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Abstract Background/purpose: Limited studies have discussed the convergent profiles
regarding tapered implants based on biological considerations. This study analyzed the conver-
gent angles (CAs) of premolar roots and imitated a tapered implant according to the anatomy
of tooth roots.
Materials and methods: A total of 60 single-rooted premolars were explored by micro-
computed tomography. Every individual root was divided into 10 segments corono-apically,
and the roots’ buccolingual (BL) and mesiodistal (MD) CAs were measured by sections. To
mimic a dental implant, the irregular shape of examined root cross-sections was transformed
into a circular shape with equal areas. A biomimetic dental implant (BDI) was reconstructed
and its CAs were compared with those of the natural roots’ BL and MD at the examined levels
and overall estimation.
Results: In general, the maxillary and mandibular premolars demonstrated comparable CA pat-
terns. However, significantly different CA patterns of BL, MD, and BDI were developed for both
the maxillary and mandibular roots at the examined levels. The BL’s CAs were greater than
those CAs measured from the BDI and MD aspects, particularly for the sections at the middle
and apical thirds of the roots. For overall CAs, the BDI’s CAs were comparable with the average
CAs of the BL and MD for both premolar groups.
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Conclusion: Instead of a cylindrical configuration, the BDI prototype demonstrated a tapered
model with a continuous slope. The average CA of BDI was 14�e24�, serving as a biological
reference for future tapered implant design and research.
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Tapered implants offer certain advantages over cylindrical
implants in terms of enhanced primary stability and
moderately reduced anatomical restriction.1 The geomet-
rical shapes of tapered implants vary greatly; some have a
continuous slope throughout the body of the fixture,
whereas in others, the slope starts from the coronal, mid-
dle, or apical third.2 Because the shape of the implant
could influence treatment outcomes, scientists are
constantly developing new implant designs to fulfill func-
tional and esthetic demands in various clinical scenarios.3,4

Application effects of tapered and cylindrical implants have
been assessed5e7; however, data about the appropriate
tapered degree on successful implant treatment is limited.

The consensus on the taper definition in tapered im-
plants was inconclusive. Some studies measured the
tapered angle from two sides of the fixtures8, while others
defined it as the angle formed by one side of the fixture and
the long axis.9,10 To clarify the concept, this manuscript
applies a convergent angle (CA) to present the observation.
CAs have been used to describe tooth preparation of fixed
partial dentures11 and the angle formed by the internal
connection of Morse tapered implant and abutment
design.12 The taper slope is used to delineate the angle
formed between one side of the tooth root and the tooth
axis, and CA is used to depict the angle formed between
two sides of the tooth roots.11 The taper slope/CA concept
could also be applied to delineate the implications of
tapered fixtures.13

The macrostructure of the fixture is associated with the
implant’s primary stability and biomechanical properties,
which are critical for successful implant therapy.14,15 Some
manufacturers design the implant shape mimicking the root
form of the natural tooth.3,16 The rationale behind this
could be derived from the biomimetic concept, which is the
emulation of natural models to solve complex human
problems.17 Clinicians have applied this concept to restore
esthetic implant prostheses and fabricate a root form
fixture to accommodate the oral environment.18,19 Despite
the evolution and improvement of tapered implant design,
the optimal CA and fixture profile are not well established.
A tapered implant CA assessment that correlates with the
anatomy of the natural root is recommended.

Tapered implants resembling tooth roots could increase
the fixture fitness in the extraction socket during immedi-
ate implant placement.20 Mangano et al. placed root-
analogous implants into the extraction sockets of 15 pa-
tients and achieved positive primary stability with a mini-
mal marginal bone loss after a year.16 Hong et al. suggested
that tapered implants that imitate premolars had
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decreased diameters by approximately half in the apical
area, which could decrease the risk of apical perforation at
the anterior maxilla and facilitate occlusal force trans-
mission.13 These findings indicate that the development of
tapered implants resembling the natural root is promising.
Therefore, this study aimed to assess the CAs of premolar
roots using micro-computed tomography (mCT) and to
correlate the CAs of root anatomy to tapered implants. To
simulate a tapered implant, a biomimetic dental implant
(BDI) was created by modifying the morphology of premolar
roots. Furthermore, CA significances between premolars
and BDIs were evaluated. The main goal of this survey was
to determine the optimal CA value for a tapered implant
based on biological considerations.
Materials and methods

Thirty maxillary and 30 mandibular single-rooted premolars
with complete root formation were included in this study,
excluding those with cervical or root caries and dilacerated
roots. Informed consent was obtained from the patients
before tooth extraction. The study protocol followed the
principles stipulated in the Declaration of Helsinki and was
approved by the Institutional Review Board for Clinical
Research at Chang Gung Memorial Hospital (202100902B0).

Teeth were extracted for periodontal or orthodontic
causes and cleaned by scaling and root planing to remove
calculus and debris. Before scanning, samples were
embedded in an acrylic cube along the tooth axis and fixed
in formalin solution. Then, the sample was scanned by mCT
(SkyScan 1076, Bruker, Kontich, Belgium). The settings for
the scanning were as follows: pixel matrix, 2000� 2000;
tube voltage, 100 kV; tube current, 100 mA; and slice
thickness, 18 mm, with 10min of scan time each. The data
were exported as digital imaging and communications in
medicine (DICOM), generating 1300e1500 sliced images
from each tooth.

Tooth measurements

The DICOM files were further converted into standard
tessellation language (STL) format using the Mimics Medical
software (version 21.0, Materialise NV, Leuven, Belgium).
Three-dimensional reconstruction images were manipu-
lated and the CA degrees were measured using the Geo-
magic Studio 2012 (3D Systems, Rock Hill, SC, USA). A mid-
buccolingual (BL) plane was created through the long axis
of the tooth. Additionally, two planes perpendicular to the
mid-BL plane were created through the root apex and
the buccal or lingual cementoenamel junction (CEJ),
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respectively. Another nine planes were created between
these two planes and parallel to each other, separating the
root into 10 equal portions. The 11 planes from the CEJ to
the root apex would encounter 11 points on both buccal and
Figure 1 Three-dimensional reconstructions from microcomp
Mandibular premolars. a & d: Convergent angles (CAs) from the bu
root into a biomimetic dental implant (BDI). rn: radius of the cros
apical to rn. H: length of each adjacent slice. q: angle formed b
mesiodistal measurement.
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lingual sides (Fig. 1a & d). These 22 coordinates could be
changed into vectors. The CA of the root could be calcu-
lated using the following equation:

L1$L2Z ð½L1�$½L2�Þ � cos A
uted tomography images. aec: Maxillary premolars; def:
ccolingual measurement. b & e: Transformation of the natural
s-section at the examined level. rnþ1: radius at the next level
y the long axis and one side of the BDI. c & f: CAs from the



Table 1 Comparisons of the convergent angles (degree)
between the maxillary and mandibular premolars in the
buccolingual analysis at examined levels.

Examination
levels

Maxillary
premolars
(Mean� SD)

Mandibular
premolars
(Mean� SD)

P value

10% interval
0%e10% 12.10� 8.61 10.51� 8.83 0.483
10%e20% 10.61� 8.18 9.38� 7.78 0.553
20%e30% 16.06� 9.08 15.24� 6.87 0.694
30%e40% 20.92� 8.33 17.96� 5.60 0.112
40%e50% 23.28� 9.75 19.66� 6.18 0.092
50%e60% 20.82� 8.95 22.37� 6.63 0.449
60%e70% 24.79� 11.08 23.72� 6.27 0.647
70%e80% 31.61� 12.31 28.39� 12.72 0.324
80%e90% 43.35� 16.70 38.66� 15.72 0.267
90%e100% 63.02� 16.35 61.00� 18.17 0.653
20% interval
0%e20% 11.53� 7.25 9.95� 7.27 0.402
20%e40% 18.52� 8.17 16.63� 5.59 0.300
40%e60% 22.13� 7.98 21.06� 5.20 0.541
60%e80% 28.37� 10.37 26.17� 8.24 0.368
80%e100% 53.92� 15.41 51.66� 14.92 0.567
30% interval
0%e30% 12.97� 6.90 11.72� 6.70 0.478
30%e60% 21.80� 7.25 20.07� 4.66 0.277
60%e90% 33.72� 12.18 31.02� 9.30 0.339
40% interval
0%e40% 15.00� 6.61 13.30� 5.92 0.300
40%e80% 25.45� 6.87 23.73� 4.31 0.250
50% interval
0%e50% 16.72� 6.69 14.61� 5.22 0.180
50%e100% 38.17� 11.28 36.76� 7.87 0.574

Independent t test for maxilla vs. mandible.
SD: Standard deviation.
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where L1 is the vector formed by two coordinates of the
buccal side, L2 is the vector formed by two coordinates of
the lingual side, and A is the CA of the root formed by the
BL lines. In this manner, each 10%, 20%, 30%, 40%, and 50%
interval of CA from the CEJ to root apex in BL direction was
estimated.

An additional mid-mesiodistal (MD) plane through the
long axis and root apex was created to measure the CA of
the MD aspect. This mid-MD plane would encounter the 11
previously created perpendicular slices, with another 11
coordinates on both the mesial and distal sides (Fig. 1c & f).
By changing the coordinate into vectors and using the same
equation, CA at each interval (10%, 20%, 30%, 40%, and 50%)
from the CEJ to the root apex was estimated in the MD
aspect.

The irregular cross-section of the root was transformed
into a circular shape from the CEJ to the root apex to mimic
a dental implant. The root form of the tooth was converted
into the symmetrical conical shape of the BDI (Fig. 1b & e;
Online Resource) with the same cross-sectional area from
the CEJ to the apex using the following equation:

AZpr2

where A is the area, p is the circular constant, and r is the
radius.

To calculate the CA of the BDI, the following equation
was used:

Cot q Z H=ðrn� rn þ 1Þ
where q is the slope of the taper in the BDI (the angle
formed by the long axis and one side of the BDI), CAZ 2ɵ, H
is the length of each adjacent slice from the CEJ to the
apex, rn is the radius of the cross-section at the examined
level, and r0 and r11 are at the levels of the CEJ and apex,
respectively. Accordingly, the CA of the BDI from the CEJ to
the apex was calculated at each 10%, 20%, 30%, 40%, and
50% interval.

To analyze the overall CAs of the BL, MD, and BDI, the
average of each 10% CA from the CEJ to 90% of the root
length was used to exclude the most variable part at the
root apex. All the measurements were conducted twice
with a 2-week interval by an experienced periodontist
(C.C.C.).

Statistical analyses

The intraclass correlation coefficient (ICC) was used to
calculate the intra-rater reliability. The independent t-test
was used to compare the CAs between the maxillary and
mandibular premolars. One-way analysis of variance was
applied to compare the CAs of the BL, MD, and BDI followed
by Tukey’s honestly significant difference multiple com-
parisons test. The data analysis was conducted using Sta-
tistical Package for Social Sciences software (version 22.0,
IBM, Chicago, IL, USA), and the significance level was set at
P< 0.05.

Results

Tables 1e3 demonstrate the comparisons of the CAs be-
tween the maxillary and mandibular premolars in the BL
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analysis, MD measurement, and transformed CAs of BDI at
examined levels. In general, no significant differences in
the CAs of BL, MD, and BDI were observed between the
maxillary and mandibular roots.

The CAs of BL increased gradually toward the apex for
both the maxillary and mandibular premolar roots regard-
less of the intervals. The CAs of the maxillary and
mandibular roots ranged from 10.61� to 63.02�and
9.38�e61.00�, respectively. Insignificant differences were
observed among the various examination levels (Table 1).
However, the CAs of MD decreased gradually from CEJ to
the middle third area, and a continuous increase in CAs
developed. Significant CA differences were noted between
the maxillary and mandibular groups at the transitional
levels (60%e70%; PZ 0.012, Table 2). In the BDI group, a
relatively constant developing pattern of CA from the cor-
onal to the middle third was noted. Subsequently, a greater
CA followed toward the apexes for both the maxillary and
mandibular BDIs. The CAs ranged from 14.30� to 49.92� for
maxillary BDIs and 13.68�e46.85� for mandibular BDIs
(Table 3).

Tables 4 and 5 illustrate CA comparisons among BL, BDI,
and MD at the maxillary and mandibular arches,



Table 2 Comparisons of the convergent angles (degree)
between the maxillary and mandibular premolars in the
mesiodistal measurement at examined levels.

Examination
levels

Maxillary
premolars
(Mean� SD)

Mandibular
premolars
(Mean� SD)

P value

10% interval
0%e10% 17.93� 8.58 16.55� 4.02 0.431
10%e20% 21.24� 6.96 20.01� 5.95 0.463
20%e30% 20.72� 7.67 18.11� 4.28 0.111
30%e40% 14.63� 8.52 13.93� 4.16 0.691
40%e50% 9.44� 6.64 10.89� 5.29 0.353
50%e60% 8.02� 8.01 9.23� 5.54 0.496
60%e70% 6.80� 5.50 10.82� 6.43 0.012*
70%e80% 10.16� 5.63 12.81� 7.33 0.121
80%e90% 18.29� 10.58 19.34� 7.44 0.659
90%e100% 33.39� 13.02 35.36� 15.20 0.591
20% interval
0%e20% 19.62� 7.23 18.31� 4.13 0.391
20%e40% 17.64� 7.59 16.06� 3.35 0.304
40%e60% 8.43� 6.13 9.86� 5.21 0.335
60%e80% 7.89� 4.16 11.62� 6.48 0.011*
80%e100% 25.60� 11.53 27.83� 10.11 0.429
30% interval
0%e30% 20.08� 5.79 18.27� 3.56 0.151
30%e60% 10.26� 6.42 11.21� 4.42 0.507
60%e90% 11.13� 5.29 14.32� 5.45 0.025*
40% interval
0%e40% 18.71� 5.21 17.22� 2.72 0.171
40%e80% 8.23� 3.57 10.73� 5.19 0.034*
50% interval
0%e50% 16.82� 5.11 15.96� 2.38 0.408
50%e100% 15.15� 5.28 17.91� 5.03 0.043

Independent t test for maxilla vs. mandible: *: P< 0.05.
SD: Standard deviation.

Table 3 Comparisons of the convergent angles (degree)
between the maxillary and mandibular biomimetic dental
implants (BDIs) at examined levels.

Examination
levels

Maxillary
BDIs
(Mean� SD)

Mandibular
BDIs
(Mean� SD)

P value

10% interval
0%e10% 14.74� 5.54 13.68� 3.98 0.396
10%e20% 17.19� 5.74 14.95� 4.53 0.098
20%e30% 19.36� 4.69 16.87� 3.28 0.021*
30%e40% 18.23� 6.02 16.11� 2.86 0.089
40%e50% 17.07� 6.98 15.83� 3.18 0.382
50%e60% 14.30� 6.21 16.09� 3.90 0.187
60%e70% 16.73� 7.33 17.87� 5.71 0.505
70%e80% 24.26� 8.64 22.20� 7.29 0.321
80%e90% 33.18� 12.82 29.39� 8.64 0.184
90%e100% 49.92� 13.82 46.85� 10.99 0.345
20% interval
0%e20% 15.98� 5.28 14.32� 3.58 0.161
20%e40% 18.80� 5.06 16.50� 2.42 0.030*
40%e60% 15.70� 5.55 15.97� 2.87 0.815
60%e80% 20.55� 6.90 20.05� 5.79 0.764
80%e100% 41.49� 13.19 38.47� 8.40 0.294
30% interval
0%e30% 17.11� 4.36 15.18� 3.17 0.054
30%e60% 16.55� 5.41 16.02� 2.58 0.630
60%e90% 24.65� 8.20 23.23� 5.85 0.443
40% interval
0%e40% 17.40� 4.13 15.41� 2.58 0.030*
40%e80% 18.16� 4.54 18.03� 3.73 0.904
50% interval
0%e50% 17.34� 4.35 15.50� 2.23 0.045*
50%e100% 28.13� 7.78 26.90� 4.73 0.462

Independent t-test for maxilla vs. mandible; *: P< 0.05.
SD: Standard deviation.
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respectively. In general, significant CA differences were
observed at the most examined levels corono-apically
(except for 20%e40%, 0%e50% at the maxillary roots, and
20%e30%, 20%e40%, 0%e50% at the mandibular roots
showed nonsignificantly). In the maxilla, significant CA
differences were noted between BL and MD for every 10%
consideration. The CAs of BDI did not significantly differ
from those of BL and MD at coronal third areas (0%e10%,
20%e40%). However, significant differences in CAs among
BL, BDI, and MD were noted from the middle to the apical
thirds (Table 4). A similar finding was noted for the
mandibular group. Significant CA differences were noted
among BL, MD, and BDI at the most examined levels. From
the middle thirds to the root apex, all three groups showed
significant differences from each other (Table 5).

The overall CAs were generally comparable among the
three groups in the maxilla (BL: 22.62� � 10.12�, BDI:
19.45� � 5.92�, and MD: 14.14� � 5.64�; PZ 0.073; Fig. 2a)
and the mandible (BL: 20.21� � 9.35�, BDI: 18.11� � 4.85�,
and MD: 15.15� � 4.20�; PZ 0.277; Fig. 2b). Moreover, an
insignificant CA difference was noted between the maxil-
lary and mandibular BL, BDI, and MD (PZ 0.607, PZ 0.402,
and PZ 0.672, respectively). The intra-rater reliability for
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the CA measurements was excellent (ICC: 0.886; 95% con-
fidence interval: 0.810, 0.932).

Discussion

The overall BDI CAs were comparable with the average of
the BL and MD CAs of the maxilla and mandible. The
average CAs of BDI were 19.45� � 5.92� in the maxilla and
18.11� � 4.85� in the mandible, with no significant differ-
ences (Fig. 2). Accordingly, the overall CAs of BDI ranging
from 14� to 24� could be proposed. The 9� tapered slope of
the Straumann� bone level tapered implant at the apical
area equals 18� CA, which is comparable to the CAs of this
BDI model.3 Commercial tapered implants typically have a
constant CA from the coronal to the middle third and
tapered only at the apical third. However, the BDI model,
derived from premolar roots, shows different taper CAs at
examination levels corono-apically (Table 3). Atieh and
Shahmiri investigated the optimal taper for immediately
loaded wide-diameter implants. They compared five
different tapered implants with slopes ranging from 2� to
14� and discovered that greater taper angles of the implant
body increased both stress and strain, indicating that im-
plants with 8� slope (16� CA) may achieve the best results in



Table 4 Convergent angle (CA, degree) comparisons among the buccolingual (BL), biomimetic dental implant (BDI), and
mesiodistal (MD) at the maxillary roots.

Examination levels BL (Mean� SD) BDI (Mean� SD) MD (Mean� SD) P value

10% interval
0e10% 12.10� 8.61 14.75� 5.54 17.93� 8.58 0.017* (MD > BL)
10%e20% 10.61� 8.18 17.19� 5.74 21.24� 6.96 <0.001** (MD, BDI > BL)
20%e30% 16.06� 9.08 19.36� 4.69 20.72� 7.67 0.047* (MD > BL)
30%e40% 20.92� 8.33 18.23� 6.02 14.63� 8.52 0.008** (BL > MD)
40%e50% 23.28� 9.75 17.07� 6.98 9.44� 6.64 <0.001** (BL > BDI > MD)
50%e60% 20.82� 8.95 14.30� 6.21 8.02� 8.01 <0.001** (BL > BDI > MD)
60%e70% 24.79� 11.08 16.73� 7.33 6.80� 5.50 <0.001** (BL > BDI > MD)
70%e80% 31.61� 12.31 24.26� 8.64 10.16� 5.63 <0.001** (BL > BDI > MD)
80%e90% 43.35� 16.70 33.18� 12.82 18.29� 10.58 <0.001** (BL > BDI > MD)
90%e100% 63.02� 16.35 49.92� 13.82 33.39� 13.02 <0.001** (BL > BDI > MD)
20% interval
0%e20% 11.53� 7.25 15.98� 5.28 19.62� 7.23 <0.001** (MD, BDI > BL)
20%e40% 18.52� 8.17 18.80� 5.06 17.64� 7.59 0.804
40%e60% 22.13� 7.98 15.70� 5.55 8.43� 6.13 <0.001** (BL > BDI > MD)
60%e80% 28.37� 10.37 20.55� 6.90 7.89� 4.16 <0.001** (BL > BDI > MD)
80%e100% 53.92� 15.41 41.49� 13.19 25.60� 11.53 <0.001** (BL > BDI > MD)
30% interval
0%e30% 12.97� 6.90 17.11� 4.36 20.08� 5.79 <0.001** (MD, BDI > BL)
30%e60% 21.80� 7.25 16.55� 5.41 10.26� 6.42 <0.001** (BL > BDI > MD)
60%e90% 33.72� 12.18 24.65� 8.20 11.13� 5.29 <0.001** (BL > BDI > MD)
40% interval
0%e40% 15.00� 6.61 17.40� 4.13 18.71� 5.21 0.03* (MD > BL)
40%e80% 25.45� 6.87 18.16� 4.54 8.23� 3.57 <0.001** (BL > BDI > MD)
50% interval
0%e50% 16.72� 6.69 17.34� 4.35 16.82� 5.11 0.894
50%e100% 38.17� 11.28 28.13� 7.78 15.15� 5.28 <0.001** (BL > BDI > MD)

One-way ANOVA for comparison between CA of each group and followed by post-hoc Tukey HSD.
* P < 0.05, **: P< 0.01; SD: Standard deviation.
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healed sites in terms of stress minimization around the
implant neck.8 The encouraging biomechanical data of a
tapered implant with 16� CA, which is consistent with our
BDI model, supported the hypothesis that a tapered implant
mimicking root form might exhibit a better stress distribu-
tion pattern. However, Petrie and Williams evaluated the
effect of implant design on strain in the alveolar crest and
discovered that their tapered samples could enhance
crestal strain without considering the interactive effect of
implant diameter, length, and taper design on crestal bone
strain.9 Despite several studies evaluating the effects of
varied CAs on the clinical and research performance of
tapered implants, further research is required to examine
the biomechanical properties and primary stability of these
BDI models to enhance CA knowledge of tapered implants.

Limited studies have evaluated the CAs of tooth roots
and the association correlated with those of tapered im-
plants.13,21 With the benefits of mCT, the CAs of premolar
roots can be measured precisely in various directions and
sections. Fantozzi et al. analyzed the root morphology of
anterior teeth in Europeans using a millimeter gauge to
evaluate the root taper extraorally in the vestibulareoral
(VO) and MD directions.21 Three different landmarks at
the coronal, middle, and apical thirds were defined, and
the diameters of each landmark were measured. Tapering
percentage expressed the root tapering and defined the
269
reduction of the two diameters from three different levels
to calculate the coronal, apical, and overall root tapering.
A substantial and progressive root tapering was observed in
the VO and MD directions. However, our results only sup-
ported an increased tendency of CA in the BL measurement
(Table 1). The various findings between these two studies
might be attributed to the selected type of teeth (anterior
teeth vs. premolars), different landmarks, and measure-
ment tools used (millimeter gauge vs. mCT and software).

From the BL aspect, CAs increased gradually from CEJ to
the apex for both arches premolars in this study (Table 1),
which could be initiated by the shift from a relatively
straight profile to a pointed profile on the BL direction of
the root (Fig. 1a & d). By contrast, CAs at the MD side
decreased gradually followed by a subsequent increase
(Table 2). A high prevalence of root concavities on pre-
molars at the mesial and/or distal sides could elucidate the
funnel-like appearance.22 A relatively constant CA value of
BDI was observed at coronal 2/3, followed by a gradual CA
increase toward the apex (Table 3). The amount of the
cross-section areas that was consistently reduced corono-
apically accounted for the relatively constant CA values
of the maxillary and mandibular BDI. The greater CA at the
apical third also supports the tapered design at the apical
third for some implant systems.23 An insignificant differ-
ence in BL, BDI, and MD was observed between the



Table 5 Convergent angle (CA, degree) comparisons among the buccolingual (BL), biomimetic dental implant (BDI), and
mesiodistal (MD) at the mandibular roots.

Examination levels BL (Mean� SD) BDI (Mean� SD) MD (Mean� SD) P value

10% interval
0%e10% 10.51� 8.83 13.68� 3.98 16.55� 4.02 0.001** (MD > BL)
10%e20% 9.38� 7.78 14.95� 4.53 20.01� 5.95 <0.001** (MD > BDI > BL)
20%e30% 15.24� 6.87 16.87� 3.28 18.74� 4.28 0.091
30%e40% 13.93� 4.16 16.11� 2.86 17.96� 5.60 0.002** (MD > BL)
40%e50% 19.66� 6.19 15.83� 3.18 10.89� 5.29 <0.001** (BL > BDI > MD)
50%e60% 22.37� 6.63 16.09� 3.90 9.23� 5.54 <0.001** (BL > BDI > MD)
60%e70% 23.72� 6.27 17.87� 5.71 10.82� 6.43 <0.001** (BL > BDI > MD)
70%e80% 28.39� 12.72 22.20� 7.29 12.81� 7.33 <0.001** (BL > BDI > MD)
80%e90% 38.65� 15.72 29.39� 8.64 19.34� 7.44 <0.001** (BL > BDI > MD)
90%e100% 61.00� 18.17 46.85� 10.99 35.36� 15.20 <0.001** (BL > BDI > MD)
20% interval
0%e20% 9.95� 7.27 14.32� 3.58 18.31� 4.13 <0.001** (MD > BDI > BL)
20%e40% 16.63� 5.59 16.50� 2.42 16.06� 3.35 0.851
40%e60% 21.06� 5.20 15.97� 2.87 9.86� 5.21 <0.001** (BL > BDI > MD)
60%e80% 26.17� 8.24 20.05� 5.79 11.62� 6.48 <0.001** (BL > BDI > MD)
80%e100% 51.66� 14.92 38.47� 8.40 27.83� 10.11 <0.001** (BL > BDI > MD)
30% interval
0%e30% 11.72� 6.70 15.18� 3.17 18.27� 3.56 <0.001** (MD > BDI > BL)
30%e60% 20.07� 4.66 16.02� 2.58 11.21� 4.42 <0.001** (BL > BDI > MD)
60%e90% 31.02� 9.30 23.23� 5.85 14.32� 5.45 <0.001** (BL > BDI > MD)
40% interval
0%e40% 13.30� 5.92 15.41� 2.58 17.22� 2.72 0.001** (MD > BL)
40%e80% 23.73� 4.31 18.03� 3.73 10.73� 5.19 <0.001** (BL > BDI > MD)
50% interval
0%e50% 14.61� 5.22 15.50� 2.23 15.96� 2.38 0.333
50%e100% 36.76� 7.87 26.90� 4.73 17.91� 5.03 <0.001** (BL > BDI > MD)

One-way ANOVA for comparison between CA of each group and followed by post-hoc Tukey HSD.
*: P < 0.05, **: P< 0.01; SD: Standard deviation.

C.-C. Chang, A. Hong, C.-C. Mei et al.
maxillary and mandibular CAs (Tables 1e3); therefore, it is
feasible to install a tapered implant with a consistent CA at
both maxillary and mandibular premolar areas.

At individual examination levels, most BL, BDI, and MD CAs
showed significant differences in both the maxilla and
mandible (Tables 4 and 5). The MD CA was significantly
Figure 2 Comparison of the overall convergent angles between
biomimetic dental implant (BDI). a: Maxillary premolars. b: Mandib
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different from the BL CA, which was related to dimensional
differences at thecross-sectional levels of the root.AwiderBL
dimension at the coronal third accounted for the greater CAs
at themiddle andapical thirds of the roots. Another study also
supported greater BL dimensions at three measured levels in
the anterior teeth.21 Unlike natural roots, BDI showed a
the buccolingual (BL) and mesiodistal (MD) direction and the
ular premolars.
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relatively consistent CA, particularly at the coronal two-
thirds. Transformed CAs referred from decreased BL and
increasedMDdimensions partiallyexplain thefindings (Fig. 1).
The interproximal root concavities and irregular cross-
sectional contours of premolar roots might account for the
variations in CA in the BL and MD measurements.

The limitations of this study are as follows. Only pre-
molars were included, and the sample size was small.
Studies on other types of teeth, such as incisor, canine, and
single-rooted molars, are required to have a comprehensive
insight into the taper of natural roots. Moreover, the
measurements were performed on natural teeth only.
Future investigations are needed to explore the CAs of
different tapered implants and compare their biomechan-
ical properties with those of the tooth roots.

In conclusion, this study provides a biological rationale
for the CA design of the tapered implants. The CAs of the
BDI derived from the premolar roots ranged from 14� to 24�,
which were comparable with the average CAs of the buc-
colingual and mesiodistal aspects of premolar roots for both
arches. The information of the CAs of BDIs could not only
assist researchers to investigate proper tapered implant
design, but also aid clinicians to select an optimally
designed implant fixture in daily practice.
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