative strategies have been proposed to improve
the prognoses of teeth with furcation involvement (FI),
including guided tissue regeneration [1], bone graft-
ing [2], and using enamel matrix derivative (EMD) [3].
Although achieving complete bone fill of the furcation
defect is difficult when treating class II furcations, studies
have shown that partial bony regeneration of the furca-
tion defect, with the consequent conversion from a Class
IT to a Class I defect, might improve the prognosis of the
tooth over time [4, 5]. From a biological viewpoint, the
regenerative potential within the furcation area is limited.
The clinical outcomes of periodontal surgical therapy can
be negatively affected by several anatomical factors, such
as the extent of the bone loss in the furcation, both in the
horizontal [6] and vertical [7] dimensions [8]; the inter-
proximal bone level; the width of keratinized gingiva;
the gingival thickness [9, 10]; and the anatomy of the
roots [11-14]. Some studies found that the divergence of
the furcation and the length of the root trunk were cor-
related to the success of periodontal regenerative therapy
at furcation defects [11-14], while other authors did not
confirm this finding [15]. There is relatively little in the
literature regarding the average root divergence and the
width of the inter-root septum. However, it is reasonable
to assume that this anatomy of the root may play a key
role in the regeneration potential of the furcation defect.
Several articles discuss measuring the parameters that
characterize the anatomy of the roots, such as the furca-
tion divergence, root trunk length, radicular roof width,
and interradicular width [12—17]. Bowers and coworkers
proposed a definition of root divergence of mandibular
molars as the horizontal distance between the two roots
at the level of the crestal bone [12]. Another method of
evaluating the root divergence was later proposed by Cae-
sarin et al. [18] as the distance between the roots at 2 mm
apical to the fornix of the furcation. One limitation of
these methods is the need for these measurements to be
performed intrasurgically, i.e., following flap elevation
and debridement of the furcation defect. Another limita-
tion is the fact that the measurement of root divergence
is carried out at a single reference point, overlooking any
root divergence coronal or apical to this reference point.
For example, in the case scenario of a tooth with root
cones that converge more apically to the reference points
suggested by Bowers et al. [12] and Caesarin et al. [18],
this convergence would not be considered when using
their methods of describing root divergence. A further
limitation is that the measurement of root divergence is
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purely linear, ignoring the three-dimensional space cre-
ated by the furcation roof and the divergence of the roots,
where the horizontal distance varies depending on the
reference point.

We recently proposed a new method to measure the
interradicular anatomy [24] taking into account the radicular
roof width and interradicular width. The goal of this article
is to evaluate the impact of the interradicular anatomy of
mandibular molars on the clinical outcomes of periodontal
regenerative therapy of furcation defects.

Materials and methods
Study design

This is a multicenter, retrospective clinical study with the
main goal of investigating a possible relationship between
interradicular conformation and the clinical outcomes of
regenerative therapy. The data were collected from six
clinical centers. A novel evaluation method [24] was used
to assess and measure the interradicular space of mandibular
molars with FI that had been previously treated with
periodontal regenerative therapies. The interradicular space
was measured using periapical radiographs taken at baseline
and at follow-up at least 12 months later.

Inclusion criteria

Radiographs were included in the present study only if they
met the following inclusion criteria:

i. Radiographs taken with a paralleling technique
ii. Good image definition (root margins clearly
distinguishable)
iii. Complete view of the interradicular space and root
apices
iv. Infrabony defect of at least 3 mm
v. Absence of endodontic lesions
vi. Interproximal bone level coronal or at the same level
as the roof of the furcation

Data collection

A total of 138 periapical radiographs of mandibular molars
that met the inclusion criteria and that had been treated with
regenerative therapy were collected from six clinical cent-
ers. The following de-identified data were retrieved from
each center: (i) regenerative technique performed; (ii) patient
demographic characteristics, including age and sex; (iii) ini-
tial and final vertical probing depth (PD) at the midfacial
aspect; (iv) midfacial gingival recession depth (REC); (v)
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midfacial clinical attachment level (CAL), obtained adding
REC to PD; and (vi) horizontal and vertical furcation class
at the last follow-up. The success of the therapy was defined
as the presence of clinical attachment level gain and con-
comitant improvement of the FI (horizontal and/or vertical
reduction of the furcation defect) compared to baseline.

A calibrated operator who was unaware of the center, the
technique performed or the final clinical outcome, carried
out measurements on X-rays of interradicular conformation
using the method described by Limiroli et al. [24] and the
degree of vertical FI [19]. Being a retrospective study, the
single centers were not calibrated, and clinical data and
X-rays were sent to a collecting center, where a calibrated
operator interpreted the data and took the measurement on
the X-rays. Briefly, this method evaluated the interradicular
anatomy with graphics software (in this study, Paint®,
Windows10®, Microsoft, USA was used) utilizing
ratios derived from a bi-dimensional evaluation of the
interradicular space:

Two ratios were calculated:

o Roof furcation width (RFW): the ratio between the
diameter of the osculating circle (it is the best circle that
approximates a curve; in this case, it is a circle overlap-
ping as much as possible the furcation roof curvature,
overlapping the roof of the furcation and the length of
the line from the roof of the furcation to the midpoint of

Fig.1 Example of root diver-
gence assessment. A Peri-apical
X-ray. B Application of the
“visual” evaluation method

for assessing root divergence.
C) The osculating circle (D),
the transversal width (T), and
the longitudinal length (L) are
depicted in the X-ray. RFW is
obtained from the ratio of D and
L, while IFW is obtained from
the ratio of T and L. Picture
from Limiroli et al. [24]

an imaginary line passing through the tips of the roots)
and the line from the roof of the furcation to an imaginary
line passing through the tips of the roots (vertical line).
e Interradicular furcation width (IFW): the ratio between
a horizontal line drawn at the maximum width of the
interradicular septum and the vertical line.

The two ratios represent the radicular roof width and the
interradicular width (Fig. 1).

In addition to the newly proposed method, the
interradicular conformation was also assessed using the
method described by Bowers [12]: in this method, the
divergence was identified with the linear distance of the
roots at the height of the defect crestal bone. As a control for
the RFW/IFW measurement technique, this standard linear
measure (MR) of root divergence (Bowers et al. [12]) was
applied directly to the radiographic images.

Statistical analysis

The collected data were described using measures of cen-
tral tendency and dispersion. Quintile values were calcu-
lated for interradicular conformation measurements (RFW,
IFW, MR). The relationship between these variables was
also investigated using the linear correlation coefficient. The
relationship between the interradicular conformation meas-
urements and treatment outcomes was evaluated with these

@ Springer
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Table 1 Study population and baseline characteristics for each center

Subjects (V) Females (N)/ (%) Age (mean =+ SD) (years) CAL (mean + SD) (mm) PD (mean+ SD) (mm)
Center 1 23 11/47.83 53.83+8.59 10.43+3.33 8.52+2.76
Center 2 20 10/ 50 43.95+10.65 5.30+2.07 4.55+191
Center 3 15 14/93.33 47.80+11.91 7.30+1.54 5.67+1.05
Center 4 18 11/61.11 50.33+10.62 7.78+1.40 6.56+1.42
Center 5 15 10/ 66.67 51.93+3.81 7.20+2.04 5.60+1.80
Center 6 47 N/A N/A 5.49+0.78 5.04+0.83
Overall 138 56/ 61.54 49.66+10.04 6.97+2.60 5.88+2.10

CAL clinical attachment level, N/A not available, PD pocket depth, SD standard deviation

Table 2 Incidence of cases that resulted in success and CAL gain

Subjects (N)  Successful Cases exhibiting CAL
cases™ (N)/(%) gain (mean+ SD)
(mm)

Center 1 23 21/91.30 23/ 100

Center2 20 7/35.00 12/ 60.00

Center3 15 14/93.33 14/93.33

Center4 18 17/94.44 18/ 100.00

Center5 15 12/ 80.00 13/ 86.67

Center 6 47 27/ 57.45 36/ 76.60

Overall 138 98/71.01 116/ 84.06

“Cases were defined successful if they showed at the last follow-up
clinical attachment level gain and concomitant improvement of the
furcation involvement (horizontal and/or vertical reduction of the
furcation defect) compared to baseline

as control variables: center, sex, age, and type of treatment.
A multivariable logistic model was used to study this rela-
tionship in the descriptive tables. The association between
the variables was measured with the chi-squared test. The
statistical significance threshold was set at p=0.05.

Results

Six centers provided 138 radiographs of 138 mandibular
molars with FI treated with periodontal regeneration
(Table 1). Seventy-six sites were treated with GTR, 34 with
EMD, and 10 with fibroblast growth factor 2 (FGF-2).

The distribution of cases exhibiting CAL gain (Rec plus
PD) and those also obtaining an improvement of the furcation
involvement (“successful cases”) after treatment are depicted
in Table 2. The centers 2 and 6 had a substantial lower inci-
dence of successful cases (35% and 57.45%, respectively)
compared to others (successful cases ranging from 80 to
94.44%). While the reduction of the FI was not associated to
the center, the statistical analysis showed a significant cor-
relation between the center and the treatment outcomes, in
terms of successful cases and CAL gain (Table 2).

The interradicular space conformation (RFW and IFW)
was calculated on the 138 radiographs. The values of both
ratios in study population overlapped the conformation range
and distribution of a standard population. Table 3 and Fig. 2
describe the association between the interradicular space
conformation, and the cases defined successful, cases exhib-
iting CAL gain, and cases resulting in a reduction of the

Table 3 Influence of the

. . . Successful cases CAL gain Furcation degree reduction
interradicular conformation
measures on the clinical and No(N=39) Yes(N=86) No(N=21) Yes(N=104) No(N=29) Yes(N=96)
radiographic outcomes
MR  Mean 0.982 1.089 0.9952 1.0683 0.9827 1.0781
CI95% 0.819-1.145 0.967-1.212 0.765-1.225 0.959-1.773  0.803-1.162 0.962-0.181
RFW Mean  0.187 0.170 0.171 0.176 0.193 0.169
CI95% 0.166-0.206 0.158-0.181 0.142-0.199 0.165-0.187  0.169-0.218 0.159-0.180
IFW  Mean  0.346 0.321 0.323 0.330 0.366 0.317
CI95% 0.309-0.383 0.298-0.343 0.269-0.377 0.309-0.350  0.324-0.409 0.296-0.338

CAL clinical attachment level, CI confidence interval, IFW interradicular furcation width, MR standard
linear measure of root divergence, RFW roof furcation width

“Cases were defined successful if they showed at the last follow-up clinical attachment level gain and
concomitant improvement of the furcation involvement (horizontal and/or vertical reduction of the
furcation defect) compared to baseline)
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Success and RFW, IFW <

T/L

Gain in CAL and RFW, IFW &

Degree of reduction and REW, IFW

Fig.2 Graphs illustrating the distribution of RFW and IFW in rela-
tion to the success of the treatment, CAL gain, and degree of reduc-
tion of the furcation involvement. The green dots display the suc-

degree of the FI. Once the confidence mean and interval was
calculated, it was noted that the ranges measurements were
overlapping, leading to the conclusion that there is no statis-
tically significant difference between the values of RFW and
IFW distributed by the above parameters (Fig. 2).

Parameters were then considered in a combined
manner, and the sample of subjects resulted was divided
into four groups. The first group of 11 subjects was the
unsuccessful one, presenting a lack of CAL gain and no
degree of reduction of furcation involvement. The second
group of 11 subjects presented only degree of reduction
of furcation involvement. The third group of 18 subjects
showed only CAL gain. The fourth group of 98 subjects
demonstrated all 3 positive variables success, degree of
reduction, and gain in CAL. Distribution of RFW and IFW
related to the groups was then assessed. The overlapping
confidence intervals showed no significant association. The
same groups described above were then compared with the
variables horizontal FI and vertical. The result confirmed
the previous association between success and reduction of
furcation involvement variables. Moreover, crossing both
the variables horizontal and vertical FI with success, it was
concluded that 97% of subjects presenting success in the
regenerative procedure also obtained an improvement in
both vertical and horizontal furcation.

Degree III horizontal furcation defects, considered to be
subject to more difficulty in obtaining regeneration, were
then removed, to evaluate a possible negative influence.
The relationship between variables horizontal/vertical
FI and RFW/IFW was considered: unsuccess resulted in
a lower number confirming the III degree furcations as
the more uncertain to be treated with regeneration, but
even in this scenario, the confidence interval values were
overlapping for both groups, not recording a statistically
significant difference in the influence of RFW and IFW

cessful cases (CAL gain and reduction of the furcation involvement),
while the red dots represent the unsuccessful cases

even without degree III horizontal furcation defects.
The association between RFW and IFW relating to the
variables Hf and Vf was related to success or unsuccess.
The overlapping values of the confidence intervals
indicated no statistically significant association.

At this point, as a control to the RFW/IFW
measurement technique, a standard linear measure (MR)
of root divergence (Bowers et al. [17]) was applied
directly on radiographic images. Relationship between this
standard method and success was analyzed. Statistically,
overlapping in the confidence intervals results was found,
showing no association between MR and success.

Finally, a regression model was then created considering
the only variable type of treatment. Using a multivariable
logistic regression model as response variable “yes”
was considered the success variable, and as independent
variables gender, age, treatment type and, for each one
of the results, one of the 3 interradicular conformation
variables. Statistically significant associations were not
found. The exception was the sex variable in the model
that considers the variable RFW. In all 3 logistic regression
models considered, the variables RFW, IFW, and MR were
express in quintiles.

To establish how much the different factors are involved
in the regenerative outcomes, a factor influence ranking
was used. The associations between covariates and
outcomes were investigated with a univariate analysis.

The variables associated with the success full cases
were, in order of strength of association: center effect,
horizontal FI, vertical FI, treatment, and sex (with more
favorable outcomes observed in females). Therefore,
the center was the variable strongly associated with the
success of the regenerative outcomes of mandibular molars
with FI. Age, RFW, and IFW were not found instead be
associated with the outcome success.

@ Springer
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Discussion

It has been suggested that the interradicular anatomy is
associated with the outcomes of periodontal regeneration
[11-18]. Several articles have described methods for
assessing different parameters defining the interradicular
anatomy, such as root divergence, root trunk length,
radicular roof width, and interradicular width [12—17]. The
aim of the present study was to evaluate the relationship
between the interradicular space anatomy and the clinical
outcomes of regenerative therapy. We utilized a recently
proposed method that advocates the use of two ratios
(RFW and IFW) for characterizing the conformation of the
furcation and the entire length of the root anatomy [24].

Our finding was that the outcome of periodontal
regeneration of furcation defects was not affected by
the interradicular anatomy. The lack of association was
observed when the interradicular anatomy was assessed
using the conventional method and when the assessment
was performed with the use of the two ratios. On the other
hand, the analysis showed that the outcome of regenerative
therapy of furcation defects was affected by the technique,
center effect, type of horizontal/vertical FI, and sex. In
addition, regenerative therapies utilizing EMD achieved
the highest CAL gain, FI improvement, and, overall, the
highest probability of treatment success.

The effectiveness of EMD has been evaluated by several
clinical studies over the last 20 years [19, 20]. EMD is
referred to as one of the most widely used therapies for the
treatment of infrabony defects, with documented success
in the literature. Cortellini and Tonetti in 2020 [21]
examined the action of EMD after performing a papilla
conservation flap (PPF) in class II and class III furcation
defects. They found some improvement in CAL, PPD, and
the horizontal and vertical component in both Class II and
Class III furcations.

The grade of the horizontal and/or vertical component
of the furcation defect affects the prognosis of molars with
FI and is a key parameter when evaluating the outcomes
of periodontal regeneration [22, 23]. Tonetti in 2017
[7] evaluated bone loss by using periapical radiographs
taken with the parallel technique and conducted clinical
examination of PD and CAL. The vertical classification
was based on the area with the highest radiographic bone
loss, creating three subclasses A, B, and C, with prognosis
worsening from A to C. It was noted that molars with
periodontal furcation involvement were lost or extracted
earlier and more frequently if the loss of support reached
the apical portion of one of the roots (subclass C).
Through survival curves, it was shown that the survival
of teeth with vertical furcation involvement decreased
from subclass A to C. The author reported that the 10-year
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survival rate was 91% for teeth with subclass A, 67% for
subclass B, and 23% for subclass C furcation defects. It
was interesting to observe that in the present study, 97%
of the subjects who obtained success also presented an
improvement to the horizontal and vertical involvement
simultaneously.

The IFW and RFW values calculated from the 138
radiographs were consistent with those of the population
sample examined in a recent study from our group [24].
Given the previously available scientific literature showing
that the furcation and interradicular anatomy plays a
decisive role on the outcome of regenerative therapy
[17], our hypothesis was that the RFW and IFW, which
together express the conformation of the interradicular
space, were significantly associated with reduction of FI
since, as supposed in literature, a wider furcation could
improve regeneration potential of the defect and, overall,
with the success of the surgical treatment. However,
the statistical analysis failed to support this hypothesis.
The reasons for this finding are open to speculation. It is
possible that expressing the divergence as a ratio may not
describe the complexity of the interradicular anatomy in
certain case scenarios. Interestingly, when the morphology
of the furcation/roots was evaluated as a single linear
measurement expressing root divergence at the level
of the crestal bone, as suggested in classical studies
[12—18], the relationship between the outcomes/success
of periodontal regeneration and the interradicular anatomy
did not change, further supporting the lack of influence
of this parameter on the surgical results regardless of the
methodology utilized.

Finally, the statistical analysis was able to highlight,
using a factor influence ranking, that the strongest effect on
the treatment outcomes was obtained by the center effect,
followed by the type of FI, treatment, and sex. The possible
influence of furcation morphology on the effectiveness
of the treatment was analyzed by Meyle et al. [25], with
results in line with the present study. The authors found
that furcation morphology at the time of surgery was
not associated with clinical outcome, irrespective of the
treatment. This means that furcation conformation does
not represent a limit in furcation regeneration success.

Within the limitations of the present study, it should be
mentioned that some of the radiographs may not have been
performed in the ideal manner with the correct inclination
between the X-ray beam and the film, although the paralleling
technique could reduce the amount of distortion in the images.
In addition, both the small sample size and the heterogenous
nature of the clinical centers (university versus private practice)
could have affected our findings. Future prospective clinical
studies evaluating the influence on the interradicular anatomy
assessed with conventional and novel methods are encouraged.
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Conclusions

Within the limitations of the present study, it can be
concluded that interradicular anatomy does not seem to
affect the outcomes of periodontal regenerative therapy.
EMD was found to be the most effective treatment
approach in terms of CAL gain and reduction of the
horizontal and/or vertical FI. Center effect, horizontal/
vertical FI at baseline, and sex were also significantly
associated with the surgical outcomes.
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